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Abstract

Purpose This prospective study assessed the feasibility of '*F-2-fluoro-2-deoxy-D-glucose (FDG) positron emission
tomography/computed tomography (PET/CT) to quantify radiation-induced lung inflammation in patients with locally advanced
non-small cell lung cancer (NSCLC) who received radiotherapy (RT), and compared the differences in inflammation in the
ipsilateral and contralateral lungs following proton and photon RT.

Methods Thirty-nine consecutive patients with NSCLC underwent FDG-PET/CT imaging before and after RT on a prospective
study. A novel quantitative approach utilized regions of interest placed around the anatomical boundaries of the lung parenchyma
and provided lung mean standardized uptake value (SUVmean), global lung glycolysis (GLG), global lung parenchymal
glycolysis (GLPG) and total lung volume (LV). To quantify primary tumor metabolic response to RT, an adaptive contrast-
oriented thresholding algorithm was applied to measure metabolically active tumor volume (MTV), tumor uncorrected
SUVmean, tumor partial volume corrected SUVmean (tumor-PVC-SUVmean), and total lesion glycolysis (TLG). Parameters
of FDG-PET/CT scans before and after RT were compared using two-tailed paired t-tests.

Results All tumor parameters after either proton or photon RT decreased significantly (p < 0.001). Among the 21 patients treated
exclusively with proton RT, no significant increase in PVC-SUVmean or PVC-GLPG was observed in ipsilateral lungs after the
PVC parameters of primary tumor were subtracted (p=0.114 and p =0.453, respectively). Also, there were no significant
increases in SUVmean or GLG of contralateral lungs of patients who received proton RT (p =0.841, p =0.241, respectively).
In contrast, among the nine patients who received photon RT, there was a statistically significant increase in PVC-GLPG of
ipsilateral lung (p < 0.001) and in GLG of contralateral (p = 0.036) lung. In the subset of nine patients who received a combined
proton and photon RT, there was a statistically significant increase in PVC-GLPG of ipsilateral lung (p < 0.001).

Conclusion Our data suggest less induction of inflammatory response in both the ipsilateral and contralateral lungs of patients
treated with proton compared to photon or combined proton-photon RT.
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chemoradiotherapy (CCRT) is the current standard of care in
this population and yields an absolute survival benefit at
5 years of 5% relative to sequential chemotherapy and RT
[4, 5]. Thoracic RT can result in considerable risks of
radiation-induced toxicities, including lung injuries such as
radiation pneumonitis (RP) and pulmonary fibrosis, particu-
larly among patients also receiving chemotherapy [6].
Therefore, major efforts must be made to improve therapeutic
outcomes via delivering sufficient radiation dose to tumor
while limiting the radiation-induced damage to normal lung
tissues.

RP is a common and potentially fatal complication caused
by a cascade of pro-inflammatory cytokines in patients receiv-
ing thoracic RT [7-11]. The inflammatory changes within
both tumor and surrounding lung parenchyma vary in timing
[12]. RP most typically manifests in the first few weeks to
6 months after RT completion, and is characterized by varying
symptoms from a mild non-productive cough to more severe
manifestations of fever, dyspnea, respiratory failure, and even
death [13-15]. The risk of RP occurrence is determined by
numerous factors such as delivered radiation dose and the
volume of functional lung irradiated [16, 17]. A meta-
analysis by Palma et al. reported that symptomatic pneumoni-
tis and fatal pneumonitis occur in approximately 30% and 2%
of patients receiving CCRT, respectively [8]. Management
generally consists of corticosteroids for several weeks to
months with a gradual taper to prevent rebound pneumonitis
[18]. The occurrence of RP and treatment-related death remain
a significant bottleneck to radiation dose escalation in lung
cancer [19]. To date, there is no established means to predict
the future onset of RP [20]. Therefore, there is a high demand
for establishing an effective, reliable, noninvasive, and quan-
titative imaging method to assist in designation of at-risk pa-
tients and in facilitation of earlier RP diagnosis and treatment
by modifying the RT plan or by early initiation of corticoste-
roids to alleviate the severity of symptoms.

RT may cause changes in the lung such as edema, cellular
infiltration into airspaces, and thickening of alveolar walls.
These changes may be quantified using anatomical and mor-
phological imaging techniques such as computed tomography
(CT) [21].

