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Background: To investigate the usefulness of perfusion parameters derived from dynamic contrast-
enhanced (DCE)-magnetic resonance imaging (MRI) of patients diagnosed as prostate cancer (PCa) in 
differentiating clinically significant cancer [CSC, Gleason score (GS) ≥7] from non-CSC (GS 6).
Methods: A total of 94 patients diagnosed between August 2018 and September 2020 as PCa by radical 
prostatectomy were included in this retrospective study (mean age: 68.7 years, range, 47–83 years). All of 
the patients had undergone DCE-MRI on a single 3T-MR scanner. Whole-tumor volume was measured 
by reviewing a pathologic topographic map as a reference standard. The quantitative DCE perfusion 
parameters, including volume transfer constant (Ktrans), rate constant (kep), extracellular extravascular space 
(EES) volume fraction (ve), plasma volume fraction (vp) and area of region of interest (ROI) were calculated 
under an extended Tofts model. A receiver operating characteristic (ROC) curve analysis by pair-wise 
comparison was performed to compare the diagnostic performances of the perfusion parameters.
Results: The study population comprised GS 6 (n=17), GS 7 (n=57), GS 8 (n=9) and GS 9 (n=11) cases. 
Among the perfusion parameters, ve differed significantly between CSC (0.238±0.095) and non-CSC 
(0.300±0.126) (P=0.0308). Area under the curve (AUC) was 0.643 (95% CI, 0.538–0.739), and a maximum 
accuracy of 64%, a sensitivity of 66%, and a specificity of 53% were estimated. Area of ROI also differed 
significantly between CSC (201.89±163.87 mm2) and non-CSC (84.99±85.82 mm2) (P=0.0054). AUC was 
0.807 (95% CI, 0.713–0.881), and maximum accuracy, sensitivity, and specificity were 81%, 82%, and 76%, 
respectively. 
Conclusions: Size of the tumor and interstitial space volume fraction are significant parameters in 
differentiating aggressiveness in PCa.

Keywords: Perfusion; dynamic contrast-enhanced (DCE); magnetic resonance imaging (MRI); prostate cancer 

(PCa); Gleason score (GS)

Submitted Apr 28, 2021. Accepted for publication Jul 27, 2021.

doi: 10.21037/qims-21-455

View this article at: https://dx.doi.org/10.21037/qims-21-455

751

https://crossmark.crossref.org/dialog/?doi=10.21037/qims-21-455


743Quantitative Imaging in Medicine and Surgery, Vol 12, No 1 January 2022

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2022;12(1):742-751 | https://dx.doi.org/10.21037/qims-21-455

Introduction

Prostate cancer (PCa) is one of the most well recognized 
cancers for individualized treatment based on tumor 
aggressiveness, staging and recurrence risk (1,2). Gleason 
Score (GS), derived from the Gleason grading system, is the 
classification system based on the architectural pattern of 
the PCa tissue, which is related to cancer aggressiveness. GS 
≥7 is grouped and classified as clinically significant cancer 
(CSC), while GS ≤6 is classified as non-CSC, aiding in 
individualized treatment plans for PCa patients (3). When 
assessing tumor aggressiveness by the invasive approach 
with classic systemic trans-rectal ultrasound guided biopsy 
(TRUS-Bx), it is widely accepted that sampling error is 
inevitable and that a likelihood of complications from 
invasive procedures exists (4-6). Therefore, the need for 
a functional imaging modality such as dynamic contrast-
enhanced magnetic resonance imaging (DCE-MRI) has 
emerged in non-invasive evaluation of tumor aggressiveness.

When a malignant tumor develops in the base of the 
normal prostate gland, the cells go through a process called 
“angiogenesis.” This, the development of a new network of 
weak blood vessels, is a complex process resulting from the 
diverse contributions of endothelial cells, the extracellular 
matrix, as well as soluble factors such as vascular endothelial 
growth factor and fibroblast growth factor (7). Typical 
features of the newly developed blood vessels are weakness 
in terms of high permeability to macromolecules, 
arteriovenous shunt formation and high vascular tortuosity, 
heterogeneity of the tumor and intermittent or unstable 
blood flow due to the gradient from increased interstitial 
pressure. DCE-MRI aids in visualizing all of these 
characteristics of angiogenesis (8).

