Send Orders for Reprints to reprints@benthamscience.net 1061

Current Medical Imaging, 2022, 18, 1061-1069
RESEARCH ARTICLE

£ Medical Imaging
H

Complete Response Evaluation of Locally Advanced Rectal Cancer to
Neoadjuvant Chemoradiotherapy Using Textural Features Obtained from

T2 Weighted Imaging and ADC Maps
BENT
SCIENCE

Sena Azamatl’z, Sule Karaman3, Ibrahim Fethi Azamat4, Gokhan Ertass, Cemil Burak Kulle®, Metin
Keskin®, Rabia Nergiz Dagoglu Sakin®, Baris Bakir’, Ethem Nezih Oral® and Merve Gulbiz Kartal”

!Institute of Biomedical Engineering, Bogazici University, Istanbul, Turkey; *Basaksehir Cam and Sakura City Hospi-
tal, Istanbul, Turkey, 3Departmem‘ of Radiation Oncology, Istanbul Faculty of Medicine, Istanbul University, Istanbul,
Turkey; *Department of General Surgery, Faculty of Medicine, Koc University, Istanbul, Turkey; *Department of Bio-
medical Engineering, Yeditepe University, Istanbul, Turkey; *Department of General Surgery, Istanbul Faculty of Med-
icine, Istanbul University, Istanbul, Turkey; 'Department of Radiology, Istanbul Faculty of Medicine, Istanbul Univer-
sity, Istanbul, Turkey

Abstract: Background: The prediction of pathological responses for locally advanced rectal cancer
using magnetic resonance imaging (MRI) after neoadjuvant chemoradiotherapy (CRT) is a challenging
task for radiologists, as residual tumor cells can be mistaken for fibrosis. Texture analysis of MR im-
ages has been proposed to understand the underlying pathology.

Objective: This study aimed to assess the responses of lesions to CRT in patients with locally advanced
rectal cancer using the first-order textural features of MRI T2-weighted imaging (T2-WI) and apparent
diffusion coefficient (ADC) maps.

Methods: Forty-four patients with locally advanced rectal cancer (median age: 57 years) who under-
went MRI before and after CRT were enrolled in this retrospective study. The first-order textural pa-

_ rameters of tumors on T2-WI and ADC maps were extracted. The textural features of lesions in patho-
g:sf;:g%:i‘ﬁ;%f’%lﬂ logic complete responders were compared to partial responders using Student’s t- or Mann—Whitney U
Accepted: December 22, 2021 tests. A comparison of textural features before and after CRT for each group was performed using the
Dpor: Wilcoxon rank sum test. Receiver operating characteristic curves were calculated to detect the diagnos-
10.2174/1573405618666220303111026  tic performance of the ADC.
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Results: Of the 44 patients evaluated, 22 (50%) were placed in a partial response group and 50% were
@ CrossMark placed in a complete response group. The ADC changes of the complete responders were statistically
more significant than those of the partial responders (P = 0.002). Pathologic total response was pre-
This is an Open Access article published  dicted with an ADC cut-off of 1310 x 107 mmz/s, with a sensitivity of 72%, a specificity of 77%, and
E&‘;}iﬁi‘:ﬁéi}ommms_Org/licenses/ an accuracy of 78.1% after neoadjuvant CRT. The skewness of the T2-WI before and after neoadjuvant
by/4.0/legalcode CRT showed a significant difference in the complete response group compared to the partial response
group (P = 0.001 for complete responders vs. P = 0.482 for partial responders). Also, relative T2-WI
signal intensity in the complete response group was statistically lower than that of the partial response

group after neoadjuvant CRT (P = 0.006).

Conclusion: As a result of the conversion of tumor cells to fibrosis, the skewness of the T2-WI before
and after neoadjuvant CRT was statistically different in the complete response group compared to the
partial response group, and the complete response group showed statistically lower relative T2-WI
signal intensity than the partial response group after neoadjuvant CRT. Additionally, the ADC cut-off
value of 1310 x 10® mm%s could be used as a marker for a complete response along with absolute
ADC value changes within this dataset.

Keywords: Rectum MRI, computer aided-detection, tissue characterization, textural features, locally advanced rectal cancer,
apparent diffusion coefficient (ADC).

1. INTRODUCTION women worldwide [1]. It was ranked third for the number of
cancer-related deaths in male and female patients in 2020
[2]. The prognosis of rectal cancer is associated with the
infiltration of tumors into the mesorectum and the ability to
achieve negative circumferential resection margins [3]. The
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rectal cancer shows promising results for local disease con-
trol [4, 5]. According to current guidelines, neoadjuvant
CRT followed by TME is the gold standard for the treat-
ment of patients diagnosed with locally advanced rectal
cancer [4, 5]. Approximately half of the locally advanced
rectal cancer shows signs of regression after neoadjuvant
CRT, and nearly one-third of patients have a complete path-
ologic response after concomitant TME [4]. Several studies
have demonstrated that patients who show complete patho-
logic response to neoadjuvant CRT can be monitored with a
rectal sparing approach due to low local recurrence rates,
long-term survival, and high sphincter protection rates [6-9].
However, patients with locally advanced rectal cancer ex-
hibit substantial individual differences in response to neoad-
juvant CRT [10, 11]. Therefore, the identification of patients
who show complete response to neoadjuvant CRT might
prompt clinicians to adopt a “watch and wait” strategy to
avoid overtreatment, which carries the risk of major compli-
cations and the severe impairment of bowel function [6, 12,
13].

