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Background: In mucinous rectal cancer, it can be difficult to differentiate between cellular and acellular 
mucin. The purpose of this study was to evaluate, in patients with mucinous rectal cancer, the value of 
static enhancement (enh) and pharmacokinetic parameters of dynamic contrast-enhanced (DCE) magnetic 
resonance imaging (MRI) in predicting pathologic complete response.
Methods: This retrospective cross-sectional study performed at Memorial Sloan Kettering Cancer 
Center included 43 patients (24 males and 19 females; mean age, 57 years) with mucinous rectal cancer who 
underwent MRI at baseline as well as after neoadjuvant chemoradiotherapy but before surgical resection 
between 2008 and 2019. Two radiologists independently segmented tumors on contrast-enhanced axial 
3D T1-weighted images and sagittal DCE magnetic resonance images. On contrast-enhanced axial T1-
weighted images, the static parameters enh and relative enhancement (renh) were estimated. On DCE 
images, the pharmacokinetic parameters Ktrans, kep, relative Ktrans (rKtrans), and relative kep (rkep) were estimated. 
Associations between all parameters with pathologic complete response were tested using Wilcoxon signed-
rank tests. Receiver operating characteristic (ROC) analysis was performed to assess the area under the curve 
(AUC) for each parameter.
Results: Of the 43 patients who were included in the study, 42/43 (98%) had evaluable contrast-enhanced 
axial T1-weighted images and 35/43 (81%) had evaluable DCE images. Of the patients with evaluable 
contrast-enhanced axial T1-weighted images, 9/42 (21%) had pathologic complete response and 33/42 
(79%) did not have pathologic complete response. For reader 1, enh(pre-neoadjuvant chemotherapy), 
enh(post-neoadjuvant chemotherapy), and renh were significant predictors of pathologic complete response 
[P=0.045 (AUC =0.73), 0.039 (AUC =0.74), and 0.0042, respectively]. For reader 2, enh(pre-neoadjuvant 
chemotherapy) and renh were significant predictors [P=0.021 (AUC =0.77) and 0.002, respectively]. For 
renh, the AUC was 0.83 for reader 1, and 0.82 for reader 2. Meanwhile, of those patients with evaluable 
DCE images, 9/35 (26%) had pathologic complete response and 26/35 (74%) did not have pathologic 
complete response. Ktrans(pre-neoadjuvant chemotherapy), kep(pre-neoadjuvant chemotherapy), and rkep were 
significant predictors [P=0.016 (AUC =0.73), 0.00057 (AUC =0.81), and 0.0096 (AUC =0.74), respectively].
Conclusions: Static and pharmacokinetic parameters of contrast-enhanced MRI show promise to predict 
neoadjuvant treatment response. Static enh parameters, which are simpler to assess, showed the strongest 
prediction.
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Introduction

Mucinous cancer is a rare type of cancer defined by the 
World Health Organization as greater than 50% tumor 
composition by extracellular mucin (1). Among colorectal 
tumors, mucinous rectal cancer commonly affects the right 
colon and accounts for approximately 10% of all rectal 
tumors (2). Compared to its non-mucinous counterpart, 
mucinous rectal cancer is generally associated with a higher 
T category at diagnosis (3), increased risk of metastases (4), 
higher local recurrence and venous invasion rates (5), and 
worse survival (6). Thus, a reliable imaging tool to predict 
pathological complete response (pCR) in mucinous rectal 
cancer following preoperative neoadjuvant chemoradiation 
therapy (CRT) could be very valuable. 

To date, because of the T2-weighted hyperintense 
signal of mucin, magnetic resonance imaging (MRI) has an 
accuracy of 96–97% for detecting the mucinous histologic 
type of rectal cancer, with a sensitivity of 94–100% 
and a specificity of 95–98% (4,5,7), as well as excellent 
interobserver agreement (8). Mucinous rectal cancers show 
less restricted diffusion and less contrast enhancement 
(enh) compared to non-mucinous cancers (8). However, it 
is difficult to distinguish between cellular mucin (residual 
tumor considered to be present) and acellular mucin (tumor 
considered eradicated) on T2-weighted imaging (9), albeit 
the cellular component is reportedly more heterogeneous 
and shows intermediate signal intensity (SI) (10). Moreover, 
post neoadjuvant chemoradiation therapy (nCRT), mucin 
may persist or arise de novo as a form of non-mucinous 
tumor response, and it can be difficult to differentiate 
between cellular and acellular mucin since both may appear 
T2 hyperintense. 

