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Surgical tumor resection is a common approach to cancer treatment. India Ink tattoos are widely
used to aid tumor resection by localizing and mapping the tumor edge at the surface. However,
India Ink tattoos are easily obscured during electrosurgical resection, and fade in intensity over
time. In this work, a novel near-infrared (NIR) fluorescent marker is introduced as an alternative.
The NIR marker was made by mixing indocyanine green (ICG), biocompatible cyanoacrylate,
and acetone. The marking strategy was evaluated in a chronic ex wvivo feasibility study using
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porcine tissues, followed by a chronic in vivo mouse study while compared with India Ink. In both
studies, signal-to-noise (SNR) ratios and dimensions of the NIR markers and/or India Ink over
the study period were calculated and reported. Electrocautery was performed on the last day of
the mouse study after mice were euthanized, and SNR ratios and dimensions were quantified and
compared. Biopsy was performed at all injection sites and slides were examined by a pathologist.
The proposed NIR marker achieved (i) consistent visibility in the 26-day feasibility study and (ii)
improved durability, visibility, and biocompatibility when compared to traditional India Ink over
the six-week period in an in vivo mouse model. These effects persist after electrocautery whereas
the India Ink markers were obscured. The use of a NIR fluorescent presurgical marking strategy
has the potential for intraoperative tracking during long-term treatment protocols.

Keywords: Near-infrared fluorescent marker; surgical tumor resection; fluorescence-guided sur-

gery; electrosurgery; India ink.

1. Introduction

Surgical tumor resection is a common cancer
treatment, however some tumors may be initially
unresectable due to large size or metastasis. For
inoperable tumors, neoadjuvant therapies are used
to induce tumor shrinkage and control metastasis so
the tumor can be resected. This technique is used
for many cancers including: pancreatic cancer,
colorectal cancer with liver metastasis, bladder
cancer, advanced melanoma, non-small cell lung
cancer, and oropharyngeal cancer.'® Before initi-
ating neoadjuvant therapy, a patient is diagnosed
via biopsy and staged with the aid of computed
tomography, magnetic resonance images, or posi-
tron emitting tomography. It is common practice to
localize and map the primary tumor edge at the
surface by India Ink tattooing.”-'’~'? Tattooing is
particularly useful when neoadjuvant treatment
results in a dramatic decrease in the size of the
primary tumor. When the tumor shrinks, the ink
marker preserves location of the initial tumor bed
which enables oncologically sound resection with
adequate margins. Narrow margins are associated
with recurrences, which may negatively impact
survival. Likewise, an overly wide margin may im-
pair post-surgical functioning.'*"'® Hence, main-
taining a tumor-free resection margin after tissue
distortion from neoadjuvant treatment effects is
paramount to oncological outcomes.
Robotic-assisted surgery (RAS) is the standard
of care for some surgical tumor resections.!” 2 RAS
is often associated with minimally invasive surgery
and incorporates surgical instrumentation previ-
ously unavailable with traditional approaches.
Robotic manipulators for example, provide

surgeons with high-resolution endoscopic visualiza-
tion, and dexterous, tremor-free tools to achieve
precise tele-operated tumor resection. Unfortu-
nately, intraoperative tumor delineation with India
Ink is prone to error during RAS because the ink
markers are easily obscured by blood and charred
tissue from electrocautery. Furthermore, India ink
tattoos fade in intensity and size over the course of
neoadjuvant therapy. While India Ink tattooing
relies on direct surgeon visualization or the optics of
traditional cameras, RAS can incorporate near-in-
frared (NIR) imaging systems capable of detecting
high contrast NIR fluorescent markers in the sur-
gical field. Our prior work demonstrated the feasi-
bility of integrating a NIR image guided
autonomous robotic system to guide surgical
tasks.?’?? Additionally, a NIR imaging system
(Firefly, Intuitive Surgical, Sunnyvale, CA) is cur-
rently integrated with the da Vinci Surgical System
(DVSS) (Intuitive Surgical, Sunnyvale, CA) for
clinical use.

