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PURPOSE
Non-invasive methods for predicting pathological complete response (pCR) after neoadjuvant 
chemoradiotherapy (nCRT) can provide distinct leverage in the management of patients with lo-
cally advanced rectal cancer (LARC). This study aimed to investigate whether including the gold-
en-angle radial sparse parallel (GRASP) dynamic contrast-enhanced magnetic resonance imaging 
(DCE-MRI) perfusion parameter (Ktrans), in addition to tumor regression grading (TRG) and apparent 
diffusion coefficient (ADC) values, can improve the predictive ability for pCR.

METHODS
Patients with LARC who underwent nCRT and subsequent surgery were included. The imaging pa-
rameters were compared between patients with and without pCR. Receiver operating characteristic 
(ROC) curve analysis was used to evaluate the predictive ability of these parameters for pCR.

RESULTS
A total of 111 patients were included in the study. A pCR was obtained in 32 patients (28.8%). MRI-
based TRG (mrTRG) showed a negative correlation with pCR (r = −0.61, P < 0.001), and the average 
ADC value showed a positive correlation with pCR (r = 0.62, P < 0.001). Before nCRT, Ktrans in the pCR 
group was significantly higher than in the non-pCR group (1.30 ± 0.24 vs. 0.88 ± 0.34, P < 0.001), 
but no difference was identified after nCRT. Following ROC curve analysis, the area under the curve 
(AUC) of mrTRG (level 1–2), average ADC value, and Ktrans value for predicting pCR were 0.738 [95% 
confidence interval (CI): 0.65–0.82], 0.78 (95% CI: 0.69–0.86), and 0.84 (95% CI: 0.77–0.92), respec-
tively. The model combining the three parameters had significantly higher predictive ability for pCR 
(AUC: 0.94, 95% CI: 0.88–0.98). 

CONCLUSION
The use of a combination of the GRASP DCE-MRI Ktrans with mrTRG and ADC can lead to a better pCR 
predictive performance.

KEYWORDS
Rectal cancer, locally advanced, magnetic resonance imaging, neoadjuvant chemoradiotherapy, 
tumor regression grading, complete response

1Shanghai Tenth People’s Hospital of Tongji 
University, Department of Radiology, Shanghai, China

2The First Affiliated Hospital of Ningbo University, 
Department of Radiology, Ningbo, China

3Ningbo University, Department of Medical College, 
Ningbo, China

4GE Healthcare, Global Medical Service, Advanced 
Analytics, Hangzhou, China

 Yu-Ning Pan1,2

 Meng-Yin Gu3

 Quan-Liang Mao2

 Yu-Guo Wei4
 Lin Zhang1

 Guang-Yu Tang1

The prevalence of colorectal cancer is projected to rise by 60% in 2030,1 with morbidity 
and mortality rates rapidly increasing in many low- and middle-income countries. Rectal 
cancer (RC) accounts for approximately 30% of all cases of colorectal cancer.2 Neoadju-

vant chemoradiotherapy (nCRT) followed by total mesorectal excision is the standard treat-
ment for locally advanced RC (LARC).3
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Approximately 50%–60% of patients 
with LARC experience tumor regression af-
ter nCRT, and 15%–30% of these patients 
achieve pathological complete response 
(pCR),4 which is defined as the absence of 
cancer cells in the surgically resected sam-
ples. Therefore, the pathological stage for a 
pCR specimen is T0 N0 M0.5 Achievement of 
pCR does not guarantee long-term surviv-
al;6,7 however, the local recurrence rate and 
distant metastasis rate of patients achiev-
ing pCR are lower than those of patients not 
achieving pCR, and the 5-year survival rate 
is higher than that of patients who do not 
achieve pCR.4,8 Therefore, pCR has remained 
the objective of nCRT.

The optimal treatment approach for pa-
tients who achieve pCR after nCRT is an 
important issue. Instead of the traditional 
radical surgery, some surgeons recommend 
non-operative treatment to avoid these com-
plications.7-9 Before choosing the therapeutic 
method, it is crucial to develop an accurate 
and non-invasive strategy for identifying in-
dividuals who could have a pCR.

