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Purpose: To present a radiogenomic computed tomographic (CT) 
characterization of anaplastic lymphoma kinase (ALK)-
rearranged non–small cell lung cancer (NSCLC) (ALK+).

Materials and 
Methods:

In this HIPAA-compliant institutional review board–ap-
proved retrospective study, CT studies, ALK status, and 
clinical-pathologic data in 172 patients with NSCLC from 
three institutions were analyzed. A screen of 24 CT image 
traits was performed in a training set of 59 patients, fol-
lowed by random forest variable selection incorporating 
24 CT traits plus six clinical-pathologic covariates to iden-
tify a radiogenomic predictor of ALK+ status. This predic-
tor was then validated in an independent cohort (n = 113). 
Test-for-accuracy and subset analyses were performed. A 
similar analysis was performed to identify a biomarker as-
sociated with shorter progression-free survival (PFS) after 
therapy with the ALK inhibitor crizotinib.

Results: ALK+ status was associated with central tumor location, 
absence of pleural tail, and large pleural effusion. An ALK+ 
radiogenomic CT status biomarker consisting of these 
three imaging traits with patient age of younger than 60 
years showed strong discriminatory power for ALK+ status, 
with a sensitivity of 83.3% (15 of 18), a specificity of 77.9% 
(74 of 95), and an accuracy of 78.8% (89 of 113) in in-
dependent testing. The discriminatory power was particu-
larly strong in patients with operable disease (stage IIIA or 
lower), with a sensitivity of 100.0% (five of five), a speci-
ficity of 88.1% (37 of 42), and an accuracy of 89.4% (42 
of 47). Tumors with a disorganized vessel pattern had a 
shorter PFS with crizotinib therapy than tumors without 
this trait (11.4 vs 20.2 months, P = .041).

Conclusion: ALK+ NSCLC has distinct characteristics at CT imaging 
that, when combined with clinical covariates, discriminate 
ALK+ from non-ALK tumors and can potentially identify 
patients with a shorter durable response to crizotinib.

q RSNA, 2014
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National University Hospital [SNUH], 
Massachusetts General Hospital [MGH], 
and Scottsdale Healthcare Medical Cen-
ter [SHC]) approved this Health In-
surance Portability and Accountability 
Act–compliant retrospective study of 
prospectively collected data. Only those 
patients who satisfied the inclusion cri-
teria of having undergone an evaluable 
pretreatment enhanced chest CT study 
of the primary tumor or a dominant 
lesion and having a cell type diagnosis, 
clinical follow-up data, and data on ALK 
rearrangement status were included in 
this study (11,22,23).

All patients with ALK+ disease 
were obtained from either a phase I 
or a phase II multi-institutional single-
arm study for the evaluation of crizo-
tinib in patients with ALK+ tumors 
(NCT00585195 or NCT00932451, re-
spectively) or a phase III dual-arm trial 
comparing crizotinib with chemother-
apy in ALK+ tumors (NCT00932893) 
(11,22,23). From an initial screen of 
82 patients with ALK+ NSCLC en-
rolled in the phase I, II, or III studies, 

patients with tumors harboring specific 
mutated pathways and by subsequently 
targeting those mutant pathways directly 
(10–20). Accordingly, phenotypic char-
acterization to optimize patient stratifi-
cation is becoming of paramount clinical 
relevance.

