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Abstract

There are limited options for primary prevention of breast cancer (BC). Experimental procedures 

to locally prevent BC have shown therapeutic efficacy in animal models. To determine the 

suitability of FDA-approved iodine-containing and various metal-containing (bismuth, gold, 

iodine, or tantalum) preclinical nanoparticle-based contrast agents for image-guided intraductal 

(ID) ablative treatment of BC in rodent models, we performed a prospective longitudinal study 

to determine the imaging performance, local retention and systemic clearance, safety profile, and 

compatibility with ablative solution of each contrast agent. At least six abdominal mammary 

glands (>3 female FVB/JN mice and/or Sprague-Dawley rats, 10–11 weeks of age) were 

intraductally injected with commercially available contrast agents (Omnipaque® 300, Fenestra® 

VC, MVivoTM Au, MVivoTM BIS) or in-house synthesized tantalum oxide (TaOx) nanoparticles. 

Contrast agents were administered at stock concentration or diluted in 70% ethanol (EtOH) and 

up to 1% ethyl cellulose (EC) as gelling agent to assess their compatibility with our image-guided 

ablative procedure. Mammary glands were serially imaged by microCT for up to 60 days after ID 

delivery. Imaging data were analyzed by radiologists and deep learning to measure in vivo signal 

disappearance of contrast agents. Mammary glands and major organs were ultimately collected 

for histopathological examination. TaOx-containing solutions provided best imaging performance 

for nitid visualization of ductal tree immediately after infusion, low outward diffusion (<1 day) 

and high homogeneity. Of all nanoparticles, TaOx had the highest local clearance rate (46% 

signal decay as stock and 36% as ablative solution 3 days after ID injection) and exhibited low 

toxicity. TaOx-containing ablative solution with 1% EC caused same percentage of epithelial cell 

death (88.62% ± 7.70% vs. 76.38% ± 9.99%, p value = 0.089) with similar minimal collateral 

damage (21.56 ± 5.28% vs. 21.50% ± 7.14%, p value = 0.98) in mouse and rat mammary 

glands, respectively. In conclusion, TaOx-nanoparticles are a suitable and versatile contrast agent 

for intraductal imaging and image-guided ablative procedures in rodent models of BC with 

translational potential to humans.

INTRODUCTION

Breast cancer (BC) has the highest cancer diagnosis rate among women within the United 

States and is the second leading cause of cancer-related deaths1. Although there are many 

FDA approved treatments for BC patients, the estimated death rate among women has 

remained stagnant for the past 22 years1. Currently, only two FDA-approved options aid 

in BC prevention: prophylactic mastectomy and hormone therapy2. The severe side effects 

deter many of the eligible women from choosing these interventions3. Therefore, there is a 

need to develop new strategies of prevention for high-risk individuals that will also benefit 

women at moderate or low risk for BC.

Intraductal injection (ID) can be used clinically for ductography imaging to establish 

differential diagnosis of nipple discharge with minimal discomfort4,5. ID injection is a novel 

strategy for BC prevention and local treatment6,7 that has shown promise in preclinical 

animal models8–22. We have repurposed the procedure of ID injections for BC prevention 

by infusing a cell-killing solution in rodent models8–12, thereby locally targeting epithelial 

cells from which BC (carcinoma) arises. We previously demonstrated the feasibility of 

ID delivery with 70% ethanol (EtOH) as an inexpensive, readily available, cell-killing 
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chemical solution in rodent models8–12. Our previous study showed therapeutic efficacy of 

single ID injection of 70% EtOH for preventing BC formation in the aggressive C3(1)-TAg 

mouse model8. As EtOH is already used clinically as an ablative agent for local cancer 

treatments, these findings position ID injections of 70% EtOH as a promising procedure10,11 

to investigate in future first-in-human trials for BC prevention of at-risk individuals.

Fluoroscopy and computerized tomography (CT) are clinical imaging modalities that could 

be used to monitor this ablative procedure for intended application of BC risk reduction 

in future clinical trials. These techniques are enhanced by contrast agents that attenuate 

X-rays giving rise to an imaging signal23. We seek to introduce a radiopaque contrast 

agent into our ablative solution for real-time visualization (e.g., fluoroscopy) and image 

guidance of complete filling of the ductal tree in animal models. MicroCT is a rapid, 

high-resolution imaging modality that can visualize full anatomy of the breast in animal 

models in 3D24. Several metallic nanoparticle based X-ray contrast agents have been 

formulated with small nanoparticle size and high radiopacity (reviewed in ref. 25). We 

recently developed tantalum oxide (TaOx) nanoparticles as an novel X-ray contrast agent for 

CT9. TaOx nanoparticles have higher radiopacity than iodine at clinical X-ray energies and 

low toxicity with slower outward diffusion from the ductal tree of rodent models8–11 than 

FDA-approved iodine-based contrast agents (e.g., Isovue-300) used in clinical ductography. 

