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Advanced Rectal Cancer Patients
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Hefei, China, 3 Department of Radiology, The First Affiliated Hospital of University of Science and Technology of China
(USTC), Division of Life Sciences and Medicine, University of Science and Technology of China, Anhui Provincial Cancer
Hospital, Hefei, China

Objectives: This study aimed to create a nomogram for the risk prediction of neoadjuvant
chemoradiotherapy (nCRT) resistance in locally advanced rectal cancer (LARC).

Methods: Clinical data in this retrospective study were collected from a total of 135 LARC
patients admitted to our hospital from June 2016 to December 2020. After screening by
inclusion and exclusion criteria, 62 patients were included in the study. Texture analysis
(TA) was performed on T2WI and DWI images. Patients were divided into response group
(CR+PR) and no-response group (SD+PD) according to efficacy assessment. Multivariate
analysis was performed on clinicopathology, IVIM-DWI and texture parameters for
screening of independent predictors. A nomogram was created and model fit and
clinical net benefit were assessed.

Results: Multivariate analysis of clinicopathology parameters showed that the
differentiation and T stage were independent predictors (OR values were 14.516 and
11.589, resp.; P<0.05). Multivariate analysis of IVIM-DWI and texture parameters showed
that f value and Rads-score were independent predictors (OR values were 0.855, 2.790,
resp.; P<0.05). In this study, clinicopathology together with IVIM-DWI and texture
parameters showed the best predictive efficacy (AUC=0.979). The nomogram showed
good predictive performance and stability in identifying high-risk LARC patients who are
resistant to nCRT (C-index=0.979). Decision curve analyses showed that the nomogram
had the best clinical net benefit. Ten-fold cross-validation results showed that the average
AUC value was 0.967, and the average C-index was 0.966.
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Conclusions: The nomogram combining the differentiation, T stage, f value and Rads-
score can effectively estimate the risk of nCRT resistance in patients with LARC.
Keywords: locally advanced rectal cancer, clinicopathology, intravoxel incoherent motion diffusion weighted
imaging, texture analysis, nomogram, prediction, response to nCRT
INTRODUCTION

Rectal cancer is the third most common malignancy in terms of
morbidity and mortality worldwide, and nearly half of rectal
cancers are diagnosed as locally advanced rectal cancer (LARC)
(1). Total mesorectal excision (TME) after neoadjuvant
chemoradiotherapy (nCRT) for LARC is the current standard
treatment modality, which can improve the local control rate,
sphincter preservation rate, and reduce the local recurrence rate
of LARC. And 10% to 20% of patients can achieve pathological
complete remission after nCRT (2). Early assessment of nCRT
efficacy and preservation of anal sphincter function can
significantly improve the quality of life for patients (3, 4).
Therefore, it becomes an urgent issue to find markers that can
predict the efficacy of nCRT for LARC, then differentiate patients
who are sensitive or resistant to nCRT at an early stage, and
formulate individualized treatment for different patients.

Since the introduction of conventional MRI to local staging of
rectal cancer, many efforts have been made to find predictive
imaging signatures so as to identify patients with good or poor
response to nCRT and patients at higher risk of recurrence (5, 6).
However, as conventional MRI has poor sensitivity and
specificity in assessing and predicting treatment response, it is
hard to distinguish post-treatment fibrosis and edema from
tumor tissue after nCRT, and even harder to accurately predict
complete pathological remission (7–9). Without the use of
exogenous contrast agents, intravoxel incoherent motion
diffusion weighted imaging (IVIM-DWI) based on the
biexponential model can assess the pure diffusion motion and
perfusion-related motion of water molecules separately.
Compared to conventional MRI, IVIM-DWI can more
accurately display tissue microenvironment information and
non-invasively and quantitatively diagnose tumor malignancy,
pathological differentiation, and lymph node metastasis (10–12).
In recent years, several studies have proved the superiority of
IVIM-DWI in predicting treatment response in various tumors
(13–15). It was found that IVIM-DWI was effective in predicting
tumor size changes in patients with breast cancer liver metastases
who were undergoing radioembolization, and that treatment-
induced changes in f value could be a potential biomarker in the
prediction of treatment response (16). Studies have also shown
that IVIM-DWI parameters, especially pretreatment D value
could predict patients’ response to induction chemotherapy with
locally advanced hypopharyngeal carcinoma (17). However, no
conclusive results have been obtained about the efficacy of IVIM-
DWI in predicting the response of patients with LARC to nCRT.

Texture analysis (TA) is an emerging image analysis method
that extracts quantitative imaging features from images through
high throughput analysis. It can reflect the spatial variation and
heterogeneity of voxel intensities within the tumor and can
26
provide valuable references for disease diagnosis, treatment,
and efficacy prediction of therapies (18, 19), thus a promising
method for assessing response to various cancer treatments.
Studies have found that texture analysis of magnetic resonance
imaging (MRI) could predict early recurrence after hepatectomy
for solitary hepatocellular carcinoma (20). It was also found that
MRI texture features could predict pathological complete
response (pCR) to neoadjuvant chemotherapy in breast cancer
(21). In rectal cancer, TA can work as a supplement to
conventional MR imaging, especially in identifying staging,
assessing treatment response, and predicting lymph node
metastasis and prognosis (22–24).

The purpose of this study was to combine clinicopathology,
IVIM-DWI and texture parameters to establish a nomogram for
treatment response prediction to nCRT in patients with LARC,
which can be used to identify patients at high risk of
nCRT resistance.
MATERIALS AND METHODS

Patients
A total of 135 LARC patients admitted to Anhui Provincial
Hospital from June 2016 to December 2020 were retrospectively
collected, among whom 62 patients with complete clinical data
were included in this study. Inclusion criteria included (1)
Locally advanced rectal primary adenocarcinoma was
confirmed by colonoscopy biopsy; (2) All patients received
pelvic nCRT before surgery; (3) The lower edge of the tumor is
within 15 cm of the anal verge; (4) Patients completed routine
MRI and IVIM-DWI examinations before nCRT. Exclusion
criteria were (1) Patients who have not received complete
nCRT; (2) Patients with a history of other tumors; (3) The
image quality is poor, with significant artifacts, and cannot be
used for image segmentation or image histology feature
extraction. The flow chart of this study is shown in Figure 1.
Imaging Examination
Before receiving nCRT, patients underwent MRI examination
which was performed in the supine position utilizing a 3.0-T
scanner (Signa HDXT, General Electric Healthcare, Waukesha,
WI, USA) with an 8-channel phased array coil. All patients fasted
for at least 8 hours and received intramuscular injection of
hyoscine butylbromide 20 mg half an hour before MRI
examination to reduce gastrointestinal motility artifacts. The
sequences include axial T1-weighted imaging (T1WI) fast spin-
echo (FSE), axial T2-weighted imaging (T2WI) FSE, sagittal
T2WI FSE, coronal T2WI FSE. IVIM-DWI was acquired using
single-shot echo-planar imaging (EPI) pulse sequence with 10 b
May 2022 | Volume 12 | Article 886101
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values (0, 10, 20, 50, 100, 200, 400, 800, 1,200, and 2000 s/mm2).
The scan parameters of each sequence in MRI are shown
in Table 1.

IVIM-DWI Measurement
The IVIM-DWI measurement was performed by two
radiologists. They used FunctionTool to build regions of
interest (ROI) on a post-processing workstation (version ADW
4.5, GE Healthcare) without knowledge of clinicopathological
results. To acquire the parameters, the ROI of IVIM-DWI was
selected on the maximum transverse plane of each lesion (b
value=800 s/mm2) (Figure 2). Referring to the axial T2WI image,
Frontiers in Oncology | www.frontiersin.org 37
the ROI was manually delineated along the tumor margin,
avoiding the hemorrhage, necrosis, and cystic change of the
tumor. All parameters were measured three times and the
average value was calculated. To assess interobserver
agreement, each radiologist plotted twice to obtain values and
calculate intraclass correlation coefficients (ICC). Parameters
with ICC value > 0.75 were selected for subsequent analysis.

Texture Features Analyses
Patients underwent tumor delineation and texture features
extraction. The raw data was transferred to the PACS system,
and axis IVIM-DWI (b=800 s/mm2) and T2WI images (DICOM
TABLE 1 | Scan parameters of each sequence in MRI.

Sequences T1WI FSE T2WI FSE T2WI FSE T2WI FSE IVIM-DWI

Plane Axial Axial Sagittal Coronal Axial
TR/TE (ms) 500/7.2 3500/109.1 3500/109.1 3500/109.1 4000/75
NEX 1 4 4 4 –

FOV (mm) 320 × 320 240 × 240 240 × 240 240 × 240 420 × 420
Slice thickness (mm) 6 3 3 3 4
Slice interval (mm) 2 0 0 0 1
May 2022 | Volume 12 | Arti
T1WI, T1-weighted imaging; FSE, fast spin-echo; T2WI, T2-weighted imaging; TR/TE, repetition time/echo time; NEX, number of excitations; FOV, field of view.
FIGURE 1 | Flow chart for establishing a nomogram for predicting nCRT resistant in LARC patients.
cle 886101

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Su et al. Predicting Treatment Response in LARC
format) were imported into the ITK-SNAP software. Two
radiologists segmented the tumor’s 3-dimensional volume of
interest (3D-VOI), and all lesions were delineated layer by
layer. The definition of ROI included areas of hemorrhage,
necrosis, and cystic degeneration while avoiding normal
anatomy. The original images and ROIs were imported into
A.K (Analysis Kit, Kinetics Version 2.1, GE Healthcare). Then a
series of texture features for all lesions were automatically
acquired by the software. Finally, 1 656 texture features (828
on T2WI, 828 on IVIM-DWI) of the entire tumor were
extracted. Figure 3 shows the texture feature extraction.
Frontiers in Oncology | www.frontiersin.org 48
Features with ICC value > 0.75 were selected for
subsequent analysis.

nCRT Regimen
nCRT regimen: radiotherapy (5 days a week, 1.8 ~ 2.0 Gy/d, total
dose of 45 ~ 50 Gy) + chemotherapy [capecitabine 825 mg/m2,
twice a day (Monday to Friday)].

nCRT Efficacy Evaluation
nCRT efficacy on patients was assessed 6-8 weeks after they
received nCRT. Two senior physicians with rich experience in
FIGURE 3 | Texture features acquisition workflow.
FIGURE 2 | IVIM-DWI measurement (b = 800 s/mm2) (A); each radiologist drew ROI three times to get the values on the maps of ADC, D, D∗, and f, respectively (B–E).
May 2022 | Volume 12 | Article 886101
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pelvic MR diagnosis performed image evaluation on fat
suppressed T2WI (T2WI-FS) sequences under double-blind
conditions. They used histology as the reference standard to
identify responders or not. The efficacy evaluation was based on
the revised RECIST guidelines (version 1.1) criteria (25): (1)
Complete response (CR) refers to the disappearance of all target
lesions, the appearance of no lesions, and the normal tumor
markers for at least 4 weeks. (2) Partial remission (PR) is the
reduction of the sum of the maximum diameters of target
lesions ≥30% for at least 4 weeks. (3) Stable disease (SD) is the
sum of the largest diameters of target lesions and the reduction
does not reach PR, or the enlargement does not reach disease
progression (PD). (4) PD refers to an increase of 20% at least in
the sum of the largest diameters of target lesions, or the
appearance of new lesions. Response group = CR+PR, No-
Response group = SD+PD.

Statistical Analysis
All data were statistically analyzed using Graphpad Prism 9.0,
SPSS 26.0, R 4.0.5 and IPMS 2.4.0 software. For continuous
variables, Kolmogorov-Smirnov was used to test the normality of
the data. If the data followed normal distribution, x ± s was used
for statistical description, and independent sample t-test was
conducted to compare two groups; otherwise, median ±
interquartile range was used for statistical description, and
Mann-Whitney U test was conducted to compare two groups.
For categorical variables, the number and percentage of cases
were used for statistical description, and the chi-square test or
Fisher’s exact probability was adopted for comparison between
two groups. ICC assessed the inter-observer and intra-observer
agreement of IVIM-DWI values and texture feature
measurements (ICC>0.75 indicated good agreement) (26, 27).
Frontiers in Oncology | www.frontiersin.org 59
Radiomic features were screened by independent samples t-test
or Mann-Whitney U test and multivariate logistic regression.
Each set of texture features was developed using multi-factor
linear weighting based on the regression coefficients of the
selected features, and a radiomics score (Rads-score) was
calculated for each patient. A nomogram model was established
on the basis of clinicopathology, IVIM-DWI and Rads-score
parameters. Ten-fold cross-validation was performed to assess
discrimination and prediction ability of the nomogram model.
All statistical tests were two-sided probability tests, and P <0.05
was considered statistically significant.

Ethical Approval and Informed Consent
This study was approved by the Ethics Committee of Anhui
Provincial Hospital and the requirement for informed consent
was waived due to the retrospective nature of this study.

RESULTS

Clinicopathology Characteristics
A total of 62 patients’ data were collected. The average age of the
patients was 58.77 ± 15.66 years. The clinical characteristics of
the patients were shown in Table 2. All patients completed the
efficacy evaluation, including 6 cases of CR (9.68%), 38 cases of
PR (61.29%), 18 cases of SD (29.03%), 0 cases of PD (0%); ORR
was 70.97% and DCR was 100%. There were no significant
differences in age, gender, tumor diameter, N stage, CA199,
and HB between the two groups (P>0.05).

Intra- and Inter-Observer Agreement
Among the 1 656 texture features extracted fromT2WI and IVIM-
DWI (b=800 s/mm2) images, there were 1 054 text features with
TABLE 2 | Clinicopathologic characteristics in rectal cancer Patients.

Characteristics Response group (n = 44) No-Response group (n = 18) P value

Age (year) 59.4 ± 15.5 57.2 ± 16.5 0.609
Sex 0.954
Male 29 12
Female 15 6

Differentiation 0.022
Well/Moderate 41 12
Poor 3 6

Tumor diameter (cm) 4.4 ± 2.1 5.2 ± 2.2 0.178
T stage 0.003
T2~3 28 4
T4 16 14

N stage 0.492
N0 7 1
N1~2 37 17

CEA (ng/ml) 0.008
<5 26 4
≥5 18 14

CA199 (U/ml) 0.068
<37 36 10
≥37 8 8

HB (g/l) 120.5 ± 17.6 119.4 ± 20 0.829
May 2022 | Volume 12 | Article
CEA, carcinoembryonic antigen; CA199, carbohydrate antigen 19-9; HB, Hemoglobin; CR, complete response; PR, partial response; SD, stable disease; PD, disease progression;
Response group, the first-time evaluation results was CR or PR; No-Response group, the first-time evaluation results was SD or PD.
886101

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Su et al. Predicting Treatment Response in LARC
high stability. The ICC (inter) and ICC (intra) of IVIM-DWI
values and texture features ranged from 0.775 to 0.996 and from
0.764 to 0.998, respectively, with good repeatability.

Calculating the Radsscore
Among the texture features extracted from axial T2WI and
IVIM-DWI (b=800 s/mm2), two statistically significant texture
feature parameters [glrlm_LongRunEmphasis (T2WI),
firstorder_Median (IVIM)] were retained for diagnostic efficacy
after feature selection analysis. The Rads-score formula of the
radiomics is as follows:

Rads − score = −6:627 + 0:269 � glrlm _ LongRunEmphasis T2WIð Þ + 0:003 � firstorder _Median IVIMð Þ

Predictive Performance of
Clinicopathology Parameters
Univariate analysis showed that tumordifferentiation,T stage, CEA
and CA199 were significantly correlated with the efficacy of nCRT
in patients (P<0.05). Multivariate logistic analysis showed that
tumor differentiation (OR: 14.516, 95%CI: 1.726-122.057,
P=0.014) and T stage (OR: 11.589, 95%CI: 2.103-63.860, P=0.005)
were independent factors affecting nCRT efficacy (Table 3).
Therefore, a predictive model (model 1) was developed.

Predictive Performance of IVIM-DWI and
Texture Parameters
Univariate analysis showed that D, D*, f and Rads-score were
significantly correlated with the efficacy of nCRT in patients
(P<0.05). Multivariate logistic analysis showed that f (OR: 0.855,
95%CI: 0.752-0.971, P=0.016) and Rads-score (OR: 2.790, 95%
CI: 1.163-6.696, P=0.022) were independent factors influencing
nCRT efficacy in patients (Table 4). Therefore, a predictive
model (model 2) was built to describe the relations between
independent factors and nCRT efficacy.

Development and Performance
of the Nomogram
Based on combination of the differentiation, T stage, f value and
Rads-score, a nomogram was created to predict tumor resistance
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to nCRT in patients with LARC (Figure 4). AUCs of
differentiation, T stage, differentiation and T stage, f, Rads-
score, f and Rads-score and the nomogram were 0.633, 0.707,
0.778, 0.857, 0.783, 0.917, 0.979, respectively (Figure 5)
(Table 5). The nomogram calibration curve revealed that the
observation and prediction were conducted in a good agreement
(Figure 6A). C-index was 0.979, and Brier score was 0.052.
Decision curve analysis (DCA) showed that the model developed
by combining the differentiation, T stage, f value and Rads-score
had the largest net benefit (Figure 6B).
Internal Validation of the
Nomogram Model
To assess model’s discrimination and prediction ability, the
nomogram model was internally validated using ten-fold cross-
validation. The results showed that the average AUC value was
0.967, and the average C-index was 0.966.
DISCUSSION

In this study, it was found that the differentiation, T stage, f
value and Rads-score were related to tumor resistance to nCRT
in patients with LARC. We developed and validated a
nomogram which incorporated the differentiation, T stage, f
value and Rads-score. The results showed that the nomogram
could yield the highest AUC. Calibration curve of the
nomogram revealed that the observation and prediction were
in a good agreement. DCA indicated that the nomogram model
had the largest net benefit.

Since the introduction of quantitative imaging, an increasing
number of studies on quantitative imaging have been
conducted to improve the diagnosis and treatment of cancer
and many of these studies had demonstrated the widespread
use of quantitative imaging in the clinical setting (28, 29). For
instance, Ren et al. established an MRI-based radiomic
signature from combined contrast-enhanced T1-weighted and
T2-weighted images to predict the preoperative staging of head
and neck cancers (30). Zheng et al. combined the IVIM-DWI
TABLE 3 | Statistical analysis results of clinicopathologic characteristics in rectal cancer patients.

Characteristics Univariate analysis (P) Multivariate logistic regression analysis

OR 95%CI P

Age (year) 0.603
Sex 0.954
Differentiation 0.014 14.516 1.726-122.057 0.014*
Tumor diameter (cm) 0.179
T stage 0.005 11.589 2.103-63.860 0.005*
N stage 0.292
CEA (ng/ml) 0.012 3.825 0.764-19.142 0.103
CA199 (U/ml) 0.037 2.464 0.460-13.208 0.292
HB (g/l) 0.825
May 2022 | Volume 12 | Arti
*P < 0.05.
CEA, carcinoembryonic antigen; CA199, carbohydrate antigen 19-9; HB, Hemoglobin; CR, complete response; PR, partial response; SD, stable disease; PD, disease progression;
Response group, the first-time evaluation results was CR or PR; No-Response group, the first-time evaluation results was SD or PD.
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parameters (D, f) and texture features (GLCM-correlation,
GLRLM-LRE, and GLSZM-ZE) to establish a nomogram for
early treatment response prediction in patients with cervical
cancer after concurrent chemoradiotherapy (AUC=0.975) (31).
Jia et al. performed IVIM-DWI measurement and MRI
radiomics feature extraction on 123 rectal adenocarcinoma
patients and established a nomogram. The nomogram model
of D* and f values combined with Rads-score achieved a good
performance in assessing non-enlarged lymph node metastasis
of rectal adenocarcinoma preoperatively (AUC=0.864) (26). In
this study, we combined the differentiation, T stage, f value and
Rads-score to establish a nomogram and our nomogram
showed good performance in predicting treatment response
to nCRT in LARC patients (AUC=0.967).

This study found that poor differentiation and high T stage
were associated with poor response to nCRT in patients with
LARC, and these two factors were also independent predictors of
tumor resistance to nCRT. Therefore, we established a predictive
model (model 1) which combined the differentiation and T stage.
Frontiers in Oncology | www.frontiersin.org 711
The AUC of the model was 0.778, suggesting that the model had
a certain predictive value. In a previous study, Huang et al. found
that patients in the poorly differentiated group had a worse
prognosis than the non-poorly differentiated group who received
nCRT for rectal cancer treatment (32). Xu et al. found that in
T2N0M0 colorectal cancer patients, the well-differentiated group
had a better prognosis than the poorly differentiated group, and
the differentiation was an independent prognostic factor in
T2N0M0 colorectal cancer (33). The poor differentiation has
been shown to be associated with bowel penetration, lymph node
involvement and vascular invasion, suggesting that it is a risk
factor for colorectal cancer invasion and dissemination (34). T
stage reflects the depth of tumor infiltration and correlates with
cancer invasion, and several studies have explored the prognostic
value of T stage in the colorectum (35–37). It was found that
the T4 stage was an independent risk factor for tumor
resistance to nCRT in LARC. In a retrospective study, Xu
et al. found that the T4 stage was an independent risk factor for
shorter overall survival (OS) in patients with colorectal cancer
FIGURE 4 | A regression coefficient-based nomogram to predict the possibility of nCRT resistant in LARC patients. f, perfusion-related diffusion fraction.
TABLE 4 | Statistical analysis results of the IVIM-DWI and texture parameters in rectal cancer patients.

Parameters Response group No-Response group Univariate analysis (P) Multivariate logistic regression analysis

OR 95%CI P

ADC (×10−3 mm2/s) 0.935 ± 0.256 0.996 ± 0.193 0.364
D (×10−3 mm2/s) 0.593 ± 0.194 0.846 ± 0.308 0.002 2.717 0.019-380.669 0.692
D∗(×10−3 mm2/s) 14.62 ± 13.73 24.74 ± 20.05 0.038 0.976 0.906-1.052 0.530
f (%) 47.01 ± 13.95 27.03 ± 10.33 <0.001 0.855 0.752-0.971 0.016*
Rads-score 4.67 ± 1.19 6.14 ± 1.31 0.002 2.790 1.163-6.696 0.022*
Ma
y 2022 | Volume 12 | Arti
*P < 0.05.
IVIM-DWI, intravoxel incoherent motion diffusion weighted imaging; CR, complete response; PR, partial response; SD, stable disease; PD, disease progression; Response group, the first-
time evaluation results was CR or PR; No-Response group, the first-time evaluation results was SD or PD; OR, odds ratio; CI, confidence interval; ADC, apparent diffusion coefficient; D,
slow diffusion coefficient; D*, fast diffusion coefficient; f, perfusion-related diffusion fraction.
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(38). Chen et al. evaluated several microscopic features of stage
T4 cancers and suggested that tumors that penetrate the
visceral peritoneum and directly invade other organs or
structures through malignant invasion were associated with
poor survival (39). In summary, the poor differentiation and
high T stage of rectal cancer may reflect the high degree of
malignancy, which may lead to tumor resistance to nCRT and
poor efficacy.
Frontiers in Oncology | www.frontiersin.org 812
In addition to clinicopathological parameters, this study also
found that low f value and high Rads-score were significantly
associated with poor efficacy. We combined f and Rads-score to
establish the second prediction model (model 2) of tumor
resistance to nCRT in LARC and the model had a good
predictive performance, AUC=0.917. The f value represents the
voxel’s blood volume fraction, which can reflect the capillary
density and is related to the blood perfusion in the tissue (40).
TABLE 5 | The predictive performance of the model in rectal cancer patients.

Parameters AUC Sensitivity (%) Specificity (%) Accuracy (%)

Differentiation 0.633 0.333 0.932 0.774
T stage 0.707 0.778 0.636 0.661
Differentiation and T stage 0.778 0.889 0.568 0.661
f 0.857 1.000 0.611 0.887
Rads-score 0.783 0.944 0.500 0.629
f and Rads-score 0.917 0.944 0.727 0.790
The nomogram 0.979 0.944 0.909 0.919
May 2022 | Volume 12 |
f, perfusion-related diffusion fraction; Rads-score, radiomics score.
FIGURE 5 | The ROC curves of different parameters and models. f, perfusion-related diffusion fraction; Rads-score, radiomics score.
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A previous study had shown that a higher f value may reflect a
stronger blood supply to the tumor, which can deliver more
chemotherapeutic medications to the tumor tissue, promoting
tumor regression (41). Hu et al. found that in rectal cancer patients
who received nCRT, the f value of the pCR group was significantly
higher than that of the non-pCR group (42). Bakke et al. found
that IVIM-DWI could be used to clarify the degree of
histopathological regression of LARC after nCRT, and patients
with high pre-treatment f value had better tumor regression (43).
These studies confirmed that LARC patients with high pre-
treatment f value had a better response to nCRT.

TA is a quantitative image post-processing technique, which
can objectively reflect the underlying biological characteristics
and heterogeneity of tumors due to its quantitative extraction
and analysis of the pixel distribution of the lesion area (44). In a
previous study, Lu et al. found that High DISS (gray-level run-
length matrix_Dissimilarity) on sagittal fat-suppression T2WI
and high DISS and ENTR (gray-level co-occurrence
matrix_Entropy) on transverse T2WI could predict high T
stage in rectal cancer (45). In a study of TA for early
prediction of patients’ response to nCRT in LARC, Park et al.
found that GLRLM_LRLGE (gray-level run-length matrix_Long
Run Low Gray Level Emphasis) on T2WI images could predict
tumor recurrence after treatment (46). In this study, the texture
parameters of DWI and T2WI images were analyzed and we
filter out these two parameters [glrlm_LongRunEmphasis
(T2WI) and firstorder_Median (IVIM)] through texture
features and calculated the Rads-score, both of which were
found to be positively correlated with Rads-score. Multivariate
results showed that Rads-score was an independent risk factor for
tumor resistance to nCRT in LARC. The glrlm_LongRun
Emphasis is a measure of long run length distribution, with a
higher value indicating longer run lengths and coarser structural
textures. The firstorder_Median is the ROI’s median gray level
intensity. These two parameters can represent heterogeneity and
subtle changes within the tumor. The results of this study showed
Frontiers in Oncology | www.frontiersin.org 913
that the rough texture and gray intensity in the RIO were more
resistant to nCRT.

Most previous studies on rectal cancer only explored the role of
IVIM-DWI or texture parameters of a single sequence image (47–
49). In this study, two sequence image texture parameters were
analyzed and combined with clinicopathology, IVIM-DWI and
texture parameters to establish a nomogram for predicting tumor
resistance to nCRT in LARC, thus richer and more accurate than
the results obtained in previous studies. Compared with model 1
and model 2, the nomogram had higher predictive power and
larger net benefit. The nomogram established a risk prediction
system for tumor resistance to nCRT in LARC, so that appropriate
treatment can be formulated for different patients, which is
beneficial to patient recovery.

There are several limitations of this study. First, the manual
image segmentation process might be affected by some subjective
and objective factors. Second, some cases with small lesions were
excluded due to the need for sufficient pixels to ensure the
reliability of IVIM-DWI and TA parameter measurements,
therefore, the results we obtained might be biased. Third, this
study lacks validation with an external cohort. Finally, the
present study was a single-center retrospective study with
small sample size. Thus, it is necessary to conduct a multi-
center prospective study with a large sample size for verification
in the future.
CONCLUSIONS

In conclusion, the differentiation, T stage, f value and Rads-score
were independent predictors of tumor resistance to nCRT in
LARC. The nomogram model combining the differentiation, T
stage, f value and Rads-score showed promising performance in
estimating the risk of tumor resistance to nCRT in patients
with LARC.
A B

FIGURE 6 | (A) The fivefold cross-validation plot of the nomogram. (B) Decision curve analysis (DCA) of different models.
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5 Department of Pathology, Yunnan Cancer Hospital, Kunming, China, 6 Department of Electronic Engineering, The Chinese
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Objective: This study aimed to develop an artificial intelligence model for predicting the
pathological complete response (pCR) to neoadjuvant chemoradiotherapy (nCRT) of
locally advanced rectal cancer (LARC) using digital pathological images.

Background: nCRT followed by total mesorectal excision (TME) is a standard treatment
strategy for patients with LARC. Predicting the PCR to nCRT of LARC remine difficulty.

Methods: 842 LARC patients treated with standard nCRT from three medical centers
were retrospectively recruited and subgrouped into the training, testing and external
validation sets. Treatment response was classified as pCR and non-pCR based on the
pathological diagnosis after surgery as the ground truth. The hematoxylin & eosin (H&E)-
stained biopsy slides were manually annotated and used to develop a deep pathological
complete response (DeepPCR) prediction model by deep learning.

Results: The proposed DeepPCR model achieved an AUC-ROC of 0.710 (95% CI:
0.595, 0.808) in the testing cohort. Similarly, in the external validation cohort, the
DeepPCR model achieved an AUC-ROC of 0.723 (95% CI: 0.591, 0.844). The
sensitivity and specificity of the DeepPCR model were 72.6% and 46.9% in the testing
set and 72.5% and 62.7% in the external validation cohort, respectively. Multivariate
logistic regression analysis showed that the DeepPCR model was an independent
predictive factor of nCRT (P=0.008 and P=0.004 for the testing set and external
validation set, respectively).

Conclusions: The DeepPCR model showed high accuracy in predicting pCR and served
as an independent predictive factor for pCR. The model can be used to assist in clinical
treatment decision making before surgery.

Keywords: rectal cancer, deep learning, neoadjuvant chemoradiotherapy, pathological complete response,
artificial intelligence
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INTRODUCTION

Colorectal cancer remains one of the leading causes of cancer death
(1). For patients with locally advanced rectal cancer (LARC),
neoadjuvant chemoradiotherapy (nCRT) followed by total
mesorectal excision (TME) is recommended as a standard
treatment strategy. nCRT can significantly reduce local recurrence
and treatment-associated toxicity and more importantly, make
tumors more amenable to resection. However, the treatment
response to nCRT varies greatly among patients. Approximately
15-38% of patients could obtain a pathological complete response
(pCR) and are recommended the watch and wait approach to avoid
the side effects of surgery (2), while 20% of patients have little to no
response to nCRT and might even suffer significant side effects and
miss their best opportunity for surgery (3–5). More importantly,
patients with pCR have better long-term outcomes, indicating a
favorableprognosis (6).However, how topredict treatment response,
especially to identify pCR candidates prior to nCRT, remains
challenging for LARC.

Previous studies have shown that tumor stage, serum tumor
markers beforeneoadjuvant therapy, and lymphocyte infiltration in
the tumormicroenvironment are associated with tumor regression
tonCRT(7).Recently,with thedevelopmentof artificial intelligence
algorithms, radiological imaging has been used to evaluate the
treatment response of LARC (8–14). The commonly adopted
imaging techniques include diffusion-weighted magnetic
resonance imaging (MRI) (11), diffusion kurtosis and T2-
weighted MRI (8), and a multiparametric MRI protocol with
dynamic-contrast-enhanced MRI (13). For instance, Zhang et al.
(10) developed a pCR predictionmodel based on diffusion kurtosis
and T2-weighted MRI, and the area under the curve (AUC) was
0.70 (95% confidence interval (CI): 0.59, 0.79). Histopathological
images prevail as the gold standard for patient diagnosis and
contain abundant biological information. Therefore, we anticipate
that more accurate predictions can be achieved by analyzing
pathological images than by analyzing radiological images.

Compared with conventional machine learning, deep learning
can automatically extract features from an image without the
necessity of feature predefinition and is suitable for mining the
most relevant feature representations. Multi-instance learning
(MIL), as a weakly supervised deep learning technique, has
achieved promising results on the topic of patient prognosis and
outcome prediction (15–18). MIL enables the network to learn
more holistic information from whole-slide images (WSIs). To the
best of our knowledge, there has been little investigation on the
prediction of pCR based on histopathological images prior to nCRT
with theMIL technique. The aim of this study was to develop a deep
pathological complete response (DeepPCR) prediction model for
the prediction of pCR directly from conventional hematoxylin &
eosin (H&E)-stained histopathological images.
MATERIALS AND METHODS

Study Cohort and Availability
Two different cohorts, i.e., the primary cohort and external
validation cohort, were adopted for training and internal and
Frontiers in Oncology | www.frontiersin.org 217
external validation and included retrospectively identified LARC
patients from January 1, 2010, to January 1, 2018, from three
hospitals in China (the Sixth Affiliated Hospital of Sun Yat-sen
University, Cancer Center of Sun Yat-sen University, and
Yunnan Cancer Hospital). A total of 842 patients were
recruited; among them, the primary cohort (783 patients from
the Sixth Affiliated Hospital of Sun Yat-sen University and
Cancer Center of Sun Yat-sen University) was randomly
subgrouped into the training set (666 patients, 85%) and
testing set (117 patients, 15%), and the external validation
cohort (from Yunnan Cancer Hospital) contained 102 patients.
The inclusion criteria were as follows: (1) patients had locally
advanced disease determined by pretreatment TNM stage (T3/
T4, and/or N+); (2) biopsy was performed, and the biopsy
specimen was pathologically diagnosed as adenocarcinoma;
and (3) patients underwent nCRT followed by rectal resection.
The exclusion criteria were as follows: (1) patients with familial
adenomatous polyposis, distant metastases, or Lynch syndrome;
and (2) patients with no information on tumor regression grade
(TRG) and no available H&E-stained slides.

All patients accepted a standard treatment strategy based on
the National Comprehensive Cancer Network (NCCN)
guidelines (version 3, 2017). The nCRT regimen was 50 Gy
pelvic radiation therapy with concurrent 5-fluorouracil-based
chemotherapy (FOLFIRI or FOLFOX regimens). TME was
performed by either anterior resection or abdominoperineal
resection after nCRT of 4-8 weeks. The TRG after nCRT was
used to divide patients into two groups based on H&E-stained
slides after surgery: pCR (with no remaining viable cancer cells)
and non-pCR (with small clusters of cancer cells or no response
with extensive residual cancer). The flow diagram of patient
enrollment into the two cohorts is shown in Figure 1.

Clinicopathological variables, such as age, sex, TNM stage,
histological grade, TRG after surgery, and blood testing
parameters, including lymphocytes, neutrophils, carcinoembryonic
antigen (CEA), carbohydrate antigen 19-9 (CA19-9), and lactate
dehydrogenase (LDH) prior to nCRT treatment, were collected.
This study was approved by the Institutional Review Board of the
Sixth Affiliated Hospital of Sun Yat-sen University.

Data Preparation
Formalin-fixed paraffin-embedded (FFPE) biopsy tissue blocks
were cut into 4-µm sections for H&E staining. All slides were
checked by a pathologist who ascertained that they contained
tumor areas. WSIs were acquired at a magnification of 20× on an
Aperio scanner.

Tumor tissue regionswere hand-delineated by pathologists (Dr.
XYL and Dr. HLL) using Aperio Image Scope software and
subsequently cropped into patches with a size of 299×299 pixels
at amagnificationof 20×. The distributionof thenumberof patches
per slide followed a long-tail distribution,with themajority of slides
containing approximately 100 patches. For slides with more than
1000 patches, we randomly chose 1000 cropped patches.

pCR Candidate Classification
Four models were designed for classifying the input biopsy
histological images, with patients’ distinct TRG outcomes as
June 2022 | Volume 12 | Article 807264
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the ground truth. The first three models were trained on 102,728
patches and tested on 18475 patches in the primary cohort,
namely, the DeepPCR model, patch-based combined model, and
patch-based individual model. The DeepPCR model was built
upon the MIL strategy (Figure 2). Specifically, a pretrained
ResNet-18 model (19) was leveraged to extract the pathological
feature representations of each cropped patch, i.e., the patch-wise
phenotype representation (patchPR). Based on the patchPRs, the
unsupervised K-means algorithm was used to categorize these
features into six clusters (see Supplementary Figure 1). Each
cluster occupied a subspace of the features and comprised a
distinctive phenotype group. The patches in each cluster were
further processed by a multi-instance fully convolutional model
(MI-FCM) (20) to generate cluster-wise phenotype
representation (clusPR). Herein, the MI-FCM was comprised
of two pairs of Conv-ReLU layers, followed by a pooling layer.
Afterwards, WSI-wise phenotype representation (wsiPR) was
constructed by concatenating the clusPRs from the same WSI.
The wsiPR sufficiently exploited the intercluster feature
difference and intracluster feature dependence, constituting the
most informative phenotype representation. Based on wsiPR, a
two-layer fully connected network was leveraged to generate the
final prediction. The DeepPCR model built a hierarchical feature
structure from patch to WSI and explicitly modeled the mutual
dependence between different phenotype groups for patient
outcome prediction.

The patch-based combined model and patch-based individual
model used patch-based approaches in which the cropped patches
shared the same label with the original histopathological WSI and
the prediction of patch-based methods was made for each patch
rather than eachWSI. Similar to DeepPCR, the pretrained ResNet-
18 model was adopted to extract the phenotype representations of
Frontiers in Oncology | www.frontiersin.org 318
each cropped patch. According to the aggregation method of the
patch-level prediction, we implemented these patch-based models
in two ways. One was to predict each individual patch’s label, and
then combined them via majority voting, which was called the
patch-based individualmodel. The otherwas to aggregate the patch-
level predictions of each subject by removing the clustering step in
DeepPCR, called the patch-based combined model (remaining
modules are the same as DeepPCR). To validate the effectiveness
of pathological imaging data in pCR outcome prediction compared
with nonpathological data, the fourth model (hematology model),
based on clinical hematology data, including CEA, CA19-9, LDH,
lymphocytes, and neutrophils, was built. A two-layer multilayer
perceptron (MLP) model was adopted in the hematology model.

Phenotype Visualization
To visualize the representative phenotypes in each K-means
cluster, t-distributed Stochastic Neighbor Embedding (t-SNE)
(21) and the Raster Fairy method (22) were applied on the
patchPRs. t-SNE is a technique for dimensionality reduction that
is particularly well suited for the visualization of high-
dimensional data. The Raster Fairy method aims to transform
the two-dimensional clustering data derived from t-SNE into a
regular grid without destroying the neighborhood relations
emerging from the clustering. The GradCAM method (23) was
used to calculate the patch importance for target prediction.

Statistical Analysis
The predictive efficacy of themodelwas evaluated by the area under
the receiver operating characteristic curve (AUC-ROC), area under
the precision-recall curve (AUC-PR), sensitivity, specificity,
positive predictive value (PPV), and negative predictive value
(NPV). Univariate and multivariate logistic regression analyses
FIGURE 1 | The flow diagram of patient enrollment. (A) Primary cohort, (B) External validation cohort.
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were performed to investigate the predictive value for all
biomarkers. The statistical significance of the differences in the
clinicopathological characteristics of pCR and non-pCR patients
were calculated using the Mann-Whitney test (two-tailed) for
continuous variables and Fisher’s exact test (two-tailed) for
dichotomous variables. Comparisons of clinicopathological
factors in the primary and external validation cohorts were
performed using Student’s t test for continuous variables and
Fisher’s exact test (two-tailed) for dichotomous variables. A two-
sidedpvalueof less than0.05wasconsideredstatistically significant.
RESULTS

Patient Characteristics
The primary cohort included 783 patients: 295 patients from the
Sixth Affiliated Hospital of Sun Yat-sen University and 488
patients from the Cancer Center of Sun Yat-sen University. A
total of 201 and 582 patients were classified as pCR and non-
pCR, respectively. The external validation cohort from Yunnan
Cancer Hospital included 102 patients, of which 24 and 78
patients were classified as pCR and non-pCR, respectively. The
clinicopathological characteristics of the patients in the primary
and external validation cohorts are provided in Table 1. The
clinicopathological characteristics, including clinical T stage and
histological grade, were different between the primary and
external validation cohorts (P<0.001 and P<0.001, respectively)
(Supplementary Table 1).
Frontiers in Oncology | www.frontiersin.org 419
pCR Candidate Prediction
in the Primary Cohort
The DeepPCR model had a higher discriminative power, with an
AUC-ROC of 0.710 (95% CI: 0.595, 0.808) and an AUC-PR of
0.875 (95% CI: 0.795, 0.935) in the primary cohort (Figure 3A
and Table 2A). The sensitivity, specificity, PPV and NPV were
72.6%, 46.9%, 70.4%, and 54.0%, respectively (Table 2A). The
other three models showed inferior performance. Specifically, the
hematology model had an AUC-ROC of 0.403 (95% CI: 0.274,
0.534) and an AUC-PR of 0.698 (95% CI: 0.591, 0.805). The
patch-based individual model and patch-based combined model
achieved an AUC-ROC of 0.544 (95% CI: 0.432, 0.653) and an
AUC-PR of 0.805 (95% CI: 0.717, 0.885) and an AUC-ROC of
0.627 (95% CI: 0.516, 0.733) and an AUC-PR of 0.842 (95% CI:
0.762, 0.909), respectively (Figures 3A, C and Table 2A). As
shown in Figure 3E, the AUC-ROC of the DeepPCR model was
significantly higher than that of the hematology model (P < 0.001)
and patch-based individual model (P < 0 .05).

pCR Candidate Prediction in the
External Validation Cohort
To investigate the effectiveness and generalizability of the
DeepPCR model, it was validated in the external cohort. In the
external validation cohort, the DeepPCR model achieved a
similar AUC-ROC of 0.723 (95% CI: 0.591, 0.844) and an
AUC-PR of 0.887 (95% CI: 0.805, 0.949) (Figures 3B, D and
Table 2B). The sensitivity, specificity, PPV and NPV were 0.725
(95% CI: 0.637, 0.814), 0.627 (95% CI: 0.463, 0.773), 0.758 (95%
A B DC

FIGURE 2 | The proposed deep learning framework (DeepPCR) for pCR prediction. (A) WSIs with tumors annotated by expert pathologists. (B) All WSIs were
cropped into small patches with a size of 299×299 pixels at a magnification of 20×. (C) An in-house deep learning-based color normalization method was applied to
ensure the color consistency of the cropped patches. (D) Illustration of the proposed DeepPCR model for pCR candidate prediction. Three scales of phenotype
feature representations (i.e., patchPR, clusPR, and wsiPR) were integrated to derive the final prediction.
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CI: 0.671, 0.847), and 0.536 (95% CI: 0.368, 0.688), respectively
(Table 2B). In external cohorts, the AUC-ROC of the DeepPCR
model was significantly higher than that of the hematology
model (P < 0.001) and patch-based individual model (P < 0
.05) (Figure 3F).

Univariate and Multivariate Analyses
In the primary cohort, the univariate logistic regression analysis
showed that CEA and DeepPCR model were significantly
correlated with pCR (P=0.033 and 0.0001, respectively)
(Table 3A). Multivariate logistic regression analysis showed
that only DeepPCR was an independent factor for predicting
pCR (95% CI: 1.646, 28.743; P=0.008) (Table 3B).

In the external validation cohort, age, CEA, neutrophil-to-
lymphocyte ratio (NLR), patch-based combined model and
DeepPCR model were significantly correlated with pCR
(P=0.042, 0.029, 0.04, 0.023, and 0.0001, respectively)
(Table 3A). Multivariate logistic regression analysis showed
that only DeepPCR was an independent factor for predicting
pCR (95% CI: 2.138, 51.186; P=0.004) (Table 3B).

Histological Patterns Associated With TRG
To find some important clinical insights based on the DeepPCR
model, we determined which types of histological patterns were
most relevant to patient TRG, and the pipeline of this process is
displayed in Figure 4. In Figure 4A, each grid represented an
individual patch, and the patchPRs obtained from all these patches
were categorized into six phenotype clusters (Figure 4B), which
were reduced into a two-dimensional feature space based on t-SNE
and the Raster Fairy method. Here, the phenotypes could be color,
edges, texture, curve and/or shape of cancer and normal tissues. To
conduct an investigation into which types of phenotypes contribute
Frontiers in Oncology | www.frontiersin.org 520
the most to pCR prediction, the GradCAM method (23) was
adopted to calculate the importance of patches. The importance
heatmap is shown in Figure 4C, and darker colors indicate that the
patches played a more important role in pCR prediction. We also
calculated the sum of the importance values of the patches in each
cluster (Figure 4D). It can be seen that different clusters had
different predictive powers for pCR prediction, and a larger value
indicated that the corresponding cluster contributed more to
DeepPCR. The size of bubbles represents the number of patches
in the corresponding cluster. We found that patches in clusters 0
and l played more important roles in pCR candidate prediction.
Specifically, the patch importance value of cluster 1 was significantly
larger than that of clusters 2, 3, 4, and 5 (P<0.001, P<0.05, P<0.01,
and P<0.001, respectively). There were no significant differences
between cluster 0 and cluster 1 in terms of the patch importance
value (Figure 4D). Figure 4E shows the representative patches of
cluster 1 and their distribution in a WSI, which also represented a
special histological pattern and spatial pattern highly associated with
pCR. Similarly, Figures 4F–J demonstrates the same patchPR
visualization process but for the non-pCR group. The patch
importance value of cluster 2 was significantly larger than that of
clusters 0, 1, 3, 4, and 5 (P<0.001, P<0.001, P<0.001, P<0.001, and
P<0.001, respectively) (Figure 4I) in non-pCR candidate prediction.
DISCUSSION

In the present study, we developed a novel model to predict pCR
in LARC using digital pathological images. We found that the
DeepPCR model could achieve a relatively high AUC-ROC score
of 0.710. Multivariate logistic analysis showed that the DeepPCR
model was indeed an independent factor for predicting pCR,
TABLE 1 | Clinicopathological characteristics of patients in the training, testing, and external validation cohorts.

Training set (n=666) Testing set (n=117) ExternalValidation set (n=102)

PCR (%)
(n=171)

Non-PCR (%)
(n=495)

P
value

PCR (%)
(n=30)

Non-PCR (%)
(n=87)

P
value

PCR (%)
(n=24)

Non-PCR (%)
(n=78)

P
value

Age, mean(SD), y 52.77 ± 12.02 54.71 ± 11.78 0.078 53.90 ± 11.71 55.38 ± 11.47 0.549 54.08 ± 11.01 57.17 ± 10.37 0.182
Sex, No. (%) 0.849 0.376 0.081
Female 55(32.2) 154(31.1) 8(26.7) 32(36.8) 12(50.0) 22(28.2)
Male 116(67.8) 341(68.9) 22(73.3) 55(63.2) 12(50.0) 56(71.8)

Clinical T stage
cT2 10(5.9) 16(3.2) 0.124 2(6.7) 2(2.3) 0.271 1(4.2) 0(0.0) 0.235
cT3 113(66.1) 323(65.3) 0.926 20(66.7) 55(63.2) 0.827 9(37.5) 24(30.8) 0.612
cT4 48(28.0) 156(31.5) 0.442 8(26.6) 30(34.5) 0.503 14(58.3) 54(69.2) 0.333

Clinical N stage
cN0 34(19.9) 76(15.4) 0.189 5(16.7) 13(14.9) 0.777 0(0.0) 18(23.1) 0.006
cN1 86(50.3) 249(50.3) 1 13(43.3) 40(46.0) 0.834 17(70.8) 43(55.1) 0.236
cN2 51(29.8) 170(34.3) 0.301 12(40.0) 34(39.1) 1 7(29.2) 17(21.8) 0.582

TNM stage
Stage II 35(20.5) 76(15.3) 0.167 5(16.6) 13(14.9) 0.777 0(0.0) 18(23.1) 0.006
Stage III 136(79.5) 419(84.7) 0.124 25(83.4) 74(85.1) 0.777 24(100.0) 60(76.9) 0.006

Histological grade
1 22(12.9) 55(11.1) 0.579 3(10.0) 16(18.4) 0.394 1(4.2) 0(0) 0.235
2 125(73.1) 382(77.2) 0.299 22(73.3) 65(74.7) 1 23(95.8) 71(91.0) 0.677
3 24(14.0) 58(11.7) 0.421 5(16.7) 6(6.9) 0.147 0(0) 7(9.0) 0.194
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indicating that the model could assist in treatment decision
making prior to surgery for LARC.

