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Original Research 

Title: Response prediction of neoadjuvant chemoradiation therapy in locally advanced rectal 

cancer using CT based fractal dimension analysis. 

 

Abstract 

Objectives: There are individual variations in neo-adjuvant chemoradiation therapy (nCRT) 

in patients with locally advanced rectal cancer (LARC). No reliable modality currently exist 

that can predict the efficacy of nCRT. The purpose of this study is to assess if CT based fractal 

dimension and filtration-histogram texture analysis can predict therapeutic response to nCRT 

in patients with LARC. 

Methods: In this retrospective study, 215 patients [average age: 57 years (18-87 years)] who 

received nCRT for LARC between June 2005 to December 2016 and underwent a staging 

diagnostic portal venous phase CT were identified. The patients were randomly divided into 

two datasets: a training set (n = 170), and a validation set (n = 45). Tumor heterogeneity was 

assessed on the CT images using fractal dimension (FD) and filtration-histogram texture 

analysis. In the training set, the patients with pCR and non-pCR were compared in univariate 

analysis. Logistic regression analysis was applied to identify the predictive value of efficacy 

of nCRT and receiver operating characteristic analysis determined optimal cut-off value. 

Subsequently, the most significant parameter was assessed in the validation set. 

Results: Out of the 215 patients evaluated. pCR was reached in 20.9% (n = 45/215) patients. 

In the training set, 7 out of 37 texture parameters showed significant difference comparing 

between the pCR and non-pCR groups and logistic multivariable regression analysis 

incorporating clinical and 7 texture parameters showed that only FD was associated with pCR 

(P = 0.001). The area under the curve of FD was 0.76. In the validation set, we applied FD for 
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predicting pCR and sensitivity, specificity and accuracy was 60%, 89% and 82%, respectively. 

Conclusion: FD on pretreatment CT is a promising parameter for predicting pCR to nCRT in 

patients with LARC and could be used to help make treatment decisions. 
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Key points: 

・Fractal dimension analysis on pretreatment CT was associated with response to neo-

adjuvant chemoradiation in patients with locally advanced rectal cancer. 

・Fractal dimension is a promising biomarker for predicting pCR to nCRT and may potentially 

select patients for individualized therapy. 

 

Abbreviations:  

LARC = locally advanced rectal cancer, pCR = pathological complete response, nCRT = neo-

adjuvant chemoradiation, FD = fractal dimension, SSF = spatial scaling filter, SD = standard 

deviation, MPP = mean positive pixel 
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Introduction 

Colorectal cancer is the third leading cause of cancer related deaths in United States [1, 2]. 

Locally advanced rectal cancer (LARC) is defined as either ≥T3 disease or node positivity 

[3]. The standard treatment approach for locally advanced rectal cancer (LARC) is neoadjuvant 

chemoradiation therapy (nCRT) followed by total mesorectal excision (TME) [4]. nCRT prior 

to surgical resection improves R0-resection in T4 disease or mesorectal fascia invasion and 

reduces the risk of local relapse. It also allows preservation of sphincter function in low-lying 

tumors [4], and provides better long-term treatment outcomes [5]. Treatment effects with nCRT 

can be variable and 15-27% of the patients achieve pathological complete response (pCR) [6]. 

Patients with pCR have been shown to have improved long-term survival and better quality of 

life [6]. In patients demonstrating pCR, there is an emerging trend to follow a “wait and watch” 

approach for management, thereby avoiding the morbidity and mortality associated with 

surgical resection [7]. Despite the importance of predicting pCR there are no reliable 

biomarkers currently to predict the efficacy of nCRT. Since pCR is generally determined at 

pathology using surgical specimens, preoperatively available imaging biomarker for predicting 

nCRT is required and desirable. 

  

Intra-tumoral heterogeneity is an integral characteristic of malignant tumors that reflects 

variations in tumor cellularity, vascular distribution, extracellular matrix, hemorrhage, and 

necrosis [8]. Tumor heterogeneity is thought to have an influence on sensitivity to anticancer 

agents or radiation and is hypothesized to be one of the factors contributing to treatment-

resistance[9, [10]. Imaging allows non-invasive assessment of intra-tumoral heterogeneity 

using various modalities and software solutions[8]. Texture analysis is an approach to quantify 

tissue heterogeneity and CT based texture analysis tools have been investigated to  improve 
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diagnosis as well as provide enhanced assessment of treatment response in oncology as a 

surrogate biomarker [8].  Statistical-based texture analysis tools describe the distribution and 

relationship of gray level values in an image and texture parameters obtained by filtration-

histogram method have been reported as a useful biomarker to represent tumor heterogeneity[8, 

