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Abstract
BACKGROUND 
The management of rectal cancer patients is mainly based on the use of the magnetic resonance imaging (MRI) technique as a diagnostic tool for both staging and restaging. After treatment, to date, the evaluation of complete response is based on the histopathology assessment by using different tumor regression grade (TRG) features (e.g., Dworak or Mandard classifications). While from the radiological point of view, the main attention for the prediction of a complete response after chemotherapy treatment focuses on MRI and the potential role of diffusion-weighted images and perfusion imaging represented by dynamic-contrast enhanced MRI. The main aim is to find a reliable tool to predict tumor response in comparison to histopathologic findings. 

AIM 
To investigate the value of dynamic contrast-enhanced perfusion-MRI parameters in the evaluation of the healthy rectal wall and tumor response to chemo-radiation therapy in patients with local advanced rectal cancer with histopathologic correlation.

METHODS 
Twenty-eight patients with biopsy-proven rectal adenocarcinoma who underwent a dynamic contrast-enhanced MR study performed on a 1.5T MRI system (Achieva, Philips), before (MR1) and after chemoradiation therapy (MR2), were enrolled in this study. The protocol included T1 gadolinium enhanced THRIVE sequences acquired on axial planes. A dedicated workstation was used to generate color permeability maps. Region of interest was manually drawn on tumor tissue and normal rectal wall, hence the following parameters were calculated and statistically analyzed: relative arterial enhancement (RAE), relative venous enhancement (RVE), relative late enhancement (RLE), maximum enhancement (ME), time to peak and area under the curve (AUC). Perfusion parameters were related to pathologic TRG (Mandard's criteria; TRG1 = complete regression, TRG5 = no regression).

RESULTS 
Ten tumors (36%) showed complete or subtotal regression (TRG1-2) at histology and classified as responders; 18 tumors (64%) were classified as non-responders (TRG3-5). Perfusion MRI parameters were significantly higher in the tumor tissue than in the healthy tissue in MR1 (P < 0.05). At baseline (MR1), no significant difference in perfusion parameters was found between responders and non-responders. After chemo-radiation therapy, at MR2, responders showed significantly (P < 0.05) lower perfusion values [RAE (%) 54 ± 20; RVE (%) 73 ± 24; RLE (%): 82 ± 29; ME (%): 904 ± 429] compared to non-responders [RAE (%): 129 ± 45; RVE (%): 154 ± 39; RLE (%): 164 ± 35; ME (%): 1714 ± 427]. Moreover, in responders group perfusion values decreased significantly at MR2 [RAE (%): 54 ± 20; RVE (%): 73 ± 24; RLE (%): 82 ± 29; ME (%): 904 ± 429] compared to the corresponding perfusion values at MR1 [RAE (%): 115 ± 21; RVE (%): 119 ± 21; RLE (%): 111 ± 74; ME (%): 1060 ± 325]; (P < 0.05). Concerning the time-intensity curves, the AUC at MR2 showed significant difference (P = 0.03) between responders and non-responders [AUC (mm2 × 10-3) 121 ± 50 vs 258 ± 86], with lower AUC values of the tumor tissue in responders compared to non-responders. In non-responders, there were no significant differences between perfusion values at MR1 and MR2.

CONCLUSION 
Dynamic contrast perfusion-MRI analysis represents a complementary diagnostic tool for identifying vascularity characteristics of tumor tissue in local advanced rectal cancer, useful in the assessment of treatment response.
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Core tip: The management of rectal cancer has changed in the past years. The possibility to achieve a complete response after chemo-radiotherapy and the results of non-surgical management of the disease (“watch and wait” approach) highlighted the need to obtain an accurate assessment of complete response. In this setting, dynamic-contrast-enhanced magnetic resonance imaging, which provides valuable information about the degree of angiogenesis, is considered a promising functional tool. This study aimed to assess dynamic-contrast enhanced-parameters differences between the tumor tissue and the healthy rectal wall, both before and after chemo-radiotherapy, and to find a possible correlation with pathological findings and TNM stage.


