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Abstract
Objectives To analyze the diagnostic value of adding SWE toMRI for the diagnosis of clinically significant prostate cancer with
false-negative MRI results.
Methods This was a retrospective study of 367 patients who underwent MRI, SWE, and prostate biopsy between March 2016
and November 2018 at the Shanghai Tenth People’s Hospital. Serum prostate-specific antigen (PSA) and free PSA (fPSA) were
measured preoperatively. Diagnostic value and accuracy was determined for MRI alone and MRI + SWE using the receiver
operator characteristic curve (ROC) analysis.
Results MRImisdiagnosed 17.9% (21/117) clinically significant prostate cancers, including 15 lesions in the peripheral zone and
6 in the central zone. Both qualitative and quantitative SWE could help detect 66.7% (10/15) significant prostate cancers with
false-negative MRI, but there was no association with the Gleason score (p > 0.05). When considering the sextant of the
peripheral zone, a significant association was not seen with histopathology in qualitative SWE (p = 0.071) and quantitative
SWE (p = 0.598). Among age, PSA, fPSA, volume of the prostate gland, fPSA/PSA, and PSAD, only PSAD (p = 0.019) was
associated with SWE results in patients with negative MRI.
Conclusions Adding SWE to MRI in patients with negative MRI for prostate examination could allow the correct diagnosis of
additional patients and reduce the false-negative rate.
Key Points
• MRI plays an important role in clinically significant prostate cancers diagnosis.
• SWE plays an important role in clinically significant prostate cancers with negative MRI.
• Adding SWE to MRI in patients with negative MRI for prostate examination could allow the correct diagnosis of additional
patients and reduce the false-negative rate.

Keywords Prostate cancer . Biopsy .Magnetic resonance imaging

Abbreviations
95%CI 95% confidence intervals
ADC Apparent diffusion coefficient
AHH Atypical adenomatous hyperplasia

AP/CP Acute/chronic prostatitis
ASAP Atypical small acinar hyperplasia
AUC Area under the ROC
BPH Benign prostatic hyperplasia
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DCE Dynamic contrast enhancement
DWI Diffusion-weighted imaging
fPSA Free PSA
HGPIN High-grade prostate intraepithelial neoplasia
LGPIN Low-grade prostate intraepithelial neoplasia
mp-MRI Multiparameter magnetic resonance imaging
NCI National Cancer Institute
NPV Negative predictive value
NSGP Non-specific granulomatous prostatitis
PCa Prostate cancer
PI-RADS Prostate Imaging Reporting and Data

System
PPV Positive predictive value
PSA Prostate-specific antigen
PSAD PSA density
ROC Receiver operator characteristic
ROI Region of interest
sPCa Clinically significant prostate cancer
SWE Shear-wave elastography
T1WI T1-Weighted imaging
T2WI T2-Weighted imaging
TRUS-Bx Transperineal prostate biopsy guided

by transrectal ultrasound
US Ultrasound
V Volume of the prostate gland

Introduction

Prostate cancer (PCa) is one of the most commonly diagnosed
malignant tumors and the sixth leading cause of cancer deaths
in men. For 2017, the National Cancer Institute (NCI) showed
that there were 161,360 new cases of PCa and 26,730 deaths
due to PCa in the USA, accounting for nearly one-fourth of all
deaths from malignant tumors [1]. Although most PCa show
little aggressiveness and with a relatively low risk of metasta-
sis and although both the incidence and mortality decreased in
the Occident, the situation in China is still pessimistic. Indeed,
despite an increasing incidence due to better detection
methods and cancers being detected earlier, the mortality
keeps increasing [2, 3].

Multiparameter magnetic resonance imaging (mp-MRI)
plays an important role in the diagnosis of clinically signifi-
cant prostate cancer (sPCa). VariousMRI tissue characteristics
determining the sPCa risk are included in the Prostate Imaging
Reporting and Data System (PI-RADS): PIRADS of 1 to 3 is
more likely to be benign and a PIRADS of 4 or 5 is highly
suspicious of being malignant [4]. Nevertheless, mp-MRI can
miss clinically important lesions or underestimate lesion size;
it has been reported that up to 58% of these lesions are missed
or characterized as benign [5].

