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Abstract: The majority of incidentally and screen-detected lung cancers are adenocarcinomas. Optimal
management of these tumors is clinically challenging due to variability in tumor histopathology and behavior.
Invasive adenocarcinoma (IA) is generally aggressive while adenocarcinoma in situ (AIS) and minimally
invasive adenocarcinoma (MIA) may be extremely indolent. Computer Aided Nodule Analysis and Risk Yield
(CANARY) is a quantitative computed tomography (CT) analysis tool that allows non-invasive assessment of
tumor characteristics. This analysis may obviate the need for tissue biopsy and facilitate the risk stratification
of adenocarcinoma of the lung. CANARY was developed by unsupervised machine learning techniques
using CT data of histopathologically-characterized adenocarcinomas of the lung. This technique identified
9 distinct exemplars that constitute the spectrum of CT features found in adenocarcinoma of the lung. The
distributions of these features in a nodule correlate with histopathology. Further automated clustering of
CANARY nodules defined three distinct groups that have distinctly different post-resection disease free
survival (DFS). CANARY has been validated within the NLST cohort and multiple other cohorts. Using
semi-automated segmentation as input to CANARY, there is excellent repeatability and interoperator
correlation of results. Confirmation and longitudinal tracking of indolent adenocarcinoma with CANARY
may ultimately add decision support in nuanced cases where surgery may not be in the best interest of
the patient due to competing comorbidity. Currently under investigation is CANARY’s role in detecting
differing driver mutations and tumor response to targeted chemotherapeutics. Combining the results from
CANARY analysis with clinical information and other quantitative techniques such as analysis of the tumor-
free surrounding lung may aid in building more powerful predictive models. The next step in CANARY
investigation will be its prospective application, both in selecting low-risk stage 1 adenocarcinoma for active

surveillance and investigation in selecting high-risk early stage adenocarcinoma for adjuvant therapy.
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Introduction

Adenocarcinoma of the lung encompasses a varied spectrum
of disease with differing behavior, ranging from indolent
lesions with essentially 100% post-resection disease-free
survival (DFS) to aggressive cancer with poor outcomes
despite early and appropriate surgery even in stage 1
disease (1,2). With implementation of the United States
Preventative Services Task Force recommendation to
screen high risk patients for lung cancer (3) we expect
to identify more early-stage cancers—particularly
from the adenocarcinoma spectrum (4). Computer
Aided Nodule Analysis and Risk Yield (CANARY) is
an automated quantitative CT analysis software that
allows risk stratification of pulmonary nodules within the
adenocarcinoma spectrum (5). Developed at Mayo Clinic,
Rochester, MN, CANARY lung nodule characteristics
have been shown to predict consensus histopathology (6).
Further stratification of the type and volume of whole-
nodule CANARY features has been shown to strongly
correlate with post-resection DFS (7,8). Therefore,
CANARY offers a noninvasive method of risk-stratifying
these diverse tumors that may aid in clinical decision
making and potentially surgical planning. In the case of
multifocal adenocarcinoma of the lung, optimal surgical
sequencing based on potential aggressiveness of each tumor
may be considered. In this review we will detail CANARY’s
development, role, validation and potential for clinical use.
Lastly we will explore additional roles for CANARY and
planned studies. We detail studies from our lab group that
are works in progress, planned for submission or presently
existing in abstract form. Please see Tuble 1 for a brief
synopsis of published studies on CANARY to date.

The need for computer-aided diagnostic tools

The National Lung Screening Trial (NLST) demonstrated
a 20% decrease in lung cancer related morality with annual
screening via low-dose high resolution CT chest in patients
with >30 pack years of tobacco use within 15 years of quitting
or ongoing smoking, aged 55-74 years old. This came with,
however, a false positive rate of 96% (5). Though many of
these findings were managed conservatively—it is unclear
whether community practice at large would be able to
safely maintain the same restraint in nodule follow-up and
management. Early data detailing lung cancer screening in
the Veterans Health Administration system suggests an even
higher false positive rate (9). A computer-aided decision tool
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such as CANARY may help add decision support in initial
management coupled with careful clinical judgement.