Here, we systematically and comprehensively compared the diagnostic and therapeutic 

potential of several commercially available (iodine-, gold-, and bismuth-containing) X-ray 

contrast agents against TaOx nanoparticles when infused intraductally with the 70% EtOH 

ablative solution. We set the following criteria to objectively identify suitable contrast agent 

for image guidance of this investigational ablative procedure: (1) minimal diffusion within 

8 h of infusion to have a nitid visualization and assess complete filling of the ductal tree 

immediately after injection; (2) high local clearance by 3 days, so that contrast agent does 

not interfere with future imaging sessions (CT and/or MRI) assessing anatomical changes 

of treated mammary gland; (3) low local and systemic toxicity; and (4) compatibility with 

ablative agent (70% EtOH) to maximize epithelial cell killing.

MATERIALS AND METHODS

Contrast agent preparation

All X-ray contrast agents were used as commercially supplied. Hydrophilic TaOx 

nanoparticles were synthesized as described9. For all contrast reagents except TaOx 

nanoparticles (NPs), injection solution was either “stock” as supplied by the manufacturer 

with no dilution, or three parts stock solution with 7 parts 200 proof EtOH to yield 70% 

EtOH in the solution: Omnipaque® 300 (GE Healthcare, #00407141363, 300 mg I/ml), 

Fenestra® VC (MedLumine, VC-131, <200 nm particles pegylated emulsion, 50 mg I/ml), 

MVivo™ Au (MedLumine, Au-315, 15 ± 2 nm particles, 200 mg Au/ml), MVivo™ BIS 

(MedLumine, BIS-11, 250 nm nanoparticles, 150 Bi mg/ml). TaOx (11.1 ± 1 nm particles) 

was supplied in lyophilized form as described9, which allowed for the 70% EtOH solution to 

contain half the concentration of the “stock” solution rather than 30% as with manufactured 

contrast agents (specifically 36 mg Ta/ml in “stock” versus 18 mg Ta/ml in 70% EtOH). 

Zaluzec et al. Page 3

Npj Imaging. Author manuscript; available in PMC 2024 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ethyl cellulose (Acros Organics, 9004-57-3) was added up to 1% (w/v) to 70% EtOH 

solution containing 18 mg Ta/ml of TaOx.

microCT image acquisition and analysis

All experiments were conducted under protocols approved by Institutional Animal Care 

and Use Committee at Michigan State University. Ten-week-old female FVB/JN mice (n 
= 3–5/solution; jax.org stock 001800) and 11-week-old female Sprague Dawley rats (n = 

3–4/solution; envigo.com order code 002) were prepared and ID injected as described10,11. 

Serial images of infused ductal trees were acquired at different time points post-injection 

using a PerkinElmer Quantum GX microCT scanner; for short-term study: 0, 30 min, 1, 2, 

4 and 8 h (Figs. 1 and S1) and for long-term study: 0, 1, 3, 7, 14, 30 and 60 days (Figs. 

3, 4 and S2). The following image acquisition scan parameters were standardized and used 

at each scan interval time point in mice: 90 kVp/88 μA; field of view (FOV), 36 mm; 

number of slices, 512; slice thickness, 72 μm; voxel resolution, 72 μm3; and in rats: 90 

kVp/88 μA; FOV, 72 mm; number of slices, 512; slice thickness, 72 μm; voxel resolution, 

144 μm3. Radiation exposure was minimized in these serial imaging studies by acquisition 

of standard (2 min) scans. Caliper AnalyzeDirect©, v12.0 (Biomedical Imaging Resource, 

Mayo Clinic, Rochester, MN) was used for microCT image rendering, segmentation, and 

analysis of individual glands or tissue phantoms (0.2 ml PCR tubes with contrast solutions) 

as described10,11.

microCT deep learning analysis

A deep learning algorithm consisting of a convolutional neural network (CNN) with UNET 

architecture was used for automated segmentation and analysis of the microCT images. 