Elastography enables differentiation between benign and
malignant lesions based on their stiffness [6]. Indeed, benign

lesions tend to be harder than the surrounding normal tissue,
but still softer than malignant lesions [6]. Both strain
elastography and shear-wave elastography (SWE) help en-
hance the diagnostic value of the prostate tissues [7, 8].

There are many studies about the role of MRI and/or SWE
in the diagnosis of PCa, and all modalities show some misdi-
agnosis [7–11]. To the best of our knowledge, there are few
reports about the diagnostic value of SWE for sPCawith false-
negative MRI results. Therefore, the aim of the present study
was to analyze the diagnostic value of adding SWE toMRI for
the diagnosis of malignant prostate tissues with false-negative
MRI results.

Materials and methods

Study design and patients

This retrospective study was approved by the institutional re-
view board of the Shanghai Tenth People’s Hospital. The pa-
tients were examined between March 2016 and November
2018. Oral informed consent for the use of their data for re-
search purposes was obtained at the time of biopsy. There were
938 patients who underwent transperineal prostate biopsy guid-
ed by transrectal ultrasound (TRUS-Bx) at the Department of
Medical Ultrasound, Shanghai Tenth People’s Hospital. The
indications for biopsy were the following: (1) abnormally ele-
vated prostate-specific antigen (PSA) levels (> 10 ng/ml); (2)
gradually increasing PSA levels by 0.75 ng/ml/year; or (3) pos-
itive digital rectal exam. All patients underwent both MRI and
SWE before biopsy for suspected sPCa. Patients were excluded
if they did not undergoMRI or SWE, and the PSA> 100 ng/ml.
Thus, finally, 367 participants were enrolled.

Multiparametric magnetic resonance imaging

mp-MRI included T1-weighted imaging (T1WI), T2-
weighted imaging (T2WI), diffusion-weighted imaging
(DWI), apparent diffusion coefficient (ADC), and dynamic
contrast enhancement (DCE); all were conducted using a
Siemens TrioTrim Somatom 3-Tesla magnet (Siemens) with
a trans-abdominal external phased-array coil. All patients
underwent biopsy according to the indications above, whether
the MRI was normal or abnormal.

Shear-wave elastography

Prostate ultrasound (US) and SWE examination were per-
formed using an Aixplorer system (SuperSonic Imagine)
equipped with an endocavity transrectal probe SE12-3 with
high frequency (8 MHz). The patients were asked to lie in the
left lateral position and to hold their knees with their hands as
close to the abdomen as possible. SWE acquisitions were
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performed in the transverse plane to gain the entire peripheral
zone. SWE imaging was done so that each side of the prostate
was scanned from the apex to the base with a very slowmove-
ment, while avoiding pre-compression of the prostate. Three
SWE acquisitions were included for each side of the prostate,
with a maximum elasticity scale of 70 kPa, by using a palette
displaying the elasticity map by coding the soft tissue as blue
and hard tissue as red. The images were stored for further
analysis.

Prostate biopsy

Biopsywas performed for all participants based on the volume
of the prostate and/or the MRI results, according to each par-
ticipant: (1) clinically-guided biopsy; (2) MRI-US fusion
targeted biopsy (MRI imaging was imported into the US sys-
tem and the US image was matched with MRI using the soft-
ware; thus, the suspicious lesions can be defined using US to
perform the biopsy); or (3) cognitive fusion-targeted biopsy
(the US image was matched with MRI or SWE by the exam-
iner rather than by using the software).

Image analysis

All imaging was completed by one of the three
sonographers with 1–2 years of experience in transrectal
SWE prostate imaging. The size of the prostate was mea-
sured in the sagittal plane for longitudinal diameter (a) and
in the axial for anteroposterior diameter (b) and transverse
diameter (c). The volume of the prostate gland (V) was
calculated according to the following formula: (a × b ×
c × 0.52). The PSA density (PSAD) was calculated accord-
ing to PSAD = PSA/V. The mp-MRI was analyzed by one
of three mid-level radiologists (5–15 years of experience
in prostate MRI) and reviewed by one of two radiologists
with a senior professional title (> 25 years of experience)
using PI-RADS, version 2 [4]. As for SWE imaging, each
section plane was measured by one of two sonographers
with 1–2 years of experience in prostate elastography. The
measurement was performed using a round region of in-
terest (ROI) with the same diameter of 3–5 mm (5 mm was
the first consideration) in the stiffest part and the near-
median region in the peripheral zone when there were no
apparent lesion on US, while the ROIs were put in the
suspicious and normal parts when there were suspicious
lesions seen on US. SWE images were measured using
both the qualitative and quantitative methods with the cut-
off value ≥ 40.8 kPa, according to our previous research
[12]. SWE measurements were based on the US imaging
that could be helpful in identifying the position. It was
regarded as positive whether the MRI or SWE showed a
positive result.

