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Abstract

Background Shear wave imaging (SWI) is a new ultra-

sound technique whose application facilitates quantitative

tissue elasticity assessment during transrectal ultrasound

biopsies of the prostate gland. The aim of this study was to

determine whether SWI quantitative data can differentiate

between benign and malignant areas within prostate glands

in men suspected of prostate cancer (PCa).

Methods We conducted a protocol-based, prospective,

prebiopsy quantitative SWI of prostate glands in 50

unscreened men suspected of prostate cancer between July

2011 and May 2012. The ultrasound image of whole

prostate gland was arbitrarily divided into 12 zones for

sampling biopsies, as is carried out in routine clinical

practice. Each region was imaged by grey scale and SWI

imaging techniques. Each region was further biopsied

irrespective of findings of grey scale or SWI on ultrasound.

Additional biopsies were taken if SWI abnormal area was

felt to be outside of these 12 zones. Quantitative assess-

ment of SWI abnormal areas was obtained in kilopascals

(kPa) from abnormal regions shown by SWI and compared

with histopathology. Sensitivity, specificity, positive and

negative predictive values, and likelihood ratios were cal-

culated for SWI (histopathology was a reference standard).

Results Fifty patients, with a mean age of 69 ±

6.2 years, were recruited into the study. Thirty-three

(66 %) patients were diagnosed with PCa, while an addi-

tional 4 (8 %) had atypia in at least one of the 12 prostate

biopsies. Thirteen (26 %) patients had a benign biopsy.

Data analysed per core for SWI findings showed that for

patients with PSA\20 lg/L, the sensitivity and specificity

of SWI for PCa detection were 0.9 and 0.88, respectively,

while in patients with PSA [20 lg/L, the sensitivity and

specificity were 0.93 and 0.93, respectively. In addition,

PCa had significantly higher stiffness values compared to

benign tissues (p \0.05), with a trend toward stiffness

differences in different Gleason grades.

Conclusion SWI provides quantitative assessment of the

prostatic tissues and, in our preliminary observation, pro-

vides better diagnostic accuracy than grey-scale ultrasound

imaging.

Keywords Prostate cancer � Shear wave elastography �
Prostate

Men suspected of having prostate cancer (PCa) are cur-

rently offered a standard grey-scale (B-mode) transrectal

ultrasound (TRUS)-guided prostate biopsy [1]. Standard

grey-scale TRUS imaging based on increased brightness

with respect to the strength of the echo intrinsically falls

short of making a reliable differentiation between cancer

and normal hyperplasia of the gland [2]. Accordingly,
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current transrectal ultrasound imaging technology is

essentially limited to measuring prostate volume and

guiding needles into the region of interest (ROI) as per the

standard biopsy protocol, and not surprisingly it has been

reported to have poor diagnostic accuracy for cancer foci

[3–5]. An ideal imaging technique should accurately locate

cancer foci in the prostate gland and guide the needle to the

lesion of interest. Clinically, this will reduce/preclude

unnecessary biopsies from normal areas of the prostate,

thereby reducing both cost and patient morbidity. Fur-

thermore, accurate localisation of cancerous areas within

the prostate gland will have an enormous implication for

focal therapy for PCa.

Prostate cancer in routine clinical practice is suspected

by an elevated level of serum prostate-specific antigen

level (PSA) and/or an abnormal digital rectal examination.

A digital rectal examination (DRE) for suspected PCa

relies on the perceived differences in the stiffness of cancer

and the normal prostate. This relationship of stiffness

variation is quantified by Young’s modulus, which is

defined as E = r/e, where r is the applied stress and e is

the strain (the ratio of the resultant deformation of the

tissue over the original reference length of the medium).

This is also known as stiffness or elasticity. Malignant

lesions tend to be stiffer than benign tissue [6]. This reflects

a change in cell density due to unregulated proliferation of

malignant cells [6]. Such anatomical changes due to dis-

ease progression can be imaged using new techniques such

as quasistatic elastography, vibration sonoelastography,

acoustic radiation force generated by ultrasound pulse

sequences, and real-time shear wave velocity imaging [3].

The measurement of tissue stiffness using ultrasound

elastography is based on the basic relationship in physics

that governs deformation in tissues and has been proposed

as a means of enhancing cancer detection rates in both the

breast and the prostate [3, 5, 7, 8]. However, most clinical

ultrasound elastography systems are based on a quasistatic

deformation technique, whose major drawbacks relate to

dependency on operator skills, reproducibility, and sub-

jectivity due to changes in the applied deformation among

different studies [6]. Recent improvements in ultrasound

technology, in particular, the introduction of an innovative

shear wave elastography technique termed shear wave

imaging (SWI), are aimed at overcoming these drawbacks.