INTRODUCTION
The incidence of rectal cancer in the European Union is 125000 per year, accounting for 35% of total colorectal cancer incidence, and it is predicted to increase further in both genders[1]. In the past 20 years, the management of this tumor has changed due to the introduction of magnetic resonance imaging (MRI) primarily as a diagnostic tool for staging and restaging, and secondarily as an implement in decision making after neoadjuvant therapies or surgical procedures (total mesorectal excision)[2]. Moreover, the possibility to achieve a complete response (CR) after the chemo-radiotherapy (CRT) in up to 30%-40% of patients and the results of non-surgical management of the disease (called “watch and wait” approach)[3] revival the discussion in the research field to obtain an accurate clinical assessment of CR before surgery. To date, the evaluation of CR is based on the histopathology assessment by using different tumor regression grade (TRG) features (e.g., Dworak or Mandard classifications)[4-6]. From the radiological point of view, the main attention for the prediction of a CR after CRT focuses on MRI and the potential role of diffusion-weighted images and perfusion imaging represented by dynamic-contrast enhanced MRI (DCE-MRI). The main aim is to find a reliable tool to predict tumor response in comparison to histopathologic findings (such as TNM stage and TRG scale). MRI with T2 weighted and diffusion-weighted images is mandatory[7] and it is the first-choice examination for primary staging and restaging after CRT to decide the appropriate management of rectal cancer patients. When considering “watchful and waiting” as a treatment option after CRT, it is necessary to correlate the restaging MRI findings with clinical and endoscopic examination[3,7,8]. In this setting, DCE-MRI is considered a promising functional research implement[7]. This technique allows us to assess the vascularity of the tumor and can provide valuable information about tumor aggressiveness and the degree of angiogenesis in staging and restaging[9,10]. Since angiogenesis is a key factor in the growth and dissemination of colorectal cancer, the characterization of the angiogenic status of the tumor could allow for a more targeted approach to treatment[11]. The presence of hypoxic areas inside the tumor may influence the outcome of CRT[12]. due to the reduction of uptake and retention of chemotherapeutic agents within the pathological tissue[12]. These factors depend on tumor perfusion and chemotherapeutic agent extravasation through the vessel wall. Therefore, the ability to measure tumor vessels and tumor microenvironment before therapy may provide critical information on the selection of the most effective treatment strategy[13]. Moreover, vascular changes in the tumor may occur during CRT, and they may be an expression of tumor response or indicate the persistence of viable tumor cells before surgery. All semi-quantitative parameters [e.g., area under the curve (AUC), maximum signal intensity or peak enhancement ratio, wash-in slope, mean transit time], are extracted directly from time-signal intensity curves created by specific software from the dynamic sequences. Semi-quantitative parameters are less time-consuming in comparison with semi-qualitative ones[14], but are affected by the acquisition systems so that comparison and quantification of these parameters can be difficult[15,16]: the real concentration of contrast agent in tissues is not estimated[17] due to a non-linear relation between signal-intensity change and contrast-medium concentration[11]. Only one study[18] have been assessed the correlation between semi-quantitative DCE-MRI parameters in rectal cancer and healthy rectal wall in the same group of patients. The purpose of this study is to investigate the value of DCE-MRI parameters in the evaluation of the response to CRT, by having histology as the reference standard, in patients with local advanced rectal cancer. In particular, we investigated whether a difference exists in DCE-parameters between the tumor tissue and in the healthy rectal wall, both before and after CRT, and a possible correlation with pathological findings expressed as Mandard’s TRG and TNM stage.

MATERIALS AND METHODS
Patients
The study was ethically approved by the San Gerardo Hospital Ethics Committee and informed consent was obtained from all patients.
One-hundred-ninety consecutive patients with a biopsy-proven diagnosis of rectal adenocarcinoma from 2006 to 2018, who underwent MRI examination of lower abdomen at our department, were enrolled.
The inclusion criteria were: (1) biopsy-proven adenocarcinoma; (2) MRI of lower abdomen for rectal cancer staging (MR1) performed with standard protocol and DCE-sequences; (3) neoadjuvant preoperative CRT; (4) MRI of the lower abdomen after CRT (MR2) performed with standard protocol and DCE-sequences; and (5) excision of the primary rectal cancer and following histopathological examination, resulting in the definition of the ypTNM grade and TRG sec. Mandard. Exclusion criteria were: (1) surgery performed without previous neoadjuvant therapy; (2) no ypTNM or TRG assessment; (3) no MRI study performed at our radiology department/or MRI study performed without DCE sequences; and (4) suboptimal DCE sequences not useful for software analysis.

MRI protocol
All MRI examinations were performed on a 1.5-T system (Achieva Plus; Philips, The Netherlands) with multi-channel phased-array body coil. After a planning scan, axial T2 weighted turbo spin-echo (T2WI-TSE) images covering the entire length of the rectum were acquired and used to plan high-resolution scans. Scan protocol included axial TSE T1 weighted sequences (slice thickness: 3 mm; slice: 20; gap: 3 mm; TR: 612 ms; TE: 14 ms; flip angle: 90°; FOV: 180; RFOV: 85; matrix: 272 × 320; NSA: 4; time: 4.43 min); sagittal TSE T2 sequence (slice thickness: 3 mm; slice: 32; gap: 0 mm; TR: 5501 ms; TE: 85 ms; flip angle: 90°; FOV: 220; RFOV: 105; matrix: 276 × 200; NSA: 4; time: 4.40 min); orientated axial TSE T2 sequence (slice thickness: 3.5 mm; slice: 18; gap: 3.5 mm; TR: 4750 ms; TE: 120 ms; flip angle: 90°; FOV: 180; RFOV: 85; matrix: 256 × 256; NSA: 4; time: 3.05 min); orientated coronal TSE T2 sequence (slice thickness: 3 mm; slice: 20; gap: 0.5 mm; TR: 5058 ms; TE: 125 ms; flip angle: 90°; FOV: 180; RFOV: 100; matrix: 256 × 256; NSA: 4; time: 3.47 min). The orientated axial and coronal oblique images were performed orthogonal and parallel, respectively, to the long axis of the rectal tumor. Diffusion-weighted images with background body-signal suppression using a Multi-slice Spin Echo Eco-planar Single Shot (SE-EPI-SSh) sequence were included in the standard protocol (b-value 0 and 1000 s/mm2; slice thickness: 6 mm; slice: 12; gap: 6 mm; TR: 3000 ms; TE: 74 ms; flip angle: 90°; b-value: 0 and 700 s/mm2; FOV: 380; RFOV: 80; matrix: 240 × 256; NSA: 4; time: 1.30 min; SENSE factor: 1.5). Multiphase DCE-MRI was performed using ten consecutive acquisitions of 3D T1-weighted fat-suppressed spoiled recalled-echo sequences (THRIVE) on the axial plane (number of slices: 50; flip angle: 10°; slice thickness: 1mm; TR: 4.1 ms; TE: 1.97 ms; NSA: 2; matrix: 272 × 320; FOV: 180; time: 4.43). The dynamic study was obtained before, during, and after the intravenous injection of 0.1 mL/kg gadoxetic acid (1.0 mol Gadovist, Bayer, Leverkusen, Germany), with a flow rate of 1.5 mL/s and followed by a 30-mL saline flush at the same rate. The volume of the contrast agent was calculated based on the patient’s body weight (0.1 mL per kg body weight). The arterial phase MRI was initiated immediately after the visual detection of contrast material at descending aorta by using a real-time bolus displayed method; the venous phase was performed with a fixed image delay of 80 s, followed by delayed coronal imaging at 4 min after contrast agent injection.
All sequences were obtained in free breathing. The total examination time was approximately 30 min. Luminal distention was achieved with the rectal administration of a small amount of sonography transmission gel (80 mL) to distend the rectal lumen. No intestinal cleansing nor spasmolytic drugs were administered.