It is now appreciated that ALK+ tu-
mors represent up to 5% of all primary 
NSCLCs and tend to occur in younger 
nonsmoking patients who have a his-
tory of never having smoked or of being 
former light smokers (10 pack-years). 
These tumors are predominantly of the 
adenocarcinoma cell type (3). Unfortu-
nately, owing to its relatively recent dis-
covery and low prevalence, little is known 
regarding the tumors’ imaging character-
istics and their relationship to the ALK+ 
molecular phenotype (ie, the ALK radio-
phenotype). Clearly, noninvasive imaging 
strategies that can aid in the identification 
of this molecular phenotype and its dif-
ferentiation from other adenocarcinomas 
would be of great clinical importance. 
This type of analysis has been shown to 
be feasible in other tumors in previous 
studies (15,17–19,21). To address this 
critical need, we undertook a study to 
characterize the computed tomographic 
(CT) ALK radiophenotype in a multi-in-
stitutional cohort of patients with ALK+ 
disease pooled from two prospective clin-
ical trials. Because ALK+ NSCLC repre-
sents a distinct and treatable molecular 
phenotype, our objective was to provide 
a radiogenomic CT characterization of 
ALK-rearranged NSCLC (ALK+ NSCLC) 
from data in a multi-institutional cohort.

Materials and Methods

Patients and Data Selection
The institutional review boards at each 
of the participating centers (Seoul 
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Advances in Knowledge

nn Anaplastic lymphoma kinase–pos-
itive (ALK+) tumors appear to 
possess a distinctive CT radio-
phenotype characterized by cen-
tral location, absence of pleural 
tails, and association with large 
pleural effusions.

nn The ALK radiogenomic CT status 
(ARCS) biomarker, an ALK+ 
status biomarker, has an accu-
racy of 78.8% (89 of 113), a sen-
sitivity of 83.3% (15 of 18), and 
a specificity of 79.9% (74 of 95) 
for ALK+ detection in an inde-
pendent validation set.

nn The ARCS biomarker is particu-
larly strong in nonadvanced 
disease (stage IIIA or lower), 
with an accuracy of 89.4% (42 of 
47), a sensitivity of 100.0% (five 
of five), and a specificity of 
88.1% (37 of 42).

nn The disorganized tumor vascular 
pattern radiophenotype can pre-
dict patients with ALK+ non–
small cell lung cancer (NSCLC) 
who are likely to have a shorter 
durable response to crizotinib (P 
= .041).

Implication for Patient Care

nn ALK+ NSCLC has distinct charac-
teristics at CT that, when com-
bined with clinical covariates, 
discriminate ALK+ from non-
ALK tumors and can potentially 
identify patients with a shorter 
durable response to crizotinib.

The recent identification of activat-
ing mutations and translocations 
in the anaplastic lymphoma kinase 

(ALK) gene in non–small cell lung can-
cer (NSCLC) represents an important 
breakthrough in lung cancer manage-
ment (1–5). We now appreciate that 
NSCLCs harboring activation of the ALK 
gene (commonly reported as EML4-ALK 
translocation) represent a distinct lung 
cancer molecular phenotype (6,7). Fur-
thermore, ALK, a member of the ty-
rosine kinase family, has recently been 
validated as a viable therapeutic target; 
patients with advanced ALK-rearranged 
(ALK+) NSCLC demonstrate a striking 
benefit in response to the small-mole-
cule ALK inhibitor crizotinib (Xalkori; 
Pfizer, New York, NY) (4,8,9). These 
and similar findings in other cancers 
confirm the thesis that patient outcomes 
can be markedly improved through ju-
dicious identification and selection of 



THORACIC IMAGING: CT Radiogenomic Characterization of ALK Phenotype in Non–Small Cell Lung Cancer	 Yamamoto et al

570	 radiology.rsna.org  n  Radiology: Volume 272: Number 2—August 2014

Systems, Best, the Netherlands). CT 
parameters were as follows: 50–150 mL 
of nonionic iodinated contrast material 

Wis; Sensation 16, Siemens Medical 
Systems, Erlangen, Germany; or Bril-
liance 64 or MX8000, Philips Medical 

47 met the criteria. Thirty-seven pa-
tients came from SNUH, and 10 came 
from MGH. For the nonrearranged 
(ALK2) tumors, a total of 125 patients 
satisfied the inclusion criteria (74 from 
SNUH, 24 from MGH, and 27 from 
SHC). Detailed patient characteristics 
of the study population are described 
in Table 1.

