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Abstract

Background: Current practices for fluorescence guided surgery utilize a single fluorescent 

agent, but homogeneous distribution throughout the tumor is difficult to achieve. We hypothesize 

that administering a perfusion and a molecular-targeted agent at their optimal administration-to-

imaging time would improve whole-tumor contrast.

Experimental Design: Mice bearing subcutaneous xenograft human synovial sarcomas were 

administered indocyanine green (3 mg/kg) or ABY-029 (48.7 μg/kg) – an epidermal growth factor 

receptor targeted Affibody molecule – alone or in combination. Fluorescence contrast and signal 

distribution was compared between treatment groups. Two commercial fluorescence imaging 

systems were tested for simultaneous imaging of ICG and ABY-029.

Results: ABY-029 has a moderate positive correlation with viable tumor (ρ = 0.2±0.4), while 

indocyanine green (ICG) demonstrated a strong negative correlation (ρ = −0.6±0.1). Contrast-to-

variance ratio was highest in the ABY-029+ICG (2.5±0.8), compared to animals that received 

ABY-029 (2.3±0.8) or ICG (2.0±0.5) alone. Moreover, the combination of ABY-029+ICG 

minimizes the correlation between viable tumor and fluorescence intensity (ρ = −0.1±0.2) 

indicating the fluorescence signal distribution is more homogeneous throughout the tumor milieu.

Conclusion: Dual-agent imaging utilizing a single channel in commercial fluorescence guided 

imaging system tailored for IRDye 800CW is a promising method to increase tumor contrast in a 

clinical setting.

Introduction

Surgical resection remains the primary treatment for many solid neoplasms. Curative 

surgical management of non-metastatic soft-tissue sarcomas generally requires the cancer be 
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removed with a zone of normal tissue surrounding it, termed a wide local excision (WLE). A 

successful WLE therefore requires the surgeon to dissect around the tumor without direct 

visualization of the mass itself. Surgeons who perform WLEs therefore rely on cross-

sectional radiological imaging, anatomical landmarks, tactile feedback, and conventional 

white light imaging.

Fluorescence-guided surgery (FGS) is a nascent technology that aims to label important 

tissues with fluorescent reporters (fluorophores) to improve intraoperative identification. 

Fluorophore tissue-labeling strategies include non-specific intravascular reporters, 

molecular-targeted reporters, and activatable reporters. FGS applications have focused 

primarily on cancer surgery with notable improvements in outcomes, particularly for glioma 

surgery [1]. Our team has developed an epidermal growth factor receptor (EGFR) targeted 

Affibody molecule® (Affibody AB) labeled with IRDye 800CW (LI-COR Biosciences) that 

is currently in an on-going first-in-human Phase 0 trial (NCT0315411) for soft-tissue 

sarcomas [16]. Pre-clinically, we have demonstrated in xenograft murine models of soft-

tissue sarcoma that ABY-029 was retained longer within tumor tissue and achieved higher 

tumor contrast as compared to a non-specific perfusion dye (IRDye 700DX carboxylate) 

administered at the same concentration [15]. Interestingly, in this study we observed 

heterogeneous localization of ABY-029 with reduced contrast in regions of tumor necrosis. 

This same observation has been qualitatively noted in the human clinical trial, with a 

representative example shown in Figure 1. Comparatively, the perfusion dye in the pre-

clinical study appeared to pool within the interstitial and necrotic spaces. However, 

ABY-029 and IRDye 700DX are imaged in separate fluorescence channels in commercial 

imaging systems due to the ~100 nm separation of their emission peak maxima.

Indocyanine green (ICG) is a longstanding, untargeted intravascular probe with FDA 

approval that has historically been used to facilitate intraoperative perfusion mapping [2]. 

