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Abstract

Purpose: To retrospectively determine the optimal b-value(s) of diffusion-weighted imaging 

(DWI) associated with intermediate–high risk cancer in the peripheral zone (PZ) of the prostate.

Materials and Methods: Forty-two consecutive patients underwent multi b-value (16 evenly 

spaced b-values between 0 and 2000 s/mm2) DWI along with multi-parametric MRI (MP-MRI) of 

the prostate at 3 Tesla followed by trans-rectal ultrasound/MRI fusion guided targeted biopsy of 

suspicious lesions detected at MP-MRI. Computed DWI images up to a simulated b-value of 4000 

s/mm2 were also obtained using a pair of b-values (b = 133 and 400 or 667 or 933 s/mm2) from 

the multi b-value DWI. The contrast ratio of average intensity of the targeted lesions and the 

background PZ was determined. Receiver operator characteristic curves and the area under the 

curve (AUCs) were obtained for separating patients eligible for active surveillance with low risk 

prostate cancers from intermediate–high risk prostate cancers as per the cancer of the prostate risk 

assessment (CAPRA) scoring system.

Results: The AUC first increased then decreased with the increase in b-values reaching 

maximum at b = 1600 s/mm2 (0.74) with no statistically significant different AUC of DWI with b-

values 1067–2000 s/mm2. The AUC of computed DWI increased then decreased with the increase 
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in b-values reaching a maximum of 0.75 around b = 2000 s/mm2. There was no statistically 

significant difference between the AUC of optimal acquired DWI and either of optimal computed 

DWI.

Conclusion: The optimal b-value for acquired DWI in differentiating intermediate–high from 

low risk prostate cancers in the PZ is b = 1600 s/mm2. The computed DWI has similar 

performance as that of acquired DWI with the optimal performance around b = 2000 s/mm2.

Multi-parametric MRI (MP-MRI) is widely used to detect, localize, and stage prostate 

cancer (PCa).1–5 Diffusion weighted imaging (DWI) is an integral part of the prostate MP-

MRI.6–10 ADC maps derived from DWI have not only been shown to detect PCa but also 

ADC values correlate with the histologic grade of PCa.10–14 However, lesions on ADC maps 

can be subtle and it has been observed that inclusion of high b value (HBV) DWI improves 

the conspicuity of PCa.15–19 Thus, HBV-DWI has been added to the recommended 

repertoire of sequences obtained during MP-MRI of PCa.6,7

HBV-DWI detects the increased restriction of water in the PCa relative to normal tissue 

without any post processing.8 In normal tissue, water diffuses freely with little or almost no 

MR signal in HBV-DWI. Conversely, PCa tissue has increased diffusion restriction leading 

to a hyperintense signal pattern on HBV-DWI. Therefore, HBV-DWI, in effect, suppresses 

background normal tissue while highlighting PCa, making it easier to detect.20,21 The 

recently published Prostate Imaging and Reporting and Data System (PI-RADSv2) criteria, 

recommends use of acquired or computed HBV-DWI with b-values above 1400 s/mm2 to 

improve the conspicuity of clinically significant cancers.6,7 Multiple studies have tested the 

diagnostic accuracy of HBV-DWI for the detection of PCa,15,16,18–26 however, there has 

been little agreement on the optimal b-value for HBV-DWI.16,20–26 Typically, the highest b-

value used for HBV-DWI is 2000 s/mm2 and the most recent recommendation for HBV-

DWI is 1400–2000 s/mm2.6,7 Therefore, in this manuscript, we explore a range of b-values 

from 0 to 2000 s/mm2 for acquired and up to 4000 s/mm2 for computed HBV-DWI to 

determine the optimal b-value for detecting clinically significant PCa in the peripheral zone 

based on quantitative contrast ratios of lesion to background.

Materials and Methods

Study Population

This retrospective, single-institution study was approved by the local institutional review 

board and was compliant with the Health Insurance Portability and Accountability Act. 

