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Vascular grafting failures are often attributed to inadequate anastomotic perfusion
assessment. If successful vascular anastomosis can be rapidly confirmed through
visualization of continuous blood flow upon completion of the grafting process, then
surgeons could minimize graft failures and thus decrease morbidity in a cost effective
manner. Fluorescence image guided surgery using NIR dye is one of the methods that
can be utilized to monitor grafting success. To address current logistic challenges and
costs of these systems, a compact camera system was used for intraoperative
fluorescence real-time NIR imaging. Combined with bench top experiments, a swine
model was used to explain the procedure of using NAVI system to visualize grafted
vessels in vivo by performing bilateral arteriovenous grafts and imaging intravenously
injected ICG as it circulated through the grafted vessels. The fluorescent images
obtained by NAVI were corroborated with Doppler flow measurements and cine-
angiography, the current gold standard for evaluation of vascular grafts.
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SHORT ABSTRACT:

We describe the procedure for real-time monitoring of blood flow in vascular grafts using
indocyanine green (ICG), a near-infrared (NIR) dye, and a portable near-infrared navigation
(NAVI) detectible camera system. The flow of dye in vascular grafts and the camera efficiency
have been compared with Doppler and cine-angiography procedures.

LONG ABSTRACT:

Vascular grafting failures are often attributed to inadequate anastomotic perfusion assessments.
If successful, vascular anastomosis can be rapidly confirmed through the visualization of
continuous blood flow upon completion of the grafting process. Surgeons can then minimize
graft failures, thus decreasing morbidity in a cost-effective manner. Fluorescence image-guided
surgery using near-infrared (NIR) dye is one of the methods that can be performed to monitor
grafting success. To address the current logistical challenges and costs of these systems, a
compact camera system was used for intraoperative fluorescence real-time NIR imaging.
Combined with benchtop experiments, a swine model was used to demonstrate the procedure of
using a near-infrared navigation system (NAVI) to visualize grafted vessels in vivo. This was
done by performing bilateral arteriovenous grafts and imaging intravenously injected ICG as it
circulated through the grafted vessels. The fluorescent images obtained by NAVI were
corroborated with Doppler flow measurements and cine-angiography, the current gold standard
for the evaluation of vascular grafts.

INTRODUCTION:

Intraoperative assessments of blood flow following arterial or venous grafting, as well as direct
visualization methods evaluating anastomosis, allow surgeons to make immediate decisions on
the likelihood of success or failure, allowing for repair, if needed'?. Techniques frequently
employed are fluoroscopic angiography?, direct visualization, palpation of pulsatile flow, pulse
oximetry?, Doppler ultrasound?, transit time flowmetry®”’, computed tomography angiography?,
and visible light and near-infrared spectrophotometry®. As the evaluation of surgical outcomes
continues, improvements in equipment and an increasing availability of technology allow for the
more widespread use of these methods. Challenges exist in many of these techniques; while they
are excellent at evaluation, some limitations include cumbersome equipment, a lack of proper
anatomical definition, and exposure to radiation’. One technique that avoids many of these
drawbacks and that has been tested across a wide variety of surgical repairs is the use of near-
infrared (NIR) fluorescence imaging, specifically with FDA-approved indocyanine green
(ICG)!. ICG fluoresces brightly at low concentrations and is well confined to the vasculature
due to its high plasma protein binding capabilities'?. Additionally, the liver clears it from blood
circulation within minutes, allowing for multiple injections*®*4,

Fluorescence image-guided surgery is an optical imaging procedure that allows surgeons to
visualize real-time tissue images and to evaluate circulation and perfusion intraoperatively.
Capturing real-time images improves surgical outcomes by allowing the rapid identification and
repair of graft failures®®. ICG is injected intravenously and visualized under an NIR wavelength
range (700-900 nm). ICG visualization in this wavelength range results in high contrast against a
black background due to minimal tissue absorbance and scattering,meaning minimal auto-
fluorescence. While frequently used to measure hepatic function and ophthalmic angiography?,
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this dye has shown promise for several procedures that include but are not limited to: lymphatic
mapping*®-1°, hepatobiliary surgery?, dermal vasculature mapping for burn wound severity?!,
cerebral aneurysm repair??23, gastrointestinal anastomosis verification®*, and venous and arterial
grafting®2. A recent, encompassing review of the usage of ICG in surgical procedures revealed
the need for improvements in the image processing, portability of the instrumentation, and
economic viability*2.

A portable and economical fluorescence imaging system that could serve as an alternative to the
costly and unwieldy existing fluorescence imaging modality is desired to assist surgeons in
intraoperatively evaluating the success of the vascular grafting process. We used a portable NIR
navigation system (NAVI), which has the capability of visualizing ICG in deep tissues and
recording real-time images with high sensitivity. The ability of the NAVI system to visualize
selected regions of interest, confirm blood flow, and detect leaks from sites of anastomosis has
been demonstrated by in vivo arteriovenous grafting procedures in a swine study.