Another challenge inherent in lung cancer screening is the
relatively high rate of indolent cancers that may never affect
the patient during his or her life time (i.e., overdiagnosis).
Nodules within the adenocarcinoma spectrum are
heterogeneous in histopathology, behavior and radiologic
appearance (10,11). Adenocarcinoma is divided into three
distinct pathologic subtypes defined by degree of parenchymal
invasion: adenocarcinoma in situ (AIS) with no invasion,
minimally-invasive adenocarcinoma (MIA) with <5 mm
invasive focus and invasive adenocarcinoma (IA) with >5 mm
invasive focus (12). Lepidic growth describes tumor growth
along existing alveolar structures without destruction of the
underlying lung architecture. More indolent cancers—AIS
and MIA—are characterized by high proportions of lepidic
growth which is thought to present radiologically as ground
glass opacity and have post-resection DFS approaching
100%—distinctly different than IA (2,11).

Analysis of the NSL'T" cohort revealed that up to 18% of
the screen-detected cancers may be “over-diagnosed (13)”.
This typically refers to tumors with a volume doubling
time (VDT) of 400 days or more (14). Overdiagnosis is a
controversial issue in lung cancer, particularly given that
invasive lung cancer can be highly aggressive and cancers
diagnosed at advanced stage have a 5-year survival rate of
around 18% (15). Nonetheless, identification of cancers with
a more indolent clinical course than their clinically-detected
counterparts seems to be a relatively uncontroversial feature
of lung cancer screening (14,16). Adenocarcinoma has a
higher VDT when compared with squamous cell carcinoma
(303 versus 77 days from LDCT screening data) and the vast
majority of lung cancers that a patient could potentially live
with and not die from will fall within the adenocarcinoma
spectrum (14,17). This begs the question of how to define
overdiagnosis and how to gauge disease-specific mortality
from lung cancer against therapeutic morbidity, mortality and
all-cause mortality. Lung cancer patients may have extensive
tobacco-related comorbidity (18), such as heart disease
and COPD/emphysema, so what then is the benefit from
a curative surgery to remove an indolent neoplasm? The
increased morbidity and potential quality of life changes due
to lung resection or other intervention, the low risk that the
lung cancer would advance in stage or cause mortality and
the cost of therapy vs. active surveillance all raise questions
about management strategy. It is probably most acceptable
to consider ‘overdiagnosis’ as the subset of indolent
adenocarcinomas that many patients will die with—not die
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Table 1 Synopsis at-a-glance of the literature published to date on CANARY
Group n Key points Year
Maldonado et al.; 140 54 nodule training set, 86 nodule validation set, all clinical stage 1/2 2013
Mayo Clinic; J . . - .
Thorac Oncol: PMID: Developed and validated 9 CANARY exemplars by cluster analysis and affinity propagation
23486265 Correlated V-I-R-O exemplars to histopathologic invasive adenocarcinoma
Correlated B-C-G exemplars to lepidic histopathology
Raghunath et al.; 264 Clustered into 3 distinct prognostic groups: Good, Intermediate and Poor 2014
Mayo Clinic; J ) . . - . .
Thorac Oncol: PMID: CAr:C\RI\((Dp;;?noss was superior to stage in predicting post-resection disease free
25170645 sunviva
Maldonado et al.; 294 294 nodules, mostly early stage 2015
M Clinic; Am J . . . . . )
ayo. |n.|c m CANARY risk stratification and prognosis validated within adenocarcinomas identified in a
Respir Crit Care Med; National Lung Screening Trial cohort
PMID: 26052977 ° 9
Nemec et al.; Beth 64 64 resected pure ground glass nodules 2017
Israel Deaconess ) ) . L .
Medical Center: Able to differentiate histopathological invasiveness
Eur Radiol; PMID: First study to analyze contrast-enhanced studies with CANARY
28710575
Shows promise in the application of CANARY to contrast-enhanced studies
Clay et al.; Mayo 118 118 resected clinical stage 1 adenocarcinoma of the lung 2017
Clinic; Sci Rep; PMID: All underwent testing for EGFR mutations
29247171 o
Y + G exemplars were predictive of harboring an EGFR mutation. No CANARY exemplar
combination was predictive of KRAS
Nakajima et al.; 95 High intra-observer reliability of CANARY demonstrated among three newly-trained users 2018

Vanderbilt University;
PLoS One; PMID:
29856852

Published studies to date on CANARY by year and contribution. PMID, PubMed ID.

from (17), but clinical reality is complex. A uniform approach
to treatment of these lesions via standard lobectomy seems
accordingly unwarranted hence the impetus for developing
biomarkers including non-invasive quantitative imaging tools
such as CANARY that can aid in clinical decision support
and patient management.

