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Abstract 

Background: Patients with locally advanced rectal cancer generally have different response rates to preoperative 
neoadjuvant chemo-radiotherapy. This study investigated the value of the apparent diffusion coefficient (ADC) as a 
predictor to forecast the response to neoadjuvant chemo-radiotherapy in patients with locally advanced rectal cancer.

Methods: Ninety-one locally advanced rectal cancer patients who underwent neoadjuvant chemo-radiotherapy 
between 2015 and 2018 were enrolled. Diffusion-weighted magnetic resonance imaging was performed before treat-
ment and within 4 weeks after the completion of neoadjuvant chemo-radiotherapy. Mean ADC values of regions of 
interest were evaluated by two radiologists. The tumor response was evaluated according to RESCIST 1.1. The cut-off 
value for the mean ADC and increasing percentage (ΔADC%) after neoadjuvant chemo-radiotherapy was calculated 
using the receiver operating characteristic curve. The response rate of pre-ADC and ΔADC% above/below the cut-off 
values was determined using the chi-square test, respectively. Primary tumor progression-free survival (PFS) was ana-
lyzed using the Kaplan–Meier method, based on the pre-ADC and ΔADC% cut-off values.

Results: The cut-off value of mean pre-ADC and ΔADC% was 0.94 × 10–3  mm2/s (80.36% sensitivity, 74.29% speci-
ficity) and 26.0% (73.21% sensitivity, 77.14% specificity), respectively. Lower mean pre-ADC values were related to a 
better response rate (83.3% vs 29.7%, P < 0.001) and PFS (26.12 vs 17.70 months, P = 0.004). ΔADC% above the cut-off 
value was also related to a better response rate (83.7% vs 35.7%, P < 0.001) and PFS (26.93 vs 15.65 months, P = 0.034).

Conclusions: The mean ADC pre-treatment value and ΔADC% were potential predictors for the tumor response in 
locally advanced rectal cancer patients treated with neoadjuvant chemo-radiotherapy.

Keywords: Apparent diffusion coefficient, Neoadjuvant chemo-radiotherapy, Locally advanced rectal cancer, Tumor 
response rate, Primary tumor progression-free survival
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Background
Colorectal cancer ranks as the third most common 
malignancy and remains the leading cause of cancer-
related human mortalities worldwide [1]. Rectal cancer 
has a greater risk of local recurrence as resection is more 
difficult because of anatomical limitations. Colorectal 
cancer also has a higher risk of metastasizing to the lungs 
than colon cancer [2, 3]. At present, surgical resection is 
considered to be an effective treatment for rectal cancer 
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[4]. However, for patients with lymph node metastasis or 
adjacent organs invasion, the prognosis is typically unsat-
isfactory [5]. Patients diagnosed at stage IV have a 5-year 
mortality of about 90% [6]. For patients with locally 
advanced lesions, neoadjuvant chemo-radiotherapy has 
been used to down-stage the primary tumor and offer the 
chance for radical operation [7, 8].

Magnetic resonance imaging (MRI) is often used to 
evaluate the status of rectal cancer. The precise anatomy 
of the rectum and adjacent organs can be shown via MRI, 
which can provide relatively accurate staging of primary 
tumors. Studies have reported that MRI can also predict 
the risk of local recurrence and distant metastasis [9]. 
However, the traditional MRI method is not available 
for accessing the response of the tumor to neoadjuvant 
chemo-radiotherapy. The measurement of tumor size 
after treatment is typically interfered with by necrosis 
and other factors. Diffusion-weighted imaging (DWI) is 
a distinct functional MRI technique that is sensitive to 
the movement of water molecules in vivo. Moreover, the 
apparent diffusion coefficient (ADC) has become a quan-
titative parameter used to evaluate the magnitude of the 
motion of the diffusion of water through tissue, show-
ing information related to tissue cellularity [10, 11]. The 
movement caused by diffusion is mainly affected by the 
properties of the tissues and cells, the integrity of cell 
membranes, and the viscosity of fluids [12]. ADC values 
have been proven to correlate with tumor cellularity and 
grade [13]. As a potential predictor for the early predic-
tion of therapeutic response, ADC parameters have been 
confirmed in various types of cancer, such as head and 
neck cancer, Hodgkin lymphoma, lung cancer, breast 
cancer, and prostate cancer [14–18].

