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The following article will focus on the role of diffusion-weighted MRI for the 
assessment of response to neoadjuvant combined chemoradiation therapy in rectal 
cancer patients. The interest of diffusion-weighted imaging for tumor characterization 
will be discussed, as well as the evaluation of clearance from the mesorectal fascia, 
nodal downstaging, assessment of complete response and the prediction of response 
before and during combined chemoradiation therapy. 
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The prognosis of rectal cancer is dependent 
on a multiplicity of factors, some of which 
are determined by histopathological assess-
ment of the surgical specimen. Among these 
are the degree of tumor invasion into and 
beyond the bowel wall [1,2], the presence and 
number of lymph nodes involved by metas-
tases from the primary tumor [3,4], and in-
volvement of the mesorectal fascia (MRF) 
[5], a factor that was shown to be also reliably 
assessed preoperatively by MRI [6,7]. Other 
factors with known prognostic importance 
include the level of carcinoembryonic an-
tigen on plasma and pathological factors, 
such as the presence of lymphangio vascular 
invasion and the tumor differentiation 
grade  [8–10].

The current trends in the management 
of rectal cancer patients favor a more wide-
spread acceptance of neoadjuvant treatments. 
As such, there is a rising need for preopera-
tive imaging methods to accurately select 
high-risk patients who could receive ben-
efit from the more aggressive multimodality 
treatment approaches [11,12]. Tailored infor-
mation regarding the patient’s tumor profile 
should permit optimization of treatment and 
is also prognostically relevant by yielding a 
way to establish the risk for local and distant 
recurrence [13].

Additionally, the use of preoperative 
combined chemoradiation therapy (CRT) 
induces downsizing and downstaging of 
the primary tumor, yielding a pathologic 
complete response (pCR) in up to 24% of 
patients. A pCR is known to be associated 
with a favorable oncologic outcome, with 
regard to both recurrence and survival [14]. 
Although still controversial, the trend in 
treatment is now toward a more conserva-
tive policy for patients identified as complete 
responders (CRs) after CRT [15,16]. Tradi-
tionally, a pCR is determined by histopatho-
logic examination of the surgical specimen. 
However, if the determination of a CR before 
surgery would influence the subsequent 
treatment choice, an accurate preoperative 
assessment of response becomes essential.

Currently used methods, such as digital 
examination and endoscopy and/or biopsy 
are good but not infallible. The role of MRI 
in the primary staging of rectal cancer is well 
established, and this imaging modality is 
now part of the standard work-up in many 
countries. Nevertheless, its role in restaging 
after preoperative CRT is still unclear, in 
part because, to date, restaging by imaging 
has not significantly changed the treatment 
approach. Moreover, like other morpho-
logical imaging techniques, such as endorec- part of
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tal ultrasonography and CT, MRI is hampered by 
interpretation problems in evaluating the existence 
of residual tumor within areas of radiation-induced 
fibrosis [17–19].

At the moment, the inclusion of diffusion-weighted 
imaging (DWI) into magnetic resonance (MR) pro-
tocols is steadily rising due to its demonstrated ben-
efit, both for tumor detection/characterization and for 
assessment of treatment response [20–23]. Water diffu-
sion characteristics are dependent on several factors, 
such as cell density, vascularity, viscosity of extracellu-
lar fluid and cell membrane integrity [24]. By quantify-
ing these properties and expressing them as the appar-
ent diffusion coefficient (ADC), DWI can potentially 
be used as an imaging biomarker to improve selection 
of poor prognosis patients who will beyond doubt 
profit from a more aggressive neoadjuvant treatment 
strategy [25].

Diffusion-weighted (DW)-MRI after CRT was 
also shown to be more valuable than morphologi-
cal MRI for the differentiation between a pCR and 
residual tumor, because on DWI, viable tumor rem-
nants are more easily recognized, as they appear hyper-
intense compared with the low-signal intensity of the 
surrounding non-neoplastic tissue [26,27].

Tumor & nodal characterization
To date, the value of DWI, namely the ADC, as a 
quantitative biomarker in patients with rectal cancer 
is not yet clear. Data are scarce and most published 
reports on the value of DW-MRI for the prediction of 
response to CRT are conflicting [13,25,28–31].