Clinical and pathologic data were 
obtained from medical records, in-
cluding sex, smoking status, age at di-
agnosis, tumor stage, cell type, ALK+ 
status, treatment regimens, objective 
response, and progression-free survival 
(PFS). Treatment responses were clas-
sified by using the standard Response 
Evaluation Criteria in Solid Tumors, or 
RECIST, 1.1 (24). PFS was measured 
from the 1st day of treatment until 
death, radiologic or clinical progres-
sion, or last follow-up.

Histologic Evaluation and Molecular 
Analysis
For histologic evaluation, tumors were 
classified by using standard World 
Health Organization criteria (25). Mo-
lecular analysis for ALK+ status was 
performed on formalin-fixed paraffin-
embedded (FFPE) tumor samples by 
means of fluorescence in situ hybrid-
ization with the use of an ALK break-
apart (or split-signal) probe, as previ-
ously described (3,11). The remaining 
sample types were chosen to represent 
a heterogeneous mix of NSCLC mo-
lecular phenotypes, reflective of the 
predominant adenocarcinoma mutant 
subtypes found in the NSCLC general 
population. EGFR (mutant/wild type), 
KRAS, and TP53 (tumor protein 53) 
mutations were measured from FFPE 
samples by means of direct DNA se-
quencing (3,26).

CT Imaging Screen
Only patients who underwent pre-
treatment CT imaging for staging per-
formed up to 3 months prior to treat-
ment were included (data collected 
from March 2009 to February 2013). 
At the three institutions, enhanced 
chest CT was performed by using one 
of four CT systems (LightSpeed Ul-
tra, GE Medical Systems, Milwaukee, 

Table 1

Clinical Characteristics of Patients with Various Tumor Mutations

Characteristics

Training Set Testing Set

ALK+ ALK2 ALK+ ALK2

No. of patients 29 30 18 95
Age (y)* 57 (30–80) 70 (42–90) 59 (33–82) 67 (39–90)
Sex
  Male 20 13 6 35
  Female 9 17 12 50
  Unknown 0 0 0 4
Race
  Eastern descent 29 30 9 47
  Western descent 0 0 9 47
  Unknown 0 0 0 1
Smoking status
  Smoker 9 9 4 45
  Never smoker 14 20 12 42
  Unknown 6 1 2 8
Stage
  Operable (IIIA) 3 2 5 42
  Inoperable (IIIB) 26 28 13 51
  Unknown 0 0 0 2
Histologic cell type
  Adenocarcinoma 29 29 18 80
  Squamous cell carcinoma 0 0 0 5
  Unknown 0 1 0 10
Mutation
  KRAS 0 0 0 6
  TP53 0 0 0 13
  Wild type 0 0 0 41
  EGFR 0 30 0 35
Tumor location
  Central 13 7 10 21
  Peripheral 16 23 8 74
Pleural tail
  Yes 9 23 3 63
  No 20 7 15 32
Pleural effusion
  None 12 20 9 71
  Small 6 7 6 18
  Moderate 6 2 2 4
  Large 5 1 1 2
Age . 60 years
  Yes 7 20 4 59
  No 22 10 14 36

Note.—Unless otherwise specified, data are numbers of patients. Twenty-three patients with ALK+ disease in the training set 
were treated with crizotinib for a median of 12.3 months (range, 4.86–49.5 months). Fifteen of these patients experienced 
progression of disease. Fourteen patients with ALK+ disease in the test set were treated with crizotinib for a median of 11.3 
months (range, 1.9–40.7 months). Ten of these patients experienced progression of disease. EGFR = epidermal growth factor 
receptor, KRAS = V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog, TP53 = tumor protein 53.

