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Abstract
Background: The aim of this study is to investigate whether quantitative DW metrics can provide additive value to
the reliable categorization of lesions within existing PI-RADSv2 guidelines. Fifty-eight patients with clinically
suspicious prostate cancer who underwent PR examination, PSA serum levels, sextant TRUS-guided biopsies, and biparametric MR imaging were included in the study.
Results: Sixty-six lesions were detected by histopathological analysis of surgical specimens. The mean ADC values
were significantly lower in tumor than non-tumor tissue. The mean ADC value inversely correlated with Gleason
score of tumors with a significant p value < 0.001.Conversely, a positive relationship was found between the ADC
ratio (ADC of benign prostatic tissue to prostate cancer) and the pathologic Gleason score with a significant
elevation of the ADC ratio along with an increase of the pathologic Gleason score (p < 0.001). ROC curves
constructed for the tumor ADC and ADC ratio helped to distinguish pathologically aggressive (Gleason score ≥ 7)
from non-aggressive (Gleason score ≤ 6) tumors and to correlate it with PIRADSv2 scoring to predict the presence
of clinically significant PCA (PIRADSv2 DW ≥ 4). The ability of the tumor ADC and ADC ratio to predict highly
aggressive tumors (GS> 7) was high (AUC for ADC and ADC ratio, 0.946 and 0.897; p = 0.014 and 0.039,
respectively). The ADC cut-off value for GS ≥ 7 was < 0.7725 and for GS ≤ 6 was > 0.8620 with sensitivity and
specificity 97 and 94%. The cutoff ADC ratio for predicting (GS > 7) was 1.42 and for GS ≤ 6 was > 1.320 with
sensitivity and specificity 97 and 92%. By applying this ADC ratio cut-off value the sensitivity and specificity of
reader 1 for correct categorization of PIRADSv2 DW > 4 increased from 90 and 68% to 95 and 90% and that of
reader 2 increased from 94 and 88% to 97 and 92%, respectively.
Conclusion: Estimation of DW metrics (ADC and ADC ratio between benign prostatic tissue and prostate cancer)
allow the non-invasive assessment of biological aggressiveness of prostate cancer and allow reliable application of
the PIRADSv2 scoring to determine clinically significant cancer (DW score > 4) which may contribute in planning
initial treatment strategies.
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Background
Prostate cancer (PCa) is the most common solid malignant neoplasm among men in the USA and Western
Europe with a considerably high mortality and morbidity
[1]. The diagnosis of prostate cancer traditionally relies
on digital rectal examination and estimation of serum
prostate-specific antigen (PSA) followed by transrectal
ultrasound (TRUS)-guided biopsy [2, 3]. Today with the
use of multi-parametric magnetic resonance imaging
(mp-MRI), accurate diagnosis and grading of prostatic
cancer has become increasingly popular. It includes a
combination of T2-weighted, diffusion weighted, and
dynamic contrast-enhanced imaging [4, 5].
The Prostate Imaging Reporting and Data System (PIRADS) classification for prostate MRI was first introduced in 2012 and has been revised and simplified in
2015 and is still evolving [6]. The specific aims of PIRADS 2 were to establish guidelines for minimum acceptable technical parameters in multi-parametric prostate MRI, to simplify and standardize the terminology
and content of mp-MRI reports, and to develop assessment categories that summarize the levels of suspicion
or risk of having significant prostatic cancer [7]. In the
Prostate Imaging Reporting and Data System (PI-RADS)
version 2, a zone-based dominant sequence classification
system is used to assign MRI visible lesions a final category from 1 to 5 that represents the like hood of clinically significant lesions [8]. Diffusion weighted imaging
(DWI) plays a pivotal role in PIRADSv2, serving as the
primary sequence for evaluation of the peripheral zone
(PZ) and the secondary sequence for the transition zone
(TZ) [9]. A PI-RADSv2 assessment category of DW > 4
implies a clinically significant prostate cancer (CSC),
which is pathologically defined as a tumor with a Gleason score of 7 or more. A score of ≥ 4 on DWI becomes
a final PI-RADSv2 score of ≥ 4 in the PZ, regardless of
the findings on dynamic contrast-enhanced (DCE) imaging [9]. Even for the TZ, DWI enables a final determination of clinically significant cancer (CSC) when the
findings of T2-weighted imaging (T2WI) are inconclusive (e.g., a score of 3 on T2WI) [9].The role of dynamic
contrast enhancement in routine evaluation of prostate
cancer is uncertain. At the present time its value in
addition to T2W and diffusion sequence is considered
modest. In the PIRADS version 2 suspicious enhancements (focal early enhancement) is considered a minor
feature in evaluation [10].
The PI-RADSv2 still has several limitations including
its inability to detect small clinically significant cancer
(CSC) and the limited inter-reader reproducibility [11,
12]. The inter-reader variability is attributed to the fact
that all scoring criteria in this system are subjective and
rely on qualitative evaluation [12, 13]. Accordingly quantitative parameters derived from DWI like the apparent
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diffusion coefficient (ADC), the ADC ratio (ratio between benign prostatic tissue and prostate cancer), and
the normalized ADC value (ratio of tumor to non-tumor
tissue) have been tested to improve the reproducibility
of PI-RADSv2via reducing inter-reader variability
[14–17]. However, quantitative DW metrics have not
been widely incorporated into the PI-RADSv2 guidelines,
largely over concern that different MRI units may produce different ADC values [18].
In this study, we tried to investigate whether the use
of the mean ADC values and ADC ratio can improve
interpretation of the lesions and reduce inter-reader
disagreement within the PIRADSv2 scoring system of
prostate cancer.