Informed consent was obtained from each patient. This study included 42 consecutive 

patients between March and October 2014 who underwent MP-MRI of the prostate with an 

additional multi b-value DWI (mbDWI) and subsequently underwent trans-rectal ultrasound 

(TRUS)/MRI fusion guided targeted biopsy of peripheral zone (PZ) lesions identified on 

MP-MRI.27 Patients were excluded for prior focal therapy of the prostate (1 patient) or 

excessive motion on the multi b-value DWI (2 patients). The final study population consisted 

of 39 patients (mean age: 64.8 years; median age = 64.1 years; range = 44.3–79.5 years) 

with a mean serum prostate specific antigen (PSA) of 10.20 ng/mL (median = 11.56 ng/mL; 
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range = 6.17–39.00 ng/mL) and an average of 40.4 days between scan time and biopsy date 

(median = 21 days; range = 1–128 days).

MR Imaging

Prostate MP-MRI was obtained on a 3 Tesla (T) clinical MR scanner (Achieva-TX, Philips 

Healthcare, Best, The Netherlands) using the anterior half of a 32-channel SENSE cardiac 

coil (Invivo; Gainesville, FL), and an endorectal coil (ERC) (BPX-30, Medrad, Pittsburgh, 

PA). The ERC was placed using a semi-anesthetic gel (Lidocaine, AstraZeneca, London) 

while the patient was in the left lateral decubitus position. The balloon surrounding the coil 

was distended with perfluorocarbon (3 mol/L-Fluorinert, 3M, St. Paul, MN) to a volume of 

45 mL to reduce susceptibility artifacts. The MP-MRI protocol included tri-planar T2W-

MRI, axial DWI with five evenly spaced b values between 0 and 750 s/mm2 referred to as 

standard DWI, axial HBV-DWI with b-values of 0, 1000, and 2000 s/mm2, axial DCE MRI 

and whole abdomen axial T1W MRI.

Additionally, axial mbDWI with 16 evenly spaced b-values between 0 and 2000 s/mm2 (b = 

0, 133, 266, 400, 533, 667, 800, 933, 1067, 1200, 1333, 1467, 1600, 1733, 1867, and 2000 

s/mm2) was obtained. Gradient overplus technique for diffusion encoding was used to 

reduce the echo time (TE) to 58 ms for b = 2000 s/mm2. mbDWI was obtained using SENSE 

accelerated (SENSE factor 2) partial-Fourier (halfscan factor = 0.732), single-shot SE-EPI 

with TR/TE = 3990 ms/58 ms, FOV = 140 × 140 mm, scan resolution = 2.19 × 2.19 mm, 

recon resolution = 1.09 × 1.09 mm. A limited coverage of prostate with slice thickness/gap = 

2.73 mm/0.27 mm, number of slices = 16, number of averages = 2 was used to limit the scan 

time to 6 min 11 s. The acquisition time was 8 seconds for b = 0 s/mm2 DWI and 24 s to 

acquire 3 directions of the each of the non-zero DWI.

Calculated-DWI images were also obtained using two DWI images from mbDWI.15 

Calculated-DWI at a given b-value (cDWIb) is computed as follows,

cDWIb = DWIb1exp b − b1
b2 − b1ln

DWIb2
DWIb1

, b2 > b1 (1)

where DWIb1 and DWI b2 are acquired DWI from mbDWI at b-values of b1 and b2, 

respectively. Calculated DWI was obtained for 33 b-values from 0 to 4000 s/mm2 by fixing 

the smaller b-value at 133 s/mm2 (the lowest non-zero acquired b-value) while the higher b-

value was set at 400, 667, or 933 s/mm2 to mimic different b-value combinations used in 

clinical practice for calculated HBV-DWI.7,15,18,28

TRUS/MRI Fusion Biopsies and ROI Drawings

Lesions were identified prospectively on MP-MRI (triplane T2W MRI, ADC maps derived 

from axial DWI, b = 2000 s/mm2 DWI from axial HBV-DWI and raw DCE MRI) by the 

same two radiologists (B.T. with 9 years and P.L.C. with 15 years of experience in reading 

prostate MRI) in consensus using an in-house scoring system for all patients as part of 

standard clinical interpretation.4 PI-RADSv2 was not available at the data acquisition phase 
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of this study, therefore, it was not used. Fusion-guided biopsies were performed for all 

identified lesions along with standard 12 core systemic biopsy. Biopsies were performed on 

a commercial TRUS/MRI fusion guided biopsy system (UroNav, Invivo, Gainesville, FL), 

where these identified lesions marked on high resolution T2W axial MRI is registered in real 

time with TRUS imaging plane to guide and obtained the biopsies from the lesions identified 

on MP-MRI. All lesions that were identified histopatho-logically as PCa from targeted 

biopsies were contoured on a single slice of b = 0 s/mm2 DWI from mbDWI and on a single 

slice of the ADC map using an open source software (Medical Image Processing, Analysis, 

and Visualization [MIPAV]; National Institutes of Health, Bethesda MD) In addition, the 

entire PZ region was also contoured on the same slice where the targeted lesion(s) was/were 

identified (Figure 1) for background signal measurement.