Rectal magnetic resonance imaging (MRI) 
has become the standard method to eval-
uate the efficacy of nCRT in the treatment 
of LARC. In 2011, Patel et al.10 proposed tu-
mor regression grading (TRG) based on the 
proportion of lesion fibrosis and residual 
tumor on MRI (mrTRG). However, the tradi-
tional morphological qualitative assessment 
based on a T2-weighted (T2W) sequence has 
suboptimal performance in observing and 
distinguishing residual tumors and treat-
ment-related changes. As a result, radiolo-
gists may over-stage the tumor after nCRT,11 
particularly since it is not effective in predict-

ing pCR,12 and the diagnostic accuracy is ap-
proximately 50%.13

Recently, there has been a need for inte-
grating multiple imaging evaluation meth-
ods to enable a more comprehensive charac-
terization of tumor biology and therapeutic 
response.14 Dynamic contrast-enhanced MRI 
(DCE-MRI) can reflect blood vessel permea-
bility by displaying hemodynamic changes 
and can enable an assessment of tissue per-
fusion and oxygen levels at the macro level.15 
However, due to the influence of respiratory 
movement and temporal resolution, its val-
ue in predicting the therapeutic effect of 
nCRT in tumors is still controversial.16-18 The 
golden-angle radial sparse parallel (GRASP) 
MRI sequence has recently been applied in 
clinical settings. This technique integrates 
the advantages of StarVIBE and TWISTIBE 
sequences and combines motion-insensi-
tive, golden-angle, star-stacked acquisition 
and compressed sensing reconstruction to 
improve temporal resolution. The artifacts 
caused by patient and intestinal motion are 
reduced by radial acquisition.19 The GRASP 
technique has been shown to have high 
accuracy in imaging motion-sensitive or-
gans such as kidneys, liver, and prostate,20-22 
as well as the rectum.19 However, the use of 
GRASP DCE-MRI perfusion parameters (Ktrans) 
to predict pCR has not yet been investigated.

This study investigated whether the addi-
tional GRASP DCE-MRI Ktrans value, based on 
the mrTRG and apparent diffusion coefficient 
(ADC) values of T2W imaging (T2WI), can en-
able a more accurate prediction of pCR after 
nCRT for LARC.

Methods 

Study population

This was a retrospective study. The study 
protocol was approved by the Ethics Com-
mittee of The First Affiliated Hospital of 
Ningbo University (approval number: 2022-
R01025). The informed consent of patients 
was waived due to the nature of the study. 
Clinicopathologic data of patients with RC 
who were admitted to the hospital between 
January 2020 and August 2022 were retro-
spectively analyzed. The inclusion criteria 
were as follows: (1) RC was pathologically 
confirmed by colonoscopy, and LARC was 
confirmed by preoperative MRI (cT3-4 and/
or cN+), and all patients underwent nCRT fol-
lowed by radical total mesorectal resection; 
(2) the distal margin of the lesion was <12 
cm from the anus; (3) there were no distant 
metastases. The exclusion criteria were as fol-

lows: (1) incomplete nCRT; (2) total mesorec-
tal excision was not performed; (3) the time 
interval from nCRT to operation was >16 
weeks; (4) there was a lack of complete MRI 
or postoperative pathological data.

Neoadjuvant chemotherapy protocol

All patients received conventional long-
term concurrent chemoradiotherapy. Gross 
tumor volume included the primary rectal 
mass and metastatic lymph nodes, and clin-
ical target volume included the mesenteric 
region, anterior sacral lymph nodes, internal 
iliac lymph nodes, and obturator lymph node 
drainage area. External iliac lymph nodes 
were irradiated if T4 tumors invaded the an-
terior structures (male prostate or female va-
gina) and/or obturator lymph node metasta-
sis occurred. The total dose of radiation was 
45.5–50.4 Gy (25–28 times), and the single 
dose was 1.8–2.0 Gy. Radiotherapy was ad-
ministered in combination with oral capecit-
abine (825 mg/m2) twice a day. One cycle of 
XELOX (capecitabine and oxaliplatin) consol-
idation chemotherapy was administered 3–4 
weeks after the completion of radiotherapy. 
Radical surgery was performed 8–12 weeks 
after radiotherapy.

