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Abstract

Obijectives: Ultrasound contrast agents, consisting of gas filled microbubbles (MBs), have
been imaged using several techniques that include ultrasound localization microscopy (ULM)
and targeted molecular imaging (USMI). Each of these techniques aims to provide indicators

of the disease state but has traditionally been performed independently without co-localization
of molecular markers and super-resolved vessels. In this paper, we present a new imaging
technology: a targeted molecular localization (TML) approach, which employs a single imaging
sequence and reconstruction approach to co-localize super resolved vasculature with molecular
imaging signature to provide simultaneous anatomic and biological information for potential
multi-scale disease evaluation.

Materials and Methods: The feasibility of the proposed TML technique was validated in

a murine hindlimb tumor model. TML imaging was performed on three groups that include:
control tissue (leg), tumor tissue, and tumor tissue following sunitinib anti-vascular treatment.
Quantitative measures for vessel index (VI) and molecular index (M) were calculated from
the microvasculature and TML images, respectively. In addition to these conventional metrics, a
new metric unique to the TML technique, reporting the ratio of targeted molecular index to vessel
surface (MVR), was assessed.
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Results: The quantitative resolution results of the TML approach showed resolved resolution

of the microvasculature down to 28.8 um. V1 increased in tumors with and without sunitinib
compared to the control leg but the trend was not statistically significant. A decrease in Mitp
was observed for the tumor after treatment (P< 0.0005) and for the control leg (P< 0.005)
compared with the tumor prior to treatment. Statistical differences in MVR were found between
all groups: the control leg and tumor (P < 0.05), the control leg and tumor after sunitinib treatment
(P < 0.05), and between tumors with and without sunitinib treatment (P < 0.001).

Conclusions: These findings validated the technical feasibility of the TML method and pre-

clinical feasibility for differentiating between the normal and diseased tissue states.
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2. InTRODUCTION

Ultrasound contrast agents, composed of gas filled microbubbles (MBs), have been used in
ultrasound contrast imaging over the past three decades to benefit many useful techniques.
Ultrasound localization microscopy (ULM) is a rapidly growing field in recent years that
enables super resolution ultrasound imaging 1-3. ULM takes advantage of free-moving MBs
as stochastic intravascular localized acoustic sources. By detecting and accumulating the
positions of the individual MBs from different frames, it can resolve microvessels beyond
the resolution limits of ultrasonic wave diffraction. Additionally, by tracking individual
MBs, ULM can also be used to obtain microvascular flow velocity information 4%, Since
the introduction of the ULM technique, it has found applications in microvascular imaging
of several different organs including the kidney 4, thyroid 7, brain 28, prostate® and various
tumor 10.11,

Ultrasound molecular imaging (USMI) uses molecularly targeted MBs to bind to specific
disease markers that include inflammation, thrombosis, biofilm, and angiogenesis 12-15,
enabling detection of a signature of biological change occurring at the molecular level

16-18 The use of MBs targeted to vascular endothelial cells via ligand-receptor pairing

can be used as a promising tool in the study of angiogenesis. In particular, vascular
endothelial growth factor receptor (VEGFR2) and integrin a, B3, which specifically localize
in the neovasculature of active tumors, provide a pathway to molecular imaging enabling
evaluation of tumor progression 13-19-21 Molecular imaging is also important for monitoring
therapy response and can have a positive impact on therapy design and drug development.
Because treatment and drug efficacy can be evaluated earlier by analyzing the molecular
signature of disease, USMI may help to accelerate drug development 22:23,

Both ULM and USMI aim to provide enhanced indicators of the disease state, but these
techniques have traditionally been performed independently. However, it may be desirable
to perform co-localization between the super-resolved vessels and molecular markers to
provide simultaneous anatomic and biological information for better disease evaluation.
In the case of tumor imaging, super-resolution imaging of the microvasculature could
improve tumor localization and visualization of the vasculature, while molecular targeting
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could be used to evaluate tumor aggression 24. By considering anatomic information

and molecular information as independent indications of disease, the combination of
analyses of each may be used to improve either sensitivity or specificity. In addition,
co-localization of these two signals can allow for better association of super resolution
anatomic features to the molecular imaging signal. It may also help to determine whether
disease-associated anatomic features found via super resolution imaging (e.g. microvascular
structures associated with cancer 25-27) manifest before or after the presence of a disease-
associated molecular signal. Conceivably, disease manifestation determined via both super
resolution anatomic imaging and super resolution USMI involves information redundancy.

