
Abstract. Background/Aim: A noninvasive method for
predicting a patient’s response to neoadjuvant
chemoradiotherapy (nCRT) for locally advanced rectal
cancer would be useful because this would help determine
the subsequent treatment strategy. Two types of noninvasive
biomarkers have previously been studied, based on
radiomics and based on blood test parameters. We
hypothesized that a combination of both types would provide
a better predictive power, and this has not previously been
investigated. Patients and Methods: Data from 135 patients
with locally advanced rectal cancer who underwent nCRT
were retrospectively allocated into training and validation
cohorts in a 2:1 ratio. Sixty-five radiomics features were

extracted from tumors segmented on T2-weighted magnetic
resonance images. An elastic net was applied to generate
four models for discerning the patients with good responses
to nCRT based on radiomics features (model R), blood
biomarkers (model B), both (model RB), and a linear
combination of models R and B (model R+B). Results:
Among 65 radiomics features, 17 were selected as robust
features for model development. The AUC values of model
R, model B, model RB, and model R+B achieved 0.751,
0.627, 0.785, and 0.711 in the training cohort (n=90), and
0.705, 0.603, 0.679, and 0.705 in validation cohort (n=45),
respectively. In the entire cohort, models RB and R+B
demonstrated a significantly better performance than model
B but not R. There was no correlation between the scores of
models R and B (p=0.76). Radiomics features had a greater
influence than blood biomarkers on models RB and R+B.
Conclusion: A non-redundancy between radiomics features
and blood-based biomarkers was observed. Furthermore,
radiomics features are more valuable in terms of predicting
response to nCRT. The importance of combining non-
invasive biomarkers in future investigations is highlighted.

Neoadjuvant chemoradiotherapy (nCRT) is the standard
treatment for locally advanced rectal cancer (LARC). The
patient’s response to nCRT is associated with disease
outcome (1) and is often used to determine the subsequent
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treatment (2, 3). For example, patients with a good response
to nCRT could be candidates for local excision or a watch-
and-wait strategy (3-6). Confirmation the response by biopsy
is desirable, but this is invasive and can be uncomfortable
for the patient. Because of this, numerous reports have
proposed noninvasive biomarkers for predicting the response
of tumors to nCRT. 

Two categories of noninvasive biomarkers for predicting the
response of rectal cancer to nCRT have been studied. The first
approach is based on radiomics, the analysis of features
extracted from radiological studies, which has enabled the
prediction of phenotypes and prognoses of various types of
cancer (4). Radiomics is a powerful method that reflects the
biology of the whole tumor, and even that of the peritumoral
region, and which can be accessed serially during or after
treatment. Several radiomics models have demonstrated good
performance in predicting the response of rectal cancer to
nCRT (5-12). The second approach is based on establishing the
predictive value of biomarkers from routine blood tests, such
as levels of serum albumin (13) and carcinoembryonic antigen
(CEA) (14, 15). A great strength of these biomarkers is their
availability without any additional invasive tests. Radiomics
and blood markers may provide complementary information,
therefore we hypothesized that integrating information from
these two types of biomarkers could improve the overall
performance for predicting the response to nCRT. No studies
have combined these two types of biomarkers in rectal cancer
to predict tumor response, in the past.

In this study, we therefore, investigated the predictive
power of models derived from radiomics features, from
blood markers, and from a combination of both for
predicting the response to nCRT in rectal cancer. In addition,
we examined the underlying correlations between the models
and between individual biomarkers to clarify the effect of
combining the two types of marker.

Patients and Methods

Patients. The protocol for this retrospective study was approved by
the Institutional Review Board of our hospital. The study included
data for patients with LARC (clinically graded as T3-4 or node-
positive) who were treated with nCRT followed by total mesorectal
excision between 2008 and 2015, and for whom magnetic resonance
imaging (MRI) had been acquired following the institutional
protocol before nCRT. Patients were excluded if there was evidence
of distant metastases at diagnosis or they had a history of other
malignancy within the 5 years before diagnosis. In addition, patients
were excluded if the MRI was of poor quality, such as with the
inclusion of artifacts.

