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Abstract

Purpose—To assess the relationship between MRE stiffness of prostate cancer (PCa) and the 

extent of lymph node metastasis (LNM) in patients with PCa undergoing radical prostatectomy 

(RP) and extended pelvic lymph node dissection (ePLND).

Materials—The local institutional review board approved this retrospective study. We 

retrospectively analyzed 49 patients, who had undergone MRE, mpMRI and pelvic MRI on a 

3.0 T MRI scanner, with histopathological confirmed PCa after RP (from June 2015 to December 

2019). For each patient, preoperative clinical data and characteristics of MRE, mpMRI and pelvic 

MRI were recorded. Independent-samples t test, univariate and multivariate logistic regression 

analyses were performed. And receiver operating characteristic (ROC) analysis were performed to 

compare the diagnostic performances of multivariate models with the Briganti 2019 nomogram.

Results—PCa MRE stiffness and maximum diameter were independent predictors of LNM. 

When PCa MRE stiffness at 60 Hz (odds ratio [OR] = 20.223, P = 0.013) and maximum diameter 

(OR = 4.575, P = 0.046) were combined, the sensitivity and specificity were 100% and 91.9% to 

predict LNM. When PCa MRE stiffness at 90 Hz (OR = 7.920, P = 0.013) and maximum diameter 

(OR = 2.810, P = 0.045) were combined, the sensitivity and specificity were 100% and 86.5% to 

predict LNM. The areas under curves (AUCs) of the combinations were higher than the AUC of 

the Briganti 2019 nomogram (0.982 vs. 0.904, P = 0.040 [60 Hz]; 0.975 vs. 0.904, P = 0.060 [90 

Hz], respectively).

Conclusions—MRE-based assessment of PCa stiffness may be useful for predicting LNM of 

PCa preoperatively and noninvasively.
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Introduction

Prostate cancer (PCa) is one of the most common cancers in men and the global burden 

of this disease is rising [1]. Lymph node metastasis (LNM) is an essential prognostic 

factor in patients with PCa, which has shown to be a valuable predictor for biochemical 

recurrence-free survival, metastatic-free survival, and overall survival in PCa [2]. Extended 

pelvic lymph node dissection (ePLND) is the established method of staging regional nodes. 

However, this invasive technique may not have any direct benefit on cancer outcomes [3]. 

It may result in more substantial adverse consequences in terms of operating time, blood 

loss, length of stay, and postoperative complications [3]. Therefore, a noninvasive imaging 

method is needed to reduce or eliminate the need for ePLND.

Many noninvasive imaging techniques have been used to preoperatively characterize the 

LNM of PCa. Conventional CT and MRI rely on size criteria to determine lymph node status 

[4], and one meta-analysis found that the pooled sensitivity and specificity for CT were 

42% and 82%, for MRI were 39% and 82%, respectively [5]. Von Below et al. [6] indicated 

that multiparametric MRI (mpMRI) of the prostate enables tumor and LNM detection, 

and DWI has a sensitivity and specificity of 55% and 90% in detecting LNM of PCa. 

However, a major drawback of DWI is the potential for susceptibility artifacts to cause both 

signal loss and image distortion [7]. Novel imaging techniques such as MR lymphography 

with superparamagnetic iron oxide (SPIO) nanoparticles and targeted positron emission 

tomography imaging (PET) are currently under development and appear to improve lymph 

node staging of PCa [10]. Winter et al. [8] published a detection rate of 90% with a 100% 

sensitivity for LNM using SPIO nanoparticles as magnetic tracer. In the study on the role of 

PET to detect LNM of PCa, Chang et al. [9] found that the sensitivity and specificity were 

75% and 100%. However, these novel imaging techniques remains in research field with no 

clinical routine application.