In this paper, we present a new imaging technology: targeted molecular localization (TML),
which provides super resolution imaging of vasculature co-localized with the molecular
tracer signal. To this end, in the first step of TML imaging, the ULM technique was utilized
to resolve microvasculature at super resolution. Singular value decomposition (SVD) was
used to remove tissue clutter signals for extraction of circulating MB signals 2:28:29_ In the
second step of TML imaging, the targeted MBs were detected and localized, over several
consecutive burst trials, as discrete attachment sites. The super resolution microvascular and
molecular imaging signals were processed together to generate a TML image.

In this feasibility study, TML images were acquired in a murine tumor model before and
after sunitinib anti-vascular treatment. Quantitative measures for vessel index (V1) and
molecular index (Ml ) were calculated, in addition to a new metric unique to the TML
technique, indicating the ratio of targeted molecular signature to vessel surface (MVR).

3. MateriaLs anp MEeTHoDs

3.1

Microbubble fabrication

Laboratory-made lipid-shelled biotinylated MBs were prepared. By sonicating
decafluorobutane gas (F2 Chemicals, Lancashire, UK) with a lipid micellar mixture

of polyethylene glycol stearate (Stepan Kessco, Elwood, IL, USA), distearoyl
phosphatidylcholine (Avanti Polar Lipids, Alabaster, AL, USA) and biotin-PEG3400-
distearoylphosphatidylethanolamine (biotin-PEG-DSPE, Laysan Bio, Arab, AL, USA)

in saline, biotinylated MBs were fabricated. VEGFR2-targeted MBs were prepared by
conjugating biotinylated anti-mouse VEGFR2 antibody (clone Avas 12al, eBioscience, San
Diego, CA, USA) to the bubbles using a streptavidin linker 30-32,

3.2. Animal preparation

All animal experiments performed in this study were approved by the Institutional Animal
Care and Use Committee. A murine hindlimb tumor model was used. C57BL/6 female
mice (n = 6) were injected subcutaneously with murine colon adenocarcinoma cells (MC38,
1x 106 cells, Kerafast, Boston, MA, USA\) in the right hindlimb. Imaging was performed
10-14 days after MC38 cell injection, when the implanted tumor had grown to a size

of approximately 1 cm. Before imaging, mice were anesthetized with 2% isoflurane gas
(Henry Schein, Dublin, OH, USA). A tail vein catheter was placed and mice were then
transferred to a heated motion stage (TM150, Indus Instruments, Webster, TX, USA). Mice
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were maintained under anesthesia (inhalation of 0.5~1% isoflurane in air) throughout the
imaging procedure. The legs were depilated prior to imaging. MBs were administered via
the tail vein using a syringe pump (PHD ULTRA, Harvard Apparatus, Holliston, MA, USA).

Mice were imaged before and after anti-angiogenic treatment. Sunitinib is a clinically
approved small-molecule pharmacological agent with anti-angiogenic and anti-tumor
effects. It is a multi-targeted receptor tyrosine kinase inhibitor that inhibits growth factor
receptors such as VEGF receptors and platelet-derived growth factor (PDGF) receptors
33-35, sunitinib malate (Selleckchem, Houston, TX) was administered via oral gavage (50
mg/kg body weight) daily for 7 days 33-35. At the 7-day mark, tumor and control legs were
imaged again.

3.3. Targeted molecular localization (TML) imaging approach

Experiments were performed using a Verasonics Vantage system (Verasonics Inc., Kirkland,
WA, USA) equipped with an L12-5 (192-element) linear array transducer. The central 128
elements were used both for transmit and receive. A plane wave compounding (PWC)
strategy was adopted to obtain the super resolution vasculature map. Plane waves with 9
inclination angles between —4° and 4° with a step of 1° were transmitted at a pulse repetition
frequency of 1 kHz to obtain coherently compounded images at a frame rate of 111 Hz. For
each angle, a two-cycle pulse was transmitted at 7.8 MHz. A bolus of non-targeted MBs (5 x
107 biotinylated MBs diluted in 50 uL sterile saline) was injected to the mice at a flow rate
of 15 pL/min followed by a 50 pL saline flush. The data acquisition started 3-5 min after the
start of injection, when the tumor was fully perfused with MBs. A total of 2000 compounded
image frames were acquired over a duration of 20 s.