More recently, ICG imaging that is performed 24-hours after administration, or during its 

“second window”, has proven useful in multiple cancer-centered clinical trials by exploiting 

the enhanced permeability and retention (EPR) effect [3, 17–21]. Unlike molecular targeted 

agents, ICG and other perfusion agents collect in the interstitial spaces of the tumor and 

fluorescence contrast arises from the differential of tissue clearance rather than differences 

in molecular expression. In addition, ICG has been found to localize in necrotic regions of 

normal tissue through association with lipoproteins and phosphoproteins. This FGS 

technique provides improved contrast for longer periods compared to traditional ICG 

angiography and has been demonstrated in soft-tissue sarcoma [4]. In addition to its clinical 

relevance, ICG has a larger spectral overlap with ABY-029 than IRDye 700DX, with only 

~15–35 nm separation of fluorescence emission maxima depending on environment. 

Therefore, ICG and ABY-029 can be imaged in the same near-infrared (NIR) fluorescence 

channel of many commercial systems. The goal of this investigation was to determine if co-

administration of ICG and ABY-029 in human soft-tissue sarcoma xenografts would 

produce higher contrast than single-agent administration. We hypothesized that dual-agent 

fluorophore administration would result in higher overall tumor contrast.
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Materials and Methods

Imaging Agents

Chem Impex International powdered indocyanine green (3 mg/kg) was prepared in purified 

water and was intravenously injected into the tail vein of each mouse 24 hours prior to 

sacrifice (n=10) [4]. Stock solutions of Good Laboratory Practices (GLP) produced 

ABY-029 (0.42 mg/ml) were diluted to 4.98 μM with phosphate buffered saline (PBS) for 

administration [5]. This concentration is the mouse equivalent to the 6X human microdose 

of ABY-029. ABY-029 was administered via tail vein injection 4 hours prior to sacrifice 

(48.7 μg/kg, n=10). For mice receiving both ICG and ABY-029 (n=10), the agents were 

administered to the same mouse 24 and then 4 hours prior to sacrifice for ICG and 

ABY-029, respectively. Mouse-equivalent doses were converted from human and dog [4] 

using the methods of Reagan-Shaw et al [6]. One mouse in the ICG+ABY-029 group died 

during anesthesia and was excluded from the study.

Animal experimentation

Cell line and culture methods—The human tumor cell line SW-982 (synovial sarcoma) 

was obtained from ATCC (Manassas, VA, USA) and cultured as according to ATCC 

specifications.

Tumor implantation—All animals were used according to the guidelines approved by the 

Institutional Animal Care and Use Committee at Dartmouth College. Tumors were 

implanted subcutaneously in the right flank of 30 NSG (Jackson Laboratory, Ellsworth, ME) 

mice at a density of 1×106 cells in 200 μL in a 1:1 mixture of culture medium and 

Matrigel®. One of the mice from the ABY-029 only category died during injection. 

Therefore, a total of 29 mice were analyzed. The tumors were excised when tumor volume 

was approximately ~1,500 mm3.

Imaging protocols—The mice were anesthetized (1–2.5% isoflurane, 1L/min O2) prior to 

sacrifice (24 hours and 4 hours post ICG and/or ABY-029 administration, respectively. The 

tumors and normal surrounding tissues were exposed by surgically removing the skin from 

the hind leg. Each mouse was first imaged using the 750 nm channel on Solaris (Perkin 

Elmer) and then using SPY Elite (Novadaq) in vivo with a black cloth covering unimaged 

portions of the mouse to limit fluorescence signal from the abdominal organs. After 

imaging, the tumors were removed leaving as much normal surrounding tissue as possible 

for margin assessment. The tumor was then cut to reveal the normal tissue margins for the 

six sides and imaged on the Odyssey CLx (LI-COR Biosciences, Inc.) at 42 μm resolution. 

The imaging parameters used are the same as mentioned in [5].