There have been attempts to assess PCa aggressiveness 
with DCE-MRI using various pharmacokinetic models and 
diverse post-processing software programs (9-13). However, 
the results are inconsistent and controversial, and in any 
case require further verification. Moreover, most of those 
studies reported differences of perfusion parameters between 
non-cancerous and cancerous lesions in the prostate gland, 
or perfusion parameters derived from a single slice of the 
tumor, or TRUS-Bx results that can serve as a reference 
standard (10,12). Thus, there remains a research gap in 
terms of tumor heterogeneity in the whole tumor volume 
and sampling error associated with TRUS-Bx. 

Therefore, in the present study, we aimed to verify the 
usefulness of DCE-perfusion parameters for the whole-
tumor volume in evaluation of PCa aggressiveness based on 

a pathological topographic map as a reference standard.
We present the following article in accordance with the 

STARD reporting checklist (available at https://dx.doi.
org/10.21037/qims-21-455).

Methods

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). This 
retrospective study was approved by the institutional review 
board of the Inje University Haeundae Paik Hospital and 
individual consent for this retrospective analysis was waived. 

Patient-selection criteria

A total of 175 patients diagnosed with biopsy-confirmed 
PCa between August 2018 and September 2020 were 
recruited for the study. Among them, 98 patients meeting 
the following inclusion criteria were selected: (I) radical 
prostatectomy; (II) 3T prostate MRI scan including DCE-
sequence, and (III) pathologic report of GS. Among these 
patients, 2 who had undergone prostate MRI on a different 
scanner were excluded, as were another 2 due to failure of 
image transmission to the dedicated perfusion software. 
Finally, then, 94 patients (mean age: 68.7 years, range, 47–
83 years) were included in the analysis (Figure 1).

MRI acquisition

All MRI examinations had been performed with a single 
3.0-T MRI machine (Achieva TX; Philips Medical imaging, 
Best, Netherlands) with a body-parallel array coil (SENSE 
Torso/cardiac coil; USA Instruments, Gainesville, FL, 
USA). MRI sequences consisted of essential T2-weighted 
images (T2WI) in three planes and diffusion weighted 
images (b values of 0, 100, 1,000, 2,000 s/mm2). For DCE 
sequences, axial pre- and post-contrast T1-spoilled gradient 
echo [i.e., fast-field echo (FFE)] sequences were performed. 
For T1 mapping, dual flip angles (5, 15 degrees) were used 
on pre-contrast T1 sequence. For contrast enhancement, 
0.1 mmol/kg or 0.2 mL/kg of contrast agent (meglumine 
gadoterate, Dotarem™, Guerbet, France) was injected 
through the antecubital vein at the rate of 3.0 mL/s  
followed by 30 mL normal saline flushing at the same 
injection rate. The temporal resolution of the T1-FFE 
sequence was 3.6 s, and 70 repetitive dynamic images 
affording full coverage of the prostate gland were acquired. 
The details of the MRI protocols are provided in Table 1.

https://dx.doi.org/10.21037/qims-21-455
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Measurements of perfusion parameters 

The acquired MR images from the DCE sequences were 
initially arranged in a picture archiving and communication 
system (PACS) (m-view; INFINITT healthcare, Seoul, 
Korea). Then, the arranged DICOM images were 
transported to a workstation (IntelliSpace Portal, version 
10.0, Philips, Best, Netherlands) equipped with dedicated 
perfusion software (MR permeability) that performs 
automated quantitation of the perfusion parameters of 
measured regions of interests (ROIs) under an extended 
Tofts model (14). The volume transfer constant, Ktrans, was 

defined as influx from blood plasma to the extracellular 
extravascular space (EES). The rate constant kep was defined 
as efflux from the EES to the blood plasma. The volume 
fractions of EES and blood plasma were represented as 
ve and vp, respectively (14). In addition, area of ROI was 
automatically calculated. The area of ROI was defined as an 
average of calculated areas of tumor on each tumor bearing 
slice. The MR permeability software used a population-
based model arterial input function (AIF) which used 
a medium bi-exponential model that was pre-selected 
according to the user selective injection duration as follows; 

Figure 1 Flowchart of patient-enrollment process. DCE, dynamic contrast enhanced; MRI, magnetic resonance imaging. 