Next, a co-localized sequence was performed to implement our TML approach. This
imaging sequence employed 22 virtual sources 36 with a synthetic aperture of 128 elements,
a focus of =35 mm, and an effective pitch of 600 um for coherent compounding. For each
virtual source, a pulse inversion (PI) technique 37 was implemented to further improve

the imaging sensitivity to MBs 38 (Fig. 1). The imaging pulses (two-cycle duration) were
transmitted at a frequency of 5.7 MHz and with M1 = 0.12 38:39,

Differential targeted enhancement (dTE) imaging was performed to extract the USMI signal
38,40-42 MBs were imaged after a short wait time (6 min) to allow injected MBs to bind to
the tumor vessel walls without acoustic interference. High intensity destruction pulses were
administered to destroy MBs in the field of view. Pre-burst images were used to measure
the late enhancement signals from adherent and circulating MBs. Post-burst images were
used to measure only the circulating MB signals. The difference image between the pre- and
post-burst signals revealed the signal intensity associated with only adherent MBs.

As Figure. 2 illustrates, VEGFR2-targeted MBs (total of 1x 107 MBs diluted in 60 pL
sterile saline; flow rate of 15 puL/min) were administered successively at three time points
([t1, t1+1.5 min], [ty, to+1.5 min] and [tg, ts+1 min]; 3.3 x 10% MBs for each time point).
Following the last infusion, a 50 pL saline flush was administered. For each injection, a
6-minute waiting period was employed between injection and the start of imaging. Next, the
imaging sequence was turned on to capture the pre-destruction images. Subsequently, high
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intensity acoustic pulses (MI = 0.36, two-cycle duration, center frequency = 5.7 MHz) were
transmitted to destroy all MBs in the field of view. The imaging sequence was applied for 2
minutes to acquire both the pre-burst and post-burst Pl images.

3.4. TML data processing

Motion correction was performed in order to increase the accuracy of subsequent

MBs localization processing steps. In our hindlimb tumor model, respiration caused
predominantly rigid motion between frames. This motion was estimated and corrected

by applying a 2-D phase-correlation-based rigid geometric image registration method (the
‘imregcorr.m’ function in MATLAB) 4 to different frames with reference to the first frame
of PWC sequence. In the first processing step to constitute the SR anatomical image,
singular value decomposition (SVD) was performed on PWC data to extract free moving
MBs signals (Fig. 3B to Fig. 3C)). SVD separated the different features of tissue, noise,
and moving MBs signals in terms of spatiotemporal coherence. MBs signals exhibited
lower spatiotemporal coherence, which were preserved in higher order singular values 2.
Normalized correlation coefficients were calculated by comparing moving MBs images

to the point spread function (PSF) of the system according to the amplitude and shape.

By setting a threshold (0.8) to correlation coefficients, noise signals and overlapping MB
signals were rejected. The approximate positions of separate MBs in each individual frame
were then identified as the multiple ROIs on the image (Fig. 3D). For every RO, intensity-
weighted centroid finding in a fine grid (25 pm x 25 pm) was used to localize the positions
of all MBs (Fig. 3E) 743, Center positions of MBs from all frames were accumulated to
create an image of the tumor vasculature (Fig. 3F).