Crucially, SWI is intrinsically quantitative and has much

less operator dependence, thus providing the potential for

effective improvement of cancer detection and character-

isation [9, 10].

SWI technology has been described in detail by Bercoff

et al. [11, 12]. Briefly, the process involves generation of

shear waves in tissue using acoustic radiation force gen-

erated by multiple focused ultrasound beams. Two quasi-

planar shear wave fronts are generated within the tissues

and propagate within tissues and organs under examina-

tion. As these waves propagate through tissue, the shear

wave velocity (Vs) changes as it is affected by stiffness

variations, with the wave propagating faster in stiffer tis-

sues than in softer tissues [13]. An ultrafast imaging system

then acquires successive raw radiofrequency signals at a

high frame rate (up to 20,000 frames per second) using

plane wave insonification. Post-processing of the high-

frame-rate radiofrequency data enables extraction of the

related quantitative information [e.g., the elasticity index,

expressed in kilopascals (kPa)] [14], the shear wave

velocity Vs (m/s), or Young’s modulus (kPa) for each pixel.

This information is colour-coded and overlaid on the

B-mode anatomical image in real time. Shear wave

velocity images provide quantitative information on stiff-

ness changes without limiting assumptions on tissue den-

sity that may introduce errors in the shear and Young’s

modulus estimated. Further details about the principles of

elastographic imaging and the differences between strain

and shear wave imaging approaches have been discussed

previously [13, 15–22]. SWI has been implemented for

both ultrasound and magnetic resonance (MR) applica-

tions. Currently, SWI is the only elastographic approach

that is able to provide quantitative local tissue elasticity

information in real time [23].

The present prospective study is aimed at determining

(1) the correlation of SWI-derived elasticity measurements

(minimum, maximum, and mean stiffness with SD) of

prostate areas with TRUS-guided histology findings, and

(2) the diagnostic accuracy of SWI when compared with

protocol-based, grey-scale, ultrasound-guided systematic

biopsies of the prostate in men suspected of having PCa.

Materials and methods

Study population

A prospective protocol-driven study with prior ethical and

institutional approval (REC Ref 11/AL/0359) was designed

to assess the feasibility of SWI in the detection of PCa in

referred patients with suspected disease. The indications

for a prostate biopsy were abnormal PSA ([4 lg/L), ±

abnormal DRE and patients on active surveillance or with a

previous abnormal prostate biopsy, e.g., prostate intraepi-

thelial neoplasia (PIN) and atypical small-cell acinar pro-

liferation (ASAP).

TRUS, SWI, and prostate biopsies

Data were obtained using the Aixplorer� ultrasound system

(SuperSonic Imagine, Aix-en-Provence, France). A trans-

rectal endocavity transducer SE 12-3 was used to scan the
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prostate (for both grey-scale ultrasound and SWI). Imaging

was performed along the axial and sagittal planes, from the

seminal vesicles to the apex of the gland. After volume

measurement, the prostate was divided into 12 zones as a

template for both imaging and prostate biopsy (Fig. 1). The

grid shown in Fig. 1 is a rough guide for directing needles

during sampling of the prostate gland and does not appear

in real time. Two orthogonal images were obtained for

each zone for grey scale and SWI using the same machine

and setup (Fig. 2). Because the field of view with SWI was

not wide enough to evaluate the entire prostate, the right

and left lobes were imaged separately. For SWI, no pres-

sure was applied on the prostate while the probe main-

tained contact for at least 15 s to ensure the acquisition of

stable SWI data. The images were stored and quantitative

analysis was carried out at a later date by an independent

researcher who was not involved in the acquisition of the

imaging data. This offline protocol minimised disruption

with the clinical workflow in a busy outpatient biopsy

clinic.