[11, [12]. Recent research has shown that tumor heterogeneity assessed by CT texture analysis 

is an independent predictor of survival in pancreatic ductal adenocarcinoma[13], esophageal 

cancer [14] and also in non-small cell lung carcinoma [15]. In rectal cancer, texture analysis 

extracted from MRI have been reported for predicting pathological T and N stages [16] and 

predicting early progression in patient receiving nCRT [17]. Entropy and energy extracted from 

T2WI rectal image were valuable for predicting the efficacy of nCRT in rectal cancer [18].  

While association of CT texture parameters with nCRT response have been previously 

described they are limited by small sample size[19, [20]. Fractal dimension (FD) analysis is a 

mathematical technique that can quantify texture or heterogeneity on digital images[21]. FD 

analysis is considered as another useful technique for estimating intra-tumoral heterogeneity 

[22, [23, [24]. These is limited data on the role of FD analysis in evaluating treatment response 

in patients with rectal cancer. With this background, the purpose of this study was to assess if 

CT based fractal and filtration-histogram texture analysis can predict therapeutic response to 

nCRT in patients with LARC. 

 

Methods and Materials 

Study Cohort  

This retrospective study was HIPAA compliant and approved by our institutional IRB and the 

need for informed consent was waived. In this study, we included 272 consecutive patients 

who were diagnosed with LARC and underwent nCRT followed by curative surgery in our 



5 
 

institution between June 2005 to December 2016. All patients had histopathologically proven 

rectal adenocarcinoma and underwent contrast-enhanced CT prior to initiation of therapy. 

Inclusion criteria were as follows: (i) an adequate renal function, (ii) no contraindications to 

chemotherapy and surgery, (iii) no evidence of distant metastases, (iv) all patients successfully 

underwent nCRT followed by curative surgery. We randomly divided the patients into two 

datasets: a training set and a validation set. Using the training set, we identified the best 

parameter for differentiating pCR and non-pCR. We prospectively evaluated the ability of this 

parameter to predict pCR in the validation set. Clinical TNM stage was determined by 

colonoscopy, endoscopic ultrasound, computed tomography (CT), magnetic resonance 

imaging (MRI) and FDG-PET, if necessary.  

 

Presurgical Treatment 

All patients included in this study received and completed nCRT. nCRT consisted of delivery 

of 45-50.4 Gy in 5 fraction per week combined with administration of either capecitabine or 

infusional 5-fluorouracil. Thirteen patients received total neoadjuvant therapy (TNT), 

consisting of CRT and neoadjuvant chemotherapy prior to surgical resection. Neoadjuvant 

chemotherapy consisted of fluorouracil- and oxaliplatin-based chemotherapy. Surgical 

operation was performed about 6-8weeks after the end of nCRT. Clinical data were 

retrospectively extracted from the medical records.  

 

Pathological evaluation 

All the enrolled patients had histopathological evaluation of the surgical specimens obtained 

at curative resection. Surgical excision specimens were evaluated by gastrointestinal 

pathologists and details of histopathology was obtained by review of the pathology records. 
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Pathological complete response (pCR) was defined in case of ypT0N0 or ypN0/ypNx. Relapse 

free survival (RFS) was defined as the length of time after completion of primary treatment for 

rectal cancer that the patient survived without any signs or symptoms of that cancer.  

 

CT Technique 

CT scans were performed over a period of eleven years and different generations of CT 

scanners from multiple manufacturers were used. A complete description of the scanner models 

and manufacturers is provided in the online supplement (Table E1, Supplement). All patients 

underwent a contrast-enhanced CT of the abdomen and pelvis in the portal venous phase after 

injection of 80–120 ml of iodinated contrast media (Isovue 370 mg/ml, Bracco Diagnostics 

Inc.), at a flow rate of 3-3.5 ml/second followed by a 40 ml saline chaser at the same rate. 

Image acquisition was triggered with bolus-tracking when an attenuation of 150HU was 

attained in the aorta at the mid-liver level. Images were reconstructed in the axial plane at 5 

mm thickness. Coronal and sagittal reformatted images were obtained at 3 mm thickness. 

