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Abstract

Transrectal ultrasound (TRUS) B-mode imaging provides insufficient sensitivity and specificity 

for prostate cancer (PCa) targeting when used for biopsy guidance. Shear wave elasticity imaging 

(SWEI) is an elasticity imaging technique which has been commercially implemented and is 

sensitive and specific for PCa. We have developed a SWEI system capable of 3D data acquisition 

using a dense acoustic radiation force (ARF) push approach which leads to enhanced shear wave 

signal-to-noise ratio (SNR) compared to the commercially available SWEI systems and facilitates 

screening the entire gland prior to biopsy. Additionally, we imaged and assessed 36 patients 

undergoing radical prostatectomy using 3D SWEI and determined a shear wave speed (SWS) 

threshold separating PCa from healthy prostate tissue with sensitivities and specificities akin to 

multiparametric magnetic resonance imaging fusion biopsy. The approach measured the mean 

SWS in each prostate region to be: 4.8 m/s (Young’s modulus E = 69.1 kPa) in the peripheral zone 

(PZ), 5.3 m/s (E = 84.3 kPa) in the central gland (CG), and 6.0 m/s (E = 108.0 kPa) for PCa with 

statistically significant (p<0.0001) differences among all regions. 3D SWEI ROC analyses 

identified a threshold of 5.6 m/s (E = 94.1 kPa) to separate PCa from healthy tissue with a 

sensitivity, specificity, PPV, NPV, and AUC of 81%, 82%, 69%, 89%, and 0.84, respectively. 

Additionally, a SWS ratio was assessed to normalize for tissue compression and patient variability 

which yielded a threshold of 1.11 to separate PCa from healthy prostate tissue and was 

accompanied by a substantial increase in specificity, PPV, and AUC, where the sensitivity, 

specificity, PPV, NPV, and AUC were 75%, 90%, 79%, 88%, and 0.90, respectively. This work 

demonstrates the feasibility of using 3D SWEI data to detect and localize PCa and demonstrates 

the benefits of normalizing for applied compression during data acquisition for use in biopsy 

targeting studies.
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Introduction

Prostate cancer (PCa) will lead to an estimated 191,930 new cancer diagnoses and 33,330 

deaths in the United States in 2020 (Siegel et al., 2020). While this is the most common non-

skin cancer diagnosis, it is the second most common cause of cancer related death for men, 

behind lung cancer (Siegel et al., 2020). The prevalence of PCa increases with age and 

ranges from 1.8% of men developing PCa before age 59 and 11.6% of men developing PCa 

over the course of their entire life (Siegel et al., 2020). Historically PCa screening has been 

performed using a digital rectal exam (DRE) and prostate-specific antigen (PSA) test, where 

a suspicious DRE or an elevated PSA (>4.0 ng/mL) would lead to a follow-up transrectal 

ultrasound (TRUS) guided biopsy. TRUS guided biopsy commonly consists of 10-12 biopsy 

cores sampled throughout the prostate where B-mode ultrasound is used to guide the biopsy 

needle to specific regions of the prostate (Mottet et al., 2017). This form of prostate biopsy 

has reported sensitivities and specificities ranging from 39-75% and 40-82%, respectively 

(Heijmink et al., 2011; Postema et al., 2015). As only 55% of PCa is hypoechoic, 5% is 

hyperechoic, and 40% is isoechoic, these poor sensitivities and specificities are expected due 

to the inconsistent and nonspecific signature of PCa in TRUS B-mode (Heijmink et al., 

2011).

To bolster the performance of TRUS guided biopsy, additional imaging modalities which are 

more sensitive and specific for PCa can be combined with TRUS B-mode to enhance lesion 

detectability. Two such techniques are multiparametric magnetic resonance imaging (mp-

MRI) fusion biopsy and contrast enhanced ultrasound (CEUS). In mp-MRI fusion biopsy, a 

previously acquired mp-MRI scan of the patient’s prostate is registered with live B-mode 

during biopsy which allows the clinician to target mp-MRI detected lesions. This technique 

results in sensitivities of 85-93% and specificities of 41-49% (Siddiqui et al., 2015; Ahmed 

et al., 2017). CEUS requires a microbubble injection prior to TRUS B-mode imaging and 

examines the bubble dynamics as they perfuse through the prostate. The microbubble 

perfusion leads to an increase in PCa detection as the vasculature differs between healthy 

prostate tissue and PCa. CEUS has a reported sensitivity of 73% and specificity of 58% 

(Halpern, 2006; Postema et al., 2016). Both techniques have proven to outperform TRUS B-

mode but require increased resources, additional physician time, and, for CEUS, a contrast 

agent injection.