In recent years, there has been increasing interest in digital
pathology image analysis based on machine learning algorithms
to assist in pathological diagnosis (24, 25). With the development
Frontiers in Oncology | www.frontiersin.org 621
of deep learning, an increasing number of studies have focused
on clinical-grade detection and the prediction of outcomes. For
example, Cao et al. (24) developed a pathomics-based model for
microsatellite instability prediction from pathological images.
Ole-Johan Skrede et al. (25) developed a deep learning-based
A B

D

E F

C

FIGURE 3 | (A, B) AUC-ROC of the four comparative methods in the (A) primary and (B) external validation cohorts (top row). (C, D) AUC-PR of the four
comparative methods in the (C) primary and (D) external validation cohorts (middle row). (E, F) DeLong test for the four comparative methods in the (E) primary and
(F) external validation cohorts (bottom row). In this work, we used a probability threshold of 0.7 (that is, any patient with a pCR prediction probability greater than 0.7
was reported as a pCR candidate). No significant difference (ns): P > 0.05, *P < 0.05, ***P < 0.001.
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biomarker model for colorectal cancer outcome by analyzing
H&E-stained sections. The successful applications of artificial
intelligence in digital pathology indicate that digital pathology
images contain important information for the diagnosis and
prognosis of cancer. Due to the complexity of pathological
imaging, there have been few relevant studies on the prediction
of neoadjuvant efficacy based on preoperative pathological
biopsy with artificial intelligence. Some studies used MRI to
predict neoadjuvant efficacy. For instance, Petresc et al. (8)
utilized pretreatment T2-weighted radiomic features to predict
Frontiers in Oncology | www.frontiersin.org 722
LARC responders, and least absolute shrinkage and selection
operator (LASSO) regression analysis was applied to derive a
predicted AUC of 0.80 (95% CI: 0.58, 0.94). Although their
model’s performance was better than ours, they used a small
cohort of patients. In a retrospective study, Zhang et al. (10)
developed a deep learning-based model for pCR prediction based
on diffusion kurtosis and T2-weighted MRI, and the AUC was
0.70 (95% CI: 0.59, 0.79), which was similar to that of our
proposed model. The limitation of their model was that they did
not validate the model in independent external cohorts.
TABLE 2 | Results of DeepPCR and the comparative models in the (a) primary and (b) external validation cohorts.

(a) Model/Outcome AUC-ROC AUC-PR Sen (%) Spe (%) PPV (%) NPV (%)

Hematology model 0.403 (0.274, 0.534) 0.698 (0.591, 0.805) 72.6 (64.1, 80.3) 27.2 (18.8, 36.2) 61.7 (60.0, 71.1) 37.7 (30.8, 51.2)
Patch-based individual model 0.544 (0.432, 0.653) 0.805 (0.717, 0.885) 68.4 (59.8, 76.9) 25.8 (17.0, 34.7) 57.2 (45.2, 69.6) 27.0 (15.4, 46.8)
Patch-based combined model 0.627 (0.516, 0.733) 0.842 (0.762, 0.909) 69.2 (60.7, 77.8) 30.4 (20.7, 40.7) 61.6 (50.5, 73.1) 37.6 (18.0, 59.4)
DeepPCR model 0.710 (0.595, 0.808) 0.875 (0.795, 0.935) 72.6 (64.1, 80.3) 46.9 (32.6, 61.0) 70.4 (61, 79.9) 54.0 (35.8, 70.9)
(b) Model/Outcome AUC-ROC AUC-PR Sen (%) Spe (%) PPV (%) NPV (%)
Hematology model 0.420 (0.293, 0.548) 0.737 (0.623, 0.846) 70.6 (61.8, 79.4) 21. 7 (14.2, 30.0) 57.4 (48.5, 67.4) 17.6 (14.3, 20.4)
Patch-based individual model 0.527 (0.402, 0.657) 0.810 (0.712, 0.895) 73.5 (64.7, 81.4) 22.6 (15.3, 31.4) 57.9 (62.6, 72.4) 17.8 (17.4, 18.1)
Patch-based combined model 0.599 (0.474, 0.726) 0.832 (0.732, 0.919) 69.6 (60.8, 78.4) 27.2 (16.3, 38) 62.3 (49.9, 74.5) 31.7 (14.8, 54.1)
DeepPCR model 0.723 (0.591, 0.844) 0.887 (0.805, 0.949) 72.5 (63.7, 81.4) 62.7 (46.3, 77.3) 75.8 (67.1, 84.7) 53.6 (36.8, 68.8)
Jun
e 2022 | Volume 12
The CI value is inside the parentheses. Sen, sensitivity; Spe, specificity; PPV, positive predictive value; NPV, negative predictive value. In this work, we used a probability threshold of 0.7
(that is, any patient with a pCR prediction probability greater than 0.7 was reported as a pCR candidate).
TABLE 3 | Univariate and multivariate logistic regression analyses.

(a) Univariate logistic regression Testing Set External Validation Set

P value Exp (B) (95% CI) P value Exp (B) (95% CI)

Sex 0.316 1.6 (0.638, 4.011) 0.051 0.393 (0.153, 1.006)
Age 0.051 2.679 (0.995, 7.212) 0.042 2.768 (1.039, 7.376)
TNM stage 0.822 1.138 (0.369, 3.513) 0.998 0 (0, -)
CEA 0.033 2.796 (1.087, 7.197) 0.029 3.667 (1.145, 11.74)
CA-199 0.087 2.128 (0.896, 5.055) 0.054 2.505 (0.985, 6.37)
CRP 0.198 2.348 (0.639, 8.621) –

LDH 0.999 5.80e8 (0, -) 0.207 2.4 (0.617, 9.339)
Lymphocytes 0.24 2.186 (0.593, 8.062) 0.133 2.2 (0.788, 6.146)
Neutrophils 0.414 1.524 (0.555, 4.186) 0.097 2.508 (0.846, 7.436)
NLR 0.142 3.155 (0.681, 14.623) 0.04 3.045 (1.054, 8.804)
Patch-indi 0.06 2.248 (0.967, 5.224) 0.219 1.786 (0.709, 4.5)
Patch-comb 0.053 2.548 (0.989, 6.564) 0.023 3.143 (1.171, 8.437)
DeepPCR 0.0001 6.125 (2.462, 15.239) 0.0001 7 (2.575, 19.028)
(b) Multivariate logistic regression Test Cohort External Validation Cohort

Sig. Exp (B) (95% CI) Sig. Exp (B) (95% CI)

Sex 0.143 2.45 (0.739, 8.124) 0.011 0.122 (0.024, 0.621)
Age 0.489 1.576 (0.434, 5.72) 0.705 1.346 (0.289, 6.261)
TNM stage 0.965 1.034 (0.233, 4.582) 0.998 0 (0, -)
CEA 0.101 2.718 (0.823, 8.973) 0.189 3.211 (0.564, 18.284)
CA-199 0.124 2.413 (0.785, 7.415) 0.059 4.137 (0.945, 18.108)
CRP 0.104 4.607 (0.732, 29.003)
LDH 0.999 2.6e8 (0, -) 0.118 7.334 (0.604, 89.051)
Lymphocytes 0.128 3.412 (0.704, 16.539) 0.203 3.418 (0.514, 22.723)
Neutrophils 0.979 0.981 (0.239, 4.023) 0.874 0.846 (0.107, 6.699)
NLR 0.138 4.242 (0.628, 28.678) 0.05 8.854 (0.995, 78.749)
Patch-indi 0.346 1.657 (0.58, 4.732) 0.831 0.855 (0.204, 3.591)
Patch-comb 0.8 0.819 (0.175, 3.842) 0.642 1.453 (0.301, 7.023)
DeepPCR 0.008 6.879 (1.646, 28.743) 0.004 10.461 (2.138, 51.186)
(a) Univariate logistic regression analysis of the testing set and external validation set. (b) Multivariate logistic regression analysis of the testing set and external validation set. The covariates
were sex, age, TNM stage, CEA, CA19-9, CRP, LDH, lymphocytes, neutrophils, neutrophil-to-lymphocyte ratio (NLR), patch-based individual (patch-indi) model, patch-based combined
(patch-comb) model, and DeepPCR model.
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FIGURE 4 | Patch-level feature interpretation in the pCR group (A–E) and non-pCR group (F–J). Patches in the correctly predicted pCR group (A) and correctly
predicted non-pCR group (F). PatchPRs were categorized into six phenotype clusters based on t-SNE and the Raster Fairy method, and each grid represented
an individual patch (B, G). The importance distribution of the patches in the pCR group (C) and non-pCR group (H). Darker colors represent the patches that
played a more important role in pCR or non-pCR prediction. Demonstration of patch importance and the number of patches in each cluster; the size of the
bubble represents the number of patches in the corresponding cluster (D, I). Representative patches of cluster 1 (E) and cluster 2 (J) and the part of the WSI
from which they were selected.
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Radiological imaging has its own limitation in distinguishing
inflammatory lesions from neoplastic lesions. As the gold
standard of disease diagnosis, conventional preoperative
pathological biopsy is of great significance for the diagnosis
and prognosis of tumors.

The discriminative power of DeepPCR model was
significantly higher than that of the hematology model
(P<0.001) and the other two patch-based models (P<0.001 and
P<0.001, respectively). The number of patients in our study was
larger than other reported works (8–14). Moreover, the
DeepPCR model was evaluated in independent cohorts. The
external validation cohort came from another center with a
different sample handling procedure and using a different
scanner. Although the external validation cohort was different
from the primary cohort in terms of the clinicopathological
characteristics, such as clinical T stage and histological grade
(P<0.001 and P<0.001, respectively), the proposed model
achieved similar results as those in the primary cohort,
indicating its generalizability and robustness.

The proposed model leveraged an MIL-based deep learning
model and showed a superior performance compared to previous
patch-based learning methods. Existing patch-based approaches
can be categorized into two classes based on the level of the
employed annotations. For the first class, patch-wise annotations
are used to train deep learning models (26–30), and strong
supervision is typically performed, benefiting from the precise
labeling information. Nevertheless, these methods depend on
pixel-level annotations by expert pathologists, and it would be
labor intensive and hard to obtain sufficient high-quality
annotation data. For the second class of methods, the ground-
truth labels are provided for the whole images rather than the
patches (31, 32). When performing the learning process, the
global image-level label of each WSI is taken as the patch-level
label directly, and the final prediction is generated by combining
the patch-level outputs. Although this type of method is very
straightforward, there are two crucial problems. First, the
cropped patches of WSIs are processed independently, and the
spatial constraints of these patches are neglected. The second
problem is that the patches in the same image indiscriminately
share the same label and thus introduce a substantial disturbance
to model training. To address these problems, several MIL-based
approaches that aim to leverage the feature representations of all
image patches to collaboratively predict the patient outcome
have been developed (15–18, 33). Building upon these methods,
our proposed model can effectively mine the dependence of
feature representations at three different scales, i.e., patch-level,
cluster-level, and WSI-level phenotype representations. In this
patient outcome prediction task, the MIL-based learning method
outperformed the patch-based learning methods. Specifically, the
MIL-based methods were able to jointly consider intrapatch
dependence; thus, the spatial relationships between tumor
tissues (including cancer cells and surrounding stromal cells)
were exploited. These tissues form the tumor microenvironment
(34), and the characterization of the microenvironment plays an
important role in tumor progression and the response to
treatment. However, the patch-based learning methods only
Frontiers in Oncology | www.frontiersin.org 924
processed patches independently, and the spatial information
among patches was neglected; thus, these methods showed poor
performance. Our findings suggest that MIL-based learning
models can handle the spatial information inherent in the
tumor microenvironment.

Some deep learning-based studies visualized and interpreted
the learned feature representations (31, 35–38), which may
provide some important clinical insights. For instance, Courtiol
et al. (35) identified regions that contributed to patient outcome
prediction (mesothelioma classification) by visualizing various
scenarios predicted by the deep learning model. They found that
these regions are mostly located in the stroma and are associated
with inflammation, cellular diversity and vacuolization.
Campanella et al. (36) assessed the model by visualizing the
features reduced in a 2D space and found that a set of top-ranked
patches with probabilities close to 0.5 contained glands
suspicious of being malignant. In our study, patchPRs were
categorized into six phenotype clusters based on the DeepPCR
model. We determined that different clusters had different
predictive powers for pCR prediction. We calculated the sum
of the importance values of the patches in each cluster and found
that the patches in cluster 0 and cluster 1 played more important
roles in pCR candidate prediction. Although we did not analyze
each cluster in more detail, we proposed that some histological
patterns may be associated with the predicted TRG. The novel
histological pattern may be associated with the morphological
features and microenvironment of the tumor.

Previous studies showed that pretreatment serumCEA levels were
significantly correlated with pCR (39). In our study, the univariate
logistic regression analysis showed that CEA levels significantly
correlated with pCR in the primary cohort (P=0.033) and in the
external validation cohort (P=0.042). However, inmultivariate logistic
regression analysis, this association did not persist, and only the
DeepPCR model was an independent factor for predicting pCR
(95% CI: 1.646, 28.743; P=0.008). We also conducted pCR prediction
experiments based on clinical data, i.e., CEA, CA19-9, LDH,
lymphocytes, and neutrophils. In the experimental studies, an AUC-
ROC of 0.403 was achieved based on these nonpathological data,
showing that theymaynot be sufficient for prognostic pCRprediction.

Although promising results and relevant clinical insights were
found, there are some limitations in this study. First, this study was a
retrospective study. A multicenter prospective study is needed to
confirm the performance of the prediction model. Second, due to
the prevalence of tumor heterogeneity, the representativeness of
biopsy specimens was limited. Another limitation of this study was
that deep learning has the disadvantage of its black-box nature.
Although we determined some histological patterns relevant to
patient TRG, the morphological features and microenvironment of
each histological pattern should be further investigated.

In conclusion, our study was the first to investigate the nCRT
outcome prediction problem in LARC patients using presurgical
biopsy pathological images. A clinically useful prediction model
was developed using deep learning. The DeepPCR model was
evaluated in an independent cohort and achieved stable results.
This model has the potential to guide clinicians in making
nCRT choices.
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Supplementary Figure 1 | Effects of the number of clusters on pCR prediction. The
AUC-ROC in the test cohort was optimal when the number of clusters was set to 6.

Supplementary Figure 2 | Demonstration of pCR and non-pCR patient
differentiation using (A) patch-level, (B) cluster-level, (C) WSI-level feature
representations based on the t-SNE results. With the increase in level, pCR and
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Prolonged neoadjuvant
chemotherapy without radiation
versus total neoadjuvant
therapy for locally advanced
rectal cancer: A propensity
score matched study

Xuan Zhao1,2†, Peiyi Han1,2†, Luyang Zhang1,2†, Junjun Ma1,2,
Feng Dong1,2, Lu Zang1,2, Zirui He1,2* and Minhua Zheng1,2*

1Department of General Surgery, Ruijin Hospital, Shanghai Jiao Tong University School of Medicine,
Shanghai, China, 2Shanghai Minimally Invasive Surgery Center, Shanghai, China
Background: Although neoadjvuant chemoradiotherapy (CRT) improves the

local control rate of locally advanced rectal cancer (LARC), it fails to significantly

improve disease-free survival (DFS) and overall survival (OS). We explored the

efficacy of prolonged neoadjuvant chemotherapy (pNCT) without radiation

and compared this schema with total neoadjuvant therapy (TNT).

Material and methods: Patients diagnosed with LARC and received TNT (4

cycles of induction CapeOX/FOLFOX followed with CRT) or pNCT (6~8 cycles

of CapeOX/FOLFOX) between June 2016 and October 2021 were

retrospective analyzed. All patients underwent total mesorectal excision

(TME). A 1:1 propensity score match was performed to adjust baseline

potential confounders. The tumor response, toxicity, recurrence-free survival

(RFS) and OS were observed.

Results: A total of 184 patients with 92 patients in each group were finally

enrolled. The median follow-up time was 35 months. TNT showed better

pathological complete response (pCR) rate (25.0% vs 16.3%) and objective

regression rate (73.9% vs 59.8%) than pNCT. TNT and pNCT produce similar 3-

year RFS and OS rates in patients with mid-to-upper rectal cancer. TNT was

associated with improved tumor responsiveness in all patients and improved 3-

year RFS rates in those with low rectal cancer.

Conclusion: pNCT is an option for patients with mid-to-upper rectal cancer,

but radiation is still necessary for low rectal cancer. To determine optimal
frontiersin.org01
27

https://www.frontiersin.org/articles/10.3389/fonc.2022.953790/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.953790/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.953790/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.953790/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.953790/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.953790/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.953790&domain=pdf&date_stamp=2022-09-16
mailto:zhengmhrjhospital@163.com
mailto:hezirui@aliyun.com
https://doi.org/10.3389/fonc.2022.953790
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.953790
https://www.frontiersin.org/journals/oncology


Zhao et al. 10.3389/fonc.2022.953790

Frontiers in Oncology
schema for neoadjuvant therapy and patient selection, additional randomized

controlled studies are needed.
KEYWORDS

chemoradiotherapy, rectal cancer, neoadjuvant chemotherapy, recurrence,
propensity score
1 Introduction

Neoadjuvant chemoradiotherapy (CRT) followed by total

mesorectal excis ion (TME) and adjuvant systemic

chemotherapy comprise the general paradigm of locally

aggressive rectal cancer (LARC) treatment. Although the

treatment strategy improves the local control of disease (1–4),

it fails to significantly improve disease-free survival (DFS) and

overall survival (OS) (5). Distant recurrence remains the leading

cause of death for patients and is inadequately controlled by the

current treatment mode (6, 7).

Recent evidence suggests that neoadjuvant chemotherapy

may be used for controlling distant recurrence. Combined

chemotherapy and chemoradiation, referred to as total

neoadjuvant therapy (TNT), is used worldwide, and several

high-quality trials showed that TNT improves oncological

outcomes in two aspects (8–11). First, short-term recurrence

rates decreased in those who underwent TNT, especially at 3-

year follow up. Second, pathological complete response (pCR)

rates increased after treatment with TNT, with the therapy

nearly doubling pCR rates compared with CRT.

In recent years, use of neoadjuvant chemotherapy alone was

reported to result in promising survival outcomes (12, 13). The

FORWARC (13) study showed that 3-year DFS rates in those

undergoing mFOLFOX6 with and without routine radiation did

not significantly differ, and the elimination of radiation was

unlikely to increase local recurrence risk after R0/1 resection.

Especially in low-risk patients whose response to chemotherapy

was good, the need for radiotherapy remains unclear. Findings of

the trials have the potential to update clinical practice guidelines

regarding the use of radiotherapy. To date, the optimal use of

neoadjuvant chemotherapy and its target patient population

remains controversial. The ideal way to maintain a balance

between the benefits of TNT and overtreatment is of particular

importance, and is likely to be debated well into the future.

In this study, we retrospectively reviewed records of 257

patients who were diagnosed with resectable LARC and treated

with either TNT or prolonged neoadjuvant chemotherapy

(pNCT) without radiation. We aimed to assess the safety,

efficacy, and survival outcomes of pNCT versus TNT in

patients with baseline resectable LARC.
02
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2 Material and methods

2.1 Study population

This retrospective study utilized the data of consecutive

patients who underwent TNT/pNCT followed with radical

surgery for rectal cancer between June 2016 and October 2021

at Ruijin Hospital, Shanghai, China. Patients were randomly

assigned to receive TNT or pNCT and were staged using

preoperative imaging, including enhanced magnetic resonance

imaging (MRI) and computed tomography (CT). Other clinical

data were obtained from the patients’ medical history at

Ruijin Hospital.

Patients meeting the following eligibility criteria were included:

(I) aged between 18 and 80 years; (II) diagnosis of rectal

adenocarcinoma via colonoscopy and a pathological examination

(the lower tumor edge within 12 cm of the anal verge); (III)

underwent TNT or pNCT, and (IV) postoperative pathological

results showing R0 resection. Exclusion criteria were as follows: (I)

the presence of concomitant malignant disease, (II) history of

malignant disease, (III) failure to complete planned cycles of

neoadjuvant or adjuvant treatment, and (IV) unresectable

tumors or difficult to get R0 resection after neoadjuvant therapy.
2.2 Treatment

2.2.1 Neoadjuvant therapy and
adjuvant therapy

All patients received oxaliplatin- and fluorouracil-based

neoadjuvant chemotherapy (mFOLFOX6 or CapeOX). The

mFOLFOX6 regimen consisted of an intravenous infusion of

oxaliplatin (85 mg/ m2) followed by leucovorin (400 mg/m2), an

intravenous bolus of 5-FU (400 mg/m2), and a continuous

intravenous infusion of 5-FU (2,400 mg/m2) for 2 days. The

CapeOX regimen consisted of intravenous infusion of

oxaliplatin (130 mg/m2). Capecitabine (1,000 mg/m2) was

orally administered twice daily for 14 days. The pNCT group

received six to eight cycles of chemotherapy. After surgery,

patients diagnosed with pathological stage III or high-risk

stage II rectal adenocarcinoma received adjuvant therapy
frontiersin.org
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similar to the preoperative treatment for an additional four

cycles. The high-risk factors included: CRM<1mm, ypN2/N1c,

poor mesorectal quality, poor tumor differentiation.

2.2.2 Synchronous chemoradiotherapy
The TNT group received CRT after four cycles of induction

chemotherapy. Patients received 50 Gy radiation throughout 5

weeks (2 Gy five times per week). During radiotherapy,

continuous oral capecitabine was administered twice daily, on

days 1–14 and 22–35. This procedure was performed by specific

radiation oncologists.
2.3 Surgery and pathological examination

CT and enhanced rectal MRI imaging were repeated after

preoperative treatment. Surgery was performed if the tumor was

considered resectable. In the pNCT group, the median interval

between the last treatment and surgery was 2 week (range, 2-3

weeks). In the TNT group, the median interval between CRT

and surgery was 6 weeks (range, 4-6 weeks), with one cycle of

chemotherapy during the interval. All included patients

underwent laparoscopic TME with R0 resection. The surgical

specimens were examined by pathologists from the Department

of Pathology. Pathological features such as ypT stage, ypN stage,

tumor differentiation, and tumor response were determined via

routine methods, and a mismatch repair status (MMR) test was

performed, if necessary. The radiological response to

neoadjuvant therapy was evaluated based on response

evaluation criteria for solid tumors (RECIST v1.1).
2.4 Post-treatment surveillance

All patients were followed-up every 3 months for the first

year after surgery, and every 6 months for the next 4 years.

Enhanced CT scans (chest, abdomen, and pelvis), serum tests for

tumor markers (CEA, CA19-9, CA125, and CA242), and

colonoscopies were performed every six months. Survival

outcomes and the recurrence status of patients were also

noted. Recurrence-free survival (RFS) was defined as the time

between the end of treatment and date of recurrence. OS was

defined as the time from surgery to the date of all-cause death.
2.5 Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics

version 26 (IBM Corporation, Armonk, NY, USA) or R version

4.1.3. Propensity scores matching (PSM) at a ratio of 1:1 was

completed using SPSS. The chi-square test was used to compare

categorical variables, and continuous variables were analyzed

using the Student’s t-test. Kaplan–Meier curves were used to
Frontiers in Oncology 03
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analyze survival and recurrence. A Cox regression model was

used to calculate hazard ratios of OS and RFS. Survival curves

and forest plots were constructed using the R packages

survminer, forestmodel and forestplot. P-values were two-sided,

and P < 0.05 was considered statistically significant.
3 Results

3.1 Patient characteristics

A total of 257 patients with LARC who underwent TNT or

pNCT from April 2016 to August 2021 were enrolled in this study

(Figure 1). A total of 229 patients were included after screening,

with 131 and 98 being treated with pNCT and TNT, respectively.

Among the excluded patients, 4 and 2 patients in the pNCT and

TNT groups (2.96% vs 1.72%), respectively, were excluded due to

unsatisfied tumor response, and underwent additional treatment

later (Supplementary Table1). Finally, 92 patients of each group

were studied after a 1:1 PSM. Baseline clinical characteristics of

patients before and after PSM are shown in Table 1. Overall, 176

of 184 patients (96%) had cT3 and cT4 tumors, and 174 of 184

patients (95%) had clinically involved lymph nodes. The mean

distance to the anal verge was 5.95 cm, and 71 of 184 patients

(39%) had low rectal cancer (within 5 cm from the anal verge).
3.2 Pathology staging and response
to chemotherapy

All patients underwent laparoscopic TME and a pathological

examination to evaluate their responsiveness to treatment

preoperatively. Similar ypT and ypN stages were observed

after both TNT and pNCT. TRG findings revealed that the

TNT group had a higher rate of TRG0 and TRG1 than the pNCT

group; however, the difference was not statistically significant

(p = 0.095, Table 2). Patients in the TNT group had higher

pathological complete response (pCR; 25.0% and 16.3%,

respectively) and objective regression rates (73.9% and 59.8%,

respectively) than those of the pNCT group. TNT and pNCT

groups showed promising disease control rates (93.5% and

95.7%, respectively). As for toxicity, no patient died of

chemotherapy-related adverse events. Grade 3/4 adverse events

in preoperative chemotherapy and postoperative hospitalization

were rare in both groups (Table 3). The most common severe

adverse event was leukopenia, which was similar between the

two groups (4 in pNCT vs. 3 in TNT, p=0.702).
3.3 Surgical outcomes and survival

The permanent diversion rate was 20.65% (19/92) and

27.17% (25/92) in the pNCT and TNT group, and the
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temporary stoma rate was 29.35% (27/92) and 26.09% (24/92),

respectively. Anastomosis bleeding and leakage were the most

common short-term complications. Five patients in pNCT

group and seven patients in TNT group suffered from grade 3/

4 anastomosis leakage and showed no significant difference

between two groups (5.43 vs. 7.61, p=0.234).

The median follow-up period was 35 months (5–64

months), with that for the pNCT and TNT groups being 34.5

months (9–61 months) and 36 months (5–64 months),

respectively. As shown in Figure 2, 6 of 92 patients of the

pNCT group (6.5%) and 8 (8.7%) of the TNT group died.

Recurrence was reported in 40 (43.5%) and 29 (31.5%)
Frontiers in Oncology 04
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patients of the pNCT and TNT groups, respectively (Table 4).

Among these patients, local recurrence events were reported in

11 (12.0%) and 5 (5.4%) patients of the pNCT and TNT groups,

respectively, and distant metastasis was reported in 30 (33.6%)

and 26 (28.3%) patients.

Subgroup analysis of survival outcomes showed that low

rectal cancer (within 5 cm of the anal verge) was a strong

indicator of TNT (P <0.01, Figure 3), while other factors assessed

failed to show statistical significance. We further investigated

survival outcomes of patients with and without low rectal cancer.

Results showed that for patients with low rectal cancer, better

RFS was associated with the use of TNT; however, this result was
B

A

FIGURE 1

The diagram of total study (A) Neoadjuvant treatment; (B) Study population.The diagram of total study (A) Neoadjuvant treatment; (B) Study
population. pNCT prolonged neoadjuvant chemotherapy; TNT, total neoadjuvant therapy; BMI, Body mass index; CRM, circumference resection
margin; EMVI, extramural vascular invasion; TME, total mesorectal excision.
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not observed in patients with mid-to-upper rectal cancer

(Figure 4). In univariable and multivariable analysis, effects of

these factors on RFS and OS were assessed (Table 5). Worsened

RFS was associated with pNCT, cT4, ypT4, ypN2, and

unfavorable tumor response, while ypT4 (HR, 2.00; CI,1.20–

3.50) and ypN2 (HR,2.20; CI, 1.30–3.60) were independent

risk factors.
4 Discussion

Recently, TNT has been widely used to treat patients with

LARC, which results in promising survival outcomes. One of the

advantages of TNT is that it allows for the early use of systemic

chemotherapy, which may improve the efficiency by which micro-

metastases at early stages of tumor development are targeted (14,

15). However, with increasing focus on neoadjuvant

chemotherapy, the value of preoperative radiation, especially in

patients with initially resectable tumors that undergo high-quality

TME surgery, is under question. Recently, several randomized

studies have reported non-inferior survival outcomes in those

receiving neoadjuvant chemotherapy without radiation (12, 13,

16, 17), which has prompted a reexamination of the significance of

preoperative radiation.

In our study, we compared prolonged neoadjuvant

chemotherapy without radiation to TNT composed of

induction CapeOX/FOLFOX and CRT. All patients underwent
Frontiers in Oncology 05
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R0 resection, as confirmed via a pathological examination.

Results showed that the pCR and 3-year RFS rates of the TNT

group were longer than those of the pNCT group; however, TNT

failed to improve survival in those with middle and high rectal

cancer. This result showed that TNT may related with improved

tumor responsiveness and promising survival outcomes;

however, preoperative radiation might not be necessary for

initially resectable mid-to-upper rectal cancer.

Previous studies have reported that although neoadjuvant

radiotherapy may improve the pCR rate, it fails to improve the

prognosis. Moreover, radiation may damage normal tissue

adjacent to the tumor, a process that may be related to several

complications, including radiation-induced rectal injury,

anastomosis leakage, sexual dysfunction, and bowel

dysfunction (18, 19). Recently, several prospective clinical

studies have assessed the effectiveness of radiotherapy-free

regimens. The FOWARC trial compared the following

treatment regimens: neoadjuvant mFOLFOX6 alone,

fluorouracil plus radiotherapy, and mFOLFOX6 plus

radiotherapy. Results showed that outcomes of those

undergoing mFOLFOX6 with or without radiation and

fluorouracil with radiation did not significantly differ (13).

Deng et al. (16) assessed outcomes in those given neoadjuvant

CapeOX alone, reporting that promising tumor response rates

were observed. Zhang et al. (12) administered neoadjuvant

chemotherapy alone with triplet regimens of mFOLFOXIRI,

which also produced similar oncologic outcomes. On the other
TABLE 1 Baseline clinical characteristics of patients before and after propensity scoring matching.

Characteristic Before matching After matching

pNCT
N=131

TNT
n=98

P pNCT
N=92

TNT
N=92

P

Sex (%) Male 103 (78.6) 76 (77.6) 0.974 74 (80.4) 70 (76.1) 0.592

Female 28 (21.4) 22 (22.4) 18 (19.6) 22 (23.9)

Age, years (SD) 60.91 (9.23) 60.90 (8.68) 0.993 61.23 (8.64) 60.60 (8.61) 0.621

BMI (SD) 22.93 (3.32) 22.92 (2.53) 0.993 22.87 (3.08) 22.93 (2.56) 0.871

Distance from anal verge, cm (SD) 6.34 (2.32) 6.02 (1.99) 0.282 5.95 (1.97) 6.01 (2.01) 0.853

Pretreatment CEA level, ng/ml (SD) 7.31 (13.69) 4.52 (7.76) 0.071 4.42 (5.63) 3.61 (4.76) 0.293

cT (%) cT1 0 (0.0) 2 (2.0) 0.208 0 (0.0) 2 (2.2) 0.275

cT2 4 (3.1) 4 (4.1) 3 (3.3) 3 (3.3)

cT3 65 (49.6) 39 (39.8) 48 (52.2) 38 (41.3)

cT4 62 (47.3) 53 (54.1) 41 (44.6) 49 (53.3)

cN (%) cN0 10 (7.6) 4 (4.1) 0.516 6 (6.5) 4 (4.3) 0.718

cN1 49 (37.4) 40 (40.8) 34 (37.0) 38 (41.3)

cN2 72 (55.0) 54 (55.1) 52 (56.5) 50 (54.3)

CRM (%) Negative 52 (39.7) 32 (32.7) 0.339 29 (31.5) 31 (33.7) 0.875

Positive 79 (60.3) 66 (67.3) 63 (68.5) 61 (66.3)

EMVI (%) Negative 53 (40.5) 37 (37.8) 0.781 35 (38.0) 35 (38.0) 1

Positive 78 (59.5) 61 (62.2) 57 (62.0) 57 (62.0)

Median Follow-up Time months (min-max) 34.5 (9-61) 36 (5-64)
frontiersi
pNCT, prolonged neoadjuvant chemotherapy; TNT, total neoadjuvant therapy; BMI, Body mass index; CRM, circumference resection margin; EMVI, extramural vascular invasion.
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TABLE 2 Pathological result of tumor response to neoadjuvant therapy.

Characteristics Overall
N=184

pNCT
N=92

TNT
N=92

P value

ypT (%) ypT0 40 (21.7) 16 (17.4) 24 (26.1) 0.512

ypT1 1 (0.5) 0 (0.0) 1 (1.1)

ypT2 24 (13.0) 12 (13.0) 12 (13.0)

ypT3 82 (44.6) 44 (47.8) 38 (41.3)

ypT4 37 (20.1) 20 (21.7) 17 (18.5)

ypN (%) ypN0 106 (57.6) 50 (54.3) 56 (60.9) 0.112

ypN1 43 (23.4) 19 (20.7) 24 (26.1)

ypN2 35 (19.0) 23 (25.0) 12 (13.0)

Differentiation (%) No tumor* 42 (22.8) 16 (17.4) 26 (28.3) 0.02

Poor 22 (12.0) 15 (16.3) 7 (7.6)

Moderate 76 (41.3) 33 (35.9) 43 (46.7)

Well 44 (23.9) 28 (30.4) 16 (17.4)

TRG (%) 0 39 (21.2) 15 (16.3) 24 (26.1) 0.095

1 13 (7.1) 4 (4.3) 9 (9.8)

2 100 (54.3) 53 (57.6) 47 (51.1)

3 32 (17.4) 20 (21.7) 12 (13.0)

Response (%) CR* 38 (20.7) 15 (16.3) 23 (25.0) 0.408

PR 76 (41.3) 40 (43.5) 36 (39.1)

SD 60 (32.6) 33 (35.9) 27 (29.3)

PD 10 (5.4) 4 (4.3) 6 (6.5)

ORR (%) SD+PD 70 (38.0) 37 (40.2) 24 (26.1) 0.06

CR+PR 114 (62.0) 55 (59.8) 68 (73.9)

DCR (%) PD 10 (5.4) 4 (4.3) 6 (6.5) 0.745

CR+PR+SD 174 (94.6) 88 (95.7) 86 (93.5)

pCR (%) PR+SD+PD 146 (79.3) 77 (83.7) 69 (75.0) 0.202

CR 38 (20.7) 15 (16.3) 23 (25.0)
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pNCT, prolonged neoadjuvant chemotherapy; TNT, total neoadjuvant therapy; ypT, Pathological T stage after neoadjuvant therapy; ypN, Pathological N stage after neoadjuvant therapy;
TRG, tumor regression grade; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease; ORR, Objective regression rate; DCR, Disease control rate; pCR,
Pathological complete regression.
*The number of “No tumor” patients were more than “CR” patients because four patients had complete tumor regression but still had positive lymph nodes.
TABLE 3 Comparison of toxicity and adverse event.

Adverse Event pNCT
n=92

TNT
n=92

P

Chemotherapy-related adverse event (%)

Death 0 0

Leukopenia (Grade 3, 4†) 4 (4.35) 3 (3.26) 0.702

Anemia (Grade 3, 4†) 0 1 (1.09) 0.319

Thrombocytopenia (Grade 3, 4†) 1 (1.09) 0 0.319

Diarrhea (Grade 3, 4†) 2 (2.18) 1 (1.09) 0.563

Postoperative complications (%)

Death 0 0

Bleeding (Grade 3, 4#) 1 (1.09) 2 (2.18) 0.563

Anastomosis leakage (Grade B, C*) 5 (5.43) 7 (7.61) 0.234

Wound infection (Grade 3, 4#) 0 1 (1.09) 0.319
iersin.o
†Common Terminology Criteria for Adverse Events (CTCAE).
#Clavien-Dindo classification.
*Classification of International Study Group of Rectal Cancer (ISREC).
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hand, it is still not clear whether all patients with LARC need

chemoradiotherapy. The QuickSilver trial studied MRI-

predicted good prognosis rectal patients, and suggested that

CRT might not be necessary for stage II and III rectal cancer

(20). The prospective multicenter OCUM trial compared

surgery alone versus neoadjuvant CRT, and showed a better

DFS and OS for high-risk patients (CRM+ or lower third rectal

cancer) (21).These studies indicated that the application of

radiotherapy needs more accurate selection of patients.
Frontiers in Oncology 07
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Our study shows that chemotherapy alone produces similar

RFS and OS in patients with middle and high rectal cancer;

however, chemoradiotherapy remained necessary in those

undergoing low rectal cancer treatment. The following three

explanations for this result are possible. First, the lower pelvic

cavity is narrower than the upper pelvic cavity. Performing lower

rectal cancer radical resection of the complete mesorectum with

a sufficiently resection margin is difficult. In these cases,

preoperative radiation could improve tumor downstaging
B

C

D

A

FIGURE 2

Oncologic outcomes of pNCT group and TNT group (A) Overall survival (B) Disease-free survival; (C) Cumulative incidence of locoregional
recurrence; (D) Cumulative incidence of distant metastases. pNCT prolonged neoadjuvant chemotherapy; TNT total neoadjuvant therapy.
TABLE 4 Comparison of outcomes of patients.

Relapse Type pNCT
n=92

TNT
n=92

P

Death (%) 6 (6.5) 8 (8.7) 0.781

Total (%) 40 (43.5) 29 (31.5) 0.128

Locally recurrence (%) 11 (12.0) 5 (5.4) 0.191

Distant metastasis (%) 30 (33.6) 26 (28.3) 0.747

Liver (%) 21 (22.8) 17 (18.5) 0.585

Lung (%) 4 (4.3) 4 (4.3) 1.000

Liver+Lung(%) 4 (4.3) 3 (3.3) 1.000

Other (%) 1 (1.1) 2 (2.2) 1.000
frontiersi
pNCT, prolonged neoadjuvant chemotherapy; TNT, total neoadjuvant therapy.
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more than chemotherapy alone, thereby limiting the risk of

residual tumors. Second, the tumor location is a prognostic

factor for assessing the treatment efficacy (22). Patients with

lower rectal cancer may benefit from neoadjuvant radiation

more than those undergoing upper rectal cancer therapy (23).

Third, the increased rate of postoperative complications in low

rectal cancer may delay treatment after surgery.

Although several clinical trials have focused on assessing the

use of neoadjuvant treatment, the optimal treatment schema

remains uncertain due to data heterogeneity among published

studies. Most studies assessing TNT provided patients with

fluorouracil- and oxaliplatin-based chemotherapy (10, 24, 25).

In addition, irinotecan-based chemotherapy, including doublet

regimen CAPIRI (26, 27) and triplet regimen FOFIRINOX (11),

showed good toxicity, tumor response rates, and survival

outcomes. Most studies that considered neoadjuvant

chemotherapy alone provided patients with CapeOX/FOLFOX,
Frontiers in Oncology 08
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with or without monoclonal antibodies. However, whether all

patients are eligible for neoadjuvant chemotherapy alone

remains debatable. Good tumor response rates were observed

when Deng et al. (16) provided CapeOX alone to patients with

low- and intermediate-risk LARC. However, the Japanese N-

SOG 03 trial revealed that CapeOX plus bevacizumab was

associated with a poorer local recurrence and OS rates in

patients with cT4b LARC, indicating that chemotherapy alone

might not be suitable for the cT4b population (17). In our study,

we used CapeOX or mFOLFOX6 regimens for TNT and

prolonged neoadjuvant chemotherapy. All patients had

baseline resectable tumors, meaning that no cT4b patients

were enrolled. We found that doublet regimen CapeOX/

mFOLFOX6 was a safe and effective treatment as induction

chemotherapy or pNCT alone, but the pCR rate of TNT patients

in our study was lower than triplet regimen FOLFIRINOX

reported in PRODIGE 23 trial (25% vs 28%) (11).
FIGURE 3

Forest plot of recurrence-free survival.Forest plot of recurrence-free survival. Subgroups analyses of recurrence-free survival was performed.
pNCT, prolonged neoadjuvant chemotherapy; TNT, total neoadjuvant therapy; CRM, circumference resection margin; EMVI, extramural vascular
invasion; ypT, Pathological T stage after neoadjuvant therapy; ypN, Pathological N stage after neoadjuvant therapy; CR, complete response; PR,
partial response; SD, stable disease; PD, progressive disease.
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FIGURE 4

Oncologic Outcomes of pNCT and TNT in subgroup. Subgroup was divided according to the distance between tumor and anal verge.
(A) Overall survival (B) Disease-free survival; (C) cumulative incidence of locoregional recurrence; (D) cumulative incidence of distant metastases
in low group (distance <5 cm). E Overall survival (F) Disease-free survival; (G) cumulative incidence of locoregional recurrence; (H) cumulative
incidence of distant metastases in mid-to-upper group (distance ≥5 cm).
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Chemotherapy cycles are also important. For postoperative

chemotherapy, the IDEA study found that 6-months of adjuvant

chemotherapy increased the cost and toxicity without improving

survival outcomes when compared with 3-month chemotherapy.

However, outcomes associated with neoadjuvant chemotherapy

may differ from those of adjuvant chemotherapy. Patients who do

not undergo surgery have improved the health status and

compliance to chemotherapy. In our study, the pNCT group

underwent two to four additional cycles of CapeOX/mFOLFOX6

instead of radiation. A comparison of our results with other

published studies that assessed the use of neoadjuvant

chemotherapy showed that pNCT failed to improve rates of

pCR (16.3% versus 6.5%–21.0% for pNCT versus other

neoadjuvant therapies, respectively) (13, 16, 17, 28–30). This

difference may be explained by differences in the selection of

patients and therapy regimens. To determine whether prolonged

chemotherapy improves response rates, further prospective

studies are needed.

The arrangement of chemoradiotherapy and chemotherapy

regimens was another consideration. There are two major modes

of TNT: induction chemotherapy plus chemoradiotherapy and

chemoradiotherapy plus consolidation chemotherapy. The

CAO/ARO/AIO-12 tr ia l compared induct ion and

consolidation chemotherapy in TNT (31, 32). Findings showed

that chemoradiotherapy with consolidation chemotherapy was

associated with higher pCR rates than induction chemotherapy

(25% vs 17%). This can be explained by the longer interval

between chemoradiotherapy and surgery. Nevertheless,

improvement to pCR failed to improve survival outcomes
Frontiers in Oncology 10
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according to final results of CAO/ARO/AIO-12. In our study,

we applied the induction chemotherapy plus chemoradiotherapy

followed with an extra cycle of chemotherapy, and achieved a

pCR rate of 25% (23/92). Compared with relevant studies (32),

our results showed that the additional chemotherapy could

probably improve the pCR rate of induction chemotherapy

mode. Moreover, based on our experience, induction

chemotherapy is more suitable for a “neoadjuvant

chemotherapy plus selective radiation” mode. When the

scheme was used, patients underwent chemotherapy before

their tumor response status was re-evaluated to determine

whether additional radiation was needed.

Another consideration is the interval between the last

treatment and surgery. The optimal radiotherapy fractionation

and timing to surgery is still undetermined. The Stockholm III

trial compared short interval (1 week before surgery) with long

interval (4-8 weeks before surgery), and showed a comparable

oncological outcome between the two groups (33). In a recent

randomized study, Akgun et al. (34) compared outcomes of

patients for whom intervals between surgery and chemotherapy

were either less or more than 8 weeks. The results showed that

patients with an interval of more than 8 weeks had improved

disease regression and pCR rates compared to those with a

surgery-to-chemotherapy interval of less than 8 weeks. Related

systematic reviews also showed that surgical delay may improve

pCR rates. However, the delayed surgery was not significantly

associated with long-term prognosis. The timing to surgery and

the best arrangement of neoadjuvant treatment and surgery

worth more investigations.
TABLE 5 Univariable and multivariable analysis of the effects of prognostic factors on recurrence-free survival and overall survival.

Chatacteristic RFS OS

uni-HR
(HR.95L-HR.95H)

pvalue Multi-HR
(HR.95L-HR.95H)

pvalue HR
(HR.95L-HR.95H)

pvalue

Regimens (pNCT vs TNT) 0.66 (0.38-0.99) 0.047 0.67 (0.41-1.10) 0.110 0.66 (0.43-3.60) 0.689

Sex (Female vs Male) 1.20 (0.63-2.12) 0.634 —— —— 1.20 (0.45-26.14) 0.237

Age (Age<=65 vs Age>65) 0.65 (0.40-1.16) 0.155 —— —— 0.65 (0.34-3.01) 0.991

cT_Stage (cT1&cT2&cT3 vs cT4) 1.30 (1.02-2.66) 0.04 1.30 (0.79-2.20) 0.300 1.30 (1.11-11.99) 0.033

cN_Stage (cN0 vs cN1&cN2) 1.00 (0.52-27.22) 0.187 —— —— 1.00 (0-Inf) 0.998

MMR (unknown&pMMR vs
dMMR)

1.50 (0.44-1.15) 0.165 —— —— 1.50 (0.44-3.62) 0.665

CEA (CEA ≤ 5 vsCEA>5) 0.86 (0.87-2.56) 0.143 —— —— 0.86 (0.04-2.47) 0.277

CRM (negative vs positive) 2.00 (0.96-2.95) 0.067 —— —— 2.00 (0.50-6.49) 0.365

EMVI (negative vs positive) 2.20 (0.81-2.23) 0.252 —— —— 2.20 (0.22-1.83) 0.405

ypT_Stage (ypT1&ypT2&ypT3 vs
ypT4)

0.77 (1.53-4.23) <0.001 2.00 (1.20-3.50) 0.012 0.77 (0.61-6.20) 0.265

ypN_Stage (ypN0 vs ypN1&ypN2) 1.20 (1.57-4.13) <0.001 2.20 (1.30-3.60) 0.003 1.20 (1.00-8.98) 0.05

Response (CR&PR vs SD&PD) 1.30 (1.21-3.11) 0.006 1.40 (0.86-2.30) 0.180 1.30 (0.43-3.64) 0.68

Distance (≥5cm vs <5cm) 1.20 (0.60-1.67) 0.997 —— —— 1.20 (0.75-6.12) 0.156
frontie
pNCT, prolonged neoadjuvant chemotherapy; TNT, total neoadjuvant therapy; CRM, circumference resection margin; EMVI, extramural vascular invasion; MMR, mismatch repair; ypT,
Pathological T stage after neoadjuvant therapy; ypN, Pathological N stage after neoadjuvant therapy; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease.
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We are aware that this study has some limitations. First, this

was a retrospective study with a limited amount of patients.

