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Abstract

Tumors become inoperable due to their size or location, making neoadjuvant chemotherapy the 

primary treatment. However, target tissue accumulation of anticancer agents is limited by the 

physical barriers of the tumor microenvironment. Low-intensity focused ultrasound (FUS) in 

combination with microbubble (MB) contrast agents can increase microvascular permeability and 

improve drug delivery to the target tissue after systemic administration. The goal of this research 

was to investigate image-guided FUS-mediated molecular delivery in volume space. 3-D FUS 

therapy functionality was implemented on a programmable ultrasound (US) scanner (Vantage 256, 

Verasonics Inc) equipped with a linear array for image guidance and a 128-element therapy 

transducer (HIFUPlex-06, Sonic Concepts). FUS treatment was performed on breast cancer-

bearing female mice (N = 25). Animals were randomly divided into three groups, namely, 3-D 

FUS therapy, 2-D FUS therapy, or sham (control) therapy. Immediately prior to the application of 

FUS therapy, animals received a slow bolus injection of MBs (Definity, Lantheus Medical Imaging 

Inc) and near-infrared dye (IR-780, surrogate drug) for optical reporting and quantification of 

molecular delivery. Dye accumulation was monitored via in vivo optical imaging at 0, 1, 24, and 

48 h (Pearl Trilogy, LI-COR). Following the 48-h time point, animals were humanely euthanized 

and tumors excised for ex vivo analyses. Optical imaging results revealed that 3-D FUS therapy 

improved delivery of the IR-780 dye by 66.4 and 168.1% at 48 h compared to 2-D FUS (p = 0.18) 

and sham (p = 0.047) therapeutic strategies, respectively. Ex vivo analysis revealed similar trends. 

Overall, 3-D FUS therapy can improve accumulation of a surrogate drug throughout the entire 

target tumor burden after systemic administration.
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1. Introduction

Cancer is a worldwide public healthcare problem. It is the second leading cause of deaths 

in the United States behind heart disease, with more than 600,000 deaths expected in 2022 

(Siegel et al 2022). Over the last several decades, there has been a progressive decline in 

cancer motality due to improved tumor detection and treatment options. The latter involve 

surgery followed by chemotherapy, with or without radiation therapy. However, surgery is 

not always an option due to tumor size or location, making neoadjuvant chemotherapy the 

first line of treatment (Jones et al 2020). Numerous clinical studies have concluded that an 

early response in the neoadjuvant setting is a better prognostic factor of patient survival 

after surgery than pathological complete response (Montemurro et al 2020). If a tumor is 

responsive, reducing its size before surgery can convert an inoperable cancer to a resectable 

one (Mieog et al 2007). The ability to directly monitor therapeutic efficacy when systemic 

chemotherapy is given in the neoadjuvant setting is particularly advantageous because there 

is no measurable disease to follow when the same therapy is given after surgery.

Neoadjuvant systemic therapy is a common approach for the treatment of several different 

locally advanced or inoperable tumor types, including those of the breast (Wang and Mao 

2020), colorectum (Body et al 2021), head and neck (Martin 2021), and pancreas (Park 

et al 2021). It has been shown to successfully downgrade inoperable tumors to resectable 

tumors in roughly 25% of patients diagnosed with colorectal liver metastases (Mestier et al 
2014) and pancreatic cancer (Strobel et al 2012). Furthermore, neoadjuvant chemotherapy 

has been used extensively to downgrade breast conserving surgery from masectomy to 

lumpectomy (Wang et al 2017). Additional benefits include, but not limited to, increased 

survival (Mestier et al 2014, Wang et al 2017, Verhoe et al 2011, Chow 2020) and organ 

preservation (Chow 2020).

The physical microenvironment of cancers present a major challenge to systemic drug 

delivery in both the neoadjuvant and adjuvant settings. To be most effective, anticancer 

drugs must penetrate tissue sufficiently, reach all cancer cells in the target population in 

a concentration sufficient to exert a therapeutic effect (Minchinton and Tannock 2006). 