Magnetic resonance imaging examinations

All patients underwent MRI examinations 
twice. The first examination was 1 week be-
fore nCRT, and the second examination was 
8 weeks after nCRT. A Siemens Vida 3.0 T 
scanner (Erlangen, Germany) and 16-channel 
abdominal coil were applied. The patient was 
placed in the supine position, and the foot 
was scanned first. Scanning protocols includ-
ed high-resolution T2WI, diffusion-weighted 
imaging (DWI), and GRASP DCE-MRI. Scan-
ning directions included axial, coronal, sagit-
tal, and oblique planes (Table 1). The GRASP 
DCE-MRI contrast agent was Gd-DTPA (0.1 
mmol/kg, 2 mL/s, Hengrui Medicine), and 
a star K-space trajectory of a golden-angle 
stack using a 3D gradient echo sequence was 
implemented. The minimum sampling time 
was 150 s, and a total of 1,586 radial spokes 
were obtained consecutively within an inter-
val of 185 s.

Tumor regression grading

Pathologic TRG (pTRG) grading was per-
formed according to the criteria proposed by 
Mandard et al.23, as follows: pTRG0 (pCR): no 
tumor cells; pTRG1: single or small clusters of 
tumor cells; pTRG2: fibrosis more than tumor 
residual; pTRG3: fibrosis less than tumor re-
sidual; pTRG4: free of fibrosis with extensive 
tumor residue.

Main points

•	 A non-invasive method to identify individ-
uals who achieved a pathological complete 
response (pCR) after neoadjuvant chemo-
radiotherapy (nCRT) is important to avoid 
excessive medical treatment.

•	 The value of golden-angle radial sparse par-
allel (GRASP) dynamic contrast-enhanced 
magnetic resonance imaging (DCE-MRI) in 
predicting the therapeutic effect of nCRT in 
tumors is still controversial.

•	 By comparing with final pathological out-
comes, the diagnostic accuracy of imaging 
parameters obtained from GRASP DCE-MRI 
was assessed. 

•	 Combining the GRASP DCE-MRI perfusion 
parameter value with tumor regression 
grading and apparent diffusion coefficient 
values can lead to a better pCR predictive 
performance.
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Image analysis

All image analyses and measurements 
were performed at the post-processing work-
station (Siemens, Germany) using the mea-
surement tools provided by the workstation. 
Measurements of ADC values and DCE-MRI 
parameters were performed by two senior 
radiologists (YN Pan and L Zhang) with more 
than 10 years of experience in this field. The 
radiologists selected three regions of interest 
(ROIs) in the plane of maximum tumor size 
on the original T2W image. The same ROI was 
then automatically overlaid on the DWI, ADC, 
and GRASP DCE-MRI Ktrans images. Each ROI 
had an area ≥4 mm2. The average value of the 
three ROI areas was taken as the final result. 
When obtaining the ROI, the intestinal lumen, 
artifacts, and blood vessels were not includ-
ed. Notably, the radiologists who performed 
the ROI measurements were blinded to the 
pathological outcomes to minimize the like-
lihood of selection bias during the analysis. If 
the boundary of the residual tumor could not 
be determined clearly, the ROI was placed in 
the region corresponding to the tumor area 
before nCRT. Since the ADC map had fewer 
pixels and the ROI area after treatment was 
small, only the ADCmean obtained from the 
ROI placement was calculated. In accordance 
with the Mercury Group’s definition,10 the 
mrTRG grading was performed on post-treat-
ment T2WI images. Subsequently, mrTRG 
grading was performed using the following 
criteria: grade 1-linear or  crescent-shaped 
body, mucosa or submucosa with a 1–2 
mm scar or rectum wall clearly normalized; 
grade 2-dense fibrosis, no significant residu-
al tumor; grade 3-more than 50% fibrosis or 
mucous, residual tumor signals can be seen; 
grade 4-small areas of fibrosis or mucus, but 
mostly tumors; grade 5-identical in appear-
ance to the primary tumor or tumor progres-
sion. The mrTRG grades 1 and 2 were defined 
as a clinically complete response (cCR) (Fig-
ure 1). All scanned images were transferred 
to a Siemens workstation running syngo.via 
for post-processing. The Tofts two-compart-
ment model was used for the calculation. The 
artery input function was selected in “fast” 
mode to obtain permeability-related pa-
rameters in the ROI through measurements. 
These parameters included the volume trans-
fer constant (Ktrans), extracellular extravascular 
space volume fraction (Ve), and rate constant 
(Kep). Pre-treatment values of these parame-
ters were utilized as primary measures.

