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Abstract: We measured changes in 18F-fluorodeoxyglucose (FDG) uptake on positron emission tomography/com-
puted tomography (PET/CT) images in the lung parenchyma to quantify the degree of lung inflammation in patients 
with locally advanced non-small cell lung cancer (NSCLC) who received radiotherapy (RT). The goal of this study was 
to demonstrate successful implementation of this imaging methodology on NSCLC patients and to report quantita-
tive statistics between pre-RT and post-RT. Seventy-one patients with NSCLC underwent FDG-PET/CT imaging before 
and after RT in a prospective study (ACRIN 6668/RTOG 0235). Comparisons between pre-RT and post-RT PET/CT 
were conducted for partial volume corrected (PVC)-mean standardized uptake value (SUVmean), PVC-global lung 
parenchymal glycolysis (GLPG), and lung volume for both ipsilateral and contralateral lungs using the nonparametric 
Wilcoxon signed-rank test. Regression modeling was conducted to associate clinical characteristics with post-RT 
PET/CT parameters. There was a significant increase in average SUVmean and GLPG of the ipsilateral lung (relative 
change 40% and 20%) between pre-RT and post-RT PET/CT scans (P<0.0001 and P=0.004). Absolute increases in 
PVC-SUVmean and PVC-GLPG were more pronounced (ΔPVC-SUVmean 0.32 versus ΔSUVmean 0.28; ΔPVC-GLPG 
463.34 cc versus ΔGLPG 352.90 cc) and highly significant (P<0.0001). In contrast, the contralateral lung dem-
onstrated no significant difference between pre-RT to post-RT in either GLPG (P=0.12) or SUVmean (P=0.18). The 
only clinical feature significantly associated with post-RT PET/CT parameters was clinical staging. Our study demon-
strated inflammatory response in the ipsilateral lung of NSCLC patients treated with photon RT, suggesting that PET/
CT parameters may serve as biomarkers for radiation pneumonitis (RP).
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Introduction

Lung cancer is the leading cause of cancer 
death worldwide, with one of the lowest 5-year 
survival rates (18%) among all cancers [1]. 
According to projections from the American 
Cancer Society, there will be an estimated 
228,820 new incidences of lung cancer by the 

end of 2020, and an estimated 135,720 people 
will die from lung cancer by the end of the sa- 
me year. Non-small cell lung cancers (NSCLC), 
including squamous cell carcinoma, adenocar-
cinoma, and large cell carcinoma, represent 
85% of lung malignancies, and an estimated  
US incidence of over 180,000 [2, 3]. Despite 
advances in treatment, overall survival remains 
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poor, owing partly to the difficulty in detecting 
early stage disease; only 10% of patients with 
Stage IVA-B disease survive beyond 60 months 
[4]. The standard of care for treating patients 
with locally advanced NSCLC combines chemo-
therapy and radiotherapy, delivered concur-
rently, followed by one year of immunotherapy 
[5].

Radiation therapy (RT) has been the mainstay 
of treatment by achieving local control of dis-
ease, with approximately 50% of all patients 
with solid malignant tumors expected to receive 
RT at some point in their disease course [5]. RT 
utilizes ionizing radiation to destroy tumor cells 
via DNA and cellular damage, and it is therefore 
contingent upon the selective targeting of 
abnormal tumor cells and the sparing of normal 
tissue. However, despite the many technologi-
cal advancements that have revolutionized RT, 
dose delivery to surrounding normal tissue is 
often unavoidable and can result in significant 
toxicities that may impair quality of life and sur-
vival [6-8].

For lung cancer patients receiving definitive 
chemoradiation, radiation-induced pneumoni-
tis (RP) is one of the most commonly manifest-
ed complications, and it is estimated to occur 
in up to 50% of patients [5, 9-11]. A multifacto-
rial process mediated by a cascade of inflam-
matory cytokines that cause nonspecific symp-
toms (such as cough, dyspnea, and respiratory 
failure) anywhere from several weeks to 1-year 
post-RT, RP represents a major clinical chal-
lenge [12, 13]. Because RP can result in signifi-
cant mortality and morbidity, it may significantly 
impact patients’ quality of life and post-RT out-
look, even if their treatments are successful in 
achieving remission. Current clinical strategies 
for the management of RP are limited, relying 
primarily on functional lung testing and ana-
tomical imaging for diagnosis and corticoste-
roids as the main treatment method [14]. 
Computed tomography (CT) remains the most 
commonly used imaging technique in the evalu-
ation of patients’ response to treatment, as 
well as for the diagnosis of RP in NSCLC [14, 
15]. However, an anatomically-based CT evalu-
ation can yield misleading results as the meth-
od is generally insensitive to biological changes 
appearing much earlier than structural altera-
tions [15]. Functional and molecular imaging 
with novel positron emission tomography (PET) 

