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Abstract

Introduction: We assessed the correlation between the apparent 
diffusion coefficient (ADC) and pathological Gleason score (GS) 
of prostate cancer patients.
Methods: A total of 125 patients who underwent multiparamet-
ric magnetic resonance imaging before radical prostatectomy for 
prostate cancer were included in this study. ADC values were 
compared with different GS. We used receiver operating character-
istic analysis and determined the ADC cutoff value to differentiate 
tumours with a GS of 6 from those with a GS ≥7.
Results: We identified 34 patients (27.2%) with a GS of 6; 33 
patients (26.4%) with a GS of 7; 22 patients (17.6%) with a GS 
of 8; and 36 patients (28.8%) with a GS of ≥9. The mean ADC 
value for disease with a GS of 6 was 0.914 ± 0.161 x10-3 mm2/s; 
GS of 7: 0.741 ± 0.164 x10-3 mm2/s; GS of 8: 0.679 ± 0.130 x10-3 

mm2/s; and GS of ≥9: 0.593 ± 0.089 x10-3 mm2/s. An ADC value 
of 0.830 ×10−3mm2/s was the best cutoff value to identify prostate 
cancer with a GS of 6.
Conclusions: We observed an inverse relationship between GS and 
ADC value. Moreover, a cutoff ADC value may help differentiate 
disease with a GS of 6 from disease with a GS ≥7.

Introduction

Prostate cancer is one of the most common cancers among 
men and the second most common cause of death by cancer 
in industrialized countries.1 Owing to the biologic hetero-
geneity of prostate cancer, which ranges from indolent to 
highly aggressive, accurate classification of aggressiveness 
is essential for selecting an appropriate course of treatment. 
The optimal strategy of prostate cancer management is to 
identify and treat patients with aggressive disease who would 
benefit from radical therapy, but to avoid overtreatment in 

patients for whom prostate cancer is unlikely to be life-
threatening. Although considerable efforts have been made 
to characterize the aggressiveness of prostate cancer,2-5 there 
are currently no reliable, non-invasive tests to accurately 
assess prostate cancer aggressiveness.

Pathological Gleason score (GS) is a useful parameter for 
predicting prostate cancer aggressiveness, with a higher GS 
indicating increased biological aggressiveness.6,7 However, 
determination of GS is based on transrectal ultrasound-
guided prostate biopsy, which is associated with sampling 
error and severe adverse events;8-10 in particular, upgrading 
a patient with a higher GS from biopsy to prostatectomy 
specimen occurs in up to one-third of patients.11,12

Recently, multiparametric magnetic resonance imaging 
(mpMRI), including diffusion-weighted imaging (DWI), has 
emerged as an important modality in prostate cancer diagno-
sis.13-15 Several studies have identified the role of the appar-
ent diffusion coefficient (ADC) value, obtained from DWI 
sequences, as a novel tool that may improve the diagnosis 
and management of prostatic cancer. These studies focused 
on the association between ADC value and GS.16-20 ADC is a 
relatively simple metric that can be calculated with standard 
1.5- and 3.0-Tesla (T) mpMRI platforms. Furthermore, ADC 
provides quantitative information on tumour characteristics 
that indirectly predict tumour aggressiveness.21

To gain better insight and evidence to support the use of 
ADC value in predicting prostate cancer aggressiveness, we 
evaluated the association between prostate cancer GS and 
ADC values obtained from diffusion-weighted MR imaging 
of the prostate. We sought to determine which ADC metric 
best differentiates GS 6 prostate cancer lesions from prostate 
cancer lesions with a GS of 7 or higher.

Relationship between Gleason score and apparent diffusion 
coefficients of diffusion-weighted magnetic resonance imaging in 
prostate cancer patients
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Methods

Study population

This retrospective study was approved by our institution-
al review board, which also waived the requirement for 
informed consent. Inclusion criteria were as follows: patients 
with a single prostate cancer lesion and with a cancer vol-
ume of more than 0.5 cm3 according to the radical prostatec-
tomy specimen, and patients who underwent preoperative 
mpMRI for staging. Radical prostatectomy was performed by 
a single surgeon (S.S.J.) at our institution. MRI examination 
was performed at least three weeks after prostate biopsy. 
Patients who had undergone prior hormonal or radiation 
therapy were excluded. Patients who had incomplete medi-
cal records or patients for whom MRI was performed at an 
outside institution were also excluded.