 

Image Processing and Data Analysis 

Tumor texture analysis was performed on axial contrast-enhanced CT images by an 

independent observer (T.T, with 12 years of experience in CT interpretation). A single axial CT 

image representative of the tumor depicting the largest cross-sectional area of the tumor was 

selected. Data analysis was performed by manually drawing a region-of-interest (ROI) to 

delineate the tumor area. Heterogeneity was determined quantitatively using fractal analysis 

and filtration-histogram based texture analysis. The same ROI of CT image was used for both 

analyses. The same process was followed for determination of texture features on both training 

set and validation set. 
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I. Fractal analysis  

Fractal analysis[21] was obtained using ImageJ (ver. 1.39s; National Institutes of Health; 

available at http://rsb.info.nih.gov/ij) with a plugin (FracLac version 2.5; available at 

http://rsb.info.nih.gov/ij/plugins/fraclac/FLHelp/Introduction.htm). The plugin was 

specifically designed for analyzing difficult-to-describe morphological features and 

successfully used to analyze the FD of various medical digital images[23, [ 25]. Contrast-

enhanced CT images were retrieved from the institutional archive and loaded to ImageJ 

(Figure 1). CT images which were adjusted at a window width of 400 HU and a window level 

of 40 HU and converted to gray-scale 8-bit images on ImageJ. In FracLac, differential box-

counting method was applied to calculate the FD as a parameter for tumor heterogeneity. FD 

is defined as NL = KL-FD, where L is the box size, NL is the number of boxes at size L needed 

to cover the object being studies, and log K can be obtained from the y-intercept obtained by 

linear regression on a log–log plot of NL versus L. The box sizes were gradually increased 

during the sampling period until the maximum size of 45 % of the total area selected was 

reached. 

 

II.  Filtration-Histogram Analysis  

Filtration-histogram based texture analysis was performed using a commercially available 

research software TexRAD software (version 3.3, Feedback Medical Ltd.) (Figure 2). This 

research software has been studied extensively for different lesions[11, 12, 26]. In initial 

filtration step, derived image features from CT image are highlighted by different spatial 

scaling factor (SSF), which ranges from SSF2 (fine, object radius of 2 mm) to SSF6 (coarse, 

object radius of 6 mm) with SSF3-5 (medium, object radius of 3–5 mm) by using a Laplacian 

http://rsb.info.nih.gov/ij
http://rsb.info.nih.gov/ij/plugins/fraclac/FLHelp/Introduction.htm


8 
 

of Gaussian spatial band pass filter. And then, for each filtration, six statistical and histogram 

based measures are used to quantify tumor heterogeneity by summarizing the distribution of 

pixel intensity: Mean (mean gray level intensity), standard deviation (SD), Entropy 

(irregularity of pixel intensities in space), mean positive pixel (MPP; average value of all the 

pixels with positive values), Skewness (measure of asymmetry of the histogram) and Kurtosis 

(a measure of peakedness or pointedness or sharpness of the histogram). In addition, these 

statistical and histogram parameters were also quantified from the conventional CT image 

without filtration (i.e. SSF0). 

 

Statistical analysis 

Patient characteristics were compared using chi-square test (categorical variables) and Mann–

Whitney’s U or Kruskal–Wallis rank tests (continuous variables). FD and histogram 

parameters were compared between patients who achieved pCR and non-pCR and all 

parameters were assessed as predictive value for efficacy of nCRT using Mann–Whitney’s U 

test. Then, logistic multivariate regression analysis was performed for variables that were 

found to be statistically significant in univariate analysis. The best cutoff values and area under 

the curve (AUC) were determined by receiver operating characteristic (ROC) analysis for the 

variable which was significant on multivariate analysis. Sensitivity, specificity and accuracy 

were calculated at the best cut-off point. In the training set, we identified the best parameter in 

this way. And then we applied cut-off value to the best parameter (as determined in the training 

set.) in the validation set for assessing the predictive value (diagnostic criteria). Kaplan Meier 

survival analysis assessed the ability of the best parameter(s) to predict relapse free survival 

(RFS), and the difference in the survival curves were analyzed using log-rank test. All 

statistical analyses were carried out using Statview 5.0 (SAS Institute, Inc.) and SPSS version 
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24 (IBM Corp), and p values < 0.05 were considered to be statistically significant. 