Although we found difference in RFS between the two groups,

the study was likely not powered to detect the difference in terms

of the recurrence patterns. Second, the functional outcomes of

patients after surgery (sexual dysfunction, urinary dysfunction,

etc.) were absent, and we failed to evaluate the functional

complications between two groups. Third, all enrolled patients

were diagnosed with baseline resectable LARC. The efficacy of

pNCT for the conversion of unresectable tumors or lateral

lymph node metastases was unable to be evaluated. Finally,

since patients of both groups completed all cycles of neoadjuvant

treatment, we were unable to compare the compliance

differences between the two schemas.

In summary, the results of our study show that TNT and

pNCT produce similar 3-year RFS and OS rates in patients with

mid-to-upper rectal cancer. TNT was associated with improved

tumor responsiveness in all patients and improved 3-year RFS

rates in those with low rectal cancer. This result indicates that

neoadjuvant chemotherapy without radiation might be an

option for patients with mid-to-upper rectal cancer. More

randomized controlled studies are needed to determine better

schema for neoadjuvant therapy.
Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material. Further

inquiries can be directed to the corresponding authors.
Ethics statement

The studies involving human participants were reviewed and

approved by Ethics committee of Shanghai Ruijin Hospital. The

patients/participants provided their written informed consent to

participate in this study.
Frontiers in Oncology 11
37
Author contributions

MZ and ZH contributed to conception and design of the

study. JM, FD and LZ recruited the patients. XZ, PH and LYZ

collected the database and performed the statistical analysis. XZ

and PH wrote the first draft of the manuscript. MZ and ZH

edited the draft. All authors contributed to manuscript revision,

read, and approved the submitted version. All authors

contributed to the article and approved the submitted version.
Funding

This study was supported by the National Natural Science

Foundation of China (No.82072614).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fonc.2022.953790/full#supplementary-material
References
1. Brændengen M, Tveit KM, Berglund Å, Birkemeyer E, Frykholm G, Påhlman
L, et al. Randomized phase III study comparing preoperative radiotherapy with
chemoradiotherapy in nonresectable rectal cancer. J Clin Oncol (2008) 26
(22):3687–94. doi: 10.1200/jco.2007.15.3858

2. Gérard J-P, Conroy T, Bonnetain F, Bouché O, Chapet O, Closon-Dejardin
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Efficacy and safety of
different radiotherapy doses in
neoadjuvant chemoradiotherapy
in patients with locally
advanced rectal cancer:
A retrospective study
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XiaoLin Ren1, Huijuan He3, Dahai Zhang4, Dexi Du5

and Changlin Zou1*

1Department of Radiotherapy, The First Affiliated Hospital of Wenzhou Medical University,
Wenzhou, China, 2Department of Oncology, Wenzhou Hospital of Traditional Chinese Medicine,
Wenzhou, China, 3Department of Radiotherapy, Quzhou People’s Hospital, Quzhou, China,
4Department of Radiotherapy, Dongyang People’s Hospital, Jinhua, China, 5Department of
Radiotherapy Oncology, Lishui Central Hospital, Lishui, China
Background: This study aims to compare the efficacy and safety of neoadjuvant

chemoradiotherapy (nCRT) with different radiotherapy doses (45Gy and 50.4Gy)

in patients with locally advanced rectal cancer (LARC).

Methods: Herein, 120 patients with LARC were retrospectively enrolled between

January 2016 and June 2021. All patients underwent two courses of induction

chemotherapy (XELOX), chemoradiotherapy, and total mesorectum excision

(TME). A total of 72 patients received a radiotherapy dose of 50.4 Gy, while 48

patients received a dose of 45 Gy. Surgery was then performed within 5-12

weeks following nCRT.

Results: There was no statistically significant difference between the baseline

characteristics of the two groups. The rate of good pathological response in the

50.4Gy group was 59.72% (43/72), while in the 45Gy group achieved 64.58% (31/

48) (P>0.05). The disease control rate (DCR) in the 50.4Gy group was 88.89%

(64/72), compared to 89.58% (43/48) in the 45Gy group (P>0.05). The incidence

of adverse reactions for radioactive proctitis, myelosuppression, and intestinal

obstruction or perforation differed significantly between the two groups

(P<0.05). The anal retention rate in the 50.4Gy group was significantly higher

in contrast to the 45Gy group (P<0.05).

Conclusions: Patients receiving a radiotherapy dose of 50.4Gy have a better anal

retention rate but also a higher incidence of adverse events such as radioactive

proctitis, myelosuppression, and intestinal obstruction or perforation, and a

comparable prognosis to patients treated with a radiotherapy dose of 45Gy.

KEYWORDS

locally advanced rectal cancer, radiotherapy dose, intensity-modulated radiation
therapy, neoadjuvant chemoradiotherapy, adverse reactions
frontiersin.org0139

https://www.frontiersin.org/articles/10.3389/fonc.2023.1119323/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1119323/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1119323/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1119323/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1119323/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1119323/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2023.1119323&domain=pdf&date_stamp=2023-02-21
mailto:zcl19670115@163.com
https://doi.org/10.3389/fonc.2023.1119323
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2023.1119323
https://www.frontiersin.org/journals/oncology


Xu et al. 10.3389/fonc.2023.1119323
Introduction

Colorectal cancer incidence and mortality ranked third and second

overall in 2020, according to cancer statistics (1). It is common for

patients with rectal cancer to be asymptomatic in the early stages, so

many patients are already in an advanced stage upon diagnosis.

Neoadjuvant chemoradiotherapy (nCRT) plays an important role for

patients with locally advanced rectal cancer (LARC), and clinical trials

like the CAO/ARO/AIO-94 Study, the Swedish Trial, and the CAO/

ARO/AIO-04 Study have demonstrated its effectiveness in LARC

patients (2–5). Neoadjuvant chemoradiotherapy combined with total

mesorectum excision (TME) is the first-line treatment for LARC

patients, and while it can reduce tumor burden, induce downstaging,

and improve the local control rate, it does not improve the overall

survival (OS) (4, 6–8).

In recent years, the development of total neoadjuvant therapy

(TNT) has also provided new options for LARC patients. CAO/ARO/

AIO-12 Trial assessed the outcomes of 311 LARC patients treated with

chemotherapy plus chemoradiotherapy (CRT) plus TME or CRT plus

chemotherapy plus TME, and showed that if organ preservation is a

priority, then TNT with consolidation chemotherapy (CNCT) after

CRT is the preferred modality and this trial provides important

evidence for the clinical use of TNT and has influenced the concept

of organ preservation (9). RAPIDO trial looked at the efficacy of

preoperative short-course radiotherapy (SCRT) plus nCRT compared

to preoperative concurrent chemoradiotherapy (CCRT) and concluded

that SCRT combined with nCRT reduced the probability of treatment

failure in rectal cancer compared to standard treatment (10). The

findings suggest that preoperative chemotherapy may be more effective

than adjuvant chemotherapy and that this treatment modality may

become the new standard of care for high-risk LARC (10). OPRA trial

analyzed the outcomes of 324 LARC patients treated with induction

chemotherapy (INCT) followed by CRT or CRT followed by CNCT,

and concluded that half of the patients who received neoadjuvant

treatment achieved organ preservation with no significant impairment

in survival compared to previous controls who received radiotherapy,

TME, and post-operative chemotherapy (11).

Notably, outcomesofnCRTvarywidelyamongLARCpatients,with

more than one-third of patients experiencing recurrent or metastatic

diseases (12). Moreover, some patients can achieve pathological

complete remission (pCR) while others barely respond to nCRT. The

proportion of patients who achieve pCR after nCRT is usually used as a
Abbreviations: LARC, Locally advanced rectal cancer; nCRT, Neoadjuvant

chemoradiotherapy; TME, Total mesorectum excision; OS, Overall survival;

NCCN, National Comprehensive Cancer Network; AJCC, American Joint

Committee on Cancer; DMFS, Distant metastasis free survival; PFS,

progression-free survival; IMRT, Intensity-modulated radiation; RTOG,

Radiation Therapy Oncology Group; GTV, Gross tumor volume; CTV, Clinical

target volume; PTV, Planning target volume; XELOX regimen, Oxaliplatin in

combination with capecitabine; pCR, Pathological complete response; DFS,

Disease-free survival; CTCAE, Common Terminology Criteria for Adverse

Events; MR, magnetic resonance; CR, Complete response; PR, Partial response;

SD, Stable disease; PD, Progressive disease; DCR, Disease control rate; CRM,

Circumferential resection margin; EMVI, Extramural venous invasion; SCRT,

Short-course radiotherapy.
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reliable indicator of treatment response, Roh et al. reported that about

10-30% of patients achieved pCR (13), while Sanghera et al. concluded

that 42% reached pCR (14) after nCRT. There is a strong correlation

between clinical stage, tumor differentiation, and treatment regimens (6,

15, 16) in determining the outcomes of patients. Given that patients

respond differently to nCRT, more research is needed to identify the

most effective follow-up treatments.

Generally, surgery, chemotherapy, and radiotherapy are all

crucial treatments for LARC, and each of these methods has made

significant progress in recent years (17–23). The National

Comprehensive Cancer Network (NCCN) guidelines and European

Society for Medical Oncology (ESMO) guidelines recommend a total

dose of 45-50.4Gy delivered in 25-28 fractions (24). In clinical

practice, both radiotherapy doses are frequently used, but studies

assessing their efficacy and safety are scarce. More studies focus on

radiotherapy dose intensification versus conventional fractionation

(25–28). Higher radiotherapy doses are known to be associated with

improved efficacy but are also associated with an increased incidence

of adverse events. A comparative analysis of radiotherapy doses of 45

Gy and 50.4 Gy was performed in the present study. Patients were

divided into the 45Gy group and the 50.4Gy group according to the

radiotherapy dose. Notably, pathological responses, imaging

assessments, anal retention rate, local control, adverse reactions,

and survival were analyzed across the two groups (45Gy and 50.4Gy).
Materials and methods

Patient selection

144 patients were recruited in total, but 24 were excluded due to

loss of follow-up or distant metastases before treatment, and 120

patients were enrolled eventually. The patient flow diagram is shown

in Figure 1.

The inclusion criteria were as follows: (I) patients aged 18 to 75

years old; (II) rectal adenocarcinoma was diagnosed by colonoscopy;

(III) Eastern Cooperative Oncology Group performance status (ECOG

PS) was 0 or 1; (IV) defined as stage II/III according to the 8th edition of

the American Joint Committee on Cancer (AJCC) staging; (V) no

distant metastases or concurrent malignancy; (VI) normal heart, liver

and kidney function; (VII) underwent complete chemoradiotherapy

and radical surgical treatment.

The exclusion criteria were as follows: (I) diagnosed with distant

metastasis; (II) prior chemoradiotherapy or targeted therapy or

immunotherapy; (III) patients with other malignancy and incomplete

clinical data.
Data collection

Patients baseline characteristics like age, gender, clinical stage,

tumor location, tumor differentiation, circumferential resection

margin (CRM) status, and extramural venous invasion (EMVI)

status were collected on diagnosis. Adverse events, imaging

assessments in pre- and post-nCRT, and pathological responses

including epidermal growth factor receptor (EGFR) status, human
frontiersin.org
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epidermal growth factor receptor-2 (Her-2) status, and mismatch

repair (MMR) status were recorded during follow-up observation.

The time window for local recurrence rate, distant metastasis-free

survival (DMFS), disease-free survival (DFS), and overall survival (OS)

was from the date of surgery to the date of final follow-up. The last

follow-up date was in November 2021. This study employed the

outpatient system, the inpatient system, and telephone consultations

to collect accurate patient information and to check for gaps through

various collectionmethods. Regarding tumor location, tumors less than

5cm from the anus were considered low, tumors between 5-10cm from

the anus were considered median, and tumors 10-12cm from the anus

were considered high. The research was approved by the local ethics

committee of The First Affiliated Hospital of Wenzhou Medical

University and the Hospital Reviewing Board.
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Radiotherapy

Intensity-modulated radiation (IMRT) technologywith the Elekta

Synergy system (Elekta AB, Stockholm, Sweden) was utilized in this

study. All patients were in the supine position. The CT scan range was

from the upper boundary of the 2-3 lumbar vertebrae to the lower

boundary of the upper 1/3 of the femur, with a thickness of 5mm.

Contrast-enhanced venography was recommended if there were no

contraindications. Calibration radiographswere taken for each patient

at the first session and at regular intervals (once a week).

Radiotherapy targets for both groups (45Gy and 50.4Gy) were

performed with the Monaco planning system according to the

Radiation Therapy Oncology Group (RTOG) criteria. All patients

were treated with 6 MV-X-rays. The specific target areas are
FIGURE 1

The patients flow diagram. AJCC, American Joint Committee on Cancer; XELOX regimen, Oxaliplatin in combination with capecitabine; MR,
magnetic resonance.
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outl ined below. The gross tumor volume (GTV) was

radiographically identified as gross lesions, including primary and

metastatic lymph nodes. Clinical target volume (CTV) was defined

as GTV + selective lymph node drainage area. CTV included the

rectum and mesangial region, the presacral region, the internal iliac

lymph nodes, and some obturator lymph nodes. The external iliac

lymph nodes need to be irradiated when the tumor invades the

bladder, prostate, and gynecological organs, and the external iliac

and inguinal lymph nodes need to be irradiated when the tumor

invades the anal canal or the lower 1/3 vagina. The upper boundary

was the bifurcation of the common iliac artery, the lower boundary

included the whole mesentery and was at least 2cm away from the

lower edge of the tumor, the left and the right boundary was the

inner edge of the true pelvis, the anterior boundary was 1cm in front

of the posterior wall of the bladder or the anterior wall of the rectal

organ; the internal iliac artery and vein were expanded by 0.7cm,

and the posterior boundary was the front edge of the sacrum.

Planning target volume (PTV) was defined as CTV+0.5-1.0cm.

The prescribed doses of PTV in the two groups were 45Gy and

50.4Gy, respectively. Patients in the 45Gy group received a total

pelvic irradiation dose of 25×1.8Gy. Patients in the 50.4Gy group

received a total pelvic irradiation dose of 45Gy (25×1.8Gy), and

then the field was reduced to the mesenteric region for a supplement

dose of 5.4Gy (3×1.8Gy). It should be pointed out that at least 95%

of PTV received the specified dose. Radiotherapy was administered

five times a week, from Monday to Friday. Organs at risk (OAR)

mainly consisted of the femoral head, bladder and small intestine,

the limited doses for each organ were as follows: femoral head

Dmax <45Gy, bladder V50 <50Gy, and small intestine

Dmax <50Gy.
Chemotherapy regimens

XELOX- oxaliplatin at 135 mg/m2 and capecitabine at 1,000

mg/m2-was administrated twice a day for 14 days, every 21 days for

2 cycles before chemoradiotherapy. Based on several clinical studies

like STAR-01, ACCORD, NSABP R-04, and PETACC 6, the

addition of oxaliplatin to capecitabine-based chemoradiotherapy

failed to improve the rates of pathological complete response(pCR)

and OS as expected. Furthermore, it could increase grade 3/4 side

effects, thereby affecting patient tolerance (29–31). According to the

results of the ACCORD trial, there was no significant difference

between the groups in terms of 3-year local recurrence (4%, 6%),

DFS (74%, 69%), and OS (both 88%). Fluorouracil-based

chemotherapy is still considered to be the first-line regimen

during radiotherapy in LARC patients. Therefore, capecitabine

was given simultaneously during radiotherapy, twice a day, on

weekdays. Patients were assessed 5-12 weeks following nCRT, and

surgery was performed.
Adverse reactions monitoring

A variety of nCRT-related adverse reactions were evaluated,

including bone marrow suppression, radioactive proctitis, intestinal
Frontiers in Oncology 0442
obstruction or perforation, narrow lumen, anastomotic fistula,

perianal skin injury, emesis, and hand-foot syndrome. Hand-foot

syndrome was mainly associated with capecitabine treatment.

During concurrent chemoradiotherapy, blood routine

examinations and biochemical examinations were conducted

weekly. RTOG radiation injury classification and Common

Terminology Criteria for Adverse Events (CTCAE, Version 5)

were adopted to assess adverse events. Grades 1 and 2

myelosuppression were considered mild, while grades 3 and 4

were considered moderate to severe. Similarly, grades 1 and 2

were defined as mild radiation proctitis, and grades 3 and 4 were

defined as moderate to severe radiation proctitis. The remaining

adverse reactions including intestinal obstruction or perforation,

narrow lumen, anastomotic fistula, perianal skin injury, emesis, and

hand-foot syndrome were evaluated by their occurrence or not.
Therapeutic effect evaluation

Clinical tumor response was determined by senior radiologists

using rectal magnetic resonance (MR) imaging after nCRT and in

keeping with RECIST 1.1. Complete response(CR) or clinical

complete response (cCR) is defined as the disappearance of all

targets lesions; partial response(PR) is achieved when the sum of the

target diameter is reduced by at least 30% from baseline; progressive

disease (PD) is characterized by an increase of at 20% in minimum

diameter of all target lesions, while stable disease (SD) is the state

between PR and PD. Disease control rate (DCR) is defined as a

radiographic assessment of CR, PR, and SD. Postoperatively, the

efficacy was evaluated by the pathological response. Pathological

tumor response was evaluated by two experienced pathologists

using resected specimens after TME and in accordance with TRG

(the AJCC Staging Manual), with the four-tier AJCC Staging

Manual being our study’s preferred evaluation method (32).

Grade 0-pCR- is complete regression with the absence of cancer

cells; grade 1 is moderate regression with single or few cancer cells

remaining; grade 2 is mild regression and surplus tumor with

extensive fibrotic stroma; grade 3 is no regression and extensive

tumor residue accompanied by no or little tumor cell necrosis.

Grades 0 and 1 are considered good pathological regression, while

grades 2 and 3 are considered poor pathological regression.
Statistical analysis

SPSS 23.0 software (USA) was used for statistical analysis. Age,

gender, clinical stage, tumor location, tumor differentiation, imaging

reports, pathological response, imaging assessment, anal retention rate,

disease control rate, and adverse events were compared using the c2
test for the two groups. Univariate and multivariate Cox regression

analyses were conducted to identify characteristics that related to

survival in patients. Age, gender, clinical stage, tumor location, tumor

differentiation, CRM status, EMVI status, EGFR status, MMR status,

Her-2 status, and radiation dose were the included variable. The

Kaplan-Meier method was used to estimate the survival curves, and
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the log-rank test was used for comparative analysis. A P-value<0.05 was

considered statistically significant.

Results

Baseline characteristics

The baseline characteristics are shown in Table 1. The 45Gy

group consisted of patients with a median age of 59.5years (from 36

to79 years) while the 50.4Gy group consisted of patients with a

median age of 58 years (from 38 to 77 years), with a male

predominance in both groups. No significant difference was

observed between the 50.4Gy group and the 45Gy group in terms

of clinical stage, tumor location, tumor differentiation, and several

biological features.
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Treatment outcomes

The rate of good pathological response (grade 0/1) was 59.72%

in the 50.4Gy group (43/72), while it was 64.58% in the 45Gy group

(31/48). The DCR in the 50.4Gy group was 91.67% (66/72),

compared to 89.58% in the 45Gy group (43/48). The anal

preservation rate in the 50.4Gy group was 79.17% (57/72),

compared to 60.42% (29/48) in the 45Gy group (P<0.05). The

efficacy of nCRT is shown in Table 2. Imaging evaluation in pre-

and post-nCRT for patients is shown in Figure 2.

As demonstrated in Table 3, the local recurrence rate in the 50.4Gy

group was 6.94% (5/72), the distant metastasis rate was 18.06% (13/72),

and the DCRwas 88.89% (64/72), compared with 4.17% (2/48), 22.92%

(11/48), and 89.58% (43/48) in the 45Gy group, respectively. No

statistical difference was found between the two groups.
TABLE 1 Baseline characteristics of patients.

Characteristics 45Gy group 50.4Gy group c2 p

Age (years) 0.051 0.821

Median (Range) 59.5 (36-79) 58 (38-77)

>55 27 42

≤55 21 30

Gender 0.068 0.794

Male 37 54

Female 11 18

Clinical stage

T3 36 51 0.251 0.617

T4 12 21

N0 6 8 1.001 0.606

N1 17 20

N2 25 44

Tumor location 1.066 0.587

Low 22 27

Mid 25 42

High 1 3

Tumor differentiation 0.988 0.610

Poorly differentiated 9 12

Moderately differentiated 23 41

Well differentiated 16 19

CRM 1.442 0.230

(+) 18 35

(-) 30 37

EMVI 0.050 0.823

(+) 23 33

(Continued)
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Univariate Cox regression analysis showed that tumor

differentiation, Her-2 status, and MMR status were associated

with DFS, HR=0.312 (tumor differentiated), 0.505 (Her-2), 0.344

(MMR) (tumor differentiated 95% CI: 0.176–0.555, Her-2 95% CI:

0.263–0.968, MMR 95% CI: 0.147–0.804). Multivariate Cox

regression analysis implied that tumor differentiation was an

independent predictor for DFS (see Table 4). Univariate and

multivariate Cox regression analysis revealed that only tumor

differentiation was closely related to OS, HR=0.232 (95% CI:

0.068-0.794). However, Cox regression analysis showed that the

radiation dose was not an independent predictor for DFS

(HR=1.118, 95% CI: 0.559-2.525) or OS (HR=1.321, 95% CI:

0.293-5.945). Notably, the base variables of univariate and

multivariate Cox regression analyses have been bolded and

skewed in Tables 4, 5.
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Herein, higher radiation doses did not confer longer DFS (see

Figure 3). As shown in Figure 4, there was no statistical difference

between the two groups regarding OS. Radiotherapy dose

intensification was not significant in this study, the long-term

survival outcomes in the 45Gy group were comparable to outcomes

in the 50.4Gy group.
Adverse reactions

CTCAE assessment of myelosuppression and radiation proctitis

was evaluated by the RTOG radiation injury classification. The

incidence of myelosuppression, radiation proctitis, and intestinal

obstruction or perforation in the high-dose group was higher than
TABLE 1 Continued

Characteristics 45Gy group 50.4Gy group c2 p

(-) 25 39

EGFR 4.300 0.116

(+) 24 46

(-) 13 19

N/A 11 7

Her-2 3.952 0.157

(+) 9 15

(-) 28 50

N/A 11 7

MMR 4.263 0.122

pMMR 29 54

dMMR 8 11

N/A 11 7
CRM, circumferential resection margin; EMVI, extramural venous invasion; EGFR, epidermal growth factor receptor; Her-2, human epidermal growth factor receptor-2; MMR, mismatch repair;
dMMR, mismatch-repair-deficient; pMMR, mismatch-repair-proficient; N/A, not applicable.
TABLE 2 Efficacy evaluation of nCRT.

Characteristics 45Gy group 50.4Gy group c2 p

TRG stage 0.288 0.592

Grade 0,1 31 43

Grade 2,3 17 29

Imaging evaluation 0.005 0.945

DCR (CR+PR+SD) 43 64

PD 5 8

Operation 4.986 0.026

Anal-preservation 29 57

Non-anal-preservation 19 15
DCR, disease control rate; CR, complete response; PR, partial response; SD, disease stability; PD, disease progression; nCRT, neoadjuvant chemoradiotherapy.
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A

B

FIGURE 2

The imaging evaluation in two groups. (A) The imaging evaluation in 45Gy group. (B) The imaging evaluation in 50.4Gy group. CR, complete
response; PR, partial response; SD, stable disease; PD, progressive disease.
TABLE 3 Disease control situation.

Control condition 45Gy group 50.4Gy group c2 p

Local recurrence rate (%) 4.17 (2/48) 6.94 (5/72) 0.057 0.811

Distant metastasis rate (%) 22.92 (11/48) 18.06 (13/72) 0.425 0.514

Disease control rate (%) 89.58 (43/48) 91.67 (66/72) 0.151 0.698
F
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that in the low-dose group, and the differences were statistically

significant. Incidence of narrow lumen, anastomotic fistula, perianal

skin injury, emesis, and the hand-foot syndrome showed no

significant difference between the two groups. The incidence of

specific adverse events is listed in Table 6.
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Discussion

In our retrospective study, we found that the survival outcomes of

LARC patients treated with 50.4Gy were similar to those of patients

treated with 45Gy. In the 50.4Gy group, the rates of pCR and cCR were
TABLE 4 Univariate and multivariate Cox regression analyses for different variables and DFS in LARC patients.

Variables

Disease free survival (n=120)

Univariate analysis Multivariate analysis

HR (95% CI) p HR (95% CI) p

Age (≤55 vs. >55years) 3.120 (0.941-10.343) 0.063

Gender (male vs. female) 0.876 (0.413-1.859) 0.730

Clinical stage (T3 vs. T4) 1.394 (0.642-3.024) 0.401

Clinical stage (N0 vs. N1 vs. N2) 1.111 (0.645-1.912) 0.704

Tumor location (low vs. mid vs. high) 1.050 (0.529-2.087) 0.888

Tumor differentiated (poorly vs. moderately vs. well) 0.312 (0.176-0.555) <0.001 0.380 (0.204-0.708) 0.002

CRM (positive vs. negative) 0.703 (0.334-1.479) 0.353

EMVI (positive vs. negative) 0.695 (0.330-1.464) 0.339

EGFR (positive vs. negative vs. N/A) 0.588 (0.335-1.031) 0.064

MMR (pMMR vs. dMMR vs. N/A) 0.344 (0.147-0.804) 0.014 1.246 (0.494-3.147) 0.641

Her-2 (positive vs. negative vs. N/A) 0.505 (0.263-0.968) 0.040 0.427 (0.147-1.244) 0.119

Radiation dose (45Gy vs. 50.4Gy) 1.118 (0.559-2.525) 0.655
DFS, disease-free survival; LARC, locally advanced rectal cancer; CRM, circumferential resection margin; EMVI, extramural venous invasion; EGFR, epidermal growth factor receptor; MMR,
mismatch repair; dMMR, mismatch-repair-deficient; pMMR, mismatch-repair-proficient; N/A, not applicable; Her-2, human epidermal growth factor receptor-2.
TABLE 5 Univariate and multivariate Cox regression analyses for different variables and OS in LARC patients.

Variables

Overall survival (n=120)

Univariate analysis Multivariate analysis

HR (95% CI) p HR (95% CI) p

Age (≤55 vs. >55years) 4.778 (0.570-40.067) 0.149

Gender (male vs. female) 0.030 (0.000-36.221) 0.334

Clinical stage (T3 vs. T4) 1.941 (0.430-8.756) 0.388

Clinical stage (N0 vs. N1 vs. N2) 1.345 (0.426-4.245) 0.614

Tumor location (low vs. mid vs. high) 1.675 (0.454-6.178) 0.439

Tumor differentiated (poorly vs. moderately vs. well) 0.232 (0.068-0.794) 0.020 0.232 (0.068-0.794) 0.020

CRM (positive vs. negative) 0.256 (0.050-1.326) 0.105

EMVI (positive vs. negative) 0.298 (0.058-1.538) 0.148

EGFR (positive vs. negative vs. N/A) 0.457 (0.138-1.515) 0.200

MMR (pMMR vs. dMMRvs. N/A) 0.327 (0.057-1.888) 0.211

Her-2 (positive vs. negative vs. N/A) 0.356 (0.064-1.979) 0.238

Radiation dose (45Gy vs. 50.4Gy) 1.321 (0.293-5.945) 0.717
OS, overall survival; LARC, locally advanced rectal cancer; CRM, circumferential resection margin; EMVI, extramural venous invasion; EGFR, epidermal growth factor receptor; MMR, mismatch
repair; dMMR, mismatch-repair-deficient; pMMR, mismatch-repair-proficient; N/A, not applicable; Her-2, human epidermal growth factor receptor-2.
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19.4% (14 of 72), and 12.5% (9 of 72), respectively, while in the 45Gy

group, the rates were 22.9% (11 of 48), and 10.4% (5 of 48), showing no

statistical significance. After radiotherapy dose transmutation from

45Gy to 50.4Gy, we observed no improvement in the rate of pCR, while

there was a slight improvement in the rate of cCR. The rate of cCR in

our study in question was partly based on data from a randomized

phase 2 trial, where the rate of clinical complete/near-complete tumor

response at MR did not increase after dose escalation from 50Gy to

65Gy (27). Radiotherapy dose intensification was not significant in this

study. The statistics from a randomized trial showed that

brachytherapy boost supplementation to conventional radiotherapy

dose could improve the rate of near-complete response, but not that of

pCR (33). Previously reported dose-response relationships may largely

be directed by grade 0 and grade 1 (TRG, the AJCC Staging Manual),

which could partly explain the rates of pCR in our study.

A radiotherapy dose of 50.4Gy was associated with higher rates

of adverse reactions such as radioactive proctitis, myelosuppression,

and intestinal obstruction or perforation. In the 45Gy group, 2.1%

(1 of 48) of patients experienced intestinal obstruction, while 6.9%

(5 of 72) of patients had intestinal obstruction, and 8.3% (6 of 72)

had intestinal perforation in the 50.4Gy group. Due to a significant

disadvantage relative to the rate of radioactive proctitis, the

intestinal perforation rate was higher in the 50.4Gy group than in

the 45Gy group. Among the patients in the 45Gy group, 14.6% (7 of

48) had severe myelosuppression compared with 37.5% (27 of 72) in
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the 50.4Gy (P<0.05). The districts of radiotherapy for LARC

generally include the pelvis and pelvic lymph node areas, which

exposes to hematological toxicity in the range of 30%-70% and there

is a dose-likelihood efficiency (34, 35).

Colorectal cancer is an intractable worldwide public health issue

due to its huge disease burden. The prevalence of western lifestyles,

dietary changes, and reduced physical activity are the main reasons for

the continued rise in colorectal cancer incidence worldwide (36).

Multidisciplinary-based treatment is strongly recommended since

advancements in diagnostic imaging and an evidence-based

combination of chemotherapy, radiotherapy, and TME can markedly

improve the prognosis of LARC patients. Especially in the case of a

resectable lesion, the integration of chemotherapy and radiotherapy

can achieve favorable tumor downstaging and local control rate (37,

38). However, owing to metastasis to other organs or local recurrence,

the long-term survival of LARC is unsatisfactory (4, 17). To achieve a

better prognosis, imaging (39, 40), carcinoembryonic antigen (CEA)

combined with carbohydrate antigen 19-9 (CA19-9) (41), platelet-

associated biomarkers (42), and circulating tumor DNA (ctDNA) (43)

must be dynamically estimated and promptly evaluated. A more

personalized treatment regimen is preferable for high risk patients,

and novel combination regimens should be further investigated.

SCRT, which is the conventional treatment in European countries,

is developing rapidly. Generally, patients receive pelvic radiotherapy at

a dose of 5×5Gy during the first week, followed by surgical intervention
FIGURE 3

The DFS between LARC patients with different radiation doses. DFS, disease-free survival; LARC, locally advanced rectal cancer.
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and six sessions of adjuvant chemotherapy. Interestingly, no significant

difference in recurrence rates, distant metastasis, or late adverse events

compared to long-term radiotherapy was observed (44). Moreover, a

single-arm phase II clinical research (45) concluded that SCRT

followed by chemotherapy plus immunotherapy and surgery

demonstrated an impressive pCR rate with good tolerance in

patients. Furthermore, SCRT treatment resulted in fewer late adverse

events and rectal injury (46, 47). However, another randomized trial

concluded that SCRT with delayed surgery was associated with an

increased risk of local recurrence after a 10-year follow-up period (48).

Given the association between treatment intensification-tumor

response and tumor prognosis, more consolidated treatment options

are needed. TNT-chemotherapy combined with chemoradiotherapy

before surgery-is a novel treatment approach for LARC patients,

achieving improved downstaging, patient compliance, and

micrometastases elimination rate (49–51). TNT is a promising

systemic strategy to target micrometastases, especially for patients

unfit for surgery (49). The pCR rate in patients treated with TNT

(36%) was found to be higher compared to patients receiving nCRT

(21%) (49). Patients who achieved pCR may choose non-operative

treatment, sphincter-sparing surgery, or observation and periodic

review. Nowadays, chemotherapy is administrated before or after

radiotherapy, and the sequence of radiotherapy, chemotherapy and

surgery has been extensively explored. In general, INCT combined
Frontiers in Oncology 1048
with CRT is a preferred method since it is associated with better

compliance and fewer acute adverse reactions (13, 50, 52). In our

study, all patients underwent two cycles of induction chemotherapy

and fluorouracil-based chemoradiotherapy.

Cancer is more averse to becoming a “chronic disease” as

medical technology advances and therapeutic methods evolve.

Functional needs and survival needs (46) are two central issues

we should aim to address in future treatment prospects of rectal

cancer. Our goal at the moment is to achieve a complete resection of

the lesion while sparing the functioning sphincter complex of the

anus, thereby improving the quality of life of patients. Notably,

surgical improvements have helped reduce the local recurrence rate

from above 50% to below 10% (53, 54). Herein, we noticed a

significantly higher rate of anal retention in the 50.4Gy group

compared to the 45Gy group (79.2% (57 of 72) vs. 60.4% (29 of 48)).

CRM and EMVI are important factors that predict survival

outcomes and contribute to clinical treatment planning (55, 56). As a

result, no significant difference between the two groups was observed.

The survival curve in this study was not statistically significant, but the

45Gy group had a higher 80-month survival rate, which may be related

to the higher incidence of adverse reactions in the 50.4Gy group,

particularly intestinal obstruction or perforation and

myelosuppression. Furthermore, according to our findings, a

radiotherapy dose of 50.4Gy resulted in a favorable anal retention rate
FIGURE 4

The OS between LARC patients with different radiation doses. OS, overall survival; LARC, locally advanced rectal cancer.
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but at the expense of increased rates of several adverse reactions, with no

improvement in the rate of good pathological response, DFS or OS.

Nevertheless, our study has several limitations. We included a

small number of patients from a single center, and the follow-up

time was not long enough to obtain long-term survival statistics.

Moreover, our study was retrospective in nature, which may have

resulted in bias to some extent. Nonetheless, to our knowledge, this

is the first study that concluded the rate of pCR in the 45Gy group

was higher than that of the 50.4Gy group. This study has clinical

guiding significance and, to some extent, provides the basis for

choosing radiotherapy doses in LARC patients. A radiotherapy dose

of 50.4Gy is preferred for a higher likelihood of anal retention if a

patient-centered outcome is prioritized. Meanwhile, if an efficacy-

centered outcome is preferred, a radiotherapy dose of 45Gy is

desired for a greater degree of pCR and a lower likelihood of

adverse reactions. Combined with the trend of individualized

treatment of the tumor, the radiotherapy dose needs to be

considered according to the tolerance of the patient, which

includes age, ECOG PS, and underlying disease. In the follow-up

treatment, the efficacy and quality of life are the focus of doctors.

Conclusion

A radiation dose of 50.4Gy contributes to a better anal retention

rate but at the cost of serious adverse events and failure to improve the

rate of good pathological response, imaging remission, DFS or OS.
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TABLE 6 Adverse reactions to treatment.

Characteristics 45Gy group 50.4Gy group c2 p

Radioactive proctitis 6.699 0.010

Grade 1,2 43 50

Grade 3,4 5 22

Myelosuppression 5.412 0.020

Grade 1,2 32 41

Grade 3,4 7 27

Intestinal obstruction or perforation 1 11 4.201 0.040

Narrow lumen 2 4 0.119 0.730

Anastomotic fistula 5 12 0.925 0.336

Skin lesions around the anus 17 24 0.056 0.814

Emesis 15 24 0.057 0.811

Hand-foot syndrome 8 13 0.038 0.844
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Background: Neoadjuvant chemoradiotherapy followed by total mesorectal

excision is the standard treatment for patients with nonmetastatic locally

advanced rectal cancer (LARC). However, for patients with LARC and

synchronous metastasis, the optimal treatment strategy and sequence remain

inconclusive. In the present study, we evaluated the efficacy and safety of

concurrent radiotherapy in patients with de novo metastatic rectal cancer who

received chemotherapy and targeted therapy.

Methods: We retrospectively reviewed the data of 63 patients with LARC and

synchronous metastasis who received intensive therapy at the study hospital

between April 2015 and November 2018. The included patients were divided into

two groups: RT-CT, those who received systemic chemotherapy with targeted

therapy and concurrent radiotherapy (for primary rectal cancer), and CT, those

who received only systemic chemotherapy with targeted therapy.
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Results: Treatment response was better in the RT-CT group than in the CT

group. The rate of primary tumor resection (PTR) was higher in the RT-CT group

than in the CT group (71.4% and 42.9%, respectively; P = .0286). The RT-CT

group exhibited considerably longer local recurrence-free survival (P = .0453)

and progression-free survival (PFS; from 13.3 to 22.5 months) than did the CT

group (P = .0091); however, the groups did not differ in terms of overall survival

(OS; P = .49). Adverse events were almost similar between the groups, except

frequent diarrhea, the prevalence of which was higher in the RT-CT group than in

the CT group (59.5% and 23.8%, respectively; P = .0075).

Conclusions: In the era of biologics, radiotherapy may increase the resectability

of primary rectal tumors, reducing the risk of locoregional failure and prolonging

PFS. Concurrent pelvic radiotherapy may not substantially improve OS, which is

indicated by metastasis. Hence, the resection of the distant metastases may be

essential for improving long-term OS. To further determine the efficacy of

concurrent radiotherapy, additional prospective, randomized studies must

combine preoperative pelvic radiotherapy with PTR and metastectomy to treat

patients with stage IV LARC.
KEYWORDS

metastatic rectal cancer, locally advanced rectal cancer, concurrent radiotherapy,

primary tumor resection (PTR), systemic chemotherapy, systemic targeted therapy
Introduction

Approximately 704 000 new cases of rectal cancer are reported

worldwide every year; of them, approximately 20% to 30% present

with synchronous metastasis upon initial diagnosis (1). The liver and

lungs are the most common sites of metastasis, and approximately

80% of the total cases of stage IV cancer are associated with

unresectable metastatic tumor burden (2). Currently, neoadjuvant

concurrent chemoradiotherapy (CCRT) followed by total mesorectal

excision (TME) is the standard treatment for patients with

nonmetastatic locally advanced rectal cancer (LARC). This

approach results in pathological downstaging and ensures

improved local control, longer disease-free survival (DFS), and

tolerable toxicity (3–7). Short-course preoperative radiotherapy also

reduces the risk of local failure in patients receiving TME (8, 9).

Owing to the advancement of chemotherapy and biologics,

therapeutic outcomes in patients with metastatic colorectal cancer

(mCRC) have improved (10–12). Highly aggressive treatment of

metastatic diseases, particularly colon cancer with liver metastasis,

with hepatic resection and various regional therapy improves

mCRC and prolongs overall survival (OS) (13–16).

To the best of our knowledge, the optimal treatment strategy

and sequence for patients with LARC with de novo metastasis have

not been standardized or documented. The potential benefit of

concurrent radiotherapy in this population remains unclear and

may be overshadowed by the effects of multiagent systemic therapy.

Thus, in the present study, we evaluated the efficacy and safety of

concurrent radiotherapy in patients with stage IV LARC receiving

systemic chemotherapy and targeted therapy.
0253
Materials and methods

We retrospectively reviewed the data of 63 patients with de novo

metastatic LARC who underwent intensive therapy at our

institution between April 2015 and November 2018. Figure 1

illustrates the data collection process. This study was approved by

the Institutional Review Board of Kaohsiung Medical University

Hospital, Taiwan (approval number: KMUHIRB-E(II)-20220041).

The inclusion criteria for patient selection were as follows: diagnosis

of T3 or T4 and/or N1 or N2 rectal cancer, presence of systemic

metastasis, and ongoing systemic chemotherapy. Patients with

synchronous secondary cancer, histological malignancy other

than adenocarcinoma, or metachronous metastasis or those

receiving only postoperative chemotherapy were excluded from

this study. The included patients were divided into two groups: RT-

CT and CT. The RT-CT group comprised patients who received

systemic chemotherapy with targeted therapy and concurrent

radiotherapy (for primary rectal cancer), whereas the CT group

comprised patients who received only systemic chemotherapy with

targeted therapy. Treatments were selected by surgeons or

radiation oncologists.

All patients underwent initial workups, which involved taking

their medical history, physical examinations, laboratory

examinations, carcinoembryonic antigen (CEA) testing, diagnostic

colonoscopy, and chest to pelvic computer tomography for

preoperative clinical staging. TNM classes were defined in

accordance with the criteria outlined by the American Joint

Commission on Cancer (AJCC)/International Union Against

Cancer (17). Pelvic magnetic resonance imaging (MRI) was
frontiersin.org
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performed to evaluate the local status of the primary rectal tumor.

To evaluate therapeutic response, MRI was performed again 8 to 10

weeks after pelvic radiotherapy and/or repeatedly performed every

3 months thereafter before primary tumor excision (PTR).

Computed tomography was performed at 2- to 3-month intervals

to evaluate the progression of distant metastasis and the patients’

response to systemic therapy.

The patients received biweekly systemic therapy comprising

chemotherapy with 5-fluorouracil, leucovorin, and irinotecan and

targeted therapy with monoclonal antibody against vascular

endothelial growth factor (anti-VEGF; bevacizumab) or epidermal

growth factor receptor (anti-EGFR; cetuximab or panitumumab).

KRAS and NRAS mutations were detected at diagnosis. The dose of

irinotecan was in accordance of UGT1A1 polymorphism and was

reduced by 20% during the addition of concurrent radiotherapy (12,

18). The interval between the last dose of bevacizumab and elective

surgery was at least 5 weeks, and bevacizumab was restarted at least

5 weeks postoperatively. Patients who underwent PTR subsequently

received chemotherapy and targeted therapy. Long-course

radiotherapy was concurrently administered with and at the

beginning of systemic therapy in the RT-CT group in accordance

with the procedure described in a previously published study (19).

The total dose of radiation was 45 to 50.4 Gy (delivered in 25 to 30

fractions). Three-dimensional conformal or intensity- modulated

radiation therapy was used for external-beam irradiation.

The response to systemic therapy and radiotherapy was

evaluated on the basis of the Response Evaluation Criteria in

Solid Tumors (RECIST) (20). Complete response (CR) was

defined as the disappearance of all target lesions, whereas partial

response (PR) was defined as a ≥30% decrease in the sum of the

longest diameters of target lesions from the baseline value.

Progressive disease (PD) was defined as a ≥20% increase in the

sum of the longest diameters of target lesions from the value

recorded at the initiation of treatment or the appearance of ≥1

new lesions. Stable disease (SD) was defined as neither PR nor PD.

The decision to perform surgery for PTR and the timing of

surgery depended on the objective outcome of primary tumors and

the control of distant metastases after neoadjuvant therapy. In all
Frontiers in Oncology 0354
patients who underwent PTR, TME was performed through

conventional laparotomy or minimally invasive surgery (MIS).

The procedures were low anter ior resect ion (LAR) ,

intersphincteric resection (ISR), and abdominal perineal resection

(APR). Colostomy was performed if the patients were at risk of total

lumen obstruction or bowel rupture or when they underwent PTR

and were at risk of anastomotic insufficiency (defunctioning stoma).

Colostomy was taken down approximately 3 months after PTR

(21). The options for liver-directed therapy were the surgical

resection of liver metastases and radiofrequency ablation (RFA).

Postoperative and follow-up surveillance involved routine

history taking, physical examinations, CEA testing, and CT at 3-

month intervals. Annular colonoscopy was performed and positron

emission tomography was executed (if needed). Local recurrence

(LR) was defined as recurrence in the pelvic cavity or bowel lumen

near an anastomosis. LR-free survival (LRFS) was defined as the

interval between PTR and the first radiographic evidence of LR.

Progression-free survival (PFS) was defined as the interval between

the initiation of treatment and PD or the recurrence of distant

metastasis. OS was defined as the between-diagnosis and all-cause

death or final follow-up.

We collected data regarding the patients’ demographics and

tumor characteristics, namely age, sex, TNM stage, body mass index

(BMI), tumor location (distance between a tumor’s caudal margin

and anal verge), tumor size, synchronous metastatic site, RAS

mutation status, and presence of comorbidities. Data regarding

treatment and response were biologics used, chemotherapy cycles,

and RECIST findings for primary tumors and metastases.

Perioperative data and surgical outcomes comprised the records

of PTR, curative resection of metastases, site of metastectomy,

procedures and methods performed for PTR, physical status

based on the classification system of the American Society of

Anesthesiologists, preservation of the anal sphincter, addition of

defunctioning stoma, and nonclosure of stoma. Histopathological

characteristics comprised the status of surgical margin; rate of R0

resection; rate of pathological CR (pCR); histological grading of

differentiation; pathological stage of disease; number of harvested

lymph nodes; lympho-vascular invasion (LVI), and perineural

invasion. The tumor regression grade (TRG) was assessed using

the guidelines of the AJCC (22).

Adverse events (AEs) associated with systemic therapy,

radiotherapy, and surgical complications were evaluated using the

US National Cancer Institute Common Terminology Criteria for

Adverse Events (version 4.0; http://ctep.cancer.gov/reporting/

ctc.html). AEs associated with systemic therapy were hematologic

(e.g. , anemia, leukopenia, and thrombocytopenia) and

nonhematologic (e.g., nausea or vomiting, diarrhea, fatigue,

mucositis, peripheral neuropathy, skin manifestations, alopecia,

infection, abnormal liver function, and bowel perforation) events.

AEs associated with radiotherapy primarily were radiation

dermatitis. Surgical complications were defined as complications

developed within 30 days after PTR.

Data were analyzed using JMP for Windows (version 16.0; SAS

Institute, Cary, NC, USA). Continuous variables are presented in

terms of median and interquartile region (IQR) values, and

dichotomous variables are presented in terms of number and
FIGURE 1

Consort Diagram of Data Collection Process. LARC, locally
advanced rectal cancer; PTR, primary tumor resection; and RFA,
radiofrequency ablation.
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percentage values. Between-group comparisons were performed

using the c2 test for categorical variables and Student’s t test for

quantitative variables. A P value of ≤.05 was considered statistically

significant. Survival plots (LRFS, PFS, and OS) were constructed

using the Kaplan–Meier method, and a log-rank test was used to

compare the groups in terms of time-to-event distribution.
Results

A total of 89 patients were initially identified; of them, 15 had

metachronous metastasis, 5 received only postoperative

chemotherapy, 3 had neuroendocrine tumors, 2 had synchronous

lung cancer, and 1 had synchronous ascending colon cancer

(Figure 1). After the exclusion of these patients, 63 patients

remained for our analysis. Of them, 42 received systemic

chemotherapy with targeted therapy and concurrent radiotherapy;

they constituted the RT-CT group. The remaining 21 patients

received only systemic chemotherapy with targeted therapy and

constituted the CT group. In the RT-CT group, 30 patients (71.4%)

underwent PTR, whereas 12 received no surgery for primary rectal

tumor after radiotherapy. A total of 6 patients underwent curative

resection of metastases (3 underwent partial hepatectomy for liver

metastases, whereas the remaining 3 underwent lobectomy for lung

metastases), and 2 patients underwent RFA for liver metastases. In

the CT group, 9 (42.9%) underwent PTR, whereas 12 did not. Of the

9 patients, 6 underwent staged metastectomy (2 patients underwent

partial hepatectomy, whereas 4 patients underwent lung lobectomy)

after PTR. The patients were followed up until their death, final

follow-up, or March 2022.