Due to an increase in cellular density, microvascularization and the destruction of the 

glandular architecture, PCa is stiffer than normal prostate tissue [11]. With digital rectal 

examination (DRE), a physician can assess the stiffness of the prostate gland qualitatively 

and detect PCa from benign tissue, however, manual palpation is a subjective evaluation 

and dependent on the physician’s skill and experience. Moreover, this method does not 

allow the physician to palpate the entire prostate manually. Recently, elastography including 

ultrasound elastography and MR elastography have been developed to noninvasively assess 

the mechanical properties of tissues [12]. Ultrasound-based elastography has been shown 

to be useful in the diagnosis of PCa [13, 14]. However, this technique is based on two­

dimensional elastography and is dependent on operator experience [15].

MR elastography (MRE) can directly visualize three-dimensional propagating mechanical 

shear waves and quantitatively measure tissue mechanical properties in biological tissues 
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[16]. It is sensitive to the mechanical response of pathophysiologic changes in soft tissue 

[17]. The most established clinical application of MRE in the abdomen is detecting hepatic 

fibrosis [18]. Increasing experience and ongoing research are leading to the exploration of its 

application in other abdominal organs, such as the spleen [19], kidney [20], pancreas [21], 

and prostate [22–24].

Previous evidences have shown that MRE has potential for detecting, localizing, and staging 

prostate cancer. Sahebjavaher et al. [25] indicated that MRE was more accurate than DWI 

in detecting histopathology-proven malignancy in ex-vivo. Li et al. [26] found that the MRE­

assessed mean elasticity was significantly higher in the lesions with PCa than in regions with 

prostatitis and normal peripheral zone. Dittmann et al. [27] demonstrated the feasibility of in 

vivo multifrequency MRE of the prostate, and indicated that MRE stiffness maps displayed 

many details of potential interest for cancer diagnosis. However, the diagnostic value of 

MRE of the prostate for LNM has not been investigated before.

The purpose of this study was to assess the diagnostic performance of MRE by measuring 

the mechanical properties of the primary PCa, identifying PCa LNM preoperatively in 

patients who underwent radical prostatectomy (RP) and ePLND.

Materials and methods

Patients

From June 2015 to December 2019 the local institutional review board approved the use of a 

database of 455 patients who had undergone MRE, mpMRI and pelvic MRI for retrospective 

review. We excluded 406 patients as followed: technical failure of MRE (n = 9); having had 

locoregional therapy before MRI/MRE examinations (n = 48); no treatment was performed 

(n = 216); non-RP treatments (n = 91); without ePLND in patients underwent RP (n = 37); 

maximum diameter of the lesion less than 1 cm (n = 5). Finally, 49 patients (mean age, 

68.39 years; range, 53–83 years) were enrolled in this study. They were categorized into two 

groups based on the histopathological results of ePLND. Twelve patients with regional LNM 

were included in group 1: PCa with LNM (positive LNM), and 37 patients without regional 

LNM were included in group 2: PCa without LNM (negative LNM) (Fig. s1).

For each patient, the following clinical and pathologic parameters were collected: age, 

height, weight, body mass index (BMI), serum prostate serum antigen (PSA), PSA 

density (PSA/prostate volume), the time between MRI/MRE and biopsy, the time between 

MRI/MRE and surgery, biopsy Gleason grade groups, and RP Gleason grade groups. The 

diagnoses of PCa and LNM were determined by the histopathologic results.

MRI protocol

MRI was performed on a 3.0 T scanner (GE, Discovery MR750, Milwaukee, WI) with 

8-channel phased-array torso coils (GE, Milwaukee, WI).

MRE was performed with a custom-built passive driver, developed by Mayo Clinic 

(Rochester, MN). The passive driver was composed of a cylindrical drum with a 10-cm­

diameter, 0.5-mm-thick, polycarbonate diaphragm with a 5-mm-deep cavity and a 5-mm 
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solid acrylic backing (Supplementary Fig. 1). It was applied to the lower abdominal wall, 

partially overlapping the symphysis pubis. Continuous acoustic vibrations at 60 Hz and 

90 Hz, which were generated by an active driver (Resoundant Inc., Rochester, MN) and 

transmitted to the passive driver via a flexible vinyl tube, were used to produce propagating 

shear waves in the prostate, respectively. A test vibration was first applied to allow the 

patient to get familiar with the vibration.

