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Abstract

Purpose—To determine whether prostate-specific antigen (PSA) levels adjusted by prostate and 

zonal volumes estimated from magnetic resonance imaging (MRI) improve the diagnosis of 

prostate cancer (PCa) and differentiation between patients who harbor high-Gleason-sum PCa and 

those without PCa.

Materials and Methods—This retrospective study was Health Insurance Portability and 

Accountability Act (HIPAA)-compliant and approved by the Institutional Review Board of 

participating medical institutions. T2-weighted MR images were acquired for 61 PCa patients and 

100 patients with elevated PSA but without PCa. Computer methods were used to segment 

prostate and zonal structures and to estimate the total prostate and central-gland (CG) volumes, 

which were then used to calculate CG volume fraction, PSA density, and PSA density adjusted by 

CG volume. These quantities were used to differentiate patients with and without PCa. Area under 

the receiver operating characteristic curve (AUC) was used as the figure of merit.

Results—The total prostate and CG volumes, CG volume fraction, and PSA density adjusted by 

the total prostate and CG volumes were statistically significantly different between patients with 

PCa and patients without PCa (P ≤ 0.007). AUC values for the total prostate and CG volumes, and 

PSA density adjusted by CG volume, were 0.68 ± 0.04, 0.68 ± 0.04, and 0.66 ± 0.04, respectively, 
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and were significantly better than that of PSA (P < 0.02), for differentiation of PCa patients from 

patients without PCa.

Conclusion—The total prostate and CG volumes estimated from T2-weighted MR images and 

PSA density adjusted by these volumes can improve the effectiveness of PSA for the diagnosis of 

PCa and differentiation of high-Gleason-sum PCa patients from patients without PCa.

Prostate cancer (PCa) is the most commonly diagnosed nonskin cancer in men in the US.1 

PCa screening is driven by serum prostate-specific antigen (PSA) values and digital rectal 

examination (DRE), with a definitive diagnosis based on histologic analysis of tissue 

obtained by random transrectal ultrasound (TRUS)-guided biopsies. However, only about 

one-third of the patients with elevated PSA have positive biopsies.2–6 This low detection rate 

is in part due to the blind approach of the TRUS-guided biopsy and the limitations of the 

PSA test should not be overlooked. Because elevated PSA can also be caused by benign 

prostatic conditions such as benign prostatic hyperplasia (BPH) and prostatitis, identifying 

those patients with benign conditions can potentially help avoid a large number of 

“unnecessary” prostate biopsies. On the other hand, PSA also tends to be elevated in patients 

with biologically aggressive PCa, which may be characterized by Gleason sums ≥7.7,8 

Obviously, identification of patients likely to harbor aggressive PCa is clinically important 

for better-informed counseling and treatment selection.

Anatomically, the prostate is composed of several zonal structures developed from different 

embryological origins.9,10 Prostate diseases also tend to correlate with this zonal structure, 

eg, the central gland (CG), including transition zone and central zone, is the typical site of 

BPH, whereas the peripheral zone (PZ) accounts for 75–85% of all PCa.11 We hypothesize 

that, due to different cancer risk in the CG and PZ, prostate zonal volumes can provide 

additional information in the assessment of personalized risk of PCa.

Because PSA is produced by both normal prostate tissue and prostate cancer, it follows that 

adjusting the PSA value by prostate volume may improve the effectiveness of PSA for 

identification of patients who harbor PCa. This idea has its origin in the well-known PSA 

“density,” whereby the PSA value is divided by the prostate volume, estimated from either 

DRE or TRUS. Both the total prostate and zonal prostate volumes have been used and 

several studies have shown that PSA adjusted by prostate volumes have advantages over the 

PSA level alone in different settings.12–19 However, determination of prostate volume with 

DRE or TRUS is notoriously inaccurate. On the other hand, estimation of prostate volumes 

from magnetic resonance imaging (MRI) is potentially much more accurate.20–25 

Furthermore, with MRI-based segmentation, it is possible to differentiate the total prostate 

volume from the volume of the CG. The purpose of this study was, therefore, to determine 

whether elevated PSA levels adjusted by prostate and zonal volumes estimated from MRI 

improve the diagnosis of PCa and differentiation between patients who harbor high-Gleason-

sum (Gleason sum ≥7) PCa and those without PCa.
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Materials and Methods

Patients

This retrospective study was approved by the Institutional Review Board of participating 

medical institutions where patient data were collected with a waiver of informed consent and 

was in compliance with the Health Insurance Portability and Accountability Act. Two 

groups of patients were included in this study. The PCa patient group included 61 

consecutive patients diagnosed with PCa by TRUS-guided prostate biopsy between 

September 2008 and February 2010 who: 1) underwent multiparametric MRI with 

endorectal coil on 1.5T or 3.0T scanners, 2) subsequently underwent radical prostatectomy, 

and 3) did not receive radiation or hormonal therapy prior to MRI. The non-PCa patient 

group included 100 consecutive patients with elevated PSA and/or abnormal DRE who: 1) 

had a negative 12-core TRUS-guided prostate biopsy, and 2) subsequently had a negative 

MR-ultrasound-fusion guided targeted prostate biopsy.