PCa Classification

Biopsy specimens were evaluated by an experienced genitourinary pathologist (M.J.M., with 

over 20 years of experience). All PCa lesions were classified either as low or intermediate–

high risk using the CAPRA scoring system.29,30 This classification was used to identify low 

risk patients eligible for active surveillance with PSA less than or equal to 6.0 ng/mL, less 

than 34% of a biopsy core involved with cancer and no primary Gleason pattern of 4 and 5.

Image Analysis

MATLAB (The MathWorks, Inc., Natick, MA) was used to perform image and some 

statistical analysis. The contrast between PCa and normal PZ on the same section was 

computed for DWI images on multi b-value DWI, 3-b-value DWI, and ADC. The contrast 

was defined as,

C =
Ic − Ib

Ib
(2)

where Ic is the mean value over the PCa ROI and Ib is the mean value over the background 

PZ tissue.

Statistical Analysis

Statistical analysis was performed using R (The R Project for Statistical Computing). 

Performance of contrast in ADC maps obtained using standard DWI and in acquired and 

computed DWI images from mbDWI was evaluated using the area the under the curve 

(AUC) of receiver operating characteristics (ROC) analysis.31 Paired comparisons between 

the AUC were done using Delong method.32,33 p-values below 0.05 were considered 

statistically significant.

Results

The final study population of 39 patients had 53 cancers (n = 17 Gleason 6(3+3), n = 16 

Gleason 7(3+4), n = 5 Gleason 7(4+3), n = 1 Gleason 8(3+5), n = 8 Gleason 8(4+4), n = 6 

Gleason 9(4+5)). A total of 29 patients had one cancer lesion, 7 patients had two cancer 
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lesions, 2 patients had 3 cancer lesions, and 1 patient had 4 cancer lesions. As per CAPRA 

criteria, of 53 cancer lesions, 29 cancer lesions were identified as intermediate–high risk and 

24 lesions were identified as low risk cancers. Biop-sy cores rather than PSA dictated the 

low and intermediate–high CAPRA scoring in 10 patients with multiple cancer lesions.

The mean ROI area drawn on mbDWI was 99.4 mm2 ± 89.8 mm2 (median: 75.4 mm2; 1st 

and 3rd quar-tile: 41.9 mm2 and 104.7 mm2, respectively; range: 14.3– 394.8 mm2). The 

ADC values obtained from standard axial DWI for low and intermediate–high risk PCa were 

1.1942 ± 0.2091 mm2/s and 1.0795 ± 0.2120 mm2/s, respectively. The ADC values for low 

risk PCa patients obtained from 133 s/mm2 and 400, 667, and 933 s/mm2 were 1.4105 

± 0.1624, 1.3269 ± 0.1433, and 1.2459 ± 0.1232 mm2/s, respectively. Similarly, the ADC 

values for intermediate– high risk PCa patients obtained from 133 s/mm2 and 400, 667, and 

933 s/mm2 were 1.1112 ± 0.2309, 1.0282 ± 0.2144, and 0.9800 ± 0.1975 mm2/s, 

respectively.

Figure 2 shows the AUC of the ROC curve for differentiating intermediate–high risk PCa 

from low risk PCa. The AUC of contrast ratio of ADC maps obtained from standard axial 

DWI was 0.55. The AUC for the acquired DWI images from mbDWI increased rapidly with 

higher b values between b = 266 s/mm2 (AUC = 0.52) and b = 1067 s/mm2 (0.70) reaching 

maximum at b = 1600 s/mm2 (0.74). Beyond b = 1600 s/mm2, there is a minor decrease in 

AUC to 0.70 at b = 2000 s/mm2. There was no statistically significant difference between 

the AUC of DWI at b = 1600 s/mm2 and AUC of the acquired DWI in b-values ranging from 

1067 s/mm2 to 2000 s/mm2.