MRI analysis
DCE raw data sets were uploaded on a dedicated workstation (Intellispace Portal; Philips Medical Systems), with a dedicated perfusion software (T1 Perfusion Package, Philips Medical Systems) that generated functional perfusion maps displayed in a color scale ranging from blue to red, considering blue the lowest range of the display. Functional color maps were analyzed in combination with contrast-enhanced images, both for staging (MR1) and restaging (MR2) images. A single radiologist, with more than 10 years of experience in the pelvis and rectal MRI, blinded to the histopathology results, manually drawn 3 different freehand regions of interest (ROI) on the rectal tumor on three consecutive slides, avoiding including the lumen and the mesorectal fat in the delineation. Other 3 different freehand ROIs were drawn on the normal rectal wall. The software also generated time-intensity curves and calculate perfusion parameters of tumor tissue and the healthy rectal wall (Figure 1). On the MR2 images, ROIs were manually drawn based on visual analysis of focal thickness within the location of the primary tumor bed; when no remaining thickness was observed the ROIs were drawn on MR2-T2W images considering the location of the tumor on MR1 images, to identify the presence of residual fibrotic tissue in the tumor bed. The size of the ROI of one section was not less than 10 voxels. For each ROI, located both in the tumor tissue and in the healthy rectal wall, the following quantitative parameters were calculated: relative arterial enhancement (RAE, %), relative venous enhancement (RVE, %), relative late enhancement (RLE, %), maximum enhancement (ME, %), time to peak (TTP, s) and AUC (mm2). RAE, RVE, and RLE represent the highest values percentage of intensity signal of contrast material concentration in the three different enhancement phases (arterial, venous, and delayed phase). The relative enhancement (RE, %), derived from the signal enhancement of a pixel of certain dynamic relative to that same pixel in the reference dynamic. The reference dynamic is normally the first, pre-contrast dynamic. The reference dynamic can be set to another dynamic, where I(D) stands for pixel intensity of current dynamic and I(Dref) stands for pixel intensity of reference dynamic created with the following formula: RE = [ID /I(Dref)-1] × 100, where I(D) stands for pixel intensity of current dynamic and I (Dref) stands for pixel intensity of reference dynamic.
ME represents the highest absolute values of signal intensity at the analyzed tissue level, and TTP corresponds to the time need to reach the maximum value of contrast material concentration. The AUC represents the value of the area under the time-intensity curve generated for a selected ROI by the perfusion software.

Statistical analysis
Imaging-derived data were statistically analyzed by using IBM SPSS 21 (SPSS Incorporated, Chicago, Illinois, United States) and R software (R Foundation for Statistical Computing, Vienna, Austria https://www.Rproject.org/). Linear regression curves have been used to assess the relation of pre- and post-treatment perfusion values to the TRG classes. Wilcoxon test was used to verify data correlation before and after CRT. Mann-Whitney test for unpaired data was used to verify statistically significant differences for each parameter among tumor tissue and the healthy rectal wall, before and after CRT.

RESULTS
One-hundred-sixty-two patients did not meet the inclusion criteria, mainly because of the absence of DCE-sequences and a final group of 28 patients was enrolled in this study (men: 14, women: 14; mean age: 69 ± 19 years). Four patients were staged as cT3N0, 16 patients as cT3N1, 2 patients as cT3N0, and 6 patients as cT3N2. All of them completed CRT protocol with a total radiation dose of 50.4 Gy, in 28 fractions and 5-fluorouracil or 5-fluorouracil plus oxaliplatinum. MRI restaging (MR2) was performed 8-10 wk after the completion of CRT and then all patients underwent surgery (10-12 wk after the completion of CRT). After surgery 6 patients were ypT0N0, 8 patients were ypT2N0, 8 patients were ypT3N0, 6 patients were ypT3N1. Moreover, according to Mandard's TRG[6]: 6 patients were TRG1 and 4 patients were TRG2 (these patients, 36%, were considered as responders). Eighteen patients (64%) were TRG3 and were classified as non-responders.

Results of perfusion parameters at baseline (MR1)
At the baseline (MR1) perfusion MRI parameters were significantly higher in the tumor tissue compared to the healthy tissue (P < 0.05) (Table 1). These results were also confirmed from the visual assessment of the time-intensity curves (Figure 1). When considering the healthy rectal wall, no differences in the perfusion parameters were observed between responders and non-responders’ group before CRT (MR1) (Table 2). When considering the tumor tissue at MR1, there was also no significant difference in the perfusion parameters between responders and non-responders (Table 3). All the perfusion parameters in the tumor tissue before CRT did not show any correlation with the ypT stage histology after surgery.