However, the abnormal tumor microenvironment can comprise drug efficacy. Unlike the 

hierachically organized and mature vasculature in healthy tissue, the vasculature within the 

tumor microenvironment is associated with an overexpression of proangiogenic factors that 

result in the disorganization and underdevelopment of the blood vessel network (Siemann 

2011). More specifically, these immature blood vessels are have inconsistent diameters 

and shapes attributed to its tortuosity. Furthermore, these structures are dialated and leaky 

leading to vessel hyperpeameability (Siemann 2011). Overall, the tumor microenvironment 

is characterized by impaired perfusion, hypoxia, and elevated fluid and solid stresses. After 

systemic administration, several studies have found that less than 1% of the injected drug 

dose actually reaches the target tumor site (Rosenblum et al 2018, Wilhelm et al 2016). To 

help overcome this drug delivery issue, several groups have explored the use of noninvasive 

focused ultrasound (FUS) in combination with a microbubble (MB) contrast to safely and 

reversibly increase permeability of the tumor microvascular barrier (Xiong et al 2017, Sirsi 

and Borden 2014). When exposed to the low-intensity FUS, these intravascular gas-filled 

MBs undergo stable cavitation (oscillation), which subsequently can exert mechanical 
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forces that open edothelial gap junctions resulting in enhanced drug extravasation and 

tumor accumulation (Fig. 1). FUS therapy has also been used to open the blood-brain 

barrier (Carpentier et al 2016, Meng et al 2021, Karakatsani et al 2017). A recent clinical 

study evaluated the efficacy of low-intensity FUS in combination with MBs to improve 

chemotherapeutic efficacy in patients with inoperable pancreatic cancer (Dimcevski et al 
2016, Kotopoulis et al 2013). This initial Phase I clinical trial demonstrated a median 

survival increase from 8.9 months to 17.6 months in ten subjects augmented with FUS 

therapy compared to 63 historical controls. Recent efforts to optimize this FUS-mediated 

drug delivery platform and move forward to a larger Phase II clinical trial has been described 

(Castle et al 2020).

Current FUS therapy approaches include a single element or linear array transducer for 

delivering the pulsed US exposures to the circulating MBs. In order to treat a larger 

tissue volume, the transducer must be manually or mechanically displaced. This physical 

movement can result in poor coupling between the transducer and subject skin, which 

subsequently makes it more difficult to deliver uniform US exposures to the target tumor 

tissue. This can be overcome with the use of a FUS therapy system equipped with a three-

dimensional (3-D) transducer technology with electronic US beam steering capabilities. 

While previous research groups have used this approach using custom 2-D arrays (Zhang et 
al 2021, Liu et al 2016) for both treatment planning and therapy, we describe a novel US 

imaged-guided system for FUS-mediated molecular delivery to cancerous tissue in volume 

space using a commercially available transducer to improve upon previously established 2-D 

approaches. We hypothesize that this novel 3-D FUS therapeutic approach will improve drug 

delivery to the targeted tumor tissue as validated by optical imaging.

2. Materials and Methods

2.1 Animal Protocol

Animal experiments were reviewed and approved by the Institutional Animal Care and 

Use Committee (IACUC) at the University of Texas at Dallas. Breast cancer cells (4T1, 

American Type Culture Collection, Manassa, VA) were maintained in RPMI-1640 medium 

with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Cells were cultured 

at 37°C in a humidified incubator (Heracalle 150i, Thermo Fischer Scientific, Waltham, 

MA) with 5% CO2. Cultured cells were numerated using a digital cell counter (Countess 

II Automated Cell Counter, Thermo Fischer Scientific). Cells were washed twice and 

resuspended in phosphate buffered saline (PBS, 4.0 × 106 cells/mL). Six-week-old female 

BALB/c mice (N = 25, Charles River Laboratories, Wilmington, MA) were injected with 2.0 