Two clinical radiologists (A.L, P.W.) and an imaging specialist (H.H.) generated full volume 

segmentation masks for 12 image volumes consisting of 256 slices each via the ITK-snap 

software. The model consisted of feature extraction, flattening and regression layers, taking 

the preprocessed image as input. The model was trained using individual 2D slices and 

corresponding radiologist generated masks from each image volume, which rendered a 

total dataset size of 3072 slices used for initial training of the algorithm. Preprocessed 

image slices of dimensions [x, y] = [256, 512] were input into the algorithm for training 

with a batch size = 32, epoch = 100 iterations and a learning rate α = 10−4 using the 

Adam optimizer. Loss per iteration was calculated using standard gradient descent loss 

algorithm26. A 5-fold cross-validation method was used for training such that 80% of the 

data was used as a training set and 20% of the data was used for internal validation of 

algorithm performance. The resulting image segmentations were then used for ROI analysis 

of mammary gland contrast content using average HU values rendered from each gland 

bilaterally. For adequate transformation of pixel values to standard Hounsfield units (HU), 

the inference script used SimpleITK for rendering of the original image and resulting 

segmentation output from the algorithm after thresholding the original image using the ROI 

prediction mask. The inference script did not threshold images at a specified HU value.

Histological analysis

Animals were euthanized immediately after last scan in serial microCT imaging (for 

short term study 8 h after and for long term study 60 days after injections). Dissected 
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mammary glands were processed and embedded in paraffin after 24 h fixation in formalin as 

described27. Formalin-fixed paraffin-embedded (FFPE) tissue samples (4 μm) were scanned 

on an Aperio Versa 8 Brightfield&Fluorescence imaging system (Leica Biosystems, Buffalo 

Grove, IL) following H&E staining. Annotation and quantitative analysis were performed 

using ImageScope tools as described8.

Statistical analysis

Unpaired Welch’s t-tests were used to assess statistical significance of difference of 

continuous values obtained from imaging and tissue analyses between experimental groups 

and a reference control group. GraphPad Prism 9 was used to perform these statistical 

analyses. We set a p value of 0.01 as the threshold to report statistical significance.

RESULTS

TaOx enables better imaging of rodent ductal tree architecture as compared to FDA 
approved Omnipaque

We conducted a short-term serial imaging study to characterize retention of Omnipaque 

and TaOx within the ductal tree. We injected 40 μl of Omnipaque or TaOx in PBS (300 

mg I/ml and 18 mg Ta/ml, respectively) or 70% EtOH (90 mg I/ml and 18 mg Ta/ml 

respectively) in the abdominal mammary glands of FVB mice. Animals were imaged by 

microCT immediately and at 0.5, 1, 2, 4 and 8 h post injections (Fig. 1A). Stock Omnipaque 

was detected at all time points, but rapidly diffused outside the ductal tree, flooding the 

mammary fat pad and reaching the fascia (Figs. 1A, B and S1). After local clearance, 

residual Omnipaque was retained within the ductal tree enabling nitid visualization of its 

overall structure from 1 to 8 h after injections. Omnipaque diluted in 70% EtOH had 

minimal retention in the ductal tree and was undetectable 1 h after injections (Figs. 1B and 

S1). However, TaOx remained within the ductal tree with little clearance and had extended 

ductal tree branching within the 8-h time frame in both stock PBS solution and 70% EtOH 

(Figs. 1A, B and S1). Most importantly, TaOx enables nitid visualization of the ductal tree 

immediately after infusion with 70% EtOH ablative solution, which is a required feature for 

intended image guidance application to assess complete filling of the ductal tree. Together, 

these demonstrate TaOx has superior local retention and imaging capabilities as compared to 

Omnipaque.

In vitro and in vivo comparison of TaOx with commercially available CT contrast agents

To ensure that all contrast agents could be visualized by microCT imaging at the injectable 

range, stock solutions of each agent were serially diluted in PBS or 70% EtOH (Fig. 2). 

Omnipaque and Mvivo Au dilutions had the highest signal intensity, though all contrast 

agents produce adequate signal. EtOH did not interfere with signal detection or homogeneity 

of any of the contrast agent, except for MVivo BIS (Fig. 2B, C). Qualitatively, MVivo BIS 

signal was heterogenous in tissue phantom. Quantitatively, linear fitting of MVivo signal 

was poor in PBS (R2 = 0.59 compared to other contrast agents R2 > 0.96) and in 70% 

EtOH (R2 = 0.68 compared to other contrast agents R2 > 0.91). Commercial contrast agents 

were provided at stock concentration ready to inject intravenously in animals. Therefore, 

the addition of EtOH resulted in lowered concentration of each contrast agents to 30% 
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of maximal concentration, except for TaOx nanoparticles that can be reconstituted to up 

to 60 mg Ta/ml in either PBS or 70% EtOH (Fig. S2). As expected, stronger signal can 

be observed in infused ductal tree with stock solution rather than EtOH. The decrease of 

signal intensity of all contrast agents is proportional and consistent with observations in 

tissue phantoms, except for MVivo BIS (Fig. 2B, C). As observed in tissue phantoms, 

MVivo BIS signal was inconsistent and heterogeneous within the ductal tree. Moreover, 

viscous, aggregation-prone MVivo BIS solutions difficulted a steady continuous infusion of 

cannulated nipples.