Methods
Between January 2017 and July 2019, a total of 58 consecutive patients with newly diagnosed histologically
proven prostate cancer (median 64 years; range 45–84)
were enrolled in the study. This prospective study was
approved by the institutional review board of our institution and written informed consent was obtained from all
patients to use their data for research purpose. Inclusion
criteria were (1) all patients with elevated PSA values
greater than 4 ng/mL who underwent sextant TRUSguided biopsies. (2) All patients who underwent preoperative bi-parametric MRI of the prostate, (3) all patients surgically treated by radical prostatectomy, (4)
pathologic localization of lesions using a 24-sector map.
The patients’ age and PSA levels are listed (in Table 1).
Exclusion criteria were (1) patients who received antiandrogen treatment, (2) patients having contraindication
to MRI, and (3) patients with poor image quality and (4)
lesions located outside the peripheral zone.
Table 1 Patient characteristics
Parameter

Value

Age (years), median (range)

64 years (45–84)

PSA (ng/mL) median (range)

44.8 (10.90–1725.0 ng/mL)

Tumor location

66

PZ

60 (90%)

TZ and CZ

6 (10%)

Gleason score
6

11(19%)

7

25

8–9–10

30

ECE

24

SVI

9

Tumor volume (cm3), median (range)

1.8 (0.1–26.0)

PSA prostate-specific antigen, PZ peripheral zone, TZ transition zone, GS
Gleason score, ECE extracapsular extension, SVI seminal vesicle invasion
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MR imaging