MRI protocol and imaging analysis

All patients were examined using a 3.0-T MRI system (Intera 
Achieva 3T, Philips Medical System, Best, Netherlands) 
equipped with a six-channel, phased-array coil. The MRI 
protocol was composed of DW-MRI and dynamic con-
trast-enhanced imaging, in addition to a routine prostatic 
MRI (T2-weighted and T1-weighted imaging). DW-MRI 
was performed with b-values of 0 and 1000 s/mm2 along 
three orthogonal directions of motion-probing gradients. 
Automated calculation of ACD maps was performed using 
the manufacturer’s software, which was then used to obtain 
a monoexponential fit of the data.

All MR images were archived using a picture archiving 
and communication system (PACS; PathSpeed Workstation; 
GE Medical Systems, Milwaukee, WI, U.S.). ADC values 
were measured by a single experienced urologist who was 
aware of all clinical and histopathological findings, includ-
ing tumour location. ADC values were measured by regions 
of interest (ROIs) drawn on possible cancer areas based on 
MRI findings previously interpreted by two experienced gen-
itourinary radiologists. ADC values were measured twice at 
the same site and the results were averaged. A prostate can-
cer was defined on each MRI as follows: an abnormally low 
signal intensity region relative to the adjacent parenchyma 
on T2-weighted imaging; a high signal intensity region at 
b values of 1000 s/mm2 of DWI with a low ADC value on 
the ADC map images; and a region with early wash-in and 
wash-out of contrast material relative to the adjacent paren-
chyma on dynamic contrast enhanced MRI. T1-weighted 
images were available for interpreting post-biopsy hem-
orrhage (an area of high signal intensity on T1-weighted 
imaging). Circular ROIs were manually generated using the 
ADC maps for prostate cancer lesions for each patient. The 

median ROI area in the study was 33.6 mm2 (interquartile 
range [IQR], 27.0‒40.9 mm2).

Pathology analysis

All prostatectomy specimens were marked with India ink 
and fixed overnight in 10% buffered formalin. Transverse 
step sections were obtained at 3‒4 mm intervals in a plane 
perpendicular to the prostatic urethra. Routine pathologic 
examination for all specimens was performed by an expe-
rienced genitourinary pathologist who was unaware of the 
MRI findings. Pathological outcomes were recorded with a 
standard reporting protocol. Pathological tumour volumes 
were calculated by the ellipsoid estimation method sug-
gested by Noguchi et al22 as follows: tumour volume (cm3) 
= π/6 × width × height × length.

Statistical analysis

Descriptive data are presented as frequencies, while categori-
cal variables are presented as percentages. The Shapiro-Wilk 
normality test was used to investigate the normal distribu-
tion of continuous variables. Continuous and non-normally 
distributed variables are presented as medians with IQRs. 
Student’s t-test or the Mann-Whitney U test was used to 
compare differences in ADC values in pairs according to 
GS. We used the receiver operating characteristic (ROC) 
curve to evaluate the diagnostic performance of ADC val-
ues in the differentiation of prostate cancer with a GS of 6 
from prostate cancer with a GS ≥7, as well as to determine 
the ADC cutoff level that provided the highest diagnostic 
performance.

Diagnostic performance was assessed by calculating the 
area under the curve (AUC). We also performed internal vali-
dation with bootstrapping in order to estimate the optimism 
in our model. In 1000 bootstrap resamples, the concordance 
index of the model was estimated and tested in the original 
sample. All reported p values in this study were two-sided 
and p values <0.05 were considered statistically significant. 
Statistical analyses were performed with SPSS® for Windows, 
version 21.0 (IBM Corporation, NY, U.S).