Each study participant had at least one biopsy from each

of the 12 zones shown in Fig. 1, obtained using only grey-

scale imaging, following the clinical work flow in a current

contemporary clinical practice. Additional biopsies (one

biopsy per abnormality) were obtained from abnormal

areas (well-defined area of high stiffness colour-coded as

red or nonblue on the machine screen) seen on SWI, if that

ROI had not already been sampled by the standard 12-core

technique (Fig. 1). Images (from red to blue for high to low

stiffness, respectively) for each region were stored digitally

and the quantitative measurement of the stiffness was

performed (Fig. 2). During biopsies, researchers were

provided information on only the stiffer (colour-coded as

red) and softer (colour-coded as blue) areas without any

quantitative measurements. The core biopsies obtained in

real time from the ROI seen on SWI were then correlated

with the histopathology findings. Tissue stiffness was

expressed as Young’s modulus (kPa) or simply as the ratio

of stress per unit area to the strain (the ratio of the resultant

deformation of the tissue over the original reference length

of the medium) [21]. Tissue biopsy specimens were pro-

cessed and examined independently by uropathologists

blinded to the quantitative stiffness data. Histological

grading was performed through an established Gleason

scoring mechanism [24] and correlated with quantitative

stiffness data.

Statistical analysis

The primary outcomes were reliability of SWI in differ-

entiating benign and malignant prostate tissues and deter-

mining sensitivity and specificity of SWI-guided prostate

biopsies when compared to standard TRUS-guided biop-

sies using grey-scale B-mode ultrasound. The data were

analysed by a third party not involved in the TRUS biopsy

procedure. The patients were categorised according to

pathology results. The PCa patients were divided into two

groups: PSA 4–20 lg/L and PSA [20 lg/L. The study

cohort was an unscreened population, and it was arbitrarily

felt (based on clinical experience and reported literature)

that a cutoff of 20 would help us identify a group of

patients (PSA \20) with clinically localised disease. The

Fig. 1 Ultrasound image of

prostate divided into 12 regions

for biopsy and subsequent

correlation between SWI

images and biopsies. Note
abnormal (b) and normal

(a) SWI images. Each region

was imaged and correlated with

the histopathology of the

biopsy. Also, note the stiffness

quantification labels on the right
side of the image along with

scale of stiffness (top right).
G&H represent SWI detected

abnormal areas that felt outside

the 12 regions of the prostate

template used in 12 core biopsy

protocol
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SWI findings were quantified and compared with histo-

logical results. Young’s modulus (kPa) was compared

between malignant and benign tissues. A paired two-sam-

ple Student t-test was used to calculate the p value, which if

\0.05 was considered as significant.

Results

Correlation of prostate gland stiffness

with histopathology results

The quantification of stiffness within the prostate gland using

SWI [Young’s modulus (kPa)] was performed and matched

with histopathological results (Fig. 3) for each ROI. The

mean Young’s modulus (±SD) values of the prostate areas

with histopathologically confirmed PCa (133.7 ± 57.6 kPa)

were much higher than those of benign areas (74.9 ±

47.3 kPa) and PIN/atypia (83.3 ± 38.6 kPa). Mean Young’s

modulus values of PCa were statistically significant and

higher when compared with mean Young’s modulus values

for the benign patients (p = 0.002). However, a separate

comparison of the mean Young’s modulus values of PCa

with individual categories of the patients in the benign group

(i.e., with normal parenchyma, chronic inflammation, acute

inflammation, and atrophic parenchyma) was not statisti-

cally significant, mainly because of the small numbers of

patients in individual categories. Similarly, the difference

between stiffness of PIN/atypia and the benign cases was not

statistically different, even though the mean Young’s mod-

ulus in the former group (83.3 ± 38.6 kPa) was higher than

that in the latter (74.9 ± 47.3 kPa). On the basis of histo-

pathology results, the patients were divided into three

groups: (1) all prostate cancer, (2) all benign, and (3) PIN/

atypia. The mean Young’s modulus of each of the patients in

these three groups is illustrated in a whisker plot in Fig. 4.

Note that more than one core biopsy specimen were positive

for cancers in few patients. Young’s modulus for the highest

grade of reported cancer was recorded and is shown in Fig. 5.

The presence of higher Gleason scores in the histopathology

results is a clinical significance and influences the decision-

making of the individual patient.

Fig. 2 Comparison of grey-scale TRUS (B-mode; bottom row) and

overlaid SWI images (top row). Representative images showing

abnormal area (red indicates high stiffness) detected only by SWI.

A Note the red arrow showing needle guide for the real-time biopsy

of an abnormal area seen only on SWI images. The abnormal area

was Gleason 3?4 adenocarcinoma on histopathology. B Note the

quantitative assessment of abnormal areas using cursor (circle) and

instantaneous values displayed on the right of the image on the

machine’s screen. A multicolour scale on the top right of the images

indicates measurement scale in kPa (Color figure online)
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Young’s modulus (±SD) values were also matched with

the Gleason scores (Table 1; Fig. 5). It was observed that

the mean Young’s modulus was higher in prostate cores

with a Gleason score of 7 (163 ± 63 kPa) than in those

with a Gleason score of 6 (95 ± 28.5 kPa). This difference

was statistically significant (p = 0.007). The mean

Young’s modulus of Gleason 8 cores was 113 ± 20 kPa;

however, this was not statistically different (p [ 0.05) from

Gleason score 6 and 7 cores.