From the short-term serial imaging study (Fig. 1), we determined that the time point 

immediately after injection was crucial for the ability of a contrast agent to serve in 

image guidance application of this ablative procedure. To assess imaging performance of all 

contrast agents for initial visualization of the ductal tree, we generated 3D reconstructions 

of the infused ductal trees from segmented images of the mammary gland structures (fat 

pad/fascia boundary) (Fig. 2A). Omnipaque and Mvivo Au solutions rapidly diffused outside 

the ductal tree and flooded mammary gland stroma as inferred by the oversaturation and 

lack of defined ductal tree structure (Figs. 3, 4 and S2). Leaked contrast agent can be 

easily appreciated as it markedly outlines the mammary gland fascia boundary on single-

slice microCT images (Fig. 2B) and a solid wall on 3D reconstructions (Figs. 3 and 4). 

Fenestra VC and TaOx solutions were predominantly retained within the filled ductal tree 

enabling informative visualization of the overall ductal tree structure (Figs. 2C, 3, 4 and S2). 

Compared to TaOx, the ductal tree in Fenestra VC-infused animals was equivocal and not as 

defined, especially in stock solution, due to local leakage outside the tree and heterogenous 

distribution of the solution (e.g., air bubbles) (Figs. 2C, 3, 4 and S2).

Local retention and long-term imaging of residual contrast agents

To study the long-term effects of local retention and systemic clearance of each contrast 

agent, we conducted a 60-day serial imaging study. Mice were ID infused with 40 μl 

of stock solutions or contrast agent in 70% EtOH into the abdominal mammary glands. 

Animals were imaged by microCT at days 1, 3, 7, 14, 30 and 60 after injections (Figs. 

3, 4 and S2). We generated 3D reconstructions of the lower body to determine how 

contrast agents distributed systemically. We did not detect signal for any contrast agents 

in major organs (kidney, lung, liver, spleen) (Fig. S2). Mvivo Au solutions accumulated 

subcutaneously (Fig. S2). Subcutaneous accumulation was occasionally observed in animals 

infused with TaOx (1 out of 15 animals) or Fenestra VC (1 out of 7) stock solutions 

(Fig. S2). We generated 3D reconstructions of the infused ductal trees from segmented 

images of the mammary gland structure (fat pad/fascia boundary). As expected after day 1, 

Omnipaque-infused animals had little signal retention in the mammary gland compared to 

the other contrast agents (Figs. 3 and 4). Mvivo Au, TaOx, and Fenestra VC remained within 

the ductal tree for 60 days to varying degrees (Figs. 3 and 4), except for Mvivo Au in 70% 

EtOH which was undetectable after 7 days (Fig. 4). Fenestra VC in 70% EtOH appeared 

to aggregate during the active process of wound healing, hampering local clearance (Fig. 

3). Further study will be needed to understand if this aggregation is a macrophage-mediated 

process or another foreign object clearance mechanism is at work. The faster clearance 
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and low immunogenicity of TaOx is a desirable feature to minimize long-term toxicity and 

facilitate follow-up procedures.

AI-assisted quantitative metrics of contrast agent signal decay

To obtain systematic and quantitative metrics of signal decay over time, we developed a 

Deep Learning (DL)-based AI algorithm for automated segmentation of mammary gland 

and extraction of HU values from region of interest (Fig. 5A). We applied this DL algorithm 

for image analysis of data filles obtained from short-term study (Fig. 1) and long-term study 

(Figs. 3 and 4). Omnipaque signal was less than 15% of maximum signal in either stock 

or 70% EtOH after 1 h of injection (Fig. 5B) and signal was less than 5% after 1 day and 

undetectable after 3 days (Fig. 5C). TaOx signal remained above 60% of maximum both in 

stock and 70% EtOH solution after 8 h of injections (Fig. 5B). After 1 day of injections, 

TaOx signal was less than 40% of maximum and exhibited more rapid local clearance than 

the other nanoparticle-based contrast agents, except for MVivo Au in 70% EtOH (Fig. 5C). 