and magnetic resonance imaging (MRI) tech-
niques give a more detailed insight into the 
molecular mechanisms and quantitation of 
response than does anatomical imaging alone 
[16]. Although corticosteroids are effective in 
the acute exudative phase of injury, they have 
minimal effect after fibrosis has developed [17, 
18]. As patients who are diagnosed early and 
promptly treated with steroids have a superior 
overall prognosis, it is therefore imperative to 
detect RP at an early stage [19].

Recently, a number of studies have reported 
patient- and treatment-related factors associ-
ated with increased risk of RP, such as deliv-
ered radiation dose and volume irradiated [20, 
21]. For example, one meta-analysis reported 
age over 65 years, dosimetric lung volume (i.e. 
uninvolved total lung) receiving ≥20 Gy (V20), 
and concurrent chemoradiotherapy (CCRT) 
schemes as predictive factors for RP [22]. 
However, other studies have reported no asso-
ciations between age and RP [23-25], and there 
is currently no established method to predict 
the onset and/or development of RP [26]. Thus, 
potential RP patients would benefit greatly from 
a post-therapy method for the early diagnosis 
of adverse events [27].

One promising approach involves the use of 
molecular imaging techniques to gain insight 
into RP at the molecular level. In recent years, 
18F-2-fluoro-2-deoxy-D-glucose (FDG)-PET/CT 
has emerged as a powerful tool to assess the 
extent of pulmonary inflammation after thorac-
ic RT, characterized by increased FDG uptake in 
the lung parenchyma. After FDG, an analog of 
glucose, is taken up by the cell, it is phosphory-
lated by hexokinase and trapped within the cell, 
unable to proceed through glycolysis. Conse- 
quently, FDG uptake is the result of high glu-
cose utilization by infiltrating inflammatory cells 
present in neoplastic disorders [21, 28, 29]. As 
such, the goal of this study was to demonstrate 
the successful implementation of this imaging 
methodology on a subset of ACRIN 6668 
patients and to report statistics on the change 
in imaging parameters pre-RT and post-RT.

Materials and methods

Study cohort

This retrospective study, conducted at the 
Hospital of the University of Pennsylvania, 
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received Institutional Review Board approval 
and a Health Insurance Portability and Ac- 
countability Act (HIPAA) waiver. Patient data 
were obtained from the American College of 
Radiology Imaging Network (ACRIN) 6668/Ra- 
diation Therapy Oncology Group (RTOG) 0235, 
a prospective, multi-institutional trial investi-
gating the potential prognostic role of FDG- 
PET imaging for patients with locally advanc- 
ed NSCLC treated with definitive chemoradio-
therapy (ClinicalTrials.gov identifier: NCT0008- 
3083). The study, described previously in de- 
tail [30], enrolled stage III and medically inoper-
able stage IIB NSCLC patients with no radio-
graphic evidence of distant metastatic disea- 
se by conventional imaging and with Zubrod 
performance status [31] of 0-1, who receiv- 
ed definitive platinum-based doublet chemo-
therapy concurrently with at least 50 Gy of tho-
racic radiation delivered in 1.8-2.0 Gy daily 
fractions.

FDG-PET/CT acquisition

All images were obtained according to the 
ACRIN 6668 protocol [30]. FDG-PET or FDG-
PET/CT was performed on all patients prior to 
and approximately 14 weeks (12 to 16 weeks) 
following chemoradiotherapy on the same 
scanner qualified by the ACRIN Imaging Core 
Laboratory [32], with subsequent 2-year (or 
until death) follow-up as per standard clinical 
guidelines. All subjects fasted for at least 4 
hours before receiving 0.14 to 0.21 mCi/kg 
(approximately 10 to 20 mCi) of FDG adminis-
tered intravenously. Patients were required to 
have serum glucose levels of less than 200 
mg/dL prior to radiotracer injection. Emission 
scanning began 50-70 minutes after FDG injec-
tion and included the body from the upper/mid 
neck to proximal femurs. Acquisition times for 
emission and transmission scans were in 
accordance with the manufacturer’s recom-
mendations. Patients consented to the original 
prospective study, which was approved by the 
local institutional review board of each partici-
pating institution.