Pathology—Tissue sections from each mouse were fixed in 10% buffered formalin 

(Biochemical Science, Inc.) in histological cassettes. Standard H&E was performed on all 

tissues. Images of the H&E sections were collected on an Olympus BX50 scope at 4x 

magnification.
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Image Analysis—The H&E images and the Odyssey fluorescence images were aligned 

using the Align image by line ROI plugin in FIJI [7]. During handling of tissue, some tissues 

broke, others had shrunk, making the alignment difficult; therefore, the tissue images that 

had been significantly modified from the fresh tissue were excluded. A total of 54 of 117 

images were used for the final investigation: 15 for ABY-029 category, 21 for ICG category 

and 18 for ABY-029+ICG category. Once the H&E image was aligned to the fluorescence 

image, we deconvolved the image into violet, red and green using the H&E vector in Color 

Deconvolution plugin. The violet image was used to calculate the intensity of viable tumor 

in a given ROI, where viable tumor cells are represented by the combined hematoxylin 

(nuclei, blue) and eosin (protein, pink) stains. Interstitial spaces, including necrotic and 

acellular regions, within the tumor all appear pink due to the lack of nuclei.

Phantom experimentation

The preparation of the gelatin phantoms and analysis techniques have been well described 

earlier [5]. Briefly, gelatin (10% w/v) was mixed with boiling distilled water, stirred 

vigorously while cooling to ∼30°C when blood and intralipid were added according to the 

type of the tissue being made. Wedge phantoms were used to determine the effect of tumor 

and tissue properties on depth of imaging. Surgical phantoms were used to: 1) determine the 

effect of tissue volume on observed fluorescence; 2) to determine fluorescence intensity 

target values for a tumor-mimicking inclusion with a 1-cm margin, and 3) a blinded surgical 

phantom dissection using the fluorescence intensity target values to dissect inclusion with 1-

cm margins.

Results

Specificity of ABY-029 and ICG in mouse model ex vivo

The fluorescence distribution of ABY-029 and ICG are compared in Figure 2. The variation 

in violet color intensity, representative of viable tumor cells, in H&E (Figures 2a and 2b) and 

the corresponding fluorescence intensity (Figures 2c and 2d) for a representative sarcoma 

injected with ABY-029 and ICG, respectively. These two mice were chosen at random and 

represent the average trends seen in all of the mice of a particular category. A corresponding 

line region-of-interest (yellow) was drawn on both the H&E and fluorescence images using 

FIJI, and the resulting line plots are shown (Figures 2e and 2f). For ABY-029, the violet 

intensity (viable tumor) and the fluorescence intensity demonstrate direct correlation. For 

ICG, violet and fluorescence intensities are inversely proportional. In Figures 2g and 2h, the 

violet intensity is plotted compared to ABY-029 and ICG fluorescence intensities, 

respectively, and Spearman’s correlation coefficient is determined. The average Spearman’s 

correlation coefficient (SCC) was 0.22 ± 0.4 for mice receiving ABY-029 alone; SCC was 

−0.63 ± 0.1 for mice receiving ICG alone.

Sensitivity of IRDye 800CW and ICG in phantoms using open air fluorescence systems

The supplemental data depicts the depth of imaging (DOI) for various wedge phantom 

configurations. DOI is lower for SPY than Solaris for IRDye 800CW, the fluorescent part of 

ABY-029, and ICG. DOI was greater for fat-simulating phantoms compared to muscle-

simulating phantoms. As seen in Tables S1 and S2, DOI increases proportionately with the 
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diameter of the cylindrical inclusion and concentration of the agent in the inclusion. Table 

S3 demonstrates that DOI is inversely proportional to both intralipid and blood 

concentration. Here, intralipid acts as a scattering agent and blood as an absorbing agent. It 

must be noted that we could not detect IRDye 800CW in most configurations of the gelatin 

phantoms using SPY Elite.

The surgical testing phantoms were used to evaluate the target fluorescence values on both 

systems that correspond to a margin of 1 cm. Using these values, a surgeon blinded to the 

location of the inclusion successfully dissected all surgical phantoms using Solaris but was 

unsuccessful at four surgical phantoms when using SPY Elite. Figure 3 shows the average 

fluorescence values and the corresponding margins. The average fluorescence intensity 

increased with increasing background fluorescence. It was determined based on sensitivity, 

depth of imaging, and surgical accuracy that the Solaris system outperformed the SPY Elite 

for both IRDye 800CW and ICG.

