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Abstract. The present study evaluated three-dimensional 
shear wave elastography (3D SWE) in the detection of clini-
cally significant prostate cancer. Clinically significant prostate 
cancer was defined by a minimum of one biopsy core with a 
Gleason score of 3+4 or 6 with a maximum cancer core length 
>4 mm. Patients with serum prostate-specific antigen levels of 
4.0-20.0 ng/ml who were suspected of having prostate cancer 
from multi-parametric magnetic resonance imaging (mpMRI) 
were prospectively recruited. The 3D SWE was performed 
pre-biopsy, after which patients underwent MRI-transrectal 
ultrasound image-guided targeted biopsies for cancer-suspi-
cious lesions and 12-core systematic biopsies. The pathological 
biopsy results were compared with the mpMRI and 3D SWE 
images. A total of 12 patients who were suspected of having 
significant cancer on mpMRI were included. The median 

pre-biopsy PSA value was 5.65 ng/ml. Of the 12 patients, 
10 patients were diagnosed as having prostate cancer. In the 
targeted biopsy lesions, there was a significant difference in 
Young's modulus between the cancer-detected area (median 
64.1 kPa, n=20) and undetected area (median 30.8 kPa, n=8; 
P<0.0001). On evaluation of receiver operating characteristics, 
a cut-off value of the Young's modulus of 41.0 kPa was used 
for the detection of clinically significant cancer, with which 
the sensitivity, specificity, positive predictive value (PPV) and 
negative predictive value (NPV) of cancer detection were 58, 
97, 86 and 87%, respectively. When combining this cut-off 
tissue elasticity value with Prostate Imaging Reporting and 
Data System (PI-RADS) scores, the sensitivity, specificity, 
positive predictive value and negative predictive value of 
cancer detection were improved to 70, 98, 91 and 92%, 
respectively. In the cancer-detected lesions, a significant corre-
lation was identified between the tissue elasticity value of the 
lesions and Gleason score (r=0.898, P<0.0001). In conclusion, 
PI-RADS combined with measurement of Young's modulus by 
3D SWE may improve the diagnosis of clinically significant 
prostate cancer.

Introduction

In the diagnosis of prostate cancer with ultrasound (US) 
imaging, gray scale US, Doppler US, dynamic contrast 
enhanced (DCE)-US and elastography have been widely 
used (1). The majority of prostate cancers are harder than 
normal prostatic tissue, due to increased micro-vascularity and 
a stromal response leading to increased collagen deposition 
around the tumor (2). Elastography evaluates tissue stiffness 
instead of echogenicity, which provides a novel method of 
detecting pathological abnormality that may otherwise be 
missed by conventional US (3). At present, there are two types 
of US elastography: Strain elastography and shear wave elas-
tography (SWE) (4). Strain elastography requires user-applied 
uniform compression at the surface of the body to cause 
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deformation of the tissue. The US scanner then calculates and 
displays the induced deformation in the imaging plane. Due 
to its reliance on the individual applying pressure to the body, 
users have reported poor reproducibility and intra-operator 
variability with this method (4). Thus, in strain elastography, 
only relative information is obtained regarding the stiffness of 
the measured tissue, and it is not a quantitative imaging mode. 
By contrast, SWE provides a quantitative value of stiffness, 
thus yielding useful information of a pathological abnor-
mality (4). Shear wave is a technique that uses a sonographic 
push pulse to generate a shear wave in the tissues. Shear wave 
velocity (Vs) through the tissue is affected by tissue stiffness, 
with stiffer tissues accommodating faster movement (5). Tissue 
stiffness may be expressed as Young's modulus or as the ratio 
of stress on a material to the tissue deformation caused by the 
stress (6). The Vs or Young's modulus (kPa) for each pixel is 
color-coded and overlaid on a B-mode image (7). The SWE, or 
tissue elasticity, is detected by tissue response to an operator-
independent compression wave pulsed into the tissue by an 
ultrasound probe (7). Woo et al (8) reported that the intra-
observer reproducibility of SWE in terms of Young's modulus 
(kPa) was high [intraclass correlation coefficients =0.876, 95% 
confidence interval (CI) =0.864-0.887]. Barr et al (9) reported 
that a value of 37 kPa may be used as a cut-off between benign 
and malignant prostate tissue on the basis of the receiver 
operating characteristic (ROC) curve. This achieved a sensi-
tivity of 96.2%, a specificity of 96.2%, a positive predictive 
value (PPV) of 69.4%, and a negative predictive value (NPV) 
of 99.6% in 318 sextants from 53 patients (9). Furthermore, 
this method was more sensitive and specific in diagnosing the 
prostate cancer than strain elastography (9).