Magnetic resonance imaging (MRI) is widely used to
evaluate treatment response after neoadjuvant CRT with
digital rectal examination and endoscopy. The two most
visible signs of treatment response in MRI T2-weighted
imaging (T2-WI) are a reduction in volume and fibrotic
transformation. Although MRI has been successfully used in
primary rectal cancers, it has some limitations in assessing
treatment response. These limitations arise from the difficul-
ty in distinguishing residual living cells from fibrosis,
desmoplastic reactions, and colloid in conventional morpho-
logical assessments [14, 15]. The residual tumor risk in fi-
brotic areas is known to be approximately 50% [16-19], and
various methods based on a visual assessment of MRI have
been proposed to distinguish fibrosis from the residual tu-
mor. For a few years, MRI tumor regression grading
(mrTRG), similar to the Dworak tumor regression grade
system [20], has been recommended [20-23]. Recently, the
use of mrTRG has been largely discontinued due to mrTRG
showing a weak relationship with pathological response
[24]. Another method, MRI T2-W volumetry, has been in-
vestigated for identifying pathologic complete response.
However, its diagnostic performance is inconsistent: one
study revealed no significant difference in post-treatment
tumor volume between complete and partial response pa-
tients (P = 0.451), while others observed complete respons-
es ranging from 0.700 to 0.792 area under the curve [16, 18,
25]. Therefore, a new non-invasive method based on MRI
signal intensity distribution beyond visual assessment has
recently been investigated. Texture analysis, a non-invasive
method for assessing tumor lesion heterogeneity, measures
the distribution of signal intensities on a pixel-by-pixel basis
[26]. Used with MRI, it provides a measure of the uniformi-
ty and coarseness within a lesion and can help practitioners
distinguish underlying patterns and pathologies [27]. Sever-
al studies investigating local advanced rectal cancer have
shown that texture analysis derived from an apparent diffu-
sion coefficient (ADC) map effectively predicted neoadju-
vant CRT response [28, 29]. In addition to the textural fea-
tures derived from ADC mapping, other studies have sug-
gested that textural parameters based on T2-WI could also
be used to identify complete response to neoadjuvant CRT
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[30]. Therefore, we speculated that an effective combination
of textural features obtained from T2-WI and ADC mapping
could determine pathologic complete response with consid-
erable predictive precision. Accordingly, this study aimed to
investigate whether quantitative multimodal MRI data based
on first-order textural features can predict treatment out-
comes in patients with locally advanced rectal cancers after
neoadjuvant CRT.

2. MATERIALS AND METHODS

The research procedure was approved by the Institution-
al Review Board of the Istanbul Faculty of Medicine, Istan-
bul University, and informed consent from patients was
waived due to the study’s retrospective nature.

2.1. Patients

From April 2015 to April 2019, 216 consecutive patients
with histopathological proven rectal adenocarcinoma were
retrospectively evaluated. The following inclusion criteria
were used: 1) patients with locally advanced rectal cancer
(higher than stage T2) demonstrated by MRI before neoad-
juvant CRT; ii) patients who underwent rectal MRI, includ-
ing diffusion-weighted images (DWI), before and after neo-
adjuvant CRT; and iii) patients who had long-course neoad-
juvant CRT followed by surgical resection or endoscopic
evaluation and concomitant biopsy. The inclusion and ex-
clusion criteria are summarized in Fig. (1).

All the patients were treated with preoperative concur-
rent chemoradiotherapy. Radiation therapy was performed
with a total dose of 50.4 Gy (1.8-2 Gy/per fraction daily, 5
days a week over 5 weeks) to planned target volumes, in-
cluding tumors and pelvic lymph nodes. Radiation therapy
also included synchronous integrated boost therapy to the
gross tumor within the same period. Chemotherapy was
concurrently performed with 425 mg/m?/d of 5-fluorouracil
and 20 mg/m*/d of leucovorin during weeks 1 and 5 of radi-
ation therapy or as capecitabine 825 mg/m* 5 days a week
for 5 weeks. Surgical resection or endoscopic evaluation and
concomitant biopsy were usually performed 6-8 weeks after
the completion of neoadjuvant CRT.

2.2. MRI Acquisition

All patients were examined using a 1.5 Tesla MR scan-
ner (Magnetom Avanto; Siemens Medical Solutions, Erlan-
gen, Germany and Philips Achieva, Best, Nederland) before
and after neoadjuvant CRT (approximately 1 week before
surgery). All the patients underwent bowel preparation with
glycerin enemas before undergoing MRI. They were placed
in a supine position, and a phased-array body coil was used
for the imaging. The MRI protocol consisted of sagittal tur-
bo spin echo (TSE) T2-WI (TR/TE = 3200/100 ms; FOV:
280 x 280; matrix: 348 x 280; slice thickness: 3 mm);,
oblique para-axial (perpendicular to the longitudinal axis of
the tumor) TSE T2-WI (TR/TE = 3000/100 ms; matrix =
348 x 278; FOV = 210 x 228 mm,; slice thickness = 3 mm);
para-coronal TSE T2-WI (TR/TE = 3200/100 ms; matrix =
348 x 280; FOV = 280 x 280 mm,; slice thickness = 3 mm);
and para-axial DWI (TR/TE = 5400/53 ms; matrix = 250 x



Complete Resp Eval

of Locally Advanced Rectal Cancer

Current Medical Imaging, 2022, Vol. 18, No. 10 1063

Proven rectal adenocarcinoma between
April 2015 to April 2019

Inclusion Criterias: locally advanced
rectal adenocarcinoma demonstrated
at pre-CRT imaging, pre- and post-CRT

Exclusion Criterias: Poor MR image,

imaging data along with DWI, long-
course neoadjuvant CRT followed by
surgical resection

Final Cohort 44 patients

Fig. (1). The inclusion and exclusion criteria.

200; FOV = 350 x 306 mm,; slice thickness = 4 mm; using
three b values, 0, 500, and 1000 s/mmz). ADC maps were
automatically generated using a mono-axial decay model
using the three b values.