Tumor visualization using multiple agents in mouse model in vivo

Using the Solaris as the optimal FGS system, the imaging sensitivity of tumor visualization 

using multiple agent imaging in vivo was investigated. Figure 4a shows example Solaris 

images for mice from all three categories: mice injected with ABY-029 only, with ICG only 

and with ABY-029 and ICG. Figure 4b depicts the average fluorescence seen on Solaris in 

both tumor and normal tissue in all three categories of mice. The highest fluorescence is 

observed when a combination of ABY-029 and ICG is used. Figure 4c presents the signal to 

noise ratio (SNR), tumor to background ratio (TBR) and the contrast variability ratio (CVR), 

each defined as:

SNR = μ ITUM
σ INORM

(1)

TBR = μ ITUM
μ INORM

(2)

CV R = μ ITUM − μ INORM

σ ITUM
2 − σ INORM

2 (3)

When using dual-agent imaging (ABY-029 + ICG) the SNR increased by 78.4% as 

compared to ABY-029 only and by 66.0% compared to ICG only (Fig. 4). The TBR 

increased by 57.6% as compared to ABY-029 alone and decreased by 5.04% compared to 

ICG alone. The CVR increased by 7.80% and 21.5% as compared to ABY-029 and ICG 

only, respectively. Improved tumor visualization is observed in vivo when a dual-agent 

imaging is implemented with a combination of ABY-029 and ICG.
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Specificity of multiple agents in mouse model ex vivo

Figure 5 presents a representative example of an excised tumor from a mouse injected with a 

combination of ABY-029 + ICG. Figures 5a and 5b show the color deconvolved H&E and 

the corresponding fluorescence image, respectively. Figure 5c shows the variation in violet 

color (viable tumor) and fluorescence intensity along the line region of interest drawn on the 

H&E and fluorescent images. Unlike the tumors excised from animals injected with 

ABY-029 or ICG alone (Figure 2), ABY-029 + ICG does not appear to correlate well with 

viable tumor cells (Figure 5d). The Spearman’s correlation coefficient demonstrates that 

ABY-029 + ICG fluorescence does not demonstrate a significant correlation to the violet 

color of the H&E (ρ = −0.092 ± 0.23), in comparison to ABY-029 and ICG alone that are 

highly positive and highly negatively correlated (Figure 5e) as reported above. The 

combination of ABY-029 + ICG together minimizes the correlation between violet intensity 

and fluorescence intensity, while maximizing tumor to normal tissue contrast.

Discussion

Targeted molecular agents are being increasingly developed to enhance recognition of tumor 

tissue and lengthen the window of tumor labeling; thereby yielding molecular-guided 

surgery in the truest sense. Many of the cancers for which FGS has been developed are 

surface tumors, where direct visualization by the surgeon is straightforward. Many solid 

organ cancers, such as soft-tissue sarcomas (STS) that are derived from the bones, muscles, 

nerves, and fat, are typically present at a subsurface level. Resection of these subsurface 

tumors is performed via ‘wide local excision’ where a single, complete mass is removed 

with an intact zone of normal tissue (~ 1 cm ‘margin’). At present, positive margin rates are 

22% to 34% for sarcoma and it is well known that positive margins lead to tumor recurrence 

[8]. It is known that STSs overexpress epidermal growth factor receptor (EGFR) in 43% to 

78% of the cases [9–13]. ABY-029 is a near-infrared fluorophore, developed for clinical use 

[16]. ABY-029, developed under Good Manufacturing Practice (GMP) production, received 

eIND (#122681) approval status in 2016. One of the main advantages of ABY-029 is its 

short plasma half-life [5] and rapid normal tissue clearance [14], which makes surgery 

possible only a few hours after administration. Our pre-clinical studies in xenograft STS 

murine models demonstrate that maximal accumulation of ABY-029 within the tumor occurs 

between 4–8 hours after administration and significant tumor-to-background ratios (TBR) 

are observed starting at 4 hours [15]. In an ongoing clinical trial (NTC03154411), we are 

investigating microdose (30 nanomoles) and near microdose (90 and 180 nanomoles) 

administration of ABY-029 as a molecular-targeted FGS imaging agent in STS patients.