Dynamic contrast-enhanced (DCE)-MRI is an imaging 
technique that can provide quantitative pharmacokinetic 
parameters and has been shown to be clinically useful 
in quantifying tumor vasculature and tumor perfusion 
in many organs (11). Following intravenous injection of 
a contrast agent, sequential images are acquired while 
the contrast agent passes through the tissue of interest. 

The model proposed by Toft’s is considered the standard 
model for the analysis of DCE-MRI and is readily used 
to estimate pharmacokinetic parameters, including Ktrans, 
which is an estimate of the influx forward volume transfer 
constant between the blood plasma and the extravascular, 
extra-cellular space (EES), and kep, which is an estimate 
of the rate constant between the EES and the blood  
plasma (12). In non-mucinous rectal cancer, several studies 
have assessed the role of DCE-MRI in predicting pCR  
(13-15) and in downstaging tumors (16-18); however, only 
a single study has assessed the role of quantitative DCE-
MRI for downstaging mucinous and non-mucinous rectal 
cancer after nCRT, demonstrating that a lower amplitude, 
where amplitude characterizes the relative interstitial space 
volume into which the contrast medium diffuses through  
capillaries (19), is associated with better response to 
treatment (20). We postulated that in the challenging 
mucinous subtype of rectal cancer, gadolinium-based 
contrast-enhanced rectal MRI acquired pre- and post-nCRT 
can be used to predict tumor response by using both static 
contrast-enhanced data as well as pharmacokinetic data. As 
an alternative to quantitative DCE pharmacokinetic data 
modeling, simple percentage enh of the gadolinium-based 
contrast agent can be measured on static images to generate 
a measure of contrast enh when only static pre- and post-
contrast data are available. This static-based approach does 
not rely on data modeling but is sensitive to experimental 
factors such as hardware, sequence parameters, and  
contrast dose. 

To the best of our knowledge, DCE-MRI has not been 
used to detect pCR in patients with mucinous rectal cancer. 
Prior studies using DCE-MRI have focused primarily on 
non-mucinous rectal cancer (13-18). On the other hand, 
a study using a linear open two-compartment model 
function (commonly referred to as Brix model) found that 
the contrast medium exchange rate (k21) is significantly 
higher in non-mucinous tumors as compared to mucinous 
tumors at pre-treatment MRI. This study also found that 
chemoradiation affects pharmacokinetic parameters greater 
in non-mucinous tumors as compared to the mucinous 
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subtype (20). However, no study has assessed the role of 
static contrast-enhanced MRI data in mucinous rectal 
cancer. Thus, the purpose of this study was to evaluate, in 
patients with mucinous rectal cancer, the role of static enh 
and pharmacokinetic parameters of contrast-enhanced MRI 
in identifying patients with pCR. We present this article in 
accordance with the STROBE reporting checklist (available 
at https://qims.amegroups.com/article/view/10.21037/
qims-23-1463/rc).

Methods

Study population

This retrospective study was compliant with the Health 
Insurance Portability and Accountability Act and was 
approved by the institutional review board of Memorial 
Sloan Kettering Cancer Center (IRB No. 18-136), 
individual consent for this retrospective analysis was 
waived. The study was conducted in accordance with 
the Declaration of Helsinki (as revised in 2013). A total 
of 107 consecutive patients with mucinous rectal cancer 
treated with neoadjuvant therapy between 2008 and 2019 
were identified. The exclusion criteria were: (I) absence 

of contrast-enhanced MRI of the rectum for staging and 
restaging, and/or (II) no surgical resection. Of 107 patients, 
64 patients were excluded, yielding a final study sample 
of 43 patients (24 males, 19 females; mean age, 57 years). 
Across the entire study sample, contrast-enhanced 3D 
T1-weighted imaging (static imaging) was available for 
analysis for 42 patients, while DCE imaging was available 
for analysis for 35 patients. One of these 35 patients did 
not have static imaging but had only DCE images. Seven 
patients were excluded from DCE imaging analysis as 
their images were deemed non-diagnostic primarily due 
to patient and/or bowel motion. A summary flowchart of 
patient inclusion into the study is presented in Figure 1.

The average time between the end of nCRT and surgery 
was 149±108 days. Patients were treated with nCRT 
consisting of 5-fluorouracil-oxaliplatin (FOLFOX) or 
Xeloda combined with radiation therapy (4,500 cGy). The 
type of nCRT administered to 5 patients was not available. 

