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Abstract

Screening with mammography has been demonstrated to increase breast cancer survival rates by
about 20%. However, the current system in which mammography is used to direct patients toward
biopsy or surgical excision also results in relatively high rates of unnecessary biopsy, as 66.8% of
biopsies are benign. A non-ionizing radiation imaging approach with increased specificity might
reduce the rate of unnecessary biopsies. Quantifying the vascular characteristics within and
surrounding lesions represents one potential target for assessing likelihood of malignancy via
imaging. In this clinical report, we describe the translation of a contrast-enhanced ultrasound
technique, acoustic angiography, to human imaging. We demonstrate the feasibility of this
technique with initial studies in imaging the hand, wrist, and breast using Definity® microbubble
contrast agent and a mechanically-steered prototype dual-frequency transducer in healthy
volunteers. Finally, this approach was used to image pre-biopsy BI-RADS 4-5 lesions <2 cm in
depth in 11 patients. Results indicate that sensitivity and spatial resolution are sufficient to image
vessels as small as 0.2 mm in diameter at depths of ~15 mm in the human breast. Challenges
observed include motion artifacts, as well as limited depth of field and sensitivity, which could be
improved by correction algorithms and improved transducer technologies.
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Introduction

Nearly 250,000 women were diagnosed with breast cancer in the United States in 2016, with
over 40,000 deaths in the same year (Howlader 2016). Currently, mammography is used to
screen women over the age of 40 and has been shown to increase survival by about 20%
(Alexander, et al. 1999, Bjurstam, et al. 2003). Based on mammographic results, the lesion is
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assigned a score from 1 to 6 according to the Breast Imaging Reporting and Data System
(BI-RADS) (Radiology 2013). For individuals with a suspicious mammogram (BI-RADS
category 3-5), follow-up imaging with other approaches, including diagnostic
mammography, breast tomosynthesis (Rafferty, et al. 2013, Shan, et al. 2015, Tucker, et al.
2014), magnetic resonance imaging (Elsamaloty, et al. 2009, Mountford, et al. 2009), and
ultrasound (Moon, et al. 2002), may be utilized to clarify the nature of the lesion. Lesions
ultimately categorized as BI-RADS 4-5 have a high likelihood of malignancy and are
directed toward biopsy or surgical excision.

Pathology results from more than 26,000 patients receiving breast biopsy indicate that

66.8 % of the biopsies were benign, suggesting that many of these biopsies are unnecessary
(Weaver, et al. 2006). In addition, breast biopsies are known to yield false negatives at a rate
of about 2% (Boba, et al. 2011), and many patients are subjected to repeated biopsies
depending primarily on the physician’s judgment (Shachar, et al. 2016). About 10% of
lesions require repeat biopsy, and only approximately 17% of these are malignant (Youk, et
al. 2007), suggesting many patients may be subjected to multiple unnecessary biopsies. If a
non-invasive, non-ionizing radiation imaging approach could demonstrate sufficient
specificity, it might be possible to reduce the rate of unnecessary biopsies, sparing patients
pain and anxiety (Hayes Balmadrid, et al. 2015).

In order for solid tumors to grow beyond a certain size (typically ~2 mm), new vessels must
form (angiogenesis) (Bergers and Benjamin 2003, Folkman and Shing 1992). In breast
lesions in particular, elevated microvessel density is correlated with the occurrence of
metastases and thus has been identified as a potential prognostic indicator, as microvessel
density in the region of highest neovascularization has been shown to predict overall and
relapse-free survival (Weidner, et al. 1992, Weidner, et al. 1991). Several non-invasive
imaging techniques have sought to utilize this knowledge for diagnosis, including magnetic
resonance imaging (MRI) (Daldrup-Link, et al. 2003), computed tomography (CT) (Boone,
et al. 2006), color Doppler ultrasound (Adler, et al. 1990), and conventional contrast-
enhanced ultrasound imaging (Barnard, et al. 2008, Forsberg, et al. 2008, Hoyt, et al. 2015,
Sridharan, et al. 2015, Wan, et al. 2012). However, none of these approaches have yet
demonstrated the ability to improve diagnostic accuracy or reduce the need for biopsy in
clinical studies.