* Data are medians, with ranges in parentheses.
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As prespecified by the original crizo-
tinib clinical trials from which these pa-
tients were accrued, only patients who 
completed the full cycle of crizotinib 
treatment until proven progression or 
who tolerated the drug without marked 
toxicity were included in this analysis, 
yielding 35 patients for subsequent 
analysis (28). Utilizing the same mod-
ified random forest algorithm for trait 
selection, we trained a binary outcome 
model including only patients with 
documented progression (n = 23). The 
23 patients were “trained” by assigning 
them into two groups on the basis of 
their time to documented progression, 
in which they had either above or be-
low the median PFS. We then applied 
the resulting biomarker generated from 
the modified random forest analysis on 
the full data set of 35 patients (both 
censored and noncensored patients) 
to identify those likely to have a short-
er durable response time, with the 
readers blinded to outcome. Kaplan-
Meier survival curves were generated, 
and the log-rank test was used to as-
sess statistical difference between early 
PFS versus late PFS groups. Differences 
in clinical covariates between the two 
groups of patients defined by the image 

from multiple institutions and consisted 
of patients with ALK+ NSCLC (n = 18; 
eight from SNUH and 10 from MGH) 
and patients with ALK2 NSCLC (n = 
95; 44 from SNUH, 24 from MGH, and 
27 from SHC) and contained EGFR mu-
tant, EGFR wild-type, TP53, and KRAS 
mutant cancers. The study population 
characteristics are described in Table 1.

To establish a discriminator of ALK+ 
status capable of leveraging molecular, 
clinical-pathologic, and CT image fea-
ture data, we utilized a radiogenomic-
based approach that incorporated all 
24 CT image and six clinical-pathologic 
features as inputs to define potential 
associations with the underlying molec-
ular phenotype. A modified random for-
est classifier was used to select features 
(27). Briefly, this algorithm extends the 
classic random forest method by adding 
additional permutations, where each 
run is rerandomized and the importance 
measure of a variable is scored against 
all other variables. A detailed descrip-
tion of the algorithm can be obtained 
in the cited material and the R pack-
age (28). Logistic regression was then 
applied to the outputs of the classifier, 
resulting in a regression equation that 
yielded a quantitative score, termed the 
ARCS score (Fig E1 [online]). An ARCS 
score was then generated for each pa-
tient, representing the overall sum of 
each selected trait multiplied by its 
coefficient. The optimum binary cutoff 
value was established by using receiver 
operating characteristic analysis. Vali-
dation of the ARCS biomarker was then 
performed on the test set by similarly 
determining each patient’s ARCS score 
and applying the same cutoff score es-
tablished in the training set. Diagnostic 
accuracy was determined for the train-
ing, test, and the combined overall data 
sets. Additionally, subset analyses were 
performed to evaluate the effect of 
stage on the performance of the ARCS 
biomarker.

Definition of Crizotinib Durable Response 
Imaging Biomarker
We next sought to define an image-
based biomarker able to identify pa-
tients more likely to experience early 
progression while receiving crizotinib. 

(350 mg iodine per milliliter) admin-
istered intravenously at a rate of 2–4 
mL/sec; detector collimation, 1.0–5.0 
mm (depending on scanner manufac-
ture); beam pitch, 1.0–5.0; rotation 
time, 0.5–1.0 second; tube voltage, 120 
kVp; and tube current, 100–400 mA 
with automatic exposure control. Re-
construction thicknesses and intervals 
were 1.0 or 1.25 mm.

To identify a CT ALK radiopheno-
type, we performed an unbiased screen 
of 24 a priori defined CT image fea-
tures, carefully selected to assess vari-
ous radiographic geographic (location), 
physiologic, and morphologic aspects of 
tumors, across each patient’s CT study. 
Two board-certified radiologists (R.L.K. 
and M.B.G., each with more than 15 
years of chest oncologic imaging expe-
rience) scored each patient’s CT study 
across each of the 24 CT image traits in 
consensus. The full description of the 
image traits is provided in Table E1 (on-
line). The radiologists were blinded to 
the clinical and pathologic information 
and molecular phenotype status.