Study population

In ACRIN 6668, a total of 181 patients com- 
pleted both the pre-radiotherapy (pre-RT)  
and post-radiotherapy (post-RT) FDG-PET or 
FDG-PET/CT scans, of which 173 had all lo- 

cal read data supplied and were analyzed  
for the primary aim [30]. Images were collected 
centrally by ACRIN and transferred to the 
image-processing laboratory at the Hospital  
of the University of Pennsylvania for this sec-
ondary analysis. Given the exploratory na- 
ture of this analysis and limited available 
resources, a simple random sample of 40% 
(72/181) of patients was selected, with both 
pre-RT and post-RT FDG-PET/CT scans, for 
quantification of inflammation in both the  
ipsilateral and contralateral lung parenchyma. 
One patient was subsequently determined  
not to have received radiation therapy and so 
was excluded, arriving at the final analysis sub-
set of 71 patients, with 142 individual lungs 
analyzed.

Quantitative image evaluation

The primary analysis of the FDG-PET/CT images 
was conducted individually using OsiriX MD 
software (Pixmeo SARL, Bernex, Switzerland). 
To obtain regions of interest (ROI) in the lung, 
transverse slices of the fused PET/CT images 
were manually contoured using a previously 
validated technique [33-35]. Images from the 
apex to the base of both the ipsilateral (same 
lung as the tumor location) and contralateral 
(opposite lung as the localization of tumor) 
lungs were used. Tumors within the lungs were 
included; however, all other surrounding struc-
tures, including mainstem bronchi, were exclud-
ed (Figure 1). Subsequently, the sectional lung 
mean standardized uptake value (sSUVmean) 
and sectional lung ROI area (sArea) were mea-
sured for each slice and exported for subse-
quent statistical analysis and comparative 
quantification.

Calculations of specific FDG-PET/CT quantita-
tive parameters for the lung were performed 
according to methods described previously 
[34]. Preliminary calculations were conducted 
by summing all sectional lung volumes (sLV), 
the product of an individual slice ROI area  
(cm2) and the slice thickness to yield total lung 
volumes for both pre-RT and post-RT scans. 
Sectional lung glycolysis (sLG), the product  
of sLV and sSUVmean per slice, was used to 
calculate global lung glycolysis (GLG). Lastly, 
lung SUVmean and global lung parenchy- 
mal glycolysis (GLPG) were calculated as  
shown in Table 1. All other equations of the 
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FDG-PET/CT parameters are demonstrated in 
Table 1.

In secondary calculations, tumor metabolic 
response to RT was quantified using metaboli-
cally active tumor volume (MTV), tumor SUV 
and TLG, as well as partial-volume-effect-cor-
rected SUVmean (PVC-SUVmean) and TLG 
(PVC-TLG), of all FDG-avid lesions from the pre-
RT FDG-PET/CT scans (Figure 2). To measure 
these values, a semiautomatic adaptive-con-
trast-oriented thresholding algorithm was im- 
plemented from a commercially available so- 
ftware package (ROVER software; ABX, Ra- 
deberg, Germany), which uses a predetermin- 
ed background partial-volume-effect-correc-
tion and locally adaptive thresholding in an 
iterative algorithm model. The threshold was 
set at 40% of the maximum uptake within the 
mask [36]. A local background PVC algorithm 
was used to calculate partial volume correction 
(PVC). Finally, normal lung parenchymal inflam-

mation as demonstrated on post-RT scans was 
calculated as below: 

Δ 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)]

Δ 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)]

Δ GLPG = (post RT GLG-post RT TLG)-(pre RT 
GLG-pre RT TLG)

Δ PVC GLPG = (post RT GLG-post RT PVC TLG)-
(pre RT GLG-pre RT PVC TLG).

Statistical evaluation

The primary goal of this study was to implement 
FDG-PET/CT imaging as a tool for assess- 
ing chemoradiotherapy-induced lung inflamma-
tion and to compare the various FDG-PET/ 
CT metrics from pre-RT to post-RT. An explor-
atory goal was to associate clinical characteris-
tics with partial volume-corrected FDG-PET/CT 
parameters.