Biopsy core level analysis

Patients with PSA 4–20 lg/L (n = 39)

Fifty patients had all 12 regions of their prostates biopsied.

Each region was biopsied using grey scale and had images

stored for SWI. A total of 485 cores were obtained (13

cores in 17 patients and 12 cores in 22 patients). The

correlation of SWI with the histopathology data showed

Fig. 3 Summary of prostate

biopsies, histopathology results

(* others include atypia and

PIN)

Fig. 4 Whisker plot showing

relationship of Young’s

modulus (in kPa) with

pathological outcomes
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that 286 cores were correctly identified as abnormal foci on

SWI and correlated with cancers on histopathology. One

hundred fifty cores were correctly identified as benign on

SWI. Twenty-nine cores appeared to be normal on SWI and

were reported as cancer on histopathology. Twenty lesions

appearing as abnormal on SWI were reported as PIN or

normal benign tissue. The sensitivity and specificity of SWI

were 0.90 [95 % confidence interval (CI) = 0.60–0.69] and

0.88 (95 % CI = 0.82–0.92), respectively. Corresponding

positive and negative predictive values were 0.93 (95 %

CI = 0.89–0.95) and 0.83 (0.77–0.88), respectively. The

positive likelihood ratio weighted by prevalence was 14.3

(95 % CI = 9.35–21.8), and the negative likelihood ratio

weighted by prevalence was 0.19 (0.138–0.270).

Patients with PSA [20 lg/L (n = 11)

A total of 141 core samples were obtained (13 in 9 patients

and 12 in 2 patients). One hundred two malignant cores

were identified as abnormal SWI areas and 30 benign cores

were identified as normal. There were seven cores identi-

fied as normal on SWI that were identified as cancer from

histopathology. Two cores were identified as abnormal on

SWI and reported as benign tissue. The sensitivity and

specificity of SWI were 0.93 (95 % CI = 0.86–0.97) and

0.93 (95 % CI = 0.77–0.98), respectively. Corresponding

positive and negative predictive values were 0.98 (95 %

CI = 0.92–0.99) and 0.81 (0.64–0.91), respectively. The

positive likelihood ratio weighted by prevalence was 0.51

(95 % CI = 12.9–201.2), and the negative likelihood ratio

weighted by prevalence was 0.23 (0.118–0.460).

Accuracy of SWI imaging in comparison to the distance

of abnormality from the transrectal probe position

False-positive results (i.e., where SWI showed abnormal

areas but histology reported as benign) or false-negative

results (i.e., where SWI showed normal areas but histology

reported as cancerous) were observed in the anterior and

transition zone of the prostate gland (out of a total of 22

cores that showed a mismatch between SWI and histopa-

thology; 8 cores were from the transitional zone and 9

cores were from the central zone of the prostate).

Discussion

This study assessed the role of SWI in in situ character-

isation of areas of the prostate suspected of PCa, addressing

a persistent clinical challenge of the low sensitivity and

specificity of current grey-scale ultrasound imaging [25,

26]. We have shown that SWI can reliably differentiate

between benign and malignant prostate tissue and, in most

cases, aid in the real-time targeting of abnormal foci for

needle biopsy. The stiffness of cancer foci was 50 % higher

than benign tissues with corresponding stiffness values of

133.7 ± 57.6 vs. 74.9 ± 47.3 kPa, respectively. Based on

preliminary results in this study, real-time quantitative SWI

imaging has a potential to change the clinical practice of

PCa identification and screening by improving the locali-

sation of abnormal foci and allowing limited targeted

biopsies of suspicious areas, thereby reducing both the

complications and the cost associated with the current

standard of care (transrectal grey-scale ultrasonography-

directed biopsies of the prostate gland). Compared to

quasistatic compression elastography, the technique using

transrectal SWI is much closer to a standard TRUS clinical

examination as it does not require any additional com-

pression. Interestingly, the diagnostic accuracy of SWI

in the present study is similar to that of previous reports

Fig. 5 Relationship of Gleason score with the mean Young’s

modulus (kPa) value

Table 1 Relationship of SWI-measured stiffness and Gleason scores of patients with prostate cancer