Pathological examination

Patients underwent TRUS-Bx by the transperineal approach
within 1 month of MRI and on the same day as SWE. The
number of cores ranged from 8 to 20 on the basis of prostate
volume and with or without suspicious findings on MRI. In
the present study, the gold standard for diagnosis of cancer
was the result from the biopsy or surgery. All histopathologi-
cal examinations were performed by one of six pathologists
who were blinded to the MRI and SWE findings, all with 3–
15 years of experience in prostate pathology. The Gleason
score was used. The positive result was defined as sPCa with
the Gleason score ≥ 7 [4, 13].

Statistical analysis

All statistical analyses were performed using SPSS 22.0
(IBM). The quantitative data were expressed as means ± stan-
dard deviation and analyzed using the Student t test or the
Mann-Whitney U test, as appropriate. The categorical data
were analyzed using the chi-square test or the Fisher exact
test, as appropriate. Sensitivity, specificity, positive predictive
value (PPV), and negative predictive value (NPV) were cal-
culated for MRI. Receiver operating characteristic (ROC)
curve analysis was performed and the area under the ROC
(AUC) was calculated. For the prostate malignant tumors with
negative MRI, the sensitivity, specificity, and AUC with the
95% confidence intervals (95%CI) were evaluated both for
qualitative and quantitative SWE. The McNemar test and the
Kappa test were conducted for the comparison of the two
SWE methods. Two-sided p values < 0.05 were considered
statistically significant.

Results

Characteristics of the patients

The mean age of the patients was 66.9 ± 7.5 years (range, 29–
88 years; median, 67 years). Mean PSA levels were 16.09 ±
16.65 ng/ml (range, 0.43–95.12 ng/ml; median, 10.28 ng/ml).
The average number of cores was 12.5 (range, 8–20). The
histopathological examination showed malignancy in
36.78% (135/367) of the patients, atypical lesions in 14.17%
(52/367), and benign lesions in 49.05% (180/367). Among the
135malignant lesions, 134 were PCa: 17 with a Gleason score
of 6, 71 with a Gleason score of 7, 22 with a Gleason score of
8, 23 with a Gleason score of 9, and one with a Gleason score
of 10. One patient was with carcinosarcoma. Of the 52 atyp-
ical lesions, there were 25 low-grade prostate intraepithelial
neoplasia (LGPIN), 10 high-grade prostate intraepithelial neo-
plasia (HGPIN), six atypical adenomatous hyperplasia
(AHH), and 11 atypical small glandular hyperplasia (ASAP),
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among which seven lesions were p504s (+). Among the 180
benign lesions, 120 were benign prostatic hyperplasia (BPH),
58 were acute/chronic prostatitis (AP/CP), and two were non-

specific granulomatous prostatitis (NSGP). The results are
shown in Table 1 and Fig. 1.

mp-MRI

When performing mp-MRI, 96 positive lesions of the 117
considered were diagnosed correctly, but 21 lesions were
missed; 231 negative lesions of the 250 considered were eval-
uated correctly, but 19 were overdiagnosed. Thus, the sensi-
tivity was 82.05%, specificity was 92.40%, PPV was 83.48%,
NPVwas 91.67%, and AUCwas 0.872 (95%CI 0.827–0.917)
(Fig. 2). The findings by mp-MRI were significantly associ-
ated with the histopathological findings (p < 0.001).

PCa markers

For the positive prostate lesions, significant differenceswere seen
in age (p = 0.007) but not seen inV (p = 0.109), PSA (p = 0.197),
fPSA (p = 0.177), fPSA/PSA (p = 0.787), and PSAD (p = 0.486)
between the patients with positive and negative MRI (Table 2).

