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Abstract

Purpose: The aim of our study was to assess the perfor-
mance value of magnetic resonance imaging (MRI) in the
restaging of locally advanced rectal cancer after neoadju-
vant chemoradiotherapy (CRT) and in the identification
of good vs. poor responders to neoadjuvant therapy.
Materials and Methods:A total of 34 patients with locally
advanced rectal cancer underwent MRI prior to and after
CRT. T stage and tumor regression grade (TRG) on post-
CRT MRI was compared with the pathological staging
ypT and TRG. Tumor volume and the apparent diffusion
coefficient (ADC) were measured using diffusion-
weighted imaging (DWI) before and after neoadjuvant
CRT; the percentage of tumor volume reduction and the
change of ADC (DADC) was also calculated. ADC
parameters and the percentage of tumor volume reduction
were correlated to histopathological results. The diagnos-
tic performance of ADC and volume reduction to assess
tumor response was evaluated by calculating the area
under the ROC curve and the optimal cut-off values.

Results:A significant correlation between the T stage and
the TRG defined in DW-MRI after CRT and the ypT and
the TRG observed on the surgical specimens was found
(p = 0.001; p < 0.001). The mean post-CRT ADC and
DADC in responder patients was significantly higher
compared to non-responder ones (p = 0.001; p = 0.01).
Furthermore, the mean post-CRT ADC values were
significantly higher in tumors with T-downstage
(p = 0.01).
Conclusion: DW-MRI may have a significant role in the
restaging and in the evaluation of post-CRT response of
locally advanced rectal cancer. Quantitative analysis of
DWI through ADC map may result in a promising
noninvasive tool to evaluate the response to therapy.

Key words: Locally advanced rectal cancer—Magnetic
resonance imaging—Diffusion-weighted
imaging—Apparent diffusion
coefficient—Chemoradiotherapy—TRG

Neoadjuvant chemoradiotherapy (CRT) has long be-
come the standard of treatment in patients with locally
advanced rectal cancer [1], allowing improvement of lo-
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cal control of disease and a more widespread use of
sphincter preservation procedures, suggesting in some
studies an even better overall survival [1, 2].

Total mesorectal excision (TME) following neoadju-
vant CRT has reduced historical figures of local recur-
rence rates from 25% to 30% to less than 10% [3, 4], with
10% to 30% of patients with locally advanced rectal
cancer showing a complete pathologic response after
neoadjuvant treatment [2, 5].

Patients with good local response have an excellent
clinical outcome; therefore less invasive treatment, such
as a local excision, could be considered as an alternative
to more aggressive surgical treatment such as TME.

Some authors have proposed a ‘wait-and-see’ policy,
avoiding surgery when a complete clinical response is
obtained after CRT [6]. Accurate follow-up protocol is
required in those instances.

In this scenario, an accurate assessment of the re-
sponse to neoadjuvant CRT is essential, so that an
effective patient-tailored treatment could be designed.

Magnetic resonance imaging (MRI) represents a valid
tool for local staging of rectal cancer [7] and is also
increasingly used for restaging following CRT [8]. Still,
differentiation of residual viable tumor from diffuse fi-
brotic change is difficult [9].

Diffusion-weighted imaging (DWI) is a noninvasive
method to assess biological features of a tissue, based on
the diffusion properties of water molecules[10].

This provides tissue characterization and evaluation
of intratumoral changes which are induced by
chemoradiation therapy which is quantified by the
apparent diffusion coefficient (ADC). This quantitative
analysis has been shown to be useful in evaluating tu-
mors and discriminating between benign and malignant
lesions [10]. It has been suggested that areas exhibiting a
low ADC values reflect dense cellular structures, and a
recent study suggests that ADC values may reflect the
aggressiveness of the tumor tissue profile [11].

The purpose of our study was to obtain performance
values of MRI for restaging of locally advanced rectal
cancer after neoadjuvant treatment. Moreover, in order
to assess the ability of MRI to identify good vs. poor
responders to CRT, we have used available imaging
methods such as the ADC value and the volume reduc-
tion of the lesion, compared with the histopathological
reference standards of ypT and tumor regression grade
(TRG).

Materials and methods

Patient

This study was approved by our Institutional Review
Board and informed consent was obtained from all pa-
tients.

Between July 2013 and June 2015, 49 patients affected
with biopsy-proven rectal cancer were considered for
inclusion in this prospective study.

