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Introduction

Colorectal cancer (CRC) is associated with a variety of 
environmental, genetic and epigenetic factors and arises 
due to a combination of these factors (1). CRC has well-
known genetic mechanisms (2,3) that are exploited clinically 

for individualized patient treatments. There have been 
many studies on targeted treatments and the factors that 
can predict response to them (4-8). Representative among 
these treatments are anti-epidermal growth factor receptor 
(EGFR) antibody therapy and oncogenic Kirsten-ras 
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(KRAS) mutation (5-8). Anti-EGFR monoclonal antibodies 
are therapeutic agents that can prolong survival in patients 
who have not responded to conventional treatments (9). 
KRAS is an oncogene that forms an EGFR signaling 
cascade through various pathways including Ras-Raf-
MARK (10). Through these pathways, KRAS modifies cell 
transformation and inhibits the tumor suppressor pathways. 
When KRAS mutations, which are found in 30–40% of 
CRC patients, are present, these pathways are activated 
continuously, which makes anti-EGFR monoclonal 
antibodies less effective in blocking EGFR (5-7,11). Studies 
have shown that patients with KRAS-mutant tumors did not 
benefit from anti-EGFR antibody therapy (5,6). Therefore, 
the presence of KRAS mutation in CRC is of great 
importance for determination of individualized treatment.

Although pretreatment magnetic resonance imaging 
(MRI) has been widely performed for local tumor staging 
and treatment planning in rectal cancer, few studies have 
investigated the association between KRAS mutations 
and MRI-based radiologic findings (12,13). Furthermore, 
because the qualitative radiologic parameters were 
subjective and the accuracy of MRI for nodal staging in 
particular was quite variable, these results are limited from a 
clinical implementation standpoint (14,15). Therefore, the 
aim of our study was to investigate the associations among 
quantitative radiologic parameters [i.e., tumor length, 
relative contrast enhancement and apparent diffusion 
coefficient (ADC)], qualitative histopathologic results 
(i.e., tumor stage, node stage, venous invasion, lymphatic 
invasion, perineural invasion), and molecular-biologic 
KRAS mutations in patients with primary rectal cancer.

Methods

This retrospective study was approved by the relevant 
institutional review board, and informed consent was waived.

Patients and selection criteria

Between June 2010 and October 2017, 759 patients were 
surgically and histopathologically confirmed as rectal 
adenocarcinoma. The data from 98 of these patients who 
satisfied the inclusion criteria were collected. The inclusion 
criteria were as follows: (I) patients who underwent 
preoperative rectal MRI and (II) patients who had 
documentation of KRAS mutation. Twenty-three patients 
who had undergone neoadjuvant chemo-radiation therapy 
prior to surgery were excluded. Finally, 75 patients (male: 

48, female: 27, mean age: 69 years, range, 37–87 years) were 
enrolled in the study. 

MRI

All of the MRI examinations were performed with a 3.0-T  
magnetic resonance machine (Achieva, Philips Medical 
Imaging, Best, Netherlands) with a phased-array body 
coil (Torso-pelvis coil, USA Instruments, Aurora, OH, 
USA). For optimal distension of the rectum, the rectum 
was filled with approximately 50–80 mL of ultrasound gel 
(Ecosonic, Sanipia, Korea) just prior to the examination. To 
minimize bowel motility, one vial (20 mg) of scopolamine 
butylbromide (Buscopan, Boehringer Ingelheim, Germany) 
was injected intravenously 10 minutes prior to the scan, if 
not contraindicated.

The MRI protocol consisted of axial, coronal and sagittal 
T2-weighted turbo spin-echo sequences (T2WI), axial pre- 
and post-contrast T1-weighted sequences (T1WI) with 
spectral pre-saturation by inversion recovery, and diffusion-
weighted imaging (DWI) sequences by the single-shot echo 
planar imaging technique. The sagittal T2WI was obtained 
first in order to identify the longest tumor axis, followed 
by the axial and coronal images perpendicular and parallel 
to the tumor axis. DWI (b values of 0 and 1,000 s/mm2)  
was taken parallel to the axial T2WI. Gadoterate 
meglumine (Dotarem, Guerbet, Aulnay-Sous-Bois, France) 
was used as the contrast agent. The contrast-agent dose 
was the routine 0.2 mL/kg administered by automated 
contrast injector (Spectris MR, Medrad Europe, Maastricht, 
The Netherlands) at a rate of 3 mL/s. A total of 25 mL 
of saline flushing was performed at the same rate. Post-
contrast T1WI was obtained 60 seconds after contrast-
agent injection. The detailed sequence parameters for each 
sequence are summarized in Table 1.