MRI protocol

All 43 patients had two MRI exams performed, one baseline 
exam before nCRT and the other after nCRT but before 

107 patients with MRC

Patients with no 

CE images

(n=1)

Patients with no 

DCE images

(n=8)

Patients enrolled 

for CE analysis

(n=42)

Patients enrolled for 

DCE-MRI analysis 

(n=35)

MRC patients treated with neoadjuvant therapy followed by surgical excision  

between 2008–2019

(n=43)

Excluded (n=64): 

•	Anal cancer (n=2)

•	Excision prior to imaging (n=2)

•	No baseline MRI (n=20)

•	No contrast (n=29)

•	No follow-up MRI (n=3)

•	No surgical resection (n=7)

•	No treatment administered (n=1)

Figure 1 Flowchart showing the number of patients included in the study. MRC, mucinous rectal cancer; MRI, magnetic resonance 
imaging; CE, contrast-enhanced; DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; DCE, dynamic contrast-enhanced. 

https://qims.amegroups.com/article/view/10.21037/qims-23-1463/rc
https://qims.amegroups.com/article/view/10.21037/qims-23-1463/rc
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surgery. All MRI exams were performed using either a 1.5 T  
unit (n=30 MRIs) or a 3 T unit [n=56 MRIs (both Signa 
HDX; GE Healthcare, Chicago, IL, USA]. For signal 
reception, a pelvic eight-channel phased-array coil was used. 
At both field strengths, the standard exam included a fat-
suppressed spoiled gradient-echo T1-weighted sequence to 
obtain static images before and after intravenous injection of 
the gadolinium-based contrast agent (Gd-DTPA; Magnevist, 
Bayer Schering, Germany). The contrast agent was 
administered at 0.1 mL/kg body weight (0.1 mmol/kg) as a 
bolus at a flow rate of approximately 2 mL/s and was injected 
after 1 minute of starting data acquisition. The temporal 
resolution ranged from 6–9 s. In addition, DCE images were 
obtained using a Differential Subsampling with Cartesian 
Ordering (DISCO) sequence (21). Both contrast-enhanced 
T1-weighted and DCE images were obtained within 3 
minutes after intravenous gadolinium injection to standardize 
the timing of acquisition. The 1.5 and 3 T contrast-enhanced 
T1-weighted and DCE imaging parameters are summarized 
in Table 1. Other sequences included axial, coronal, and 
sagittal T2-weighted fast spin-echo sequences [repetition 
time (TR)/effective echo time (TE) =4,000/102 ms, echo train 
length =15, slice thickness =4 mm, inter-slice gaP =1 mm,  
field of view (FOV) =18–24 cm, acquisition matrix 
=320×224], and axial diffusion-weighted imaging (TR/TE 
=6,000/66.6 ms, section thickness =5 mm, no inter-slice gap, 
FOV =16 cm, acquisition matrix =128×128, b-values =0, 
400, 800, and 1,500 s/mm2). Parallel imaging with a factor 
of 2 and fat suppression was also used.

MRI evaluation

The acquired imaging datasets were transferred to a personal 

computer, and imaging evaluation was performed with in-
house software. Two radiologists independently segmented 
all tumor areas, drawing free-form regions of interest (ROIs) 
on the contrast-enhanced T1-weighted static images and 
DCE images. Specifically, using ImageJ software (version 
1.80, National Institutes of Health, Bethesda, MD, USA), 
one radiologist (M.E.H. with 2 years of experience; reader 
1), blinded to histopathological results, manually segmented 
tumors on the static axial T1-weighted images as well as the 
sagittal DCE images, using sagittal T2-weighted images as a 
reference for tumor location (Figure 2). A second radiologist 
(O.Y. with 1 year of experience; reader 2) manually segmented 
tumors on only the static axial T1-weighted images. A senior 
radiologist (M.J.G. with 20 years of experience) was consulted 
throughout the analysis but this radiologist did not perform 
any image segmentation for the study.