Inclusion criteria were (1) patients with locally ad-
vanced rectal cancer (‡T3) staged with MRI; (2) avail-
ability of staging MRI and post-CRT MRI performed
about 6-8 weeks after neoadjuvant treatment, including
DW images; (3) planned treatment consisting of CRT
followed by surgery; and (4) availability of pathological
reports of surgical specimens.

Exclusion criteria were as follows:

1. mucinous adenocarcinoma, due to distinctive MRI
characteristics which could potentially may introduce
a bias in the study results [12];

2. evidence of remote metastases or unresectable pri-
mary tumors.

A total of 34 patients (19 males, 15 females, age range
28–83 years, mean age 65 years) met the inclusion crite-
ria.

Treatment protocol

Patients with locally advanced rectal cancer (cT3/T4 and/
or cN+), with distal margin measured by rigid endo-
scopy £15 cm from the anal verge, were submitted to
preoperative concomitant boost radiotherapy associated
to chemotherapy when distant metastasis could be ex-
cluded.

Pre-treatment evaluation included patients’ history,
physical examination, digital rectal examination, com-
plete blood count, platelet count, renal and liver func-
tion, endorectal ultrasound, colonoscopy, and total body
computed tomography (CT) scan. The performance
status according to the Eastern Cooperative Oncology
Group was 0–1 for all patients. Patients were staged
according to the American Joint Committee for Cancer
Staging System (AJCC) 2010 [13].

Radiation therapy (RT) was planned using a three-
dimensional conformal technique based on the pre-
treatment planning CT using a belly board device. The
clinical target volume 1 (CTV1) included the entire
macroscopic tumor, the mesorectum, internal iliac, and
presacral lymph nodes. A margin of 1 cm in all directions
was added to the CTV1 to generate the planning target
volume 1 (PTV1), taking into account the individual
organ motion and setup margin. The CTV2 included the
macroscopic tumor and the corresponding mesorectum;
the PTV2 was generated by adding a margin of 0.5–1 cm
in the lateral–lateral and anterior–posterior direction,
and a margin of 1.5–2 cm in superior–inferior direction.
The total prescribed dose to the PTV1 was 45 Gy
delivered in 25 fractions of 1.8 Gy per day for 5 days a
week over 5 weeks. The concomitant boost prescribed
dose to the PTV2 was 10 Gy in 10 fractions of 1 Gy twice
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a week over 5 weeks. RT was delivered by a linear
accelerator using high-energy photons (15 MV).

All patients received concurrent chemotherapy con-
sisting in oral administration of capecitabine at
825 mg m2 twice daily for 5 days a week. All underwent
restaging MRI and a TME operation about 6–8 and 8–
10 weeks after CRT completion, respectively. The pos-
sibility for sphincter-preserving surgery (anterior rectal
resection) was considered based on the findings of
restaging MRI and taking into account the local re-
sponse and the distance from the anal verge.

MR imaging techniques

MRI was performed using a 1.5-Tesla scanner (Sonata
Siemens, Erlangen, Germany), with a phased-array body
surface coil.

To reduce intestinal motion artifacts, intramuscular
injection of N-butyl scopolamine bromide, 20 mg, was
administered, if not contraindicated, before MRI.

The standard imaging protocol consisted of axial Fast
low-angle shot (FLASH) 2D T1 and axial Turbo Spin-
Echo (TSE) T2-weighted images of the whole pelvis.

Thin-section (3-mm) Sagittal T2-weighted TSE ima-
ges covering the entire length of the rectum were ac-
quired and used to plan axial scans. Thin-section (3-mm)
axial images through the rectal cancer were performed
perpendicular to the long axis of the tumor.

For low rectal tumors, further oblique coronal T2-
weighted TSE images along the long axis of the anal
canal were acquired.

DWI was acquired using three increasing b values
(50–400 to 800 s/mm2) with echo planar imaging se-
quence with respiratory triggering. The ADC maps were
derived automatically on a voxel- by-voxel basis by using
commercially available software (Syngo; Siemens Medi-
cal Solutions).

The parameters of the MR sequences are detailed in
Table 1.

Image analysis

The terms ymrT (T stage on MRI images obtained after
CRT), mrTRG (tumor regression grade on MRI images
obtained after CRT), ypT (T stage on post-treatment
histopathological examination of the resection speci-
men), and TRG (tumor regression grade on post-treat-
ment histopathological examination of the resection
specimen) are used to describe the data [14].

Two sets of MR images before and after CRT were
prospectively read by two radiologists with experience
in rectal cancer imaging, who evaluated ymrT,
mrTRG, ADC values, and volume reduction of the
lesion.

