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prediction of pathological response in patients with locally advanced rectal cancer
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Methods: 1.5T MRI was performed in 43 patients with LARC before, during and after
'CRT. Tumour
‘volume wag measured on both T2-weighted (V T2w ) and on DWi b,1000 images
(V b,1000 ) at each time point, hence tumour volume reduction rate (AV T2w and AV
'h,1000 ) was
icalculated. Whole lesion (3D) first order texture analysis of ADC map was performed.
tmaging parameters were compared to pathological Tumour Regression Grade (TRG).
‘The diagnostic
iperformance of each parameter in the identification of complete responders
(CR:TRG4), partial
responders (PR:TRG3) and no responders {NR:TRG 0-2) was avaiuated by
‘multinomial regression
‘analysis and receiver cperating characteristics curves. f
‘Results:  After surgery 11 patients resufted CR, 22 PR, 10 NR. Before CRT, predictor
{of CR resulted ADC 75° percentile and median, with good accuracy (74% and 86%,
respectively) and sensitivity (73% and 82%, respectively}. During CRT, best predictor
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:of CR resulted AV T2w (-58.3%) with good accuracy {81%) and excellent sensitivity
:{91%). After CRT, best predictors of CR resulted AV T2w {-82.8%) and AV b,1000 (- -
‘86.8%), with 84% of accuracy in both cases and 82% and 81% of sensitivity,
respectively.

Conclusions: Median ADC value at pre-treatment MR! and AV T2w (from pre-to-
-during CRT MRI) may have a role in early and accurate prediction of response to
‘treatment. Both AV T2w and AV b,1000 (from pre-to-post CRT} help in the
“identification of CR after CRT.
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Anonymous list of revisions

EDITOR'S COMMENTS:
Dear Authors
Please provide pictorial examples of the tumour volume delineation.

Answer: According to Editor” suggestion pictorial examples of the tumeur volume delineation in each
MR sequence was added (Figure 1).

REVIEWERS COMMENTS:

Reviewer #1:
-Add the uniqueness of this study compared to other studies and discuss the same issue.

Answer: The uniqueness of this study consist in the multiple time-point MR assessment of rectal cancer
with histogram analysis of tumour volume on ADC maps. Despite functional imaging based on DWI is
considered superior to morphological evaluation for the depiction of tumour aggressiveness and
prognosticator, the present study show that different imaging parameters are useful in the prediction
and monitoring of the degree of response according to the phase of treatment in which MR is
performed influence

The aim was rephrased at the end of introduction in order to emphasize these aspects. as well as
discussion.

-Add more about basic of routine and advanced DWI modules using this ref

Abdel Razek AAK. Routine and Advanced Diffusion Imaging Modules of the Salivary Glands.
Neuroimaging Clin N Am 2018;28:245-254.

Answer: According to reviewer’ suggestion more about DWI modules was added using the
aforementioned reference. Specifically. about histogram and texture analysis in the introduction (lines
53-56) and in discussion (lines 201-212) and about intravoxel incoherent motion and diffusion kurtosis
imaging in discussion (lines 221 -226)

-English language correction through the manuscript

Answer: According to reviewer™ suggestion the manuscript was edited by a mother tongue speaker.
-Discuss merits and limitations of histogram in discussion

Answer: according to reviewer’ suggestion merits and limitation of histogram analysis are added in

discussion (lines 201-212 and 221-226).

-Update of references as most of references are old using these ref



Abd-E! Khalek Abd-ALRazek A, Fahmy DM. Diagnostic Value of Diffusion-Weighted Imaging and
Apparent Diffusion Coefficient i1 Assessment of the Activity of Crohn Disease: 1.5 or 3 T.J] Comput
Assist Tomogr 2018:42:688-696.

Answer: References were updated and the suggested reference added.

Reviewer #2: Line 33:complete response to CRT, organ-preserving strategies such as '‘watch-and-wait’
policy may be considered as safe alternatives to major surgery. This is not a safe option and remains
controversial, especially in young fit patients. The risk of metastases is 8% and local regrowth is 25%
as published in the mentioned paper.

Answer: We agree with the reviewer’s comment and we modify the first paragraph of introduction as
follows:

“Neoadjuvant chemoradiation therapy (CRT) for the treatment of locally advanced rectal cancer
{LARC) leads to a pathological complete response (pCR) in approximately 15-27% of patients [1].
suggesting the possibility of tailoring surgical treatment based on individuals™ clinical characteristics
and the risk of local tumour recurrence or distant metastasis. and eventually applying less-invasive
strategy or a “watch-and-wait” policy in selected cases™.

One patient with an entirely mucinous tumour was excluded. The authors did not mention if there was
any mucinous component in any of the resected patients. This will have an effect on ADC and
sometimes T2 as tumours are difficult to delineate.