Additional ultrasonic techniques that do not require extra resources to enhance PCa contrast 

are acoustic radiation force impulse (ARFI) imaging and shear wave elasticity imaging 

(SWEI). ARFI and SWEI both assess the mechanical properties of the tissue using an 

acoustic radiation force impulse (ARFI) excitation to displace tissue at the focus of the 

pushing beam and observe either the on-axis displacement and recovery (ARFI imaging) or 

the shear wave induced by the pushing beam (SWEI) (Doherty et al., 2013). ARFI imaging 
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captures a relative measure of tissue stiffness and has been demonstrated to identify 71% of 

clinically significant PCa with a positive predictive value of 95% (Palmeri et al., 2016). 

SWEI assesses the shear wave propagation speed (SWS) which, under the assumption that 

the material is linear, isotropic, incompressible, and elastic, can be used to calculate the 

Young’s modulus (E) as shown in Eqn. 1, where the tissue density (ρ) is assumed to be 1000 

kg/m3.

E = 3ρSWS2 (1)

These Young’s moduli provide a quantitative estimate of the tissue stiffness and have 

demonstrated success in PCa identification (Barr et al., 2012; Rosenzweig et al., 2012; 

Rouvière et al., 2017; Wei et al., 2018). The Aixplorer system, developed by Supersonic 

Imagine, is an end-fire TRUS SWEI 2D system that has been used in several studies to 

establish stiffness thresholds to separate PCa from healthy prostate tissue. Reported Young’s 

modulus thresholds for identifying PCa range from 35 to 82.6 kPa with sensitivities ranging 

from 53 to 96% and specificities ranging from 66 to 96% (Barr et al., 2012; Correas et al., 

2013, 2015; Woo et al., 2014; Rouvière et al., 2017; Wei et al., 2018). This system relies on 

the clinician’s ability to both remain still during data acquisition (3-5 seconds per frame 

(Barr et al., 2012)) and maintain uniform, minimal compression throughout the acquisition.

Compression needs to be controlled in SWEI and ARFI as soft tissues are known to be 

inherently nonlinear (Shiina et al., 2015). This material nonlinearity leads to a stiffening of 

the material with increasing applied strain, and therefore increased SWS estimates with 

increased compression (Barr and Zhang, 2012; Vachutka et al., 2018). Addressing 

compression is actively being explored in the field of elasticity imaging. Barr and Zhang 

assessed compression in breast imaging and used a structure in the far field of the B-mode 

image to approximate and account for the compression used during imaging (Barr and 

Zhang, 2012). Woo et al., while assessing PCa, used the ratio of the measured SWS in each 

suspicious location to the SWS of a non-cancerous prostate region to normalize for 

compression (Woo et al., 2014). As these approaches appear promising, herein we employ a 

normalization factor from the mean SWS of the entire prostate and apply it to the measured 

SWS value at each voxel to account for differences in compression.

In this work, we have developed a 3D TRUS/ARFI/SWEI imaging system with which we 

have acquired in vivo data in patients with biopsy-confirmed PCa who underwent radical 

prostatectomy immediately following ultrasound imaging. We use whole mount histology 

data to guide the identification of PCa in the SWEI data to establish a SWS threshold which 

separates PCa from healthy prostate tissue. We also explore a SWS normalization approach 

to account for both compression and patient to patient variability. The goal of this work is to 

demonstrate a 3D data acquisition system for acquiring SWEI data in vivo and to establish a 

stiffness threshold to separate PCa from healthy prostatic tissue to facilitate patient imaging, 

PCa identification and localization, and the performance of targeted biopsy in a single clinic 

visit.
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Materials and Methods

Data Acquisition

3D TRUS B-mode, ARFI, and SWEI data were acquired in 36 patients who had PCa and 

were treated with radical prostatectomy immediately following imaging. These patients were 

in an IRB-approved study and provided written informed consent. Imaging was performed 

with a modified Siemens SC2000 Scanner (Siemens Medical Solutions, Issaquah, WA, 

USA) in the operating room with the patient in a dorsal lithomy position and under general 

anesthesia. Throughout the course of this study, the transducer was updated to the latest 

available technology. As such, 26 patients were imaged with an ACUSON ER7B transducer, 

and 10 patients were imaged with a custom designed transrectal Siemens 12L4 transducer. 

Additionally, these transrectal, side-fire, transducers were placed in a CIVCO Micro-Touch 

stabilizer and rotation stage (CIVCO Medical Solutions, Kalona, IA, USA). The rotation 

stage was used to acquire 100 to 150 sagittal images of the prostate with a 1-1.5 degree 

angular spacing. This data acquisition setup was previously described by Palmeri et al. and 

Morris et al. (Palmeri et al., 2016; Morris et al., 2020). The prostate was imaged twice, first 

with a combined ARFI and SWEI sequence and then with a B-mode imaging sequence for a 

combined acquisition time of approximately 14 minutes. These ARFI, SWEI, and B-mode 

data are inherently co-registered as the transducer was only adjusted using the mechanical 

rotation stage during the acquisition. 3-D Slicer (slicer.org) was used to visualize the data 

with a 0.15 x 0.15 x 0.15 mm3 voxel size following scan conversion (Fedorov et al., 2012).