Descriptive statistics were calculated for each 
FDG-PET/CT parameter for both pre-RT and 
post-RT scans. The nonparametric Wilcoxon 
signed-rank test was used to compare paired 
pre-RT and post-RT measures for each FDG-
PET/CT parameter. A Bonferroni correction was 
used to control the family-wise error rate am- 
ong the 6 comparisons (ipsilateral lung: SUV, 
GLPG, PVC-SUV, PVC-GLPG; contralateral lung: 

Figure 1. FDG-avid mass in the right lung due to lung cancer (A). The follow-up scan demonstrates that the tumor 
has responded to treatment (B). Regions of interest (ROI) were manually drawn on the fused PET/CT images, slice by 
slice axially from lung apex to base, for both the ipsilateral and contralateral lungs (green and blue outlines, respec-
tively). Global lung glycolysis (GLG) was then calculated by adding all sectional lung glycolysis (sLG) from the lung.

Table 1. FDG-PET/CT parameter equations
FDG-PET/CT Parameters Equation
Total LV ∑ (sSUVmean * sArea)
GLG ∑ (sSUVmean * sLV)
Lung SUVmean GLG/Total LV
GLPG GLG-TLG
Abbreviations: Total LV = total lung volume; GLG = global 
lung glycolysis; SUVmean = mean standardized uptake 
value; GLPG = global lung parenchymal glycolysis; 
sSUVmean = sectional lung mean standardized uptake 
value; sArea = sectional lung ROI area; sLV = sectional 
lung volume; TLG = total lesion glycolysis.
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SUV, GLPG), with significance threshold set to 
0.05/6=0.008.

As an exploratory analysis, associations be- 
tween partial volume corrected FDG-PET/CT 
parameters (with or without the natural loga-
rithm transformation) in the ipsilateral lung and 
relevant clinical variables were assessed using 
univariate and multivariate linear models. The 
post-RT FDG-PET/CT measure was modeled on 
the basis of the corresponding pre-RT FDG-
PET/CT measure and relevant clinical variables, 
also referred to as an ANCOVA model. Relevant 
clinical variables were assessed individually 
and then in a multivariate model, and included 
the following: age, gender, performance status 
(Fully active vs. Ambulatory, capable of light 
work), clinical-stage (IIB/IIIA vs. IIIB), radiation 
dose, and chemotherapy regimen (Carboplatin/
Paclitaxel vs. Cisplatin/Etoposide vs. Other). As 
these modelling analyses were exploratory and 
viewed as hypothesis-generating, the models 

were not adjusted for multiplicity of inference. 
Data were analyzed using SAS version 9.4 soft-
ware (SAS Institute, Cary, NC) and R version 
3.4.4 software (R project; http://www.r-project.
org/). All reported P-values are two-sided.

Results

Patient characteristics

A total of 71 patients were analyzed in the cur-
rent study. Patient characteristics are shown  
in Table 2. There was a predominance of mal- 
es (n=44, 62%), and the majority of patients 
were 60 years or older (median age=64). The 
most common tumor localization was reported 
in the upper lobes (n=39, 55%), followed by 
lower (n=21, 30%) and middle/lingula (n=7, 
10%) lobes. The majority of patients were stage 
IIIA (n=44, 62%) or IIIB (n=23, 32%). Patients 
received definitive platinum-based doublet 
chemotherapy concurrently with at least 50 Gy 

Figure 2. By placing masks on the FDG-avid lesions on all three planes (sagittal, coronal and axial) (A), the tumor 
regions (color overlay) are delineated (B) with the adaptive thresholding system of the ROVER software (ABX, Rade-
berg, Germany). Metabolic tumor volume (MTV) and Total lesion glycolysis (TLG) are automatically computed by the 
software, and TLG is then subtracted from GLG to calculate global lung parenchymal glycolysis (GLPG). The post-
radiation therapy scan in the same patient (C).
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of thoracic radiation delivered in 1.8-2.0 Gy 
daily fractions. The majority of patients received 
60-70 Gy (n=50, 70%), while a smaller number 

received 50-60 Gy (n=4, 6%) or 70 Gy or great-
er (n=17, 24%). Regarding the chemotherapy 
regimens, patients received either Carboplatin/

Table 2. Demographic and clinical characteristics

Demographic or Clinical Characteristic
ACRIN 6668: Patients with both pre- and 

post-RT PET/CT (N=181) Analysis set (N=71)

N % N %
Age, years
    Mean (std dev) 64.4 (9.4) 62.5 (8.8)
    Median (range) 65 (36, 84) 64 (37, 78)
Sex
    Male 118 65% 44 62%
    Female 63 35% 27 38%
Race1