Recently, clinically significant prostate cancer, defined 
by at least one biopsy core with a Gleason score of 3+4 or 
6 with a maximum cancer core length greater than 4 mm, 
has been considered to be associated with cancer progres-
sion (10). In the detection of significant prostate cancer, 
multi-parametric magnetic resonance imaging (mpMRI) is 
becoming more used due to its increased availability and 
capacity to combine anatomical and functional data (11,12). 
To standardize the evaluation and reporting of MRI find-
ings of the prostate, the European Society of Urogenital 
Radiology published guidelines, termed the Prostate Imaging 
Reporting and Data System (PI-RADS) (13). In this system, 
suspicious areas, known as ‘regions of interest (ROI)’, are 
defined and radiologists provide a likelihood score that 
clinically significant cancer is present for each ROI from 
1 to 5 on the PI-RAD classification14: 1, most probably 
benign; 2, probably benign; 3, intermediate; 4, probably 
malignant; 5, highly suspicious of malignancy (13,14). In 
a diagnostic meta-analysis of the standardized evaluation 
system of PI-RADS, the sensitivity and specificity for pooled 
studies were 78% (95% CI: 70-84) and 79% (95% CI: 68-86), 
respectively (15). Although mpMRI findings may be useful 
for detecting significant prostate cancer, the differential 
diagnosis of certain prostate cancers from benign prostatic 
hyperplasia and inflammation is challenging in mpMRI, as 
the signal intensity of these lesions can be similar to that of 
the tumor tissue (16). Therefore, elastography may be more 
effective, as a separate technique to mpMRI, in the detection 
of significant prostate cancer.

The development of three-dimensional (3D) US has 
enabled 3D visualization of the prostate, allowing diagnosis 
and localization of prostatic lesions. In the present study, the 
applications of 3D SWE in the detection of significant pros-
tate cancer were evaluated. To the best of our knowledge, the 
current study is the first to determine the efficacy of 3D SWE 
in the detection of significant prostate cancer.

Materials and methods

Study population. The study prospectively recruited 
patients with serum prostate specific antigen (PSA) levels 
of 4.0-20.0 ng/ml who were suspected of having prostate 
cancer from mpMRI scans taken from May 2016 to June 
2016 at Tokai University Hachioji Hospital (Tokyo, Japan). 
The study was approved by the Institutional Review Board 
for Clinical Research of Tokai University School of Medicine 
(Shimokasuya, Japan) and informed consent was obtained 
from all patients prior to enrollment.

mpMRI. MRI examination was conducted as described 
in our previous study (17). Briefly, the MRI examination 
was performed using a 1.5-Tesla magnet (Signa HDx®; GE 
Healthcare Life Sciences, Little Chalfont, UK) with an 
8-channel cardiac coil. T1-weighted fat-saturated axial fast 
spin-echo images [repetition time (TR), 450 ms; echo time 
(TE), 8.8 ms; slice thickness, 3 mm; resolution, 0.9x1.3 mm] 
were obtained prior to injection. An intravenous bolus of 
0.2 ml/kg meglumine gadopentetate (Magnevist Syringe®; 
Bayer AG, Leverkusen, Germany) was then injected. All MRI 
examinations were performed using the same protocol, and 
included non-enhanced T2-weighted images (TR, 5,000 ms; 
TE, 125 ms; slice thickness, 3 mm; resolution, 0.6x0.9 mm) 
acquired in the axial and sagittal planes, diffusion weighted 
images and apparent diffusion coefficient (ADC) maps 
(b-value =1,500 s/mm2), and DCE imaging (resolution, 0.9x1.3 
mm) using a fat-saturated T1-weighted fast-field echo sequence 