For all ROIs, parametric maps of pharmacokinetic 
coefficients were generated using mean SI curves in the ROIs; 
a MATLAB program (version R2014b, The MathWorks, 
Inc., Natick, MA, USA) was employed for this purpose. From 
the static axial T1-weighted images, enh values were 
estimated and expressed as means ± standard deviation (SDs). 
From the DCE images, the pharmacokinetic parameters 
Ktrans and kep were estimated and also expressed as means ± 
SDs. First, mean SI curves were extracted and converted to 
dynamic longitudinal relaxation rate. The measured signal, 
S(t), can be converted into tissue contrast concentration time 
curves, Ct(t), using the following formula (22):

( ) ( ) ( )
( )10 1

01
0t

S t S
C t

T r S
−

≈ ⋅ 	 [1]

where T10 is the pre-enh relaxation time, S(0) is the pre-
contrast signal, and r1 is the relaxivity of the contrast 

Table 1 Sequence parameters for static contrast-enhanced T1-weighted imaging and DCE-MRI acquisition at 1.5 and 3 T 

Sequence parameter
1.5 T 3 T

Static T1WI DCE-MRI Static T1WI DCE-MRI

TR, ms 3.92 3.2 3.6–5.4 3.4

TE, ms 1.9 1.25 1.46 1.16

Flip angle 15° 12° 15° 12°

Slice thickness (mm) 3 5 3 4

Matrix 320×192 256×128 288×224 256×224

FOV, mm2 28–36 24 28–36 24

DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; T1WI, T1-weighted imaging; TR, repetition time; TE, echo time; FOV, 
field of view.

https://www.sciencedirect.com/topics/medicine-and-dentistry/gadolinium
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agent, assumed to be a constant (4.5 s−1mM−1) (23). Our 
study did not include quantitative T10 measurements; 
rather, a literature-based value for T10 in mucinous tumors, 
1,986.1±163.3 ms, was used (24). In Toft’s analysis of 
DCE imaging, an estimate of the arterial input function 
(AIF) is required. For our study, we used the Parker-based 
population-averaged AIF (25). Ktrans and mean kep were 
estimated by fitting the DCE data to the Toft’s perfusion 
model with a population-based AIF (12). 

In addition to deriving these contrast-enhanced parameters 
from both the pre-nCRT MRIs and the post-nCRT MRIs, 
the relative changes of all these parameters between the 

pre- and post-nCRT MRIs were also derived. For example, 
relative Ktrans and relative kep were calculated as the relative 
percentage differences in Toft’s pharmacokinetic parameters 
between the pre- and post-nCRT MRIs. Representative 
images, including contrast-enhanced static axial T1-weighted 
images, DCE parametric maps, and corresponding DCE 
curves, in a pCR patient and non-pCR patient are shown in 
Figures 3,4, respectively.

Histopathologic evaluation

The reference standard was the histopathologic report 

A B C

D E F

Figure 2 A 73-year-old woman with mucinous rectal cancer. Baseline, pre-neoadjuvant chemoradiation therapy MRI (A) sagittal T2-
weighted image; (B) sagittal T1-weighted image, and (C) contrast-enhanced axial 3D T1-weighted image show a mid-rectal mucinous 
tumor (arrows). Post neoadjuvant chemoradiation therapy (D) sagittal T2-weighted image, (E) sagittal T1-weighted image, and (F) 
contrast-enhanced axial 3D T1-weighted image show decreased tumor size (arrows) with persistent mucinous component demonstrating 
heterogenous enhancement. Pathology showed 60% treatment response. MRI, magnetic resonance imaging; 3D, three-dimensional.
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of the surgical resection specimens. We performed a 
retrospective chart review of pathologic results, and no 
additional pathologic analysis was done solely for our 
project. At our institution, all histopathologic analyses are 
performed by specialized gastrointestinal pathologists who 
report their findings as response rates (26).

Statistical analysis 

Quantitative results were presented as means ± SDs. 
Differences in contrast-enhanced static T1-weighted 
imaging and DCE parameter values between pCR and non-
pCR were tested for statistical significance using Wilcoxon 
signed-rank tests. Intraclass correlation coefficient (ICC) 
was estimated to evaluate the agreement between the 
two readers. Two-sided test P values less than 0.05 were 
considered to indicate a statistically significant difference. 
In addition, receiver operating characteristic (ROC) analysis 
was performed to assess the diagnostic performance, 

assessed in terms of the area under the curve (AUC), for 
each contrast-enhanced static T1-weighted imaging and 
DCE parameter. All statistical analyses were performed 
using MATLAB software.

Results

Patient characteristics

The mean time interval between the two MRIs (obtained 
before chemoradiotherapy and before surgery) was 247± 
167 days. Among the patients with evaluable DCE images, 
9/35 (26%) achieved pCR and 26/35 (74%) did not achieve 
pCR. Among the patients with evaluable static contrast-
enhanced T1-weighted images, 8/42 (19%) achieved 
pCR and 34/42 (81%) did not achieve pCR. Surgical 
resection consisted of low anterior resection (n=18) and 
abdominoperineal resection (n=24). Patient and tumor 
characteristics are summarized in Table 2.