Results

A total of 125 patients were enrolled in this study. Table 1 
shows the characteristics of the enrolled study population. 
The median patient age was 66.0 year (IQR 60.0‒70.0) and 
the median prostate-specific antigen (PSA) was 7.1 (IQR 
4.5‒12.4). The mean tumour volume was 2.96 cm3 (IQR 
0.87‒10.00). With respect to histopathological analysis, we 
identified 34 patients with a GS of 6; 33 patients with a GS of 
7; 22 patients with a GS of 8; 23 patients with a GS of 9; and 
13 patients with a GS of 10. The mean ADC value was 0.914 
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± 0.161 x10-3 mm2/s for a GS of 6; 0.741 ± 0.164 x10-3 mm2/s 
for a GS of 7; 0.679 ± 0.130 x10-3 mm2/s for a GS of 8; and 
0.593 ± 0.089 x10-3 mm2/s for GS ≥9. Representative cases 
with a GS of 6 (3 + 3) prostate cancer and a GS of 8 (4 + 4) 
prostate cancer are shown in Figs. 1 and 2. The differences 
between the ADC values obtained for all GS groups (6, 7, 
8, and ≥9) were analyzed in pairs and there were significant 
differences between all of the GS groups with the exception 
of GS 7 and GS 8 (Fig. 3). Furthermore, the mean ADC value 

of tumours with a GS of 7 or higher (0.668 × 10-3 mm²/s) 
was significantly lower than that of tumours with a GS of 6 
(0.914 × 10-3 mm²/s) (p<0.001) (Fig. 4).

Fig. 5 shows the ROC curve for the cutoff ADC assess-
ment, the AUC of which was 0.880 (95% confidence interval 
0.813‒0.946). In addition, an ADC of 0.830 × 10-3 mm2/s 
was the best cutoff value to identify prostate cancer with a 
GS of 6, which had a sensitivity and specificity of 79.4% 
and 87.5%, respectively. Through bootstrap validation, the 
concordance indexes of the model in predicting a GS of 6 
were 0.826 and 0.832 in the training and testing data sets, 
respectively.

Discussion

mpMRI is rapidly gaining importance for detecting and char-
acterizing prostate cancer. In particular, DWI and ADC val-
ues are regarded as reliable non-invasive tools for assessing 
tumour aggressiveness in prostate cancer. Our study demon-
strated that ADC values were inversely correlated with GS 
in prostate cancer and that it was feasible to discriminate 
among pathologic GS 6 disease according to ADC values. 
This finding was consistent with earlier studies that reported 
that ADC values may be useful in differentiating patients 
with high- or intermediate-risk prostate cancer from those 
with a low risk prostate cancer.16,23-26 In addition, several 
previous studies have demonstrated that high GS disease has 
a lower ADC value than that of low GS disease. Specifically, 
Nagarajan et al17 compared ADC values with three groups of 

Fig. 1. A 51-year-old man with a Gleason score 3 + 3 prostate cancer and a prostate-specific antigen concentration of 2.7 ng/ml. A 12-core transrectal ultrasound-
guided prostate biopsy revealed Gleason 3 + 3 tumour in one core in the left prostate. A radical prostatectomy specimen showed left peripheral zone cancer with 
Gleason 6 (3 + 3) without extracapsular extension, and a tumour volume of 1.88 cm3. (A) Transverse T2-weighted image shows a low-signal lesion (arrow) in the left 
peripheral zone of the mid portion of the gland, suggesting possibility of cancer foci; and (B) the corresponding apparent diffusion coefficient map shows a lesion 
(arrow) of restricted diffusion. The apparent diffusion coefficient value of cancer is 0.880×10-3 mm2/sec.

Table 1. Characteristics of study population

Characteristics Value
Age, years (IQR) 66.0 (60.0–70.0)

Prostate-specific antigen, ng/ml (IQR) 7.12 (4.50–12.42)

Tumour volume, cm3 (IQR) 2.96 (0.87–10.00)

Pathologic stage, n (%)

T2a 19 (15.2)

T2b 1 (0.8)

T2c 39 (31.2)

T3a 36 (28.8)

T3b 25 (20.0)

T4 5 (4.0)

Gleason score, n (%)

6 34 (27.2)

7 33 (26.4)

8 22 (17.6)

9 23 (18.4)