Table 1 summarizes the patients’ demographics and tumor

characteristics. Not surprisingly, tumor location was more low-

lying in the RT-CT group than in the CT group (P = .0011); 21.4%

of the patients in the RT-CT group had a tumor location of <5 cm;

this proportion was 4.8% in the CT group. KRAS or NRASmutation

was detected in 15 (35.7%) patients in the RT-CT group, which was

slightly more than the proportion noted on the CT group (3

patients; 14.3%; P = .0904). The groups did not differ

considerably in terms of age, sex, clinical stage, tumor size, BMI,

BRAFmutation status, or the presence of comorbidities (all P >.05).

The most frequent site of synchronous metastasis was the liver in

the RT-CT group (27 patients; 64.3%), followed by the lungs. 12

(57.1%) patients in the CT group exhibited liver or lung metastasis.

In both groups, most patients received bevacizumab (Table 2). In

the RT-CT group, 26 patients (61.9%) received bevacizumab, and 14

(33.3%) received cetuximab. A total of 13 (61.9%) and 7 (33.3%)

patients in the CT group received bevacizumab and cetuximab,

respectively. The RT-CT and CT groups received 14 (median; IQR, 9

to 16) and 12 (IQR, 9 to 13) cycles of chemotherapy, respectively. The

groups did not differ substantially in terms biologics used or systemic

therapy cycles (both P >.05). A total of 12 patients (28.6%) in the RT-

CT group were at a risk of total lumen obstruction before or during

treatment; loop colostomy was performed to avoid such a situation. In

the CT group, 11 (52.4%) patients underwent loop colostomy. The RT-

CT group exhibited no increased tendency of acute bowel obstruction

after the addition of concurrent radiotherapy to their systemic therapy
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regimen (P = .0663). The response rate (CR + PR) of primary rectal

tumor was significantly higher in the RT-CT group than in the CT

group (73.8% and 47.6%, respectively; P = .0398). The disease control

rate (CR + PR + SD) of distant metastases was similar between the RT-

CT and CT groups (88.1% and 85.7%, respectively; P = .63); distant

metastasis remained at-least stable during the first-line therapy in 37

patients in the RT-CT group and 18 patients in the CT group (P = .63).

The proportion of patients who underwent PTR was significantly

higher in the RT- CT group than in the CT group (P = .0286; Table 3).

A total of 30 (71.4%) patients in the RT-CT group underwent PTR

after receiving concurrent radiotherapy with systemic therapy, whereas

9 patients (42.9%) in the CT group underwent PTR after receiving

systemic therapy. In the RT-CT group, 24 (80%), 4 (13.3%), and 2

(6.7%) patients underwent LAR, ISR, and APR, respectively. All

patients in the CT group received LAR. MIS was performed in 16

(53.4%) and 7 (77.8%) patients in the RT-CT and CT groups,

respectively; the groups did not differ in terms of surgical method

(P = .34). The rates of anal preservation in the RT-CT and CT groups

were 93.3% and 100%, respectively. Defunctioning stoma was created

during PTR performed in 13 patients (43.3%) in the RT-CT group and

1 patient (11.1%) in the CT group. This was expected because the

number of patients with low-lying rectal cancer was higher in the RT-

CT group than in the CT group. Metastectomy or liver-directed local

therapy (RFA) was performed in 8 patients (19.1%) in the RT-CT

group; of them, 3 underwent partial hepatectomy, 2 underwent RFA,

and 3 underwent lung lobectomy. Curative resection of metastases was

performed in 6 patients (28.6%) in the CT group; of them, 2 underwent

partial hepatectomy, and 4 underwent lung lobectomy. In both groups,

metastectomy was performed in a staged manner; the number patients

who underwent metastectomy didn’t vary significantly between the

groups (P = .40).

Table 4 summarizes the histopathological characteristics of

primary tumors. The status of resection margin in terms of distal

resection margin and circumferential resection margin (CRM) was

similar between the groups. A total of 2 patients in the RT-CT group

and 1 patient in the CT group exhibited positive CRM. The rate of

R0 resection in the RT-CT and CT groups was 93.3% and 88.9%,

respectively. In the RT-CT group, 4 patients exhibited pCR (13.3%)

after concurrent radiotherapy and TME; this number was 1 in the

CT group (P = .67). TRGs 0, 1, 2, and 3 were detected in,

respectively, 4 (13.3%), 7 (23.3%), 14 (46.7%), and 5 (16.7%)

patients in the RT-CT group and 1 (12.5), 1 (12.5%), 3 (37.5%),

and 3 (37.5) patients in the CT group (P = .65). After preoperative

radiotherapy, tumor size markedly reduced with a median size of

2.5 cm compared with 3.5 cm without radiotherapy (P = .0105).

Regarding pathological stages, the groups did not vary significantly

in terms of ypT stage (P = .64). However, significant between-group

differences were noted in terms of ypN stage (P = .0197); the

proportion of patients with ypN2 stage tumor was higher in the CT

group (33.3%) than in the RT-CT group (6.7%). The number of

harvested lymph nodes was lower in the RT-CT group (median

number, 7) than in the CT group (median number, 16; P = .0365).

Table 5 summarizes the AEs associated with concurrent

radiotherapy and systemic therapy. Anemia was identified to be

the most common hematologic AE in both the RT- CT (90.5%) and

CT (95.2%) groups. In the RT-CT group, the most prevalent
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nonhematologic AEs were diarrhea (25 patients; 59.5%) and fatigue

(18 patients; 42.9%). In the CT group, the leading AEs were nausea/

vomiting and fatigue, which were observed in 10 (47.6%) patients.

In the CT group, diarrhea (any grade) was noted in only 5 (23.8%)

patients, which was significantly less than in the RT-CT group (P =

.0075). Grade III or IV AEs were not frequently detected.

Leukopenia and infectious complications were prominent AEs

observed in 7 (16.7%) and 5 (11.9%) patients in the RT-CT

group, respectively. 3 (14.3%) patients in the CT group developed

leukopenia during the treatment course. Radiation dermatitis was

observed in 13 (31%) patients in the RT-CT group. Notably,

spontaneous rectal perforation developed during or shortly after

preoperative radiotherapy in 3 patients (7.1%), and they
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immediately underwent loop colostomy. Of them, only 1

underwent subsequent PTR. In patients who received concurrent

radiotherapy and underwent PTR, infectious complications and

postoperative anastomotic leakage were noted in 3 (10%) and 2

(6.7%) patients despite the creation of defunctioning stoma during

PTR. Bevacizumab was the monoclonal antibody used in systemic

therapy in all the 3 patients of spontaneous rectal perforation and 2

patients of postoperative anastomotic leakage.

The median follow-up duration was 27 (range, 6.7 to 89.2)

months. The 24-month LRFS rates of the RT-CT and CT groups

were 82.6% and 50%, respectively (Figure 2A). In patients with stage

IV LARC who underwent PTR, LRFS was significantly better (P =

.0453) in those who received concurrent radiotherapy than in those
TABLE 1 Demographics of patients with stage IV locally advanced rectal cancer and the characteristics of their disease in the RT-CT1 and CT2 groups.

RT-CT (N = 42) CT (N = 21) P-value

Age, median (IQR) 62 (54 – 68) 58 (54 - 68) 0.69

Male (%) 27 (64.3) 12 (57.1) 0.89

BMI, median (IQR) 24.1 (22.3 – 27) 22.3 (18.8 – 25.1) 0.13

Clinical TNM stage IVa/IVb/IVc (%) 20/20/2 (47.6/47.6/4.8) 8/9/4 (38.1/42.9/19.1) 0.21

cT1/cT2/cT3/cT4 (%) 0/1/26/15 (0/2.4/61.9/35.7) 0/1/13/7 (0/4.8/61.9/33.3) 0.88

cN0/cN1/cN2 (%) 2/13/27 (4.8/31.0/64.3) 1/9/11 (4.8/42.9/52.4) 0.64

cM1a/cM1b/cM1c (%) 20/20/2 (47.6/47.6/4.8) 8/9/4 (38.1/42.9/19.1) 0.21

Tumor location 0.0011*

<5 cm 9 (21.4) 1 (4.8)

≧5 cm, < 10 cm 17 (40.5) 2 (9.5)

≧10 cm 11 (26.2) 16 (76.2)

NS 5 (11.9) 2 (9.5)

Tumor size, median (IQR) 4.7 (3.4 – 7.3) 5.4 (4.9 – 6.2) 0.56

Metastases site –

Liver (%) 27 (64.3) 12 (57.1)

Lung (%) 15 (35.7) 12 (57.1)

Non-regional lymph nodes (%) 13 (31.0) 5 (23.8)

Peritoneum (%) 2 (4.8) 4 (19)

Spine (%) 2 (4.8) 1 (4.8)

Adrenal gland (%) 2 (4.8) 2 (9.5)

Abdominal wall (%) 1 (2.4) 0

Ovary (%) 0 2 (9.5)

Bone (%) 1 (2.4) 0

KRAS or NRAS mutant (%) 15 (35.7) 3 (14.3) 0.0904

BRAF Mutant (%) 0 1 (4.8) 0.15

Comorbidity (%) 27 (75) 11 (68.8) 0.64

Follow up, median (IQR) 28.1 (19.8 – 36.6) 24.5 (16.1 – 32.6) 0.27
fron
1Group receiving systemic chemotherapy with targeted therapy plus concurrent radiotherapy.
2Group receiving systemic chemotherapy with only targeted therapy.
BMI, body mass index; NS, not stated; WD, well differentiated; MD, moderately differentiated; and PD, poorly differentiated.
*P< .05.
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who did not. The median PFS of the RT-CT group was 22.5 months,

which was significantly better than that of the CT group (13.3

months; P = .0091; Figure 2B). However, the 2 groups did not differ

significantly in terms of OS (RT-CT group, 31.5 months; CT group,

30.6 months; P = .49; Figure 2C).
Discussion

Our findings indicate that patients with relatively low-lying

rectal tumors exhibit a high tendency of receiving radiotherapy in

addition to systemic therapy even in stage IV of the disease.

Although the 2 groups in our study varied in terms of metastatic

tumor sites and load, they exhibited similarity in terms of M stage.

The addition of concurrent radiotherapy enhanced tumor response.

Consistent with the findings of studies on LARC (23) and locally

advanced colon cancer (24), in our study, a prolonged interval
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between preoperative radiotherapy and surgery did not increase the

risk of disease progression; this assertion is based on the fact that the

disease control rate of distant metastases was noninferior in the RT-

CT group. Improved response of primary rectal tumor facilitated

PTR after radiotherapy. Histopathologically, no differences were

noted between the group in terms of resection margin status, pCR

rate, and TRG. However, tumor shrinkage was markedly higher in

the RT-CT group than in the CT group. Furthermore, lymph nodes

exhibited better response after pelvic irradiation since less ypN2 was

obtained in the RT-CT group than in the CT group.

We observed satisfactory local control after concurrent

radiotherapy and PTR. The addition of radiotherapy to the

systemic chemotherapy regimen increased the rate of 24-month

LRFS. It also prolonged (from 13.3 to 22.5 months) the PFS of

patients with synchronous metastasis. Few studies have reported

similar findings. Concurrent radiotherapy exerted no considerable

positive effects on the OS of patients with stage IV LARC. The AEs
TABLE 2 Comparison of between the RT-CT1 and CT2 groups in terms of treatment and response.

RT-CT (N = 42) CT (N = 21) P-value

Target therapy agent 1

Anti-EGFR (%) 16 (38.1) 8 (38.1)

Anti-VEGF (%) 26 (61.9) 13 (61.9)

Chemotherapy cycles, median (IQR) 14 (9 – 16) 12 (9 – 13) 0.11

Stomy for lumen obstruction (%) 12 (28.6) 11 (52.4) 0.0663

Response rate of primary tumor (CR + PR) (%) 31 (73.8) 10 (47.6) 0.0398*

Disease control rate of metastases (CR + PR + SD) (%) 37 (88.1) 18 (85.7) 0.63
fron
1Group receiving systemic chemotherapy with targeted therapy plus concurrent radiotherapy.
2Group receiving systemic chemotherapy with only targeted therapy.
EGFR, epidermal growth factor receptor; VEGF, vascular endothelial growth factor; CR, complete response; PR, partial response; and SD, stable disease.
*P < .05.
TABLE 3 Perioperative data and surgical outcomes recorded in the RT-CT1 and CT2 groups.

RT-CT (N = 42) CT (N = 21) P-value

PTR (%) 30 (71.4) 9 (42.9) 0.0286*

Curative resection of metastases (%) 8a (19.1) 6 (28.6) 0.40

Site of metastectomy –

Liver (%) 5 (11.9) 2 (9.5)

Lung (%) 3 (7.1) 4 (19.1)

Procedures performed for PTR LAR/ISR/APR (%) 24/4/2 (80/13.3/6.7) 9/0/0 (100/0/0) 0.18

Methods of PTR Open/MIS (%) 14/16 (46.7/53.4) 2/7 (22.2/77.8) 0.34

ASA 2/3/NS (%) 15/14/1 (50/46.7/3.3) 2/6/1 (22.2/66.7/11.1) 0.27

Sphincter preservation rate (%) 28 (93.3) 9 (100) 0.30

Defunctioning stoma with PTR (%) 13 (43.3) 1 (11.1) 0.13

Non-closure of stoma (%) 17 (40.5) 6 (28.6) 0.63
1Group receiving systemic chemotherapy with targeted therapy plus concurrent radiotherapy.
2Group receiving systemic chemotherapy with only targeted therapy.
PTR, primary tumor resection; RFA, radiofrequency ablation; LAR, low anterior resection; ISR, intersphincteric resection; APR, abdominal perineal resection; MIS, minimally invasive surgery;
and ASA, American Society of Anesthesiologists.
*P < .05.
aIncluding 2 patients who underwent radiofrequency ablation.
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associated with radiotherapy and systemic therapy were generally

tolerable and easily manageable. However, clinicians must consider

the risks of spontaneous rectal rupture and anastomotic

insufficiency in patients with stage IV LARC receiving

simultaneous radiotherapy and targeted therapy, particularly

with bevacizumab.

Circulatory tumor cells (CTCs) accelerate micrometastases and

are associated with disease progression and survival in breast cancer

(25, 26). After preoperative chemoradiotherapy, the proportion of

CTCs reportedly decrease in patients with rectal cancer, delaying

disease progression (27). Sun et al. revealed considerably lower

proportions of CTCs in patients with LARC receiving neoadjuvant

CCRT, particularly the responders (28). As expected, we discovered

that PFS improved after the addition of concurrent radiotherapy to

the current multimodality treatment regimen for LARC with

synchronous metastasis. This improvement may also be

associated with changes in systemic inflammation and immune

function. The neutrophil-to-lymphocyte ratio (NLR) is an indicator

of systemic inflammation and may serve as a prognostic factor for

various cancers, including rectal cancer (29). A strong correlation

has been reported between tumor volume in rectal cancer and NLR

(30); the high value of NLR observed in patients with rectal cancer

after preoperative radiotherapy has been associated with poor

pathological response and survival outcomes (31, 32).

Metastectomy is a key predictor of survival in patients with

rectal cancer with metastasis; R0 resection of metastases confers the

largest survival benefits (33, 34). In the present study, the

improvement in PFS due to additional radiotherapy did not
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translate to long-term survival. The discrepancy between PFS and

OS could be attributed to the low number of patients who

underwent curative resection of metastases; in the RT-CT group,

only 6 patients underwent metastectomy for liver or lung

metastases, and 2 patients underwent RFA. Therefore, the major

determinators of OS may depend on the control of distant

metastasis. Hence, attempt should still be made for resection of

distant metastases to prolong OS.

In patients with mCRC, the precise use of targeted therapy (on

the basis of patients’ genetic profiles) and liver-directed therapy

results in improved treatment outcomes. In this cohort, late LR

become noteworthy, and radiotherapy is a reasonable option for

reducing locoregional failure. However, the results in the literature

are inconclusive. Kim et al. analyzed data on patients with stage IV

rectal cancer with synchronous liver metastasis who underwent

TME and liver-directed therapy; LR rate (LRR) was lower in

patients receiving postoperative chemoradiotherapy than in those

receiving only chemotherapy (35). Fossum et al. demonstrated that

neoadjuvant radiotherapy markedly decreased LRR in patients with

LARC with resectable liver and/or lung metastasis (36). Chang et al.

revealed a trend toward relatively low LRR in patients who

underwent PTR treated with postoperative CCRT (37). In their

propensity score matching study, Lin et al. indicated improved

survival in patients with stage IV rectal cancer when the patients

had received CCRT before PTR (34). However, several other studies

have reported contradictory findings. A study indicated poor

treatment responses and reduced pathological downstaging rates

after neoadjuvant radiotherapy in patients with stage IV rectal
TABLE 4 Comparison between the RT-CT and CT groups in terms of the histopathologic characteristics of resected primary tumors.

RT-CT (N = 30) CT (N = 9) P-value

DRM, median (IQR) 2.0 (1.4 – 2.6) 1.8 (1 – 2.2) 0.35

DRM involvement (%) 0 0 –

CRM, median (IQR) 1.5 (0.4 – 2.5) 0.9 (0.7 – 3.3) 0.98

CRM involvement (%) 2 (6.7) 1 (11.1) 0.67

R0 resection (%) 28 (93.3) 8 (88.9) 0.67

pCR (%) 4 (13.3) 1 (11.1) 0.86

TRG 0/1/2/3 (%) 4/7/14/5 (13.3/23.3/46.7/16.7) 1/1/3/3 (12.5/12.5/37.5/37.5) 0.65

Tumor size, median (IQR) 2.5 (1.7 – 3) 3.5 (2.6 – 3.7) 0.0105*

Histology
WD/MD/PD/NS (%)

4/22/2/2 (13.3/73.3/6.7/6.7) 0/8/1/0 (0/88.9/11.1/0) 0.32

pT stage pT0/pT1/pT2/pT3/pT4 (%) 4/1/7/16/2 (13.3/3.3/23.3/53.3/6.7) 1/0/1/5/2 (11.1/0/11.1/55.6/22.2) 0.64

pN stage
pN0/pN1/pN2 (%)

19/9/2 (63.3/30/6.7) 6/0/3 (66.7/0/33.3) 0.0197*

Number of harvested LN, median (IQR) 7 (5 – 13.2) 16 (10 – 25) 0.0365*

LVI (%) 5 (16.7) 2 (22.2) 0.73

Perineural invasion (%) 4 (13.3) 4 (44.4) 0.13
fron
1Group receiving systemic chemotherapy with targeted therapy plus concurrent radiotherapy.
2Group receiving systemic chemotherapy with only targeted therapy.
DRM, distal resection margin; CRM, circumferential margin; pCR, pathologic complete response; TRG, tumor regression grade; NS, not stated; LN, lymph nodes; and LVI, lympho-vascular
invasion.
*P < .05.
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cancer compared with the findings observed in those with stage II or

III disease (38). An et al. reported a nonsuperior LRR in patients

who underwent TME and simultaneous metastectomy of limited

liver metastases after additional radiotherapy than in those who

underwent surgery after only systemic therapy (39). Lee et al.

demonstrated that postoperative pelvic radiotherapy improved

LRFS only in patients with pT4 disease with metastasis (33).

Manyam et al. suggested that preoperative radiotherapy should be
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avoided in patients with metastatic rectal cancer because the

pathological downstaging of rectal cancer for surgical resection is

at the expense of increased postoperative complications (40).

Consistent with the findings of our study, many studies have

reported nonsignificant long-term survival benefits in patients

with metastatic rectal cancer who received neoadjuvant or

adjuvant radiotherapy, including those who exhibited improved

local control (33, 35–41).
TABLE 5 Adverse effects related to systemic therapy, radiotherapy, and surgical complications in the RT-CT and CT groups.

Grade III-IV Any grade

RT-CT (N = 42) CT (N = 21) P-value RT-CT (N = 42) CT (N = 21) P-value

Hematologic toxicity

Anemia 3 (7.1) 2 (9.5) 0.75 38 (90.5) 20 (95.2) 0.49

Leukopenia 7 (16.7) 3 (14.3) 0.81 29 (69.1) 12 (57.1) 0.35

Thrombocytopenia 0 0 – 6 (14.3) 2 (9.5) 0.58

Non-hematologic toxicity

Nausea/vomiting 1 (2.4) 0 0.37 13 (31) 10 (47.6) 0.20

Diarrhea 3 (7.1) 1 (4.8) 0.71 25 (59.5) 5 (23.8) 0.0075*

Fatigue 0 0 – 18 (42.9) 10 (47.6) 0.72

Mucositis 0 0 – 10 (23.8) 6 (28.6) 0.68

Parasthesia 0 0 – 3 (7.1) 1 (4.8) 0.71

Rash acneiform/palmar-plantar erythema 1 (2.4) 0 0.37 8 (19.1) 3 (14.3) 0.63

Alopesia 0 0 – 4 (9.5) 4 (19.1) 0.30

Infection 5 (11.9) 1 (4.8) 0.34 5 (13.9) 5 (11.9) 0.23

Abnormal liver function 2 (4.8) 0 0.20 13 (31) 7 (33.3) 0.85

Bowel perforation 3 (7.1) 0 0.11 3 (7.1) 0 0.11

Radiation dermatitis 0 – – 13 (31) – –

Surgical complications

Anastomotic leakage 2 (6.7) 0 0.30 2 (6.7) 0 0.30

Infectious complications 2 (6.7) 1 (11.1) 0.67 3 (10) 1 (11.1) 0.92
fron
1Group receiving systemic chemotherapy with targeted therapy plus concurrent radiotherapy.
2Group receiving systemic chemotherapy with only targeted therapy.
*P < .05.
A B C

FIGURE 2

Kaplan–Meier Survival Curves. The survival curve of the RT-CT (systemic chemotherapy with targeted therapy plus pelvic radiotherapy) group is
indicated by blue, and that of the CT (systemic chemotherapy with targeted therapy alone) group is indicated by red. (A) Local recurrence-free
survival, (B) progression-free survival, and (C) overall survival.
tiersin.org

https://doi.org/10.3389/fonc.2023.1099168
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Yin et al. 10.3389/fonc.2023.1099168
In patients with limited liver metastasis burden and satisfactory

performance status, prolonged DFS and favorable OS may be

achieved after combined liver and colorectal resection (2, 42); PTR

with TME should be performed in patients exhibiting good

prognosis. However, the optimal management strategy for mCRC

with unresectable metastasis remains debatable because of various

heterogeneities. The in-situ retention of primary tumors in patients

with mCRC rarely results in life-threatening events unless complete

obstruction, intractable bleeding, or potential tumor perforation is

evident. Therefore, the efficacy of PTR in unresectable metastases

remains controversial. In patients with asymptomatic mCRC with

unresectable metastasis, PTR may be more effective than palliative

chemotherapy alone in terms of the superiority of median OS (43). A

propensity score matching analysis revealed a 2-year increase in the

median OS of patients who underwent PTR (44). In a population-

based cohort study including more than 37 000 patients with mCRC

who did not undergo metastectomy, PTR in asymptomatic patients

was associated with prolonged OS and cancer-specific survival (45).

Except for the low-lying tumor location, patients of better

performance status and low metastatic burden appear to be

highly likely to receive a multimodality treatment including

concurrent radiotherapy and PTR. However, in the present study,

the considerable differences in PFS between-group were unlikely

solely due to the effects of unadjusted confounders. Unlike in other

studies, all the patients included in our study received biologics as

part of systemic therapy; this might have controlled metastasis and

highlighted the positive effects of concurrent radiotherapy on PFS.

Our study has some limitations, such as the relatively small

sample size and between-group heterogeneity in terms of metastatic

tumor sites and load. Nevertheless, the finding that concurrent

radiotherapy may delay disease progression may help improve the

management of patients with LARC with synchronous metastasis.
Conclusions

The combination of concurrent radiotherapy and systemic

therapy may increase primary tumors’ resectability and prolong

LRFS in patients with LARC with de novo metastasis. Radiotherapy

may also substantially improve PFS. However, the resection of

distant metastases is recommended to improve OS. In the era of

biologics, the combination of preoperative concurrent radiotherapy

and subsequent PTR may be a promising multimodality treatment

approach for patients with stage IV LARC.
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Assessing the predictive value of
clinical factors to pathological
complete response for locally
advanced rectal cancer: An
analysis of 124 patients

Chaoxi Zhou1†, Kanghua Wang2,3†, Xiaoxiao Zhang4,
Yuting Xiao3, Congrong Yang3, Jun Wang3, Fuyin Qu3,
Xuan Wang3, Ming Liu3, Chao Gao3, Linlin Xiao3‡

and Fengpeng Wu3*‡

1Department of General Surgery, Fourth Hospital of Hebei Medical University, Shijiazhuang,
Hebei, China, 2Department of Medical Oncology, Affiliated Hospital Of Hebei University,
Baoding, China, 3Department of Radiotherapy, Fourth Hospital of Hebei Medical University,
Shijiazhuang, China, 4Department of Radiation Oncology, Hebei Cancer Hospital Chinese Academy of
Medical Sciences, Langfang, China
Purpose: To investigate the clinical factors affecting pathological complete

response (pCR) after neoadjuvant chemoradiotherapy (nCRT) in locally

advanced rectal cancer (LARC).

Methods: Clinical data of 124 LARC patients treated with nCRT and surgery in the

fourth Hospital of Hebei Medical University from 2014 to 2019 were

retrospectively analyzed. In this study, univariate analysis and logistic

dichotomous multivariate regression analysis were used to study the clinical

factors affecting pCR, and the receiver operator characteristic curve (ROC)

analysis was used to further verify the accuracy of partial indexes in

predicting pCR.

Results: Of the 124 enrolled patients, 19 patients (15.32%) achieved pCR.

Univariate analysis showed that the number of cycles of consolidation

chemotherapy, serum carcino-embryonic antigen (CEA) level before

treatment, MRI longitudinal length of tumor, and extramural vascular invasion

(EMVI) were statistically correlated with pCR. ROC analysis of the longitudinal

length of tumor measured by MRI showed that the area under the curve (AUC)

value, sensitivity and specificity were 0.735, 89.47% and 48.57% respectively, and

the optimal cut-off value was 5.5cm. The ROC analysis showed that the AUC

value, sensitivity and specificity of pCR prediction using CEA were 0.741, 63.16%

and 90.48%, respectively, and the optimal cut-off value was 3.1ng/ml.

Multivariate results showed that the number of cycles of consolidation

chemotherapy, serum CEA level before treatment, and EMVI were independent

predictors of pCR.
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Conclusion: The number of cycles of consolidation chemotherapy, serum CEA

level before treatment, and EMVI may be important determinants of LARC

patients to reach pCR after nCRT.
KEYWORDS

locally advanced rectal cancer, neoadjuvant chemoradiotherapy, extramural vascular
invasion, carcino-embryonic antigen (CEA), pathological complete response (PCR)
Introduction

Neoadjuvant chemoradiotherapy (nCRT) had the advantages of

reducing local recurrence rate (LRR) and improving sphincter

retention rate (1, 2). Therefore, the National Comprehensive

Cancer Network (NCCN) guidelines recommended nCRT for

patients with locally advanced rectal cancer (LARC) (3, 4). LARC

patients have distinct individual differences in response to nCRT.

About 54%-75% of patients could achieve tumor staging reduction

after nCRT, and only 9%-25% could achieve pathological complete

response (pCR) (5–7). Patients who achieved pCR had better

prognosis, lower LRR, and lower distant metastasis rate, with a 5-

year overall survival (OS) of 87.6% and a 5-year LRR of only 2.8%

(8–10). At present, some studies suggested that when patients

achieve clinical complete response (cCR), a “watch and wait”,

nonoperative (chemotherapy and/or RT) management approach

may be considered to replace the total mesorectal excision (TME) in

centers with experienced multidisciplinary teams (11, 12). By this

management, surgery-related complications including intestinal

function, urinary tract and sexual dysfunction could be avoided,

thereby improving the quality of life of patients (13). Therefore,

patients with pCR may be more suitable for this treatment strategy.

However, patients who achieve cCR do not necessarily achieve pCR

after surgery. Studies have shown that about 25% of patients with

cCR are confirmed as pCR (14). At present, pCR is mainly

confirmed by histopathological diagnosis of postoperative

specimens. There are no accurate, reliable and non-invasive

clinical predictors for pCR. Therefore, finding clinically relevant

factors that predict pCR in LARC patients after nCRT may avoid

unnecessary radical surgery, which has a significant meaning for

individualized treatment of patients. This study aims to explore the

clinical factors affecting the pCR of LARC patients after nCRT, so as

to guide patients to optimize the treatment plan and predict the

prognosis of patients.
Materials and methods

Patients

LARC patients who completed nCRT combined with TME

surgery in the Fourth Hospital of Hebei Medical University from

January 2014 to December 2019, were included in this retrospective
0264
case control study according. Patients were grouped according to

tumor regression grading after nCRT.

The inclusion criteria were as follows: (1) Histopathology was

confirmed rectal adenocarcinoma before neoadjuvant therapy; (2)

T3-4, N0/N+, and M0 were diagnosed by imaging examination

(chest CT, abdominal and pelvic MRI, PET-CT) at initial diagnosis;

(3) Neoadjuvant therapy and TME surgery were completed before

entering this study; (4) The mode of neoadjuvant therapy was long-

course concurrent chemoradiotherapy recommended by

NCCN guidelines.

The exclusion criteria were as follows: (1) Patients have other

malignancies besides rectal cancer; (2) Distant metastases were

found before surgery; (3) The neoadjuvant therapy was

chemotherapy alone, radiotherapy alone, short-course

radiotherapy (SCRT) or induction chemotherapy before

radiotherapy; (4) Patients have incomplete clinical data.

All patients were treated with long-course preoperative RT by

intensity-modulated radiation therapy (IMRT) using 6 MV

photons. The median dose of radiotherapy was 50.4Gy (45-70Gy),

including 114 cases with ≤50.4Gy and 10 cases with >50.4Gy, and

the single dose was 1.8-2.0Gy. The target volume delineation and

field setup were completed with reference to the ICRU Report 83

and the academic writings of Lee et al. (15). The chemotherapy

regimens concurrently with irradiation were as follows:

Capecitabine (82 cases), 5-FU+ calcium Leucovorin (3 cases),

FOLFOX (9 cases), and XELOX (30 cases).

The collection of clinical data was approved by the ethics

committee of the fourth hospital of Hebei Medical University.

The data are anonymous, and the requirement for informed

consent was therefore waived.
Statistical analysis

Statistical analysis was performed using SPSS software 22.0

(SPSS, Inc., Chicago, IL, USA). Chi-square test or Fisher exact

test was used for univariate analysis. Logistic binary regression

analysis (forward stepwise) was used for multivariate analysis to

investigate the clinical factors affecting pCR, and the Hosmer-

Lemeshow test was used to evaluate the goodness of fit of logistic

regression model. In addition, the receiver operator characteristic

curve (ROC) was used to calculate the area under the curve (AUC)

to test some statistically significant variable values. In this study, P <

0.05 was considered statistically significant.
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Results

Characteristics of patients

From January 2014 to December 2019, 203 LARC patients were

found at the Fourth Hospital of Hebei Medical, of which 124

patients met the inclusion criteria of this study. The median

patient age at the time of LARC diagnosis was 58 years old (30-

87), including 95 males and 29 females. There were 87 patients with

Dixon surgery, 34 patients with Miles surgery, and 3 patients with

Hartman surgery. The anus preservation rate was 72.58%. In terms

of the efficacy evaluation of nCRT, according to the tumor

regression grading (AJCC 8th) standard (16), pathology experts

identified 19 of 124 cases with tumor regression grading (TRG) 0,

13 with TRG 1, 78 with TRG 2, and 14 with TRG 3. In our study,

patients with TRG 0-1 status were defined as good regression (GR).

The main clinical characteristics of the patients were listed

in Table 1.
Univariate and multivariate analysis

Univariate analysis demonstrated that the number of cycles of

consolidation chemotherapy (P=0.035), CEA level before treatment

(P=0.030), longitudinal length of the tumor on MRI (P=0.027), and

extramural vascular invasion (EMVI) or not (P=0.014) were

significantly associated with pCR (Table 1).

The significance of the Hosmer-Lemeshow goodness of fit was

0.327, indicating that the model had a good degree of fit (P>0.05).

After all factors listed in Table 1 were brought into the logistic

regression model as independent variables, we found that the cycle

number of consolidation chemotherapy ≥1 (P=0.042), serum CEA

before treatment <5ng/mL (P=0.005) and EMVI negative (P=0.045)

were independent predictors of pCR and were significantly

associated with higher pCR rate in LARC patients after nCRT

(Table 2), and the longitudinal length of the tumor was not found to

have independent predictive value, although this factor was found

to have significant correlation with pCR in univariate analysis.

ROC analysis
ROC analysis of the longitudinal length of tumor measured by

MRI showed that the AUC value, sensitivity and specificity were

0.735, 89.47% and 48.57% respectively, and the optimal cut-off

value was 5.5cm. The ROC analysis of the correlation between CEA

level before treatment and pCR showed that the AUC value,

sensitivity and specificity of pCR prediction using CEA were

0.741, 63.16% and 90.48%, respectively, and the optimal cut-off

value was 3.1ng/mL (Figure 1).
Discussion

Colorectal cancer is the third most common malignancy and

the second leading cause of cancer death worldwide (17). LARC

patients with pCR have higher local control rate, lower distant
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metastasis rate, and better survival (10). Whereas, there was still no

reliable clinical predictor of pCR. This study enrolled 124 LARC

patients, which demonstrated that the number of cycles of

consolidation chemotherapy, serum CEA level before treatment,

and EMVI may be important determinants of LARC patients to

reach pCR after nCRT.

CEA is a glycoprotein secreted by colorectal cancer tissues and a

common tumor marker of colorectal cancer. It is of great value in

clinical screening, disease progression monitoring and prognosis

prediction of colorectal cancer patients. At present, some studies

have found that pre-treatment CEA level is still of great significance

in predicting pCR (18–22). Cheong et al. (18) retrospectively

studied 145 LARC patients who received nCRT and found that

92.6% patients with pCR showed pre-treatment CRT CEA levels <5

ng/mL (P<0.001). Pre-treatment CRT CEA levels were important

risk factors for pCR (OR=18.71; 95%CI:4.62–129.51, P<0.001),

respectively. Li et al. (19) found that the pre-treatment CEA level

of patients in the pCR group was significantly lower than that of

patients in the non-pCR group (3.82 ± 4.08 vs. 25.33 ± 49.41). It was

a significant predictor of pCR, with AUC of 0.785 and optimal cut-

off value of 3.35 ng/mL. These results indicated that the level of pre-

treatment CEA may be a reasonable biomarker for predicting the

pathological response of rectal cancer. However, the optimal cut-off

value of pre-treatment CEA level to predict pCR is still inconsistent

(19–22). In addition, contrary to the above studies, some studies did

not find a correlation between CEA level and pCR (23, 24). The

reasons for these divergences may be the differences in the enrolled

population and the relatively small sample size of the retrospective

studies. Further multi-institutional, prospective studies with a large

sample size or meta-analysis studies were needed to confirm

these findings.

It is well known that LARC patients who achieve pCR have a

good prognosis, but only a small proportion of patients could

achieve pCR after nCRT. In order to improve the tumor

downstaging rate and achieve higher pCR rate, some studies have

proposed total neoadjuvant therapy (TNT), which means the

addition of consolidation chemotherapy after nCRT. Earlier study

by Garcia-Aguilar et al. (25) proposed that nCRT followed by

consolidation chemotherapy could improve pCR rate in a multi-

center phase II clinical trial. This study demonstrated that the pCR

rate of patients with nCRT and consolidation chemotherapy was

higher than that of patients with nCRT alone (P=0.0036).

Compared with the nCRT alone group, nCRT followed by 6

cycles of consolidation chemotherapy could bring a significantly

higher survival advantage (OR=3.49, 95%CI 1.39-8.75; P=0.011).

Liang et al. (26) found that patients in the nCRT followed by

consolidation chemotherapy group had significantly higher “pCR

rate + near-pCR rate” (32.8% vs. 16.25%; P=0.015), the univariate

analysis and multivariate analysis found that consolidation

chemotherapy was the independent predictor to achieve high

“pCR rate and close to pCR rate”. In addition, the research

showed that the consolidation chemotherapy was safe and

feasible. There were no difference between the two groups in

grade 3 to 4 toxic effects (nausea, vomiting, lower white blood cell

count and anemia, etc.). Zhai et al. (27) found that the pCR rate of

patients in the nCRT alone group was only 12.8%, while it was
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32.7% in the nCRT followed by 3 cycles of XELOX consolidation

chemotherapy. Although consolidation chemotherapy improved

the pCR rate of patients, the rate of grade 3-4 adverse reactions

did not increase. The univariate analysis showed that consolidation

chemotherapy was an independent predictor of pCR.

Although some studies showed that the TNT regimen could

improve pCR rate, some studies still presented different opinions. A

phase II clinical trial of KCSG CO 14-03 by Kim et al. (28) showed
TABLE 1 Characteristics of patients with or without pCR.

Characteristics Patients
Number pCR Non-

pCR
P

value

Gender 0.252

Male 95 17 78

Female 29 2 27

Age 0.821

30-49 33 4 29

50-69 75 13 62

≥70 16 2 14

Concurrent chemotherapy
regimens

0.600

Single-agent fluorouracil 85 14 71

Oxaliplatin+platinum 39 5 34

Radiation dose (Gy) 0.630

≤50.4 114 18 96

>50.4 10 1 9

Time between nCRT and
surgery (week)

0.490

6≤X<8 10 0 10

8≤X<10 36 5 31

≥10 78 14 64

Cycles of consolidation
chemotherapy

0.035

0 54 4 50

1-2 54 9 42

>2 16 6 13

T staging 0.273

T3 91 12 79

T4 33 7 26

N staging

N0 5 0 5 0.247

N1 21 1 20

N2 98 18 80

Distance between tumor
and anal border (cm)

0.538

<5 47 7 40

5≤X<10 68 12 56

10≤X<15 9 0 9

Proportion of tumor in
enteric cavity

0.097

<1/2 33 8 25

≥1/2 91 11 80

(Continued)
TABLE 1 Continued

Characteristics Patients
Number pCR Non-

pCR
P

value

EMVI 0.014

No 84 18 66

Yes 40 1 39

CEA level (ng/mL) 0.030

<5 59 15 44

5≤X<10 24 1 23

10≤X<20 18 2 16

≥20 23 1 22

CA199 level (U/mL) 0.568

<30 100 14 86

30≤X<60 11 2 9

≥60 13 3 10

NLR 0.399

<3 93 14 79

3≤X<5 25 3 22

≥5 6 2 4

PLR 0.477

≤150 68 9 59

>150 56 10 46

Length (cm) 0.027

<5 50 12 38

≥5 74 7 67

The largest thickness (cm) 0.525

<1 10 1 9

1≤X<2 81 11 70

≥2 33 7 26

Pathological type 0.716

mucinous
adenocarcinoma

9 1 8

non-mucinous
adenocarcinoma

115 18 97
frontie
pCR, pathological complete response; nCRT, neoadjuvant chemoradiotherapy; EMVI,
extramural venous invasion; CEA, carcino-embryonic antigen; NLR, neutrophil to
lymphocyte ratio; PLR, platelet-to-lymphocyte ratio. Bolded value means P value < 0.05.
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that the pCR rate of patients in the nCRT group alone was 5.8%,

while the pCR rate of patients in the nCRT followed by 2 cycles of

XELOX consolidation chemotherapy group was 13.6%. Although

the pCR rate of patients in the consolidation chemotherapy group

was slightly higher than that of patients in the non-consolidation

chemotherapy group, the difference was not statistically significant.

Moore et al. analyzed 49 LARC patients and showed that the pCR

rate of patients in the nCRT followed by consolidation

chemotherapy group was 16%, while that in the nCRT alone

group was as high as 25% (29). Therefore, the researcher thought

that consolidation chemotherapy was not helpful to improve the

pCR rate of patients.

So, could consolidation chemotherapy improve the pCR rate in

patients? There were two meta-analysis studies. The study of

Riesco-Martinez et al. showed that the pCR rate of patients in the

consolidation chemotherapy group was significantly higher than

that in the non-consolidation chemotherapy group (22.9% vs

13.2%, P<0.001) (30). In addition, no significant increase in grade

3-4 toxicity was observed in consolidation chemotherapy regimens.

The study of Petrelli et al. showed that the addition of TNT

treatment with induction chemotherapy and/or consolidation

chemotherapy could improve the pCR rate of patients, and the

toxicity of TNT regimen was comparable to that of standard

treatment regimen (31). These studies suggest that consolidation

chemotherapy may be helpful and safe to improve the pCR rate

of patients.

EMVI refers to the presence of tumor cells in the blood vessels

outside the muscularis propria (32). The characteristics of EMVI on
Frontiers in Oncology 0567
MRI are that tumor signals exist in the vascular structure, blood

vessels dilate or tumor infiltrates beyond the vascular wall and

destroys the vascular boundary (32, 33). EMVI was associated with

a higher risk of distant metastasis and poor prognosis (34, 35). In

addition, EMVI was an independent predictor of higher recurrence

risk in LARC patients after nCRT (36). At present, there were few

studies on EMVI in predicting responsiveness to nCRT in LARC

patients with different conclusions. A study of 649 LARC patients

undergoing nCRT by the European Colorectal Cancer Association

showed that the pCR rate and partial response rate of EMVI positive

patients were lower than those of EMVI negative patients (7.5% vs

86.6%, 6.9% vs 83.3%), but the difference was not statistically

significant (37). Hammarstrom et al. (38) showed that among

patients in the short-course radiotherapy group, the cCR rate of

EMVI negative patients was significantly higher than that of EMVI

positive patients (11% vs 0%, P=0.017). While in the nCRT group

and short-course radiotherapy followed by consolidation

chemotherapy group, the cCR rate in EMVI negative patients was

comparable to that in EMVI positive patients (16% vs. 18%, 29% vs.

23%). So, researchers suggested that EMVI positive may only be a

predictor of poor sensitivity to radiotherapy. Sun et al. (39) analyzed

the value of EMVI on the response to nCRT in patients with stage

T3. The study showed that the good response rate of EMVI negative

patients was about twice that of EMVI positive patients.

Multivariate analysis showed that EMVI negative was an

independent predictor of good response to rectal cancer. This

study showed that the pCR rate of EMVI negative patients was

significantly higher than that of EMVI positive patients (21.4% vs
TABLE 2 Logistic multivariate analysis of pCR in LARC patients after nCRT.

Characteristics OR (95% CI) P value

Cycle number of consolidation chemotherapy 2.362 (1.031-5.41) 0.042

CEA level(ng/mL) 0.388 (0.199-0.754) 0.005

EMVI or not 0.115 (0.014-0.952) 0.045
fron
pCR, pathological complete response; LARC, locally advanced rectal cancer; nCRT, neoadjuvant chemoradiotherapy; CEA, carcino-embryonic antigen; EMVI, extramural venous invasion.
A B

FIGURE 1

(A) showed the ROC analysis of correlation between longitudinal length of tumor measured by MRI and pCR; (B) showed the ROC analysis of
correlation between CEA level and pCR.
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2.5%, P=0.014). Multivariate analysis showed that EMVI negative

was an independent predictor of pCR. In conclusion, studies using

EMVI to predict the nCRT sensitivity are rare and controversial in

LARC patients, further studies are needed to confirm the accuracy

of this finding.

Tumor diameter or longitudinal length, which reflect tumor

size, may be another clinical factor affecting pCR achievement in

LARC patients. Garland et al. (23) studied 297 LARC patients who

received nCRT and found that patients with smaller tumors were

more likely to achieve pCR (5.0 ± 2.0cm vs. 6.0 ± 2.0, P = 0.008).

Multivariate analysis showed that tumor size under endoscopy was

an independent predictor of pCR. However, when the analysis was

stratified by tumor size of <3.5cm, 3.5-7cm and >7 cm, the results

showed that there was no correlation between tumor size and pCR

(P=0.094). Park et al. (40) studied 249 LARC patients, and the

univariate analysis showed that the proportion of pCR rate in

patients with tumor size ≤4cm was significantly higher (37.61%

vs. 18.40%, P=0.001), but multivariate analysis showed that tumor

size was not a predictor of pCR. In the study of Lee et al. (41), the

cut-off value of tumor size was set as 5cm, which was consistent

with Park et al. (40), and only the results of univariate analysis

showed that tumor size was correlated with pCR. Univariate

analysis by Russo et al. (42) showed that patients with smaller

tumors were more likely to achieve pCR, but the study did not

provide cut-off value for grouping and conduct multivariate analysis

to further confirm the accuracy of this conclusion. In this study,

univariate analysis showed that patients with longitudinal tumor

length <5cm were more likely to achieve pCR than those with

longitudinal tumor length ≥5cm (24.00% vs. 9.46%, P=0.027). ROC

analysis showed that the AUC value, sensitivity and specificity were

0.735, 89.47% and 48.57% respectively, and the optimal cut-off

value was 5.5cm. However, multivariate analysis did not show

statistical significance. To sum up, the conclusions of various

studies are different, and it is not certain whether tumor size is

the factor affecting the pCR achievement of LARC patients. In

addition, the cut-off value of tumor size classification may also be an

important factor affecting the results, which should be fully paid

attention to in future studies.

As we all know, radiotherapy plays a major role in the

neoadjuvant treatment of LARC patients. Although the

recommended irradiation dose for LARC patients is 45Gy/25F to

PTV and 50.4Gy/28F to CTV-H according to NCCN guidelines,

there is still controversy about whether further increase of

radiotherapy dose can improve the tumor regression. Appelt et al.

performed 60Gy external irradiation sequential 5Gy brachytherapy

boost on 51 patients with T2-3/N0-1, and found that 40 cases

(78.4%) obtained cCR and entered “Watch & Wait” (43). Another

prospective study compared the tumor regression of LARC patients

receiving 50.4Gy and 60Gy, and found that increased dose did not

significantly improve the pCR of patients, but the downstaging and

shrinking of primary tumors were more significant in high-dose

group of T3 patients (p=0.049), although there was no significant

difference in the pathological reaction of lymph nodes between the
Frontiers in Oncology 0668
two groups (44). In our study, the dose of enrolled patients ranged

from 45Gy to 70Gy, and the results showed that only 1 out of 10

patients with a dose greater than 50.4Gy obtained pCR, and the

tumor regression status of the patients might not benefit from high

dose irradiation.

In this retrospective study, considering the reality of low pCR in

patients receiving SCRT, we only analyzed patients with long-

course nCRT. In addition, since some patients did not undergo

genetic testing, the status of RAS, BRAF and MMR was not

included, and only the general characteristics and those

significant factors mentioned in other studies were analyzed,

which might lead to some potential confounders to interfere with

our results. We will pay attention to the above limitations and avoid

them as much as possible in the design of future prospective studies.

In conclusion, this study demonstrated that the number of

cycles of consolidation chemotherapy, serum CEA level before

treatment, and EMVI may be important determinants of LARC

patients to reach pCR after nCRT. Whereas, this is a retrospective

study with small sample. Further multi-institutional, prospective

studies with a large sample size or meta-analysis studies are needed

to confirm these findings.
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Can lymphocytes serve as a
predictor of response to
preoperative chemoradiation
therapy for locally advanced
rectal cancer?