Advances in tumor imaging have improved the
surgeon’s ability to accurately delineate and resect
cancerous tissues using RAS. One of the methods is
fluorescence-guided surgery (FGS).?® Fluorescent
dyes conjugated to tumor-specific monoclonal
antibodies are capable of selectively illuminating
cancer cells to produce high contrast tumors.
Bevacizumab-800CW is one such dye that has been
used in phase I trials to identify rectal and esoph-
ageal cancer, and phase II trials to identify
breast cancer. Two of the most researched agents,
cetuximab-IRDye800CW  and  panitumumab-
IRDye800CW, are under phase II trial studies
identifying squamous cell carcinoma in the head and
neck region.?* However, these imaging agents are
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not durable, and are usually dispensed to patients
two to five days prior to surgery.?* Additionally, the
cancerous region highlighted by tumor specific dyes
will shrink during neoadjuvant therapy. For long-
term protocols with several cycles of neoadjuvant
chemotherapy, decreases in tumor volume may be
significant,”® and these imaging agents fail to iden-
tify the original tumor beds which are typically re-
moved with the remaining tumor.

In this paper, a novel tumor marking strategy is
demonstrated to guide RAS tumor resections. Like
the current clinical standard of care, we propose to
preoperatively inject novel NIR fluorescent markers
along the edge of the tumor bed. Unlike the current
standard of care, the NIR signal emitted from the
NIR markers can be observed intraoperatively via
endoscopes regardless of blood and tissue charring.
Furthermore, the stability of the NIR markers
enables them to be embedded prior to neoadjuvant
therapy. This approach allows the initial tumor bed
to be identifiable during surgery. Ultimately, this
work may lead to improved clinical outcomes due to
better visible marking of the initial tumor bed
during resection. Compared to India Ink, our NIR
marker offers improved (i) visibility with high signal
to noise ratios (SNRs), (ii) durability of at least six
weeks, (iii) biocompatibility, and (iv) persistent
visibility when electrocautery is used. We have
previously demonstrated that the NIR fluorescent
marker could be captured through blood and milli-
meter-thick tissue occlusion.?®?” In this work, the
proposed NIR marker’s signal strength and dura-
bility was first evaluated in a chronic ez vivo feasi-
bility study using porcine cadaver tissues. Next, we
conducted a six-week in vivo mouse study to com-
pare the fluorescent stability of the NIR marker to
the standard India ink tattoo. Third, intraoperative
visibility of each marker was quantified at the end of
the survival period by measuring the SNR, before
and after electrocautery of the injection sites.
Finally, histologic analysis of injection sites was also
performed.

2. Materials and Methods
2.1.

An imaging system to record NIR and color images
(Fig. 1(a)) was mounted to an aluminum frame
(80/20 Inc, Columbia City, IN) and placed in a box
covered by blackout drape to achieve constant

Imaging system

NIR Marker

----------

NIR Camera_ : B Camera
with Filter—ll
= L5 - P

Fig. 1. (a) Imaging system with NIR and color cameras, (b)
Color image of NIR marker solution in the syringe, and (¢) NIR
image of mouse #5 on the last study day showing two
implanted NIR markers.

lighting conditions. The NIR imaging components
consisted of (i) a NIR camera (Basler ace acA2040-
90umNIR) (Basler AG, Ahrensburg, Germany), (ii)
a band-pass filter (ET845/55m) (Chroma Tech-
nology, Bellows Falls, VT), (iii) a lens (Fujinon
HF12.55A-1) (Fujifilm, Tokyo, Japan), and (iv) a
760 nanometer NIR light-emitting diode (LED)
(North Coast Technical Inc., Chesterland, OH).
The NIR light source and filter were selected
according to the peak excitation and emission
wavelength of whole blood containing 0.05 mg/ml of
sterile indocyanine green (ICG) (Akorn Inc., Lake
Forest, IL), which were 805nm and 835nm, re-
spectively. A 760 nm peak emission wavelength was
chosen for the light source to account for the
Gaussian spectral shapes of LEDs so that the light
source provided adequate intensity for ICG excita-
tion while avoiding light reflections at the obser-
vation wavelength. The light source was turned on
one hour before imaging to allow the LED intensity
to stabilize. The color imaging components were
comprised of (i) a color charge-coupled camera
(Point Grey FL2G-13S2C-C) (FLIR Systems, Wil-
sonville, OR), (ii) the same lens as used for NIR
imaging, and (iii) a white light LED (AmScope
LED-64-ZK) (United Scope LLC, Irvine, CA). A 3D
printed platform was centered in the frame of each
camera to ensure consistent placement of the mouse
when imaging.