    White 142 78% 56 79%
    African American 15 8% 6 8%
    Asian 22 12% 7 10%
    Other/Unknown 5 3% 3 4%
Ethnicity
    Hispanic or Latino 5 3% 3 4%
    Not Hispanic or Latino 171 94% 67 94%
    Unknown 5 3% 1 1%
Clinical stage
    IIB 7 4% 4 6%
    IIIA 101 56% 44 62%
    IIIB 73 40% 23 32%
Location of primary tumor
    RUL 59 33% 22 31%
    RLL 35 19% 16 23%
    R hilum/middle lobe 16 9% 7 10%
    LUL 46 25% 17 24%
    LLL 14 8% 5 7%
    Multiple lobes-right lung 10 6% 4 6%
    Multiple lobes-left lung 1 <1% 0 0%
Performance status
    Fully active 88 49% 42 59%
    Ambulatory, capable of light work 93 51% 29 41%
Chemotherapy regimen
    Carboplatin/Paclitaxel 78 43% 30 42%
    Cisplatin/Etoposide 30 17% 10 14%
    Other 73 40% 31 44%
Radiation dose
    Data not available 2 1% 0 0%
    50-60 Gy 8 4% 4 6%
    60-70 Gy 129 71% 50 70%
    ≥70 Gy 42 23% 17 24%
Abbreviations: RUL = right upper lobe; RLL = right lower lobe; LUL = left upper lobe; LLL = left lower lobe. 1Multiple races could 
be endorsed by the same patient, such that the total over all options may sum to greater than 100%.
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Paclitaxel (n=30, 42%), Cisplatin/Etoposide 
(n=10, 14%) or other types of chemotherapy 
treatments (n=31, 44%).

Change in FDG-PET/CT parameters

Descriptive statistics of FDG-PET parameters 
by time point in both the ipsilateral and con- 
tralateral lung are shown in Table 3. In the  
ipsilateral lung, across all patients, there was  
a significant increase in both SUVmean (rela-
tive change 40%) and GLPG (relative change 
20%) between the pre-RT and post-RT FDG-
PET/CT scans (P<0.0001 and P=0.004, res- 
pectively) (Table 3). The absolute increases in 
PVC-SUVmean and PVC-GLPG were higher than 
their uncorrected counterparts (ΔPVC-SUVme- 
an 0.32 versus ΔSUVmean 0.28; ΔPVC-GLPG 
463.34 cc versus ΔGLPG 352.90 cc), and both 
were highly significant (P<0.0001; Figure 3).  
In the contralateral lung, across all patients, 
there was no significant difference in either 
SUVmean or GLPG between the pre-RT and 
post-RT FDG-PET/CT scans (P=0.18 and 
P=0.12, respectively).

Association of FDG-PET/CT parameters with 
clinical features

In exploratory analyses, we associated FDG-
PET/CT measurements in the ipsilateral lung 
with pre-specified clinical characteristics. In pa- 
rticular, linear models were fit, regressing the 
post-RT measure against the corresponding 
pre-RT measure and clinical variables. For PVC-

SUVmean, when examining clinical variables 
individually, the only clinical feature signifi- 
cantly associated with post-RT PVC-SUVmean, 
adjusting for the corresponding pre-RT value, 
was the clinical stage (results not shown). This 
association remained after adjusting for the 
other pre-specified clinical features, where the 
adjusted estimate suggests that stage IIB/IIIA 
patients on average exhibit a post-RT PVC-
SUVmean that is 0.22 units higher than stage 
IIIB patients (95% CI: 0.02-0.41; P=0.03); how-
ever, the R2 value for the model was low (R2= 
0.35), suggesting that pre-RT PVC-SUVmean 
and the included clinical features account for 
only 35% of the observed variation in post-RT 
PVC-SUVmean. The multivariate model is sh- 
own in Table 4. This association remained wh- 
en the small number of patients with stage IIB 
in the analysis set (n=4) were excluded [multi-
variate estimate=0.24, 95% CI: 0.04-0.44; 
P=0.02].

For PVC-GLPG, when examining clinical variabl- 
es individually, the only clinical feature signifi-
cantly associated with post-RT PVC-GLPG, adju- 
sting for the corresponding pre-RT value, was 
again the clinical stage (results not shown). This 
association remained after adjusting for the 
other clinical features, where the adjusted esti-
mate suggests that stage IIB/IIIA patients  
on average exhibit a post-RT GLPG that is 1.57-
fold higher than stage IIIB patients (95% CI: 
1.23-2.01; P=0.0005). The multivariate model 
is shown in Table 5, which exhibited only a mod-

Table 3. Summary statistics of FDG-PET/CT parameters (Pre- and Post-RT)
Mean (SD) Median Min Max P-value1