SWE

Eleven of the 117 positive lesions were located in the central
zone and thus were excluded for SWE analysis. When
performing SWE, there were 83 positive lesions of the 106
lesions considered diagnosed correctly, but 23 lesions missed;

Fig. 1 Flowchart of the patients
who underwent prostate biopsy
with magnetic resonance imaging
and SWE

Table 1 Histopathological findings of all participants

Histopathology N %

Benign

Benign prostatic hyperplasia (BPH) 120 32.70

Acute/chronic prostatitis (AP/CP) 58 15.80

Nonspecific granulomatous prostatitis (NSGP) 2 0.54

Atypia

Low-grade prostate intraepithelial neoplasia (LGPIN) 25 6.81

High-grade prostate intraepithelial neoplasia (HGPIN) 10 2.72

Atypical adenomatous hyperplasia (AHH) 6 1.63

Atypical small glandular hyperplasia (ASAP) 11 3.00

P504s (+) 7

P504s (−) 4

Malignant

Prostate cancer (PCa) 134 36.51

Gleason score 6 17 4.63

Gleason score 7 71 19.35

Gleason score 8 22 6.00

Gleason score 9 23 6.27

Gleason score 10 1 0.27

Carcinosarcoma 1 0.27
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156 negative lesions of the 250 lesions considered were eval-
uated correctly, but 94 were overdiagnosed. Therefore, sensi-
tivity was 78.30%, specificity was 62.40%, PPV was 46.90%,
NPVwas 87.15%, and AUCwas 0.704 (95%CI 0.645–0.763)
(p < 0.001) for SWE and 85.85%, 92.40%, 82.73%, 93.90%,
and 0.891 (95%CI 0.848–0.934), respectively, for MRI
(p < 0.001).

MRI + SWE

When considering MRI + SWE (either the MRI or SWE was
positive), 101 positive lesions of the 106 lesions considered
were diagnosed correctly, but five lesions were missed; 145
negative lesions of the 250 lesions considered were evaluated
correctly, with 105 being overdiagnosed, resulting in sensitiv-
ity of 95.28%, specificity of 58.00%, PPVof 49.03%, NPVof
96.67%, and AUC of 0.766 (95%CI 0.717–0.815)
(p < 0.001). A significant difference was observed when com-
paring MRI and SWE (p < 0.001). The difference was also

significant when comparing MRI + SWE with MRI and
SWE, respectively (p < 0.001) (Table 3). Supplementary
Table S1 shows the features of the 21 patients with positive
histopathology but negative MRI. Among them, 15 had PI-
RADS 2 lesions and six had PI-RADS 3 lesions; 15 prostates
displayed positive histopathological findings in the peripheral
zone and six in the central zone. There were five lesions with
positive DCE: four PI-RADS 2 and one PI-RADS 3; two
lesions showed an abnormal signal in the seminal vesicle.
All 21 lesions showed negative lymph nodes.

Qualitative and quantitative SWE in negative MRI

Among the 15 positive prostates of the peripheral zone with
negativeMRI, qualitative SWEdetected 10 patients asmalignant
and quantitative SWE detected the same 10 patients (p > 0.05).
When considering the sextant of the peripheral zone, there were
six zones that were diagnosed correctly as positive, but 39 were
missed; 32 zones of the 45 zones considered were evaluated
correctly as negative, with 13 being overdiagnosedwith the qual-
itative measurement, thus representing a sensitivity of 13.33%,
specificity of 71.11%, and AUC of 0.422 (0.304–0.541). Using
quantitative SWE, eight zones were diagnosed correctly as pos-
itive, but 37 were missed; 35 zones of the 45 zones considered
were diagnosed correctly as negative, but 10 were
overdiagnosed, resulting in a sensitivity of 17.78%, specificity
of 77.78%, and AUC of 0.478 (0.358–0.598). There was no
significant difference between qualitative and quantitative SWE
in sensitivity (p= 0.500) with kappa of 0.831 (p< 0.001), spec-
ificity (p = 0.549) with kappa of 0.361 (p = 0.014), and AUC
(p= 1.000) with kappa of 0.558 (p < 0.001). There were no sig-
nificant associations between the Gleason score and qualitative
SWE (p= 0.071) and quantitative SWE (p = 0.598) (Table 4).

