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ABSTRACT
Background The landmark study of durvalumab as 
consolidation therapy in NSCLC patients (PACIFIC trial) 
demonstrated significantly longer progression- free survival 
(PFS) in patients with locally advanced, unresectable non- 
small cell lung cancer (NSCLC) treated with durvalumab 
(immunotherapy, IO) therapy after chemoradiotherapy 
(CRT). In clinical practice in the USA, durvalumab continues 
to be used in patients across all levels of programmed 
cell death ligand- 1 (PD- L1) expression. While immune 
therapies have shown promise in several cancers, some 
patients either do not respond to the therapy or have 
cancer recurrence after an initial response. It is not 
clear so far who will benefit of this therapy or what the 
mechanisms behind treatment failure are.
Methods A total of 133 patients with unresectable stage 
III NSCLC who underwent durvalumab after CRT or CRT 
alone were included. Patients treated with durvalumab IO 
after CRT were randomly split into training (D1=59) and 
test (D2=59) sets and the remaining 15 patients treated 
with CRT alone were grouped in D3. Radiomic textural 
patterns from within and around the target nodules were 
extracted. A radiomic risk score (RRS) was built and was 
used to predict PFS and overall survival (OS). Patients 
were divided into high- risk and low- risk groups based on 
median RRS.
Results RRS was found to be significantly associated 
with PFS in D1 (HR=2.67, 95% CI 1.85 to 4.13, p<0.05, 
C- index=0.78) and D2 (HR=2.56, 95% CI 1.63 to 4, 
p<0.05, C- index=0.73). Similarly, RRS was associated 
with OS in D1 (HR=1.89, 95% CI 1.3 to 2.75, p<0.05, 
C- index=0.67) and D2 (HR=2.14, 95% CI 1.28 to 3.6, 
p<0.05, C- index=0.69), respectively. RRS was found to be 
significantly associated with PFS in high PD- L1 (HR=3.01, 
95% CI 1.41 to 6.45, p=0.0044) and low PD- L1 (HR=2.74, 
95% CI 1.8 to 4.14, p=1.77e- 06) groups. Moreover, RRS 
was not significantly associated with OS in the high PD- L1 
group (HR=2.08, 95% CI 0.98 to 4.4, p=0.054) but was 
significantly associated with OS in the low PD- L1 group 
(HR=1.61, 95% CI 1.14 to 2.28, p=0.0062). In addition, 
RRS was significantly associated with PFS (HR=2.77, 
95% CI 1.17 to 6.52, p=0.019, C- index=0.77) and OS 
(HR=2.62, 95% CI 1.25 to 5.51, p=0.01, C- index=0.77) in 
D3, respectively.

Conclusions Tumor radiomics of pretreatment CT images 
from patients with stage III unresectable NSCLC were 
prognostic of PFS and OS to CRT followed by durvalumab 
IO and CRT alone.

INTRODUCTION
Lung cancer is estimated to be the leading 
cause of cancer- related deaths in the USA 
in 2021, and non- small cell lung cancer 
(NSCLC) accounts for around 85% of lung 
cancer cases.1 In 2019, an estimated 228,150 
patients in the USA were expected to be 
diagnosed with NSCLC, of which one- third 
have stage III locally advanced disease at the 
time of diagnosis.2 Platinum- based, doublet 
chemotherapy administered with definitive- 
dose radiotherapy or chemoradiotherapy 
(CRT) was the standard of care for patients 
with unresectable stage III NSCLC with good 
performance status.3

However, despite treatment the overall 
prognosis remains poor and most patients 
with unresectable stage III NSCLC develop 
disease progression after initial CRT, often 
with additional sites of metastasis, with an 
overall 5- year survival rates of approximately 
15%–30%.3 4 There was little change in patient 
management until recently, with CRT being 
the mainstay of systemic treatment for these 
patients, rendering a meager median survival 
improvement from 18 to 23 months.5–7

A recent landmark development has been 
the approval of immune checkpoint inhibitors 
(ICI) for treatment of locally advanced and 
metastatic (stage III/IV) NSCLC.8 Recently, 
several ICIs targeting the programmed 
death- 1 (PD- 1) receptor and its ligand, PD- L1 
(programmed cell death ligand- 1), were 
approved for use in patients with advanced 
stage NSCLC. These ICIs have an excellent 
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toxicity profile and the potential to induce durable clin-
ically meaningful response in this patient population.9 
PD- L1 inhibitors are a group of drugs that block PD- L1 
binding to PD- 1 and allow T cells to recognize and kill 
tumor cells. Durvalumab is one such novel agent, a 
human IgG1 anti- PD- L1 monoclonal antibody, which was 
recently approved by the Food and Drug Administration 
(FDA) for patients with unresectable stage III NSCLC 
whose disease has not progressed following concurrent 
platinum- based chemotherapy and radiation therapy, as 
per the results from a study of durvalumab as consolida-
tion therapy in NSCLC patients (PACIFIC), a random-
ized double- blind, placebo- controlled trial.10 Studies have 
shown that CRT may increase PD- L1 expression in tumor 
cells, which is a positive predictive factor for a response 
to durvalumab.11–13 Following the results of the PACIFIC 
trial, the current standard of care for unresectable stage 
III NSCLC is chemoradiation followed by 12 months of 
durvalumab consolidation. In the USA, PD- L1 expression 
has no role in selection of patients and all patients receive 
durvalumab regardless of PD- L1 expression.