Although the ADC value as a pre-treatment predic-
tor is controversial, it remains a potential application 
prospect. In this study, the ADC was investigated as a 
predictor to forecast the response to neoadjuvant chemo-
radiotherapy in patients with locally advanced rectal can-
cer and to provide insight into the treatment of locally 
advanced rectal cancer.

Patients and methods
Patients
One hundred and seventy-six locally advanced rectal 
cancer patients who underwent neoadjuvant chemo-
radiotherapy in the First Affiliated Hospital of Wenzhou 
Medical University from September 2015 to May 2018 
were reviewed. These patients were diagnosed with 
adenocarcinoma via endoscopic biopsy. Patients who 
underwent completed neoadjuvant chemo-radiotherapy 
and had available MRIs with the DWI series before and 
within 1  month after neoadjuvant chemo-radiotherapy 
started, were included.

Forty-seven patients who did not complete the entirety 
of the neoadjuvant chemo-radiotherapy were excluded. 
Thirty-eight patients did not have at least one MRI scan 
with the DWI series within 1  month since neoadjuvant 
chemo-radiotherapy started. Finally, 91 patients were 
enrolled in our study, all of the patients with locally 
advanced rectal cancer had at least one measurable tar-
get lesion in RECIST standard. The characteristics of the 
patients are described in Table  1. This study was per-
formed at the First Affiliated Hospital of Wenzhou Medi-
cal University and approved by the Institutional Review 
Board. The requirement for written informed consent 
was waived.

MR imaging
All patients underwent both a pre-treatment MR imaging 
examination for primary tumors and a second MR imag-
ing, after the completion of neoadjuvant chemo-radio-
therapy treatment, and 1–4 weeks before the operation. 
All subjects underwent two MRI examinations using a 

Table 1 Clinical patients characteristics

CR complete response, PR partial response, SD stable disease, PD progressive 
disease, pCR pathological complete response, pPR pathological partial response

Variables Values Range or percent

Total no. of patients 91

Age, years (median) 61 38–82

 < 70 78 85.7%

 ≥ 70 13 14.3%

Gender

 Male 61 67.0%

 Female 30 33.0%

Clinical tumor depth

 T2 4 4.2%

 T3 85 93.4%

 T4 2 2.2%

Clinical lymph node metastases

 N0 41 45.0%

 N1 28 30.8%

 N2 22 24.2%

Histological classification

 High differentiation 11 12.1%

 Moderate differentiation 76 83.5%

 Low differentiation 4 4.4%

Treatment response

 CR 0 0.0%

 PR 56 61.5%

 SD 28 30.8%

 PD 7 7.7%

Post-operation pathological response

 Response (pCR + pPR) 20 22.0%

 Non-response 71 78.0%
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3.0-T MR scanner (Signa HDX, General Electric, Ltd) 
equipped with a phased array body coil. Before the MRI 
examinations, all patients did shallow and slow uniform 
breathing exercises to collect the required signals. All 
91 patients underwent a series of MRI scans, including 
T1WI, T2WI, T2WI short-tau inversion recovery (STIR) 
contrast-enhanced T1WI, FLAIR, and DWI. All MRI 
examinations contained T1 weighted imaging (TR/TE 
600/6 ms, average number 1, FOV 350 × 350 mm, matrix 
256, slice thickness 4 mm, skip 1.2–1.6 mm, and slice 20) 
and T2 weighted imaging (TR/TE 3460/105 ms, concat-
enations 2, flip angle 180°, matrix 320, average number 2, 
FOV 240 × 240  mm, slice thickness 4  mm, slice 20, and 
skip 1.2–1.6 mm). DWI scans were obtained using a sin-
gle-shot spin-echo type of echo-planar sequence, and fat 
signals were suppressed using STIR. The b-values of DWI 
were b = 0 and 1000 s/mm2.