Myroslav Lutsyk1, Tarek Taha2* and Salem Billan3

1Ha’Emek Medical Center, Afula, Israel, 2The Baruch Padeh Medical Center, Poriya, Poriah, Israel,
3Rambam Health Care Campus, Haifa, Israel
Introduction: The aim of this study is to identify factors that may predict the

response of locally advanced rectal cancer tumors (LARC) to neoadjuvant

chemoradiotherapy (CRT) and to evaluate the effect of circulating lymphocytes

on pathological tumor response.

Methods: This retrospective study included neoadjuvant CRT-treated, LARC-

diagnosed patients at the Rambam Health Care Campus in Haifa, Israel. CHAID

analysis, t-test, c2 test, and ROC curve analyses were performed to explore the

association between pathological complete response (pCR) and several factors

including patient demographics, tumor characteristics, type of treatment, and

levels of circulating lymphocytes measured on a weekly basis.

Results: Out of 198 patients enrolled in the study, pCR was achieved in 50

patients (25%). ROC curve and CHAID analyses showed that absolute

lymphopenia was significantly associated with lower pCR rates (p=0.046 and

p=0.001, respectively). Other factors that were found to have a significant impact

were radiation therapy type (p=0.033) and tumor distance from the anal verge

(p= 0.041).

Conclusion: An absolute decrease in the level of circulating lymphocytes during

preoperative CRT to LARC is associated with poorer tumor response to

treatment and thus may serve as a predictive biomarker for treatment resistance.

KEYWORDS

lymphopenia, neoadjuvant chemo(radio)therapy, pathological complete response
(pCR), tumor response, rectal adenocarcinoma
Introduction

Rectal cancer is the seventh most common cancer in the world accounting for 730,000

new cases per year (1). The incidence is higher in men and more common in adults with the

average age at diagnosis being 63 years (2). The disease is associated with the Western

lifestyle and its incidence is greater in developed countries. Mortality rates, however, are
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higher in developing countries, which may reflect the limited health

infrastructures in those nations and demonstrate the impact of

treatment on survival and life expectancy. By 2030, the global

burden of colorectal cancer is expected to rise by 60%, when

estimates suggest there will be 2.2 million new cases and 1.1

million deaths (3).

Treatment for rectal adenocarcinoma is determined by the

clinical stage of the disease and the location of the tumor in the

rectum. In its earliest stages, the standard treatment is local

excision, which can be sufficient, without removal of lymph nodes

or any further action. The objective is tumor removal with free

resection margins that minimizes the chances of local recurrence,

which are considered relatively high due to the cancer’s anatomical

location in the pelvis and its proximity to other organs and

structures (4).

According to guidelines issued by the National Comprehensive

Cancer Network (NCCN), the American Society of Clinical

Oncology (ASCO), and the European Society for Medical

Oncology (ESMO) (5–7), the standard of care for locally

advanced disease (stages II-III (cT3-4N0 or cTxN1-2)) is the

provision of preoperative CRT and radical resection of the rectum

– total mesorectal excision (TME). The main surgical approaches to

the treatment of tumors at these stages are low anterior resection

(LAR), which includes the preservation of sphincters, or

abdominoperineal resection (APR) in lower positioned tumors,

located within 6 cm from the anal verge, which do not allow

preservation of the anus and sphincters (8).

Prior to surgery, neoadjuvant radiation therapy can be given as

a short course (total dose of 25Gy using 5Gy fractions for 5 days) or

as a long course (total dose of 50-54Gy using 1.8-2.0Gy fractions for

5 weeks), in conjunction with 5-fluorouracil-based chemotherapy

or capecitabine, as studies have shown that the addition of

chemotherapy significantly improves local control rates (9, 10).

The surgery may be performed immediately or 6-8 weeks after

neoadjuvant treatment ends.

The goal of neoadjuvant therapy is to reduce the size of the

tumor (downgrading) and/or to reduce the stage of the disease

(downstaging) to allow more efficient resection with free margins,

thus lowering the chances of local recurrence (11, 12). Treatment

can lead to downstaging in 50-60% of patients and even

pathological complete response (pCR) in 10-20% of cases (13).

pCR is defined as the absence of tumor cells in the rectum or lymph

nodes and their replacement by fibrotic tissue as observed

microscopically in the surgical sample obtained during the

surgery (ypT0N0M0). Therefore, pCR is an important prognostic

factor in the assessment of rates of recurrence, overall survival (OS),

and disease-free survival (DFS) (14, 15).

A wide range of factors are known to affect tumor response to

CRT, such as pathological and clinical tumor stage, distance from

the anal verge, and the time between the end of neoadjuvant therapy

and surgery (12). Studies have also shown that blood lymphocyte

levels before, during, and after neoadjuvant therapy predict

prognosis and are positively associated with pCR (16, 17).

Accordingly, it is greatly important to evaluate measurable

variables that may predict treatment efficacy and the likelihood of

a pCR. Patients predicted to have good treatment response may
Frontiers in Oncology 0272
cause oncologists to refine or alter their decisions (e.g., opting to

intensify preoperative chemotherapy treatment, provide less

radiation therapy, etc.), which might result in large differences in

the adverse events profile.

Twenty-five percent of the bone marrow of elderly adults’

reserve is contained in the pelvic bones, which are considered a

metabolically active focus. It is also known that of all blood cells,

lymphocytes are the most radiation-sensitive, having an LD50 of

2Gy. Secondary lymphopenia caused by radiation therapy is a

common phenomenon among oncology patients in general and

patients with rectal cancer in particular (18). The decrease in

lymphocyte levels is exponential and begins after the first week of

treatment (19, 20). Although it is usually an acute side effect that

resolves about 3 months after treatment end, several studies have

shown that lymphopenia is a poor prognostic factor for

progression-free survival (PFS) and OS in various tumors (16,

21). It is hypothesized that lymphocytes play a significant role in

the anticancer activity of the immune system, as a greater density of

T cells in the tumor bed has been shown to be associated with

higher OS and DFS (22).

The hypothesis of the present investigation is that a decrease in

the level of lymphocytes during preoperative neoadjuvant CRT

treatment of rectal cancer predicts lower responsiveness of the

tumor to treatment.
Materials and methods

This retrospective study was approved by the Ethics Committee

of the Rambam Health Care Campus in Haifa, Israel (0315-19-

RMB). The inclusion criteria included patients referred to

Rambam’s Radiation Therapy Unit between September 2015 to

January 2020 following diagnosis of rectal adenocarcinoma by

histopathological examination, clinical stage IIA-IIIC, per the

TNM v8. T-s tage was determined us ing transrec ta l

ultrasonography and pelvic MRI, and N-stage was assessed using

MRI and PET-CT. Patients who were treated with induction or

consolidation chemotherapy before or after a chemoradiation

course, which signifies a total neoadjuvant treatment (TNT)

approach, were excluded from this study.
Radiation therapy characteristics

Each patient was administered a total radiation therapy dose of

50Gy to the tumor volume in daily 2Gy increments via

simultaneous integrated boost (SIB), along with 45Gy in daily

1.8Gy increments to pelvic lymph nodes. Each treatment was

planned using the Monaco Treatment Planning System (TPS) and

delivered 5 times a week for 5 weeks. The volumetric modulated

arch therapy (VMAT) technique was used to deliver 6- or 10- MV

photon beam energies with Agility HD MLC transmission

optimization. Gross tumor volume (GTV), visualized on a CT-

based simulation with fusion of pretreatment MRI or PET-CT

images on TPS, was contoured by a radiation oncology expert,

revised by radiology and nuclear medicine expert, and approved in
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a weekly radiation oncology staff meeting. Clinical target volume

(CTV) to tumor SIB was contoured by adding 1.5 -2.0 cm around

the GTV and adding 0.5 cm around the CTV -planning target

volume for the SIB. Pelvic lymph node volume (CTV45) was

created by the contouring of mesorectal fat, the presacral lymph

nodes 0.5-0.7 cm anteriorly from the ventral aspect of the sacrum,

an 1.0-1.5 cm expansion around the internal iliac, and obturator

blood vessels. In cases where there was involvement of the anal

canal or the explicit pathologic appearance of lymph nodes, the

external iliac nodes and/or common iliac lymph nodes were

included in the CTV45. An additional expansion of 0.5 cm

around CTV45 thereby established the pelvic planning target

volume (PTV45). Volume values were measured automatically by

radiation therapy TPS software.
Chemotherapy regimen

Chemotherapy was applied using 5-fluorouracil in a dose of 300

mg/m2 for 96 hours weekly or capecitabine at 825 mg/m2, given

twice a day, 5 days a week during 5 weeks of the radiation treatment.
Surgery and pathology

Surgery was performed 6-8 weeks after completion of

chemoradiation therapy using the total mesorectal excision

technique. Resected tissue was examined by a senior pathologist

to evaluate the response of the primary tumor and lymph nodes.

Complete pathological response was defined as no viable tumor

cells in primary tumor tissue and in all resected lymph nodes. Based

on the response, two groups of patients were identified: one

presenting a pathological complete response (pCR) in both

primary tumor and lymph nodes and the other with a less than

complete response (no-pCR).
Blood test

Blood tests were performed weekly on each chemoradiation course,

and an absolute lymphocyte count (ALC) was registered. Patients

having lymphopenia (<1x109/L) at the time of chemoradiation start

were excluded from the study. Further analysis was performed to

compare host, tumor, and treatment characteristics between

lymphopenic and non-lymphopenic patients.
Statistical analysis

For the calculation of descriptive and frequency statistics,

analyses were performed using IBM SPSS Statistics v.27 software.

Crosstab with chi-square tests were used to execute comparisons

between the two groups (i.e., with and without pCR). A chi-square

test with an independent t-test was carried out to estimate

homogeneity between the pCR and non-pCR groups. Presuming

nonparametric distribution of observed pCR and lymphopenia, the
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nonparametric chi-square test was used. To assess the role of

chemoradiotherapy-induced lymphopenia in the achievement of

pCR, a univariate analysis was used along with age, gender,

ethnicity, body weight and height, smoking status, level of tumor

in the rectal wall, delivered RT dose, GTV, and PTV45 variables. To

evaluate correlations between clinical, blood test, and

radiotherapeutic features and to exclude possible collinearity of

exploring factors, a factor analysis was performed. The variables

included in this analysis were age, GTV, PTV45, level of lower

tumor margin, and absolute lymphocyte count at the conclusion of

radiotherapy course.
Results

Between 2015 and 2020, 354 patients were referred to our

Radiation therapy Unit for neoadjuvant radiotherapy. After

collecting data and excluding patients with an absolute

lymphocyte count in their blood samples, 202 patients were

enrolled in the study. Four additional patients were excluded due

to the presence of synchronous metastasis. Patient demographics

and characteristics are presented in Table 1. The mean age of the

patients at the time of diagnosis was 60.6 ± 11.73 years, with 74

females (37.4%) and 124 males (62.6%); 76 Arab (38.4%) and 122

Jewish (61.6%) patients. There were 150 patients (76%) who were

past smokers or had never smoked.

Disease in Stage II or Stage III was diagnosed in 57 and 141

patients, respectively. Mean gross tumor volume (GTV) was 47.81 ±

4.5 cm3 and PTV was 1066.14 ± 296.61 cm3. The Mean absolute

lymphocyte count for the two last weeks of chemoradiation was 0.8

± 0.32 109/L. The follow-up time was in the range of 9 to 78 months,

with a mean of 36.5 ± 1.4 months. The mean delivered radiotherapy

dose was 49.9 ± 0.74Gy.

Table 2 presents the pathological outcomes of neoadjuvant

chemoradiation therapy.

Taking into consideration that the current TNM system permits

a TisN0M0 case to be classified as a Stage 0 disease - 58 patients

(28.7%) were diagnosed as pathological Stage 0. Six cases (6.2%)

presented a near- complete response (maximal treatment response,

MTR) to delivered treatment, where only several islets of viable

tumor cells were found on pathological examination. Those MTR

cases were formally rendered as non-pCR patients, resulting in pCR

in 53 cases (26.2%) (Table 2). During the observation period, there

were 29 patients (14.4%) who experienced local or distant

recurrences (detected by imaging and/or endoscopic procedures

during follow up), while 17 patients (8.4%) died. The results after

splitting the patient groups according to observed lymphopenia are

presented in Tables 3 and 4. The chi- square test showed a

significant difference between observed and expected rates of

lymphopenia and pCR (p<0.001). Further crosstabulation of T-

and N-downstaging rates observed in patients with and without

lymphopenia showed statistical significance in the lymph node

response rate (p=0.029). The primary tumor response rate was

not significant between the two groups.

Lymphopenia was observed in 148 patients (75%) having a

mean ALC of 0.65 ± 0.01, 109/L while in 50 (25%) the mean ALC
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was 1.24 ± 0.03, 109/L (t-test, p<.0001) (Table 3). Between non-

lymphopenic and lymphopenic patients, the t-test showed

significant differences in baseline ALC levels, measured a week

before treatment start (p<0.0001), patient height (p=0.039), disease-

free time (p=0.02) (Table 3). Only a trend was shown in difference

in PTV value (p=0.05).

Linear regression analysis showed an inverse dependency of

pCR on primary tumor volume and observed lymphopenia

(p<0.05). Primary tumor downstaging had the largest impact on

pCR (B=.37) with the level of statistical significance standing at less

than p<0.001. Univariate analysis of variance showed the absence of

heteroscedasticity in White’s test. It also showed a statistically

significant effect on pCR achievement by lymphopenia at the
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conclusion of chemoradiation course (p=0.045), GTV (p=0.002),

height (p=0.001), weight (p=0.023). pCR dependence on GTV and

patient body weight were negative in terms of tumor response to

delivered therapy.

Kaplan-Meier disease-free survival graph estimation test results

showed no significant differences between the lymphopenic and

non-lymphopenic groups, nor in the pCR or non-pCR groups,

although visually the two survival lines were well separated

(Figure 1). A multivariate Cox regression analysis was performed

to further evaluate the effect of factors on the DFS period. It showed

PTV as the most influential, DFS-modifying factor (p<0.01).

The factor analysis was performed to study the potential

collinearity of variables affecting pCR and to clarify the model. It

included patient age, smoking status, height, weight, as well as GTV,

distance from the anal verge to the lower tumor margin in the rectal

wall, lymphopenia, and tumor response to the neoadjuvant

treatment. The analysis showed very low collinearity between the

variables. However, statistical significance was observed in the

correlation of lymphopenia and the following factors: height

(p=0.02), distance to lower tumor margin (p=0.046), PTV45

(p=0.025), and achieved pCR (p=0.033). An inverted correlation

was found between lymphopenia and the distance from anal verge

to tumor margin and pCR. GTV was directly correlated with PTV

(p<0.001) and inversely correlated with pCR (p=0.033). The PTV

value directly correlated with body weight (p<0.001) and inversely

correlated with the distance from the anal verge to the tumor

(p<0.001). Patient body weight directly correlated with patient

height (p<0.001).
TABLE 1 Demographic, anthropometric, and clinical characteristics of
study participants (n=198).

Characteristic Mean ± SD

Age (years) 60.6 ± 11.73

Height (cm) 167.45 ± 12.3

Weight (kg) 77.65 ± 15.4

Gender (n, %)

Female 74 (37.4%)

Male 124 (62.6%)

Ethnicity (n, %)

Arabs 76 (38.4%)

Jews 122 (61.6%)

Smoking (n, %)

Light smoker 6 (3%)

Heavy smoker 42 (21.2%)

Past smoker 26 (13.1%)

Never smoked 124 (62.6%)

Clinical Stage (n, %)

IIa 52 (26.3%)

IIb 4 (2%)

IIc 1 (0.5%)

IIIa 4 (2%)

IIIb 115 (58.1%)

IIIc 22 (11.1%)

GTV (cm3) 47.81 ± 45

PTV (cm3) 1066.14 ± 296.61

Distance from anal verge (cm) 6.79 ± 2.77

Delivered dose (Gy) 49.9 ± 0.74

ALC for last 2 weeks of CRT (109/L) 0.8 ± 0.32

OS (months) 23.56 ± 14.1
SD, standard deviation; GTV, gross tumor volume; PTV, planning target volume; ALC,
absolute lymphocyte count; CRT, chemoradiotherapy; OS, overall survival.
TABLE 2 Pathological outcome of neoadjuvant chemoradiation (n=198).

Characteristic N (%)

Stage

0 58 (29.3%)

I 44 (22.2%)

IIa 42 (21.2%)

III 1 (0.5%)

IIIa 19 (9.6%)

IIIb 21 (10.6%)

IIIc 13 (6.6%)

Achieved pCR

No pCR 145 (73.2%)

pCR 53 (26.8%)

Recurrence

No recurrence 172 (86.9%)

Recurrent disease 26 (13.1%)

Viability

Alive 183 (92.4%)

Deceased 15 (7.6%)
fr
pCR; pathological complete response.
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Discussion

Decreased lymphocyte levels in the bloodstream following

radiation therapy were first described in the 1970s (23, 24), but the

clinical significance of these declines has not been adequately

investigated in rectal cancer. Therefore, the plan of our study was to

focus on changes in lymphocytes’ levels in the bloodstream during

chemoradiation, and their effect on preoperative treatment outcomes.

Microbiological studies have shown that sensitivity to radiation

therapy depends not only on the biological characteristics of the

tumor but also on its microenvironment (25, 26). Tumor reduction

is affected by the immune response of the host in addition to the

direct damage to the cancer cells caused by radiation (27).

Additional studies have shown that the presence of immune cells

in and around the tumor bed is associated with a better therapeutic

response in colorectal cancer (28) and may be used as a tool to

predict recurrence and survival in this cancer type. Nevertheless,

there are studies that suggest a link between the level of lymphocytes

in the bloodstream, which assume that blood cell count reflects host

conditions and the effectiveness of radiation therapy for rectal

cancer (16, 29). It should be noted that the association between

lymphopenia after radiation therapy and recurrence rates has been

examined in other cancers such as bladder (30) and head and neck
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tumors (31), but as aforementioned, not investigated adequately yet

in rectal cancer.

A study published in the journal BMC Cancer in 2011 (16)

examined the relationship between the effectiveness of radiation

therapy and the levels of all blood cells withdrawn before and after

treatment. Its results support the present study’s findings regarding

lymphocyte levels. On the other hand, an investigation published in

2017 (32) offered contradictory findings, which suggested a decrease

in the level of lymphocytes during preoperative treatment is

associated with better tumor regression.

The present investigation found that the level of lymphocytes in

the bloodstream decreases during radiation therapy and that this is

an independent predictor of treatment efficacy and achievement of a

pCR in LARC. Both absolute lymphopenia and relative

lymphopenia were found to be associated with lower tumor

regression rates. These findings emphasize the importance of

follow-up throughout radiation therapy, while addressing the

trend of lymphocytes levels during treatment and not just their

absolute level at different time points.

Keeping in mind the potential influence of multicollinearity on

study’s results, we evaluated each factor in terms of its

pathophysiological impact on the processes within tumor, lymph

nodes and volume of surrounding tissues. Using VMAT techniques
TABLE 3 Descriptive statistics of lymphopenic vs. non-lymphopenic participants (n=198).

Characteristic No lymphopenia (n=50) Lymphopenia (n=148) T-test (p)

Age (years) 60.8 ± 1.5 60.5 ± 0.09

Height (cm) 167.08 167.57 0.039

Weight (kg) 78.82 77.26

Gender n (%)

Female 18 (36%) 56 (37.8%)

Male 32 (64%) 92 (62.2%)

Ethnicity n (%)

Arabs 23 (46%) 53 (35.8%)

Jews 27 (54%) 95 (64.2%)

Smoking n (%)

Light smoker 2 (4%) 4 (2.7%)

Heavy smoker 11 (22%) 31 (20.9%)

Past smoker 8 (16%) 18 (12.2%)

Never smoked 29 (58%) 95 (64.2%)

GTV (cm3) 38.65 50.9

PTV (cm3) 973.94 ± 2 1097.28 ± 2 0.05

Distance from anal verge (cm) 7.2 6.65

Delivered dose (Gy) 49.908 50.003

ALC for last two weeks of CRT (109/L) 1.24 ± 0.03 0.65 ± 0.01 <0.000

DFS (months) 31.4 ± 1.9 28.5 ± 1.7 0.02
fr
SD, standard deviation; GTV, gross tumor volume; PTV, planning target volume; ALC, absolute lymphocyte count; CRT, chemoradiotherapy; DFS, disease-free survival.
Results are shown as mean ± SD or n (%0) as specified.
ontiersin.org

https://doi.org/10.3389/fonc.2023.1138299
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Lutsyk et al. 10.3389/fonc.2023.1138299
TABLE 4 Clinical characteristics of non-lymphopenic vs. lymphopenic participants (n=198).

Characteristic No lymphopenia (n=50) Lymphopenia (n=148)

Clinical T stage

T2 1 (2%) 3 (2%)

T3 48 (96%) 133 (89.9%)

T4b 1 (2%) 12 (8.1%)

Clinical N stage

N 0 17 (34%) 40 (27%)

N 1 27 (54%) 92 (62.2%)

N 2 6 (2%) 16 (10.8%)

Cinical stage

IIa 16 (32%) 36 (24.3%)

IIc 1 (2%) 4 (2.7%)

IIIa 1 (2%) 3 (2%)

IIIb 26 (52%) 89 (60%)

IIIc 6 (12%) 16 (10.8%)

Achieved pCR

pCR 20 (40%) 33 (22.3%)

no pCR 30 (60%) 115 (77.7%)

Recurrence

No recurrence 47 (94%) 125 (84.5%)

Recurrent disease 3 (6%) 23 (15.5%)

Viability

Alive 47 (97%) 138 (91.9%)

Deceased 5 (3%) 12 (8.1%)
F

FIGURE 1

Disease free survival time dependency on pathological
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complete response.

0676
pCR, pathological complete response.
Results are shown as n (%).
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for our patients, we produced the maximal gradient between PTV

and surrounding pelvic bones to decrease adverse effects on bone

marrow. We suggested that our strict bone marrow irradiation

reduction policy is an appropriate way to reduce possible

collinearity for study’s results.

The present research is a unique investigation that analyses

variables throughout the course of antineoplastic treatment while

normalizing individual values for each colorectal cancer patient. As

there are few studies in the literature that have been conducted

using the same methodology, it is critical to examine the

lymphocyte level parameter in other cancers and larger sample

numbers to establish whether the findings detailed here are random

or not.

The information reported in this study may help medical

oncologists predict the therapeutic response in this type of cancer.

By monitoring lymphocyte levels during treatment and identifying

those patients who may respond less well to, for example, the full

preoperative treatment approach, they may be guided toward

treatment therapeutic strategy adjustments and alternatives that

will optimize outcomes. The current analysis was unable to find

variables that predict the development of lymphopenia in different

patients. Possible reasons for this may be insufficient sample size,

analysis of non-real-time results (as the study is retrospective and

relies on existing information), and the absence of a control group.

More extensive prospective studies with larger sample sizes are

needed before a more conclusive answer can be asserted to the

question posed by this study – whether lymphopenia affects the

response of radiation therapy to rectal cancer and what are the

factors that can predict the development of lymphopenia

in patients.
Conclusion

Decreased levels of lymphocytes during preoperative CRT

treatment of LARC are predictive of a non-pCR. It is associated

with lower regression rates and may be a prognostic measure of

therapeutic response. This study showed that weekly monitoring of

the lymphocyte levels during preoperative treatment reflects the

hematopoietic toxicity of radiation therapy and may also predict

responsiveness to treatment. Monitoring the immune response to

preoperative treatment by blood tests is a convenient and accessible

clinical tool for identifying patients who may benefit from

preoperative radiation therapy. It is also a practical way to

diagnose patients with a lower likelihood of achieving a full

response to treatment, thus creating opportunities to customize
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therapeutic approaches and offer adaptations and alternatives, such

as full preoperative radiation therapy. Further prospective studies

are needed to better understand the factors that could predict the

development of lymphopenia in patients and thereby establish the

means for treatment optimization.
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Case report of unusual
synchronous anal and rectal
squamous cell carcinoma:
clinical and therapeutic lesson
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Synchronous tumors of the rectum and anus are sporadic. Most cases in the

literature are rectal adenocarcinomas with concomitant anal squamous cell

carcinoma. To date, only two cases of concomitant squamous cell carcinomas

of the rectum and anus are reported, and both were treated with up-front

surgery and received abdominoperineal resection with colostomy. Here, we

report the first case in the literature of a patient with synchronous HPV-positive

squamous cell carcinoma of the rectum and anus treated with definitive

chemoradiotherapy with curative intent. The clinical-radiological evaluation

demonstrated complete tumor regression. After 2 years of follow-up, no

evidence of recurrence was observed.

KEYWORDS

SCC, rectal cancer, anal cancer, HPV, chemo-radiotherapy
Background

Squamous cell carcinoma (SCC) of the rectum is an infrequent malignancy. Only

0.1%–0.3% of rectal cancers (RCs) are represented by the SCC histotype, while

adenocarcinoma represents about 90% of RCs (1, 2). Similarly, anal cancer is rare,

accounting for less than 1% of all new cancer diagnoses and less than 3% of all
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gastrointestinal tract tumors (3). Synchronous tumors of the rectum

and anus are sporadic. Most cases in the literature are rectal

adenocarcinomas with concomitant anal SCC. Thus, identification

of the optimal treatment in this unusual presentation is challenging

and has to be defined case by case. To date, only two cases of

synchronous SCC of the rectum and anus are reported, and both

were treated with up-front surgery (4, 5). Here, we report the first

case in the literature of a patient with synchronous SCC of the

rectum and anus treated with definitive chemo-radiotherapy (CRT)

without subjecting her to radical surgery.
Clinical presentation

A 68-year-old woman came to our observation for the onset of

pain in the anal area, weight loss, and nonspecific abdominal pain

for about 2 months. The patient, a former smoker and nondrinker,

presented in good condition with a performance status (PS) of 0

according to ECOG and without comorbidities. Blood test values

were within the range. About a month before, following the

indication of a general practitioner, the patient underwent an

ultrasound exam of the abdomen, which resulted in a negative,

and a colonoscopy. The endoscopic examination showed the

presence of two lesions: a polyp of approximately 4 cm about 10

cm from the anal verge and another ulcerated lesion at the anorectal

junction. Biopsies of both lesions were performed. The histological
Frontiers in Oncology 0280
examination, conducted in a local laboratory, revealed in both cases

nonkeratinizing SCC. No evidence of gynecological tumors was

clinically observed.

Due to the unusual endoscopic presentation and histologic

report, the case was discussed by a multidisciplinary team to

define the best diagnostic and therapeutic flow.

It was decided to repeat the endoscopic examination and revise

the tumor samples. The pan-coloscopy showed the presence at the

level of the anorectal junction of an ulcerated lesion of

approximately 15–20 mm and, about 8 cm from the anal verge, a

lesion of about 3 cm with a nonlifting sign. A re-biopsy of each

lesion was performed. At the microscopical examination, both

rectal and anal biopsies confirmed the diagnosis, documenting

infiltration by carcinoma with a solid growth pattern.

Immunohistochemistry documented positivity for p40 and CK5/6

and negativity for CK20 and CDX2, leading to squamous,

nonkeratinizing histotype, according to the WHO 2019 edition of

Digestive System Tumors. Moreover, diffuse p16 immunostaining

was shown, as observed in human papillomavirus (HPV)

infection (Figure 1).

A baseline total body CT scan with the administration of a

contrast medium documented the presence of a polypoid lesion at

the level of the rectum, at the right posterolateral wall, and at the

level of the anal region, where there was pathological thickening.

The MRI examination of the rectum showed the presence of a

parietal formation with a polypoid appearance and a broad implant
FIGURE 1

Rectal mucosa (A hematoxylin/eosin staining) and anal mucosa (B hematoxylin/eosin staining) infiltrated by squamous non-keratinizing carcinoma.
Squamous differentiation underlined from p40 immunostaining (C p40 immunohistochemistry) and negativity for CDX2 (D CDX2
immunohistochemistry). Diffuse p16 immunostaining in neoplasia (E p16 immunohistochemistry).
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base at the level of the mid-rectum, measuring roughly 37 × 37 × 37

mm (AP × LL × CC) of the posterolateral wall right, causing

narrowing of the lumen. This formation showed a restriction of the

signal in the Diffusion-weighted imaging (DWI)/ADC sequences and

clear pathological impregnation in the post-contrastography phases,

infiltrating the mesorectum until it exceeds the mesorectal fascia by

about 4.5 mm, determining the extramural vascular invasion and the

elevator muscle of the right anus. At the level of the anorectal

junction, the presence of heteroplastic tissue with dimensions of

approximately 18 × 13 × 23 mm (AP × LL × CC) was highlighted,

which infiltrates the internal and external anal sphincter, showing

inhomogeneous intensity in T2 and signal restriction in DWI.

Furthermore, two lymph node formations were found in the right

posterolateral mesorectal fat, one 13 mm from the mesorectal fascia

and another in the coccygeal area. Thus, both endoscopic

examination and MRI demonstrated no contiguity between the two

lesions. Therefore, it was not possible to define whether the two

lesions have a common origin or whether they are two distinct

neoplasms According to MRI evaluation, rectal cancer staging was

T4b N1b CMR+ MVI+, while anal cancer staging was T2 N1a.

The multidisciplinary group discussed the case again to define

the therapeutic program. Considering that chemoradiotherapy is a

standard of care (SOC) for SCC of the anus and that available

evidence shows that rectal SCC is also sensitive to this treatment, it

was decided to propose concurrent chemoradiotherapy, reserving

the option of surgery in the presence of persistence or locoregional

progression (1–3).

Thus, the patient started treatment with mitomycin c 10 mg/m2

on days 1–29 scheme plus capecitabine 825 mg/m2 bis in die (bid)

and concomitant radiotherapy on the pelvis and anorectum (total

dose, 60 Gy).
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During therapy, the patient experienced grade 3 diarrhea and

grade 2 anal mucositis, which required suspension of the concomitant

therapy for 1 week, and symptomatic treatment for diarrhea and anal

mucositis was administrated. After regression to grade 1 toxicity, the

chemoradiotherapy treatment was continued. Response to treatment

was evaluated with clinical, endoscopic, and instrumental criteria

after 6 months from the beginning of chemoradiation. A digital rectal

examination showed no evidence of disease, as did an endoscopic

evaluation. Biopsies were taken during proctoscopy and were

negative. Finally, re-evaluation with contrast-enhanced MRI

examination showed complete tumor regression with no sign of a

viable tumor in the DWI sequence (Figure 2). After 2 years of follow-

up performed according to the European Society of Medical

Oncology (ESMO) guidelines for anal cancer, no evidence of

disease was observed (3). The patient maintained a good rectal

function after CRT without an impact on her daily life.
Discussion

The insurgence of SCC in the lower gastrointestinal tract is rare,

with most of the tumors originating from the squamous epithelium

of the anal canal (2). Primary SCC from the colon and rectum are

rare, representing less than 1% of colorectal malignancies (1–5). So

far, while different theories have been proposed, the etiology of

rectal SCC is still debated (1, 2). It has been suggested that rectal

SCC could originate from pluripotent stem cells that could

differentiate into different lineages (6). Other groups suggested a

potential malignant evolution from persistent ectopic embryonal

nests of ectodermal cells (7). The presence of chronic inflammation

such as intestinal bowel disease (IBD) that causes a persistent
FIGURE 2

Radiologic images. (A) The T2-weighted sequence of rectal cancer on the axial plane. Parietal neoplastic formation of the middle rectum with a
polypoid appearance and a broad implant base is observed on the right posterolateral wall from 6 to 12 o’clock, which causes the narrowing of the
rectal lumen. This rectal formation infiltrates the mesorectum until it exceeds the mesorectal fascia by about 4.5 mm and infiltrates the elevator
muscle. (B) The T2-weighted sequence of anal cancer on the axial plane. At the level of the rectal junction at 11 o’clock, there is evidence of
neoplastic tissue infiltrating the internal and external anal sphincter. (C) Sequence weighted in DWI in correspondence with the rectal lesion. Signal
restriction in the DWI sequence. (D) Sequence weighted in DWI at the level of the anal canal. Signal restriction in the DWI sequence. (E) Coronal
plane T2-weighted sequence. A clear hypointensity is observed with regard to fibrotic outcomes 6 months after the start of radiochemotherapy
(CRT). (F) T2-weighted sequence on the axial plane. Anal lesion response after CRT. (G) Sequence weighted in DWI in correspondence with the
rectal lesion. No signal restriction following CRT. (H) Sequence weighted in DWI at the level of the anal canal. No signal restriction following CRT.
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irritative stimulus could induce squamous metaplasia and favor the

insurgence of rectal SCC (8). HPV and human immunodeficiency

virus (HIV) are recognized risk factors for anal cancer (9).

Nevertheless, the role of HPV infection in rectal SCC is

controversial (10–12). Audeau and colleagues evaluated the

association of HPV in a cohort of 20 patients with SCC of the

rectum, adenosquamous tumors, or adenocarcinoma with

squamous dysplasia; the authors reported no correlation with

HPV 6, 11, 16, and 18 (10). On the contrary, other case reports

or case series found a correlation with HPV positivity in squamous

rectal cancer (11, 12).

Guerra and colleagues conducted a retrospective analysis on the

Surveillance Epidemiology and End Results Database (SEER) to

investigate the clinical–pathological characteristics of rectal SCC

(13). In a large population of 142 patients diagnosed between

1946 and 2015, the median age was 63, with a predominance

in women and in diagnosis in the early stage compared with

advanced disease. The presence of synchronous rectal and anal

SCC is an uncommon condition, and to date, only two cases were

described in the literature (4, 5). The first one was a 48-year-old

man with an anal and a rectosigmoid SCC with type 2 diabetes as

the only comorbidity; no history of smoking or alcohol consumption

was described (4). HPV was not tested. The patient underwent

abdominoperineal resection, and a permanent colostomy

was positioned. Subsequent adjuvant chemoradiotherapy

was performed.

The second case was a 78-year-old man with a concurrent anal

canal SCC and a rectal SCC (5). The patients had an anamnesis of

heavy smoking, alcohol drinking, and opium consumption. No

comorbidity or viral infection was reported. While the endoscopic

and radiological evaluation demonstrated the presence of rectal and

anal lesions, the biopsy results were negative. Thus, the patients

underwent up-front diagnostic and therapeutic surgery with an

abdominal–perineal resection. Histopathology proved the presence

of synchronous rectal and anal SCC. After a multidisciplinary

discussion, postoperative chemoradiotherapy was proposed.

In this scenario, our case could be of interest in different aspects.

It represents the first case of concomitant HPV-positive rectal anal

SCC described in the literature. It is very difficult to assess if the

rectal SCC was a metastasis of anal cancer or a second malignancy.

Repeated endoscopy evaluation, CT scan, and high-quality RMI do

not demonstrate a clear contiguity between the two lesions.

Moreover, from a clinical point of view, it is intricate to correlate

a small anal cancer with a significantly more advanced rectal SCC.

However, in both lesions, the presence of an HPV infection could

have clearly contributed to the pathogenesis. Unfortunately, like in

the other two cases, due to the lack of an adequate tumor sample, it

was not possible to perform a genetic evaluation to discriminate if

the two lesions have a common or distinct origin or to evaluate

HPV genetic typing. This aspect could represent a limitation that

deserves to be investigated by further translational prospective

studies/case series. In the last decades, definitive CRT has

emerged as the SOC for early and locally advanced anal SCC with
Frontiers in Oncology 0482
curative intent (3). In cases of persistent disease or locoregional

recurrent disease, surgery could represent a therapeutic option. Due

to its infrequent occurrence, there has been no prospective study

investigating the optimal treatment for rectal SCC (1). Historically,

up-front surgery was proposed; however, it was complicated by

significant comorbidity and mortality (1, 14). Therefore, definitive

CRT has been proposed to improve outcomes and preserve organs

(1, 15, 16). A French retrospective study included 23 patients

treated in two referral institutions. CRT exhibited a really high

rate of clinical complete response at 83%. The 5-year disease-free

survival rate was 81%, while the 5-year overall survival rate was

86%. Remarkably, the 5-year colostomy-free survival rate was 65%.

In another series of nine patients with locally advanced or

metastatic rectal SCC, induction with docetaxel, 5-fluorouracil,

and cisplatin (DCF) determined a promising response rate that

was further increased after chemoradiation (16). For patients with

metastatic disease, no evidence based on prospective studies is

currently available. In a case series from the Mayo Clinic, 52

patients with advanced rectal SCC were included; however, the

exact number of cases with metastatic disease was not indicated

(17). Based on these findings, it is reasonable to treat rectal SCC

similarly to anal SCC with CRT in cases of locally advanced disease

and platinum-based chemotherapy in combination with 5-

fluorouracil or taxane for metastatic disease (1).

Intriguingly, our case report is the first one to use a conservative

approach for synchronous rectal and anal lesions. The patient

received the combination of mitomycin c 10 mg/m2 on days 1

and 29 together with capecitabine 825 mg/m2 (bid) with concurrent

radiotherapy for a total dose of 60 Gy with curative intent.

According to the ESMO guidelines, while the optimal dose for

curative CRT is not known, for patients with locally advanced anal

cancer, the radiotherapy dose should be >50.4 Gy (3). In the absence

of prospective studies, we can consider these recommendations also

valid for rectal SCC. The definition of the best time for tumor

assessment in rectal SCC is not yet defined. In the ACT II study, it

has been shown that a significant proportion of patients with anal

SCC treated with CRT do not exhibit a complete response when

assessed at 10–12 weeks and could display a complete tumor

regression at 26 weeks from the beginning of CRT (18).

Clinical and radiological evaluation after 6 months of the

beginning of chemoradiation showed no evidence of disease and a

complete clinical response. After a longer follow-up of 2 years, no

evidence of occurrence was observed without residual toxicity.
Conclusion

Rectal SCC is an uncommon malignancy with limited evidence

to guide treatment decisions. In this scenario, we report the first

case of synchronous rectal and anal HPV SCC treated with

conservative CRT. While more cases are needed to better

understand the biology and multidisciplinary approach, we think

that our case report could be of interest in this orphan disease.
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Patient perspective

When I started my oncological journey, I was full of fears. I met

doctors who helped and supported me through the hardest of times.

Thanks to teamwork, more than 2 years after the diagnosis, I

recovered and went back to living normally.
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Objective: To evaluate the predictive value of tumor regression grade assessed

by MRI (mr-TRG) after neoadjuvant chemoradiotherapy (neo-CRT) for

postoperative pathological TRG (pTRG) and prognosis in patients with locally

advanced rectal adenocarcinoma (LARC).

Materials and methods: This was a retrospective study from a single center

experience. The patients who were diagnosed with LARC and received neo-CRT

in our department between January 2016 and July 2021 were enrolled. The

agreement between mrTRG and pTRG was assessed with the weighted k test.

Overall survival (OS), progress-free survival (PFS), local recurrence-free survival

(LRFS), and distant metastasis-free survival (DMFS) were calculated by Kaplan-

Meier analysis and log-rank test.

Results: From January 2016 to July 2021, 121 LARC patients received neo-CRT in

our department. Among them, 54 patients had complete clinical data, including

MRI of pre- and post-neo-CRT, postoperative tumor samples, and follow-up.

The median follow-up time was 34.6 months (range: 4.4-70.6 months). The

estimated 3-year OS, PFS, LRFS and DMFS were 78.5%, 70.7%, 89.0%, and 75.2%,

respectively. The median time from the completion of neo-CRT to preoperative

MRI and surgery was 7.1 weeks and 9.7 weeks, respectively. Out of 54 patients, 5

patients achieved mrTRG1 (9.3%), 37 achieved mrTRG2 (68.5%), 8 achieved

mrTRG3 (14.8%), 4 achieved mrTRG4 (7.4%), and no patient achieved mrTRG5

after neo-CRT. Regarding pTRG, 12 patients achieved pTRG0 (22.2%), 10

achieved pTRG1 (18.5%), 26 achieved pTRG2 (48.1%), and 6 achieved pTRG3

(11.1%). The agreement between three-tier mrTRG (mrTRG1 vs. mrTRG2-3 vs.

mrTRG4-5) and pTRG (pTRG0 vs. pTRG1-2 vs. pTRG3) was fair (weighted

kappa=0.287). In a dichotomous classification, the agreement between mrTRG
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(mrTRG1 vs. mrTRG2-5)and pTRG(pTRG0 vs. pTRG1-3) also resulted in fair

agreement (weighted kappa=0.391). The sensitivity, specificity, positive, and

negative predictive values of favorable mrTRG (mrTRG 1-2) for pathological

complete response (PCR) were 75.0%, 21.4%, 21.4%, and 75.0%, respectively. In

univariate analysis, favorable mrTRG (mrTRG1-2) and downstaging N were

significantly associated with better OS, while favorable mrTRG (mrTRG1-2),

downstaging T, and downstaging N were significantly associated with superior

PFS (p<0.05). In multivariate analysis, downstaging N was an independent

prognostic factor for OS. Meanwhile, downstaging T and downstaging N

remained independent prognostic factors for PFS.

Conclusions: Although the consistency between mrTRG and pTRG is only fair,

favorable mrTRG after neo-CRT may be used as a potential prognostic factor for

LARC patients.
KEYWORDS
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grade, prognosis
Introduction

Colorectal cancer is the third most common type of cancer and

the second leading cause of cancer death according to GLOBOCAN

2020 estimates (1). Different treatment strategies were adopted for

different tumor-node-metastasis (TNM) stage diseases combined

with clinical features, such as the status of circumferential resection

margin (CRM) and extramural venous invasion (EMVI) (2).

According to the latest NCCN guidelines, neoadjuvant

chemoradiotherapy (neo-CRT) followed by surgery and

postoperative chemotherapy (ChT) is the standard care for

patients with stage II-III rectal cancer (2).

In the whole process of diagnosis and treatment, pelvic MR and

postoperative pathological results play a fatal role in making

appropriate treatment decisions for locally advanced rectal

adenocarcinoma (LARC) patients. Taking advantage of superior

soft-tissue contrast and the ability to allow multiplanar imaging and

functional evaluation, MRI is not only considered to be the gold

standard of rectal cancer staging but also the best way to assess

response to neo-CRT and predict prognosis (3–5). Mandard,

Dworak, the American Joint Committee on Cancer (AJCC) and

the College of American Pathologists (CAP) created different

pathology tumor regression grade (pTRG) systems to evaluate

different tumor responses to neo-CRT, which were indicated to

be effective and prognostic factors in future studies (6–10). Then,

the MERCURY study group established an MRI-assessed tumor

regression grade (mr-TRG) system that was analogous to pTRG (5).

However, there was no consistent result of the agreement

between mrTRG and pTRG (11, 12). Here, we enrolled 54 LARC

patients who received neo-CRT and surgery. In addition to

complete routine clinicopathological data, all of them had MRI

examination pre- and post- neo-CRT, and operative specimens. The
0285
responses of each patient were assessed by MRI after neo-CRT

(mrTRG) and by postsurgical histopathologic specimens (pTRG).

This study aimed to investigate the consistency of mrTRG and

pTRG in these pTRG-defined patients, and to evaluate the

predictive value of mr-TRG for prognosis. Furthermore, we hope

to provide more valuable information for LARC patients before

surgery, and even give some patients who were assessed with

favorable mrTRG the opportunity to choose “watch and wait”,

which is an organ preservation treatment strategy (13).
Materials and methods

Patients

This was an observational study approved by our institutional

medical ethics committee (No [2021].125). From January 2016 to

July 2021, 121 LARC patients received neo-CRT at Department of

Radiotherapy of the First Affiliated Hospital, Sun Yat-sen

University. Before treatment, written informed consent was

obtained from all patients. All patients were confirmed

histologically as adenocarcinoma. Imaging diagnoses of them

were stage II or III disease by pelvic MRI, chest/abdominal CT

with contrast, and endorectal ultrasound.
Treatment details

The treatment strategies of all patients were managed by the

gastrointestinal center multidisciplinary team (MDT). All patients

received long-course radiotherapy (LCRT) with concurrent ChT and

surgery. Radiotherapy (RT) was delivered with volume modulated arc
frontiersin.org
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therapy (VMAT). Gross tumor volume (GTV) was defined as the

primary tumor (GTVp) and positive lymph nodes (GTVn). Clinical

target volume (CTV) included the GTV plus areas at risk for

microscopic spread from the primary tumor and at-risk nodal areas

(14). The prescribed doses delivered to GTVp and GTVn were 50 Gy

for 43 patients, 52.5 Gy for 10 patients, 60 Gy for one patient

respectively, and the doses delivered to CTV were 45 Gy for 45

patients, 46 Gy for 9 patients respectively, all delivered in 25 daily

fractions. The surgical procedures include Dixon, Miles, Parks,

Hartmann and local excision.

The concurrent ChT regimens with RT included CapeOx

(Oxaliplatin 130 mg/m2 on Day 1 + Capecitabine 1000 mg/m2

twice daily for 14 days, repeated for 3 weeks)for 28 patients,

Capecitabine (825mg/m2 twice daily for 5 days a week) for 22

patients, and mFOLFOX (Oxaliplatin 85 mg/m2 on Day 1,

leucovorin 400 mg/m2 on Day 1, 5-Fu 400 mg/m2 bolus on Day

1, followed by 1200 mg/m2/day for 2 days, over 46-48 hours

continuous infusion, repeated for 2 weeks) for 4 patients. The

adjuvant ChT regimens included CapeOx for 29 patients and

mFOLFOX for 4 patients.
MRI examination and evaluation

Appropriate (20-80 mL) ultrasound gel was used to provide

enhanced depiction of the tumor, except for patients with low or

large rectal tumors. Before imaging, 20 mg of raceanisodamine

hydrochloride was intramuscularly injected to decrease intestinal

peristalsis artefacts. All rectal MR images were performed using a

3.0 TMR scanner (Magnetom Verio, Siemens Healthcare, Erlangen,

Germany) with a 6-channel phased-array surface coil. All patients

were imaged in the supine position and oriented feet-first. The

imaging protocols comprised (a) axial turbo spin-echo T2-weithed

imaging (T2WI); (b) high-spatial-resolution turbo spin-echo T2WI

in sagittal, coronal and oblique axial planes with the oblique axial

plane perpendicular to the tumor base; and (c) axial diffusion-

weighted imaging (DWI) with b factors of 0 and 1000 s/mm2 using

a single-shot echo-planner imaging sequence. Detailed protocols

are listed in Table 1.

Two radiologists experienced in rectal MRI (6 and 5 years)

independently reviewed the paired MR images (pre- and post-neo-

CRT) without knowledge of the postoperative histopathological results.
Frontiers in Oncology 0386
For a consensus or majority decision, discrepancies were resolved by a

third radiologist with more than 20 years of experience in rectal MRI.