However, the response rate to consolidation durvalumab 
therapy is only 28.4% and significant adverse reactions 
were seen in approximately 30% of patients, including 
cough, fatigue, pneumonitis/radiation pneumonitis, 
upper respiratory tract infections, dyspnea, and rash.10 At 
present, there is no reliable parameter or biomarker that 
can predict response or adverse reaction to durvalumab 
therapy. An exploratory analysis of the PACIFIC trial 
outcomes by the extent of PD- L1 expression (divided into 
<1% expression, 1%–24% expression, and >25% expres-
sion) showed that the progression- free survival (PFS) 
benefit with durvalumab was observed across all PD- L1 
subgroups, but the overall survival (OS) benefit was not 
observed in the group with <1% expression.14 Conse-
quently, there is an unmet clinical need for accurate 
and validated predictive biomarkers for identifying and 
selecting patients with locally advanced NSCLC who will 
receive clinical benefit from durvalumab consolidation. A 
robust biomarker would potentially spare these patients 
from a prolonged course of durvalumab that would not 
improve their outcomes and just expose them to unnec-
essary harm, and it may change monitoring strategies if 
their risk of treatment failure were known to be higher.

CT is an established non- invasive imaging modality 
routinely used for screening, diagnosis, and staging of 
lung cancer. In recent years, computational imaging 
approaches originating from artificial intelligence have 
achieved success in automatically quantifying radio-
graphic characteristics of tumors.15–17 Radiomics is an 
emerging field within medical research that aims to use 
advanced imaging analysis to analyze tumors and poten-
tially predict treatment outcomes based on radiological 
features.

In this study, we sought to identify prognostic 
biomarkers for PFS and OS in patients with NSCLC 
treated with durvalumab after CRT or CRT alone by inter-
rogating the tumor and peritumoral microenvironment 

on CT imaging. Our hypothesis is that quantitative subvi-
sual phenotypic differences in NSCLC tumors on CT 
imaging can be used to develop prognostic biomarkers to 
improve decision support in stage III NSCLC treatment. 
Moreover, we aimed to determine a subset of patients who 
are at increased risk of recurrence compared with those 
who are at low risk of recurrence and could be spared the 
toxic side effects of durvalumab immunotherapy (IO).

MATERIALS AND METHODS
Data sets and patient selection
We did a retrospective multicohort study of patients with 
unresectable stage III NSCLC admitted to two indepen-
dent sites treated either with chemoradiation alone or 
chemoradiation followed by durvalumab consolidation. 
We included all patients with (1) availability of patholog-
ical confirmation of NSCLC, (2) presence of a pretreat-
ment diagnostic chest CT scan, and (3) presence of a 
solitary pulmonary nodule/mass. The exclusion criteria 
were applied to remove scans with CT artifacts and poor 
image quality not suitable for feature extraction.

We reviewed the charts of patients with NSCLC admitted 
to the Cleveland Clinic Foundation (Cleveland, Ohio, 
USA). Between July 2017 and July 2019, pharmacological 
records from the Cleveland Clinic were searched to iden-
tify all patients with stage III NSCLC who were treated 
with durvalumab. After exclusion, 118 patients treated 
with CRT followed by durvalumab consolidation were 
identified. The patients were then randomly divided into 
an equal number for training set (D1) that consisted of 
59 patients and a test set (D2) that contained 59 patients.

The second cohort, D3, included 20 eligible patients 
identified from a chart review of patients with NSCLC 
admitted at the Cleveland VA Medical Center (Cleve-
land, Ohio, USA) from August 2018 to August 2020. After 
exclusion, 15 patients treated with CRT alone were iden-
tified and included in this study.

The clinical information of the patients, including 
their age, race, sex, smoking history, histological subtype 
of NSCLC, tumor mutational burden and PD- L1 expres-
sion, progression status of their cancer (if it recurred 
or progressed after initiating durvalumab therapy), and 
survival data, was collected. PD- L1 expression was avail-
able for 97 patients from Cleveland Clinic Foundation 
(CCF), and among them 61 patients had high expression 
of PD- L1 and 31 patients had low expression of PD- L1. 
PD- L1 expression data were not available for patients 
from the VA Medical Center.