In the described work, we compared the specific distribution of tumor labeling of both non-

targeted ICG and targeted ABY-029 for tumor visualization ex vivo in a pre-clinical synovial 

sarcoma (SW982 model) xenograft murine model. Furthermore, we compared the detection 

sensitivity of two near-infrared (NIR) surgical imaging systems, Solaris (Perkin Elmer) and 

SPY Elite (Novadaq), in gelatin phantom models of sarcoma. Once we established the 

imaging system that best images both agents, we investigated a “dual-agent imaging” 

technique for tumor visualization in a single fluorescence channel using ICG and ABY-029 

simultaneously at their optimal administration-to-imaging times in vivo. We then compare 
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the specificity of using a combination of the non-targeted agent ICG and the targeted agent 

ABY-029 to using either alone ex vivo. We aim to establish best practice methodology for 

maximal tumor and margin detection during NIR-guided surgical dissection for human STS.

The ability to visualize the entire tumor in order to excise with negative margins is essential 

to preventing recurrence. However, we have noted both in pre-clinical murine work [15] and 

the Phase 0 human trial (data not shown, representative image shown in Figure 1) that 

ABY-029 fails to label the tumor completely due to: 1) highly heterogeneous distribution of 

EGFR within viable tumor tissue, and 2) large regions of necrosis. These non-highlighting 

regions can lead to lower average tumor fluorescence signals and potentially lower contrast. 

This is especially important in soft-tissue sarcoma surgeries that are performed as a wide 

local excision, where indirect visualization requires high contrast in all tumor regions.

We previously compared the uptake of ABY-029, an EGFR-targeted peptide, with IRDye 

700DX carboxylate, a non-specific fluorophore that acted as a perfusion agent [14]. In this 

study it was readily observed that the ABY-029 and IRDye 700DX were localizing to 

different regions of the same tumor. It appeared that IRDye 700DX was localizing to regions 

of low cellular density, including regions of necrosis, while ABY-029 appeared to be more 

evenly distributed throughout the viable tissue. However, IRDye 700DX is not readily used 

in clinical imaging and not comparable to other published studies. In addition, the IRDye 

700DX emission maximum has ~100 nm spectral separation from ABY-029 emission 

maximum, making simultaneous detection difficult especially on commercially available 

systems. Therefore, we undertook these studies using ABY-029 and ICG, a clinically 

relevant, non-specific imaging agent that monitors tissue perfusion and vascular function. 

Unlike our previous study with IRDye 700DX where both agents could be administered in 

the same animal using two distinct fluorescence imaging channels, different animals had to 

be used for imaging each agent individually as there is significant spectral overlap in the 

absorption and emission spectra. A similar distribution of the targeted and untargeted agents 

was observed with ABY-029 localizing to more cellular regions and ICG localizing to less 

cellular regions (Figure 5b and 5c). This trend was verified by performing line plot analysis 

of viable tumor cells (purple color in H&E) and fluorescence intensity. ABY-029 had a 

moderate positive correlation with viable tumor (ρ = 0.22 ± 0.4), while ICG had a strong 

negative correlation with viable tumor (ρ = −0.63 ± 0.1). The clear delineation between the 

localization of the two imaging agents presented the hypothesis that administering both 

agents at the optimal administration-to-imaging window could allow a more homogeneous 

distribution throughout the entire tumor (Figure 6). However, both agents would have to be 

imaged in the same channel of surgical system due to the significant spectral overlap.

We undertook a gelatin phantom imaging study to test the sensitivity of both IRDye 800CW, 

the fluorescent part of ABY-029, and ICG using two open air fluorescence systems, Solaris 

and SPY Elite, based on experiments performed previously with IRDye 800CW alone [5]. 