Statistical analysis

The SPSS 22.0 and R (4.1.3) software pack-
ages were used for statistical analyses. Stu-

dent’s t-test and the Wilcoxon rank sum test 
were used to compare the values of ADC, 
mrTRG, Ktrans, Kep, and Ve between patients 
with and without pCR after nCRT. The intra-
class correlation coefficient (ICC) was used 
to assess the consistency between the two 
radiologists in evaluating the various param-
eters. Receiver operating characteristic (ROC) 
curve analysis was performed to evaluate the 
predictive value of the cCR (mrTRG1–2 level), 
average ADC value, and pre-nCRT Ktrans value 
for pCR. The optimal threshold was deter-
mined by the Youden index, and the sensitiv-
ity, specificity, positive predictive value, and 

negative predictive value were calculated. 
Multivariate logistic regression was used to 
construct a model to predict pCR with back-
ward stepwise selection. The Delong test was 
used to analyze the difference in diagnostic 
performance among ROC curves, and P val-
ues of <0.05 were considered indicative of 
statistical significance.

Results

Baseline characteristics

A total of 285 patients with RC were ad-
mitted during the study reference period. Of 

Figure 1. Magnetic resonance imaging of a 68-year-old patient with rectal cancer who underwent 
neoadjuvant chemoradiotherapy (nCRT) and postoperative pathological specimen identified achievement 
of complete response. (a) Before treatment, the tumor was mainly located on the left side, involving 3/4 
perimeter of the rectum, and the outer membrane was involved (cT3N0, white arrow). (b) Before treatment, 
the tumor area was significantly limited in diffusion (white arrow). (c) Apparent diffusion coefficient (ADC) 
image before treatment showed a low signal in the tumor area (white arrow). (d) Golden-angle radial sparse 
parallel dynamic contrast-enhanced magnetic resonance imaging (GRASP DCE-MRI) perfusion parameter 
(Ktrans) image: the tumor area is dominated by high signals with red on presentations (white arrow). (e) The 
mass was significantly reduced and fibrotic after nCRT (white arrow). (f) After nCRT, the diffusion restriction 
on the diffusion-weighted imaging disappeared, leaving only a few high signal areas (white arrow). (g) No 
obvious low signal area was found in ADC values after nCRT (white arrow). (h) GRASP DCE-MRI Ktrans image; 
the tumor area is dominated by a blue signal (white arrow).

Table 1. Patient characteristics and pathological outcomes of the study cohort

Overall 
(n = 111)

pCR 
(n = 32)

Non-pCR 
(n = 79)

P value

Age (years) ± SD 62.3 ± 10.6 62.9 ± 9.6 61.8 ± 11.2 0.49

Sex, n

M 66 19 47
0.35

F 45 13 32

The pathological types, n

Canalicular adenocarcinoma 81 23 58

0.37Papillary adenocarcinoma 19 5 14

Mucinous adenocarcinoma 11 4 7

Tumor differentiation, n

Well-differentiated 21 13 8

0.03Moderately differentiated 68 15 53

Poorly differentiated 22 4 18

SD, standard deviation; pCR, pathological complete response; M, male; F, female.