The time interval between the PSA measurement and the MR study for all the patients was 

in the range of 7–69 days with an average of 28.6 days. The PCa patients and non-PCa 

patients were not intentionally matched in terms of the age, prostate volume, and PSA level.

The prostatectomy specimens of the 61 PCa patients were reviewed and Gleason sums were 

determined based on the histopathological analysis of the specimens by a genitourinary 

pathologist (T.A., 8 years experience in genitourinary pathology).

The patients diagnosed with PCa have been reported in a previous study,26 and the patients 

with elevated PSA and/or abnormal DRE but no PCa have been reported previously in 

another study with a larger patient cohort.27 However, the current study investigated the 

characteristics of the patients for a different purpose.

MRI Protocols

All MR scans were performed with both an endorectal coil (Medrad, Warrendale, PA) and a 

phased-array surface coil by using either a 1.5T or 3.0T Achieva MR scanner (Philips 

Medical Systems, Eindhoven, Netherlands [n = 131]), or a 1.5T Excite MR scanner (GE 

Healthcare, Waukesha, WI [n = 30]). Immediately before the MR scan, 1 mg glucagon 

(Lilly, Indianapolis, IN) was injected intramuscularly to reduce peristalsis of the rectum. We 

imaged the entire prostate and oriented axial images to be perpendicular to the rectal wall, 

based on the sagittal images. A parallel imaging factor of 2 was utilized in all sequences. 

The following image types were obtained: axial, coronal, and sagittal T2-weighted fast spin 

echo (FSE), axial T1-weighted FSE, axial free-breathing diffusion-weighted imaging (DWI), 

and axial free-breathing dynamic contrast enhanced-MR (DCE-MR) imaging. Acquisition of 

DCE-MR images (of the entire prostate) started 30 seconds before intravenous bolus 

administration of 0.1 mmol/kg Gadodiamide (Omniscan, GE Healthcare, Princeton, NJ), 

which was followed immediately by a 20-mL saline flush at the rate of 2.0 mL/s. The total 

image acquisition time was ~45 minutes. Due to logistic reasons, MRI protocols were not 

identical for patients with PCa and patients without PCa. Detailed T2-weighted imaging 

acquisition protocols are given in the Appendix.
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Prostate Volume Estimation

The method for estimation of the total prostate, and CG, volumes from T2-weighted MR 

images was reported previously.26 Briefly, the entire prostate and the CG was 

semiautomatically segmented on T2-weighted MR images28 and a radiologist (A.O., 10 

years experience in prostate MRI) reviewed and manually corrected the segmentation 

results, especially at the base and the apex of the prostate, to ensure accuracy. This method 

was used in this study for analysis of the patients diagnosed with PCa. For logistic reasons, 

the total prostate and CG volumes of the non-PCa patients were estimated with different 

automated prostate segmentation software.29 However, both methods were validated using 

prostatectomy specimens as the reference.26,29 For all patients, the total prostate and the CG 

volumes were estimated by multiplying MRI voxel size (in cm3) by the number of voxels 

within a segmented volume. Subsequently, the PZ volume was estimated by subtracting the 

CG volume from the total prostate volume. We defined the CG volume fraction as the CG 

volume divided by the total prostate volume.

Volume-Adjusted PSAs (PSA Densities)

Volume-adjusted PSA, or PSA density (PSAD), was estimated by dividing PSA value by the 

total prostate volume, and CG volume-adjusted PSA (PSAD-CG) was estimated by dividing 

PSA value by the CG volume.

Statistical Analysis

Prostate volumes and PSAD were compared by using the Mann–Whitney U-test between 

patients who harbor high-Gleason-sum (Gleason sum ≥7) PCa and those without PCa, and 

between patients who harbor PCa and those without PCa. The Pearson correlation 

coefficient (r) between prostate and its zonal volumes was estimated. We used receiver 

operating characteristic (ROC) analysis to evaluate the effectiveness of prostate volume and 

volume-adjusted PSAD for the identification of PCa from non-PCa patients.30 Proper 

binormal ROC curves were estimated with maximum likelihood estimation 31 and the area 

under the ROC curve (AUC) was used as the figure of merit. The conventional bivariate 

binormal model was used to compare two AUC values statistically.32 Statistical significance 

was assessed by comparing two-tailed P-values with both the critical value of α = 0.05, and 

the critical value corrected with the Bonferroni method for each set of the comparisons.