T stage post-CRT MRI

YmrT of the rectal cancer was defined on MRI per-
formed after CRT, according to the TNM classification
(AJCC 2010) [13]. Comparison was made with the pre-
treatment images. Two separate sets of images were
analyzed: T2-weighted images and subsequently com-
bined T2-weighted images and DWI.

YmrT was compared with the pathological staging
ypT performed on surgical specimens.

MrTRG was based on principles similar to the
pathological TRG system, originally described by Man-
dard [15].

T2-weighted images, DWI, and ADC maps in the
post-CRT MRI were reviewed to determine the degree of
tumor replacement by post-actinic fibrous tissue. Table 2
illustrates the MR tumor regression grade system.

Good MRI tumor regression grade was defined as
grades 1 and 2 with poor defined as stages 3, 4, and 5.
This binary division was chosen according to pathologist
and prior studies [16].

MrTRG was compared with pathological TRG
defined on histologic examination of the surgical
specimen.

Table 1. MR parameters

T1WI T2WI High-resolution T2WI DWI

Sequence Fast low-angle shot 2D Turbo spin-echo Turbo spin-echo Single-shot dual spin EPI
Acquisition time 30 s 30 s 5 min 4 min
TE (ms) 3.8 103 104 68
TR (ms) 319 4000 5000 3200
Field of view 380 370 280 400
Flip angle, degrees 70 150 180 –
Slice thickness (mm) 5 5 3 5
Slice gap (mm) 1 1 0 1
Plane acquired Axial Axial Axial, Sagittal and Coronal Axial
Other b values of 50-400-800 s/mm2

WI, weighted image; DWI, diffusion-weighted imaging; EPI, echo planar imaging; TE, echo time; TR, repetition time
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ADC values

Processed ADC measurements of tumor were analyzed
on the pre- and post-CRT MR images.

After identification of a lesion on T2-weighted images
and DWI, three non-overlapping regions of interest
(ROI) were manually drawn on the ADC map. The
average ADC was calculated for each tumor. When there
was no residual tumor visible, the ROI was drawn on the
normal residual rectum in the same area as that initially
used in the pre-CRT MR imaging. The ADC changes
were calculated using the formula: DADC = [post-CRT
ADC (mm2/s)—pre-CRT ADC (mm2/s)] [17].

ADC values before and after neoadjuvant CRT and
DADC were compared with TRG and ypT.

Volume reduction

The tumor volume before and after neoadjuvant CRT
was calculated on DWI using T2-weighted images and
ADC map as reference point. Lesion areas on each sec-
tion were defined as regions of altered high signal
intensity on DWI different from those of normal adja-
cent rectal wall. The cross-sectional area was acquired by
manually tracing the lesion.

The lesion’s volumes were calculated automatically
by using commercially available software (OSIRIX 6.5).
To assess the tumor response to neoadjuvant CRT on
MRI, the percentage of tumor volume reduction was
calculated using the formula [18]:

Tumor volume reduction (%) = [pre-CRT volume
(cm3) - post-CRT volume (cm3)] 9 100/pre-CRT vol-
ume (cm3)].

In patients without residual tumor visible at the end
of neoadjuvant CRT, the tumor volume and the per-
centage of tumor volume reduction were 0% and 100%
respectively.

Analysis of the correlation between volume reduction
and the TRG and between volume reduction and ypT
was made.

Histopathological examination

Pathologic response was evaluated on resected specimens
by a dedicated gastro-intestinal pathologist. Specimens
were inked on the radial margin before sampling.

TRG was scored according to Mandard’s score
system [15]: TRG1 (complete response), absence of
residual cancer and fibrosis extending through the wall;
TRG2, presence of rare residual cancer cells scattered
through the fibrosis; TRG3, increased number of
residual cancer cells, but still predominating fibrosis;
TRG4 (minimal response), residual cancer outgrowing
fibrosis; and TRG5 (no response), absence of regres-
sion changes. Neoplastic lesions were sampled and in-
cluded entirely and the score was assigned after
evaluation of all blocks. Distance between tumor
maximum infiltration and radial inked margin was
measured on slides under microscope visualization.
ypT was assigned according to TNM staging system
(AJCC 2010) [13].

Additional parameters not analyzed in this study were
evaluated in the histopathological report: histological
type, margin of resection, lymph nodes, and lympho-
vascular invasion.

Assessment of tumor response

To assess the tumor response to neoadjuvant CRT,
each patient was categorized as a responder or non-
responder according to the histopathological standard
of reference.