Answer: At pretreatment none of the tumour included in the analysis showed mucinous component.
The same on MR studies performed during treatment. Only 2 patients showed mucin pools at post-
treatment MRI that were confirmed at histological evaluation. Mucin pool at post treatment is a marker
of treatment response, indeed both patients were responders (one patients had a complete response, the
other had a partial response). Mucinous component were embedded into fibrotic tissue or viable tissue
in complete and partial responders. respectively, and the usage of endorectal fifling allowed an easier
delineation of residual tissue or tumour bed. Mucin components is known to increase ADC values, and
higher ADC values could be expected in responders. However. in our sample we did not find higher
ADC values after treatment among the three classes of response, probably because of a prevalence in
fibrotic evolution which tend to decrease ADC values, balancing the ADC increase related to mucin
pools.

The authors should show examples of tumour volume drawings to help the reader understand the
concept.

Answer: In accordance to Editor’s and reviewer’ suggestion pictorial examples of the tumour volume
delineation in each MRI sequence was added.



Revised Abstract

MRI prediction of pathological response in locally advanced rectal cancer: when ADC radiomics

meets conventional volumetry

ABSTRACT

Purpose: To investigate the role of DWIl-images, T2w-images and ADC histogram analysis before,
during and after neoadjuvant chemo-radiotherapy (CRT) in the prediction of pathological response in

patients with locally advanced rectal cancer (LARC).

Methods: 1.5T MRI was performed in 43 patients with LARC before, during and after CRT. Tumour
volume was measured on both T2-weighted (V12w) and on DWI 11000 images

(Vi.1000) at each time point, hence tumour volume reduction rate (AVraw and AV 1000) Was

calculated. Whole lesion (3D) first order texture analysis of ADC map was performed. Imaging
parameters were compared to pathological Tumour Regression Grade (TRG). The diagnostic
performance of each parameter in the identification of complete responders (CR:TRG4), partial
responders (PR:TRG3) and no responders (NR:TRG 0-2) was evaluated by multinomial regression

analysis and receiver operating characteristics curves.

Results: After surgery 11 patients resulted CR, 22 PR, 10 NR. Before CRT, predictor of CR resulted
ADC 75° percentile and median, with good accuracy (74% and 86%, respectively) and sensitivity (73%
and 82%, respectively). During CRT, best predictor of CR resulted AVr2w (-58.3%) with good accuracy
(81%) and excellent sensitivity (91%). After CRT, best predictors of CR resulted AV 2w (-82.8%) and

AVy.1000 (-86.8%), with 84% of accuracy in both cases and 82% and 91% of sensitivity, respectively.

Conclusions: Median ADC value at pre-treatment MRI and AV (from pre-to-during CRT MRI) may

have a role in early and accurate prediction of response to treatment. Both AVrzwand AVy 1000 (from pre-



to-post CRT) help in the identification of CR after CRT.
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MRI prediction of pathological response in locally advanced rectal cancer: when ADC radiomics

2  meets conventional volumetry

3  Keywords:

4 e Rectal cancer

5 o Functional Magnetic Resonance Imaging
6 ¢ Treatment

7 o Neoadjuvant therapy

8 ¢ Prognosis

9

10  Abbreviations and acronyms:

11 ADC: Apparent Diffusion Coefficient

12  AUC: Area Under the Curve

13  CR:Complete Responders

14  CRT: ChemoRadiation Therapy

15  DWI: Diffusion Weighted Imaging

16  Early AV.early Tumour Voiume Reduction Rate (from pre-to-during CRT)

17 LARC: Local Advanced Rectal Cancer

18 Late AV. late Tumour Volume Reduction Rate (from pre-to-post CRT)

19  NR: No Responders

20  pCR: pathological Complete Response
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PR: Partial Responders
ROC: Receiver Operating Characteristics curve
ROI: Region Of Interest

TRG: Tumour Regression Grade

INTRODUCTION

Neoadjuvant chemoradiation therapy (CRT) for the treatment of locally advanced rectal cancer
(LARC) leads to a pathological complete response (pCR) in approximately 15-27% of patients [1],
suggesting the possibility of tailoring surgical treatment based on individuals® clinical characteristics
and the risk of local tumour recurrence of distant metastasis. and eventually applying less-invasive

strategy or a ‘watch-and-wait’ policy in selected cases [2, 3]

Therefore, a higher accuracy in the prediction of treatment response and in the identification of residual

cancer after CRT is required.

Magnetic Resonance Imaging (MRI) is widely adopted for rectal cancer staging for its high accuracy n

depicting local invasion providing useful information to guide treatment strategy.