It is well-known that the aggressiveness of rectal 
tumors is expressed by several factors, including T 
stage, N stage, involvement of the MRF, carcinoem-
bryonic antigen levels, differentiation grade of the 
tumor and the presence of lymphangiovascular inva-
sion [1–7,9–10,32–34]. With this in mind, a recent report 
aimed to assess the value of DW-MRI, as expressed 
by the quantified ADC values, as a potential nonin-
vasive imaging biomarker of tumor aggressiveness in 
rectal cancer, by correlating them with several prog-
nostic factors [35]. The authors demonstrated statisti-
cally significant correlations between ADC values and 
the MRF and nodal status on MRI, and the tumor 
differentiation grade at histology [35]. Pretreatment 
mean ADC was significantly lower for tumors invad-
ing the MRF or tumors with nodal metastases [35]. As 
it is proven that both MRF involvement and metastatic 
lymph nodes are potent predictors of local recurrence 
and distant metastases, such correlation between ADC 
and MRF or nodal status therefore suggests that ADC 
correlates with prognosis. This may be related to the 
fact that ADC values derive from the tumor’s cellular 

microarchitecture and may therefore reflect the profile 
of aggressiveness of the tumor tissue (Figure 1). This is 
further suggested by the finding that less well-differ-
entiated tumors had relatively low ADCs [35], in agree-
ment with another recent study that showed a similar 
trend towards low ADC values for poorly differenti-
ated tumors [9]. The authors also demonstrated a corre-
lation between ADC and the distance from the tumor 
to the MRF, with lower ADC values associated with a 
shorter distance between the outermost margin of the 
tumor and the MRF [35].

A more recent study by Elmi et al. concurs to these 
findings [36]. Furthermore, these authors have also 
showed that lower baseline ADC values were evident 
in patients who experienced tumor recurrence. In 
fact, in their study, a multivariate analysis identified 
tumor ADC as the only independently pretreatment 
prognostic indicator for recurrence. This may provide 
further evidence for the predictive value of DWI for 
disease recurrence in rectal cancer, suggesting that 
ADC by itself may correlate with disease behavior and 
prognosis.

Regarding lymph node characterization, a study by 
Cho et al. matching and analyzing 114 lymph nodes 
(46 metastatic and 68 nonmetastatic) demonstrated 
that the mean ADC of the metastatic lymph nodes 
was significantly lower than that of the nonmetastatic 
lymph nodes (0.9 ± 0.15 × 10-3 vs 1.1 ± 0.22 × 10-3 
mm2/s; p < 0.0001), with an area under the receiver-
operating characteristic curve of 0.734 in discriminat-
ing between these two nodal stages [37]. Yasui et al. also 
observed that the mean ADC value was significantly 
lower for metastatic nodes (1.36 × 10-3 mm2/s) than for 
nonmetastatic nodes (1.85 × 10-3 mm2/s) in primary 
rectal cancer with an accuracy of 75% [38].

Heijnen et al. showed that although the mean 
ADCs of the malignant and benign nodes did dif-
fer (1.15 ± 0.24 × 10-3 mm2/s vs 1.04 ± 0.22 × 10-3 
mm2/s), this difference did not reach statistical signifi-
cance (p = 0.10) and the area under the curve (AUC) 
for differentiation of malignant nodes was only mod-
erate (0.64). Moreover, the signal intensity of benign 
and metastatic lymph nodes did not differ, resulting 
in AUCs of only 0.45−0.50. On the other hand, this 
study showed that the addition of DWI increased the 
number of detected nodes and may be beneficial in 
locating the nodes [39].

Similarly, Sassen et al. showed that when using 
visual analysis of MR images, DWI did not help in dif-
ferentiating benign from malignant lymph nodes. In 
their study, all lymph nodes, metastatic or not, showed 
high-signal intensity on DWI [40].

From the analysis of these above-mentioned studies, 
it seems that, at present, DWI alone is not suffi-
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ciently accurate as a nodal staging tool for clinical 
decision-making in rectal cancer management.

MRF clearance
Recently, a Korean group evaluated the added value 
of DWI in combination with T

2
-weighted MRI com-

pared with T
2
-weighted imaging alone for predict-

ing tumor clearance of the MRF after neoadjuvant 
CRT in patients with locally advanced rectal cancer 
[41]. The study included 45 patients and key results 
showed that the diagnostic performance regard-
ing prediction of tumor clearance of the MRF for 
two observers improved significantly after additional 
review of DW images: AUC improved from 0.770 to 
0.918 (p = 0.017) for observer 1 and from 0.847 to 
0.960 for observer 2 (p = 0.026). Diagnostic accuracy 
(observer 1: p < 0.001; observer 2: p = 0.022), sensitiv-

ity (observer 1: p < 0.001; observer 2: p = 0.002) and 
negative-predictive value (NPV; observer 1: p = 0.013; 
observer 2: p = 0.025) were significantly higher when 
both DW and T

2
-weighted images were evaluated than 

when T
2
-weighted images alone were reviewed for 

both observers. Most overstaged cases on T
2
-weighted 

images (82%) were attributed to iso- or hyper-intense 
masses abutting the MRF, corresponding to inflamma-
tion, fibrosis or abundant mucin components at histo-
logical examination. Understaging of tumor clearance 
was due to microscopic tumor cell infiltration into the 
MRF despite fat pads larger than 2 mm between the 
area of viable tumor signal intensity and the MRF at 
MRI [41].