For the parameter ypT, a responder was defined when
a cancer staged as T3 or T4 on pre-CRT MR imaging
converted to T2 or a lower stage on resected specimens
(downstage group). A non-responder was defined as
when a T3 or T4 cancer on pre-CRT MR imaging was
stable to T3 or T4 (non-downstage group) [19].

For the parameter TRG, patients with TRG 1–2
scores were considered as responders to neoadjuvant
treatment while patients with TRG 3–5 were classified as
non-responders [16].

Statistical analysis

All statistical analyses were performed using software
IBM-SPSS 22.0.

Continuous variables were analyzed using descriptive
statistics. Student’s t test, with calculation of the relative
p value, was used to compare mean ADCpre-CRT,
ADCpost-CRT, DADC value, and volume reduction

Table 2. Magnetic resonance tumor regression grade (mrTRG) system

Grade Imaging findings

mrTRG1 No evidence of tumor in T2WI and DWI
mrTRG2 Few minimal areas of hyperintensity on DWI with predominant dense hypointense fibrosis in T2WI
mrTRG3 Hypointense fibrosis in T2WI exceed viable tumor hyperintense in DWI
mrTRG4 Viable tumor hyperintense in DWI exceed hypointense fibrosis in T2WI
mrTRG5 Tumor has same appearance as pre-CRT MRI, no fibrosis evident

WI, weighted images; DWI, diffusion-weighted imaging, CRT, chemoradiotherapy

E. Iannicelli et al.: Value of diffusion weighted-MRI and apparent diffusion coefficient measurements 1909



between responders and non-responders as well as be-
tween patients with and without downstaging. A p value
<0.05 was considered statistically significant.

The diagnostic performance of these potential mark-
ers of response was evaluated by receiver operating
characteristic curve (ROC). The area under the ROC
curve (Az) was calculated. The Az was considered
indicative of diagnostic accuracy. We used 95% confi-
dence intervals to express the statistical precision of the
results. Optimal cut-off values, sensitivity, specificity,
positive predictive value (PPV), and negative predictive
value (NPV) were calculated.

Spearman correlation analysis was also used to assess
the correlation between ymrT and ypT and mrTRG and
TRG. A p value <0.05 was considered statistically sig-
nificant.

Results

According to MRI pre-CRT, the T stage subtypes were
as follows: 30 (88.2%) of 34 tumors were T3 and 4/34
(11.8%) tumors were classified as T4.

Comparing T stage on MRI pre-CRT with the
pathological staging ypT performed on surgical speci-
mens, 18 patients were classified as downstaged (Fig. 1)
and 16 patients as non-downstaged.

According to histological analysis of the surgical
specimen, the TRG subtypes were as follows: 7 (20.5%) of
34 tumors were TRG1 (Fig. 2), 4/34 (11.7%) tumors were
classified as TRG2, 11/34 (32.3%) tumors were classified
as TRG3 and 12/34 (35.2%) tumors were classified as
TRG4 (Fig. 3). No tumors were classified as TRG5.

Therefore histopathologic responders and non-re-
sponders included 11 patients (32.3%) and 23 (67.7%)
patients, respectively.

To investigate the correlation between ymrT stage
and ypT and between mrTRG and TRG, the Spearman’s
rank test was used, considering statistically significant
when the p value was <0.05.

The correlation between ypT and ymrT defined in T2-
weighted images was validated with a q = 0.457 and a p
value of 0.007, indicative of direct linear correlation. A
more significant relationship was found between ypT and
ymrT defined in the combined T2-weighted images and
DWI with a q = 0.611 and a p value = 0.001.

The correlation between MR-TRG and TRG was
validated and significant with a q = 0.700 and a p value
<0.001, indicative of direct linear correlation.

In all patients of this study, a downsizing of the rectal
cancer was observed after neoadjuvant CRT.

The mean percentage of tumor volume reduction was
87% ± 15.8% in responders and 73% ± 20.7% in non-
responders. There was no significant difference in
downsizing in the responders and non-responders
(p = 0.07).

The mean percentage of tumor volume reduction
after neoadjuvant CRT was 78.2% ± 14.8 in the down-
stage group and 77.9% ± 24.4% in non-downstage
group. There were no significant differences between the
two groups of patient (p = 0.970).

The downsizing of tumor showed no accuracy in
prediction of the treatment response (Az = 0.300) and
downstaging (Az = 0.438).