Image analysis

All of the MRI scans were reviewed on a picture archiving 
and communication system (PACS) workstation (m-view, 
Marotech, Seoul, Korea). Two radiologists, with 15 and 
3 years’ experience of assessing rectal MRI, reviewed the 
MRI scans. Blinded to the presence of KRAS mutation and 
the relevant histopathologic results, they determined each 
tumor’s location, border, and 3 dimensions by consensus. 
After determining the dimensions and border, the 
radiologist with 3 years’ experience measured the maximum 
axial and longitudinal tumor lengths (LTLs) on the axial 
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and sagittal planes, respectively. The maximum axial tumor 
length (ATL) was defined as the distance from the inner 
edge to the outer edge of the tumor including extramural 
tumor growth. The maximum LTL was defined as the 
distance between the upper margin and lower margin of 
the tumor. The radiologist also measured, for each tumor, 
the ADC value and relative contrast enhancement. For the 
ADC measurement, the radiologist identified each tumor 
on axial T2WI and DWI and manually drew regions of 
interest (ROIs) along the tumor border on DWI cross-
sectional slices. The mean ADC value of each tumor was 
obtained by the copying and pasting of the aforementioned 
ROIs to a corresponding ADC map and averaging. 
Similarly, for relative contrast enhancement of the tumor, 
the manually drawn ROIs were also located in order to cover 
and measure the whole tumor’s signal intensity (SI) on pre- 
and post-contrast-enhanced T1WI. The relative contrast 
enhancement was calculated by the following equation: 
(post-contrast SI − pre-contrast SI)/pre-contrast SI. 

Histopathologic analysis 

All of the specimens were obtained by surgical resection. 
They were assessed by one dedicated pathologist for the 
following histopathologic findings: (I) KRAS mutation; 
(II) T stage; (III) N stage; (IV) tumor invasion (lymphatic, 
venous and perineural invasion). The T stage and N stage 

were determined according to the staging classification of 
the seventh edition of the American Joint Committee on 
Cancer (16).

Evaluation for KRAS mutation

KRAS mutations in CRC occur most frequently in codons 
12 and 13, which account for 95% of all mutation types, 
and less frequently in codons 61, 146 and 154 (17).

Genomic DNA was extracted from tumor-tissue-
containing paraffin sections using the QIA amp DNA Mini 
kit (Qiagen, Hilden, Germany). Polymerase chain reaction 
and pyrosequencing were performed to evaluate the KRAS 
mutations in codons 12, 13 (exon 2) and 61 (exon 3). The 
sequence data were generated with the ABI PRISM 3730 
DNA analyzer (Applied Biosystems, Foster City, CA, USA) 
and analyzed by Sequencing analysis software version 5.1.1 
(Applied Biosystems, Foster City, CA, USA) for comparison 
of the variations.

Statistical analysis 

The ADC and relative contrast-enhancement data from the 
mucinous tumors were excluded from the analysis, because 
mucinous tumors show remarkably high ADC values 
and poor enhancement compared with non-mucinous  
tumors (18). The Mann-Whitney U test was used to 

Table 1 MRI sequence parameters

Parameters
T2-weighted axial, sagittal, and 

coronal TSE
Pre- and post-contrast-enhanced axial 

T1-weighted imaging
DWI (b =0, 1,000 s/mm2)