Unfortunately, MRI performances is suboptimal for restaging and predicting of pathological response.
Tumour volume reduction rate evaluated on T2-weighted MRI showed variable results in the
assessment of treatment response [4-61, mainly due to the limitation of T2-weighted images in

distinguishing radiation-induced fibrosis and peritumoral inflammation from residual cancer 7
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On contrary, Diffusion Weighted Imaging (DWI) significantly improves rectal cancer restaging, by
providing information about tissue microarchitecture mostly related to cellular density [8,9], which is

higher in malignancies and more aggressive cancers [9-11].

Apparent Diffusion Coefficient (ADC) is a biomarker of malignancy. In rectal cancer ADC is
associated with cell count., Ki67 [12] and histological features [13]. but its role in prediction and
monitoring of LARC response to CRT s still controversial [4. 14-17]. The main reason for such
discrepancy lies in methodological differences such as non-standardized DWI sequences and image

post-processing [4,9,14-18], which impacts on data reproducibility [ 19, 20].

Moreover, rectal cancer has been characterized by a certain degree of inherent heterogeneity, which is
related to tumour aggressiveness and prognosis; thus the simple evaluation of mean ADC values has
the potential bias of overlooking tumour heterogeneity. A strategy to overcome this limitation consist
in the extraction of parameters describing inherent ADC heterogeneity through histogram analysis [21-
23]. Histogram analysis consists of first order statistics describing the frequency distribution of
intensity values within a ROl or VOI [23] revealing subtle microstructural alterations, that are invisible
to the naked eye. ADC histogram parameters resulted related to histological features [13] and
potentially to the degree of response to treatment [18].

In a recent study. it was demonstrated that MR monitoring of rectal cancer during CRT may effectively
detect responders in the early phase of treatment [24], however, only T2 volumetry was assessed.
Based on the knowledge that DWI may improve MRI diagnostic performances after CRT [9, 11] and
that histogram analysis may identify ADC diffusivity pattern related to sensitivity to CRT [18], the
present study aimed to identify the best imaging predictor of treatment response before, during and
after CRT using multiparametric MRI evaluation including volumetric assessment on T2 and DW] and

volumetric ADC histogram analysis.
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MATERIAL AND METHODS
Patient demographics

The Institutional Review Board approved this prospective observational study and written informed
consent was obtained. Between January 2013 and March 2018, 56 consecutive patients with
histologically proven LARC who received neoadjuvant CRT, underwent MRI prior to CRT (pre-MRI),
during CRT (mid-MRI) and 8 weeks after CRT (post-MRI). Thirteen out of 56 patients were excluded
because of (a) MRI artefacts (n = 2), (b) tumour with an entirely mucinous aspect (n = 1), (c) the lack

of DWI at cach time point (n = 3), (d) different CRT scheme (n = 3). The study population 1s

summarized in Table 1.

MRI protocol

MRI examinations were performed on a 1.5-T magnet (Ingenia, Philips Medical Systems, Best The
Netherlands) equipped with a 32-channel phased array body coil. Patients were prepared with
endorectal filling (50 cc of Lumirem®, Guerbet S.p.A.) and intramuscular injection of

butylscopolamine (20 mg) to reduce bowel peristalsis.
The imaging protocol included:

- High-resolution TSE T2-weighted sequences (TR 5531 msec; FOV 240x240x76 mm; matrix

512x512; slice thickness 3 mm; gap 0.3 mm; turbo factor 12) oriented on the three orthogonal

planes.



83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

- DWI single-shot echo-planar sequence in the axial plane (TR 3768 ms; TE 72 ms; FOV
260x260x119 mm; 30 slices; slice thickness 3 mm; gap: 1 mm; NSA 8) with four different b
values (0, 200, 600, 1000).

- 3D T1-weighted TFE sequences with fat suppression (TR 4.4 ms; TE = 4.1 ms; matrix = 336 %
336; NSA = 1; 20 dynamics) acquired during intravenous injection of 0.1 mL/kg of body

weight of gadobutrol.

Image analysis

Two readers [RERIEEEE with 5 and 8 years of experience in oncologic body imaging, blinded to

the histopathology results, independently drew the whole-tumour volume at pre, mid and post-MRI by
manually tracing the outer edge of the lesion on high-resolution axial-T2-weighted and DW]lp 1000
images using a dedicated software (Olea Medical Software, La Ciotat, France) {Figure 1). The
extracted parameters were: total volume segmented on T2w (Vr2w) and DWIb_ 1000 (Vb 1000) images, early
tumour volume reduction rate (early AV) on both T2w and DWIb.j000 images (V pre-MRI -V mid- .
MRI)/V pre-MRI x 100) and late tumour volume reduction rate (late AV) on both T2w and DWIh, 1000

images (V pre-MRI -V post-MRI)/V pre-MRI x 100).

Vow was automatically co-registered to ADC map, and manually corrected. If no residual tumour was
identified after therapy, the volume was drawn in the apparent tumour bed. The following parameters
describing the histogram of ADC values in the entire tumour (3D-ADC) were recorded: 25th, 50th,
75th percentile, mean, skewness and kurtosis. The two readers independently traced a single region of
interest (ROI) along tumour edges on a representative section and a small round-shaped ROI on a
darker area of the tumour in order to obtain the single-section (ss-ADC) and restricted ADC (r-ADC)

values, respectively.