From an imaging perspective, a key challenge is the ability to resolve the microvessels
formed early in tumor angiogenesis, as the vessels observed in histological evaluation of
invasive carcinomas typically have diameters <100 um (Ottinetti and Sapino 1988). In order
to form vascular or “angiographic” images, many imaging techniques utilize exogenous
contrast agents to image vascular structures in the breast, i.e. iodine in CT (Boone, et al.
2006), gadolinium in MRI (Rahbar, et al. 2015), and perfluorocarbon-filled microbubbles in
contrast-enhanced ultrasound (Hoyt, et al. 2015). Even with the use of contrast agents, the
ability to both detect and resolve the microvessels of clinical interest remains challenging, as
typical spatial resolutions for clinical imaging systems are ~700 um for MRI (Pinker, et al.
2014), ~600 um for CT (Reiner, et al. 2013), and 300-500 um for conventional ultrasound
(Rissanen, et al. 2008). Special small animal imaging systems have demonstrated higher
resolutions in all modalities, including as high as 100-200 pm in MRI (Herrmann, et al.
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2012, Jansen, et al. 2009), as high as 40 um in CT (for scan times >50 min) (Starosolski, et
al. 2015), and 30-200 um for high-frequency ultrasound (Foster, et al. 2009, Foster, et al.
2002).

Contrast-enhanced ultrasound (CEUS) imaging has been performed in the breast for tumor
characterization and diagnosis. Ricci characterized CEUS enhancement as having equal
accuracy as MRI for breast cancer diagnosis in humans (Ricci, et al. 2007). Subsequent
studies have described contrast enhancement and wash-out patterns, but contrast enhanced
ultrasound imaging is still not routine in the breast (Liu, et al. 2008, Zhao, et al. 2010).
Ultrasound molecular imaging also shows promise as a clinical indicator of malignancy.
Microbubbles targeted to vascular endothelial growth factor receptor (VEGFR2) have been
validated in model systems (Bzyl, et al. 2013, Pochon, et al. 2010), and it was recently
shown in humans that higher targeting was observed in malignant lesions than in benign, and
that targeting intensity was related to the level of VEGFR2 expression as measured with
immunohistochemistry (Willmann, et al. 2017).

We have recently developed a new contrast-enhanced ultrasound microvascular imaging
approach based on the superharmonic signal produced by microbubbles. In this approach
microbubbles are excited using a low frequency (<6 MHz) pulse and images are formed
from high frequency (>20 MHz) signals produced by microbubbles. Resulting images have
higher contrast-to-tissue ratio (CTR, ~25 dB) and spatial resolution (100—200 pum) than
conventional contrast-enhanced ultrasound (Lindsey, et al. 2014). Because these images
show vascular structures alone, we call this technique acoustic angiography due to the
similarity to other forms of angiographic imaging, i.e. computed tomography angiography,
magnetic resonance angiography (Rubin and Rofsky 2009). In addition, these images can be
segmented and vessel tortuosity computed using previously-established quantitative metrics
(Bullitt, et al. 2003, Bullitt, et al. 2006). This is potentially useful because previous studies
using intravital microscopy in animal models have shown that tumor vascular remodeling
occurs when tumors consist of <100 cells (Li, et al. 2000), providing another potential
quantitative metric beyond microvessel density. In imaging a genetically-engineered mouse
model of ductal carcinoma, quantifying vessel tortuosity has enabled distinguishing 2-3 mm
tumors from healthy tissue (Shelton, et al. 2015).