Definition of ALK Radiogenomic 
Biomarker
The derivation and validation of the 
ALK radiogenomic CT biomarker oc-
curred in two phases. The first phase 
consisted of defining the ALK radioge-
nomic CT status (ARCS) biomarker on 
a training set. The second phase con-
sisted of a validation step where the 
ARCS biomarker was then validated in 
an independent set of patients (Fig 1).

To maximize our ability to discrim-
inate ALK+ status, we intentionally 
designed the training set to contain 
roughly equal numbers of patients with 
ALK+ and ALK2 NSCLC (29 patients 
with ALK+ NSCLC vs 30 patients with 
ALK2 NSCLC) from a single institution 
(SNUH). Conversely, the validation test 
set was specifically constructed to then 
test the performance of the ARCS bio-
marker in a population that more faith-
fully reflected the relatively low prev-
alence of ALK+ tumors in the general 
population and both the potential demo-
graphic and mutational diversity encoun-
tered in the general NSCLC population. 
The test set was accordingly derived 

Figure 1

Figure 1:  Generation and validation of the ARCS 
biomarker.



THORACIC IMAGING: CT Radiogenomic Characterization of ALK Phenotype in Non–Small Cell Lung Cancer	 Yamamoto et al

572	 radiology.rsna.org  n  Radiology: Volume 272: Number 2—August 2014

across the entire study population in 
predicting ALK+ versus ALK2 NSCLC 
was 79.7% (137 of 172), with a sensi-
tivity of 85.1% (40 of 47) and a speci-
ficity of 77.6% (97 of 125). All results 
are detailed in Table 2.

Image Biomarker Predicts Durable 
Treatment Response to Crizotinib in 
Patients with ALK
At the time of our evaluation, 23 of 
the 35 patients had disease that pro-
gressed while they were being treated 
with crizotinib. The median follow-up 
time and median PFS for the study co-
hort were 75 and 11.9 months, respec-
tively. Applying the same inputs of the 
30 traits and utilizing the modified ran-
dom forest variable selection method 

We next validated the predictive capa-
bilities of the ARCS biomarker in the 
independent test set by applying the 
same cutoff value, which revealed a 
diagnostic accuracy of 78.8% (89 of 
113), and sensitivity and specificity of 
83.3% (15 of 18) and 77.9% (74 of 
95), respectively. Subset analysis of 
the ARCS biomarker in patients with 
operable (stage IIIA or lower) disease 
demonstrated an accuracy, sensitivity, 
and specificity of 89.4% (42 of 47), 
100.0% (five of five), and 88.1% (37 of 
42), respectively, versus 73.4% (47 of 
64), 76.9% (10 of 13), and 72.5% (37 
of 51), respectively, in patients with 
advanced inoperable (stage IIIB or 
higher) disease. Overall, the diagnos-
tic accuracy of the ARCS biomarker 

biomarker were evaluated by using the 
Mann-Whitney U test.

All statistical analyses were per-
formed with R software, version 3.0.1 
(http://www.R-project.org), and SPSS, 
version 15.0 (IBM, Armonk, NY).

Results

Patient Demographic Data, Histologic 
Subtype, and Molecular Phenotype
The baseline characteristics of the pa-
tients are described in Table 1. In to-
tal, 172 patients were included in this 
study. The distribution according to 
molecular phenotype was as follows: 47 
ALK+, 65 EGFR mutant, 41 EGFR wild 
type, six KRAS mutant, and 13 TP53 
mutant.

Development of ALK Radiogenomic CT 
Status Biomarker
Of the 30 total features evaluated, 
four were ultimately selected in the 
model as having the strongest pre-
dictive ability for ALK+ status. Three 
of the four features were CT image 
features: central tumor location, large 
pleural effusion, and the absence of 
a pleural tail. The fourth feature se-
lected in the model was patient age of 
less than 60 years. Receiver operating 
characteristic analysis of the resulting 
predictor equation scores against ac-
tual ALK+ status identified an optimal 
binary cutoff value of 21.115 (range, 
+7.291 to 23.753), with an area un-
der the curve of 0.846 (P , .001) (Fig 
E1 [online]). Patients with a score of 
21.115 or greater were characterized 
as ARCS+ (Fig 2), whereas patients 
with a score of less than the cutoff 
value of 21.115 were characterized as 
ARCS2 (Fig 3).