a

e

b

f

c

g

d

h
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these, 111 patients (45 women, 66 men, mean 
age: 62.3 ± 10.6 years) met the criteria for 
inclusion in the study. The patient selection 
flowchart is shown in Figure 2. The distribu-
tion of pathological types in the cohort was 
as follows: 81 cases of canalicular adenocarci-
noma, 19 cases of papillary adenocarcinoma, 
and 11 cases of mucinous adenocarcinoma. 
Of the 111 cases, 21 were well-differentiat-
ed, 68 were moderately differentiated, and 
22 were poorly differentiated. According to 
postoperative pathological specimens, pCR 
was achieved in 32 cases (28.8%).

Results of imaging evaluation

The grade of tumor regression was evalu-
ated on T2WI. Five patients had mrTRG grade 
1, 18 patients had mrTRG grade 2, 68 patients 
had mrTRG grade 3, 17 patients had mrTRG 
grade 4, and 3 patients had mrTRG grade 5. 
In total, 23 patients (20.7%) experienced cCR. 

Post-treatment ADC values ranged from 
(0.83 ± 0.12) × 10-3 mm2 to (2.6 ± 0.25) × 10-3 
mm2. After nCRT, the values of Ktrans (0.96 ± 
0.40 vs. 0.44 ± 0.25, P < 0.001) and Kep (0.69 
± 0.54 vs. 0.55 ± 0.38, P = 0.02) were both sig-
nificantly decreased in all patients. However, 
Ve showed no significant decrease after treat-

ment (0.59 ± 0.36 vs. 0.54 ± 0.26, P = 0.12) 
(Table 2).

The two radiologists showed good consis-
tency in evaluating mrTRG (ICC: 0.81, 95% CI: 
0.77–0.88), ADC (ICC: 0.86, 95% CI: 0.84–0.97), 
Ktrans (ICC: 0.88, 95% CI: 0.76–0.87), Kep values 
(ICC: 0.68, 95% CI: 0.62–0.78), and Ve (ICC: 
0.69, 95% CI: 0.63–0.76).

Correlation between imaging evaluation 
parameters and pathological outcomes 

The pathological results showed that 
32 patients (28.8%) achieved pCR (pTRG: 0) 
(Supplementary Table 1). The relationship 
between mrTRG and pTRG is presented in 
Table 3. Before nCRT, Ktrans in the pCR group 
was significantly higher than in the non-pCR 
group, but there was no significant differ-
ence in Kep or Ve between the two groups. 
After treatment, there was no significant 
difference in the above parameters between 
the two groups (Table 2 and Figure 1). Uni-
variate logistic regression was performed to 
investigate the relationship between the mr-
TRG grading, post-treatment ADC value, and 
pathological outcomes. The results suggest-
ed that mrTRG grade 3 patients had a sig-
nificantly lower probability of achieving pCR 

compared with grade 1 patients (B = −2.56, P 
= 0.032). The post-treatment ADC value was 
significantly correlated with the outcome (B 
= 4.91, P < 0.001).

Predictive performance of golden-angle 
radial sparse parallel dynamic contrast-en-
hanced magnetic resonance imaging 
parameters for pathological complete re-
sponse

According to the ROC curve analyses, the 
area under the curve (AUC) of mrTRG (level 
1–2), average ADC value (optimal threshold 
1.05 × 10-3 mm2), and Ktrans value (optimal 
threshold 0.95/min) for predicting pCR were 
0.738 (95% CI: 0.646–0.817), 0.782 (95% 
CI: 0.692–0.855), and 0.844 (95% CI: 0.772–
0.916), respectively. The model combining 
the three parameters had the highest AUC 
(0.942, 95% CI: 0.881–0.977) (Figure 3 and Ta-
ble 4). The DeLong test showed that the abili-
ty of the model to predict pCR when combin-
ing all three parameters was better than that 
of mrTRG, ADC value, and Ktrans value alone (P 
= 0.015, 0.023, and 0.030, respectively) but 
not better than the model combining mrTRG 
and Ktrans (P = 0.099).