Photon and proton therapy are both RT techniques but with
different characteristics. Photons have essentially no mass and
no charge but are extremely penetrable and capable of deliv-
ering an irradiation dose through any kind of tissue. Photon
therapy, therefore, actively exposes healthy tissues along the
beam path in front of and behind the tumor to incidental irra-
diation [22].

Protons, which are heavy and charged particles character-
ized by a well-defined range of penetration, can deliver their
maximum dose at a specified depth. Proton therapy generally
has a more optimal dose delivery in comparison to photon
therapy. This physical benefit comes from a central-axis

depth-dose distribution pattern known as the Bragg peak.
Proton therapy delivers precise radiation doses to a tumor
while minimizing the dose to surrounding normal tissues.
By providing minimal integral radiation dose to surrounding
critical organs, proton therapy can allow for improvements in
clinical outcomes in select cases by more safely and efficiently
allowing for dose escalation [22—24]. Since proton RT has
higher cost and more limited availability relative to other ra-
diation modalities and is not currently approved for reim-
bursement by all insurance carriers in United States, there is
amore limited clinical experience to demonstrate an improved
efficacy of proton RT in lung cancer relative to photon RT [5].

In recent years, '*F-2-fluoro-2-deoxy-D-glucose (FDG)
positron emission tomography/computed tomography (PET/
CT) has repeatedly been shown to provide improved sensitiv-
ity and specificity for determining the diagnosis and stage of
lung cancer [25-27]. FDG-PET/CT imaging, as an objective
and quantitative measurement, has also been utilized in RT
treatment planning, risk stratification, prognostication, and re-
sponse monitoring for locally advanced NSCLC [28-30].
Moreover, it has an emerging but integral role to assess the
extent of pulmonary inflammation after thoracic RT, which
manifests as increased FDG uptake in lung parenchyma [7,
16, 31].

As such, we conducted this prospective study to: (1) inves-
tigate the feasibility of using volumetric-based FDG-PET/CT
parameters to quantify the extent of lung inflammation in pa-
tients with locally advanced NSCLC who received thoracic
RT; and (2) compare the quantitative inflammatory differences
in the ipsilateral and contralateral lungs following proton and
photon RT.

Methods and materials
Study population

Following Institutional Review Board (IRB) approval for
prospective data collection and image analysis with Health
Insurance Portability and Accountability Act (HIPAA)
waiver, this prospective study was performed at the
Hospital of the University of Pennsylvania. This study en-
rolled a total of 39 analyzed patients. Patients were pre-
dominantly female (53.8%) with a median age of 67 years
(range 45-82 years) at the time of diagnosis. They had
predominantly stage IIIA (61.5%) or stage IIIB (30.7%)
NSCLC. All patients had locally advanced NSCLC and
were treated with definitive CCRT without surgical resec-
tion. In all cases, patients received 66.6 Gy in 1.8 Gy (CGE
for proton therapy) daily fractions with concurrent
platinum-based doublet chemotherapy. Twenty-one, nine,
and nine patients received proton RT, photon RT, and com-
bined proton and photon RT, respectively. All patients
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underwent pre-RT and post-RT FDG-PET/CT at our insti-
tution. A total of 78 individual lungs (two from each sub-
ject) were evaluated overall for this study. Table 1 provides
an overview of the cohort included and Table 2 shows the
average dose of radiotherapy was given to each cohort.
While preexisting COPD was a common diagnosis amount
the study cohort, no other pulmonary pathology was re-
ported about the patients. No acute pneumonia or other
inflammatory conditions were identified, and no
preexisting inflammatory lung conditions like interstitial
lung disease were identified.

PET/CT image acquisition

All subjects fasted for at least 6 h before receiving
555 MBq (15 mCi) of FDG administered intravenously.
They had to have serum glucose levels of less than
200 mg/dL just prior to radiotracer injection. Routine
FDG-PET/CT scans were acquired using a 16-detector

row LYSO whole-body PET/CT scanner with time-of-
flight capabilities (Gemini TF; Philips Healthcare,
Bothell, WA). The average interval time between FDG-
PET/CT and the start of RT was 41 days (range 8—
236 days), whereas the average interval time between com-
pletion of RT and post-treatment FDG-PET/CT was
101 days (range 75-179 days). The median time between
the pre- and post-treatment FDG-PET/CT scans was
197 days (range 147-467 days). Although most PET scans
were obtained at approximately 3 months following the
completion of radiation therapy in the majority of patients,
the time points used in this study were the real clinical time
points. As such, the analysis was based on these real clin-
ical practice time points that were available for each
subject.