Chemoradiation therapy
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Oxaliplatin 100mg/m2 and 5-Fluorouracil (5-FU) 200 mg/m2/day were administered from 14 days
before RT to the end of RT eycle. Radiation therapy consisted of tomotherapy (total dose 41.4 Gyin 18
fractions: 2.3 Gy per fraction) delivered to a planning target volume including the tumour and regional
lymph nodes defined on pre-MRI. In the last 6 fractions an additional boost of 3.1 Gy per fraction was

delivered to the residual cancer recognized on mid-MRI [25].

Pathologic assessment of response

Surgically resected specimens were examined by L.A. (15 years of experience), according 10 the 7th
American Joint Committee on Cancer TNM staging system and tumour regression grade (TRG) Radel
classification [26]. Pathological complete response was defined as the absence of viable tumour cells in
the primary tumour and lymph nodes. Patients were classified as follow: TRGO-2 as no responders

(NR), TRG3 as partial responders (PR), TRG4 as complete responders (CR).

Statistical analysis

Correlations among features were calculated using the Spearman correlation coefficient.

Kruskal-Wallis® test followed by a post-hoc analysis with Dunn’s test was utilized to compare the
means of the parameters in the three classes of pathological response (NR, PR and CR). The
performance of the parameters in predicting the three types of response was evaluated by using
univariate multinomial regression. In both the analysis, p-values were adjusted for multiple

comparisons using Bonferroni’s correction.

The Receiver Operating Characteristics (ROC) curve analysis was used to investigate the performance
of the parameters in predicting either CR or NR. The Area Under the Curve (AUC) was analysed to

compare the performances. AUC above 0.8 was considered good, while values between 0.7 and 0.8
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was considered acceptable. The optimal cut-off of each variable was derived using the standard

method, and was considered as the point closest to the upper left corner of the ROC curve.

P-value less than 0.05 was considered statistically significant. All statistical analyses were performed

using R software, version 320 (http://www.R-project.org/).

RESULTS
Patient characteristics

According to the pathological TRG, out of 43 patients, 11 (26%) were recognized as CR, 22 (51%) as

PR and 10 (23%) as NR.

Radiological stages on pre-MRI and histopathological findings are summarized in Table 1.

Tumour volumetry on T2w and high b-value images: differences among groups

Figure 2 showed Vrow and Vo000 at pre-MRI (A, B), mid-MRI (C, D) and post-MRI (E. F) according

to the pathological TRG.

At pre-MRI, both Vrow and Vo000 resulted no significantly different among classes of response,

regardless a tendency to smaller volumes in CR.

CR had lower Vrawin comparison to NR at mid-MRI, (Fig.2, Table 2) and lower Vraw and Vo, 1000 with

respect to PR and NR at post-MRI (Fig.2, Table 2).

There was no significant difference in tumour volume (Vrawand Vi tooo) between PR and NR at each

time-point.

Tumour volume values obtained from T2w images segmentation at pre-MRI strongly agree with

twmour volume segmentation on DWlb 1000 (p:0.8960, p<0.0001); while an acceptable agreement was

7
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observed at mid-MRI and post-MRI (p:0.7558, p<0.0001 and p:0.7228, p<0.0001, respectively).

Both early (pre-to-during CRT) and late (pre-to-post CRT) tumour volume reduction rate AV 12w (Table
2, Figure 3) were significantly different among different classes of responses (p=0.0006 and p=0.0019,

respectively).

In particular CR presented a higher median early AV T2w compared to PR (CR:-75% vs PR:-49%,
p=0.0019) and NR (CR:-75% vs NR:-38%, p=0.0001), as well as higher late AV T2w in comparison to

PR (CR:-86% vs PR:-75%, p=0.0034) and NR (CR:-86% vs NR:- 59%, p=0.0003).

The median early AV 1000 was not statistically different among classes of response (CR: -77% vs PR:-
58% vs NR: -41%, p=0.4979). Late AV p1000 was significantly higher in CR with respect to PR (CR:-

97% vs PR:-78%: p=0.0023) and NR (CR:-97% vs NR: -69%; p=0.0001).

Among all volumetric parameters. only the following variables were obtained as significant predictors
of the pathological response (CR, PR, NR): early and late AV1aw (p=0.0028 and p=0.0090,
respectively), late AV 1000 (p=0.0265) (Table 3).

Table 4 and Figure 4 show the best cut-off of these predictors to discriminate between CR and NR
groupss

All three parameters showed good performances in the prediction of CR (AUC always >0.80), and

acceptable (AUC 0.70-0-80) in the prediction of NR.