Ipsilateral lung SUVmean Pre-RT 0.70 (0.30) 0.65 0.22 1.76 <0.0001
Post-RT 0.98 (0.44) 0.89 0.35 2.35

GLPG Pre-RT 1763.27 (1004.31) 1545.15 337.21 5741.93 0.004
Post-RT 2116.17 (1199.55) 1864.50 138.19 5011.57

PVC-SUVmean Pre-RT 0.66 (0.31) 0.60 0.17 1.90 <0.0001
Post-RT 0.98 (0.44) 0.89 0.35 2.35

PVC-GLPG Pre-RT 1652.83 (952.94) 1475.90 129.31 5579.83 <0.0001
Post-RT 2116.17 (1199.55) 1864.50 138.19 5011.57

Contralateral lung SUVmean Pre-RT 0.57 (0.15) 0.56 0.25 0.94 0.18
Post-RT 0.60 (0.17) 0.58 0.31 1.28

GLPG Pre-RT 1356.26 (570.74) 1225.20 493.14 3012.16 0.12
Post-RT 1488.77 (726.63) 1328.29 565.71 4755.69

Abbreviations: SUV = standardized uptake value; GLPG = global lung parenchymal glycolysis; PVC = partial volume correction; 
RT = radiation therapy. 1P-value corresponding to the comparison of the pre-RT versus the corresponding post-RT is based on 
the nonparametric Wilcoxon signed rank test. P-values below the multiplicity-corrected threshold of 0.05/6=0.008 are shown 
in bold.
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est R2 value (R2=0.51). Again, this association 
remained when the small number of patients 
with stage IIB in the analysis set (n=4) were 
excluded [1.57-fold increase, 95% CI: 1.22-
2.03; P=0.0007].

Discussion

The current study demonstrated induction of 
an inflammatory response in the ipsilateral lung 
of NSCLC patients treated with photon RT, sug-
gesting that the FDG-PET/CT parameters of 
SUVmean and global lung parenchymal glycoly-
sis may serve as biomarkers for the prediction 
of radiation pneumonitis (RP) status.

RP is one of the most serious complications of 
chest RT, as it impairs respiratory function and 
decreases quality of life [37]. Clinical diagnosis 
of RP relies on the assessment of respiratory 
symptoms, radiographic changes, and timing of 
the administered RT. However, the incidence of 
RP ranges between 15% and 58%, largely due 
to variations in evaluation methods, symptom 
assessment, and clinical practice [22, 38, 39]. 
Furthermore, the variety of metabolically active 
confounders that exist in patients with NSCLC, 
including residual malignancy, drug-induced 
pneumonitis, acute infection, esophagitis or 
pericarditis, and pulmonary edema, has made 

the diagnosis of RP a major clinical challenge. 
In one study of 318 lung cancer patients who 
underwent chemoradiotherapy, diagnosis with 
at least Grade 2 RP was found to be due to fac-
tors unrelated to therapy in 13 (28%) of the 47 
diagnosed patients [40]. Similarly, Yirmibesoglu 
et al. reported that 48% of NSCLC patients 
diagnosed with clinical RP post-RT had poten-
tial confounding characteristics, such as con-
comitant infection, chronic obstructive pulmo-
nary disease, cardiac disease, and tumor 
regrowth [41]. Thus, more refined methods to 
predict and identify chest RT patients with RP 
remains a significant clinical unmet need, which 
is why demonstrating successful implementa-
tion of FDG-PET/CT imaging in this particular 
cohort is so important.

This study measured changes in FDG uptake  
in the lung parenchyma on FDG-PET/CT images 
pre- and post-RT to quantify lung inflammatory 
response in patients with locally advanced 
NSCLC receiving photon RT. In a previous re- 
trospective pilot study, our group used FDG-
PET/CT to quantify global lung inflammation  
following lung RT, reporting significant increas-
es in lung parenchyma SUVmean and GLPG  
post-RT in the ipsilateral lung [33]. Our results 
here, obtained from a larger-scale prospective 
study population, corroborate these findings, 
showing significant increases in the average 
SUVmean and GLPG of the ipsilateral but not 
the contralateral lung when comparing pre- and 
post-RT images. This study, therefore, lends 
further support to the hypothesis that FDG-
PET/CT may be an effective imaging modality to 
detect and quantify inflammatory responses to 
therapy in lung cancer patients who receive 
chest RT.