Results

The median age was 64 (average 63.3, range 52–75) years and 61 (average 60.6, range 44–

77) years, respectively, for the 61 PCa patients and the 100 non-PCa patients. For the PCa 

patients, 13% (8/61), 66% (40/61), 11% (7/61), and 10% (6/61) had Gleason sums of 6, 7, 8, 

and 9, respectively.

In Fig. 1 we show typical segmentation results of the whole prostate and the CZ for a PCa 

patient.
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Total Prostate and Zonal Volumes and PSA

Comparisons of the total prostate and zonal volumes are listed in Table 1 between the 61 

PCa and 100 non-PCa patients, and in Table 2 between the 53 high-Gleason-sum (Gleason 

sum ≥7) PCa and 100 non-PCa patients. The differences in the total prostate volume and in 

the CG volume between the patient groups in both comparisons were statistically significant, 

but the differences in the PZ volume were not statistically significant (Tables 1 and 2). The 

correlation between the total prostate volume and the CG volume was strong (r = 0.96, P < 

0.0001 among PCa patients and r = 0.99, P < 0.0001 among non-PCa patients), but the 

correlation between the CG volume and the PZ volume was weaker (r = 0.16, P = 0.2 among 

PCa patients and r = 0.44, P < 0.0001 among non-PCa patients). The CG ratio was 

statistically significantly different between PCa and non-PCa patients (Table 1) and between 

high-Gleason-sum (Gleason sum ≥7) PCa and non-PCa patients (Table 2).

Similar comparisons of PSA and PSADs are also shown in Tables 1 and 2. PSA was not 

significantly different between PCa and non-PCa patients or between high-Gleason-sum PCa 

and non-PCa patients, but both PSAD and PSAD-CG were statistically significantly 

different between the patient groups in both comparisons, demonstrating improved 

discrimination effectiveness.

Classification Performance

The AUC values, for differentiation of PCa from non-PCa patients and differentiation of 

high-Gleason-sum PCa from non-PCa patients, of the total prostate and zonal volumes, PSA, 

and PSADs are listed in Table 3. Figures 2 and 3 show the ROC curves for differentiation of 

PCa from non-PCa patients and differentiation of high-Gleason-sum PCa from non-PCa 

patients, respectively. For differentiation of PCa from non-PCa patients, the AUC values of 

the total prostate volume (P = 0.01) and CG volume (P = 0.01) were statistically 

significantly greater than that of PSA, at the critical level of 0.05. For differentiation of high-

Gleason-sum PCa from non-PCa patients, the AUC values of the total prostate volume (P < 

0.001), the CG volume (P < 0.001) and PSAD-CG (P = 0.02) were statistically significantly 

greater than that of PSA, at the critical level of 0.05. After the Bonferroni correction, the 

critical level was adjusted to 0.05/12 = 0.004. The significance was then diminished, except 

the total prostate and CG volumes for differentiation of high-Gleason-sum PCa from non-

PCa patients.

Discussion

Because of well-known limitations of PSA screening,33 there has been considerable effort to 

improve the accuracy of PSA-based screening by adjusting PSA for prostate volume (PSA 

density) or for the rate of PSA increase (PSA velocity). For example, PSAD adjusted by the 

CG volume has been shown to be more accurate than PSAD adjusted by the total prostate 

volume, using sonography for volume estimation.14 Similarly, we show in this study that 

PSAD adjusted by MRI-based total prostate and CG volumes improves the differentiation of 

patients who harbor higher-grade PCa from those who do not have PCa. This conclusion is 

supported by a previous study with fewer patients (n = 73).13 Other studies have also shown 

that PSAD adjusted by the total prostate or CG volumes improves specificity of PCa 

Peng et al. Page 5

J Magn Reson Imaging. Author manuscript; available in PMC 2018 December 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



detection and reduces the number of biopsy recommendations.12,15,17,18 In a recent study of 

129 patients who underwent prostatectomy, PSA adjusted by the CG volume was found 

significantly different between patients with indolent versus high-Gleason-sum PCa.16 These 

results, taken together, support the notion that PSAD adjusted for MRI-derived total prostate 

and zonal volumes is potentially useful for identification of men with high-Gleason-sum 

PCa.

