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Colorectal cancer (CRC) is currently one of the most common
malignant diseases, and once patients were diagnosed with
metastatic colon cancer, their prognosis would be extremely
poor.! Therefore, it is urgently needed to identify more pre-
dictive factors to help identify those patients who may benefit

from more aggressive treatment.
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Abstract

Accurate identification of patients with poor prognosis after radical surgery is essen-
tial for clinical management of colon cancer. Thus, we aimed to develop death and
relapse specific radiomics signatures to individually estimate overall survival (OS)
and relapse free survival (RES) of colon cancer patients. In this study, 701 stage
I-IIT colon cancer patients were identified from Fudan University Shanghai Can-
cer Center. A total of 647 three-dimensional features were extracted from computed
tomography images. LASSO Cox was used to identify the significantly death- and
relapse-associated features and to build death and relapse specific radiomics signa-
tures, respectively. A total of 13 death-specific and 26 relapse-specific features were
identified from 647 screened radiomics features. The developed signatures can divide
patients into two groups with significantly different death (Hazard Ratio (HR): 3.053;
95% CI, 1.78-5.23; P < .001) or relapse risk (HR: 2.794; 95% CI, 1.87-4.16; P < .001).
Time-dependent Relative operating characteristic curve showed that the signatures
performed better than any other clinicopathological factors in predicting OS (AUC:
0.768; 95% CI, 0.745-0.791) and RFS (AUC: 0.744; 95% CI, 0.687-0.801). Fur-
ther, survival decision curve analyses confirmed the good clinical utility of the two
radiomics signatures. In conclusion, we successfully developed death- and relapse-
specific radiomics signatures that can accurately predict OS and RFS, which may

facilitate personalized treatment.

KEYWORDS

colon cancer, overall survival, radiomics, relapse free survival

To date, American Joint Commission on Cancer (AJCC)
tumor-node-metastasis (TNM) staging system has been estab-
lished as the most important risk factor for colon cancer.?
However, because of the great tumor heterogeneity, it is com-
mon to see that the prognosis of patients with the same tumor
stage varied distinctively. Though many other clinical and
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pathological features have been identified to help to predict
the survival of colon cancer patients, the prognostic accu-
racy of these factors was still insufficient.>> Consequently,
more accurate prognostic factors or predictive model should
be developed.

Noninvasive computed tomography (CT) has been estab-
lished as a routine examination for preoperative assessment
in colon cancer. Recently, CT-based radiomics is an emerg-
ing novel methodology that can extract high-dimensional
imaging features for in-depth analysis and for facilitating
treatment decision-making.®® In contrast to traditional imag-
ing features, radiomics was supposed to be able to reveal
innate disease characteristics and even genetic features.” In
a high-throughput manner, many kinds of multi-feature sig-
natures have been developed based on radiomics to improve
tumor detection, tumor classification, therapeutic response
evaluation, and prognosis prediction in solid tumors.”!? In
predicting prognosis, the radiomics signatures have been
reported to be a reliable prognostic model in breast and gas-
tric cancer.'>!* However, to our best knowledge, no previous
studies have been conducted to develop a signature based on
radiomics to predict prognosis for colon cancer.

The aim of this retrospective study was to develop two spe-
cific radiomics signatures to individually predict long-term
overall survival (OS) and relapse free survival (RFS) in colon
cancer patients; such two predictive models would be helpful
in improving risk stratification and therapeutic strategy.

Colon cancer patients diagnosed from April 2012 and
December,2015 in Fudan University Shanghai Cancer Cen-
ter (FUSCC) were identified in this study. Patients who were
pathologically confirmed with stage I-III colon cancer and
received radical primary resection were retrospective identi-
fied. Patients without contrast-enhanced abdominal pelvic CT
and follow-up information were filtered. Finally, a total of 701
eligible stage I-III patients were identified this study. Preop-
erative blood samples were obtained from every hospitalized
patient by routine to examine the status of CEA and CA19_9.
Postoperative pathological features will be read and classi-
fied by experienced pathologist. Immunohistochemistry will
be further performed to determine the mismatch repair sta-
tus. This follow-up was censored on 10 October 2019 with a
median follow-up time of 55 months. The study program was
approved by the FUSCC Ethical Committee and Institutional
Review Board and written informed consent was obtained
from all patients. The detailed information of image acquisi-
tion, segmentation, radiomics feature extraction, reproducibil-
ity evaluation, and signature construction was described in the
Supporting Information.

Among the 701 colon cancer patients identified from
FUSCC database, 367 (52.4%) patients were over 60 years
old. A total of 391 (55.8%) were male and 310 (44.2%) were
male patients. Three hundred fifty (49.9%) patients were diag-
nosed with left-sided colon cancer and 351 (50.1%) with left-

3

sided colon cancer. Eighty-one (11.6%) patients were stage
I, 335 (47.8%) were stage II, and 285 (40.7%) were stage 111
colon cancer. Distribution of colon cancer in grade I, grade
I1, and I was 21 (3.0%), 625 (89.2%), and 55 (7.8%), respec-
tively. The more detailed baseline information was showed in
Table S1. Figure S1 showed the LASSO coefficient profiles
of the death (A) and relapse (B) associated features. A coeffi-
cient profile plot was produced against the log (1) sequence.
Under 10-fold cross-validation, 13 death specific features and
26 relapse specific features were identified (Table S2).