The ARFI and SWEI combined sequence is summarized in Tables 1 and 2 (Palmeri et al., 

2016; Morris et al., 2020). A multi-focal-zone ARF push excitation was used with three foci 

(15, 22.5, and 30 mm) to elongate the depth of field and attempt to image the entirety of the 

prostate (Rosenzweig et al., 2015). Displacement tracking was performed using 16:1 parallel 

receive tracking. Four beams were located inside the ARF excitation to measure the ARFI 

displacements and the remaining twelve track lines were separated into two groups of six 

which were placed on either side of the push beam and used to track the shear wave 

propagation for SWEI. These two groups of six SWEI tracking lines were laterally offset 

from the push and spaced 0.76 mm apart for the ER7B and 0.78 mm apart for the 12L4 

(Table 2) (Rosenzweig et al., 2012). The slight differences between the ER7B and 12L4 

sequences, noted in Tables 1 and 2, are not anticipated to impact the results. The tracking 

lines were repeated through time to acquire the backscattered signal associated with the 

tissue’s displacement and recovery. These signals were captured as baseband in-phase and 

quadrature (IQ) data which allows the 5.0 MHz center frequency backscattered signal to be 

sampled at much lower frequencies. To acquire a fully sampled sagittal image, the ARF push 

and tracking ensemble was repeated 82 times across the face of the transducer with a 

spacing of 0.68 mm to generate a 55.76 mm lateral field of view (Table 1).

Data Processing

ARFI Processing: The particle displacement was calculated using Loupas’ phase shift 

estimator on the IQ data corresponding to the tracking lines (Loupas et al., 1995). This 

estimator calculates the particle velocity progressively through time. A correlation 

coefficient threshold of 0.98 was used to remove poor estimates. These particle velocities are 
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then integrated through time to determine the displacement through time profile used for 

ARFI imaging. Additionally, depth dependent gain was applied to the data to account for the 

distribution of push excitation strength caused by attenuation and the focal configuration, 

and histogram equalization was applied to enhance the lesion visibility (Palmeri et al., 

2015).

SWEI Processing: The particle velocity through time curves were calculated in the same 

way as the ARFI data, applying the phase shift estimator to the twelve offset tracking lines. 

As described by Morris et al. (Morris et al., 2020), techniques developed by Manduca et al. 

(Manduca et al., 2003), Lipman et al. (Lipman et al., 2016), Song et al. (Song et al., 2014), 

and Chan et al. (Chan et al., 2018), were used to calculate the shear wave speeds from the 

particle velocity curves. Briefly, these curves were low pass filtered with a cutoff frequency 

of 1.5 kHz using a 2nd-order, phase-preserving Butterworth filter. The data were then 

directionally filtered in the temporal, lateral, and axial dimensions to suppress reflected 

waves due to the complex structure of the prostate (Lipman et al., 2016). Additionally, these 

filtered shear waves were temporally aligned with the shear waves generated by consecutive, 

adjacent ARF excitations to extend the lateral observation window across the entire field of 

view (Chan et al., 2018). This approach leads to a larger shear wave reconstruction window, 

which provides additional SWS estimates at each overlapping sample while maintaining 

high shear wave SNR because energy from each ARF push is only monitored across a 

distance of 2-7 mm from each excitation. Shear wave speeds were calculated using a 2D 

vector tracking (axial and lateral directions) approach to accurately estimate the speed at 

each location (Song et al., 2014). Lastly, the overlapping SWS estimates at each lateral and 

axial position were averaged to improve SWS SNR and a SWS threshold of 12 m/s along 

with an empirically chosen correlation coefficient threshold of 0.7 were applied to discard 

spurious estimates (Chan et al., 2018).

B-mode Processing: The B-mode acquisition for both transducers consisted of 126 

focused transmits spanning the 55 mm field of view. An F/3 transmit configuration was used 

with a 7.0 MHz center frequency along with F/1 dynamic receive focusing (Palmeri et al., 

2016). Coherent beamforming and 7:1 parallel receive tracking was used to generate the B-

mode IQ data (Loftman, 2017). Also, for both transducers, based 10 logarithmic 

compression, and median filtering, with a kernel size of 0.25 mm axially and 0.5 mm 

laterally, were applied to the B-mode data prior to scan conversion.