Before neoadjuvant CRT, the mean ADC values
(0.935 ± 0.158 9 10-3mm2/s) of responders group were
higher than those of non-responders group (0.870 ±

0.097 9 10-3 mm2/s), although differences were not
statistically significant (p = 0.151).

After neoadjuvant CRT, the mean ADC values of
responders and non-responders was 1.429 ± 0.268 9

10-3 and 1.164 ± 0.147 9 10-3 mm2/s, respectively. The
mean post-CRT ADC values of responders were signif-
icantly higher than those of non-responders (p = 0.001).

When a post-CRT ADC value of 1.23 9 10-3 mm2/
s was used as the cut-off value for discriminating be-
tween responders and non-responders, the following
diagnostic predictive values were observed: sensitivity,
90.9%; specificity, 82.6%; PPV, 90%; and NPV, 82%.
The prediction of the favorable responders showed
good accuracy (Az = 0.854).

The mean DADC was 0.493 ± 0.299 9 10-3 mm2/s
in responders and 0.293 ± 0.135 9 10-3 mm2/s in non-
responders. The DADC was significantly higher in
responders than in non-responders (P = 0.01).

When a DADC value of 0.375 9 10-3 mm2/s was
used as the cut-off value to evaluate the treatment re-
sponse, the following diagnostic predictive values were
observed: sensitivity, 72%; specificity, 82%; PPV, 72%;
and NPV, 82%. The prediction of the favorable respon-
ders showed fair accuracy (Az = 0.743).

The mean pre-CRT ADC values (0.920 ±

0.143 9 10-3 mm2/s) of downstage group were higher
than those of non-downstage group (0.898 ± 0.076 9

10-3 mm2/s), although the differences were not statisti-
cally significant (p = 0.268).

The mean post-CRT ADC values were 1.338 ±

0.237 9 10-3 mm2/s in downstage group and 1.150 ±

0.175 9 10-3 mm2/s in non-downstage group. The post-
CRT ADC values were significantly higher in downstage
group (p = 0.01).

A post-CRT ADC cut-off value of 1.160 9 10-
3 mm2/s allowed to differentiate the two groups of pa-
tient with a sensitivity of 89%, a specificity of 57%, a PPV
of 88%, and NPV of 56%.

The mean DADC in downstage group (0.407 ± 0.253 9

10-3 mm2/s) was higher than in non-downstage (0.302 ±

0.165 9 10-3 mm2/s), although the differences were not
statistically significant (p = 0.168).

Tables 3 and 4 summarize ADC values and percent-
age of volume reduction in responders/non-responders
and downstaged/non-downstaged.
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Fig. 1. A 55-year-old man with locally advanced rectal
cancer, T-downstaging, and partial response after CRT
(TRG3). (A) Pre-CRT axial T2-weighted MR image shows a
mrT3 rectal cancer, hyperintense on DWI (B). (C) Post-CRT
axial T2-weighted image demonstrates low signal intensity
fibrosis with residual tumoral tissue within the muscular wall
clearly depicted on DWI (D) and corresponding ADC map (E)

(mean ADC 1.18 9 10-3 mm2/s) (mr-T2; mr-TRG3). (F)
Residual adenocarcinoma glands are present in muscularis
propria (ypT2) (arrow) surrounded by fibrosis that partly ex-
tends in the adipose perirectal tissue. Before neoadjuvant
treatment the neoplasm extended to adipose tissue. CRT,
chemoradiotherapy; TRG, tumor regression grade; DWI, dif-
fusion-weighted imaging; ADC, apparent diffusion coefficient.
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Fig. 2. MR images of a 68-year-old man with a complete
response after CRT (TRG1). (A) Pre-CRT axial T2-weighted
image shows a lesion of the distal rectum, that spread through
the rectal wall into the perirectal fat (T3). (B) Pre-CRT DWI
(b = 800 s/mm2) demonstrates a focal high signal intensity
area in the corresponding tumor. (C) Post-CRT axial T2-
weighted image shows rectal wall thickening with low signal
intensity tissue as fibrotic change; no residual tumor mass is
clearly detectable. (D) No residual high signal intensity in the

primary tumor location is shown in post-CRT DWI (b = 800 s/
mm2) (mr-T0; mr-TRG1). (E) Post-CRT ADC map at the same
level: the ADC value was 1.25 9 10-3 s/mm2. (F) At the
histopatholocial exam no carcinoma glands were observed in
the context of fibrosis. An acellular mucus containing lake is
evident in the submucosa (arrow). (Hematoxylin/EOSIN
staining 5X). CRT, chemoradiotherapy; TRG, tumor regres-
sion Grade; DWI, diffusion-weighted imaging; ADC, apparent
diffusion coefficient.
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Discussion

Neoadjuvant CRT is the actual standard of care in the
treatment of locally advanced rectal cancer [1]. The
benefits of neoadjuvant CRT have been well documented
with improvement in disease local control, and include

tumor regression and downstaging. At present, the
assessment of tumor response after chemoradiation is
fundamentally determined by clinical restaging based on
digital rectal examination and rectoscopy, although MRI
is acquiring an important role.