Development of CANARY

CANARY was developed from analysis of historical data at
Mayo Clinic, Rochester, MN by the Biomedical Imaging
Resource. Robust historical data including patients with
resected adenocarcinoma spanning the spectrum from
indolent to aggressive histopathology was analyzed. Full
imaging, histopathology and survival data for 54 pulmonary
nodules of the adenocarcinoma spectrum between 2008-
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2010 of the adenocarcinoma spectrum served as the training
set. Another 86 nodules resected from 80 patients between
2006-2007 served as the independent validation set. All
cases had preoperative non-contrast HRCT chest within
3 months prior to resection. Nodule histopathology was
scored in detail by two expert lung pathologists for percent
lepidic growth present, invasion and histologic subtype (6).
An expert thoracic radiologist (BB) arbitrary selected
774 regions of interest (ROI, size =9x9 voxels) from
37 nodules (of the 54 nodule training set) spanning the
radiologic spectrum from pure ground glass to solid density.
Density-based histograms from each of the 774 ROIs
were compared by a similarity metric and clustered with
affinity propagation techniques (19). This process resulted
in automatic (independent of human operator influence)
sorting of the histograms into nine clusters that represent

Transl Lung Cancer Res 2018;7(3):313-326
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Figure 1 Nodule characterization by CANARY in which the (A) the nodule is selected and (B) a mask is generated encompassing the

nodule’s volume in which CANARY analysis assigns each voxel the color code of the closest exemplar which is also represented by a glyph

(inset) displaying the relative proportion of each exemplar within a nodule.

the spectrum of CT characteristics of an adenocarcinoma.
The exemplar at the centroid of each cluster was considered
a canonical CANARY feature, and each feature type was
arbitrarily color coded Violet (V), Indigo (I), Red (R),
Orange (O), Yellow (Y), Pink (P), Blue (B), Cyan (C) and
Green (G)—making up the nine CANARY exemplars.

To analyze the entirety of a nodule prospectively, a
segmentation tool was used to extract the nodule from the CT
volume. This segmentation technique included constrained
region growing from a seed in the nodule and manual
intervention to correct or exclude structures such as the chest
wall, vessels or other anatomy outside of the margin of the
nodule. Any regions not automatically included in the nodule
volume could be manually added through manual tracing
operations on a slice by slice basis. The voxels within the
segmentation defined the nodule volume (20,21). Each pixel
of the nodule volume is classified by comparing the histogram
characteristics of each pixel’s 9x9 voxel neighborhood to
the CANARY exemplars (V, I, R, O, Y, P, B, C, and G) in
a pairwise fashion and assigning the color code of the most
similar exemplar. This process yields a comprehensively color-
coded nodule that can be visualized as an overlay on the
original images, a 3D representation, quantification of features
in a spreadsheet or summarized as a representative glyph that
demonstrates the overall volume and relative proportions of
each exemplar present in the nodule volume (Figure 1) (6,7).

Radiologic biopsy

All of the CANARY features of the nodules in the training

set were analyzed for similarity using multidimensional
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scaling and cluster analysis by affinity propagation. This
demonstrated three natural clusters of the CANARY
exemplars: V-I-R-O, Y-P and B-C-G. Furthermore it was
shown that the V-I-R-O cluster correlated with invasive
histopathology and the B-C-G cluster correlated with
lepidic histopathology. This allowed creation of a decision
tool to classify nodules as AIS, MIA or Al based on the
relative proportions of the CANARY features. Using a
decision tree primarily driven by the % presence of V-I-R-O,
a nodule could be confidently classified as AIS, MIA or IA.

Sixteen nodules from the training set spanning from 0
to 100% lepidic growth were then analyzed by multinomial
regression analysis to generate predictive equations for
CANARY exemplars to determine invasiveness. Correlation
was high in the training set, and remained high in the 38
remaining nodules in the training and validation sets: Spearman
R =0.89, CI: 0.83-0.93; P<0.0001. All nodules were scored by
thoracic radiologists as AIS, MIA or IA to allow comparison
of radiologist opinion with CANARY’s ability to predict
underlying histopathology. CANARY demonstrated superior
sensitivity and specificity compared to expert radiologist
opinion or more detailed analysis of the consolidation/tumor
(C/T) ratio (6,10). This supports an intimate connection of the
CANARY exemplars to histopathology in adenocarcinoma—a
key finding given that histopathology describes tumor behavior
in adenocarcinoma of the lung (Figure 2) (2,12).