Evaluation of the response and disease-free survival. The surgical
specimens were examined by pathologists and graded using a five-
tier tumor regression grading system (TRG) according to the criteria
of Dworak et al. (16); this ranged from TRG 0 (no regression) to
TRG 4 (no vital tumor cells detectable). Patients classified as TRG

3 (only scattered tumor cells in the space of fibrosis with/without
acellular mucin) or TRG 4 were defined as having a good response
(GR); the other patients were classified as non-GR. Disease-free
survival (DFS) was calculated as time from beginning of nCRT to
disease recurrence or death from any cause.

Imaging protocol. Before beginning nCRT, the patients were
scanned with a 1.5T Gyroscan Intera, 3T Achieva or 3T Ingenia MR
scanner (Philips Medical Systems, Best, Netherlands). The
institutional protocol included the acquisition of T2-weighted
sequences using the following parameters: repetition time, 2424-
7460 ms; echo time, 100-120 ms; flip angle, 90˚; slice thickness, 3
mm; slice spacing, 4 mm; matrix, 512×512 or 576×576.

Feature extraction and selection. Each tumor was delineated on the
axial T2-weighted MRI acquired before nCRT with reference to the
diffusion-weighted imaging sequence. Segmentation was performed
manually on 3D Slicer 4.10.2 (17) by a radiation oncologist with 13
years of experience of gastrointestinal tumors. The images were
preprocessed with Collewet’s normalization algorithm (18) to
reduce the variability derived from varying the acquisition
parameters, and they were then isotropically resampled to voxels
sized 1×1×1 mm3. The gray-scale values of the voxels were z-score
normalized and quantized into 64 levels.

In total, 65 features were extracted from each segmentation,
including tumor volume, eight first-order features, 25 texture
features from the gray level co-occurrence matrix, 13 texture
features from the gray level run length matrix, 13 texture features
from gray level size zone matrix, and five texture features from the
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Table I. Characteristics of the included patients.

                                     Training cohort      Validation cohort     p-Value
                                             (n=90)                      (n=45)

Age (years)                       59.7±12.2                  61.9±9.3              0.244
Clinical T stage                                                                               0.110
   cT1-2                               3 (3.3%)                   0 (0.0%)                   
   cT3                                79 (87.8%)               36 (80.0%)                 
 cT4                                  8 (8.9%)                  9 (20.0%)                  

Clinical N stage                                                                               0.081
   cN0                                15 (16.7%)                 2 (4.4%)                   
   cN+                               75 (83.3%)               43 (95.6%)                 
Pathologic T stage                                                                           0.134
   ypT0                              10 (11.1%)               10 (22.2%)                 
   ypT1                              10 (11.1%)                 2 (4.4%)                   
   ypT2                              26 (28.9%)                8 (17.8%)                  
   ypT3                              43 (47.8%)               23 (51.1%)                 
 ypT4                                1 (1.1%)                   2 (4.4%)                   

Pathologic N stage                                                                          0.705
   ypN0                             62 (68.9%)               28 (62.2%)                 
   ypN1                             22 (24.4%)               14 (31.1%)                 
   ypN2                               6 (6.7%)                   3 (6.7%)                   
Dworak’s tumor
regression grade                                                                             0.222

   1                                    18 (20.0%)                8 (17.8%)                  
   2                                    40 (44.4%)               21 (46.7%)                 
   3                                    22 (24.4%)                6 (13.3%)                  
   4                                    10 (11.1%)               10 (22.2%)



neighborhood gray tone difference matrix. All the radiomics features
were z-score normalized.

Because the tumors were delineated by a single observer, we
translated and extracted the features of segmentation to evaluate the
stability of the features, following a process similar to one we
described previously (19). In brief, segmentations were translated
by ±2 mm in the lateral or vertical direction, and radiomics features
were extracted from the translated segmentations. Intraclass
correlation coefficient values for each feature, indicating feature
reproducibility, were calculated from original and translated
segmentations. Features with intraclass correlation coefficient values
>0.8 were selected as robust features and included in the model
development. The feature extraction and selection were performed
using in-house MATLAB R2019a software.