Discussion
In the current study, we investigated the 

use of GRASP DCE-MRI for predicting pCR in 
patients with RC who underwent nCRT. The 
parameters (mrTRG, ADC, and Ktrans) obtained 
from GRASP DCE-MRI imaging were used to 
quantify the predictive ability of the tech-
nique. Our results demonstrated that GRASP 
DCE-MRI imaging can predict pCR well. The 
predictive ability of the model combining 
the three parameters was ideal, with an AUC 
as high as 0.942. To the best of our knowl-
edge, this is the first study to explore the role 
of GRASP DCE-MRI in predicting pCR for pa-
tients with RC.

For evaluating the efficacy of nCRT, MRI 
has the advantage of being non-invasive, and 
the mrTRG is a reliable parameter to evaluate 
the efficacy of nCRT.24,25 However, the accura-
cy of mrTRG has been contested. Tumor re-

Table 2. Comparison of GRASP DCE-MR parameters before and after nCRT in pCR and non-pCR group

Group Overall (n = 111) pCR (n = 32) Non-pCR (n = 79)

Ktrans (/min) Kep (/min) Ve Ktrans (/min) Kep (/min) Ve Ktrans (/min) Kep (/min) Ve

Pre-treatment (mean ± SD) 0.96 ± 0.40 0.69 ± 0.54 0.59 ± 0.36 1.30 ± 0.24 1.49 ± 0.39 0.57 ± 0.22 0.88 ± 0.34 1.37 ± 0.34 0.47 ± 0.23

Post-treatment (mean ± SD) 0.44 ± 0.25 0.55 ± 0.38 0.54 ± 0.26 0.55 ± 0.38 0.54 ± 0.26 0.35 ± 0.18 0.43 ± 0.25 0.75 ± 0.25 0.38 ± 0.27

t value 10.36 12.04 1.55 7.56 1.4 1.91 0.84 1.65 0.44

P value <0.001 0.02 0.12 <0.001 0.08 0.06 0.40 0.10 0.67

nCRT, neoadjuvant chemoradiotherapy; Ktrans, volume transfer constant; Kep, rate constant; Ve, extracellular extravascular space volume fraction; pCR, complete response according 
to pathological outcome; GRASP, golden-angle radial sparse parallel; DCE-MR, dynamic contrast-enhanced magnetic resonance; SD, standard deviation.

Figure 2. Patient selection flowchart. nCRT, neoadjuvant chemoradiotherapy; MRI, magnetic resonance 
imaging.
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gression after nCRT is a continuous process, 
with the peak usually occurring 8–11 weeks 
after the completion of treatment. This may 
explain the difference between mrTRG and 
pTRG.26 In this study, MRI was performed 
8 weeks after nCRT, and the median inter-
val between MRI and radical surgery was 1 
week. The sensitivity of mrTRG (71.5%) in our 
study was comparable with that (74.4%) re-
ported by Sclafani et al.27 In that study, the 
median interval between MRI and surgery 
was 2.7 weeks. There is still no evidence to 
standardize the selection of MR examination 
and operation time, and its influence on pCR 
prediction results is still unknown. Therefore, 
further studies are required to clarify this as-
pect. 

However, this study defined mrTRG1–2 as 
cCR, and the sensitivity of mrTRG1–2 in the 
study by Bhoday et al.28 was 66.7%. If mr-
TRG3 is included in the category of cCR, its 
sensitivity is greatly improved to 94%. This 
would further enhance the value of GRASP 
DCE-MRI. Whether mrTRG3 can be defined as 
a cCR also needs further study. Moreover, our 
results showed that mrTRG had good spec-
ificity (96.2%) for pCR, suggesting a higher 
diagnostic ability of mrTRG for patients with 
poor therapeutic efficacy (pTRG 2–4 grade).