Imaging analysis, regions of interest (ROI), and assessment 
of response
Both MR images were transferred into a workstation 
(Philips Medical Systems, The Netherlands). According 
to the images obtained from DWI, the corresponding 
ADC map was obtained by DWI image fusion, automati-
cally, with Functool software 9.4.04b (ADW 4.5, General 
Electric, Ltd) when the b-value was 0 and 1000  s/mm2. 
Pre- and post-treatment DWI images were analyzed to 
define the tumor, with the tumor being defined as high 
signal intensity corresponding to the location of the 
tumor mass on the DWI images. In general, DWI images 
have a higher resolution than ADC maps. ROIs were 
manually placed on DWI images with a b-value of 1000 s/
mm2, and the ROIs were copied to the corresponding 
ADC maps. Pre- and post-treatment MR images were 
compared to ensure that ROIs were placed within the 
location of the primary tumor. In several patients, high 
signal intensity zones were not discovered on post-treat-
ment neoadjuvant chemo-radiotherapy DWI images, 
and ROIs were placed in the before neoadjuvant chemo-
radiotherapy treatment tumor location. The areas of the 
ROIs were positioned on a single trans-axial slice where 
the section containing the largest tumor area was avoid-
ing areas of fibrosis and necrosis, and where the mean 
ADC value or ROI was located. Two radiologists inde-
pendently analyzed pre- and post-treatment MR and 
DW images and performed the ADC measurements. The 
radiologists were blinded to the pathology reports, clini-
cal patient data, and each other’s results. In MRI before 
and after neoadjuvant chemo-radiotherapy treatment, 
the ROIs were drawn on the same anatomical lesion. The 
mean ADC value of a single ROI calculated by the two 
radiologists was averaged as an observation for analysis 
and labeled as the ADC of the tumor. The pre-treatment 

and post-treatment ADCs were labeled as pre-ADC and 
post-ADC, respectively, and ΔADC% was calculated 
according to the following equation: (post-ADC − pre-
ADC)/pre-ADC × 100. The treatment response was 
accessed according to RESCIST 1.1 by the same radiolo-
gists, to reach an agreement. Primary tumor complete 
response (CR) and Primary tumor partial response (PR) 
were defined as ‘response,’ and Primary tumor stable dis-
ease (SD) and Primary tumor progressive disease (PD) 
were defined as ‘no-response.’

Preoperative treatment
All patients were treated with long-term chemo-radio-
therapy that included the following: Radiotherapy applied 
with the 3D-conformational multiple field technique. All 
treatment volumes and organs at risk (OAR) contour-
ing were reviewed. The gross tumor volume (GTV) was 
defined using MRI, including the rectal tumor and its 
corresponding mesorectum region. The clinical target 
volume (CTV) included mesorectum region, superior 
rectal artery lymph nodes, internal iliac lymph nodes, 
obturator lymph nodes, presacral lymph nodes, exter-
nal iliac lymph nodes (selective delineation at T4b) and 
inguinal lymph nodes drainage area (when lymph node 
metastasis was confirmed). The prescribed dose was 
50 Gy in 25 fractions to GTV and 45 Gy in 25 fractions 
to CTV in plans for 5 weeks. Preoperative chemotherapy 
was delivered in two 5-day courses during the first and 
fifth weeks of radiotherapy. Fluorouracil was given as 
a 120-h continuous injection at a dose of 1000  mg per 
square meter per day.

Statistical analysis
The primary aim of this study was to ascertain whether 
the single-plane mean ADC value of the ROI before 
neoadjuvant chemo-radiotherapy treatment could be 
a predictor of response. At the primary analysis step, 
Interobserver agreement of ADC value measurements 
(performed ADC of ROI before and after treatment of 
neoadjuvant chemo-radiotherapy) was analyzed using 
the Pearson correlation test. The mean pre- and post-
treatment ADC values were compared using the Mann–
Whitney U test for the ROI positioning method. The 
mean ADC values and difference values of the change in 
ADC obtained by the ROI positioning method were com-
pared using the nonparametric Wilcoxon rank-sum test 
with regard to the group of patients with tumor response 
(including the CR and PR groups) and the group of 
patients with noncomplete tumor response (including SD 
and PD group). Receiver operating characteristic (ROC) 
curves were generated to detect an eligible cut-off value 
of the mean ADC values pre-treatment of neoadjuvant 
chemo-radiotherapy. All patients were divided into two 
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groups according to the mean ADC pre-treatment neo-
adjuvant chemo-radiotherapy (above/below the cut-off 
value), and the chi-square test was conducted to find the 
difference in the response rate between the two groups. 
Primary tumor progression-free survival (PFS) was cal-
culated using the log-rank test stratified by the mean 
ADC pre-treatment of neoadjuvant chemo-radiotherapy 
and the ΔADC% after neoadjuvant chemo-radiotherapy. 
All results were plotted using the Kaplan–Meier method. 
All statistical analyses and graphs in this article were 
performed in commercially available statistical software 
(version 19.0, SPSS Statistics Software, Inc.) and graphic 
software (version 8.02, Prism, Inc.), respectively. P values 
less than 0.05 were considered to indicate a statistically 
significant difference.