0.3

0.2

0.1

0.0

0.4

0.3

0.2

0.1

0.0

0.4

0.3

0.2

0.1

0.0

0.6

0.4

0.2

0.0

0.6

0.4

0.2

0.0

0.3

0.2

0.1

0.0

Min–1 Min–1

C
(t)

, m
M

ol
C

(t)
, m

M
ol

Min–1Min–1

Ktrans

Ktrans

kep

kep

Pre-CRT

Ktrans =0.19 min–1

kep =0.30 min–1

Ktrans =0.13 min–1

kep =0.35 min–1

Post-CRT

t, s

t, s

0 50

0 50

100 150 200

100 150

A

E F G H

B C D

Figure 3 MR images of a 61-year-old man with mucinous rectal cancer who achieved pathologic complete response. Baseline, pre-
neoadjuvant chemoradiation therapy MRI: (A) contrast-enhanced axial T1-weighted image delineating the tumor. (B,C) Color-coded Ktrans 
and kep maps show a dominant green color in the corresponding tumor with Ktrans 0.19 min−1 and kep 0.30 min−1. (D) Curves of both Ktrans 
and kep. Post-neoadjuvant chemoradiation therapy MRI: (E) contrast-enhanced axial T1-weighted image delineating residual tumor. (F,G) 
Color-coded Ktrans and kep maps show a dominant blue color in the corresponding tumor with Ktrans 0.13 min−1 and kep 0.35 min−1. (H) Curves 
of both Ktrans and kep. K

trans, influx forward volume transfer constant between the blood plasma and the extravascular extra-cellular space; kep, 
rate constant between the extravascular extra-cellular space and the blood plasma; CRT, chemoradiation therapy; MR, magnetic resonance; 
MRI, magnetic resonance imaging.
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Comparison between pCR and non-pCR groups

Static T1-weighted imaging parameters of enh and 
relative enhancement (renh)
Enh and renh values at pre- and post-nCRT MRI as 
assessed by the two readers are given in Table 3. Figure 5 also 
shows the box-and-whisker plots of enh and renh values for 
the group of patients who achieved pCR (i.e., pCR group) 
and the group of patients that did not achieve pCR (i.e., 
non-pCR group). 

For reader 1, at pre-nCRT MRI, the enh of 1.77±0.27 
in the pCR group was significantly higher than the enh of 
1.5±0.80 in the non-pCR group (P=0.045); enh yielded an 
AUC of 0.73. On the other hand, at post-nCRT MRI, the 
enh of 1.12±0.43 in the pCR group was significantly lower 
than the enh of 1.60±0.65 in the non-pCR group (P=0.039); 
enh yielded an AUC of 0.74. 

Likewise, for reader 2, at pre-nCRT MRI, the enh of 
1.71±0.34 in the pCR group was significantly higher than 

the enh of 1.34±0.69 in the non-pCR group (P=0.021); enh 
yielded an AUC of 0.77. At post-nCRT MRI, however, 
while the enh of 1.11±0.44 in the pCR group was lower 
than the enh of 1.43±0.57 in the non-pCR group, this 
difference was not significant. 

For both readers, renh was significantly different 
between the pCR and non-PCR groups (P=0.0042 and 0.002 
for reader 1 and reader 2, respectively). Renh yielded AUCs 
of 0.83 and 0.82, respectively, for reader 1 and reader 2. 

The level of agreement on enh and renh of the tumor 
on static contrast-enhanced T1-weighted imaging between 
readers 1 and 2 is summarized in Table 4. Across all patients, 
there was high agreement for enh(pre-nCRT) (ICC =0.88) 
and enh(post-nCRT) (ICC =0.82) measurements, but low 
agreement for renh measurements (ICC =0.24).

DCE pharmacokinetic parameters of Ktrans, kep, relative 
Ktrans, and relative kep

