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Abstract

In this paper, a novel image processing strategy is detailed for simultaneous measurement of
tumor perfusion and neovascular morphology parameters from a sequence of dynamic contrast-
enhanced ultrasound (DCE-US) images. After normalization and tumor segmentation, a global
time-intensity curve describing contrast agent flow was analyzed to derive surrogate measures of
tumor perfusion (i.e., peak intensity, time-to-peak intensity, area under the curve, wash-in rate,
and wash-out rate). Further, a maximum intensity image was generated from these same
segmented image sequences and each vascular component was skeletonized via a thinning
algorithm. This skeletonized dataset and collection of vessel segments were then investigated to
extract parameters related to the neovascular network and physical architecture (i.e., vessel-to-
tissue ratio, number of bifurcations, vessel count, and average vessel length and tortuosity). An
efficient computation of local perfusion parameters is also introduced and operates by averaging
time-intensity curve data over each individual neovascular segment. Each skeletonized
neovascular segment is then color-coded by these local measures to produce a parametric map
detailing spatial properties of tumor perfusion. Longitudinal DCE-US image datasets were
collected in 6 patients diagnosed with invasive breast cancer using a Philips iU22 ultrasound (US)
system equipped with a L9-3 MHz transducer and Definity contrast agent. Patients were imaged
using US before and after contrast agent dosing at baseline and again at weeks 6, 12, 18, and 24
after treatment started. Preliminary clinical results suggest that breast tumor response to
neoadjuvant chemotherapy may be associated with temporal and spatial changes in DCE-US
derived parametric measures of tumor perfusion. Moreover, changes in neovascular morphology
parametric measures may also help identify any breast tumor response (or lack thereof) to
systemic treatment. Breast cancer management from early detection to therapeutic monitoring is
currently undergoing profound changes. The development of novel imaging techniques that are
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sensitive to the unique biological conditions of each individual tumor represent valuable tools in
the pursuit of personalized medicine.
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Angiogenesis; breast cancer; contrast agent; microbubbles; neovascular morphology; tumor
perfusion; ultrasound

INTRODUCTION

Breast cancer is a common type of cancer in women (29% of new cases) with the second
highest mortality rate (14% of cancer deaths each year) (Siegel, Naishadham 2013).
Monitoring response to treatment is a major challenge in the management of breast cancer.
In the neoadjuvant setting, assessing tumor response to treatment prior to surgery including
evaluation for pathologic response can provide prognostic information to help guide follow
up care (Graham, Shupe 2014). The goals of personalized medicine are becoming
increasingly important and include optimizing effective therapy for an individual patient,
reducing drug associated morbidity, and reducing health care costs associated with
overtreatment.

The angiogenic process by which the tumor develops its blood supply from pre-existing
vessels to support metabolic demands can differentiate normal from cancerous breast tissue
(Folkman 1986). An active tumor can stimulate angiogenesis by directly secreting
angiogenic compounds. Several pro-angiogenic factors play a predominant role involved in
the growth of endothelial cells and new blood vessel formation (Boudreau and Myers 2003).
Increased neovascularity provides a valuable indication of tumor aggressiveness as adequate
blood supply is crucial to sustain rapid growth and eventually metastasize to distant sites
(Weidner, Folkman 1992, Weidner, Semple 1991, Weind, Maier 1998). Further, the
morphology (or architecture) and structure of the neovasculature associated with malignant
tumors has long been observed to be chaotic and unusual compared with that of healthy
tissues. This tortuous, dilated and poorly organized neovascularity is hyperpermeable, which
in turn can increase tumor interstitial fluid pressure and compromise systemic delivery of
anticancer drugs (Jain 1988). Importantly, tumor- associated vascular irregularities can
extend beyond the margins of a lesion, as pro-angiogenic growth factors can even influence
the morphology of blood vessels in the vicinity of tumors (Bullitt, Lin 2007). Cancer-
associated neovascular morphologies have in fact been observed in animal models much
sooner than the arrival of a tumorous mass (Li, Shan 2000). Therefore, it is not surprising
that tumor angiogenesis is an important biomarker for early breast cancer detection and a
predictor of the biological behavior (Gasparini and Harris 1995, Weidner, Folkman 1992,
Weidner, Semple 1991).