Follow-up
The primary endpoints of this study were PFS, which is 
defined as the length of time during and after the treat-
ment that a patient survives without evidence of disease 
progression or death, whichever occurred earlier, and 
OS, which was defined as the time from the date of the 
initiation of treatment until either the date of death or 
until the date that the patient was last known to be alive 
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(censored). The follow- up period for OS was 75 months 
after the date of diagnosis. The secondary objective was 
the difference in PFS and OS within high PD- L1 and low 
PD- L1 expression groups based on different PD- L1 cate-
gories, such as 1% and >50% cut- off criteria.

PD-L1 assessment
PD- L1 IHC 22C3 pharmDx, a qualitative immunohis-
tochemical (IHC) assay that uses Monoclonal Mouse 
Anti- PD- L1, was used to detect PD- L1 protein in formalin- 
fixed, paraffin- embedded NSCLC tissue, using EnVision 
FLEX visualization system for use on Dako Omnis. PD- L1 
expression was determined using the tumor proportion 
score (TPS), which is the percentage of viable tumor 
cells that show partial or complete membrane staining at 
any intensity. The specimen is considered to have PD- L1 
expression if TPS is ≥1%.

CT acquisition and segmentation
Pretreatment CTs were acquired according to standard 
scanning protocol at the CCF institution from either 
Siemens, GE Medical Systems, Philips, or Toshiba machine 
using a tube voltage of 100–120 kVp and automatic tube 
current modulation. The data set was composed of images 
reconstructed with multiple reconstruction kernels, and 
multiple slice thickness ranged from 0.7 mm to 2 mm. 
Therefore, precaution was taken to equally distribute 
cases in D1 and D2 sets and account for variability. Pixel 
sizes ranged from 0.42×0.42 mm to 0.97×0.97 mm, with an 
average size of 0.73×0.73 mm.

Tumor segmentation
Lung nodules on prechemoradiation CT scans were 
annotated with the 3D SLICER software by a board- 
certified radiologist with 20 years of experience. The 
primary tumor site was retrospectively contoured guided 
by existing treatment planning contours. Using both soft 
tissues and lung windows, air, vessels, normal tissue, and 
surrounding organs were subsequently excluded from the 
contours. Intratumoral texture features were extracted 
from the segmented nodules. The intratumoral mask 
was then dilated out to a 20 mm peritumoral radius. The 
choice of peritumoral compartment size was determined 
based on the National Comprehensive Cancer Network 
guidelines,18 which suggest a resection margin of 2 cm or 
greater in patients with NSCLC.

Computer-extracted texture and shape features
In total, 13 Haralick texture features, 25 Laws features, 
25 Laws Laplacian, and 48 Gabor features were extracted 
from the nodule and investigated in this study.19 20 All 
features were extracted from two- dimensional contours 
in a slice- by- slice basis to pick all representative slices that 
had the tumor. These features capture textural pattern 
and variation in tumor microarchitecture, heterogeneity, 
and local appearance of nodules. Haralick features were 
extracted from gray- level co- occurrence matrix and show 
entropy of intensity values among local pixel neighbor-
hoods and capture variation in tumor microarchitecture. 

Laws is a filter- based descriptor that can capture combina-
tions of five uncommon textural patterns, such as levels 
(L), edges (E), spots (S), waves (W), or ripples (R). The 
Gabor filter captures six different spatial frequencies 
(f=0, 2, 4, 8, 16, or 32) within the image at eight direc-
tional orientations (θ=0, π/8, π/4, 3π/8, π/2, 5π/8, 3π/4, 
7π/8). The first- order statistics (mean, median, SD, skew-
ness, kurtosis) for each family features were computed 
within the tumor and each peritumoral region, resulting 
in 495 statistical features per region. Feature extraction 
was performed using an inhouse MATLAB V.2019 (Math-
Works, Natick, Massachusetts, USA) toolbox. Addition-
ally, a total of 24 shape features were also automatically 
extracted. All extracted radiomics feature intensity values 
were then normalized to lie down between −1 and 1.

Statistical analysis
The least absolute shrinkage and selection operator 
(LASSO) Cox regression model,21 which is suitable for 
regression of high- dimensional data, was used to select 
the most prognostic features to PFS in the training data 
set. After selecting the top prognostic features, the corre-
sponding LASSO coefficients were used for radiomic 
signature risk score (RRS) construction. RRS was built 
based on a linear combination of non- zero coefficients- 
selected features weighted by their corresponding coeffi-
cients. The LASSO Cox regression was performed using 
the ‘glmnet’ package in R. The association of RRS with 
PFS was first assessed in D1 and then validated in D2 
using Kaplan- Meier survival analysis, log- rank test, HR 
(95% CI), and Harrell’s concordance index (C- index). 
The association of constructed RRS with OS was also 
evaluated in D1 and D2, respectively. According to the 
median RRS threshold, patients were classified into high 
risk or low risk. To evaluate if our model has similar prog-
nostic impact on patients who received CRT alone, the 
association of RRS (calculated from D1) was assessed in 
D3 using survival analysis.