Results
There was a good interobserver agreement between the 
two radiologists regarding the average single-plane pre-
ADC, post-ADC, and ΔADC values (0.851, 0.824, 0.867, 
respectively; P < 0.001 for each one).

Response rate in total patients
Within 1  month after the neoadjuvant chemo-radio-
therapy, 56 (61.54%) patients obtained PR, 28 (30.77%) 
patients developed SD, and 7 (7.69%) obtained PD. 
There were no patients who obtained CR. The response 
(CR + PR) and no-response (SD + PD) rates were 
61.54% and 38.46%, respectively. A total of 20 (21.98%) 
patients had complete and partial pathological response 
of tumors. There were 71 (78.02%) patients with non-
response in pathologically. ΔADC% was a significant 
factor associated with pathological response of tumor to 
neoadjuvant chemo-radiotherapy (P = 0.033). The results 
of the ADC measurement and patient characteristics in 
the multivariable linear regression analyses are described 
in Table 2. The pre-ADC and ΔADC% were two signifi-
cant factors associated with primary tumor response to 
neoadjuvant chemo-radiotherapy.

Mean ADC values in ROI before treatment
The tumor mean ADC values of ROI pre-treatment were 
significantly lower in patients with good response than 
patients with no response (P < 0.001, Fig. 1a). The predict 
performance of the mean ADC value of ROI pre-treat-
ment in the prediction of primary tumor response was 
evaluated by ROC curve analysis (Fig.  1b). The optimal 
cut-off value for the pre-ADC was 0.94 × 10–3  mm2/s, 
and the area under the ROC curve was 0.801 (95% con-
fidence interval, 0.704–0.877). The tumor ADC appropri-
ate sensitivity and specificity were 80.36% and 74.29%, 
respectively. The primary tumor response rate was sig-
nificantly higher in patients with a mean ADC value of 

ROI below 0.94 × 10–3  mm2/s (83.3%) than that above it 
(29.7%) (P < 0.001, Fig. 1c).

Mean ADC values of ROI after treatment
The tumor mean ADC values of ROI significantly 
increased after treatment within 1  month (P = 0.001 
Figs.  2a, 3). The predict performance of the mean 
ADC value of ROI post-treatment was determined by 
ROC curve analysis. The optimal cut-off value for the 
post-ADC was 1.20 × 10–3  mm2/s, and the area under 
the ROC curve was 0.567 (P = 0.284). The tumor ADC 
appropriate sensitivity and specificity were 66.07% 
and 54.29%, respectively. The primary tumor response 
rate was slightly higher in patients with a mean ADC 
value of ROI below 1.20 × 10–3  mm2/s (69.8%) than that 
above it (50.0%) (P = 0.057, Fig.  2b). The patients with 
a good primary tumor response had a higher increased 
percentage ΔADC value (ΔADC %) compared to those 
with a poor response (P < 0.001). Using ROC curve 
analysis, a cut-off value to predict tumor response 
after treatment was based on the percentage ΔADC 

Table 2 Comparison of  characteristics between  patients 
with response and those without response