TR (ms) 3,727 500–600 9,500

TE (ms) 90 11 65

ETL 17 5 73

Slice thickness (mm) 3 3 2

Slice gap (mm) 0.3 0.3 0

Matrix size 300×290 300×300 120×118

NEX 1 2 10

FOV (mm) 240×240 240×240 240×240

Acquisition time 2 min 30 s 3 min 20 s–3 min 59 s 5 min 40 s

No. of slices 40 40 70

T1-weighted imaging was performed using the spectral pre-saturation with inversion recovery (SPIR) technique; diffusion-weighted 
imaging (DWI) was performed using the single-shot echo planar imaging technique. TR, repetition time; TE, echo time; ETL, echo train 
length; FOV, field of view; NEX, number of excitations; TSE, turbo spin echo.
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assess the associations between the quantitative radiologic 
parameters  and the presence of  KRAS mutation. 
Associations between the categorical data among the 
histopathologic findings and the presence of KRAS 
mutation were assessed using Fisher’s exact test. A 
receiver operating characteristic curve (ROC) analysis was 
performed to evaluate the discriminatory power of the 
ratio of axial to longitudinal tumor length (ATL/LTL) for 
the prediction of KRAS mutation by calculating the area 
under the ROC curve (AUC). An optimal cut-off value 
for maximum accuracy was calculated with an estimated 
sensitivity, specificity, positive predictive value (PPV) 
and negative predictive value (NPV). The threshold for 
statistical significance among the results was a P value <0.05. 
The statistical analyses were carried out using MedCalc 
software for Windows (MedCalc software version 12.7.1.0, 
Mariakerke, Belgium). 

Results 

Demographics of study population 

Among the 75 patients, KRAS mutation was detected in 
41 patients (55%; hereafter, the mutant group) and not 
detected in 34 patients (45%; hereafter, the wild-type 
group). The mutations were found on codons 12 (n=31), 
13 (n=11), and 61 (n=1). Two patients showed simultaneous 
KRAS mutations (codons 12 and 13, and codons 13 
and 61, respectively). Mucinous adenocarcinoma was 
histopathologically revealed in nine patients, among whom, 
seven patients had the KRAS mutation and two patients did 
not. The final pathologic stages of the study population are 
summarized in Table 2. 

Quantitative analysis 

The ATL/LTL was significantly higher in the KRAS-
mutant group than in the wild-type group (0.29±0.15; 
0.22±0.08, P=0.0117) (Figures 1 and 2). The AUC of the 

ATL/LTL was 0.640 (95% CI, 0.520 to 0.747, P=0.0292) 
(Figure 3). The optimal cut-off value was 0.26 with a 
maximum accuracy of 64%, sensitivity of 51%, specificity 
of 79%, PPV of 75% and NPV of 57%. However, there 
was no significant difference between the two groups in 
terms of the other length parameters (e.g., ATL and LTL; 
P=0.0758 and P=0.4161, respectively). With respect to the 
ADC value, no significant difference was found between 
the two groups [mutant: (0.95±0.17)×10−3 mm2/s; wild type: 
(0.96±0.17)×10−3 mm2/s, P=0.6505]. Regarding the relative 
contrast enhancement, there was no significant difference 
between the two groups (mutant: 1.66±0.93; wild type: 
1.35±0.84, P=0.1581). The detailed data on the association 
between the quantitative radiologic data and KRAS 
mutation are summarized in Table 3.

Qualitative analysis 

No significant differences were found between the two 
groups with respect to lymphatic invasion (P=0.6060), 
venous invasion (P=0.7871), or perineural invasion (P=1). 
Tumor stage and lymph node stage also did not show any 
significant difference between the two groups (P=0.4536). 
The associations between the histopathological data and 
KRAS mutation are summarized in Table 4.

Discussion

In this study, the ATL/LTL in the KRAS-mutant group was 
significantly higher than that in the wild-type group. This 
result is in concordance with Shin’s study, which revealed an 
association between radiologic findings and KRAS mutation 
in primary rectal cancer (12). The authors also observed 
that the ATL/LTL showed a significant difference between 
the two groups (mutant: 0.46±0.29; wild type: 0.36±0.20; 
P=0.0090) (12). Our result also corresponds well with the 
results of previous studies showing significantly higher 
frequencies of KRAS mutation in CRC having a polypoid 
or upward growth pattern (19-22). These findings suggest 
that KRAS mutation is associated with morphologic tumor 
growth patterns. Increased cell growth activity induced by 
activated KRAS mutation seems to be essential for polypoid 
growth in CRC (21,23,24). These observations support 
the present findings that the axial, and not longitudinal, 
dimension of tumors tended to be larger in the KRAS-
mutant group than in the wild-type group. However, the 
ATL/LTL showed a limited accuracy for the prediction 
of KRAS mutation. Recently, MR-based radiomics has 

Table 2 Histopathologic stages of study population

Stages T1 T2 T3 T4 Total

N0 5 16 19 2 42

N1 0 5 12 0 17

N2 0 0 14 2 16

Total 5 21 45 4 75
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been investigated to improve diagnostic, prognostic and 
predictive accuracy for rectal cancer (25,26). Further studies 
are warranted to aid in identifying a potential imaging 
biomarker among quantitative radiologic parameters on 
KRAS mutation in rectal cancer.