In particular, to predict the CR, early AVrawshowed a comparable accuracy 10 late AVraw and late

AVy.1000, With a sensitivity equal to AVo1000 and higher than AVT2w (Table 4).
3D-ADC histogram-based analysis

Only at pre-MRI, 3D-ADC mean values were significantly different among the three groups of

8
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response to treatment (median [IQR]: 1.07 [1.03;1.17] x 107 mm¥/s in NR, 1.14 [1.06;1.2] x 10 mm?/s
in PR and 1.27 [1.22;1.34] x 10 mm*/s in CR, p=0.0079), which was higher in CR than PR and NR
(p=0.0042 and p=0.0029, respectively), but not significantly different between PR and NR (p=0.7696)
(Fig. 5A). At mid-MRI and post-MRI, 3D-ADC mean value significantly increased with respect to pre-

MRI in the NR and PR patients (Figure 5D and E}.

At multinomial regression analysis, only 75°percentile and 3D-ADC median at pre-MRI, were positive

predictors of response to treatment (p=0.0247 and p=0.0415, respectively) (Table 3).

Moreover, none of the parameters obtained at mid-MRI and post-MRI was presented as the predictor of

response to treatment.

ROC curves and the best cut-offs for prediction of pathological response are reported in Fig.4C and D,

and Table 4.
Interobserver agreement

The two readers sirongly agreed when measuring Vaw, Vb.io00 and 3D-ADC values of rectal tumour.
Inter-observer agreement for Vraw tend to reduce overtime, varying from excellent at pre-MRI (p:

0.9236, p<0.0001) to good at mid-MRI (p: 0.8203, p<0.0001), and moderate at post-MRI (p:0.7214,

p<0.0001).

Inter-observer agreement was excellent for Vi, 1000 measurement at pre-MRI (p:0.9338, p<0.0001) and
mid-MRI (p:0.8983, p<0.0001), good at post-MRI (p:0.8357, p<0.0001). Furthermore it was excellent
for 3D-ADC analysis at each time-point (pre-MRI p:0.9124, p<0.0001; mid-MRI 0:0.9047,

p<0.0001;post-MRI p:0.9056, p<0.0046) .

DISCUSSION
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In the present study, we found that: (i) 3D-ADC histogram analysis at pre-MRI seems to be able to
identify those lesions with higher possibility of gaining a complete response to neoadjuvant CRT; (i)
early AVray is effective in the early prediction of response during CRT; (iii) High b-value (b1000)

volumetry may improve the accuracy in identifying the residual tumour at post-MRL

ADC is an established imaging biomarker of tumour aggressiveness and prognosis, and lower values
were associated with more aggressive phenotype [27, 28]. Similarly, in our setting, a lower ADC mean
value before CRT was reported in patients with poor response to treatment. Nevertheless, ADC mean
was not obtained as predictor of response to treatment, differently from 75°percentile and 3D-ADC
median values (p = 0.0247 and p = 0.0415, respectively). In particular. 3D-ADC median showed
diagnostic performances higher than 80%. Considering the fact that the median value represents as a
middle value in set of volume ranges, it probably better depicts cancer behaviour rather than mean
value, resulting consequently the more robust ADC parameter predicting treatment response with good
performances and potentially useful to guide a tailored treatment.

fn fact. considering the high inherent heterogeneity of rectal cancer. the usage of summary statistics.
such as mean ADC value. is affected by the risk to overlook tumour heterogeneity, which is a factor
impacting on treatment response [13.18,22.29].

However. histogram analysis describes the frequency distribution of intensity within the ROL. without
accounting for local relationship between pixels, which can be measured using higher order texture
analysis [23, 30].

Despite the potential advantage of higher order statistics to better reflect intratumoral heterogeneity for
accounting for spatial relationship of pixels and its promising results in the identification of subtle
microstructural alteration [31. 32}, in the setting of rectal cancer more stability and higher

reproducibility of data was found from I order texture analysis (histogram analysis} of ADC map [30].

10
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being less sensitive to manual tumour delineation differences, image noise. pixel size resampling and
intensity discretization [30].

The robustness of results is supported by excellent inter-observer agreement for 3D-ADC at each time-
point suggesting the high reproducibility of the volumetric approach, which is in accordance with
recent findings [19, 20, 33, 34]

ADC values increased during and after treatment as consequence of cellular damage with disruption of
cell membranes, however, without significant differences among the classes of response.

In some report a significant improvement of ADC values was reported in complete responders, but this
finding was not always confirmed [4, 35-37]. as in our study. This could be explained by the co-
presence of multiple phenomena such as inflammation, fibrosis, acute cellular swelling, and fat
infiltration that may significantly hide ADC values changes strictly related to reduction of neoplastic
cells. Probably, the application of advanced diffusion techniques to fit the non-Gaussian diffusion
curve of water molecule including intravoxel incoherent motion and diffusion kurtosis imaging [{23]
may improve the evaluation of treatment response for a potentially better depiction of neoplastic cells
integrity in the complex tumour environment. Despite the encouraging results [38-40]. these
approaches are not widely performed and need long acquisition time and further investigation for
generalizability of results [41].