Previous investigations of the use of FDG-PET/
CT for the detection of RP in lung cancer pa- 
tients have shown promising results [42-46], 
despite varying methodologies and a number 
of limitations. Several studies have described 
the implementation of visual scoring systems in 
which a nuclear medicine physician assigns 
radiotoxicity scores to FDG-PET/CT scans post-
RT. While such studies report a significant cor-
relation between assigned scores and the  
presence of clinical respiratory symptoms [42, 
43, 47], they rely on subjective image interpre-
tation and semi-quantitative parameters, fac-
tors that are limited by physician expertise and 

Figure 3. Change in PVC-SUVmean and PVC-GLPG of 
the ipsilateral lung from pre- to post-RT.
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metabolically active confounders, respectively. 
In a more recent study, Guerrero et al. propos- 
ed a pulmonary metabolic radiation response 
(PMRR) parameter, calculated as the slope of 
FDG uptake in lung tissue normalized to that in 
the non-irradiated lung versus the radiation 
dose, and they found a significant correlation 
between PMRR and both RP risk and RP clinical 
scores in patients who underwent chest RT [21, 
29]. While promising, widespread implementa-
tion of such an approach would likely be chal-
lenging, as it would require detailed quantita-
tive information from RT treatment plans and 

post-RT FDG-PET/CT images, which are often 
not available in non-academic settings.

Our approach to the quantification of post-RT 
lung inflammation may offer a more objective 
technique as an imaging biomarker in future 
prospective study to predict true clinical RP sta-
tus. A notable component of our approach is 
the consideration of PVC in GLG and GLPG cal-
culations. The partial volume effect, a result of 
the limited spatial resolution of PET scanners, 
image sampling effects, and organ motion dur-
ing image acquisition, has been shown to be a 

Table 4. Association of post-RT PVC-SUVmean in the ipsilateral lung with the corresponding pre-RT 
value and relevant clinical features through an ANCOVA linear model

Estimate (SE) P-value
Intercept 0.86 (0.14) <0.0001
Pre-RT PVC-SUVmean1,2 0.72 (0.15) <0.0001
Age1,3 0.001 (0.03) 0.97
Total radiation dose1,4 -0.08 (0.05) 0.14
Sex: Male (vs. Female) -0.08 (0.10) 0.41
Performance status: Fully active (vs. Ambulatory capable of light work) -0.05 (0.09) 0.57
Clinical stage: IIB/IIIA (vs. IIIB) 0.22 (0.10) 0.03
Chemotherapy regimen: Carboplatin + Paclitaxel (vs. Other) 0.08 (0.10) 0.41
Chemotherapy regimen: Cisplatin + Etoposide (vs. Other) 0.18 (0.15) 0.21
R2=0.35
Abbreviations: SUV = standardized uptake value; PVC = partial volume correction; RT = radiation therapy; SE = standard error. 
1Continuous covariates were centered at the corresponding mean value. 2The estimate for pre-RT PVC-SUVmean is interpreted 
per 1-unit increase. 3The estimate for Age is interpreted per 5-year increase in age. 4The estimate for Total Radiation dose is 
interpreted per 5-Gy increase in dose.

Table 5. Association of post-RT PVC-GLPG in the ipsilateral lung (on the natural log scale) with the cor-
responding pre-RT value and relevant clinical features through an ANCOVA linear model

Estimate (SE)1 P-value
Intercept 7.17 (0.17) <0.0001
Pre-RT GLG2,3 0.04 (0.01) <0.0001
Age2,4 0.02 (0.04) 0.52
Total radiation dose2,5 -0.07 (0.07) 0.31
Sex: Male (vs. Female) 0.06 (0.12) 0.65
Performance status: Fully active (vs. Ambulatory capable of light work) -0.07 (0.12) 0.51
Clinical stage: IIB/IIIA (vs. IIIB) 0.45 (0.12) 0.0005
Chemotherapy regimen: Carboplatin + Paclitaxel (vs. Other) -0.02 (0.13) 0.88
Chemotherapy regimen: Cisplatin + Etoposide (vs. Other) 0.18 (0.18) 0.34
R2=0.51
Abbreviations: GLPG = global lung parencyma glycolysis; PVC = partial volume correction; RT = radiation therapy; SE = 
standard error. 1Post-RT PVC-GLPG was modeled on the natural log scale to control for heteroscedasticity. Parameter estimates 
then represent the multiplicative increase in the Post-RT PVC-GLPG. For example, adjusting for other covariates, on average 
the post-RT PVC-GLPG value for stage IIB/IIIA patients is e0.45=1.57 times greater than that of stage IIIB patients. 2Continu-
ous covariates were centered at the corresponding mean value. 3The estimate for pre-RT PVC-GLG is interpreted per 100-unit 
increase. 4The estimate for Age is interpreted per 5-year increase in age. 5The estimate for Total Radiation dose is interpreted 
per 5-Gy increase in dose.
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significant limitation of SUV measurements in 
quantification by PET [48, 49]. Our original pilot 
study demonstrated the importance of employ-
ing PVC, as PVC measurements all showed larg-
er differences in FDG-PET/CT parameters com-
pared to the uncorrected measurements [33], 
and previous work has similarly demonstrated 
the value of PVC in avoiding underestimation of 
lung inflammation [49, 50]. Our current results 
provide further evidence for the need to con-
sider PVC in quantifying post-RT lung inflam- 
mation, as again absolute increases in PVC-
SUVmean and PVC-GLPG were more obvious 
than in their uncorrected counterparts (ΔPVC-
SUVmean 0.32 versus ΔSUVmean 0.28; ΔPVC-
GLPG 463.34 cc versus ΔGLPG 352.90 cc).