In the second processing step, targeted molecular localization was performed as follows:
mean intensity values were calculated through “slow time” on the pre- and post-burst data,
to remove noise signals and residual signals from free moving MBs. Next, subtraction
between mean pre-burst and post-burst frames was used to obtain a dTE image of adherent
MB signals (Figs. 4A-C). An optimized threshold value was applied to the dTE image

as a pre-processing step for extraction and localization of estimated adherent MBs signal.
To determine the value of this threshold, a range was first estimated based on the mean
normalized signal intensity profile of the ROI (2 mm x 2 mm located at center of tumor

or leg) over the pre-burst and post-burst time course. The threshold value for best filtering
performance was determined by evaluating the inter-frame area differences of the dTE
images with increasing threshold values. The selected threshold value was the value that
resulted in maximum area difference, allowing maximal dTE signal immediately above
the background. The approximate positions of detected adherent MBs (Fig. 4D) were
determined by performing PSF correlation on the thresholded and interpolated dTE image.

To perform the SR co-localization processing, a weight matrix (Fig. 4G) with same
dimensions as the SR image was calculated using Equation (1).

0, d> 03 mm

1
e~2*d 4 <0.3 mm, @

Wyeight =
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where d was the distance value of corresponding pixel to the closest vessel referring

to the SR image. For each targeting site ROI (e.g. Fig. 4H and Fig. 41, 0.3 mm * 0.3

mm centered on the initial position), the precise targeting localization was determined by
weighted centroid finding (indicated by green crossing in Fig. 4J). Precise targeting sites
were localized for each burst trial (Fig. 4E). The TML image was obtained by accumulating
all positions of targeting sites from three burst trials and marking these positions with green
solid circles with visualization that overlay the super resolution anatomical image color
mapped in red (Fig. 4F). Note that the size associated with the circles, intended to enhance
visualization, does not impact quantification of the signals. dTE images from three burst
trials were also shown overlaid onto the SR image for side by side comparison against the
proposed technique.

3.5. Data analysis

During each burst trial, the MB intensity profiles were measured as the mean intensity value
within a region of interest (ROI: 2 mm x 2 mm located at center of tumor or tissue) on the Pl
image. The intensity profiles from the independent trials (n = 6) were normalized, averaged,
and reported as mean + standard deviation (SD) over multiple burst trials. MB intensity
before and after the burst was then tested for a statistically significant difference.

B-mode images, SR images superimposed with dTE, and TML images were shown for
control leg, tumor and tumor with sunitinib. The diameters of selected vessels in SR images
were determined by full-width at half-maximum measurements perpendicular to the axis of
the detected vessels.

The intra-tumoral space and intra-tissue (control leg) space were manually segmented for
each case by one of the authors (FZ) (Fig. 5). Within the selected regions, vascular density
was quantified as vessel index (V1), defined as the pixel number containing super-resolution
blood vessel signals divided by the total pixel number of the ROI. In the same ROI,
molecular index (Ml ) was calculated as the number of effective localized targeting

sites divided by the total pixel number. An indicator MVVR was used to evaluate evolving
vasculature disease as a ratio of vessels with targeted molecules, calculated as:

MlIrpr

MVR = VI

X 100% @

A comparison between the control leg, tumor and tumor with sunitinib treatment was
performed on VI, Mity_ and MVR values, respectively. All the statistical significance was
determined by a one-way analysis of variance (ANOVA) and post hoc multiple comparisons.
A P-value < .05 was considered to indicate a statistically significant difference.

4. ResuLts

The measured MB intensity curves (mean = SD) in Figure 6 show the changes in MBs
signal intensity after administration of high intensity destruction pulses in different burst
trials for different groups. The difference between pre-burst and post-burst indicates the
adherent MB intensity values. In profiles for the control leg and tumor with sunitinib, no
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significant differences (p > 0.5, n = 6) are found between pre-burst and post-burst MB signal
intensity, while for the tumor, the pre-burst signal intensities are significantly higher than the
post-burst signal intensities (p < 0.0005, n = 6) in all the three burst trials. This indicates
that the control leg and sunitinib-treated tumor groups have fewer targeted MBs than the
untreated tumor group.

The B-mode images, dTE images, and TML images corresponding to different groups

from two representative cases are shown in Figure 7 and Figure 8, respectively. The full
microvasculature mapping is color mapped in red, where the saturation represents the count
of detected MBs events. The adherent MB signals targeting sites onto the vessels are shown
as green dots. In conventional B mode images, it is difficult to identify the vessels in

either the control leg or tumor groups. Using the super resolution technique, the fine scale
vasculature is shown for all groups. The SR with dTE overlaying images of the tumors show
the co-localization results of the detected adherent MBs signals to the separate vessel. The
adherent MBs targeting sites are defined in TML images and correlate to the microvessels
for all groups by using the TML technique. The qualitative results show much less binding
from targeted MBs in the healthy tissue (leg) and tumors with sunitinib treatment, compared
to those in tumor (no sunitinib), which is consistent with the quantitative adherent MBs
intensity profiles result (Fig. 6).