Risk stratification

Given the ability to use nodule CT histogram features to
predict histopathology of adenocarcinoma of the lung, we

Transl Lung Cancer Res 2018;7(3):313-326
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Figure 2 CANARY classification is tied to underlying histology. Column one shows representative axial HRCT slices of adenocarcinomas

with their CANARY parametric signatures overlying the nodule in the next column. Rows are ordered from least to most invasive given

their correlation to histology demonstrated in column 3 with examples of AIS, MIA and IA. HRCT, high resolution computed tomography;

AIS, adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma; IA, invasive adenocarcinoma.

tested CANARY’s ability to determine disease-free survival
(DFS) after definitive resection. We identified a total of 306
resected adenocarcinomas of the lung including 264 clinical
stage 1 nodules between 2006 and 2009 with 170 nodules
(128 of which were clinically stage 1) serving at the training
set. All nodules had curative (RO) resection. Each nodule
was analyzed by CANARY and the resulting nodule glyphs
were allowed to cluster by affinity propagation, sorting into
3 distinct nodule clusters:

% Cluster 1: predominantly B-C-G;

¢ Cluster 2: mixed,;

% Cluster 3: predominantly V-I-R-O.

Next all 264 of the clinical stage 1 nodules were
categorized into the aforementioned clusters. DFS free
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survival was analyzed for each cluster by Kaplan-Meier.
Median follow-up was 3.07 years. Clustering was significant
by analysis of similarity (ANOSIM R =0.59, P=0.001).
DFS information was extracted blinded to the CANARY
categorization and we found distinct survival differences
between the groups. Cluster 1 had a 5-year survival of 100%,
Cluster 2 of 72.7% and Cluster 3 of 51.4%. These were
labeled as Good, Intermediate and Poor prognosis groups,
respectively. We found the post-resection DFS based on the
CANARY classification mirrored what would be predicted by
the known histopathology. In addition, the CANARY-based
prognosis groups had significantly better outcome prediction
compared to pathologic Tumor Node Metastasis (TNM)
stage (P<0.0001 versus 0.55, respectively) (7).

Transl Lung Cancer Res 2018;7(3):313-326
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Validation within the NSLT cohort

The NLST is the largest study to date of structured lung
cancer screening with scheduled low dose CT chest (5). To
further validate CANARY’s risk stratification we analyzed
the 352 screen-detected cases of adenocarcinoma within the
NLST cohort. A total of 294 of the subjects were appropriate
for CANARY analysis with exclusion criteria of missing data,
tumors embedded in the hilum or mediastinum that could
not be segmented from the surrounding tissue or multiple
nodules confounding the ability to determine cancer-related
survival for an individual nodule (8).

Of 294 screen-detected adenocarcinomas, 23 patients
experienced recurrence (7.8%) and 63 died related to their
lung cancer (21.4%). CANARY analysis was applied to
all 294 nodules including the risk model. Nodules were
stratified into the three risk categories: good, intermediate
and poor. Kaplan Meier survival curves validated the
previous risk stratification results, showing three distinct
outcome groups (Figure 3) with near 100% survival in
the Good group and fully 100% survival in the Good
group when analysis was restricted to the 218 stage 1
adenocarcinomas (P<0.001, P=0.008, respectively) (8).

Interobserver agreement

Nodule characterization by CANARY is fully-automated
and essentially instantaneous. However, meaningful results
from CANARY require that the nodule is captured in its
entirety and that non nodule areas such as blood vessels,
the hilum and pleural structures as well as adjacent lung are
not misclassified as part of the nodule. Prior to CANARY
analysis, we utilize a semi-automated segmentation
algorithm to generate a mask enveloping the nodule to
be analyzed. This mask is generated based upon density
thresholds, but since nodule density may vary from
subtle ground glass to entirely solid, many automated
segmentations based on a simple thresholding will either
under or over-estimate the nodule volume. For these
reasons, and the complexity of nodules that may be adjacent
to or invade anatomy which is not neoplasm, it is essential
for the process to be overseen with an expert user manually
editing the borders and either adding or removing regions
to the volume to be analyzed. Because of the potential
for variability in the segmentation process, there is the
possibility for error in reproducibility of nodule analysis and
thus risk stratification.