The distribution of death/relapse-specific risk scores and
the corresponding events status were shown in Figure 1A
(left panel) and Figure 1B (left panel), suggesting a positive
correlation between risk score and death or relapse rate. To
show the prognostic accuracy of death- and relapse-specific
radiomics signatures, time-dependent relative operating char-
acteristic (ROC) at 1, 3, and 5 years were performed (Fig-
ures 1A and 1B, middle panel). Based on median value of
death risk score (0.121), patients were separated into low-risk
group (N = 350) and high-risk group (N = 351). The 5-year
OS for patients in low death risk group was 93%, compared
with 77.1% in high death risk group (Hazard Ratio (HR):
3.053; 95% CI, 1.78-5.23; P < .001; Figure 1A, right panel).
Similar result was found between low and high relapse risk
group. The 5-year RFS for low-risk patients was significantly
shorter than cases in high relapse risk group (HR: 2.794;
95% CI, 1.87-4.16; P < .001; Figure 1B, right panel) (median
relapse risk score: 0.189). The relationship between radiomics
signatures and clinicopathological features was further ana-
lyzed and it showed that both death and recurrence high-risk
groups determined by radiomics signatures were significantly
associated with advanced tumor stage (Table S3).

To analyze the independent prognostic role of radiomics
signatures, multivariate analysis was further conducted and
it showed that the death- and relapse-specific radiomics sig-
natures remained their robustness and independent role in
predicting OS (Table S4) and RFS (Table S5) after adjust-
ing clinical factors. Stratified analysis based on AJCC TNM
stage showed that the risk classification based on two sig-
natures performed well in both stage II and III colon cancer
patients (Figure 1C-F). Accurate prediction of prognosis in
colon cancer is critically important for clinical practice. Based
on these two radiomics signatures, we can divide patients into
two groups with significantly death or relapse group. Fur-
thermore, the developed two signatures showed independent
prognostic value in predicting OS and RFS, demonstrating the
incremental value of the radiomics sign to the current staging
or risk evaluation system of colon cancer.

To test whether the developed death- and relapse-specific
radiomics signatures performed more accurately than other
prognostic factors, time-dependent ROC was conducted and
the result showed that death (AUC: 0.768; 95% CI, 0.745-
0.791) and relapse (AUC: 0.744; 95% CI, 0.687-0.801)



\
290 CLINICAL AND TRANSLATIONAL MEDICINE
‘OpenAccess’

DAIET AL.

A. Death specific Radiomics Signature

death risk score
0.2 04 06

0.0

-0.2

Risk score for every patient

m——— Death

— | e

04 06
L

02

True Positive Rate

0.0

Time dependent ROC

—— AUC at 1 year 0.749(0.705-0.793)
—— AUC at 3 year 0.724(0.740-0.738)
—— AUC at 5 year 0.768(0.736-0.800)

Survival Curve

0.0

T T T T
0.2 04 06 08

B. Relapse specific Radiomics Signature

0.4 06 0.8

Relapse risk score
02

0.0

-0.2

Risk score for every patient

1.0

— Relapse

m——— No Relapse

0.4 06 0.8

True Positive Rate

0.2

0.0

Time dependent ROC

—— AUC at 1 year 0.690(0.647-0.733)
—— AUC at 3 year 0.733(0.712-0.754)
AUC at 5 year 0.744(0.722-0.744)

0.0

C. Stage: Il

o

Overall survival
0.4 0.6 0.8

0.2

0.0

T T T T
0.2 04 0.6 08

D. Stage: Il

o
i T® =
> o
g
S
- -
3
=
1 P=.02 3 3
o
5
q’ o~
] o o
== Low risk(n=168)
=== High risk(n=167)
g )
o
T T T T T T
0 20 40 60 80 100 120

Time (months)

E. Stage: llI

Overall survival
04 0.6 0.8

02

0.0

e J
w
T°
2
2o
53
»
s34
5° P<.001
>
Ow |
S
= Low risk(n=351)
s 4 @ High risk(n=350)
! T T T T T T
10 0 20 40 60 80 100 120
No. At Risk Time (months)
Low risk(n=351) 351 310 210 69 17 1 0
High risk(n=350) 350 ~ 203 196 48 12 0 0
Survival Curve
e J
®
2%
$3
3
N o |
® S
9
=
o X
o ° P<.001
Q
K]
83
= Low risk(n=351)
o | @ High risk(n=350)
T =
T T T T T T
10 0 20 40 60 80 100 120
No. At Risk Time (months)
Lowrisk(n=351) 351 208 213 62 19 1 0
High risk(n=350)350 252 156 43 8 0 0
P=.018
= Low risk(n=168)
e High risk(n=167)
T T T T T T
0 20 40 60 80 100 120