2.3. Histopathological Evaluation

Histopathological evaluation was accepted as the gold
standard for the MRI findings. The percentage of residual
tumors evident on microscopic examination of surgically or
endoscopically resected specimens was evaluated by a
pathologist. The tumor regression grade was evaluated ac-
cording to the system described by Dworak et al. [20]. The
tumor regression grade was histopathologically graded as
follows: grade 0 indicated no regression, grade 1 (minimal
regression) indicated a dominant tumor mass with obvious
fibrosis and/or vasculopathy, grade 2 (moderate regression)
indicated dominantly fibrotic changes with few tumor cells
or groups, grade 3 (near-total regression) indicated very few
tumor cells in fibrotic tissue with or without mucous sub-
stance, and grade 4 indicated total regression.

2.4. MRI Data Analysis

A board-certified abdominal radiologist with 10 years of
experience in rectal imaging reviewed the T2-W rectal im-
ages and the DWIs before and after neoadjuvant CRT. Pri-
mary and residual tumors were defined as intermediate sig-
nal areas, compared to the hypointense signal of adjacent
normal muscle rectal wall in T2-W images and the high
signal intensity areas on high b values. After neoadjuvant
CRT, areas with significantly lower signal intensity at the
location of the primary tumor bed in the T2-W images and
low signal intensity areas on high b values were interpreted
as fibrosis. When performing the texture analysis, measure-

techniqual faults or artefacts on MRI
data

ments were also taken from the fibrous areas because the
residual tumor risk in these fibrotic areas is known to be
approximately 50% [16-19]. The T2-W images were used as
a reference for tumor placement before and after neoadju-
vant CRT.

2.5. Region of Interest Delineation and Histogram Anal-
ysis

The same abdominal radiologist with 10 years of clinical
experience in the interpretation of rectal MRI delineated
each tumor with a polygonal region of interest (ROI) on
axial T2-W images before and after neoadjuvant CRT. Rela-
tive T2-WI signal intensity was used to normalize the T2-
WI signal intensity due to the possibility of arbitrary units
differing between study visits and subjects. The relative T2-
WI signal intensity was obtained by dividing the signal in-
tensity of the tumor area by the signal intensity of the obtu-
rator internus muscle region of the healthy side. The ROI
was selected at the level of the largest tumor area depicted
on the axial T2-W images. The obturator internus of the
healthy side was delineated with the same sized polygonal
ROI on axial T2-W images to calculate the relative T2-WI
signal intensity. Any area suspected of being necrotic or a
cystic lesion was excluded from the ROI. The ROI of the
axial T2-WI was located first and then the same ROI was
copied to the ADC maps; therefore, the same area was de-
lineated in all sequences of the before and after neoadjuvant
CRT. For whole and residual tumor volume calculations, all
slices were delineated on T2-W images before and after
neoadjuvant CRT. The whole and residual tumor volumes
were automatically calculated using OsiriX software (Pix-
meo, Switzerland). The ROI textural parameters were ob-
tained using OsiriX. First-order textural features, including
skewness, kurtosis, and mean signal intensity values, were
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Region
Area: 61.578 mm?2, 496 pixels

Mean:40.788 Median: 41.000 SDev: 14.691
Min:3.000 Max: 104.000

Sum: 20,231

Skewness: 0.672 Kurtosis: 2.012
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Fig. (2). Region of interest delineation and textural features of locally advanced rectum cancer after neoadjuvant chemoradiotherapy. (4
higher resolution / colour version of this figure is available in the electronic copy of the article).

obtained from the ADC and T2-W images. They were then
used to evaluate textural feature changes after neoadjuvant
CRT (Fig. 2).

2.6. Statistical Analysis

The Number Cruncher Statistical System 2007
(Kaysville, Utah, USA) program was used for the statistical
analysis. Descriptive statistical parameters (i.e., mean,
standard deviation [SD], median, frequency, percentage,
minimum, and maximum) were used to evaluate the data.
Normal distribution was tested using the Shapiro—Wilk test,
Student’s t-test was used to compare the values of normally
distributed quantitative variables, and the Mann—Whitney U
test was used to compare the quantitative variables that were
not normally distributed between the complete responders
and the partial responders. Normally distributed pretreat-
ment and post-treatment values were compared using a
paired t-test, whereas the values of variables that were not
normally distributed were compared using the Wilcoxon
rank-sum test. Qualitative data were compared using the
Fisher-Freeman-Halton test. Receiver operating curve
(ROC) analysis was used to determine the cut-off point of
the ADC values. The threshold for determining statistical
significance was set at P < (.05.

3. RESULTS
3.1. Clinical Characteristics

The study cohort consisted of 44 patients: 32 male
(72.2%) and 12 female (27.3%) with a mean age of 56.5
years (SD = 10.9). The demographic features of the study
cohort are presented in Table 1. There were no statistical
differences between the ages of the patients and tumor local-
ization in the complete response and partial response groups
(P = 0.588 for age and P = 0.550 for localization). Residual
tumors were confirmed by histological demonstration in 22
(50%) patients. The remaining patients were complete re-
sponders, according to histopathological evaluation. Five of

the complete responders were identified using surgical re-
section, while 17 were identified using endoscopic biopsy.
The local recurrence rate for complete responders at follow-
up examinations was 5/17 (29.4%) (Table 1).

3.2. Textural Features

The absolute ADC value was significantly higher after
neoadjuvant CRT (P < 0.001), while the whole tumor vol-
ume and relative T2-WI signal intensity were significantly
lower after neoadjuvant CRT (P < 0.001) in all patients. The
skewness of T2-WI significantly increased after CRT in all
patients (P = 0.004), but the kurtosis did not significantly
change. In contrast, there were no significant changes in the
kurtosis or skewness of the ADC maps after neoadjuvant
CRT (Table 2).

