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Abstract

INTRODUCTION—Recurrent gene rearrangements are important drivers of oncogenesis in non-
small cell lung cancers. RET and ROS1 rearrangements are each found in 1-2% of lung
adenocarcinomas and represent distinct molecular subsets. This study assessed the computed
tomography (CT) imaging features of patients with RET7- and ROSI-rearranged lung cancers.

METHODS—Eligible patients included pathologically-confirmed lung adenocarcinomas of any
stage with a RET or ROS1 rearrangement via fluorescence in-situ hybridization or next-generation
sequencing, and available pre-treatment baseline imaging for review. A cohort of EGFR-mutant
lung cancers was identified as a control group. CT features assessed included location,
consistency, contour, presence of cavitation, and calcification of the primary tumor. Presence of an
effusion, lung metastases, adenopathy and extrathoracic disease were recorded. The Wilcoxon
rank-sum/Kruskal-Wallis and Fisher’s exact tests were used to compare features between groups.

RESULTS—73 patients with lung adenocarcinomas were identified: 17 (23%) with ROS1
fusions, 25 (34%) with RET fusions and 31 (43%) with EGFR mutations. ROSI-rearranged lung
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cancers were more likely to present as peripheral tumors in comparison to £EGFR-mutant lung
cancers (32% vs 65%, p=0.04). RET-rearranged lung cancers did not significantly differ from
EGFR-mutant lung cancers radiographically. The consistency of the primary lesion for RET and
ROS fusions and EGFR mutations were most frequently solid and spiculated.

CONCLUSIONS—Lung adenocarcinomas with RET and ROS1 fusions share many radiographic
features and those with ROS1 fusion are more likely to present as peripheral lesions in comparison
to EGFR-mutant lung cancers.

Keywords

Lung Adenocarcinoma; Computed Tomography; ROS1 Rearrangement; RET Rearrangement;
EGFR Mutation

1. Introduction

Lung cancer is the leading cause of death among both men and women in the United States.
In 2015, 221,220 new cases of lung cancer are expected with an estimated 158,040 deaths.
[1] Non-small cell lung cancer (NSCLC) accounts for approximately 85% of these cases.[1]
In recent years, the discovery of somatic genomic alterations in driver oncogenes has lead to
better understanding in the development and treatment of lung cancers. In 2004, the
discovery of the EGFR mutation in tumors from patients with lung adenocarcinomas who
responded dramatically to targeted EGFR tyrosine kinase inhibitors ushered in an era of
molecularly targeted therapy. [2-4]

Most recently, chromosomal rearrangements involving ALK, ROS1, and RET have been
identified as targetable drivers of lung adenocarcinomas [5]. These rearrangements lead to
the formation of chimeric fusion kinases that drive downstream growth pathway signaling
and cellular growth and proliferation. ALK, ROS1, and RET rearrangements are associated
with specific clinicopathologic features including a history of never or former light smoking,
younger age, and adenocarcinoma histology [6]. These genomic alterations are mutually
exclusive with other oncogenic drivers such as EGFR and KRAS mutations.

Radiogenomics has become of recent clinical interest and has specifically been used in lung
cancer to characterize the radiological appearance of tumors harboring specific driver
oncogenes. AL K-rearranged lung adenocarcinomas are associated with larger volume
tumors, multifocal thoracic lymphadenopathy, and lymphangitic metastasis. [7, 8]

To our knowledge, there have been no reports describing the radiologic features of lung
adenocarcinomas harboring RET or ROS1 rearrangements. The goal of this study was to
describe the CT features of tumors harboring these rearrangements, and to attempt to
identify any differentiating characteristics in comparison to £EGFR-mutant lung
adenocarcinomas.
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2. Materials and Methods

2.1 Patient Cohort

Our institutional review board approved and waived the informed consent for this
retrospective study. Patients with pathologically-confirmed lung adenocarcinoma of any
stage harboring, ROS1, or RET fusions were identified from a prospectively maintained
database of patients presenting to the thoracic oncology clinic at our institution between
October 2007 and September 2014. Molecular profiling for these alterations was performed
either via break apart fluorescence in situ hybridization (FISH) or broad, hybrid-capture
next-generation sequencing (MSK-IMPACT, Illumina HiSeq). Patients without available CT
images on the institutional Picture Archiving and Communication System (PACS, GE
Centricity RA100) were excluded from the study. As a control group, a cohort of 31 patients
harboring an EGFR mutation was selected from a separate institutional database. Clinical
information collected on each patient from the institution’s electronic medical record
included age, sex and stage of disease.