In this work, we present the first translation of acoustic angiography imaging to humans.
Imaging volumes have been acquired of the vasculature in the wrist of healthy volunteers, as
well as in the breast of both healthy volunteers and patients. Due to the high spatial
resolution of this technique—comparable to that of small animal CT and MRI—it represents
a potential tool for quantifying the high microvascular density associated with invasive
tumors in the breast. Contrast-enhanced ultrasound imaging utilizing the superharmonic
response of microbubbles has been described in in vitro and in vivo studies, but clinical
studies in humans are limited, and were restricted to examinations of the heart at low
frequencies (0.8/2.8 MHz) (Bouakaz, et al. 2003). While CEUS allows imaging of tissue
perfusion and power Doppler allows imaging of individual vessels at these spatial scales,
acoustic angiography reveals vascular morphology and enables quantification of vessel
tortuosity, a marker of malignancy.
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This study was approved by the Institutional Review Board (IRB) of the University of North
Carolina at Chapel Hill, and all participants were enrolled after voluntary written informed
consent. In the first phase of the study, we enrolled healthy male and female volunteers for
initial imaging in the wrist, hand, and breast. Images from these subjects were used to assess
the feasibility of superharmonic contrast imaging in vivo and determine achievable
resolution. A total of 6 individuals volunteered for wrist and hand imaging (3 males, 3
females), and 6 females volunteered for breast imaging. The second phase of the study
included a patient population of women with suspicious breast lesions (BI-RADS 4 and 5)
who were scheduled to receive a breast biopsy at UNC Hospital. To date, 11 pre-biopsy
patients have been imaged in this trial, with enrollment ongoing.

Ten healthy volunteers received an intravenous bolus of 10 uL/kg of Definity (Lantheus
Medical Imaging, Billerica, MA) followed by sterile saline, in accordance with the
prescribing information, and 2 volunteers received 20 pL/kg. Pre-biopsy participants also
received a bolus of Definity at either 10 uL/kg (n=6) or 20 uL/kg (n=5).

Imaging was performed with a VisualSonics Vevo 770 ultrasound scanner and a modified
RMV707 transducer (FUJIFILM VisualSonics Inc., Toronto, ON, Canada). The modified
transducer has an additional annular low frequency element (4 MHz center frequency)
confocal to the 707 transducer (30 MHz center frequency) in order to allow dual-frequency
imaging of microbubble superharmonics by transmitting with the low frequency element and
receiving with the high frequency element (Gessner, et al. 2010). Dual-frequency imaging
was conducted at a mechanical index of 0.6 (non-derated), which is within the range
suggested for safe use with Definity (up to 0.8).

Three-dimensional image volumes were acquired using a linear motion stage, which
translated the transducer across the surface of the skin with a step size of 0.2 mm. This
motion stage (FUJIFILM VisualSonics Inc., Toronto, ON, Canada) was designed to operate
fixed to a platform for small animal imaging, so to enable more flexible positioning for
human patients, we mounted the motion stage to an adjustable arm (Photo Variable Friction
Arm, Manfrotto, South Upper Saddle River, NJ), supported by a surgical microscope stand.
Each image slice in a 3D volume was acquired at a rate of 3 frames per second, with a 3D
volume being acquired in approximately 1-2 minutes, depending on the length of the scan
(20-30 mm). The transducer (attached to the motion stage) was positioned by a radiologist
and then locked into place to acquire 3-D scans.

De-identified image data was exported for offline analysis and image reconstruction in
ImagelJ and the VisualSonics Vevo770 imaging software. Volumetric data sets were rendered
using maximum intensity projections to display 3-D images in 2-D. Linear interpolation was
used to compensate for larger spacing in the elevation direction than the axial-lateral
dimension when reconstructing images in orientations other than the acquisition plane.
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This study has demonstrated the feasibility of superharmonic acoustic angiography in human
subjects for the first time. We were able to visualize contrast signal and resolve individual
vessels using the standard clinical dose of Definity microbubbles, 10 uL/kg. Additionally,
we also tested twice the standard dose of Definity, 20 uL/kg, in 5 patients and 2 healthy
volunteers and observed stronger contrast signal at the higher dose. Figure 1 shows examples
of acquired images of the wrists of 2 different healthy volunteers. These images are
maximum intensity projections of the 3-D image volumes and show the radial artery and the
branch of the smaller palmar radiocarpal artery. Both images were acquired immediately
following a bolus of 10 uL/kg of contrast. On the left (1A), an extent of approximately 2.5
cm of the radial artery is shown, while the image on the right (1B) is enlarged to show detail
from a different subject. The diameters of the radial arteries visible in these images was
measured to be between 1.5 and 2 mm wide, consistent with the range observed in other
measurements of radial artery size (Kotowycz, et al. 2014).