No. of patients Gleason score Maximum (kPa) Minimum (kPa) Mean (kPa) SD

17 3?3 117.1 62.6 95.4 28.5

5 3?4 179.2 126.8 161.1 81.2

7 4?3 216.2 115.7 164.5 50.3

2 4?4 148.2 43.15 108.4 30.9

2 3?5 144.7 95.9 119.1 14.7
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[10, 27] despite differences in the reference standards. Barr

et al. [10, 27] used sextant biopsies in contrast to the

standard 12-core biopsy in the present study. Grey-scale

ultrasound characterisation is based on the echogenicity of

the gland, which is a nonquantitative method associated

with subjective measurements and is invariably dependent

on the individual operator’s assessment and experience.

From a purely technological standpoint, it is not surprising

that grey-scale TRUS lacks the ability to differentiate

cancer from normal tissues in nearly 50 % of cases [3, 4].

Moreover, there is no specific diagnostic echogenic pattern

associated with PCa, and potential improvements utilizing

three-dimensional reconstruction remain inconclusive [28,

29]. A recent systematic review summarising the applica-

tion of elastography in the diagnosis of PCa have high-

lighted some of these issues [29]. The addition of SWI

technology to standard prostate ultrasound appears to

address at least some of these technological limitations.

Moreover, although SWI provides much needed solutions

to the ongoing challenge of accurately locating the areas of

interest in the prostate, it also has the inherent advantage of

independence from operator experience and expertise. All

of these points indicate great potential to change clinical

prostate biopsy practice in the future.

Whether SWI can reliably predict the grade of cancer—

especially characterise ‘‘significant disease’’ or ‘‘indolent

lesions’’ that behave in a benign manner—requires further

evaluation. However, in the present study, stiffness values

of areas with a Gleason score of 7 PCa were found to be

statistically higher than those with Gleason score of 6,

while the values of Young’s modulus for a Gleason score

of 8 fell between scores 6 and 7. Further studies with a

larger number of cases are therefore required to determine

the exact relationship between the Young’s modulus values

and tumour grade. A recent report describing SWI for

breast cancer imaging suggests that it is quite useful for

estimating the aggressiveness of these cancers [30].

Detailed analysis of the false-positive/false-negative

cores from the various regions (i.e., where SWI showed a

mismatch with the histopathology report) showed that the

abnormal areas detected by SWI were located within zones

of the prostate where the incidence of PCa is generally low

(i.e., 8 cores from the transitional zone and 9 cores from the

central zone of the prostate). A smaller mismatch was

observed in the peripheral part of the prostate in 5 cores (3

cores from apex and 2 cores from base).

This study highlights the role of SWI stiffness mea-

surement and in situ characterisation of benign and

malignant prostatic tissues. Improved technologies such as

SWI for the guided biopsy of the prostate remain the main

focus of ultrasound imaging innovations. Innovation and

improvement in this field may help to more effectively and

objectively place a biopsy needle into the suspicious site

within the prostate gland. In addition, quantitative tissue

stiffness measurement and its correlation with grade of

cancer is an interesting finding. Further research is ongoing

in this area and is expected to shed more light on this issue

of crucial importance. Most importantly, early and accurate

detection of PCa may better guide minimally invasive

therapy and may therefore offer an increasingly plausible

alternative to radical surgery that is currently directed at

the entire prostate gland.

The study is limited by the relatively small number of

participants in the preliminary observation. In addition, it

was limited to a single-centre so the number of observers

and operators was relatively small as well. Findings of

additional biopsies directed by SWI could be subject to

selection and confirmation biases in the absence of a similar

number of systematic biopsies in the control arm using

grey-scale ultrasonography. However, our promising pre-

liminary results strongly underscore the importance of

designing a multicentre study with a larger cohort of

patients. If our current findings stand in expanded context,

the next logical step could be to determine how best to use

SWI to differentiate ‘‘significant ‘‘and ‘‘indolent’’ prostate

cancers. Future research in this emerging technology has to

be conducted using established diagnostic accuracy meth-

odology and a reference standard. Although histology of

radical prostatectomy specimens would be an ideal refer-

ence standard, 12-core biopsy is a reasonable second best

option. Most certainly, sextant biopsies used as a reference

standard, as in a previous report [10], are subject to detec-

tion bias. Moreover, sextant biopsy protocols are obsolete

now and are not the basis of current urology practice.
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