The multivariable Cox regression on PFS and OS with 
RRS and clinicopathological biomarker was also employed 
in D1 (n=41) and D2 (n=51) sets (PD- L1 expression was 
only available for 41 patients in D1 and 51 patients in D2 
sets). In addition, prognosticating outcome of RRS in 
predicting PFS and OS for low and high PD- L1 groups 
was also evaluated.

The clinicopathological factors and RRS were incor-
porated into a multivariable Cox regression analysis 
to develop the nomogram. The nomogram model was 
generated by use of R with the ‘rms’ package (regression 
modeling strategies). To determine the clinical usefulness 
of the radiomics nomogram, a decision curve analysis 
(DCA) which can quantify the net benefits at different 
threshold probabilities was performed.22 The net benefit 
was defined as summing the benefits (true- positive 
results) and subtracting the harms (false- positive results) 
weighted by a factor related to the relative harm of not 
identifying a high- risk patient who might have low PFS 
compared with the harm of subjecting a lower- risk patient 
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to more aggressive therapy, when the more intense therapy 
is not required. A model is said to be better compared 
with another at the chosen threshold probability if its net 
benefit surpasses the net benefit of the other model for 
that value of probability. In addition, differences between 
clinical categories were assessed using Fisher’s exact test, 
while a two- sided t- test was used for continuous variables.

RESULTS
Patient analysis
Of the 118 patients treated with CRT followed by 
durvalumab IO, 50% were male, 79% were white, 97% 
were former or current smokers, and about 48% of the 
patients had adenocarcinoma. The median number of 
durvalumab after CRT was 17 doses (95% CI 14.1 to 17.4). 
After initiation of durvalumab, 47% of the patients had 
progression of their disease, while the remaining had 
no evidence of progression/recurrence. Of the patients 
treated with CRT alone (D3), 90% were male, 90% were 
white, 87% were former or active smokers, and 67% had 
adenocarcinoma. After CRT, 53% of the patients had 
progression of disease. The baseline characteristics of 
patients in each cohort are shown in table 1.

Radiomic features from pretreatment CT scans were 
associated with PFS and OS in patients with NSCLC treated 
with CRT followed by durvalumab IO
The median PFS was 14.6 months (95% CI 12.72 to 15.58). 
A univariable Cox regression analysis identified that PFS 
was not significantly different for gender (male vs female; 
HR: 1.4, 95% CI 0.8 to 2.46, p=0.24, C- index=0.55), race 
(HR: 1.4, 95% CI 0.63 to 3.12, p=0.41, C- index=0.51), 
smoking status (HR: 1.11, 95% CI 0.52 to 1.82, p=0.86, 

C- index=0.48), tumor stage (IIIA, IIIB, IIIC; HR: 1.01, 
95% CI 0.01 to 5.25, p=0.11, C- index=0.56), tumor type 
(adenocarcinoma, large cell, squamous; HR: 0.71, 95% CI 
0.16 to 3, p=0.76, C- index=0.51), and lymph node status 
(N0, N1, N2, N3; HR: 1.21, 95% CI 0.35 to 4.12, p=0.41, 
C- index=0.55), but was significantly different with PD- L1 
status (high vs low; HR: 0.18, 95% CI 0.076 to 0.44, 
p=0.00013, C- index=0.65). Figure 1A–G illustrates the 
Kaplan- Meier curves of the different clinical factors.

The optimum cut- off value (the median) for RRS was 
found to be 0.118, and patients were divided into high- 
risk and low- risk groups based on this value. A univari-
able Cox regression analysis developed using textural 
features indicated that RRS was significantly associated 
with PFS in D1 (HR: 2.76, 95% CI 1.85 to 4.13, p=7.3e- 7, 
C- index=0.78) and D2 (HR: 2.56, 95% CI 1.63 to 4, 
p=4.6e- 5, C- index=0.73), respectively. In a multivariable 
analysis using a combination of clinicopathological and 
radiomic signatures, the radiomic risk score and PD- L1 
expression were found to be significantly associated 
with PFS in D1 (risk score: HR: 2.3, 95% CI 1.46 to 3.63, 
p=0.0003; PD- L1: HR: 0.31, 95% CI 0.081 to 0.96, p=0.038, 
C- index=0.81) and D2 (risk score: HR: 2.56, 95% CI 1.75 
to 4, p=8.7e- 05; PD- L1: HR: 0.27, 95% CI 0.048 to 0.58, 
p=0.005, C- index=0.77). The corresponding Kaplan- 
Meier survival curves showed a significant difference in 
PFS between patients with low and high RRS both in D1 
and D2 sets (p<0.0001). The Kaplan- Meier survival curves 
for D1 and D2 are shown in figure 1H and figure 1I, 
respectively.