 

Results 

Patient characteristics  

Of the 272 consecutive patients who were eligible in this study, 57 patients were excluded 

because of following reasons: (i) contrast-enhanced CT was not performed at our institute (n 

= 47), (ii) distant metastases (n = 7), and (iii) lack of R0 surgery (n = 3). Therefore, a total of 

215 patients were finally included in this study (Figure 3). Patients were divided into (1) a 

training set (n = 170), and (2) a validation set (n = 45) in a random order. Clinicopathological 

features in each group are shown in Table1 and each dataset have same proportion of disease 

/ patient categories. For the entire cohort, the median age was 57 years (range, 18–87 years) 

and 134/215 were male (62.3%). The tumor location from anal verge was 6 cm (range, 0–15 

cm) and the median size of maximum tumor diameter was 4.8 cm (range, 1.3–12 cm). All 

patients underwent R0 surgery. Low anterior resection (LAR) was performed in 153/215 

patients (71.2%), abdominal perineal resection (APR) was done in 53/215 patients (24.7%) 

and other kinds of surgeries, such as total proctocolectomy, total pelvic exenteration (TPE) and 

posterior pelvic exenteration (PPE), were done in 9/215 patients (4.2%). The median value of 

carcinoembryonic antigen (CEA) was 2.9 ng/mL (range, 0.4–137.4). pCR was achieved in 

45/215 patients (20.9%) and the rest 170/215 patients (79.1%) did not represent pCR on 

pathological examination (non-pCR). In Kaplan-Meier analysis, patients with pCR showed 

better RFS than those with non-pCR for the entire cohort (Figure 4, P = 0.042). 

 

Tumor heterogeneity in Training set 

In training set, pCR was achieved in 35/170 patients (20.6 %). Pretreatment clinical features 
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were compared between pCR and non-pCR (Table2). There was no difference in age, sex, cT, 

cN, cStage, tumor location, and surgical resection method. Maximum tumor diameter in non-

pCR was significantly larger than that in pCR (non-pCR median 4.9 cm, range 1.3–12 cm vs 

pCR median 3.7 cm, range 1.6–9 cm, P = 0.012). CEA of the patients with non-pCR was higher 

than those with pCR (non-pCR median 3.95 ng/mL, range 0.4–137.4 ng/mL vs pCR median 

1.95 ng/mL, range 0.5–14.5 ng/mL, P = 0.003).  

 

In the textural features, 7 parameters out of 37 parameters showed significant difference 

comparing between the pCR and non-pCR groups (Table3). FD (non-pCR median 1.157, range 

0.86–1.367 vs pCR median 1.058, range 0.863–1.275, P <0.0001), skewness at SSF0 (non-

pCR median -0.53, range -1.55–0.19 vs pCR median -0.57, range -2.09–0.27, P = 0.030), SD 

at SSF2 (non-pCR median 63.15, range 40.29–205.09 vs pCR median 72.72, range 45.46–

114.79, P = 0.014), SD at SSF3 (non-pCR median 61.57, range 35.49–232.35 vs pCR median 

76.78, range 44.86–114.14, P = 0.001), MPP at SSF3 (non-pCR median 60.67, range 30.24–

139.62 vs pCR median 68.48, range 46.95–106.16, P = 0.017), SD at SSF4 (non-pCR median 

64.06, range 37.02–271.05 vs pCR median 72.12, range 43.73–122.27, P = 0.012), and MPP 

at SSF4 (non-pCR median 68.72, range 32.11–130.43 vs pCR median 76.91, range -37.18–

120.27, P = 0.034) demonstrated significant difference. And then, logistic multivariable 

regression analysis for predicting pCR was performed using the pretreatment clinical and 

textural parameters which showed significant difference in univariate analysis. In logistic 

regression analysis, only FD showed statistically significant difference (Odds ratio 6.21×10-6, 

Confidence interval 3.162×10-9–0.012, P = 0.001) (Table4) and FD emerged as a statistically 

significant predictor of pCR. ROC analysis to assess the discriminatory power of FD for 

distinguishing pCR from non-pCR revealed an AUC of 0.76. In the training set, the best cut-
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off value of FD was 1.072 and sensitivity, specificity and accuracy were 63%, 84% and 79%, 

respectively (Figure 5). 

 

Validation Set 

In validation set, pCR was achieved in 10/45 patients (22.2 %). In the validation set, we 

evaluated the ability of FD to predict patients with pCR from patients with non-pCR. Using 

the optimal threshold FD value of 1.072, sensitivity, specificity and accuracy of 60% 88.6% 

and 82.2% was achieved in the prediction of pCR in the validation set (Table5). 

