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Lung cancer is the leading cause of cancer-related death, 
with non–small cell lung cancer (NSCLC) accounting 

for 85% of cases of lung cancer, and adenocarcinoma rep-
resenting the predominant histologic subtype (1). A hall-
mark of lung adenocarcinoma (LUAD) is its heterogeneity 
of histologic subtypes and tumor genomic profiles. This 
heterogeneity results in variable prognostic challenges, pa-
tient outcomes, and responses to antineoplastic therapy. 
Heretofore, the single most important prognostic factor 
for LUAD has been tumor-node-metastasis classification 
(2). However, there are limitations to stratifying patients 
according to this metric alone. Patients with the same 
pathologic stage may have differences in recurrence and 
survival after resection of NSCLC, especially with the use 

of targeted therapy and immunotherapy in the neoadju-
vant and adjuvant settings (3,4). Therefore, there is a need 
for a preoperative predictive model that can enable better 
identification of patients with higher risk for recurrent or 
metastatic disease based on known clinical-pathologic and 
genomic features (3,5–9).

Helical CT imaging has become a mainstay for lung 
cancer screening and treatment and monitoring of re-
sponse to therapy (10). Unlike fluorodeoxyglucose PET, 
CT does not allow assessment of the relative metabolism 
of the thoracic lesion; however, it does provide an effec-
tive means of preoperatively and noninvasively assessing 
tumor radiomic features. Radiomics comprises automated 
or semiautomated high-throughput extraction of large 
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pathologic and genomic relatedness, when available (17). LUAD 
histologic subtypes were classified using the eighth edition of the 
American Joint Committee on Cancer Staging Manual (18) and 
the International Association for the Study of Lung Cancer clas-
sification system (1). Our inclusion criteria included patients with 
clinical stage I LUAD who underwent complete surgical resection 
(R0) and had preoperative CT and NGS data. Exclusion criteria 
included adjuvant induction therapy, incomplete resection (R1 or 
R2 resections), CT scans without thin sections, and parenchymal 
findings adjacent to the tumor that precluded segmentation, such 
as lung collapse. In total, 219 patients with completely resected 
clinical stage I LUAD met the inclusion criteria. The study de-
sign and results reporting were performed in accordance with the 
Strengthening the Reporting of Observational Studies in Epide-
miology reporting guidelines (19).

Clinical Outcome
The primary end point was recurrence-specific survival (RSS), 
which was defined as the time from surgery to recurrence in 
the lung or spread to other organs and was otherwise censored 
at the time of death or last follow-up. Follow-up ranged from 
0.29 to 4.44 years. RSS probabilities were calculated 1 and 2 
years after surgery.

Tumor Genomic Analysis
Broad-based NGS was performed and analyzed, as previously 
described (6,16). Tumor mutational burden was defined as the 
fraction of nonsynonymous single-nucleotide or insertion or de-
letion mutations divided by the length of the coding region (in 
megabases) sequenced by each panel (0.98, 1.06, and 1.22 Mb 
in the 341-, 410-, and 468-gene panels, respectively). The frac-
tion of genome altered was defined as the fraction of log2 copy 
number variation (gain or loss) greater than 0.2 divided by the 
size of the genome, of which the copy number was profiled.

Genes altered in 15% or more of the data set (EGFR, KRAS, 
TP53, RBM10, and STK11) and gene mutations with targetable 
therapies in LUAD (BRAF, ALK, and ROS1) were examined. 
The 10 canonical oncogenic signaling pathways were investi-
gated, as previously described (6,20). In total, 121 genes were 
identified at the intersection of the a priori pathway templates 
(21) and the NGS panel (16). Analysis of specific somatic altera-
tions was performed using OncoKB (https://www.oncokb.org/) to 
remove variants of unknown importance and to identify activat-
ing oncogenes or inactivating tumor-suppressor genes (22).