2.2.

The NIR fluorescent marker was made by mixing
2mg of clinical grade ICG (Akorn Inc., Lake Forest,
IL), 0.5 ml acetone (Sigma-Aldrich, St. Louis, MO),

Near-infrared fluorescent marker
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and 0.2ml cyanoacrylate. Acetone was used as a
solvent for the ICG, and is recognized to have low
acute and chronic toxicity.”® For consistent mix-
tures, the ICG and acetone solution was sonicated
at 20% power for 45s using a Q55 Sonicator
(Qsonica, Newtown, CT). After sonication, cyano-
acrylate was added to the mixture and loaded into a
1ml syringe (Fig. 1(b)). The NIR solution remains
liquid in the syringe until it is injected into target
tissue. Once injected, the NIR solution polymerizes
and the NIR fluorescence are triggered (Fig. 1(c)).
In this work, we investigated the effect of two cya-
noacrylates on NIR fluorescence. Notably, both
cyanoacrylates polymerized when in contact with
animal tissues, encapsulated ICG fluorescence, and
did not migrate in the tissue once injected. How-
ever, both cyanoacrylates had different biochemical
and physiologic  characteristics. = Permabond
(McMaster-Carr, Elmhurst, IL) was used for the
ex vivo feasibility study. Permabond is a short-chain
ethyl 2-cyanoacrylate, which is bacteriostatic, fast-
acting, affordable, but toxic.?® LiquiBand Flow
Control (Advanced Medical Solutions Ltd, Wins-
ford, UK) was used for the chronic in vivo study.
LiquiBand is a long-chain n-butyl cyanoacrylate
that when compared to Permabond, polymerizes
slower (< 30s), degrades slower, and bonds
stronger to native tissues.”® Most importantly,
LiquiBand is FDA approved with minimal toxicity.

2.3.

The chronic ex vivo feasibility study was performed
using three porcine cadaver tongues and two cheeks.
Permabond was used as the cyanoacrylate in the
NIR marker solution. Each injection was 0.03 ml,
and considered to be one NIR marker. Using 26
gauge needles, four NIR markers were subcutane-
ously injected for each sample (tongue NIR marker
N =12, cheek NIR marker N = 8). NIR images of
each sample were taken once per day for the first
five days, and then the samples were frozen. On day
26, all samples were thawed, and a final image of
each sample was taken.

The chronic in vivo comparison study was ap-
proved by the Institutional Animal Care and Use
Committee (IACUC) at Children’s National
Hospital under protocol #30603. Five white A/J
adult male mice were used (Jackson Laboratories,
Bar Harbor, ME). LiquiBand was used as the cya-
noacrylate in the NIR marker solution as described

Animal model and study design

in Sec. 2.2. Each NIR marker consisted of 0.03 ml of
the NIR solution. The NIR solution and India Ink
were prepared using sterile technique. For each
mouse, two NIR markers were subcutaneously
injected using a 26 gauge needle in the bottom flank
(NIR marker N = 10), and two India Ink markers
were tattooed using 20 gauge needles on the top
flank (ink marker N = 10). NIR and color images of
all markers were recorded twice per week for six
weeks to replicate a two-cycle period of chemo-
therapy.®” Prior to imaging each day, the mice were
anesthetized with isoflurane, placed in the prone
position, and flanks shaved. Bodyweight measure-
ments for each mouse were performed after each
imaging session.