MR imaging was performed using a Philips achieva XR
1.5-T system, Baltimore, Netherland, Holland, and a
torso XL 16 channels phased array body coil. The examination was done before or at least 3 weeks after transrectal ultrasound-guided biopsy to minimize post biopsy
artifacts, and radical prostatectomy was conducted
within a median time of 2 months of the MR examination (range 0.5–4). In order to reduce bowel peristalsis,
an intramuscular injection of 20 mg of butyl scopolamine was given to the patient before starting the scan. A
bi-parametric MR imaging protocol was performed and
consisted of multi-planar turbo spinecho T1-weighted
images, turbo spin-echo T2-weighted images 3D fast
field-echo and echo-planar DWI. Dynamic contrast
enhanced MRI was not performed in order to reduce
the cost and duration of the study particularly considering its modest role in evaluation of newly diagnosed
prostate cancer and its minor contribution in lesion
characterization within the PIRDAS version 2 system
The T1-weighted images were acquired in the axial
plane primarily to exclude the presence of post biopsy
hemorrhage that may mimic or conceal cancer.The T2weighted turbo spin-echo images in the axial, sagittal,
and coronal planes were acquired with the following imaging parameters: TR range/TE range, 2690–3800/80–
90; slice thickness, 3 mm; inter-slice gap, 0.3–1 mm; 512
× 304 matrix; field of view (FOV), 180 × 119; number of
signals acquired (NSA), 6 ; sensitivity-encoding (SENSE)
factor, 2; slice number, 36; and acquisition time of each
plane, 6 min. DW images were acquired using the
single-shot echo-planar imaging technique. The image
plane was axial perpendicular to the long axis of the
prostate from base to apex. The scanning parameters
were as follows: TR 2740–3000; TE 83–85; slice thickness, 3 mm; inter-slice gap, 1 mm; matrix, 112 × 110;
FOV, 20 cm; SENSE factor, 2; and NSA, 6. 1.9–3.0 mm
in frequency-encoding direction and1.9 mm in phaseencoding direction;Diffusion-encoding gradients were
applied using three b values of 0, 300, and 1000 s/mm2.
The acquisition time of DWI was within 3 min. ADC
maps were automatically constructed on a pixel by-pixel
basis.
Pathologic examination consensus

All surgical specimens were examined by the same two
genitourinary pathologists and any disagreement was resolved by consensus. Whole-mount specimens of prostate gland were processed utilizing section thickness of
4–8 mm. Mapping included visual reporting of (1)
tumor location, (2) tumor volume, (3) extracapsular
extension, and (4) seminal vesicle invasion. The index lesion was defined as the cancer focus showing the largest
volume or the one showing extraprostatic extension.
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The 24-sector map was utilized to record the location of
the lesions. According to histopathologic documentation, lesions were classified as clinically significant (Gleason score ≥ 7, including 3 + 4 with prominent but not
predominant Gleason 4 component; tumor volume ≥ 0.5
cm3; extraprostatic extension or a combination of these
features versus an insignificant PCa based on the modified Epstein criteria; (Gleason score (GS) < 7, tumor
volume < 0.5 cm3, and organ-confined PCa [19].
MRI data analysis

Two genitourinary radiologists with 7- and 10-year experience in interpretation of prostate MRI respectively
analyzed the MR images independently. Both were
blinded to the histopathologic results. Prostate cancer
has been identified on MR images on the basis of the
following criteria; T2W hypointense nodular foci in the
peripheral zone or a very pronounced T2W hypointense
sickle-shaped lesion in the transitional zone of the prostate glandthat showed high DWI signal intensity than
the rest of the prostate on the highest b value images
corresponding to low signal intensity on ADC map images. In the transition zone, the PI-RADS assessment
category of a lesion is determined primarily on T2Wimages and correlated to DWI/ADC. An equivocal lesion
in the transitional zone (PI-RADS category 3) is assigned
to PI-RADS category 4 if the DWI corresponds with category 5 (markedly intense greater than 1.5 cm).The lesion remains assigned to PI-RADS category 3 if the DWI
corresponds to DWI category 4 (markedly intense but
less than 1.5 cm) or a lower category.
The ADC map was sometimes used to identify the lesions not well identified by T2 and DWI. Lesion location
was recorded using the pathologic tumor sector
map.The DWIs were analyzed for PI-RADSv2 scoring
using image viewing software (Sante DICOM Viewer
Pro).
The website of the American College of Radiology for PIRADSv2 (http://www.acr.org/Quality-Safety/Resources/PIR
ADS) was used as the reference for DWI scoring of PIRADSv2 [9, 20]. ROIs were drawn manually on the visualized lesion to include as much of the inner aspect of the
lesion as possible without contracting the edges. While
drawing the ROIs, the neurovascular bundle and urethra
were excluded to minimize any error in the calculation of
the ADC.A second ROI of similar size was drawn on the
same MRI slice in a region contra-lateral to the identified
lesion to include benign tissue within the same prostate
zone in the same relative location. The ADC value of each
lesion was calculated within the same image-viewing software. The ADC ratio of benign prostatic tissue to PCa was
estimated for each lesion by the two radiologists independently. The DWI scores of PI-RADSv2 of cancerous lesions
were then reported and revised.
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Statistical analysis