The Solaris has two channels capable of imaging both IRDye 800CW and ICG. We used the 

750 nm channel that has a 743 nm LED for excitation and emission band pass at 770 to 809 

nm. In comparison, SPY Elite only has one channel with 805 nm laser excitation and 825–

830 nm bandpass emission filter. These systems have performed similarly in detecting 

IRDye 800CW [15], although the optics of the SPY Elite are tailored specifically for ICG 

Sardar et al. Page 7

J Surg Oncol. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



perfusion imaging. Here, it was found that the Solaris was more sensitive in both depth and 

concentration detection using wedge phantoms representing muscle and fat with varying 

inclusion-to-background ratios of IRDye 800CW and ICG (see Supplemental Material). In 

surgical phantoms, where the surgeon was blinded to the location of the inclusion, the ICG 

inclusions were successfully removed with a negative margin using both the Solaris and the 

SPY Elite. However, IRDye 800CW inclusions were successfully dissected only using the 

Solaris, whereas several inclusions were cut into using the SPY Elite indicating a positive 

margin (see Supplemental Material). One limitation to the gelatin phantoms is that ICG 

degrades rapidly over time. In order to obtain equivalent fluorescence signal after the gelatin 

phantom had set 24 hours later, it was determined that the fluorescence of ICG decreases by 

a factor of 3 in 24 hours. Therefore, we tripled the concentration of ICG that was used to 

prepare the phantom in order to have a fair comparison of the images obtained. Additionally, 

the systems were tested with the dyes in the same molar ratio in order to determine the 

sensitivity, while the animal experiments were performed with ICG at a higher, clinically 

relevant concentration.

The Solaris provided the highest sensitivity for both imaging agents and was used to 

compare the image contrast of soft-tissue sarcoma xenograft tumors in vivo. In all cases, 

ABY-029 + ICG fluorescence and image contrast performed as well or better than either 

ABY-029 or ICG alone. We looked at 3 measures of image contrast - SNR, TBR and CVR. 

Although TBR is the most commonly used measure of tumor uptake in fluorescence guided 

surgery, it does not account for variability in the signal. In soft-tissue sarcoma, where 

fluorescence is highly heterogeneous, measures of contrast that account for variability in the 

signal is essential. The combination of ABY-029 + ICG had the most improvement on the 

mean of CVR, which considers both the mean of the fluorescence signal and the standard 

deviation of the signal in both the tumor and normal tissues. As can be seen in Figure 5, ex 

vivo analysis of spatial distribution of the fluorescence signal demonstrated that there was no 

measurable correlation between viable tumor cells (H&E purple stain) and fluorescence 

signal for the combination of ABY-029 + ICG (ρ = −0.092 ± 0.23). This is a promising 

result as the spatial variability of fluorescence signal within the tumor was reduced while 

improving tumor-to-normal tissue contrast.

Maximizing distribution of fluorescent agent in order to more accurately discern the tumor 

from normal tissue has been achieved by using agents that localize to different but 

complementary regions of the tumor, as demonstrated in the schematic in Figure 6. This 

technique is further advantageous because both agents use imaging agents that can be 

imaged in a single fluorescent channel. There is no need for spectral separation or 

distinguishing the fluorescent agents from each other and commercial systems designed for 

imaging in the near-infrared spectral range are capable of detecting both agents. The 

addition of other region-specific fluorophores using IRDye 800CW, ICG, or other 

comparable fluorophores is possible that may further enhance tumor contrast.

Conclusion

This study compares the tumor contrast achieved using ICG and ABY-029 as independent 

and combined imaging agents to fluorescently label soft-tissue sarcomas. ABY-029, a 
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molecular-targeted agent, provides higher specificity to viable cellular regions of tumor 

(identified using the gold standard, H&E) than ICG, which preferentially—and 

synergistically—highlighted interstitial tumor regions, including acellular and necrotic 

regions. The paper also dwells upon the sensitivity of two commercially available near-

infrared (NIR) surgical imaging systems, Solaris (Perkin Elmer) and SPY Elite (Novadaq), 

in gelatin phantom models of sarcoma. SPY Elite, designed especially for imaging tissue 

perfusion with ICG, is unable to be used with IRDye 800CW. We also introduce ‘dual-agent 

imaging’ that uses a combination of a non-targeted agent ICG and a targeted agent ABY-029 

to improve tumor visualization and increase tissue fluorescence homogeneity both in vivo 

and ex vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Synopsis:

Current practice utilizes a single fluorescent agent but homogeneous distribution 

throughout the tumor is difficult to achieve. We hypothesize that administering a 

perfusion and a molecular targeted agent at their optimal administration-to-imaging time 

(AIT) in the same animal would improve whole-tumor contrast. Dual-agent imaging 

utilizing a single channel in commercial fluorescence guided imaging system tailored for 

IRDye 800CW rather than ICG is a promising method to increase tumor contrast in a 

clinical setting.
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Figure 1. 
A representative example of heterogeneous distribution of ABY-029 in a human soft-tissue 

sarcoma. The patient was administered a six-times microdose (180 nanomoles) of ABY-029 

on the same day of surgery. The mass was excised via wide-local excision and a 1–2 cm 

thick breadloaf slice was imaged using white light photography (a) and a near-infrared 

fluorescence image was obtained using 800 nm channel of an Odyssey CLx (b).
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Figure 2. 
Comparison of the distributions of ABY-029 and ICG in xenograft soft-tissue sarcomas. 

H&E (a and b) and corresponding fluorescence (c and d) images of ABY-029 and ICG, 

respectively. The pixel value of the violet stain and fluorescence intensity was determined 

along the yellow lines were plotted in (e) and (f) for ABY-029 and ICG, respectively. The 

Spearman’s correlation coefficient between violet intensity and ABY-029 or ICG 

fluorescence intensity was determined from scatter plots (g and h, respectively) and the 

resultant coefficients plotted in (i).
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Figure 3. 
Surgical phantom dissection data for ABY-029 and ICG. Margin thickness, and average 

fluorescence intensity from all six sides of the dissected inclusion measured both on the 

Solaris and the SPY Elite. The green dashed line on the margin thickness plots indicates the 

goal margin thickness of 10 mm.
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Figure 4. 
In vivo fluorescence imaging of soft-tissue sarcomas. (a) Representative examples of 

ABY-029, ICG and ABY-029 + ICG images in murine xenograft intra-muscular tumor. (b) 

Average fluorescence intensities of each mouse in tumor and normal (n) tissues for each 

fluorophore type. Image contrast was calculated in three ways: (c) signal-to-noise ratio 

(SNR), (d) tumor-to-background ratio (TBR), and (e) contrast-to-variance ratio (CVR).
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Figure 5. 
The distribution of ABY-029 + ICG administered in the same animals. (a) H&E and (b) 

corresponding fluorescence images of ABY-029 + ICG. The pixel value of the violet stain 

and fluorescence intensity was determined along the yellow lines were plotted in (c) and the 

Spearman’s correlation coefficient determined scatter plots in (d). The resultant Spearman 

coefficients for each animal and imaging agent type, including ABY-029 and ICG alone, are 

plotted in (e).
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Figure 6. 
The fluorescence distributions of ABY-029 alone, ICG alone, and ABY-029-ICG in a 

representative schematic diagram of a tumor. Viable tissue with high cellular density is 

indicated in violet and interstitial regions including acellular and necrotic regions are 

indicated by pink, as visualized in H&E. Normal surrounding tissue is given for reference. 

ABY-029 localizes mainly to the regions of viable tumor, where EGFR will be located, 

while ICG localizes more significantly to the regions of low cellular density. When 

combined all tissue regions have a more homogeneous distribution of fluorescence, while 

maintaining tumor contrast.

Sardar et al. Page 17

J Surg Oncol. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and Methods
	Imaging Agents
	Animal experimentation
	Cell line and culture methods
	Tumor implantation
	Imaging protocols
	Pathology
	Image Analysis

	Phantom experimentation

	Results
	Specificity of ABY-029 and ICG in mouse model ex vivo
	Sensitivity of IRDye 800CW and ICG in phantoms using open air fluorescence systems
	Tumor visualization using multiple agents in mouse model in vivo
	Specificity of multiple agents in mouse model ex vivo

	Discussion
	Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