Fig. 3. MR images of a
74 years old man with no
response to CRT (TRG4).
(A) Pre-CRT T2-weighted
axial image shows
neoplastic tissue in the
middle rectum with diffuse
infiltration of the rectal wall
and mesorectal fat (T3). (B)
Pre-CRT DWI (b = 800 s/
mm2) image reveals high
signal within the tumor
consistent with restricted
diffusion. (C) Post-CRT T2-
weighted axial image shows
intermediate signal intensity
tissue that spread through
the rectal wall with
persistent high signal
intensity area on DWI
(b = 800 s/mm2) (D) (MR-
T3; MR-TRG4). (E) The
ADC value is 1.03 9 10-

3 s/mm2 on ADC map. (F)
Histopathological exam on
surgical specimen
demonstrates extensive
infiltration of carcinoma
glands in the rectal wall and
the perirectal adipose tissue
(arrow) (Hematoxylin/Eosin
staining 5X). CRT,
chemoradiotherapy; TRG,
tumor regression Grade;
DWI, diffusion-weighted
imaging; ADC, apparent
diffusion coefficient.

Table 3. Correlation between imaging analysis and tumor regression grade

Responder Non-responder p value*

Mean pre-ADCa values (SD) 0.935 9 10-3 mm2/s (±0.158) 0.870 9 10-3 mm2/s (±0.097) 0.151
Mean post-ADC values (SD) 1.429 9 10-3 mm2/s (±0.268) 1.164 9 10-3 mm2/s (±0.147) 0.001
Mean DADC values (SD) 0.493 9 10-3 mm2/s (±0.299) 0.293 9 10-3 mm2/s (± 0.135) 0.01
Mean % volume reduction (SD) 87% (±15.8) 73% (±20.7) 0.07

a Apparent diffusion coefficient
* T student’s test
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Accurate restaging following CRT is crucial to indi-
cate the optimal surgical strategy, such as planning of
sphincter-saving procedure for low-lying tumors or local
excision in lesions confined to the rectal wall [20]. Fur-
thermore, transanal endoscopic microsurgery has been
adopted in patients who otherwise would have under-
gone abdominoperineal resection [21].

Actually, there is no agreement whether surgery could
be avoided in patient with complete response to RT. A
potential ‘‘wait-and-see’’ approach with careful follow-
up in complete responders is still controversial, although
interesting results have been presented [22].

Accurate imaging restaging is fundamental in the
decision making process, involving sphincter preserva-
tion as well as local excision vs. a complex more radical
TME procedure. Of course, other parameters should be
taken into account, such as pre-CRT staging, anal
sphincter function, patient age, and surgical risk.

In our study, the MRI re-evaluation of T stage and
the mrTRG assessment showed a consistent relationship
both with ypT and TRG histopathological parameters.

Furthermore, our results demonstrated that the rela-
tionship between ymrT defined in the combined T2WI
and DWI and histopathology staging was stronger than
ymrT defined in T2WI alone. High-resolution T2WI se-
quences represent the core of rectal cancer staging [23].
However, changes induced by RT on the tumoral tissue,
such as fibrosis, cell swelling, and necrosis make the
detection of residual viable tumor very difficult.

DWI has several potential benefits in the assessment
of tumor localization and restaging [24].

Kim et al. reported that diagnostic accuracy in the
evaluation of tumor response after CRT significantly
increased when DWI was added to conventional MR
imaging [9]. These findings are consistent with our re-
sults. A better accuracy was observed by the addition of
DWI to standard MRI, especially when a fibrotic
thickening of rectal wall was present. DWI in combina-
tion with T2WI could, therefore, lead to more accurate
detection of viable tumor post-CRT.

Moreover, our data demonstrated a significant sta-
tistical correlation between mrTRG and TRG
(p < 0.001 and q = 0.700). There are several TRG
systems (e.g., those proposed by Dworak et al. [25],
Mandard et al. [15], and Ryan et al. [26]), all based on the
relative proportion of fibrosis and viable tumor in the

resected specimen. In our study, TRG was scored
according to Mandard’s system [15]. Applying similar
evaluation criteria with MRI (Table 2), we showed that it
is possible to assess tumor regression before surgery, by
providing a promising tool to optimize treatment in pa-
tients with a good response to neoadjuvant treatment.

