Received: 19 May 2021 Accepted: 29 June 2021

DOI: 10.1111/1759-7714.14083

ORIGINAL ARTICLE

WILEY

Association of anaplastic ymphoma kinase variants and
alterations with ensartinib response duration in non-small cell

lung cancer

Donghui Hou'

Lina Zhou' | Xiuli Tao®

| Xiaomin Zheng”® | WeiSong® | Xiaoging Liu* | Sicong Wang® |

LvIiv® | QiSun’ | YujingJin® | Zewei Zhang® |

Lieming Ding® | Ning Wu"® | Shijun Zhao'

'Department of Diagnostic Radiology, National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical Sciences and Peking

Union Medical College, Beijing, China

*Department of Endocrinology, Chui Yang Liu Hospital affiliated to Tsinghua University, Beijing, China

*Department of Radiology, Peking Union Medical College Hospital, Chinese Academy of Medical Sciences, Peking Union Medical College, Beijing, China

“Department of Pulmonary Oncology, The Fifth Medical Centre, Chinese PLA General Hospital, Beijing, China

SGE Healthcare, Life Sciences, Beijing, China

SPET-CT Center, National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union Medical

College, Beijing, China

"Department of Radiology, Harbin Medical University Cancer Hospital, Harbin, China

8Betta Pharmaceuticals Co., Ltd., Hangzhou, China

Correspondence

Shijun Zhao, Department of Diagnostic Radiology,
National Cancer Center/National Clinical
Research Center for Cancer/Cancer Hospital,
Chinese Academy of Medical Sciences and Peking
Union Medical College, No. 17, Panjiayuan Nanli,
Beijing, 10021, China.

Email: z5j.2001@163.com

Ning Wu, Department of Diagnostic Radiology
and PET-CT Center, National Cancer Center/
National Clinical Research Center for Cancer/
Cancer Hospital, Chinese Academy of Medical
Sciences and Peking Union Medical College,
No. 17, Panjiayuan Nanli, Beijing, 10021, China.
Email: ¢jr.wuning@vip.163.com

Funding information

Beijing Municipal Science and Technology Project,
Grant/Award Number: Z201100005620002;
CAMS Innovation Fund for Medical Sciences,
Grant/Award Number: Grant/Award Number:
2019-12M-2-002, 2017-12M-1-005; National Key
R&D Program of China: 2017YFC1308700;
National Natural Science Foundation of China,
Grant/Award Number: 81771830

Abstract

Background: Here, we aimed to assess the association of ALK variants and alterations
with ensartinib response duration in NSCLC, and explore the potential value of com-
puted tomography (CT) radiomic features in predicting progression-free sur-
vival (PFS).

Methods: We enrolled 88 patients with identified ALK variant NSCLC in a multicen-
ter phase 2 trial, and assessed the impact of ALK variants and secondary ALK alter-
ations on the clinical outcome (response duration) of patients receiving ensartinib.
We also established a multifactorial model of clinicopathological and quantitative CT
radiomic features to predict PFS and risk stratification. Kaplan-Meier analysis was
conducted to identify risk factors for tumor progression.

Results: Univariate analysis indicated a statistical difference (p = 0.035) in PFS among
ALK variants in three classifications (V1, V3, and other variants). Secondary ALK
alterations were adversely associated with PFS both in univariate (p = 0.008) and mul-
tivariate (p = 0.04) analyses and could identify patients at high risk for early progres-
sion in the Kaplan-Meier analysis (p = 0.002). Additionally, response duration to
crizotinib <1 year and liver metastasis were adversely associated with PFS. The com-
bined model, composed of clinicopathological signature and CT radiomic signature,
showed good prediction ability with the area under the receiver operating characteris-
tic curve being 0.85, and 0.89 in the training and validation dataset respectively.
Conclusions: Our study showed that secondary ALK alterations were adversely asso-
ciated with ensartinib efficacy, and that ALK variants might not correlate with PFS.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. Thoracic Cancer published by China Lung Oncology Group and John Wiley & Sons Australia, Ltd.
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The quantitative radiomic signature provided added prognostic prediction value to
the clinicopathological features.
KEYWORDS
ALK fusion, ensartinib, gene mutation, progression-free survival, radiomics
INTRODUCTION

Anaplastic lymphoma kinase (ALK) gene fusion occurs in
approximately 3%-7% of patients with non-small cell lung
cancer (NSCLC) and is sensitive to ALK tyrosine kinase
inhibitors (TKIs).! There are various ALK gene fusion part-
ners, including predominant partner echinoderm
microtubule-associated protein-like 4 (EML4)* and other
rare non-EML4 partners, such as HIPI,3 KLCI,4 KIFSB,5
TPR,° and TFG.” More than 15 EML4-ALK variants have
been identified based on the occurrence of EML4 internal
breakpoints at different sites; of these, variant 1 (v1; exon
13 of EML4 fused to exon 20 of ALK [E13;A20]), and vari-
ant 3a/b (exon 6a/b of EML4 fused to exon 20 of ALK
[E6a/b;A20]) are the most frequent.”