Tumor invasion within the MRF appears hyperin-
tense on DWI and hypointense on ADC maps because 
of the diffusion restriction of the motion of protons. 

future science group

Usefulness of diffusion-weighted MRI in rectal cancer    Review

Figure 1. Apparent diffusion coefficient measurements in tumors of different aggressiveness. A less aggressive 
lesion ([A] T2-weighted image; [B] apparent diffusion coefficient [ADC] map), which is well differentiated, is 
limited to the bowel wall and has no mesorectal lymph nodes, the ADC value (1.18 × 10-3 mm2/s) is higher than in a 
more aggressive neoplasm ([C] T2-weighted image; [D] ADC map), staged as T4N+, with invasion and fistulization 
to the urinary bladder and is poorly differentiated (ADC value: 0.97 × 10-3 mm2/s).
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Therefore, these DWI features can help to differen-
tiate neoplastic from non-neoplastic lesions, such as 
radiation-induced fibrosis and inflammation within 
the MRF, thus potentially improving the overall diag-
nostic accuracy of the prediction of tumor regression 
from the MRF after CRT in patients with rectal can-
cer. When DW images are used in combination with 
T

2
-weighted images, these serve as an anatomic refer-

ence for tumor location, which in turn leads to a more 
accurate assessment of the distance between viable 
tumor and the MRF, in spite of the comparatively low 
spatial resolution of the DW images alone [41].

Nodal downstaging
A Dutch group published their work on the use of 
DWI-MRI in restaging mesorectal lymph nodes after 
neoadjuvant CRT [42]. Signal intensities did not differ 
between benign and metastatic nodes and rendered an 
AUC of 0.64 (95% CI: 0.53–0.75) for reader 1 and 
0.52 (95% CI: 0.40–0.64) for reader 2. The AUC for 
detection of metastatic nodes was 0.66 using ADC 
values. The optimal ADC threshold was 1.25 × 10-3 
mm2/s, resulting in a sensitivity of 53%, a specificity 
of 82%, a positive-predictive value (PPV) of 35% and 
a NPV of 91% [42].

The predicted probability for the combined assess-
ment of T

2
-weighted MRI plus ADC rendered an 

AUC of 0.91 for reader 1 and 0.96 for reader 2, which 
resulted in a sensitivity of 56%, a specificity of 98%, 
a PPV of 83% and a NPV of 92% for reader 1. These 
values were 56, 99, 95 and 93% for reader 2, respec-
tively. The diagnostic performance when using ADC 
only was significantly lower than for T

2
-weighted 

MRI (p = 0.02 and p = 0.0003 for readers 1 and 2, 
respectively) and T

2
-weighted MRI plus ADC com-

bined (p = 0.001 and p < 0.0001 for readers 1 and 2, 
respectively). There was no significant difference in 
diagnostic performance between T

2
-weighted MRI 

and the combination of T
2
-weighted MRI plus ADC 

(p = 0.17 and p = 0.26, respectively). ADC combined 
with standard T

2
-weighted MRI improved the diag-

nostic performance without, however, accomplishing 
a significant improvement compared with T

2
-weighted 

MRI alone [42].
Interestingly, although it did not improve the over-

all performance, the addition of ADC to standard 
T

2
-weighted MRI did improve the PPV from 60–61 

to 83–95%, thus reducing overstaging errors. The 
foremost advantage from the addition of DWI in 
this study was the higher number of detected nodes 
compared with conventional T

2
-weighted MRI. On 

DWI, high-signal intensity nodes were more straight-
forwardly detected against the suppressed background 
signal of the neighboring tissues. According to the 

authors, DWI can thus be used to immediately focus 
a radiologist’s eye on the presence of nodes and their 
location [42]. Moreover, when radiologists evaluating 
post-CRT examinations will become able to provide 
an imaging tool for the selection of patients with truly 
sterilized nodes, patients with a small tumor remnant 
limited to the rectal wall (ypT1-2N0) may be safely 
stratified for local excision, while patients with a CR 
(ypT0N0) could be included in a ‘wait-and-see’ policy 
with deferral from surgery [42–45].

Assessment of CR
The introduction of preoperative, rather than postop-
erative, CRT has led to a decline in local recurrence 
rates and has become standard of care for patients with 
locally advanced rectal cancer [46]. If CRT is chosen 
for a patient with locally advanced rectal cancer, the 
patient is usually scheduled for surgery after comple-
tion of it, but in 10–24% of patients, no residual tumor 
is found at histology of the surgical specimen [14].