Results of perfusion parameters after chemoradiotherapy (MR2)
After CRT (MR2) no differences in the perfusion parameters were observed between responders and non-responders group concerning the healthy rectal wall (Table 2). Moreover, in the healthy rectal wall, perfusion parameters were not modified after CRT in comparison to corresponding values at the baseline (MR1) (Table 2). At MR2, perfusion values of the rectal residual tumor in responders were significantly lower (P < 0.05) [RAE (%): 54 ± 20; RVE (%) 73 ± 24; RLE (%): 82 ± 29; ME (%): 904 ± 429] compared to those ones of non-responders (RAE (%): 129 ± 45; RVE (%):154 ± 39; RLE (%): 164 ± 35; ME (%):1714 ± 427) (Table 4). Concerning the time-intensity curves, the AUC at MR2 showed a significant difference (P = 0.03) between responders and non-responders [AUC (mm2 × 10-3) 121 ± 50 vs 258 ± 86], with lower AUC values of the tumor in responders compared to non-responders. In the responders group, perfusion values in the tumor decreased significantly at MR2 [RAE (%): 54 ± 20; RVE (%): 73 ± 24; RLE (%): 82 ± 29; ME (%): 904 ± 429] compared to the corresponding perfusion values at MR1 [RAE (%): 115 ± 21; RVE (%): 119 ± 21; RLE (%): 111 ± 74; ME(%): 1060 ± 325); (P < 0.05) (Table 4). No significant differences in the TTP values were found between responders and non-responders at MR2 concerning the rectal tumor. After CRT, at MR2, differences in perfusion parameters between the residual tumor tissue and the healthy tissue were still present, but in responder patients, the perfusion parameters of the residual tumor tended to be closer to the perfusion parameters of the healthy rectal wall, with similar time-intensity curves (Figures 2 and 3). A strong correlation between RAE and RVE in the tumor tissue after CRT (R2 = 0.96; P = 0.0001) was also found (Figure 4). Perfusion parameters of the residual tumor at MR2 in non-responders were higher in comparison to the corresponding healthy rectal wall at MR2 with an increasing difference in the time-intensity curve shape (Figures 3 and 5). Moreover, in non-responders, no reduction of the perfusion parameters in the tumor was observed at MR2 in comparison to the MR1 values. All perfusion parameters in the tumor tissue after CRT didn’t show any correlation with the ypT stage histology after surgery.

DISCUSSION
DCE-MRI is one of the most recent functional implementations in the MR spectrum of imaging in breast imaging and prostate cancer to identify malignant tumors based on specific enhancement patterns[19,20]. In rectal cancer, it is considered a promising research tool[7] for the assessment of treatment response after CRT. With this technique, the vascularity of the tumor can be assessed, and it can provide valuable information about tumor aggressiveness and the degree of angiogenesis in both staging and restaging[9,10]. There is also evidence that DCE-MRI can help predict and assess response to neoadjuvant treatment[21,22]. DCE-MRI, using low-molecular-weight (< 1 kDa) gadolinium-based paramagnetic contrast media, is an imaging technique where T1-weighted sequences are rapidly repeated before, during and after intravenous contrast injection to study signal intensity changes induced by the path of the contrast bolus through tissues[9]. From a DCE-MRI study, time-intensity curves are usually created using specific software and they can be analyzed with three different approaches: qualitative (by the visual analysis of the time-intensity curves), or with quantitative and semi-quantitative parameters[22,23]. All semi-quantitative parameters are extracted directly from time-signal intensity curves. These parameters, less time-consuming[14] in comparison with a quantitative approach, require less complicated software algorithms, are easier to obtain and reproduce than quantitative parameters[9], and are more reliable to be used in clinical practice. Up to 8%-30% of patients with local advanced rectal cancer treated with CRT achieve a pathological CR confirmed at histology after surgery[3]. The possibility to assess a CR to neoadjuvant CRT before surgery could potentially modify the management of rectal cancer treatment and lead to the new treatment approach, which is the “wait and see” or “watchful and wait”[3]. Different studies addressed the potential role of quantitative and semi-quantitative DCE-MRI parameters in predicting the response to therapy in primary rectal cancer with conflicting results[18,23-25]. Unfortunately, only a few studies investigated the potential of semi-quantitative parameters in the assessment of tumor characteristic with controversial results, demonstrating that tumors that better respond to CRT have lower values of TTP, AUC[24,25] or have a different degree of correlation with angiogenetic markers or micro-vessel density[9,26]. Our results are in line with those achieved by Shen et al[27] and Krishan et al[18] that compared perfusion parameters obtained from DCE-MRI in patients with rectal cancer to a control group of healthy patients[27] or the healthy rectal wall in the same group of the patient[18]. After CRT, there was a significant difference between responders and non-responders concerning all the RE parameters. In particular, patients that responded to treatment had lower absolute perfusion value after CRT than non-responders, in line with Petrillo et al[23,24] and Krishan et al[18], where maximum signal difference decreased in responders patients when compared to non-responders. Moreover, in line with the literature[9,18,25] the AUC was lower in responder patients in comparison to non-responders. The relation of semi-quantitative parameters and vascular changes in the tumor tissue is confirmed by the fact that no changes in these parameters were found after CRT when we analyzed the healthy tissue. The delineation and the assessment of perfusion values in the healthy tissue allowed to indirectly assess if changes in the perfusion parameters were due to post-radiation inflammation after CRT or to real changes in vascular characteristics. Interestingly all the perfusion parameters of the tumor tended to increase at MR2 in non-responders in comparison to the baseline values at MR1, while no increase in the perfusion value was observed after CRT in the same group of non-responder patients when considering the healthy rectal wall. Krishan et al[18] also demonstrated that in responder patients, rectal perfusion became similar to the adjacent normal rectal wall; their results correlated with normalization of perfusion parameters in tumor tissue with the healthy rectal wall. No robust evidence has been found for the value of DCE parameters as a measure of tumor aggressiveness, measured as the TNM stage. Although we found a difference between perfusion parameters in benign tissue and malignant tissue, we did not find any correlation between pre and post-treatment semi-quantitative DCE-parameters and pathological T stage after CRT. This could be due to the small sample of patients since other studies[24,25] showed lower semi-quantitative value for more aggressive tumors. 
This study has some limitations. The main one is due to the small number of patients. Second, we did not consider the wash-in slope as previous authors[9,10,25], due to the different acquisition phases and software employed. Third, is the lack of pixel correlation to histology so that the delineated parameters are not exactly related to the histological specimen. We tried to overcome these limitations by drawing multiple ROIs and including in the analysis also the healthy rectal wall; a volumetric evaluation or a prospective study should be performed to obtain more reliable data.
In conclusion, Dynamic contrast perfusion-MRI parameters represent a complementary diagnostic tool in identifying vascularity characteristics of local advanced rectal cancer since they have been demonstrated to be related to the vascular changes which occur in the tumor in comparison to the healthy tissue. Moreover, DCE-MRI parameters can express the changes occurred in the tumor that respond to the neoadjuvant treatment and are more reproducible than quantitative parameters.