On day 43, mice fur was removed using a depil-
atory lotion (Nair) (Church & Dwight Co., Inc.,
Ewing, NJ). Depilation was performed to imitate
many surgical tumor resection scenarios where there
are no hair follicles covering tissues. NIR and color
images were recorded, and the mice were eutha-
nized. To mimic intraoperative blood and charred
tissue interference observed during tumor resection,
electrocautery was used to remove a small skin flap
within the four markers on mouse flanks. After
electrosurgery, the mice were imaged one final time.
Upon completion of the study, each injection site
was resected and fixed with 10% neutral buffered
formalin for one week. The samples were embedded
in paraffin, and 5-um sections were stained with
hematoxylin-eosin. Twenty slides were examined
(ten NIR & ten ink markers) by a pathologist. The
skeletal muscle in each tissue section was assessed
for the presence of acute and chronic inflammation,
necrosis, and other noteworthy histopathologic
features.

To quantify the fluorescence efficiency of the NIR
marker over electrocautery induced heat, an ex vivo
study was performed. NIR markers (V= 27) were
dispensed on the top surface of porcine cadaver
tongue cuts (V= 15) to simulate tumor margins.
Three drops of Permabond-based marker solution
using a 20 gauge bevel needle were considered as one
marker. After each NIR marker was dispensed,
electrocautery was performed around each marker
with 3mm incision depth and various resection
margin (N € {1,2, 3,4} mm). The resection margins
are intentionally smaller than 5 mm so that tem-
peratures near each marker would be higher than
what is observed during clinical electrosurgery.?? 3!
Peak temperature for each marker was recorded in
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degrees Celsius wusing a digital multimeter
DM6000AR (AstroAl, Placentia, CA). NIR images
of each sample were recorded before and after the
electrocautery procedure.

2.4. Image quantification and statistical
analysis

Grayscale bmp (2048 x 2048 pixels) and color tiff
(1280 x 960 pixels) format images were acquired for
NIR and ink markers, respectively. Camera para-
meters were pretuned to minimize color saturation.
Matlab (MathWorks, MA) scripts were customized
to quantify marker SNRs and areas. Grayscale
values were used directly as the NIR marker signal
unit. Color images were converted to CMYK color
mode and used K (black) channel as an ink marker
signal unit. Thresholding based on the three-sigma
control method was successfully used for pattern
recognition,*?** and employed in this work for both
NIR and color markers. Mean background intensity
wy, was computed in Eq. (1), where a number set I
saved signal intensity values of all m pixels on clean

mouse skins.
ty = (ZI@) /m (1)
i=1

Standard deviation of background intensity o
was computed using the following equation:

op = (zmjfbi —Mb)2> /(m— . (@)
i1

Pixels with signal intensity values greater than
y + 303, were preserved as marker signals and saved
in a number set I,,.

{Lnl L > iy, + 303} (3)

Filtering was performed by preserving the
brightest 35% pixels to match visual intuition. Set
I, containing n pixels was ranked in descending
order to yield the set I,,,., and updated using the
following equation:

" I m;o
%:U{Q

i=1

Imi 2 I"Winceger([l.s.sn) ( 4)
I, < :

i MTinteger(0.35n)

Replacing set I, with updated set I, in Eq. (1)
yielded mean marker intensity ,,, and the marker
SNR was defined as follows:

SNR = Mm/ub' (5)

Fig. 2. (a) NIR and (b) color images of depilated mouse #5 on
the last study day. Black circles and purple outlines are man-
ually chosen for a clean background, and region of interest
containing one marker, respectively. Red and green areas are
marker areas yielded from the customized Matlab image
quantification.

The number of pixels in the updated set I,
equaled to marker area in pixels. Pixel-to-millimeter
scale was extracted using a ruler in the field of view
on the same height as mouse flanks (Fig. 1(c)), to
calculate marker area in mm?. Figure 2 shows the
inputs and results of the image quantification pro-
cess on a sample image set. The fluorescence effi-
ciency 7 in reaction to temperature increase due to
electrocautery was defined in the following equation:

n= 100% * SNRpost—cautery/SNRpre—cautery‘ (6)

After SNR and area calculations, an analysis of
variance (ANOVA) test was used to analyze dif-
ferences in results among all experimental days for
ez vivo and in vivo studies. The student t-test was
used to compare NIR and ink marker SNRs on the
last study day for the in wivo study. Moreover,
marker SNR calculations were performed two more
times for mouse images acquired on the last study
day, once for the images after fur depilation, and
once after electrocautery. For the electrocauterized
mouse image calculations, an area of electro-
cauterized tissue was used for the background. The
student t-test was performed to analyze electro-
cautery’s influence on NIR and ink markers. A sig-
nificance level of 0.05 was used for all ANOVA and
student t-tests.