Parameter OR 95% CI P value

Univariate analysis

 Age (years) 1.015 0.976–1.057 0.451

 Male sex 1.284 0.512–3.217 0.594

 Clinical tumor depth

  T2 1 – 0.814

  T3 3 0.084–107.447 0.547

  T4 1.576 0.095–26.067 0.751

 Clinical lymph node metastases

  N0 1 – 0.189

  N1 2.160 0.756–6.173 0.151

  N2 2.850 0.878–9.252 0.081

 Histological classification

  High differentiation 1 – 0.310

  Moderate differentiation 3.600 0.280–46.359 0.326

  Low differentiation 5.444 0.540–54.927 0.151

 Pre-ADC 11.818 4.328–32.272 < 0.001

 Post-ADC 2.312 0.974–5.492 0.058

 ΔADC% 9.225 3.441–24.728 < 0.001

Multivariable analysis

 Clinical Lymph node metastases

  N0 1 – 0.129

  N1 6.226 0.253–153.237 0.263

  N2 15.486 0.871–275.198 0.062

 Pre-ADC 5.521 1.344–22.673 0.018

 Post-ADC 2.108 0.433–10.259 0.355

 ΔADC% 9.886 2.460–39.720 0.001
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value (ΔADC %) (Fig. 2c). The optimal cut-off value for 
ΔADC% was 26%, and the area under the ROC curve 
was 0.848. We obtained an appropriate sensitivity of 

73.21% and a specificity of 77.14%. Patients achieved 
a relatively higher ΔADC%, which indicated a 

Fig. 1 Mean ADC value of ROI pre-treatment. a Mean pre-ADC value of ROI with different primary tumor response; b ROC cure of mean pre-ADC 
value of ROI to predict primary tumor response; c Primary tumor response rate with mean pre-ADC value of ROI above or below a cut-off value 
(0.94 × 10−3 mm2/s)

Fig. 2 Mean ADC value of ROI post-treatment. a Mean pre-ADC and post-ADC; b ΔADC with different response after neoadjuvant 
chemoradiotherapy; c ROC cure of ΔADC% post-neoadjuvant chemoradiotherapy to predict primary tumor response; d primary tumor response 
rate with ΔADC% above or below a cut-off value (26.0%)
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Fig. 3 MRI change of rectal cancer before and after treatment of neoadjuvant chemo-radiotherapy. a T2WI STIR before treatment of 
neoadjuvant chemoradiotherapy; b DWI before treatment of neoadjuvant chemoradiotherapy; c ADC map before treatment of neoadjuvant 
chemoradiotherapy; d T2WI STIR after treatment of neoadjuvant chemoradiotherapy; e DWI after treatment of neoadjuvant chemoradiotherapy; f 
ADC map after treatment of neoadjuvant chemoradiotherapy;

Fig. 4 Primary tumor progression free survival (PFS). a PFS of Mean pre-ADC value of ROI divided with cut off value 0.94 × 10−3 mm2/s; b PFS of 
ΔADC% divided with cut off value 26.0%
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better tumor response to treatment (83.7% vs. 35.7%, 
P < 0.001, Fig. 2d).

The primary tumor progression‑free survival
With a median follow-up of 24.67 (IQR 13.08, 28.73) 
months, the 2-years progression-free survival rate was 
60.44%. The median PFS of the good response group and 
no-response group was 26.62 (IQR 19.62, 33.07) months 
and 14.30 (IQR 8.67, 24.93) months, respectively. The 
relationship between the mean ADC values of ROI pre-
treatment (P = 0.004) and the ΔADC% post-treatment 
(P = 0.034) with PFS reached statistical significance based 
on the cut-off value (Fig. 4).

Discussion
The results of this study demonstrated that the mean 
ADC value of ROI and ΔADC% could be used as 
a predictor to predict the response to neoadjuvant 
chemo-radiotherapy in rectal cancer patients. A low pre-
treatment mean tumor ADC appears to predict a good 
response to neoadjuvant chemo-radiotherapy; likewise, 
the ΔADC% post-treatment is related to tumor response. 
Overall, the results illustrate that the ADC appears to be 
a promising tool for facilitating predictions and monitor-
ing the response to neoadjuvant chemo-radiotherapy for 
rectal cancer patients.

Preoperative chemo-radiotherapy for patients with 
resectable rectal cancer is based on the expected sur-
vival benefit achieved with this treatment [19]. These 
advantages are that the chemo-radiotherapy regimen is 
carried out before major surgery and the compliance of 
patients can be improved, as well as down-staging, which 
may enhance the surgical cure rate and permit sphinc-
ter preservation with low-lying tumors [20]. In addition, 
because tumor oxygenation is better with preoperative 
treatment than with postoperative treatment, irradiation 
seems to be more effective with the preoperative treat-
ment approach [21]. It has been reported that preopera-
tive administration of chemo-radiotherapy significantly 
prolonged disease-free survival compared with postop-
erative administration and demonstrated a trend toward 
improved overall survival (OS) [22]. However, there are 
significant differences in individual response to preop-
erative chemo-radiotherapy and ineffective treatment, 
which may result in unnecessary toxicity to the patients 
as well as the delay of appropriate treatment [23]. Gener-
ally, several weeks should be taken to confirm the treat-
ment response after neoadjuvant chemo-radiotherapy. 
This delay may cause some patients to miss the optimal 
time for surgical treatment, causing negative impacts on 
patients’ survival and recovery. An effective and simple 
early prediction of treatment response to neoadjuvant 
chemo-radiotherapy will provide an opportunity for 