CT Image Acquisition
All patients underwent multisection CT performed as part 
of standard clinical care for suspicion or staging of pulmo-
nary malignancy. Most CT studies (n = 157 [72%]) were 
performed at our institution (Lightspeed VCT, Discovery 
CT 750HD; GE Healthcare); the remaining studies (n = 62 
[28%]) were performed at outside institutions (GE, Siemens, 
Philips) and were submitted and uploaded to our picture 
archiving and communication system. In total, 112 (51%) 
studies were contrast enhanced, and dose-length product 
ranged from 171 to 587 mGy · cm. Section thickness var-
ied from 0.6 to 2 mm. Axial series were deidentified and up-

amounts of quantifiable information from radiologic imaging, 
which, when combined with genomic data, can identify tumor-
inherited phenotypes for potential prognostication of disease 
and prediction of response to therapy (11–13). The utility of 
radiomics for the discrimination of benign and malignant tho-
racic nodules, as well as for classification of LUAD histologic 
subtypes, has been established (14,15).

With the increasingly widespread use of next-generation se-
quencing (NGS) in the treatment of NSCLC, we believe that 
radiomic and genomic data can be leveraged to more effectively 
predict lung cancer outcomes. However, there is a paucity of 
studies investigating the feasibility of radiogenomics for the pre-
operative stratification of patients with LUAD. To bridge this 
knowledge gap, we investigated the associations among con-
sensus clusters obtained from radiomic analysis of segmented 
LUAD lesions to determine the associations between clinico-
pathologic and genomic data and patient outcomes.

Materials and Methods

Study Sample
After we obtained institutional review board approval and in 
compliance with the Health Insurance Portability and Account-
ability Act of 1996, we retrospectively identified all consecutive 
patients who underwent complete surgical resection for LUAD 
from April 2014 to December 2017 and had NGS performed 
on the tumor (16). Clinical-pathologic data recorded included 
smoking history, clinical stage, tumor recurrence, lymphovascular 
invasion (LVI), spread through air spaces (STAS), and nodal sta-
tus. Recurrences were distinguished from metachronous tumors 
using the Martini and Melamed criteria, with confirmation from 

Abbreviations
IQR = interquartile range, LUAD = lung adenocarcinoma, LVI = lym-
phovascular invasion, NGS = next-generation sequencing, NSCLC = 
non–small cell lung cancer, PI3K = phosphoinositide 3-kinase, RSS = 
recurrence-specific survival, STAS = spread though air spaces

Summary
CT-based radiomic features were significantly associated with prognostic 
histopathologic features, specific genomic alterations, and recurrence-
specific survival in patients with clinical stage I lung adenocarcinoma.

Key Results
	N This retrospective analysis of 219 patients with completely resected 

clinical stage I lung adenocarcinoma evaluated four clusters of CT-
based radiomics features.

	N Histologic subtypes were associated with clusters: cluster 1 was 
associated with lepidic, acinar, and papillary subtypes (84%), 
whereas clusters 2 (26%) and 4 (29%) were associated with solid 
and micropapillary subtypes (P = .001); in addition, the frequency 
of the poor prognosis histologic factor lymphovascular invasion 
was highest in cluster 4 (62%, P , .001), and the frequency of 
spread though air spaces was higher in clusters 2 (64%), 3 (62%), 
and 4 (69%) than in cluster 1 (30%) (P , .001).

	N Genomic alterations varied by cluster: A higher frequency of EGFR 
alterations was noted in cluster 1 (42%, P = .004), whereas STK11 
alterations (31%, P = .006), phosphoinositide 3-kinase pathway 
alterations (49%, P , .001), and risk of recurrence (log-rank P 
, .001; 2-year residual sum of squares probability cluster 4, 74% 
[95% CI: 61, 88]) were highest in cluster 4.
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loaded to ITK-SNAP, version 3.8.0-beta (http://www.itksnap.
org) for segmentation analysis.