A semiquantitative MRI-based tumor regression grade has been

implemented (3) (Supplementary materials). We combined T2WI

and DWI to assess the relative proportions of residual tumor and

the degree of morphologic changes such as fibrosis and mucin

production on post-neo-CRTMR images (15, 16). On T2WI, tumor

fibrosis demonstrates a signal intensity similar to that of the normal

muscularis propria, mucin production within a treated tumor

manifests as an interval increase in signal intensity, and residual

tumor demonstrates a more intermediate signal intensity similar to

that on pretreatment MR images. A hyperintense signal on high-b-

value (1000 s/mm2) DWI at the former tumor location, with low

signal intensity on the apparent diffusion coefficient map, was

considered to be tumor signal. When there was a discrepancy

between two image sets, it was resolved through a complementary

approach. For example, confusingly high signal intensity of a lesion

on DWI that might have been caused by mucinous change or

artifacts was interpreted on T2WI and an apparent diffusion

coefficient map. In addition, it should give priority to DWI when

ambiguously intermediate high signal intensity of a lesion on T2WI

that was difficult to decide residual tumor or radiation fibrosis. Two

patients who were assessed as mrTRG2 and mrTRG4 after neo-CRT

are presented in Figure 1, 2, respectively.
Pathological evaluation

Formalin fixation and paraffin-embedding (FFPE) tissue sections

were cut into 5 mm thick slices and fixed in 4% paraformaldehyde PFA

for assessment. Subsequently, the slices were used to perform

haematoxylin-eosin (HE) staining. The slides were stained following

the HE staining kit (Solarbio, G1120) protocol and observed by

microscopy. The specimens were examined and analysed by a

pathologist with 10 years of experience and were further reviewed by

a dedicated gastrointestinal pathologist, both of whom were blinded to

the MRI data. The pTRG-based tumor regression grade assessment

system recommended by the AJCC Cancer Staging Manual, Eighth

Edition and the CAP Guidelines (17, 18) was implemented in this

study (Figure 3) (Supplementary material). Pathological complete

response (PCR) was defined as the absence of viable tumor cells in

the primary tumor and lymph nodes.
TABLE 1 MRI protocols for Rectal Cancer.

Parameters Axial T2WI Sagittal T2WI Coronal T2WI Oblique axial T2WI Axial DWI

TR/TE (ms) 3000/87 3000/87 4000/77 3000/84 3800/74.4

Slice thickness(mm) 5 3 3 3 6

Distance factor (%) 20 0 0 0 20

Slices 25 19 25 24 21

FOV(mm2) 260×260 180×180 220×220 180×180 300×245

Voxel size (mm3) 0.8× 0.7×5.0 0.7× 0.6×3.0 0.7× 0.6×3.0 0.6× 0.6×3.0 2.7× 2.7×6.0

Time acquisition 2 min 54 s 2 min 30 s 2 min 52 s 3 min 18 s 6 min 1 s
f

TR, repetition time; TE, echo time; FOV, field of view; T2WI, T2-weighted imaging; DWI, diffusion-weighted imaging.
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Follow-up

The follow-up visits were performed every 3 months during the

first 2 years after treatment, every 6 months in the subsequent 3

years, and then yearly thereafter. Patients were followed up by

telephone until the last visit on March 10, 2022 or death.
Statistical analysis

The primary end point is the agreement between mrTRG and

pTRG. The strength of agreement was assessed using the weighted

kappa test. Kappa values were assessed as follows: 0.81-1.00,

excellent agreement; 0.61-0.80, good agreement; 0.41-0.60,

moderate agreement; 0.21-0.40, fair agreement; and 0.00-0.20,

poor agreement. Dichotomous classification for mrTRG

(mrTRG1-2 vs. mrTRG 3-5) and pTRG (pTRG 0 vs. pTRG 1-3)

was performed to assess the ability of mrTRG to identify PCR by

calculating sensitivity, specificity, and positive and negative

predictive values.

The secondary end points were the overall survival (OS), local-

regional recurrence-free survival (LRFS), progression-free survival

(PFS), and distant metastasis-free survival (DMFS) of the enrolled
Frontiers in Oncology 0487
patients. The Kaplan-Meier method and log-rank test were used to

assess the differences between favorable (mrTRG1-2) and

unfavorable (mrTRG 3-5) patients. P values of less than 0.05 with

two sides were considered statistically significant. Survival was

analyzed with the log-rank test by SPSS software (SPSS. Inc.,

Version 25, Chicago, IL).
Results

Clinicopathological characteristics

Except for the patients with missing MRI or post surgery

specimens or those lost to follow-up, a total of 54 patients with

complete clinical data, including MRI information (before and after

neo-CRT), postoperative tumor samples, and follow-up, were

enrolled in this retrospective study. There were 40 males and 14

females, and the median age at diagnosis was 55 years old (range:

27-74 years). There were 2 patient with stage II disease and 52

patients with stage III disease. There were 42 patients with positive

CRM, and 12 patients with negative CRM. There were 38 patients

with positive EMVI, 16 patients with negative EMVI. Thirteen

patients were diagnosed as peritoneal reflection involved before
FIGURE 1

MRI tumor regression grade 2 in a 43-year-old man after neo-CRT. Post-neo-CRT T2WI shows a remarkable decrease in the tumor size with the
remaining hypointense “fibrotic” thickening of the wall without visible tumor signal, whereas high b value post-CRT-DWI shows linear high signal
intensity at the tumor bed, with low signal intensity on post-CRT-ADC map, indicating residual tumor. CRT, chemoradiotherapy; T2WI, T2-weighed
imaging; DWI, diffusion-weighted imaging; ADC, apparent diffusion coefficient. The white arrows indicate tumor.
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treatment. The tumor locations included 3 in the upper rectum, 35

in the middle rectum, and 16 in the lower rectum. All

clinicopathological characteristics were summarized in Table 2.

Among the 54 patients, 33 patients received neo-CRT and

surgery with postoperative ChT, and 21 patients received neo-

CRT and surgery. The median RT doses were 50 Gy (range: 50-60

Gy) for GTVp and GTVn, and 45 Gy (range: 45-46 Gy) for CTV, all

delivered in 25 daily fractions. The median cycle was 3 for neo-ChT

(range: 1-7), and 4 for adjuvant ChT (range: 1-7). The total

mesorectal excision (TME) was performed in most (53/54, 98.1%)

patients after neo-CRT. The surgical procedures include Dixon

(n=41), Miles (n=10), Parks (n=1), Hartmann(n=1), and local

excision (n=1).

Of these 54 patients with complete mrTRG and pTRG

assessment, 5 patients achieved mrTRG1 (9.3%), 37 achieved

mrTRG2 (68.5%), 8 achieved mrTRG3 (14.8%), 4 achieved

mrTRG4 (7.4%), and no patient achieved mrTRG5 after neo-

CRT. One patient received R1 excision, and the remaining 53

patients received R0 excision. Regarding pTRG, 12 patients

achieved pTRG0 (22.2%), 10 patients achieved pTRG1 (18.5%),

26 patients achieved pTRG2 (48.1%), and 6 patients achieved

pTRG3 (11.1%) (Table 3).
Frontiers in Oncology 0588
The agreement between mrTRG and pTRG

The agreement between the three-tier mrTRG (mrTRG1 vs.

mrTRG2-3 vs. mrTRG4-5) and pTRG (pTRG0 vs. pTRG1-2 vs.

pTRG3) classes was fair (weighted kappa=0.287). In a dichotomous

classification, assessment of the agreement between mrTRG

(mrTRG1 vs. mrTRG2-5)and pTRG(pTRG0 vs. pTRG1-3) also

resulted in fair agreement (weighted kappa =0.391).

When a dichotomous classification (mrTRG 1-2 vs. mrTRG 3-

5) was used to assess the ability of mrTRG to predict PCR (pTRG0),

9 out of 12 patients (75.0%) were correctly identified. The

sensitivity, specificity, and positive and negative predictive values

of mrTRG were 75.0%, 21.4%, 21.4%, and 75.0%, respectively.
Prognosis and survival

The median follow-up time of all patients was 34.6 months (range:

4.4-70.1 months). The estimated 3-year OS, PFS, LRFS and DMFS

were 78.5%, 70.7%, 89.0%, and 75.2%, respectively (Figure 4A).

During follow-up, two patients developed local-recurrence, and

the tumor site was located anterior to the sacrum. Twelve patients
FIGURE 2

MRI tumor regression grade 4 in a 59-year-old man after CRT. Post-CRT T2WI shows a slight reduction (< 50%) in the tumor size with a majority of
intermediate signal intensity. On high b value post-CRT-DWI, a thick layer of diffusion restriction was apparent at the tumor bed. CRT,
chemoradiotherapy; T2WI, T2-weighed imaging; DWI, diffusion-weighted imaging; ADC, apparent diffusion coefficient.
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FIGURE 3

The pathological tumour regression (pTRG) assessment results (photomicrograph H and E, 400x). There were 12 patients with pTRG grade 0, 10
patients with pTRG grade 1, 26 patients with pTRG grade 2, and 6 patients with pTRG grade 3, respectively.
TABLE 2 Baseline characteristics and predictive value for prognosis.

Characteristic N (%) OS PFS LRFS

3-y rate (%) P 3-y rate (%) P 3-y rate (%) P

Age

≤50y 20 37.0 86.1 0.124 70.4 0.702 95.0 0.843

>50y 34 63.0 73.3 72.0 96.4

Meidan: 55 years old, rang (27-74)

Gender

Male 40 74.1 71.6 0.215 67.5 0.398 94.3 0.404

Female 14 25.9 100 83.6 100

Tumor location*

Upper 3 5.6 100 0.318 66.7 0.672 100 0.500

Middle 35 64.8 74.0 66.5 92.8

Lower 16 29.6 82.0 79.8 100

cT stage

T3 35 64.8 78.4 0.569 64.9 0.224 93.1 0.260

T4 19 35.2 79.3 82.5 100

cN stage

N0 2 3.7 50.0 0.336 50.0 0.540 100 0.162

N1 20 37.0 82.0 68.8 88.2

(Continued)
F
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developed distant metastases, and the most common metastatic

sites included the lung (n=5), liver (n=3), retroperitoneal lymph

nodes (n=3), and bone (n=1).

In univariate analysis, downstage N and favorable mrTRG were

significantly associated with better OS (p=0.003 for downstage N,

Figure 4B; p=0.027 for mrTRG, Figure 4C), while favorable mrTRG,

downstage T and downstage N were significantly associated with
Frontiers in Oncology 0790
better PFS (p=0.017 for mrTRG, Figure 4D; p=0.019 for downstage T,

Figure 4E; p=0.019 for downstage N, Figure 4F) (Table 2). The factors

with a P value of less than 0.1 in univariable analysis were included in

the multivariable analysis. In multivariate analysis, downstaging N

(p=0.045) was an independent prognostic factor for OS. Meanwhile,

downstaging T (p=0.011) and downstaging N (p=0.012) were

independent prognostic factors for PFS (Table 4).
TABLE 2 Continued

Characteristic N (%) OS PFS LRFS

3-y rate (%) P 3-y rate (%) P 3-y rate (%) P

N2 32 59.3 77.8 74.0 100

Stage

II 2 3.7 50.0 0.221 50.0 0.291 100 0.764

III 52 96.3 79.6 72.1 95.6

CEA level

Elevated 25 46.3 86.9 0.228 81.1 0.181 95.5 0.915

Normal 29 53.7 70.9 69.2 95.8

CRM

Positive 42 77.8 80.9 0.448 69.2 0.697 97.2 0.299

Negative 12 22.2 67.5 81.5 90.0

EMVI

Positive 38 70.4 80.0 0.655 77.0 0.766 97.1 0.488

Negative 16 29.6 78.7 69.7 92.3

Down-stage T/mrTRG/

Yes 33 61.1 81.8 0.108 81.2 0.019 96.7 0.666

No 21 38.9 73.7 55.0 94.4

Down-stage N

Yes 46 85.2 84.3 0.003 76.2 0.019 100 <0.001

No 8 14.8 50.0 42.9 71.4

mrTRG

Grade 1 5 9.3 100 0.027 80.0 0.017 100 0.030

Grade 2 37 68.5 85.3 76.6 100

Grade 3 8 14.8 36.5 66.7 83.3

Grade 4 4 7.4 50.0 25.0 66.7

Grade 5 0 0 – – –

pTRG

Grade 0 12 22.2 71.4 0.798 70.1 0.291 100 0.002

Grade 1 10 18.5 88.9 88.9 100

Grade 2 26 48.1 75.8 71.1 100

Grade 3 6 11.1 83.3 50.0 66.7
frontie
OS: overall survival, LRFS: local-regional recurrence-free survival, PFS: progression-free survival, cT stage: clinical T stage, cN stage: clinical N stage, EMVI: extramural venous invasion, CRM:
circumferential resection margin, mrTRG: MRI-assessed tumor regression grade, pTRG: pathology-assessed tumor regression grade; CEA: carcinoembryonic antigen.
* The distance form anal verge assessed by MRI (Upper: >10cm; Middle: 5-10cm; Lower: ≤5cm).
"-" means unavailable.
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Discussion

The main finding of this research was that favorable mrTRG

(mrTRG1-2) after neo-CRT could be used as a potential prognostic

factor for LARC patients. Another valuable finding was that
Frontiers in Oncology 0891
although the consistency between mrTRG and pTRG was fair, the

sensitivity (75.0%) and negative predictive values (75.0%) of

mrTRG 1-2 for PCR were satisfactory.

For LARC patients, neo-CRT followed by surgery and

postoperative ChT was the standard care (2), and accurate
TABLE 3 Comparison between mrTRG and pTRG.

mrTRG
Total

1 2 3 4 5

pTRG

0 4 5 2 1 0 12

1 0 7 2 1 0 10

2 1 21 3 1 0 26

3 0 4 1 1 0 6

Total 5 37 8 4 0 54
mrTRG, magnetic resonance tumor regression grade; pTRG, pathological tumour regression grade.
FIGURE 4

The survival curves for 54 patients. (A): The estimated 3-year overall survival (OS), progress-free survival (PFS), local-regional recurrence-free survival (LRFS)
and distance metastasis-free survival (DMFS) were 78.5%, 70.7%, 89.0%, and 75.2%, respectively. (B): The 3-year OS of patients with downstage N was
significantly better than the non-downstage N group (p=0.003). (C): The 3-year OS of patients with favorable mrTRG was significantly better than the
unfavorable group (p=0.027). (D): The 3-year PFS of patients with favorable mrTRG was significantly better than the unfavorable group (p=0.017). (E): The 3-
year PFS of patients with downstage T was significantly better than the non-downstaging T group (p=0.019). (F): The 3-year PFS of patients with downstage
N was significantly better than the non-downstage N group (p=0.019).
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restaging after neo-CRT and assessment of treatment response were

critical to treatment decision-making throughout the process. In

routine clinical work, MRI, postoperative pathological results, and

hematologic tumor markers (e.g. CEA, CA199) are the most

common detection means (19–23). However, there were some

limitations in pathological and hematological markers. For

example, postoperative pathological results can only be obtained

after surgery, and hematology markers have certain fluctuations.

With the advantages of high detection accuracy and

noninvasiveness, pelvic MRI has become the most commonly

used examination, for staging, restaging after neo-CRT and

predicting the prognosis (4, 24). In this study, favorable mrTRG

(mrTRG1-2) was significantly associated with better OS and PFS in

univariate analysis, which was consistent with previous studies.

However, pTRG (PCR vs. non-PCR) had no significant effect on

prognosis in either univariate or multivariate analysis, which was

different from previous research (8, 23, 25, 26). The main reason

was that, compared with the PCR group (median cycle was 2, range:

0-5), patients in non-PCR group received more intense adjuvant

ChT (median cycle was 4, range: 2-7). The different postoperative

treatment strategies and small sample size of this study may reduce

the difference in survival between the two groups.

In this study, the consistency between mrTRG and pTRG was

fair (weighted kappa=0.287 for three-tier; weighted kappa=0.391 for

a dichotomous classification), which was consistent with previous

studies (12). However, the sensitivity (75.0%) and negative

predictive values (75.0%) of mrTRG 1-2 for PCR were

satisfactory. These results suggested that although mrTRG was

not a surrogate of pTRG, favorable mrTRG may be a predictor

for PCR. Therefore, in clinical work, patients with favorable mrTRG

after neo-CRT could be recommended to adopt a “watch-and-wait”

strategy, an organ preservation strategy to avoid complications

from overtreatment, such as surgery. Previous study results

showed no significant difference in recurrence and OS between

patients managed with “watch-and-wait” after a clinical complete

response and patients with PCR after operation (27).

Restaging MRI is more inclined to over stage of disease after neo-

CRT in LARC patients as a result of the difficulties in assessing response

within areas of post radiation fibrosis (28). Radiomics refers to the

extraction of a vast number of qualitative and quantitative features from

routine images using artificial intelligence that are effectively invisible to

the human eye.MRI-based radiomics can help clinicians predict whether

patients will achieve a PCR after neo-CRT before surgery to avoid
Frontiers in Oncology 0992
excessive treatment (29). MRI-based radiomics has predictive value for

the curative effect of neo-CRT on LARC patients and shows good

predictive value in terms of tumor staging, postoperative metastasis, and

prognosis after treatment (30). In the future, newMRI parameters could

be added to mrTRG to increase the accuracy of PCR prediction and

provide more valuable information to make treatment decisions.

There are some limitations to this study. First, the use of

ultrasound gel is controversial and not recommended by the

ESGAR guidelines. However, we filled the rectum with the

appropriate amount of gel tailored to the size and location of the

tumor. In this circumstance, rectal overdistension was avoided.

Therefore, rectal gel filling had a minimal impact on the tumor

staging evaluation. Moreover, rectal gel filling will reduce susceptibility

artefacts related to luminal gas on DWI and may facilitate detection of

smaller and treated tumor (31–33). Thus, rectal gel filling is useful for

the mrTRG evaluation based on T2WI and DWI. Second, it was a

retrospective study, and the surgical methods and ChT regimen were

not completely uniform. Finally, the number of patients who met the

criteria was small. In future work, we will produce a prospective study

with large sample sizes to verify this result.

In conclusion, although the consistency between mrTRG and

pTRG is only fair, favorable mrTRG after neo-CRTmay be used as a

potential prognostic factor for LARC patients’survival.
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Down-stage N(Yes vs. No) 0.045 0.209 (0.045-0. 964) 0.012 0.153 (0.036-0.657)

mrTRG (Grade 1-2 vs. 3-4) 0.124 3.203 (0.727-14.118) 0.140 2.577 (0.733-9.059)

pTRG (PCR vs. non-PCR) 0.376 0.515 (0.118-2.240) 0.336 0.475 (0.104-2.164)
OS, Overall survival variable; PFS, Progress-free survival; HR, Hazard ratio; mrTRG, magnetic resonance tumour regression grade; pTRG, pathological tumour regression grade; PCR,
pathological complete response.
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Size and depth of residual
tumor after neoadjuvant
chemoradiotherapy in
rectal cancer – implications
for the development of new
imaging modalities for
response assessment

Stefan D. van der Stel1,2*, Jose G. van den Berg3,
Petur Snaebjornsson3,4, Iris M. Seignette3, Mark Witteveen1,2,
Brechtje A. Grotenhuis2, Geerard L. Beets2,5, Anouk L. Post2,6

and Theo J. M. Ruers1,2

1Faculty Technische Natuurwetenschappen (TNW), Group Nanobiophysics, Twente University,
Enschede, Netherlands, 2Department of Surgery, Netherlands Cancer Institute,
Amsterdam, Netherlands, 3Department of Pathology, Netherlands Cancer Institute,
Amsterdam, Netherlands, 4Faculty of Medicine, University of Iceland, Reykjavik, Iceland, 5GROW
School for Oncology and Developmental Biology, University of Maastricht, Maastricht, Netherlands,
6Department of Biomedical Engineering and Physics, Amsterdam Cardiovascular Sciences, Cancer
Center Amsterdam, Amsterdam Universitair Medisch Centrum (UMC), University of Amsterdam,
Amsterdam, Netherlands
With the shift towards organ preserving treatment strategies in rectal cancer it has

become increasingly important to accurately discriminate between a complete

and good clinical response after neoadjuvant chemoradiotherapy (CRT). Standard

of care imaging techniques such as CT andMRI are well equipped for initial staging

of rectal tumors, but discrimination between a good clinical and complete

response remains difficult due to their limited ability to detect small residual vital

tumor fragments. To identify new promising imaging techniques that could fill this

gap, it is crucial to know the size and invasion depth of residual vital tumor tissue

since this determines the requirements with regard to the resolution and imaging

depth of potential new optical imaging techniques. We analyzed 198 pathology

slides from 30 rectal cancer patients with a Mandard tumor regression grade 2 or 3

after CRT that underwent surgery. For each patient we determined response

pattern, size of the largest vital tumor fragment or bulk and the shortest distance

from the vital tumor to the luminal surface. The response pattern was shrinkage in

14 patients and fragmentation in 16 patients. For both groups combined, the

largest vital tumor fragment per patient was smaller than 1mm for 38% of patients,

below 0.2mm for 12% of patients and for one patient as small as 0.06mm. For 29%

of patients the vital tumor remnant was present within the first 0.01mm from the

luminal surface and for 87% within 0.5mm. Our results explain why it is difficult to

differentiate between a good clinical and complete response in rectal cancer

patients using endoscopy and MRI, since in many patients submillimeter tumor

fragments remain below the luminal surface. To detect residual vital tumor tissue in
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all patients included in this study a technique with a spatial resolution of 0.06mm

and an imaging depth of 8.9mm would have been required. Optical imaging

techniques offer the possibility of detecting majority of these cases due to the

potential of both high-resolution imaging and enhanced contrast between tissue

types. These techniques could thus serve as a complimentary tool to conventional

methods for rectal cancer response assessment.
KEYWORDS

tumor response, regression, rectal cancer, fragmentation, neoadjuvant, optical imaging,
watch-and-wait
1 Introduction

Over the last decade, rectal cancer treatment has shifted towards

organ preserving treatment, having the foremost advantage of

improving the patient’s quality of life (1, 2). The standard-of-care

for intermediate risk and locally advanced rectal cancer is

neoadjuvant chemoradiotherapy (CRT) to reduce the size or

extent of the tumor, followed by a total mesorectal excision

(TME) where the rectum is surgically removed together with

surrounding tissue and draining lymph nodes. Moreover, novel

advances in rectal cancer treatment indicate the promising role of

CRT in patients with bulky and distal tumors of the rectum,

providing insights for organ preserving treatment in these

complex tumors (3, 4). Since a TME often results in loss of organ

function and considerable side effects, there is an increasing interest

in organ-sparing treatment to improve the quality of life of patients.

Patients with a good clinical response (defined as a near-complete

or major response after CRT, with the possibility of residual tumor

(5)) could receive additional local tumor treatment (e.g. a local

tumor excision or internal boost radiation). In addition to CRT,

novel advances in rectal cancer treatment have shown promising

results with immunotherapy, especially in patients with

microsatellite instable (MSI)-high tumors (6, 7).

In patients with a complete response (without any residual

tumor) on the other hand non-operative management can be

considered and these patients can be monitored according to

watch-and-wait (W&W). After CRT, 20% of patients have a

pathological complete response and 42-60% of patients have a

good clinical response (8, 9). For organ-sparing treatment to

become even more successful, it is important that clinicians can

accurately identify the optimal treatment for each patient based on

the degree of tumor response to CRT. However, the current

workflow for response assessment has difficulty discriminating

between patients with a good clinical response and a clinical

complete response (10).

Response assessment is currently performed based on a

combination of endoscopy, magnetic resonance imaging (MRI)

and digital rectal examination. Endoscopic biopsies are only

rarely used for initial response assessment because of frequent

false positive results. Based on this clinical response assessment

patients undergo further treatment or are enrolled in W&W. After
0296
surgery the resected tissue is analyzed by a pathologist, resulting in a

pathological response assessment, which remains the gold standard.

In approximately 15% of patients that are considered clinical

incomplete responders, no residual tumor tissue is present upon

histopathological evaluation of the resected specimen (11). These

patients undergo major surgery where organ-sparing treatment

could have been possible. Additionally, approximately 25% of

patients thought to have responded completely based on a clinical

evaluation still harbor unrecognized residual tumor (12). Based on

the clinical evaluation these patients can be enrolled in W&W, but

they developed a local regrowth requiring additional surgery (13).

Improving the accuracy of response assessment thus holds the

promise of improving treatment decisions and outcome for rectal

cancer patients.

The difficulty of MRI to accurately assess tumor response can be

explained by the fact that CRT can result in small tumor fragments

scattered throughout fibrotic tissue (14). Not only does MRI have

difficulty in discriminating between fibrosis and tumor tissue (15,

16) but a major concern in response assessment is also missing

small fragments of residual vital tumor tissue, leading to the

cautious strategy to perform major surgery whenever residual

tumor tissue is suspected (17). CRT treatment can result in

response patterns of either shrinkage or fragmentation of rectal

tumors. Tumor shrinkage is characterized by a decrease in

concentric tumor size, while fragmentation is defined by

destruction of the main tumor mass after treatment and

formation of small groups of tumor cells embedded in fibrosis.

Fragmentation is reported in 40-80% of patients with rectal cancer

(18, 19) and increases the chance of radiological understaging

because of the difficulty of detecting small tumor fragments (20).

While, to the best of our knowledge, the size distribution of tumor

fragments in rectal cancer have not been published, a recent study

showed that tumor fragment size in esophageal adenocarcinoma

can be as small as several micrometers (18). With these dimensions,

MR imaging lack resolution and accuracy in visualizing residual

tumor fragments. Thus, to improve response assessment and

treatment after CRT, an imaging technique is required that can

detect small vital tumor fragments within fibrotic tissue.

To identify promising new techniques to improve response

assessment in rectal cancer, one requirement placed on such a

technique is that it can distinguish between vital tumor tissue and
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fibrosis. A second requirement is that the resolution needs to be

high enough so it can detect small residual tumor fragments. While

techniques like MRI can image the full body, for most other imaging

techniques there is a trade-off between the resolution and imaging

depth. Therefore, a third requirement is that a new technique needs

to be able to image deep enough below the luminal surface so that it

can detect residual vital tumor tissue in deeper tissue layers. While

general response patterns in rectal cancer have been described in

literature, no quantitative description of the size and depth

distributions of residual tumor fragments after CRT has been

given. Nonetheless, these quantitative measures potentially play a

pivotal role in explaining why so many tumors are misclassified by

current imaging methods and consequently could provide the

theoretical framework more optimal imaging methods in the

future. The aim of this study is to provide a quantitative

histopathological description of the size and depth distributions

of residual tumor tissue after CRT treatment which can be used to

select promising new imaging techniques for response assessment

based on their resolution and imaging depth.
2 Patients, materials and methods

2.1 Test cohort

Histological slides of rectal resection specimens from 30

patients with rectal tumors that had been treated with CRT and

underwent rectal surgery were retrieved from the pathology archive

at the Netherlands Cancer Institute. The original pathology report

contained information on tumor regression grade (TRG), scored

according to Mandard (21). Since we aimed to improve

discrimination between a good clinical and a complete response,

only cases with a substantial pathological response after CRT

treatment were included - scored as Mandard TRG 2 (rare

residual tumor cells and clusters scattered through fibrosis) or

TRG 3 (increase in the number of residual tumor cells when

compared to Mandard TRG 2, while fibrosis still predominates

when compared to Mandard TRG 4).

This retrospective medical data/biospecimen study was carried

out pursuant to Dutch legislation and international standards.

Clinical information such as demographics and tumor

characteristics were collected from the medical records (Table 1).

Archival H&E slides were scanned using a PANNORAMIC® 1000

scanner from 3DHISTECH at a 40x magnification.
2.2 Assessment of tumor response

Indica Labs’ HALO software (v3.4.2986.185) (23) was used to

classify tissue, normal mucosa, and tumor areas on the scanned

histopathology slides, and to subsequently measure size and volume

of tumor cell clusters and distances between tumor cell clusters. The

DenseNet AI v2 plugin classifier was trained with 3 complete

annotated slides, where a certified pathologist (JGvdB) annotated

the full regions of background, normal mucosa, tumor and all other

tissues. The classifier was trained for a total of 26345 iterations with
Frontiers in Oncology 0397
a Cross-Entropy of 0.1. After training, performance of the classifier

was verified by JGvdB in random slides included in this study. In

total, 198 slides were examined, consisting of all H&E tumor slides

per case.

First, we determined for each patient whether the response

pattern was of fragmentation or shrinkage type. Tumor

fragmentation was defined as clusters of cells which do not form

a bulk and have at least 3 mm distance between fragments (18). If

the response pattern was fragmentation, we measured the width

(the short axis) of the widest tumor fragment per patient to be able

to determine the ability of different imaging techniques to detect

small fragments based on their resolution. We chose the width since

that defines the required resolution – a long and narrow fragment of

e.g. 3 by 0.05 mm would not be detected by a technique with a
TABLE 1 General patient and tumor characteristics.

Total 30

Gender

Male 19

Female 11

Age, median (IQR) 57 (54 –

69)

Neoadjuvant treatment

Long course chemoradiation 18

Short course RT and immunotherapy within a trial (22) 5

Short course RT followed by chemotherapy 4

Short course RT 3

Interval between neoadjuvant treatment and surgery (weeks),
median (IQR)

13 (10 –

17)

Type of surgery

Abdominoperineal resection (APR) 13

Low anterior resection (LAR) 12

Transanal minimally invasive local excision (TAMIS) 5

Tumor type

Well/moderately differentiated adenocarcinoma (low grade) 27

Poorly differentiated adenocarcinoma (high grade) 2

Mixed Neuroendocrine Non-Neuroendocrine Neoplasm
(miNEN)

1

Mandard tumor regression grade

2 17

3 13

Tumor invasion in rectum

Mucosa/submucosa (ypT1) 5

Muscularis propria (ypT2) 16

Pericolic/mesorectal tissue (ypT3) 8

Other organs/structures (ypT4) 1
fr
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resolution of 1 mm. We chose the widest fragment per patient since

the detection of only that fragment could already be enough to

determine an incomplete response. In patients where the response

pattern was of shrinkage type we measured the largest width of vital

tumor tissue. For all patients we determined the shortest distance

from the luminal surface to the vital tumor, in order to determine

the ability of different imaging techniques to detect this residual

tumor tissue based on the imaging depth. Finally, per patient we

measured the tumor volume (based on all slides of a single patient)

and the tumor area (based on the single slide with largest tumor

area of each patient).
2.3 Statistical analysis

Statistical analysis was performed using IBM SPSS statistics v27

(SPSS Inc., United States). Normal distribution was assessed with

the Shapiro-Wilk test. Statistical analysis for normally distributed

data was performed with an unpaired t-test, and for non-normally

distributed data using a Mann-Whitney test. A p-value ≤0.05 was

considered statistically significant.
3 Results

3.1 Histopathological evaluation
of tumor response

The HALO tissue classification algorithm identified tumor

(red), normal mucosa (blue), other tissue types (green) and

background (grey) in each histological slide (Figure 1), which was

used for a quantitative analysis of the tumor response pattern

(Table 2). Examples of the two main tumor response patterns,

tumor fragmentation and shrinkage are shown in Figure 2.

Overall, the response pattern was of shrinkage type in 14 patients

and of fragmentation type in 16 patients. For both groups combined,

the largest vital tumor fragment per patient was smaller than 1 mm
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for 38% of patients, below 0.2 mm for 12% of patients and for one

patient was as small as 0.06 mm. For 29% of patients residual vital

tumor was present within the first 0.01 mm from the luminal surface

and for 87% within the first 0.5 mm. In one patient there was 8.9 mm

of healthy tissue between the residual vital tumor tissue and luminal

surface. Moreover, invasion depth for bothMandard TRG 2 and TRG

3 were similarly distributed.
3.2 Tumor fragmentation

The response pattern was of fragmentation type in 65% and 38%

in TRG 2 and TRG 3 cases, respectively. The median size of the

widest isolated tumor fragments per patient was 0.68 mm for TRG 2

cases, and 1.80 mm in TRG 3 cases. In 63% of patients the widest

fragments measured below 1.0 mm and 78% below 2.0 mm in size

(Figure 3A). Residual tumor fragments were widely spread

throughout the original tumor bed, encapsulated by fibrotic

tissue. Individual tumor fragments could be as small as 0.06 mm.
3.3 Tumor shrinkage

The response pattern was of shrinkage type in 35% and 62% in

TRG 2 and TRG 3 cases, respectively. The median value of the

tumor width per patient was 4.60 mm and 7.55 mm in TRG 2 and

TRG 3 cases, respectively. The spread of the width was very large,

varying from several hundred micrometers to 1.5 centimeters.

Detailed analysis showed that the width of the residual vital

tumor bulk was smaller than 1.0 mm in 12% of cases, whereas

50% was smaller than 6.3 mm (Figure 3A).
3.4 Tumor invasion

Residual vital tumor was observed in all layers of the intestine.

The most common location was the submucosa or muscle layers,
B
CA

FIGURE 1

Example of tumor response segmentation by artificial intelligence HALO software in rectal cancer after CRT in a patient displaying Mandard TRG 2.
(A) Haematoxylin and eosin (H&E) snapshot of tissue slide. (B) Corresponding tissue labels created by HALO tissue segmentation to enable easy
tumor visualization. Red = tumor; blue = mucosa; green = other tissue; gray = background. (C) Zoom-in overview of tumor response pattern, with
tumor fragments as small as several micrometers.
frontiersin.org

https://doi.org/10.3389/fonc.2023.1209732
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


van der Stel et al. 10.3389/fonc.2023.1209732
within 1 mm of the mucosal lining of the rectum (ypT1-2),

however, vital tumor fragments were also observed in the

mesorectal tissue, and extending into other organs (ypT3-4). The

tumor invasion depth varied between several micrometers and up to

8.9 mm from the mucosa. In case of fragmentation, residual tumor

fragments were present within 0.5 mm from the luminal surface in

95% of cases, whereas for shrinkage this was less, i.e.

75% (Figure 3B).
4 Discussion

This study provides an overview of the quantitative

histopathological characteristics of the size and depth distributions

of residual vital tumor tissue after CRT treatment in rectal cancer. In

our study population, 63% of patients with a TRG 2 response after

CRT harbor residual vital tumor fragments of less than 1 mm.

Importantly, vital tumor fragments were mostly present within

0.5 mm of the luminal surface, yet could also be located in the
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mesorectal tissue and extending to other organs. However, in case of a

TRG 2 response of large primary tumors, vital tumor fragments were

observed extending up to 8.9 mm from the luminal surface.

For years, assessing treatment response in rectal cancer has been

investigated intensively, focusing on clinicopathological

characteristics or biomarkers as predictors, with mixed results

(24, 25). For that reason, alternative approaches for response

assessment, such as (novel) optical imaging techniques, should be

explored. Optical imaging techniques use light to obtain highly

detailed images and signals of organs, tissues, cells or molecules in a

minimally invasive or non-invasive way. Optical imaging

techniques harbor many advantages, such as the capability of

high resolutions, high specificity for set targets and feasibility for

real-time imaging. Moreover, optical imaging has the additional

benefit that they lack harmful radiation and can therefore be used

repeatedly for monitoring of disease progression or treatment effect.

As illustrated in Figure 4, the demand for high resolutions

(<1 mm) required to detect small tumor fragments can be achieved

with optical imaging. Figure 4 presents only a small sample of
BA

FIGURE 2

Example of (A) tumor fragmentation and (B) tumor shrinkage. Red = tumor; blue = mucosa; green = other tissue; gray = background.
TABLE 2 Tumor response patterns based on quantitative analysis of histopathology slides. Data is presented as median with range (smallest to
largest).

Tumor regression grade 2 Tumor regression grade 3 p-value

Total, n 17 13

Tumor response

Fragmentation, n 11 5

Shrinkage, n 6 8

Fragmentation: maximum width of isolated fragments, mm 0.68 (0.06 – 6.90) 1.80 (0.28 – 5.60) 0.054

Shrinkage: maximum width of tumor bulk, mm 4.60 (0.18 – 10.90) 7.55 (1.70 – 14.90) 0.019

Shortest distance between vital tumor and luminal surface, mm 0.073 (0.001 – 3.30) 0.116 (0.002 – 8.90) 0.36

Area of vital tumor (1 central slide), mm2 1.92 (0.17 – 6.47) 4.81 (1.09 – 30.99) 0.005

Volume of vital tumor (all tumor containing slides), mm3 5.72 (0.93 – 25.80) 14.27 (1.87 – 74.87) 0.02
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available optical imaging techniques, each with their own specific

biochemical or structural targets. For example, optical coherence

tomography (OCT) uses the refractive properties of light waves in

tissue to provide visualization of cross-sectional and 3D images of

tissues (26), fluorescence lifetime imaging (FLIm) provides

information about the biochemical composition of tissues by

measuring the decay of fluorescent molecules (27) and

photoacoustic imaging (PAI) utilizes laser-generated ultrasound

waves to display tissue morphology and vasculature (28).

It is important to realize that there is an inherent trade-off

between resolution and imaging depth. By selecting a technique

with a higher resolution, the imaging depth will decrease. However,

most optical imaging setups allow for interchanging these

parameters, thereby selecting the desired resolution and imaging

depths for a specific application. The results from our analysis offers
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the theoretical framework to evaluate the prospects of different

optical imaging techniques. Moreover, challenges such as limitation

in field of view, resolution (29) or feasibility for in vivo use (30, 31)

have been addressed by multiple studies, providing solutions and

opportunities for further research. For example, techniques as

hyperspectral laparoscopes (32), confocal laser endomicroscopy

(33) and tethered capsules (34) have indicated the potential of

optical imaging in endoscopic use. Despite these advances, a

commercially available optical imaging device is not yet available

for tumor response assessment in rectal cancer. Hence, exploration

of optical imaging techniques could be the way forward towards

accurately defining treatment response assessment in rectal cancer

patients. However, it is important to realize that implementation of

any technique in the rectal cavity needs an optimized design for

intended use.
FIGURE 4

Resolution and penetration depths of several imaging modalities. For most optical imaging modalities there is a trade-off between the resolution and
imaging depth, achieving more accurate resolutions, at the cost of penetration depth within the tissue of interest. In this figure, a schematic
representation is used to indicate the approximate resolution and penetration depth of optical imaging versus conventional medical imaging
modalities. For all imaging modalities, the exact resolution and penetration depth will depend on the specific setup. CM, confocal microscopy; FLIm,
fluorescence lifetime imaging; OCT, optical coherence tomography; PAI, photoacoustic imaging; US, ultrasound; CT, computed tomography; MRI,
magnetic resonance imaging; PET, positron emission tomography.
BA

FIGURE 3

Tumor characteristics after CRT. (A) Cumulative distribution of the maximum width of tumor fragments in case of tumor fragmentation (n=16, blue
line), tumor shrinkage (n=14, red line) and combined cohort (n=30, black line) after CRT. For both groups combined, the largest vital tumor fragment
per patient was smaller than 1 mm for 38% of patients, below 0.2 mm for 12% of patients and for one patient was as small as 0.06 mm. (B)
Cumulative distribution of the minimum invasion depth from the luminal surface in case of tumor fragmentation (n=16, blue line), tumor shrinkage
(n=14, red line), and the combined cohort (n=30, black line) after CRT. For 29% of patients residual vital tumor was present within the first 0.01 mm
from the luminal surface and for 87% within the first 0.5 mm. In one patient there was 8.9 mm of healthy tissue between the residual tumor tissue
and the luminal surface.
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While the results presented in this study show the potential for

optical imaging in treatment response assessment, they also explain

why it is difficult to discriminate between a good clinical and a

complete response using conventional clinical examination. The

foremost reason is that CRT can result in submillimeter residual

tumor fragments below the resolution of MRI, and can be scattered

throughout the intestinal tissue layers, rendering them invisible

for endoscopy.

Currently, MRI is the golden standard for treatment response

assessment in rectal cancer. While conventional MRI can achieve a

resolution of approximately 1 mm (Figure 4), this is insufficient to

identify the submillimeter tumor fragments demonstrated in the

present study. Moreover, CRT-induced fibrosis in the tumor bed,

replacing vital tumor, decreases the accuracy of MRI to detect

residual viable tumor due to the lack of contrast between fibrosis

and tumor fragments (35–37). As such, the dimension and

distribution of tumor fragments, together with the surrounding

fibrosis provides a big challenge for radiologists to accurately assess

treatment response with MRI. Currently it is possible to improve

this resolution using Ultra High Field (UHF) 7-9 Tesla machines,

achieving a resolution below 0.5 mm (38). Even so, in 21% of our

patients the largest tumor fragments was less than 0.5 mm.

Furthermore, the problem of distinguishing fibrosis from tumor

in these UHF scans remains. Another possibility for improving the

diagnostic capability of MRI for response imaging of rectal cancer is

the use of diffusion-weighted imaging (DWI). DWI offers the

possibility to visualize a functional parameter utilizing the

diffusion of water molecules within tissues. The advantage of

DWI would be the possibility to increase the contrast between

tumor and fibrosis. In assessment of breast and renal cancer

response to CRT, DWI improved the evaluation of treatment

response (39–41). However, the limiting factor of the resolution

with respect to the small size of the fragments remains.

In addition to shrinkage and fragmentation of the tumor, in

approximately 20% of patients undergoing CRT, microscopic

intramural spread (MIS) is present (42), i.e. residual tumor

extension beneath normal appearing mucosa. In clinical practice,

MIS is commonly used for planning additional radiotherapy, or

take into account when selecting the resection plane around the

visible tumor. Whilst multiple studies have focused on retrospective

assessing the MIS after CRT (42–44), intraoperative assessment

remains challenging due to the limited size of the residual tumor

fragments in most cases. Moreover, a tumor-positive

circumferential resection margin (CRM) after CRT remains an

important prognostic factor for local recurrence and overall

survival, and can be as high as 31.8% (45). Hence, intraoperative

assessment of the MIS potentially allows for more accurate selection

of the resection plane, and (novel) optical imaging techniques could

provide the tools to decrease tumor-positive CRM rates.

In this study, an AI algorithm was trained for labelling of

residual tumor in pathology slides of rectal cancer. Such an

algorithm enables the analysis of a large number of slides in

detail. Moreover, the same analysis by a pathologist would have

taken up a considerable amount of time. In future studies with

(novel) imaging techniques, such an AI algorithm could provide key

insights into the performance of these techniques by providing
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detailed histopathological information of the imaged tissue.

Furthermore, our detailed analysis revealed that invasion depth of

residual tumor fragments/bulk was not related to the Mandard

TRG. However, most patients with a TRG 3 response displayed

larger tumor volumes and larger tumor diameter than TRG 2

tumors. Thus, Mandard TRG is not only a measure of response,

but can also be a measure of residual tumor burden.

There are some limitations to this study. First, 30 patients were

included, resulting in 198 pathology slides. The novelty of the

segmentation tool required us to manually check the performance

of the segmentation in every segmented slice, resulting in a lower

patient population. Secondly, an uncertainty remains about what

portion of the residual tumor in the histological assessment is still

vital and can result in a regrowth. However, in this study we

assumed that our assessment of the vital portion of the tumor is

right. Moreover, it is important to keep in mind that the AI

algorithm was only trained on 3 completely annotated slides,

while many more are needed optimizing the algorithm for general

application. This could be seen as a limitation, since the trained AI

for this study might lack robustness for independent analysis of

histology slides. However, the AI was used as a tool for manual

annotation, and not as a replacement for an experienced

pathologist, and therefore the minimal training size was adequate

for the application as used here. Furthermore, the quantitative

measurements reported in this paper were verified manually to be

accurate, and thus do not rely heavily on the AI for segmentation

borders. Moreover, the AI performed well and no major adjustment

had to be done to the segmentation once trained.

For successful organ-sparing treatment, it is crucial that

clinicians can accurately identify the optimal treatment for

each patient based on the response of the tumor to CRT.

Resolutions of several micrometers are required for visualizing

residual tumor fragments, and an imaging depth of several

millimeters is essential for detecting fragments in all layers of

the rectal wall. Moreover, it is important to realize that the

histopathological characteristics of the tissue are paramount in

the selection of an imaging technique. For in vivo application, it

is important to realize that the imaging technique has to be

implemented in an endorectal probe for optimal access to the

tumor (46). Many optical imaging techniques have been

transformed from table-top setups to endoscopic imaging

probes, showing the potential of optical imaging techniques for

colorectal response assessment (33, 34, 47–49). results presented

in this study show that conventional imaging methods (mainly

CT and MRI) lack the resolution for detecting residual vital

tumor after CRT in rectal cancer, and hence have limited value in

the therapeutic decision-making process around W&W in

clinical practice. Our results, however, provide a theoretical

basis for novel research in imaging techniques that can achieve

the needed resolutions. Depending on the exact application,

optical techniques have their own benefits over conventional

CT and MR imaging.

To summarize, optical imaging techniques have the prospect of

becoming a complimentary tool next to conventional methods for

rectal cancer response assessment, since these techniques offer high-

resolution imaging with enhanced contrast between tissue types.
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Introduction: Although patients with colorectal cancer (CRC) can receive

optimal treatment, the risk of recurrence remains. This study aimed to evaluate

whether the tumor microbiome can be a predictor of recurrence in patients with

stage III CRC.

Methods: Using 16S rRNA gene sequencing, we analyzed the microbiomes of

tumor and adjacent tissues acquired during surgery in 65 patients with stage III

CRC and evaluated the correlation of the tissue microbiome with CRC

recurrence. Additionally, the tumor tissue microbiome data of 71 patients with

stage III CRC from another center were used as a validation set.

Results: The microbial diversity and abundance significantly differed between

tumor and adjacent tissues. In particular, Streptococcus and Gemella were more

abundant in tumor tissue samples than in adjacent tissue samples. The microbial

diversity and abundance in tumor and adjacent tissues did not differ according to

the presence of recurrence, except for one genus in the validation set. Logistic

regression analysis revealed that a recurrence prediction model including tumor

tissue microbiome data had a better prediction performance than clinical factors

(area under the curve [AUC] 0.846 vs. 0.679, p = 0.009), regardless of sex (male

patients: AUC 0.943 vs. 0.818, p = 0.043; female patients: AUC 0.885 vs. 0.590, p

= 0.017). When this prediction model was applied to the validation set, it had a

higher AUC value than clinical factors in female patients.

Conclusion: Our results suggest that the tumor microbiome of patients with

CRC be a potential predictor of postoperative disease recurrence.
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1 Introduction

Colorectal cancer (CRC) is the second leading cause of cancer

deaths worldwide. Compared with the 2020 estimates, the global

burden of CRC is predicted to increase by 63% in 2040 (1).

Moreover, the incidence of early-onset CRC (before age 50 years)

is increasing in high-income countries (2). For resectable non-

metastatic CRC, colectomy with en bloc removal of regional lymph

nodes is the preferred treatment; however, several studies reported

that approximately 25–30% of patients with stage III CRC

experienced disease recurrence within the first 5 years after

surgery (3–6). In addition, although adjuvant chemotherapy has

demonstrated benefits in patients with stage III CRC, it can reduce

the risk of recurrence by only approximately 30% (7, 8). The

mortality rates for CRC are consistently higher in men compared

to women across different regions worldwide, with men having a

mortality rate approximately 25% higher than women (9). Several

retrospective studies have shown that female CRC patients typically

have longer survival rates than males (10–12). However, some

studies have failed to find any survival benefit for women (13).

Several prognostic factors for CRC recurrence have been

recognized, including a poorly differentiated histology, greater

tumor depth, higher number of positive lymph nodes,

lymphovascular invasion, perineural invasion, and tumor budding

(14–17). In contrast, high microsatellite instability (MSI) and

abundant tumor-infiltrating T-cells have been associated with a

favorable prognosis in patients with CRC (18–20). Recently, the

detection of circulating tumor DNA after surgery has been

suggested as a predictor of a high risk of recurrence (21, 22).