Study population
94 consecutive patients with prostate cancer

Consecutive patients with diagnosis of prostate cancer
Between August 2018 and September 2020

(n=175)

Eligible patients (n=98)

Inclusion criteria
a. Pathologically proven prostate 

cancer by radical prostatectomy
b. Patients with 3T prostate MRI, 

including DCE sequence
c. Documentation of Gleason score

Exclusion criteria (n=4)
a. Different MRI scanner (n=2)
b. Transmission failure of MR images 

to dedicated perfusion software 
(n=2)

Table 1 MRI sequences and scanning parameters 

Parameter T2-weighted axial/coronal/sagittal DWI axial
Pre-contrast 
T1 FFE axial

Dynamic contrast 
enhanced T1 FFE axial

Post-contrast  
T1 SPIR axial

TR (msec) 3,370.7/3,600.7/2,908.5 5,725 10.0 3.5 667.3

TE (msec) 100/80/90 73 1.6 1.2 10.0

Slice thickness (mm) 3 3 4 4 3

Interslice gap (mm) 0.3 0.3 0 0 0.3

Matrix size 316×272/308×272/316×255 (respectively) 120×118 216×166 216×166 308×266

Flip angle (degree) – – 5/15 8 –

FOV (mm × mm) 220×220 240×240 300×300 300×300 220×220

b-values (s/mm2) – 0, 100, 1,000, 2,000 – – –

Number of slices 30/30/26 30 18 18 30

Acquisition time  
(minute/second)

2 min 15 sec/2 min 24 sec/2 min 25 sec 7 min 9 sec 10 sec/11 sec 4 min 13 sec 2 min 26 sec

DWI, diffusion-weighted images; SPIR, spectral presaturation with inversion recovery; FFE, fast-field echo; TR, repetition time; TE, echo 
time; FOV; field of view.
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short (less than 5 s), medium (between 5 and 10 s) and long 
(longer than 10 s).

On the PACS workstation, two radiologists (with 17 
and 4 years’ experience, respectively) blinded to the GS 
of each PCa reviewed T2WI, diffusion-weighted images 
(DWI) and corresponding apparent diffusion coefficient 
(ADC) maps, and recorded the Prostate Imaging-Reporting 
and Data system (PI-RADS) score by consensus based on 
PI-RADS v.2.0 (15). After referencing the topographic 
map, the zonal location and margin of tumor also were 
determined by consensus for each slice-bearing tumor. Two 
radiologists with 17 and 4 years’ experience independently 
drew free-hand ROIs along the tumor border on the DCE-
images. In cases of multiple lesions in one patient, an 
index tumor which was defined as the largest tumor on the 
topographic map was selected. After tumor segmentation, 
the perfusion parameters on each slice were averaged to 
obtain a representative value for the whole-tumor volume. 

Histology

Experienced urologists had conducted all of the radical 
prostatectomies. After the surgery, the excised prostate 
gland including the PCa was fixed in formalin and 
embedded in paraffin. Then, a serial section was acquired 
from the base to the apex of the prostate gland, followed by 
preparation of slides with hematoxylin and eosin staining. A 
dedicated pathologist interpreted each slide and determined 
the GS of the PCa (16). The reference standard for tumor 
segmentation on MR images was assessed according to the 
topographic maps of the prepared slides.