Similarly, the AUC of calculated DWI from multi b-value DWI increased rapidly with 

increase in b-values up to b = 1200 s/mm2 reaching maximum of 0.75 at b = 1500 s/mm2, 

0.76 at b = 2125 s/mm2 and 0.75 at b = 1375 s/mm2 for b = 133 and 400 s/mm2, b = 133 and 

667 s/mm2 and b = 133 and 933 s/mm2, respectively. Beyond the b-value with the highest 

AUC, there is a minor decrease in AUC until b = 4000 s/mm2. There is no statistically 

significant difference between the AUC of optimal acquired DWI at b = 1600 s/mm2 and 

optimal calculated DWI. Figures 3 and 4 show sample patients with low risk and 

intermediate–high risk PCa, respectively.

Discussion

DWI plays a critical role in MRI of the prostate. Hypointense signal pattern on ADC maps 

and hyperintense signal on HBV-DWI are used as an important imaging marker for the 

presence of PCa.6,7,34 Although HBV-DWI has been hypothesized to detect high risk PCa, 

the current literature is focused on differentiating PCa from normal prostate tissue15,16,18–26 

with no clear choice of optimal b-value. In this manuscript, we evaluated the performance of 

acquired and calculated HBV-DWI to distinguish low risk PCa from intermediate–high risk 

PCa using 16 equally spaced b-value images ranging from 0 to 2000 s/mm2. Our results 

show that DWI obtained with b = 1600 s/mm2 has the optimal AUC (0.74) for 

discriminating low risk from intermediate– high risk cancers. However, the differences in 

AUC among the different b-values >1000 s/mm2 were small suggesting that even a b-value 

around 1067 s/mm2 can be sufficient for the depiction of high risk cancers. The calculated 
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DWI images derived from relatively low b-values (<1000 s/mm2) can also be used to replace 

direct HBV-DWI.

PI-RADSv2 recommends DWI to be used as the primary pulse sequence for lesions in the 

peripheral zone. This formulation includes qualitative evaluation of ADC maps and high b-

value DWI (with b-values between 1400 and 2000 s/mm2, if adequate signal-to-noise ratio 

[SNR] permits).7 HBV-DWI is advantageous because it suppresses background normal 

tissue and most of the low risk PCa. The higher diffusion of background tissue and low risk 

PCa quickly decays to noise levels with increases in b-value due to its higher ADC value, 

then plateaus at higher b-values. However, the DWI intensity of intermediate–high risk PCa 

decreases more slowly with the increase in b-value due to the impeded diffusion in these 

tumors. In this manuscript, we have shown that the performance of acquired high b-value 

DWI peaked at b = 1600 s/ mm2, then decreased with the further increase in b-values. 

Furthermore, there was no statistically significant difference in the performance of acquired 

high b-value DWI between b-values of 1000 s/mm2 and 2000 s/mm2. Therefore, this 

manuscript supports the consensus recommendation in PI-RADSv2.

In most MP-MRI studies, DWI is evaluated qualitatively based on ADC maps and the 

appearance of bright lesions on HBV-DWI.6,7 This work concurs with several prior studies 

that state that b = 2000 s/mm2 HBV-DWI has better diagnostic performance in comparison 

to b = 1000 s/mm2 (see references 16,21–26) and also in comparison to b = 500, 1000, and 

2000 s/mm2.20 Both b = 1500 s/ mm2 and b = 2000 s/mm2 HBV-DWI have similar and 

improved diagnostic performance compared with b = 1000 s/mm2 and b = 2500 s/mm2.19 

However, the distinction between clinically insignificant (low risk) and clinically significant 

(intermediate–high risk) cancers was not made in these studies. This study differs from 

previous studies because it compares the ability of HBV-DWI to distinguish low from 

intermediate–high risk tumors. Patient selection for biopsy is an important consideration in 

reducing health care costs related to the use of MRI for PCa. By identifying patients with 

abnormal but low risk disease, some biopsies could be avoided or at least deferred.