Data were coded and entered using the statistical package SPSS (Statistical Package for the Social Sciences)
version 23. The weighted kappa was evaluated to assess
inter-reader agreement in PI-RADSv2 DWI scoring between the two readers.Quantitative data were analyzed
using mean, standard deviation, minimum, and maximum values for categorical data. The relationship between the tumor ADC value and ADC ratio with the
surgical biopsy Gleason score was analyzed using linear
regression model.
ROC curves were constructed with area under curve
analysis performed to detect best cut-off value of ADC
and ADC ratio for differentiating pathologically aggressive(Gleason score ≥ 7) from non-aggressive (Gleason
score ≤ 6) tumors and to correlate it with PIRADSv2. p
values less than 0.05 were considered statistically
significant.

Results
In the 58 patients enrolled in the study (Table 1), 66
PCa lesions were detected by histopathologic analysis of
the surgical specimens. Ninety-one percent (60/66) of
the lesions were located in the peripheral zone, and 9%
(6/66) were located in the transitional zone. The histopathological type of the diagnosed prostate cancer was
adenocarcinoma in all lesions. Eighty-nine percent (59/
66) of the lesions were clearly identified on the T2 WI.
Localization of the lesions was then confirmed on the
DWI sequences.
Histopathological analysis reported 11(16.6%) lesions
to have Gleason score (3 + 3), 11(16.6%) to have Gleason
score (3 + 4), 14(21%) have Gleason score (4 + 3),
12(18%) had Gleason score (4 + 4), 10(15.2%) had Gleason score (5 + 4), 5(7.5%) had Gleason score (4 + 5), and
3(4.5%) had Gleason score (5 + 5). In the 5 (7.6%) lesions
with negative bi-parametric-MRI findings (false negative), the histologic analysis showed a biopsy Gleason
score of 3 + 3, indicating a well-differentiated tumor,
with two or fewer pathologic cores, each one containing
10% or less malignant cells.
Assessment of inter-reader agreement for PI-RADSv2 DWI
score

Among the 66 pathologically detected lesions (Table 2),
54 lesions were clinically significant. Using the PIRA
DSv2 DW reader 1 detected 91% (50/54) of clinically
significant lesions with score overall score of 4 or 5, and
16 lesions with score 2 or 3. Reader 2 detected 94.5%
(52/54) of clinically significant lesions and 14 lesions
with score 2 or 3 (Table 2). Inter-reader agreement was
satisfactory for PI-RADSv2 DWI score 4 or 5 (weighted
kappa = 0.678; 95% CI, 0.490–0.882). Reader 1 falsely
assigned two benign lesions as prostate carcinoma: one
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was focal prostatitis, and the second was a nodule of
stromal benign prostatic hyperplasia (BPH) and reader 2
falsely reported a small abscess as PCA. There was disagreement for overall PI-RADSv2 DWI score in 6/
55(11%) of clinically significant lesions (Figs. 1 and 2).
Quantitative lesion characteristics