3. Results
3.1.

NIR markers were injected into porcine cadaver
tongues and cheeks and the resulting SNR for each

Chronic ex-vivo feasibility study
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Permabond-based NIR Markers SNRs Over Time
(Tongue Markers n=12, Cheek Markers n=8)

Tongue Markers
Cheek Markers

F————

(<)

Signal to Noise Ratio
(4]
-

b
o

L L
Day1 Day2 Day3 Day4
Experiment Days
Fig. 3. Box plot of the Permabond-based marker signal to

noise ratios over time in the chronic ex vivo study. Color and
NIR images of a tongue and a cheek sample at day 26 are shown
as well.

marker was quantified over a period of 26 days as
illustrated in Fig. 3. From day 1 to day 26, porcine
tongue and cheek NIR marker SNRs decreased from
4.23 +0.63 to 3.70 + 0.51, and from 5.68 + 1.46 to
4.46 + 1.07, respectively. Both decreases in NIR
marker signal contrast were not found to be statis-
tically significant in ANOVA tests (P= 0.111 and
P = 0.440, respectively).

3.2. Chronic in-vivo mouse study —
marker visibility and dilation
over time

To determine the fluorescent and positional stabil-
ity of the NIR markers on shaved mice, SNRs and
surface areas for each marker were calculated for a
period of 43 days as illustrated in Figs. 4(a) and 4
(b). An initial washout period from day 1 to day 5
was observed in Fig. 4(a); SNR for NIR and India
ink markers decreased from 2.39 £+ 0.60 to 1.84 +
0.43 and from 2.33 £0.28 to 1.83 £ 0.12, respec-
tively. The initial washout of NIR markers was
expected because the ICG solution can bind to
plasma proteins that are excreted instead of en-
capsulating in the cyanoacrylate.***> Similarly,
India ink markers that were not tattooed deep
enough to stain the epidermis were captured on day
1 but faded by day 5, leading to washout of the
India ink.

From day 5 to day 43, NIR and India ink
marker signals further dropped to 1.73 +0.21 and

1.50 £ 0.06, respectively. Notably, the average de-
crease in NIR marker signal from day 5 to day 43
was not found to be statistically significant
(P=0.996). In contrast, India Ink demonstrated a
significant decrease in signal from day 5 to day
43 using a one-way ANOVA with post hoc
Tukey test (P < 0.001). When NIR and India Ink
SNR on day 43 were directly compared with a
student t-test, NIR, SNR was significantly greater
(P=0.003).

Figure 4(b) presents marker surface areas for
shaved mice over the entire study period. Like the
analysis of SNRs, both NIR and ink marker surface
areas decreased during the first five days of the
study from 61.63 & 13.92 to 26.21 & 7.02mm? and
from 28.86 + 14.70 to 1.88 + 1.09 mm?, respectively.
Nevertheless, from day 5 to day 43, the average
decrease in NIR and ink marker areas were not
statistically significant (P= 0.996 and P = 0.244,
respectively). Representative data from a mouse in
shaved condition is reported in the first three col-
umns of Fig. 4(d).

3.3. Marker visibility changes caused by
electrocautery

Ink and NIR marker SNRs for depilated (Naired)
and electrocauterized mice on day 43 are presented
in Fig. 4(c) to demonstrate SNR changes caused by
electrocautery. Representative data from a mouse in
depilated and electrocauterized conditions are
shown in the last two columns of Fig. 4(d). After
cauterization, ink marker SNRs dropped from 1.36
+0.09 to 1.09 £ 0.06 (P < 0.001), while NIR marker
SNRs increased from 2.04 +0.29 to 2.17+0.34
(P=0.176). Although the increase in SNR for NIR
markers was not significant, the trend towards in-
creasing SNR, suggests that the visibility of NIR
markers is not diminished with electrocauterization.
NIR marker SNRs were significantly higher com-
pared to ink marker SNRs on day 43 after electro-
cautery (P < 0.001).