The diameters of both the leg and tumor vessels obtained by super resolution processing
were quantified as measurements of FWHM values. 72 vessels were manually extracted
from the control leg and 144 vessels from the tumor. Cross-sections of several vessel
profiles, indicated by lines 1 to 3 in Figure 9A, are shown in Figures 9C to 9E. The branched
vessels are identified in Figure 9E. A histogram graph in Figure 9B shows that control leg
vessels have diameters in the range of 50-200 um and tumor vessels have diameters in range
of 25-150 um. A summary of the vessel diameters values is shown in Table 1.

The quantitative VI, Mty and MVR values are shown in Figure 10. The mean % s.d. for
V1 is 26% * 8% for control tissue (leg), 37% + 7% for tumor, and 36% + 9% for tumor with
sunitinib (Fig. 10A). For Ml these values are 0.03% =+ 0.02% for control tissue, 0.08%
+ 0.03% for tumor, and 0.01% + 0.01% for tumor with drug (Fig. 10B, left). The mean + s.d.
for MVR is 0.1% + 0.08% for control tissue, 0.23% = 0.1% for tumor, and 0.03% * 0.02%
for tumor with sunitinib (Fig. 10B, right). Comparing control tissue results with hindlimb
tumor results, the smaller VI and Ml are observed, demonstrating that normal mouse
leg tissue has lower vascular density and less MB adhesion than mouse hindlimb tumors.
Comparing tumors treated with sunitinib to those without treatment, lower Ml while
comparable VI values are found. Comparing control tissue to tumor with drug treatment,

VI is decreased while Ml is increased. MVR values show that the concentration of
targeted molecules on detected vessels is lower in the control tissue and sunitinib-treated
tumor compared to that in the untreated tumor.

Statistical significance was determined for these quantitative values associated with the
different groups. The results reveal statistically significant differences between control tissue
and tumor for VI (p < 0.05), between control tissue and tumor for Mity (p < 0.005), and
between tumor without and with sunitinib for Mity (p < 0.0005). Statistically significant
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differences in MVR are shown between the control leg and tumor (p < 0.05), between
tumors with and without sunitinib treatment (p < 0.001), and between control legs and
tumors with sunitinib (p < 0.05).

5. Discussion

In this study, a new targeted molecular localization (TML) technique was developed to
combine super resolution vascular imaging with the distribution of vascular disease markers
as detected by molecularly targeted MBs. In this way, co-localized anatomic and biological
information was provided. This method was applied to a murine model in experimental
control group, untreated hindlimb tumor group, and tumor post-treatment with sunitinib. A
new gquantitative parameter, MVR, was validated to uniquely, among the three parameters
evaluated in this study, differentiate between these models based on the ratio between
molecular marker coverage and density of super-resolution vessel signal.

Previous studies have demonstrated similar techniques to produce high-resolution images
(150~200 pum) of vasculature overlaid with ultrasound molecular imaging (USMI) signals
using the “transmit low/receive high” dual-transducer approach #4. However, unique to our
developed TML technique in this study is a co-localization between the detected adherent
MBs and the microvasculature mappings (Figs. 7 and 8). A super resolution vascular

map was obtained by accumulating 2000 frames. This vascular map provided a reference
for adherent MB detection from the dTE image, which as a differential measurement

is susceptible to high levels of noise. By determining the most probable USMI signal
locations using the associated super resolution image, the dTE signal was constrained

to regions overlapping with microvasculature for the purpose of specifically localizing
regions of the microvascular containing molecular markers. The co-localization of super
resolution and USMI signals provides an opportunity to analyze unique information related
to the proportion of microvasculature containing molecular markers. This measurement

of coverage ratio for vessels with VEGFR2-targeted MBs (MVR) was demonstrated to
distinguish all study groups, with and without treatment versus the control group (Fig. 10).