Figure 1. Diagnostic procedure. Of the 12 patients, 10 patients were diag-
nosed with prostate cancer on mpMRI. Measurement of Young's modulus 
(kPa) was performed in every biopsy punctured lesion with SWE velocity 
above that of the baseline prostate tissue. Images were stored digitally. The 
pathological biopsy results were compared with the mpMRI and 3D SWE 
imaging data. mpMRI, multi-parametric magnetic resonance imaging; 3D 
SWE, three-dimensional shear wave elastography.
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in the axial plane. All mpMRI images were reviewed by two 
experienced radiologists with no prior clinical information. 
Suspicious areas, or ROIs, were defined and the radiologists 
provided a likelihood score that clinically significant cancer 
was present for each ROI from 1 to 5 on the PI-RADS (14): 1, 
most probably benign; 2, probably benign; 3, intermediate; 4, 
probably malignant; 5, highly suspicious of malignancy (13,14).

3D SWE. At pre-biopsy, 3D SWE was performed using the 
Aixplorer® equipped with an SE12-3 146° Super Endocavity 
Volumetric Array (SuperSonic Imagine, Aix-en-Provence, 
France) on patients in lithotomy position under spinal anes-
thesia with 1.2 ml high specific gravity type 0.5% marcaine 
(Aspen Japan K.K., Tokyo, Japan). The minimum amount 
of pressure on the prostate was applied while maintaining 

contact with the probe. For each imaging procedure, the probe 
was held steady for 30 sec. Measurement of Young's modulus 
was performed in all biopsy-punctured lesions with SWE Vs 
above that of the baseline prostate tissue. Images were stored 
digitally.

MRI-TRUS fusion image-guided prostate biopsy. MRI-TRUS 
fusion image-guided prostate biopsy was performed with 
a BioJet® system version 2.0 (D&K Technologies GmbH, 
Barum, Germany). The biopsy was performed as described 
previously (17). Targeted biopsies for cancer-suspicious lesions 
were initially performed, followed by 12-core systematic biop-
sies, using the transperineal method. Immediately after each 
biopsy, the spatial punctured needle orbits were recorded in 
the 3D model reconstructed from MRI.

Figure 2. Associations of tissue elasticity value with (A) Gleason score, (B) ADC value and (C) PI-RADS score for lesions diagnosed with prostate cancer. A 
significant association was identified between the tissue elasticity value and Gleason score, while there was no association between the tissue elasticity value 
and ADC value (P=0.1) or PI-RADS score (P=0.1). ADC, apparent diffusion coefficient; PI-RADS, Prostate Imaging Reporting and Data System.

Figure 3. Representative images of mpMRI, 3D gray scale TRUS and 3D SWE scans of patients. (A) MRI, (B) 3D gray scale TRUS and (C) 3D SWE images 
of the prostate in a patient determined to have clinically significant cancer on mpMRI. White arrowheads indicate the cancer-suspected lesion. The tissue 
elasticity value of the lesion was 43.1 kPa, and pathological examination of biopsy specimens from the lesion indicated adenocarcinoma of Gleason score 
3+3=6. mpMRI, multi-parametric magnetic resonance imaging; TRUS, transrectal ultrasound; SWE, shear wave elastography; 3D, three-dimensional; T2WI, 
T2-weighted image; ADC, apparent diffusion coefficient; R, right; L, left.
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Pathological analysis. All biopsy samples were examined 
by two senior pathologists in cohesion. Clinically significant 
cancer was defined as follows: A minimum of one core with 
a Gleason score  (18) of 3+4 or 6 with a maximum cancer 
core length >4 mm (10). The pathological biopsy results were 
compared with the images from mpMRI and 3D SWE.

Statistical analysis. All statistical analyses were performed 
using IBM SPSS® software version 19.0 (IBM Corp., Armonk, 
NY, USA). For the detected and un-detected lesions by biopsy, 
the difference in median tissue elasticity values was analyzed 
using the Mann-Whitney U-test. The association between 
Young's modulus, mpMRI data and pathological findings for 
the cancer-detected lesions was assessed by Pearson correla-
tion. P<0.05 was considered to indicate statistically significant 
differences. Young's modulus was evaluated in the detection of 
prostate cancer using ROC analyses.