The mean ADC values were significantly lower in
tumor (Figs. 3, 4, 5, 6, and 7) than non-tumor tissue in
the various regions of the gland; in the PZ (0.842 versus
1.138) and in TZ (0.795 versus 1.212) with a significant
p value in both regions (Table 3). The mean ADC value
of the tumors has a strong positive relationship of
multiple R = 0.96 with their Gleason score (Table 4).
The mean ADC value of the tumor has a positive
relationship of multiple R = 0.86 with Gleason score of
different grades of the tumor in the peripheral zone
(Table 5).We also found that the mean ADC of Gleason
score (4 + 3) and Gleason score (3 + 4) has a very
strong positive relationship of multiple R and R2 = 1
(Table 6). Also, a positive relationship (multiple R =
0.87) was found between the ADC ratio and the pathologic Gleason score with a significant elevation of the
ADC ratio along with an increase of the pathologic
Gleason score (Table 5).
ROC curves drawn for the tumor ADC and ADC ratio
were reliable in distinguishing pathologically aggressive
(Gleason score ≥ 7) from non-aggressive (Gleason score
≤ 6) tumors and to correlate it with PIRADSv2 scoring
to predict the presence of clinically significant PCA
(PIRADSv2 DW ≥ 4).The ability of the tumor ADC and
ADC ratio to predict highly aggressive tumors (GS > 7)
was high (AUC for ADC and ADC ratio, 0.946 and
0.897; p = 0.014 and 0.039, respectively). The ADC cutoff value for GS ≥ 7 was < 0.7725 and for GS ≤ 6 was >
0.8620 with sensitivity and specificity 97% and 94%. The
cut-off ADC ratio for predicting (GS > 7) was 1.42 with
sensitivity and specificity 97% and 92%.By applying this
ADC ratio cut-off value the sensitivity and specificity of
reader 1 for correct categorization of PIRADSv2 DW > 4
increased from 90% and 68% to 95% and 90% and that
of reader 2 increased from 94% and 88% to 97 and 92%
respectively. Inter-reader agreement for quantitative
ADC measurement for PI-RADSv2 DWI score 4 or 5
was satisfactory (weighted kappa = 0.718)
T2-weighted imaging increases sensitivity and specificity for detecting PCA. This may be attributed to
increased contrast on DWI images compared with
conventional imaging [21]. When combined with T2weighted imaging, the sensitivity and specificity for PC
range from 71 to 89% and 61 to 91% respectively, compared with 51–86% and 60–84%, respectively, for T2WI
alone [22, 23]. In our study about 12% of the lesions
were not well identified by T2 (these lesions were
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Table 2 PIRADS2 scoring system using DWI for PZ lesions and T2-weighted for TZ lesions
Reader 1 No of
cases

Reader 2 No of
cases

No abnormality (i.e., normal) on ADC and high b value DWI

0

0

Indistinct hypointense area on ADC map

7

8

Focal moderate diffusion restriction with focal mildly/moderately hypointense on ADC and isointense/
3 mildly hyperintense on high b value DWI

9

6

Focal marked diffusion restriction with markedly hypointense on ADC and markedly hyperintense on high
4 b value DWI; < 1.5 cm in greatest dimension

26

25

20

23

Homogeneous intermediate signal intensity (normal

0

0

Circumscribed hypointense or heterogeneous encapsulated nodule(s) (BPH)

1

1

Heterogeneous signal intensity with obscured margins Includes others that do not qualify as 2, 4, or 5

1

2

3

2

1

1

PIRADS-score (DW finding in PZ an TZ lesions)
1
2

Same as 4 but ≥ 1.5 cm in greatest dimension or definite extraprostatic extension/invasive behavior
5
PIRADS-score (T2W finding for TZ lesions)
1
2
3
Lenticular or non-circumscribed, homogeneous, moderately hypointense, and < 1.5 cm in greatest
4 dimension
Same as 4, but ≥ 1.5 cm in greatest dimension or definite extraprostatic extension/invasive behavior
5

predominantly located in the CZ and TZ) and many of
these lesions were better delineated by DW. However,
still 7.5% of lesions could not be identified on the DW
images. We agreed with the previous results obtained by
Tan et al. [24] regarding the limitation of T2 in TZ tumors and limitation of DWI in both TZ tumors and
prostatic base tumors. Evaluation of tumors in prostatic
base by DWI can be limited by increased cellularity in
the normal prostatic base.