Histology

The prostates were radically excised immediately following ultrasound imaging, sliced every 

3 mm from apex to base, and whole mounted on slides. These slides were hematoxylin and 

eosin (H&E) stained for analysis by board-certified pathologists. The pathologists identified 

the locations and Gleason Grade Group (GG) of each PCa foci. Clinically significant PCa 

foci were identified as having a GG ≥ 2 (Gleason Score 3+4=7) or by being larger than 0.5 

mL (Weinreb et al., 2016; Epstein et al., 2016). To assess clinical significance in GG1 

(Gleason Score 3+3=6) PCa foci, the volumes of the PCa foci were calculated using the 

triaxial measurements made by the pathologists and the assumption that they were 

ellipsoidal and compared to the threshold of 0.5 mL. Regions of benign prostatic hyperplasia 
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(BPH) and atrophy were also noted by the pathologists. Due to differences in slice thickness 

and slice angle, these pathology slides were not registered with the ultrasound data (Palmeri 

et al., 2015, 2016). Instead, the center of each PCa lesion was identified as within one of 27 

anatomic regions of interest (Dickinson et al., 2011). The identified region of interest was 

then used to direct the examination of the ultrasound imaging volumes.

Prostate Segmentation and Value Extraction

TRUS B-mode imaging was used to identify and segment the prostate capsule as B-mode 

provides clear contrast between the prostate and the surrounding tissue. ARFI imaging was 

used to identify and segment the central gland (CG) as it is stiffer than the surrounding 

peripheral zone (PZ). The CG represents the combined transition zone and central zone 

(Engelbrecht et al., 2003; Futterer and Barentsz, 2009). The capsule and CG segmentations 

were then extended onto the co-registered SWEI volume and used, along with the 

histologically determined region of interest corresponding to the ground truth location for 

each clinically signifcant PCa foci, to identify and segment suspicious regions as PCa in the 

SWEI volume. The voxels which were included in the capsule segmentation but not the CG 

or PCa segmentations were labeled as PZ. Mean SWS values were extracted from each 

region labeled as PZ, CG, and PCa for each prostate. Data visualization and segmentation 

was performed using 3-D Slicer (slicer.org) (Fedorov et al., 2012). Sample patient data 

volumes and segmentations are included in Figure 1. Additionally, the mean was calculated 

from all voxels within the prostate capsule and was used to normalize the means associated 

with each prostate region. The mean SWS from the entire prostate was used as a 

normalization factor because it provides an indication of the compression (i.e., initial strain 

state) applied to the prostate. This process accounts for differences in SWS based on prostate 

compression and patient-to-patient variability.

Statistical Analysis

The SWS values representing each region are reported as mean ± standard deviation across 

patients. Regional SWS comparisons were made using three-way repeated measures analysis 

of variance (ANOVAs) to separate the regional impact of SWS from the presence of benign 

prostatic hyperplasia (BPH) and from variance introduced by the ultrasound transducer. An 

additional two-way ANOVA was used to examine the relationship between measured SWS 

within PCa foci, their corresponding GG (excluding GG5 as this dataset only included 1 

GG5 lesion), and the lesion volume. These ANOVAs were performed using JMP Pro 15 

(SAS Institute Inc, Cary, NC, USA). Follow-up paired t-tests to identify significant 

differences between prostate regions were performed using MATLAB R2016b (MathWorks, 

Natick, MA, USA). Finally, thresholds were generated using Scikit-learn’s (scikit-learn.org) 

version 0.23.1 (Pedregosa et al., 2011) roc_curve and auc packages. The receiver operating 

characteristic (ROC) curve was established using the roc_curve package, and the area under 

the receiver operating characteristic (AUC) curve was calculated using the auc package in 

order to assess the performance of the chosen threshold. The threshold used to separate PCa 

from healthy tissue (regions identified as PZ or CG) was chosen by maximizing the Youden 

index (Youden, 1950). Statistical significance was determined using p<0.05.
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Results

Figure 1 demonstrates the segmentation and PCa identification of a sample prostate with a 

GG 3 (Gleason 4+3=7) lesion. The axial histology slide approximately corresponding to the 

axial SWEI image slice shown in Fig 1D is included in Figure 1A, where the prostate 

capsule is marked in black and the PCa is indicated in purple (Gleason pattern 4) and green 

(Gleason pattern 3). An in vivo TRUS B-mode axial image is included in subplot B and an 

in vivo ARFI axial image is included in subplot C, where the prostate capsule is indicated in 

green, the CG in black, and the PCa in purple. Subplot D contains the corresponding in vivo 
SWEI axial image, and subplot E contains the in vivo SWEI coronal image that bisects the 

lesion along the dashed black line in subplot D, along with the capsule, CG, and PCa 

segmentations. The region identified as PZ is within the capsule segmentation (green) and 

outside the CG (black) and PCa (purple) segmentations. Additionally, Subplot F contains a 

3D visualization of the segmented prostate capsule (green) and PCa identified in purple (red 

arrow).