Since the approval of first-generation ALK inhibitor,
crizotinib, multiple second- (e.g., ensartinib, alectinib, and
brigatinib) and third-generation (e.g., lorlatinib) ALK-TKIs
have been approved for the treatment of patients with ALK-
rearranged NSCLC, all with higher potency or greater central
nervous system penetration than crizotinib.*'* Although
these ALK inhibitors have significantly improved clinical effi-
cacy, the clinical outcomes vary widely among patients.

Radiomic workflow

Image postprocessing

Study flowchart

Studies have found that ALK fusion variants might affect
the therapeutic efficacy of ALK inhibition, but these results
are controversial.'>'® Most studies have suggested that
EMIL4-ALK fusion V3 is a high-risk feature conferring early
ALK-TKI treatment failure and worse overall survival,"*"*
whereas several other studies have found that V3 is associ-
ated with significantly longer progression-free survival (PES)
than V1 in patients with NSCLC treated with lorlatinib."®
Moreover, another study suggested that ALK variants might
not be correlated with the clinical response to crizotinib.'”'®
Therefore, it is necessary to further investigate how ALK
variants may affect the efficacy of ALK-TKISs.

Although tissue biopsy is considered the standard procedure
for defining the molecular status of various solid tumors, includ-
ing NSCLC, it has several limitations, including procedural inva-
siveness and the risk of false-negative results due to tumor
heterogeneity or low tumor cellularity. The circulating tumor
DNA (ctDNA) test is an important complement to tissue biop-
sies, providing a means to predict treatment response and moni-
toring resistance in patients with NSCLC receiving targeted
therapies; however, because circulating cell-free tumor-derived
DNA is diluted with normal DNA, ctDNA analysis is techni-
cally challenging, requiring both high sensitivity and accuracy. It
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is desirable to extract features from conventional clinical and
imaging data to assist existing methods for risk stratification and
efficacy prediction in patients with tumors; however, there has
been limited related research in patients with different ALK vari-
ants of lung cancer receiving ALK-TKI treatment.

Here, we collected the genomic-alteration and treatment
data of patients with ALK-positive crizotinib-refractory
NSCLC enrolled in a phase 2 clinical trial investigating the
safety and efficacy of ensartinib, a second-generation ALK
inhibitor. We aimed to assess the association of ALK vari-
ants and secondary alterations with ensartinib response
duration in NSCLC as well as explore the potential value of

clinical and imaging features (conventional imaging features
and quantitative radiomic characteristics) in predicting PES.

METHODS
Patients

We retrospectively analyzed the data from a phase II multi-
center  clinical  trial  (ClinicalTrials.gov  identifier:
NCT03215693) between September 2017 and July 2019.°
The trial was approved by respective local institutional

