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Purpose: To investigate effects of radiotherapy (RT) and erlotinib on pulmonary glucose uptake using
2-deoxy-2-(18F)fluoro-D-glucose ('®F-FDG) positron emission tomography (PET) during and after
treatment of non-small cell lung cancer (NSCLC) and to identify associations between serum cytokine
levels and lung glucose uptake.

Material and methods: Twenty-seven patients with advanced NSCLC, receiving RT alone or concomitant RT
and erlotinib therapy, were examined by '®F-FDG PET before, during, and after treatment. A total of
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57 '8F-FDG PET scans were analyzed. Pulmonary '®F-FDG uptake and radiotherapy dose mapping
were used to acquire dose-response curves for each patient, where subsequent linear regression gave a
glucose uptake level in the un-irradiated parts of the lungs (SUV,) and a response slope (ASUV). Serum
cytokine levels at corresponding time points were assessed using a multiplex bioassay. Correlations
between the most robust cytokines and lung '8F-FDG dose response parameters were further investigated.
Results: From the dose response analysis, SUV, at post-therapy was significantly higher (P < 0.001) than at
mid- and pre-therapy (45% and 58%, respectively) for the group receiving RT + erlotinib. Also, SUV, at post-
therapy was higher for patients receiving RT + erlotinib compared to RT alone (42%; P < 0.001). No differ-
ences in ASUV were seen with treatments or time. SUV, was positively associated (r = 0.47, P = 0.01) with
serum levels of the chemokine C-C motif ligand 21 (CCL21) for patients receiving RT + erlotinib.
Conclusions: Concomitant RT and erlotinib causes an elevation in pulmonary '®F-FDG uptake post treat-
ment compared to RT alone. Pulmonary glucose uptake is associated with an upregulation of a chemokine
(CCL21) involved in inflammatory reactions.

© 2017 The Authors. Published by Elsevier Ireland Ltd on behalf of European Society for Radiotherapy and

Oncology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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Introduction

Lung cancer is the leading cause of cancer-related death in the
world [1], where non-small cell lung cancer (NSCLC) accounts for
about 80-85% of the lung cancer cases [2]. Although thoracic radi-
ation therapy (RT) plays an important role in the management of
NSCLC, radiation induced lung toxicity (RILT) such as radiation
pneumonitis needs to be considered [3-6]. Radiation pneumonitis
is an inflammatory reaction where inflammatory cells recruit in
the lung and within the irradiated lung tissue in response to injury,
caused by radiation-induced apoptosis and differentiation of
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immunoregulatory cells [7-9]. The onset and severity of radiation
pneumonitis depend on many factors such as total radiation dose,
number of fractions, volume of the irradiated parenchyma, and the
use of other therapies concurrently with RT [10-12].

Targeted drugs such as erlotinib have been developed to
improve outcome for patients with e.g. NSCLC [13]. Erlotinib is a
low molecular weight agent that reversibly and selectively inhibits
tyrosine kinase activity of the epidermal growth factor receptor
(EGFR) [14]. Erlotinib has been shown to be effective after failure
of previous chemotherapies and as maintenance therapy of
patients with NSCLC, in addition to first line treatment for patients
with an activating EGFR mutation [15-17]. Moreover, it is reported
that combination of radiotherapy and EGFR inhibitors can improve
local tumor control and prognosis [18,19]. The most frequent side
effects of erlotinib are skin rash and diarrhea [20,21]. In some case
studies pulmonary toxicity and interstitial lung disease are
reported following erlotinib therapy [22-25]. Even though such
reported toxicities from erlotinib are not highly frequent, it is vital
to identify individual patients at risk of such side effects.