Figure 2 illustrates the discriminability of the intratu-
moral Haralick entropy texture feature for one low- risk 
patient and one high- risk patient before therapy. As it 

Table 1 Demographics and clinical characteristics of 133 patients

Characteristics D1 cohort (n=59) D2 cohort (n=59) D3 cohort (n=15) P value

Sex, n (%) Male 28 (47) 31 (53) 14 (93) 0.0035

Female 31 (53) 28 (47) 1 (7)

Age, median (range) 68 (48–89) 68 (50–84) 72 (60–82)

Race, n (%) White 41 (69) 52 (88) 14 (93) 0.018

Black 18 (31) 7 (12) 1 (7)

Smoking, n (%) Never 2 (3) 2 (3) 13 (87) <0.0001

Former/current 57 (97) 57 (97) 2 (13)

Stage, n (%) IIIA 34 (58) 23 (39) 10 (67) 0.125

IIIB 20 (34) 32 (54) 4 (27)

IIIC 5 (8) 4 (7) 1 (6)

Histology, n (%) Adenocarcinoma 28 (47) 29 (49) 10 (67) 0.762

Squamous cell carcinoma 28 (47) 27 (46) 5 (33)

Large cell carcinoma 3 (6) 3 (5) 0

Median follow- up (PFS) Months 14.5 (0.23–30.2) 14.9 (1.6–30.5) 10.5 (0.2–34.8)

Median follow- up (OS) Months 16.5 (3.4–30.2) 16.5 (2.5–30.5) 10.5 (0.2–35.7)

OS, overall survival; PFS, progression- free survival.
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may be observed, the texture heat maps appear to suggest 
higher textural entropy values for the high- risk compared 
with the low- risk patient.

A radiomics model incorporating the developed 
radiomic signature with clinicopathological biomarkers 
was chosen as the best model predicting PFS with C- index 
in D1 of 0.66 (95% CI 0.63 to 0.7) (figure 3A). In D2, 
the C- index was 0.65 (95% CI 0.62 to 0.69). The calibra-
tion plot of D2 (figure 3B) demonstrated an optimal 
consistency between nomogram- predicted and the actual 

observed PFS. The DCA was used to demonstrate clinical 
decision utility of the combined nomogram. Figure 3C 
shows the DCA for three models (clinical model, radiomic 
model, and integrated model). As can be seen, the inte-
grated model had the highest net benefit in predicting 
which high- risk patients should receive more aggressive 
treatment compared with low- risk patients.

Radiomic features from pretreatment CT scans were 
also associated with OS. The median OS was 16.5 months 
(95% CI 16.0 to 18.35). A univariable Cox regression 

Figure 1 (A–G) Kaplan- Meier PFS curves for race, gender, smoking status, clinical stage, tumor type, lymph node status, 
and PD- L1 expression. Kaplan- Meier PFS curves based on the (H) training set (D1) and (I) the test set (D2). A significant 
association of the radiomic risk score with PFS was shown in the D1 and D2 sets. PD- L1, programmed cell death ligand- 1; PFS, 
progression- free survival.
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analysis identified that OS was not significantly different 
for gender (male vs female; HR: 0.9, 95% CI 0.44 to 
1.84, p=0.77, C- index=0.50), race (HR: 1.4, 95% CI 0.48 
to 4, p=0.53, C- index=0.52), smoking status (HR: 1.72, 
95% CI 0.7 to 4.22, p=0.23, C- index=0.57), tumor stage 
(HR: 1, 95% CI 0.01 to 5, p=1, C- index=0.55), tumor 
type (HR: 1.7, 95% CI 0.38 to 7.7, p=0.47, C- index=0.54), 
and lymph node status (HR: 0.97, 95% CI 0.22 to 4.37, 
p=0.97, C- index=0.55), but was significantly different with 
PD- L1 status (HR: 0.32, 95% CI 0.12 to 0.87, p=0.025, 
C- index=0.63).

A univariable analysis showed that RRS generated with 
PFS was also associated with OS in D1 (HR: 1.89, 95% CI 
1.3 to 2.75, p=0.00077, C- index=0.67) and D2 (HR: 2.14, 
95% CI 1.28 to 3.6, p=0.0038, C- index=0.69), respectively. 
The corresponding Kaplan- Meier survival curves showed 
a significant difference in OS between patients with low 
and high RRS both in D1 and D2 sets (D1: p=0.00059, D2: 
p=0.00018). The Kaplan- Meier survival curves for D1 and 
D2 are shown in Figure 4A,B, respectively.

Table 2 shows the distribution of each biomarker, such 
as RRS, age, sex, race, tumor histology, tumor stage, 
PD- L1 expression, and smoking status, based on low- risk 
and high- risk groups.

Radiomic features from pretreatment CT scans were 
associated with PFS and OS in patients with NSCLC treated 
with CRT alone
The median PFS for patients treated with CRT alone was 
10.53 months (95% CI 6.11 to 16.98) vs 14.6 months in 
patients treated with CRT plus durvalumab (p=0.01), and 
the median OS was 10.5 months (95% CI 6.12 to 16.84) 

vs 16.5 months in CRT plus durvalumab group (p=0.004). 
The patients were divided into high- risk and low- risk group 
based on the median RRS constructed from baseline CT 
images of patients who received CRT plus durvalumab 
IO. A univariable Cox regression analysis indicated that 
RRS was significantly associated with PFS (HR: 2.77, 
95% CI 1.17 to 6.52, p=0.019, C- index=0.77) and OS (HR: 
2.62, 95% CI 1.25 to 5.51, p=0.01 C- index=0.77) in D3, 
respectively.