The primary tumor volumes in the partial responders
(50.55 + 37.01 cm’) were significantly higher (P < 0.001)
than those in the complete responders (17.07 + 11.32 cm’),
as shown in Table 3. The partial and complete responders
did not show any significant differences in their ADC values
before neoadjuvant CRT. However, after neoadjuvant CRT,
the ADC-value change was significantly higher (P = 0.002)
in the complete responders (572.1 + 264.7 x 10 mm?s)
than in the partial responders (353 + 170.7 x 10°° mm?/s).
According to the ROC analysis, the post-CRT cut-off
ADC value for differentiation between the partial and com-
plete responders was 1310.02 x 10" mm?s, with sensitivity,
specificity, and accuracy values of 72.73%, 77.27%, and
78.1%, respectively. The post-CRT relative signal intensity
of the T2-W images was significantly lower (P = 0.006) for
the complete responders (1.81 £ 0.60) compared to the par-
tial responders (2.52 £ 0.99) (Table 3). The skewness and
kurtosis values in the ADC maps for both groups before and
after the CRT were not significantly different. Neoadjuvant
CRT significantly increased the skewness of the T2-W sig-
nal intensity values in the complete responders, but not in
the partial responders (P = 0.001 vs. P= 0.482 respectively).
However, kurtosis changes in the T2-WI signal intensity
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Table 1. Demographic characteristics of locally advanced rectal tumor.
- - Number of Subjects (%)
Regression Complete Regression 22 (50 %)
Partial Regression 22 (50 %)
1:4 4(18,2 %)
2:4 15 (68,2 %)
3:4 3(13, 6 %)
Localization Distal 26 (59, 1 %)
Middle 16 (36, 4 %)
Proximal 2 (4,5 %)
Primary Tumor Volume (cm®) Mean+Std 33, 81431, 91
Table 2.  Signal intensity and tumor volume changes before and after CRT for all patients.
Parameters Before After P
Tumor Volume (cm®) 33, 81 5,81 <0.001*
Signal Intensity of T2WI 3,5+1,2 2,140, 8 <0, 001*
ADC (x10"°mm?/sec) 911+186 13744283 <0, 001*
Skewness of T2WI 0, 08 0,34 0, 004*
Skewness of ADC 0,20 0,15 0, 339
Kurtosis of T2WI -0.20 -0, 13 0, 903
Kurtosis of ADC -0.34 -0.53 0,313
* Wilcoxon Rank Sum Test was used for first order textural feature comparison before and after neoadjuvant CRT, * p<0, 05.
Table 3. Comparison of parameters between complete responders and partial responders.
- - Complete Responder R:)s?)l:li::iler P
Localization Distal 14 (63, 6 %) 12 (54, 5 %) *0, 550
Middle 8 (36,4 %) 8 (36, 4 %)
Proximal 0(0 %) 2(9,1%)
Age Mean=+Std 55, 86+11, 81 57, 18+10, 34 °0, 588
Primary Tumor Volume (cm’) Mean=Std 17,07+11, 32 50, 55+37, 01 °<0, 001*
Tumor Volume Changes (cm3) Mean+£Std 17,07+11, 32 38, 92+33, 84 0, 011*
Pre-CRT ADC (x10°*mm?*/sec) Mean+Std 924, 14£169, 34 898, 15+205, 65 ‘0, 650
Post-CRT ADC (x10°mm?/sec) Mean+Std 1496, 274285, 61 1251, 154226, 57 ‘0, 003*
ADC Changes (x 10°mm?/sec) Mean=Std 572, 14264, 4 3534170, 6 °0.002*
Pre-CRT Signal intensity of rT2WI Mean+£Std 3,55+1, 28 3,51+1,20 °0, 771
Post-CRT Signal Intensity of rT2WI Mean+Std 1, 81+0, 60 2, 52+0, 99 °0, 006*
rT2WI Changes Mean+Std -1, 74+1, 31 -0, 99+1, 40 °0, 058

“Fisher Freeman Halton Test, "Mann Whitney U Test, ¢ Student t Test, *p<0, 05, rT2WTI: relative signal intensity of T2WI.
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Table 4. Textural feature before and after CRT for partial and complete responders.
Partial Responders
Parameters - Before After P
Skewness of T2WI Mean+Std 0, 20+0, 41 0, 25+0, 30 0, 482
Kurtosis of T2WI Mean=£Std -0, 1440, 68 -0, 3540, 57 0, 128
Skewness of ADC Mean+Std 0, 2610, 49 0, 12+0, 54 0, 247
Kurtosis of ADC Mean+Std -0, 25+0, 70 -0, 44+0, 84 0,353
Complete Responders
Skewness of T2WI Mean+Std -0, 03+0, 48 0, 44+0, 54 0,001*
Kurtosis of T2WI Mean=£Std -0, 2640, 79 0, 08+1, 14 0,112
Skewness of ADC Mean+Std 0, 14+0, 62 0, 18+0, 48 0, 848
Kurtosis of ADC Mean+Std -0, 43+1, 07 -0, 6140, 64 0,924

Wilcoxon Rank Sum Test was used for first order textural feature comparison before and after neoadjuvant CRT, * p<0, 05

were not significantly different before and after neoadjuvant
CRT in either group (P > 0.05) (Table 4).

4. DISCUSSION

This study aimed to investigate whether first-order tex-
tural features derived from T2-WI and ADC maps could
predict the complete response of locally advanced rectal
cancer to neoadjuvant CRT. The results indicated that the
skewness of T2-W images of primary tumors and lesions
after treatment were statistically different in the complete
response group compared to the incomplete response group.
This was associated with a pathologic complete response for
locally advanced rectal cancer. Decreased relative T2-WI
signal intensity was also a good indicator for the complete
response group after neoadjuvant CRT. Furthermore, ADC
values and tumor volume changes were related to complete
response in locally advanced rectal cancer. In addition,
within this dataset, the absolute ADC value (mean ADC
value = 1310.02 x 10° mm?s with accuracy values of
78.1%) could be used as a marker for a complete response
after the completion of neoadjuvant CRT for locally ad-
vanced rectal cancer. However, kurtosis derived from the
ADC maps and T2-W images did not play a role in predict-
ing the complete response to neoadjuvant CRT of locally
advanced rectal cancer.