PET images were attained from the base of skull to the mid-
thigh approximately 60 min after FDG injection for 3 min per
bed position. Capabilities of the system included time-of-
flight, normalization, attenuation, random, and scatter

Table 1 Patient cohort

characteristics Proton RT Photon RT Combined Proton p value
and Photon RT

Number of patients 21 9 9

Gender 0.810
Female 12 5
Male 9 5

Tumor type 0.234
Adenocarcinoma 13 4
Squamous cell carcinoma 8 4
Poorly differentiated carcinoma 0 0 1

Stage 0.221
1B I 0 0
A 0 0 1°
B 0 0 1°
1A 15 4 5
111B 5 5 2

Chemotherapy 0.443
Cisplatin 1 2 3
Carboplatin 15 5 4
Etoposide 5 4 4
Taxol 12 5 4
Other Chemotherapy 8 2 2

#This subject with stage IB was diagnosed with an early stage non-small cell lung cancer but then presented
following initial treatment with mediastinal nodal recurrence (yN2 and de facto stage III). As staging does not
change after initial treatment, this patient is listed as stage IB despite being treated with definitive chemoradiation
for what clinically was stage Il disease

® The two patients with stage II disease both had nodal metastasis and were thus not candidates for stereotactic
body radiation therapy. Furthermore, they were not medically operable candidates. As such, they were also treated
with definitive chemoradiation. As per standard guidelines, all stage II patients who are not undergoing surgery
are treated with definitive chemoradiation in the exact same way that stage I1I patients are treated. In fact, in the
only phase III randomized trial of locally advanced non-small cell lung cancer currently open in NRG Oncology
(RTOG 1308), all patients with stage II or III medically inoperable non-small cell lung cancer are eligible and

treated in the same way
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Table 2 The average irradiation

dose to lungs and heart for each Proton RT Photon RT Combined proton and photon RT
treatment cohort

Average dose (cGY) to ipsilateral lung 2825 2787 2784

Average dose (cGY) to contralateral lung 335 438 157

Average dose (cGY) to heart 755 1863 807

corrections. Image reconstruction was performed using a list-
mode maximum-likelihood expectation-maximization algo-
rithm with thirty-three ordered subsets and three iterations.
Energy rescaled low dose CT images were used for attenua-
tion correction of PET images. Slice thickness were utilized
on PET and CT acquisition to allow for fusion.

PET/CT scans and quantification analysis

The PET/CT scan analysis and quantification for each patient
was performed by dedicated image visualization and analysis
OsiriX MD software (Pixmeo SARL, Bernex, Switzerland). A
novel quantitative method was used to obtain the region of
interest (ROI). ROIs were drawn manually around the ana-
tomical margins of the lung parenchyma from apex to base
on each transverse slice of the fused PET/CT images. The
diaphragm, trachea, and mainstem bronchi were excluded,
but the tumor within the lung were included. The sectional
lung mean standardized uptake value (sSUVmean) and the
sectional lung ROI area (sArea) were then measured for all
individual slices. These values were exported to be used for
statistical analysis (Fig. 1).

Full automation was not utilized in the current study. In
fact, full automation is not that simple, and it depends on
the types of case being assessed. In the future, it may be
feasible to automate such methods to quantify lung dis-
eases including lung inflammation automatically or semi-
automatically. It is conceivable that a more automated
method may be developed in the future; however, segmen-
tation has its own challenges, and this would be in the
domain of future research study.

The sectional lung volume (sLV) was obtained by multi-
plying the sectional area of ROI (cm?) on the slice by the slice
thickness. Then, by summing all of the sLVs, across all slices
through the lung, the total lung volume (LV) was calculated
(total LV= Y (sSUVmean * sArea)). We measured LV in both
of pre- and post-RT scans. The sectional lung glycolysis (sLG)
was calculated by multiplying sLV and sSUVmean from each
slice, and the global lung glycolysis (GLG) was calculated by
summing of all the sLG from each individual lung slices
across all slices throughout the lung (GLG= } (sSUVmean *
sLV)). Finally, the lung SUVmean was calculated by dividing
the GLG by the LV (Lung SUVmean= % ). The above
described parameters included the normal lung parenchyma in
addition to the primary tumor lesions. Total lesion glycolysis

was then subtracted from GLG to calculate global lung paren-
chymal glycolysis (GLPG).