Figure 2 includes boxplots which capture the mean SWS values for each region of the 

prostate for each patient included in the study (n = 36). The mean SWS in each region is: 4.8 

m/s (69.1 kPa) in the PZ, 5.3 m/s (84.3 kPa) in the CG, and 6.0 m/s (108.0 kPa) for PCa. The 

prostate region is the only statistically significant (p<0.05) factor that was identified by the 

3-way repeated measures ANOVA that influences the SWS; the presence of BPH and the use 

of the two different transducers did not influence SWS. Paired t-testing also determined that 

the SWS values measured in the different prostate regions were significantly different 

(p<0.0001).

Figure 3 indicates the SWS values found in different grade group lesions. Cancerous SWSs 

range from 4.1 m/s to 7.7 m/s. The number of cancerous regions is indicated for each grade 

group. No statistically significant (p<0.05) difference was found between any combination 

of grade groups. Additionally, no statistically significant (p<0.05) trend was identified 

between PCa lesion volume and grade group.

Figure 4 includes boxplots of the mean SWS ratios–the SWS of each voxel normalized by 

the mean prostate SWS–for each region of the prostate for each patient included in the study 

(n = 36). The mean ratio of PZ to the entire prostate is 0.95, CG to the entire prostate is 1.05, 

and PCa to the entire prostate is 1.18. Once again, the prostate region was the only 

statistically significant (p<0.05) factor that was identified by the 3-way repeated measures 

ANOVA that influences the SWS, and paired t-testing determined that the ratios calculated 

for each region were statistically significantly different (p<0.0001).

Figure 5 indicates the SWS ratio values found in different grade group lesions. Cancerous 

SWS ratios range from 0.93 to 1.61. As in Fig. 3, The number of cancerous regions is 

indicated for each grade group. No statistically significant (p<0.05) difference was found 

between any combination of grade groups. Additionally, no statistically significant (p<0.05) 

trend was identified between PCa lesion volume and grade group.

Figure 6 includes the ROC curves for both the SWS mean approach (blue) and the SWS 

ratio approach (orange) which are made to separate PCa from both PZ and CG. The SWS 
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that maximized the Youden index for the SWS mean approach was a threshold of 5.6 m/s 

(94.1 kPa) with a resulting AUC of 0.84. The SWS ratio which maximized the Youden index 

for the SWS ratio approach was 1.11 with an AUC of 0.90. Additionally, the ROC curves for 

the histogram equalized ARFI data and the histogram equalized ARFI ratio approach when 

used to separate PCa from PZ and CG are included in green and red, respectively. The ARFI 

threshold which maximized the Youden index for the general approach was 104 and yielded 

an AUC of 0.80. The ARFI ratio threshold which maximized the Youden index was 0.94 

with an AUC of 0.85. These results are included in Table 3, along with the positive 

predictive value (PPV), negative predictive value (NPV), sensitivity, and specificity. Note an 

increased PPV for the normalized SWS ratio approach with only a minor decrease in NPV, 

and an increased specificity for the normalized SWS ratio approach with a corresponding 

decrease in sensitivity compared to the SWS results, and similar improvements to the PPV, 

NPV, and sensitivity for the ARFI ratio compared to the general histogram equalized ARFI 

data.

Figure 7 is a scatterplot of mean histogram equalized ARFI value versus mean SWS for each 

prostate region (PZ indicated by circles, CG indicated by asterisks, and PCa indicated by 

triangles). This data yields a weak negative correlation (R2 = 0.40). Note the PCa is more 

localized toward high SWS and lower ARFI histogram equalized values.

Discussion

PCa has been reported as stiffer than benign tissue in the literature, with cutoff values for 

identifying PCa using Young’s Moduli between 35 and 82.6 kPa (Barr et al., 2012; Correas 

et al., 2013, 2015; Woo et al., 2014; Rouvière et al., 2017; Wei et al., 2018). The boxplot 

included in Figure 2, indicates that the SWS values corresponding to PCa are statistically 

significantly (p>0.0001) higher than those corresponding to PZ and to CG, which agrees 

with the literature, though these PCa SWS values are approximately 20% greater than those 

literature-quoted values (Eqn. 1). Additionally, in the literature, stiffness thresholds for PCa 

using an end-fire array span from 35 to 49 kPa (Barr et al., 2012; Correas et al., 2013, 2015; 

Woo et al., 2014; Rouvière et al., 2017) with higher thresholds of 76 kPa and 82.6 kPa being 

reported using a side-fire array (Rouvière et al., 2017; Wei et al., 2018). As expected, the 

SWS threshold identified in this work (5.6 m/s, 94.1 kPa) aligns more closely with the side-

fire acquired thresholds in the literature, although it is still higher.