These CRs have been shown to have a very good 
prognosis, in terms of both overall and disease-free sur-
vival [14]. A CR also raises the highly debated and con-
troversial question of whether surgery is still required 
for these patients, particularly because total mesorec-
tal excision may have associated morbidity and even 
mortality, and also has the potential risk of a perma-
nent colostomy. Recently, a more conservative treat-
ment was advocated in patients who displayed a good 
or complete response to neoadjuvant CRT; in 2006, 
Habr-Gama et al. presented the long-term results of a 
prospective trial that investigated a ‘wait-and-see’ pol-
icy in a carefully selected group of patients with clini-
cal and radiological evidence of a CR after neoadjuvant 
CRT [45]. Results at 5-year follow-up were favorable for 
the nonsurgical group, with an overall and disease-
free survival of 93 and 85%, respectively [45]. How-
ever, in order to securely suggest such a deferral from 
surgery, it is essential to accurately select the correct 
candidates – the true CRs.

The role of imaging for restaging rectal cancer after 
CRT has been the subject of a number of studies and 
all suggest that neither MRI nor endorectal ultrasound 
or PET are sufficiently accurate for identifying the true 
CRs, with PPVs ranging from 17 to 50% [26,47–51].

In fact, when MRI is performed 4–6 weeks after the 
completion of preoperative CRT for locally advanced 
rectal cancer, it is seldom normal, even in patients 
who will demonstrate a pCR at histological examina-
tion after surgery. Rather, in the majority of patients 
with an optimal response at MRI, a scar – represented 
by a focal area of low-signal intensity on T

2
-weighted 

MRI – replaces the site of disease (Figure 2). The pre-
cise cellular composition of such an area of low-signal 
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intensity cannot be known, and a single MRI scan may 
not be able to diagnose CR. In fact, the major com-
ponent of error on MRI is overstaging due to its lim-
ited capability to allow differentiation between viable 
tumor, residual fibrotic nontumor tissue and desmo-
plastic reaction (Figure 3) [18,52–53]. However, if surgery 
is deferred, then the scar can be followed with serial 
MRI examinations to monitor any change in size, 
morphology or signal intensity.

Owing to the limitations of purely morphological 
MRI, recent attention has been directed toward DWI-
MRI as a complement to standard morphological MRI 
for detection of CRs, because on DWI, viable tumor 
remnants are recognized as hyperintense foci com-
pared with the low-signal intensity of the surrounding 
non-neoplastic background tissue (Figure 4) [26,27].

A previous study by Kim et al., including 40 patients, 
demonstrated that DWI, in addition to standard MRI, 
significantly improved the performance of radiologists 
to select CRs compared with standard MRI only [26].

In the same way, Lambregts et al., in a retrospec-
tive multicenter study of 120 patients, indicated that 
the diagnostic performance for predicting a pCR after 
CRT improved for the combination of standard MRI 
plus DWI (AUC: 0.78–0.8) compared with standard 
MRI only (AUC: 0.58–0.76). Moreover, it resulted 
in a substantial decrease in the number of equivocal 
scores and an improved interobserver agreement [27]. 
In this study, the superior sensitivity for the combi-
nation of MRI plus DWI resulted in less overestima-
tion of residual tumor in patients with a pCR [27]. On 
restaging MRI without DWI, many interpretation dif-

ficulties were observed when the primary tumor bed 
had become ‘fibrotic’ as a result of the neoadjuvant 
treatment. In these cases, as previously mentioned, it 
becomes hard to differentiate small areas of residual 
tumor from simple fibrosis, and readers tend to overes-
timate the presence of tumor [47,49–51]. In this particu-
lar context, the functional information from DWI may 
be valuable; areas of fibrosis typically have low cellular 
density, which results in low-signal intensity on high 
b-value diffusion images [54]. On the other hand, areas 
of residual tumor have a relatively high cellular den-
sity and demonstrate high-signal intensity on DWI, 
easily recognizable within the low-signal intensity of 
the surrounding tissue/fibrosis, thus allowing a bet-
ter depiction of small areas of residual tumor on DWI 
(Figure 5) [26,54].

This study reported a specificity for MRI and DWI 
superior to 90%, indicating that residual tumor is 
accurately detected and the risk for undertreatment will 
be less than 10% [27]. Although DWI allows detection 
of even small tumor volumes, the detection of micro-
scopically small clusters of residual tumor cells, which 
are difficult to detect – even at histology – and are cur-
rently beyond the detection threshold of any available 
imaging modality (including DWI), will remain the 
major challenge for imaging.