Only carly AV 12, was able to distinguish the rectal cancer response to treatment during CRT. Early
AV 2y predicted CR with a comparable accuracy in comparison to late AV 12y (from pre-to-post CRT)
(81% vs 84%) but with higher sensitivity (91% vs 82%), associated with the advantage of an earlier
assessment. This result confirm recent findings [24], and suggest the possibility of effectively
identifying the degree of response in the earliest phases of treatment by performing a fast MRI protocol

including only T2weighted images, without the necessity of additional sequences and/or contrast

media.
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The reason of the higher sensitivity of early AV 12w probably lies in the casier distinguishing of viable
tumour at mid-MRI with respect to post-MRI [42] due to the less evident desmoplastic reaction.

At post-MRI, both AV 2w and AVy 1000 had a role in the identification of CR, but AVyp 1000 showed
higher sensitivity (91%) and a major reduction rate (AVb,1000>- 97%), due to a clear-cut delineation of
tumor on DW1 1000, supporting the utility of DW1 in restaging MRI [4, 43, 44].

The absence of a complete disappearance of signal on high b values images at post-MRI which were
misdiagnosed as residual fumour volume, is explained by T2 shine-through effects for persistence of
intraluminal fluid and collapsed rectal wall [45].

As expected, late AV 2w showed Jower sensitivity respect to AVb 1000 in the identification of complete
responders, for challenge discrimination of viable tumour from fibrosis and inflammation [7.42].
However, the late AV Taw cut-off value for prediction of response and also its accuracy are in line with
the data previously published in a meta-analysis by Martens et al. [46].

Our study has some limitations. A relatively small cohort of patients was enrolled. However, to avoid
the risk of overfitting the data, multiplicity adjustment was applied and only robust data was taken into
consideration. The lack of biomarkers of tumour cell proliferation, hypoxia, and angiogenesis 18

another limitation since the histopathological evaluation was performed only after surgery.

In conclusion, our study suggests that different parameters have a different role in prediction of
response related to the exact MRI acquisition time with respect to treatment phases. DW1 is useful for
the characterization of tumour hehaviour before treatment, as well as in the identification of residual
cancer after CRT, where simple volumetric evaluation is enough and highly accurate. Histogram
analysis resulted more robust than ADC mean values assessment, with median ADC values as predictor
of response at pretreatment MRI. Finally, tumour volume modification on T2w images from pre-to-
during treatment resulted the unique predictor of response during treatment, resulting able to early and

accurately identify different degree of response, and potentially useful to tailor patient’s treatment.
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Tumour volumes results not significantly different among classes of pathological response at pre-MRIL
They differed in term of Vr2wat mid-MRI, and in both Vrawand V1000 at post-MRJ. Tumour volume
reduction rate (AV) was different with respect to response 50 just during treatment if measured on T2w

images, and after treatment at both the evaluation.

Table 3. Univariate multinomial regression for the prediction of the three classes of responders

Table 4. ROC analysis for prediction of either NR or CR by volumetric and 3D-ADC parameters

significant at multinomial analysis.

FIGURE LEGEND:

Figure 1. Volume segmentation and histogram extraction. Using a dedicated software tumour
volume was manually scgmented on high resolution T2w images {on top). Hence, using a rigid
coregistration, tumour contour and volume obtained on T2w images were copied on b1000 DWI
images (image on right} and ADC map (on left on bottom) and manually adjusted. From volumes

pixel-by-pixel intensity values were extracted and ADC histogram analysed (on right on bottom).

Figure 2: Vrzw and Vb0 according to pathological TRG at pre-MRI (A, B), mid-MRI (C, D),

and post-MRI(E, F)-

Tumour volumes results not significantly different among classes of pathological response at pre-MRL

They differed in term of Vrwat mid-MRI, and in both Vr2wand Vi.i000 at post-MRL Tumour
P-values of Kruskal-Wallis’s test were adjusted with Bonferroni’s correction.

Figure 3: Tumour volume modification rate during (A, B) and after CRT (C, D). Tumour
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reduction rate based on T2w volumetry was significantly different between CR and NR and NR earlier,
during CRT. Tumour volume reduction rate was significantly different among classes of response in

both T2w and DWIy 1c00 images.

Figure 4: ROC curves of volumetric parameters (A, B) and ADC texture parameter (C, D)

significant predictors at multinomial regression analysis.