ARTICLE HIGHLIGHTS
Research background
The management of rectal cancer patients is mainly based on the use of the magnetic resonance imaging (MRI) technique as a diagnostic tool for both staging and restaging. After treatment, to date, the evaluation of complete response is based on the histopathology assessment by using different tumor regression grade features (e.g., Dworak or Mandard classifications). While from the radiological point of view, the main attention for the prediction of a complete response after chemo-radiotherapy (CRT) focuses on MRI and the potential role of diffusion-weighted images and perfusion imaging represented by dynamic-contrast enhanced MRI (DCE-MRI). The main aim is to find a reliable tool to predict tumor response in comparison to histopathologic findings. 

Research motivation
DCE-MRI is considered an important tool in the assessment of rectal adenocarcinoma because it permits to obtain important information about tumor vascularization quantitatively.

Research objectives 
This study investigated the diagnostic role of DCE-MRI, in patients with rectal carcinoma who underwent chemoradiation therapy, as a complementary functional diagnostic tool in the assessment of the response of patients with rectal cancer after CRT, in comparison with standard histopathological analysis.

Research methods
This is an analysis of the evaluation of the response of patients with biopsy-proven rectal adenocarcinoma after chemoradiation therapy, who underwent DCE-MRI.

Research results
Semiquantitative perfusion parameters demonstrated higher values in the tumor tissue than in the healthy tissue. More important, after chemoradiation therapy, those patients that responded to therapy showed lower perfusion values in residual tumor tissue than those who did not respond.

Research conclusions
Dynamic contrast MRI represents a complementary diagnostic tool in identifying vascularity characteristics of local advanced rectal cancer, before and after chemoradiation treatment.

Research perspectives
To strengthen our results, further studies should include a wider cohort of patients, by using pathological correlation as a gold standard. 