2.2 Image Analysis

The earliest available CT before treatment was selected for image analysis. Each CT was
reviewed in consensus by 2 of 4 radiologists with one consistent reader as the senior
radiologist (D.B., D.O., A.P., and M.G. with 5, 5, 7, and 23 years of radiology experience
respectively). The readers were blinded to the molecular profiling status of the patient, and
all clinical details at the time of image interpretation. All images were reviewed on the
institutional PACS system. The imaging protocol for each CT varied given 54 (74%) patients
had imaging from an outside institution given the large number of cancer referrals to our
center. CT slice thickness varied from 1.25mm to 5mm. 44 (61%) of the CTs were
performed with intravenous (IV) contrast, while 29 (40%) were without contrast and
performed on either a 16 or 64 slice CT scanner.

2.2.1 Characteristics of the primary tumor—The size of the primary tumor was
defined on lung windows by measuring the longest axis for the length and then taking the
longest perpendicular distance to determine the width.[9] The location of the primary tumor
was determined to be central or peripheral. Central was defined as any lesion contacting a
central bronchus to the lobar level; any lesion beyond this level was defined as peripheral.

The contour of the primary tumor was recorded as round (sphere with clearly defined
smooth margins), lobulated (not spherical with clearly defined smooth margins), spiculated
(solid lesion with linear extensions into the adjacent lung parenchyma) or consolidation (ill
defined mass with the appearance of pneumonia).

The consistency of the primary tumor was recorded as solid (density obscures underlying
pulmonary vessels and parenchyma), ground glass (increased attenuation of the lung
parenchyma with preserved visualization of the underlying pulmonary vessels), mixed
(containing both components of ground glass and solid characteristics), and air
bronchograms (persistent visualization of the bronchi with surrounding increased
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attenuation). Additional characteristics of cavitation (pockets of air within the lesion) and
calcification (any part of the lesion exceeding 100 Hounsfield units) were recorded.

2.2.2 Ancillary features—Associated findings to the primary tumor that were recorded
were the presence of lymphadenopathy and volume (nodes measuring between =1cm and
<1.5cm, 1.5 and <3cm, or =3cm in short axis); pleural effusion size (large or small) and
laterality; lung metastases (additional lung parenchyma neoplasms) and extrathoracic
disease (metastatic disease presence and location).

2.3 Statistical Analysis

3. Results

The Wilcoxon rank-sum/Kruskal-Wallis tests and Fisher’s exact test were used to compare
continuous characteristics (age, size) and categorical features, respectively, between groups.

3.1 Patient characteristics

Seventeen patients with lung adenocarcinomas harboring ROS1 fusions and 25 patients with
lung adenocarcinomas harboring the RET fusion were identified. Patients with RET-
rearranged lung cancers were frequently female (n=17, 68%) with a median age of 59 (38—
84) years and stage 4 disease (n=20, 80%). Patients with ROS1-rearranged lung cancers
were also frequently female (n=11, 65%) with a median age of 61 (38-89) and stage 4
disease (n=12, 76%).

Thirty-one patients with adenocarcinomas harboring an £GFR mutation were selected from
a separate institutional database to be used as a control group. Patients with £EGFR-mutant
lung cancers were frequently female (n=21, 68%) with a median age of 61 (36-87) and stage
4 disease 24 (77%). There were no differences in age, sex, or tumor stage between RET- and
ROS1-rearranged, and EGFR-mutant lung cancers (Table 1).

3.2 Imaging Findings

3.2.1. Radiologic features/characteristics of RET- and ROS1-rearranged lung
cancers—RET-rearranged lung cancers were found to be more peripheral in location
(n=14, 56%, 95%CI: 35-76%). The primary tumor was solid in density (n=25, 100%,
95%Cl: 86—100%) and spiculated in contour (n=13, 54%, 95%CI: 33-74%). It was unlikely
to present with cavitation (n=1, 4%, 95%ClI: 0.1-20%) or calcification (n=0, 0%, 95%CI: 0-
14%). Additional findings included associated lymphadenopathy (n=18, 72%, 95%CI: 51—
88%). The RET-rearrangement was unlikely to present with effusion (n=10, 40%, 95%Cl:
21-61%), lung metastases (n=6, 24%, 95%CI: 9-45%), or extrathoracic disease (n=10, 40%,
95%Cl: 21-61%) (Table 2).