Using the proposed TML technique, the response to drug in terms of both the vascularity
and detectable molecular signature in tumor, are demonstrated (Fig. 10). This new approach
presents opportunities for analyzing relationships or time courses of microvascular anatomy
and vascular molecular targets. In the literature, it has been reported that USMI detects
alterations of biological change occurring at the molecular level in response to disease much
earlier than conventional diagnostic methods 184546, Therefore, USMI has the potential to
provide powerful predictive information in the earliest stages of disease. Targeted/molecular
imaging techniques have been applied to various applications including angiography and
measurement of therapeutic response 4749, Referring to results obtained in this study, when
comparing the treated and untreated tumor groups, super resolution images revealed no
significant difference based on vascular index (V1). However, the molecular index (Mltp)
demonstrated a significant difference between the treated and untreated groups (Fig. 10).
This result validates the observation that changes in vascular endothelial markers to anti-
angiogenic drugs precede a change in vascular architecture.

Invest Radiol. Author manuscript; available in PMC 2022 September 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 9

The SR approach yielded spatial resolution down to 28.8 pm (Fig. 9 and Table 1), which
was similar to the selected interpolation grid size (25 um x 25 um). Resolution could be
improved to a capillary level (< 10 pm) by detecting MBs using a smaller interpolation

grid to further improve our TML technique. However, longer acquisition time and greater
number of MBs events would be required 20, Nevertheless, the current resolution achieved
in this study provided greater than ten-fold resolution improvement compared to traditional
ultrasound imaging (200 pum~1 mm), which is broadly consistent with previous examples of
super-resolution imaging 1°.

An exponential weighing function was chosen in this study. Other functions in which
weights are inversely related to distance may also be used. This selection only impacts the
visualization of the TML images but not the estimated number of targeting sites of the
detected adherent MBs and the resultant quantitative results. The cut-off distance value for
calculation of the weighting matrix, and the chosen ROI size, for precise localization was
determined by the —6 dB resolution of dTE imaging sequence. This approach attempts to
properly retain the dTE signals of individual MBs.

In this study, the TML technique co-localized the adherent MBs signals with SR signal,

and visualizations were presented where the adherence MBs signals were displayed as
discrete points overlaid on top of underlying super-resolved images of the vascular network.
Although represented as discrete points, as with the super-resolution technique more
generally, it is likely that more than one MB is present within each dTE resolution cell.

The localization of adherent MB sites in the TML technique will more faithfully represent
single MB sites with lower MBs injection concentrations and less bursting events per frame.
Nevertheless, as a technical feasibility study, the proposed method attempted to resolve the
individual MB providing a pathway towards super resolution molecular imaging and as

a pre-processing step for quantification (i.e. the MVR parameter). Additionally, while the
TML image visualization technique demonstrated in this study conveys precise localization
of adherent MB signal, an alternative approach may involve weighting dTE image by
Equation 1 where dTE signal is co-localized with SR signals but without displays as point
localizations.

In the implementation of TML selected for this feasibility study, one limitation is that two
separate injections were utilized: a high dose (5x 107) non-targeted and a relatively low dose
(1x 107) VEGFR2-targeted MB administration. A higher dose non-targeted MBs injection
ensured enough MB events to detect for super resolution imaging and potentially shortened
the acquisition time to obtain the full microvasculature mapping 5%. For molecular imaging,
static adherent MBs were extracted based on their dTE intensity and a relatively low dose
was selected to identify targeting of discrete MBs. During the entire imaging procedure,

the mice were anesthetized and physically immobile. Similarly, the transducer was mounted
in a fixture to avoid inter-frame motion. Ideally, a single injection and one dataset will be
used in any future clinical translation of this technique. This will simplify the procedure

and reduce the impact of inter-frame motion in MBs localization 52. We hypothesize that

it may be possible to use a low dose targeted MBs injection to simultaneously bind to

tumor endothelial cells and act as a vascular tracer for super-resolution imaging of the tumor
microvasculature. In the low dose case, it would be necessary to track MBs through time and
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plot their trajectories to reconstruct the full microvascular mapping. Tracking MBs can be
achieved by pairing all the MBs in frame N to N+1 based on the minimum distance principle
24 in high frame rate. A single-injection TML imaging strategy design requires a careful
balance between the frame rate and imaging sensitivity to MBs and is beyond the scope of
the current paper.