GLPG = GLG-TLG

To quantify tumor metabolic response to RT, metabolically
active tumor volumes (MTV), tumor SUVs, and total lesion
glycolysis (TLG) were measured. An adaptive contrast-
oriented thresholding algorithm was utilized to measure these
parameters, which permits delineation of the boundaries of
lesions based on PET images. This modified adaptive
thresholding delineation technique combines automatically
determined background correction and local adaptive
thresholding in an iterative algorithm model [23-26]
(ROVER software; ABX, Radeberg, Germany). To compute
partial volume correction (PVC), a local background PVC
algorithm was used. The accuracy and reproducibility of these
methods have previously been verified [32, 33].

To measure the extent of inflammation of the normal lung
parenchyma in response to RT, (Fig. 1), the following formu-
las were used:

* A Lung Parenchymal SUVmean = [(post—RT GLG—
post—RT TLG)/(post—RT LV —post—RT MTV)]
—[(pre = RT GLG —pre — RT TLG)/(pre —RT LV — pre —
RT MTV)]

* A Lung Parenchymal PVC —SUVmean = [(post—
RT GLG —post—RT PVC —TLG)/(post—RT LV — post
—RT MTV)] —[(pre — RT GLG—pre —RT PVC—-TLG)/
(pre—RT LV —pre —RT MTV)]

* A GLPG=(post—RT GLG —post—RT TLG) — (pre —
RT GLG —pre —RT TLG)

* A PVC-GLPG=(post—RT GLG —post—RT PVC —
TLG) — (pre = RT GLG — pre —RT PVC - TLG)

Statistical analyses

All statistical analyses were performed using IBM SPSS
Statistics version 25.0 (IBM Corporation, Armonk, NY,
USA). To summarize the variables of this study, descrip-
tive statistics were calculated (means, standard deviations,
95% confidence intervals). Parameters of FDG-PET/CT
scans pre- and post-RT were compared using paired t-tests.
Differences were considered to be statistically significant
when the two-tailed p value was less than 0.05.
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Fig. 1 Example of standardized
uptake value and global lung
glycolysis measurement and total
lesion glycolysis in a patient with
lung cancer. a Manually drawn
ROIs are performed on fused
PET/CT images on the ipsilateral
and contralateral lungs (green and
blue outlines, respectively) slice
by slice axially from lung apex to
base. Note FDG avid mass in
right lung due to lung cancer. b
Tumor regions (color overlay) are
delineated with semiautomatic
software. Total lesion glycolysis
is then subtracted from GLG to
calculate GLPG

Results
Inflammatory effects of RT upon the lungs

There were statistically significant differences in mean ip-
silateral PVC-GLPG between pre-RT and post-RT PET/CT
scans among patients receiving either photon RT
(p<0.001) or combined proton and photon RT
(»<0.001). In patients treated exclusively with proton
RT, there was no significant difference in mean ipsilateral
PVC-GLPG between pre-RT and post-RT PET/CT scans
(p=0.453) (Fig. 2).

In patients treated with photon RT, there was a signifi-
cant increase in mean contralateral GLG from pre-RT to
post-RT PET/CT (p =0.036). However, there were no sig-
nificant differences in mean contralateral GLG between
pre-RT and post-RT PET/CT scans among patients receiv-
ing combined photon and proton RT (p =0.077) or proton
RT (p=0.241) (Fig. 3).

In photon RT and combined photon and proton RT patients,
there were significant increases in mean ipsilateral lung PVC-
SUVmean from pre-RT to post-RT PET/CT scans (p <0.001
and p <0.001, respectively). In contrast, there was no

@ Springer

significant difference in mean ipsilateral lung PVC-
SUVmean between pre-RT and post-RT PET/CT scans in pro-
ton RT patients (p =0.114) (Fig. 4).