REFERENCES
1 Glynne-Jones R, Wyrwicz L, Tiret E, Brown G, Rödel C, Cervantes A, Arnold D; ESMO Guidelines Committee. Rectal cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment, and follow-up. Ann Oncol 2017; 28: iv22-iv40 [PMID: 28881920 DOI: 10.1093/annonc/mdx224]
2 Foti PV, Privitera G, Piana S, Palmucci S, Spatola C, Bevilacqua R, Raffaele L, Salamone V, Caltabiano R, Magro G, Li Destri G, Milone P, Ettorre GC. Locally advanced rectal cancer: Qualitative and quantitative evaluation of diffusion-weighted MR imaging in the response assessment after neoadjuvant chemo-radiotherapy. Eur J Radiol Open 2016; 3: 145-152 [PMID: 27489868 DOI: 10.1016/j.ejro.2016.06.003]
3 van der Valk MJM, Hilling DE, Bastiaannet E, Meershoek-Klein Kranenbarg E, Beets GL, Figueiredo NL, Habr-Gama A, Perez RO, Renehan AG, van de Velde CJH; IWWD Consortium. Long-term outcomes of clinical complete responders after neoadjuvant treatment for rectal cancer in the International Watch & Wait Database (IWWD): an international multicentre registry study. Lancet 2018; 391: 2537-2545 [PMID: 29976470 DOI: 10.1016/S0140-6736(18)31078-X]
4 Thies S, Langer R. Tumor regression grading of gastrointestinal carcinomas after neoadjuvant treatment. Front Oncol 2013; 3: 262 [PMID: 24109590 DOI: 10.3389/fonc.2013.00262]
5 O’Neil M, Damjanov I. Histopathology of Colorectal Cancer after Neoadjuvant Chemoradiation Therapy. Open Pathol J 2009; 3: 91-98 [DOI: 10.2174/1874375700903020091]
6 Mandard AM, Dalibard F, Mandard JC, Marnay J, Henry-Amar M, Petiot JF, Roussel A, Jacob JH, Segol P, Samama G. Pathologic assessment of tumor regression after preoperative chemoradiotherapy of esophageal carcinoma. Clinicopathologic correlations. Cancer 1994; 73: 2680-2686 [PMID: 8194005 DOI: 10.1002/1097-0142(19940601)73:11<2680::AID-CNCR2820731105>3.0.CO;2-C]
7 Beets-Tan RG, Lambregts DM, Maas M, Bipat S, Barbaro B, Caseiro-Alves F, Curvo-Semedo L, Fenlon HM, Gollub MJ, Gourtsoyianni S, Halligan S, Hoeffel C, Kim SH, Laghi A, Maier A, Rafaelsen SR, Stoker J, Taylor SA, Torkzad MR, Blomqvist L. Magnetic resonance imaging for the clinical management of rectal cancer patients: recommendations from the 2012 European Society of Gastrointestinal and Abdominal Radiology (ESGAR) consensus meeting. Eur Radiol 2013; 23: 2522-2531 [PMID: 23743687]
8 Pickhardt PJ. Recent developments in colorectal imaging. Curr Opin Gastroenterol 2015; 31: 76-80 [PMID: 25394232 DOI: 10.1097/MOG.0000000000000141]
9 Dijkhoff RAP, Beets-Tan RGH, Lambregts DMJ, Beets GL, Maas M. Value of DCE-MRI for staging and response evaluation in rectal cancer: A systematic review. Eur J Radiol 2017; 95: 155-168 [PMID: 28987662 DOI: 10.1016/j.ejrad.2017.08.009]
10 Dijkhoff RAP, Maas M, Martens MH, Papanikolaou N, Lambregts DMJ, Beets GL, Beets-Tan RGH. Correlation between quantitative and semiquantitative parameters in DCE-MRI with a blood pool agent in rectal cancer: can semiquantitative parameters be used as a surrogate for quantitative parameters? Abdom Radiol (NY) 2017; 42: 1342-1349 [PMID: 28050622 DOI: 10.1007/s00261-016-1024-0]
11 Goh V, Padhani AR, Rasheed S. Functional imaging of colorectal cancer angiogenesis. Lancet Oncol 2007; 8: 245-255 [PMID: 17329195 DOI: 10.1016/S1470-2045(07)70075-X]
12 Lim JS, Kim D, Baek SE, Myoung S, Choi J, Shin SJ, Kim MJ, Kim NK, Suh J, Kim KW, Keum KC. Perfusion MRI for the prediction of treatment response after preoperative chemoradiotherapy in locally advanced rectal cancer. Eur Radiol 2012; 22: 1693-1700 [PMID: 22427184 DOI: 10.1007/s00330-012-2416-3]
13 Jain RK. Normalization of tumor vasculature: an emerging concept in antiangiogenic therapy. Science 2005; 307: 58-62 [PMID: 15637262 DOI: 10.1126/science.1104819]
14 Gordon Y, Partovi S, Müller-Eschner M, Amarteifio E, Bäuerle T, Weber MA, Kauczor HU, Rengier F. Dynamic contrast-enhanced magnetic resonance imaging: fundamentals and application to the evaluation of the peripheral perfusion. Cardiovasc Diagn Ther 2014; 4: 147-164 [PMID: 24834412 DOI: 10.3978/j.issn.2223-3652.2014.03.01]
15 Thng CH, Koh TS, Collins DJ, Koh DM. Perfusion magnetic resonance imaging of the liver. World J Gastroenterol 2010; 16: 1598-1609 [PMID: 20355238 DOI: 10.3748/wjg.v16.i13.1598]
16 Sourbron S. Technical aspects of MR perfusion. Eur J Radiol 2010; 76: 304-313 [PMID: 20363574 DOI: 10.1016/j.ejrad.2010.02.017]
17 Ippolito D, Inchingolo R, Grazioli L, Drago SG, Nardella M, Gatti M, Faletti R. Recent advances in non-invasive magnetic resonance imaging assessment of hepatocellular carcinoma. World J Gastroenterol 2018; 24: 2413-2426 [PMID: 29930464 DOI: 10.3748/wjg.v24.i23.2413]
18 Krishan S, Patel A, Sud R, Puri R, Vaid A, Lipi L, Kataria T. Rectal perfusion parameters normalised to tumour-free rectal wall can predict response to neoadjuvant chemoradiotherapy. Clin Radiol 2018; 73: 151-157 [PMID: 29102233 DOI: 10.1016/j.crad.2017.09.011]
19 Hauth EA, Jaeger H, Maderwald S, Stockamp C, Mühler A, Kimmig R, Forsting M. Evaluation of quantitative parametric analysis for characterization of breast lesions in contrast-enhanced MR mammography. Eur Radiol 2006; 16: 2834-2841 [PMID: 16896702 DOI: 10.1007/S00330-006-0348-5]
20 Rosenkrantz AB, Sabach A, Babb JS, Matza BW, Taneja SS, Deng FM. Prostate cancer: comparison of dynamic contrast-enhanced MRI techniques for localization of peripheral zone tumor. AJR Am J Roentgenol 2013; 201: W471-W478 [PMID: 23971479 DOI: 10.2214/AJR.12.9737]
21 DeVries AF, Piringer G, Kremser C, Judmaier W, Saely CH, Lukas P, Öfner D. Pretreatment evaluation of microcirculation by dynamic contrast-enhanced magnetic resonance imaging predicts survival in primary rectal cancer patients. Int J Radiat Oncol Biol Phys 2014; 90: 1161-1167 [PMID: 25260490 DOI: 10.1016/j.ijrobp.2014.07.042]
22 Tong T, Sun Y, Gollub MJ, Peng W, Cai S, Zhang Z, Gu Y. Dynamic contrast-enhanced MRI: Use in predicting pathological complete response to neoadjuvant chemoradiation in locally advanced rectal cancer. J Magn Reson Imaging 2015; 42: 673-680 [PMID: 25652254 DOI: 10.1002/jmri.24835]
23 Petrillo M, Fusco R, Catalano O, Sansone M, Avallone A, Delrio P, Pecori B, Tatangelo F, Petrillo A. MRI for Assessing Response to Neoadjuvant Therapy in Locally Advanced Rectal Cancer Using DCE-MR and DW-MR Data Sets: A Preliminary Report. Biomed Res Int 2015; 2015: 514740 [PMID: 26413528 DOI: 10.1155/2015/514740]
24 Petrillo A, Fusco R, Petrillo M, Granata V, Sansone M, Avallone A, Delrio P, Pecori B, Tatangelo F, Ciliberto G. Standardized Index of Shape (SIS): a quantitative DCE-MRI parameter to discriminate responders by non-responders after neoadjuvant therapy in LARC. Eur Radiol 2015; 25: 1935-1945 [PMID: 25577525 DOI: 10.1007/s00330-014-3581-3]
25 Martens MH, Subhani S, Heijnen LA, Lambregts DM, Buijsen J, Maas M, Riedl RG, Jeukens CR, Beets GL, Kluza E, Beets-Tan RG. Can perfusion MRI predict response to preoperative treatment in rectal cancer? Radiother Oncol 2015; 114: 218-223 [PMID: 25497874 DOI: 10.1016/j.radonc.2014.11.044]
26 Lollert A, Junginger T, Schimanski CC, Biesterfeld S, Gockel I, Düber C, Oberholzer K. Rectal cancer: dynamic contrast-enhanced MRI correlates with lymph node status and epidermal growth factor receptor expression. J Magn Reson Imaging 2014; 39: 1436-1442 [PMID: 24127411 DOI: 10.1002/jmri.24301]
27 Shen FU, Lu J, Chen L, Wang Z, Chen Y. Diagnostic value of dynamic contrast-enhanced magnetic resonance imaging in rectal cancer and its correlation with tumor differentiation. Mol Clin Oncol 2016; 4: 500-506 [PMID: 27073650 DOI: 10.3892/mco.2016.762]