TABLE 1 Baseline characteristics of patients (n = 88) and lesions (n = 88) according to progression-free survival
Variable Nonprogression group (n = 33) Progression group (n = 55) p-value
Age (year) 51.00 (44.00, 61.30) 51.00 (41.00, 55.80) 0.363
Sex, male 23 (69.70) 27 (49.09) 0.059
Smoker 12 (36.36) 17 (30.91) 0.598
ECOG, 0/1/2 4/28/1 (12.12/84.85/3.03) 12/42/1 (21.82/76.36/1.82) 0.5
Clinical stage, ITIb/TV 0/33 (0.00/100.00) 1/54 (1.82/98.18) 1.0
Adenocarcinoma/squamous-cell carcinoma/ 31/1/1 (93.94/3.03/3.03) 53/2/0 (96.36/3.64/0.00) 0.722
adenosquamous carcinoma
Previous chemotherapy 18 (54.55) 32 (58.18) 0.739
Previous brain radiotherapy® 13 (48.15) 12 (31.58) 0.176
Additional therapies between crizotinib and 8 (24.24) 5(9.09) 0.103
ensartinib®
Response duration of crizotinib (days) 452.00 (386.00, 743.50) 284.00 (210.40, 366.80) <0.001
Response duration to crizotinib >1 year 28 (84.85) 16 (29.09) <0.001
Response to crizotinib in early treatment, PR/SD/PD 30/3/0(90.91/9.09/0.00) 38/16/1(69.09/29.09/1.82) 0.058
Surgery for primary lung cancer 3(9.09) 2 (3.64) 0.552
No. of metastatic organs >3 19 (57.58) 35 (63.64) 0.572
No. of metastatic tumors >5 27 (81.82) 43 (78.18) 0.682
Intrapulmonary metastasis 14 (42.42) 25 (45.45) 0.782
Brain metastasis 27 (81.82) 38 (69.09) 0.188
Lymph node metastasis 18 (54.55) 34 (61.82) 0.502
Pleural metastasis 7 (21.21) 9 (16.36) 0.568
Osseous metastasis 0 (30.30) 29 (52.73) 0.04
Adrenal metastasis 1(3.03) 3 (5.45) 1.0
Liver metastasis 3 (9.09) 17 (30.91) 0.018
Other metastasis® 2 (6.06) 2 (3.64) 1.0
ALK variant, v1/v3/others 7/11/15 (21.21/33.33/45.45) 24/19/12 (43.64/34.55/21.82) 0.035
Secondary ALK alteration 9 (27.27) 31 (56.36) 0.008
Characteristics of the eligible largest target lesions
Longest-axis diameter (cm) 2.64 (2.04, 4.09) 3.66 (2.13, 4.68) 0.172
Short-axis diameter (cm) 1.37 (0.98, 2.20) 1.64 (1.16, 2.40) 0.291
Volume (cm?) 3.47 (1.69, 15.52) 7.95 (1.80, 19.80) 0.169

Note: Data are numbers of patients with percentages in parentheses or medians; interquartile ranges are in parentheses.

Abbreviations: ECOG, Eastern Cooperative Oncology Group performance status; PD, progressive disease; PR, partial response; SD, stable disease.

?Among patients with brain metastases at baseline, n = 65.

"Including seven patients who received chemotherapy and one who received radiotherapy in the nonprogression group, and three who received chemotherapy and two who

received chemotherapy and EGFR-TKI therapy in the progression group.
“Including one with peritoneal metastases in the nonprogression group, and one with renal metastases and one with splenic metastases in the progression group.
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review boards. Before trial participation, each patient pro-
vided written informed consent.

One hundred and sixty patients with locally advanced or
metastatic (stage ITIB/IV) ALK-positive NSCLC from 27 cen-
ters across China were enrolled in the clinical trial. We
selected eligible patients for this study among the original
patient population. The inclusion criteria were: (i) available
information on ALK fusion variants; (ii) available informa-
tion on secondary ALK alterations at baseline; (iii) baseline
contrast-enhanced computed tomography (CT) performed
within four weeks before ensartinib treatment commence-
ment, with the CT images qualified; and (iv) measurable
and describable tumor lesions detected.

Tumor assessments were performed at baseline, every
six weeks for the first 24 weeks, and then every
nine weeks until disease progression; CT was used to
scan the chest, abdomen, and pelvis, and magnetic reso-
nance imaging was used to scan the brain. Diseases were
assessed by an independent review committee (IRC)
according to Response Evaluation Criteria in Solid
Tumors (RECIST) 1.1. Patients were followed up for at
least 42 weeks and divided into progression and non-
progression groups based on the IRC evaluation results.
Each patient’s clinical characteristics were obtained by
reviewing their medical records.

ALK fusion and secondary ALK alteration
analysis

ALK fusion was confirmed using Ventana immunohisto-
chemistry (Ventana Medical Systems), fluorescence in-situ
hybridization, or reverse transcription polymerase chain
reaction, either locally or at the central laboratory
(Q2 Solutions). The genomic profile of the ALK fusions was
investigated using ctDNA assays. Cell-free DNA extraction
was performed using the Qiagen QIAamp Circulating
Nucleic Acid Kit (Hilden). DNA was analyzed with a
212-gene sequencing panel (Repugene), with mean

sequencing depths of approximately 20 000 times. These
analyses were performed at the Repugene Technology Labo-
ratory (Hangzhou, China). The detection methods and gene
profiles of the sequencing panel have been described in
detail in previously published studies.”"’