Nodule Segmentation and Radiomic Features
The target lesions were identified and classified independently by 
a thoracic radiologist (R.P. or J.A.A., each with 3 years of experi-
ence) in accordance with the classification protocol proposed by 
Suzuki et  al (23). The radiologists were blinded to all clinical 
and outcome information. Tumors were manually segmented 
after consensus was reached between the thoracic radiologist 
(J.A.A.) and the oncologic surgeons (R.C., J.Z. [in training]) 
and in consensus with a senior thoracic radiologist (M.S.G., 25 
years of experience), who adjudicated any disagreements among 
the initial readers. Tumor regions of interest were defined us-
ing open-source software (ITK-SNAP; http://www.itksnap.org/
pmwiki/pmwiki.php), using the lung window setting across all 
two-dimensional sections in the axial view, including bronchi, 
blood vessels, and vacuoles within the nodules and excluding 
normal lung tissue, chest wall, and mediastinal structures. When 
nodules were near the mediastinum or chest wall, the option to 
vary the window and level setting was selected to properly an-
notate nodule borders.

Quantitative Texture Analysis and Consensus 
Clustering
A total of 102 quantitative features were extracted 
using Computational Environment for Radiologi-
cal Research (24), which has recently been shown 
to conform with the image biomarker standardiza-
tion initiative (25). Consensus clustering was used to 
construct a radiomic signature that separated tumors 
by their similarities and differences in texture features 
(P.G.). We next grouped tumors based on region 
of interest definitions into the following categories: 
(a) solid (more than 90% of the lesion is solid), (b) 
ground glass (less than 10% of the lesion is solid), and 
(c) mixed lesion (10%–90% of the lesion is solid).

Consensus clustering (R software, version 
1.56.0, ConsensusClusterPlus package; R Foun-
dation for Statistical Computing)—a data-driven 
method to determine the number and member-
ship of possible clusters in a data set—was used to 
cluster patients based on the radiomics features of 
their lesions (K.W., K.S.T.). This method is a data-
driven approach to identify an appropriate number 
of clusters (k) in the data, a value that is otherwise 
often chosen arbitrarily in unsupervised clustering 
analyses. By assessing cluster agreement across mul-
tiple iterations of a clustering algorithm on multiple 
subsamples of the data, an optimal k value that cor-
responds to well-separated and stable clusters is se-
lected. To implement the method, for a given set of 
possible values of k (we tested values between 1 and 
6), we iteratively subsampled 80% of the data set, 
hierarchically clustered each subsample, and then 
assessed the relative frequency that each patient was 
clustered with each other patient for each value of 

k, resulting in a consensus matrix. For each k value, we could 
then compute the change in area under the cumulative distribu-
tion function curve of the consensus matrix distribution, which 
showed how well separated the clusters were. We chose an opti-
mal k value that corresponded to a sharp decrease in this change 
in area under the receiver operating characteristic curve, which 
indicated further gains in separability were negligible after that 
k value. We used a hierarchical clustering algorithm within the 
ConsensusClusterPlus framework in this study, but any cluster-
ing algorithm can be used. Cluster analysis was performed in the 
entire cohort (n = 219), as well as in the solid (n = 107), ground-
glass (n = 54), and mixed (n = 58) subgroups.

Statistical Analyses
Statistical analyses were performed to determine whether re-
sulting cluster membership was associated with clinical fea-
tures, CT findings (including lesion centrality, focality, and 
percentage composition of the lesion components), pathologic 
features (histologic subtype, LVI, and STAS), and tumor ge-
nomic features (K.W., K.S.T.). A k value of 4 was chosen to 
split the data based on the relative change in the area under the 

Figure 1:  Conditional density function demonstrating consensus clustering of radiomic features at 
a k value of 4. For a set of possible k values of 1–6, we iteratively subsampled 80% of the data set, hi-
erarchically clustered each subsample, and then assessed the relative frequency that each patient was 
clustered with each other patient for each k value, resulting in a consensus matrix. For each k value, we 
then computed the change in area under the cumulative distribution function curve of the consensus 
matrix distribution, which showed how well separated the clusters were. We chose an optimal k value 
that corresponded to a sharp decrease in this change in area under the receiver operating character-
istic curve, which indicated that further gains in separability were negligible after that k value.
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conditional density function curve (Fig 1). Clinical character-
istics of the final clusters were compared using the Fisher exact 
test or the x2 test for categorical data and the Kruskal-Wallis 
test for continuous data. RSS was defined as the time from sur-
gery to first recurrence and was otherwise censored at the time 
of last follow-up or death for patients without a recurrence. 
RSS was analyzed using Kaplan-Meier curves, and differences 
in RSS between groups were assessed using log-rank tests. RSS 
estimates at 2 years after surgery are provided along with 95% 
CIs. The median and range of follow-up was calculated among 
patients still alive at the end of the study. Statistical analyses 
were repeated within the individual subgroups of solid lesions, 
ground-glass lesions, and mixed lesions. R software, version 
3.6.1 (R Foundation for Statistical Computing), was used for 
all analyses. All hypothesis tests were two sided, and P , .05 
indicated a significant difference.

