
 

On the relationship between dynamic contrast-enhanced
ultrasound parameters and the underlying vascular
architecture extracted from acoustic angiography
Citation for published version (APA):
Panfilova, A., Shelton, S. E., Caresio, C., van Sloun, R. J. G., Molinari, F., Wijkstra, H., Dayton, P. A., & Mischi,
M. (2019). On the relationship between dynamic contrast-enhanced ultrasound parameters and the underlying
vascular architecture extracted from acoustic angiography. Ultrasound in Medicine and Biology, 45(2), 539-548.
https://doi.org/10.1016/j.ultrasmedbio.2018.08.018

Document license:
TAVERNE

DOI:
10.1016/j.ultrasmedbio.2018.08.018

Document status and date:
Published: 01/02/2019

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1016/j.ultrasmedbio.2018.08.018
https://doi.org/10.1016/j.ultrasmedbio.2018.08.018
https://research.tue.nl/en/publications/28872b46-ae4e-448b-ab96-79446440f9fa


Ultrasound in Med. & Biol., Vol. 45, No. 2, pp. 539�548, 2019
Copyright © 2018 World Federation for Ultrasound in Medicine & Biology. All rights reserved.

Printed in the USA. All rights reserved.
0301-5629/$ - see front matter

https://doi.org/10.1016/j.ultrasmedbio.2018.08.018
� Original Contribution
ON THE RELATIONSHIP BETWEEN DYNAMIC CONTRAST-ENHANCED

ULTRASOUND PARAMETERS AND THE UNDERLYING VASCULAR

ARCHITECTURE EXTRACTED FROM ACOUSTIC ANGIOGRAPHY

TAGGEDPD1X XANASTASIIA PANFILOVA, D2X X* D3X XSARAH E. SHELTON, D4X Xy D5X XCRISTINA CARESIO, D6X Xz D7X XRUUD J.G. VAN SLOUN, D8X X*

D9X XFILIPPO MOLINARI, D10X Xz D11X XHESSEL WIJKSTRA,D12X X*,x D13X XPAUL A. DAYTON, D14X Xy and D15X XMASSIMO MISCHID16X X* TAGGEDEND
*Department of Electrical Engineering, Technical University of Eindhoven, Eindhoven, The Netherlands; y Joint Department of
Biomedical Engineering, University of North Carolina at Chapel Hill and North Carolina State University, Chapel Hill, North
Carolina, USA; zPolitecnico di Torino, Torino, Italy; and xUrology Department, AMC University Hospital, Amsterdam, The

Netherlands

(Received 7 February 2018; revised 22 August 2018; in final from 27 August 2018)
A
Electri
Loper 1
Abstract—Dynamic contrast-enhanced ultrasound (DCE-US) has been proposed as a powerful tool for cancer
diagnosis by estimation of perfusion and dispersion parameters reflecting angiogenic vascular changes. This
work was aimed at identifying which vascular features are reflected by the estimated perfusion and dispersion
parameters through comparison with acoustic angiography (AA). AA is a high-resolution technique that allows
quantification of vascular morphology. Three-dimensional AA and 2-D DCE-US bolus acquisitions were used to
monitor the growth of fibrosarcoma tumors in nine rats. AA-derived vascular properties were analyzed along
with DCE-US perfusion and dispersion to investigate the differences between tumor and control and their evolu-
tion in time. AA-derived microvascular density and DCE-US perfusion exhibited good agreement, confirmed by
their spatial distributions. No vascular feature was correlated with dispersion. Yet, dispersion provided better
cancer classification than perfusion. We therefore hypothesize that dispersion characterizes vessels that are
smaller than those visible with AA. (E-mail: A.P.Panfilova@tue.nl) © 2018 World Federation for Ultrasound in
Medicine & Biology. All rights reserved.

Key Words: Acoustic angiography, Dynamic contrast-enhanced ultrasound, Cancer, Dispersion, Perfusion,
Ultrasound contrast agents.
INTRODUCTION

Malignant tissue differs from benign tissue in several

aspects that can be used as markers to detect malignancy

(Koumoutsakos et al. 2013). Of particular interest for

cancer imaging are the altered vascular architecture and

the consequent changes in blood supply. Angiogenic

vessels grow to nourish the tumor and support its prolif-

eration. These vessels have been found to be tortuous

and to grow chaotically without the typical vessel hierar-

chy and with a high occurrence of arteriovenus shunts.

Many of these properties can be recognized with con-

trast-enhanced ultrasound techniques, which have had

promising results in distinguishing malignant from

benign tissue (Brock et al. 2013; Gessner et al. 2013;
ddress correspondence to: Anastasiia Panfilova, Department of
cal Engineering, Technical University of Eindhoven, De Groene
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Kuenen et al. 2011, 2013b; Mischi et al. 2012; Quaia

2011; Shelton et al. 2015).

Dynamic contrast-enhanced ultrasound (DCE-US)

captures passage of the contrast agent through the vascu-

lar bed after its injection into the patient’s bloodstream.

Specifically, it registers the local evolution of gray-level

intensity at each pixel, referred to as the time�intensity

curve (TIC), which reflects the varying ultrasound con-

trast agent (UCA) concentrations. The recorded intensi-

ties are then converted into UCA concentration with a

linearization function specific to the ultrasound scanner

employed (Rognin et al. 2008), yielding an indicator

dilution curve (IDC) for every pixel in the video. Vari-

ous characteristics of IDCs have proven to be useful for

distinguishing malignant from benign tissue (Mischi

et al. 2012).

Several approaches have been adopted to extract

information from IDCs derived from DCE-US bolus

acquisitions. Some heuristic features of the IDCs, such
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as wash-in time and peak intensity, are related to cancer

(Mischi et al. 2012; Zhao et al. 2010). Multiple other

techniques employ IDC fitting with analytical models,

such as the lognormal, gamma and local density random

walk (LDRW) models (Strouthos et al. 2010). Functional

parameters of the curves (e.g., area under the curve) are

extracted and displayed in color maps, with the aim of

obtaining a clearly distinguishable malignant region. All

these approaches mainly attempt to quantify perfusion,

which is motivated by the presence of ample arteries

feeding the tumor, increased microvacular density

(MVD) and the presence of arteriovenous shunts.

Despite this, clinical evidence has indicated that cancer-

ous lesions in the prostate can also be iso- or hypo-per-

fused (Brock et al. 2013). Indeed, it is known that tumor

tissue has higher resistance to blood flow (Narang and

Varia 2011). This induces a counterbalancing factor that

complicates predictions on the level of blood supply

within the tumor as compared with surrounding tissue

(Cosgrove and Lassau 2010). Furthermore, the MVD

inside the tumor can be strongly heterogeneous, creating

highly perfused regions and hypoxic, avascular regions.

Therefore, assessment of perfusion alone is insufficient

for reliable cancer diagnostics. These findings have

motivated the development of contrast ultrasound dis-

persion imaging (CUDI), a method that enables assess-

ment of UCA dispersion, in addition to quantification of

perfusion (Kuenen et al. 2011; Mischi et al. 2012).

CUDI is aimed at quantifying the UCA dispersion

caused by the architecture of the vascular tree and com-

plex multipath trajectories available for UCA transport.

The main hypothesis underlying the method states that

dispersion reflects structural vascular changes induced

by angiogenesis. The first CUDI approach involved

modeling of the IDCs in the time domain with an

LDRW model and extraction of a dispersion-related

parameter from the fitted model (Kuenen et al. 2011).

An important complication associated with this approach

was poor signal-to-noise ratio, hindering the fitting pro-

cedure and decreasing its reliability. This problem has

been mitigated by spatiotemporal similarity analysis

(Kuenen et al. 2013a; Mischi et al. 2012). In a promising

implementation, this approach involves calculation of an

average correlation coefficient measuring the similarity

of a TIC at a pixel and its surrounding pixels (Kuenen et

al. 2013b). A theoretical description of the problem

within the framework of the LDRW model has revealed

that the correlation coefficient between IDCs is mono-

tonically related to the dispersion coefficient (Kuenen et

al. 2013a). Moreover, this approach has been reported to

have superior performance compared with perfusion-

related parameters in localizing prostate cancer in a clin-

ical setting (Kuenen et al. 2013b). This method has been

validated against cell differentiation reflected by the
Gleason score for prostate cancer (Schalk 2017).

Another study found that regions of low dispersion cor-

related with those of high MVD, quantified by immuno-

histology (Saidov et al. 2016). However, in that study,

detailed characterization of the vascular architecture

(e.g., tortuosity and vessel size) was not available.

Acoustic angiography (AA) accurately character-

izes the vascular architecture: It is a high-resolution

technique capable of imaging individual microvessels

(Gessner et al. 2013; Shelton et al. 2015). AA permits

imaging of vessels at a high resolution of 100�200 mm

at 2-cm depth with minimal signal from tissue. While

transmitting ultrasonic waves at frequencies on the order

of a few megahertz, close to the UCA bubble resonance

frequency, it records the non-linear response of the con-

trast agents in a high-frequency range centered at

30 MHz. This technique makes it possible to quantify

vessel density and morphology measures such as the

sum-of-angles metric (SOAM) and distance metric

(DM) (Rao et al. 2016; Shelton et al. 2015). These

parameters have been reported to significantly differ

between malignant and benign tissue (Gessner et al.

2013; Shelton et al. 2015). Thus, AA offers the opportu-

nity to validate whether these features are reflected in

DCE-US because of the different character of UCA per-

fusion and dispersion in these vessels.

The aim of this work was to determine whether

DCE-US is able to characterize the underlying vascular

architecture. We performed DCE-US and AA imaging of

fibrosarcoma tumor-implanted and control regions in a

longitudinal study of nine rats. AA and DCE-US acquisi-

tions were performed every 3 d, at four time points, start-

ing the day the tumors could be palpated. An overall

comparison of the vascular properties of the tumor and

control regions was performed. Additionally, a longitudi-

nal study of these properties was conducted with the aim

of finding similar trends in features extracted with the two

different techniques DCE-US and AA.
METHODS

Rat models

Fibrosarcoma tumor implantation was performed in

rats according to a previously applied protocol (Streeter

et al. 2011). The tumor models were established from

propagated tumor tissue provided by the Dewhirst Lab

at Duke University. Before surgery, the nine Fischer 344

rats were anesthetized with isoflurane; the left flank was

then shaved and disinfected. An incision (»2 mm) was

made above the quadriceps muscle, and a sample of

tumor tissue (»1 mm3) was positioned under the skin.

The incision was closed with one or two staples. This

procedure was performed at three different time points
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with nine rats in total. Rats belonging to the same series

were operated on the same day.

On day 8 after implantation, the first ultrasound

acquisition was performed if the tumors were palpable.

Otherwise, we waited 2 to 3 days for subsequent assess-

ment. When the tumors were palpable, UCA was

injected into the tail vein through a 24-gauge catheter

while the animals were anesthetized with vaporized iso-

flurane in oxygen. DCE-US was performed on the

tumor-bearing flank for assessment of perfusion and dis-

persion. The AA acquisition protocol immediately fol-

lowed the DCE-US acquisition to minimize the amount

of time each animal spent under anesthesia. The begin-

ning of the DCE-US and AA acquisitions differed

between the series, starting on days 8, 11 and 13, respec-

tively. For all but one animal, subsequent imaging

acquisitions were performed with an interval of 3 days,

resulting in four time points in total. In the one excep-

tion, we were not able to inject the contrast (for both

modalities) in the tail vein and imaged only at the first

and third time points. All experiments were performed at

the University of North Carolina at Chapel Hill and were
Fig. 1. Dynamic contrast-enhanced ultrasound and AA images
MIP of the DCE-US video. The tumor is encircled by a red co
the control, separated by a margin that was not included in t
�22 dB of the maximum intensity are in black. (b, c) Perfusion
with power below �22 dB of the maximum intensity are in wh
coded according to the values for microvascular density € and m
and red indicates high values). The numbers in (b) and (d) are t
as markers to locate the right plane in AA volumes. AA = acou

ultrasound; MIP =maximum
approved by the Institutional Animal Care and Use Com-

mittee at the University of North Carolina at Chapel Hill.
Image acquisition

DCE-US bolus injection protocol. A UCA bolus

of 2£ 108 microbubbles was injected in the rats’ tail

vein. The contrast agent used in this study was made in-

house; it has a lipid shell and perfluorcarbon core, simi-

lar to Definity (Lantheus Medical Imaging, North Biller-

ica, MA, USA). A 15L8-S probe was used with a

Siemens Sequoia scanner in cadence pulse sequencing

mode at an insonifying central frequency of 7 MHz. The

acquired DCE-US recordings were stored in DICOM

format.
AA continuous infusion protocol. A continuous

infusion of microbubbles was administered using a

syringe pump (PHD 2000, Harvard Apparatus) at the

rate of 1.5£ 108 microbubbles per minute. AA imaging

was performed with a dual-frequency single-element

transducer transmitting at 4 MHz and receiving at
of the same plane and maps of the extracted features. (a)
ntour, and the region outside the blue contour belongs to
he analysis. Regions with power below the threshold of
(b) and dispersion (c) color maps, respectively. Regions
ite. (d) Selected AA slice. (e, f) Vascular skeleton, color-
ean radius (f), respectively (yellow indicates low values,

he numbers vessels identified in the perfusion maps, used
stic angiography; DCE-US = dynamic contrast-enhanced
intensity projection
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around 30 MHz. The 3-D AA images were acquired

plane by plane, with a step size of 100 mm.

DCE-US bolus data processing

Pre-processing. All bolus recordings were filtered

with a Gaussian filter, as previously described in Mischi

et al. (2012), using a kernel of 0.13 mm equal to 1.6 pix-

els. This value improved the signal-to-noise ratio at the

cost of additional spatial correlation between TICs at

neighboring pixels. The TIC power of every pixel was

evaluated as the root mean square of the TIC after the

baseline was removed. Regions with a level of TIC

power below �22 dB of the maximum TIC power over

all images were excluded from further analysis (in black

in Fig. 1a). This limited the effect of random noise on

the parameters of interest (Kuenen et al. 2014). A char-

acteristic of DCE-US is multiplicative noise: noise pro-

portional in its power to the signal amplitude. By

eliminating regions with low TIC power, we avoided

erroneous parameter estimation from regions with low

signal power where random noise dominates. After this,

the intensity values of the remaining regions were linear-

ized by inverting the logarithmic compression function

implemented in the adopted scanner, yielding the IDCs.

Assessment of dispersion. An average correlation

coefficient was calculated for every pixel between its

own IDC and those of its surrounding pixels within a

ring-shaped kernel (Mischi et al. 2012) with an inner

radius of 0.6 mm and an outer radius of 2 mm. The inner

radius was chosen equal to the lateral resolution of the

pre-processed bolus recordings at an »2-cm depth as

identified with local autocorrelation analysis. Details on

the latter procedure can be found in Mischi et al. (2012).

The lateral resolution was taken as a reference because it

was worse than the axial resolution. The outer radius of

the kernel was set equal to 2 mm, a size that a tumor can

usually reach without neovascularization (Folkman

1971). The time window over which the IDCs were cor-

related to each other was selected to maximize the area

under the receiver operating characteristic curve for

tumor classification, resulting in a value of 17 s, as pro-

posed in previous work (Panfilova et al. 2016). This is

the only informative segment of the IDC (Fig. 2) because

of early recirculation, as often observed in small animals

(Stapleton et al. 2009). In this work, the beginning of the

analyzed time window was set at 3 s before the appear-

ance time, ensuring that the entire wash-in phase would

be captured.

Assessment of perfusion

The wash-in-rate was adopted to assess perfusion

and computed as the slope of a line fitted to the IDC in
the 2-s interval after appearance time, as illustrated in

Figure 2. The value of 2 s was chosen to reflect the rise

in UCA concentration in the initial part of the IDCs in

all acquired clips.
AA data processing

Acoustic angiography volumes were interpolated to

reduce the inter-plane distance to 50 mm and make the

pixels isotropic. Visible vessels were manually seg-

mented and characterized in terms of vessel dimensions:

vessel length (VL) and mean radius (MR). VL was com-

puted as the length of the vessel segment identified

between successive branching points, and MR was com-

puted as the mean radius of this vessel segment along its

length. Vessel tortuosity was assessed with the DM and

the SOAM (Bullitt et al. 2003). The DM was computed

as the ratio of vessel length to Eucledian distance

between its beginning and end. The SOAM was calcu-

lated as the sum of angles between successive points on

the vessel centerline divided by VL, using the same for-

mula as described in Bullitt et al. (2003), but excluding

the torsional angle. In addition to these individual vessel

properties, MVD was calculated as a global characteris-

tic of the tumor at a given time point, defined as the

number of visible vessel segments divided by tumor vol-

ume. Volume vascular density (VVD) was computed

with a moving 3-D isotropic kernel in the central slice of

the tumor (»1 mm thick). Otsu’s method (Vala and Baxi

2013) was used to select a threshold to separate noise

from vessel signal within the central slices; the percent-

age of pixels with vessel signal from the overall number

of pixels in the 3-D kernel was calculated.
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Statistical analysis

The DCE-US parameters were spatially down-

sampled by a factor of 7 in both directions, equal to the

resolution of the pre-processed images. This was per-

formed to exclude spatial correlation and prepare the data

for the statistical tests that require sample independence.
Comparison between tumor and control regions. Tag-

gedPDispersion and perfusion values were divided into two

groups. The tumor group was composed of manually

selected tumor regions (inside the red contour, Fig. 1a)

from all rats at all time points binned together. The con-

trol group was taken from pixels outside the tumor con-

tour, dilated by »1 mm (in blue, Fig. 1a). The region

between the red and blue contours was excluded from

analysis to make our pixel classification robust to inac-

curate tumor delineation by DCE-US contouring. AA

parameters were extracted in a similar fashion: vessels

were taken from within the tumor region and outside it

in the same flank (Fig. 3). We eliminated from analysis

those vessel segments on the border of the selected con-

tour whose tumor or control origin was unknown.

An Anderson�Darling goodness-of-fit hypothesis

test was performed on all parameter distributions to check

for data normality. Because all the distributions were iden-

tified as non-Gaussian, a Mann�Whitney non-parametric

test was performed to establish the significance (p value)

of the difference between tumor and control. No addi-

tional subsampling or upsampling was performed to bal-

ance the control and tumor data sets because the

Mann�Whitney test can be applied to data sets with dis-

tributions of different size (Mann and Whitney 1947).
Fig. 3. Acoustic angiography maximum intensity projection.
The tumor region is indicated by the red contour, surrounded

by the control region.
Cohen’s d was used as a measure of the “effect size”

(Sullivan and Feinn 2012) the tumor has on the underlying

vasculature, calculated as the difference between the

means of two distributions divided by the standard devia-

tion of the control. The values of Cohen’s d allow classifi-

cation of the difference between two distributions into

four categories: small, medium, large and very large for

values of 0.2, 0.5, 0.8 and 1.3, respectively.
Longitudinal study of tumor and control

A longitudinal study of tumor evolution was per-

formed with the Kruskall�Wallis (Kruskal and Wallis

1952) test followed by Tukey’s post hoc test (imple-

mented in the function “multcompare” in MATLAB),

evaluating the differences among the distributions of dis-

persion and perfusion, and vascular features of tumor and

control regions at four time points. The Kruskall�Wallis

test does not require equal sample sizes, which is an

advantage considering that our data set is unbalanced and

incomplete: Data are missing for one tumor region at two

time points, as well as for control regions at several time

points for the large tumors. Moreover, the number of visi-

ble vessels differed for every image acquisition. For all

rats, all parameter values were binned together according

to the time point of the acquisition.

The statistical test calculation is influenced by the

number of observations and can result in different out-

comes for different sample sizes (Kruskal and Wallis

1952). Because the number of pixels provided more

samples for dispersion and perfusion compared with the

number of vessels extracted with AA, these pixels were

randomly subsampled to yield the same number of sam-

ples as vessels per each representative data set of tumor

and control regions at each time point. The only parame-

ter that remained different in terms of group size was

MVD because it is a global parameter that characterizes

the entire tumor and control at a specific time point.

After the post hoc tests were performed, the Pearson

correlation coefficient was computed between the medians

of the parameters showing similar longitudinal trends.
Mapping of vascular properties on the bolus acqui-

sition plane. During the DCE-US bolus acquisitions

the operator always tried to image the largest cross sec-

tion of the tumor and maintain the same orientation of

the probe as used for AA. However, it was noted that

these precautions were not sufficient to reliably identify

the DCE-US plane with AA: even a movement on the

order of »1 mm alters the imaged vascular pattern of a

tumor. The perfusion maps were found to highlight

larger vessels, clearly visible in the AA (Fig. 2b, d).

These vessels were used as markers to locate the bolus

recording plane in the AA volume. For this, a dedicated
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tool was developed, allowing free scrolling through the

AA volume planes and changes in their orientation.

The plane was selected by visual inspection, choos-

ing an image containing as many of the vessel markers

present in the perfusion maps as possible. A slice in the

AA volume »1 mm thick was selected, and an extension

of the skeletonization algorithm described in Meiburger

et al. (2016) was applied to extract MVD (Fig. 2e), MR

(Fig. 2f), VL, and SOAM. This slice thickness was cho-

sen to be on the order of the elevational resolution in the

bolus recordings and sufficiently large to register vessel

segments. This allowed a qualitative comparison of the

spatial distribution of the vascular features with those of

dispersion and perfusion in the same plane.

All image processing and statistical analysis were

performed with MATLAB software (The MathWorks,

Natick, MA, USA).

RESULTS

Statistical analysis

Comparison between tumor and control. For all

extracted parameters, tumor and control regions had sig-

nificantly different distributions (p < 0.001). However,

the magnitude of the differences, expressed as Cohen’s

d, spans a wide range (Fig. 4), with a marginal effect

size for the DM (Fig. 4c) and small to very large differ-

ences for the remaining parameters.

Longitudinal study of tumor and control. Since

the DM showed almost no difference between tumor and

control, it was excluded from the longitudinal analysis.
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Boxplots with all parameter values binned according to

the time points are shown in Fig. 5, while Fig. 6 illus-

trates the results of Tukey’s post hoc test, color-coded

according to the significance level of the intra-distribu-

tion differences.

The dispersion median is relatively constant in time

for both tumor and control, showing a significant differ-

ence for control and tumor distributions (Figs. 5a and 6a).

Tumor perfusion is significantly different from that of the

control at all time points (Figs. 5b and 6b), peaking for

the tumors at the second time point. Interestingly, the lon-

gitudinal trend of the control’s perfusion seems to mimic

the tumor’s trend in time, although at a smaller magnitude

and not identified as significant with the post hoc test.

The VVD is stably higher for tumor, whereas MVD

seems to follow a trend similar to that of perfusion, peak-

ing for tumors at the second time point. However, the

results of the MVD post hoc test are difficult to compare

with other results because the number of samples dif-

fered: Only one value of MVD per time point was avail-

able, whereas the other parameters were subsampled

with respect to the number of segmented vessels in the

AA volume at a given time point.

The post hoc results, illustrated by color maps in

Figure 6, are comparable for dispersion, VVD, VL and

SOAM. However, there was no significant correlation

between the medians of the dispersion levels and the

aforementioned AA parameters. As for perfusion, the

mean perfusion in tumors and their MVD were signifi-

cantly correlated, with a coefficient of 0.572 (p < 0.001),

and inclusion of both control and tumor values resulted in

a Pearson correlation coefficient of 0.67 (p < 0.001).
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Mapping of vascular properties on the bolus acquisition

plane

The spatial parametric maps of the AA skeleton con-

firmed our observation that there is a correlation between

regions of high perfusion and elevated MVD (Fig. 1b, f).

No spatial correspondence was found between dispersion

and the other AA-derived parameters.
DISCUSSION

Dispersion differed greatly (Cohen’s d = 1.68)

between tumor and control regions, exhibiting stable

performance at tumor detection as it developed. Perfu-

sion had a lower discrimination power than dispersion; it

was high for younger tumors, peaking at time point 2,

and decreased with tumor growth. Interestingly, the per-

fusion level in the control around the tumor was also ele-

vated (Fig. 5 b) and followed a trend similar to that of

the tumor itself. This may reflect that the overall perfu-

sion of tissue around the tumor was increased and influ-

enced by the tumor. This effect has been observed for

the SOAM, which exhibits intermediate values between

those of the tumor and control regions in tissue adjacent
to the tumor (Rao et al. 2016). Moreover, for the fibro-

sarcoma mode, it has been found that the vascular source

is often located in the periphery of the tumor (Ponce

et al. 2007; Tozer et al. 1990; Viglianti et al. 2004).

Dispersion of the control remains stable over time,

indicating that dispersion-related changes occur mainly

within the tumor itself and not in the surroundings. The

spatial perfusion and dispersion maps are complemen-

tary, exhibiting different patterns of highlighted regions

(Fig. 1b, c). Perfusion highlights large vessels, as well as

regions with high MVD.

The SOAM indicates that the tumor has more tortu-

ous vessels and follows a trend similar to that of disper-

sion (Fig. 5a, g), with comparable results for the post hoc

test (Fig. 6a, g). Nevertheless, the effect size difference, as

indicated by Cohen’s d, was much lower for the SOAM

than for dispersion. In general, the control regions in this

experiment exhibits a higher tortuosity than we previously

observed for these rats, expressed by the DM in Shelton

et al. (2015). A direct comparison of the SOAM in this

work with that in Shelton et al. (2015) is not available

because the calculation of the SOAM has been adjusted

since that time. The unusually high tortuosity of the



Fig. 6. Results of Tukey’s post hoc test performed on tumor
and control parameters at four time points (indicated by T1,
T2, T3 and T4 and by C1, C2, C3 and C4, respectively). The
colors of the rows indicate whether the distribution signifi-
cantly differs from the others, with green and yellow represent-
ing different significance levels. (a) Dispersion. (b) Perfusion.
(c) Volume vascular density, VVD. (d) Microvascular density,
MVD. (e) Vessel radius,VR. (f) Vessel length, VL. (g) Sum-of-

angles metric, SOAM.
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control may be caused by the presence of the bowel

region in some of the AA images, which was excluded

from analysis in earlier studies and may have elevated tor-

tuosity. Previous data also indicated that the SOAM

exhibited an intermediate level of tortuosity in tissue up to

1 cm away from tumor, with a mean tortuosity between

that of tumors and non-tumor-bearing animals (Rao et al.

2016). The discrimination power of SOAM in our data set

increases for smaller vessels (Cohen’s d = 0.14 for vessels

with a radius >0.11 mm, 0.28 with an intermediate radius

and 0.43 with a radius <0.09 mm). Therefore, its relation-

ship to the extracted DCE-US features cannot be fully

appreciated because of the finite resolution of AA. Simi-

larly, a previous study reported that the difference in

MVD between tumor and control increases for smaller

vessels (Sedelaar et al. 2001). Therefore, it may be that

the SOAM, MVD and other metrics extracted in this study

are related to dispersion; however, it is mainly the proper-

ties of the smaller vessels that have a significant influence

on it. Supporting this hypothesis is the former observation

that regions with increased MVD correspond to those

with low dispersion (Saidov et al. 2016), as derived from

immunohistology. The immunohistology-derived MVD

was based on evaluation of tomato lectin binding to
endothelial cells and therefore characterizes the presence

of vessels of all sizes.

Spots of increased vascular density or large vessels

were detected with perfusion color maps. The correlation

between median perfusion level and MVD is the only sig-

nificant inter-parameter agreement found in this work.

The Kruskall�Wallis test is ideally constructed for

a study design in which subjects are randomly assigned

to different groups so that each subject appears in one

group only (Kruskal and Wallis 1952). Moreover, the

subjects within the group must be independent. We real-

ize that these assumptions are not strictly valid in this

study because we observed tumor evolution in the same

rats over time and because vessels selected from the

same rat are, strictly speaking, not independent. How-

ever, we do not expect these limitations to be crucial in

deriving a meaningful conclusion about the significant

trends in time.

Imaging initialization differed among three series

of experiments, starting with days 8, 11 and 13 after

tumor implantation, as explained previously. We think

that combining all rats according to the number of

the acquisition is justified because the imaging was

initialized according to the same strategy: when the

tumors became palpable. However, because we waited

2�3 days for subsequent assessment if tumors were not

pulpable on day 8, in future work it may be beneficial to

assess the tumors every day or to evaluate all tumors in a

single cohort. This would ensure that the development of

the imaged tumors is more consistent.

It is often observed that the wash-out phase is

masked by recirculation in small animals. Stapleton et al.

(2009) reported that for a range of administered UCA

doses, the wash-out phase is more prominent in mice.

Different UCA doses should therefore be investigated in

our future work because a prominent wash-out phase,

in our experience, enhances the performance of CUDI

(Kuenen et al. 2013b). A clear wash-out would also allow

evaluation of the wash-out as a complementary perfusion

parameter.

An important limitation of this study is the 2-D

character of the extracted parameters dispersion and per-

fusion. The results of the post hoc tests, therefore, must

still be taken with caution because these tests were per-

formed for 3-D vascular features evaluated in the whole

tumor volume and 2-D dispersion and perfusion that

leave us blind to out-of-plane information and restrict us

to the central tumor slice, which is not always represen-

tative of the whole tumor (Streeter et al. 2011). We miti-

gated this limitation by performing an additional spatial

comparison of the parameter maps in the same plane,

matched with the help of large vessels identified in the

perfusion maps. The agreement between perfusion and

MVD, observed in the longitudinal trends, was also
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identified in the spatial distribution of these parameters

in the same plane, increasing confidence in the finding

that perfusion and MVD are correlated.

An improved study design should either include

3-D DCE-US (Schalk et al. 2015), yielding more accu-

rate overall tumor characteristics, or a registration proce-

dure, allowing fixation of the orientation of the probes

and identification of the location of the DCE-US plane

within the AA volume. The finding that perfusion high-

lights large vessels can be used to further improve regis-

tration.

The lack of parameters correlated with dispersion

may pinpoint to the limitation of AA as a validation

method for CUDI: Although enabling very high resolu-

tion ultrasound imaging, it may not be sufficient to deter-

mine which vascular properties substantially influence

dispersion because dispersion may be defined mainly by

properties of subresolution vessels. In this respect, it is

possible to direct our attention to superlocalization meth-

ods that overcome the limit of diffraction: They are able

to track single bubbles and determine their exact posi-

tions by finding the centers of their point spread func-

tions (Cox and Beard 2015; Errico et al. 2015). Another

possible reason for the lack of vascular parameters that

correlate with dispersion is that the adopted dispersion

parameter is in fact related to both dispersion and flow

velocity (Kuenen et al. 2013a). Different vascular

parameters may contribute to the separate terms of dis-

persion and flow velocity, whereas we assessed their

combination. In this regard, it would also be of interest

to apply another analysis to the DCE-US bolus record-

ings that allows us to separate dispersion and velocity

contributions (van Sloun et al. 2017).
CONCLUSIONS

In this work, dispersion was found to have superior

performance in tumor classification compared with per-

fusion, as previously found for prostate cancer (Kuenen

et al. 2013a, 2013b; Mischi et al. 2012). Perfusion color

maps highlight large vessels and regions of elevated

MVD. The vascular factors that determine the dispersion

level remain to be found, as does the role of vessels with

a diameter <100�200 mm in defining perfusion levels.
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