Tumor downsizing after neoadjuvant CRT was ob-
served in all patients. Our results showed that the tumor
volume decreases in responders as well as in non-re-
sponders and in downstage group as well as in non-
downstage group. The difference in the tumor downsiz-
ing rate between the two groups was not statistically
significant.

Many studies in literature have evaluated the rela-
tionship between MR tumor volume reduction on T2WI
and tumor response to neoadjuvant treatment, showing
conflicting results [27–30].

Kang et al. [28] found a significant correlation be-
tween complete response and tumor volume reduction
rate (>75%), while Kim et al. and Genovesi et al. [29, 30]
observed no significant difference between responders
and non-responders.

In accordance with Kim et al. and Genovesi et al., the
results of our study could not demonstrate a correlation
between tumor volume reduction and response to treat-
ment. The pathology examination of resected specimens
demonstrated that a significant amount of cancer cells
can be observed even in markedly reduced tumor mass.

DW-MRI was investigated as a potential tool to
predict tumor response.

Previous studies have suggested that quantitative
interpretation of the ADC can be used as a biomarker
for treatment response in several tumors [31–33]. How-
ever, this matter is still controversial in rectal cancer [17,
30, 34].

The focus of this study was to determine the diag-
nostic performance of the pre- and post-CRT ADC
values, and their absolute changes (DADC), to assess the
response, by correlating histopathological parameters for
response.

Our data demonstrated no difference in the pre-CRT
distribution of ADC values between non-responders and
responders, and between downstage group and non-
downstage showing the inability of pre-treatment ADC
to predict response to therapy. However, the literature
shows conflicting results regarding the role of pre-CRT

Table 4. Correlation between imaging analysis and downstaging

Downstaged Non-downstaged p value*

Mean pre-ADCa values (SD) 0.920 9 10-3 mm2/s (±0.143) 0.898 9 10-3mm2/s (±0.076) 0.268
Mean post-ADC values (SD) 1.338 9 10-3 mm2/s (±0.237) 1.150 9 10-3mm2/s (±0.175) 0.01
Mean DADC values (SD) 0.407 9 10-3 mm2/s (±0.253) 0.302 9 10-3mm2/s (±0.165) 0.168
Mean % volume reduction (SD) 78.2% (±14.8) 77.9% (± 24.4) 0.970

a Apparent diffusion coefficient
* T student’s test
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ADC as a predictor of therapeutic response in rectal
cancer [17, 30, 34].

In our study, the post-CRT ADC values were higher
in all patients compared with the pre-treatment ADC
values. Furthermore, it is interesting that post-CRT
ADC value and D-ADC in responders were significantly
higher than in non-responder.

An explanation was proposed by a recent study [35]:
oncologic treatment results in loss of cell membrane in-
tegrity, increased extracellular space, and therefore, an
increase in water diffusion. Increased ADC has been
histologically correlated with areas of necrotic tissue and
reduced cell density with a variable degree of edema,
fibrosis, and inflammation [10, 11, 31]. Therefore, a
greater increase of the ADC may be related to response
to therapy.

Our study showed that using the cut-off value of post-
CRT ADC, the area under the curve was 0.854. Our best
mean post-CRT ADC cut-off values were 1.23 9 10-3

mm2/s using ROC curve analysis. Therefore, according
to our analysis, all those tumors that show a post-CRT
ADC value >1.23 9 10-3 mm2/s have the potential to
reveal a tumor response after CRT with a sensitivity of
90.9%, a specificity of 82.6%, a PPV of 90%, and a NPV
of 82%.

One of the clinical applications of the cut-off ADC
value of 1.23 9 10-3 mm2/s showing a good NPV in our
study is that it can be used for proper selection of the
non-responders in which TME should be performed.

The diagnostic performance of ADC cut-off values
(range 1.2–1.4 9 10-3 s/mm2) in rectal cancer is reported
ranging from 46% to 100% for sensitivity and from 56%
to 84% for specificity and significant differences are also
found for PPV (27–86%) [9, 34, 36]. Differences between
the results in these previous studies are probably related
to differences in the definition of the standard of refer-
ence, image analysis and ADC measurements adopted.