Figure 5: ADC values according to TRG at each time point. ADC values were significantly higher
in CR than PR and NR at pre-MRI (A), while resulted not significant different at mid (B) and post-MRI
(C). ADC values increased at mid-MRI (D, E, F), reaching statistical significance in NR and PR. ADC

at post-MRI was higher than at pre-MRI, with statistical significance in NR and PR.

17



s B

ave
WSENG
w7 B

‘sisAjeue WesSo1siH

1 2inBi4 pasiasy

SIADY PEOJUMOP/SSBOIE 0} 818U XD

T a8l L ambi4iainbi4 pa



Revised Figure 2

150

{60

Vi

100

£

7
¥
-

&

3

fun

2

=

o

=

£

L

Vraw
20

14

Click here to access/download;Revised Figure;Figura 2 rev.tif £

At preMRI

Ao

T
Ky -
s
o
=
S

=]

-

z

s

At midMRI

0:0014

NR PR cm

|

£

: o

i ., i
[ e B
PR 1
1 sl i

5 8.
H -l
=4

1

Vi 1ot

10

R

0.0001

HR PR cR

B.




Revised Figure;Figura 3 rev.iif £

Click here o accessidownload

Revised Figure 3

ok
r

B | s
_ &

oo Tor Fo- g0 01
Ay ARl .
<
— N
0
| .
§ o
T
=

*ipg a1e]

ﬂ E 3

e

)

1

L]

Y T T ; T
o AL T—"ﬂf“‘; g i o
DEOT ‘qﬁg aie

=1 T T T T 7
oo zo s 9% g0 O

PR

CR.

PR



a

Ausipoeds

i

dN

T IyAel p _InB14:2nBl4 pasiAay PEOJUMOD/SSS00. O 818Y M)

os g6 F0 0 80 0%
4 i i i i ; o
fawesd e vued g Sav-ge - M bod
fpiyesd 1B VEIEBW DOY-OE ‘
‘ o
s it
i
= —
b D
= -
‘ w + %
§ o
{ =
: + o g
i
o
"o
»
ke - 2
HN
AOI080S o
oo to v0 %6 80 0O}
¢ L £ x fro y ‘
Hign sy M o
“ay bk M
A U T i o
. T ¥ b
Do _
o
-
2 o
mu_.‘ i & W
. as
H : ._I,_..-
L I o
ciseaiie cedet -8
: o _
B )
o

3

Ayoyioade

60 zo r0 90 go 0

ndpaid 18 aied mmh.wuﬁﬂgﬁm
peld {8 UBDBW DOY-0E

)

CE

g0

HD
b_uwwmwa%

00 o 70 ) B0 @l
i P A E.. I |
i ap NEY W
VEny by
=tuean
:
S
i
i
R v
—
o uh e

5 00

AUnISURS

o
f g
-z
o
=3
F¥
Lo %
. a
W
o
b
o
[
o3
P

# ainbBi4 pasiaay



d HW-IS0d  THIN-PEA

PEWEN

8N -2.d

{HWN-I50d

IHAFBIN THIN-Bd |

i
€
§
i

¥l

Hd

4N g 3

A S

:
:
'
H
H
|
3
}
1
i

e sk o

E:
Lot e

IHA-150d

3 J'A91 G BINBi4:aINBI4 PISIAGY PROUMOP/SSEDIE O} 8JBY HOiD

HW-PIN

i

0

oy
b

5

[

..

R T

HA-IS0d  THIN-PIN THAFDA

P e

et
ot

e

LAl

T

BTl

G 9.nBi4 pasiAsy



Table

Table 1. Population features

Gender, n (%)

Mate 27 (63)
Female 16 (37D
Age.median(range,years) 61 (43-82)
Tumor location, n (%)

Distal rectum 23 (53.5)
Middle rectum 11 (25.6)
Proximal rectum 9(20.9)
Operative procedure, n (%)

Low anterior resection 31 (72.1)
Ultra-low anterior resection 6 (13.9)
Intersphinteric resection 2 (4.7
Abdominoperineal resection 4 (9.3)
Clinical T stage preCRT, n (%)

2 4(9.3)

3 33 (76.8)
4 6 (13.9)
Clinical N stage preCRT, n (%)

NO 2 4N
N+ 41 (85.3)
pT Classification, n (%)

0 11 (25.6)
i 4(9.3)

2 10(23.2)
3 18 (41.9)
pN Classification, n (%)

0 35 (81.4)
lor2 8 (18.6)
pTNM stage, n (%)

0 11 (25.6)
I 12(27.9)
It 12 (27.9)
I 8 (18.6)




Table 2. Tumour volumes on T2w images (Vrzw) and DWI (Vi,1000) at each time point, with
corresponding AV during (early AV) and post CRT (late AV) in relation to pathological response.

Tumour volumes results not significantly different among classes of pathological response at pre-MRIL They
differed in term of V2w at mid-MR], and in both Vs, and V1000 at post-MRI. Tumour volume reduction rate
(AV) was different with respect to response so just during treatment if measured on T2w images, and after

treatment at both the evaluation.