There were no significant differences in mean contralat-
eral lung SUVmean between pre-RT and post-RT PET/CT
scans among patients receiving photon RT (p =0.643),
proton RT (p =0.841), or combined photon and proton
RT (p=0.679) (Fig. 5). Table 3 shows a summary of the
inflammatory eftects of RT upon the ipsilateral and contra-
lateral lungs.

Tumor response

In primary tumors, statistically significant decreases were ob-
served in post-RT (proton, photon or combined proton-
photon) MTV, SUVmax, uncorrected SUVmean, PVC-
SUVmean, uncorrected TLG, and PVC-TLG (all p <0.001).
The decreases in PVC-TLG and tumor PVC-SUVmean were
more obvious than uncorrected ones (APVC-TLG -357.26
versus ATLG -252.92; APVC-SUVmean —16.2 versus
ASUVmean —10.19). All parameters related to tumor re-
sponse are shown in Table 4.
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Fig. 2 Ipsilateral lung PVC-GLPG in patients a photon, b combined proton-photon or ¢ proton RT

Discussion

FDG uptake is not tumor specific, as it occurs not only in areas
of enhanced cellular metabolism due to tumor, but also in
areas of enhanced cellular metabolism due to inflammation
[34, 35]. In recent years, the application and study of FDG-
PET/CT to assess and quantify lung inflammation in various
types of disease conditions including chronic obstructive pul-
monary disease (COPD), sarcoidosis, and interstitial lung dis-
ease has been rapidly evolving [36-38]. The primary goal of
the current study was to quantify lung inflammation through
FDG-PET/CT in NSCLC patients undergoing proton or pho-
ton RT. Our findings suggest a significant increase in inflam-
mation in the affected lung, when treated with photon RT. In
particular, both PVC-GLG and PVC-SUVmean values in-
creased significantly in the ipsilateral lung following photon
RT. In contrast, proton RT did not lead to similar such in-
creases. For quantitative assessment of the inflammatory ef-
fects of RT from PET images, the changes based on GLG and
SUVmean using partial volume correction showed significant
increases, whereas the uncorrected changes were not statisti-
cally significant. This observation supports the importance of
performing partial volume correction for the PET quantifica-
tion of lung inflammation. This study is the first-of-its-kind to
assess the feasibility of this approach by using different pa-
rameters; therefore, a power analysis was not quantifiable and
is not appropriate at this stage. Despite this, we were able to
show statistically significant differences that are biologically
consistent. This methodology and preliminary results are
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being used for a future large-scale study that will include a
power analysis.

The two primary factors determining the modality used was
patient insurance status and disease extent. Due to its ability to
better protect normal tissues, proton therapy was the default
modality for most of our patients with locally advanced non-
small cell lung cancer. However, some patients have health
insurance that were less likely to approve proton therapy for
lung cancer, and these patients were treated with photons.
Additionally, patients who had large tumor volumes and/or
harder to treat tumors were also more likely to receive proton
therapy, as these patients were thought not to be as safely
treatable with photon therapy. This is in keeping with other
prior reports were proton therapy was used for larger tumors
[39]. Selection bias may impacted our results, although this
selection might have biased against proton therapy since larger
tumors that were more likely to be treated with proton therapy
required treatment with larger irradiation fields that might have
led to higher inflammatory effects to the normal lungs.

RT is a major therapeutic modality that is used to treat
many patients with lung cancer. Cell death and arrested mito-
sis arise from ionizing radiation-related deoxyribonucleic acid
(DNA) damage and are accompanied by altered interactions
between tumor and factors in the microenvironment including
hypoxia, tumor microvasculature, and host immune cells [12].
Following RT, inflammatory changes, such as acute and sub-
acute RP, as well as pulmonary fibrosis may also occur, the
latter of which is more common in patients who suffer from
acute RP [35, 40]. Therefore, the goal in RT treatment
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Fig. 3 Contralateral lung GLG in patients receiving a photon, b combined proton-photon or ¢ proton RT