The current PIRADSv2 DW recommendations for
prostate cancer reporting rely mainly on the subjective
evaluation of lesion DW signal intensity. The qualitative
scoring of PIRADSv2 is based on the recognition of a
difference in restricted diffusion in the prostate gland
with utilization of terms such as moderately hypointense
and markedly hypointense [9, 10, 12]. Accordingly, the
current PIRADSv2 suffers a high degree of inter-reader
discrepancy. Agreement among highly experienced

Fig. 1 A 67-year-old man with PSA 16 with discordant interpretation in terms of PIRADSv2 DWI score. a Axial T2 showing a moderately
hypointense lesion located dorsally in the left peripheral zone of the apex not abutting the capsule. b DWI of b 800 shows a focal area of
moderate hyperintensity, measuring 1.1 cm, in left PZ (arrow). CADC map also shows low signal intensity of the lesion with mean ADC value
0.922. The ADC ratio was 1.33. The qualitative DWI score was 4 for reader 1 and 3 for reader 2. Histopathology was Adenocarcinoma GS 3 + 3 =
6; tumor volume = 1.1 cm3; organ-confined)
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Fig. 2 A 70-year-old man with total PSA 35 with discordant interpretation in terms of PIRADSv2 DWI score. a Axial T2 showing bilateral diffuse
(non-circumscribed) low signal intensity of the peripheral zone near the apex. b DWI (800) showing bilateral focal bright signal intensity lesions in
PZ (not markedly hyperintense). c, d ADC map also shows low signal intensity of the lesions with mean ADC value 0.782. The ADC ratio between
benign prostatic tissues was 1.63. The qualitative DWI score was 4 for reader 1 and 3 for reader 2 histopathology was adenocarcinoma GS 4 + 3
= 7)

Fig. 3 A 64-year-old man with total PSA 68 with concordant interpretation in terms of PIRADSv2 DWI score. a Axial T2 of the apex showing right
peripheral zone non circumscribed homogenous low signal intensity lesion < 1.5 cm. b DWI of b 800 shows a markedly hyperintense focal lesion
in right PZ (arrow). CADC map also shows marked hypointensity of the lesion with mean ADC value 0.803. The qualitative DWI score was 4 for
readers 1 and 2. The ADC ratio between benign prostatic tissues was 1.58. Histopathology was adenocarcinoma GS 3 + 4 = 7; tumor volume =
1.5 cm3; organ-confined)

Ragheb and Bassiouny Egyptian Journal of Radiology and Nuclear Medicine

(2020) 51:242

Page 7 of 12

Fig. 4 A 78-year-old man with total PSA 83 with concordant interpretation in terms of PIRADSv2 DWI score. a, b Axial T2W with a central zone
isointense signal intensity lesion that was not well identified on T2W images but protruding into bladder. c DWI (at b value 800) showing marked
bright signal intensity of the lesion 1.5 cm. d ADC map image showing marked low signal of the lesion with mean ADC value 0.762. The
qualitative DWI score was 4 for readers 1 and 2. The ADC ratio between benign prostatic tissues was 1.67. Histopathology was Adenocarcinoma
GS 4 + 4 = 7; tumor volume = 1.2 cm3; organ-confined)

readers has been reported to be as low as 51% and between moderately experienced readers as 53% [25, 26].
Inter-reader agreement for PI-RADS may be affected by
the variability among readers in manipulating the display
conditions [27], the difference in radiologists’ level of experience [28] or familiarity with local imaging protocols
[29]. In addition, DWI may underestimate CSC with
small tumor volume (i.e., less than 0.5–1.0 cm3) [30, 31].
Furthermore, there may be significant variability in ADC
values across vendors or MR protocols [32, 33]. In our
study, inter-reader agreement was satisfactory in patients
for PI-RADSv2 DWI score ≥ 4 with disagreement in
only 11% (6/55) of cases. This could be due to
stabilization of the display conditions in the image viewing software, relatively large tumors volume and high
percentage of CSC as well as relatively close level of experience of the two readers.
In concordance with previous studies, current study
results confirmed that the mean ADC value of prostate
cancer lesions is significantly lower than that of the normal prostatic tissue [34–36]. However, because tissue