In a retrospective study of 50 patients performed 
by Song et al., an increased diagnostic accuracy was 
reported for the two readers from 64–76 to 86–90% 
after addition of DWI-MRI to T

2
-weighted MRI. Sen-

sitivity improved from 64–77 to 91–98%, with cor-
responding specificities of 67 to 33–50% [55]. Another 
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Figure 2. Axial T2-weighted MRI of a patient with rectal cancer. (A) Before chemoradiation therapy (CRT) and 
(B) 8 weeks after completion of CRT. Before treatment there is a tumoral thickening extending over 50% of the 
rectal circumference. After CRT, the tumor has turned fully hypointense, which indicates a scar (white arrow).
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Dutch group performed a retrospective analysis of 70 
patients who underwent CRT followed by restaging 
MRI and resection [40]. Two readers with different expe-
rience levels independently scored T

2
 images for CR and, 

in a second reading, combined T
2
 and DWI. They dem-

onstrated that, in agreement with the previously cited 
works, the interobserver agreement for the identification 
of CRs increased after addition of DWI from 0.35 to 
0.58, and sensitivity and NPV improved from 20–30 to 
40–70% and 88 to 91–95%, respectively. However, a 
more pronounced benefit was found for the experienced 
reader; the AUC (0.77–0.89; p = 0.005 vs 0.74–0.70; 
p > 0.05), as well as specificity and PPV improved only 
for him (87–93% and 27–63%, respectively).

Another approach to this subject was performed in a 
recent study that tried to predict CR using both conven-
tional MRI-based and DWI-based volumetric analyses 
[56]. The authors showed that post-CRT DW-MR volu-

metry provided high diagnostic performance (AUC: 
0.93) for the assessment of a CR and was significantly 
more accurate than post-CRT T

2
-weighted MR volu-

metry (AUC: 0.70) or post-CRT ADC (AUC: 0.54). 
Pre-CRT DWI-MRI and T

2
-weighted MR volumetry, 

as well as ADC, were not sufficiently reliable to identify 
a CR, with AUCs ranging between 0.51 and 0.63 [56].

Apparently, the tumor volumes determined on the 
basis of the presence (or absence) of high-signal intensity 
areas on DW-MRI better represented the existence of 
residual viable tumor. The measurement of volumes on 
morphological post-CRT MRI is a more complex task 
as it is difficult to characterize which of the fibrotic areas 
are still suspicious for the presence of residual tumor and 
should be incorporated into the volume measurements 
and which should not. Those problems were less obvious 
on DW-MRI, in which the delineation of residual tumor 
was more clear cut [56].

Figure 3. Axial T2-weighted MRI of two patients with rectal cancer. (A & C) Before CRT and (B & D) after 
completion of chemoradiation therapy (CRT). After CRT, both tumors suffer downsizing and become partially 
hypointense, with a very similar appearance. Morphological imaging cannot differentiate a complete response 
with only a fibrotic scar ([B] , ypT0), from fibrosis with viable tumor remnants within it ([D] , ypT3).
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Given the high diagnostic performance of post-CRT 
DW-MR volumetry on the basis of signal perception 
on images with b = 1000 s/mm2, the authors hypoth-
esized that a visual evaluation of the presence of a high-
signal intensity area suggestive of residual tumor will be 
sufficient, and volumetric measurements are not even 
required. Such a visual approach would also be more 
practical and far less time consuming [56].

A high AUC (0.93) for the assessment of a CR with 
DW-MRI was found, and this was even higher than 
in the above-mentioned previous studies [26,27], which 
have already shown good results for a visual analysis of 
DW-MRI. A possible explanation for the better results 
for this study could be that the DW-MRI were evalu-
ated independently from T

2
-weighted MRI and with 

objective volume measurements, whereas in the above- 
mentioned works, T

2
-weighted and DW-MRI were read 

side by side and by means of subjective interpretation. For 

example, if on the basis of the T
2
-weighted MRI mor-

phlogical findings, a radiologist has already determined 
a strong suspicion of residual tumor, they are unlikely 
to be eager to alter the diagnosis even if the DW-MRI 
would demonstrate the contrary. This factor, together 
with the knowledge that, in an oncological context, 
when in doubt one should better err on the ‘safe’ side and 
should best diagnose a patient as having residual disease 
than to potentially incorrectly categorize that patient as 
having a CR, might have incorporated some bias in the 
evaluation of DW-MRI in the published literature. If 
the definition of a pCR on a DW-MRI is solely based 
on the absolute absence of hyperintense areas within the 
rectal wall and the DW-MRI are being evaluated inde-
pendently from the T