Traditional grayscale ultrasound (US) imaging is a frequently used clinical imaging
modality. The primary advantages of this modality are minimal health risks associated with
patient exposure to US energy, real-time capability, and the relatively low cost associated
with both examinations and system maintenance. A major advance in US imaging has been
the development of intravascular microbubble (MB) contrast agents, which improve US
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sensitivity to slow blood flow in small vessels such as those associated with tumor
angiogenesis. The ability to visualize MB contrast agents flowing through tumorous tissue
using dynamic contrast-enhanced US (DCE-US) yields an opportunity to quantify select
image biomarkers associated with tumor angiogenesis (Saini and Hoyt 2014). While the
evaluation of tumor perfusion is well detailed in the literature, quantitative analysis of
neovascular morphology from DCE-US imaging data is a relatively new development
(Chang, Huang 2006, Chang, Huang 2012, Chen, Wang 2014, Eisenbrey, Joshi 2011,
Gessner, Aylward 2012, Huang, Chang 2008, Lai, Huang 2013, Molinari, Mantovani 2010).
Early reports have indicated that neovascular features measured from US images (e.g.,
number of bifurcations and vessel length) may help differentiate malignant and benign
breast lesions (Eisenbrey, Joshi 2011). In this paper, we detail an image processing
technique for the analysis of spatial and temporal sequences of DCE-US images to
simultaneously extract data on both tumor perfusion and neovascular morphological (vessel
architecture) characteristics. Collectively, US imaging biomarkers may prove useful for not
only breast cancer detection, but also for sensitively monitoring early tumor response to
neoadjuvant chemotherapy.

METHODOLOGY

Study protocol and data acquisition

Clinical data presented in this article was acquired between May 2006 and November 2007
as an imaging substudy to a pilot trial of preoperative (neoadjuvant) letrozole in combination
with bevacizumab in postmenopausal women with newly diagnosed estrogen receptor or
progesterone receptor-positive breast cancer (Forero-Torres, Saleh 2010). Note that biopsy
results revealed that all breast tumors were invasive carcinomas with lobular and/or ductal
features. After IRB approval and informed written consent for all patients (mean age 62.2 +
7.0 years), tumor response to neoadjuvant therapy using DCE-US was evaluated. For this
imaging substudy, patients underwent US examinations with and without contrast media
within 4 weeks of initial therapy and at 6 weeks post initial therapy. After no progression
was identified on conventional US, chemotherapy was continued for an additional 18 weeks.
The patients underwent US and DCE-US at 6-week intervals with off-label use of Definity
(perflutren lipid MBs) injectable suspension (Lantheus Medical Imaging, N Billerica, MA).
For all DCE-US studies, a 0.2 to 0.4 mL (average of 0.3 mL) bolus of a 1.1 mg/mL
suspension was injected at 1 mL/sec via an 18-20 gauge cannula followed by a 10 mL saline
flush. US examinations were performed by a single experienced RDMS certified
sonographer with a Phillips iU22 scanner (Philips Healthcare, Andover, MA) equipped with
a L9-3 MHz linear array probe using a tissue-specific pulse inversion harmonic imaging
preset (transmit at 4 MHz and receive at 8 MHz) and at a low mechanical index (MI = 0.07)
pre and post MB contrast agent destruction via a multi-frame high Ml “flash” (0.7 < MI <
0.8). Uncompressed (linear intensity) US image data in DICOM format was recorded for at
least 60 sec at a frame rate of 17 Hz to capture both initial and late phases of tumor
enhancement. Multiple MB contrast agent injections (range 2 to 4) and DCE-US scans were
performed following a time delay of at least 20 min to allow MB clearance from the
previous bolus injection. All US scanner settings were held constant for each patient and
imaging session. Note that the total dosage of Definity did not exceed the total maximum
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dosage provided in the package insert. After completion of neoadjuvant therapy, patients
underwent surgical breast cancer therapy. The resected specimens were analyzed by a
blinded board certified pathologist to determine the residual cancer burden (RCB) index
(Symmans, Peintinger 2007).

Image processing

The sections below detail the DCE-US image processing algorithms that were implemented
using custom Matlab programs (Mathworks Inc, Natick, MA) for performing quantitative
measurements of breast tumor perfusion and neovascular morphology parameters. Parallel
processing of sequential algorithms was applied to help minimize computational time.