@ Springer



212

Eur J Nucl Med Mol Imaging (2019) 46:206-216

i

N

posT

2

Fig. 4 Ipsilateral lung PVC-SUVmean in patients receiving a photon, b combined proton-photon or ¢ proton RT

planning is to provide the highest therapeutic radiation dose to
the sites of tumor while sparing the normal surrounding tis-
sues from radiation dose as much as possible without exceed-
ing specific organ at risk tolerances. Total radiation dose, frac-
tion size, duration of the radiation course, the tumor location,
and the irradiated volume are all factors that may modulate the
frequency of adverse effects following RT [20, 35]. Findings
of the Radiation Therapy Oncology Group (RTOG) in a large
randomized trial on curative-intent treatment of patients with
stage IITA/IIIB NSCLC (RTOG 0617) showed that the overall
survival after high-dose photon RT (74 Gy, 2 Gy per fraction)
was worse than that after standard-dose RT (60 Gy, 2 Gy per
fraction) (median survival of 20.3 months vs. 28.7 months)
[19]. Higgins et al. reported improved survival for patients
with stage II and III NSCLC treated with proton RT relative
to photon RT [5].

Some researchers have studied the important role of FDG-
PET/CT in assessing radiation-induced lung inflammation [7,
13, 16, 31, 41]. Marks et al. observed that inflammatory alter-
ations in the lungs are noticeable on radiographic images of
30% to 90% of patients following 30 Gy RT to 70 Gy RT [42].

Because of the differential physics of charged particles and
their interaction with matter compared to photons, proton RT
allows higher radiation doses to be focused to regions within
the tumor while minimizing the dose to surrounding organs at
risk such as the heart, lung parenchyma, esophagus, spinal
cord, and brachial plexus. Therefore, proton RT has been pro-
posed as an advanced technology to reduce the risk of
treatment-induced toxicities and to potentially improve the

effectiveness of local tumor control and overall survival com-
pared to photon RT in the treatment of patients with NSCLC
[43]. Much retrospective and prospective clinical data have
demonstrated the dosimetric advantage of proton RT in com-
parison with photon RT and have shown its safety and efficacy
for treatment of NSCLC. In particular, proton RT offers the
ability to decrease inflammation in the lungs, which may
translate to a reduction in the occurrence of RP [22, 44, 45].
Our results support this finding, as we observed increases in
lung GLG and SUVmean on post-treatment PET/CT after
photon RT but not after proton RT, suggesting less induction
of inflammatory response following proton RT.

The prompt diagnosis of radiation-induced lung injury may
lead to more successful treatment of this potentially fatal tox-
icity. Existing clinical scoring systems are challenging to yield
an accurate diagnosis in 28% to 48% of RP cases [46, 47]. In
recent years, some studies have investigated quantitative pa-
rameters to assess RP. In one study, the relationship of the
inflammatory changes of lung parenchyma in 73 consecutive
patients with NSCLC receiving photon RT using FDG-PET/
CT were assessed by Hicks et al. and compared with the met-
abolic response at tumor sites. They found an association be-
tween complete or partial tumor response and increased FDG
uptake in normal lung tissue, suggesting a probable positive
relationship between tumor radio-responsiveness and normal
lung tissue radio-sensitiveness [41]. Guerrero et al. investigat-
ed the relationship between local radiation dose and RP in 36
patients with esophageal cancer. These patients underwent
restaging FDG-PET/CT imaging almost six weeks after
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Fig. 5 Contralateral lung SUVmean in patients receiving a photon, b combined proton-photon or ¢ proton RT
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Table 3 Comparison of FDG-

PET/CT (FDG-PET/CT: '*F-2- Lung FDG-PET/CT Group Mean absolute change ~ Mean relative  p value*

fluoro-2-deoxy-D-glucose parameter change (%)