Nevertheless, a more precise prediction of the risk of CRC

recurrence after surgery is still required in clinical practice.

Emerging evidence has demonstrated the microbial

composition and ecological changes in patients with CRC and the

roles of several bacteria in colorectal carcinogenesis and treatment

(23). The gut microbiome, which includes Faecalibacterium,

Akkermansia, and Bifidobacterium species, is expected to play an

important role in mediating the outcomes of chemotherapy and

immunotherapy in patients with melanoma and lung cancer, as it

affects immune system activation and tumor responses to treatment

(24–26). In particular, the presence of abundant Fusobacterium

nucleatum (F. nucleatum) DNA in tissues has been associated with

worse clinical outcomes in patients with CRC (27). One study of

patients with pancreatic cancer demonstrated that the diversity and

composition of the tumor microbiome are important determinants

of long-term survival (28). A recent study of patients with CRC

showed that two pathogenic bacteria, F. nucleatum and Bacteroides

fragilis (B. fragilis), were more abundant in patients without

recurrence than in those with recurrence (29). However, the

association between the tumor microbiome and clinical outcomes

in patients with CRC remains unclear.

We designed this study to investigate the potential role of the

tumor microbiome in predicting postoperative recurrence in

patients with stage III CRC. To verify the results, we also

analyzed the tumor microbiome data of patients with stage III

CRC from another center.
Frontiers in Oncology 02105
2 Materials and methods

2.1 Patients and sample collection

Two pairs of tumor tissues and adjacent normal-appearing

mucosal tissues (hereinafter “adjacent tissues”) from patients with

CRC who underwent colorectal resection at Kosin University

Gospel Hospital (Busan, Republic of Korea) were previously

collected and stored immediately in a deep freezer (−80°C). From

these samples, we selected and analyzed tumor and adjacent tissues

from patients with stage III CRC who underwent adjuvant

chemotherapy. Patients with pathological stage I or II CRC who

had clinical stage III disease before surgery, those with < 3 months

of adjuvant chemotherapy, and those with < 24 months of follow-up

were excluded from the analysis. Further, tumor tissue samples

from patients with stage III CRC who underwent surgery and

adjuvant chemotherapy at Yonsei University Severance Hospital

(Seoul, Republic of Korea) were used as a validation set. Detailed

clinical data, such as age, sex, height, weight, ABO blood type,

history of smoking and alcohol drinking, family history of CRC,

comorbid diseases, tumor location, histology, lymphovascular

invasion, perineural invasion, Kirsten rat sarcoma viral oncogene

homolog (KRAS) mutation, MSI status, T stage, N stage, and

laboratory findings (including carcinoembryonic antigen [CEA]

level), were assessed. The study protocol was reviewed and

approved by the institutional review board of Kosin University

Gospel Hospital (approval no. KUGH 2021-01-028).
2.2 Adjuvant chemotherapy and definition
of recurrence

Patients with CRC who underwent colorectal resection received

were given either FOLFOX, CAPEOX, or FL as adjuvant

chemotherapy for a duration of 6 months. The FOLFOX regimen

includes intravenous administration of oxaliplatin 85 mg/m2,

leucovorin 400 mg/m2, and a bolus of 5-fluorouracil 400 mg/m2

on day 1. This is followed by a continuous infusion of 5-

fluorouracil 1200 mg/m2/day for 2 days. The treatment cycle is

repeated every 2 weeks. The CAPEOX regimen includes

intravenous administration of oxaliplatin 130 mg/m2 on day 1

and oral administration of capecitabine 1000 mg/m2 twice a day

for 14 days. The treatment cycle is repeated every 3 weeks. The FL

regimen consists of intravenous administration of leucovorin 400

mg/m2, and a bolus of 5-fluorouracil 400 mg/m2 on day 1. This is

followed by a continuous infusion of 5- fluorouracil 1200 mg/m2/

day for 2 days.

The recurrence of CRC was diagnosed on endoscopic biopsy,

surgical resection, and/or radiological imaging study. In this study,

we defined recurrence as both locoregional and distant recurrence.

Locoregional recurrence was defined as a recurrence at the site of

original surgical resection or at the draining lymph nodes. Distant

recurrence was defined as a recurrence of CRC developing spread to

distant sites including the liver, lung, peritoneum, ovaries, adrenal

glands, bone, and brain.
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2.3 DNA extraction and bacterial
16S rRNA sequencing

The samples collected at Kosin University Gospel Hospital were

transported to Hecto Healthcare Co., Ltd. (Seoul, Korea) and

immediately frozen at −80°C. Microbial DNA was extracted using

the Maxwell® RSC PureFood GMO and Authentication Kit (Promega,

Madison, WI, USA) according to the manufacturer’s instructions. To

determine DNA concentrations, we used an ultraviolet–visible

spectrophotometer (NanoDrop 2000c; Thermo Fisher Scientific,

Waltham, MA, USA). QuantiFluor® ONE dsDNA System

(Promega) was used for quantification. The DNA samples were

stored at −20°C until required for experiments. A sequencing library

was prepared according to the Illumina 16S Metagenomic Sequencing

Library Preparation Guide (Illumina, San Diego, CA, USA). The V3–

V4 region of the bacterial 16S rRNA gene was amplified using primer

sets F319 (5′-TCGTCGGCAGCGT-CAGATGTGTATAAGAGA
CAGCCTACGG-GNGGCWGCAG-3′) and R806 (5′-GTCTCGT
GGGCTCGGAGATGTGTATAAGAGAC-AGGACTACHVGGG

TATC-TAATCC-3′). The amplified products were purified using

Agencourt® AMPure XP beads (Beckman Coulter, Brea, CA, USA),

and the quality of the library was confirmed using the Bioanalyzer 2100

system (Agilent, Santa Clara, CA, USA). The pooled libraries were

sequenced with 300-bp paired-end reads on the MiSeq platform using

the MiSeq version 3 Reagent Kit (Illumina). To prevent contamination,

all experimental procedures were conducted inside a biosafety cabinet

(BSC). DNA extraction was performed using sterile disposable Petri

dishes and surgical blades to cut the sample into appropriate sizes while

it was still frozen on dry ice. During the analysis stage, library pooling

was performed by mixing Phix control at a 30% ratio with filtered real

sequences used as raw data. The resulting data was then subjected to

quality filtering, denoising, and sequencing error removal using

QIIME2 software before proceeding with further analysis.
2.4 Data analysis and statistical analysis

Raw sequencing data were processed using the Quantitative

Insight into Microbial Ecology software package 2 (QIIME 2,

version 2021.4; http://qiime2.org). Denoising was performed

using the Deblur algorithm, and a taxonomy table was created

using the SILVA database (version 138). The non-archaeal/bacterial

sequences were removed according to the taxonomic classification

results. FASTQ reads were filtered, trimmed, and merged in

DADA2 to generate a table of amplicon sequence variants.

Taxonomy was assigned to the amplicon sequence variants using

a naive Bayes classifier and compared to the SILVA version 138.99

reference database. Alpha diversity was assessed using the Shannon

index, Chao1 index, Simpson index, and observed operational

taxonomic units, whereas beta diversity was evaluated using

principal coordinate analysis based on the Bray–Curtis distance.

These analyses were performed using QIIME 2 and R (version 4.1.3;

R Foundation for Statistical Computing, Vienna, Austria). To

compare the taxa, we selected only those with a mean relative
Frontiers in Oncology
 03106
abundance greater than or equal to 1%. Data visualization was

performed using the ggplot2 package in R, and statistical analysis

was conducted using the Wilcoxon signed rank test and

PERMANOVA from the vegan package. Linear discriminant

effect size analysis was performed using the online platform,

Galaxy (https://huttenhower.sph.harvard.edu/galaxy).

The patients’ demographic and clinical data were compared

using Student’s t-test and Fisher’s exact test. Continuous data with a

normal distribution are expressed as mean ± standard deviation,

and categorical data are presented as numbers (percentage). The

Wilcoxon signed-rank test was used to compare microbial

abundance between tumor and adjacent tissues, as well as

according to the presence of recurrence. Logistic regression

analysis was performed to evaluate factors predicting disease

recurrence. The ‘glm’ function in R was used to fit a logistic

regression model to our data, including predictors such as clinical

variables and microbiome to predict the binary outcome variable of

recurrence. The ‘step’ function was then used to perform backward

selection and select the final model. Receiver operating

characteristic (ROC) and area under the curve (AUC) analyses

were performed to estimate the thresholds of variables. A random

forest model was used to assess the mean decrease in the Gini

coefficient. To control for the false discovery rate (FDR), statistical

significance was determined using the Benjamini-Hochberg

procedure with a threshold of FDR-adjusted p value < 0.05. All

statistical analyses were performed using R.
3 Results

3.1 Baseline characteristics and evaluation
of clinical variables affecting recurrence

Patients with stage III CRC who underwent surgery followed by

adjuvant chemotherapy at Kosin University Gospel Hospital (65

patients, discovery set) and Yonsei University Severance Hospital

(71 patients, validation set) were enrolled in this study. The baseline

characteristics of the patients are summarized in Table 1. The mean

age in the discovery set was younger than that in the validation set

(60.0 ± 9.3 vs. 64.7 ± 11.4 years, p = 0.010). Additionally, the

discovery set had a higher prevalence of current smokers (27.7% vs.

9.9%, p = 0.027) and lymphovascular invasion (63.1% vs. 36.6%, p =

0.004) compared to the validation set. In the discovery set, 60 patients

(92.3%) received FOLFOX and 5 patients (7.7%) received CAPEOX.

In the validation set, 59 patients (83.1%) received FOLFOX, 8 patients

(11.3%) received CAPEOX, and 4 patients (5.6%) received FL. All of

the patients received treatment for a minimum of 5 months or more.

We compared the clinical variables according to the presence of

recurrence, and no differences were observed in all factors,

including tumor location, histology, lymphovascular invasion,

perineural invasion, KRAS mutation, MSI status, T stage, N stage,

and laboratory findings (Table 2). We evaluated clinical factors as

predictors of tumor recurrence; however, none of the factors were

found to be significant (Figure 1).
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3.2 Microbiome differences between
adjacent and tumor tissues

On the basis of previous results (27, 28), we hypothesized that the

tissue microbiome of patients with CRC could be a predictor of

tumor recurrence after surgery. We focused on the individual

differences in the microbiome and attempted to evaluate the

possibility that the tissue microbiome can predict recurrence in

patients with stage III CRC who underwent surgery and adjuvant

chemotherapy. We compared the microbiome differences between

adjacent and tumor tissues in patients in the discovery set. Alpha

diversity was not different but beta diversity was significantly different

between the two tissues, and the taxonomic composition showed

differences at the phylum, genus, and species levels (Figure S1).

Microbial abundance was remarkably different between adjacent

and tumor tissues. At the phylum level, Fusobacteriota,

Verrucomicrobiota, and Bacteroidota were more abundant in

tumor tissue samples (Figure 2A). At the genus level, Streptococcus

and Gemella were more abundant in tumor tissue samples
TABLE 1 Baseline characteristics.

Characteristics
Discovery

set
(n = 65)

Validation
set

(n = 71)

p
Value

Age (years) 60.0 ± 9.3 64.7 ± 11.4 0.010

Sex 0.335

Male 34 (52.3) 44 (62.0)

Female 31 (47.7) 27 (38.0)

Height (cm) 161.6 ± 9.2 163.1 ± 8.8 0.325

Weight (kg) 61.2 ± 11.5 63.2 ± 11.3 0.303

BMI (kg/m2) 23.3 ± 3.4 23.7 ± 3.5 0.552

ABO blood type 0.096

A 34 (52.3) 30 (42.3)

B 9 (13.8) 21 (29.6)

O 14 (21.5) 16 (22.5)

AB 8 (12.3) 4 (5.6)

Smoking 0.027

None 29 (44.6) 41 (57.7)

Past 18 (27.7) 23 (32.4)

Current 18 (27.7) 7 (9.9)

Alcohol drinking 0.299

None 26 (40.0) 33 (46.5)

Past 23 (35.4) 28 (39.4)

Current 16 (24.6) 10 (14.1)

Family history 4 (6.2) 7 (9.9) 0.633

Comorbid diseases 0.204

None 36 (55.4) 34 (47.9)

DM 11 (18.5) 17 (23.9)

HTN 17 (33.8) 34 (47.9)

Dyslipidemia 1 (1.5) 3 (4.2)

Vascular disorders 7 (10.5) 4 (5.6)

Hepatitis C 1 (1.5) 0 (0)

Stomach cancer 1 (1.5) 1 (1.4)

Tumor location 0.197

Right colon 23 (35.4) 36 (50.7)

Left colon 28 (43.1) 23 (32.4)

Rectum 14 (21.5) 12 (16.9)

Histology 0.794

Well differentiated 4 (6.2) 7 (9.9)

Moderately differentiated 54 (83.1) 58 (81.7)

Poorly differentiated 5 (7.7) 5 (7.0)

(Continued)
TABLE 1 Continued

Characteristics
Discovery

set
(n = 65)

Validation
set

(n = 71)

p
Value

SRC/mucinous 2 (3.1) 1 (1.4)

Lymphovascular invasion 41 (63.1) 26 (36.6) 0.004

Perineural invasion 15 (23.1) 14 (19.7) 0.789

KRAS mutation 11 (42.3) 25 (39.1) 0.962

MSI status 0.223

MSS 40 (61.5) 61 (85.9)

MSI-low 1 (1.5) 0 (0.0)

MSI-high 5 (7.8) 3 (4.2)

N/A 19 (29.2) 7 (9.9)

Tumor stage 0.060

IIIA 4 (6.2) 10 (14.1)

IIIB 45 (69.2) 53 (74.6)

IIIC 16 (24.6) 8 (11.3)

Adjuvant chemotherapy
regimen

0.145

FOLFOX 60 (92.3) 59 (83.1)

CAPEOX 5 (7.7) 8 (11.3)

FL 0 (0.0) 4 (5.6)

CEA (ng/mL) 12.0 ± 18.7 8.2 ± 17.1 0.218
fron
Values are presented as n (%) or mean ± standard deviation.
BMI, body mass index; DM, diabetes mellitus; HTN, hypertension; SRC, signet ring cell
carcinoma; KRAS, Kirsten rat sarcoma viral oncogene homolog; MSI, microsatellite
instability; MSS, microsatellite stable; N/A, non-available; FOLFOX, consists of oxaliplatin,
leucovorin, and 5-fluorouracil; CAPEOX, consists of oxaliplatin and capecitabine; FL, consists
of 5-fluorouracil and leucovorin; CEA, carcinoembryonic antigen.
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(Figure 2B). In contrast, the phyla Firmicutes, Proteobacteria, and

Actinobacteriota (Figure 2A), and the genera Parabacteroides,

Faecalibacterium, and Parasutterella were more abundant in

adjacent tissue samples (Figure 2B). Further, linear discriminant

effect size analysis confirmed that the microbial abundance in

adjacent tissues was distinct from that in tumor tissues (Figure 2C).
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3.3 Microbiome differences according to
the presence of recurrence

Figure S2 displays the Kaplan-Meier curves for overall survival

and disease-free survival differences between the discovery set and

validation set. We assessed differences in the tissue microbiome
TABLE 2 Comparison between patients with and without recurrence.

Discovery set Validation set

Characteristics
No recurrence

(n = 40)
Recurrence
(n = 25)

p Value
No recurrence

(n = 52)
Recurrence
(n = 19)

p Value

Tumor location 0.828 0.640

Rectum 13 (32.5) 10 (40.0) 25 (48.1) 11 (57.9)

Left colon 18 (45.0) 10 (40.0) 17 (32.7) 6 (31.6)

Right colon 9 (22.5) 5 (20.0) 10 (19.2) 2 (10.5)

Histology 0.739 0.288

Well differentiated 3 (7.5) 1 (4.0) 6 (11.5) 1 (5.3)

Moderately differentiated 32 (80.0) 22 (88.0) 43 (82.7) 15 (78.9)

Poorly differentiated 4 (10.0) 1 (4.0) 3 (5.8) 2 (10.5)

SRC/mucinous 1 (2.5) 1 (4.0) 0 (0.0) 1 (5.3)

Lymphovascular invasion 24 (60.0) 17 (68.0) 0.699 19 (36.5) 7 (36.8) 1.0

Perineural invasion 7 (17.5) 8 (32.0) 0.295 8 (15.4) 6 (31.6) 0.237

KRAS mutation 8 (20.0) 3 (12.0) 0.354 17 (32.7) 8 (42.1) 0.618

MSI status 0.095 0.401

MSS 21 (52.5) 19 (100) 45 (86.5) 16 (84.2)

MSI-low 1 (2.5) 0 (0) 3 (5.8) 0 (0.0)

MSI-high 5 (12.5) 0 (0) 4 (7.7) 3 (15.8)

N/A 13 (32.5) 6 (24.0)

T stage 0.967 0.719

T1/2 3 (7.5) 1 (4.0) 8 (15.4) 2 (10.5)

T3/4 37 (92.5) 24 (96.0) 44 (84.6) 17 (89.5)

N stage 0.829 0.206

N1a/b 20 (50.0) 11 (44.0) 43 (82.7) 13 (68.4)

N2a/b 20 (50.0) 14 (56.0) 9 (17.3) 6 (31.6)

Hemoglobin (g/dL) 12.6 ± 1.8 12.7 ± 2.2 0.901

White blood cells (×103/μL) 7.3 ± 1.9 6.8 ± 2.0 0.341

Platelets (×103/μL) 265.7 ± 92.5 255.2 ± 74.4 0.637

Glucose (mg/dL) 116.5 ± 59.6 118.4 ± 43.5 0.894

HbA1c (%) 7.4 ± 2.4 7.1 ± 2.0 0.795

Albumin (g/dL) 4.1 ± 0.4 4.1 ± 0.4 0.768

HS-CRP (mg/dL) 0.8 ± 2.0 2.0 ± 4.2 0.234

Cholesterol (mg/dL) 174.1 ± 29.5 170.7 ± 35.2 0.707

HDL (mg/dL) 46.4 ± 11.5 46.1 ± 12.4 0.918

(Continued)
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according to the presence of recurrence. As shown in Figure S3, the

taxonomic composition of the tissue microbiome was not different at

the phylum, genus, and species levels between patients with and

without recurrence in both the discovery and validation sets. In the

discovery set, alpha diversity, beta diversity, and microbial abundance

at the phylum and genus levels in adjacent and tumor tissues were not

significantly different according to the presence of recurrence

(Figure 3). Similar results were obtained when the data were

divided into male and female groups (Figure S4). In the validation

set, alpha and beta diversities did not differ according to the presence

of recurrence, and microbial abundance at the phylum and genus

levels were also not different, except for the genus Prevotella

(Figure 4). Similar results were obtained when the data were

divided into male and female groups; however, Prevotella was more

abundant in tumor tissue samples from male patients without

recurrence (Figure S5).
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3.4 Generation and validation of a
prediction model for CRC recurrence

Although we found no significant differences in tissue microbial

diversity and abundance between patients with and without recurrence,

we attempted to generate a recurrence prediction model including

microbiome data using logistic regression analysis in the discovery set.

When the analysis was performed by combining clinical factors (age,

CEA level, histology, lymphovascular invasion, perineural invasion,

stage T, and stage N) and tumor microbiome data (selecting only the

genera with a relative abundance greater than or equal to 1%), we

found that CEA level, T stage, and perineural invasion (among clinical

factors), as well as the tumor tissue microbiome (including Gemella,

Parabacteroides, Parasutterella, and Prevotella) were significant. We

obtained the following estimation formula for the prediction model

(see Supplementary Data):
FIGURE 1

Forest plots of clinical factors as predictors of tumor recurrence. BMI, body mass index; SRC, signet ring cell carcinoma; CEA, carcinoembryonic
antigen; CA19-9, carbohydrate antigen 19-9.
TABLE 2 Continued

Discovery set Validation set

Characteristics
No recurrence

(n = 40)
Recurrence
(n = 25)

p Value
No recurrence

(n = 52)
Recurrence
(n = 19)

p Value

Triglyceride (mg/dL) 92.6 ± 36.9 103.1 ± 38.8 0.336

LDL (mg/dL) 108.4 ± 26.5 105.0 ± 31.4 0.678

LDH (IU/L) 338.5 ± 63.6 362.5 ± 87.8 0.210

CEA (ng/mL) 8.8 ± 12.0 17.1 ± 25.5 0.142 7.3 ± 16.3 10.6 ± 19.3 0.484

CA 19-9 (U/mL) 13.1 ± 26.9 18.6 ± 18.5 0.375
fro
Values are presented as n (%) or mean ± standard deviation.
SRC, signet ring cell carcinoma; KRAS, Kirsten rat sarcoma viral oncogene homolog; MSI, microsatellite instability; MSS, microsatellite stable; N/A, non-available; HbA1c, hemoglobin A1c; HS-CRP,
high-sensitivity C-reactive protein; CEA, carcinoembryonic antigen; CA 19-9, carbohydrate antigen 19-9; HDL, high-density lipoprotein; LDL, low-density lipoprotein ; LDH, lactate dehydrogenase.
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f xð Þ = − 4:29796 + 0:04667*CEA level + 1:08028 ∗T stage

+ 1:47743 ∗ perineural invasion − 33:38073 ∗Gemella

+ 28:07568 ∗ Parabacteroides − 141:75533*Parasutterella

+ 7:85802 ∗ Prevotella(Akaike information criteria : 74:9,

 Nagelkerke R2 :  47:2%)

We applied the prediction model in generating the ROC curve

and compared it to clinical factors (combination of CEA level, T

stage, and perineural invasion) without microbiome. The AUC

value of this model was 0.846 (95% confidence interval [CI], 0.754–

0.938) in the total patients, and a good AUC value was obtained in
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both male and female patients (Figure 5). When compared with the

ROC curve of clinical factors without microbiome, the prediction

model showed a significantly better AUC value than clinical factors

in the total patients (0.846 vs. 0.679, p = 0.009) (Figure 5A),

regardless of sex (0.943-0.818, p = 0.043 in male; 0.885 vs. 0.590,

p = 0.017 in female) (Figures 5C, D). In the random forest model

analysis, Gemella, Parabacteroides, and Prevotella had a mean

decrease in the Gini coefficient of > 3.0 (Figure 5B).

When the prediction model was applied to the validation set, it

showed an AUC value of 0.740 (95% CI, 0.606–0.873), which was not

better than the AUC value of clinical factors without microbiome in

the analysis of the total patients (Figure 6A). However, the prediction
B

C

A

FIGURE 2

Microbial abundance between adjacent and tumor tissues in patients in the discovery set. (A) Phylum level. (B) Genus level. (C) Linear discriminant
analysis effect size. ns, non-significant; LDA, linear discriminant analysis. '*', p < 0.05; '**', p < 0.01; '***', p < 0.001; '****', p < 0.0001.
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model showed a better AUC value than clinical factors in female

patients (0.858 vs. 0.624, p = 0.022) (Figure 6D), but not in male

patients (Figure 6C). In the random forest model analysis of the

validation set, Faecalibacterium, Prevotella and Gemella had a mean

decrease in the Gini coefficient of > 3.0 (Figure 6B).
4 Discussion

In the present study, we assessed a model combining clinical

factors and tumor tissue microbiome data for predicting recurrence

in patients with stage III CRC. This model showed better AUC
Frontiers in Oncology 08111
values than clinical factors. Our data suggest that analysis of the

tumor tissue microbiome combined with clinical factors may help

predict recurrence in patients with CRC.

Recent studies have identified Fusobacterium, Bacteroides,

Peptostreptococcus, Gemella, and Parvimonas as genera that are

potentially associated with CRC, and emerging evidence has

demonstrated their oncogenic functions; however, inter-individual

variations in tumor-associated mucosal microbiome remain a barrier

to elucidating the role of the microbiome in colorectal tumorigenesis.

Concerning intra-individual variations in microbial patterns, several

studies have shown that the microbiome structure of cancerous

tissues significantly differs from that of the intestinal lumen, and
B

C

D

A

FIGURE 3

Microbial diversity and abundance in adjacent and tumor tissues according to the presence of recurrence in the discovery set. (A) Alpha diversity.
(B) Beta diversity. (C) Phylum level. (D) Genus level. OTUs, operational taxonomy units; PCoA, principal coordinate analysis; ns, non-significant.
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that the microbiome of CRC tissues remarkably differs from that of

adjacent tissues (30–32). Consistent with previous studies, our study

showed significant differences in the beta diversity and abundance of

microbiome between tumor and adjacent tissues. In particular,

Streptococcus and Gemella were more abundant in tumor tissue

samples than in adjacent tissue samples. An analysis of paired

samples of CRC-adjacent mucosa and colonic mucosa from healthy

controls showed differences in microbial community configurations

(33). These results suggest that the microbial communities in the
Frontiers in Oncology 09112
colorectal mucosa show distinct alterations according to the stage of

colorectal carcinogenesis.

The observed association between the gut microbiome and

clinical outcomes has raised the possibility that bacteria can serve

as prognostic markers. Several studies reported that increased

abundance of F. nucleatum and B. fragilis was associated with

poor clinical outcomes and late-stage CRC (34, 35). In a recent

study investigating the profiles of the gut mucosal microbiome in

patients with CRC recurrence, a total of 17 bacteria were suggested
B

C

D

A

FIGURE 4

Microbial diversity and abundance in tumor tissues according to the presence of recurrence in the validation set. (A) Alpha diversity. (B) Beta
diversity. (C) Phylum level. (D) Genus level. OTUs, operational taxonomy units; PCoA, principal coordinate analysis; ns, non-significant. '*', p < 0.05.
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as potential biomarkers for CRC recurrence and patient prognosis

(36). In addition, the persistence of F. nucleatum after neoadjuvant

chemoradiotherapy in patients with locally advanced rectal cancer

was found to be correlated with high relapse rates (37). In the

present study, we assessed microbial differences according to the

presence of recurrence, and found no significant differences in

microbial diversity and the abundance of each microbial group

between patients with and without recurrence, except for one genus

in the validation set. This lack of difference may be explained by the

possibility that a network of numerous microbiomes, rather than

the presence of a characteristic microbiome in tumor tissues,

contributes to the development of recurrence.

We generated a prediction model for CRC recurrence by

combining clinical factors and tumor tissue microbiome data. The

model finally included several genera, such asGemella, Parabacteroides,

Parasutterella, and Prevotella. This prediction model had a good AUC

value in patients with CRC regardless of sex and showed significantly

better performance in predicting recurrence than the clinical factors.

These results suggest that gut microbiome assessment has a potential

role in predicting CRC recurrence; however, further studies with larger

sample sizes are needed.

Adjuvant chemotherapy has demonstrated benefits in patients

with stage III CRC, it can reduce the risk of recurrence by
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approximately 30% (7, 8). According to the NCCN guidelines, for

low-risk (T1-3, N1) stage III CRC patients, CAPEOX (3 months) or

FOLFOX (3-6 months), as well as other options like capecitabine (6

months) or 5-FU (6 months), are recommended. On the other

hand, for high-risk (T4, N1-2; any T, N2) stage III CRC patients, the

recommended options include CAPEOX (3-6 months) or FOLFOX

(6 months), as well as other options like capecitabine (6 months) or

5-FU (6 months) (38). Liquid biopsy is a promising alternative

strategy for directly evaluating circulating tumor DNA (ctDNA)

from the blood. It aims to detect evidence of minimal residual

disease, which could potentially be the source of a later clinical

recurrence. Recently, in a study of 455 stage II CRC patients,

ctDNA-guided management led to a reduced rate of adjuvant

chemotherapy usage, and ctDNA-positive patients who received

adjuvant chemotherapy exhibited a three-year recurrence-free

survival of 86.4% (39). Although further research is needed, the

combined analysis of liquid biopsy and tumor microbiome has the

potential to offer more promising insights into predicting patient

prognosis and determining the need for additional chemotherapy

after surgery in stage III CRC patients.

The strength of our study is that the results obtained by

analyzing tumor and adjacent tissue samples from one center

were validated by comparing them with tumor tissue data from
Fusobacterium

Akkermansia

Parasutterella

Phascolarctobacterium

Granulicatella

Escherichia_shigella

Faecalibacterium

Streptococcus

Prevotella

Parabacteroides

Gemella

B

C D

A

FIGURE 5

Receiver operating characteristic (ROC) curve and random forest model analyses in the discovery set. (A) ROC curves of the prediction model and
the clinical factors in the total patients. (B) Random forest model evaluating tissue microbiomes. (C) ROC curves of the prediction model and the
clinical factors in male patients. (D) ROC curves of the prediction model and the clinical factors in female patients. †Includes clinical factors (CEA
level, T stage, and perineural invasion) and tumor tissue microbiome (Gemella, Parabacteroides, Parasutterella, and Prevotella). ¶Includes CEA level, T
stage, and perineural invasion. AUC, area under the curve; RFM, random forest model.
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another center. However, our study had several limitations. First,

the tumor tissue samples from the two centers were collected at

different times and stored in different locations, which may have

introduced heterogeneity in the results. Second, we could not

compare the microbiomes of adjacent tissues in the validation set

because no adjacent tissue data were collected from the other center.

Third, the prediction model generated using the discovery set did

not show a better AUC value than the clinical factors for the total

patients and male patients in the validation set. We believe that this

was due to data heterogeneity and the small number of samples.

Fourth, the study’s sample size was small, which could reduce the

reliability of our results. To overcome these limitations, further

well-designed studies with larger sample sizes are needed.

In summary, we conducted a comprehensive investigation of

the differences in microbial diversity and abundance between tumor

and adjacent tissues, as well as their association with recurrence in

CRC patients. Additionally, we developed a prediction model using

tissue microbiome data to forecast postoperative recurrence. While

the predictive performance of our model, measured by AUC values,

did not surpass that of the clinical factors alone in the validation set,

we did observe a relatively higher AUC value for the new model

using microbiome data in female patients. However, we
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acknowledge the need for further research to explore potential

gender-based differences in the microbiome profile’s predictive

capacity for CRC recurrence. Therefore, the approach for the

generalization of these findings should proceed with caution, and

we refrain from unequivocally concluding that the tumor

microbiome can predict postoperative disease recurrence in all

patients. Nevertheless, we believe that our study contributes to

emphasizing the importance of the tissue microbiome in diagnosing

and predicting the recurrence of CRC.
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Receiver operating characteristic (ROC) curve and random forest model analyses in the validation set. (A) ROC curves of the prediction model and
the clinical factors in the total patients. (B) Random forest model evaluating tissue microbiomes. (C) ROC curves of the prediction model and the
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SUPPLEMENTARY FIGURE 1

Microbial diversity and composition in adjacent and tumor tissues of patients
in the discovery set. (A) Alpha diversity. (B) Beta diversity. (C) Taxonomic

composition at the phylum level. (D) Taxonomic composition at the genus

level. (E) Taxonomic composition at the species level.

SUPPLEMENTARY FIGURE 2

Taxonomic composition of microbiomes. (A–C) Taxonomic composition at

the phylum, genus, and species levels in the discovery set. (D–F) Taxonomic
composition at the phylum, genus, and species levels in the validation set.

SUPPLEMENTARY FIGURE 3

Microbial diversity and abundance in adjacent and tumor tissues according to

the presence of recurrence in male and female patients in the discovery set.
(A) Alpha diversity. (B) Phylum level. (C) Genus level.

SUPPLEMENTARY FIGURE 4

Microbial diversity and abundance in tumor tissues according to the presence

of recurrence in male and female patients in the validation set. (A) Alpha
diversity. (B) Phylum level. (C) Genus level.
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Body composition parameters
combined with blood biomarkers
and magnetic resonance imaging
predict responses to
neoadjuvant chemoradiotherapy
in locally advanced rectal cancer

Jianguo Yang, Qican Deng, Zhenzhou Chen, Yajun Chen
and Zhongxue Fu*

Department of Gastrointestinal Surgery, The First Affiliated Hospital of Chongqing Medical University,
Chongqing, China
Aim: To investigate whether body composition parameters combined with

systemic inflammatory markers and magnetic resonance imaging (MRI) can

predict the pathological complete response (pCR) following neoadjuvant

chemoradiotherapy (NCRT) in locally advanced rectal cancer (LARC).

Methods: A retrospective analysis of data on LARC patients treated with NCTR

and radical surgery between January 2013 and May 2023 was performed. Body

composition parameters were assessed by measuring the skeletal muscle index

(SMI), subcutaneous adipose index (SAI), and visceral adipose index (VAI) at the

third lumbar vertebra level by computed tomography (CT). Inflammatorymarkers

such as neutrophil to lymphocyte ratio (NLR) were obtained from laboratory tests

performed prior to NCRT. MRI was conducted to evaluate MRI tumor regression

grading (mrTRG). Logistic regression analyses were employed to identify factors

affecting the pCR. The risk score of pCR was computed by a nomogram. The

discrimination of the nomogram was determined using C-index and calibration

curve.

Results: Two hundred and ninety-one patients with LARC were enrolled in the

study, 55 (18.9%) of whom achieved pCR after NCRT. Multivariate analysis

suggested that pre-NCRT NLR≥2.6 (OR=0.378, 95% CI 0.164-0.868, P=0.022),

mrTRG 3-5 (OR=0.256, 95%CI 0.121-0.54, P<0.001), and pre-NCRT L-SMI

(OR=0.292, 95% CI 0.097-0.883, P=0.029) were independent risk factors for

pCR. ROC curves analysis demonstrated that the performance of mrTRG

combined with pre-NCRT NLR and pre-NCRT L-SMI in predicting pCR was

significantly improved compared with mrTRG alone (AUC: 0.763 vs. 0.667).

Additionally, mrTRG 3-5 (OR=0.375, 95% CI 0.219-0.641, P<0.001) was also an

independent predictor for poor tumor regression.
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Conclusion: The pathological complete response of neoadjuvant

chemoradiotherapy in locally advanced rectal cancer can be effectively

predicted by combining the body composition parameters with blood

biomarkers and magnetic resonance imaging.
KEYWORDS

rectal cancer, neoadjuvant chemoradiotherapy, pathological complete response, body
composition parameters, blood biomarkers, magnetic resonance imaging
Introduction

The statistics for cancer in 2022 have shown that colorectal

cancer (CRC) has the third incidence and second highest mortality

rate of all cancers, and its occurrence is rapidly increasing (1). Rectal

cancer represents approximately 30% of all CRCs, with most being

diagnosed at an already locally advanced stage (2). The standard

treatment strategy for locally advanced rectal cancer (LARC)

continues to be neoadjuvant chemoradiotherapy (NCRT) in

combination with total mesorectal resection (TME) (3, 4). NCRT

has been found to significantly improve local control of tumors, R0

resection, and sphincter-preservation rate (5). However, there are

significant differences in individualized treatment responses to

NCRT in LARC. Although the majority of LARC patients exhibit

a pathological tumor regression response after NCRT, only 10%-

30% of LARC patients achieve pathological complete response

(pCR) (6). Given that tumor regression response after NCRT is

closely related to the oncological outcome of patients (7, 8),

predicting pCR plays a crucial role in treating LARC.

Body composition and obesity were linked with the occurrence

and prognosis of cancer. Obesity was a high-risk factor for

developing CRC, as well as the potential risk factor for drug

resistance and oncological prognosis (9, 10). LARC patients with

obesity have lower pCR and sphincter-preservation rates, and

higher postoperative complications (11). Skeletal muscle,

subcutaneous adipose, and visceral adipose are important

components of the body, and CT has become a popular tool for

assessing body composition (12). Compared to body mass index

(BMI), body composition parameters are more precise in reflecting

the skeletal muscle and adipose status of patients with rectal cancer

(13). Low skeletal muscle has been proven to predict poor short-

term and long-term clinical outcomes in patients with CRC, gastric

cancer, liver cancer, bile duct cancer, and pancreatic cancer (14, 15).

Low skeletal muscle also contributes to adverse effects and

decreased sensitivity of LARC patients to NCRT (16).

Subcutaneous adipose and visceral adipose are also important

parameters that reflect the function of the body. High

subcutaneous adipose and visceral adipose were independent

factors influencing the tumor regression grade (TRG),

postoperative complications, and recurrence in LARC (17, 18).

Several meta-analyses have shown that CT-based adiposity

parameters are better predictors of short-term and long-term
02118
oncological outcomes in renal clear cell carcinoma, pancreatic

cancer, and gastric cancer (19–23).

Cancer-related systemic inflammation is also connected to the

development, treatment sensitivity, and prognosis of many cancers,

including colorectal, gastric, prostate, and breast cancers (24). The

neutrophil-to-lymphocyte ratio (NLR), monocyte-to-lymphocyte

ratio (MLR), systemic immune-inflammatory index (SII), and

platelet-to-lymphocyte ratio (PLR) are commonly used blood

markers of systemic inflammation (24). Studies have revealed that

systemic inflammatory markers are not only important predictors

of pathological response to NCRT in LARC but are also influential

factors of disease-free survival (DFS) and overall survival (OS)

(24–26).

Magnetic resonance imaging (MRI) is widely performed for

pre-treatment staging and assessment of tumor regression of rectal

cancer. In particular, diffusion-weighted imaging (DWI) further

effectively differentiates the residual tumor cells and the level of

fibrosis in the treated area after NCRT (27). A previous study

revealed that MRI tumor regression grade (mrTRG) was an

independent predictor of pCR, with an AUC value of 0.721. In

add i t i on , mrTRG comb ined w i th NLR , LMR , and

carcinoembryonic antigen (CEA) had a significantly higher

performance in predicting pCR (AUC=0.913) (28). To date, there

has been a lack of research investigating the combination of body

composition parameters, mrTRG, and inflammatory markers for

the purpose of predicting pCR after NCRT in patients with LARC.

Consequently, the aim of this study was to assess the potential

of combining body composition parameters, systemic inflammatory

markers, and mrTRG as a predictive tool for pCR following NCRT

in LARC patients.
Materials and methods

Patients

We retrospectively analyzed data from 291 patients with LARC

who underwent NCTR and radial surgery at The First Hospital of

Chongqing Medical University between January 2013 and May

2023. The inclusion criteria were as follows: (1) age >18 years; (2)

adenocarcinoma; (3) the distance tumor from the anus <12 cm; (4)

clinical T3-4 or N+ and no distant metastasis; (5) completion of
frontiersin.org
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NCRT and radical surgery; (6) completion of imaging (CT and

MRI) and laboratory tests before NCRT and surgery. The exclusion

criteria were as follows: (1) incomplete clinical data; (2) history of

other malignancies; (3) recurrent rectal cancer; (4) history of pelvic

radiotherapy; (5) combination with acute or chronic infections, and

hematologic diseases. This study was reviewed and approved by the

Ethics Committee of the First Affiliated Hospital of Chongqing

Medical University and was implemented in accordance with the

Helsinki Declaration. Since this study was retrospective, written

informed consent was exempted.
Neoadjuvant therapy

The treatment regimens for patients with LARC were developed

by a multidisciplinary team (MDT). The radiotherapy regimens

included long-course radiotherapy and short-course radiotherapy.

Long-course radiotherapy was administered as 45-50Gy in 25

fractions with concurrent oral capecitabine 825 mg/m2 twice a

day during radiotherapy. Short-course radiotherapy was

administered as 25Gy in 5 fractions with concurrent oral

capecitabine 825 mg/m2 twice a day during radiotherapy. After

completion of radiotherapy, 1-3 cycles of consolidation

chemotherapy were administered. The consol idat ion

chemotherapy regimens were XELOX (Oxaliplatin 130 mg/m2,

D1, Capecitabine 1000 mg/m2 twice daily, D1-D14) and XELIRI

(Irinotecan 200 mg/m2, D1, Capecitabine 1000 mg/m2 twice daily,

D1-D14). All patients underwent surgery according to TME

principles after completion of NCRT. The tumor regression was

evaluated according to the American Joint Committee on Cancer

(AJCC) 8th edition classification criteria [28]. The pathological

TRG (pTRG) 0-1 was defined as tumor regression (TR), while

pTRG 2-3 is defined as non-tumor regression (non-TR). pCR was

defined as the absence of residual tumor cells in the specimen and

lymph nodes (T0N0M0).
Body composition

All patients performed abdominal CT within 2 weeks before

NCRT and surgery. Two researchers applied SliceOmatic version
Frontiers in Oncology 03119
5.0 (TomoVision) software to measure skeletal muscle area,

subcutaneous adipose area, and visceral adipose area on CT

images of cross-sections of the lumbar 3 vertebrae (L3). The

Hounsfield Units (HU) range of measured tissues was as follows:

skeletal muscle (-29-150 HU), visceral adipose tissue (-15-50 HU),

and subcutaneous adipose tissue (-190-30 HU) (Figure 1) (29). The

body composition area was normalized by the square of the

patient’s height. We finally obtained the skeletal muscle area

index (SMI), subcutaneous adipose area index (SAI), and visceral

adipose area index (VAI). The change in body composition was

presented as (post-NCRT-pre-NCRT)/pre-NCRT×100. The low

SMI (L-SMI) was defined as the lowest sex-specific quartile cutoff

value. The high SAI (H-SAI) and high VAI (H-VAI) were defined as

the highest sex-specific quartile cutoff value (16). Therefore, the cut-

off values for L-SMI, H-SAI, and H-VAI were 43 cm2/m2,

43.18 cm2/m2, and 59.07 cm2/m2 for males and 36.77 cm2/m2,

79.75 cm2/m2, and 49.23 cm2/m2 for females, respectively.
Baseline hematological variables

The blood routine tests, blood biochemistry, CEA, and

carbohydrate antigen 19-9 (CA19-9) were performed 1 week before

NCRT. NLR = neutrophil count/lymphocyte count; PLR = platelet

count/lymphocyte count; SII = (platelet count × neutrophil count)/

lymphocyte count. We defined the cut-off values of NLR, PLR, and

SII to maximize the discriminant power between the pCR group and

the non-pCR group. Thus, the cut-off values of NLR, PLR, and SII

were 2.6, 168.45, and 714.65, respectively (Supplementary Figure 1).
MRI assessment of tumor
regression response

The rectal high-resolution MRI was conducted within 2 weeks

before NCRT and surgery. The T-stage, N-stage, tumor size,

distance from the anal verge, circumferential resection margin,

and extra-mural vascular invasion of rectal cancer were assessed

by MRI before NCRT. The T-stage, N-stage, circumferential
B CA

FIGURE 1

Body composition measurement based on CT images at the level of the third lumbar spine. (A) L-SMI; (B) H-SAI; (C) H-VAI.
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resection margin, extra-mural vascular invasion, and TRG of rectal

cancer were assessed by MRI before surgery. Mandard TRG was

used to assess MRI tumor regression response after NCRT (28).

mrTRG 1-2 was defined as a good response; mrTRG 3-5 was

defined as a poor response. MRI parameters were evaluated by

two experienced radiologists.
Statistical analysis

The primary endpoint of the study was pCR and the secondary

endpoint was pTRG. The c2 test or Fisher’s test was used for the

analysis of categorical variables. Normally distributed continuous

variables were expressed as mean ± standard deviation, and non-

normally distributed continuous variables were expressed as

median (interquartile range, IQR). The differences between the

two samples of continuous variables were analyzed by Student’s t-

test or Mann-Whitney U test. The Spearman correlation test was

performed to compare the relationship between BMI, SMI, SAI, and

VAI. Logistic regression was performed to univariate and

multivariate analyses. Variables with p<0.10 in the univariate

analysis were included in the multivariate analysis. The Receiver

Operating Curve (ROC) was applied to predict the cut-off values of

NLR, PLR, and SII. The nomogram graphs of predicting pCR were

built according to the multivariate analysis. The internal validation

and area under the curves (AUC) were performed to evaluate the

performance of the nomogram graphs, and the C-index was used to

test the discriminatory power of the nomogram graphs. P < 0.05 was

considered statistically significant. SPSS 25, R version 4.1.3, and

GraphPad 8 were conducted for statistical analysis.
Results

Basic characteristics of patients

A total of 291 LARC patients (95 female and 196 male) with a

median age of 58 years fulfilled the inclusion criteria. Pre-NCRT

CEA was elevated in 145 (53.26%) patients. The median of pre-

NCRT NLR, PLR, and SII was 2.5 (range, 1.85-3.35), 154.07 (range,

116.91-211.48), and 574.4 (range, 389.21-870), respectively. The

median of SMI, SAI, and VAI before NCRT were 45.51 cm2/m2

(range, 40.07-51.5), 36.72 cm2/m2 (range, 26.87-52.51), and 36.64

cm2/m2 (range, 19.92-55.99), respectively. Two hundred and

twenty-seven (78.01%) patients with LARC suffered from long-

course radiotherapy. The median interval between completion of

radiotherapy and surgery was 11 weeks (range, 9-13). Anterior

resection was performed in 188 patients. 55 (18.9%) patients

achieved pCR after NCRT. Anastomotic leakage occurred in 27

(14.36%) patients who underwent the anterior resection procedure.

Eleven (3.78%) patients underwent reoperation due to

postoperative complications. Details regarding the baseline

characteristics of the patients are shown in Table 1.
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TABLE 1 The baseline characteristics.

Characteristics
Number

(%)
Median
(IQR)

Age,years 58 (50-65)

Sex Male
196
(67.35%)

Female 95 (32.65%)

Location Low
146
(50.17%)

Middle
145
(49.83%)

Pre-NCRT CEA ≥5ng/ml
155
(53.26%)

Pre-NCRT CA19-9 ≥27U/ml 74 (25.43%)

Pre-NCRT NLR
2.5 (1.85-
3.35)

Pre-NCRT PLR
154.07
(116.91-
211.48)

Pre-NCRT SII
574.4
(389.21-870)

Pre-NCRT Albumin (g/L) 42 (39-45)

Pre-NCRT BMI (kg/m2)
22.77 (20.31-
24.61)

Pre-NCRT SMI (cm2/m2)
45.51 (40.07-
51.5)

Pre-NCRT SAI (cm2/m2)
36.72 (26.87-
52.51)

Pre-NCRT VAI (cm2/m2)
36.64 (19.92-
55.99)

Tumor size (cm) 5 (4.1-6.2)

Clinical T stage T3
167
(57.39%)

T4
124
(42.61%)

Clinical N stage N0 37 (12.71%)

N1 79 (27.15%)

N2
175
(60.14%)

Radiotherapy regimen Short-course 64 (21.99%)

Long-course
227
(78.01%)

Chemotherapy regimen XELOX
255
(87.63%)

XELIRI 36 (12.37%)

Cycle of Consolidation
chemotherapy

1 41 (14.09%)

2
175
(60.14%)

(Continued)
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Changes in BMI and body composition
parameters after NCRT

Correlations between body composition parameters (SMI, SAI,

and VAI) and BMI before and after NCRT were analyzed using
Frontiers in Oncology 05121
Spearman correlation coefficients. The results showed that BMI was

positively correlated with SMI, SAI, and VAI (SMI: r=0.52, P<0.001;

SAI: r=0.53, p<0.001; VAI: r=0.67, P<0.001) before NCRT. There

was no significant correlation between pre-NCRT VAI and SMI

(r=0.02, P=0.76). The correlation between BMI, SMI, SAI, and VAI

was not altered by NCRT (Figure 2). The median of BMI, SMI, SAI,

and VAI before NCRT were 22.77 kg/m2, 45.51 cm2/m2, 36.72

cm2/m2, and 36.64 cm2/m2, respectively. The median of BMI, SMI,

SAI, and VAI after NCRT were 22.58 kg/m2, 44.78 cm2/m2, 37.28

cm2/m2, and 36.06 cm2/m2, respectively. Overall, BMI and body

composition parameters decreased in patients with LARC after

NCRT. The post-NCRT BMI and SMI were significantly lower than

pre-NCRT (P=0.015; P=0.002) (Figure 3). The median of changes in

BMI, SMI, SAI, and VAI after NCRT were 0, -0.96%, -1.65%, and

-3.04%, respectively (Table 2).
NCRT Baseline characteristics of
patients with pCR

Fifty-five (18.9%) patients with LARC attained pCR after

NCRT. The median age of the pCR group and the non-pCR

group were 56 years (range, 49-66) and 59 years (range, 50.25-65)

years, respectively. The proportion of female patients reaching pCR

was higher than that of male patients (24.21% vs 16.33%), but the

difference was not statistically significant (P=0.11). Patients with

NLR < 2.6, PLR < 168.45, and SII < 714.65 before NCRT were more

likely to obtain a pCR. There were no significant differences

between the two groups in tumor size, clinical T stage, clinical N

stage, radiotherapy regimen, chemotherapy regimen, the cycle of

consolidation chemotherapy, and the interval between completion

of radiotherapy and surgery. The proportion of pCR in patients

with mrTRG 1-2 was significantly higher than that in patients with

mrTRG 3-4 (52% vs 24.41% vs 9.17% vs 3.33%, P < 0.001).