In addition, when D2 and D3 were combined, RRS 
was accurately able to discriminate 87% (13 of 15) of the 
patients treated with CRT alone, assigning them to the 
high- risk group.

Predicting PFS and OS in low and high PD-L1 groups
A significant difference was observed in PFS and OS for 
patients with low and high PD- L1 based in the 50% cut- 
off criteria (PD- L1 <50% as low PD- L1 and ≥50% as high 
PD- L1), while no significant difference was observed in 
the 1% cut- off criteria.

RRS was found to be significantly associated with PFS 
(between low and high risk) in the high PD- L1 (HR: 3.01, 
95% CI 1.41 to 6.45, p=0.0044) and low PD- L1 (HR: 2.74, 
95% CI 1.8 to 4.14, p=1.77e- 06) groups based on the 50% 
cut- off criteria. The corresponding Kaplan- Meier survival 
curves (figure 5A,B) show these differences for PFS and 
OS within the low and high PD- L1 groups.

RRS was not significantly associated with OS in the high 
PD- L1 group (HR: 2.08, 95% CI 0.98 to 4.4, p=0.054) 
but was significantly associated with OS in the low PD- L1 
group (HR: 1.61, 95% CI 1.14 to 2.28, p=0.0062) based on 
the 50% cut- off criteria.

Figure 2 Segmented tumor regions and heat map of Haralick entropy feature in the pretreatment CT scans for progressor 
(second row) and non- progressor (first row) patients. The texture heat maps appear to suggest higher textural information 
values for progressor compared with the non- progressor.
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DISCUSSION
NSCLC is the leading cause of cancer- related mortality 
in the USA and worldwide. NSCLC accounts for approx-
imately 85% of the lung cancer cases in the USA, and 
about one- third of them present with unresectable, locally 
advanced (stage III) disease.23

Until 2017, the standard treatment for unresectable 
stage III NSCLC was mainly platinum- based, doublet 
chemotherapy concurrent with radiotherapy (CRT). 
However, recent data from the PACIFIC trial demon-
strated an OS benefit with durvalumab consolidation, a 
monoclonal antibody against PD- L1, after CRT in these 
patients. In the PACIFIC trial, patient enrollment was 

not restricted based on PD- L1 expression. Neverthe-
less, irrespective of PD- L1 expression, PFS and OS with 
durvalumab improved versus placebo. An unplanned 
exploratory post- hoc analysis of the PACIFIC trial based 
on PD- L1 expression24 demonstrated a PFS benefit regard-
less of PD- L1 expression, but OS benefit was seen only in 
patients with PD- L1 expression ≥1%. However, an imbal-
anced small sample size with too few events prevented 
robust conclusions regarding OS in patients with PD- L1 
expression <1%.

In light of these findings, in February 2018, the US FDA 
approved durvalumab as a standard of care for patients 
with locally advanced, unresectable NSCLC whose disease 

Figure 3 (A) Integrated clinical and radiomic nomogram for patients with unresectable stage III non- small cell lung cancer 
treated with chemoradiation plus durvalumab estimating the probability of PFS. (B) Calibration curve for 2- year PFS. (C) 
Decision curve analysis for each model (clinical (Clin) model, radiomic (Rad) model and integrated Rad+Clin model). The 
analysis was performed across the full range of threshold probabilities at which a patient would be selected to undergo follow- 
up imaging. PD- L1, programmed cell death ligand- 1; PFS, progression- free survival.
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has not progressed after CRT, irrespective of PD- L1 expres-
sion. Later in September durvalumab was approved by 
the European Medicines Agency (EMA) only for patients 
with PD- L1 expression more than 1% of tumor cells.10 25 26

Despite the promising clinical activity of durvalumab, 
this IO drug is often accompanied by autoimmune toxic-
ities. Unfortunately, the current gold standard of tissue- 
based biomarkers using PD- L1 expression is imperfect 
in selecting patients for treatment with IO. Moreover, its 
role is uncertain when such agents are given in sequence 
or in combination with other therapies like CRT. Conse-
quently, there is an unmet clinical need for accurate, 
validated, and non- invasive predictive biomarkers for 
identifying and selecting patients with unresectable stage 
III NSCLC who will receive maximum clinical benefit 
from IO after CRT, since CRT alone is curative for some 
and consolidation with IO for those who are unlikely to 
benefit from it puts them at risk of side effects without 
impacting their clinical course.

In this study, we demonstrated that a radiographic 
image- based biomarker (known as radiomics) on base-
line CT scans is significantly associated with PFS and OS 
(specifically prognostic within individual PD- L1 catego-
ries) in patients with NSCLC treated with durvalumab 
therapy after CRT or CRT alone by using radiomic texture 
patterns within and outside the NSCLC tumor cells.