TaOx signal was less than 20% of maximum by 60 days after injections. Comparatively, 

Mvivo Bis signal declined more slowly during the first 30 days after injections, but 

precipitously declined to less than 10% by 60 days (Fig. 5C). Unlike other contrast agents, 

Fenestra VC signal in 70% EtOH declined much slower than in stock solution and almost 

50% of signal remained 60 days after injections (Fig. 5C).

Ductal ablation, systemic accumulation and toxicity of TaOx and other contrast agents

To ensure the safety of the contrast agents for application in the ablative procedure, we 

next looked at local and systemic toxicity of each contrast agent alone or in combination 

with 70% EtOH. Tissues from mammary glands and major organs (heart, lung, spleen, 

liver, and kidney) were collected immediately after last imaging session 60 days after 

injections. For all contrast agents, we observed healthy, nucleated epithelial cells with 

intact surrounding adipose tissue in H&E stained mammary glands (Fig. 6A). A mild 

foreign body reaction with periductal fibrosis was observed in MVivo Au- and TaOx-infused 

ductal trees; a stronger foreign body reaction with periductal fibrosis and inflammation 

as well as intraductal histocyte accumulation was observed in MVivo BIS-infused ones 

(Fig. 6A). Contrast agents had no or minimal interference with ablative effects of 70% 

EtOH and wound healing response. A similar amount of tissue damage was observed 

in all tested contrast agent conditions in 70% EtOH (Fig. 6A, C). Interestingly, pockets 

of intact epithelial cells were observed in Omnipaque- and Fenestra VC-infused ductal 

tree, suggesting an incomplete epithelia ablation perhaps due to uneven and heterogenous 

distribution throughout the lumen of all branches (Fig. 6A). Accumulation of nanoparticle 

aggregates was only visible in MVivo Au-infused ductal trees (Fig. 6A, D); these aggregates 

were also observed in distant organs, especially in the spleen and liver (Fig. 6B, D). 

However, no overt toxicity was observed in major organs whether there were visible 

nanoparticle aggregates (MVivo Au) or not; there were no atypical tissue presentations in the 

form of dysplasia, infarction, hemorrhage, fibrotic or immune reaction (Fig. 6B).
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Compatibility with ethyl cellulose and scalability of TaOx-based ductal tree visualization in 
rats

Together, the above results support the superiority of TaOx as contrast agent for this ablative 

procedure. TaOx was retained in the ductal tree and did not cause toxic effects locally 

or systemically. TaOx did not interfere with EtOH ablative effect nor were TaOx imaging 

properties impacted by EtOH. Therefore, our expansion studies exclusively focused on the 

ability of TaOx to be formulated in solution with ethyl cellulose (EC) as gelling agent and 

the ability of this refined solution and ablative procedure to be scaled up to a rat model. EC 

is used clinically in 95–100% EtOH solution for ablative treatment of tumors and sclerosing 

treatment of venous malformations28–35. We first assessed the ability of EC to slow down 

EtOH diffusion using tissue phantoms. EC at 5% w/v concentration is not soluble in less 

than 70% EtOH because of the increased water content (Fig. 7A). Compared to other tested 

solutions, 70% EtOH with 5% EC had the lowest rate of diffusion (Fig. 7A). To determine 

the ability of EC to limit EtOH diffusion throughout the mammary gland in vivo, the ductal 

trees of both mice and rats were infused with a 70% EtOH solution containing TaOx (18 

mg Ta/ml) and/or EC (1% w/v). ID injections were successfully translated into the rat model 

and X-ray imaging capabilities of TaOx were maintained for visualization of infused rat 

ductal trees (Fig. 7B, C). Macroscopically, EC-containing solutions provide same infusion 

properties and ductal tree visualization as undoped solutions (Fig. 7C). Microscopically, 

EC-containing solutions provide same or higher epithelial cell ablation rate and significantly 

lower collateral tissue damage both in mouse and rat mammary gland tissues examined 3 

days after ID injections (Fig. 7D, E). Together, these results indicate that introducing 1% EC 

to ablative and imaging solution of 70% EtOH and TaOx (18 mg Ta/ml) further improves 

local targeting epithelial cells with less collateral tissue damage.