Noise suppression—This stage of image processing involves applying an ordered
sequence of noise reduction procedures that preserve US image detail. Since US data was in
color format (RGB), all images were first converted to grayscale by eliminating the hue and
saturation information while retaining the luminance. Because US images were acquired
immediately after MB contrast agent destruction, the time history of data acquisition
contained a short reference period prior to MB arrival in the field-of-view (FOV). The first
frame of each DCE-US dataset was used as background reference intensity with all
subsequent image frames normalized by this reference (Hoyt, Warram 2010). Given
sequences of normalized DCE-US images, I1(m, n, t) where m and n denote mth and nth
pixels for all t frames, global intensity thresholding, using an appropriate threshold value Tg,
was applied:

/ _ I(man3t)7 lfl(m’n7t)>TR
z(m,n,t)—{ 0, ifI(m,n,t) <T, ©

Note that if T is set too low, angiogenic blood vessels contain excessive noise around the
vascular edges and compromise any eventual skeletonization (i.e., neovascular thinning),
which is a necessary process for extracting morphologic characteristics. Conversely, if Ty is
set too high, there is a risk that true low-intensity neovasculature information is filtered out
(Chang, Huang 2006, Huang, Chang 2008). Based on this criterion a T value of 50 was
manually selected by an experienced researcher and applied to all image datasets used for
this study.

A maximum intensity projection (MIP) was then performed along the temporal dimension to
describe high-intensity neovascular structures in 2-dimensional space using the equation:

I

MIP (m, n):maxtf (m7 n, t) (2

All connected components in the MIP images that had fewer than 75 pixels were assumed to
be cluttered noise artifacts and subsequently removed (filtered). Lastly, manual
segmentation was performed by an experienced researcher using a polygonal region-of-
interest (ROI) to create a binary mask Ipinary(m, n) that circumscribed the tumor angiogenic
blood vessel information contained in each DCE-US image.
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Tumor perfusion parametric extraction—The above described binary mask that
segments the tumor space was applied to each corresponding DCE-US image sequences as
follows:

"

I (m,n,t):[l(m,n,t)xlbmary(m,n), vVt (3)

An average time-intensity curve 1”(t) is then calculated from all nonzero spatial pixel data
within the user-selected ROI:

M N
1

T(t):WZZI”(m,n,t), Yt (4

m=1n=1

where M and N denote depth and width coordinates (in pixels), respectively. This course
time-intensity curve describes the kinetics of MB contrast agent flow and can be
approximated as a gamma-variate function:

2(t)=At=eF) )

where A, a, and S are contour-controlling constants estimated using nonlinear least-squares
curve fitting (Keller, Feinstein 1987). As illustrated in Figure 1, the shape of this smoothed
time-intensity curve can be analyzed to extract relevant parameters of tumor perfusion,
namely, peak intensity (Ipk), time-to-peak intensity (Tpk), area under the curve (AUC),
wash-in rate (WIR), and wash-out rate (WOR). Specifically, the Ipk parameter was defined
as the maximum increase in signal intensity produced by bolus contrast agent injection. The
Tpk parameter was defined as the interval from the beginning of enhancement to the peak of
the fitted curve. The AUC parameter was calculated as the time integral of the fitted curve.
The WIR and WOR were calculations of the ascending and descending slopes of the fitted
curve during the MB replenishment (from 10 to 90% of Ipk) and dissolution phases (from
Ipk to curve endpoint if a wash-out phase was detected), respectively. Quality-of-fit
statistics (R-square) evaluated the fit between the time-intensity curves and the gamma-
variate mathematical model.

Neovascular skeletonization and tree construction—The process of extracting
neovascular morphologic information from DCE-US imaging data begins by superimposing
the binary mask created by manual segmentation of the 2-dimensional MIP image described
by Eqn 2 as follows:

Ijl\/[[p (m, n):IMIP (m, n) X Ibina?”y(mv n) (6)
where the requisite MIP binary image I;'HP (m,n) for performing select morphologic
operations is determined by intensity thresholding as described by Egn 1. The neovascular

network profile (foreground features) depicted in I;'MP (m,n) may be contaminated by
intensity artifacts that create discontinuities in vessel contours. To minimize the negative

impact of these imperfections on angiogenic biomarker quantification, morphological image
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processing of binary datasets was performed using a 3-by-3 structuring element (flat disk-

shaped kernel). During this initial preprocessing step, binary images I;;IP(
then opened to suppress noise artifacts and enhance neovascular definition from the
background image space (Gonzalez and Woods 2002). In practice, opening smoothes the
contour of an object and eliminates any thin spurious projections. Closing also tends to
smooth sections of contours but, as opposed to opening, it eliminates small holes and fills in
any gaps in the foreground contour (Huang, Chang 2008). Operator pairing returns

foreground image features to their original size.