The differentiation of residual tumors from fibrosis
after neoadjuvant CRT for locally advanced rectal cancer
using MRI is a challenging task for radiologists. Finding
reliable non-invasive markers of pathologic response to
neoadjuvant CRT is becoming increasingly important due
to the non-operative management of locally advanced rec-
tal cancer. Texture analysis of MRI has been recommend-
ed as a promising technique for the detection of intra-
tumor heterogeneity attributed to various factors, such as
hypoxia, necrosis, angiogenesis, and fibrosis, potentially
related to pathologic tumor response to neoadjuvant CRT
[26, 31]. Various studies on locally advanced rectal cancer
have looked into the value of T2-WI beyond visual image

evaluation [26, 30, 32-35]. Aker ef al. showed that skew-
ness of T2-W images after the completion of neoadjuvant
CRT could differentiate complete responders from partial
responders with P < 0.001 [30]. However, our results did
not support these findings: in our study, the skewness de-
rived from the T2-W images before and after neoadjuvant
CRT was statistically different in the complete response
group (P = 0.001) compared to the partial response group
(P = 0.482). The positive change in the skewness of the
complete response group of this study’s dataset showed a
significant leftward shift of the signal intensity curve. This
suggested that the relative T2-WI signal intensity homoge-
neously decreased in favor of fibrosis after neoadjuvant
CRT, indicating a complete response in the tumor [34].
Skewness is a measure of the asymmetry of the distribu-
tion of a signal intensity curve within an ROI. The wide
distribution of the T2-WI signal intensities in the primary
tumor can be attributed to the heterogeneity of the tumor
cell population, tumor stroma component, vascularization,
and blood flow [36, 37]. These heterogeneous profiles
changed to more homogeneous profiles after neoadjuvant
CRT. The changes in the skewness of the T2-W images in
the partial response group were insignificant in our study
due to the incomplete conversion of the tumors to fibrosis.
A study conducted by Kluza et al. showed statistically
significant T2-WI signal intensity changes in complete
responders compared to partial responders, with 82% accu-
racy [34]. However, in the current study, relative T2-WI
signal intensity changes failed to define the complete re-
sponse group, whereas relative T2-WI signal intensity after
neoadjuvant CRT distinguished a complete response. De
Cecco et al. conducted two studies on the textural features
of T2-WI in locally advanced rectal cancer. In one study of
15 consecutive patients, they showed that only the kurtosis
of primary tumors and mid-treatment images were signifi-
cantly different in complete responders compared to all
patients, with P = 0.010 and P = 0.045, respectively. In a
study of 12 consecutive patients, they found that pre-
treatment kurtosis was significantly different among com-
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plete and partial responders, with P = 0.01 [26, 32]. Our
kurtosis findings did not support this; however, the main
limitation of De Cecco et al.’s study was that the cohort
included a small group of patients, so the P values are
questionable, and they were not corrected by post hoc
analysis. Shu et al. aimed to identify multiple first-order
textural parameters derived from T2-WI as potential bi-
omarkers of therapy responses in locally advanced rectal
cancer. They found that the skewness, entropy, and energy
of primary tumors significantly differed from responders
and non-responders, with up to a 91.67% specificity, but
they could not show any significant difference after neoad-
juvant CRT [33]. Crimi ef al. did not find a significant
difference in textural features derived from T2-W images
for the prediction of the complete response of locally ad-
vanced rectal cancer to neoadjuvant CRT [35].

The current study also indicated that the quantitative
analysis of DWI shows promising results for the prediction
of complete response to the neoadjuvant CRT of locally
advanced rectal cancer. We found that a cut-off value of
1310 x 10° mm?*s predicted a complete response with a
sensitivity of 72.73% and a specificity of 77.27%, which
was in line with previous studies. Several studies have pro-
posed cut-off ADC values for complete response in the
range of 1200-1350 x 10° mm*/s [38-40]. In contrast, in a
meta-analysis of 10 prospective and 8 retrospective studies,
the mean ADC values for complete and partial response
after neoadjuvant CRT were 1510 x 10 mm*/s and 1290 x
10 mm?s, respectively [41]. Many studies have attempted
to calculate the optimal cut-off value, but these values were
inconsistent; therefore, an absolute ADC cut-off value alone
cannot reliably distinguish residual viable tumor cells from
post-treatment fibrosis. However, the meta-analysis showed
that changes in the ADC before and after neoadjuvant CRT
showed higher sensitivity and specificity than post-CRT
ADC measurements alone [41]. This finding was also sup-
ported by our study: a statistically significant difference was
found between the partial and complete pathologic response
groups using change in the absolute ADC. We also found
that primary tumor volume and tumor volume changes after
neoadjuvant CRT were significantly different between the
complete and partial response groups, with P < 0.001 for
primary tumor volume and P = 0.011 for tumor volume
changes. However, we did not find a significant relationship
between tumor volume and histopathologic tumor regres-
sion grade, as was reported in previous studies [42]. Alt-
hough many studies have evaluated the relationship between
tumor volume change and tumor response to neoadjuvant
CRT, the results have been inconsistent [25, 43, 44].

Our study has some limitations. First, our study enrolled
a small group of patients, so these findings should be con-
firmed by further research using a large dataset. Second, we
did not perform volumetric texture analysis; instead, our
study was based on a manually drawn ROI, which may have
been observer dependent. Blazic et al. have shown that the
choice of ROI placement method significantly affects the
measurement of ADC values, and volumetric texture analy-
sis provides the best accuracy for evaluating treatment re-
sponse [45]. Finally, our study was retrospective, thus al-
lowing for bias in the patient selection.
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CONCLUSION

Relative T2-WI signal intensity and ADC values were
significantly statistically different in the complete response
group after neoadjuvant CRT compared to the partial re-
sponse group. The statistically different skewness of the
T2-WI in the complete response group before and after
CRT indicated that the signal intensity values of all the
voxels shifted homogeneously to the left of the graph. This
was attributed to the tumor cells in all the voxels having
fully responded to the neoadjuvant CRT and converted
into fibrosis. Conversion to fibrosis was also supported by
changes to ADC values. In addition, the ADC cut-off value
of 1310 x 10 mm*/s predicted a complete response, with
a sensitivity of 72.73%, a specificity of 77.27%, and an
accuracy of 78.1%. We have shown that ADC maps can be
used as predictors of complete response after the comple-
tion of neoadjuvant CRT for locally advanced rectal can-
cer.