DISCUSSION

We evaluated the short-term and long-term performance of contrast agents in visualizing the 

infused ductal trees in rodent models and any impact on ablation rate, breast physiology, 

and scalability to larger animal models and eventually humans. From a clinical standpoint, 

fluoroscopy or similar real-time imaging modality will be needed to guide the ductal tree 

infusion in future first-in-human clinical trials to evaluate this ablative procedure. Given 

the desired properties of an ideal contrast agent (visualization of fully filled ductal tree, 

high local clearance, low toxicity, and compatibility with 70% EtOH) for this therapeutic 

purpose, we identified TaOx as the most suitable contrast agent. Rapid outward diffusion, 

especially in 70% EtOH, of FDA-approved Omnipaque (Figs. 1–4 and S1, S2) and gold 

nanoparticle-containing MVivo Au (Figs. 2–4 and S2) renders them unsuitable for the 

intended image guidance application of assessing fully filled ductal tree(s). Omnipaque 

presumably escapes the ductal tree system after extensive epithelial cell ablation and loss 

of architectural integrity with hyperintensity in the bladder from 0.5 to 2 h indicating rapid 

systemic clearance (Fig. S1), but additional experiments are needed to test this directly. 

An unexpected concern of MVivo Au was the discoloration of mice. Immediately after 

injections, all mice turned a gray color which did not resolve throughout the study. Although 

there was no observed discomfort or overt toxicity, the systemic spread to internal organs 

(Fig. 6) and subcutaneous accumulation (Fig. S2) is a cause for concern for continued use. 
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Other contrast agents (Fenestra VC and MVivo BIS) and TaOx exhibited a much higher 

local retention (Fig. 5B) and enabled initial visualization of infused ductal trees (Figs. 2–4 

and S2). However, MVivo BIS produced imaging artifacts that compromised unequivocal 

and nitid visualization of the true ductal tree architecture (Figs. 2–4 and S2). Fenestra VC 

enabled similar short-term visualization of the ductal tree as TaOx, with some imaging 

artifacts due to heterogenous dispersion and diffusion through the lumen and leakage outside 

the ductal tree (Figs. 2–4 and S2). Higher local retention and limited clearance of Fenestra 

VC, especially in 70% EtOH, is a problematic feature of this contrast agent (Figs. 4 and S2). 

In exploratory experiments, animals infused with Fenestra VC or MVivo BIS in more than 

two mammary glands died shortly after injections. The total amount of contrast injected was 

above vendor’s recommended bolus dose for intravenous administration. This suggests that 

the maximal tolerated dose of these contrast agents as formulated would be a limiting factor 

for intended application in ID imaging procedures in women. In contrast, animals infused 

with TaOx in six or more mammary glands tolerated this procedure well10,11.

A main goal of this study was the serial imaging of different contrast agents. This required 

several sessions with X-ray radiation. While the cumulative X-ray dose delivered was 

less than 500 mGy36, radiation may have contributed to foreign object recognition and 

clearance by the host immune system and overall wound healing process. Short-term 

effects of radiation (<7 days after injections) did not appear to interfere with EtOH-induced 

epithelial ablation with different contrast agents compared to EtOH treatment alone in our 

previous study8. Long-term effects of radiation and/or contrast agent additions appeared to 

delay wound healing process compared to EtOH treatment alone8. We used commercially 

available contrast agents at stock concentrations recommended by the vendor for intravenous 

injections. We acknowledge that refinement of the concentration or formulation of these 

nanoparticle-based contrast agents may make them more suitable for the intended intraductal 

applications, especially since many of these agents are for preclinical research purposes 

only. However, under same conditions, off-the-shelf TaOx nanoparticles outperformed all 

these contrast agents. This highlights the versatility of our in-housed synthesized TaOx 

construct that can be reconstituted at a wide range of concentrations in hydrophilic, polar, 

and hydrophobic solutions (Fig. S2, ref. 9).

We also broadened the versatility of TaOx as imaging agent by scaling up ID procedure 

and in vivo X-ray visualization of the infused ductal tree in rat models (Fig. 7B, C). We 

introduced ethyl cellulose (EC) as gelling agent to limit collateral tissue damage caused by 

diffusion of EtOH. EC is safe for human consumption and is clinically used with EtOH for 

treatment of tumors and venous malformation28–35. The addition of 1% EC had no impact 

on ablative rate and aided in reducing EtOH dispersion outside of the ductal tree (Fig. 

7D, E). However, some animals experienced limb stiffness with the addition of EC. Tissue 

analyses show wound healing process resolves about 1 month after ablative procedure (Fig. 