Our first experiment revealed that the best prognostic 
radiomic features for predicting PFS and OS were Laws 
and Haralick features within the intratumoral region, and 
Gabor and Laws features from the peritumoral compart-
ment. Our previous work showed that the same features 
can predict response in patients with NSCLC treated with 
ICI therapy.27

Structural heterogeneity of tumor as captured by intra-
tumoral radiomic features has been shown to correlate 
with heterogeneous blood supply in the tumor, which 
results in a hypoxic tumor environment that is known 
to be a barrier and associated with suboptimal response 
to CRT in NSCLC.28 29 Similarly, in this study we found 
that the entropy of intratumoral Haralick feature has 
a higher expression in short- term PFS compared with 

Figure 4 Kaplan- Meier survival curves based on the (A) training set (D1) and (B) test set (D2). A significant association of the 
radiomic risk score with overall survival was shown in the D1 set (p=0.00059) and D2 set (p=0.00018).

Table 2 Distribution of each biomarker, such as RRS, age, 
sex, race, tumor histology, tumor stage, PD- L1 expression, 
and smoking status, based on low- risk and high- risk groups

Biomarker High- risk Low- risk P value

RRS Median=0.47
95% CI 0.53 to 
0.92

Median=0.6
95% CI −0.87 to 
−0.59

1.14e- 21

PD- L1 8 high PD- L1
38 low PD- L1
14 N/A

25 high PD- L1
23 low PD- L1
11 N/A

0.0012

Smoking 16 current smoker
45 never or former

18 current smoker
41 never or former

0.68

Pack per 
year

Median=45.5
95% CI 42.6 to 
56.9

Median=42
95% CI 38.55 to 51.27

0.32

Age Median=66
95% CI 64.8 to 
68.6

Median=69
95% CI 67.23 to 71.95

0.63

Sex 23 male
28 female

28 male
31 female

0.58

Race 49 white
11 black

46 white
13 black

0.65

Tumor 
histology

28 squamous
27 
adenocarcinoma
5 large cell 
carcinoma

27 squamous
32 adenocarcinoma
1 large cell carcinoma

0.24

Stage 25 stage IIIA
32 stage IIIB
3 stage IIIC

29 stage IIIA
27 stage IIIB
3 stage IIIC

0.72

N/A, not available; PD- L1, programmed cell death ligand- 1; RRS, 
radiomic signature risk score.
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long- term PFS. Angiogenesis is another major factor that 
plays a crucial role in the invasiveness/metastatic poten-
tial of a tumor30 and is a significant predictor of worse 
PFS and OS,31 which may be captured by peritumoral 
Laws features. This may be explained by the fact that 
angiogenesis reduces the tumor’s accessibility to ther-
apeutic drugs, which in turn leads to tumor growth,32 
and blockage of tumor angiogenesis stops tumor prolif-
eration. The rationale behind peritumoral radiomics 
is that these textural patterns could be capturing the 
degree of immune response, which in turn is known to 
be correlated with the likelihood that the tumor will have 
a favorable response.33–35 The tumor immune microenvi-
ronment and associated vascularity play a crucial role in 
immune homeostasis. Recent studies showed that there 
is a positive feedback between antitumor T helper type 
1 (Th- 1) immune response and tumor vessel normal-
ization.36 Disruption of tumor vasculature can lead to 
impaired T cell infiltration. Interferon gamma (INF-γ-me-
diated) gene expression signatures promote chemotactic 
response and could improve T cell infiltration- promoting 
antitumor immune responses.37 Patients with endoge-
nous spontaneous antitumor immune responses with the 
ability to generate an INF-γ Th- 1 immune response are 
patients who typically benefit from ICI. The presence of 
a permissive tumor vasculature and immune contexture 
predicts response to ICI therapy. The peritumoral texture 
features can capture vessels and vessel irregularity around 
the tumor.

PD- L1 is the current gold standard biomarker used for 
patient selection for therapy with ICI. However, across 
a range of clinical trials, the performance of PD- L1 
expression as a predictive biomarker is quite poor. Using 
PD- L1 expression in clinical practice is fraught with 
many challenges, such as the use of different thresholds 
of expression in various trials, different scoring systems, 
and the dynamic and heterogeneous nature of PD- L1 

expression. PD- L1 testing is currently the only routinely 
used biomarker for IO but is not accurate in identi-
fying responders (27% in PD- L1 positive in the first- line 
setting38 and 45% in PD- L1 high subgroup,39 and 19% in 
the second- line setting).