Permabond-based NIR marker fluorescence effi-
ciency over electrocautery induced heat is reported
in Fig. 4(e). The number of markers reaching a
temperature of {18, 19, 20, 21, 22, 23, 24, 25, 28, 29,
30, 32, 35, 36, 37, 46, 48, 52} °C equaled to {3, 2, 1,
1,1,2,1,1,3,1,2,1,1, 2,1, 2, 1, 1}, respectively.
An average fluorescence efficiency was presented
if more than one marker shared the same
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(d) NIR and Color Images of a Mouse Over Time
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Fig. 4. (a) LiquiBand-based NIR and ink marker signal to noise ratios and (b) areas for shaved mice over the whole study period.
(c) Box plots of ink and LiquiBand-based NIR marker signal to noise ratios on the day 43 for depilated and electrocauterized mice.
(d) NIR and color images of mouse #5 on the day 1, 5, and 43 (shaved, depilated, and cauterized) are shown. (e) Graph of
fluorescence efficiency of Permabond-based NIR marker over electrocautery induced heat.

temperature. The mean fluorescence efficiency over
the full temperature range was 0.992+ 0.054
(N =27). No fluorescence efficiency decrease was
observed at higher temperatures. The fluorescence
efficiency of the proposed NIR marker was persis-
tent to electrocautery induced heat up to 52°C.

3.4. Chronic in-vivo mouse study —
histology and weight

Figure 5 illustrates representative histology of tissue

at NIR (Fig. 5(a)) and India ink (Fig. 5(d)) injec-

tion sites. The NIR marker demonstrated a foreign

body giant cell reaction at all 10 implantation sites.
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Fig. 5.

(a)—(c) Histological appearance of NIR marker site. (a)
Marker site is identified adjacent to linear calcifications within
skeletal muscle. (b) Marker site is associated with a foreign
body giant cell reaction with refractive foreign material. (c)
Calcifications within skeletal muscle (10x magnification). (d)
Histologic appearance of India Ink site.

Within this foreign body reaction, a refractive,
nonpolarizable material was identified. India Ink
was identified histologically in nine (of ten) injec-
tion sites. The presence of India Ink was associated
with pigment laden macrophages.

In all 10 NIR marker samples, the foreign body
giant cell reaction seen was associated with a calcific
response within the skeletal muscle. These calcifi-
cations were distributed linearly and were not as-
sociated with a significant inflammatory response.
In one India Ink case, a single calcification was
identified within the skeletal muscle.

All slides were scanned at low power for the
presence of acute inflammation and necrosis. No
inflammation outside of the foreign body reaction
and histiocytic inflammation was noted. No necrosis
was identified. Ten high powered fields (HPF) (40x
magnification) were then examined to assess for
neutrophils. For the NIR marker cases, this assess-
ment began one 20x field away from the site of the
foreign body giant cell reaction. For all 20 slides
reviewed (10 NIR & 10 ink markers), no neutrophils
were identified (0/10 HPF).

The average weight of five mice dropped from
23.64 +1.39 to 19.10 + 1.87 g from day 1 to day 5,
and gradually increased to 22.16 £ 1.35 g from day
5 to day 43. The average weight on day 43 was
significantly heavier than on day 5 (P = 0.009) but

was not statistically different than weight on day 1
(P =0.063). Initial weight loss in mice was expected
since subcutaneous injection of normal saline can
result in acute loss of bodyweight.*%

4. Discussions

We proposed a novel technique for marking tumors
using biocompatible NIR dyes and cyanoacrylates.
This novel marker offers several advantages over
the current clinical standard, India Ink tattooing.
First, while electrocautery obfuscates ink markers,
the NIR marker is robustly identifiable after elec-
trocautery, and even demonstrates a trend towards
increased SNRs in this setting. Second, the NIR
marker remains clearly visible six weeks after
placement without a significant decrease in SNR.. As
further research is done on the utility of neoadju-
vant treatment protocols,' ™ the need for a robust
fiduciary of tumor margin is essential for the as-
sessment of treatment response. The SNR and area
results in this in vivo study demonstrate that the
luminance and dimension of this NIR marker is
durable over six weeks, which mimics two chemo-
therapy cycles.®” Third, the NIR markers were
more easily distinguished when directly compared
to India Ink tattoos after six weeks in an in vivo
model. Finally, the NIR marker was biocompatible
in a mouse model without evidence of acute in-
flammation and necrosis during the study period.
As a result, the NIR marker fluorescence could be
easily and robustly tracked across a wide range of
surgical conditions and time points.