The images in Figure 2 were acquired in healthy volunteers and show several branching
structures and vasculature of different sizes in normal breast tissue. Both of these subjects
received the 10 uL/kg contrast dose. Additionally, these images also reveal one of the
limitations of the confocal, single-element transducer design: the limited depth of field. The
transducer elements are focused at a depth of 1.3 cm, and the high frequency element has a
depth of field of 2.2 mm, as reported by the manufacturer. In practice, these images show
that region of tissue where contrast is visible in dual-frequency imaging spans approximately
8 mm, centered at the focus. In Figure 2A, the vessels seem to drop off as they plunge
deeper into the tissue, and in 2B, the deep vessel that crosses the center of the image has a
weaker signal than the nearby vessels despite the fact that they are similar in size.

Figure 3 shows a maximum intensity projection with several vessel diameters measured and
annotated on the image. This image is the same data as seen in Figure 2B, reconstructed
with a maximum intensity projection at a slightly different angle. In Figure 3, we see small
vessels measuring 0.17 mm wide, with low image contrast. However, slightly larger 0.2 mm
vessels have higher contrast, with the largest vessels between 0.43 and 1.24 mm being the
easiest to visualize.

While the maximum intensity projections of the 3-D data are useful for resolving the
structure of vascular morphology throughout the tissue, there is additional information
available in individual image frames. Figure 4 includes images from a pre-biopsy patient
who received 20 pL/kg of Definity. Figure 4A is a maximum intensity projection showing
large vessels branching as well as diffuse contrast signal from sub-resolution vasculature in
the surrounding tissue. Figure 4B is an enlarged view of the main branch, also shown as a
maximum intensity projection. Figure 4C, however, is a single frame from the branching
region showing that multiple small vessels are resolvable in the individual frame, but less
apparent in the projected data. Therefore, individual frames of acoustic angiography images
could be used to understand the relative positions and connections between sub-millimeter

vessels.
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Comparing the breast images shown in Figure 5 to the wrist images in Figure 1, we can see
more artifact due to respiration in Figure 5. The borders of the vessels in Figure 5 are less
smooth than those seen in Figure 1 due to tissue motion. However, in these examples,
respiration motion on the order of 0.3 to 0.5 mm (Figure 4B, Figure 5B) is not large enough
to obscure the overall morphology. Additionally, we can perform motion correction by
applying B-spline registration to consecutive frames in the image to produce smoothed
images without altering the overall vessel morphology, a demonstrated in figure 6.

No serious adverse reactions to the contrast occurred. However, four participants reported
mild events. One participant (out of 16) who received 10 uL/kg reported transient back and
chest discomfort, and 3 participants (out of 7) who received a bolus of 20 pL/kg experienced
mild, transient flushing with no significant changes in vital signs. Although these mild
reactions were anticipated in the package insert for Definity, the incidence was higher than
expected in our small sample size. It is unknown if this might have been due to an issue with
the contrast agent lot, the bolus administration rate, a random occurrence in our patient
population, or some other variable. It is worth noting that other groups have used the same
contrast agent at the same dose without any reported adverse reactions (Sridharan, et al.
2005). As the acoustic angiography imaging approach uses standard clinical imaging
parameters (4 MHz, MI = 0.6), it seems unlikely that observed adverse reactions were
related to the imaging technique itself.