Blood measurements. Data for eight blood-based measurements that
had previously been reported in association with rectal cancer were
collected. These included the neutrophil-to-lymphocyte ratio (20-
22), platelet-to-lymphocyte ratio (20, 21), lymphocyte-to-monocyte
ratio (20, 23), neutrophil-to-albumin ratio (24), serum albumin level
(13), serum CEA level (14, 15), hemoglobin concentration (25), and
platelet count (26). The samples were acquired before the beginning
of nCRT, and the results were standardized by linearly normalizing
each feature to the range 0-1.

Prediction models. The patients were randomly allocated into training
and validation cohorts in a 2:1 ratio using the R package caret. The
elastic net method was applied to build prediction models from the
biomarkers. An elastic net, which combines the least absolute
shrinkage selection operator with ridge regression, can be used for
regularization of the data and variable selection. The α penalty of the
elastic net was set as 0.5, and 10-fold cross-validation was performed
for the regression. Radiomics scores were generated by combining
the selected features according to their respective coefficients. The
regression was performed using the R package glmnet.

Four models were generated: model R using radiomics features,
model B using blood-based biomarkers, model RB using both
radiomics features and blood-based biomarkers as input variables
of the elastic net, and model R+B as a linear combination of the
scores from model R and model B, with coefficients determined
from logistic regression involving the individual scores.

Statistical analysis. Chi-squared tests or Student’s t-tests, as
appropriate, were as used to compare the characteristics of the
patients. Student’s t-tests or Wilcoxon rank sum tests, as appropriate,
were used to compare the scores of two groups. The areas under

receiver operating characteristic curves (AUCs) were compared
using Delong’s method. Correlations between scores or individual
features were evaluated using Pearson’s correlation analysis. The p-
values for multiple comparisons were corrected using Holm’s
method. Cox proportional hazard models were used to assess the
association of parameters to DFS. The statistical analyses were
performed using R software 3.6.1 (http://www.r-project.org).

Results

Patient characteristics and treatment. A total of 135 patients
were included in the analysis and randomly assigned to
training (n=90) and validation (n=45) cohorts. There were no
significant differences in patient or tumor characteristics
between the two cohorts (Table I). No patient was classified
as TRG 0. The proportion of those with GR was 35.6% in
both cohorts. All the patients were diagnosed with
adenocarcinoma, except for one patient in the training cohort
with mucinous adenocarcinoma and one in the validation
cohort with adenosquamous carcinoma. 

All the patients received nCRT with 50.4 Gy radiation in
28 fractions concurrently with either 5-fluorouracil (21.5%)
or capecitabine (78.5%). Adjuvant chemotherapy was
administered to 91.1% of the patients. There was no
significant difference between the GR and non-GR patients
in the interval from the end of nCRT to surgery (mean=51.7
days and 48.7 days, respectively; Student’s t-test, p>0.05),
indicating that the response may be primarily due to the
biology of the cancer rather than a longer wait before the
evaluation of the response. 

Generation of models. In total, 17 radiomics features had
intraclass correlation coefficients >0.8 in stability testing and
were selected for the model development. These are listed in
Table II. The elastic net was applied to the training cohort
and the coefficients for the resulting prediction scores are
shown in Table III. In brief, six radiomics features were
selected for model R. All of these were also included in
model RB, along with two additional radiomics features.
Three blood-based biomarkers [carcinoembryonic antigen
(CEA), hemoglobin, and albumin levels] were included in
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Table II. List of the 17 radiomics features with intraclass correlation coefficient >0.8 and included in the model development.

Category                                                                  Feature
Tumor volume                                                         Tumor volume
First-order                                                                Entropy
Gray level co-occurrence matrix                           Autocorrelation
Gray level run length matrix                                 Short run emphasis, Long run emphasis, Run-length nonuniformity, Run percentage, 
                                                                                 Short run low gray-level emphasis, Long run low gray-level emphasis 
Gray level size zone matrix                                   Large zone emphasis, Large zone low gray-level emphasis, Large zone high gray-level emphasis, 
                                                                                 Gray-level variance, Zone-size variance
Neighborhood gray tone difference matrix           Coarseness, Busyness, Strength
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Figure 1. Continued



model B. Model RB included platelet count as well as CEA
and albumin levels, but did not use the hemoglobin level.
Model R+B was developed with the coefficients of the
scores from models R and B (1.936 and 1.688, respectively).