Results

Patient and Tumor Characteristics
Of 356 patients identified with LUAD, 219 met the inclusion 
criteria (137 were excluded) (Fig 2). Median age was 68 years (in-
terquartile range [IQR], 63–74 years), and 150 patients (68%) 
were women and 69 (32%) were men. Most patients were cur-
rent (n = 22 [10%]) or former (n = 151 [69%]) smokers. All 
patients had an R0 resection; the most frequent procedure was 
lobectomy (n = 104 [47%]), followed by wedge resection (n = 89 
[41%]), segmentectomy (n = 24 [11%]), and pneumonectomy 
(n = 2 [1%]). Most lesions on CT images were solid (n = 107 
[49%]), followed by mixed (n = 58 [26%]) and ground glass  
(n = 54 [25%]). Twenty-five (11%) patients had node-positive 
disease and 194 (89%) had node-negative disease (Table 1). 
Among patients with recorded presence of STAS (n = 149), 
STAS was present in 111 (74%) samples, whereas among pa-

Figure 2:  Consort diagram. IMPACT = Integrated Mutation Profiling of Actionable Cancer Targets.

Table 1: Patient and CT Characteristics

Characteristic Finding (n = 219)
Median age at surgery (y)* 68 (63–74)
Sex
  Female 150 (68)
  Male 69 (32)
Smoking history
  Current 22 (10)
  Former 151 (69)
  Never 46 (21)
Median CT size (cm)* 1.8 (1.3–2.73)
CT location
  Right upper lobe 63 (29)
  Right middle lobe 15 (7)
  Right lower lobe 52 (24)
  Left upper lobe 49 (22)
  Left lower lobe 39 (18)
  Multiple 1 (0)
CT texture classification
  Solid 107 (49)
  Ground glass 54 (25)
  Mixed 58 (26)
Clinical stage
  IA1 22 (10)
  IA2 119 (54)
  IA3 62 (28)
  IB 16 (7)
Pathologic nodal status
  Positive 25 (11)
  Negative 194 (89)

Note.—Unless otherwise indicated, data are numbers of patients 
and data in parentheses are percentages.
* Data in parentheses are the interquartile range.
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Table 3: Demographic, Morphologic, and Histologic Characteristics by Cluster

Characteristic All (n = 219) Cluster 1 (n = 90) Cluster 2 (n = 50) Cluster 3 (n = 34) Cluster 4 (n = 45) P Value*
Median age (y)† 68 (63–74) 69 (65–74) 70 (62–74) 66 (60–74) 66 (61–72) .3
Sex .3
  Female 150 (68) 65 (72) 29 (58) 25 (74) 31 (69) …
  Male 69 (32) 25 (28) 21 (42) 9 (26) 14 (31) …
Location .3
  Central 12 (5) 3 (3) 2 (4) 4 (12) 3 (7) …
  Peripheral 207 (94) 87 (97) 48 (96) 30 (88) 42 (93) …
Tumor type ,.001
  Solid 107 (49) 5 (6) 50 (100) 13 (38) 39 (87) ...
  Pure ground-glass opacity 54 (25) 47 (52) 0 7 (21) 0 …
  Mixed 58 (26) 38 (42) 0 14 (41) 6 (13) …
Median CT size (cm)† 1.8 (1.3–2.3) 1.7 (1.3–2.18) 1.4 (1.2–2.18) 1.8 (1.33–2.5) 2.1 (1.5–2.7) .010
Histologic subtype ,.001
  Lepidic, acinar, or papillary 162 (74) 76 (84) 33 (66) 25 (74) 28 (62) …
  Micropapillary or solid 34 (16) 4 (4) 13 (26) 4 (12) 13 (29) …
  Unknown 23 (10) 10 (11) 4 (8) 5 (15) 4 (9) …