As for the positive prostate lesions with negative MRI, no
significant differences were observed for age (p = 0.099), V
(p = 0.206), PSA (p = 0.254), fPSA (p = 0.768), and fPSA/
PSA (p = 0.254) between SWE-positive and SWE-negative
groups, except for PSAD (p = 0.019) (Table 5).

Table 2 Comparison of the characteristics of the clinically significant prostate cancer according to the MRI status

Factors All prostate All significant prostate cancer lesions MRI p value

lesions Positive Negative

Age (years) 67 (29–88) 71 (55–88) 72 (55–88) 66 (58–79) 0.007

V (cm3) 44.46 (9.28–203.34) 35.35 (15.72–164.42) 36.37 (15.72–164.42) 31.81 (18.72–95.53) 0.109

PSA (ng/ml) 10.28 (0.43–95.12) 15.56 (0.43–95.12) 16.26 (0.43–95.12) 14.69 (5.37–63.85) 0.197

fPSA (ng/ml) 1.40 (0.07–35.72) 1.72 (0.07–35.72) 1.92 (0.07–35.72) 1.58 (0.65–6.72) 0.177

fPSA/PSA 0.14 (0.01–0.67) 0.11 (0.01–0.67) 0.11 (0.01–0.67) 0.11 (0.03–0.35) 0.787

PSAD (ng/ml/cm3) 0.21 (0.01–3.96) 0.40 (0.01–3.96) 0.40 (0.01–3.96) 0.43 (0.11–1.00) 0.486

MRI, magnetic resonance imaging; V, volume of the prostate gland; PSA, prostate-specific antigen; fPSA, prostate-specific antigen; PSAD, prostate-
specific antigen density

Fig. 2 Receiver operating characteristics analysis of the magnetic
resonance imaging for diagnosing clinically significant prostate cancers.
The area under the curve was 0.872 (0.827–0.917), which shows
significant association with the clinically significant prostate cancers
and other prostate lesions (p < 0.001)
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Representative cases

Supplementary Figs. S1–S3 present representative cases.

Discussion

MRI and SWE can be used for the diagnosis of sPCa [7, 8, 11,
14], but they show some misdiagnosis. MRI plays an impor-
tant role in prostate diagnosis and many studies revealed the
efficiency and significance of the MRI [1, 4, 13, 15–17].
Although there are differences between versions 1 and 2 of
PI-RADS, both of them were proven to be helpful in prostate
diagnosis [9, 18–22]. MRI is able to detect sPCa (44–87%)
with a high NPV (63–98%) [17, 23, 24]. Nevertheless, a pre-
vious study showed that clinically important lesions can be
missed or their size can be underestimated at MRI [5]. The
present study showed that the sensitivity of MRI was 82.1%,
which was basically similar with those previous studies.
Combining MRI with other imaging modalities such as
SWE could decrease the misdiagnosis rate.

Even before the appearance of morphological variation de-
tected by the examinations such as MRI and US, the hardness
of the prostate tissue changes early with the desmoplastic re-
action or the infiltration of cancer cells into the interstitial
tissues, leading to sPCa tissues being stiffer than normal tis-
sues [25–27]. Both strain elastography and SWE are helpful to
detect stiff prostatic tissues [27–32]. SWE even allows the
quantitative measurements of prostate tissue stiffness, which
showed hopeful preliminary findings in the characterization
and detection of sPCa [6, 32, 33]. In the present study, the
diagnostic value of SWE alone was lower than MRI alone,
which was expected since the tissue elasticity examination is
affected by many factors and is user-dependent.

When considering the combination of MRI and SWE, the
sensitivity was higher than with MRI or SWE alone, which
can reduce by almost 10% the missed diagnosis of cancerous
prostate lesions while increasingmisdiagnosis by almost 30%,
thus resulting in a lower AUC than MRI alone (0.766 vs.
0.891). It may be another evidence why the MRI plays the
most important role in diagnosing prostate cancer. The aim of

this subject is analyzing the value of SWE for the clinically
significant prostate cancer with false-negative MRI results
rather than the diagnostic value of SWE +MRI. Prostate bi-
opsy is conducted for many suspicious signs while negative
results of both SWE and MRI could not influence biopsy
determination. Adding SWE to MRI can give more informa-
tion for biopsy.