  

Discussion 

The standard treatment for locally advanced rectal cancer (LARC) is neoadjuvant 

chemoradiation (nCRT) followed by total mesorectal excision (TME) [4]. Pathological 

complete response (pCR) at the time of surgery is an  important prognostic biomarker and 

patients with pCR after nCRT demonstrate less propensity for local or distant recurrence and 

show improved survival [6]. Prediction of pCR prior to treatment initiation has important 

implications for patient selection and determining therapeutic strategies. In this study we 

investigated and demonstrated that CT based fractal dimension and filtration-histogram texture 

analysis could help predict treatment response to nCRT. In the initial training set we found that 

several texture parameters could distinguish between pCR and non-pCR. Fractal Dimension 

(FD) emerged as the most significant and validated predictor of pCR with a sensitivity, 

specificity and accuracy was 60%, 89% and 82%, respectively. To the best of our knowledge, 

this is the first study evaluating the usefulness of FD analysis on CT in patients with LARC.  

 

Intra-tumoral heterogeneity as depicted on texture analysis is multifactorial and is related to 
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several factors such as hypoxia, necrosis, angiogenesis and genetic variations[27, [28]. Hayano 

et al. reported that structural heterogeneity leads to a heterogeneous blood supply in the tumor, 

which may result in a hypoxic tumor environment [12]. In general, significant resistance to 

radiation and chemotherapy have been shown in hypoxic regions within solid tumors [29]. 

Hypoxia and necrosis lead to increase in the regions of low density within the tumor 

contributing to tumor heterogeneity. We hypothesized that the texture parameters could 

potentially predict therapeutic resistance through depiction of intra-tumoral structural 

heterogeneity. Single slice CT-based texture analysis is a simple tool that can be used in routine 

practice. Therefore, it is very meaningful to demonstrate the usefulness of texture analysis on 

pretreatment contrast-enhanced CT. In a study of 95 patients with LARC treated with nCRT, 

Chee CG et al [19] reported that homogeneous texture features on pretreatment CT images 

were associated with better nCRT response and higher disease free survival. In their study 

cohort, only 14.7% of patients (14/95) had pCR. Benjamin et a. also reported that texture 

analysis using histogram is useful to assess the response to nCRT in patients with LARC [20]. 

In their study of 121 patients, they used a combination of 6 features derived from 36 texture 

features with and without filtration using ELASTIC-NET method. They presented a prognostic 

model for down staging and AUC was estimated 0.70. Our study has a large sample size 

compared to prior studies and has a higher proportion of patients with pCR. Prior investigators 

have not compared texture features between patients with and without pCR and there is no 

reported study comparing FD and histogram analysis for quantification of tumor heterogeneity 

in LARC. 

 

In patients with LARC demonstrating clinical complete response to nCRT, “watch-and-wait” 

approach allows potential avoidance of major surgery with subsequent organ preservation[7, 
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[30, [31]. In this study, we found that patients with pCR showed significantly better relapse 

free survival than those without pCR. Recent studies have identified quality of life as an 

important factor for patients with rectal cancer [31]. It is therefore critical to identify reliable 

biomarkers for predicting the efficacy of nCRT in patients with LARC and be able to predict 

pCR preoperatively. This has been previously studied using a genomic approach [32], but it is 

also critical to determine whether non-invasive radiologic parameters can serve as reliable 

predictive biomarkers for response to nCRT. As shown in our study, FD is a potential biomarker 

for identifying patients who will likely experience pCR and might be suitable for a “watch-

and-wait” approach. Fractal analysis is an appropriate technique for quantifying heterogeneity 

of the tumor that are hard to describe quantitatively. Medical images of colorectal cancer 

contain information that reflects underlying tumor biology and have correlation with genetic, 

histologic, clinical, and prognostic and/or predictive data [33]. 

 

 

Our study has a few limitations. First, this study was performed using single-center 

retrospective data. Therefore, it should be confirmed in multicenter prospective investigations. 

Second, the definition of the tumor ROIs was subjective and performed by one reader. ROIs 

were manually delineated, and automated tumor segmentation methods can be evaluated in the 

future. Thirdly, CT scans were acquired over an eleven-year period on different scanners that 

can potentially influence noise and heterogeneity analysis. However, CT protocols for staging 

of rectal cancer are standardized for injection protocols and slice thickness at our institution 

and across most cancer centers. Moreover, small variations in CT protocols have been found 

to have no significant effect on heterogeneity analysis for portovenous phase CT imaging [34].   