A free-breathing, multislice, EPI, 3D-MRE sequence was used to image the waves. Clinical 

mpMRI and pelvic MRI were also acquired. Pulse sequences and parameters of MRE, 

mpMRI, and pelvic MRI were summarized in Table 1.

MRE analysis

The MRE acquired displacement fields were processed using a 3D direct inversion (DI) 

algorithm [28–30] of the Helmholtz wave equation after applying the curl operator, to 

calculate stiffness maps within the entire field-of-view of MRE sequence. The shear stiffness 

was calculated from the wave images using by first calculating the curl and the divergence 

of the wave information, and then using the curl information to perform a direct inversion 

of the Helmholtz wave equation to calculate the complex-valued shear modulus which was 

used to derive the MRE parameters. The processing steps were applied automatically to 

generate quantitative images of tissue shear stiffness maps, in units of kiloPascals (kPa).

Image registration was used with a software (Radi-Ant DICOM Viewer, Version 2020.2, 

Medixant, Poznan, Poland). Mean stiffness of PCa was calculated and recorded in kPa 

using a manually specified region of interest (ROI). The ROIs were drawn independently by 

two radiologists (B.H. and J.W.), who were experienced in reading liver and prostate MRE 

images (> 1000 studies read in the past 3 years), blinded to all clinical and histopathological 

results. And these two radiologists were also experienced in mpMRI and pelvic MRI (with 

16 and 27 years for B.H. and J.W., respectively, > 3000 studies read in the past 3 years). The 

ROIs were drawn on the T2WI (PCa in transition zone) and DWI (PCa in peripheral zone) 

covering as much tumor as possible while excluding tumor edges (where partial-volume 

effects likely affected the calculated stiffness), areas of significant wave interference, and 

any other artifacts, then the ROIs were copied to 3D elastogram, ADC and other MRI 

sequences.

MpMRI and pelvic MRI analysis

All mpMRI and pelvic MRI Images were independently reviewed by the same two 

radiologists (B.H. and J.W.) who reviewed MRE images. All images and lesions were 

scored and reported according to the Prostate Imaging Reporting and Data System (PI­

RADS) version 2.1 criteria [31]. For each patient, the following radiological variables 

were recorded: prostate volume, PCa location, PI-RADS score, maximum diameter of 

PCa, PCa volume, PCa invasiveness, PCa ADC, presence of enlarged LNs and presence 

of LNs with restricted diffusion. The maximum diameters of three dimensions of PCa 

lesions were measured and PCa volume was calculated using ellipsoid formulation [31]: 

(max anteroposterior diameter) × (max transverse diameter) × (max longitudinal diameter) 

× 0.52. For ADC calculation, ROIs were manually drawn on the ADC map including only 
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the inner aspect of the lesion to reduce partial volume effects. Information regarding PCa 

invasiveness, such as extraprostatic extension and seminal vesicles invasion, was recorded. 

For the definition of enlarged LNs on T2WI, a threshold of 10 mm in the short-axis for oval 

nodes and 8 mm for round nodes was used [10]. LN with restricted diffusion was defined 

hyperintense on high-b-value DWI (b = 1500 s/mm2). The two reviewers met to make final 

decisions by consensus for discordant cases.

Nomogram evaluation

Following the instruction of the Briganti 2019 nomogram [32], the points of serum PSA, 

extracapsular extension and/or seminal vesicle invasion, biopsy Gleason grade group, 

maximum diameter of PCa and percentage of cores at biopsy were summed to get the total 

score for each patient. Then the risk of LNM of each patient was recorded. A 7% cut-off 

was used to calculate the sensitivity, specificity, positive predictive value (PPV), negative 

predictive value (NPV), and accuracy for the prediction of LNM.

Histopathological evaluation

All patients with PCa had both 12-core systematic biopsy and whole-mount radical 

prostatectomy specimens produced. Lesion locations and Gleason grades on whole-mount 

specimens were annotated by a genitourinary pathologist with 15 years’ experience, who 

was blinded to MRI results.

LNs (encompassing obturator, internal iliac, external iliac, common iliac and nodes) were 

handled by the same genitourinary pathologist. Whether there were LNMs or not were 

recorded.