Studies of large numbers of patients have shown that the CG volume (or the transition zone 

volume) is smaller in PCa patients than in patients with BPH but not PCa.34–36 In a study of 

69 patients, the CG volume was found smaller in PCa patients than in BPH patients, whereas 

the total prostate volume was found similar in the two groups.36 In another study, the CG 

volume was found to be a better determinant of BPH size than the total prostate volume, and 

the ratio of CG volume to total prostate volume was also found to be correlated with clinical 

parameters of BPH.37 In a third study of 235 patients with intermediate PSA levels (4.1–10 

ng/mL), the total prostate and the CG volumes were found to have significantly greater 

predictive values than PSA for the detection of PCa.17 The results of these studies indicate 

that the total prostate and zonal volumes can help improve the effectiveness of PSA in 

differentiation of PCa from BPH.

It is well known, however, that TRUS has limited reproducibility, and inaccurate volume 

estimation from TRUS hinders widespread clinical use of prostate volume as a diagnostic 

variable.21 With TRUS, the total prostate and CG volumes were estimated based on an 

approximation of an ellipsoid—volume = π / 6 × length × width × height—with the three 

linear dimensions estimated using TRUS images. However, the prostate is not an ellipsoid, 

and this assumption can lead to large errors in the volume estimation.21 Furthermore, small 

errors in each of the three linear dimensions can aggregate into large errors due to the effects 

of the multiplication. Moreover, TRUS-based estimation of linear dimensions is known to 

vary in patients with large prostates and vary with observer experience.21

Compared with TRUS, MRI has higher spatial resolution and better soft tissue contrast, and 

thus it should provide more accurate and more robust volume estimation.13,22,24 

Furthermore, computer segmentation methods can be applied to MR images for automatic or 

semiautomatic segmentation of the prostate,20,23 and for segmentation of the CG and PZ.
10,38–40

This retrospective study has several limitations. Due to the selection bias, direct 

extrapolation of the conclusions to other patient groups may not be appropriate. Verification 

bias exists between the PCa and non-PCa patient groups: All patients with PCa underwent 

prostatectomy, while negative MR-TRUS-guided biopsy cannot rule out PCa completely for 

the “non-PCa” patients since the follow-up data for the “non-PCa” patients was not 

available. Because of the multicenter study setting, the patients were imaged on several 

different MR scanners and the method of volume estimation from MRI was not exactly the 

same for all patients. Because the DRE and TRUS prostate volumes were not routinely 

measured in our institutions, we did not compare the MRI-based prostate volumes with the 

TRUS prostate volumes. In addition, due to the subjective nature of the Gleason grading 
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system, Gleason score has its own limitations in reproducibility and sampling effect. Finally, 

there were large variations in patient age and, hence, the size of their prostates.

In conclusion, this study indicates that the total prostate and CG volumes estimated from T2-

weighted MR images can help the diagnosis of PCa and differentiate patients with PCa from 

patients with elevated PSA but without PCa. The tools for segmentation of the prostate and 

its zonal structures from MRI are highly sophisticated. As MRI is used more and more 

frequently for the management of PCa, the clinical utility of MRI-based prostate volume 

estimates and PSADs deserve further studies to explore their potential for identification of 

patients at high risk for PCa.
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APPENDIX: MRI Acquisition Protocols

GE Healthcare Unit Protocol

An array spatial sensitivity encoding technique (ASSET) (parallel imaging) factor of two 

was used in all sequences. T2-weighted imaging parameters were as follows: repetition 

time / echo time, 3200–3500/90–100 msec; matrix, 192 × 256; echo train length, 19; number 

of signals acquired, 4; section thickness, 3 mm; intersection gap, 0 mm; and field of view, 

14–16 cm.

Philips Healthcare Unit Protocol

For prostate cancer patients, T2-weighted imaging parameters were as follows: repetition 

time / echo time, 4300–5000/120 msec; matrix, 204 × 256; echo train length, 24; number of 

signals acquired, 4; section thickness, 3 mm; intersection gap, 0 mm; field of view, 14–18 

cm; and spatial resolution, 0.8 × 0.8 × 3 mm. For nonprostate cancer patients, T2-weighted 

imaging parameters were as follows: repetition time / echo time, 8869/120 msec; matrix, 