ORIGINAL RESEARCH

The preliminary result of this study was presented as an
oral presentation at European Society of Gastrointestinal
Abdominal Radiology (ESGAR) Annual Meeting 2020,
(Virtual conference).

ETHICS APPROVAL
PARTICIPATE

AND CONSENT TO

The research procedure was approved by the Institution-
al Review Board of Istanbul Faculty of Medicine at Istanbul
University Turkey, (Approval No:2019/659).

HUMAN AND ANIMAL RIGHTS

No animals were used in this study. The study on hu-
mans was conducted in accordance with the ethical rules of
the Helsinki Declaration of 1975, as revised in 2013.

CONSENT FOR PUBLICATION

This is retrospective study, requirement to obtain written
informed consent was waived.

STANDARDS OF REPORTING
STROBE guidelines were followed in this study.

AVAILABILITY OF DATA AND MATERIALS

The data that support the findings of this study are avai-
lable from the corresponding authors, [M.G.K.], upon rea-
sonable request.

FUNDING

None.

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or
otherwise.



1068 Current Medical Imaging, 2022, Vol. 18, No. 10

ACKNOWLEDGEMENTS

Declared none.

REFERENCES

(1]

(2]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Ferlay J, Colombet M, Soerjomataram I, ez al. Cancer statistics for the
year 2020: An overview. Int J Cancer 2021; 149(4): 778-89.
http://dx.doi.org/10.1002/ijc.33588 PMID: 33818764

Viale PH. The American cancer society’s facts & figures: 2020 Edi-
tion. J Adv Pract Oncol 2020; 11(2): 135-6.

PMID: 33532112

Nagtegaal I, Gaspar C, Marijnen C, Van De Velde C, Fodde R, Van
Krieken H. Morphological changes in tumour type after radiotherapy
are accompanied by changes in gene expression profile but not in
clinical behaviour. J Pathol 2004; 204(2): 183-92.
http://dx.doi.org/10.1002/path.1621 PMID: 15378567

Sauer R, Becker H, Hohenberger W, et al. Preoperative versus post-
operative chemoradiotherapy for rectal cancer. N Engl J Med 2004;
351(17): 1731-40.

http://dx.doi.org/10.1056/NEJM0a040694 PMID: 15496622
Glimelius B, Tiret E, Cervantes A, Arnold D, Group EGW. Rectal
cancer: ESMO clinical practice guidelines for diagnosis, treatment
and follow-up. Ann Oncol 2013; 24(Suppl. 6): vi81-8.
http://dx.doi.org/10.1093/annonc/mdt240 PMID: 24078665
Habr-Gama A, Perez RO, Nadalin W, et al. Operative versus nonop-
erative treatment for stage 0 distal rectal cancer following chemoradi-
ation therapy: Long-term results. Ann Surg 2004; 240(4): 711-7.
http://dx.doi.org/10.1097/01.51a.0000141194.27992.32 PMID:
15383798

Habr-Gama A, Perez RO. Non-operative management of rectal cancer
after neoadjuvant chemoradiation. Br J Surg 2009; 96(2): 125-7.
http://dx.doi.org/10.1002/bjs.6470 PMID: 19160360

Maas M, Beets-Tan RG, Lambregts DM, et al. Wait-and-see policy
for clinical complete responders after chemoradiation for rectal can-
cer. J Clin Oncol 2011; 29(35): 4633-40.
http://dx.doi.org/10.1200/JC0O.2011.37.7176 PMID: 22067400
Pahlman L, Bohe M, Cedermark B, ef al. The Swedish rectal cancer
registry. Br J Surg 2007; 94(10): 1285-92.
http://dx.doi.org/10.1002/bjs.5679 PMID: 17661309

Monguzzi L, Ippolito D, Bernasconi DP, Trattenero C, Galimberti S,
Sironi S. Locally advanced rectal cancer: Value of ADC mapping in
prediction of tumor response to radiochemotherapy. Eur J Radiol
2013; 82(2): 234-40.

http://dx.doi.org/10.1016/j.ejrad.2012.09.027 PMID: 23122748
Battersby NJ, Balyasnikova S, Brown G. Guiding post-treatment
decisions in rectal cancer: mrTRG is a practical place to start. Oncol-
ogy (Williston Park) 2014; 28(8): 677-80.

PMID: 25140621

O’Neill BD, Brown G, Heald RJ, Cunningham D, Tait DM. Non-
operative treatment after neoadjuvant chemoradiotherapy for rectal
cancer. Lancet Oncol 2007; 8(7): 625-33.
http://dx.doi.org/10.1016/S1470-2045(07)70202-4 PMID: 17613424
Hartley A, Ho KF, McConkey C, Geh JI. Pathological complete re-
sponse following pre-operative chemoradiotherapy in rectal cancer:
Analysis of phase II/III trials. Br J Radiol 2005; 78(934): 934-8.
http://dx.doi.org/10.1259/bjr/86650067 PMID: 16177017

Maas M, Lambregts DM, Nelemans PJ, ef al. Assessment of clinical
complete response after chemoradiation for rectal cancer with digital
rectal examination, endoscopy, and MRI: Selection for organ-saving
treatment. Ann Surg Oncol 2015; 22(12): 3873-80.
http://dx.doi.org/10.1245/s10434-015-4687-9 PMID: 26198074
Nougaret S, Reinhold C, Mikhael HW, Rouanet P, Bibeau F, Brown
G. The use of MR imaging in treatment planning for patients with
rectal carcinoma: Have you checked the “DISTANCE”? Radiology
2013; 268(2): 330-44.

http://dx.doi.org/10.1148/radiol.13121361 PMID: 23882096
Curvo-Semedo L, Lambregts DM, Maas M, et al. Rectal cancer:
assessment of complete response to preoperative combined radiation
therapy with chemotherapy-conventional MR volumetry versus diffu-
sion-weighted MR imaging. Radiology 2011; 260(3): 734-43.
http://dx.doi.org/10.1148/radiol.11102467 PMID: 21673229

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

(23]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

Azamat et al.