Statistical analysis

T-testing was performed to analyze the differences of the 
perfusion parameters between the CSC and non-CSC groups. 
To evaluate the diagnostic performance of the perfusion 
parameters for discriminating CSC from non-CSC, a receiver 
operating characteristic (ROC) curve analysis by pair-wise 
comparison was performed, and the areas under the curves 
(AUCs) were calculated. Diagnostic predictive values (i.e., 
accuracy, sensitivity, and specificity) were evaluated following 
determination of the most appropriate cutoff value. Inter-
rater variability for measurements of perfusion parameters 
was assessed by the intra-class correlation coefficients (ICCs, 
poor; <0.2, fair; 0.21–0.60, good; 0.61–0.80, excellent; 
>0.81). P values <0.05 were considered to indicate significant 
differences. All of the statistical analyses were performed 
using MedCalc 19.6.1 (MedCalc, Mariakerke, Belgium).

Results

Patient demographics 

The study population was comprised of CSC (GS 7, n=57; 
GS 8, n=9; GS 9, n=11) and non-CSC (GS 6, n=17) groups. 
The average time interval between MRI and surgery was 
31.4 days (range, 5–83 days). Their respective demographics 
are provided in Table 2.

Comparison of perfusion parameters between CSC and 
non-CSC groups

Among the retrieved parameters, ve showed a statistically 

Table 2 Demographic information on enrolled patients

Parameter Total CSC (n=77) Non-CSC (n=17) P value

Mean PSA (range), ng/mL 21.51 (0.02–149) 24.51 (0.85–149) 7.95 (0.02–20.4) 0.0001

Tumor location, n [%]

Peripheral zone 48 [51] 37 [48] 11 [65]

Transitional zone 30 [32] 24 [31] 6 [35]

Diffuse 16 [17] 16 [21] 0

PI-RADS v2, n [%]

3 9 [10] 3 [4] 6 [35]

4 32 [34] 26 [34] 6 [35]

5 53 [56] 48 [62] 5 [29]

CSC, clinically significant cancer; PI-RADS v2, Prostate Imaging Reporting and Data System version 2; PSA, prostate-specific antigen.
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significant difference between the CSC (0.238±0.095) and 
non-CSC groups (0.300±0.126) (P=0.0308) (Figures 2,3). 
On subgroup analysis, ve showed a difference between 
GS 6 (0.300±0.126) and GS 7 (0.240±0.097) (P=0.0489). 
Area of ROI was also different between CSC and non-
CSC (201.89±163.87 and 84.99±85.82 mm2, respectively) 
(P=0.0054). Further analysis according to PIRADS score 
revealed that the areas of ROI were significantly different 
from one another (for PIRADS 3, 45.92±31.94; for 
PIRADS 4, 97.21±50.35; for PIRADS 5, 254.08±174.87, 
all P<0.0001). The detailed results for all of the perfusion 
parameters are summarized in Table 3.

Diagnostic Performance of perfusion parameters for 
differentiating CSC from non-CSC 

The AUC of area of ROI was 0.807 (95% CI, 0.713–0.881), 
with a maximum accuracy of 81%, a sensitivity of 82%, and 

a specificity of 76% under a cutoff value of >90.09 mm2.
The AUC of ve was 0.643 (95% CI, 0.538–0.739), with 

a maximum accuracy of 64%, a sensitivity of 66%, and a 
specificity of 53% under a cutoff value of ≤0.262.

None of the other perfusion parameters showed 
significant differences. Their AUC values were as follows: 
Ktrans, 0.539 (95% CI, 0.433–0.643); kep, 0.597 (95% CI, 
0.491–0.697); vp, 0.594 (95% CI, 0.487–0.694) (Table 4, 
Figure 4). 

Inter-rater variability

Regarding inter-rater variability, ICC of each parameter 
was 0.90 (95% CI, 0.857–0.933) for area of ROI, 0.834 (95% 
CI, 0.760–0.888) for ve, 0.939 (95% CI, 0.913–0.959) for 
Ktrans, 0.920 (95% CI, 0.885–0.946) for kep, and 0.886 (95% 
CI, 0.823–0.926) for vp, which indicated excellent inter-
rater agreements.