There are several studies that have reported 
associations between different clinical featur- 
es and the risk of RP with partially different 
results [20-25], and there is currently no estab-
lished method to predict RP [21]. The only clini-
cal variable significantly associated with the 
FDG-PET/CT parameters in our study was the 
clinical tumor stage. This association remain- 
ed when adjusting for other clinical variables. 
Stage IIIB includes primary tumor classification 
(T-classification) T1a-T2b with bilateral lymph 
node affection and T3/T4 with ipsilateral lymph 
node affection. In patients with Stage IIIB 
tumors and T1a-T2b classification, the primary 
lung tumor could be relatively small relative to 
IIB and IIIA patients with higher T-classification. 
This could possibly explain the lower post-treat-
ment values observed in the ipsilateral lung 
compared to stage IIB and IIIA.

Our study has several limitations. For instance, 
our method of lung segmentation is very time 
consuming and may be difficult to translate to 
widespread routine use without the develop-
ment of automated, computer-assisted tech-
niques. As a result, we only analyzed a 40% 
random sample of the available ACRIN 6668 
cases. There is to our knowledge no currently 
available commercial product to accomplish 
this task. However, with the development of 
more advanced software, it might be feasible to 
automate such methods to quantify lung  
diseases including lung inflammation auto- 
matically or semi-automatically in the future. 
Additionally, this study did not make use of clini-
cal scoring systems to correlate or compare 
FDG-PET/CT inflammatory quantification and 
patient symptoms such as low fever, short 

breath, and cough, as these data were not  
collected in the original ACRIN 6668 trial. 
Furthermore, the ACRIN 6668 trial did not reg-
ister information on corticosteroid therapy 
allowing for subset analysis. It is important  
to note that FDG administration requires 
patients to adhere to a special diet, including 
six hours of fasting prior to the scan, which is 
not necessary for other more widely used imag-
ing modalities. However, the addition of func-
tional assessment to anatomic scans is indis-
pensable in disorders that exhibit early tran-
sient progression, such as RP, which makes 
FDG-PET/CT an ideal choice in evaluating this 
pathology.

Although corticosteroids are the cornerstone of 
clinical management of RP, advanced knowl-
edge of molecular mechanisms underlying lung 
injury has led to the development of other 
promising pharmaceuticals to treat this dis-
ease [18]. This is clinically significant, since 
long-term corticosteroid use can have detri-
mental side effects, including osteoporosis, Cu- 
shing’s syndrome, infections, edema, and ear- 
ly cataract development. Evaluating patients’ 
responsiveness to these newly elucidated ther-
apeutics is key in determining their effective-
ness and safety in treating RP. Therefore, a 
molecular imaging technique with quantifica-
tion will be of even more importance for the 
detection, selection, and follow-up of patients 
with RP in the future.

Conclusion

In conclusion, our study demonstrates the 
value of FDG-PET/CT in the quantification of 
lung inflammation post-RT in patients with lung 
cancer treated with definitive chemoradiation. 
Through the use of volume-based and quantita-
tive PET parameters, GLPG and lung parenchy-
mal SUVmean, significant changes were found 
pre-RT to post-RT in the ipsilateral but not con-
tralateral lung, suggesting that these values 
may have the potential to serve as sensitive 
imaging biomarkers for RP detection. Further 
evaluation in large-scale trials with rigorous 
clinical assessment of RP is warranted to vali-
date that this imaging technique can accurately 
predict clinical RP status.
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