Performance of the models. For the training cohort, AUC
values for models R, B, RB, and R+B were 0.751 [95%
confidence interval (CI)=0.644-0.857], 0.627 (95% CI=0.510-
0.743), 0.785 (95% CI=0.685-0.884), and 0.771 (95%
CI=0.668-0.874), respectively. When the models were applied
to the validation cohort, the AUC values were 0.705 (95%
CI=0.545-0.864), 0.603 (95% CI=0.415-0.792), 0.679 (95%
CI=0.495-0.863), and 0.705 (95% CI=0.528-0.882) (Figure 1). 

The average scores from each of the four models were
significantly greater for the GR subgroup than for the non-
GR subgroup (all p<0.05). Models R, RB, and R+B were all
successful in discerning the GR subgroup patients (classified
as TRG 3 or 4) from those in the non-GR group (TRG 0-2),
but were unable to discriminate specific TRG levels within
each of these groups, such as TRG 1 from TRG 2 or TRG 3
from TRG 4 (Figure 2). 

Model comparison. The AUC values for the entire cohort for
models R, B, RB, and R+B were 0.733 (95% CI=0.645-

0.820), 0.621 (95% CI=0.523-0.718), 0.747 (95% CI=0.657-
0.838), and 0.743 (95% CI=0.653-0.833), respectively. The
performance of model R was better than that of model B
with near statistical significance (p=0.067). Models RB and
R+B showed significantly better prediction ability than
model B (p=0.005 and 0.001, respectively), but not
compared to model R (p=0.58 and 0.6, respectively).

The correlations between the models are shown in Figure 3.
The scores from models R and B were not correlated (p=0.76),
whereas those from models R and RB showed a very strong
correlation (r=0.988, p<0.001). A marginal correlation was
observed between the scores of models B and RB (r=0.146,
p=0.09). These results suggest that the radiomics features and
blood test markers each provided data that were not redundant,
with the radiomics features showing greater predictive power.

Next, we examined the correlations between the individual
radiomics features and blood-based biomarkers that were used
in at least one of the models (Figure 4). Hemoglobin, albumin,
and platelet levels showed a moderate correlation with tumor
volume and the radiomics feature “NGTDM_busyness.” There
was no other significant correlation between radiomics
features and the blood-based biomarkers.

To assess the relative influence of the two types of
biomarkers, the scores of model RB were divided into those
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Figure 1. Receiver operating characteristics curves for radiomics
features (model R), blood biomarkers (model B), both (model RB), and
a linear combination of models R and B (model R+B), and comparisons
of their AUC values.

Table III. Coefficients of each feature selected by elastic net.

                                                   Model R          Model B         Model RB

Radiomics biomarker                                                                        
  Volume                                     –0.1383              N/A              –0.0751
  GLCM_autocorrelation           –0.3586              N/A              –0.3732
  GLRLM_SRE                           0.0193               N/A                0.0608
  GLRLM_RLN                            N/A                 N/A                0.0163
  GLRLM_SRLGE                     0.2271               N/A                0.1897
  GLSZM_LZHGE                     2.2618               N/A                2.5996
  NGTDM_coarseness                  N/A                 N/A                0.0104
  NGTDM_busyness                  –0.7176              N/A              –0.6624
Blood biomarker                                                                             
  CEA                                            N/A              –1.3286           –0.0076
  Hemoglobin                                N/A               0.3388                N/A
  Platelet                                        N/A                 N/A                0.0005
  Albumin                                      N/A               1.1065              0.9591

Model R: Model based on radiomics features; Model B: Model based on
blood biomarkers; Model RB: Model based on both radiomics features
and blood biomarkers; N/A: not applicable; GLCM_autocorrelation:
Autocorrelation in gray level co-occurrence matrix; GLRLM_SRE; Short
run emphasis in gray level run length matrix; GLRLM_RLN: Run-length
nonuniformity in gray level run length matrix; GLRLM_SRLGE: Short
run low gray-level emphasis in gray level run length matrix;
GLSZM_LZHGE: Large zone high gray-level emphasis in gray level
size zone matrix; NGTDM_coarseness: Coarseness in neighborhood gray
tone difference matrix; NGTDM_busyness: Busyness in neighborhood
gray tone difference matrix; CEA: carcinoembryonic antigen.