To understand the reproducibility and ensure wide
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applicability of CANARY, three investigators who were
not involved in the initial development of CANARY each
separately segmented a set of 95 pathologically-determined
adenocarcinoma of the lung nodules. In order to explore
interobserver agreement, 45 of the nodules were from
the Mayo Clinic, Rochester, MN and 50 from Vanderbilt

University, Nashville, TN. Interobserver agreement was

measured in several ways:

% Segmentation was assessed by dice similarity

coefficient (22);

s Intra-class correlation (ICC) was determined for
each for each of the nine CANARY exemplars as
well as the summed exemplar category V-I-R-O by
percent nodule volume (6);

% Agreement among the determination of CANARY-
based risk category (good/intermediate/poor) was
assessed by Fleiss Kappa coefficient.

Overall interobserver agreement was excellent by all
metrics. Dice similarity was 0.79 for the Vanderbilt cohort
and 0.81 for the Mayo cohort with a level >0.70 defined
as excellent agreement (22). Agreement among exemplar
presence was strong with a mean ICC 0.83 (95% CI: 0.76-
0.90) for the Vanderbilt cohort and 0.85 (95% CI: 0.80-
0.90) for the Mayo cohort. Lastly the Fleiss Kappa score
was 0.75 (95% CI: 0.62-0.88) for the Vanderbilt cohort and
0.82 (95% CI: 0.70-0.94) for the Mayo cohort. A Kappa
score of 0.61-0.80 signifies significant agreement and
0.81-1.00 signifies perfect agreement. Our group concluded
that with adequate training, CANARY can be widely
applied with reproducible results (23). Additional internal
validation among three independent users (B Bartholmai,
R Karwoski, S Rajagopalan) for 283 adenocarcinomas from
Mayo historical cases again showed excellent ICC for all
exemplars and the summed V-I-R-O category (Tuble 2). We
also analyzed ICC as a function of nodule size for this same
validation cohort (n=283) and found that nodule size did
not affect ICC for the differing exemplars and the summed
V-I-R-O category (Figure 4).

Application of CANARY to other thoracic
malignancies

Though both adenocarcinoma of the lung and squamous
cell carcinoma are lumped under the umbrella of ‘non-
small cell lung cancer (NSCLC),” due to the role of surgery
in early stage disease and similar overall survival (24,25)—
they are clinically distinct tumors. Squamous cell carcinoma
has a distinctly different molecular profile compared

Transl Lung Cancer Res 2018;7(3):313-326
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Figure 3 Disease free survival by Kaplan Meier analysis based on CANARY prognostic group with representative nodules from the good
(G), intermediate (I) and poor (P) groups with the nodule, CANARY-coded overlay and glyph by row and KM analysis by prognostic group

where green = G, violet =1 and red = P.

with adenocarcinoma, is typically a more aggressive
tumor and has differing radiologic appearance and more
rapid VDT (26-29). We initially focused our attention
on adenocarcinoma with this tool given the increased
prevalence of adenocarcinoma in a screening population
and possibility of more nuanced management for indolent
adenocarcinoma in which surgical resection may warrant a
more individualized approach.

Ultimately CANARY needs prospective study to
compare active surveillance with usual care in low-risk
nodules in carefully-selected patients. We would only
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consider nodules stratified into the “good” prognosis for
observation. Before undertaking this, however, we needed to
prove that were CANARY accidentally fed a nodule not of
the adenocarcinoma spectrum—it would not categorize it as
good. We want to avoid accidental observation of squamous
cell or small cell carcinoma. To test this hypothesis we
applied CANARY to screen-detected non-adenocarcinoma
cancers within the NLST.

We identified 213 screen-detected non-adenocarcinomas
within the NLST—129 of which were able to be analyzed
by CANARY (86 squamous cell, 21 large cell, 18 small cell

Transl Lung Cancer Res 2018;7(3):313-326
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Table 2 Intra-class correlation coefficient (ICC) calculated for each CANARY exemplar, the VIRO group, and the average of all exemplars

CANARY exemplar

VUMC cohort (n=45)

Mayo cohort | (n=50) Mayo cohort Il (n=283)

Average ICC (95% Cl) 0.828 (0.760-0.895)
v 0.925 (0.891-0.959)
[ 0.795 (0.710-0.880)
0.910 (0.870-0.951)
0.467 (0.302-0.632)
0.827 (0.754-0.901)
0.864 (0.804-0.923)