This study has several limitations. First, we used TRUS/MRI fusion guided biopsy as a 

validation method instead of radical prostatectomy. The advantage of doing this is that it 

allows a broader class of patients to be included in the study (i.e., active surveillance and 

radiation therapy candidates as well as surgical candidates). There is a chance that a tumor 

will be missed on MP-MRI or missed/ undersampled at biopsy because this study did not 

use whole-mount histopathology as the gold standard. However, TRUS/MRI fusion guidance 

has been proven highly effective in diagnosing patients with intermediate/high grade tumors 

compared with traditional systematic biopsy.35 A second limitation of this study is that only 

lesions positive on MP-MRI were included. Across multiple studies, the false negative rate 

for the detection of intermediate–high risk cancer is <5% using MP-MRI so this should have 

a small impact on the results. AUC is not perfect, indicating that this method still misses 

some tumors and false calls others positives. HBV-MRI, while a step forward, is not the 

definitive method for diagnosing such cancers. Other methods, alone or in combination, may 

be needed to further improve the diagnosis of intermediate high risk PCa. A third limitation 

of this study is that the use of an endorectal coil and images acquired at a field strength of 

3T may not be performed in all centers. Scans obtained with lower SNR may have different 
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optimal high b-values compared with what we found in this study. A fourth limitation of this 

study included using the CAPRA method on a per lesion basis instead of on a per patient 

basis. The CAPRA scoring system is one of the very few available validated nomograms that 

can allow patients with secondary Gleason pattern 4 to be an active surveillance candidate. 

Using this system on a per patient basis would not contribute to our primary objective to find 

the best high b-value in the detection of high risk prostate cancer in the peripheral zone as 

the sample size would artificially dilute our lesion categorizations. Thus, using the CAPRA 

scoring system on a per lesion basis was useful as an extra step to biopsy confirmation. 

Finally, this is a retrospective study with a relatively limited patient/ lesion population size 

which could introduce a potential patient selection bias that would be less likely to occur 

prospectively. However, the patients in this study were consecutive reducing the likelihood 

of a specific selection bias.

In conclusion, our study shows that b = 1600 s/mm2 is the optimal b-value for HBV-DWI in 

separating high risk PCa from low risk PCa. HBV-DWI at b = 1600 s/mm2 and HBV-DWI 

between b = 1067 and b = 2000 s/mm2 has similar performance indicating that a HBV-DWI 

with b-value between 1067 and 2000 s/mm2 can be comfortably used to detect high risk PCa 

lesions. The computed HBV-DWI computed without perfusion effect performed similar to 

that of acquired HBV-DWI with best performance around b = 2000 s/mm2.
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FIGURE 1: 
ROIs drawn for a right peripheral zone (PZ) lesion of a 61-year-old PCa patient with PSA of 

5.29 ng/mL on Axial T2W MRI (A), ADC map (B), and high b value DWI acquired at b = 0 

s/mm2 (C). TRUS/MRI fusion guided biopsy showed Gleason 7 (4+3) in the right PZ lesion.
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FIGURE 2: 
The AUC obtained from the ROC of diffusion quantitates to separate active surveillance 

patients with low risk PCa from active treatment patients with intermediate–high risk PCa as 

per CAPRA criteria. AUC was obtained for acquired mbDWI and computed DWI obtained 

from pair of b-values from mbDWI.
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FIGURE 3: 
A 69-year-old PCa patient with serum PSA of 3.05 ng/mL and CAPRA scored low risk PCa 

in midline anterior peripheral zone is seen on axial T2W (A), ADC map (B), high b value 

DWI acquired at b = 1600 s/mm2 (C), and computed high b value DWI at b = 1600 s/

mm2computed using acquired DWI images at b = 133 and 667 s/mm2 (D). Targeted 

TRUS/MRI fusion guided biopsy revealed Gleason 314 with 20% core involvement. The 

lesion is clearly visible on T2W MRI (A) and ADC map (B); however, it shows isointense 

signal pattern compared with the rest of the prostate on both acquired b = 1600 DWI (C) and 

computed b1600 DWI (D) (arrows).
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FIGURE 4: 
A 77-year-old PCa patient with serum PSA of 15.08 ng/mL and CAPRA scored high risk 

PCa in right apical-mid peripheral zone identified on axial T2W (A), ADC map (B), high b 

value DWI acquired at b = 1600 s/mm2 (C), and computed high b value DWI at b = 1600 

s/mm2computed using acquired DWI images at b = 133 and 667 s/mm2 (D). Targeted 

TRUS/MRI fusion guided biopsy revealed Gleason 3+5 with 80% core involvement. The 

lesion is clearly visible on T2W MRI (A) and ADC map (B); moreover it shows 

hyperintense signal pattern compared to the rest of the prostate on both acquired b = 1600 

DWI (C) and computed b1600 DWI (D) (arrows).
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