positron emission tomography/

computed tomography) Ipsilateral ASUVmean® Proton 0.01 1.38% 0.463

parameters before and after Ipsilateral ASUVmean Photon 0.26 29.22% <0.001

treatment in patients recerving Ipsilateral ASUVmean Combined  0.16 23.22% 0.003

proton, photon, or combined ) b

proton and photon RT Ipsilateral APVC®-SUVmean Proton 0.02 2.80% 0.114
Ipsilateral APVC-SUVmean Photon 0.36 46.75% <0.001
Ipsilateral APVC-SUVmean Combined 0.23 36.53% <0.001
Ipsilateral AGLPG® Proton —44.77 cc —3.18% 0.325
Ipsilateral AGLPG Photon 489.03 cc 30.14% <0.001
Ipsilateral AGLPG Combined 297.28 cc 23.42 0.001
Ipsilateral APVC-GLPG Proton 31.71 cc 2.40% 0.453
Ipsilateral APVC-GLPG Photon 645.70 cc 44.05% <0.001
Ipsilateral APVC-GLPG Combined  419.97 cc 37.09% <0.001
Contralateral ASUVmean Proton 0.00 0.30% 0.841
Contralateral ASUVmean Photon 0.02 3.67% 0.643
Contralateral ASUVmean Combined 0.01 2.31% 0.679
Contralateral AGLG* Proton —46.90 cc -3.89% 0.241
Contralateral AGLG Photon 185.95 cc 16.68% 0.036
Contralateral AGLG Combined 95.74 cc 8.83% 0.077

RT: Radiotherapy
#SUV: Standardized Uptake Value
®PVC: partial volume corrected

¢ GLPG: Global Lung Parenchymal Glycolysis

4GLG: Global Lung Glycolysis

*Significant p values are displayed in bold

combined chemotherapy and photon RT. The study showed a
linear relationship between local radiation dose and the nor-
malized FDG uptake in the lung after treatment as a marker of
the development of RP. More interestingly, the investigators
reported discrepancies in the slope of this relationship among
individual patients, which was not impacted by the time inter-
val (1-3 months) between RT completion and PET imaging
and by the irradiated LV. As such, they concluded that the
response slope can be applied as a metric for the quantification
of'individual intensity of RP [31]. Further study by Echeverria
et al. assessed proton RT—induced RP in 100 patients with
esophageal cancer and showed a positive correlation between
symptomatic patients and radiation dose response on FDG-
PET/CT [7]. Hart et al. retrospectively studied 101 patients
with esophageal cancer, where they evaluated the pulmonary
metabolic activity 3—12 weeks after photon RT in relation to
clinical symptoms of RP based on a scoring system. They
observed a statistically significant correlation between the in-
crease in radiation dose and RP clinical symptoms (p = 0.032),
as well as between increase in FDG uptake and RP clinical
symptoms (p =0.033) [16].

Yet, qualitative visual analysis of PET images is still the
principal methodology used for the assessment of RP in clinical
practice. Visual assessment relies on the contrast between

FDG-avid areas and areas with lower FDG uptake. This meth-
od is mostly utilized in the interpretation of clinical FDG-PET/
CT studies to detect lesions with high glycolytic activity relative
to background related in part to an increased retention of FDG-
6-phosphate in cells [48]. Metabolically active confounders of
lung inflammation following RT may be encountered on FDG-
PET, including acute infection, residual or recurrent malignan-
cy, esophagitis, and pericarditis, amongst others [35].

It is often difficult to establish a ground truth in many cases,
yet despite this limitation, we have developed a new method-
ology that can be applied to any PET/CT in similar fashion
which would minimize random errors and increase reproduc-
ibility. However, despite this limitation, PET is already used in
clinical practice routinely to measure disease such as cancer
where there is also in many cases a lack of a cortical reference
standard, and yet it is still considered to be clinically useful
and changes management in a large proportion of patients. In
this initial study, the methodology we have applied to quantify
the disease was performed similarly in all the cases to stan-
dardize our approach, which should minimize random errors.
In fact, in some sense reproducing the way the cases were
assessed is an important factor of this study beyond the abso-
lute accuracy of our findings. This can serve as the basis for
future larger-scale studies, because our current study is a
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Table 4 Tumor metabolic
response parameters in all
subjects

FDG-PET/CT" parameter Mean absolute change Mean relative change (%) p value*
All Patients (n =39)
AMTV® cc -32.07 -89.3% <0.001
ASUVmax® -15.79 —90.1% <0.001
ASUVmean -10.19 —88.9% <0.001
APVC-SUVmean -16.2 -91.3% <0.001
ATLG cc —252.92 —92.4% <0.001
APVC®-TLG cc —357.3 —92.0% <0.001
Patients received proton RT (n =21)
AMTV cc —24.64 —83.7% <0.001
ASUVmax —13.85 —83.4% <0.001
ASUVmean -15.12 —88.9% <0.001
APVC-SUVmean —-161.85 —84.3% <0.001
ATLG cc —234.52 —84.1% <0.001
APVC-TLG cc <0.001
Patients received photon RT (n =9)
AMTV -33.17 —100% 0.024
ASUVmax —24.63 —100% 0.003
ASUVmean —15.34 —100% 0.003
APVC-SUVmean —23.72 -100% 0.006
ATLG cc —399.69 -100% 0.018
APVC-TLG cc —556.36 -100% 0.016
Patients received combined proton-photon RT (n=9)
AMTV cc —48.30 —89.8% 0.026
ASUVmax -11.47 —82.5% <0.001
ASUVmean —6.01 —80.9% 0.002
APVC-SUVmean -11.19 -82.9 0.001
ATLG cc —318.66 —94.2% 0.017
APVC-TLG cc —444.53 —93.5% 0.017