In the present study, there was no significant difference in
all of the factors (aside from age) such as V, PSA, fPSA, fPSA/
PSA, and PSAD for positive prostate tissues between the pos-
itive and negative MRI groups. Schouten et al [34] revealed
that sPCa lesions missed by MR-Bx most often had involve-
ment of the dorsolateral (58%) and apical (37%) segments.
There is little study focusing on the difference of sPCa be-
tween the positive and negative MRI.

The present study showed that both qualitative and quanti-
tative measurements could detect 10 patients with sPCa from
15 patients with negative MRI, but this detection was not
associated with the cancer subtype, although this could be
due to the small number of patients.

This study had limitations. Firstly, the sample size was
small, which might hide significant results. MRI detected a
large number of sPCa and only a small number of sPCa were
missed by MRI, which could explain why there are few stud-
ies focusing on sPCa with false-negative MRI results.
Secondly, we did not analyze the sPCa of the central zone
as the SWE examination was only performed in the periph-
eral zone, because SWE imaging is influenced by tissue cal-
cification, imaging depth, and probe pressure. There are some
systems (such as the GE system) that can perform SWE of

Table 3 Diagnostic value of
different imaging modalities for
clinically significant prostate
cancer of 356 patients

Modality Sensitivity (%) Specificity (%) PPV (%) NPV (%) AUC (95%CI) p*

MRI 85.85 92.40 82.73 93.90 0.89 (0.85–0.93) < 0.001

SWE 78.30 62.40 46.90 87.15 0.70 (0.65–0.76) < 0.001

MRI + SWE 95.28 58.00 49.03 96.67 0.77 (0.72–0.82) < 0.001

SWE could not be applied to the central zone lesions and 11 patients were excluded from the original 367

MRI, magnetic resonance imaging; SWE, shear-wave elastography; PPV, positive predictive value; NPV, negative
predictive value; AUC, area under the curve

*Compared with the histopathological findings

Table 4 Diagnostic value of shear-wave elastography in the qualitative
and quantitative modes for patients with clinically significant prostate
cancers but negative MRI

Indexes Qualitative SWE Quantitative SWE p value Kappa

Sensitivity (%) 13.33 17.78 0.500 0.831

Specificity (%) 71.11 77.78 0.549 0.361

AUC 0.578 0.522 1.000 0.558

MRI, magnetic resonance imaging; SWE, shear-wave elastography; AUC,
area under the curve
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the entire prostate, but the system used in the present study
only performs well in a shallow depth and thus is unable to
meet this requirement. In addition, different SWE thresholds
have to be applied for different regions of the prostate for the
diagnosis of prostate diseases. Calculation for different parts
separately greatly increases the complexity of the analyses.
Therefore, only the peripheral zone was imaged in the present
study. Thirdly, the SWE examination and the biopsy were
conducted using different machines, which might cause some
mismatching of the SWE findings with the histopathological
results. sPCa is different from many other malignant tumors
as most of the other tumors show apparent mass that could be
matched between SWE and US. In our study, SWE imaging
was only performed in the sextant zone as SWE imaging of
the entire prostate continuously is too difficult to acquire.
Even when scanning the stiffness of the prostate slowly, we
cannot match the SWE with US well enough to gain accurate
biopsy. Fourthly, participants with PSA > 100 ng/ml were
excluded in this study since the fPSA/PSA cannot be mea-
sured and thus the diagnostic value could be reduced as the
incidence of sPCa is very high in this group. Finally, there are
many other diagnostic modalities used for the diagnosis of
prostatic tissues such as radiomics, which might play a more
important role than MRI. In addition, MRI-US-guided biopsy
might be more effective than TRUS-Bx, while in our study
we only used MRI and TRUS-Bx.

In conclusion, the results strongly suggest that adding SWE
toMRI in patients with negativeMRI for prostate examination
could allow the correct diagnosis of additional patients and
reduce the false-negative rate. SWE plays an important role
in the detection of sPCa in prostates with false-negative MRI
results. SWE might reduce the false-negative rate of MRI.
More studies with a larger sample size and focusing on pros-
tate elastography are needed.
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