CT examination and analysis of CT
characteristics

All patients underwent enhanced multidetector row CT
from the supraclavicular fossa to the symphysis pubis at
baseline. CT images were acquired according to standard-
ized scanning protocols adapted to each center’s equipment.
The CT parameters were: thickness, 5 mm; spacing interval,
1-5 mm; reconstruction thickness, 0.625-2 mm; reconstruc-
tion spacing, 0.5-2 mm; rotation time, 0.28-0.75s; tube
voltage, 100/120 kV; tube current, 50-700 mAs.

Two radiologists (DHH and SJZ, with five and 20 years
of experience, respectively, in a full-service academic cancer
hospital) reviewed the CT images, selected the eligible larg-
est target lesion of each patient defined by the IRC, recorded
its location, and measured its longest and short-axis diame-
ters in the same section at baseline.

Quantitative CT radiomics analysis was performed on
the largest target lesions of each patient at baseline. The
radiomic workflow is presented in Figure 1. All images were
resampled to a voxel size of 1 x 1 x 1 mm” using the Artifi-
cial Intelligence Kit (AK software; GE Healthcare). Tumor
regions of interest were semi-automatically segmented on
processed axial enhanced CT images using ITK-SNAP 3.6
(http://www.itksnap.org) by a junior radiologist (DHH), and
then validated by a senior radiologist (S]Z).

In total, 1316 radiomic features were extracted for each
lesion from the CT images using AK software, based on the
open-source Pyradiomics Python package, including
18 first-order histograms, 24 gray-level co-occurrence matri-
ces, 14 shapes, 14 gray-level dependence matrices, 16 gray-
level size-zone matrices, 16 gray-level run-length matrices,

TABLE 2 Univariate and multivariate analyses for clinicopathological characteristics between the progression and nonprogression groups

Univariate
analysis Multivariate analysis
Nonprogression Odds p-
group (n = 33) Progression group (n =55)  p value ratio 95% CI value
Response duration of crizotinib 452.00 (386.00, 743.50) 284.00 (210.40, 366.80) <0.001
(days)
Response duration to crizotinib 28 (84.85) 16 (29.09) <0.001 0.11 0.03, 0.43 0.002
=1 year
Osseous metastasis 10 (30.30) 29 (52.73) 0.04
Liver metastasis 3(9.09) 17 (30.91) 0.018
ALK variant, v1/v3/others 7/11/15 (21.21/33.33/45.45) 24/19/12 (43.64/34.55/21.82) 0.035
Secondary ALK alteration 9 (27.27) 31 (56.36) 0.008 533 1.48,19.24  0.011

Note: Data are numbers of patients with percentages in parentheses or medians; interquartile ranges are in parentheses.

Abbreviation: CI, confidence interval.
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744 wavelets, five neighboring gray-tone difference
matrices, 186 Gaussian (LoGsiama = 2.0/3.0), and 279 local
binary pattern features. We used three feature selection
methods. General univariate and correlation analyses

(threshold, 0.7), to select highly predictive but uncorrelated
features, and the least absolute shrinkage and selection oper-
ator method were used to select the optimized subset of fea-
tures and evaluate their corresponding coefficients.*
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Statistical analysis

Continuous data that fitted the normal distribution are
expressed as mean =+ standard deviation, while continuous
data that did not fit the normal distribution are expressed as
the median (range). Categorical data are presented as num-
bers (percentages). Univariate analyses were performed to
assess the differences in clinicopathological and CT imaging
characteristics between patients in the progression and non-
progression groups. The Mann-Whitney U test was used for
continuous variables, and Pearson’s chi-square test or Fish-
er’s exact test were used for categorical variables. Multivari-
ate logistic analysis was used to determine independent
factors that could discriminate patients in the progression
and nonprogression groups; odds ratios (ORs) were also

calculated. Significant (p < 0.05) variables in the univariate
analyses were included in the multivariate analysis following
the stepwise selection method.

The quantitative CT radiomic signature or rad-score was
calculated by linearly fitting selected radiomic features after
weighting them according to their respective coefficients
using logistic regression; comparisons were performed using
Wilcoxon’s rank-sum test.