2
-weighted images, then this bias 

can potentially be eliminated [56].
Ha et al. corroborated these findings and demon-

strated, in a retrospective study with 100 patients, that 
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Figure 4. Axial T2-weighted MRI of a patient with rectal cancer. (A–C) Before chemoradiation therapy (CRT) and 
(D, E & G) after completion of CRT, and (F & H) axial high b-value diffusion-weighted images after CRT. Before 
treatment, the tumor contacts the mesorectal fascia and there are several large and heterogeneous lymph nodes 
in the mesorectum. After CRT, the tumor suffers downsizing and becomes mostly hypointense, corresponding to 
fibrosis, the precise composition of which could not be determined on purely morphological images. Diffusion-
weighted imaging clearly depicts hyperintense areas (of diffusion restriction), corresponding to zones where 
there are still viable tumor remnants. Additionally, a large lymph node, which was proved to be metastatic, (E) 
remains after CRT, also showing (F) diffusion restriction.
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DW-MR tumor volumetry after CRT showed sig-
nificant superiority in predicting CR compared with 
T

2
-weighted MRI (AUC: 0.910 vs 0.792, respectively; 

p = 0.015). Using a cut-off value for the tumor volume 
reduction rate of more than 86.8% on DW-MRI, the 
sensitivity and specificity for predicting CR were 91.4 
and 80%, respectively. They also showed that the mean 
post-CRT ADC of the CR group was significantly 
higher than that of the non-CR group, but there was 
a limitation to its use in clinical practice to assess CR 
because of the low diagnostic accuracy (67%) [57]. In 
addition, Genovesi et al. showed that the mean post-
CRT ADC values in the CR group (1.79 ± 0.51 × 10-3 
mm2/s) were significantly higher than that in non-CR 
group (1.373 ± 0.432 × 10-3 mm2/s; p = 0.003) [57]. On 
the contrary, Intgen et al. were not able to confirm the 
predictive potential of postradiochemotherapy ADC for 
pCR [58].

In the assessment of CR, DWI images should be 
interpreted with caution, as some problems remain. 
DWI, in the same way conventional imaging does, is 
unable to detect microscopic foci of residual tumor that 
are beyond the detection level of any imaging method, 
leading to false-positive results for a complete tumor 

response. It was also shown that CRs can show areas of 
high-signal intensity on DWI that may be erroneously 
interpreted as residual tumor. This may happen in areas 
of diffuse fibrosis (combined with chronic inflamma-
tion) and in mucinous lakes. Particularly important in 
image interpretation are artefacts that occur at interfaces 
of air-rectal wall and in collapsed rectal wall, which 
constitute a well-known pitfall that may hamper the 
identification of CRs. Although, it is plausible that the 
recognition and understanding of these problems may 
enhance the diagnostic performance of DWI, but this 
has to be proven in further studies.

Prediction of response before CRT
Previous studies have investigated the value of pretreat-
ment tumor ADC as a prognostic factor in terms of pre-
diction of response to CRT in the specific subgroup of 
patients with locally advanced rectal cancer.

Some have shown that tumors with low baseline 
pretreatment ADC values responded better to che-
motherapy or radiation therapy than neoplasms that 
exhibited high pretreatment ADC values [13,20]. Sun 
et al. [29] observed that the mean pre-CRT ADC value 
(1.07 ± 0.13 × 10-3 mm2/s) in the group of tumors that 
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Figure 5. Axial T2-weighted MRI of two patients with rectal cancer. (A & D) Before chemoradiation therapy 
(CRT) and (B & E) after completion of CRT and (C & F) axial high b-value diffusion-weighted images after CRT. 
Before treatment, both tumors depict their characteristic intermediate signal intensity. After CRT, the tumor 
beds become mostly hypointense (thick arrows in B & E), corresponding to the typical ‘fibrotic’ appearance, 
which precise composition could not be determined on purely morphological images. (C) There are no foci of 
hyperintensity/diffusion restriction on diffusion-weighted imaging and a complete response (ypT0N0) was found 
on histology, while in (F) diffusion-weighted imaging clearly depicts hyperintense areas of diffusion restriction 
(thin arrows), corresponding to zones where there are still viable tumor remnants (ypT2N0, on histology).
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showed T-downstaging (17 out of 37 patients) was lower 
(1.19 ± 0.15 × 10-3 mm2/s) than that in the T-nondown-
staged group (p = 0.013). Similarly, a Dutch group [58] 
showed for low preradiochemotherapy ADC a correla-
tion with pathological good response. In a study on a 3 T 
magnet, Jung et al. [59] also demonstrated that pre-CRT 
ADC of the histopathologic responders was significantly 
lower than that of the histopathologic nonresponders 
(p = 0.034). One possible explanation for this is that 
tumors with high pretreatment ADC values are likely 
to exhibit more necrotic areas than those with low values 
[21]. Necrotic tumors are frequently hypoxic, acidic and 
poorly perfused, which leads to reduced sensitivity to 
chemotherapy and radiation therapy.