One likely contributing factor to this elevated SWS threshold, when compared to other 

TRUS/SWE side-fire reports in the literature, is that measured SWSs are influenced by 

differences in shear wave propagation distance and frequency content. Prostate tissue, like 

all tissues, is viscoelastic (VE). In VE materials, wave propagation is both dispersive, with a 

frequency dependent shear wave propagation speed, and attenuating, with a frequency 

dependent amplitude decay with propagation distance (Sridhar et al., 2007; Deffieux et al., 

2009; Lipman et al., 2018). In this study, shear wave speeds were measured over a 

propagation distance from 2.7 - 5.7 mm. Though the technical specifics of the Aixplorer 

system are not available, it is likely that the shear wave propagation distance is considerably 

further than used here as its frame rate supports real-time imaging while the framerate in this 

study is approximately 0.2 Hz. Different propagation distances would be associated with 
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both a downshift in the relative frequency content present in the Aixplorer system as the 

shear waves are attenuated over a longer distance, and an increase in the SNR in our system 

as the amplitude decay caused by the attenuation is reduced across the shorter distance. 

Additionally, the elevated frequency content of the shear waves analyzed by our system 

would lead to an increase in the measured shear wave speed as, in dispersive materials, shear 

waves with higher frequency content are associated with higher measured shear wave speeds 

(Rouze et al., 2018).

The primary cause of our increased stiffness threshold is likely that our 3D acquisition setup 

may require additional compression compared to the handheld approach. In the 3D system 

herein, the transducer is locked into a rotation stage and not adjusted by the user throughout 

the 14-minute imaging time. Compression is required to maintain adequate coupling 

between the transducer and the patient’s rectal wall throughout the entire 150-degree 

rotation. This likely increased compression when compared to the handheld reports in the 

literature which is expected to cause an increase in the stiffness and measured SWS due to 

the inherent nonlinearity of soft tissues (Barr and Zhang, 2012; Shiina et al., 2015; Vachutka 

et al., 2018).

Variable transducer compression, along with anatomic variations, can lead to variability in 

measured SWS not associated with PCa. The patient-to-patient variability complicates 

establishing a threshold for PCa detection. To address this variability, we investigated a SWS 

ratio approach, where we divided the mean SWS in the specific regions by the mean SWS of 

the entire prostate (Figure 4). This approach is similar to the approach used by Woo et al., 

where SWS regions of interest (ROIs) were placed along biopsy tracts and the reported 

SWSs from the positive PCa cores were divided by the minimum SWS of the remaining 

negative cores (Woo et al., 2014). Using this technique, Woo et al., reported a SWS ratio 

threshold of 3.0 to distinguish PCa from healthy tissue which is considerably higher than the 

SWS ratio threshold identified in this study of 1.11. This difference in ratios can be 

attributed to the value used to represent healthy tissue. We used the mean of the entire 

prostate as this considers the initial strain state of the whole prostate and therefore provides a 

better internal control. Additionally, using the mean SWS from the entire prostate is an 

approach that can be readily automated for future studies.

A subset of the literature demonstrates increased SWS with increased grade group (Woo et 

al., 2014; Correas et al., 2015; Wei et al., 2018; Dai et al., 2020). We did not observe a 

correlation between grade group and SWS in our data (Figures 3 and 5), however, the 

distribution of grade groups in subjects receiving prostatectomies at our institution includes 

few higher grade subjects: our cohort only had 3 patients with GG4 lesions and a single 

patient with a GG5 lesion.

An additional factor which we considered as a possible confounder for SWS measurements 

was the presence of BPH, which is an enlargement of the prostate and typically grows in the 

transition zone (McNeal, 1981). Zheng et al. used the Siemens ACUSON S2000 (Siemens 

Medical Solutions, Issaquah, WA, USA) to measure SWSs in patients with BPH and PCa 

and identified elevated SWSs in prostate regions corresponding to BPH (Zheng et al., 2012). 

While 50% (18 out of 36) of the patients included in this study had both BPH and PCa, the 
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impact of BPH on the measured SWSs in each region of the prostate was not statistically 

significant.

Although the reported SWSs are somewhat elevated compared to the literature, the reported 

SWS and SWS ratio thresholds (Figure 6, Table 3) yield sensitivities (81% and 75%, 

respectively) and specificities (82% and 90%, respectively) which fall within the range of 

reported values (53-96% and 66-96%, respectively) (Barr et al., 2012; Correas et al., 2013, 

2015; Woo et al., 2014; Rouvière et al., 2017; Wei et al., 2018). Additionally, both 

thresholds result in lower sensitivities with correspondingly higher specificities than mp-

MRI fusion biopsy, where the sensitivity for mp-MRI fusion biopsy is 85-93% and the 

specificity is 41-49% (Siddiqui et al., 2015; Ahmed et al., 2017). Both the SWS threshold 

and the SWS ratio threshold also match or outperform CEUS in sensitivity and specificity 

(73% and 58%, respectively) (Halpern, 2006; Postema et al., 2016). As the goal of this work 

is to demonstrate the capabilities of SWEI for PCa identification, it may be appropriate to 

lower the PCa threshold for both the SWS approach and the SWS ratio approach so as to 

increase the sensitivity, which could lead to the sensitivity and specificity more closely 

aligning with the current best practices of mp-MRI fusion biopsy.