Kim SH, Lee JM, Hong SH, et al. Locally advanced rectal cancer:
added value of diffusion-weighted MR imaging in the evaluation of
tumor response to neoadjuvant chemo- and radiation therapy. Radiol-
ogy 2009; 253(1): 116-25.
http://dx.doi.org/10.1148/radiol.2532090027 PMID: 19789256

Ha HI, Kim AY, Yu CS, Park SH, Ha HK. Locally advanced rectal
cancer: Diffusion-weighted MR tumour volumetry and the apparent
diffusion coefficient for evaluating complete remission after pre-
operative chemoradiation therapy. Eur Radiol 2013; 23(12): 3345-53.
http://dx.doi.org/10.1007/s00330-013-2936-5 PMID: 23812242
Lambregts DM, Rao SX, Sassen S, et al. MRI and diffusion-weighted
MRI volumetry for identification of complete tumor responders after
preoperative chemoradiotherapy in patients with rectal cancer: A bi-
institutional validation study. Ann Surg 2015; 262(6): 1034-9.
http://dx.doi.org/10.1097/SLA.0000000000000909 PMID: 25211270
Dworak O, Keilholz L, Hoffmann A. Pathological features of rectal
cancer after preoperative radiochemotherapy. Int J Colorectal Dis
1997; 12(1): 19-23.

http://dx.doi.org/10.1007/s003840050072 PMID: 9112145

Siddiqui MR, Bhoday J, Battersby NJ, et al. Defining response to
radiotherapy in rectal cancer using magnetic resonance imaging and
histopathological scales. World J Gastroenterol 2016; 22(37): 8414-
34.

http://dx.doi.org/10.3748/wjg.v22.137.8414 PMID: 27729748
Trakarnsanga A, Gonen M, Shia J, et al. Comparison of tumor regres-
sion grade systems for locally advanced rectal cancer after multimo-
dality treatment. J Natl Cancer Inst 2014; 106(10): dju248.
http://dx.doi.org/10.1093/jnci/dju248 PMID: 25249540

Patel UB, Brown G, Rutten H, ef al. Comparison of magnetic reso-
nance imaging and histopathological response to chemoradiotherapy
in locally advanced rectal cancer. Ann Surg Oncol 2012; 19(9): 2842-
52.

http://dx.doi.org/10.1245/s10434-012-2309-3 PMID: 22526897
Siddiqui MR, Gormly KL, Bhoday J, ef al. Interobserver agreement
of radiologists assessing the response of rectal cancers to preoperative
chemoradiation using the MRI tumour regression grading (mrTRG).
Clin Radiol 2016; 71(9): 854-62.
http://dx.doi.org/10.1016/j.crad.2016.05.005 PMID: 27381221

Kim YH, Kim DY, Kim TH, ef al. Usefulness of magnetic resonance
volumetric evaluation in predicting response to preoperative concur-
rent chemoradiotherapy in patients with resectable rectal cancer. Int J
Radiat Oncol Biol Phys 2005; 62(3): 761-8.
http://dx.doi.org/10.1016/j.ijrobp.2004.11.005 PMID: 15936557

De Cecco CN, Ganeshan B, Ciolina M, et al. Texture analysis as
imaging biomarker of tumoral response to neoadjuvant chemoradio-
therapy in rectal cancer patients studied with 3-T magnetic resonance.
Invest Radiol 2015; 50(4): 239-45.
http://dx.doi.org/10.1097/RL1.0000000000000116 PMID: 25501017
Liu Z, Wang S, Dong D, et al. The applications of radiomics in preci-
sion diagnosis and treatment of oncology: Opportunities and chal-
lenges. Theranostics 2019; 9(5): 1303-22.
http://dx.doi.org/10.7150/thno.30309 PMID: 30867832

Choi MH, Oh SN, Rha SE, et al. Diffusion-weighted imaging: Ap-
parent diffusion coefficient histogram analysis for detecting patholog-
ic complete response to chemoradiotherapy in locally advanced rectal
cancer. ] Magn Reson Imaging 2016; 44(1): 212-20.
http://dx.doi.org/10.1002/jmri.25117 PMID: 26666560

Cho SH, Kim GC, Jang YJ, et al. Locally advanced rectal cancer:
Post-chemoradiotherapy ADC histogram analysis for predicting a
complete response. Acta Radiol 2015; 56(9): 1042-50.
http://dx.doi.org/10.1177/0284185114550193 PMID: 25270374

Aker M, Ganeshan B, Afaq A, Wan S, Groves AM, Arulampalam T.
Magnetic resonance texture analysis in identifying complete patho-
logical response to neoadjuvant treatment in locally advanced rectal
cancer. Dis Colon Rectum 2019; 62(2): 163-70.
http://dx.doi.org/10.1097/DCR.0000000000001224 PMID: 30451764
Jalil O, Afaq A, Ganeshan B, ef al. Magnetic resonance based texture
parameters as potential imaging biomarkers for predicting long-term
survival in locally advanced rectal cancer treated by chemoradiother-
apy. Colorectal Dis 2017; 19(4): 349-62.
http://dx.doi.org/10.1111/codi.13496 PMID: 27538267

De Cecco CN, Ciolina M, Caruso D, et al. Performance of diffusion-
weighted imaging, perfusion imaging, and texture analysis in predict-
ing tumoral response to neoadjuvant chemoradiotherapy in rectal can-