Results

Patient characteristics and cancer detection by mpMRI. A 
total of 12 patients were included in the present study. The 
patient characteristics are presented in Table I. The median 
age of the patients was 65 years (range, 49-78). The median 
pre-biopsy PSA value was 5.65 ng/ml (range, 4.14-10.91). The 
median prostate volume was 28 ml (range, 22-32). The median 
number of biopsies for each patient was 13 cores (range, 13-15). 
The median number of targeted biopsies for each patient was 
2 cores (range, 1-3). The diagnostic procedure is depicted in 
Fig. 1. Of the 12 patients, 10 patients were diagnosed with pros-
tate cancer by mpMRI. The median lengths of the maximum 
and minimum diameters of the cancer-detected lesions on 
T2-weighted image MRI were 10.2 mm (range, 4.8-24.0) 
and 5.8 mm (range, 3.0-12.0), respectively. Using mpMRI, 
28 suspected cancer lesions were diagnosed, comprising 
of 13 lesions of PI-RADS score 3, 10 lesions of PI-RADS 
score 4and 5 lesions of PI-RADS score 5. Cancer diagnosis 
was confirmed for 21 of the 28 lesions (75%), including 62% 
(8/13) of the lesions with PI-RADS score 3, 80% (8/10) of the 
lesions with PI-RADS score 4 and 100% (5/5) of the lesions 
with PI-RADS score 5. The sensitivity, specificity, PPV and 
NPV of cancer detection based on PI-RADS score ≥3 were 70, 
94, 75 and 92%, respectively.

Cancer detection by 3D SWE and mpMRI. Using 3D SWE, 
all of the suspected cancer lesions assessed by mpMRI were 
detected and measured for tissue elasticity value. The median 
tissue elasticity value for the cancer-detected areas was 
significantly higher compared with that of the undetected 
areas [63.6 kPa (range, 18.8-85.7) vs. 24.1 kPa (range 5.8-58.9), 
P<0.0001]. Similarly, in the targeted biopsy lesions, tissue 
elasticity was significantly higher in the cancer-detected 
areas (median 64.1, range 17.2-91.5, n=20) compared with 
the undetected areas (median 30.8, range 11.2-38.8, n=8), 
respectively (P<0.0001; data not shown). On ROC analysis, 
the cut-off value of the Young's modulus was determined to 
be 41.0 kPa for the detection of clinically significant cancer, 
with which the sensitivity, specificity, PPV and NPV of cancer 
detection were 58, 97, 86 and 87%, respectively. When this 
value for Young's modulus was used in conjunction with 

PI-RADS score, the cancer detection rates in suspected cancer 
lesions (PI-RADS score ≥3) with Young's modulus >41.0 kPa 
and <41.0 kPa were 91% (21/23 lesions) and 0% (0/5 lesions), 
respectively. Thus, by combining the cut-off value of Young's 
modulus with PI-RADS score, cancer was diagnosed in 21 
of 23 lesions (91%), including 89% (8/9) of the lesions with 
PI-RADS score 3, 89% (8/9) of the lesions with PI-RADS 
score 4 and 100% (5/5) of the lesions with PI-RADS score 
5. Furthermore, when combining the cut-off value of Young's 
modulus with PI-RADS score, the sensitivity, specificity, PPV 
and NPV of cancer detection in confirmed cancer lesions were 
70, 98, 91 and 92%, respectively (data not shown). In these 
cancer-detected lesions, a significant association was identified 
between the tissue elasticity value of the lesions and Gleason 
score (r=0.898, P<0.0001); however, there was no association 
between the tissue elasticity value of the lesions with ADC 
value (r=-0.373, P=0.1) or PI-RADS score (r=0.338, P=0.1), 
respectively (Fig. 2). Fig. 3 depicts representative images of 
the mpMRI, TRUS and 3D SWE scans performed on patients.