There are some data to suggest that patients with 
NSCLC with a high tumor expression of PD- L1 and CD8+ 
TIL (tumor infiltrating lymphocytes) level have higher 
response rate and better OS than those with lower PD- L1 
expression level treated with CRT plus durvalumab.40 
Furthermore, evidence from a previous study41 revealed 
that specimens of NSCLC histology had higher numbers 
of tumor- associated inflammatory cells in the peritumoral 
compartment as compared with the intratumoral region. 
Also, ICIs mechanistically act by allowing the immune 
system to be activated in the tumor microenvironment by 
blocking the PD- 1/PD- L1 axis. Given the higher Gabor 
texture feature expression preferentially in the peritu-
moral region in this study, we postulate that this feature 
captures the increment of PD- L1 and lymphocyte level 
selectively in peritumoral regions.

Finally, in the present study, a radiomic signature was 
significantly associated with PFS and OS in patients with 
stage III NSCLC treated with CRT followed by durvalumab 
IO or CRT alone. We showed that radiomic features that 
are associated with PFS in patients treated with CRT 
followed by durvalumab IO are also associated with PFS 
and OS in patients treated with CRT alone. These prelim-
inary results suggest that there could be a role for our 
radiomic signature in identifying which patients would 
receive maximum benefit from durvalumab.

We developed a nomogram that integrated radiomic 
risk score with clinical biomarkers to further improve 
its prognostic accuracy. The integrated radiomic and 
clinical nomogram exhibited a good C- index value 
in both D1 and D2 cohorts. This CT image- derived 
radiomic model may provide a less invasive and more 

Figure 5 Radiomic signature risk score is associated with progression- free survival (between low and high risk) in the high PD- 
L1 (A) and low PD- L1 (B) groups based on the 50% cut- off criteria. PD- L1, programmed cell death ligand- 1.
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accurate biomarker for prognostication of PFS and OS 
in patients with NSCLC. We also evaluated the radiomic 
nomogram of patients by DCA and calculated the net 
benefit of our model. The decision curve indicated that 
radiomic signature had a higher overall net benefit in 
predicting patients at higher risk of receiving inappropri-
ately aggressive treatment than the clinical- pathological 
measurements across a number of threshold probability 
values.

By having capability to assess the risk of PFS non- 
invasively, the oncologist can be empowered to estimate 
therapeutic outcome for a given patient and has the 
potential to avoid ineffective treatment and toxicity asso-
ciated with durvalumab consolidation in patients who 
are unlikely to respond to therapy and could pursue a 
more intensive monitoring for patients at higher risk 
of recurrence. This seems to hold true regardless of 
PD- L1 expression, in that even patients with high PD- L1 
expression would be at risk of treatment failure if they 
had a high radiomic risk score and that patients with 
low PD- L1 expression but a low radiomic risk score had 
good outcomes with treatment and should continue to be 
offered durvalumab consolidation as it was proposed in 
the second experiment.

However, our study has its limitations. The cohort 
sample sizes were relatively small from two institutions, 
which limited our ability to perform extensive analyses. 
Additionally, a few recent studies42 43 have investigated 
the influence of convolution kernels, reconstruction 
algorithms, and slice thickness on radiomic features 
for characterization of lung nodules on CT. We did not 
explicitly consider the influence of these parameters 
on the extracted texture features, but randomly distrib-
uted the cases with different image acquisition param-
eters between training and validation sets to account 
for variability. The other limitation is the retrospective 
nature of our study, not a prospective study. In addition, 
patients meet specific inclusion criteria and belong to 
a particular stage of disease. We analyzed the associa-
tion of radiomic features only from pretreatment CRT 
with patient outcomes. We have not analyzed either 
the change of radiomic features between pre- CRT 
and post- CRT (delta radiomics) or the association of 
post- CRT images with patient outcomes. In addition, 
due to lack of routine testing for actionable driver onco-
genes in patients with stage III NSCLC, we were not able 
to examine the associations between genetic biomarkers 
and high- risk/low- risk groups. Although there is some 
evidence suggesting limited activity of durvalumab 
consolidation in patients with non- resectable stage III 
NSCLC with driver genomic alterations,44 the current 
FDA- approved indication does not exclude these 
patients and more studies are needed to define the role 
of consolidation immunotherapy in this heterogeneous 
population. We hope to address the limitations shown 
in this study in future work.

CONCLUSIONS
Our results suggest that radiomic texture features from 
pretreatment CT images of patients with stage III NSCLC 
treated with chemoradiation followed by durvalumab or 
chemoradiation alone were prognostic of PFS and OS. In 
addition, we showed that there is a subset of patients with 
high PD- L1 expression who are at high risk of recurrence 
and simultaneously a subset of patients with low PD- L1 
expression who are at low risk of recurrence. While the 
FDA has approved durvalumab for all patients with locally 
advanced NSCLC regardless of PD- L1 expression and 
EMA has approved it for patients with PD- L1 1% of tumor 
cells, our finding showed that radiomic feature may be 
a better predictor for selecting patients for durvalumab 
therapy after CRT. Additional prospective validation 
of these novel quantitative imaging- based approaches 
is warranted to accurately define their clinical utility in 
deciding who should get durvalumab consolidation.
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