The post-nCRT occurrence of necrosis and 
fibrosis in the tumor results in a decrease in 
the T2WI signal. However, there may still be 
a small number of tumor cells in the scarred 
and fibrotic tissue, which is not accurately 
distinguished by mrTRG. The addition of DWI 
can evaluate residual tumor activity to com-
pensate for the deficiency of mrTRG in pCR 
prediction.29 The ADC value is a quantitative 
index of the DWI sequence, and its increase 
is related to tumor necrosis. In one study, the 
average ADC value in patients achieving pCR 
was significantly higher than that in patients 

Table 4. Ability of ADC, mrTRG, Ktrans, and combined models to predict pCR after nCRT

ADC mrTRG Ktrans ADC + mrTRG ADC + Ktrans mrTRG + Ktrans ADC + mrTRG + Ktrans

AUC
(95% CI)

0.782
(0.694–0.85)

0.738
(0.646–0.817)

0.844
(0.763–0.906)

0.877
(0.801–0.932)

0.893
(0.82–0.944)

0.919
(0.851–0.962)

0.942
(0.881–0.977)

P values for Delong test* 0.023 0.015 0.030 0.039 0.049 0.099

Accuracy 0.775 0.829 0.784 0.82 0.784 0.848 0.865

Specificity 0.962 0.962 0.833 0.936 0.872 0.897 0.923

Sensitivity 0.733 0.715 0.667 0.546 0.576 0.697 0.727

Positive predictive value 0.686 0.85 0.629 0.783 0.655 0.742 0.8

Negative predictive value 0.773 0.824 0.855 0.83 0.829 0.875 0.889

*The Delong test results were obtained from the comparison results of the combined model (three parameters included) with other parameters or models. ADC, apparent 
diffusion coefficient; TRG, tumor regression grading; pCR, complete response according to pathological outcome; nCRT, neoadjuvant chemoradiotherapy; Ktrans, volume transfer 
constant; mrTRG according to magnetic resonance evaluations; AUC, area under the curve; CI, confidence interval.

Table 3. Relationship between mrTRG and pTRG after nCRT

mrTRG pTRG

Grade 0 Grade 1 Grade 2 Grade 3 Grade 4 In total

Grade 1 5 0 0 0 0 5

Grade 2 16 1 0 1 0 18

Grade 3 11 28 28 1 0 68

Grade 4 0 0 2 15 0 17

Grade 5 0 1 0 2 0 3

In total 32 30 30 19 0 111

TRG, tumor regression grading; pTRG, TRG according to pathological outcomes; mrTRG, TRG according to magnetic 
resonance imaging evaluations; nCRT, neoadjuvant chemoradiotherapy.

Figure 3. Ability of the magnetic resonance imaging-based tumor regression grading, apparent diffusion 
coefficient, and perfusion parameter in predicting pathological complete response after neoadjuvant 
chemoradiotherapy for rectal cancer.
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who did not.30 However, another study by 
Chandramohan et al.30 found no significant 
association between the ADC value and 
pCR,31 which may be due to the small sam-
ple size in their study (n = 22). The present 
study had a larger sample size, and we ob-
served that the ADC value was significantly 
correlated with the outcome (B = 4.91, P < 
0.001). Furthermore, ROC curve analysis re-
vealed a moderate predictive ability of ADC 
(AUC: 0.78).

In this study, the RESOLVE sequence is 
affiliated with readout-segmented echo-pla-
nar imaging (readout-RS-EPI). Readout RS-
EPI is characterized by small deformation and 
high resolution, which has little influence on 
the generated ADC value, thus reducing the 
impact of ADC value measurement bias.32 
Factors such as mucin pools in tumors, tiny 
residual tumor cell nests, low spatial resolu-
tion of DWI, radiation proctitis, and intestinal 
wall fibrosis may limit the predictive ability 
of ADC.30 Nine patients in this study showed 
mucoid changes after treatment, increasing 
the average ADC value; thus, false positives 
may occur.