Discussion

In this study, we only included lesions located within approximately 1.5 cm from the skin
surface due to the limited depth of field provided by the fixed focus transducer. This
prototype, confocal, single-element transducer has a lens with a fixed focus of 13 mm and an
approximate field of view of 8 mm in dual-frequency contrast imaging mode. Both the field
of view and frame rate might be improved by the development of a dual-frequency array.
With a higher frame rate enabled by acquiring an entire imaging slice in real-time without
mechanically sweeping the confocally-aligned transducer elements, motion artifacts could
be minimized by acquiring the entire 3D image in single breath-hold (~10 sec) using a
translation stage. There is also a clinical need to image lesions deeper than 1.5 cm. Though it
is estimated that 30% of breast lesions are located within 1 cm of the skin surface, a larger
imaging depth will be necessary to make superharmonic contrast imaging feasible relevant
to a greater number of patients (Feig, et al. 1977). Acoustic angiography can be performed
with greater depth of penetration by selecting a lower receive frequency, and we have
demonstrated superharmonic contrast imaging as deep as 4 cm using an endoscopic
transducer designed to transmit at 4 MHz and receive at 20 MHz (Lindsey, et al. 2017).
Axial resolution at this frequency combination is expected to be better than 200 um
(Lindsey, et al. 2014).

Of note, the sensitivity and spatial resolution of the current system used in this study allowed
acquisition of images with vessels as small as 100-200 um (Figure 3), similar to the
resolution provided by pre-clinical MRI and CT systems (Herrmann, et al. 2012, Jansen, et
al. 2009, Starosolski, et al. 2015). Improvements in sensitivity would require either
improved transducer sensitivity or increased microbubble dose.
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Super-resolution imaging techniques have demonstrated resolution below the diffraction
limit, nearly at the capillary scale, using microbubble localization techniques (Christensen-
Jeffries, et al. 2015, Desailly, et al. 2013, Errico, et al. 2015, Lin, et al. 2017, O’Reilly and
Hynynen 2013, Viessmann, et al. 2013). However, super-resolution imaging has not yet been
demonstrated in the clinic and requires the acquisition of thousands to tens of thousands of
images to create a single frame. Even with ultrafast plane-wave imaging, the acquisition
time for a single frame is on the order of minutes in order to accumulate a sufficient number
of microbubble positions to reconstruct microvascular structure with fine detail. Though
superharmonic acoustic angiography cannot match the resolution scale promised by super-
resolution imaging, microvessels approximately 100-200 um can be imaged with a single
transmit event, and a 3D image volume can be acquired in 1-2 minutes using a translation
stage. Dual-frequency array transducers are expected to significantly improve acquisition
time for acoustic angiography in the future.

Improving spatial resolution would require either a larger aperture (which would likely
prove increasingly difficult to couple to the patient), or the use of a higher receiving
frequency. Unfortunately, increasing the receiving frequency would result in a decrease in
sensitivity, as the superharmonic signals used to form these images decrease in amplitude
with increasing frequency (Lindsey, et al. 2014), in addition to increasing attenuation, which
would also decrease the depth of penetration. Nonetheless, if this technology could be
utilized in conjunction with breast ultrasound, existing resolution and sensitivity may
eventually prove sufficient for a diagnostic test with adequate specificity to preclude biopsy
in lesions lacking vessels greater than approximately 150 um in diameter. It is worth noting
that this technology has demonstrated potential for use for imaging other shallow
vasculature such as the carotid arteries for assessment of atherosclerotic disease.
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Figure 1.
Maximum intensity projections of acoustic angiography images acquired in the wrists of

volunteers administered a bolus of 10 uL/kg of Definity®.
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Figure 2.
Images of normal breast vasculature in healthy volunteers who received a 10 uL/kg bolus.
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A maximum intensity projection of breast vasculature from a healthy volunteer annotated

with vessel diameters.
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Figure 4.
Images from a pre-biopsy patient who received a bolus of 20 uL/kg of contrast. 4A shows a

maximum intensity projection of the image volume, while 4B is enlarged to show detail at
the main branching location. 4C is a single frame at the same scale as 4B, showing several

distinct vessels in the branching region.
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Figureb5.
Images from pre-biopsy patients showing vasculature ranging in size from approximately

0.2 to 2 mm in diameter. Respiration motion artifacts are visible, making the borders of the
vessels appear serrated. Subjects received 10 pL/kg of Definity.
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Figure 6.
Image from a pre-biopsy patient who received 10 uL/kg of Definity. 6A shows the original

image, clearly subject to respiration motion. 6B shows the motion corrected image using B-
spline registration.
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