Note.—Unless otherwise indicated, data in parentheses are percentages.
* Fisher exact test or Pearson x2 test were used for categorical variables (sex, location, characteristic, histologic type); Kruskal-Wallis test was used for 
continuous variables (CT size, age).
† Data in parentheses are the interquartile range.

tients with recorded presence of LVI (n = 215), LVI was present 
in only 73 (34%) samples (Table 2).

The median tumor mutational burden was 4.9 (IQR, 2.1–
8.8), and the median fraction of genome altered was 3 (IQR, 
0–9). The most frequently altered genes were KRAS (n = 92 
[42%]), TP53 (n = 72 [33%]), EGFR (n = 66 [30%]), and 
STK11 (n = 33 [15%]). The most frequently altered oncogenic 
pathways were receptor tyrosine kinase-Ras (n = 188 [86%]), 
p53 (n = 84 [38%]), and phosphoinositide 3-kinase (PI3K)  
(n = 51 [23%]).

Clinical Outcome
Median follow-up for all patients was 2.19 years (range, 0.29–
4.44 years); 29 recurrences and 20 deaths were recorded (six 
deaths with no prior recurrence). Solid lesions were associated 
with worse RSS (2-year RSS, 82%; 95% CI: 74, 90), compared 
with ground-glass (2-year RSS, 98%; 95% CI: 94, 100; log-rank 
P , .001) and mixed (2-year RSS, 95%; 95% CI: 89, 100) le-
sions. In addition, lesions with LVI (2-year RSS = 75%; 95% CI: 
65, 86), lesions without LVI (2-year RSS = 97%; 95% CI: 93, 
100; log-rank P , .001), lesions with STAS (2-year RSS = 89%; 
95% CI: 83, 96), lesions without STAS (2-year RSS, 97%; 95% 
CI: 93, 100; log-rank P = .047), and lesions with nodal involve-
ment (N+: 2-year RSS = 49%; 95% CI: 33, 75; N0: 2-year RSS 
= 94%; 95% CI: 91, 98; log-rank P , .001) were associated 
with worse RSS (Fig E1 [online]).

For cluster analysis in the solid subgroup (n = 107), median 
follow-up was 2.25 years (range, 0.29–4.44 years); 24 recurrences 
and 17 deaths were recorded in this subgroup. Median follow-
up was 2.11 years (range, 0.51–4.34 years) for the ground-glass 
subgroup (n = 54) and 2.18 years (range, 0.58–4.24 years) for 
the mixed subgroup (n = 58).

Consensus Clustering Associations
For all patients, consensus clustering based on all computed tex-
tural features showed a sharp decrease in the relative change in 
area under the conditional density function curve at a k value 
of 4. Demographic, morphologic, and histologic data grouped 
into clusters are summarized in Table 3. Cluster 1 had a higher 
frequency of lepidic, acinar, and papillary subtypes (76 of 90 
[84%]) compared with clusters 2 and 4, which had a higher fre-
quency of solid and micropapillary subtypes (cluster 2, 13 of 50 
[26%]; cluster 4, 13 of 45 [29%]; P , .001) (Fig 3). Similarly, 

Table 2: Tumor Histologic and Pathologic Characteristics

Characteristic No. of Findings 
Predominant subtype (n = 219)
  AIS 3 (1)
  MIA 2 (1)
  Lepidic 39 (18)
  Acinar or papillary 123 (56)
  Micropapillary or solid 34 (16)
  Mixed 15 (7)
  Other 3 (1)
STAS (n = 149)
  Present 111 (74)
  Not present 38 (26)
LVI (n = 215)
  Present 73 (34)
  Not present 142 (66)