10 13 (10.4)
Data are presented as median (interquartile range [IQR]) or n (%).
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pathological GS (3 + 3, 3 + 4, and 4 + 3). In their study, the 
ADC values in patients with a high GS (4 + 3) were lower 
compared to those with a low GS (3 + 3 and 3 + 4). Doo et 
al also reported that ADC values enable the most accurate 
differentiation of lesions with a GS of 6 (0.875 × 10-3 mm2/s) 
from those with a GS of at least 7 (0.779 × 10-3 mm2/s).23 The 

decrease in ADC value in high GS disease can be explained 
by the high level of tumour cellularity, which is representa-
tive of tumour aggressiveness. Indeed, tumour cellularity is 
one of the major determinants for tumour grade of prostate 
cancer and an inverse relationship between tumour cel-
lularity and ADC value was reported in a previous study.27

Fig. 2. A 65-year-old man with a Gleason score 4 + 4 prostate cancer and a prostate-specific antigen concentration of 7.7 ng/ml. A 12-core transrectal ultrasound-
guided prostate biopsy revealed Gleason 4 + 4 tumour in two core in the right prostate. A radical prostatectomy specimen showed right peripheral zone cancer with 
Gleason 8 (4 + 4) with extracapsular extension, and a tumour volume of 0.71 cm3. (A) Transverse T2-weighted image shows a low-signal lesion (arrow) in the right 
peripheral zone of the mid portion of the gland, suggesting possibility of cancer foci; and (B) the corresponding apparent diffusion coefficient map shows a lesion 
(arrow) of restricted diffusion. The apparent diffusion coefficient value of cancer is 0.575×10-3 mm2/sec.

Fig.3. Box-Whisker plots of apparent diffusion coefficient (ADC) values 
according to Gleason score. The centre horizontal line indicates the median. 
*p<0.001;**p<0.01; †p>0.05 (p=0.139).

Fig. 4. Box-Whisker plots of apparent diffusion coefficient (ADC) values of 
Gleason score 6 disease and Gleason score ≥7 disease. The centre horizontal 
line indicates the median. Circles denote outliers. *p<0.001.
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Hambrock et al16 evaluated prostate cancer aggressive-
ness using a 3.0-T MRI with DWI, reporting that ADC values 
derived from DWI have a high discriminatory performance 
in the differentiation of low-, intermediate-, and high-grade 
prostate cancer. Consistently, we noted that higher ADC 
values (0.830 × 10-3 mm2/s) were significantly associated 
with low-risk prostate cancer (GS 6 disease), suggesting that 
individuals with a prostate cancer lesion having an ADC 
value >0.830 × 10-3 mm2/sec on mpMRI are more likely to 
have GS 6 disease compared to those who have a prostate 
cancer lesion with an ADC value <0.830 × 10-3 mm2/sec. 
This finding may be helpful in the decision-making process 
for selecting appropriate treatment options, because patients 
with GS ≥7 disease have a higher likelihood of greater dis-
ease extent and biochemical recurrence compared to those 
with GS ≤6 disease.28

It is important to ensure that ADC values are measured 
by experienced urologists in daily clinical practice in order 
to help patients receive proper counselling regarding risk 
assessment and treatment selection. At our institution, sev-
eral urologists were trained by an experienced genitouri-
nary radiologist to recognize prostate lesions on MRI and 
measure ADC values. In addition, in this study, suspected 
tumour lesions on T2-weighted imaging and ADC maps 
were established through a systematic correlative review of 
both histopathology and MRI reports by a single urologist 
based on factors such as tumour location, site, and size. An 
experienced genitourinary radiologist (C.K.K., as an inde-

pendent investigator) subsequently confirmed the regions 
by referencing a histopathological tumour map.

There were some limitations to the present study. First, 
the retrospective design of this study should be taken into 
account, as it may have resulted in both inherent and 
selection biases. Secondly, there were some limitations of 
this study with respect to the metrics for correlating can-
cerous lesions between pathological report and mpMRI. 
Specifically, some cancerous lesions that were not clearly 
visible on mpMRI were included. In patients without clearly 
visible tumours on ADC maps, the ROIs were assessed in the 
area where prostate cancers were identified on pathological 
reports, which, despite our best efforts, may have resulted in 
inadvertent deviations. Third, absolute ADC values may vary 
between centres owing to several factors, such as the spe-
cific type of MRI scanner, imaging sequence, and b-values.  

Conclusion

Our findings suggest that GS can be predicted by ADC val-
ues for tumour lesions on DWI. Furthermore, a cutoff ADC 
value may be useful for distinguishing GS 6 prostate cancer 
from prostate cancer with a GS of at least 7.
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