× 105 cells into the lower left mammary pad. Experiments began once the implanted tumors 

reached a size of 8 mm (approximately 10 to 12 days post injection). Mice were randomly 

divided into three groups, namely, sham therapy (N = 3), 2-D US (N = 9), or 3-D US (N 
= 13) therapy. During all experimental procedures, mice were placed on a heating pad to 

maintain a core body temperature and controlled by 1 to 2% isoflurane anesthesia.
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2.2 Image-Guided FUS Therapy

Custom 3-D FUS treatment functionality was implemented on a programmable US system 

(Vantage 256, Verasonics Inc, Kirkland, WA) equipped with a dual transducer configuration 

(HIFUPlex-06, Sonic Concepts, Bothell, WA) for interleave US imaging and therapy 

(Basavarajappa and Hoyt 2019). The imaging and therapeutic transducers are both 128-

element arrays with center frequencies of 3.5 and 2.0 MHz, respectiviely, attached to a 

watertight cone for tissue coupling. The latter is a spherically phased array that enables 

focused US beam steering in volume space. Software on the Vantage 256 system allows 

implementation of custom FUS treatment protocols via a graphical user interface (GUI) and 

brightness-modulated (B-Mode) image display of anatomy for defining the treatment area. 

Basic treatment design used a multi-FUS with temporal sequential excitation (multi-FUS-

TSE) (Basavarajappa et al 2021). In short, each US focal point is targeted and repeated a 

specific number of times (referred to as the repetition per focus) before moving to the next 

focal position. Given all tumors were comparable in size, the number of equally-spaced US 

focal zones was set constant at 13 and 169 for the 2-D and 3-D multi-FUS-TSE approaches, 

respectively with 19 repetitions per focal zone for both. The TSE sequence repeated a 

focal zone 19 times before moving to the next one. Furthermore, application FUS used a 

pulse repetition frequency of 10 Hz, duty cycle of 10% (10 ms pulse comprised of 3200 

cycles) and a peak negative pressure of 0.7 MPa (mechanical index, MI, of 0.45) for a 

total treatment time of 25 and 320 s for the 2-D and 3-D FUS therapies, respectively. The 

2-D and 3-D treatment volumes were 100 and 1298 mm3 using the focal zone volume 

of 7.68 mm3. US parameters were selected based off of previous clinical studies using 

multi-FUS sequences to improve microvascular permeabilization in volume space (Huang 

et al 2017, Lipsman et al 2018, Abrahao et al 2019). Transmission gel (Aquasonic 100, 

Parker Laboratories, Fairfield, NJ) was used to reduce the acoustic impedance mismatch 

(and air) between the US transducer coupling cone and animal tissue. Immediately prior 

to all FUS therapeutic sessions, animal was slowly administered a 100 μL bolus solution 

containing MBs (2.0 × 107 MBs, Definity, Lantheus Medical Imaging, Inc., North Billerica, 

MA), IR-780 dye (50 μg, Sigma-Aldrich, St Louis, MO), and isotonic saline via a placed 

tail vein catheter. Control animals received a bolus injection of the same solution under the 

same physical conditions but received no FUS therapy, which we refer to hereafter as sham 

therapy.

2.3 Acoustic Measurements

Validation experiments were performed to visualize the custom FUS beam patterns in 3-D 

sapce. The US beam patterns were measured using calibrated hydrophone scanning system 

(AIMS III, Onda Corp, Sunnyvale, CA). For simplicity, the hydrophone system measured 

the therapeutic US transducer output and spatially recorded the peak negative US pressure 

distribution for each focal zone. Each focal zone had a dimension of 8.0 × 0.8 × 1.2 mm 

at −3 dB. All focal measures were then combined via summation to produce the composite 

multi-FUS-TSE treatment plan.
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2.4 Optical Imaging

In this study, IR-780 dye was a fluorescent reporter used as a small molecule surrogate 

drug. To longitudinally monitor IR-780 dye accumulation using the Pearl Trilogy system 

(LI-COR Bioscience, Lincoln, NE) at baseline (0 h) and again at 1 h, 24 h, and 48 h 

following FUS or sham therapy. Fluorescent images in live animals were acquired using 

an 800 nm channel with an excitation and emission filter of 785 and 820 nm, respectively. 