Note.—Data in parentheses are percentages. AIS = adenocarcinoma 
in situ, LVI = lymphovascular invasion, MIA = microinvasive 
adenocarcinoma, STAS = spread though air spaces.
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the frequency of LVI was highest in cluster 4 (28 of 45 [62%]) (P 
, .001), and the frequency of STAS was higher in clusters 2 (32 
of 50 [64%]), 3 (21 of 34 [62%]), and 4 (31 of 45 [69%]) than 
in cluster 1 (27 of 90 [30%], P , .001) (Fig 3). Cluster 4 had 
the highest median fraction of genome altered (7 [IQR = 1–14], 
P = .020) and the highest frequency of PI3K pathway alterations 
(22 of 45 [49%], P , .001) and STK11 alterations (14 of 45 
[31%], P = .006). Cluster 1 had the highest frequency of EGFR 
alterations (38 of 90 [42%], P = .004) (Fig 3). Examples of cases 
per cluster are shown in Figure 4. Clusters 3 and 4 had worse 
RSS than did clusters 1 and 2 (2-year RSS probability: cluster 
1, 98% [95% CI: 95, 100]; cluster 2, 91% [95% CI: 83, 100]; 
cluster 3, 83% [95% CI: 69, 100]; cluster 4, 74% [95% CI: 61, 
88]; log-rank P , .001) (Fig 5).

At cluster analysis in the solid subgroup (n = 107), we found 
no evidence of a difference in histologic subtype (P = .7) or STAS 
(P = .2) among clusters. The frequency of LVI was highest in 
cluster 4 (33 of 47 [70%], P , .001) (Fig E2 [online]). Cluster 
4 had the highest median fraction of genome altered (7 [IQR 
= 2–15], P = .014). Cluster 3 had a higher frequency of PI3K 

pathway alterations (seven of 11 [64%], P = .005) and STK11 
alterations (seven of 11 [64%], P = .002) compared with the 
other clusters (Fig E2 [online]). In addition, clusters 2 (36 of 
39 [92%]), 3 (10 of 11 [91%]), and 4 (45 of 47 [96%]) had a 
higher frequency of receptor tyrosine kinase-Ras alteration than 
did cluster 1 (eight of 10 [80%]) (P = .03). The 2-year RSS prob-
ability was 100% (95% CI: 100, 100) for cluster 1, 92% (95% 
CI: 84, 100) for cluster 2, 82% (95% CI: 62, 100) for cluster 3, 
and 68% (95% CI: 55, 84) for cluster 4, with the shortest RSS 
in cluster 4 (P = .03) (Fig E3 [online]).

In the ground-glass group (n = 54, conditional density func-
tion with k = 4), we found no evidence of a difference in his-
tologic subtypes (P = .5); lepidic, acinar, or papillary subtypes 
were present in 17 of 19 patients (89%) in cluster 1, six of 10 
patients (60%) in cluster 2, 13 of 16 patients (81%) in cluster 
3, and eight of nine patients (89%) in cluster 4; micropapillary 
and solid subtypes were seen in only one patient in clusters 1 
and 2. Similarly, STAS (P = .3), LVI (P = .2), genomic altera-
tions (P . .05), and RSS (P  .9) were not significantly differ-
ent between clusters.

Figure 3:  OncoPrint of clinical-pathologic and genomic variables for all patients with clinical stage I lung adenocarcinoma broken down by radiomic consensus cluster-
ing. Columns represent patients within each cluster of radiomics features, and rows represent the frequencies of alterations of all individually analyzed oncogenic genes and 
10 canonical oncogenic pathways. Cluster characteristics were compared using Fisher or x2 exact test for categorical data and Kruskal-Wallis test for continuous data. * As-
sociations between radiomic clusters and clinicopathologic or genomic variables are significant (P , .05). FGA = fraction of genome altered, LVI = lymphovascular invasion, 
NA = not applicable, MIP = micropapillary, SOL = solid, STAS = spread through air spaces, TMB = tumor mutational burden.
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In the mixed group (n = 58, conditional density function 
with k = 4), we found no evidence of a difference in histologic 
subtypes (P . .9); lepidic, acinar, or papillary subtypes were 
present in 12 of 15 patients (80%) in cluster 1, 14 of 16 pa-
tients (88%) in cluster 2, 18 of 22 patients (82%) in cluster 
3, and five of five patients (100%) in cluster 4; micropapillary 
and solid subtypes were present in one case each in clusters 1, 
2, and 3 and in zero cases in cluster 4. Similarly, no significant 
differences were found between clusters in terms of STAS (P = 
.2) or RSS (P = .49). A significant difference was observed for 
LVI: cluster 1 had the highest prevalence (seven of 15 [47%], P 
= .011), followed by clusters 2 (two of 16 [12%]), 3 (one of 22 
[4%]), and 4 (zero of five [0%]). The only genomic alteration 
that was significantly different between clusters was EGFR, 
which was more prevalent in clusters 2 (11 of 16 [69%]) and 4 
(three of five [60%]).