To determine the additional value of the quantitative CT
radiomic signature, compared to clinicopathological and con-
ventional CT imaging features, we developed and compared
three multifactorial models, namely, a clinical signature (iden-
tified via the multivariate logistic regression of clinicopatho-
logical features and lesion size measured on CT), radiomic
signature, and combined model. Patients were randomly

TABLE 3 Baseline characteristics of patients (n = 88) and lesions (1 = 88) according to ALK variants

Variable Variant 1 (n = 31) Variant 3 (n = 30) Other variants (n = 27) €alue
Age (year) 47.00 (41.00, 57.80) 53.50 (49.85, 62.00) 46.00 (41.00, 54.00) 0.074
Men 20 (64.52) 13 (43.33) 17 (62.96) 0.184
Smoker 11 (35.48) 8 (26.67) 10 (37.04) 0.660
ECOG score, 0/1/2 5/26/0 (16.13/83.37/0.00) 5/24/1 (16.67 /80.00/3.33)  6/20/1 (22.22 74.07/3.70) 0.805
Clinical stage, ITIb/ IV 1/30 (3.23/96.77) 0/30 (0.00/100.00) 0/27 (0.00100.00) 0.395
Adenocarcinoma/squamous-cell carcinoma/ 28/2/1 (90.32/6.45/3.23) 30/0/0 (100.00/0.00/0.00) 26/1/0 (96.30/3.70/0.00) 0.425
adenosquamous carcinoma
Additional therapies between crizotinib and 3 (9.68) 3 (10.00) 7 (25.93) 0.167
ensartinib®

Response duration to crizotinib (days) 308.00 (221.60, 455.00) 366.00 (227.90, 498.10) 389.00 (231.20, 661.20) 0.446
Response duration to crizotinib >1 year 1(35.48) 16 (53.33) 17 (62.96) 0.102
Response to crizotinib in early treatment, PR/SD/PD 22/9/0 (70.97/29.03/0.00) 25/4/1 (83.33/13.33/3.33) 21/6/0 (77.78/22.22/70.00)  0.408
Response to ensartinib in early treatment, PR/SD/PD 16/12/3 (51.61/38.71/9.68)  15/14/1 (50.00/46.67/3.33) 13 (48.15/44.44/7.41) 0.899
Surgery for primary lung cancer 1(3.23) 4 (13.33) 0 (0.00) 0.100
No. of metastatic organs =3 19 (61.29) 18 (60.00) 17 (62.96) 0.974
No. of metastatic tumors >5 24 (77.42) 24 (80.00) 22 (81.48) 0.927
Intrapulmonary metastasis 2 (38.71) 16 (53.33) 11 (40.74) 0.467
Brain metastasis 24 (77.42) 20 (66.67) 21 (77.78) 0.543
Lymph node metastasis 8 (58.06) 21 (70.00) 13 (48.15) 0.243
Pleural metastasis 7 (22.58) 6 (20.00) 3(11.11) 0.502
Osseous metastasis 16 (51.61) 9 (30.00) 14 (51.85) 0.151
Adrenal metastasis 1(3.23) 3 (10.00) 0 (0.00) 0.262
Liver metastasis 5(16.13) 7 (23.33) 8 (29.63) 0.471
Other metastases® 1(3.23) 2 (6.67) 0 (0.00) 0.644
Secondary ALK alteration 13 (41.94) 18 (60.00) 9 (33.33) 0.116
Characteristics of the eligible largest target lesions

longest-axis diameter cm) 3.00 (1.84, 4.49) 2.90 (2.26, 4.35) 3.56 (2.44, 4.86) 0.474
Short-axis diameter (cm) 1.51 (1.03, 2.20) 1.65 (0.84, 2.16) 1.64 (1.10, 2.40) 0.731
Volume (cm3) 5.40 (1.69, 15.31) 5.68 (1.23, 19.56) 8.79 (2.08, 18.24) 0.627

“Including two patients who received chemotherapy, and one who received chemotherapy and EGFR-TKI therapy in the V1 group; three who received chemotherapy, one who
received radiotherapy, and one who received EGFR-TKI therapy in the V3 group; five patients who received chemotherapy, and one who received chemotherapy and EGFR-TKI

therapy in the other ALK variant group.

*Including one with splenic metastases in the V1 group, and one each with renal metastases and peritoneal metastases in the V3 group.

