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Abstract—To investigate quantitative 3-D dynamic contrast-enhanced ultrasound (DCE-US) and, in particular
3-D contrast-ultrasound dispersion imaging (CUDI), for prostate cancer detection and localization, 43 patients
referred for 10–12-core systematic biopsy underwent 3-D DCE-US. For each 3-D DCE-US recording, paramet-
ric maps of CUDI-based and perfusion-based parameters were computed. The parametric maps were divided
in regions, each corresponding to a biopsy core. The obtained parameters were validated per biopsy location
and after combining two or more adjacent regions. For CUDI by correlation (r) and for the wash-in time (WIT),
a significant difference in parameter values between benign and malignant biopsy cores was found (p < 0.001).
In a per-prostate analysis, sensitivity and specificity were 94% and 50% for r, and 53% and 81% for WIT.
Based on these results, it can be concluded that quantitative 3-D DCE-US could aid in localizing prostate
cancer. Therefore, we recommend follow-up studies to investigate its value for targeting biopsies.
(E-mail: stefan.schalk@gmail.com) © 2018 World Federation for Ultrasound in Medicine & Biology. All rights
reserved.

Key Words: Contrast ultrasound, Dynamic contrast-enhanced ultrasound, 3-D ultrasound, Prostate cancer imaging,
Dispersion imaging, Quantitative, Core needle biopsy, Systematic biopsy.

INTRODUCTION

The current standard method for prostate cancer (PCa) di-
agnosis is transrectal ultrasound (TRUS)-guided systematic
biopsy, usually after suspicion has been raised by digital
rectal examination (DRE) or an elevated serum prostate-
specific antigen (PSA) level (Heidenreich et al. 2014).
However, systematic biopsies frequently miss or under-
grade tumors (Bjurlin et al. 2013; Kvåle et al. 2009). In
the latest international guidelines, multiparametric mag-
netic resonance imaging (mpMRI) is recommended for
patients with persistently elevated PSA level and a prior
negative biopsy session (Barentsz et al. 2012; Heidenreich
et al. 2014). However, MRI investigations cannot be
performed at the bedside and are relatively costly. Several
alternative TRUS-based techniques, such as (shear-wave)
elastography, computer-aided TRUS and dynamic contrast-
enhancedultrasound (DCE-US), have been developed and

they show promise for PCa detection (Sarkar and Das
2016).

In DCE-US, intravenously injected microbubbles with
a size comparable to red blood cells are used as contrast
agents. Although the resolution of DCE-US imaging is not
in the range of the size of the microvasculature, the ki-
netics of the microbubbles through the microvasculature
can be captured by recording their concentration over
time. PCa growth requires angiogenic microvasculature,
which has different structural properties (e.g., increased
tortuosity, presence of arteriovenous shunts, increased
permeability) resulting in different microbubble kinetics
(Russo et al. 2012). Therefore, several studies have been
carried out using DCE-US imaging qualitatively to detect
PCa (Halpern et al. 2012; Pallwein et al. 2008; Xie et al.
2012). DCE-US features related to PCa are rapid con-
trast enhancement, increased contrast enhancement and
asymmetric flow patterns (Aigner et al. 2009; Seitz et al.
2011); however, their effects are usually very subtle and
vanish within seconds. Consequently, interpretation of DCE-
US recordings is rather subjective without technical aid.
To increase objectivity and improve accuracy, the possibility
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of using quantitative methods by extracting perfusion-
based parameters from DCE-US recordings have been
investigated (Cosgrove and Lassau 2010; Frinking et al.
2010; Smeenge et al. 2011). More recently, contrast-
ultrasound dispersion imaging (CUDI) has been proposed
as a novel approach to distinguish between angiogenic and
healthy vasculature by focusing on contrast dispersion rather
than on perfusion (Kuenen et al. 2011, 2013a, 2013b;
Schalk et al. 2017). In fact, it was hypothesized that dis-
persion better reflects the underlying micro-vascular
differences. At the origin of this technique, a model was
fitted to acoustic time-intensity curves (TICs) in each pixel
of a DCE-US recording (Kuenen et al. 2011). From the
fit, a dispersion-related parameter could be extracted. Later
it was shown that the similarity between neighboring TICs
could be used as an indirect measure of local dispersion,
which lead to better classification results (Kuenen et al.
2013a, 2013b; Schalk et al. 2017). Three similarity mea-
sures were investigated: temporal correlation (r), spectral
coherence (ρ) and mutual information (I). However, the
method was still limited by the 2-D nature of the record-
ings. Each plane required a separate injection of
microbubbles, tumors between imaging planes were missed
and out-of-plane flow could not be observed.