Time (months)

F. Stage: Il

-

- T 3
2
g
4 » 2
Q
£
1 P<.001 g 3
Q.
8
Qo
1 X s
= Low risk(n=143)
= High risk(n=142) o
-1 [S)
1 Ll 1 1 Ll 1
0 20 40 60 80 100 120

Time (months)

P<.001
=== | ow risk(n=143)
=== High risk(n=142)
T T T T T T
20 40 60 80 100 120

Time (months)

FIGURE 1 Distribution of radiomics risk score, time-dependent relative operating characteristiccurves at 1, 3, and 5 years, and Kaplan-Meier

survival curves of patients at low and high risk of death (A) and relapse (B). Stratified Kaplan-Meier survival analysis of death and relapse signatures

based on tumor stage. (C) Death signature in stage II; (D) relapse signature in stage II; (E) death signature in stage III; (F) relapse signature in stage

I
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FIGURE 2 Time-dependent relative operating characteristic curves at 5 years compare the prognostic accuracy in predicting OS (A) and RFS

(B) of radiomics signatures with clinicopathological features including American Joint Commission on Cancer (AJCC) tumor stage, grade, CEA

status, CA19_9 status, Lymphatic vascular invasion (LVI), and Peripheral nervous invasion (PNI). Decision curve analysis at 5 years of OS (C) and

RFS (D) for the radiomics signature, tumor stage, and the two combined model. The y-axis measures the net benefit.
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specific radiomics signatures had significantly higher predic-
tive accuracy than any other clinicopathological features in
predicting OS (Figure 2A) and RFS (Figure 2B).

Clinical utility is an another important factor for evaluating
the value of prognostic models. The decision curve analysis
for OS and RFS prediction at 5-year for AJCC tumor stage,
radiomics signatures, and the integrated model was illustrated
in Figure 2. The decision curves revealed that both the two
radiomics signatures brought significantly more benefit than
AJCC tumor stage, indicating that the radiomics signature
outperformed clinical features with more accuracy. The deci-
sion curve analysis (DCA) curves suggested that if the thresh-
old probability is over 5%, radiomics signatures will add more
net benefit than the “treat all” or “treat none” strategy. In addi-
tion, with the combination of radiomics signatures and clini-
cal prognostic factors, the integrated model achieved notably
more clinical utility.

Unlike invasive tissue biopsy, imaging can assess the char-
acteristics of tumor noninvasively. However, the shortage of
traditional imaging is obviously. For the imaging interpreta-
tion is subjective or qualitative, the clinical significance has
long been debated. Recently, the radiomics is attracting atten-
tion from the medical field. The imaging acquisition and anal-
ysis based on radiomics allowed high-throughput extraction of
informative imaging features and even can quantify the char-
acteristic of a tissue, which are impossible for human clini-
cal experience. The advances in radiomics have renewed our
mind on medical imaging and a large amount of studies have
revealed the great potential of radiomics to be used as predic-
tive tool for prognosis assessment.!-16

Taking a step forward, several researchers have devel-
oped radiomics signatures for the prediction of lymph
node metastasis'' and the neoadjuvant chemoradiotherapy
response evaluation in CRC.!” In our previous work, we
even analyzed the relationship between features and genetic
mutations based on radiomics and developed a signature
to predict the existence of gene mutation.” In addition, the
radiomics was also used to predict the prognosis for patients
with breast, gastric, and lung cancer.'® To date, the applica-
tion of radiomics in colon cancer for OS and RFS predic-
tion has not been reported. In this present study, both mor-
phological features and internal texture features were quan-
tified when we performed the radiomics process. A total of
13 death-specific and 26 relapse-specific features were iden-
tified from 647 screened radiomics features by using the
LASSO regression method. Indeed, previous studies con-
firmed that combined analysis of a panel consisting of multi-
ple features as a signature was a much better method compared
to the individual factors analysis in predicting prognosis,
and the radiomics signature has been suggested as the most
promising management approach.'® Therefore, the radiomics-
based risk score was calculated by combing the multi-
radiomics features, and it was successfully confirmed that

radiomics signature had a good performance in prediction OS
and RFS.

In this present study, several limitations cannot be avoided.
First, as a retrospective analysis, there are possible selection
bias in our study. Second, although the prognostic ability and
generalization of the three-dimensional feature of primary
tumor were assessed in this study, the performance of features
from regional lymph nodes warrants further investigation.
Third, although good performance of the developed signa-
tures has been demonstrated, no external validation sets were
used to substantiate their prognostic and predictive value.
Therefore, further validation of patients from other cancer
centers should be performed.

Our study showed the developed CT-based radiomics sig-
natures have the potential to be used as a tool for death
and relapse risk stratification for colon cancer. Integration of
radiomics signature and clinical features will further facilitate
the prediction of postoperative survival and help to individual-
ize treatment and follow-up scheme for colon cancer patients.
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