Measures of Diagnostic Accuracy
Interobserver agreement for scoring 
the ARCS traits was very good among 
the two radiologists (k = 0.82). The 
diagnostic accuracy of the ARCS bio-
marker for ALK status classification 
(ALK+ vs ALK2) in the training set 
was 81.4% (48 of 59), with a sensi-
tivity and specificity of 86.2% (25 of 
29) and 76.7% (23 of 30), respectively. 

Figure 2

Figure 2:  Axial CT images in ARCS+ patients with ALK+ NSCLC. Images in (a) ARCS+ 52-year-old man 
and (b) ARCS+ 75-year-old man with ALK+ adenocarcinoma show central tumors (arrow), pleural effusions 
(∗), and absent pleural tails.

Figure 3

Figure 3:  Axial CT images in ARCS2 patients with ALK2 NSCLC. (a) Image in ARCS2 63-year-old 
woman with EGFR mutant adenocarcinoma shows a peripheral tumor (arrow), pleural tail (arrowheads), and 
trace pleural effusion (∗). (b) Image in ARCS2 85-year-old woman with KRAS mutant adenocarcinoma 
shows peripheral tumor (arrow), pleural tail (arrowheads), and a trace left pleural effusion (∗).
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KRAS mutations (5,7). Finally, we also 
discovered an imaging biomarker that 
can potentially identify patients likely 
to have shorter durable response to 
the ALK inhibitor crizotinib.

Fluorescence in situ hybridization 
is the current standard of reference 
for clinical determination of ALK+ 
status in patients with NSCLC. The 
purpose of ARCS is not to replace mo-
lecular testing but instead to enable 
radiologists to better understand the 
distinctive phenotypic imaging findings 
associated with ALK+ tumors and to 
translate this understanding into clin-
ical practice by allowing radiologists 
to raise clinical suspicion for this mo-
lecular subtype where appropriate, 

groups were found in the clinical covari-
ates measured (Table 3).

Discussion

Herein we derive and validate a radi-
ogenomic classifier termed the ARCS 
biomarker that tracks the ALK+ phe-
notype in NSCLC from CT image data. 
Our analysis reveals that ALK+ tumors 
have a CT radiophenotype that distin-
guishes them from tumors with other 
NSCLC molecular phenotypes (EGFR 
mutant, wild type, KRAS, and TP53). 
This radiophenotypic finding is con-
cordant with clinical-pathologic find-
ings that ALK+ tumors are mutually 
exclusive from tumors with EGFR or 

to identify a potential biomarker that 
could predict patients likely to experi-
ence a shorter durable response time 
to crizotinib, the model identified a 
single trait, “disorganized vascular pat-
tern,” as a PFS classifier (Fig 4). This 
durable response image biomarker dis-
tinguished patients who had shorter 
time to progression after initiation of 
crizotinib therapy, with a median PFS 
time of 11.4 months in the trait-positive 
group (early PFS group), compared 
with 20.2 months in the trait-negative 
group (late PFS group) (hazard ratio, 
2.437; 95% confidence interval: 1.00, 
5.85; log-rank P = .041) (Fig 4). No sta-
tistically significant differences between 
the trait-positive and trait-negative 

Figure 4

Figure 4:  Crizotinib durable response imaging biomarker. (a) Axial CT image in 48-year-old man with ALK+ adenocarcinoma with the disorganized vascular 
pattern trait (arrows) and early disease progression (PFS, 4 months). (b) Axial CT image in 59-year-old woman with ALK+ adenocarcinoma with the absence of the 
disorganized vascular pattern image trait (PFS, 15 months). (c) Graph of Kaplan-Meier survival curve estimates show PFS for patients with and those without the 
disorganized vascular pattern (DVP) image trait.