Using 3-D DCE-US enables imaging the vascula-
ture in the entire prostate with a single injection of contrast
agent and the inherently three-dimensional transport ki-
netics can be observed. In a recent study, the technical
feasibility of 3-D CUDI as the first quantitative method
using 3-D DCE-US for PCa was tested in vivo in two
patients (Schalk et al. 2015b). Although the temporal res-
olution of 3-D DCE-US recordings was too low for model
fitting, 3-D CUDI by similarity analysis was shown to be
possible.

Because of the limitations discussed earlier, stan-
dard DCE-US is currently not recommended in the
international guidelines as a routine PCa imaging
technique (Heidenreich et al. 2014). However, advanced
DCE-US methods may detect PCa more accurately and
eventually play a role in PCa diagnosis. With its im-
proved applicability, 3-D DCE-US may become a valuable
diagnostic option, providing complementary informa-
tion to DCE-MRI, which detects contrast extravascular
leakage, or even represent a cost-effective alternative to
mpMRI.

In this work, we tested the ability of quantitative
3-D DCE-US and, in particular 3-D CUDI by similarity
analysis, for PCa detection by comparison with system-
atic biopsies in 43 patients. Three similarity and four
perfusion parameters were extracted from the 3-D DCE-
US recordings. We investigated which parameters could
discriminate between benign and malignant tissue and
made a preliminary estimation of their classification
performance.

MATERIALS AND METHODS

Data collection
Between January 2015 and March 2016, 58 pa-

tients referred for systematic biopsy underwent 3-D DCE-
US at the Second Affiliated Hospital of Zhejiang University
(Hangzhou, Zhejiang, PR China). Inclusion criteria were
age >18 y and referral for systematic biopsy and DCE-
US based on elevated PSA level, abnormal DRE or lesions
visible in MRI. This study was approved by the local in-
stitutional review board of the Second Affiliated Hospital
of Zhejiang University. Written informed consent was ob-
tained from all participants in the study in accordance with
the World Medical Association Declaration of Helsinki.

After intravenous injection of 2.4 mL Sonovue
(Bracco, Milan, Italy) microbubbles, 3-D DCE-US imaging
was performed using a LOGIQ E9 ultrasound scanner
(GE Healthcare, Wauwatosa, WI, USA) equipped with an
RIC9-5 transducer. To maximize the volume rate, the
imaging quality setting “BQ” was set to “low”. The acous-
tic output power setting “AO%” was limited to “10” to
prevent bubble disruption. More details on the data char-
acteristics are reported in our technical feasibility study
on 3-D CUDI (Schalk et al. 2015b). Each DCE-US re-
cording lasted 2 min and was stored in raw Digital Imaging
and Communications in Medicine format.

After technical evaluation of the DCE-US record-
ings, 13 patients were excluded (Fig. 1). In 7 of the 13
exclusions, the protocol was violated (wrong scanner

Patients undergoing 
biopsies and DCE-US 

investigation
n = 58

Successful DCE-US 
recording

n = 45

In validation
n = 43

DCE-US unsuitable for 
CUDI analysis

n = 13
- Protocol violation (7)

- Technical 
complications (6)

Biopsy report 
inconclusive

n = 2

Fig. 1. Inclusion flowchart. Protocol violations included exces-
sive probe movement, wrong scanner settings and untimely start of
the recording. Technical complications encountered were low and
inconsistent sample rate and lack of contrast signal. DCE-
US = dynamic contrast-enhanced ultrasound; CUDI = contrast-

ultrasound dispersion imaging.
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settings, late start of the recording, strong probe move-
ment). Five patients were excluded because of poor contrast
enhancement or extremely slow wash-in (more than 30 s),
which may be caused by an incorrect contrast injection.
In one case, the 3-D DCE-US data had a very low, varying
volume rate, most probably because of a problem with the
data transfer or storage in the scanner. The remaining
45 valid recordings were prepared for analysis as previ-
ously proposed by Schalk et al. (2015b).

On each of these data sets, a CUDI similarity anal-
ysis as described by Schalk et al. (2015a; 2015b) was
performed to generate parametric maps (Fig. 2) of r,
ρ and Ι. To enable a fair comparison between the simi-
larity measures, the same time window of 45 s, like the
one described by Schalk et al. (2015b), was used for each
measure. Additionally, several perfusion parameters pro-
posed in the literature (Cosgrove and Lassau 2010) were
extracted from the TICs at each voxel: wash-in time (WIT),
peak intensity (PI), wash-in rate (WIR), and area under
the TIC within the time window (AUC). A brief descrip-
tion of each of the parameters is given in Table 1.