Previous studies have demonstrated good reproducibility for filtration-histogram based texture 
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analysis using multi-center clinical validation[35, 36], robustness to variation in image 

acquisition parameters[34, 37] and good inter- and intra-operator repeatability (good intra class 

correlation from test-retest technique) [38]. The contour of the tissue was drawn on a single 

axial slice. Although the multi-slice or volume delineation would be a better representation of 

the whole tumor, it is not practical in clinical settings due to a time-consuming process and 

increased variability in the ROI segmentation process arising from multiple delineations. 

Furthermore, Ng et al [39] reported comparable results in heterogeneity assessment between 

cross-sectional area versus whole volume analysis in primary colorectal cancer patients on CT. 

 

Conclusions 

This study suggests that textual parameters derived from routine CT using fractal dimension 

and filtration-histogram based analysis are significant predictors of response to neo-adjuvant 

chemoradiation therapy in patients with locally advanced rectal cancer. Particularly, FD 

analysis on initial CT demonstrates to be a robust and validated imaging biomarker and can 

potentially contribute towards personalized treatment of rectal cancer. 



15 
 

References 

[1] R. L. Siegel, K. D. Miller, and A. Jemal (2019) Cancer statistics, 2019 (US 

statistics). CA. Cancer J. Clin.69 (1) : 7–34 

[2] R. L. Siegel, K. D. Miller, H. E. Fuchs, and A. Jemal (2021) Cancer Statistics, 

2021. CA. Cancer J. Clin.71(1) : 7–33 

[3] J. Folkesson, H. Birgisson, L. Pahlman, B. Cedermark, B. Glimelius, and U. 

Gunnarsson (2005) Swedish rectal cancer trial: Long lasting benefits from 

radiotherapy on survival and local recurrence rate. J. Clin. Oncol. 23(24) : 5644–

5650 

[4] Schmoll, H. J., Van cutsem, E., Stein, A. et al.(2012) Esmo consensus guidelines 

for management of patients with colon and rectal cancer. A personalized 

approach to clinical decision making. Ann. Oncol.23(10) : 2479–2516 

[5] R. Sauer, T Liersch, S Merkel, et al.(2012) Preoperative versus postoperative 

chemoradiotherapy for locally advanced rectal cancer: Results of the German 

CAO/ARO/AIO-94 randomized phase III trial after a median follow-up of 11 

years. J. Clin. Oncol. 30(16) : 1926–1933 

[6] M. Maas, P Nelemans, V Valentini, et al.(2010) Long-term outcome in patients 

with a pathological complete response after chemoradiation for rectal cancer: A 

pooled analysis of individual patient data. Lancet Oncol. 11(9) : 835–844 

[7] A. G. Renehan, L Malcomson, R Emsley, et al.(2016) Watch-and-wait approach 

versus surgical resection after chemoradiotherapy for patients with rectal cancer 

(the OnCoRe project): A propensity-score matched cohort analysis. Lancet 

Oncol.17(2) : 174–183 

[8] F. Davnall, Connie S. P. Yip, Gunnar Ljungqvist, et al.(2012) Assessment of 



16 
 

tumor heterogeneity: An emerging imaging tool for clinical practice? Insights 

into Imaging. 3(6) : 573–589 

[9] M. Gerlinger (2012) Intratumor Heterogeneity and Branched Evolution Revealed 

by Multiregion Sequencing. N. Engl. J. Med. 65(4) : 883–892 

[10] N. C. Turner, J. S. Reis-Filho (2012) Genetic heterogeneity and cancer drug 

resistance. Lancet Oncol.13(4) : e178-85 

[11] K. A. Miles, B. Ganeshan, and M. P. Hayball (2013) CT texture analysis using 

the filtration-histogram method: What do the measurements mean? Cancer 

Imaging. 13(3) : 400–406 

[12] K. Hayano, Fang Tian, Avinash R. Kambadakone, et al.(2015) Texture analysis 

of non-contrast-enhanced computed tomography for assessing angiogenesis and 

survival of soft tissue sarcoma,” J. Comput. Assist. Tomogr. 39(4) : 607–612 

[13] Y. Noda, Satoshi Goshima, Yusuke Tsuji, et al.(2019) Prognostic evaluation of 

pancreatic ductal adenocarcinoma: Associations between molecular biomarkers 

and CT imaging findings. Pancreatology 19(2) : 331–339 

[14] B. Ganeshan, K. Skogen, I. Pressney, D. Coutroubis, and K. Miles (2012) 