Registered white light images were also collected for subject visualization and fluorescent 

image intensity overaly. Using vendor softare (Image Studio Software, LI-COR Bioscience), 

user-defined region-of-interests (ROIs) were drawn around the tumor circumference and 

abdominal regions (background signal) under guidance of the white light images. Mean 

fluorescent image intensity was measured for each ROI.

Following the in vivo data acquisition at the 48 h experimental time point, all animals were 

humanely euthanized via isofluorane overdose followed by cervical dislocation. Tumors 

were surgically excised and cut in half. One half was used for ex vivo optical imaging 

(Odyssey CLx, LI-COR Biosciences) using excitation and emission filters of 785 and 

820 nm, respectively. Quantitative analysis of ex vivo fluorescent images followed the in 
vivo protocol. The remaining portion of the excised tumor was preserved for IR-780 dye 

extraction.

2.5 Optical Dye Extraction

Using a protocol described previously (Xiong et al 2017), dedicated excised tumor samples 

were further cut into fine small pieces, rinsed with saline, and weighed using a digital scale. 

The tumor pieces were then rinsed again with 1 mL of radio-immunoprecipitation assay 

buffer and placed in 2 mL tubes with ceramic beads. This buffer was comprised of 50 

mM Tris-Base (pH 7.4), 150 mM sodium chloride (NaCl), 1% Triton X-100, 0.5% sodium 

deoxycholate, and 0.1% sodium dodecyl sulfate (SDS). The ceramic tubes were exposed to 

high force tissue homogenization (Bead Mill 4 Homogenizer, Thermo Fischer Scientific) for 

dye extraction followed by centrifugation at 200 g for 10 minutes (repeated twice). Upon 

completion, 200 μL of supernatant from each tube was transferred into a 96 black well plate 

and compared against controls of saline and known IR-780 concentrations. Samples were 

measured in triplicate using a microplate reader (Synergy H4, Bio Tek, Winooski, VT) with 

an optical excitation at 735 nm and an emission range from 780 to 820 nm. The maximum 

fluorescent signal in the emission range was used for analysis. Tumor accumulation of 

IR-780 dye was calculated as the percentage of dye within each tumor tissue sample relative 

to total dye injection. This value was normalized relative to tumor weight.

2.6 Performance Measures

Group data was summarized as mean ± standard error of the mean. Comparisons of in vivo 
and ex vivo analysis were made between the 3-D, 2-D, and sham FUS therapy groups. A 

Shapiro-Wilks test was performed to assess normality. A Welch’s t-test was used to assess 

time-matched differences in the in vivo and ex vivo fluorescent images of the tumor tissue. 

A Kruskal-Wallis test was used to analyze the tumor volume at 0 h and tumor weight at 

24 h for the different experimental group measurements. A p-value of less than 0.05 was 
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considered statistically significant. All statistical analyses were performed using Prism 9.3 

(GraphPad Software Inc., San Diego, CA).

3. Results

An US image-guided multi-FUS-TSE therapeutic system and method was developed using 

a programmable US scanner. Software and a GUI interface allows personalization of the 

treatment plan throughout a user-defined ROI before extrapolation to volume space. A 

representative composite 30D FUS beampattern as mapped using measurements from a 

hydrophone system is presented in Fig. 3. While there is some noticeable spatial aberration 

in these orthogonal views due to sidelobe activity, the peak negative US pressure distribution 

is near spatially uniform throughout the focal region.

A preclinical study assessed multi-FUS-TSE treatment using both 2-D and 3-D approaches 

and cancer-bearing animals. An initial measurement of group tumor sizes at baseline 

confirmed all were approximately the same in size. The average tumor volumes for the 

sham, 2-D, and 3-D groups were 321.2 ± 138.6 mm3, 236.9 ± 138.8 mm3, and 344.0 ± 199.7 

mm3, respectively (Fig. 4, p = 0.54). Animals then received an intravenous bolus injection 

of a MB and IR-780 dye solution immediately before application of FUS or sham therapy 

to the tumor mass. In vivo optical images were acquired at baseline before therapy and 

again at 1, 24, and 48 h to monitor fluorescent dye accumulation in the target tissue. Mean 

image intensity values were extracted and normalized with respect to the abdomen region 

signal intensity and ROI size. As revealed by inspection of Fig. 5, there was a noticeable 

progressive accumulation of the optical dye throughout the 48-h experimental window. 