It has been shown that '8F-FDG-PET can potentially visualize
and assess radiation pneumonitis [6,26-30], as higher '®F-FDG
uptake in the lung could result from greater inflammatory
response [31]. However, the possible additional effect of erlotinib
on lung '8F-FDG uptake has not previously been investigated. Also,
previous studies have found associations between RT exposure and
serum cytokine levels, pointing to altered regulatory cellular pro-
cesses related to inflammation [32,33]. In order to understand such
subclinical signs and their role in predicting toxicity, it is important
to investigate these regulatory mechanisms in conjunction with
the altered lung glucose metabolism seen with '®F-FDG. In this
study, we evaluated the '8F-FDG uptake in normal lung tissue
before, during, and after therapy for NSCLC patients receiving
either RT or concurrent RT and erlotinib. We also looked for rela-
tions between '8F-FDG uptake in the lung and serum cytokines
related to inflammatory responses.

Materials and methods
Study design

Twenty-seven patients with stage III-IV NSCLC, recruited
between November 30, 2012 and May 5, 2015, were prospectively
included (NCT02714530). The study was approved by the Regional
Committees for Medical and Health Research Ethics. Written
informed consent was received from all patients. The median
(£SD) patient age was 69.5 + 7.5 years (range, 47 to 81 years) and
21 patients (78%) were male. Nineteen patients had PET scans
before therapy while 25 and 13 had PET examinations at mid-
and post-therapy, respectively. Patients received either thoracic
RT alone or RT concurrently with oral erlotinib (150 mg p.o.) given
daily from the day before start of radiotherapy and during the
radiotherapy course. Radiotherapy included two opposed 6 MV
photon beams with a total dose of 30 Gy and was delivered in 10
fractions, once every weekday, at a linear accelerator. The treat-
ment was planned based on the tumor location and anatomy of
the given patient, as reflected in planning computed tomography
(CT) images.

Planning CT, PET/CT acquisition, and contouring

Before the initiation of the treatment, patients underwent a
planning CT scan (GE medical systems, USA). Planning CT images
were imported into a radiotherapy planning system (Oncentra®
External Beam, Elekta, Sweden) for delineation of regions of
interest (ROIs) such as gross tumor volume (GTV), lymph nodes,

lungs, heart, thoracic vertebrae, and esophagus. Patients also
underwent at most three '8F-FDG PET/CT examinations using a
Biograph 16-scanner (Siemens, Germany); prior to radiotherapy,
at mid-therapy (after median delivery of 9 Gy (range 6 to 18 Gy),
and six weeks after completion of radiotherapy. All patients fasted
for at least 6 h prior to intravenous administration of '®F-FDG. The
amount of '8F-FDG administered was 377 MBq (range;
263-445 MBq) irrespective of patients’ body weight. Patients
included in this study had blood glucose level <11 mmol/L when
imaged.

Image registration and voxel-wise quantification

Here, we describe a framework for voxel-wise quantification of
radiation- and erlotinib-induced changes in PET image features of
the unaffected (non-tumor) lung tissue, and for studying the
dose-response sensitivity of these features. A set of tools was
developed for registering different image series and scoring PET
signal vs RT dose. All procedures described were implemented in
IDL (Interactive Data Language, v 8.3, Research Systems, Boulder,
CO, USA).

The PET images were transformed into standardized uptake
value (SUV) images, using injected activity, time interval between
8E_FDG injection and image acquisition, and patients’ body
weight. RT dose images, containing the voxel-wise mapping of
planned doses in units of [Gy], were exported from the treatment
planning system. PET/CT, planning CT, and RT dose images were
interpolated to the same isotropic reference resolution (3 mm).
PET/CT images taken at different time points were rigidly regis-
tered to the planning CT. This was done by thresholding bone in
the respective CT series and subsequently applying a correlation
maximization algorithm [34] to derive the optimal translation
from the PET/CT series to the CT planning series. The RT dose image
series were inherently co-registered to the planning CT. Having all
images aligned voxel by voxel; the delineated lung ROI from the
planning CT was transferred to the registered PET/CT and RT dose
images. To avoid possible PET signal spillover from tissues other
than the normal lung, the ROIs for GTV, lymph nodes, heart,
esophagus, and thoracic vertebrae including additional margins
of 1.2-1.5 cm were removed from the lung ROI. Furthermore, to
ensure that only lung parenchyma was included, voxels exclusively
having Hounsfield units (HU) between -924 and -224 HU in the CT
images were considered in the analysis.