Tumour heterogeneity in oesophageal cancer assessed by CT texture analysis: 

Preliminary evidence of an association with tumour metabolism, stage, and 

survival. Clin. Radiol. 67(2) : 157–164 

[15] B. Ganeshan, E. Panayiotou, K. Burnand, S. Dizdarevic, and K. Miles (2012) 

Tumour heterogeneity in non-small cell lung carcinoma assessed by CT texture 

analysis: A potential marker of survival. Eur. Radiol. 22(4) : 796–802 

[16] J. D. Yin, L. R. Song, H. C. Lu, and X. Zheng (2020) Prediction of different 

stages of rectal cancer: Texture analysis based on diffusion-weighted images and 



17 
 

apparent diffusion coefficient maps. World J. Gastroenterol. 26(17) : 2082–2096 

[17] V. Nardone, Alfonso Reginelli, Fernando Scala, et al.(2019) Magnetic-

resonance-imaging texture analysis predicts early progression in rectal cancer 

patients undergoing neoadjuvant chemoradiation. Gastroenterol. Res. Pract. 

DOI:10.1155/2019/8505798. 

[18] Z. Shu, Songhua Fang, Qin Ye, et al.(2019) Prediction of efficacy of neoadjuvant 

chemoradiotherapy for rectal cancer: the value of texture analysis of magnetic 

resonance images. Abdom. Radiol. DOI:10.1007/s00261-019-01971-y. 

[19] C. G. Chee, Young Hoon Kim, Kyoung Ho Lee, et al.(2017) CT texture analysis 

in patients with locally advanced rectal cancer treated with neoadjuvant 

chemoradiotherapy: A potential imaging biomarker for treatment response and 

prognosis. PLoS One 12(8) : 1–12 

[20] B. Vandendorpe, Carole Durot, Loïc Lebellec, et al.(2019) Prognostic value of 

the texture analysis parameters of the initial computed tomographic scan for 

response to neoadjuvant chemoradiation therapy in patients with locally 

advanced rectal cancer. Radiother. Oncol.135 : 153–160 

[21] B. B. Mandelbrot (1982) Fractal geometry. W.H.Freeman and Company New 

York 

[22] Y. Kurata, K. Hayano, G. Ohira, K. Narushima, T. Aoyagi, and H. Matsubara 

(2018) Fractal analysis of contrast-enhanced CT images for preoperative 

prediction of malignant potential of gastrointestinal stromal tumor. Abdom. 

Radiol.43(10) : 2659–2664 

[23] K. Hayano, S. H. Lee, H. Yoshida, A. X. Zhu, and D. V Sahani (2014) Fractal 

analysis of CT perfusion images for evaluation of antiangiogenic treatment and 



18 
 

survival in hepatocellular carcinoma. Acad. Radiol. 21(5) : 654–660 

[24] K. Hayano, H. Yoshida, A. X. Zhu, and D. V. Sahani (2014) Fractal analysis of 

contrast-enhanced CT images to predict survival of patients with hepatocellular 

carcinoma treated with sunitinib. Dig. Dis. Sci. 59(8) : 1996–2003 

[25] A. Abramyuk, G Wolf, G Shakirin, et al.(2010) Preliminary assessment of 

dynamic contrast-enhanced CT implementation in pretreatment FDG-PET/CT for 

outcome prediction in head and neck tumors. Acta radiol. 51(7) : 793–799 

[26] B. Ganeshan and K. A. Miles (2013) Quantifying tumour heterogeneity with CT. 

Cancer Imaging 13(1) : 140–149 

[27] D. A. Nelson, E. White, T.-T. Tan, A. B. Rabson, D. Anderson, and K. 

Degenhardt (2004) Hypoxia and defective apoptosis drive genomic instability 

and tumorigenesis. Genes Dev. 18(17) : 2095–2107 

[28] H. G. Russnes, J. Hicks, A.-L. Borresen-Dale, and N. Navin (2011) Insight into 

the heterogeneity of breast cancer through next-generation sequencing. J. Clin. 