7A). However, further investigation will be needed to determine the specific immunological 

and fibroblastic responses to tissue damage that may be caused and compounded by the 

combination of 70% EtOH, TaOx and/or EC, and if higher % of EC may be beneficial 

to faster resolution of wound healing. Current protocols for BC diagnosis utilize X-ray 

or MR imaging for confirmation of masses within the breast and lack of clearance of 

a contrast agent might interfere or create imaging artifacts. While TaOx signal is less 
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than 36% of maximal signal 3 days after injection, there is still about 10% of maximal 

signal detected after 60 days (Fig. 5B). Therefore, it will be important to refine TaOx 

formulation to maximize clearance after 3 days and/or determine what amount of residual 

contrast agent may have a potential impact on follow-up imaging session for anatomical 

assessment and/or tumor surveillance. While these rodent models are well-established for 

assessing therapeutic efficacy (tumor latency, tumor incidence, and overall survival), both 

mice and rats have a single-ductal tree per mammary gland with a relatively simple and 

linear structure37,38. Rabbits are a larger animal model closer to humans evolutionarily, 

physiologically, and anatomically with multiple ducts per mammary gland39–46. Therefore, 

utilizing rabbit models and fluoroscopy to guide infusion of cannulated nipples in future 

studies should improve the success rate of the procedure, address challenges of simultaneous 

infusion of multi-ductal tree system and impact on cosmesis and collateral tissue damage, 

and further assess the scalability toward application in humans. In conclusion, this study sets 

the stage for clinically enabling toxicity and efficacy studies in a large animal model such as 

rabbit and ultimately first-in-human evaluation of this image-guided ablative procedure for 

BC risk reduction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Short-term serial microCT imaging of the murine ductal tree with different contrast 
agents.
Abdominal mammary glands were injected with 40 μl of indicated contrast agent as stock 

solution (300 mg I/ml Omnipaque or 18 mg Ta/ml in PBS) or in 70% ethanol (EtOH, 

90 mg I/ml Omnipaque or 18 mg Ta/ml). A Representative microCT slice of the lower 

body of the same animals is shown at different imaging time points from immediately 

after last ID injection (0 h) to 8 h. Scale bar is 10 mm. B 3D reconstruction of manually 

segmented region of interest (i.e., ipsi- and contralateral abdominal mammary glands). 3D 

reconstruction was thresholded to include only voxels with a HU value of >300. Arrows 

indicate areas in which leaked contrast agent accumulates on the fascia boundary. Scale bar 

is 1 mm.
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Fig. 2. Contrast agent characteristics and signal attenuation profile in different solutions.
A Annotated views of microCT image of TaOx-infused mammary glands (36 mg Ta/ml 

stock, also shown at lower magnification in C); pink line outlines abdominal mammary 

glands and blue arrows pinpoint filled branches of the ductal tree. B, C Tissue phantoms 

and mice were scanned with the same microCT imaging parameters. Top panels (tissue 

phantoms), each contrast agent was diluted from stock reagent (maximal concentration) in 

PBS or 70% ethanol (EtOH) at indicated concentrations (mg of metal/ml). Linear fitting of 

signal attenuation as function of the concentration of the metal in each solution. Bottom 

panels, representative single-slice microCT images of the lower body of animals captured 

immediately after last ID injection of each indicated solution: Omnipaque (300 mg I/ml 

stock, 90 mg I/ml in EtOH), MVivo Au (200 mg Au/ml stock, 60 mg Au/ml in EtOH), TaOx 

(36 mg Ta/ml stock, 10.8 mg Ta/ml in EtOH), Fenestra VC (50 mg I/ml stock, 15 mg I/ml 

in EtOH), MVivo BIS (150 mg Bis/ml stock, 45 mg Bis/ml in EtOH). Arrows indicate areas 

in which leaked contrast agent accumulates on the fascia boundary. Scale bar is 10mm in 

images at different magnification.
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Fig. 3. Long-term serial microCT imaging of the murine ductal tree with different contrast 
agents in stock solution.
Abdominal mammary glands were injected with 40 μl contrast agent as stock solution as 

indicated: Omnipaque (300 mg I/ml), MVivo Au (200 mg Au/ml), TaOx (36 mg Ta/ml), 

Fenestra VC (50 mg I/ml), MVivo BIS (150 mg Bis/ml). 3D reconstruction of manually 

segmented regions of interest (i.e., ipsi- and contralateral abdominal mammary glands) of 

the same animals is shown at different imaging time points from immediately after (D0) last 

ID injection to 60 days (D60). 3D reconstruction was thresholded to include only voxels 

with a HU value of >300. Scale bar is 1 mm.