Angiogenesis is essential for tumor 
growth. In this study, the Ktrans value of pa-
tients in the pCR group was higher than that 
in the non-pCR group, suggesting that che-
motherapy drugs were more likely to enter 
the blood vessels with high permeability, 
and the blood vessels with high permeability 
had better oxygenation capacity and radio-
sensitivity.33 The Ktrans and Kep values showed 
a significant decrease after treatment, which 
may be related to CRT-induced tumor necro-
sis and interstitial fibrosis. In this study, the 
results showed a high specificity but subop-
timal sensitivity of Ktrans for predicting pCR. 
Therefore, the use of Ktrans alone may have 
low accuracy in predicting pCR. In addition, 
there was no significant difference in Ktrans, 
Kep, or Ve between the pCR group and non-
pCR group after treatment, which is similar 
to the study by Kim et al.34 but differs from 
the study by Gollub al.16 The difference in 
results may be related to the non-standard 
combined cytotoxic and anti-angiogenic 
nCRT regimen adopted by Gollub et al.16, 
whereas the standard nCRT regimen was 
adopted in our cohort. It may also be related 
to the GRASP DCE-MRI acquisition adopted 
in this study, in which 21 spokes were com-
bined in each image, resulting in a time res-
olution of 3.45 s. This single reconstruction 
is well-balanced because it has a sufficiently 
high spatial resolution to compute perfu-
sion maps and morphological assessments.19 
The combined model (mrTRG + ADC + Ktrans) 

had the highest ability in predicting pCR 
(AUC: 0.942). However, the predictive ability 
was not superior to that of the combination 
model (mrTRG + Ktrans; P = 0.099). This may be 
related to the small tumor parenchyma of 
pCR patients, which is difficult to measure. 
Moreover, the measurement error of the ADC 
value discussed above may also play a role. 
However, due to the lack of more detailed 
criteria and interobserver agreement, the 
current evaluation results based on imaging 
modalities were not consistent among cen-
ters and showed poor reproducibility. The 
pTRG may still play an irreplaceable role in 
the evaluation of nCRT treatment efficacy for 
patients with RC.

Some limitations of this study should be 
considered when interpreting the results. 
First, the retrospective nature of the study 
may have introduced an element of selection 
bias. Second, tumor regression and diffusion 
limitation due to tissue edema, fibrosis, and 
radiation enteritis after treatment all cause 
difficulties and biases in the measurement 
of mrTRG, ADC, and GRASP DCE-MRI param-
eters. Finally, the change in ADC value before 
and after nCRT was not analyzed in this study 
due to the lack of data. The change in ADC 
value may be a more accurate predictor of 
pCR. 

In conclusion, the results of this study 
indicated that for patients with LARC who 
underwent nCRT, the Ktrans values obtained 
from GRASP DCE-MRI, mrTRG, and ADC can 
be used as non-invasive indicators to evalu-
ate the treatment efficacy of nCRT, and add-
ing the Ktrans value to mrTRG and ADC can 
lead to a better pCR predictive performance. 
Our findings may help inform individualized 
treatment planning.
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Supplementary Table 1. Parameters for MRI scans

Parameters T2 weighted imaging Resolve DWI Grasp DCE-MRI

Plane Axial position (perpendicular 
to the long axis of the tumor) Axial position Axial position

Repeat time/echo time (ms) 6770/104 5800/78 4.09/1.95

Number of layer 35 35 24

Layer thickness (mm) 3 3 3

Layer distance (mm) 0.6 0.6 0.6

Field of view (mm) 220 x 220 220 x 220 240 x 240

Matrix of scanning 384 x 384 114 x 114 256 x 256

Pixel 0.33 x 0.33 x 3.0 1.0 x 1.0 x 3.0 0.9 x 0.9 x 3.0

Fat inhibition No Yes Yes

B value (s) - 0,50,1000 -

GRAPPA acceleration factor 1 1 1

Acquisition time 2 min 15s 3 min 13s 6 min 06s

MRI, magnetic resonance imaging; DWI, diffusion weighted imaging; Grasp DCE-MRI, Golden-angle radial sparse 
parallel dynamic contrast-enhanced magnetic resonance imaging.