Discussion

SWE evaluates tissue elasticity, or Vs, by using a sonographic 
push pulse to generate a shear wave in the tissues; Vs through 
the tissue is affected by tissue stiffness, with stiffer tissues 
accommodating faster movement  (5). Previous reports 
have indicated the clinical applications of SWE  (19,20). 
Ahmad et al (19) reported that data analyzed per core regarding 
SWE findings indicated that for patients with serum PSA 
<20 ng/ml, the sensitivity and specificity of SWE for prostate 
cancer detection were 90 and 88%, respectively, while in 
patients with PSA >20 ng/ml, the sensitivity and specificity 
were 93 and 93%, respectively. Correas et al (20) reported that 
the sensitivity, specificity, PPV, NPV and AUC for SWE with 
a cut-off of 35 kPa for differentiating benign from malignant 

Table I. Patient characteristics.

Variable	 Value

Median age, years (range)	 65 (49-78)
Median prostate-specific antigen, 	 5.65 (4.14-10.91)
ng/ml (range)
Median prostate volume, 	 28 (22-32)
ml (range)
Median number of biopsies 	 13 (13-15)
for each patient, n (range)
Median number of targeted biopsies 
for each patient, n (range)	 2 (1-3)
Median length of maximum diameter 	 10.2 (4.8-24.0)
of cancer-detected lesions on 
T2WI MRI, mm (range)
Median length of minimum diameter 	 5.8 (3.0-12.0)
of cancer-detected lesions
on T2WI MRI, mm (range)

T2WI MRI, T2-weighted image magnetic resonance imaging. 
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lesions in 1,040 peripheral zone sextants from 184 patients 
were 96% (95% CI: 95-97), 85% (95% CI: 83-87), 48% 
(95% CI: 46-50), 99% (95% CI: 98-100) and 95% (95% CI: 
93-97), respectively. In the present study, when combining the 
cut-off value of 41.0 kPa for tissue elasticity to PI-RADS score, 
the sensitivity, specificity, PPV and NPV of cancer detection 
were 70, 98, 91 and 92%, respectively. Based on these results, 
3D SWE may have potential for improving the detection of 
significant prostate cancer.

Although the majority of prostate cancers are harder than 
normal prostatic tissue (2), elastography is not included in 
mpMRI. The applications of elastography in the detection of 
significant prostate cancer was evaluated using 3D SWE in the 
present study. In a previous report on SWE, it was observed 
that prostate cores with a Gleason score of 7 had a higher mean 
Young's modulus (163±63 kPa) compared with cores with a 
Gleason score of 6 (95±28.5 kPa; P=0.007) (19). Similarly, 
Woo et al (21) reported that Young's modulus was significantly 
correlated with Gleason score (r=0.343, P=0.002). In the 
present study, a significant association was identified between 
the tissue elasticity value of prostatic lesions and Gleason score 
(r=0.898, P<0.0001), while there were no associations between 
the tissue elasticity value and ADC value (P=0.1) or PI-RADS 
score (P=0.1). Additionally, there was no significant association 
between ADC value and Gleason score in the cancer-detected 
lesions in the present series (P=0.1). These results indicate the 
potential of Young's modulus to predict Gleason scores more 
accurately compared with ADC value, possibly due to the 
different approach of measuring the targeted lesion.

The current study had several limitations. First, it was a 
single-institutional study and patients were not randomized 
to facilitate comparison of biopsy techniques. Furthermore, 
although previous reports have demonstrated high reproduc-
ibility of SWE (8), a single operator performed the 3D SWE in 
the present study. Therefore, a multi-institutional randomized 
study is now required to confirm the efficacy of the biopsy 
methods. Second, the study lacked a comparison of biopsy 
results and pathological findings of whole-gland specimens. 
Therefore, although the locations and pathological grades of 
clinically significant cancers corresponded to the results of 
the targeted biopsies, it is possible that a clinically significant 
cancer was omitted in the absence of large-scale pathological 
analysis of whole-gland specimens.

In conclusion, the tissue elasticity values of cancer-
detected areas were significantly higher compared with those 
of undetected areas (P<0.0001), and PI-RADS combined 
with measurement of Young's modulus by 3D SWE may have 
potential for improving the diagnosis of clinically significant 
prostate cancer. However, additional multi-institutional studies 
are now required to validate the usefulness of 3D SWE in 
detecting clinically significant prostate cancer.
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