0.977 (0.966-0.988)

O T O <X O

0.868 (0.810-0.926)
P 0.778 (0.687-0.869)

V-I-R-O 0.865 (0.687-0.869)

0.852 (0.804-0.901)
0.953 (0.930-0.976)
0.871 (0.811-0.931)
0.963 (0.945-0.984)

0.151 (-0.035 to 0.338)

0.881 (0.826-0.937)
0.965 (0.947-0.982)
0.990 (0.985-0.995)
0.939 (0.909-0.969)
0.866 (0.804-0.928)
0.942 (0.913-0.970)

0.871 (0.843-0.890)
0.922 (0.906-0.936)
0.806 (0.770-0.838)
0.884 (0.861-0.904)
0.707 (0.657-0.753)
0.834 (0.801-0.861)
0.953 (0.910-0.996)
0.986 (0.983-0.989)
0.878 (0.854-0.899)
0.830 (0.797-0.858)
0.909 (0.890-0.925)

An ICC of 0.8-1 reflects high agreement between users. The average (Avg.) ICC of all exemplars measured as a percentage of the
segmented adenocarcinoma volume was calculated for the Vanderbilt University Medical Center (VUMC) and the Mayo Clinic cohorts.

ICCs and 95% confidence intervals (Cl) are shown.

Exemplar ICC vs. nodule size

0.8

0.6

0.4

0.2 |
OIOVIBGYORCPVIRO

m<1icm; N=114 m>1cm, <2.5cm; N=130 m >2.5cm; N=39

Figure 4 Intra-class correlation (ICC) as a function of nodule size
for each of the CANARY exemplars and summed exemplar V-I-
R-O demonstrates that nodule size had minimal impact on ICC

among three CANARY users for a cohort of 283 adenocarcinomas.

and 4 carcinoid). Only nodules >8 mm were analyzed. Only 2
nodules—both squamous cell carcinoma—were categorized
in the “good” prognosis—all others classified as intermediate
or poor—demonstrating that CANARY will be unlikely to
categorize a non-adenocarcinoma as appropriate for close
observation. Of the two cases miscategorized, one was a flat
nodule just above the lower size limit cutoff of 8 mm and the
other was an 11 mm subsolid opacity in the same location as
a subsequent stage 3a squamous cell carcinoma (Figure 5).
Due to the structure of the NLST database, we were unable
to verify whether this was in fact the subsequent cancer or if
it was a nodule within the same location as a cancer, but was
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the initial reason for this case being in the screen-detected
rather than interval cancer arm (30).

CANARY prognostic categories analyzed by Kaplan
Meier survival curves and log rank sum were not statistically
significant when applied to the non-adenocarcinoma
cohort (P=0.66, P=0.22 for all non-adenocarcinomas and
the squamous cell carcinoma subset, respectively) (30).
We expected this given that adenocarcinoma represents a
well characterized and distinct subset of cancer to which
CANARY is calibrated. This informs our caution regarding
radiology-based approaches that lump all cancers together.

Independent validation of CANARY

Though CANARY has been externally validated—all
studies to date involved at least one of CANARY’s original
architects. In the study by Nemec ez 4/., a group with no
prior experience with CANARY was able to independently
verify its utility in determining histopathology. The
prior CANARY studies all had morphologically diverse
nodules—whereas Nemec’s group picked a morphologically
homogeneous group entirely composed of adenocarcinoma
that presented on CT as pure ground glass nodules. Based
on radiologic assessment, all 64 tumors analyzed would
have been typified as non-invasive (10), however 10 of the
64 were ultimately characterized as IA on histopathology,
showing the limitations of visual assessment alone (31).

Transl Lung Cancer Res 2018;7(3):313-326
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Figure 5 The nodules that preceded the two screen-detected squamous cell carcinomas CANARY categorized as good. (A) Shows an

axial CT of a semisolid 11 mm nodule on the left (arrow) with (B) CANARY parametric signature on the right with inset glyph that was

categorized as good; (C) shows an axial CT of a flat 8.7 mm nodule classified as good (arrow) with the (D) parametric signature and glyph on

the right. This nodule was also in the same location as a subsequent squamous cell carcinoma.