Significantly fewer patients had pre-NCRT L-SMI in the pCR

group than in the non-pCR group (7.27% vs 29.34%, P < 0.001).

Patients with LARC in the pCR group showed greater changes in

BMI (-1.37% vs 0, P=0.021) (Table 3).
Predictors of pCR to NCRT

Univariate and multivariate analyses of LARC patients with

pCR after NCRT were shown in Table 4. Univariate analysis

indicated that pre-NCRT NLR≥2.6 (OR=0.256, 95% CI 0.129-

0.511, P<0.001), pre-NCRT PLR≥168.45 (OR=0.32, 95% CI 0.16-

0.637, P=0.001), pre-NCRT SII≥714.15 (OR=0.281, 95% CI 0.127-

0.622, P=0.002), mrTRG 3-5(OR= 0.218, 95% CI 0.107-0.443,

P<0.001) and pre-NCRT L-SMI (OR=0.19, 95% CI 0.066-0.546,

P=0.002) were risk factors for pCR. Multivariate analysis was

performed on variables with P<0.1 in the univariate analysis. The

analysis results suggested that pre-NCRT NLR≥2.6 (OR= 0.378,

95%CI 0.164-0.868, P=0.022), mrTRG 3-5 (OR=0.256, 95%CI

0.121-0.54, P<0.001), and pre-NCRT L-SMI (OR=0.292, 95% CI

0.097-0.883, P=0.029) were independent risk factors for pCR.
TABLE 1 Continued

Characteristics
Number

(%)
Median
(IQR)

3 75 (25.77%)

mrTRG TRG 1 25 (8.59%)

TRG 2
127
(43.64%)

TRG 3
109
(37.46%)

TRG 4 30 (10.31%)

Interval between radiotherapy
and surgery (weeks)

11 (9-13)

Surgical procedure Dixon 188 (64.6%)

Hartmann 11 (3.78%)

Miles 92 (31.62%)

ypTNM pCR 55 (18.9%)

I 56 (19.24%)

II
105
(36.08%)

III 75 (25.77%)

pTRG TRG 0 55 (18.9%)

TRG 1 45 (15.46)

TRG 2 126 (43.3%)

TRG 3 65 (22.34%)

Resection category R0
288
(98.97%)

Postoperation complications Overall 84 (28.87%)

Anastomotic
leakage

27 (14.36%)

Surgical site
infection

53 (18.21%)

Ileus 24 (8.25%)

Hemorrhage 4 (1.37%)

Pulmonary
infection

11 (3.78%)

Other 22 (7.56)

Readmission 26 (8.93%)

Reoperation 11 (3.78%)
NCRT, neoadjuvant chemoradiotherapy; IQR, interquartile range; CEA, carcinoembryonic
antigen; CA19-9, carbohydrate antigen 19-9; NLR, neutrophil-to-lymphocyte ratio; PLR,
platelet-to-lymphocyte ratio; SII, systemic immune-inflammatory index; BMI, Body mass
index; SMI, skeletal muscle area index; SAI, subcutaneous adipose area index; VAI, visceral
adipose area index; mrTRG, magnetic resonance imaging tumor regression grade; pTRG,
pathological tumor regression grade; pCR, pathological complete response.
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ROC curves were used to evaluate the performance of NLR,

mrTRG, and L-SMI in predicting pCR. The results demonstrated

that the AUC for pre-NCRT NLR, mrTRG, and pre-NCRT L-SMI

was 0.667 (95% CI 0.592-0.742, P<0.001), 0.652 (95% CI 0.575-

0.728, P<0.001) and 0.61 (95% CI 0.535-0.685, P=0.011),

respectively. The performance of mrTRG combined with pre-

NCRT NLR and pre-NCRT L-SMI in predicting pCR was

significantly improved compared with mrTRG alone (AUC: 0.763

vs. 0.667) (Figure 4, Table 5).

Based on the results of multivariate analysis, pre-NCRT NLR,

mrTRG, and pre-NCRT L-SMI were performed to construct a

predictive nomogram for pCR after NCRT for LARC (Figure 5A).

The probability of pCR prediction after NCRT for LARC patients

can be obtained by summing the scores corresponding to pre-

NCRT NLR, mrTRG, and pre-NCRT L-SMI, and then plotting a

straight line to obtain the probability of achieving pCR. Patients

with higher total points were more likely to reach pCR. The model

was validated internally and a correction curve was drawn. The

validated results showed that the predicted probability of pCR was

in good agreement with the actual probability (Figure 5B). The

discriminant ability of pCR prediction models was evaluated by the

C-index. The results revealed that the C-index of the nomogram

was 0.763 (95% CI 0.700-0.826).
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Predictors of tumor regression
response to NCRT

pTRG 0-1 was defined as tumor regression (TR), while pTRG

2-3 is defined as non-tumor regression (non-TR). Univariate

analysis showed that pre-NCRT NLR≥2.6 (OR= 0.523, 95% CI

0.318-0.859, P=0.011), pre-NCRT PLR≥168.45 (OR= 0.461, 95%

CI 0.276-0.771, P=0.011), pre-NCRT SII≥714.15 (OR= 0.402,

95%CI 0.229-0.705, P=0.001), and mrTRG 3-5 (OR= 0.336, 95%

CI 0.201-0.563, P<0.001) were risk factors for TR. We then

conducted multivariate analysis on variables with P<0.1 in

univariate analysis. The results indicated that mrTRG 3-5

(OR=0.375, 95% CI 0.219-0.641, P<0.001) was an independent

predictor for non-TR (Table 6).
Discussion

The pCR after NCRT is a crucial predictor of favorable

prognosis in LARC. Several studies have reported a recurrence

rate of 6-17% and a 5-year OS of 87-92.9% for patients who

achieved a pCR (30–32). Although NCRT followed by surgery has

been shown to reduce local recurrence and improve the clinical
FIGURE 2

Correlation between BMI and body composition parameters before and after NCRT.
FIGURE 3

Changes in BMI and body composition parameters before and after NCRT.
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TABLE 2 The baseline of BMI and body composition parameters.

Variable Pre-NCRT (IQR) Post-NCRT (IQR) Change of body composition (IQR) P value

BMI (kg/m2) 22.77 (20.31-24.61) 22.58 (20.22-24.61) 0 (-4-2.31) 0.015

SMI (cm2/m2) 45.51 (40.07-51.5) 44.78 (39.36-50.61) -0.96 (-7.15-3.84) 0.002

SAI (cm2/m2) 36.72 (26.87-52.51) 37.28 (26.09-51.76) -1.65 (-14.79-12.5) 0.251

VAI (cm2/m2) 36.64 (19.92-55.99) 36.06 (20.30-54.84) -3.04 (-19.13-22.21) 0.107
F
rontiers in Oncology
 07123
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NCRT, Neoadjuvant chemoradiotherapy; IQR, interquartile range; BMI, Body mass index; SMI, skeletal muscle area index; SAI, subcutaneous adipose area index; VAI, visceral adipose area
index.
TABLE 3 Baseline characteristics of patients with pCR.

pCR(n=55) non-pCR(n=236) P

Age, years IQR 56 (49-66) 59 (50.25-65) 0.406m

Sex Male 32 164 0.113f

Female 23 72

Pre-NCRT NLR <2.60 43 113 <0.001f

≥2.60 12 123

Pre-NCRT PLR <168.45 43 126 0.001f

≥168.45 12 110

Pre-NCRT SII <714.65 47 147 0.001f

≥714.65 8 89

Pre-NCRT CEA, ng/ml ≥5 25 130 0.231f

Pre-NCRT CA19-9, U/ml ≥27 14 60 1f

Size, cm IQR 4.8 (4-5.8) 5.1 (4.2-6.2) 0.159m

Clinical T stage T3 29 138 0.453f

T4 26 98

Clinical N stage N0 9 28 0.601

N1 13 66

N2 33 142

Clinical TNM II 9 28 0.372f

III 46 208

Radiotherapy regimen Short-course 12 52 1f

Long-course 43 184

Chemotherapy regimen XELOX 51 216 1f

XELIRI 4 20

Cycle of Consolidation chemotherapy 1 4 37 0.271

2 36 139

3 15 60

Interval between radiotherapy and surgery, weeks ≤10 24 121 0.369f

>10 31 115

mrTRG TRG 1 13 12 <0.001

(Continued)
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TABLE 3 Continued

pCR(n=55) non-pCR(n=236) P

TRG 2 31 96

TRG 3 10 99

TRG 4 1 29

Pre-NCRT BMI, kg/m2 >23.9 22 68 0.109f

Pre-NCRT L-SMI, cm2/m2 4 69 <0.001f

Pre-NCRT H-SFI, cm2/m2 14 59 1f

Pre-NCRT H-VFI, cm2/m2 17 56 0.301f

DBMI IQR -1.37 (-5.81-0) 0 (-3.74-3.14) 0.021m

DSMI IQR -2.12 (-8.03-2.14) -0.525 (-6.83-3.9625) 0.340m

DSAI IQR -3.38 (-18.17-8.08) -1.235 (-14.17-15.31) 0.221m

DVAI IQR -9.47 (-21.59-16.27) -1.35 (-17.63-22.88) 0.115m
F
rontiers in Oncology
 08124
 frontie
m, Mann-Whitney U test; f, Fisher’s test; NCRT, neoadjuvant chemoradiotherapy; IQR, interquartile range; CEA, carcinoembryonic antigen; CA19-9, carbohydrate antigen 19-9; NLR,
neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; SII, systemic immune-inflammatory index; BMI, Body mass index; L-SMI, low skeletal muscle area index; H-SAI, high
subcutaneous adipose area index; H-VAI, high visceral adipose area index; mrTRG, magnetic resonance imaging tumor regression grade; pCR, pathological complete response; DBMI, The
change of Body mass index; DSMI, The change of skeletal muscle area index; DSFI, The change of subcutaneous adipose area index; DVAI, visceral adipose area index.
TABLE 4 Univariate and multivariate analysis for pCR to NCRT.

Univariate analysis Multivariate analysis

OR (95% CI) P OR (95% CI) P

Age, years IQR 0.99(0.966-1.013) 0.386

Sex Male ref 0.109

Female 0.611(0.334-1.117)

Pre-NCRT NLR <2.60 ref <0.001 ref 0.022

≥2.60 0.256(0.129-0.511) 0.378(0.164-0.868)

Pre-NCRT PLR <168.45 ref 0.001 ref 0.216

≥168.45 0.32(0.16-0.637) 0.582(0.247-1.372)

Pre-NCRT SII <714.65 ref 0.002 ref 0.93

≥714.65 0.281(0.127-0.622) 0.953(0.327-2.775)

Pre-NCRT CEA, ng/ml ≤5 ref 0.199

>5 0.679(0.377-1.225)

Pre-NCRT CA19-9, U/ml ≤27 ref 0.996

>27 1.002(0.511-1.965)

Size, cm 0.94(0.782-1.13) 0.511

Clinical T stage T3 ref 0.438

T4 1.262(0.7-2.276)

Clinical N stage N0 ref 0.604

N1 0.613(0.235-1.597) 0.316

N2 0.723(0.312-1.677) 0.45

Clinical TNM II ref 0.369

III 0.688(0.304-1.556)

(Continued)
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outcomes for LARC patients, this approach comes with a significant

reduction in the quality of life due to radiotherapy adverse

reactions, surgical complications, and permanent stoma (33, 34).

Interestingly, radical surgery has been reported to have a similar

recurrence rate and OS compared to local resection in LARC

patients who achieved clinical complete response (cCR) following

NCRT. However, local resection is known to significantly improve

quality of life in patients with rectal cancer (35). Furthermore, a

“wait-and-watch” approach has also resulted in similar oncological

prognosis compared to radical surgery in patients who achieved

cCR (36). Several factors contribute to the likelihood of achieving a

pCR in LARC. One such factor is the radiation dose, which has a

significant impact on the treatment outcome. In particular, tumor

response can be enhanced by employing simultaneous integrated

boost (SIB) with an up dose of 55-60 Gy (37, 38). Unfortunately,

there are currently no reliable markers to accurately predict pCR

and cCR for LARC patients after NCRT. This study evaluated the

role of body composition parameters, systemic inflammatory

markers, and MRI as predicting factors affecting pCR in LARC

patients. The findings revealed that L-SMI, NLR, and mrTRG were

independent risk factors for achieving pCR. Moreover, mrTRG was

also an independent predictor of TR.
Frontiers in Oncology 09125
The assessment of short-term and long-term clinical outcomes

in cancer patients based on L3 cross-sectional body composition

parameters is superior to BMI because it provides sex-specific

information regarding the patient’s skeletal muscle and adipose

tissue (39–41). Nevertheless, the cut-off value of the body

composition parameter remains controversial due to population

differences. The cut-off value of L-SMI in Western populations may

be higher than that in Eastern populations. In Western populations,

the generally accepted cut-off values for L-SMI are 52.4 cm2/m2 for

men and 38.5 cm2/m2 for women (42). However, two Asian studies

defined the cutoff of L-SMI as the sex-specific lowest quartile which

was strongly associated with CRC prognosis (43, 44). Therefore, the

sex-specific lowest quartile was also defined as the cutoff value for

the body composition parameters in this study.

The effect of L-SMI on tumor regression response and

prognosis of LARC patients after NCRT is still unclear. A

retrospective multicenter study investigated that sarcopenia was

an independent risk factor for pCR and cCR but not a predictor of

TR (45). In this study, the presence of sarcopenia was assessed by

CT scanning of the psoas muscle region at the L3 level which was a

minor muscle and cannot imply the entire skeletal muscle level.

Olmez et al. analyzed the effect of sarcopenia on the pCR of LARC
TABLE 4 Continued

Univariate analysis Multivariate analysis

OR (95% CI) P OR (95% CI) P

Radiotherapy regimen Short-course ref 0.972

Long-course 1.013(0.498-2.06)

Chemotherapy regimen XELOX ref 0.771

XELIRI 0.847(0.277-2.586)

Cycle of Consolidation chemotherapy 1 ref 0.289

2 2.396(0.802-7.16) 0.118

3 2.312(0.713-7.5) 0.163

Interval between radiotherapy and surgery, weeks ≤10 ref 0.309

>10 1.359(0.753-2.454)

mrTRG TRG 1-2 ref <0.001 ref <0.001

TRG 3-5 0.218(0.107-0.443) 0.256(0.121-0.54)

Pre-NCRT BMI, kg/m2 >23.9 1.647(0.896-3.027) 0.108

Pre-NCRT L-SMI, cm2/m2 0.19(0.066-0.546) 0.002 0.292(0.097-0.883) 0.029

Pre-NCRT H-SFI, cm2/m2 1.024(0.522-2.011) 0.944

Pre-NCRT H-VFI, cm2/m2 1.438(0.754-2.743) 0.27

DBMI IQR 0.954(0.909-1.001) 0.054 0.947(0.897-1.001) 0.053

DSMI IQR 1.033(0.996-1.072) 0.082 1.027(0.987-1.069) 0.185

DSFI IQR 0.996(0.986-1.005) 0.373

DVFI IQR 0.994(0.986-1.002) 0.118
NCRT, neoadjuvant chemoradiotherapy; IQR, interquartile range; CEA, carcinoembryonic antigen; CA19-9, carbohydrate antigen 19-9; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-
lymphocyte ratio; SII, systemic immune-inflammatory index; BMI, Body mass index; L-SMI, low skeletal muscle area index; H-SAI, high subcutaneous adipose area index; H-VAI, high visceral
adipose area index; mrTRG, magnetic resonance imaging tumor regression grade; pCR, pathological complete response; DBMI, The change of Body mass index; DSMI, The change of skeletal
muscle area index; DSFI, The change of subcutaneous adipose area index; DVAI, visceral adipose area index.
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and identified sarcopenia, age≥60 years, the interval between

surgery and completion of radiotherapy <8 weeks, and CEA≥2.5

ng/ml as risk factors for pCR through univariate analysis. However,

this study did not conduct multivariate analysis of factors affecting

pCR (46). It was also observed in our study that L-SMI before

NCRT was an independent risk factor for pCR, but it was not a

predictor of TR. Furthermore, studies have shown that L-SMI is an

independent risk factor for adverse reactions to NCRT,

postoperative complications, OS, and DFS in patients with LARC

(16–18). However, the underlying reasons for the association

between L-SMI and poor oncological outcomes or treatment

response to NCRT in LARC remain unclear. Possible

explanations for this included the overwhelming distribution of

hydrophilic chemotherapeutic drugs such as fluorouracil and

oxaliplatin in the lean body which can cause overdose of

chemotherapy drugs (47). Loss of skeletal muscle in cancer

patients indirectly reflected the strong invasive potential of the

tumor (48). Malnutrition was also a principal factor in muscle loss,

and patients with malnutrition have impaired immune status and

reduced tolerance to chemotherapy (49). Additionally, L-SMI

induced the accumulation of M2 macrophages, up-regulation

immune checkpoint genes and proinflammatory cytokines (IL-6,
B

C D

A

FIGURE 4

The ROC curves of assessing pCR. (A) the ROC curves of mrTRG, pre-NCRT NLR and pre-NCRT L-SMI alone; (B) the ROC curves of mrTRG + pre-
NCRT L-SMI; (C) the ROC curves of mrTRG + pre-NCRT NLR; (D) the ROC curves of mrTRG+ pre-NCRT L-SMI + pre-NCRT NLR.
TABLE 5 The AUC value of ROC curves.

Parameters

pCR

AUC (95%
CI)

P
Value

mrTRG
0.667 (0.592-

0.742)
<0.001

Pre-NCRT NLR
0.652 (0.575-

0.728)
<0.001

Pre-NCRT L-SMI 0.61 (0.535-0.685) 0.011

Pre-NCRT NLR+ pre-NCRT L-SMI
0.695 (0.625-

0.764)
<0.001

mrTRG+ pre-NCRT NLR
0.739 (0.671-

0.808)
<0.001

mrTRG+ pre-NCRT L-SMI 0.72 (0.65-0.79) <0.001

mrTRG+ pre-NCRT NLR+ pre-NCRT L-
SMI

0.763 (0.698-
0.829)

<0.001
NCRT, neoadjuvant chemoradiotherapy; NLR, neutrophil-to-lymphocyte ratio; L-SMI, low
skeletal muscle area index; mrTRG, magnetic resonance imaging tumor regression grade;
pCR, pathological complete response; AUC, the area under the curve; ROC, receiver operating
characteristic.
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IL-10, and TGF-b), and alteration the tumor microenvironment

and immune status (50).

Systemic inflammation stimulated cancer cell proliferation,

metastasis, immunosuppression, and alteration of the tumor

microenvironment through pro-inflammatory factors (24). Several

systemic inflammatory markers NLR, PLR, SII, and LMR have been

demonstrated to be associated with tumor regression response and

prognosis in a variety of cancers (51). A multicenter retrospective

study involving 808 patients with LARC indicated that NLR>1.2

and SII>500 were independent risk factors for pCR (52).

Furthermore, Liu et al. also confirmed that NLR (AUC=0.794,

P=0.024) and PLR (AUC=0.740, P=0.006) were critical predictors

of pCR in LARC (53). Sun et al. revealed that low NLR was an

independent predictor of TR to NCRT in rectal mucinous

adenocarcinoma (OR=4.025, P=0.028), but not SII (54). Our

study also suggested that high NLR before NCRT can act as an

independent risk factor predictor for pCR in patients with LARC.

Although pre-NCRT SII and PLR were not confirmed to be

independent risk factors of pCR, in a univariate analysis high SII

and PLR were less likely to achieve pCR. However, the ability of
Frontiers in Oncology 11127
systemic inflammatory markers to predict pCR, OS, and DFS in

LARC remains controversial. A multicenter study indicated that

NLR and PLR were neither risk factors of OS and DFS in LARC

patients nor predictors of pCR and TR (26). AN et al. showed that

NLR< 2.8 and PLR< 300 were not associated with pCR and 5-year

OS, but PLR could be a predictor for 5-year DFS (55). Currently,

there was no unified cut-off value of inflammatory markers such as

NLR, PLR, and SII to predict pCR and prognosis. The cut-off value

of NLR generally between 2-3 can prognosticate the pCR and

outcomes (56). In this study, we predicted the optimal cut-off

values for obtaining pCR by ROC curves for NLR, PLR, and SII,

and ultimately indicated that NLR ≥2.6 was an independent

predictor of pCR (AUC= 0.652, P<0.001).

MRI has routinely been applied for staging and treatment

response of rectal cancer. Compared with conventional MRI,

DWI was more effective in assessing TRG after NCRT for LARC

(57). The assessment of mrTRG was also influenced by the

radiologist and MRI parameters. Presently, the competence of

MRI alone in predicting pCR is still unsatisfactory. Yoo et al.

suggested that combination of mrTRG and blood biomarker CEA
B

A

FIGURE 5

Construction of the factors for pCR to NCRT. (A) The Nomogram of predicting pCR; (B) The curves of internal validation for the nomogram.
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TABLE 6 Univariate and multivariate analysis for TR to NCRT.

Univariate analysis Multivariate analysis

OR (95% CI) P OR (95% CI) P

Age, years IQR 0.983 (0.963-1.003) 0.097 0.985 (0.964-1.008) 0.196

Sex Male ref 0.378

Female 0.795 (0.477-1.324)

Pre-NCRT NLR <2.60 ref 0.011 ref 0.471

≥2.60 0.523 (0.318-0.859) 0.796 (0.428-1.48)

Pre-NCRT PLR <168.45 ref 0.003 ref 0.12

≥168.45 0.461 (0.276-0.771) 0.606 (0.323-1.139)

Pre-NCRT SII <714.65 ref 0.001 ref 0.302

≥714.65 0.402 (0.229-0.705) 0.672 (0.317-1.428)

Pre-NCRT CEA, ng/ml ≤5 ref 0.856

>5 0.956 (0.589-1.553)

Pre-NCRT CA19-9, U/ml ≤27 ref 0.685

>27 0.891 (0.508-1.561)

Size, cm 0.976 (0.841-1.131) 0.743

Clinical T stage T3 ref 0.398

T4 1.234 (0.758-2.01)

Clinical N stage N0 ref 0.657

N1 0.717 (0.316-1.627) 0.426

N2 0.901 (0.433-1.876) 0.781

Clinical TNM II ref 0.634

III 0.841 (0.412-1.716)

Radiotherapy regimen Short-course ref 0.553

Long-course 1.197 (0.661-2.17)

Chemotherapy regimen XELOX ref 0.912

XELIRI 0.951 (0.392-2.305)

Cycle of Consolidation chemotherapy 1 ref 0.192 ref 0.211

2 2.101 (0.944-4.679) 0.069 2.068 (0.898-4.767) 0.088

3 1.887 (0.783-4.545) 0.157 1.621 (0.642-4.079) 0.307

Interval between radiotherapy and surgery, weeks ≤10 ref 0.838

>10 1.052 (0.648-1.706)

mrTRG TRG 1-2 ref <0.001 ref

TRG 3-5 0.336 (0.201-0.563) 0.375 (0.219-0.641) <0.001

Pre-NCRT BMI, kg/m2 >23.9 0.805 (0.48-1.352) 0.412

Pre-NCRT L-SMI, cm2/m2 0.651 (0.363-1.167) 0.149

Pre-NCRT H-SFI, cm2/m2 1.292 (0.729-2.287) 0.38

Pre-NCRT H-VFI, cm2/m2 0.733 (0.424-1.267) 0.266

DBMI IQR 0.802 (0.957-1.035) 0.802

DSMI IQR 1.017 (0.986-1.049) 0.279

(Continued)
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could better identify the TR to NCRT (AUC: 0.68 vs 0.728) (58). Shi

et al. revealed that the proportion of pCR in patients with mrTRG 1-

2 was significantly higher than that in patients with mrTRG 3-5

(70% vs 23.1%, P=0.001), and mrTRG could also serve as an

independent predictor of pCR (OR=0.074 95% CI 0.011-0.499;

P = 0.007). Besides, compared with mrTRG alone, the efficacy of

mrTRG combined with NLR in predicting pCR was significantly

improved (28). Consistent with this study, we also indicated that

mrTRG 1-2 was also an independent predictor of pCR and TR after

NCRT for LARC. The performance of mrTRG combined with pre-

NCRT NLR and pre-NCRT L-SMI in predicting pCR was greater

than that of mrTRG alone (AUC: 0.667 vs 0.763).

Despite the encouraging results observed in this study, we must

consider several limitations. Firstly, this study was a single-center

retrospective study that may be subject to selection bias and

information bias. Secondly, the effect of mrTRG, pre-NCRT NLR,

and pre-NCRT L-SMI on OS and DFS in LARC was unclear due to

insufficient follow-up time. Thirdly, no uniform cut-off value of

systemic inflammatory markers was performed to predict pCR and

prognosis, and they were affected by a variety of factors. Finally, the

cutoff value of body composition parameters in Asians is unclear,

and the sex-specific quartile was conducted as the cutoff value in

this study. Therefore, further research is needed to confirm that the

selection method of this cut-off value is applicable to the

Asian population.

In conclusion, this study demonstrated that MRI tumor

regression grading combined with neutrophil-to-lymphocyte ratio

and skeletal muscle index can effectively predict the pathological

complete response to neoadjuvant chemoradiotherapy in locally

advanced rectal cancer. mrTRG was also an independent predictor

of tumor regression.
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TABLE 6 Continued

Univariate analysis Multivariate analysis

OR (95% CI) P OR (95% CI) P

DSFI IQR 0.999 (0.992-1.007) 0.867

DVFI IQR 0.997 (0.991-1.003) 0.323
NCRT, neoadjuvant chemoradiotherapy; TR, tumor regression; IQR, interquartile range; CEA, carcinoembryonic antigen; CA19-9, carbohydrate antigen 19-9; NLR, neutrophil-to-lymphocyte
ratio; PLR, platelet-to-lymphocyte ratio; SII, systemic immune-inflammatory index; BMI, Body mass index; L-SMI, low skeletal muscle area index; H-SAI, high subcutaneous adipose area index;
H-VAI, high visceral adipose area index; mrTRG, magnetic resonance imaging tumor regression grade; pCR, pathological complete response; DBMI, The change of Body mass index; DSMI, The
change of skeletal muscle area index; DSFI, The change of subcutaneous adipose area index; DVAI, visceral adipose area index.
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Construction and validation of a
progression prediction model for
locally advanced rectal cancer
patients received neoadjuvant
chemoradiotherapy followed by
total mesorectal excision based
on machine learning
Jitao Hu1, Yuanyuan Sheng2, Jinlong Ma2, Yujie Tang1,
Dong Liu3, Jianqing Zhang1, Xudong Wei4, Yang Yang3,
Yueping Liu5*, Yongqiang Zhang2* and Guiying Wang1,6*

1Department of General Surgery, The Fourth Hospital of Hebei Medical University,
Shijiazhuang, China, 2School of Information Science and Engineering, Hebei University of Science and
Technology, Shijiazhuang, China, 3Department of Gastrointestinal Surgery, The Third Hospital of
Hebei Medical University, Shijiazhuang, China, 4Department of General Surgery, The Third Hospital
of Hebei Medical University, Shijiazhuang, China, 5Department of Pathology, The Fourth Hospital of
Hebei Medical University, Shijiazhuang, China, 6The Second Hospital of Hebei Medical University,
Shijiazhuang, Hebei, China
Background: We attempted to develop a progression prediction model for local

advanced rectal cancer(LARC) patients who received preoperative neoadjuvant

chemoradiotherapy(NCRT) and operative treatment to identify high-risk patients

in advance.

Methods: Data from 272 LARC patients who received NCRT and total mesorectal

excision(TME) from 2011 to 2018 at the Fourth Hospital of Hebei Medical

University were collected. Data from 161 patients with rectal cancer (each

sample with one target variable (progression) and 145 characteristic variables)

were included. One Hot Encoding was applied to numerically represent some

characteristics. The K-Nearest Neighbor (KNN) filling method was used to

determine the missing values, and SmoteTomek comprehensive sampling was

used to solve the data imbalance. Eventually, data from 135 patients with 45

characteristic clinical variables were obtained. Random forest, decision tree,

support vector machine (SVM), and XGBoost were used to predict whether

patients with rectal cancer will exhibit progression. LASSO regression was used

to further filter the variables and narrow down the list of variables using a Venn

diagram. Eventually, the prediction model was constructed by multivariate

logistic regression, and the performance of the model was confirmed in the

validation set.

Results: Eventually, data from 135 patients including 45 clinical characteristic

variables were included in the study. Data were randomly divided in an 8:2 ratio

into a data set and a validation set, respectively. Area Under Curve (AUC) values of

0.72 for the decision tree, 0.97 for the random forest, 0.89 for SVM, and 0.94 for
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XGBoost were obtained from the data set. Similar results were obtained from

the validation set. Twenty-three variables were obtained from LASSO

regression, and eight variables were obtained by considering the

intersection of the variables obtained using the previous four machine

learning methods. Furthermore, a multivariate logistic regression model

was constructed using the data set; the ROC indicated its good

performance. The ROC curve also verified the good predictive

performance in the validation set.

Conclusions: We constructed a logistic regression model with good

predictive performance, which allowed us to accurately predict whether

patients who received NCRT and TME will exhibit disease progression.
KEYWORDS

deep learning, artificial intelligence, total mesorectal excision, neoadjuvant
chemoradiotherapy, local advanced rectal cancer
1 Introduction

Colorectal cancer is the third most common cancer worldwide

and the second leading cause of cancer-related deaths. In 2020,

rectal cancer accounted for 6.0% of newly diagnosed cancer cases

and 3.4% of cancer deaths (1). The last decades witnessed the

development of multidiscipline, individualization, and precision in

treatments for rectal cancer. NCRT followed by TME has been

recommended for patients diagnosed with LARC, which is

correlated to lower treatment-related toxicity rate, lower local

recurrence rate, and higher sphincter preserve rate (2).

However, in clinical research, the sensitivity of patients with

rectal cancer to preoperative neoadjuvant therapy varies

significantly, and more than half of the patients are not sensitive

to neoadjuvant therapy (3, 4) and exhibit disease progression after

preoperative neoadjuvant therapy and operative treatment (5).

Thus, we need to accurately predict disease progression in this

group of patients to target the high-risk patients for focused care

and related interventions.

Current methods used for predicting the outcomes of

preoperative neoadjuvant therapy include MRI imaging (6),

molecular marker examination (7), blood levels (8), and the

assessment of pathological and clinical characteristics (9).

However, the predictions are unsatisfactory and are primarily

useful for determining the effects of preoperative neoadjuvant

therapy. Meanwhile, no significant progress has been made in the

prediction of disease progression after preoperative neoadjuvant

therapy and surgical treatment. Moreover, the routine preoperative

examination of patients usually involves blood tests, such as those

for neutrophil or leukocyte levels, among others. The routine

preoperative examination may have better effects on predicting

disease progression if multiple variables, including those available

from initial tests (conducted at admission) and post-neoadjuvant
02133
examination and tests, can be used comprehensively. This would

help avoid the omission of important variables and the deletion or

selection of critical variables for predicting disease progression

after treatment.

The significance of joint work between medcine and machine

learning has been more and more recognised (10). Artificial

intelligence (AI) and machine learning have been widely used to

screen, diagnose, and treat patients with cancer (11). The AI risk

assessment of pulmonary lymph nodes is an example. Compared to

traditional statistical methods, AI techniques are more effective for

handling complex data (12). Moreover, AI tools can also be built to

predict the prognosis of liver cancer (13), lung cancer (14),

colorectal squamous cell carcinoma (15), or breast cancer (16) in

patients based on pathological images or clinicopathological

characteristics. AI application represents a significant trend with

potential applications in predicting the outcomes of preoperative

neoadjuvant therapy and disease progression after operative

treatment (17).

The prediction of disease progression after preoperative

neoadjuvant therapy and operative treatment is of great

significance. Moreover, previous studies had reported the

prediction of the effect of preoperative neoadjuvant, such as MRI

(18), circulating DNA (19), tumor microsatellite stability (20),

immune cell infiltration (21), etc. However, these studies only

considered a few variables, and the true magnitude of the

effect needed to be clarified. Chemotherapy has become one of

the most important elements in the treatment of rectal cancer

(22). Preoperative neoadjuvant therapy and postoperative

chemotherapy can improve the prognosis of rectal cancer patients

(23). The guidelind suggest the patients recieved a total durationg of

6 months before and after operation (24), we excluded the patients

didn’t recieved sufficent chemotheratpy. Here, we included

information on the patients collected at admission, after
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https://doi.org/10.3389/fonc.2023.1231508
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Hu et al. 10.3389/fonc.2023.1231508
neoadjuvant treatment and postoperative information such as the

tumor location, colonoscopy results, imaging and postoperative

pathology results. We included multiple variables in the study. We

further filtered eight variables using various machine learning

methods for analysis, attempting to avoid the loss of important

variables. We believed this would help build a prediction model

with good predictive ability, which would help predict the outcomes

of neoadjuvant treatment and disease progression after

operative treatment.
2 Materials and methods

2.1 Patients

A retrospective study was conducted. 272 patients diagnosed

with LARC, who received NCRT and underwent TME at the 4th

hospital of Hebei Medical University(Shijiazhuang, Hebei, China)

were enrolled from 2011-2018 were enrolled. Data included 145

clinical variables were collected.

After considering the inclusion and exclusion criteria, data from

135 patients with rectal cancer, which included 45 clinical

characteristic variables, were included in the study. All patients

had undergone R0 resection after NCRT. Inclusion criteria: 1)

location in the rectum, within 12 cm from the anal verge; 2)

pathologically malignant and diagnosed as adenocarcinoma; 3)

preoperative neoadjuvant treatment before imaging diagnosis of

stage II-III disease; 4) availability of complete clinical data; 5)

received standard radiotherapy: 5 days a week at 1.8 Gy per day

for 5;weeks to a dose of 45 Gy, followed by a boost of 5.4 Gy, for a

total dose of 50.4 Gy; 6)received complete preoperative and post-

operative therapy with a duration of 6 months. Exclusion criteria: 1)

Concomitant with other serious diseases, such as myocardial

infarction; 2) Not receiving standard NCRT; 3) Refuse follow-up;

4)refuse to receive TME after NCRT. The patients in our study

recieved standard XELOX regimen in pre-operative and post-

operative chemotherapy. The research scheme was approved by

the Ethics Committee of the Fourth Hospital of Hebei Medical

University (Approval Code: 2023KS015).
2.2 Data processing

Sample data from 272 patients with rectal cancer were screened.

Data from 161 patients with rectal cancer followed up for 2 years,

who subsequently underwent TME after neoadjuvant therapy,

were included.

One target quantity (progression) and 145 characteristic

variables were selected per sample. Concurrently, One Hot

Encoding was applied to certain numerical characteristics in data

processing to facilitate model training. Moreover, the KNN filling

method was applied for missing data attributes, whereas

SmoteTomek comprehensive sampling (25–27) was used to solve

the data imbalance problem to improve the classification accuracy

in a few classes. Eventually, 135 patients were selected, and the final

model was constructed using four machine learning methods (ten-
Frontiers in Oncology 03134
fold cross-validation) to screen important variables for constructing

the prediction model and validating it using a ROC curve.

The 145 variables were shown as followed, Gender, age, previous

medical history, chief complaint, family history, smoking history,

drinking history were retrospectively collected from the medical

history database. As digital rectal examination, blood test, MRI,

coloscopy were perfomed both before NCRT and before TME,

variables from these tests were recorded twice. In digital rectal

examination, the distance between toumor and anus, whether

blood was observed after examination were recorded. For the

tumors failed to reach through digital rectal examination, the

distance was recorded through colonscopy. Variables from

coloscope include: whether stenosis, edema or mucus was observed,

the morphology of tumor, the status of mucosa. The level of blood

tumor biomarkers inclued CEA, CA-199, CA-724, ferroprotein, b2-
microglobulin were recorded. The counting of red blood cell, white

blood cell, neutrophil, lymphocyte, platelet was recorded. The serum

level of albumin was also recorded. Variables from MRI inculded

cricumferential invasion, tumor size, clinical TNM staging, vessel

invasion. For the pathological results of coloscopy biopsy, the

pathological diagnosis, tumor differentiation were recorded. The

exact operating method of TME and post-operative complication

was also recorded. The mutation status of KRAS, NRAS, BRAF, and

the expresstion status of Her-2 MLH1, MSH2, PMS2 were record

through the pathological results of the operative specimens. Variable

from operative specimens also included tumor size, morphology,

tumor differentiation, histological grade, pathological TNM stage,

blood vessel invasion, perineural invasion, tumor regression grade.

The total number of post-operative The survival and progression

information was collected through telephone follow-up.
2.3 Statistical analysis

Statistical work were completed by statistical experts (School of

Information Science and Engineering, Hebei University of Science and

Technology). The decision tree analysis was conducted using rpart

package, random forest analysis was conducted using randomForest

package, SVM was conducted using e1071 package, XGBoost was

conducted using xgboost package, and LASSO regression was

conducted using glmnet package. The predictive ability of the

prediction models was assessed based on the AUC values of the

ROC curves. P<0.05 was considered statistically significant.
3 Results

3.1 Baseline clinical characteristics

We included data from 135 patients from the Fourth Hospital of

Hebei Medical University who had undergone preoperative

neoadjuvant therapy. Forty-five independent variables, such as

gender, age, and others, were included in this study. They were

randomly divided into the training and test sets in a ratio of 8:2 for

subsequent analysis. There were no difference between the groups

(Supplementary Table 1). The detailed information of 135 patients
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(with 45 variables) had been shown in Supplementary Table 2. The

process was shown in Figure 1.
3.2 Machine learning model construction
and validation

All 45 baseline characteristics, including initial hospitalization

data and preoperative data, were used to construct a model to predict

whether the disease had progressed. Moreover, four machine learning

methods were used in the training set to construct the models. In this

model, as shown in Figure 2, the AUC values were 0.72 ± 0.11 for

decision trees (Figure 2A), 0.97 ± 0.04 for random forests (Figure 2B),

0.89 ± 0.11 for SVM (Figure 2C), and 0.94 ± 0.10 for XGBoost

(Figure 2D). To confirm the potential of the four machine learning

models, we tested them in a test set and obtained similar results

(Figure 3). Our results indicated the excellent predictive ability of the

four machine learning models.
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3.3 Predictor construction and validation

The predictive ability of the four machine learning models

werre good; however, with so many variables, it was not very

convenient for practical applications. To further reduce the

number of variables, we performed LASSO regression analysis,

which yielded 23 variables identified (Figures 4A, B) and eight

critical variables (tumor size, pre-operative serium CEA, distant

metastasis in NCRT, nerve invasion, age, vascular invasion,

preoperative lymph node metastasis, MLH1) were identified using

a Venn diagram by four methods (Figure 4C). The MLH1-status

was assessed by immunohistochemistry(IHC). These eight variables

were subsequently used for multivariate logistics regression to

construct a diagnostic prediction model with a discriminant

optimal cutoff value of 0.314, suggesting that patients with scores

<0.314 could be considered progression-free and patients with

scores >0.314 could be considered to exhibit progression. In the

training set, ROC analysis revealed a sensitivity of 94% and a
A

B

C

FIGURE 1

Experimental flow chart. (A) Data process, 135 patients were obtained. (B) Machine learning model construction and validation. (C) Construction and
validation of predictive models.
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A B

C D

FIGURE 2

Machine learning model construction (ten-fold cross-validation) in the training set. (A) ROC diagram of the decision tree in the training set. (B) ROC diagram
of the random forest in the training set. (C): ROC diagram of the support vector machine in the training set. (D) ROC diagram of XGBoost in the training set.
A B

C D

FIGURE 3

Machine learning model validation in the validation set. (A) ROC diagram of the decision tree in the validation set. (B) ROC diagram of the random
forest in the validation set. (C) ROC diagram of support vector machine in the validation set. D) ROC diagram of XGBoost in the validation set.
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specificity of 86.2% for the differentiation between progression and

non-progression (Figure 4D upper), with an AUC value of 0.9486

(Figure 4E). Similar results were obtained in the validation set, with

a sensitivity of 94.4%, a specificity of 66.7% (Figure 4D down), and

an AUC value of 0.784 (Figure 4F).
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4 Disscussion

Preoperative neoadjuvant chemoradiotherapy was an

important part of rectal cancer treatment (28), and many

previous studies had reported prediction models for the response
A B

C D

E F

FIGURE 4

Predictor construction and validation. (A) Clinical characteristics of patients with rectal cancer in the LASSO model. (B) Selection of the tuning
parameter (l) in the LASSO model required cross-validation using the maximum criteria. (C) Venn diagram of the outcomes of the four machine
learning methods for filtering variables. (D) Confusion matrix of binary outcomes after logistic regression for predicting patient progression in rectal
cancer, the predictor for the train set (upper) and test set (lower). (E) ROC curves for predicting disease progression in patients with rectal cancer
undergoing preoperative neoadjuvant therapy and after surgical treatment to distinguish whether progression; the training set. (F) ROC curves for
predicting disease progression in patients with rectal cancer undergoing preoperative neoadjuvant therapy and after surgical treatment to distinguish
whether progression; the test set.
frontiersin.org

https://doi.org/10.3389/fonc.2023.1231508
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Hu et al. 10.3389/fonc.2023.1231508
of rectal cancer to preoperative neoadjuvant therapy (18, 29, 30).

However, cases of progression after preoperative neoadjuvant

therapy could not be ignored. To rule out the differences caused

by chemotherapy, we ultimately included patients who had

undergone sufficient chemotherapy in the study to minimize the

bias caused by individual chemotherapy as much as possible. In our

study, we obtained eight critical variables using four machine

learning methods to construct a prediction model for progression

after preoperative neoadjuvant therapy, which can reasonably

predict the disease progression of patients. This can help improve

the focus and increase the frequency of reviews in such cases.

Additionally, once signs of progression were detected, the treatment

plan could be altered immediately. This can help avoid delays in

treatment and improve patient prognosis.

Machine learning have been widely applied in clinical decision-

making (10). For example, machine learning had been previously

applied to readmission after elective laparoscopic colorectal surgery

(31). Tumor burden before and after NCRT are depcited through

cTNM before NCRT stage and ypTNM respectively. However, the

joint effects of pre and after NCRT stage is not well-studied. A

system that is able to integret multiple information may better

predict the prognosis of patients (32).

In our study, we included more than 100 variables and tested

comprehensive data to avoid missing variables that can influence

disease progression. To our knowledge, the variables included in

our study were numerous.

We initially constructed four machine learning models. Even

though the AUC values were high, they all showed good predictive

functions in the training set and test set, but the value of 0.9 did not

meet our requirements. Hence, we further screened the variables by

LASSO regression and then using Venn diagram to further screen

variables. We eventually selected eight important variables. The

AUC value of the final prediction model was considerably high at

0.9486, indicating the excellent function of our model.

The applicability of these eight variables was high because they

were mandatory examinations or tests for patients who

require hospitalization.

Feature selection plays a crucial role in the field of machine

learning, as it can select the most informative features from raw

data, improve model performance, reduce overfitting, and

accelerate model training and prediction speed. In large-scale

datasets and high-dimensional data, feature selection is

particularly important because unnecessary features increase

computational complexity and introduce redundant information

(33, 34). When selecting univariate and multivariate regression

analysis, we need to have an adequate sample size, with a positive

sample size at least 10 times the number of variables. The more the

better, in order to meet the meaningful results. In addition, we

believed that the feature selectionn of univariate and multivariate

regression carries subjectivity (subjective selection of p-value), while

the feature selection of machine learning relies on computation and

is more observable. In sum, univariate and multivariate regression

focus more on analyzing the impact of independent variables on

outcomes, while feature selection is a part of machine learning.

In the features selection for model construction, SVM was

excluded from the analysis. The machine learning of this study
Frontiers in Oncology 07138
were based on the sklearn framework. Decision trees, random

forests, and XGBoost were all based on the important features of

tree models, so the important features can be obtained from the

model. However, SVM did not have important features in the

algorithm, so important features were not be obtained. Therefore,

in the selection of the variables, SVM was excluded from

the analysis.

Currently, nearly all the prediction models for rectal cancer

patients undergoing neoadjuvant treatment are used to predict

tumor response to identify sensitive patients. Here, we aimed to

predict tumor progression after neoadjuvant treatment, to identify

high-risk patients. Thus, we pay more attention to these high-risk

patients, benefiting for early detection and early treatment. CEA,

known as a biomarker in colorectal cancer, had been reported to be

associated with pathological complete remission after neoadjuvant

treatment for rectal cancer, and tumor size and preoperative CEA

are related to tumor downstaging (35). So tumor size and

preoperative CEA had the potential to predict tumor

progression. Similarly, distant metastasis, nerve invasion, age,

vascular invasion, and preoperative lymph node metastasis are

all related to tumor prognosis (36, 37), revealing the potential to

predict tumor progression. These 7 variables are routine

preoperative examination items, indicating that our model had

good generality.

However, the time point at which progression occurred and

was concentrated remains unascertained, which was also a

limitation of this study. In our future studies, we will focus on

this aspect of the research topic to determine the period in which

the disease is more prone to progression. In addition, This study

was a single center retrospective study, and the model constructed

lacked external data validation. There was also a selection bias in

this study due to the missing cases in the study. In the future, we

would collaborate with other centers to further increase the

sample size, validate and optimize the model constructed in this

study. This will help reduce the frequency at which reviews are

conducted and help focus on reviews during critical periods. This

is also conducive to adjustments in treatment plans based on the

availability of medical resources. In conclusion, we have

constructed a model with good predictive function and wide

applicability, which can help improve the focus on critical

patients and their prognosis.
5 Conclusion

We constructed a logistic regression model with good predictive

performance, which allowed us to accurately predict whether

patients who received NCRT (sufficent standard XELOX regimen)

and TME will exhibit disease progression.
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