The mean ADC values in this study did not show a 
significant difference between the two groups [mutant: 
(0.95±0.17)×10−3 mm2/s; wild type: (0.96±0.17)×10−3 mm2/s;  
P=0.6505], which accords with a previous result based on 
a large study population (n=275) (12). The authors also 
demonstrated that the ADC values were not different 

between the two groups [mutant: (0.96±0.23)×10−3 mm2/s;  
wild type: (0.97±0.21)×10−3 mm2/s; P=0.6230] (12). By 
contrast, other investigators have reported significantly 
lower mean ADC values in a KRAS-mutant group relative 
to a wild-type group [mutant: (1.26±0.36)×10−3 mm2/s; wild 
type: (1.43±0.22)×10−3 mm2/s; P=0.01] (13). However, due 
to the small study population of the KRAS-mutant group 
(n=13), the authors of that report cautioned against drawing 
any firm conclusions on their ADC value discrepancy. We 
believe that further such studies on ADC values according 
to KRAS-mutation status are necessary before any solid 

A

C

B

D

Figure 1 MRI scans of a 70-year-old woman diagnosed with rectal adenocarcinoma (T1N0M0) with KRAS mutation. (A) T2-weighted 
axial and (B) sagittal images show a polypoid mass (arrow) arising from the lower rectum. The ratio of axial to longitudinal tumor length 
was 0.80 (2.8 cm/3.5 cm). (C) An axial contrast-enhanced fat-suppressed T1-weighted image also shows the polypoid mass (arrow) with mild 
enhancement. The relative contrast-enhancement ratio was 0.46. (D) On an ADC map (b factor, 1,000 s/mm2), the ADC value of the tumor 
(arrow) was 0.972×10−3 mm2/s. ADC, apparent diffusion coefficient.
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consensus can be reached.
Regarding our relative contrast enhancement, it did 

not show a significant difference between the two groups 
(mutant: 1.66±0.93; wild type: 1.35±0.84; P=0.1581). 
Shin et al.’s qualitative evaluation of tumor enhancement 
according to KRAS-mutation status likewise found no 
significant intergroup difference (P=0.3545) (12). However, 
in contrast to our study, the authors used an arbitrary 
classification. Specifically, homogeneous or heterogeneous 
enhancement was categorized by a cutoff value of 50% 
of tumor volume. Beyond the scope of relative contrast 
enhancement, a quantitative dynamic contrast-enhanced 

MRI study using perfusion parameters demonstrated a 
tendency toward a higher Ktrans (a volume transfer constant 
also known as a major perfusion parameter) in a KRAS-
mutant group than in a wild-type group (0.123±0.032; 
0.100±0.039, respectively; P=0.060) (27). Previous studies 
have investigated the correlation of perfusion parameters 
with biologic features such as tumor angiogenesis (27-29). It 
is known that tumor angiogenesis arises from upregulation 
of vascular endothelial growth factor, which is possibly 
associated with KRAS mutation (30). Therefore, KRAS-
mutation status can be used to assess tumor angiogenesis.