Figure 2 A 79-year-old male with histopathologically confirmed prostate cancer with Gleason score 9 (4+5) by radical prostatectomy. 
(A) Axial T2-weighted image shows a diffuse low SI lesion (arrow) replacing mid prostate gland. (B) Axial diffusion-weighted image  
(b=2,000 s/mm2) shows high SI in corresponding lesion (arrow). (C) Contrast-enhanced fast-field echo image shows heterogeneous 
enhancement in corresponding ROI (arrow). The area of the ROI measures 741.10 mm2. (D) Color-coded ve map shows value of 0.141 in 
corresponding ROI (arrow). SI, signal intensity; ROI, region of interest.
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Figure 3 68-year-old male with histopathologically confirmed prostate cancer with Gleason score 6 (3+3) by radical prostatectomy. (A) Axial 
T2-weighted image shows ill-defined low SI (arrow) in right mid-transitional zone. (B) Axial diffusion-weighted image (b=2,000 s/mm2)  
shows high SI in corresponding lesion (arrow). (C) Contrast-enhanced fast-field echo image shows relative hyper-enhancement in 
corresponding ROI (arrow) compared with heterogeneous hypo-enhancement in contralateral benign gland. The area of ROI measures 
43.94 mm2. (D) Color-coded ve map shows value of 0.351 in corresponding ROI (arrow). SI, signal intensity; ROI, region of interest.
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Table 3 Comparison of perfusion parameters between CSC and non-CSC groups

Parameter CSC (n=77) Non-CSC (n=17) P value

Ktrans (min−1) 0.074±0.030 0.076±0.025 0.7682

kep (min−1) 0.345±0.140 0.297±0.127 0.2003

ve 0.238±0.095 0.300±0.126 0.0308

vp 0.071±0.048 0.059±0.046 0.3234

Area of ROI (mm2) 201.89±163.87 84.99±85.82 0.0054

Data are mean ± standard deviation. CSC, clinically significant cancer; Ktrans, volume transfer constant; kep, rate constant; ve, extracellular 
extravascular space volume fraction; vp, fractional volume of plasma; ROI, region of interest. 

Discussion

Our observations revealed that area of ROI and ve were 
significant parameters in discriminating CSC from non-
CSC. Regarding area of ROI, our results correspond with 
previous studies (17-19). Among many prognostic factors, 
it is well known that as tumor volume increases, so too does 
the pathologic GS, and that the disease tends to progress 

even after radical prostatectomy (20). Friedersdorff et al. 
reported that tumor volume showed a significant difference 
between CSC (n=131) and non-CSC (n=65), with a P value 
<0.0001, and also that a positive correlation existed between 
GS and tumor volume (Pearson correlation coefficient 
R; 0.385, P<0.0001) (17). Donati et al. observed that 
derived tumor volume on ADC maps was an independent 
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predictor of GS of PCa. They also observed a positive 
correlation between GS and tumor volume, with correlation 
coefficients of 0.453 (GS 6), 0.643 (GS 7), and 0.980 
(GS ≥8), respectively (18). Verma et al. found a positive 
correlation between Gleason grade and tumor volume as 
measured on ADC maps (R; 0.39, P<0.05) or T2WI images 
(R; 0.40, P<0.05) (19). 

In terms of ve, it is generally accepted that as the 
tumor goes through angiogenesis with the help of soluble 
factors such as vascular endothelial growth factor, vascular 
permeability significantly increases, and thus the tumor has 
a larger interstitial space than does a normal gland. Beyond 
the scope of differentiating PCa from normal glands, we 
postulate that as GS increases, the effective interstitial space 
for perfusion decreases. From the radiological perspective, 
there is supporting evidence for decreased interstitial space 
in cases of higher GS in the literature. Previous studies by 
Verma et al. observed that a negative correlation existed 
between ADC values and post-surgical Gleason grade  
(R; −0.26, P<0.05) (19). In addition, Park et al. reported 
that ADC values were negatively correlated with GS  
(R; −0.3240, P=0.0016) (21). It is thought that Brownian 
movement of water molecules in tumor tissue is influenced 
by tissue architecture such as cell density, and that decreases 
in ADC values of tumor tissue represents increased cell 
density (22). Consequently, ve as a perfusion parameter, 
specifically the EES volume fraction, might play a role 
in discriminating GS ≥7 from GS 6. To our knowledge, 
previous observations that ve could help in differentiating 
CSC from non-CSC are scarce in the literature (23). From 
the viewpoint of pathology, previous observations are that 
whereas Gleason grade 5 showed a disorganized gland 
structure, Gleason grade 4 showed a higher cellular density 
and less stromal space than Gleason grade 3 (16,24,25). 