Footnotes
Institutional review board statement: The study was ethically approved by the San Gerardo Hospital Ethics Committee. 

Clinical trial registration statement: This study is registered at “San Gerardo Hospital” trial registry. The registration identification number is EP 15673/19.

Informed consent statement: Informed consent was obtained from all patients.

Conflict-of-interest statement: All the authors are aware of the content of the manuscript and have no conflict of interest.

Data sharing statement: There are no additional data available. 

CONSORT 2010 statement: The authors have read the CONSORT 2010 Statement, and the manuscript was prepared and revised according to the CONSORT 2010 Statement.

Open-Access: This article is an open-access article that was selected by an in-house editor and fully peer-reviewed by external reviewers. It is distributed in accordance with the Creative Commons Attribution NonCommercial (CC BY-NC 4.0) license, which permits others to distribute, remix, adapt, build upon this work non-commercially, and license their derivative works on different terms, provided the original work is properly cited and the use is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/

Manuscript source: Invited manuscript

[bookmark: OLE_LINK9]Peer-review started: January 14, 2020
First decision: February 29, 2020
Article in press:

Specialty type: Gastroenterology and hepatology
Country/Territory of origin: Italy
Peer-review report’s scientific quality classification
Grade A (Excellent): 0
Grade B (Very good): 0
Grade C (Good): C
Grade D (Fair): 0
Grade E (Poor): 0

P-Reviewer: Hiraki M S-Editor: Dou Y L-Editor: E-Editor:


Figure Legends
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Figure 1 Staging dynamic-contrast enhanced magnetic resonance imaging (MR1) performed with 3D-T1 THRIVE images; the corresponding color map and time-intensity curves. A: The T1 THRIVE image shows an example of freehand delineation of the tumor during an MRI study performed for staging purpose (the tumor was a T3N0); B: The related color map was created by the software, and the delineation of the tumor on the T1 THRIVE was automatically reported also on the color map; C: The time-intensity curves table show the results of the delineations on the tumor (which correspond to the highest curves) and on the healthy rectal wall. 

[image: ]
Figure 2 Magnetic resonance imaging study performed for rectal cancer restaging after chemo-radiotherapy with standard T2 weighted sequences and dynamic-contrast enhanced magnetic resonance imaging with 3D-T1 THRIVE images; the corresponding color map and time-intensity curves. A and B: The T2 weighted sequences show a slight thickness in the rectal wall on the left side (from 2 to 5 o'clock) that corresponds to the residual tumor bed; C: The dynamic-contrast enhanced-study show the delineation of the tumor and the time-intensity curves show, with similar curves for the tumor and the healthy rectal wall; D: At histology this patient was classified as a tumor regression grade 1. 
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Figure 3 Differences in terms of perfusion parameters between responders and non-responders, in the tumor tissue and the healthy rectal wall, determines through a dynamic contrast enhanced magnetic resonance imaging study for rectal cancer restaging after chemo-radiotherapy. CRT: Chemo-radiotherapy.
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Figure 4 Correlation between the relative arterial enhancement and the relative venous enhancement at MR2.
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Figure 5 Dynamic-contrast enhanced magnetic resonance imaging study performed for restaging of rectal cancer after chemoradiation therapy with 3D-T1 THRIVE and T2 weighted sequences; the corresponding color map and time-intensity curves. A: The T2 weighted sequences show a slightly hypointense thickness in the rectal wall on the anterior side (from 11 to 2 o’clock) that corresponds to the fibrotic residual tumor bed; B: The dynamic-contrast enhanced-study performed after chemo-radiotherapy show that on the T1 THRIVE sequence some tissue thickness is present (12 o'clock) and the corresponding time-intensity curves show a significant difference between the healthy rectal wall and the tumor; C: At histology was classified as a tumor regression grade 3. 