Abbreviations: ECOG, Eastern Cooperative Oncology Group performance status; PD, progressive disease; PR, partial response; SD, stable disease.
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divided into training and validation datasets at a 7:3 ratio. The
area under the receiver operating characteristic curve (AUC),
accuracy, sensitivity, and specificity were used to evaluate the
performance of the three models in the validation dataset. The
calibration curve and Hosmer-Lemeshow test were used to
assess the calibration and goodness-of-fit of the combined
model.*! Decision curve analysis was conducted to indepen-
dently evaluate the clinical value of the three models based on
the calculation of the net benefit for patients at each threshold
probability. By comparing to all or no strategies, the best
model was selected according to the highest calculated net
benefit. The relationship between the radiomic signature, clini-
copathological features, and combined model and PES was
further assessed using Kaplan-Meier analysis. The thresholds
of the rad-score and combined model, used to group high and

a
5.0- Wilcoxon, p = 8e-04
o Label
3
ml $ 0
8 =
0 1
Training
FIGURE 3

low risks, were calculated using logistic regression. The differ-
ences in survival curves were evaluated using the log-rank test.
All statistical analyses in the present study were per-
formed using R (https://mran.microsoft.com; version 3.5.1)
and Python (https://www.python.org; version 3.5.6). Statisti-
cal significance was defined as a two-tailed p-value < 0.05.

RESULTS
Patients and clinicopathological characteristics
Baseline patient characteristics are listed in Table 1. Eighty-

eight eligible patients with clarified ALK variants were
included in this study; median age was 51 years (range, 23—

b
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Box plots of the rad-scores. The box plots (a) and (b) show the difference in the rad-score between the progression and nonprogression

groups in the training (a) and validation (b) cohorts, respectively. The p-values were obtained using the Wilcoxon rank-sum test. Label 0, shown in sage
green, represents the nonprogression group; Label 1, shown in orange, represents the progression group
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69 years), and 50 patients (57%) were men. Among them,
78 (89%) had an EMIL4-ALK fusion. The most frequent
EML4-ALK variants were v1, in 31 patients, (40%) and v3,
in 30 patients (38%). Remaining EMIL4-ALK fusions con-
sisted of v2 (12, 15%, [E20;A20]), v5° (3, 4%, [E18;A20]),
and v5a (2, 3%, [E2;A20]). Among the non-EML4-ALK
fusions detected in 10 patients (11%), the fusion partner
genes included HIPI (n = 2), DCHSI (n = 1), INHBA
(n =1), PPFIBP1 (n = 1), KIF5B (n = 1), PSMC4 (n = 1),
SEC31A (n = 1), TIMP3 (n = 1), and ZNF69 (n = 1). At
baseline, 40 (31%) patients had secondary ALK alterations
(point mutations or copy number variation), while three
(3%) patients had genetic alterations that could have medi-
ated bypass signaling (PIK3CA, erb-B2, KRAS).

Among the 88 patients, 55 were in progression group and
33 were in non-progression group. In the univariate analyses,
patients in the progression group tended to have shorter
response duration to crizotinib (p < 0.001), more frequent
osseous metastasis (p = 0.04) and liver metastasis
(p = 0.018), and more commonly occurring secondary ALK
alterations (P = 0.008), than those in the non-progression
group. The distribution of ALK variants also differed between
the two groups; V2/5/5a/non-EML4 ALK variants were more
common in the non-progression group, whereas V1 was
more common in the progression group (p = 0.035). In the
multivariate logistic regression of conventional clinicopatho-
logical characteristics, response duration to crizotinib >1 year
(OR, 0.14; 95% confidence interval [CI]: 0.04, 0.48;
p = 0.002), and secondary ALK alterations (OR, 3.92; 95%
CI, 1.30, 11.84; p = 0.016) remained significant for discrimi-
nating patients to either the progression or nonprogression
group (Table 2). The clinical signature, composed of the
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FIGURE 4 Decision curve analysis for N
the combined model. The y-axis represents e
the net benefit. The light purple line
represents the hypothesis that all patients

remaining features, attained an AUC, accuracy, sensitivity,
and specificity of 0.80 (95% CI: 0.69 to 0.90), 68.9%, 85.2%,
and 55.9%, respectively, in the training dataset and 0.81 (95%
CI: 0.63 to 1.00), 81.5%, 83.3%, and 77.8%, respectively, in the
validation dataset (Figure 2(b),(c); Supplementary Table S1).
The clinical characteristics according to ALK variant are
summarized in Table 3. Secondary ALK alterations were
more common in patients with the V3 variant (60.00%) than
with the V1 (41.94%) and other (33.33%) variants, although
this difference was not statistically significant (p = 0.116;
Figure S1(a)). A detailed list of secondary ALK alterations is
provided in Table S2 and Figure S1(b). L1196M (five, three,
and two patients with V1, V3, and other variants, respec-
tively), C1156Y (five patients with V3, one patient with V1),
F1174L (five patients with V3, one patient with the
[TIMP3_EL;ALK_E20] variant), and G1202R (four patients
with V3, one patient with V5a, one patient with the
[ZNF69_E4;ALK_E20] variant) were the most commonly
occurring point mutations. There was no significant differ-
ence in the response and response duration to crizotinib
according to the ALK fusion variant. Other clinicopathologi-
cal parameters did not differ according to the ALK varijant.