C

Evaluati

[33]

[34]

[33]

[36]

[37]

[38]

[39]

iplete Resp of Locally Advanced Rectal Cancer

cer patients studied with 3T MR: Initial experience. Abdom Radiol
(NY) 2016; 41(9): 1728-35.
http://dx.doi.org/10.1007/s00261-016-0733-8 PMID: 27056748

Shu Z, Fang S, Ye Q, et al. Prediction of efficacy of neoadjuvant
chemoradiotherapy for rectal cancer: The value of texture analysis of
magnetic resonance images. Abdom Radiol (NY) 2019; 44(11): 3775-
84.

http://dx.doi.org/10.1007/s00261-019-01971-y PMID: 30852633
Kluza E, Rozeboom ED, Maas M, et al. T2 weighted signal intensity
evolution may predict pathological complete response after treatment
for rectal cancer. Eur Radiol 2013; 23(1): 253-61.
http://dx.doi.org/10.1007/s00330-012-2578-z PMID: 22777621

Crimi F, Capelli G, Spolverato G, et al. MRI T2-weighted sequences-
based Texture Analysis (TA) as a predictor of response to neoadju-
vant chemo-radiotherapy (nCRT) in patients with Locally Advanced
Rectal Cancer (LARC). Radiol Med (Torino) 2020; 125(12): 1216-
24.

http://dx.doi.org/10.1007/s11547-020-01215-w PMID: 32410063
Mueller MM, Fusenig NE. Friends or foes - bipolar effects of the
tumour stroma in cancer. Nat Rev Cancer 2004; 4(11): 839-49.
http://dx.doi.org/10.1038/nrc1477 PMID: 15516957

Eberhard A, Kahlert S, Goede V, Hemmerlein B, Plate KH, Augustin
HG. Heterogeneity of angiogenesis and blood vessel maturation in
human tumors: Implications for antiangiogenic tumor therapies. Can-
cer Res 2000; 60(5): 1388-93.

PMID: 10728704

Kim SH, Lee JY, Lee JM, Han JK, Choi BI. Apparent diffusion coef-
ficient for evaluating tumour response to neoadjuvant chemoradiation
therapy for locally advanced rectal cancer. Eur Radiol 2011; 21(5):
987-95.

http://dx.doi.org/10.1007/s00330-010-1989-y PMID: 20978768
Napoletano M, Mazzucca D, Prosperi E, et al. Locally advanced
rectal cancer: Qualitative and quantitative evaluation of diffusion-
weighted magnetic resonance imaging in restaging after neoadjuvant
chemo-radiotherapy. Abdom Radiol (NY) 2019; 44(11): 3664-73.

[40]

[41]

[42]

[43]

[44]

[45]

Current Medical Imaging, 2022, Vol. 18, No. 10 1069

http://dx.doi.org/10.1007/s00261-019-02012-4 PMID: 31004202

Foti PV, Privitera G, Piana S, ef al. Locally advanced rectal cancer:
Qualitative and quantitative evaluation of diffusion-weighted MR im-
aging in the response assessment after neoadjuvant chemo-
radiotherapy. Eur J Radiol Open 2016; 3: 145-52.
http://dx.doi.org/10.1016/j.ejr0.2016.06.003 PMID: 27489868
Amodeo S, Rosman AS, Desiato V, et al. MRI-based apparent diffu-
sion coefficient for predicting pathologic response of rectal cancer af-
ter neoadjuvant therapy: Systematic review and meta-analysis. AJR
Am J Roentgenol 2018; 211(5): W205-16.
http://dx.doi.org/10.2214/AJR.17.19135 PMID: 30240291

Enkhbaatar NE, Inoue S, Yamamuro H, ef al. MR imaging with ap-
parent diffusion coefficient histogram analysis: Evaluation of locally
advanced rectal cancer after chemotherapy and radiation therapy. Ra-
diology 2018; 288(1): 129-37.
http://dx.doi.org/10.1148/radiol.2018171804 PMID: 29558294

Kim NK, Baik SH, Min BS, et al. A comparative study of volumetric
analysis, histopathologic downstaging, and tumor regression grade in
evaluating tumor response in locally advanced rectal cancer following
preoperative chemoradiation. Int J Radiat Oncol Biol Phys 2007;
67(1): 204-10.

http://dx.doi.org/10.1016/j.ijrobp.2006.08.020 PMID: 17084555

Neri E, Guidi E, Pancrazi F, et al. MRI tumor volume reduction rate
vs. tumor regression grade in the pre-operative re-staging of locally
advanced rectal cancer after chemo-radiotherapy. Eur J Radiol 2015;
84(12): 2438-43.

http://dx.doi.org/10.1016/j.ejrad.2015.08.008 PMID: 26462793

Blazic IM, Lilic GB, Gajic MM. Quantitative assessment of rectal
cancer response to neoadjuvant combined chemotherapy and radiation
therapy: Comparison of three methods of positioning region of inter-
est for ADC measurements at diffusion-weighted MR imaging. Radi-
ology 2017; 282(2): 615.

http://dx.doi.org/10.1148/radiol.2017164040 PMID: 28099105



	Complete Response Evaluation of Locally Advanced Rectal Cancer toNeoadjuvant Chemoradiotherapy Using Textural Features Obtained fromT2 Weighted Imaging and ADC Maps
	Keywords:
	1. INTRODUCTION
	2. MATERIALS AND METHODS
	Fig. (1).
	Fig. (2).
	3. RESULTS
	Table 1.
	Table 2.
	Table 3.
	Table 4.
	4. DISCUSSION
	CONCLUSION
	ORIGINAL RESEARCH
	ETHICS APPROVAL AND CONSENT TOPARTICIPATE
	HUMAN AND ANIMAL RIGHTS
	CONSENT FOR PUBLICATION
	STANDARDS OF REPORTING
	AVAILABILITY OF DATA AND MATERIALS
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES



