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ABSTRACT 
 
Background and purpose: To investigate the role of multi-parametric magnetic resonance 
imaging (MP-MRI) as a biomarker for squamous cell carcinoma of the anal canal (AC). 
 
Materials and methods: From January 2013 to January 2017, 25 patients with non-metastatic 
AC were enrolled on a multi-centre prospective clinical trial, of whom 20 completed protocol 
treatment. MP-MRIs, incorporating diffusion weighted (DW) and dynamic contrast enhanced 
(DCE) sequences, were performed before (baseline), during the second and fourth weeks of 
chemo-radiotherapy (CRT), and 8 weeks following treatment completion. Histogram analysis 
of multi-parametric maps generated maximum, mean, median, minimum, skewness, kurtosis 
and standard deviation metrics. Exact logistic regression and ROC AUC analyses were 
performed for each metric at every timepoint. An elastic net LASSO logistic regression was 
also performed using all measures at each timepoint.  
 
Results: With a median follow up of 17.1 months, 3/20 patients had a local recurrence, and 
5/20 had any recurrence. Several apparent diffusion coefficient (ADC) metrics extracted from 
DW-MRI correlated with local recurrence and demonstrated excellent discrimination: 
baseline skewness (p=0.04, ROC AUC 0.90) and standard deviation (SD) (p=0.02, ROC AUC 
0.90), week 2 skewness (p=0.02, ROC AUC 0.91) and SD (p=0.01, ROC AUC 0.94), week 4 
kurtosis (p=0.01, AUC 0.92) and SD (p=0.01, ROC AUC 0.96). Changes in minimum ADC 
between baseline and week 2 (p=0.02, ROC AUC 0.94) and baseline and week 4 (p=0.02, ROC 
AUC 0.94) were prognostic for local recurrence. For prediction of any recurrence, ADC 
minimum (p=0.02, ROC AUC 0.87) and SD (p=0.01. AUC 0.85) at baseline and ADC maximum 
(p=0.03, ROC AUC 0.77) and SD (p=0.02, ROC AUC 0.81) at week 4 were significant. On LASSO 
logistic regression, ADC minimum and SD at baseline were retained for any recurrence. The 
only significant finding for DCE-MRI was a correlation of k-trans min at the second follow-up 
with local recurrence (p=0.05, AUC 0.84). 
 
Conclusion: Several ADC parameters at various time points correlate with recurrence 
suggesting DW-MRI requires further validation as a potential biomarker for anal cancer. 
 
Keywords 
Anal cancer; chemo-radiotherapy; multi-parametric MRI 
 
 
 
 
 
 
 
 
 
 
 
 
 



Introduction 
Squamous cell carcinoma of the anal canal (AC) is an uncommon malignancy with an 
increasing incidence [1]. Definitive chemo-radiotherapy (CRT) allows for organ preservation 
but carries significant acute and late toxicity [2] even with contemporary modulated RT 
techniques [3]. Recurrence rates also remain high for locally advanced disease [4]. 
 
With the aim of optimising radiotherapy (RT) dose, the PersonaLising Anal cancer 
radioTherapydOse (PLATO) trials are using tumour stage to tailor treatment [5]. Intermediate 
risk disease will receive a lower RT dose and locally advanced disease will be dose escalated. 
This approach, however, potentially overlooks the heterogeneity of response to CRT within 
stage groupings.  
 
Standard morphological MRI is recommended for AC staging [6] and post-CRT MRI may help 
identify candidates for salvage abdomino-perineal resection but it has not proven predictive 
of outcome [7,8]. Alternatively, changes on multi-parametric magnetic resonance imaging 
(MP-MRI) performed during CRT have been correlated with outcome in rectal, head and neck, 
cervical, and oesophageal cancers [9-14]. 
 
Response assessments performed during treatment also present opportunities for treatment 
adaptation allowing clinicians to refine treatments and enhance  the therapeutic window [15]. 
With the emergence of MRI-linear accelerators, this approach could be incorporated into a  
standard radiotherapy workflow [16].  
 
To explore MP-MRI as a biomarker for response in AC, and therefore its potential as a tool for 
treatment adaptation, we undertook a multi-centre prospective clinical trial.  
 
Materials and methods 
Study population 
Patients with histologically confirmed non-metastatic squamous carcinoma of the anal canal 
were enrolled on a prospective study at three Australian centres. The study protocol has been 
previously published [17]. Patients were staged according to the AJCC cancer staging manual, 
seventh edition (2010). P16 testing as a surrogate for Human Papilloma Virus (HPV) infection 
was performed on all tumours. The study was approved by the Hunter New England Human 
Research Ethics Committee (reference: HREC/12/HNE/408) and prospectively registered 
(ACTRN12614001219673). 
 
Chemo-radiotherapy 
Patients were treated with Intensity Modulated Radiotherapy (IMRT) or Volumetric 
Modulated Arc Therapy (VMAT). Prescription dose, contouring, and radiotherapy planning 
were performed according to the Australasian Gastrointestinal Trials Group (AGITG) 
guidelines [18]. Radiotherapy doses ranged from 50.4-54Gy, depending on the tumour stage. 
Continuous infusional 5-Fluorouracil (5-FU) was delivered during the first and fourth weeks 
of RT at a dose of 800-1000mg/m2/day over 5 days. Mitomycin-C at 10mg/kg was delivered 
on day one only.  
 
Image acquisition  



MP-MRI of the pelvis was performed at time of staging (baseline), during the second and 
fourth weeks of CRT, and 8-weeks post completion of treatment. Both structural and 
physiologic imaging were performed on 3 tesla (T) MRI scanners (MAGNETOM Skyra or Vida, 
Siemens AG, Germany). Structural imaging consisted of axial and coronal T2-weighted and 
axial T1-weighted imaging pre-contrast, and axial fat-saturated T1-weighted post-contrast. 
Physiologic scans included axial diffusion-weighted imaging (DW-MRI) and dynamic contrast-
enhanced (DCE-MRI) imaging acquired orthogonal to the rectum and anal canal. DW-MRI was 
acquired using a 2D echo planar imaging (EPI) sequence with four b-values of 0, 400, 800, and 
1200s/mm2 (TE/TR=90/6200ms, matrix=170×170, FOV=230× 230mm2, slice 
thickness=3.5mm). DCE-MRI was acquired using a three-dimensional (3D) time-resolved 
contrast-enhanced MRA (TWIST) (echo time/repetition time [TE/TR]=1.86/4.82ms, flip angle 
[FA]=12º, matrix=192×192, field of view [FOV]= 270×270mm, slice thickness=3.5mm) with a 
temporal resolution of 5.8s. Sequential images were obtained from 40s before administration 
of intravenous (IV) contrast medium to 7.5min after contrast injection. DCE-MRI images were 
acquired following the injection of Magnevist (0.2ml/kg) at a rate of 2.5mL/s using a power 
injector followed by a 20mL saline chase at the same injection rate. Pre-contrast images were 
also acquired in the same slice location as the DCE-MRI imaging with different FAs of 4º and 
21º to facilitate T1 mapping for use in kinetic modelling. Patients were immobilised using a 
knee cushion and ankle stocks. No rectal coil was used. All patients had a single IV bolus of 
hyoscine butylbromide (20mg/ml) immediately preceding the first sequence.  
 
Image analysis 
MP-MRI images were analysed using validated Temporal Dynamic Analysis (TDA) software on 
a voxel-by-voxel basis hosted by the QIPCM Imaging Core Lab 
(http://qipcm.technainstitute.com/) [19,20]. The T1- and T2-weighted images were fused 
with the DW-MRI and DCE-MRI sequences, then all primary tumours at each time point were 
manually contoured as a volume of interest (VOI) by the lead author. Areas of necrosis within 
the primary tumour were not excluded. Involved lymph nodes were not contoured. 
Histogram analysis of DW-MRI (apparent diffusion coefficient) and DCE-MRI (ktrans, kep) 
maps was performed to extract the following metrics: maximum, mean, median, minimum, 
skewness, kurtosis, standard deviation (SD). DCE-MRI analysis was performed using a 
population-based vascular input function. Individual endogenous T1 (T10) maps were used 
where available. For patients who did not have individual T10 maps, an assumed T10 value of 
1600 milliseconds was used.  
 
Statistical analysis 
MP-MRI parameters at baseline, first follow-up and second follow-up, as well as the change 
in parameters between scans, were analysed and correlated with local and any recurrence. 
Change was assessed as a continuous variable. Exact logistic regression and receiver operating 
characteristic (ROC) area under the curve (AUC) analyses were performed for each metric at 
each time point. An AUC between 0.6-0.7, 0.7-0.8, 0.8-0.9, and 0.9-1.0, was considered to 
have poor, fair, good, and excellent discrimination performance, respectively. An elastic net 
LASSO logistic regression was performed for all measures at every time point, as well as for 
the change between time points. While our original protocol stated a complete response 
would be defined at 26 weeks, the subjective nature of this endpoint and its variability 
between clinicians and methods (e.g. digital rectal exam versus examination under 



anaesthetic) meant we switched to local progression as a more robust measure of tumour 
response.  
 
Results 
Between January 2013 and January 2017, 25 patients were enrolled from three Australian 
centres. Five patients withdrew from the study. The reasons for withdrawal are listed in Table 
1. The characteristics of the remaining 20 patients are detailed in Table 2. All tumours were 
P16 positive. To ensure primary tumours were of sufficient size to perform a meaningful 
quantitative analysis, the inclusion criteria stipulated minimum T2 tumours. One patient with 
a T1N2 (1.9cm primary) was permitted to enrol as it was felt the primary tumour size was 
adequate to allow ADC and DCE map analysis. 
 
Median follow-up was 17.1 months (range: 8.2-54.3). Three patients (15.0%) developed a 
local recurrence. Two had persistent disease at 26 weeks (original stage T2N2 and T3N0) and 
one recurred 16 months post-CRT (original stage T4N2). Two patients developed distant 
metastatic disease without local failure for a total of 5 patients (25.0%) with any recurrence. 
At last follow-up, one patient had died of disease.  
 
The average median apparent diffusion coefficient (ADC) at baseline, week 2, and week 4 was 
0.8, 0.9 and 1.0 x10^-3 mm2/s. Several ADC parameters were significant predictors of local 
recurrence (Table 3). ADC skewness and SD were significant at baseline and week 2. Kurtosis 
and SD were significant at week 4. Change in minimum ADC was significant between baseline 
and week 2, and baseline and week 4. On LASSO regression, ADC skewness and SD were 
retained at both week 2 and week 4.  
 
Baseline ADC minimum and SD, and week 4 maximum and SD, were significant for predicting 
any recurrence (Table 4). The LASSO regression models only retained the ADC minimum and 
SD at baseline. The sole significant finding for DCE-MRI was a correlation between k-trans min 
and local recurrence at week 4 (p=0.05, AUC 0.84).  
 
Discussion 
This is the first study to prospectively investigate the role of MP-MRI as a biomarker in AC. 
Patients were treated uniformly on a multi-centre prospective trial. MP-MRIs were performed 
before, during, and following CRT according to a common protocol and MP-MRI parameters 
were correlated with recurrence.  
 
ADC values extracted from the DW-MRI sequences proved the most promising with a number 
of parameters demonstrating a significant correlation with recurrence and excellent 
discrimination values. These results suggest that DW-MRI may be a potential biomarker in AC.  
 
Standard morphological MRI and positron emission tomography/computed tomography 
(PET/CT) are complimentary imaging modalities recommended for AC staging [6,21]. While 
clinical examination is the mainstay of response assessment, emerging evidence indicates 
MRI and PET/CT performed following CRT may also help identify patients at increased risk of 
treatment failure [7,8,22]. 
 



The unique value of imaging performed during CRT is the prospect of using that information 
to inform treatment adaptation. Presently, radiotherapy dose selection is based on the 
tumour stage [5,18]. Once validated, MP-MRI performed during treatment may allow further 
refining of the radiotherapy dose according to treatment response. 
 
Several studies have investigated DW-MRI performed during CRT in other tumour sites [10-
13]. In general, they showed a greater increase in ADC during CRT predicted a favourable 
response. However, these studies assessed only the mean or median ADC within the VOI. This 
approach overlooks the spatial heterogeneity within a tumour and may be missing important 
changes during treatment [23].  
 
In addition to assessing mean and median parameter values, we performed a texture-based 
analysis of ADC histograms. This provides metrics that describe the distribution of ADC values 
within the VOI: skewness, kurtosis, and standard deviation [24]. These parameters can be 
considered a quantitative surrogate of tumour heterogeneity [25]. 
 
Tumours with high intra-tumoural heterogeneity are associated with a poorer prognosis [26-
28] and decreasing heterogeneity during treatment appears to portend a good response [29]. 
Markers of ADC heterogeneity, specifically skewness and kurtosis, have been correlated with 
response to CRT in head and neck and cervical cancer [30-32], and we also found a correlation 
between these metrics and recurrence. Interestingly, two recent retrospective analyses 
correlated heterogeneity metrics on staging MRI with recurrence in AC [33,34] indicating this 
deserves further investigation, perhaps incorporating a radiomics approach [35,36]. 
 
While one DCE-MRI metric, k-trans min, was significant and several DCE-MRI metrics 
approached significance, the relationship between DCE-MRI parameters and recurrence was 
less apparent than ADC. There may be a number of reasons for this. Our small sample size 
may have lacked sufficient statistical power. There was variability in T10 map acquisition 
between centres. Despite the use of hyoscine butylbromide, a small amount of spatial motion 
remained evident on DCE sequences. Considering the sparse temporal resolution of the DCE 
acquisition, this can reduce the parameter estimation accuracy [37]. Nevertheless, DCE has 
shown promise as a biomarker for radiation treatment response in a number of tumour sites 
[38] and now AC can be added to that list. 
 
Previous studies have tended to perform MP-MRIs at a single time point during CRT, usually 
week 3 [9-14]. Changes in ADC as early as week 1 can predict treatment response [10] and 
earlier assessments present greater opportunity for treatment adaptation. With this in mind, 
and with a view to examine the importance of timing, we elected to perform MP-MRIs at two 
time points – weeks 2 and 4. Our results did not show a significant difference between the 
time points suggesting the timing of MP-MRIs may not be critical.  
 
Achieving consistent image acquisition across multiple centres can be challenging. 
Fortunately, all centres in our study had the same make of MRI (3T MAGNETOM Skyra or Vida, 
Siemens AG). This allowed sequences to be easily standardised using an electronic protocol 
(EDX file). We also used power injectors to deliver IV contrast at a fixed rate when acquiring 
the DCE sequences.  
 



While performing the image analysis, some limitations to the process became apparent. 
Firstly, manual delineation of the VOI is a subjective process open to significant inter-, and 
even intra-observer variability. Semi-automated methods using threshold ADC values have 
been proposed [39,40] to improve the objectivity of the delineation process. Indeed, one may 
imagine a time when automated extraction and radiomic analysis of MP-MRI metrics from 
MRI linear accelerators will allow monitoring of radiotherapy response and inform treatment 
adaptation.  
 
Secondly, as other authors have noted [10], delineation became increasingly difficult as the 
tumour regressed. This was a particular challenge for smaller tumours. By the 8-week post-
CRT timepoint, tumour regression rendered only the largest tumours amenable to meaningful 
quantitative analysis. As such, analysis of the post treatment MRI images was not completed. 
Imaging earlier during the course of CRT could avoid these challenges and also lends itself to 
an adaptive approach, allowing time for the clinician to enact treatment changes.  
 
The principle limitations of this study are the small sample size, low event rate, and short 
follow-up. AC is an uncommon tumour which poses recruitment challenges, and this was 
intended as a pilot study only. Despite the low event rate, we had several statistically 
significant findings, and our median follow-up of 17.1 months seems acceptable considering 
local recurrence in AC occurs at a median of 16 months post-CRT [41].  
 
We acknowledge that our analysis generated a large amount of data which increased the 
likelihood of finding statistically significant results. This was a preliminary study; such an 
exploratory analysis is useful for identifying signals which warrant further investigation in 
larger patient cohorts. 
 
As described above, we found several ADC parameters correlate with recurrence, suggesting 
that DW-MRI is a potential biomarker in AC.  
 
Acknowledgements 
We would like to acknowledge the important contribution of the trial coordinators, Joanne 
Smart and Carolyn Kwong, and the site leads at Liverpool Hospital and Chris O’Brien 
Lighthouse, Dr Mark Lee, Dr Karen Wong, and Dr Sue Carroll. Funding was provided by a 
Hunter Translational Cancer Research Unit Grant and a Royal Australian and New Zealand 
College of Radiologists Research Grant.  
 
References1 
 

[1] Jemal A, Simard EP, Dorell C, Noone A-M, Markowitz LE, Kohler B, et al. Annual 
Report to the Nation on the Status of Cancer, 1975-2009, featuring the burden and 
trends in human papillomavirus(HPV)-associated cancers and HPV vaccination 
coverage levels. JNCI Journal of the National Cancer Institute 2013;105:175–201. 
doi:10.1093/jnci/djs491. 

[2] Sebag-Montefiore D, Stephens RJ, Steele R, Monson J, Grieve R, Khanna S, et al. 
Preoperative radiotherapy versus selective postoperative chemoradiotherapy in 
patients with rectal cancer (MRC CR07 and NCIC-CTG C016): a multicentre, 



randomised trial. The Lancet 2009;373:811–20. doi:10.1016/S0140-6736(09)60484-
0. 

[3] Yates A, Carroll S, Kneebone A, Tse R, Horvath L, Byrne C, et al. Implementing 
Intensity-modulated Radiotherapy with Simultaneous Integrated Boost for Anal 
Cancer: 3 Year Outcomes at Two Sydney Institutions. Clinical Oncology 2015:1–8. 
doi:10.1016/j.clon.2015.08.006. 

[4] James RD, Glynne-Jones R, Meadows HM, Cunningham D, Myint AS, Saunders MP, 
et al. Mitomycin or cisplatin chemoradiation with or without maintenance 
chemotherapy for treatment of squamous-cell carcinoma of the anus (ACT II): a 
randomised, phase 3, open-label, 2× 2 factorial trial. Lancet Oncology 2013;14:516–
24. doi:10.1016/S1470-2045(13)70086-X. 

[5] Sebag-Montefiore D, Adams R, Bell S, Berkman L, Gilbert DC, Glynne-Jones R, et al. 
The Development of an Umbrella Trial (PLATO) to Address Radiation Therapy Dose 
Questions in the Locoregional Management of Squamous Cell Carcinoma of the 
Anus. Radiation Oncology Biology 2016;96:E164–5. 
doi:10.1016/j.ijrobp.2016.06.1006. 

[6] Glynne-Jones R, Nilsson PJ, Aschele C, Goh V, Peiffert D, Cervantes A, et al. Anal 
cancer: ESMO-ESSO-ESTRO clinical practice guidelines for diagnosis, treatment and 
follow-up. Radiother Oncol 2014;111:330–9. doi:10.1016/j.radonc.2014.04.013. 

[7] Goh V, Gollub FK, Liaw J, Wellsted D, Przybytniak I, Padhani AR, et al. Magnetic 
resonance imaging assessment of squamous cell carcinoma of the anal canal before 
and after chemoradiation: can MRI predict for eventual clinical outcome? Int J 
Radiat Oncol Biol Phys 2010;78:715–21. doi:10.1016/j.ijrobp.2009.08.055. 

[8] Kochhar R, Renehan AG, Mullan D, Chakrabarty B, Saunders MP, Carrington BM. The 
assessment of local response using magnetic resonance imaging at 3- and 6-month 
post chemoradiotherapy in patients with anal cancer. Eur Radiol 2016;27:1–11. 
doi:10.1007/s00330-016-4337-z. 

[9] Zahra MA, Tan LT, Priest AN, Graves MJ, Arends M, Crawford RAF, et al. 
Semiquantitative and quantitative dynamic contrast-enhanced magnetic resonance 
imaging measurements predict radiation response in cervix cancer. Int J Radiat 
Oncol Biol Phys 2009;74:766–73. doi:10.1016/j.ijrobp.2008.08.023. 

[10] Kim S, Loevner L, Quon H, Sherman E, Weinstein G, Kilger A, et al. Diffusion-
weighted magnetic resonance imaging for predicting and detecting early response 
to chemoradiation therapy of squamous cell carcinomas of the head and neck. 
Clinical Cancer Research 2009;15:986–94. doi:10.1158/1078-0432.CCR-08-1287. 

[11] Barbaro B, Vitale R, Valentini V, Illuminati S, Vecchio FM, Rizzo G, et al. Diffusion-
weighted magnetic resonance imaging in monitoring rectal cancer response to 
neoadjuvant chemoradiotherapy. Int J Radiat Oncol Biol Phys 2012;83:594–9. 
doi:10.1016/j.ijrobp.2011.07.017. 

[12] Lambrecht M, Vandecaveye V, De Keyzer F, Roels S, Penninckx F, Van Cutsem E, et 
al. Value of Diffusion-Weighted Magnetic Resonance Imaging for Prediction and 
Early Assessment of Response to Neoadjuvant Radiochemotherapy in Rectal Cancer: 
Preliminary Results. Int J Radiat Oncol Biol Phys 2012;82:863–70. 
doi:10.1016/j.ijrobp.2010.12.063. 

[13] Somoye G, Harry V, Semple S, Plataniotis G, Scott N, Gilbert FJ, et al. Early diffusion 
weighted magnetic resonance imaging can predict survival in women with locally 



advanced cancer of the cervix treated with combined chemo-radiation. Eur Radiol 
2012;22:2319–27. doi:10.1007/s00330-012-2496-0. 

[14] Heethuis SE, van Rossum PSN, Lips IM, Goense L, Voncken FE, Reerink O, et al. 
Dynamic contrast-enhanced MRI for treatment response assessment in patients 
with oesophageal cancer receiving neoadjuvant chemoradiotherapy. Radiother 
Oncol 2016;120:128–35. doi:10.1016/j.radonc.2016.05.009. 

[15] Jones KM, Michel KA, Bankson JA, Fuller CD, Klopp AH, Venkatesan AM. Emerging 
Magnetic Resonance Imaging Technologies for Radiation Therapy Planning and 
Response Assessment. Int J Radiat Oncol Biol Phys 2018;101:1046–56. 
doi:10.1016/j.ijrobp.2018.03.028. 

[16] Liney GP, Whelan B, Oborn B, Barton M, Keall P. MRI-Linear Accelerator 
Radiotherapy Systems. Clin Oncol (R Coll Radiol) 2018;30:686–91. 
doi:10.1016/j.clon.2018.08.003. 

[17] Jones M, Hruby G, Stanwell P, Gallagher S, Wong K, Arm J, et al. Multiparametric 
MRI as an outcome predictor for anal canal cancer managed with 
chemoradiotherapy. BMC Cancer 2015;15:281. doi:10.1186/s12885-015-1244-7. 

[18] Ng M, Leong T, Chander S, Chu J, Kneebone A, Carroll S, et al. Australasian 
Gastrointestinal Trials Group (AGITG) contouring atlas and planning guidelines for 
intensity-modulated radiotherapy in anal cancer. Radiation Oncology Biology 
2012;83:1455–62. doi:10.1016/j.ijrobp.2011.12.058. 

[19] Coolens C, Driscoll B, Foltz W, Svistoun I, Sinno N, Chung C. Unified platform for 
multimodal voxel-based analysis to evaluate tumour perfusion and diffusion 
characteristics before and after radiation treatment evaluated in metastatic brain 
cancer. Br J Radiol 2018:20170461. doi:10.1259/bjr.20170461. 

[20] Coolens C, Driscoll B, Foltz W, Pellow C, Menard C, Chung C. Comparison of Voxel-
Wise Tumor Perfusion Changes Measured With Dynamic Contrast-Enhanced (DCE) 
MRI and Volumetric DCE CT in Patients With Metastatic Brain Cancer Treated with 
Radiosurgery. Tomography 2016;2:325–33. doi:10.18383/j.tom.2016.00178. 

[21] Jones M, Hruby G, Solomon M, Rutherford N, Martin J. The Role of FDG-PET in the 
Initial Staging and Response Assessment of Anal Cancer: A Systematic Review and 
Meta-analysis. Ann Surg Oncol 2015;22:3574–81. doi:10.1245/s10434-015-4391-9. 

[22] Cardenas ML, Spencer CR, Markovina S, DeWees TA, Mazur TR, Weiner AA, et al. 
Quantitative FDG-PET/CT predicts local recurrence and survival for squamous cell 
carcinoma of the anus. Adv Radiat Oncol. 2017;2(3):281–7. 

[23] Lemasson B, Galbán CJ, Boes JL, Li Y, Zhu Y, Heist KA, et al. Diffusion-Weighted MRI 
as a Biomarker of Tumor Radiation Treatment Response Heterogeneity: A 
Comparative Study of Whole-Volume Histogram Analysis versus Voxel-Based 
Functional Diffusion Map Analysis. Translational Oncology 2013;6:554–61. 
doi:10.1593/tlo.13532. 

[24] Rosenkrantz AB. Histogram-Based Apparent Diffusion Coefficient Analysis: An 
Emerging Tool for Cervical Cancer Characterization? American Journal of 
Roentgenology 2013;200:311–3. doi:10.2214/AJR.12.9926. 

[25] Davnall F, Yip CSP, Ljungqvist G, Selmi M, Ng F, Sanghera B, et al. Assessment of 
tumor heterogeneity: an emerging imaging tool for clinical practice? Insights 
Imaging 2012;3:573–89. doi:10.1007/s13244-012-0196-6. 

[26] O'Connor JPB, Rose CJ, Jackson A, Watson Y, Cheung S, Maders F, et al. DCE-MRI 
biomarkers of tumour heterogeneity predict CRC liver metastasis shrinkage 



following bevacizumab and FOLFOX-6. Br J Cancer 2011;105:139–45. 
doi:10.1038/bjc.2011.191. 

[27] Alic L, van Vliet M, van Dijke CF, Eggermont AMM, Veenland JF, Niessen WJ. 
Heterogeneity in DCE-MRI parametric maps: a biomarker for treatment response? 
Phys Med Biol 2011;56:1601–16. doi:10.1088/0031-9155/56/6/006. 

[28] Harrison LC, Luukkaala T, Pertovaara H, Saarinen TO, Heinonen TT, Järvenpää R, et 
al. Non-Hodgkin lymphoma response evaluation with MRI texture classification. J 
Exp Clin Cancer Res 2009;28:205–13. doi:10.1186/1756-9966-28-87. 

[29] Goh V, Ganeshan B, Nathan P, Juttla JK, Vinayan A, Miles KA. Assessment of 
response to tyrosine kinase inhibitors in metastatic renal cell cancer: CT texture as a 
predictive biomarker. Ry 2011;261:165–71. doi:10.1148/radiol.11110264. 

[30] King AD, Chow K-K, Yu K-H, Mo FKF, Yeung DKW, Yuan J, et al. Head and Neck 
Squamous Cell Carcinoma: Diagnostic Performance of Diffusion-weighted MR 
Imaging for the Prediction of Treatment Response. Ry 2013;266:531–8. 
doi:10.1148/radiol.12120167. 

[31] Meng J, Zhu L, Zhu L, Wang H, Liu S, Yan J, et al. Apparent diffusion coefficient 
histogram shape analysis for monitoring early response in patients with advanced 
cervical cancers undergoing concurrent chemo- radiotherapy. Radiat Oncol 
2016;11:1–9. doi:10.1186/s13014-016-0715-6. 

[32] Tyagi N, Riaz N, Hunt M, Wengler K, Hatzoglou V, Young R, et al. Weekly response 
assessment of involved lymph nodes to radiotherapy using diffusion-weighted MRI 
in oropharynx squamous cell carcinoma. Med Phys 2015;43:137–47. 
doi:10.1118/1.4937791. 

[33] Hocquelet A, Auriac T, Perier C, Dromain C, Meyer M, Pinaquy J-B, et al. Pre-
treatment magnetic resonance-based texture features as potential imaging 
biomarkers for predicting event free survival in anal cancer treated by 
chemoradiotherapy. Eur Radiol 2018;28:1–11. doi:10.1007/s00330-017-5284-z. 

[34] Owczarczyk K, Prezzi D, Cascino M, Kozarski R, Gaya A, Siddique M, et al. MRI 
heterogeneity analysis for prediction of recurrence and disease free survival in anal 
cancer. Radiother Oncol 2019;134:119–26. doi:10.1016/j.radonc.2019.01.022. 

[35] Aerts HJWL, Velazquez ER, Leijenaar RTH, Parmar C, Grossmann P, Carvalho S, et al. 
Decoding tumour phenotype by noninvasive imaging using a quantitative radiomics 
approach. Nat Commun 2014;5:4006. doi:10.1038/ncomms5006. 

[36] Sun R, Limkin EJ, Vakalopoulou M, Dercle L, Champiat S, Han SR, et al. A radiomics 
approach to assess tumour-infiltrating CD8 cells and response to anti-PD-1 or anti-
PD-L1 immunotherapy: an imaging biomarker, retrospective multicohort study. The 
Lancet Oncology 2018;19:1180–91. doi:10.1016/S1470-2045(18)30413-3. 

[37] Svistoun I, Driscoll B, Coolens C. Accuracy and Performance of Functional parameter 
estimation using a Novel Numerical Optimization Approach for GPU-Based Kinetic 
Compartmental Modeling. Tomography 2019;5:209–19. 

[38] Zahra MA, Hollingsworth KG, Sala E, Lomas DJ, Tan LT. Dynamic contrast-enhanced 
MRI as a predictor of tumour response to radiotherapy. The Lancet Oncology 
2007;8:63–74. doi:10.1016/S1470-2045(06)71012-9. 

[39] Gong N-J, Wong C-S, Chu Y-C, Guo H, Huang B, Chan Q. Increasing the accuracy of 
volume and ADC delineation for heterogeneous tumor on diffusion-weighted MRI: 
correlation with PET/CT. Int J Radiat Oncol Biol Phys 2013;87:407–13. 
doi:10.1016/j.ijrobp.2013.05.026. 



[40] Coolens C, Driscoll B, Chung C, Shek T, Gorjizadeh A, Menard C, et al. Automated 
voxel-based analysis of volumetric dynamic contrast-enhanced CT data improves 
measurement of serial changes in tumor vascular biomarkers. Int J Radiat Oncol Biol 
Phys 2015;91:48–57. doi:10.1016/j.ijrobp.2014.09.028. 

[41] Faynsod M, Vargas HI, Tolmos J, Udani VM, Dave S, Arnell T, et al. Patterns of 
recurrence in anal canal carcinoma. Arch Surg 2000;9:1090-3 

 

Figures 

Figure 1 caption: Apparent diffusion coefficient maps from pre-treatment (a), week 2 (b) and 
week 4 (c) of chemo-radiotherapy of a patient who did not experience a local recurrence. 
Apparent diffusion coefficient maps from pre-treatment (d), week 2 (e) and week 4 (f) of 
chemo-radiotherapy of a patient who subsequently experienced a local recurrence.  
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