Values for each DCE pharmacokinetic parameter at pre- 
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Figure 4 MR images of an 82-year-old woman with mucinous rectal cancer who achieved 20% treatment response after chemoradiation 
therapy. Baseline, pre-neoadjuvant chemoradiation therapy MRI: (A) contrast-enhanced axial T1-weighted image delineating the tumor. (B,C) 
Color-coded Ktrans and kep maps show a mixture of blue and green colors in the corresponding tumor with Ktrans 0.19 min−1 and kep 0.20 min−1. 
(D) Curves of both Ktrans and kep. Post-neoadjuvant chemoradiation therapy MRI: (E) contrast-enhanced axial T1-weighted image delineating 
residual tumor. (F,G) Color-coded Ktrans and kep maps show increased green color in the corresponding tumor with Ktrans 0.11 min−1 and  
kep 0.28 min−1. (H) Curves of both Ktrans and kep. K

trans, influx forward volume transfer constant between the blood plasma and the extravascular 
extra-cellular space; kep, rate constant between the extravascular extra-cellular space and the blood plasma; CRT, chemoradiation therapy; 
MR, magnetic resonance; MRI, magnetic resonance imaging.
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and post-CRT MRI are given in Table 5; the values of these 
parameters are also reflected in box-and-whisker plots in 
Figure 5.

At pre-nCRT MRI, the Ktrans of 0.21±0.073 min−1 in the 

pCR group was higher than the Ktrans 0.16±0.072 min−1 in 
the non-pCR group, with the difference being significant 
(P=0.016); Ktrans yielded an AUC of 0.73. Meanwhile, also 
at pre-nCRT, the kep of 0.20±0.10 min−1 was significantly 
lower than the kep of 0.33±0.10 min−1 in the non-pCR group 
(P=0.00057); kep yielded an AUC of 0.81. 

At post-nCRT MRI, differences in Ktrans and kep between 
the pCR and non-pCR groups were not significant (P=0.27 
and 0.48, respectively).

The relative Ktrans was not significantly different between 
the pCR and non-pCR groups (P=0.11). However, the relative 
kep was significantly different between the pCR and non-PCR 
groups (P=0.0096); relative kep yielded an AUC of 0.74. 

Discussion

In this study, we investigated the role of contrast-enhanced 
MRI parameters (both static T1-weighted imaging 
parameters and DCE pharmacokinetic parameters) at 
pre- and post-nCRT MRI to predict pCR in patients with 
mucinous rectal cancer. The static parameters of enh at both 
pre- and post-nCRT MRI and of renh were significantly 
predictive of pCR for reader 1, with AUCs from 0.73–0.86; 
meanwhile, the mean enh on pre-nCRT MRI only and 
the renh were statistically predictive of pCR for reader 2, 
with AUCs from 0.77–0.82. We demonstrated that DCE 
pharmacokinetic parameters can also help to predict pCR 
by using Ktrans and kep at pre-nCRT MRI and relative kep, 
with AUCs of 0.71, 0.81, and 0.84, respectively. Ktrans and kep 
at pre-nCRT MRI were higher in the pCR group compared 
to the non-pCR group. 

We interpret these results to indicate that like non-
mucinous tumors, nCRT effects include the obliteration of 
tumor vasculature and progressive hypo-enh even in mucinous 
tumors whose solid components are not so evident. While we 
did not compare mucinous and non-mucinous tumors in this 

Table 2 Patient and tumor characteristics

Characteristic Value (n=43)

Mean age (years) 57

Biological sex, n (%)

Female 19 (44)

Male 24 (56)

T stage, n (%)

T1/2 2 (4.7)

T3a 2 (4.7)

T3b 11 (25.6)

T3c 7 (16.3)

T3d 4 (9.3)

T4a 2 (4.7)

T4b 15 (34.7)

Location from the anal verge, n (%)

Low (0–5 cm) 24 (55.8)

Mid (5.1–10 cm) 10 (23.3)

High (10.1–15 cm) 9 (20.9)

Mucin content, n (%)

≤50% 28 (65.1)

>50% 15 (34.9)

Size, n (%)

≤5 cm 10 (23.3)

>5 cm 33 (76.7)

Table 3 Enhancement and relative enhancement of the tumor on static contrast-enhanced T1-weighted imaging as assessed by readers 1 and 2 

Parameter
pCR Non-pCR P value

Reader 1 Reader 2 Reader 1 Reader 2 Reader 1 Reader 2

Enh(pre-nCRT) 1.77±0.27 1.71±0.34 1.5±0.80 1.34±0.69 0.045 0.021

Enh(post-nCRT) 1.12±0.43 1.11±0.44 1.60±0.65 1.43±0.57 0.039 0.21

Renh 0.31±0.77 0.22±0.59 −0.37±0.22 −0.35±0.23 0.0042 0.002

Values are expressed as mean ± standard deviation. pCR, pathologic complete response; enh, enhancement; nCRT, neoadjuvant 
chemoradiation therapy; Renh, relative enhancement.
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study, these results confirm what is known about the expected 
effects of chemoradiation (27) and that mucinous tumors 
respond as expected at the microenvironment level. The 
greater accuracy and significance of static parameters are 
encouraging since static parameters are simpler to use. 