Notable aspects of this study are:

% 21 (36%) of the studies were contrast enhanced,
however linear regression analysis showed no
relation between CANARY signature and contrast
administration (P=0.331-0.664);

% B-C-G within the adenocarcinoma negatively

53

o

correlated with size of the invasive focus (r=-0.406,
P=0.005);

% % Y-P within the adenocarcinoma positively
correlated with size of the invasive focus (r=0.407,
P=0.005);

% % V-I-R-O within the adenocarcinoma positively

correlated with the size of the invasive focus (r=0.467,

P<0.0001);

Despite working without an automated segmentation

algorithm, CANARY analysis per case was only

about 10 minutes (31).

It is promising that with no guidance from our group,

CANARY successfully distinguished invasiveness among

a radiologically homogeneous group of adenocarcinomas

®,
X4

>
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presenting as ground glass nodules. This shows CANARY’s
flexibility in application to new clinical questions and
opens the door for future groups to work with CANARY
to address additional questions in the management of
adenocarcinoma of the lung.

Comparison to other quantitative techniques

At present there are multiple techniques coming in to the
field of radiomics—a novel area that studies the multitude
of raw data involved in a radiologic imaging study to predict
different tumor characteristics (32). Hugo Aerts’ group is
arguably the most prolific with high quality studies that have
demonstrated the possibility of predicting tumor histology
(AUC =0.56-0.72) and prognosis (AUC =0.60) (33,34). While
the predictive abilities are lower than hoped, the quantitative
image features extracted such as tumor heterogeneity, are
stable throughout training and validation sets. However,
lumping all cancers together may make it difficult to fine-
tune a radiologic biomarker—which is one of the strengths in

Transl Lung Cancer Res 2018;7(3):313-326



322

CANARY?s calibration to adenocarcinoma.

Other semi-quantitative tools such as measuring the
consolidation/tumor ratio (C/7T) offer high specificity but
weak sensitivity to determine the invasiveness and thus
risk of adenocarcinoma (10). Relying purely on radiologic
features diminishes the sensitivity to detect differences in
adenocarcinoma. This method reduces the multiple data
points available within the quantitative assessment of a
tumor (e.g., the nine CANARY exemplars) to a dichotomous
variable dependent on the proportion of ground glass
present. In that reduction, useful information is lost.

Prediction of driver mutations

Driver mutations such as EGFR, KRAS and ALK
determine tumor behavior and ability to treat with targeted
chemotherapeutics (35-38). Given the connection between
histopathology and tumor behavior, we hypothesized that
CANARY exemplars may be able to predict driver mutations
as well. We analyzed a subset of our earlier data that had
archival tissue and preoperative HRCT within 3 months of
adenocarcinoma resection. We applied the AmpliSeq Cancer
Hotspot Panel v2 (Thermo Fischer Scientific) to amplify
tumor DNA. This panel targets over 2,800 possible somatic
mutations within 50 cancer-associated genes (39).

In addition to CANARY analysis we performed
quantitative CT analysis of a 10 mm envelope of tumor-
free surrounding lung given that tumors likely exert some
degree of pathologic change on the adjacent tissue via
tumor-mediated cytokines from tumor fibroblasts (21,40).
One hundred and eighteen tumors were analyzed by
50 gene panel and CANARY. Of the 118 tumors,
15 harbored EGFR mutations, 47 harbored KRAS
mutations and 48 harbored TP53 mutations. KRAS and
EGFR mutations were mutually exclusive, but 5 of the
15 EGFR mutations had concurrent TP53 mutations (39).

Increase in the V-I-R-O component of the tumor was
correlated with a decreased likelihood of harboring an
EGFR mutation with each 10% decrease in percent V-I-
R-O present associated with a 23% increase in the odds of
being an EGFR mutant (OR 1.23, 95% CI: 1.04-1.46). Y-P
was also positively associated with the likelihood of carrying
an EGFR mutation (P=0.02 by Wilcoxon rank sum). Each
exemplar was examined by stepwise logistical regression
and none were found to be predictive of KRAS, nor were
quantitative features of the tumor-free surrounding lung.
EGFR-containing tumors, however, had less fibrosis in
the tumor-free surrounding lung compared with wild
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type (P=0.007). Both Y and G exemplars were found to be
weakly predictive of harboring an EGFR mutation. Finally,
a multivariate model of Y and G was predictive of EGFR
status with an AUC of 0.77, which was strengthened when
considering smoking status to an AUC of 0.85. Our small
data set limited our ability to test more than two variables
due to the hazard of overfitting the model (39).