Along with the thresholds generated using the SWS and SWS ratio approaches, thresholds 

were created using the histogram equalized ARFI and histogram equalized ARFI ratio 

values (Figure 6, Table 3). This histogram equalized ARFI threshold of 104 yielded a PPV 

of 60% and a specificity of 75% which are both lower than the PPV and specificity of the 

SWS and normalized SWS ratio approaches. The histogram equalized ARFI ratio yielded a 

threshold of 0.94 with improvements over the general ARFI threshold as the PPV, NPV, 

sensitivity, and specificity are 65%, 92%, 86%, and 76%. This ARFI ratio yields a lower 

PPV and specificity than the SWEI thresholds though improves the NPV and sensitivity. In 

both the SWEI and ARFI comparisons of the normalized ratio approach to the general 

approach, improvements are evident and indicate that using an entire prostate mean value to 

normalize either the SWEI or ARFI values to account for compression and patient variability 

improves the ability of either elasticity metric to identify PCa.

Though the ARFI thresholds herein show promising results, the reported PPV is 

considerably lower than the 95% reported by Palmeri et al. (Palmeri et al., 2016). One clear 

reason for the difference between these PPVs is that this study quantitatively assesses ARFI 

voxel values based on PCa segmentation established using SWEI, instead of utilizing the 

qualitative metrics (boundary definition, contrast, texture, and location) used by Palmeri et 

al.. This limitation is supported by our previous work which suggests the qualitative aspects 

of ARFI are not matched by SWEI, particularly in border definition and local contrast 

(Morris et al., 2020). This suggests that ARFI and SWEI could be used synergistically to 

take advantage of the qualitative aspects of ARFI along with the quantitative aspects of 

SWEI for future PCa screening studies.

To further examine the relationship between ARFI and SWEI, we calculated the correlation 

between the mean histogram equalized ARFI value for each region and the mean SWS for 

each region, as seen in Figure 7. The histogram equalized ARFI values and the SWS values 

proved to be weakly negatively correlated (R2=0.40). This finding supports using ARFI and 
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SWEI synergistically to detect PCa as the weak correlation indicates that both imaging 

techniques provide different information.

There are some limitations to this retrospective analysis associated with both the patient 

population and the assumptions made during SWS measurement. As previously mentioned, 

the patients enrolled in this study were undergoing radical prostatectomy, which may bias 

the specified thresholds toward clinically significant PCa. Additionally, our cohort included 

only a limited number of patients with high-grade PCa. A limitation associated with SWS 

measurement is that SWEI relies on a region of assumed homogeneity which is not 

guaranteed within the prostate as it is a heterogenous gland. While our short shear wave 

propagation distance and 3D directional filtering improves the reliability of the SWS 

measurements made over small regions, PCa foci and structures within the prostate which 

are smaller than our lateral resolution of 1.3 mm cannot be resolved (Chan et al., 2018).

Conclusions

3D SWEI separates PCa from healthy prostate tissue with sensitivities and specificities akin 

to mp-MRI fusion biopsy. The mean SWS in each prostate region (PZ, CG, and PCa) 

identified a threshold of 5.6 m/s (94.1 kPa) to separate PCa from healthy tissue with a 

sensitivity of 81%, specificity of 82%, PPV of 69%, NPV of 89%, and AUC of 0.84. 

Additionally, we demonstrated improved PCa detection performance by accounting for 

differences in tissue compression and patient variability during acquisition by normalizing 

the SWS by the mean SWS in the entire prostate. This approach yields a SWS ratio 

threshold of 1.11 to separate PCa from healthy prostate tissue and is accompanied by a 

substantial increase in specificity, PPV, and AUC, with a specificity of 90%, PPV of 79%, 

and AUC of 0.90. This work demonstrates the feasibility of using 3D SWEI data in a PCa 

screening system and the benefits of normalizing for applied compression during data 

acquisition and paves the way for future SWEI targeted biopsy studies.
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Figure 1: 
The axial histology slide corresponding to the center of a Gleason grade group 3 (Gleason 

4+3=7) PCa foci, with the prostate capsule (black), Gleason pattern 4 PCa (purple), and 