m, n)were closed

Skeletonization is a dedicated process for reducing foreground regions in a binary image to a
pixel-thin skeleton trace that largely preserves the extent and connectivity of the original
region while discarding most of the original foreground pixels. For this study, we adopted a
robust thinning algorithm to produce skeletons for tumor angiogenic blood vessels detailed
in 2D binary images (Lam, Lee 1992). Skeletons were separated into different subsets
whereby each connected component forms a neovascular tree. Pruning methods are an
essential complement to skeletonization procedures as they can leave parasitic components
(unwanted branching segments in the neovascular tree components) that need to be removed
by simple post processing (Gonzalez and Woods 2002). To that end, any branch of a
vascular tree that contained five or less leaf nodes was pruned. Finally, if the number of
pixels in a particular component was fewer than 10 the tree was deleted and ignored from
further analysis. Given the spatial dimensions of the scan-converted US image sequences
and the data processing strategy adopted, only angiogenic blood vessels with length and
width greater than 1 mm and 0.5 mm, respectively, were analyzed.

Neovascular morphology parametric extraction—The following section details the
five neovascular morphologic parameters that were obtained by recursively traversing the
neovascular trees and measuring certain key features associated with pixel connectivity. A
precursory step involved counting the number of spatial pixel values equal to 1 in

1"

I,,,,(m,n)(i.e., foreground pixels), which was used as an estimate of the number of
vascular points (Vp) in the breast tumor neovascular network. The vessel-to-tissue ratio (VR)
is then calculated as:

v,
Ve=s73 % 100 @)

The number of bifurcations (Ng) was found by counting each cross point (node) in every
neovascular tree component where a cross point is a pixel location that has at least three
neighbors. The number of vessels (Ny) is determined by counting each discrete neovascular
segment in the skeletonized DCE-US dataset. Here, each vessel segment S with K pixels is
defined as a contour comprised of line points (exactly two pixel neighbors) terminated by
end points (only one pixel neighbor); S = {Sy, Sy, ..., Sk} where S; = (m;, n;) indicates pixel
location i in S. The vessel length (V) for each segment was calculated as:
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Lastly, vessel tortuosity (V) associated with the same neovascular segment was quantified
as follows:

V. Vi 1
= - 9
T ‘ Sl SK ‘ ( )

yielding an estimate to the degree of blood vessel bending. Note that for the case of a
straight vessel segment, V1 = 0. Once these latter two parameters were calculated throughout
the entire neovascular network, both V| and V1 were summarized as average values for
simplicity of reporting. All length-based morphologic values were converted to millimeters
given knowledge of the US image spatial sampling rate.

Tumor perfusion information derived using Equations 4 and 5 is acceptable for describing
global conditions within the user-selected ROI but local parametric perfusion information
may also be desirable for certain applications. Beyond signal noise concerns, nonlinear
curve fitting may be too computationally costly to estimate perfusion properties at every
pixel location. As an alternative strategy, we propose an efficient computation that operates
by averaging time-intensity curve data over each neovascular segment. Specifically, given
the binary mask S(m, n) for a particular segment, the local time-intensity curve is given as
follows:

11

= 1 M N
IL(t):WZZI (myn,t) x S(m,n), Vt (10

m=1n=1

After curve fitting using the gamma-variate function described by Equation 5, local
parametric perfusion estimation is performed as detailed in Section 2.2.2. Each skeletonized
neovascular segment can then be color-coded by these local measures to yield a parametric
map detailing the spatial heterogeneity of tumor perfusion properties. To minimize noise
levels such as associated with time-intensity data from short vessels, the width of each
segment can be dilated (beyond the one pixel width skeletonization yields) to incorporate
more time-intensity curve data in the averaging process. A summary of the image processing
flowchart developed for estimating and mapping neovascular morphology features from
DCE-US images is illustrated in Figure 2.