However, other studies have failed to replicate those 
results. Kim and collaborators [28] could not reliably dis-
criminate pCR from non-pCR based on the pre-CRT 
ADC, and Heo and co-authors [60] also reported that 
the pre-CRT ADC value was not significantly corre-
lated with tumor regression grade after the analysis of 39 
patients. Another recent study also failed to demonstrate 
a benefit for pre-CRT ADC, post-CRT ADC or ΔADC 
measurements to differentiate between patients with a 
CR and residual tumor [56]. According to Monguzzi et al. 
[61], no differences in ADC pretreatment measurements 
were observed between responders and nonresponders. 
This was also found in other studies [57,62].

There is even a recent study that showed that the 
mean pretreatment ADC value in responders was higher 
than the value in nonresponders; however, this was only 
marginally significant (p = 0.035) [36].

These differences may be attributable, at least par-
tially, to the distinct definitions of response; some 
authors used the tumor size (50% reduction) as a crite-
rion, while others predefined responders as the T-down-
staged group and others considered pCR as the end 
point for response.

Another explanation could be that ADC measure-
ments are more subject to measuring errors because 
of the inherently low discriminatory power and lesion 
conspicuity on ADC images. Even subtle variations in 
region of interest size and region of interest positioning 
between two readers may result in substantial variations 
in ADC. This phenomenon may have contributed to 
the low performance of ADC in some studies to pre-
cisely distinguish between CRs and non-CRs [56]. This 
factor is less an issue when the response groups are more 
roughly categorized in ‘responding’ and ‘nonrespond-
ing’ patient groups [13,29–31,63]. Obviously, such large 
sub categories will require less precise discrimination 
methods and is a possible reason why those published 
data have shown more favorable results for ADC.

The reproducibility of DWI has been insufficiently 
investigated, and the cut-off values used to determine 

treatment response vary between treatments and ADC 
measurement techniques. Thus, a standardized guide-
line to predict or assess treatment response is needed 
before DWI can be implemented in clinical practice.

At present, additional multicentric studies using large 
populations are warranted to assess the diagnostic poten-
tial of DWI to preoperatively identify those patients 
with rectal cancer who may benefit from a less aggressive 
therapeutic approach after CRT.

Assessment of response during CRT
Sun et al. [29] showed that at the end of the first week 
of CRT, the mean tumor ADC increased significantly 
from 1.07 × 10-3 to 1.32 × 10-3 mm2/s (F = 37.63; 
p < 0.001) in the downstaged group, but there was no 
significant ADC increase in the nondownstaged group 
(F = 1.18; p = 0.291). It is believed that increases in 
ADC are a consequence of cellular damage leading to 
necrosis [64,65]. Another reason for the increase in ADC 
seen within 1 week of CRT is tumor edema caused by 
the massive release of VEGF within hours of even the 
first fraction of radiation therapy. That would lead to 
increased vascular permeability and increased intersti-
tial volume, which would in turn increase ADC [29]. 
The mean percentage of tumor ADC change in the 
downstaged group was significantly higher than that 
in the nondownstaged group at each time point (F = 
18.39; p < 0.001). This phenomenon may be explained 
by a higher degree of cellular necrosis achieved with 
CRT in the downstaged group than in the nondown-
staged group. Therefore, the difference of increase in 
the ADC after the beginning of CRT mainly reflected 
the different sensitivity of the tumor cells to CRT in the 
two groups [29].

Similarly, a study by Cai et al. [66] demonstrated a sig-
nificant increase in the mean ADC at the second and 
fifth week during treatment, relative to the values prior 
to treatment, in the T-downstaged and tumor regression 
groups. In addition, Barbaro et al. [67] showed that at 
the end of the second week of CRT, the mean percent-
age of change in the tumor ADCs in the downstaged 
group was greater than that in the nondownstaged group 
(p < 0.0001). When the cut-off value for the percentage 
of ADC increase was >23%, the PPV was 85.2%, the 
NPV was 60% and the accuracy for response assessment 
was 70.9%.

In this way, these authors suggest that early temporal 
changes in ADC and pretherapy ADC can potentially 
discriminate patients with locally advanced rectal can-
cers that are resistant to preoperative CRT, which may 
allow a prompt modification of the treatment protocols 
[29,66].