Predict response to targeted chemotherapy

In exploratory analysis, CANARY showed promise in
predicting EGFR-containing tumors. Theoretically,
CANARY along with other radiomic techniques when
fully developed and calibrated could be superior to biopsy
at predicting response to differing therapeutics. Tumors,
including NSCLC, have heterogeneous expression of
mutations. Needle biopsies could easily miss a mutation
and deliver a false negative result, depending on the region
of the tumor sampled. Quantitative CT analysis captures a
tumor in its 3-dimentional entirety, and thus can account
for that heterogeneity. We are actively studying the role of
CANARY to predict response to EGFR-targeted tyrosine
kinase inhibitors—and this experimental design can and
should be applied to other targeted therapies such as ALK
and PD-1 targeted therapies. Additional design elements
will be looking at the change in CANARY parametric
signature over time to determine which signatures tend to
represent a given mutation.

Prospective applications of CANARY

Given CANARY’s robust performance in retrospective
use—it needs prospective validation so we can bring it to
the forefront to aid in individualized cancer care. Survival
after curative resection for stage 1 NSLCLC ranges from
61-77% depending on whether the tumor is >3 cm—the
cutoff between stage la and stage 1b. Other clinical tools
such as more discrete size cutoffs offer more granularity with
prognosis (25), but data on adjuvant therapy in stage 1la and 1b
still does not show a clear survival benefit for all comers (41).
For these reasons the National Comprehensive Cancer
network recommends against adjuvant therapy in stage la
NSCLC and urges an individualized decision in stage 1b
NSCLC. In early clinical stage adenocarcinoma, CANARY
risk stratification has superior performance when compared
to TNM stage (7,8). Given the continued poor outcomes
despite curative surgery, CANARY deserves prospective
evaluation to more precisely select ‘high risk’ patients for
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Figure 6 Active nodule surveillance over time with CANARY analysis. (A) Nodule surveillance over 14 months in a patient with interstitial
lung disease. At time point 3 the nodule is nearly entirely composed of V-I-R-O exemplars and has shifted into the poor prognosis group. At
resection the patient was diagnosed with invasive adenocarcinoma, stage 3a with metastatic foci in the station 7 lymph node. (B) Pulmonary
nodule initially in the intermediate prognosis category with evolution over 2-year follow-up. The patient underwent nodule resection after
interval growth that coincided with a shift to the poor prognosis group. The nodule was an invasive adenocarcinoma, pathologic stage la.
(C) Glyphs showing the evolution of a slow-growing nodule over the course of 10 years active surveillance. The CANARY glyphs are stable
for an extended period of time before the composition of the glyph starts to assuming a more aggressive phenotype, though the nodule itself
remains in the good prognostic category. The glyph stability and change in composition was incorporated into joint decision making with

the patient, who ultimately pursued surgical resection which revealed a minimally invasive adenocarcinoma (MIA) with 4 mm invasion.

adjuvant therapy despite early stage disease.

CANARY?’s other potential prospective role is selecting
low-risk early stage tumors that can safely undergo active
surveillance. We have seen that CANARY is unlikely
to misclassify an aggressive non-adenocarcinoma for
observation (30). Lobectomy is a morbid procedure, and
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if a patient’s life span is not going to be adversely affected
by living with a low-risk tumor—similar to how we view
many prostate cancers—lobectomy and pneumonectomy
clearly offer more harm than benefit (42,43). We can only
determine the prospective operating characteristics of
CANARY by prospective trial. Figure 64,B,C demonstrates
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three different cases of nodule surveillance over time. Case
C best represents the ideal nodule selection for prospective
active surveillance: a slow-growing nodule followed by
serial CT scans for 10 years in the “Good” category. Cases
A and B show the change in nodule composition over time
in patients who were not ideal surgical candidates due
to medical comorbidity. Based on our understanding of
indolence and over-diagnosis in adenocarcinoma, this study
must be done and can be undertaken safely with proper
follow-up interval.

Conclusions

Since its introduction in 2013, CANARY has been shown to
reliably provide noninvasive detection of adenocarcinoma
histopathology. From this, risk analysis using CANARY
has been validated to provide superior post-resection DFS
when compared with staging data and CANARY analysis
may offer insight into a tumor’s underlying mutational
status. The next studies for CANARY are its prospective
roles in selecting adenocarcinoma for adjuvant treatment
and in selecting indolent adenocarcinomas for structured
observation.
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