The lack of significance of post-nCRT Ktrans as well as 
relative Ktrans parameters that are usually most illuminating 
in other rectal cancer studies is puzzling and would require 
further study. Meanwhile, the pharmacokinetic parameters 
pre-nCRT Ktrans and kep showed value to predict pCR for 
both readers. Our results support the hypothesis by Tong  

Figure 5 Box-and-whisker plots of parametric maps derived from DCE acquisition for (A) Ktrans, (B) kep, and (C) relative Ktrans, and relative 
kep. On each box, the central mark indicates the median parameter value, and the bottom and top edges of the box indicate the 25th and 
75th percentiles, respectively. * indicates statistical significance. n.s. indicates no statistical significance; relative Ktrans and relative kep were 
calculated as the relative percentage differences in Toft’s pharmacokinetic parameters between the pre- and post-nCRT MRIs. CRT, 
chemoradiation therapy; pCR, pathologic complete response; Ktrans, influx forward volume transfer constant between the blood plasma and 
the extravascular extra-cellular space; kep, rate constant between the extravascular extra-cellular space and the blood plasma; rKtrans, relative 
Ktrans; rkep, relative kep; nu, no unit; DCE, dynamic contrast enhanced; nCRT, neoadjuvant chemoradiation therapy; MRI, magnetic resonance 
imaging.

Table 4 Agreement on enhancement and relative enhancement 
of the tumor on static contrast-enhanced T1-weighted imaging 
between readers 1 and 2

Parameter ICC
95% CI

Lower Upper

Enh(pre-nCRT) 0.88 0.78 0.93

Enh(post-nCRT) 0.82 0.68 0.90

Renh 0.24 0.13 0.51

ICC, intraclass correlation coefficient; CI, confidence interval; 
enh, enhancement; nCRT, neoadjuvant chemoradiation therapy; 
Renh, relative enhancement.
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et al. (13) that tumors with more permeable vasculature 
would be more responsive to chemotherapy, due to the 
greater combined permeability and flow, as captured by 
Ktrans; similarly, these tumors would have a higher return 
blood flow from the tumor to the endothelial system, 
as captured by kep. Therefore, the high pre-nCRT 
Ktrans in our study indicates better blood flow, hence 
increased oxygenation to the tumor, and hence increased 
radiosensitivity and better delivery of chemotherapy (27). 
These findings are encouraging and further validation of 
these biophysical models and associated hypotheses would 
be valuable.

To date, studies in rectal cancer have largely focused on 
non-mucinous rectal cancer rather than mucinous rectal 
cancer. Prior studies to predict pCR in non-mucinous 
rectal cancer using DCE pharmacokinetic parameters have 
yielded conflicting results. Tong et al. (13) showed that pre-
CRT Ktrans and kep were higher in the pCR group compared 
to the non-pCR group and were predictive of pCR, with 
AUCs of 0.92 and 0.67, respectively, while post-CRT Ktrans 
and kep were not predictive of pCR, similar to our results. 
On the other hand, in studies by Gollub et al. and Kim 
et al. (15,16), Ktrans did not have a significant role in the 
baseline prediction of pCR in non-mucinous rectal cancer, 
albeit having a significant role in the prediction of good 
responder rectal cancers to therapy. Meanwhile, Intven  
et al. (14) demonstrated that post-CRT Ktrans and rKtrans 
were predictive of pCR in non-mucinous rectal cancer, with 
AUCs ranging from 0.75–0.89; however, pre-CRT Ktrans had 
no significant predictive role in 51 patients with only 11.8% 
with pCR. A systematic review by Dijkhoff et al. (28) found 
that the most commonly reported significant pre-CRT 
predictor of pCR in rectal cancer was Ktrans, whereby a high 

Ktrans value of 0.36 min−1 was predictive of good or complete 
response across four studies, albeit the range of the reported 
pre-CRT Ktrans values ranged considerably from 0.17–0.42. 
Meanwhile, among post-CRT DCE parameters, Dijikhoff 
et al. found that a reduction of about a third (32–36%) in 
Ktrans values was predictive of good or complete response 
across several studies, and a lower post-CRT Ktrans value 
was predictive of good or complete response across two 
studies. Only a single study has assessed the role of DCE 
in mucinous rectal cancer, wherein no patients achieved 
pCR (20). This study showed that a lower amplitude of 
contrast between the capillaries and interstitial space of 
the tumor, which represents a smaller interstitial space, 
was predictive of downstaging post therapy. To our best 
knowledge, no prior study has investigated the prediction of 
tumor response in mucinous rectal cancer using static T1-
weighted imaging parameters. The discrepancies and gaps 
in the literature to date, along with the findings this study, 
show the need of larger studies to implement DCE and 
other MRI parameters (e.g., static T1-weighted imaging 
parameters) for the prediction of pCR. 