With regard to our other radiologic findings, tumor, 

A

C

B

D

Figure 2 MRI scans of a 62-year-old man diagnosed with rectal adenocarcinoma (T3N1bM0) without KRAS mutation. (A) T2-weighted 
axial and (B) sagittal images show an ulcero-infiltrative mass (arrows) in the mid rectum. The ratio of axial to longitudinal tumor length was 
0.20 (1.5 cm/7.5 cm). (C) An axial contrast-enhanced fat-suppressed T1-weighted image also shows the ulcero-infiltrative mass (dotted line) 
with moderate enhancement. The relative contrast enhancement ratio was 1.48. (D) On an ADC map (b factor, 1,000 s/mm2), the ADC 
value of the tumor (dotted line) was 0.974×10−3 mm2/s. ADC, apparent diffusion coefficient.
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node stage and extramural venous invasion (EMVI) did not 
show any significant difference between the two groups. 
Shin et al. observed a significantly higher node stage in 
their KRAS-mutant group than in their wild-type group 
(P=0.0064); however, they found no significant differences 
in terms of tumor stage or EMVI (P=0.4731 and 0.4364, 
respectively) (12). Such controversial results might be due 
to the wide range of accuracy and poor inter-observer 
agreement for node stage in subjective visual assessment 
of MRI scans. Therefore, in the present study, objective 
histopathologic tumor and node stage, along with EMVI, 
were applied to the analyses to verify the previous results 
that were based on radiologic interpretation alone (12).

There are several limitations to this study. First, the 
study design was retrospective, and the study population 
was relatively small. Because of the small sample size of the 
mucinous tumor population (7 mutants and 2 wild types), 

Figure 3 Receiver operating characteristic curve of the ratio of 
axial to longitudinal tumor length for predicting KRAS mutation. 
KRAS, Kirsten-ras.
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Table 3 Association between quantitative radiologic data and KRAS mutation

Parameters KRAS mutation (N=41) KRAS wild type (N=34) P

ATL (cm) 1.36±0.85 1.09±0.38 0.0758

LTL (cm) 5.03±2.07 5.42±2.06 0.4161

ATL/LTL 0.29±0.15 0.22±0.08 0.0117

ADC† (×10−3 mm2/s) 0.95±0.17 0.96±0.17 0.6505

Relative contrast enhancement† 1.66±0.93 1.35±0.84 0.1581

Data are mean ± standard deviation (SD). †, ADC values and relative contrast enhancement were measured and analyzed only in non-
mucinous tumors. ATL, axial tumor length; LTL, longitudinal tumor length; ADC, apparent diffusion coefficient; KRAS, Kirsten-ras.

Table 4 Association between histopathologic data and KRAS mutation

Parameters KRAS mutation (N=41) (%) KRAS wild type (N=34) (%) P

Lymphatic invasion

Yes 10/21 (47.6) 11/21 (52.4) 0.6060

No 31/54 (57.4) 23/54 (42.6)

Venous invasion

Yes 9/18 (50.0) 9/18 (50.0) 0.7871

No 32/57 (56.1) 25/57 (43.9)

Perineural invasion

Yes 17/32 (53.1) 15/32 (46.9) 1

No 24/43 (55.8) 19/43 (44.2)

KRAS, Kirsten-ras.
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statistical analysis was not possible. Thus, any definite 
findings concerning the mucinous subtype could not be 
included in the final assessment. Therefore, inherent 
selection bias might have resulted. However, in an effort 
to avoid this possibility, we enrolled patients consecutively. 
Second, we measured the static SI in the portal venous 
phase rather than the dynamic perfusion parameters that 
are potential biomarkers for evaluation of tumor contrast 
enhancement; as such, we could not find any association 
between perfusion parameters and KRAS mutation. 
Third, we evaluated only KRAS-mutation status. It is well 
known that CRC results from a combination of genetic 
and epigenetic factors (1). Other genetic and epigenetic 
biomarkers, such as BRAF (v-raf murine sarcoma viral 
oncogene homolog B1), APC (adenomatous polyposis coli), 
loss of SMAD (small mothers against decapentaplegic) 
activity and LOH (loss of heterozygosity) of 17p and 18q, 
are known to be associated with advanced-stage and poor 
prognosis of rectal cancer (1). Although KRAS has been 
thought to be associated with advanced-stage cancer, 
a recent study found that patients with specific KRAS 
mutation of isolated p.G12A had aggressive disease (stage 
III or IV, with extensive metastatic or recurrent disease) (31).  
Thus, other gene statuses or specific KRAS mutations 
might have influenced our results, and those should be 
further investigated. 

In conclusion, the ATL/LTL showed a significant 
difference according to KRAS mutation in patients with 
primary rectal cancer. However, it showed a low accuracy of 
64% for prediction of KRAS mutation.
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