Discussion
The goal of this study was to determine, in patients with stage 
I lung cancer and next-generation sequencing (NGS), associa-
tions between clusters of CT-based radiomics features, histologic 

factors of poor prognosis, genomic alterations, and clinical out-
comes (recurrence-specific survival [RSS]). When all patients  
were analyzed, cluster 1 was associated with less-aggressive  
histologic subtypes (lepidic, acinar, and papillary) and a 
higher frequency of EGFR alterations (42%, P = .004). 
Clusters 2 and 4 were associated with solid and micro-
papillary subtypes (P , .001); clusters 2, 3, and 4 were as-
sociated with lymphovascular invasion (LVI) (38%, 41%, 
and 62%, respectively; P , .001) and spread through 
air spaces (STAS) (64%, 62%, and 69%, respectively;  
P , .001). Cluster 4 had a higher frequency of STK11 al-
terations (P = .006) and phosphoinositide 3-kinase (PI3K) 
pathway alterations (P , .001) and shorter RSS (log-rank 
P , .001). Within the solid subgroup, cluster 4 was as-
sociated with LVI (P , .001) and had the shortest RSS 
(log-rank P = .03); STK11 alterations (P = .002) and PI3K 
pathway alterations (P = .005) were more frequent in clus-
ter 3, and receptor tyrosine kinase-Ras alterations were more 
frequent in clusters 2, 3, and 4 (P = .03). Within the mixed 
subgroup, cluster 1 was associated with LVI (P = .011), 
and clusters 2 and 4 were associated with EGFR alteration  

Figure 4:  Thin-section CT images of lesions used for radiomic cluster analysis. (A) Cluster 1. Ground-glass nodule in the 
right lower lobe (arrow) measuring 2.2 cm, predominantly lepidic histologic subtype, EGFR, and phosphoinositide 3-kinase 
(pPI3K) positive. Follow-up was 35 months without evidence of recurrence. (B) Cluster 2. Part-solid nodule in the left upper 
lobe (arrow) measuring 2.1 cm, solid and micropapillary histologic subtype, spread through air spaces (STAS) positive, STK11 
and KRAS positive. Follow-up was 40 months without evidence of recurrence. (C) Cluster 3. Solid nodule (arrow) with thin 
ground-glass halo in the right lower lobe measuring 1.0 cm; solid and micropapillary histologic subtype; STAS positive; TP53, 
pPI3K, and receptor tyrosine kinase-Ras positive. The patient underwent right lower lobe wedge resection and was diagnosed 
with recurrence 9 months after resection. (D) Cluster 4. Solid nodule (arrow) in the right upper lobe measuring 1.4 cm; solid 
and micropapillary histologic subtype; STAS and lymphovascular invasion positive; STK11, KRAS, and pPI3K positive. The pa-
tient underwent right upper lobectomy and was diagnosed with recurrence 15 months after resection.
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(P = .042); there was no evidence of an association with RSS, 
likely because of the few events within this subgroup. No sig-
nificant results were found in the ground-glass subgroup.