Zaluzec et al. Page 15

Npj Imaging. Author manuscript; available in PMC 2024 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Long-term serial microCT imaging of the murine ductal tree with different contrast 
agents in 70% ethanol.
Abdominal mammary glands were injected with 40 μl of indicated contrast agent in 70% 

ethanol: Omnipaque (90 mg I/ml), MVivo Au (60 mg Au/ml), TaOx (10.8 mg Ta/ml), 

Fenestra VC (15 mg I/ml), MVivo BIS (45 mg Bis/ml). 3D reconstruction of manually 

segmented regions of interest (i.e., ipsi- and contralateral abdominal mammary glands) of 

the same animals is shown at different imaging time points from immediately after (D0) last 

ID injection to 60 days (D60). 3D reconstruction was thresholded to include only voxels 

with a HU value of >300. Scale bar is 1 mm.
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Fig. 5. AI assisted quantitation of signal decay and local clearance of each contrast agent.
A A deep learning algorithm was used to train gland segmentation using mask parameters 

defined by radiologists; Original, representative microCT image slices of contrast agent-

injected mammary glands, radiologist-labeled segmentation masks per slice, AI prediction 

of segmentation masks per slice, automated AI segmentation result for image slice. B 
AI-assisted quantification of signal decay in short-term serial imaging characterization of 

indicated solutions (as shown in Fig. 1). C AI-assisted quantification of signal decay in 

long-term serial imaging characterization of indicated solutions (as shown in Figs. 3 and 

4). Asterisks indicate p value of unpaired Welch’s t-test of stock compared to 70% EtOH 

solution of each contrast agent per time point (* <0.01, ** <0.001, *** <0.0001).
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Fig. 6. Local and systemic clearance of contrast agents in different solutions.
Representative H&E staining of the mammary gland, spleen, and liver 60 days after ID 

injection of indicated contrast agent as stock solution (A, B): Omnipaque (300 mg I/ml), 

MVivo Au (200 mg Au/ml), TaOx (36 mg Ta/ml), Fenestra VC (50 mg I/ml), MVivo BIS 

(150 mg Bis/ml), or in 70% ethanol (EtOH) (A): Omnipaque (90 mg I/ml), MVivo Au 

(60 mg Au/ml), TaOx (10.8 mg Ta/ml), Fenestra VC (15 mg I/ml), MVivo BIS (45 mg Bis/

ml). Arrows point to nanoparticle aggregates. C Morphology-driven quantitation of tissue 

damage, which includes fibrosis, inflammation and scarring resulting from ablative effects 

of 70% EtOH as well as immune cell-mediated foreign object reaction to clear nanoparticle-

based contrast agents. D Quantitation of visually apparent aggregates of nanoparticle-based 

contrast agents in indicated tissues. Asterisks indicate p value of unpaired Welch’s t-test of 

each solution compared to Omnipaque stock (* < 0.01, ** <0.001, *** <0.0001).
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Fig. 7. Compatibility and scalability of TaOx-containing solutions.
A Indicated blue dye-containing solutions were dispensed into 1% agarose-casted 5-mm 

circular cylindrical channels (tissue phantoms). The distance the blue dye front traveled 

from the edge of each channel (x) was plotted over time (t). All solutions fit (R2 > 0.99) 

Fick’s equation x = (4Dt)½, where D is the diffusion constant. Asterisks indicate p value 

of unpaired Welch’s t-test of each solution compared to 95% EtOH (* < 0.01, ** <0.001, 

*** <0.0001). B, C Ductal trees of abdominal mammary glands were infused with 250 μl 

of indicated TaOx-containing solutions (18 mg Ta/ml). B Representative microCT slice of 

the lower body of an animal is shown immediately after last ID injection. Scale bar is 10 

mm. C 3D reconstruction of manually segmented mammary gland per condition is shown at 

different views. 3D reconstruction was thresholded to include only voxels with a HU value 

of >300. Scale bar is 5 mm. D Representative H&E staining of mouse and rat mammary 

gland 3 days after ID injections of indicated TaOx-containing solutions (18 mg Ta/ml). 

Intact (black arrow) and ablated ducts (orange arrow) are indicated. Scale bar is 200 μm in 

images at different magnification. E Morphology-driven quantitation of epithelial ablation 
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(anucleate cells, cytoplasmic hypochromia) and tissue damage, which includes fibrosis, 

inflammation and scarring resulting from ablative effects of 70% EtOH as well as immune 

cell-mediated foreign object reaction to clear nanoparticle-based contrast agents. Asterisks 

indicate p value of unpaired Welch’s t-test of each solution compared to TaOx solution.
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