Dose response curves

From co-registered PET and RT dose images; the '8F-FDG uptake
(in terms of SUV) could be analyzed against the dose to given lung
voxels. First, dose was classified into bins of size 0.5 Gy, and
SUViean Was then calculated for each radiotherapy dose, D,
category up to the prescription dose for each patient at a given
PET session. On a population level, a further average of SUV yean
from individual patients was calculated at each dose category.
Because only half of the total RT dose was delivered at
mid-therapy, the lung dose ranged between 0 and 15 Gy for this
PET session. Furthermore, the dose was between 0 and 30 Gy at
the post-therapy session. Thus, data are presented in terms of %
of delivered dose. Linear regression was used to investigate the
relationship between lung '8F-FDG uptake and dose at mid- and
post-therapy, both on an individual and a population level. Math-
ematically, this may be formulated as SUV nean = SUVg + ASUV x D.
This provides two response parameters; the '®F-FDG uptake level
in the un-irradiated parts of the lung (SUV,) and a response slope
(ASUV; change in SUV per % dose). The analysis was also carried
out for the PET data taken prior to therapy.
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Cytokine measurements

As described previously [35], patient blood samples were taken
at different time points before, during and after treatment. In the
current work, blood samples collected at time points correspond-
ing to the PET sessions pre-, mid-, and post-therapy were
employed. Serum levels for a panel of 57 cytokines and matrix

Table 1
Patients’ characteristics.
n=27 (%)
Treatment group
RT: 13 (48)
RT + erlotinib: 14 (52)
Gender
Male: 21(78)
Female: 6 (22)
Smoking history
Current: 7 (26)
Former: 20 (74)
Stage
1I: 7 (26)
1v: 20 (74)
Histology
Adenocarcinoma: 15 (56)
Squamous cell carcinoma: 9 (33)
NOS: 3(11)
CcoPD
Positive: 10 (37)
Negative: 17 (63)
Available PET/CT Scans
Pre-therapy: RT 10 (37)
RT + erlotinib 9 (33)
Mid-therapy: RT 13 (48)
RT + erlotinib 12 (44)
Post-therapy: RT 5(18)
RT + erlotinib 8 (30)

Abbreviations: RT: Radiotherapy, NOS: Not otherwise specified, COPD: Chronic
obstructive pulmonary disease.

metalloproteinases (MMP’s) were assessed using a multiplex
bioassay (Bio-Rad, Hercules, CA, USA). Proteins associated with
inflammatory responses (annotated with GO:0006954) were iden-
tified using gene ontology [36,37]. This gave a resulting panel of 24
cytokines (see additional file 1). From this panel, the most robust
group of cytokines showing the smallest patient-to-patient varia-
tion in log-transformed pre-therapy level was identified using
Jenks natural breaks classification. This final panel consisted of
the 8 cytokines: CXCL1, CXCL2, CXCL10, CCL7, CCL13, CCL21,
CCL22, and CCL25.

Statistics

Population-based SUVy and ASUV from the dose response rela-
tionships for different imaging sessions and treatments were com-
pared for statistical significance using 95% confidence intervals
(CIs) estimated from the linear regression. SUVy and ASUV in indi-
vidual patients were compared using Mann-Whitney test with a
two-sided significance level of 0.05. Pearson’s correlation was
employed to evaluate associations between SUVs and serum cyto-
kine levels.