Inves.121(10) : 3810 

[29] B. A. Teicher (1995) Physiologic mechanisms of therapeutic resistance. Blood 

flow and hypoxia. Hematol. Oncol. Clin. North Am.9(2) : 475–506 

[30] D. A. Sloothaak, D. E. Geijsen, N. J. van Leersum, et al.(2013) Optimal time 

interval between neoadjuvant chemoradiotherapy and surgery for rectal cancer. 

Br. J. Surg. 100(7) : 933–939 

[31] M. M. Grumann, E. M. Noack, I. A. Hoffmann, and P. M. Schlag (2001) 

Comparison of quality of life in patients undergoing abdominoperineal 

extirpation or anterior resection for rectal cancer. Ann. Surg. 233(2) : 149–156 

[32] S. C. Kamran, Lennerz J, Margolis C, et al.(2019) Integrative Molecular 



19 
 

Characterization of Resistance to Neoadjuvant Chemoradiation in Rectal Cancer. 

Clin. Cancer Res. 25(18) : 5561–5571 

[33] R. García-Figueiras, Sandra Baleato-González, Anwar R. Padhani, et al.(2018) 

Advanced imaging techniques in evaluation of colorectal cancer. Radiographics 

38(3) : 740–765 

[34] K. A. Miles, B. Ganeshan, M. R. Griffiths, R. C. D. Young, and C. R. Chatwin 

(2009) Colorectal cancer: Texture analysis of portal phase hepatic CT images as a 

potential marker of survival. Radiology 250(2) : 444–452 

[35] T. Win, Kenneth A. Miles, Sam M. Janes, et al.(2013) Tumor heterogeneity and 

permeability as measured on the CT component of PET/CT predict survival in 

patients with non-small cell lung cancer. Clin. Cancer Res.19(13) : 3591–3599 

[36] A. Dohan, Benoit Gallix, Boris Guiu, et al.(2020) Early evaluation using a 

radiomic signature of unresectable hepatic metastases to predict outcome in 

patients with colorectal cancer treated with FOLFIRI and bevacizumab. Gut 

69(3) : 531–539 

[37] K. Yasaka, Hiroyuki Akai, Dennis Mackin, et al.(2017) Precision of quantitative 

computed tomography texture analysis using image filtering: A phantom study 

for scanner variability. Medicine. (United States) 96(21) : e6993 

[38] S. Chen, B. Ganeshan, Fraioli F (2016) Reproducibility of CT Texture 

Parameters by Leveraging Publicly Available Patient Imaging Datasets. In 

Radiological Society of North America, Chicago 

[39] F. Ng, R. Kozarski, B. Ganeshan, and V. Goh (2013) Assessment of tumor 

heterogeneity by CT texture analysis: Can the largest cross-sectional area be used 

as an alternative to whole tumor analysis? Eur. J. Radiol. 82(2) : 342–348 



20 
 

Figure Legends 

Figure1. Fractal Dimension (FD) analysis using FracLac plugin on ImageJ. Contrast-enhanced 

CT image in the axial section at the largest area of the tumor was 8-bit gray-scaled, and the 

region of interest (ROI) was drawn to include entire tumor (A). FD was measured using a 

differential box-counting method at 12 different grid positions, and then the FD was calculated 

as a parameter of heterogeneity (B, C, and D).  

Figure 2. Histogram analysis was performed using TexRAD software. Contrast-enhanced CT 

image of the tumor in the axial section with region of interest (ROI) was delineated around the 

tumor (A). Corresponding images in the same patient with fine, medium, and coarse filter values 

by using spatial scaling factor (SSF) 2 (fine; B), SSF3 (medium, C), SSF4 (medium; D), SSF5 

(medium; E), and SSF6 (coarse; F), respectively. Texture parameters were obtained at each 

filtration. 

Figure 3. Flowchart of the study sample 

Figure 4. Kaplan-Meier analysis in patients with complete pathological response (pCR) and 

non-complete pathological response (non-pCR) for relapse free survival (RFS). Patients with 

pCR significantly showed better survival in entire cohort (P = 0.042).  

Figure 5. (A) This boxplot displays the distribution of fractal dimension (FD) in patients with 

complete pathological response (pCR) and non-complete pathological response (non-pCR) in 

test dataset. The FD of pCR group is significantly lower than non-pCR group (p<0.001). 

(B)Receiver operating characteristic (ROC) curve for FD. The area under the curve (AUC) is 

0.76. The sensitivity was 63%, specificity was 84% and accuracy was 79% at a cut-off value of 

1.072 in the training set. 

 