Table 2

Diagnostic Accuracy

Subset Sensitivity (%) Specificity (%) Positive Predictive Value (%) Negative Predictive Value (%) Accuracy (%)

Training set 86.2 (25/29) [68.3, 96.0] 76.7 (23/30) [57.7, 90.0] 78.1 (25/32) [60.0, 90.7] 85.2 (23/27) [66.3, 95.7] 81.4 (48/59)
Testing set 83.3 (15/18) [58.6, 96.2] 77.9 (74/95) [68.2, 85.8] 41.7 (15/36) [25.5, 59.2] 96.1 (74/77) [89.0, 99.1] 78.8 (89/113)
Operable disease (3A) 100 (5/5) [48.0, 100] 88.1 (37/42) [74.4, 96.0] 50.0 (5/10) [18.9, 81.1] 100 (37/37) [90.4, 100] 89.4 (42/47)
Inoperable disease (3B) 76.9 (10/13) [46.2, 94.7] 72.5 (37/51) [58.3, 84.1] 41.7 (10/24) [22.1, 63.3] 92.5 (37/40) [79.6, 98.3] 73.4 (47/64)
Overall 85.1 (40/47) [71.7, 93.8] 77.6 (97/125) [69.3, 84.6] 58.8 (40/68) [46.2, 70.6] 93.3 (97/104) [86.6, 97.2] 79.7 (137/172)

Note.—Data in parentheses are raw data, with 95% confidence intervals in brackets.
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segregating short and long durable re-
sponders. Although the mechanisms 
are unknown and additional confirma-
tory studies are clearly warranted, it 
is possible that this image biomarker 
could be related to poor delivery of the 
drug because the vasculature feeding 
the tumor is unstructured and perme-
ative. Regardless, this finding is prom-
ising, with further characterization 
and validation of this marker currently 
underway.

Despite the advantages of utilizing 
a training and independent test co-
hort for validation, limitations of our 
analysis merit discussion. First, be-
cause our data are retrospective and 
limited to mostly Eastern Asian and 
Caucasian populations, care should be 
taken before generalizing our findings 
to other populations. Interestingly, the 
test set was derived from a population 
of largely Western descent, yet re-
vealed similar sensitivity and specific-
ity to those in the training population, 
which consisted of patients of East 
Asian descent. Second, we were not 
able to validate our crizotinib treat-
ment response biomarker owing to the 
relatively recent approval of this drug, 
limiting inclusion of sufficient numbers 
of patients for an independent vali-
dation cohort. Finally, these data do 
not examine the potential for posi-
tron emission tomography/CT–based 
features that can potentially serve as 
an alternative method for evaluating 

(3). Interestingly, the three imaging 
features presented in this model con-
trast with the conventional imaging 
presentation of lung adenocarcinomas; 
specifically, adenocarcinomas tradi-
tionally tend to be located peripherally 
and often present with pleural tails 
resulting from desmoplastic reactions, 
whereas we found that ALK+ tumors, 
which are mostly adenocarcinomas by 
cell type, are often centrally located 
and without pleural tails (31,32). Fur-
ther investigation is required, but we 
posit that the group of radiologically 
“non-classic” adenocarcinomas may 
be enriched in these low-prevalence 
ALK+ cancers. As our technique is 
easily reproducible, these radioge-
nomic methods should be explored in 
other cancer types for which imaging 
is widely available. It is possible that, 
similar to what we found here, the het-
erogeneity in the radiographic appear-
ances of other tumors or disease pro-
cesses—the radiographic “outliers,” 
so to speak—may in fact be explained 
by underlying differences in molecular 
phenotype.