Therefore, GS 7 (3+4 or 4+3) could show less interstitial 
space compared with GS 6 (3+3), which in fact was observed 
in the present study as a decrease in the fractional volume of 
interstitial space.

Another important observation of the current study was 
that the parameter Ktrans did not show any difference in 
discrimination of CSC from non-CSC. By contrast, Ktrans 
demonstrated promising results in previous studies. Wei et al.  
observed that diagnostic performance of Ktrans (AUC, 0.736; 
P<0.001) showed a better outcome for PCa than did ve or 
vp under the extended Tofts model (10). Afshari Mirak et al. 
also found that Ktrans was higher in CSC than in non-CSC 
(0.43, 0.32, respectively, P=0.005) (9). Meanwhile, Vos et al.  
reported that 75th percentile Ktrans could discriminate 
CSC from non-CSC, especially in the peripheral zone, 
but that mean Ktrans was not statistically significant (AUC, 
0.68; P=0.06) (11). In our opinion, this difference could 
be attributable to the discrepancy between the pertinent 
study populations; in any case, the efficacy of Ktrans for 
stratification of PCa aggressiveness remains controversial. 
Further verification in a much larger study population is 
needed. 

This study has several limitations. First, instead of 
individual-based AIF, the population-based model AIF was 
adopted for the perfusion software, which could not reflect 

Figure 4 ROC curves of parameters, including area of ROI, ve, 
Ktrans, kep and vp. ROC, receiver operating characteristic; ROI, 
region of interest; ve, extracellular extravascular space volume 
fraction; Ktrans, volume transfer constant; kep, rate constant; vp, 
fractional volume of plasma.

Table 4 Diagnostic performance of perfusion parameters for  
discriminating CSC from non-CSC

Parameter AUC (95% CI) P value

Ktrans 0.539 (0.433–0.643) 0.5853

kep 0.597 (0.491–0.697) 0.2275

ve 0.643 (0.538–0.739) 0.0458

vp 0.594 (0.487–0.694) 0.2325

Area of ROI 0.807 (0.713–0.881) <0.0001

CSC, clinically significant cancer; AUC, area under curve; CI,  
confidence interval; Ktrans, volume transfer constant; kep, rate  
constant; ve, extracellular extravascular space volume fraction; vp, 
fractional volume of plasma; ROI, region of interest.

100

80

60

40

20

0

S
en

si
tiv

ity
 %

100%-Specificity%

ROI
ve

Ktrans

kep

vp

0             20            40            60            80           100



749Quantitative Imaging in Medicine and Surgery, Vol 12, No 1 January 2022

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2022;12(1):742-751 | https://dx.doi.org/10.21037/qims-21-455

individual physiologic variations such as cardiac output 
and significant vascular stenosis. However, at present, the 
population-based model AIF is a generally accepted tool for 
assessing permeability in major MR vendors. It uses a bi-
exponential model which makes the model suitable for any 
temporal resolution and does not incorporate recirculation 
effects after the first bolus passage. Second, there is the 
inherent limitation of the wide inter-observer variability 
of perfusion parameters from different perfusion analysis 
solutions. It has been reported that the range of variability 
could be as wide as 20% (26). Therefore, we made every 
effort to perform DCE-MRI scans in the same MRI scanner 
and with uniform acquisition parameters as well as the same 
perfusion analysis software. Our results revealed that ICCs 
of all perfusion parameters were within a range of 0.83–0.94, 
which indicated excellent inter-rater agreements. This 
observation corresponds well with a previous study (27). 
The measurement of the whole tumor volume is known to 
be more reproducible than those on single representative 
slice or small solid portion of the tumor (27).

In conclusion, size of the tumor and interstitial 
space volume fraction are significant parameters for 
discrimination of CSC from non-CSC.
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