Moreover, it qualitatively appears that 3-D FUS therapy results in an increased intratumoral 

optical image intensity compared to both 2-D FUS and sham therapy. Note that changes 

in the sham therapy group mice were attributed to passive accumulation of the optical dye 

due to an enhanced permeability and retention (EPR) effect. A summary of all optical 

image measurements is summarized in Fig. 6. These quantitative group findings confirm 

that application of 3-D FUS therapy results in higher tumor fluorescent signal measurements 

after 24 and 48 h as compared to those from animals that received 2-D FUS (p = 0.18) or 

sham therapy (p = 0.047). More specifically, intratumoral IR-780 dye accumulation after use 

of 3-D FUS therapy was 66.4 and 168.1% higher at 48 h when compared to use of 2-D FUS 

or sham therapy, respectively.

After the last optical imaging time point, animals were humanely euthanized, and tumors 

excised for ex vivo analysis. Note that the weight of tumor samples from all groups were 

comparable (p = 0.50), Fig. 7(a). Each tumor was then sectioned along the maximum 

diameter and used for either ex vivo optical imaging or homogenization and IR-780 dye 

extraction. Representative high-resolution optical images and a summary of fluorescent 

image intensity for each animal group is represented in Fig. 7(b). Note the increased IR-780 

dye localization in tissue exposed to 2-D or 3-D FUS therapy. Quantitative analysis of 

fluorescent image intensity reveals that the use of 2-D and 3-D FUS therapy produced 

significantly higher levels of IR-780 compared to sham therapy measures (p < 0.02). 

Normalized fluorescent signals after extraction of any accumulated IR-780 dye from the 

tumor tissue exhibited a similar trend as shown in Fig. 7(c), showing increased accumulation 
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in mice treated with 3-D FUS therapy over 2-D (p = 0.53) and sham (p = 0.12) strategies. 

Collectively, these preclinical experimental results support the claim that 3-D multi-FUS-

TSE-mediated drug delivery could improve accumulation in the target tumor volume 

compared to 2-D or sham therapy approaches.

4. Discussion

This research study introduced a novel low-intensity 3-D multi-FUS-TSE system that was 

shown to considerably increase surrogate drug accumulation in cancer tissue compared to 

a previously established 2-D therapeutic approach (Basavarajappa et al 2021). This prior 

study established a custom pulse sequence for applying FUS treatment in 2-D space by 

investigating the effect on systemic extravasation of an optical reporter in targeted tissue. 

The treatment sequences assessed were multi-FUS with sequential excitation (multi-FUS-

SE) and multi-FUS with temporal sequential excitation (multi-FUS-TSE) approaches. The 

multi-FUS-SE sequence targeted different focal positions in a sequenced fashion before 

being repeated a specific number of times, whereas the multi-FUS-TSE approach repeats 

each focal zone a specific number of times before moving to the next focal position. 

Previous research demonstrated that the multi-FUS-TSE sequence improved delivery of a 

systemically administered optical reporter to target tumor tissue by 36 and 50% compared 

to the multi-FUS-SE (p = 0.28) and single-FUS (p = 0.22) therapy approaches, respectively 

(Basavarajappa et al 2021). The same procedure for optical dye extraction from excised 

tumor samples used in this study confirmed higher surrogate drug accumulation in 

the tumor tissue after multi-FUS-TSE treatment compared to multi-FUS-SE and sham 

therapies. The research presented in this study further expanded on previous research 

by extrapolating the multi-FUS-TSE sequence to 3-D space and treatment of the entire 

tumor volume. Preliminary data was previously published and demonstrated an increase 

in drug accumulation in mice treated with 3-D FUS therapy compared to a 2-D appraoch 