Systematic biopsies were performed after a 12-core
protocol in which 4 cores were taken from each of the basal,
middle and apical part of the prostate. In 6 cases, 1 or 2
samples were not taken from the base or apex because of
the small size of the prostate. For each biopsy location,
the presence of malignancy and its corresponding Gleason
score were reported. In 2 cases, the biopsy report was in-
conclusive; these patients were excluded from the study
(Fig. 1). In summary, 43 cases were included and 15 were
excluded for validation.

Validation
Comparison of the parametric maps with the biopsy

results was done in a fine-to-coarse fashion, much like the
validation carried out by Schalk et al. (2015b). First, the
shape of the prostate was extracted from the DCE-US re-
cordings by summing the DCE-US recordings over time
and manually drawing the prostate contour in several planes
along the three dimensions of the DCE-US recording. These
contours were then interpolated using radial basis func-
tions (Carr et al. 1997, 2001) to obtain a mask of the voxels
inside the prostate. Next, the mask was divided in three
regions by equidistant cuts along the basis-apex axis. Each
region was again subdivided in four smaller regions by
equidistant cuts along the right-left axis. The result is a
division of the prostate mask into 12 regions (Fig. 3), each
corresponding to a biopsy location.

To account for small inaccuracies in the prostate
contour and movement in the DCE-US recording, a 5-mm
erosion was applied to the boundaries of the prostate mask
before analysis. In addition, 5-mm margins were applied
between adjacent regions to prevent correlation between
parameter values across these regions, caused by the

resolution of the parametric maps (Schalk et al. 2015b).
Because the biopsy needle did not reach tissue deeper than
22 mm, only voxels up to 22 mm anterior to the tip of the
transducer were considered for validation. Any region for

Fig. 2. Example of a parametric map of time-intensity curve (TIC)
correlation (r). (a) 3-D parametric map. (b–d) transversal cross-
sections at the base, middle and apex of the prostate. The 12 regions
corresponding to the biopsy locations are shown (black). Gleason

scores are written below each location (B = benign).
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which the biopsy report was inconclusive was excluded
from further analysis.

The estimated DCE-US parameters were compared
with the biopsy outcome in each region (test 1). A biopsy
sample does not provide information on the size or shape
of a tumor; as a result, a positive sample may also be caused
by a small tumor (relative to the size of the region) or by
a tumor that is only partly inside the region. In these cases,
we do not expect the average parameter value in that region
to be high, but do expect this parameter value to be high
in a small percentage of the voxels in that region. For this
reason, instead of the mean, the 90th percentile of each
parameter value in a region was validated against biopsy
outcome. For parameters for which malignancy was ex-
pected to result in lower values based on previous findings
(Schalk et al. 2017), the 10th percentile was used. Addi-
tionally, since Gleason score is an important prognostic
marker (Epstein et al. 2016), we tested parameters on
their ability to differentiate between low grade (Gleason
6 and 7) and high grade (Gleason 8 to 10).

Because of the uncertainty in the location of the biopsy
needle with respect to the regions, some biopsy samples
may not have been taken in the region to which they were
assigned, but in an adjacent region. To mitigate this effect,
validation was repeated while combining adjacent regions,
yielding 6, 3, 2 and 1 region(s) (Fig. 3) (test 2). A region
was considered malignant if at least 1 biopsy sample within
this region had a Gleason score ≥ 6. Differences among
parameter values in benign and malignant regions were
considered to be significant for p < 0.05, determined by

a Wilcoxon rank sum test. For each parameter, receiver
operating characteristic (ROC) curves were generated. The
area under the ROC curve was computed as a measure of
classification performance.

In another test (test 3), the described validation was
repeated on the divisions in 3, 2 and 1 regions. However,
this time, a region was considered malignant if at least half
of the biopsy cores were malignant and benign if all biopsy
cores in it were benign. As a result, the parameters were
tested for detection of larger cancerous areas. For param-
eters able to identify PCa, the differences between benign
and malignant regions were expected to grow, resulting
in a larger area under the ROC curve.

A last test (test 4) was designed to estimate the sen-
sitivity and specificity of the best-performing parameters.
In this test, each biopsy location was classified as posi-
tive or negative on the basis of the procedure used in test
1. However, because the chance of a biopsy core missing
a tumor is relatively large, validation was performed in a
left/right and per-prostate analysis (i.e., dividing prostates
in 2 and 1 region[s]). A region was considered benign if
all biopsy cores in this region were benign; it was con-
sidered malignant if at least one core was malignant.
Nonetheless, if all cores in a systematic biopsy are neg-
ative, a significant chance remains that a tumor has been
missed (Bjurlin et al. 2013). For this reason, we marked
a false positive (FP) as “undecided” if less than 20% of
the biopsy locations in a benign region were classified as
malignant (i.e., 1 biopsy location for half and 2 for full
prostates). Classification thresholds for the parameters were
set to maximize Youden’s index (Youden 1950).

RESULTS

Patients and biopsy characteristics are summarized
in Table 2. In 17 out of 43 patients (40.0%), at least one
of the biopsy cores contained malignant tissue. The median
PSA level was higher for patients in which malignancy
was found (13.8 ng/mL) than for patients without malig-
nancy (7.6 ng/mL), although not significantly (p = 0.21).
Malignancy was reported in 76 out of 507 biopsy cores
(15.0%). For one biopsy core, malignancy was reported,
but the Gleason score was not specified.

Table 1. Description of parameters obtained from 3-D DCE-US recordings

Parameter Symbol TH sign for mal Description

Correlation r > Cross-correlation between neighboring TICs.
Coherence ρ > Cross-correlation between the frequency spectra of neighboring TICs.
Mutual information I > Mutual information between neighboring TICs.
Wash-in time WIT < Time between the appearance of microbubbles and the peak of a TIC.
Peak intensity PI > Maximum linearized acoustic intensity in a TIC.
Wash-in rate WIR > PI divided by WIT.
Area under the curve AUC > Area under a linearized TIC within the applied 45-s time window.

TH = threshold; mal = malignancy; TIC = time-intensity curve.

Fig. 3. Division of a prostate in 12, 6, 3, 2 and 1 region(s).
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The area under the ROC curve (AUR) and p-value
for each of the parameters tested in the fine-to-coarse val-
idation (tests 1 and 2) are presented in Table 3. For each
division, r resulted in the highest ROC curve area (0.57–
0.67). Differences among benign and malignant regions
were significant for all but one division. Also for ρ and
I, a significant difference was found in one of the divi-
sions. However, their AUR was much lower than that of
r. The best-performing perfusion parameter was WIT with
AURs between 0.54 and 0.64.

The results of the second fine-to-coarse analysis (test
3) are presented in Table 4. Only for r and WIT, a strong
increase in AUR was observed. This result suggests that
r and WIT are the parameters most suitable for discrim-
ination between benign and malignant tissue.

Figure 4 depicts boxplots of the 90th percentile of r
and 10th percentile of WIT for benign, low grade (Gleason
6 or 7), and high grade (Gleason 8–10) biopsy locations.
For r, the mean ± standard deviations were 0.35 ± 0.09,
0.38 ± 0.08 and 0.41 ± 0.07, respectively. A significant in-
crease in parameter values (p < 0.01) between benign and

low-grade biopsy locations was observed. The parameter
r increased also for high-grade biopsy locations, but this
increase was not significant (p = 0.080). A similar trend
(but negative) was found for WIT, whose 10th percentile
values for benign, low grade and high grade were
11.2 ± 2.2, 10.5 ± 2.3 and 8.4 ± 3.2, respectively. In this
case, the difference between high grade and low grade was
significant (p < 0.01), but that between benign and low
grade was just insignificant (p = 0.052).

The confusion matrices of the left/right and per-
prostate analysis (test 4) for the two best performing
parameters (r and WIT) are presented in Table 5. Regard-
ing the left/right analysis, the sensitivity (Se.), specificity
(Sp.), positive predictive value (PPV) and negative pre-
dictive value (NPV) for r were 65%, 80%, 58% and 84%,
respectively. In the per-prostate analysis these values were
94%, 50%, 59% and 92%. Only 1 tumor, with Gleason
score 4 + 3, was missed in this analysis. For WIT, the Se.,
Sp., PPV and NPV were 57%, 77%, 50% and 81% in the
left/right analysis and 53%, 81%, 69% and 68% in the

Table 2. Patient and biopsy characteristics

Mean (median; range) age [y] 69 (70; 47–81)
Mean (median; range) PSA [ng/mL] 23.1 (8.7; 0.3–340.0)

No malignant biopsy cores 9.8 (7.6; 1.4–21.0)
At least one malignant biopsy core 34.9 (13.8; 0.3–340.0)

Highest GS per biopsy [number of patients] 43
NC 26
GS unknown 1
3 + 3 3
3 + 4 3
4 + 3 5
3 + 5 1
4 + 4 1
5 + 3 0
4 + 5 0
5 + 4 2
5 + 5 1

GS = Gleason score; NC = no cancer.

Table 3. Areas under ROC curves and p-values per parameter for test 1 and 2. In these tests, malignant regions contain at
least 1 malignant biopsy core

12 regions
(77 mal; 431 ben)

6 regions
(50 mal; 211 ben)

3 regions
(36 mal; 95 be.)

2 regions
(23 mal; 64 ben)

1 region
(17 mal; 26 ben)

AUR p AUR p AUR p AUR p AUR p

r 0.65* <0.001 0.64* <0.001 0.65* <0.01 0.67* <0.01 0.57 0.22
ρ 0.56* 0.045 0.57 0.059 0.58 0.080 0.58 0.14 0.52 0.44
I 0.52 0.29 0.53 0.25 0.59 0.061 0.63* 0.036 0.52 0.41
WIT 0.64* <0.001 0.62* <0.01 0.59 0.055 0.59 0.096 0.54 0.35
PI 0.51 0.40 0.50 0.50 0.50 0.53 0.50 0.52 0.39 0.88
WIR 0.54 0.12 0.53 0.21 0.51 0.41 0.52 0.37 0.41 0.83
AUC 0.49 0.65 0.49 0.62 0.48 0.63 0.50 0.51 0.40 0.85

mal = malignant; ben = benign; AUR = area under ROC curve; r = correlation; ρ = coherence; I = mutual information; WIT = wash-in time; PI = peak in-
tensity; WIR = wash-in rate; AUC = area under TIC curve.

* Statistically significant.

Table 4. Areas under the ROC curves and p-values
per parameter for test 3. In this analysis, malignant

regions contain ≥50% malignant cores

3 regions
(21 mal; 95 ben)

2 regions
(13 mal; 64 ben)

1 region
(5 mal; 26 ben)

AUR p AUR p AUR p

r 0.72* <0.001 0.75* <0.01 0.77* 0.032
ρ 0.60 0.082 0.60 0.13 0.56 0.34
I 0.57 0.14 0.62 0.095 0.58 0.29
WIT 0.69* <0.01 0.66* 0.035 0.77* 0.032
PI 0.46 0.72 0.52 0.41 0.45 0.64
WIR 0.49 0.55 0.56 0.25 0.51 0.49
AUC 0.43 0.83 0.52 0.49 0.42 0.71

mal = malignant; ben = benign; AUR = area under ROC curve; r = cor-
relation; ρ = coherence; I = mutual information; WIT = wash-in time; PI = peak
intensity; WIR = wash-in rate; AUC = area under TIC curve.

* Statistically significant.
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per-prostate analysis. Using WIT, tumors were missed in
8 prostates. Their Gleason scores were 3 + 3 (2), 3 + 4 (1),
4 + 3 (3), 3 + 5 (1) and 5 + 4 (1).

DISCUSSION

In this study, we investigated whether and which 3-D
DCE-US parameters could distinguish between benign and
malignant prostate tissue. Both r and WIT showed a sig-
nificant difference among locations corresponding to benign
and malignant cores. In the left/right and per-prostate anal-
yses, r resulted in a high Se. with acceptable Sp. from a
clinical perspective. However, especially the high NPVs
of 84% and 92%, respectively, are clinically interesting,
as these results may exclude the possibility of the pres-
ence of cancer before biopsies have been taken. While r
generally shows a higher Se. and NPV, WIT shows a higher
Sp. and PPV. Combining the two in a multiparametric ap-
proach could exploit the benefit of both parameters.
Moreover, strong indications were found of a relation
between Gleason grade and parameter values of r and WIT,
which could potentially improve risk stratification.

In a recent study by Postema et al. (2016), proba-
bility maps based on WIR statistics of 2-D DCE-US were

compared with systematic biopsy. On a per-prostate basis,
an Se. of 73% and an Sp. of 58% were reported. These
values are in between the Se. and Sp. achieved by r and
WIT in the present study. Xie et al. (2012) used qualita-
tive 2-D DCE-US to target cores in a 10-core biopsy to
suspicious areas in 150 patients. The resulting Se. and Sp.
stratified per patient were 86% and 56%, respectively. Our
study shows that r can achieve comparable Se. and Sp.
using 3-D DCE-US. Comparison of the performance of
3-D DCE-US with that of mpMRI is difficult because of
the large range in Se. (68%–94%) and Sp. (21%–70%) re-
ported in studies involving biopsy naive patients (Ahmed
et al. 2017; Haider et al. 2016). We recommend performing
a study that applies the two techniques in the same patient
group to evaluate the differences.

Currently, the CUDI analysis takes a few hours to
complete. However, the current implementation has not
yet been optimized with respect to execution time and it
runs on a single central processing unit. Because the
analysis is performed locally using a shifting kernel, it is
highly suitable for parallel computation. This may sig-
nificantly reduce the execution time to just minutes.
Compared with mpMRI, requiring a separate diagnostic
session and complex multimodal fusion to perform biopsy
targeting, CUDI enables performing diagnostic imaging
and biopsy targeting in the same session with the same
ultrasound system, strongly favoring the clinical work-
flow. Registration of the obtained parametric map with real-
time ultrasound imaging is still necessary, but performed
within the same imaging modality.

The validation methods applied in this study are
subject to some limitations. First, the value of systemat-
ic biopsy as a ground truth is limited. There is a
considerable chance that lesions are missed, decreasing
the amount of FNs and TPs, while increasing the amount
of FPs and TNs. Although we compensated somewhat for
this effect in the last validation by ignoring FPs for which
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Table 5. Confusion matrix of left/right and
per-prostate cancer detection (test 4) for correlation

(r) and wash-in time (WIT)

Left/right Per-prostate

Correlation Wash-in time Correlation Wash-in time

Pos Neg Pos Neg Pos Neg Pos Neg

Malignant 15 8 11 12 16 1 9 8
Benign 11 43 7 49 11 11 4 17
Undecided 9 7 4 5

Pos = positive; Neg = negative.
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less than 20% of the biopsy locations were classified as
positive, the number of FNs, TPs and TNs remains biased.
Therefore, the Se., Sp., PPV and NPV computed from test
4 should be interpreted as indications of the classifica-
tion performance and further evaluated in future studies
including radical prostatectomy specimens. The added value
of using 3-D quantitative DCE-US in PCa diagnostics could
be verified by a future study in which lesions are biopsied
based on the parametric maps.

Moreover, AURs in the per-biopsy analysis have
probably been underestimated for parameters able to dif-
ferentiate between benign and malignant locations. Second,
because biopsy was guided by free-hand TRUS, the es-
timated location of a biopsy core did not necessarily
match its true location. For example, in the parametric
map presented in Figure 2, the tumor was detected, but
not all biopsy outcomes matched the parameter values
at their estimated locations individually. The possible
misalignment between true and estimated location com-
plicated the comparison of single cores and was the
primary reason to combine multiple cores. However, the
AURs did not increase for larger regions. We may hy-
pothesize that small tumors did not have enough influence
on the parameter values in a large region. Moreover,
when tumors had been missed by biopsy in an all-
negative region, the parameter values in that region are
not expected to be different from those with one or two
positive cores. After tightening the definition of malig-
nant regions to have malignancy in at least half of the
cores, the AUR for r and WIT increased. This performance
increase indicates that these parameters are actually in-
fluenced by the presence of PCa.

A standard reference for PCa studies is histopathol-
ogy after radical prostatectomy. Although this ground
truth is more reliable than the provided biopsy results,
the population represented in those studies is strongly
biased toward malignancy. The population represented
in the biopsy data in this study reflects exactly the pop-
ulation targeted by quantitative 3-D DCE-US as a diagnostic
tool. Comparison with radical prostatectomy could,
however, be advantageous to evaluate the ability of the
technique to estimate tumor size and shape, also at ante-
rior sites, and to determine how many and which tumors
are missed.

In the present study, parameter values have been di-
rectly compared with biopsy outcome. The learning curve
and inter-observer variability present in clinical practice
have not yet been accounted for and should be investi-
gated in future studies. Such aspects could be tested in a
clinical study comparing systematic biopsy and 3-D DCE-
US targeted biopsy for prostate cancer detection.

In conclusion, quantitative analysis of 3-D DCE-
US can be used to distinguish between benign and
malignant tissue. For wash-in time and CUDI by TIC

correlation, a relation between parameter value and biopsy
outcome was proven. In addition, their parameter values
seem to be related to Gleason grade, although further studies
are required to confirm this finding. We recommend future
investigation of quantitative 3-D DCE-US for guidance of
targeted biopsies as a possible alternative or addition to
mpMRI.
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