Statistical analysis

All data was summarized as mean + SE when applicable. Longitudinal measurements were
normalized by week 0 values and reported as percent change from baseline. Paired substudy
measurements were compared using a 2-sample paired t-test. A repeated measures analysis
of variance (ANOVA) test was used to test differences (i.e., temporal changes) between
related means. A Pearson’s correlation test was used to compare individual tumor perfusion
and neovascular morphology parameters to tumor size or RCB indices. P-values less than

Ultrasound Med Biol. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hoyt et al. Page 8

0.05 were considered statistically significant. All statistical calculations were performed
using JMP Pro 10 software (SAS Institute Inc, Cary NC).

RESULTS

We evaluated the use of quantitative DCE-US imaging for measuring changes in tumor
perfusion and neovascular morphology in six female subjects with newly diagnosed
operable breast cancer and scheduled to receive neoadjuvant therapy. Patients were imaged
using US before and after MB contrast agent dosing at baseline and again at weeks 6, 12, 18,
and 24 after treatment started. Surrogate measures of tumor perfusion and neovascular
morphology were computed using custom software developed by our group. Briefly, tumor
tissue ROIs were manually segmented from a sequence of DCE-US images and then the
mean time-intensity curve describing the history of MB flow was analyzed to calculate
parametric perfusion measures. Thereafter, tumor perfusion images were further processed
to extract neovascular morphology features. A comparison of US images in Figure 3
suggests that human breast cancer can exhibit a high contrast perfusion profile as detailed in
DCE-US acquisitions, which is due to increased angiogenic activity and neovascular growth
to support tumor metabolic demands. Importantly, time-intensity curve features changed
over time as the tumor responded to systemic drug treatment. When comparing substudy
imaging endpoint (week 24) to baseline DCE-US-derived parametric perfusion measures,
neoadjuvant therapy produced considerable changes in intratumoral blood volume (AUC and
Ipk metrics; —16.8 + 4.1% and -14.8 + 4.3%, respectively, P < 0.012) and blood flow
velocity (Tpk, WIR and WOR metrics; 59.3 + 13.1%, —-41.9 + 7.2%, and —55.0 £ 11.8%,
respectively, P < 0.07). As illustrated in Figure 4, spatial and temporal changes in the tumor
perfusion parameters were matched by changes in the tumor neovascular network. On
average for patients studied, there was a marked reduction in angiogenic blood vessel (Vg
and Ny metrics; —26.1 + 10.8% and —23.9 + 12.2%, respectively, P < 0.20) and bifurcations
(branch points, —27.5 + 13.8%, P = 0.20) associated with the breast tumors along with a
varied decrease in vessel tortuosity (-16.2 + 15.7%, P = 0.53). These changes also
corresponded to a slight insignificant increase in vessel length (4.4 + 4.1%, P = 0.46) that
could be due in part to pruning of the smaller angiogenic blood vessels during vascular
renormalization (Jain 2013). Note that the normalization of tumor neovascularity has served
as an early indication of eventual tumor size reduction and the lack of normalization has
correspondingly been associated with poor therapeutic response (Bullitt, Ewend 2009,
Bullitt, Lin 2007).

The average (n = 6) longitudinal tumor perfusion and neovascular morphology parametric
measurements are summarized in Figure 5. Second order polynomial regression lines were
plotted to further highlight tumor response trends (RZ > 0.71). Inspection of parametric
perfusion repeated measures indicates that intratumoral changes had occurred by the first
time sample (week 6) and these changes increased with time (P < 0.39). A slightly different
trend was observed in the neovascular morphology parameters. Albeit not statistically
significant, longitudinal changes were also noted at week 6 but repeated measures either
plateaued or regressed (P < 0.76). These patterns more closely match changes in tumor size
as approximated from the grayscale US images (P = 0.07), Figure 6.
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Additional statistical tests were performed to determine if either baseline or endpoint DCE-
US image measurements correlated with tumor size or response to treatment as determined
by the RCB indices obtained at surgery, 3.1 + 0.4 (see Figure 6). Interestingly, baseline Ipk,
AUC, WIR, WOR, and V| metrics predicted tumor response (o> 0.82, P < 0.05); however,
this observation was no longer apparent when analyzing these same tumor perfusion and
neovascular morphology parameters at week 6 after start of neoadjuvant treatment (p < 0.56,
P > 0.25). No statistically significant correlations were found between both tumor size
measurements at baseline or week 24 (at completion of chemotherapy) and any of the tumor
perfusion and neovascular morphology parameters (o < 0.82, P > 0.09). While baseline
measurements of tumor size also did not correlate with treatment response (o= 0.63, P =
0.18), there was a positive trend towards significance when comparing tumor size
measurements at week 24 (p = 0.82, P = 0.09). The imaging endpoint tumor size
measurement is expected to correlate more favorably with tumor response as it was collected
months after treatment began and since a measure of tumor size is used in part to compute
the RCB index after surgery. Lastly, a final review of patient medical records (July 2013)
revealed that there was no breast disease reoccurrence for all patients involved in the
imaging substudy suggesting satisfactory locoregional control.