(p < 0.03) (Margolis et al 2021). The full cohort followed a similar trend, albeit not 

statistically significant. The 3-D multi-FUS-TSE approach showed average optical dye 

enhancement increases of 250 and 160% compared to the 2-D and sham therapy approaches, 

respectively. Discrepancies between the preliminary data and full cohort could be attributed 

to several factors such as variations in abdominal signal, temperature, and treatment 

volumes. However, increased treatment time of the 3-D FUS therapy and limited circulation 

time of the MBs are counterproductive, meaning that towards the end of treatment there may 

have been little or no MBs in circulation. The 3-D FUS treatment stimulates a larger tissue 

volume than the 2-D FUS approach. This leads to a higher abdominal signal and reference 

from where the tumor signal intensity is measured. The average optical image intensities 

from the abdomen were at least 30 and 94% higher for mice treated with 3-D FUS therapy at 

24 and 48 h when compared to the 2-D and sham FUS therapies, respectively. The increase 

in vasolidation, which is in part due to the larger treatment volume, could account for the 

increased abdomen signal. Furthermore, this increase in signal could be due to temperature 

increase caused by the 3-D FUS therapy, which will need to be monitored for treatment 

optimization. The image-guidance for FUS therapy was performed in 2-D space. However, 

since we were unable to visualize the alignment in 3-D, the treatment volume could be off 

by 1 to 2 mm at – 3 dB in its orthogonal direction. This could explain the dye accumulation 

Margolis et al. Page 7

Phys Med Biol. Author manuscript; available in PMC 2024 July 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the surrounding tissue outside the treatment region, but also the reduced signal within the 

tumor volume. The respiration motion of the mouse could potentially enhance these effects. 

Furthermore, necrosis was more common in mice treated with the 3-D FUS therapy as 

compared to the 2-D appraoch. This might account for optical signal variation at the lower 

values among mice treated with 3-D FUS. A research study showed that the 4T1 cell line is 

associated with extensive necrosis 10 wk post implantation (Tao et al 2008). The 3-D FUS 

treatment could have accelerated necrosis within the tumor.

Following the 48 h time point, tumors were place in formalin for 24 h. During this 

time, it’s possible some of the optical dye leaked or was exposed to light. Both would 

reduce the optical signal. The increase in necrotic tissue could also minimize the increase 

in dye accumulation in the tumors treated with 3-D FUS therapy. The waiting time for 

the dye extraction process increased the stiffness of the tumor pieces during the tissue 

homogenization step for optical dye extraction, which required the tumor tissue to be sliced 

into smaller pieces. The inability to completely homogenize the tumor tissue could account 

for optical images from the 2-D and 3-D FUS therapy group mice being notably different but 

not statically significant.

Recent work by Gong et al. investigated these same FUS sequences for improved delivery 

of a monclonal antibody directed against programmed cell death ligand 1 (anti-PD-L1) over 

a large volume in the brain (Gong et al 2022). The multi-FUS-SE and multi-FUS-TSE 

approaches that were investigated found that the interleaved temporal sequence performed 

better than the serial sequence by 1.3-fold (p > 0.05). While these collective results are 

promising, customization of the 3-D multi-FUS-TSE approach to be more subject specific 

could further improve delivery of systemically administered therapy.

Future customization of our 3-D FUS system will investigate both US parameters and MB 

properties (Sorace et al 2012, McDannold et al 2008). This stable cavitation is associated 

with mechanical bioeffects like improved blood flow and tissue oxygenation, reduced 

interstial fluid pressures, and increased microvascular permeability (Joiner et al 2020, 

Zhang et al 2019). A strategic innovation could be maximizing (exploiting) these physical 

changes when desirable. FUS parameters like pulse repetition frequency, pulse duration, 

and duty cycle, will be varied and correlated to the desired target effect of maximal drug 

extravasation. Tailoring FUS applications to specific tumor sizes by controlling the number 

of focal positions and repetitions per focal zone would maximize the spatial effect of FUS 

therapy and minimize bioeffects to healthy tissue. This would require establishing a uniform 

exposure pattern while keeping treatment time to as low as reasonably achievable (ALARA). 