ROS1-rearranged lung cancers were also found to be more peripheral in location (n=11,
65%, 95%CI: 38- 86%). The primary tumor was solid in density (n=15, 88%, 95%CI: 64—
99%) and spiculated in contour (n=12, 71%, 95%CI: 44-90%). It was unlikely to present
with cavitation (n=2, 12%, 95%CI: 1-36%) or calcification (n=2, 12%, 95%CI: 1-36%)).
Additional findings included often presence of lymphadenopathy (n=10, 59%, 95%CI: 33—
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82%). The RET-rearrangement was unlikely to present with effusion (n=4, 24%, 95%Cl: 7-
50%), lung metastases (n=4, 24%, 95%CI: 7-50%), or extrathoracic disease (n=3, 18%,
95%Cl: 4-43%) (Table 2).

3.2.2 Comparison with EGFR-mutant lung cancers—~Patients with the ROS1 fusions
were significantly more likely to have more peripheral tumors than patients with EGFR
mutations (65% vs 32%, P=0.04). In terms of primary tumor characteristics, RET- and
ROS1-rearranged and £EGFR-mutant lung cancers were most commonly spiculated, solid,
and unlikely to contain cavitations or calcifications (Table 2). There was no difference in the
axial length and wide of the primary tumors between the three subtypes (EGFR-mutant
median axial diameter 4.4 x 2.8 cm, RET-rearranged median axial diameter 3.8 x 2.6 cm,
and ROSI-rearranged median axial diameter 4.0 x 2.9 cm) (Table 2).

There was no significant difference in adenopathy between EGFR-mutant and RE7- or
ROSI-rearranged lung cancers (Table 2). There were likewise no significant differences
between groups with respect to the presence of pleural effusion, lung metastasis, or
extrathoracic disease (Table 2).

4. Discussion

Paradigms for the diagnosis and treatment of non-small cell lung cancer (NSCLC) have
developed rapidly over the last decade. Many genomic alterations have been discovered via
comprehensive molecular profiling, resulting in improved patient outcomes with appropriate
targeted therapy. [10] [11] [12] Adenocarcinomas harboring recurrent gene rearrangements
involving RET and ROS1I represent a distinct molecular subset of non-small cell lung
cancers.

While RET and ROSI comprise 1-2% of all lung adenocarcinomas, respectively, [5, 13] it is
crucial to identify these patients who could potentially benefit from targeted therapy.
Crizotinib has demonstrated marked anti-tumor activity in patients whose tumors harbor
ROS1 fusions. In a phase 1 expansion cohort of 50 patients with advanced ROSI-rearranged
NSCLC treated with crizotinib, the objective response rate was 72%, with a median duration
of response of 18 months and a median progression-free survival of 19 months. [14] In vitro,
cabozantinib, has been shown to overcome crizotinib resistance in tumors harboring ROS1
fusions and several other ROSL1 inhibitors are currently in clinical development [15]. RET-
rearranged lung cancers are sensitive to RET tyrosine kinase inhibition in vitro and in vivo,
and a response rate of 38% with cabozantinib has been reported in the first stage of on an
ongoing Simon two-stage phase 2 trial. [16] Trials with other RET inhibitors such as
ponatinib, lenvatinib, and vandetanib are ongoing.

RET- and ROSI-rearranged lung cancers share many clinical features include young age at
diagnosis and a history of never or former light smoking. [17] From a pathologic
perspective, RET and ROSI fusions likewise share identifiable cytomorphologic features
including the presence of extracelluar mucin, cribriform structures, signet ring cells, and
hepatoid cytology.[5] In addition, tumors with RET rearrangements are more likely to be
smaller (< 3cm) and solid in histological morphology when compared to tumors with £GFR,
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KRAS, HERZ, and BRAF mutations, or ALK fusions. [18] Mukhopadhyay et al provide a
brief description of 5 patients with RET7-rearranged lung adenocarcinomas in whom 4 had
lymphangitic carcinomatosis and 3 had multiple bilateral lung nodules. [16] However, to our
knowledge, there has not been a systematic radiographic description of these two genomic
alterations.