Statistical analysis

To compare variables between two groups, categorical variables were analyzed using Chi 

square test, and continuous data were evaluated using independent-samples t test or Mann–

Whitney U test.

Interobserver agreement of the PCa stiffness measurements between two radiologists was 

evaluated using the intraclass correlation coefficient (ICC) along with its 95% CI. The level 

of agreement was defined as follows: 0.00–0.20, poor; 0.21–0.40, fair; 0.41–0.60, moderate; 

0.61–0.80, good; and 0.81–1.0, excellent.

Univariate and multivariate logistic regression analyses were performed to test the 

association between the preoperative variables and LNM. Because there was collinearity 

between PCa MRE stiffness at 60 Hz and at 90 Hz, two multivariable models were fitted, 

respectively. As a measure of the relationship between the variables and the outcomes, the 

β coefficient, standard error (SE) and odds ratios (OR) were reported. Nomograms were 

constructed on the basis of the prediction models. The sensitivity, specificity, PPV, NPV, 

and accuracy of each significant imaging finding and combinations of findings for predicting 

LNM were also calculated.
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Receiver operating characteristic (ROC) analysis of multivariate models and the Briganti 

2019 nomogram for predicting LNM was performed. The areas under the curves (AUCs) of 

them were calculated and compared.

Statistical softwares (SPSS version 25, SPSS, Chicago, IL, USA; and R version 3.6.1, R 

Foundation for Statistical Computing, Vienna, Austria) were used for statistical analyses 

(J.C.). The significance level was indicated by a P value less than 0.05.

Results

Baseline characteristics

Baseline demographic characteristics of patients and pathologic characteristics of PCa with 

LNM are demonstrated in Table 2. Baseline variables including age, height, weight, BMI, 

the time between MRI/MRE and biopsy, and the time between MRI/MRE and surgery were 

similar in both groups (P > 0.05).

With regard to histologic features, the distributions of biopsy and RP Gleason grade groups 

were significantly different between two groups (P = 0.001 and P = 0.006, respectively). 

Both biopsy and RP Gleason grade group 4 or more were more frequently observed in group 

1 than group 2 (75.0% vs. 21.6%, and 75.0% vs. 29.7%, respectively). (Fig. 2). Moreover, 

both serum PSA (P = 0.010) and PSA density (P = 0.006) in group 1 were significantly 

higher than those in group 2.

MRI characteristics

The radiological characteristics of the study cohort were summarized in Table 3. The sizes 

of ROIs were 4.51 ± 3.80 (95% CI 2.85–6.18) cm2. The PCa stiffnesses were measured on 

3D elastogram (Fig. 3). There were excellent interobserver reproducibilities of PCa stiffness 

at 60 Hz and 90 Hz, with an ICC of 0.839 (95% CI 0.731–0.906) and 0.887 (95% CI 

0.809–0.935), respectively (Supplementary Fig. 4). The mean PCa stiffness in group 1 was 

significantly higher than that in group 2 both at 60 Hz (5.22 ± 0.81 kPa vs. 3.24 ± 0.93 kPa, 

P < 0.001) and at 90 Hz (7.11 ± 1.08 kPa vs. 4.71 ± 1.13 kPa, P < 0.001), respectively (Fig. 

4). There is a moderate correlation between RP Gleason grade group and MRE stiffness at 

60 Hz (r = 0.414, P = 0.003). And there is a moderate correlation between RP Gleason grade 

group and MRE stiffness at 90 Hz (r = 0.585, P < 0.001).