NR PR CR Adjusted p-value
of Kruskal-
Wallis® test
Viaw . 21.15 _
39.55 [23.02;62.8] [16.71/38.26] 15.89 [11.75;35.98] 1.0000

Pre-MRI

Vb.1000 43.74 [24.59;55.34) 21,73 12 [10.23;29.02] 0.6576

[13.46;34.27]

VTaw 23.85[11.83;40.82] | 11.2[7.7;19.93] 4.812.35:9.6] 0.0400
Mid-MRI Vb,1000 23.20[12.23;32.54] | 8.94 [4.79;12.84] 5.12 [2.15;7.37] 0.0842

Viow 12.04 [5.64;26.89] | 6.39[3.37;9.02] 2.4 [1.25;4.85] 0.0411
Post-MRI1 Vb.1000 13.65 [9.54;15.86] 4.41 2.42;7.55] 0.3 10;1.85] 0.0026
Early AV -389% [-46%;-15%] | -49% [-59%;-36%] | -75% [-80%;-66%] 0.0020

-to- | AV
(from pre-fo b.i000 41% [-54%;-35%] | -58% [-80%;-39%] | -77%[-83%;-47%)
during CRT) 1.0000
Late AV _59% [-67%;-55%] | -75% [-79%;-60%] | -86% [-90%;-84%] 0.0050
(from pre-to- | AVb.soo
-69% [-749%;-59%] | -78% [-88%;-56%] | -97% [-100%;-92%

post CRT) [-74%;-59%] 1-88%;-56%] ¢ 1-100%;-92%] 0.0020

Values are reported as median [Interquartile Range]

P-values of Kruskal-Wallis’s test adjusted with Bonferroni’s correction for each class of response are

reported in Figure 1.




Table 3 Univariate multinomial regression for the prediction of the three classes of responders

MRI Parameter coefficient adjusted p-value
VT2w -0.0099 1.0000
Vb, 1000 -0.0150 1.0000
ADC mean 8.5552 0.0568
Fre-MRI ADC 25°percentile 5.7735 0.3425
ADC 75%percentile 7.9213 0.0247
ADC median 8.0007 0.0415
ADC kurtosis -0.5579 1.0000
ADC skewness -2.2652 0.1196
VT2w -0.0182 1.0000
Vb,1000 -0.0244 1.0000
ADC mean 1.6645 1.0000
ADC 25°percentile 2.6341 1.0000
Mid-MRI ADC 75°percentile 1.0303 1.0000
ADC median 1.5337 1.0000
ADC kurtosis -0.4640 1.0000
ADC skewness -0.9912 1.0000
Early AV, -6.4126 0.0028
Early AVyi000 -2.7576 0.4242
VT2w -0.0317 1.0000
Vb, 1000 -0.1214 0.1579
ADC mean 0.1682 1.0000
ADC 25°percentile 2.6341 1.0000
Post-MRI ADC 75°percentile 1.0303 1.0000
ADC median 1.5337 1.0000
ADC kurtosis -0.4640 1.0000
ADC skewness -0.9912 1.000C
Late AV -8.3833 0.0020
Late AV, 1000 -5.4531 0.0265

In boldface p value <0.05.




Table 4. ROC analysis for prediction of either NR or CR b

at multinomial analysis.

y volumetric and 3D-ADC parameters significant

Prediction of NR Prediction of CR
. AUC analysis Best cut-off AUC analysis Best cut-off
Volumetric - ‘
varigbles — - — -
Value | p-value | Value Se:.mt' Sp.emﬁ Accura Value | p-value | Value Se'.'sm Schm Acerrs
vity city cy vity city 5
Late AV 1600 0.7742 | 00095 | -77.3% 100% 0% 1% 0.8935 | 00001 [ -36.8% 91% 81% $4%
Early AV, 0.7803 0.0082 -50.1% 0% 67% 73% (1.8991 0.0001 -58.3% 1% 8% 81%
Late AV Tz, 0.7575 0.0151 -69.1% 80% 76% TT% 0.8750 0.0003 -82.8% 82% 84% 84%
Pre-MRI 1

. 0.672 1043 02 % 9 25 I . 29 {0

3D-ADC median 6727 (1043 1.0245 60% 76% 72% 0.8409 0.0009 1.198 82% 8 ‘
| 3D Agfgl;’;‘};m 07242 | 00346 | 12835 60% 79% 74% 0.8239 | 0.00i6 1401 73% 75% P
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Highlights

Highlights:
© ADC histogram analysis may provide a new insight in pre-treatment rectal cancer evaluation.

¢ Tumour volume reduction rate from pre-to-during treatment is an early and accurate predictor

of response to CRT.

® DWI are more sensitive than T2w images in the identification of residual tumour after

treatment.
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