Results

Patients’ characteristics and number of patients eligible for
analysis in each treatment group at the three PET sessions are
given in Table 1. The radiotherapy dose distribution together with
PET/CT images taken at pre-, mid-, and post-radiotherapy and erlo-
tinib for one patient is shown in Fig. 1. As seen, there is a marked
increase in '8F-FDG uptake in the lungs after therapy, although the
high uptake regions do not seem to be co-localized with high radi-
ation dose. Fig. 2 shows the '8F-FDG uptake in the lungs, averaged
over all patients in the respective treatment groups, against per-
centage delivered dose at pre-, mid-, and post-therapy sessions.
First, all dose response relationships appear rather parallel, regard-

Fig. 1. A) Dose distribution and CT image at treatment planning for a patient receiving RT and erlotinib. Dose range is 0-30 Gy. PET/CT images at: B) pre-, C) mid-, and D) post
therapy. SUV range is 0.1-2.5. Only the 'F-FDG uptake within the CT lung window is displayed.
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Fig. 2. Population based '®F-FDG uptake (in terms of SUV) in the lung versus
percentage dose at pre-, mid-, and post-therapy across patients separated into a) RT
group and b) RT + erlotinib group. The solid lines correspond to first order linear
regressions.

less of treatment group or imaging session. Second, there are
small differences in the relationships between pre-, mid-, and
post-therapy PET sessions for the RT group. However, a higher
18F_FDG pulmonary uptake is observed in mid- and post-therapy
compared to pre-therapy (P <0.05). Third, pulmonary '|F-FDG
uptake at the post-therapy session for the RT + erlotinib group
seems to be shifted to a considerably higher level compared to
pre- and mid-therapy (P < 0.001). Fourth, at post-therapy PET a
significantly higher pulmonary '®F-FDG uptake was observed in
the RT + erlotinib group compared to the RT group (P < 0.001). This
is further reflected in SUVys and ASUVs from the linear regressions
applied on the dose response curves (Table 2), where the only
parameter significantly different from the rest was SUV, post-
therapy for the RT + erlotinib group. These findings were confirmed
in a sub-group analysis for patients receiving radiotherapy +
erlotinib having 3 consecutive PET scans (data not shown).
Results from first order linear regressions of the dose response
relationships for individual patients are given in Fig. 3. Here, con-

Table 2

Analysis of dose response relationships.

Treatment group Session ASUV (95% CI)f SUV, (95% CI)

RT Pre-Therapy 0.84 (0.57, 1.11) 0.46 (0.42,0.51)
Mid-Therapy 0.75 (0.49,1.00) 0.59 (0.54,0.63)*
Post-Therapy 0.51 (0.10, 0.91) 0.59 (0.52,0.66)*

RT + erlotinib Pre-Therapy 0.57 (0.34,0.81) 0.53 (0.49,0.57)
Mid-Therapy 0.38 (0.17,0.59) 0.58 (0.54,0.62)
Post-Therapy 0.56 (0.30,0.82) 0.84 (0.79,0.87)*

Population-based dose-response analysis for RT and RT+erlotinib groups at differ-
ent PET sessions. Numbers given are the ASUV (change in SUV per percentage dose
increase) and SUV, (SUV in un-irradiated lung), with corresponding 95% confidence
intervals (CIs). ‘Multiplied by a factor 100. *Significantly different from finding at
pre-therapy.

siderable inter-patient scatter is seen in the SUVys and ASUVs. In
the RT + erlotinib group, a significantly higher SUV, at post-
therapy compared to pre-therapy (P=0.02) and mid-therapy
(P=0.01) was found. Although RT + erlotinib on average gave a
higher SUV, at post-therapy compared to RT only, this difference
was not significant on an individual patient basis (P = 0.12).