rectal cancer patients to find early treatment response 
and improve the treatment effect. At the primary analy-
sis step, we obtained the results in the multivariable lin-
ear regression analyses and found that the pre-ADC and 
ΔADC% were two significant factors associated with pri-
mary tumor response to neoadjuvant chemo-radiother-
apy. Moreover, we focused on the application of the ADC 
value in advanced rectal cancer treated by neoadjuvant 
chemo-radiotherapy. As far as we know, there is currently 
controversy surrounding this topic.

Diffusion-weighted MRI (DW-MRI) as a noninvasive 
imaging technique based on the Brownian movement of 
water molecules, has been used in the diagnosis of early 
rectal cancer [24]. The DWI-derived ADC is a quantita-
tive parameter that can be used to evaluate properties of 
molecules, including cell density, cell membrane integ-
rity, and interactions with macromolecules. Generally, 
ADC values are negatively related to cell density and 
positively related to extracellular space [25]. It has been 
proven that the ADC can reflect histological changes in 
primary tumors after neoadjuvant chemo-radiotherapy 
[26]. Several investigators studying rectal cancer have 
reported that the pre-treatment mean ADC value of the 
responder group had a statistically lower ADC than that 
of the non-responder group [21, 27, 28]. We obtained 
results similar to those reported, as primary rectal 
tumors with lower pre-chemo-radiotherapy ADC values 
were more likely to have a better response after treat-
ment. Low ADC values before treatment indicate that the 
cellular density of the primary tumor is lower, leading to 
better cellular oxygenation and causing increased sensi-
tivity to radiation. However, it should be noted that our 
results showing post-ADC values did not reach statistical 
significance related to primary rectal tumor response to 
neoadjuvant chemo-radiotherapy. In this study, a higher 
ΔADC% post-neoadjuvant chemo-radiotherapy was 
related to better primary tumor response. The ΔADC 
values performed well in discriminating noncomplete 
responders eligible for surgery [29]. The increase in ADC 
values may be related to a decrease in tumor cell density. 
Also noteworthy was the higher diagnostic performance 
of the percentage of ADC change than volume change 
detected by traditional methods [29]. Thus, the quantita-
tive analysis of ADC can serve as a sensitive predictor for 
detecting the efficacy of neoadjuvant chemo-radiother-
apy for rectal cancer. In our study, the mean ADC value 
and ΔADC% were statistically significantly related to a 
better PFS. Moreover, the lower mean ADC group and 
higher ΔADC% group predict patients had a prolonged 
PFS trend.

There are several limitations to the current study. 
First, our study conducted with relatively a small 
number of patients of a single center, and more data 
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is needed to further estimate the prediction of ADC. 
Second, several results indicated that variations in 
ROI number, size, and position, influence tumor ADC 
measurements; we selected only one image slice within 
the tumor, which may have the potential of ignoring 
tumor heterogeneity, and addressed it as a study limita-
tion. This common statistic has the merit of simplicity. 
Finally, we were unable to evaluate interobserver vari-
ability in ADC measurements because we attempted 
to achieve more consistent ADC measurements by an 
experienced reader.

Conclusions
ADC measurements induced by neoadjuvant chemo-
radiotherapy may have considerable diagnostic value 
for the estimation of complete tumor response. ADC 
values are effective and convenient potential predic-
tors for predicting the tumor response in rectal cancer 
patients, compared with traditional imaging evaluation 
methods. The change in ADC value also demonstrated 
excellent performance in distinguishing treatment 
response, which can help oncologists improve their 
therapy plans, avoid missing opportunities for surgical 
treatment, and avoid unnecessary toxicity to patients.
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