Conclusion

future science group

Usefulness of diffusion-weighted MRI in rectal cancer    Review



84 Imaging Med. (2014) 6(1)

In rectal cancer, tumor stage at diagnosis is a guide to 
treatment strategies. As such, while patients with early 
cancers usually may achieve cure through surgery alone, 
those with locally advanced cancers typically undergo 
preoperative therapy, which is useful for decreasing 
the tumor stage in order to facilitate curative resection, 
and to decrease the local recurrence rate. Therefore, the 
role of the radiologist is to identify tumors within these 
groups, so that a tailored treatment can be offered to 
each single patient in order to decrease the probability 
of local recurrence.

In recent years, a paradigm shift toward less invasive 
treatments has been witnessed, including local excision 
or even a – still controversial – deferral from surgery in 
those patients achieving a CR from the tumor following 
preoperative CRT.

However, no imaging techniques currently allow an 
accurate prediction of which tumors will respond sat-
isfactorily to this kind of treatment, and which cases 
develop a CR. This is particularly true when using purely 
morphological imaging methods, and consequently, 
there has been a growing interest in more ‘functional’ 
imaging techniques, such as DW-MRI.

MRI is widely used for the diagnosis and staging of 

tumors, whereby mainly morphometric macroscopic 
tissue information is usually obtained. For the assess-
ment of viability and aggressiveness of the tumor or its 
response to therapy, a method that gives insights at a 
cellular level would be desirable. DW-MRI provides 
images whose signal intensity is sensitized to the random 
motion of free water molecules. The mobility of water 
molecules within a given voxel is determined by the 
microscopic cellular structure (i.e., the presence of barri-
ers, such as cell membranes and macromolecules). Thus, 
DWI offers a theoretical possibility for the assessment of 
viability of the tumor or its response to therapy.

DWI has the potential to become an imaging bio-
marker in rectal cancer. DWI-MRI (including volumetry 
studies) may help to assess response to neo adjuvant ther-
apy and particularly the presence of complete tumoral 
response.

Future perspective
The role of DWI-MRI as a biomarker of aggressiveness 
and response needs still to be validated in multicentric 
studies. However, as an adjunct to clinical tools (digital 
examination, endoscopy and biopsy), the use of DWI-
MRI seems promising to enable a more precise selection 
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Executive summary

Tumor characterization
•	 Low apparent diffusion coefficient (ADC) values seem to be associated with an unfavorable tumor profile, of higher 

aggressiveness.
Mesorectal fascia clearance
•	 The diagnostic performance regarding prediction of tumor clearance of the mesorectal fascia (MRF) is significantly better after 

additional review of diffusion-weighted images (DWI) and T2-weighted images versus T2-weighted images alone.
Nodal downstaging
•	 Signal intensities do not differ between benign and metastatic nodes.
•	 ADC combined with standard T2-weighted MRI improves the diagnostic performance without, however, accomplishing a 

significant improvement in accuracy compared with T2-weighted MRI alone.
•	 Addition of DWI allows a higher number of detected nodes compared with conventional T2-weighted MRI.
Assessment of complete response
•	 When MRI is performed 4–6 weeks after the completion of preoperative chemoradiation therapy (CRT) for locally advanced rectal 

cancer, it is seldom normal. In the majority of patients, a scar – represented by a focal area of low-signal intensity on T2-weighted 
MRI – replaces the site of disease, which cellular composition cannot be determined by MRI.

•	 On DWI, viable tumor remnants are recognized as hyperintense foci compared with the low-signal intensity of the surrounding 
non-neoplastic background tissue.

•	 DWI in addition to standard MRI significantly improves the performance of radiologists to select complete responders compared 
with standard MRI only.

•	 Although DWI allows detection of even small tumor volumes, the detection of microscopically small clusters of residual tumor 
cells, which are difficult to detect and are currently beyond the detection threshold of any available imaging modality (including 
DWI) will remain the major challenge for imaging.

Prediction of response before CRT
•	 The value of pretreatment tumor ADC as a prognostic factor in terms of prediction of response to CRT in the specific subgroup of 

patients with locally advanced rectal cancer is still uncertain.
•	 Some studies show that tumors with low baseline pretreatment ADC values responded better to chemotherapy or radiation 

therapy than neoplasms that exhibit high pretreatment ADC values, while other studies have failed to replicate those results.
Assessment of response during CRT
•	 Early temporal changes in ADC can potentially discriminate patients with locally advanced rectal cancers that are resistant to 

preoperative CRT, which show a lower increase in the ADC values during treatment than the responding tumors.
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of patients eligible to undergo minimally invasive treat-
ments. The results published so far are obviously still 
premature for clinical decision-making, but its promise 
warrants further large and prospective patient studies.
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