Table 1 Differences in terms of perfusion parameters in the healthy rectal wall and the tumor tissue, determines through the dynamic contrast enhanced magnetic resonance imaging study for staging rectal cancer (MR1)
	DCE-MRI parameters
	Healthy rectal wall
	Rectal tumor
	P value

	RAE (mean ± SD)
	57.5 ± 41.5
	100 ± 38
	0.005

	RVE (mean ± SD)
	75.5 ± 43
	119.5 ± 26.5
	0.005

	RLE (mean ± SD)
	82 ± 38.5
	114 ± 22.5
	0.005

	ME (mean ± SD)
	807 ± 227.5
	1143.5 ± 348
	0.004

	TTP (mean ± SD)
	217 ± 79
	185 ± 41
	0.040

	AUC (mean ± SD)
	114388.5 ± 46237.5
	186197 ± 41042.5
	0.005








DCE-MRI: Dynamic-contrast enhanced magnetic resonance imaging; RAE: Relative arterial enhancement; RVE: Relative venous enhancement; RLE: Relative late enhancement; ME: Maximum enhancement; TTP: Time to peak; AUC: Area under the curve.


Table 2 Differences in terms of perfusion parameters between responders and non-responders, in the healthy rectal wall, determines through a dynamic contrast enhanced magnetic resonance imaging study during staging (MR1) and restaging (MR2) of rectal cancer after chemo-radiotherapy
	DCE-MRI parameters
	Responders
	Non-responders

	
	MR1
	MR2
	P value
	MR1
	MR2
	P value

	RAE (mean ± SD)
	62 ± 33
	51 ± 8
	0.77
	53 ± 50
	63 ± 33
	0.47

	RVE (mean ± SD)
	70 ± 40
	60 ± 14
	0.73
	81 ± 46
	69 ± 42
	0.68

	RLE (mean ± SD)
	72 ± 35
	76 ± 10
	0.49
	92 ± 42
	63 ± 52
	0.61

	ME (mean ± SD)
	662 ± 98
	882 ± 251
	0.11
	952 ± 357
	847 ± 358
	0.87

	TTP (mean ± SD)
	230 ± 61
	223 ± 32
	0.64
	204 ± 97
	151 ± 56
	0.05

	AUC (mean ± SD)
	120261 ± 46709
	114347 ± 32930
	0.74
	108516 ± 45766
	114187 ± 28584
	0.99


DCE-MRI: Dynamic-contrast enhanced magnetic resonance imaging; RAE: Relative arterial enhancement; RVE: Relative venous enhancement; RLE: Relative late enhancement; ME: Maximum enhancement; TTP: Time to peak; AUC: Area under the curve.


Table 3 Differences in terms of perfusion parameters between responders and non-responders, in the tumor tissue, determines through a dynamic contrast enhanced magnetic resonance imaging study for staging rectal cancer (MR1)
	DCE-MRI Parameters
	Responders
	Non-responders
	P value

	RAE (mean ± SD)
	115 ± 21
	85 ± 55
	0.27

	RVE (mean ± SD)
	119 ± 21
	120 ± 32
	0.94

	RLE (mean ± SD)
	111 ± 14
	117 ± 31
	0.72

	ME (mean ± SD)
	1060 ± 325
	1227 ± 371
	0.52

	TTP (mean ± SD)
	196 ± 12
	175 ± 70
	0.51

	AUC (mean ± SD)
	203361 ± 14347
	169033 ± 67738
	0.28










DCE-MRI: Dynamic-contrast enhanced magnetic resonance imaging; RAE: Relative arterial enhancement; RVE: Relative venous enhancement; RLE: Relative late enhancement; ME: Maximum enhancement; TTP: Time to peak; AUC: Area under the curve.


Table 4 Differences in terms of perfusion parameters between responders and non-responders in the tumor tissue, determines through a dynamic contrast enhanced magnetic resonance imaging study for rectal cancer restaging (MR2) after chemo-radiotherapy
	DCE-MRI parameters
	Responders
	Non-responders
	P value

	RAE (mean ± SD)
	54 ± 20
	129 ± 45
	0.02

	RVE (mean ± SD)
	73 ± 24
	154 ± 39
	< 0.05

	RLE (mean ± SD)
	82 ± 29
	164 ± 35
	< 0.05

	ME (mean ± SD)
	904 ± 429
	1714 ± 427
	0.03

	TTP (mean ± SD)
	218 ± 18
	196 ± 23
	0.15

	AUC (mean ± SD)
	120894 ± 50495
	258022 ± 86469
	0.02










DCE-MRI: Dynamic-contrast enhanced magnetic resonance imaging; RAE: Relative arterial enhancement; RVE: Relative venous enhancement; RLE: Relative late enhancement; ME: Maximum enhancement; TTP: Time to peak; AUC: Area under the curve.
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