DISCUSSION

Early functional evaluations of treatments in oncology are of major importance. Several
clinical studies conducted throughout the last decade have shown that DCE-US can be used
to assess anticancer efficacy of systemic treatment of solid tumors. Some of the first US
imaging studies in the neoadjuvant setting focused on the evaluation of vascular reducing
antiangiogenic drugs in the treatment of metastatic colorectal cancer (Schirin-Sokhan,
Winograd 2012), gastrointestinal stromal tumor (Lassau, Lamuraglia 2006), primary
hepatocellular carcinoma (Lassau, Koscielny 2011), renal cell carcinoma (Lassau, Koscielny
2010, Williams, Hudson 2011), and melanoma (Chami, Lassau 2011). As recently reported
by Lassau et al. (Lassau, Chami 2011), experience with 400 patients and 1096 DCE-US
examinations revealed that tumor perfusion measurements as early as 4 weeks after
antiangiogenic therapy initiation can predict tumor response at 24 weeks. It was also found
that decreases in these DCE-US-derived measurements manifested before any reductions in
physical tumor size (Lassau, Brule 2008, Lassau, Chami 2007, Lassau, Chami 2011). In
another study involving 41 patients with pancreatic carcinoma receiving neoadjuvant
chemotherapy, a considerable decrease in US- based parametric perfusion measurements
was found after a single cycle of treatment (Tawada, Yamaguchi 2009), which was in accord
with findings from previous clinical studies (Masaki, Ohkawa 2005, Suetomi, Kitano 2008).
Similarly, neoadjuvant chemotherapy of breast cancer produced decreases in tumor
perfusion as measured using DCE-US imaging (Cao, Xue 2012, Mahéo, Chevalier 2012).
The above studies further support our overall findings that breast tumor response to
neoadjuvant chemotherapy is characterized in part by considerable changes in intratumoral
blood volume (i.e., AUC and Ipk) and blood flow rate (i.e., Tpk, WIR, and WOR)
parameters. Moreover, our study also revealed that DCE-US-based neovascular morphology
(i.e., VR, Ng, Ny, V|, and V1) parametric measures also exhibit pronounced changes that may
be predictive of breast tumor response to systemic treatment. Collectively, DCE-US findings
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suggest that signature changes in tumor angiogenic biomarkers may allow a noninvasive
detection of early cancer response to neoadjuvant chemotherapy.

Beyond the use of small sample size, a potential limitation of our study is that tumor
angiogenic biomarkers were quantified from a single US image plane, a situation that is
unlikely to accurately reflect the true (global) properties of the entire tumor under
consideration. This is particularly valid for neovascular morphology features which
inherently exist in 3-dimensional space. Another known limitation of planar DCE-US is that
small changes in transducer position or subject motion can have profound impacts on
measurement reproducibility (Feingold, Gessner 2010, Hoyt, Sorace 2012). This observation
has motivated the development of 4-dimensional (3-dimensional space + time) DCE-US
methods for interrogation of tumor perfusion (Chen, Wang 2014, Eisenbrey, Sridharan 2012,
Hoyt, Sorace 2012, Mahoney, Sorace 2014, Sridharan, Eisenbrey 2013) and neovascular
morphology (Gessner, Aylward 2012, Gessner, Frederick 2013, Molinari, Mantovani 2010)
in volume space. Future work should continue the development and validation of clinically
translatable high-resolution DCE-US imaging methods for more accurately quantifying
tumor angiogenic biomarkers throughout an entire tumor mass. This work should include a
comprehensive analysis of the tumor segmentation process and any potential biomarker
measurement variability (error) from the image processing procedure. All imaging and
measurements will eventually need to be standardized to help validate efficacy and further
extend the preclinical and clinical use of DCE-US. Any clinical studies monitoring tumor
response to systemic chemotherapy should be performed at earlier time points than we
considered, such as within 1 to 2 weeks after initiation of treatment when predictive
intratumoral changes are known to occur (Lassau, Chapotot 2012). Actively targeting the
MB contrast agents to tumor neovascularity may also help improve angiogenic biomarker
quantification given enhanced visualization of the tumor neovascular network (Saini and
Hoyt 2014, Sorace, Saini 2012, Streeter, Gessner 2011, Warram, Sorace 2011).