Therapy planning software should be configured to automate the treatment protocol for 

specific tumor dimensions.

3-D FUS requires an extensive treatment window to achieve sufficient drug delivery 

throughout the entire tumor volume (on order of minutes). Therefore, MB dosing schedule 

and impact of MB size should be revisited (Choi et al 2010, McMahon and Hynynen 

2017). Studies have shown that liposomes with particles sizes from 100 to 200 nm can 

accumulate agent concentration four times greater than particles sizes smaller than 50 nm 

or larger than 300 nm in tumors following low-intensity focused ultrasound (He et al 2022). 
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It was intimated that larger MBs have a higher likelihood to increase permeability in the 

microvascular network (e.g., capillaries that are 8 to 10 μm in diameter), whereas smaller 

contrast agents in circulation may not come in contact with the microvascular walls as often 

as needed to induce the desired therapeutic effect.

Success of FUS therapy is dependent on the presence of intravascular MBs in the 

target tissue. While slow bolus injections are standard practice for MB administration 

(Xiong et al 2017, Basavarajappa et al 2021, Margolis et al 2021), dynamic influx and 

clearance mechanisms prevent delivery of a uniform dose with time. Therefore, continuous 

MB infusions could potentially improve FUS therapeutic outcomes. Recent research has 

demonstrated successful BBB disruption using a continuous infusion of commerical MBs 

and FUS applied to multiple focal positions (Lapin et al 2020). Using magnetic resonance 

imaging (MRI) contrast enhancement rate as a target metric, it was found that FUS therapy 

and MB infusions at 7.2 μL/kg/min or below produced consistent BBB opening. However, 

when infusion rates exceeded 20 μL/kg/min, signs of tissue injury occurred at higher US 

pressures. When compared to FUS therapy using a bolus MB injection, it was concluded that 

MB infusion offers a more controlled and consistent approach for performing multi-FUS 

therapy. Thus, a decrease in MB concentration at the end of the 3-D therapy could result in a 

reduced microvacular permeability, minimizing the effect of the 3-D therapy.

Needle size and flow rate has a profound impact on MB administration and could negatively 

imapct FUS therapy if not carefully considered. Previous research investigated the role of 

needle and catheter size on the reproducibility of MB injections (Eisenbrey et al 2015). As 

compared to use of 18, 20, and 21G needles, it was found that use of a smaller bore 25G 

needle resulted in considerable MB rupture during dosing (p < 0.001). Our research protocol 

involved use of a 27G needle for proper tail vein access and injections, so MB concentration 

could have decreased during FUS treatment contributing to procedure variance. Combined 

with inconsistencies in MB distribution throughout each focal zone during use of bolus 

injections, future investigations will revisit the MB delivery protocol.

The current study used US image guidance to determine treatment location so only 

target tissue was treated. A more informative technique to monitor FUS treatment should 

minimize off-target effects and treatment time. To accomplish this, a technique that monitors 

backscattered US signals during MB cavitation using a real-time feedback loop could be 

beneficial (Vignon et al 2013). This allows application of FUS therapy during stable MB 

cavitation while avoiding inertial cavitation and creation of undesired bioeffects (Miller et 
al 2008). One strategy involves passive cavitation detection that would provide an improved 

FUS treatment window for maximum therapuetic effect. The mathematical algorithms 

behind these methods have been extensively studied. The delay, sum, and integrate 

approach was successfully implemented in vitro using custom albumin-coated MBs exposed 

to 2 MHz US pulses at various peak negative pressures to produce ultraharmonic and 

broadband emissions (Haworth et al 2017). Another study investigated the use of the robust 

Capon beamformer for improved cavitation mapping owing to decreased spurious artifacts 