While the NIR marker used in this study requires
the use of a NIR camera, filter, and NIR LED, these
components are ideal for incorporation and com-
patibility with existing RAS equipment. Surgeons
acquire information like tissue textures and ana-
tomic boundaries may be acquired from color cam-
eras, while the NIR markers are synchronized and
overlaid onto the color video stream in real-time.
This image fusion is feasible and has been demon-
strated in our prior works.?"*?> Alternatively, the
capability of switching between color and NIR vi-
sual feedbacks in a robotic system is beneficial. As
aforementioned, this technique is clinically available
in the DVSS, where ICG fluorescence is visible with
the Firefly system.

Admittedly, there exist limitations in this study.
First, the study lacks a mucosal in-vivo analog. For
the sake of animal accessibility, mice are used in this
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study, and only flanks have the dimension for
multiple marker implantation. Second, the study
lacks a control group of mice with normal saline
injections. The control group can help explain
whether the observed weight loss on day 5 is trig-
gered by mouse behavioral and stress reactions to
subcutaneous injections, or by implanted markers.
Third, the white light LED used in the study has a
poor ability to accurately reproduce the colors of
the object it illuminates. The color rendering index
(CRI) of the white light LED is measured using the
C-800 SpectroMaster Color Meter (Sekonic, Tokyo,
Japan) in the normal measuring range setting. The
average CRI equals 77.2, and the strong red color
CRI (R9) equals —16.6. The white light LED is poor
in average CRI, and has limited rendering ability of
red color. The color rendering quality is not ideal
but suitable for a validation study using ex vivo and
in vivo animal models. A better artificial white light
LED in terms of CRI will be used in our future work
towards human trials in an operating room envi-
ronment. Fourth, the marking strategy is designed
for RAS, but no RAS experimental setup is pre-
sented in the study. We are planning to integrate
the new NIR marking strategy in the DVSS and
Firefly imaging system to evaluate if the demon-
strated imaging advantages of the NIR markers
over India Ink result in more precise tumor resec-
tions and margin controls for RAS. Tumors will be
grown on mouse flanks, and tumor margins will be
marked using India Ink and our NIR marker.
Manual and autonomous tumor resection will be
performed by surgeons and our robotic system,?!+??
respectively, relying on different marking methods.
The surgical outcomes will be evaluated and
compared.

The proposed manual NIR marking technique is
not without limitations. Like India Ink, these mar-
kers are placed where they are easily visualized on a
tissue surface. They do not provide the surgeon with
any information regarding the depth of tumor in-
vasion. However, this may be solved as targeting
imaging agents, such as Bevacizumab-800CW,
cetuximab-IRDye800CW  and  panitumumab-
IRDye800CW?* are further developed. These agents
had similar NIR emission peak wavelengths, and
could be captured by the optics system used in this
study. The combination of our NIR marker and
tumor-targeting imaging agents would allow for the
comparison of the original tumor surface edges and
the shrunken 3D tumor edges in response to various

treatment protocols. This may facilitate and expe-
dite treatment decisions in the future.

5. Conclusions

This study demonstrated the improved visibility,
durability, and biocompatibility of an ICG-based
NIR marker in an in vivo mouse model over a six-
week period when compared with traditional India
Ink tattooing methods. The advantages of a NIR
marker persisted even after electrocautery of tis-
sues. The NIR marker was robustly traceable and
showed a trend towards increased SNR under the
blood and charred tissue obfuscation. Our devel-
oped NIR marker potentially presents an improved
alternative over India Ink as it outperformed India
Ink in marking contrast and robustness against the
noise caused by electrocautery.
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