based on the radiomics features and those based on the blood
biomarkers. The standard deviations of the radiomics and
blood test scores were 2.305 and 0.404, respectively, with no
correlation between the two sets of scores (r=0.005, p=0.96).
The same approach was applied to model R+B; the standard
deviations were 3.857 and 0.557, respectively. These findings
suggest that the radiomics features were the main determinant
of the results of the combined prediction models. 

Correlation with disease-free survival. To investigate the
impact of the two types of biomarkers on predicting long-

term outcome, we analyzed the associations between scores
from the individual models and DFS. In the univariate
analysis, the scores from models B, RB, and R+B were
significantly associated with DFS (p<0.001, p=0.047, and
p=0.017, respectively). Among the clinical factors, DFS was
significantly correlated with response (GR vs. non-GR,
p=0.006), clinical T stage (p=0.010), and clinical N stage
(p=0.002). Multivariate analysis that included the factors
that showed statistical significance in the univariate analysis
yielded the following independent predictors of DFS:
response (hazard ratio [HR]=0.28, 95% CI=0.09-0.83,
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Figure 2. Comparisons of the scores for each tumor regression grade. *p<0.05, **p<0.01, ***p<0.001.



p=0.022), clinical N stage (HR=2.06, 95% CI=1.04-4.05,
p=0.037), and the score from model B (HR=0.16, 95%
CI=0.04-0.68, p=0.028); the scores from model R (p=0.25)
and model R+B (p=0.23) did not demonstrate statistical
significance. These findings indicated that the blood-based
biomarkers may be more strongly related to long-term
outcomes than the radiomics features.

Discussion

To the best of our knowledge, this is the first study to
integrate imaging- and blood-based biomarkers to predict the
response to nCRT in LARC. The findings showed that using
both types of biomarkers did not result in redundant
information; however, the radiomics features had a greater
predictive power and greater influence than the blood
biomarkers on the combination model, so the combination of
both biomarkers did not result in significantly better
performance than using radiomics alone.

Both radiomics and blood test biomarkers are highly
attractive, because they allow serial clinically relevant
noninvasive predictors for predicting the response of cancer
to radiotherapy. They also have potential in personalizing
patient treatment. However, limitations of radiomics
biomarkers include the poor reproducibility of the tumor
segmentation and selected features, and nonstandard image
acquisition protocols. The weakness of haematological
markers includes inconsistent cut-off values for dividing
clearly responders and non-responders. More direct
evaluation of the host–tumour response, such as circulating
tumour cells or DNA, tumour-infiltrating lymphocytes, and
molecular profiling of peripheral lymphocytes may be better
tools than haematological examination. 

Radiomics features have been demonstrated to have a
predictive and prognostic value for numerous cancer types (4).
Radiomics features are thought to represent information about
tumor genotypes and phenotypes. For example, radiomics
signatures have been successfully used to predict histological
grade (27-29) and KRAS mutation status (29, 30) in colorectal
cancer. Unlike biopsy specimens, radiomics features are
derived from the whole tumor. Numerous studies have
demonstrated that the response of rectal cancer to nCRT is
associated with tumor characteristics (31). Indeed, several
studies have described models for predicting the response of
LARC to nCRT. Nie et al. developed a model with
multiparametric MRI to predict the pathologic response of
rectal cancer; this achieved an AUC of 0.84 for pathologic
complete response (6). Horvat and colleagues applied a
random forest classifier and demonstrated that their model
predicted pathologic complete response with an AUC of 0.93
(7). The models in the present study showed a moderate
performance for the prediction of GR based on T2-weighted
MRI alone (with an AUC of 0.733 for model R). Thus, a
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Figure 3. Correlations between the scores from radiomics features
(model R), blood biomarkers (model B) and both (model RB).



radiomics model could work as a predictor of the response of
LARC to nCRT, as shown by the present and previous studies. 