In univariate analyses, clinical variables (including serum PSA, PSA density, biopsy Gleason 

grade groups and RP Gleason grade groups) and radiological variables (including PCa MRE 

stiffness at 60 Hz and 90 Hz, maximum diameter of PCa, ADC, PCa invasiveness, LN 

with restricted diffusion) were significantly associated with LNM (P < 0.05). In multivariate 

analysis, because there was collinearity between PCa MRE stiffness at 60 Hz and at 90 

Hz, two multivariable models were fitted, respectively. In model 1, PCa MRE stiffness 

at 60 Hz (OR = 20.223, P = 0.013) and maximum diameter (OR = 4.575, P = 0.046) 

were independent significant variables for predicting LNM of PCa. In model 2, PCa MRE 

stiffness at 90 Hz (OR = 7.920, P = 0.013) and maximum diameter (OR = 2.810, P = 

0.045) were independent significant predictors. There was no significant difference (P = 

0.468) for ROC between PCa MRE stiffness at 60 Hz (AUC of 0.937) and maximum 
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diameter of PCa ≥ 2.0 cm (AUC of 0.892). And there was no significant difference (P 
= 0.325) for ROC between PCa MRE stiffness at 90 Hz (AUC of 0.946) and maximum 

diameter of PCa ≥ 2.0 cm (AUC of 0.892). Univariate and multivariate logistic regression 

analyses for predicting lymph node metastasis of PCa were reported in Table 4. Regression 

coefficient-based nomograms were constructed from these significant variables (Fig. 5).

The sensitivity, specificity, PPV, NPV, and accuracy of the combination in model 1 were 

100%, 91.9%, 80.0%, 100%, and 93.9%, respectively, with an AUC value of 0.982. The 

sensitivity, specificity, PPV, NPV, and accuracy of the combination in model 2 were 100%, 

86.5%, 70.6%, 100%, and 89.8%, respectively, with an AUC value of 0.975. Diagnostic 

performances of all the variables were reported in Table 5 and Supplementary Table 1. 

ROC curves of model 1 combination and model 2 combination for predicting LNM were 

demonstrated in Fig. 6. There was no statistically significant difference between the AUCs 

of model 1 and model 2 (0.982 vs. 0.975, P = 0.383).

Risk of LNM relied on Briganti nomogram

Following the instruction of the Briganti 2019 nomogram [32], the risk of LNM of each 

patient was calculated. There was significant difference in the risk of LNM between group 

1 (median = 87.5%, IQR = 63.2–90.0%) and group 2 (median = 10.0%, IQR = 3.5–37.0%), 

(P < 0.001). Using a 7% cut-off, the sensitivity, specificity, PPV, NPV and accuracy were 

100%, 40.5%, 35.3%, 100% and 55.1%, respectively.

The ROC curve of the probability of predicted value calculated by the Briganti 2019 

nomogram for predicting LNM were demonstrated in Fig. 6. The AUC of model 1 

combination was significantly higher than the AUC of the Briganti 2019 nomogram (0.982 

vs. 0.904, P = 0.040). The AUC of model 2 combination was higher than the AUC of the 

Briganti 2019 nomogram, while there was no statistically significant (0.975 vs. 0.904, P = 

0.060).

Discussion

Our results demonstrated that PCa MRE stiffness and maximum diameter were independent 

and significant predictors of LNM of PCa. Combining these two MRI findings for predicting 

LNM resulted in high predictive accuracy, with high sensitivity, specificity, and accuracy. In 

addition, we presented the nomograms for individualized risk estimation that calculates the 

numeric probability of LNM. MR elastography has promising potential in predicting lymph 

node metastasis of prostate cancer.

MRE can generate shear waves, create an image of the propagation of these waves in tissue, 

and assess the stiff properties of tissue quantitatively. MRE technique of prostate, which 

are similar to the steps for liver MRE, has the following steps. First, a passive driver is 

placed on the body wall and is activated with acoustic pressure waves that are conducted 

through a plastic tube that is connected to the wave actuator to deliver shear waves to 

the tissue. Second, the MRE acquisition is a modified phase-contrast sequence. Special 

motion encoding gradients are used to sensitize the sequence to the cyclic tissue motion 
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that is caused by the shear waves. Third, the wave images were processed to calculate 

corresponding elastograms.