The eight cytokines selected from the natural breaks classifica-
tion had pre-therapy inter-patient variation ranging from 22%
(CCL21) to 67% (CXCL10). In comparison, pre-therapy SUV, varied
by 38%. In a correlation analysis, cytokine levels were systemati-
cally tested against SUV,, As ASUV did not show any change during
therapy or between treatment groups, it was not meaningful to
take this parameter into further analysis here. Fig. 4 shows the cor-
relation between SUVq and the serum level of the eight cytokines
taken over all time points for the two treatment groups. Varying
associations between lung glucose uptake and serum cytokine
levels were found for the RT and RT + erlotinib groups. The stron-
gest positive correlation was found between SUVy and CCL21 for
the patients receiving RT + erlotinib (r = 0.47, P=0.01). Although
CCL21 levels also was positively correlated with SUV, for patients
receiving RT only, this was not significant (r=0.31, P =0.09).

Discussion

The relationship between the local dose and pulmonary '8F-
FDG uptake may contribute to a better understanding of RT-
induced lung injury. Guerrero et al. [29] performed restaging
examinations based on '3F-FDG PET/CT between 4 and 12 weeks
after radiotherapy of 36 esophageal cancer patients. A linear rela-
tionship was found between '3F-FDG uptake in the lung and local
radiation dose, and the dose response slope (similar to our ASUV)
varied across patients. Moreover, McCurdy et al. [30] quantified
post radiotherapy '®F-FDG pulmonary dose response in lung cancer
patients with PET performed approximately 6 weeks after comple-
tion of chemo-radiotherapy. In 92% of these patients, a positive lin-
ear relationship was found between the local radiation dose and
the voxel-averaged post-treatment lung '8F-FDG uptake. Further-
more, the SUV in the irradiated lung was normalized to the levels
in the un-irradiated lung, and the slope of the regression line was
regarded as the “pulmonary metabolic radiation response”. In the
present study, we found a positive linear relationship between
the local radiation dose and '®F-FDG uptake in the lung both at
mid- and post-therapy in most patients. However, an apparent
‘dose response’ was also found for the pre-therapy PET session,
and the magnitude of the apparent response was in most cases
comparable to that seen at mid- and post-therapy, with the excep-
tion of the RT + erlotinib group at post-therapy. These similarities
imply that factors other than radiation have caused the apparent
lung '8F-FDG uptake patterns. Such factors may be pre-existing
inflammation and/or fibrosis in the lung, since inflammatory and
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Fig. 3. Individual a) SUVys and b) ASUVs resulting from linear regressions on the
lung '8F-FDG uptake dose response curves at different sessions. The population-
based mean is given by a black triangle.

fibrotic cells have been reported to accumulate more '®F-FDG than
normal cells [38,39]. As the pre-therapy lung uptake of '®F-FDG
was substantial in the high dose region, this indicates that these
other factors coincided with radiation dose. As margins were
applied around the other ROIs overlapping with the lungs, it is
not likely that the apparent dose response is due to spillover
effects. However, it may be that glycolytically active subclinical
disease and/or inflammatory cells are enriched in the wider
periphery of the tumors. In these regions the radiation dose is high,
resulting in the apparent dose response. Furthermore, it cannot be
ruled out that the relationships in the reported studies by Guerrero
[29] and McCurdy [30] do not reflect a true dose response as these
studies did not analyze pre-therapy PET images.

The patient cohort investigated in the current study received
palliative radiotherapy with two opposed beams to a total dose
of 30 Gy. Thus, the pulmonary response pattern may differ from
patients receiving curative treatment with stereotactic radiother-
apy or intensity modulated radiotherapy with prescribed doses
typically up to 70 Gy. Although clear associations with radiother-
apy dose levels were not found in the current work, we saw a pro-
nounced increase in the population-based SUVy from pre- and
mid- to post-therapy for patients receiving RT + erlotinib, and a
significantly higher SUV, in the RT + erlotinib group compared to

the RT group at post-therapy. This implies that erlotinib increased
the general glucose uptake level in the normal lung compared to
radiation alone 6 weeks after completion of treatment, which
could point to increased risk of treatment-induced pneumonitis
for patients receiving the concomitant treatment. Although we
have used the European Organization for Research and Treatment
of Cancer Quality of Life Questionnaire-Core 30 (EORTC QLQ-C30)
and EORTC QLQ Lung Cancer 13 (LC13) to assess clinical changes
in the lung function for individual patients, these findings were
not correlated to the treatment- or PET-related factors explored
in the current work (data not shown). This may be due to that
the current population has extensive disease with comorbidities,
obscuring any underlying treatment-related side effects.