diffusivity depends on both biological (patient’s age and
body temperature) and technical factors (b value, location, and size of the region of interest), no definite ADC
cut-off for tumors has been established to date [34].
Current study results confirmed the inverse relationship between the ADC value and the GS [35–37]. Doo
et al. [38] evaluated the substantial value of combining
DWI with T2-weighted imaging to detect low- (GS, ≤ 6)
from intermediate- or high-risk (GS, ≥ 7) prostate cancer. They found that the addition of DWI to T2weighted imaging improves the accuracy of detecting
intermediate- or high-grade prostate cancers, but not for
low-grade prostate cancer detection. Similarly Somford
et al. [39] and Cornud et al. [40] showed that the relationship between ADC and GS enabled the prediction of
high-grade tumor. Oto et al. [17] instead found a substantial overlap between the ADC values of tumors with
different GS; however, they concluded that ADC values
of tumors with a GS of 6 and those of tumors with a GS
of 9 were relatively well separated. The results of current
study went more with those of Hambrock et al. [14] and
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Fig. 5 A 76-year-old male patient with total PSA 318with discordant interpretation in terms of PIRADSv2 DWI score. a Axial T2 showing small
hardly defined right sided transitional zone slightly low signal intensity lesion. B-DWI (at b value 800) the lesion was not well identified. b, d ADC
map images showing mild low signal intensity of the lesion with mean ADC value 0.768. The DWI score was 3 for reader 1 and 3 for reader 2.
The ADC ratio between benign prostatic tissues was 1.65. Histopathology was Adenocarcinoma GS 4 + 4 = 6; tumor volume = 0.6
cm3; organ-confined)

Woodfield et al. [41] in that DWI could achieve a high
discriminatory performance in the differentiation between low-, intermediate-, and high-grade cancer. The
mean ADC value of low grade (Gleason score, ≤ 6) was
0.919 mm2/s, of intermediate grade (Gleason score 7)
was 0.799 and of high grade (Gleason score, ≥ 8) tumors
was 0.716 (p value < 0.001).
In a larger study by Nowak et al. [42], they calculated
ADC cut-off values for different criteria for maximum
values of both sensitivity (90.5%) and specificity (62.5%),
ADC values lower than 1.005 × 10_3 mm2/s indicated a
GS > 7, for high sensitivity (95.2%) and specificity of
50%, the cut-off ADC value for GS > 7 was 1.052 × 10_3
mm2/s and ADC of > 0.762 × 10_3 mm2/s indicated rather a 3 + 4 type Gleason grade with an AUC of 69.6%,
corresponding to a sensitivity and specificity of 77.5%
and 64.7% respectively.
In a study by Park et al. [16], they found that the best
cutoff ADC ratio for determining a DWI score ≥ 4 was
greater than 1.3 for both readers. With the use of this
ADC ratio, the rate of inter reader disagreement declined by about half (from 11.8 to 5.9–6.0% in PCa; from

13.8 to 7.0–7.1% in PZ cancer) and the PPV for the presence of CSC was 100%.
In current study, the ROC curve analysis showed that
the ability of the tumor ADC and ADC ratio to predict
highly aggressive tumors (GS > 7) was high (AUC for
ADC and ADC ratio, 0.946 and 0.897; p = 0.014 and
0.039, respectively). The ADC cut-off value for GS ≥ 7
was < 0.7725 and for GS ≤ 6 was > 0.8620 with sensitivity and specificity 97% and 94%. The cut-off ADC ratio
for predicting (GS > 7) was 1.42 and for GS ≤ 6 was >
1.320 with sensitivity and specificity 97% and 92%. By
applying this ADC ratio cut-off value, the sensitivity and
specificity of reader 1 for correct categorization of PIRA
DSv2 DW > 4 increased from 90% and 68% to 95% and
90% and that of reader 2 increased from 94% and 88% to
97 and 92%, respectively.
Accordingly, the addition of ADC ratio can improve
the reliable prediction of clinically significant cancer
(DW score ≥ 4) within the PIARDASv2 system. The
ADC ratio can be widely applied for several reasons.
First, the ADC ratio is simple to measure using the ROI.
Second, the ADC ratio is not affected by display
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Fig. 6 A 73-year-old male patient with total PSA 169 with concordant interpretation in terms of PIRADSv2 DWI score. a Axial T2 showing left
peripheral zone low signal intensity lesion 1.7 cm with wide base abutting the capsule. b DWI (at b value 800) showing marked bright signal
intensity of the lesion. c ADC map image showing marked low signal intensity of the lesion with mean ADC value 0.766. The DWI score was 5 for
readers 1 and 2. The ADC ratio between benign prostatic tissues was 1.66. Histopathology was adenocarcinoma GS 4 + 4 = 8; tumor volume =
1.6 cm3; organ-confined)