Gleason pattern 3 PCa (green) also indicated. B. TRUS in vivo axial B-mode image from the 

matched region in the prostate which was used to identify and segment the prostate capsule 

(green). C. Matched in vivo ARFI axial image which was used to identify and segment the 

CG (black). D. Matched in vivo SWEI axial image indicating both the capsule and CG 

segmentations along with the PCa segmentation (purple). E. in vivo SWEI coronal image 

corresponding to a plane bisecting the PCa along the dashed black line in D with the capsule 

(green), CG (black) and PCa (purple) also included. F. 3D visualization of the segmented 

prostate capsule (green) and PCa (purple, arrow). In subplots C-E, voxels which did not 

meet the data quality requirements were excluded (blue). PCa = prostate cancer; TRUS = 

transrectal ultrasound; ARFI = acoustic radiation force impulse; CG = central gland; SWEI 

= shear wave elasticity imaging;
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Figure 2: 
Boxplots representing the mean SWS values in each prostate versus the prostate region (PZ 

– peripheral zone; CG – central gland; PCa – segmented prostate cancer). Each column 

contains data from 36 patients. Statistically significant differences (p<0.0001) are indicated 

by asterisks (*). SWS = shear wave speed.
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Figure 3: 
Boxplots representing the mean SWS values in each PCa foci grouped by Gleason grade 

group (GG). The number of cancerous regions is indicated for each grade group. No 

statistically different (p<0.05) relationships were identified between grade groups. SWS = 

shear wave speed.

Morris et al. Page 17

Ultrasound Med Biol. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: 
Boxplots representing the ratio of the regional mean SWS to the entire prostate mean SWS 

versus the prostate region (PZ – peripheral zone; CG – central gland; PCa – segmented 

prostate cancer). Each column contains data from 36 patients. Statistically significant 

differences (p<0.0001) are indicated by asterisks (*).
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Figure 5: 
Boxplots representing the mean SWS ratio values in each PCa foci grouped by Gleason 

Grade group (GG). The number of cancerous regions is indicated for each grade group. No 

statistically different (p<0.05) relationships were identified between grade groups.

Morris et al. Page 19

Ultrasound Med Biol. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6: 
ROC curves for the SWS mean approach (light blue), the SWS ratio approach (orange), the 

histogram equalized ARFI (green), and the histogram equalized ARFI ratio (red). Note all 

ROC curves yield AUCs well above 0.5. The value which maximizes the Youden index for 

the SWS mean approach is 5.6 m/s, for the SWS ratio approach is 1.11, for the histogram 

equalized ARFI data is 104, and for the histogram equalized ARFI ratio is 0.94. ROC = 

receiver operating characteristic; SWS = shear wave speed; Hist. EQ ARFI = histogram 

equalized acoustic radiation force impulse.
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Figure 7: 
The mean histogram equalized ARFI values versus the mean SWS values for each prostate 

region in each patient. SWS = shear wave speed; ARFI Hist. EQ = histogram equalized 

acoustic radiation force impulse; PZ = peripheral zone; CG = central gland; PCa = prostate 

cancer.
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Table 1:

The ARF push excitation parameters for the ER7B and 12L4 transducers.

Transducer Transmit
Foci (mm)

Frequency
(MHz)

Number of
Cycles F-number Mechanical

Index

Push
Spacing

(mm)

Number of
patients

ER7B 30, 22.5, 15 4.6, 4.6, 5.4 300, 300, 300 2.0, 2.0, 2.35 1.09, 1.39, 1.74 0.68 26

12L4 30, 22.5, 15 4.6, 4.6, 4.6 300, 300, 300 2.0, 2.0, 2.0 0.80, 1.09, 1.18 0.68 10
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Table 2:

The ARFI/SWEI hybrid tracking configuration for the ER7B and 12L4 transducers.

Transducer Transmit
Focus (mm)

Frequency
(MHz) F-number PRF

(kHz)
ARFI Track

Spacing (mm)
SWEI Track
Offset (mm)

SWEI Track
Spacing (mm)

Track
Duration (ms)

ER7B 60 5.0 3.0 8.0 0.17 1.89 0.76 5

12L4 60 5.0 2.0 10.0 0.17 2.01 0.78 4.3
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Table 3:

Thresholds determined by maximizing the Youden index of the ROC curves shown in Figure 7, along with the 

corresponding area under the receiver operating characteristic curve (AUC), positive predictive value (PPV), 

negative predictive value (NPV), sensitivity, and specificity.

Threshold AUC PPV NPV Sensitivity Specificity

SWS 5.6 m/s 0.84 69% 89% 81% 82%

SWS Ratio 1.11 0.90 79% 88% 75% 90%

Histogram Equalized ARFI 104 0.80 60% 86% 75% 75%

Histogram Equalized ARFI Ratio 0.94 0.85 65% 92% 86% 76%
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