In this study, the role of T1-weighted imaging 
parameters for the prediction of pCR was shown to be 
promising. For both readers, enh at pre-nCRT MRI and 
renh were significant to predict pCR, with AUCs ranging 
from 0.73–0.86. Enh at post-nCRT MRI was only significant 
for reader 1 with an AUC of 0.74. The difference between 
the two readers can be explained by the different level of 
experience between them and the challenge in segmenting 
rectal tumors post nCRT, and hence the need for automated 
segmentation methods. Overall, however, the static contrast 
enh analysis method has not been used before in assessing 
treatment response in rectal cancer and can be an easy and 

Table 5 Pre- and post-neoadjuvant chemoradiation therapy Ktrans, kep, relative Ktrans, and relative kep  

Parameter pCR Non-pCR P value

Ktrans(pre-nCRT) (min−1) 0.21±0.073 0.16±0.072 0.016

kep(pre-nCRT) (min−1) 0.20±0.10 0.33±0.10 0.00057

Ktrans(post-nCRT) (min−1) 0.14±0.054 0.12±0.067 0.27

kep(post-nCRT) (min−1) 0.24±0.12 0.25±0.16 0.48

rKtrans −0.34±0.16 −0.20±0.36 0.11

rkep −0.28±0.36 0.42±1.10 0.0096

Values are expressed as means ± standard deviations. Ktrans, influx forward volume transfer constant between the blood plasma and 
the extravascular extra-cellular space; kep, rate constant between the extravascular extra-cellular space and the blood plasma; pCR, 
pathologic complete response; nCRT, neoadjuvant chemoradiation therapy; rKtrans, relative Ktrans; rkep, relative kep.
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accessible way compared to DCE analysis to predict pCR. 
Regarding the clinical implications of our study, our 

results indicate that gadolinium-based contrast agent 
administration yields similar results in mucinous and 
non-mucinous tumors. Regardless of whether a tumor is 
mucinous or non-mucinous, a better perfused (i.e., less 
hypoxic) tumor will be able to receive more chemotherapy 
and respond better to radiotherapy. Post-nCRT enh for 
reader 1 was higher in the non-pCR group, suggesting 
more contrast retention, possibly in the tumor stroma. 
Furthermore, relative kep differed between pCR and non-
pCR patients, indicating differences in contrast retention/
outflow in the tumors of these patients. These findings 
suggest the need for further investigation regarding the 
ability of DCE parameters to differentiate cellular and 
acellular mucin using gadolinium-contrast-enhanced MRI. 
Indeed, in the assessment of mucinous treatment response, 
several imaging factors, including imaging parameters that 
can distinguish between cellular and acellular mucin, will 
have an important role. 

The present study had some limitations. First, the 
retrospective nature of our study may have resulted in a 
selection bias of the patients. Second, the number of cases 
was small, with the pCR group consisting of only 9 cases, 
but this reflected a typically representative fraction of 
patients with respect to pCR. Third, DCE-MRI is sensitive 
to motion artifacts, specifically those from rectal and 
colonic peristalsis. Fourth, as the data were acquired using 
different field strengths across a wide time period, there 
was a lack of standardized acquisition and analysis methods 
which could have led to unintended variability in the results. 
Finally, the variability in the timing of the acquisition of 
the post-gadolinium images could have influenced the enh 
measurement on static contrast-enhanced images; therefore 
our results may not be generalizable unless applied to 
static contrast-enhanced images performed 3 minutes after 
contrast administration (29).

Conclusions
 

Gadolinium-based contrast-enhanced rectal MRI using 
static T1-weighted imaging or quantitative DCE imaging 
may be a useful tool to predict pCR in mucinous rectal 
cancer, similar to non-mucinous tumors. Further work 
is warranted to tease out the post-neoadjuvant treatment 
enh and relative kep to get more granular results in larger 
populations before gadolinium contrast agent-based MRI 

can be applied clinically in the post-treatment distinction 
between residual tumor-containing mucin and acellular 
mucinous rectal tumors.
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