For the cytokines in our original panel, we extracted the ones
directly associated with inflammatory response having the least
inter-patient variability at pre-therapy. The latter was done to
identify the most robust factors for further testing against the lung
SUVs. Therefore, cytokines such as Interleukin 6 (IL-6) and IL-8
were not used in the further analysis, although these factors have
previously been associated with RT-induced inflammatory
responses [32]. When these cytokines were tested against SUV,
at the different time points, no significant associations were seen
(data not shown). For the final panel of eight cytokines, we saw sig-
nificant associations between CCL21 and SUV, for patients receiv-
ing RT + erlotinib. CCL21 has not previously been associated with
therapy response in the normal lung, neither following RT nor erlo-
tinib therapy. Patients with hypersensitivity pneumonitis showed
an increase in CCL21 levels and bronchoalveolar lavage fluid com-
pared to healthy volunteers [40]. Moreover, studies have shown
that CCL21 is increased in patients with inflammatory skin disease
[41,42], and erlotinib therapy is associated with skin rash and
release of inflammatory cytokines [43]. Thus, CCL21 may be a
promising candidate for understanding the mechanisms of lung
inflammation and subsequent radiation pneumonitis.

Different SUV-based metrics can potentially be used for assess-
ing inflammatory responses. As the slopes (ASUVs) from the dose
response relationships did not show any significant changes during
therapy, it may be simpler to omit the dose-response analysis and
extract single parameters from the lung. Metrics such as the 75
percentile of SUV in the normal lung were tested in the current
work, and these were highly correlated with SUV, for patients
receiving RT + erlotinib (r = 0.88, P < 0.001). Furthermore, the asso-
ciations between the 75 percentile SUV and CCL21 showed even
stronger correlations (r = 0.53, P = 0.004) compared to those using
SUVy. De Ruysscher et al. [6] looked at the maximum lung
8E_FDG uptake (SUVmax), and found that high SUVp.. 7 and
14 days into RT was associated with increased risk of RILT. We
have tested higher percentiles towards SUV,,.x, but associations
with CCL21 (assumedly linked to RILT) then became slightly
weaker compared to the 75" percentile. Thus, it is likely that the
high-uptake part of the lungs may be evaluated to assess the
response, although an optimal PET metric cannot be defined from
the current work.

Further studies on the effect of erlotinib on CCL21 levels should
be encouraged as pulmonary glucose uptake and CCL21 level may
carry similar information regarding the effect of erlotinib. Although
erlotinib is shown to be successful in improving clinical outcomes
in a subset of NSCLC patients, potential toxicities in the lung such
as inflammation needs to be considered. Strategies to minimize
these effects are important to increase patient’s quality of life
and overall treatment outcome. Such strategies may well include
assessment by '8F-FDG PET and/or CCL21 serum level. Finally, elu-
cidating inflammatory responses in the patients’ normal cells may
shed light on aspects such as the use of check-point inhibitors in
combination with other immunogenic cancer treatments [44].
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Fig. 4. Correlations between baseline '®F-FDG uptake (SUV,) and serum level for
the most robust panel of 8 cytokines associated with inflammatory response.

Conclusions

In the present study, an increase in the lung uptake of '®F-FDG
is observed six weeks post treatment for non-small cell lung cancer
patients receiving RT and erlotinib compared to patients receiving
RT alone. The lung '8F-FDG uptake is further correlated with che-
mokine CCL21, pointing to an inflammatory response following
concomitant RT and targeted therapy.
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