The tumor response is associated not only with tumor
biology, represented by radiomics in this study, but also with
systemic status. Oncological outcomes have been shown to
be significantly correlated with biomarkers of systemic
status, such as the neutrophil-to-lymphocyte ratio and serum
albumin levels (32-34). In the present study, lower CEA
levels and higher albumin levels were consistently associated
with a better response, which was consistent with the
findings of previous studies (13-15). The serum CEA levels
reflect the biology of tumor; the serum albumin level
represents both the nutritional status and the inflammatory
status of the patient, because systemic inflammation can
result in the suppression of albumin synthesis (35). Hence,
blood-based biomarkers may serve as important factors for
predicting the tumor response to nCRT.

Because radiomics features and blood biomarkers may
represent different aspects of tumor response, we
hypothesized that combining these two types of markers

improves the predictive power compared to using either type
alone. However, no previous studies have integrated the two
types of biomarkers and used them to predict the response to
treatment. Wang et al. presented nomograms of survival in
non-small cell lung cancer using computed tomography
radiomics and inflammatory markers and showed that the
nomogram that incorporated the biomarkers achieved higher
performance than those based on either type of marker alone
(36). Unlike that study, the analysis in the present study
focused on short-term outcome (i.e., the response), because
survival can be affected by a myriad of factors such as the
toxicity of therapy, the type of salvage treatment, and the
biology of a recurrent tumor. Importantly, the systemic status
may have a greater influence on survival than on the
response, as supported by the results from our analysis of
factors associated with DFS. The combined models in the
present study (i.e., models RB and R+B) showed a weaker
association with DFS than that of model B, presumably
because the blood-based biomarkers made little contribution
in these models.
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Figure 4. Correlation matrix of radiomics features and blood-based biomarkers included in at least one of the models. Significant correlations
(corrected p-value<0.05) between the variables are indicated by (*). GLCM_autocorrelation: Autocorrelation in gray level co-occurrence matrix;
GLRLM_SRE; Short run emphasis in gray level run length matrix; GLRLM_RLN: Run-length nonuniformity in gray level run length matrix;
GLRLM_SRLGE: Short run low gray-level emphasis in gray level run length matrix; GLSZM_LZHGE: Large zone high gray-level emphasis in
gray level size zone matrix; NGTDM_coarseness: Coarseness in neighborhood gray tone difference matrix; NGTDM_busyness: Busyness in
neighborhood gray tone difference matrix; CEA: carcinoembryonic antigen. 



In the present study, radiomics features likely to
represent tumor biology had a greater impact than systemic
status represented by blood-test measures on the response
to nCRT. In addition, there was no correlation between the
blood-based biomarkers and the radiomics features. Of
note, serum CEA level, which is likely to represent tumor
biology rather than systemic status, did not correlate with
any of the radiomics features included in the prediction
model. However, blood-based markers may be more
important than radiomics features in predicting long-term
outcomes, such as DFS. Thus, future studies that
investigate the noninvasive prediction of oncological
outcomes should primarily be based on radiomics features,
then seeking performance improvements by adding
systemic biomarkers.

This study had several limitations. First, no MRI
sequences other than T2-weighted images were used.
Previous studies using multiparametric MRI reported
radiomics models with higher AUC values for predicting
the response than those achieved by our combined model
(5, 6). It is also possible that functional MRI sequences
reflect the systemic status of patients, at least to some
extent. Hence, there may be a need for further investigation
of whether blood-based biomarkers provide additional
information to features from multiparametric MRI. Second,
some of the parameters differed between patients. Although
we normalized the images with z-score transformations, a
subset of the features may have been vulnerable to
variation due to different MRI acquisition parameters (37).
Finally, the developed models need to be validated using
an independent dataset. Further studies are warranted to
validate the results and expand the scope of the present
study.

In summary, this study showed that radiomics features and
blood biomarkers provide complementary information in
terms of prediction of response of rectal cancer to nCRT, and
radiomics features were found to be more informative than
the blood biomarkers. Future radiomics studies should
consider integrating blood biomarkers into the radiomic
model, especially for the consideration of long-term
outcomes.
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