Analysis of quantitative CT radiomic features

A total of 1316 delta radiomic features were extracted for
each lesion. Eight features with nonzero coefficients were
selected. The rad-score calculation formula is presented in
Supplementary Material S1.

Rad-scores were significantly higher in the progression
group than in the nonprogression group, both in the
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and
test;

data sets
Wilcoxon’s

training and validation
p 0.046, respectively;
Figure 3(a),(b)).

The radiomic signature achieved an AUC, accuracy, sen-
sitivity, and specificity of 0.77 (95% CI: 0.64 to 0.89), 73.8%,
73.7%, and 73.9%, respectively, in the training dataset and

(p < 0.001
rank-sum

respectively, in the validation data set (Figure 2(b),(c);
Table 1).

A combined model was constructed by incorporating
the radiomic signature and the remaining statistically signif-
icant clinical features (Figure 2(a)). The combined model
yielded an AUC, accuracy, sensitivity, and specificity of 0.85

0.74 (95% CIL: 0.53 to 0.94), 59.3%, 47.1%, and 80.0%,
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respectively, in the training dataset and 0.89 (95% CI: 0.72
to 1.00), 85.2%, 93.3%, and 75.0%, respectively, in the vali-
dation dataset (Figure 2(b),(c); Table 1), indicating that the
radiomic signature provided added value to the conven-
tional clinicopathological features in terms of discriminatory
efficacy. The calibration curve of the combined model is
shown in Figure 2(d),(e). The Hosmer-Lemeshow test
yielded p-values of 0.761 and 0.680 in the training and vali-
dation datasets, respectively, indicating good calibration
power. According to the decision curve, the combined
model achieved improved tumor progression prediction,
with more areas shown in the validation cohort compared
to the model derived from the radiomic signature or the
clinical signature alone (Figure 4, decision curve analysis).
Simply put, although CT radiomic features alone have infe-
rior predictive performance than the clinical model, combi-
nation of the two can increase the predictive performance of
the clinical model.

Patient risk stratification

Kaplan-Meier analysis, defined by radiomic signatures, the
selected clinicopathological features, and the combined
model showed that liver metastasis (log-rank, p < 0.001),
response duration to crizotinib >1 year (log-rank,
p < 0.001), secondary ALK alteration (log-rank, p = 0.002),
radiomic signature >0.537 (log-rank, p < 0.001), and com-
bined model >0.888 (log-rank, p < 0.001) could distinguish
patients with higher risk of tumor progression within
42 weeks, whereas other clinical features displayed no signif-
icant survival difference (Figure 5).

DISCUSSION

In this study, we examined the effects of ALK variants and
ALK resistance mutations on the clinical outcomes of ALK-
positive NSCLC patients treated with ensartinib, and evalu-
ated the prognostic value of clinical and CT imaging fea-
tures. A significant strength of the study was that we used
prospectively acquired high-quality data from a clinical trial,
which had predefined criteria for patient enrollment, treat-
ment, and follow-up.

As described in the Introduction, previous studies have
reported clinical responses to ALK-TKIs according to the
ALK variant, with conflicting results found for the same and
different TKIs.">'® In our study, although ALK variants in
three classifications (V1, V3, other variants) were correlated
with the PFS of patients treated with ensartinib in the uni-
variate analysis, in the multivariate and Kaplan-Meier ana-
lyses, this association was not statistically significant. In
addition, no significant differences were found in the
response and response duration to crizotinib and other clini-
copathological characteristics according to the ALK fusion
variant (Table 3). Further, there were no statistically signifi-
cant differences between the most common variants, V1 and

V3, in terms of both clinicopathological characteristics
and response and response duration to crizotinib/ensartinib
(Table 3). Therefore, the ALK variant may have little effect
on the efficacy of ensartinib.