Real-time applications of tumor NGS have been shown to be 
prognostic and predictive in patients with NSCLC (6–9). Our 
findings confirm that lepidic, acinar, and papillary histologic 
subtypes (more frequent in cluster 1) also had a higher frequency 
of EGFR alteration (P = .004), which was associated with longer 
RSS, compared with the other consensus clusters. Cluster 1 was 
represented by predominantly ground-glass and mixed lesions, 
whereas the remaining clusters were predominantly solid-type 
tumors. These findings agree with prior reports that indicate that 
ground-glass lesions may represent less-invasive disease and that 
EGFR alteration is associated with low-grade LUAD (26,27).

Radiomic features have been shown to have high sensitivity 
and moderate specificity to predict high-grade micropapillary 
and solid histologic subtype components (28). In our study, 
we confirmed that the more aggressive histologic subtypes 
(clusters 2 and 4) were associated with STAS (P , .001) and 
LVI (P , .001) and had a higher frequency of PI3K pathway 
alterations (P , .001) and STK11 alterations (P = .006).

STK11 is a tumor-suppressor gene frequently mutated in 
NSCLC, and its mutation has been associated with local pro-
gression and metastatic dissemination (29). In our study, STK11 
alteration was associated with worse RSS in both the entire 
group (cluster 4, 74%; 95% CI: 61, 88) and the solid subgroup 
(cluster 3, 82%; 95% CI: 62, 100), similar to previous findings 
(30). Importantly, co-mutations of KRAS/STK11 have recently 
been implicated to modulate resistance to immunotherapy in 
the setting of LUAD (31).

Alterations in the PI3K pathway were associated with 
solid tumors and shorter RSS. Deregulation of PI3K, which 
is an important signal transduction pathway involved in 
cell proliferation and differentiation, has been associated 
with aggressive and advanced-stage NSCLC (32). In addi-
tion, within the solid subgroup, the cluster with the worst 
prognosis, cluster 4, was associated with alterations in both 

the PI3K and the receptor tyrosine kinase-Ras 
pathway. Given the high rate of alteration of 
KRAS mutations in LUAD, recently developed 
KRASG12C inhibitors have shown promise in 
early clinical trials (33,34). Interestingly, resis-
tance to these KRAS inhibitors has been sug-
gested to be mediated through the PI3K path-
way, which may blunt the therapeutic response 
and advance tumorigenesis (35,36).

Limitations of our study include the short me-
dian follow-up of 2 years. Additionally, as our in-
stitution benefits from specialty radiologic review 
of all clinical lung cancer cases, the reproducibil-
ity of our study and its clinical applications may 
be more challenging in a more diverse clinical set-
ting. We also acknowledge that our sample size 
limited our ability to conduct a comprehensive 
analysis of the added value of the clusters. A natu-
ral extension of the reported results is to investi-
gate the predictive value of the cluster member-

ship. However, the necessary partition into training versus 
validation data sets was not possible given the limited sample 
size in this study. Additionally, multivariable modeling was 
not feasible in this setting because of the limited number 
of events (29 recurrences). Instead, we showed that patients 
can be grouped into meaningful risk profiles using these ra-
diomics features alone, and these resulting groups correlate 
with clinical and genomic characteristics, which may provide 
insight into the prognostic interplay of clinical, pathologic, 
genomic, and imaging features. Future work is necessary to 
characterize and define the relationships between radiomics 
data and clinical factors, particularly tumor features, and 
baseline characteristics in a multivariable setting.

In conclusion, we have identified significant associations 
between CT-based radiomic features and known prognostic 
histologic factors, genomic drivers, and patient outcomes in 
a cohort of patients with operable clinical stage I lung adeno-
carcinoma. These associations were confirmed in the solid-
type subgroup, in which additional associations with poor 
prognostic markers were also identified. Collectively, the 
mutual exclusivity from EGFR mutational status, the poor 
prognostic outcomes associated with alterations in STK11 
and the phosphoinositide 3-kinase pathway, and the known 
resistance to targeted therapies emphasize an unmet need for 
treatment and screening of solid-type clinical stage I disease. 
Early recognition of these features on CT images with ra-
diomics has the potential to enable identification of patients 
with high risk, potentially tailoring surgical treatment and 
neoadjuvant targeted therapy and perhaps ultimately affect-
ing the prognosis.
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