AFDG-PET/CT: '® F-2-fluoro-2-deoxy-D-glucose positron emission tomography/computed tomography

° MTV: Metabolic Tumor Volume
¢SUV: Standardized Uptake Value
4TLG: Total Lesion Glycolysis
°PVC: partial volume corrected

*Significant p values are displayed in bold

preliminary study, and this is the first time such an approach
has been conducted. Not having a reference standard makes
the research challenging. Yet, we have applied the logical and
consistent methodology in every case and showed the system-
atic difference between the proton and photon groups, and
these need to be further validated with large-scale studies
and show correlations with outcomes.

A retrospective pilot study by Abdulla et al. evaluated FDG
uptake in 20 consecutive patients with stage IIl NSCLC who
were treated with photon RT. In order to exclusively assess
lung parenchyma, they subtract sites of tumor uptake from
total lung uptake on FDG-PET/CT and found statistically sig-
nificant increases in GLPG and lung parenchyma SUVmean
in the ipsilateral lung, whereas there were no significant
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changes in the contralateral lung. Furthermore, they reported
that partial volume correction is important to utilize when
assessing lung inflammation [13].

There are several limitations of our study. One limitation is
the relatively small sample size, although this is mitigated by
intra-patient comparisons before and after RT and the homo-
geneity in treatment and imaging of the prospectively enrolled
patients. Another one is the inability to conclusively correlate
our findings to clinical acute and late pulmonary toxicity data
and of quality-of-life outcomes given the limited sample size
and the even more limited number of adverse radiation-
induced toxicities. Such an analysis is planned as the primary
endpoint of a future larger scale study. We did not explore
radiomics in this preliminary study, but it may have potential
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added valued to further discriminate inflammation from non-
inflamed lung. Radiomics has recently been reported to have
some value for improved characterization of cancer lesions,
although there is some redundancy with currently available
more global metrics such as SUV and TLG.

Chemotherapeutic agents can have inflammatory side ef-
fects upon the lung that may manifest as drug toxicity that can
be detectable on chest CT scans. In this particular study, it was
not feasible to separate out those two effects. However, in our
study all patients received chemotherapy. While it is possible
that some of the inflammations in the lungs may have been
related to this, this should have been balanced out between the
photon and proton patients. It is possible that some of the
detected lung inflammation maybe related to actual chemo-
therapeutic agents. Of note, however, no patient in this study
developed a more generally lung pathology outside of the
treatment field, further making primary chemotherapy-
induced lung morbidity less likely. Also of note, no historical-
ly known highly pulmonary toxic chemotherapy agents, such
as bleomycin and gemcitabine, were administered to any pa-
tient in this study. In summary, we have demonstrated the
feasibility of quantifying lung inflammation in patients with
locally-advanced NSCLC following thoracic RT in a prospec-
tive clinical trial by using volume-based FDG-PET/CT pa-
rameters. Our results also revealed significant increases in
lung inflammation on post-treatment FDG-PET/CT after pho-
ton RT, whereas such increases were not identified in patients
receiving proton RT, suggesting less induction of inflamma-
tory response in both the ipsilateral and contralateral lungs of
patients undergoing concurrent chemoradiation with proton
RT. FDG-PET/CT may, therefore, be useful for early detection
and treatment of radiation-induced lung toxicities in the set-
ting of RT. Future larger scale studies involving comparisons
of FDG-PET/CT findings with clinical assessments of RP and
measures of patient clinical outcomes are necessary for vali-
dation of our current findings, and to determine whether FDG-
PET/CT may be cost-effective for improved prevention or
earlier treatment of radiation-induced lung toxicity.
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