Consistent with the results of previous studies,”* ™ sec-
ondary ALK alterations were adversely associated with PES,
both in the univariate and multivariate analyses, and could
identify patients at high risk for early progression in the
Kaplan-Meier analysis. As in previous studies,'®** secondary
ALK mutations were more common in V3; however, they
were not statistically significant in this study because of the
small number of patients. Interestingly, patients with V3,
which has a greater propensity to develop ALK mutations,
tended to have longer PES than patients with V1 (Figure 5(e),
p = 0.057), contrary to previous findings.">”'> We speculate
that the different distribution of secondary point mutations
between V1 and V3, and the different activities of ensartinib
against various ALK resistance mutations, likely underlie this
outcome. Supportive of this notion, ensartinib is active
against a broad array of ALK mutations, including C1156Y,
F1174, G1269A, 11171, L1152R/V, and even G1202R, which
are more common in V3, but has low activity in patients with
the L1196M mutation (the proportion with an objective
response was only 25%), which is more common in V1.>

In view of the above results, we speculate that the con-
flicting results of previous studies on the effect of ALK sub-
types on the efficacy of TKIs may be attributed to the small
sample size and inconsistent clustering of variants into
groups. Moreover, secondary ALK mutations differing
among ALK variants and the unique spectrum of activity of
each ALK inhibitor against different ALK resistance muta-
tions may also play a role. In other words, differences in the
efficacy of TKIs among ALK variants might stem from dif-
ferences in the secondary ALK mutations among them;
when the spectrum of activity of TKIs against secondary
ALK mutations changed, the difference in efficacy among
ALK variants would also change. Notably, secondary muta-
tions are more common in V3, which may be the reason it
is associated with poor efficacy in most studies.

In addition to ALK variants and secondary ALK muta-
tions, the response duration to crizotinib, liver metastases,
and bone metastases also had predictive significance for the
progression of patients during the median PFS (42 weeks).
The shorter effective response duration to crizotinib was
also a risk factor for early progression in patients treated
with ensartinib, and similar performance has been observed
in clinical studies of other ALK-targeted inhibitors.'>*"*®
Liver and osseous metastases are known factors for poor
prognosis in certain cancers and various treatments.”””"
Notably, brain metastasis is also a factor leading to poor
prognosis or progression of ALK-positive NSCLC.*>** How-
ever, in our study, brain metastasis was not a statistically sig-
nificant factor for progression within 42 weeks, and there
was no significant difference in the survival curve of patients
with brain metastasis in the Kaplan-Meier analysis, which
may be related to the excellent efficacy of ensartinib in the
central nervous system.”**
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Combined with the quantitative CT radiomic signature,
the predictive performance of conventional clinicopatho-
logical features for PFS could be increased. When patients
cannot tolerate biopsy or the biopsy/ctDNA test is nega-
tive, but other clinical indications suggest that the patients
may be at high risk, quantitative radiomics may assist in
the clinical identification of patients at high risk to appro-
priately increase the frequency of follow-up and adjust the
treatment in a timely manner. Although radiomics, as the
product of medical and engineering cross-development,
has emerged in the diagnosis and efficacy evaluation of
tumors, there remains room for improvement and
standardization.”>>¢

The current study had several limitations. First, as this
was a retrospective study with a small sample size, we clus-
tered all rare ALK fusion variants (V2/V5’/V5a/non-EML4
variants) into one general subgroup; the biological and clini-
cal features among them may not be relevant. Second, as the
tumor tissue of some patients could not be obtained,
the analysis of ALK variants and ALK secondary mutations
were based on ctDNA-NGS test, which has several
drawbacks,” such as the detection of hotspot mutations
only in the coding regions of prespecified genes by the NGS
panel, underestimation of alterations in other genomic
regions, and the inadequate sensitivity of the ctDNA-based
NGS may result in false-negative, especially for gene
rearrangement. Third, the number of patients in the pro-
gression and nonprogression groups was imbalanced (55 VS
33), which could be related to the efficiency of ALK muta-
tion recognition in the blood and may have caused statistical
analysis bias, affecting the predictive capability and accuracy
of the model. Thus, the results should be interpreted with
caution and further verified using different detection
methods (such as PCR) and tissue biopsy in a large cohort.

In summary, our study showed that secondary ALK alter-
ations were adversely associated with ensartinib efficacy and
that ALK variants might not be correlated with PFS. We spec-
ulate that the secondary ALK mutations differing among
ALK variants and the unique spectrum of activity of each
ALK inhibitor against different ALK resistance mutations
were responsible for the different efficacy of TKIs in different
ALK variants in previous studies. Moreover, we found that
quantitative radiomics may assist in the clinical identification
of patients at high risk for early progression, which requires
confirmation via further studies with larger cohorts.
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