In our study, the range of MRE stiffness values of PCa either with LNM or without LNM 

were similar to those reported earlier [26, 33, 34], which demonstrated that MRE was 

sensitive to changes in the stiffness of tissue. Asbach et al. [33] performed multifrequency 

MRE at 60, 70 and 80 Hz, that provided quantitative maps of tissue mechanical parameters 

of the prostate. They found that PCa was characterized by stiff tissue propertied and reduced 

water diffusion. Reiter et al. [34] examined fourteen fresh prostate specimens from men with 

clinically significant PCa by MRE at 500 Hz immediately after radical prostatectomy in a 

9.4 T scanner. They found that the difference of storage modulus was significant (P < 0.001) 

between healthy segments (5.44 ± 4.40 kPa) and cancerous segments (10.84 ± 4.65 kPa). 

They suggested that prostate MRE had the potential to improve diagnostic performance of 

mpMRI.

The color bar at the image of 3D elastogram from purple to red indicated the stiffness 

value from low to high. The stiffness value of surrounding structures was lower than that of 

prostate and PCa. So, most of surrounding structures were in purple and blue (Fig. 3). While 

the colors of prostate and PCa were yellow and red. Because the stiffness value of LN was 

similar with the stiffness value of surrounding structures, the LN was hardly visible in the 

elastogram.

Our study also showed that PCa MRE stiffness was a significant marker for predicting 

LNM, with high odds ratio and high predictor point on the nomograms. According to the 

previous studies, an increased extracellular matrix (ECM) stiffness may contribute to an 

overall increase in tumor stiffness [35], and some components of ECM are involved in the 

process of lymph node metastasis [36]. A hypothesis might be that increased MRE stiffness 

of PCa could predict LNM by reflecting the remodeling of ECM. In our study, we used 

a pelvic wall flexible soft passive driver, developed by Mayo Clinic, to do prostate MRE 

examinations. We supposed that it was more comfortable and less invasive than endorectal 

MRE, transperineal MRE, and transurethral MRE. Further larger prospective study will be 

need to validate it.

In the measurement of PCa, the minimum requirement of PI-RADS v2.1 is to report the 

largest dimension of a suspicious lesion, which is measured on mpMRI. And in the Briganti 

2019 nomogram, maximum diameter of PCa is one of the variables for predicting the 

probability of LNM [32]. Our results showed that maximum diameter of PCa with LNM was 

significantly larger than that of PCa without LNM, and showed that maximum diameter of 

PCa 2.0 cm or more was useful for predicting LNM.

According to the guidelines, the decision to perform nodal dissection should be based 

on the preoperative probability of LNM [37]. The individual risk can be estimated using 

preoperative nomograms [32]. In our study, the risk of LNM in group 1 is eight times higher 

than that in group 2, based on the Briganti 2019 nomogram [32]. With the combination of 

PCa MRE stiffness and maximum diameter, the AUCs of the multivariate models were even 

higher than the AUC of the probability of predicted value calculated by the Briganti 2019 
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nomogram. So, the multivariate models in our study could be used as a preoperative imaging 

marker for predicting LNM of PCa.

Because there was collinearity between PCa MRE stiffness at 60 Hz and at 90 Hz, these 

two parameters couldn’t be fitted in one multivariable model at the same time. So, there 

was no added diagnostic value by using two frequencies. Although there was no statistical 

difference between diagnostic efficacy of MRE at 60 Hz and 90 Hz, higher frequency 

provides better resolution according to MRE principle, we recommended 90 Hz for future 

studies.

Other MRI variables such as ADC, PCa invasiveness, and LN with restricted diffusion 

showed statistically significant difference between two groups in univariate analysis, but 

they were not independent predictors in multivariate analysis. There might be some indirect 

correlation between these variables and LNM of PCa.

The current study had some limitations. First, we had an inevitable selection bias because 

of the retrospective design. There were just 12 patients with positive LMN and only a 

single patient with TZ PCa with LNM. In the patient cohort only patients without LMN 

had PIRADS 4 scores and patients with LMN had only PIRADS 5 scores. A prospective 

study would be done in the future to verify the results of the current study. Second, the total 

number of patients was limited (n = 49). PPV/NPV might have large errors in terms of the 

small number of cases. And the cases were enrolled from a single center. Further studies 

with larger populations in multiple centers will be needed to confirm our findings. Third, 

we didn’t measure viscosity-related parameters, because loss modulus might not be reliable 

with current setup at comparable low resolution. Finally, the lesion smaller than 1 cm were 

excluded, the stiffness values of small lesions may be a challenge due to partial volume 

effects. The practical relevance of these results will also depend on the reliability and 

availability of MRE versus that of other emerging techniques. Under these circumstances, 

a higher frequency acoustic waves and focused field of view imaging have to be chosen to 

estimate the stiffness of small lesions accurately.