6. ConcLusion

In this study, a new targeted molecular localization (TML) technique was developed to
co-localize super resolution microvessels imaging with VEGFR2-targeted MBs detection,
thus providing combined anatomical and biological information at a fine vascular scale. The
results have demonstrated the feasibility of the proposed method for evaluating evolving
vascular disease with significant differences (P < 0.05) found between three disease models
that included tumor (no drug therapy), tumor with drug therapy and control tissue (leg).

We were able to validate the precedent vascular molecular targets changes in response to
sunitinib compared to the microvascular anatomy. The co-localization could be a useful

to differentiate the character and evolution of regional vascular structure and molecular
information in potential applications such as cancer and vascular disease.
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FIGURE 1.
Principle of the multi-virtual sources compounding with pulse inversion imaging sequence.

The central 128 elements of 192-element probe were used both for transmit and receive. A
single higher contrast image was obtained by compounding 22 (N=22) low contrast images
from different transmit-receive events.
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FIGURE 2.

Timeline of imaging sequence for targeted MBs injection and data acquisition.
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FIGURE 3.
Flowchart of super resolution technique to obtain the microvasculature image. (A) The

acquired B-mode image based on PWC. (B) Region of interest containing the tumor.

(C) SVD processing was performed to extract the free-moving MBs. The localization of
individual MBs was processed with (D) PSF correlation and (E) intensity weighted centroid
finding. (F) The positions of detected MBs on thousands of frames were accumulated to
constitute a SR image.
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FIGURE 4.
Flowchart of TML technique. PI images of (A) pre-burst representing adherent MBs and

tissue and (B) post-burst representing only tissue, (C) dTE images representing adherent
MBs, (D) Approximate localization of separate adherent MB by thresholding, interpolation
and PSF correlation, (E) Precise targeting sites localization by SR co-localization process
for each burst trial, (F) TML image by accumulating all positions of targeting sites from
three burst trials. SR co-localization process: a weight map (G) was calculated based on the
distance values to the closest vessels referring to the SR image according to Equation (1).
For each targeting site, e.g. (H) and (1), the effective identified position indicated by green
crossing in (J) was calculated by finding the weighted centroid.
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FIGURE 5.
Manually segmented regions of interest for VI and Ml measurement in (A) tumor and

(B) control tissue (leg), respectively.
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FIGURE 6.

Quantitative adherent MBs intensity profiles of (A-C) control leg, (D-F) tumor and (G-I)
tumor with sunitinib over the course of multiple burst trials. In the case of the tumor (middle
row), a statistically significant difference in pre- and post-burst signal indicates the presence
of adherent MBs (molecular) signal. This difference is not present in control leg (upper row)
or tumor with sunitinib (lower row).
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FIGURE 7.
Representative images of B-mode, SR + dTE overlay and TML for control leg, tumor and

tumor with sunitinib, respectively. The dynamic range for B-mode images is 45 dB. The
microvasculature is shown (in red) with co-localized adherent MBs signals (in green) by
proposed method.
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FIGURE 8.

Representative images of B-mode, SR + dTE overlay and TML for control leg, tumor and
tumor with sunitinib, respectively, for another case. The dynamic range for B-mode images
is 45 dB. The microvasculature is shown (in red) with co-localized adherent MBs signals (in
green) using the proposed method.
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FIGURE 9.
(A) Microvessels of tumor resolved in super resolution, (C-E) the quantitative diameters of

selected 3 vessels indicated by lines 1-3 in (A). (B) Histogram graph of vessel diameters
corresponding to control leg and tumor respectively.
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FIGURE 10.
Experiment quantification of (A) vascular index (V1), (B) molecular index (MIty) and

molecular index to vessel surface ratio (MVR) from control leg, tumor, and tumor post-
treatment groups averaged over six mice. * indicates P < 0.05, ** indicates P < 0.01. Error
bars indicate standard deviation from the mean.
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