304 × 234; flip angle, 90°; section thickness, 3 mm; intersection gap, 0 mm; field of view, 14 

cm; and spatial resolution, 0.27 × 0.27 × 3 mm.
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FIGURE 1. 
Segmentation results for a 66-year-old patient with PSA level of 6.92 ng/mL, a negative 12-

core transrectal ultrasond-guided biopsy, and a negative MR-ultrasound-fusion guided 

targeted prostate biopsy. Shown are the transverse (A), coronal (B), and sagittal (C) T2-

weighted MR images, and the segmentation results of the whole prostate and the central 

gland (D) in green and red colors, respectively. Based on the segmentation results, the 

central gland and the peripheral zone are measured 42 and 27 cc in volume, respectively.
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FIGURE 2. 
ROC curves for the total prostate volume, CG volume, CG-adjusted PSA density, PSA 

density, and PSA concentration in the classification of PCa patients and non-PCa patients 

with elevated PSA level.
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FIGURE 3. 
ROC curves for the total prostate volume, CG volume, CG-adjusted PSA density, PSA 

density, and PSA concentration in the classification of high-Gleason-sum PCa patients and 

non-PCa patients with elevated PSA level.
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TABLE 1

Comparison of the Average Estimated Prostate Volumes and PSA Densities Between 100 Non-PCa and 61 

PCa Patients

Variable Non-PCa PCa P-valuea

Total prostate volume (cm3) 67.0 ± 42.3 46.4 ± 21.2 0.0001

PZ volume (cm3) 21.5 ± 6.7 19.5 ± 6.1 0.05

CG volume (cm3) 45.5 ± 39.0 26.9 ± 19.3 0.00003

CG ratio 0.62 ± 0.13 0.54 ± 0.12 0.00005

PSA (ng/mL) 8.7 ± 6.3 10.2 ± 13.1 0.13

PSAD (ng/mL/cm3) 0.15 ± 0.12 0.23 ± 0.24 0.007

PSAD-CG (ng/mL/cm3) 0.26 ± 0.24 0.47 ± 0.53 0.0005

PSA: prostate-specific antigen; PCa: prostate cancer; PZ: peripheral zone; CG: central gland; PSAD: PSA density; PSAD-CG: CG volume-adjusted 
PSA.

a
A critical value of 0.05 was used for statistical significance; after Bonferroni correction, the critical value was adjusted to 0.05/7 = 0.007.
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TABLE 2

Comparison of the Average Estimated Prostate Volumes and PSADs Between 100 Non-PCa and 53 High-

Gleason-Sum (Gleason Score ≥ 7) PCa Patients

Variable Non-PCa High-Gleason-sum PCa P-valuea

Total prostate volume (cm3) 67.0 ± 42.3 44.2 ± 19.5 0.00002

PZ volume (cm3) 21.5 ± 6.7 19.7 ± 6.0 0.07

CG volume (cm3) 45.5 ± 39.0 24.5 ± 17.2 < 0.00001

CG ratio 0.62 ± 0.13 0.52 ± 0.11 < 0.00001

PSA (ng/mL) 8.7 ± 6.3 10.9 ± 13.9 0.2

PSAD (ng/mL/cm3) 0.15 ± 0.12 0.25 ± 0.25 0.001

PSAD-CG (ng/mL/cm3) 0.26 ± 0.24 0.51 ± 0.55 0.00002

PSA: prostate-specific antigen; PCa: prostate cancer; PZ: peripheral zone; CG: central gland; PSAD: PSA density; PSAD-CG: CG volume-adjusted 
PSA.

a
A critical value of 0.05 was used for statistical significance; after Bonferroni correction, the critical value was adjusted to 0.05/7 = 0.007.
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TABLE 3

Classification Performance (in Terms of AUC Values) of the Total Prostate and Zonal Volumes, PSA, and 

PSADs for Differentiation Between Non-PCa and PCa Patients and for Differentiation Between Non-PCa and 

High-Gleason-Sum (Gleason Sum ≥ 7) PCa Patients

Variable

Classification performance (AUC)

Non-PCa vs. PCa Non-PCa vs.
high-Gleason-sum PCa

Total prostate volume (cm3) 0.68 ± 0.04 0.70 ± 0.04

PZ volume (cm3) 0.58 ± 0.05 0.57 ± 0.05

CG volume (cm3) 0.68 ± 0.04 0.72 ± 0.04

CG ratio 0.66 ± 0.04 0.72 ± 0.04

PSA (ng/mL) 0.53 ± 0.05 0.52 ± 0.05

PSAD (ng/mL/cm3) 0.62 ± 0.05 0.65 ± 0.05

PSAD-CG (ng/mL/cm3) 0.66 ± 0.04 0.70 ± 0.04

AUC: area under the receiver operating characteristic curve; PSA: prostate-specific antigen; PCa: prostate cancer; PZ: peripheral zone; CG: central 
gland; PSAD: PSA density; PSAD-CG: CG volume-adjusted PSA.
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