In addition to providing a repro-
ducible scoring method for detecting 
ALK+, we also found that tumors with 
a disorganized vessel phenotype tend-
ed to have shorter durable response to 
crizotinib, the only currently approved 
therapy for ALK+ tumors. Despite the 
promise of targeted therapy, the effi-
cacies of most molecular inhibitors are 
12%–65%, with crizotinib in the high 
end of the spectrum, with an efficacy 
of up to 65% (13,23,33). Although re-
sistance mechanisms are starting to be 
understood, there is currently no vi-
able method to stratify patients who 
will maximally benefit from this ther-
apy (34). Despite ongoing efforts, bio-
marker candidates predictive of crizo-
tinib treatment outcome are yet to be 
identified (35). Such biomarkers are 
desperately needed to predict treat-
ment efficacy and optimize treatment 
planning, all of which would be greatly 
beneficial to patients, particularly if 
they can be based on their CT findings 
prior to treatment administration. The 
disorganized vessel phenotype offers 
promise as a potential biomarker for 

through deeper utilization of available 
clinical imaging information. Benefits 
of ARCS are twofold: (a) It is easy to 
calculate, as evidenced by the strong 
interobserver reliability, and (b) it is 
obtainable in almost every patient 
through routine clinical evaluation. 
Thus, the ARCS biomarker can be ap-
plied in almost any clinical setting in 
which the patient’s age at diagnosis is 
known and where CT imaging is per-
formed for the primary tumor.

The ARCS biomarker was pur-
posely created in a highly enriched 
ALK+ population with advanced 
disease to optimize signal-to-noise 
differences between ALK+ and ALK2 
tumors. Importantly, the performance 
of the ARCS biomarker was compa-
rable in the larger independent test 
set population, which contained fewer 
patients with ALK+ disease as well as 
a background of other NSCLC mu-
tant subtypes. While subset analysis 
revealed that ARCS continues to per-
form well in patients with advanced-
stage inoperable disease, the finding 
that ARCS performs significantly bet-
ter in patients with early stage, op-
erable disease is intriguing and unex-
pected. Although no current treatment 
guidelines yet exist for use of crizotinib 
in the setting of neoadjuvant therapy, 
this treatment may be plausible given 
that it is becoming common practice 
to use targeted therapy prior to sur-
gery in other cancer types (29,30). 
Therefore, if future clinical studies do 
demonstrate a benefit for neoadjuvant 
treatment of patients with ALK+ oper-
able disease, it is feasible that applica-
tion of ARCS may provide important 
clinical value in the diagnostic evalua-
tion and molecular characterization of 
disease in such patients. Although our 
analysis was performed in a multi-in-
stitutional, international study cohort, 
further verification of these findings 
in larger, multi-institutional cohorts is 
warranted.

These data provide optimism re-
garding the potential role of nonin-
vasive imaging techniques in better 
understanding phenotype-genotype 
relationships and in aiding molecular 
subtype discrimination in solid cancers 

Table 3

Comparison of Covariates in Patients 
with Crizotinib Response Predictor–
Positive Disease with Those in 
Patients with Crizotinib Response 
Predictor–Negative Disease

Characteristic P Value

Sex .525
Race .525
Smoker .624
Tumor stage .624
Age , 60 years .525
Histology ..99
Received chemotherapy .624
Received EGFR inhibitor .536
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In summary, ALK+ tumors possess 
a distinctive CT radiophenotype that, 
when combined with clinical-patho-
logic characteristics, defines an ALK-
specific radiogenomic biomarker that 
can aid in identification of ALK+ tu-
mors with reasonably strong accuracy. 
Furthermore, a CT image biomarker 
may be able to identify patients likely 
to derive a durable clinical benefit 
from crizotinib prior to initiation of 
targeted therapy, thereby aiding in pa-
tient stratification. While these results 
are promising, both the ARCS and the 
crizotinib response biomarker ulti-
mately will require further validation 
in larger cohorts.
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