In most published studies, a variety of methods for
ROI placement in quantitative analysis of DWI have
been performed [9, 34, 37]. It remains unclear whether
ROIs for ADC measurements should incorporate the
entire tumor volume, or a single tumor slice or small
tumor samples [38]. In our study, three non-overlapping
ROI were manually drawn by two radiologists in con-
sensus, on the ADC map. Probably, further studies are
needed to standardize a method of quantitative analysis
of DWI in order to find out a definitive clinical appli-
cation of this technique.

In our experience, although pre-CRT ADC could not
reliably be used as a tool to discriminate responder from
non-responder, post-CRT ADC resulted to be correlated
with tumor response.

The relationship between post-CRT ADC values and
tumor response could allow to select patients for a less
aggressive surgery or for ‘‘wait-and-see’’ approach. But,
applying this criterion, there is a risk of selecting not only

patients with complete response but also patients with
post-CRT near-complete response. Kim et al. [34]
showed a poor PPV of post-CRT ADC in the identifi-
cation of complete responder, probably due to the
presence of a considerable overlap of ADC values be-
tween patient with complete response and near-complete
response. In fact, it seems difficult to obtain a precise
assessment of the underlying histopathological findings
at a microscopic level with DW imaging. Detection of
microscopically small cluster of residual viable tumor
cells remains challenging. Further studies are warranted
to investigate this issue.

Our study found that D ADC was significantly higher
in responders than in non-responders. This finding sug-
gests a change from higher cellularity on pre-CRT tissue
to lower cellularity and higher necrosis on post-CRT
tissue. When a DADC of 0.375 9 10-3 mm2/s was used
as the cut-off value for discriminating between the
responders and non-responders, the sensitivity was 72%
and specificity was 82%. Because diagnostic performance
of post-CRT ADC (Az = 0.854) in the evaluation of the
favorable responders resulted to be significantly higher
than that of DADC (Az = 0.743), we considered the
mean post-CRT ADC as a more reliable predictor of
tumor response.

Another promising aspect of our study is that post-
CRT ADC value was significantly higher also in down-
stage group. Tumor downstaging after preoperative CRT
is an important prognostic factor in tumor local recur-
rence rate and 5-year survival rate for patients with pri-
mary rectal neoplasm [2]. Therefore, post-CRT ADC
values may be used as a tool in the assessment of the
prognosis and outcome of the patient.

A wait-and-see approach or local excision in patients
with a good response after chemoradiation is, at present,
still debatable [39, 40]. In our study, we did not evaluate
the complete responders; therefore we aimed to provide a
tool to identify those patients with a good response to
treatment, eligible for a less invasive surgery. Our goal
was to assess whether MR imaging can be beneficial in
this regard. We particularly evaluated the potential of
DW images. DWI is a noninvasive technique; it can ea-
sily be added to the standard MRI protocol and provides
a functional imaging.

We have showed that the quantitative analysis of DWI
with ADC values allows a differentiation between respon-
ders and non-responders. Furthermore, this quantitative
analysis of DWI allows us to evaluate the response to CRT
treatment in terms of downstage of the lesion, an important
factor in the prognosis of the patient.

Our results suggest that MRI with DWI can evaluate
the restaging and treatment response of the colorectal
cancer and therefore can significantly sustain clinical
tools (digital examination, endoscopy, and biopsy) in a
more precise selection of patients eligible to undergo
minimally invasive treatments.
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This study shows some limitations. First, it involved a
small sample, even if the group of rectal cancer, evalu-
ated in a single center, was homogeneous. Second, the
identification of tumor downstaging was based on a
comparison between initial mrT staging and pathological
staging, which could have induced an inadvertent bias.
Although MRI is known to be a reliable modality for
rectal cancer staging, it may underestimate or overesti-
mate the tumor.

Third, a limitation of T stage with MRI it is to distin-
guish true mesorectal tumor invasion from desmoplastic
and inflammatory reaction; therefore T2 rectal cancers with
inflammation may have been included in this study.

In conclusion, our study highlights the significant role
of MRI with DWI in the restaging and in the evaluation
of post-CRT response of locally advanced rectal cancer.
Furthermore, quantitative analysis of DWI through
ADC map may result in a promising noninvasive tool to
evaluate the response to therapy. Post-CRT ADC values
showed the highest diagnostic performance compared to
DADC. Our results show that MRI with DWI may
potentially help the surgeon in a more precise selection of
patients who are eligible to undergo less invasive treat-
ments. Correlation with oncologic outcomes balanced
with patient life expectancy is necessary to further vali-
date any local treatment protocol.
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