conditions (e.g., window width or level). Third, the ADC
ratio can be standardized across different MR protocols
or vendors, because the ADCs of tumor and non-tumor
tissue will change proportionally. Therefore, a universal
ADC ratio cut-off may be applicable in the future for
discriminating significant from non-significant PCa [16].
Our study has multiple limitations. First, because of
the limited sample size, this study has to be considered a
preliminary study warranting further verification in a larger patient population. Second, lack of discrimination
between the measurements taken in the various anatomic locations of the prostate whether in the peripheral
or transitional zones makes this quantitative analysis deficient compared to previous studies which analyzed the
DW parameters in each zone separately; however, this
was due to the very limited number of lesions within the
TZ and CZ. Third, low and intermediate b values were
used in our study but according to the previous literatures there is no consensus on the optimal b value for

DWI of the prostate. Although studies have been made
with high DWI values of (b 2000 s\mm) recent studies
showed that the ADC map constructed with high values
of (b 2000 s\mm) did not add significant information to
differentiate prostate cancer from benign tissue compared to lower values of b [43, 44]. Fourth, the number
of low-grade PCa or clinically insignificant PCa was so
small which could have interfered with the accuracy of
quantitative measurement for discrimination between
low and high grade tumors.

Conclusion
In conclusion, the quantitative analysis of diffusion
weighted metrics (ADC and ADC ratio between benign
prostatic tissues and prostate cancer provide significant
additive value to the PIRADSv2 scoring system. Applying threshold values for ADC and ADC ratio yielded excellent interpretation of DW score ≥ 4 and decreased
the level of inter-reader disagreement.

Ragheb and Bassiouny Egyptian Journal of Radiology and Nuclear Medicine

(2020) 51:242

Page 10 of 12

Fig. 7 A 75-year-old male patient with total PSA 91 with concordant interpretation in terms of PIRADSv2 DWI score. a, b Axial T2 showing
bilateral peripheral zone low signal intensity lesions with extra prostatic extension with right neurovascular bundle involvement. c DWI (at b value
600) showing bright signal of the lesions. d, e ADC map images showing marked low signal intensity of the lesions with mean ADC value 0.682.
The DWI score was 5 for readers 1 and 2. The ADC ratio between benign prostatic tissues was 1.868. Histopathology was adenocarcinoma GS 5 +
4 = 9; tumor volume = 1.9 cm3; organ-confined)

Table 3 Mean ADC value
Mean ADC value
Peripheral zone

Transition zone

Tumor

0.842 ± 0.007

0.795 ± 0.001

Non-tumor tissue

1.138 ± 0.003

1.212 ± 0.002

p value

< 0.0001

< 0.0001

Table 5 Demonstrating the mean ADC value and the standard
deviation of different grades of the tumor in the peripheral
zone
GS
MEAN ADC

6

7

Meana

0.919

0.799

0.716

Standard deviation

± 0.006

± 0.016

± 0.046

1.386

1.594

1.779

ADC ratiob

8-10

a

Multiple R = 0.86, R2 = 0.75
b
Multiple R = 0.87, R2 = 0.77

Table 4 Demonstrating the mean ADC value and the standard
deviation of each Gleason score in the peripheral zone
Gleason score

Table 6 Demonstrating the difference between the mean ADC
value and the standard deviation of Gleason score 3 + 4 and
Gleason score 4 + 3
Gleason score

3+3 3+4 4+3 4+4 4+5 5+4 5+5
Mean
ADC

Mean 0.919 0.812 0.781 0.765 0.710 0.679 0.633
SD

±
±
±
±
±
±
0.006 0.002 0.003 0.003 0.008 0.007

Multiple R = 0.96, R2 = 0.93

ADC

Mean
Standard deviation

Multiple R = 1, R2 = 1

3+4

4+3

0.812

0.781
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