Traditionally, radiology has focused on correlating imaging features and histopathological
findings. However there is increasing interest in defining the relationship between
radiological findings and specific molecular markers, so called radiogenomics. The practice
of using radiological data to predict genomic features of tumors has grown in parallel with
the expansion in clinicopathologic genomic profiling and the use of targeted therapy.

There have been many descriptive evaluations of the imaging features of tumors with
particular genetic features. [7, 8, 19] In addition, there are a growing number of papers
which rely on the extraction of a very large volume of quantitative and qualitative
radiological features from an image, with subsequent correlation to gene expression profiles.
[20-25] It has also been suggested that radiogenomic analysis can be used to identify
genetic subtypes of tumors likely to respond to therapy. [26]

With regard to lung cancer, several studies have investigated the imaging features associated
with specific genomic alterations. ALK-rearranged lung adenocarcinomas have been
associated with a solid tumor appearance, bulky multi-focal lymphadenopathy, and
lymphangitic metastasis. [7, 8] There have been mixed results in studies assessing the
imaging characteristics of lung adenocarcinomas with £GFR mutations. For example, some
authors have found EGFR—mutant tumors to be most frequently solid, without any
significant difference in tumor morphology between £EGFR-mutant and wild-type tumors
[27] or between EGFR- and KRAS-mutant tumors [28]. Other authors, however, have
suggested an association between the size of a lesions ground glass component and the
likelihood of an EGFR mutation [29]. While Yano et al found no statistical difference
between tumors with an EGFR mutation and those with EGFR wild type, in their series,
EGFR-mutant tumors were most frequently found in tumors with a GGO ratio > 50% [29].
Lee et al compared the imaging characteristics of subtypes of £EGFR mutations and found
that GGO volume was higher in lesions with exon 21 missense mutation than in wild type
tumors. In addition, the prevalence of exon 21 mutation increased along with increasing
volume of GGO in a given lesion [19].To our knowledge, this is the first study to describe
the CT features of tumors harboring RET7- and ROSI rearranged lung adenocarcinomas. The
results of our study demonstrate that adenocarcinoma harboring RET and ROS1 fusions
were frequently solid and spiculated. As compared to tumors with £GFR mutations, tumors
with ROS1 fusions were more likely to be peripheral in location.

This study was limited in regards to small sample size and retrospective nature. Although
study patients were not formally matched, there was no significant difference between the
control group and study groups in regards to sex, age or stage of disease. The control group
was chosen to be composed as a cohort of adenocarcinomas with the EGFR mutation given
the similarity in clinical patient characteristics to adenocarcinoma harboring the RET and
ROS1 fusions such as a never smoker status.
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Lung adenocarcinomas with RET and ROS1 fusions share many radiographic features. In
our small study we present the possible radiologic feature of ROSI as being more peripheral

in

location in comparison to EGFR-mutant lung cancers. While multiplex comprehensive

molecular profiling is advocated for all patients with advanced lung cancers, clinicians

sh

ould consider further testing for RET and ROSL1 fusions in the presence of these

characteristics in lung adenocarcinomas that previously tested negative for EGFR
mutations or ALK rearrangements on non-multiplex testing. Give the small incidence of
these genetic aberrations in lung adenocarcinoma, larger multicenter trials are needed to
further elucidate these radiologic features.
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Highlights
» Radiogenomics can try to characterize the appearance of different lung cancers

» Lung adenocarcinomas with RET and ROS1 fusions share many radiographic
features

» ROS1 tumors present as more peripheral lesions

> Genetic testing in lung adenocarcinoma can offer additional targeted treatment
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Figure 1.
Coned down view of an axial CT. 57 year old female with a right lower lobe

adenocarcinoma demonstrating peripheral location, solid in nature and spiculated margins.
Genomic profiling revealed a RET fusion.
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Figure 2.
Coned down view of an axial CT. 63 year old female with a left upper lobe adenocarcinoma

demonstrating peripheral location, solid in nature and spiculated margins. Genomic profiling
revealed a ROS1 fusion.
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