(Coviello et al 2015). Chien et al. successfully implemented a closed-loop feedback control 

for FUS-mediated BBB opening (Chien et al 2022). This study showed that BBB opening 

was safely achieved using passive cavitation detection at various MB cavitation levels. 
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Moreover, passive cavitation imaging was successfully used to monitor the spatiotemporal 

MB activity (Yang et al 2019). The use of passive cavitation imaging was used to validate 

the advantagess of FUS exposure patterns for inducing BBB opening throughout a larger 

tissue volume (Gong et al 2022). These techniques are sustainable as long as there 

are sufficient MBs in circulation to create backscattered US signals. Another possible 

opportunity to control FUS treatment would be to monitor spatiotemporal properties of 

the FUS beampattern to help maintain proper focal positioning on the target tissue (Thies 

and Oelze 2021).

5. Conclusion

A 3-D multi-FUS-TSE therapeutic approach was introduced and shown to improve systemic 

delivery of surrogate drugs to target cancerous tissue over the pre-existing 2-D and sham 

therapies. While preliminary findings are encouraging, FUS treatment protocols need to 

be further customized and tailored to varying tumor shapes. Implementation of real-time 

feedback control to monitor MB cavitation will help maximize FUS therapeutic outcomes.
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Figure 1. Image-guided focused ultrasound (FUS) and microbubble (MB) interaction for 
improved systemic drug delivery.
Exposure of intravascular MB contrast agents to low-intensity FUS creates mechanical 

forces that temporarily induces microvascular permeability for increased delivery of 

systemic drugs and accumulation in the target tumor tissue.
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Figure 2. Schematic diagram of the experimental timeline and procedures involving FUS therapy 
and optical imaging of IR-780 dye.
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Figure. 3. Experimental mapping of the composite beampattern used for FUS therapy.
FUS treatment was implemented and beampatterns were visualized using a calibrated 

hydrophone set-up. For simplicity and ease of visualization, only a 2-D FUS treatment plan 

is displayed. The three-dimensional view of the 2-D approach is seen on the left, showing 

the 13 focal zones along the middle plane (light gray oval) of the tumor (darker gray circle). 

These measurements were taken at −3 dB.

Margolis et al. Page 15

Phys Med Biol. Author manuscript; available in PMC 2024 July 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Comparison of tumor volumes used for FUS-mediated molecular delivery.
Animals were randomly divided into FUS or sham therapy groups based on tumor volume 

measurements. The average tumor volumes for the sham, 2-D, and 3-D groups were 

measured to be 321.2 ± 138.6 mm3, 236.9 ± 138.8 mm3, and 344.0 ± 199.7 mm3, 

respectively (p = 0.54). Tumor volumes were at least 30 times larger than the focal zone 

volume.
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Figure 5. Representative in vivo optical images from live cancer-bearing animals that received 
FUS or sham therapy.
Longitudinal optical images were acquired at baseline before application of a single session 

of FUS therapy and again at 1, 24, and 48 h thereafter. Note the increased optical dye 

accumulation in the tumor tissue in mice treated with the 3-D multi-FUS-TSE as compared 

to the 2-D and sham approaches.
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Figure 6. Quantitative summary of in vivo optical images.
Optical imaging was used to assess IR-780 dye uptake cancer-bearing animals administrated 

FUS or sham therapy at baseline, 1, 24, and 48 h. Inspection of data (represented as mean ± 

standard deviation) reveals that 3-D FUS therapeutic approach significantly increased optical 

dye retention in the tumor burden at both 24 and 48 h.
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Figure 7. Quantitative analysis of excised tumor samples and ex vivo measurements.
(a) Representative ex vivo optical images of tumor masses for spatial visualization of 

the optical dye distribution. (b) Comparison of tumor weights prior to ex vivo analysis 

and after (c) quantitative analysis of ex vivo optical images. Note that the 3-D and 

2-D FUS approaches significantly increased IR-780 dye accumulation in tumor tissue as 

confirmed by (d) tissue homogenization for dye extraction and quantification. Dye extraction 

quantification was normalized by tumor weight.
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