CONCLUSIONS

Image processing algorithms for analyzing sequences of DCE-US images to extract data on
both tumor perfusion and neovascular morphological features was presented. These tumor
angiogenic biomarker measurements may prove useful in determining tumor response to
chemotherapy in the neoadjuvant setting.
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Figure 1.
Representative dynamic contrast-enhanced ultrasound (DCE-US; maximum intensity

projection, MIP) images (a) before and (b) after manual segmentation. The segmented
region-of-interest (ROI) is then used as a mask to generate an (c) average time-intensity
dataset from which global parametric perfusion metrics can be automatically derived,
namely, peak intensity (Ipk), time-to-peak intensity (Tpk), area under the curve (AUC),
wash-in rate (WIR), and wash-out rate (WOR). An appropriate mathematical model can be
curve fit to the otherwise noisy time-intensity data to improve perfusion parameter
estimation.
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Figure 2.
Step-wise DCE-US image processing flow chart. After loading a (a) temporal sequence of

DCE-US images, each frame undergoes (b) intensity thresholding to reduce the background
tissue signal. (c) MIP and digital morphologic processing are then performed prior (d)
manual segmentation of the tumor. To derive neovascular morphology features, the
segmented MIP image is converted to a (e) binary dataset and subjected to a series of
dedicated spatial filters. The tumor neovasculature is then (f) thinned to form a vessel
skeleton before deleting isolated pixels and pixel clusters. Finally, neovascular morphology
parameters are automatically computed, namely, vessel-to-tissue ratio (VR), number of
bifurcation (Ng), number of vessels (Ny), vessel length (V|), and vessel tortuosity (V1) as
displayed in (h). Note the (g) skeletonized image can be color-coded and overlaid on tumor
neovascularity images to describe the local perfusion measures.
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Figure 3.
Representative series of DCE-US images of the same breast cancer at baseline (week 0) and

at weeks 6, 12, 18, and 24 after initiation of neoadjuvant chemotherapy (color-coded left to
right, respectively) including select grayscale ultrasound (US) subimages (hypoechoic lesion
indicated by white arrow). Time-intensity curves (and ROI variability, error bars) from each
dataset are shown illustrating the progressive changes in shape that occur as the tumor
changed in response to systemic drug treatment. Pathologic analyses revealed that the tumor
was an invasive ductal carcinoma.
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Figure 4.
Spatial maps of local perfusion parameters describing changes in the same breast tumor

before (week 0) and after initiation of neoadjuvant chemotherapy (week 6, 12, 18 and 24).
Note the heterogeneous spatial distribution of each perfusion parameter throughout the
tumor burden.
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Figure 5.
Preliminary longitudinal DCE-US imaging results from a study of neoadjuvant

chemotherapy in women with newly diagnosed breast cancer. Normalized data plots
represent changes in summary statistics for both (a) tumor perfusion (peak intensity, Ipk;
time-to-peak intensity, Tpk; area under the curve, AUC; wash-in rate, WIR; wash-out rate,
WOR) and (b) neovascular morphology (vessel-to-tumor ratio, Vg); humber of bifurcation,
Ng); number of vessels, Ny; vessel length, V; vessel tortuosity, V1) parametric
measurements. Error bars represent standard error measurements and * denotes statistical
significance of data changes.
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Figure 6.

3 4
Patient
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Longitudinal changes in (a) breast tumor size during a study of neoadjuvant chemotherapy
in women with newly diagnosed breast cancer. (b) Residual cancer burden (RCB) indices
for each patient studied as determined from surgical specimens. A residual tumor indicates a
partial pathologic response to neoadjuvant treatment. Error bars represent standard error

measurements.
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