Conclusion

A combination of PCa MRE stiffness and maximum diameter can be used as a preoperative 

imaging marker for predicting LNM of PCa.
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Abbreviations

MRE MR elastography

mpMRI Multi-parametric MRI

PCa Prostate cancer

LNM Lymph node metastasis

RP Radical prostatectomy

ePLND Extended pelvic lymph node dissection

ECM Extracellular matrix
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Fig. 1. 
Flowchart of patient population in current study. MRE MR elastography, PCa prostate 

cancer, RP radical prostatectomy, ePLND extended pelvic lymph node dissection, LNM 
lymph node metastasis
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Fig. 2. 
The distributions of biopsy Gleason grade groups were significantly different between PCa 

with LNM group and PCa without LNM group (P = 0.001) (a). And the distributions of RP 

Gleason grade groups were also significantly different between two groups (P = 0.006) (b)
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Fig. 3. 
First row, from left to right (a–e); second row, from left to right (f–j); third row, from 

left to right (k–o). A 60-year-old male man with prostate cancer (a–e) and with lymph 

node metastasis (f–j). The tumor (red arrow) was shown moderate hypointense on T2 

weighted image (T2WI) (a), and hyperintense on diffusion-weighted image (DWI) (b). The 

tumor stiffness was 5.76 kPa on 3D elastogram at 60 Hz (c) and was 6.09 kPa at 90 Hz 

(d), respectively. The apparent diffusion coefficient (ADC) value of the tumor was 0.57 × 

10−3mm2/s (e). An enlarged lymph node (yellow arrow) was found on T2WI (f) and DWI 

(g). Because the stiffness value of LN was similar with the stiffness value of surrounding 

structures, the LN was hardly visible in the elastogram (h, i). 73-year-old man with prostate 

cancer (red arrow) without lymph node metastasis (k–o). The tumor was shown homogenous 

moderate hypointense on T2WI (k), and hyperintense on DWI (l). The tumor stiffness was 

4.17 kPa on 3D elastogram at 60 Hz (m) and was 5.83 kPa at 90 Hz (n). The ADC value of 

the tumor was 0.51 × 10−3mm2/s (o)
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Fig. 4. 
The mean PCa stiffness at 60 Hz in the positive LNM group (5.22 ± 0.81 kPa) was 

significantly higher than that in the negative LNM group (3.24 ± 0.93 kPa, P < 0.001) 

(a). And the mean PCa stiffness at 90 Hz in positive LNM group (7.11 ± 1.08 kPa) was 

significantly higher than that in negative LNM group (4.71 ± 1.13 kPa, P < 0.001) (b)
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Fig. 5. 
Nomograms of multivariate analysis model 1 (a) and model 2 (b) to predict the probability 

of LNM in a patient with PCa. Predictor points are found on uppermost point scale that 

corresponds to each variable. On the bottom scale, points for all variables are added and 

translated into probability of LNM
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Fig. 6. 
Receiver operating characteristic (ROC) curves of multivariate model 1 (combination of PCa 

stiffness at 60 Hz and maximum diameter of PCa), model 2 (combination of PCa stiffness 

at 90 Hz and maximum diameter of PCa), and the probability of predicted value (calculated 

by the Briganti 2019 nomogram) for predicting lymph node metastasis. The areas under the 

curves (AUCs) of them were 0.982, 0.975, and 0.904, respectively (model 1 vs. model 2, P 
= 0.383; model 1 vs. the Briganti 2019 nomogram, P = 0.040; model 2 vs. the Briganti 2019 

nomogram, P = 0.060)
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