The integral components and assembly of NAVI (Figure 1) for the visualization of florescence
emitted from ICG are listed and briefly described below. The source is five 770-nm NIR LEDs
assembled onto a battery DC power supply, with a 775-nm short pass filter. The short pass filter
allows only 770-nm emitted light to reach the imaging site while reducing any possible stray
radiation above 770 nm. The camera is an NIR imaging camera with an added band pass filter.
The width of the pass region is 37 nm, centered at 832 nm, and is employed for the purpose of
rejecting radiation collected by the NIR imaging camera that does not emanate from ICG
fluorescence or from stray light. The NIR imaging camera has an RCA analog output for the
image signal. The interface is the composite video image from an NIR imaging camera that is
interfaced to a USB port on a computer via an analog-to-video interface designed to translate
composite video to digital for the purpose of capturing, storing, processing, and providing the
output of the digital signal to an image display unit. The interface system accepts the analog
output. The computer is a single-board with a USB input that has the processing capabilities
necessary to store and process images. The monitor is a conventional video monitor of any size
and is used to display the images generated by the computer. The stands are two mechanical
arms for suspending the source and NIR camera over selected tissue areas, as well as a foot
control that aids in the movement of the NIR camera.

PROTOCOL.:

Animal studies were performed following approval from the University of Missouri Animal Care
and Use Committee. The University of Missouri is USDA-licensed and AAALAC-International
accredited.

1. Pre-operation procedure
1.1.  Obtain a domestic Yorkshire/large white pig (4 months old; 57 kg) one day prior to the
study and provide water ad libitum.

1.2.  Sedate the pig with 5 mg/kg Telazol and 2.2 mg/kg xylazine. Provide 3-4% isoflurane by
nose cone until the pig can be intubated and then reduce the isoflurane to 2%.
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1.3. Intubate the pig, attach ECG leads, and place the pig on mechanical ventilation for the
entire procedure. Confirm the depth of anesthesia by performing a toe pinch and observing the
loss of the pedal reflex. Throughout the procedure, monitor the heart rate, absence of limb
withdrawal, and absence of palpebral reflex to ensure the maintenance of a surgical plane of
anesthesia.

1.4.  Place the pig in dorsal recumbent position on the operating table.

1.5.  Place a 20-gauge IV catheter in the right auricular vein. Administer IV fluids (0.9%
NaCl) at 5 mL/kg/h via an auricular catheter.

2. Carotid artery grafting

2.1  Incise approximately 12 cm of the jugular furrow with a size-10 scalpel blade. Expose the
external jugular vein and the carotid arteries via blunt dissection of the sternomastoidius and
sternocephalic musculature using Metzenbaum scissors.

2.2 Using curved Metzenbaum scissors and Adson-Brown tissue forceps, dissect an 8-cm
segment of the right jugular vein. Apply proximal and distal 2-0 silk ligatures and remove it.

2.3 Apply vascular clamps to the carotid artery and make a small, vertical arteriotomy on the
anterior wall of the vessel. Circumferentially suture one end of the jugular vein with 6-0 Prolene
sutures to the arteriotomy in an end-to-side manner to complete the proximal anastomosis.

2.4  Likewise, perform distal anastomosis with the other end of the jugular vein to complete
the graft.

2.5  Remove the clamps to allow the diverted blood to flow through the graft.

2.6 Repeat the jugular vein grafting on the contralateral side.

3. Visualization by NAVI

3.1  Prepare 10 mL of ICG (1 mg/mL) solution in sterile water in a sterile red-top tube and
keep it protected from light. Draw up the injection amount with a sterile 20-gauge needle and

syringe, as needed.

3.2 Focus the camera, adjust the NIR light source, and open the software preloaded in the
laptop screen. Use low ambient light and turn off all room lights when the camera is functioning.

3.3  Rapidly inject 3.0 mL of ICG (0.05 mg/kg) in the auricular catheter and flush with 8 mL
of sterile saline.

3.4  Atfter the injection of ICG, press the small switch on the NIR light source to turn it on and
illuminate the graft region; simultaneously press the switch to turn on the NIR imaging camera.

3.5  View the fluorescent images on the laptop screen. Simultaneously, click the record icon
in the software to record the images.
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3.6  Wait approximately 7 min to allow the fluorescence of the ICG to diminish.

3.7  Place vascular clamps in the middle of the graft to occlude anastomosis. Repeat the
injection at a lower dose of 1.5 mL of ICG (0.03 mg/kg) and flush with saline.

3.8 Repeat steps 3.2-3.5 to record the flow of ICG into the carotid segment grafting and
perform fluorescence measurements on the contralateral side.

3.9  Perform blood flow measurements simultaneously using Doppler flow probes, as
described below in step 4.

4. Doppler probe measurement

4.1  Use two 3.0-mm Doppler blood flow probes. Place one flow probe onto the carotid
artery, cranial to the graft site, and apply ultrasound gel over the probe. After vascular
placement, connect the flow probe to the perivascular flow module. Connect the perivascular
flow module to an analog-to-digital board, which allows the Doppler signal to be measured as
the blood flow in real time using data acquisition software.

4.2  Place the second flow probe on the bypassed segment of the carotid artery and apply
ultrasound gel over the probe. After vascular placement, connect the flow probe to the
perivascular flow module. Connect the perivascular flow module to an analog-to-digital board
that allows the Doppler signal to be measured as blood flow in real time using data acquisition
software.

4.3  Allow both probes to remain on the vessels for several minutes and record and compare
the flow between the two flow probes.

5. Cineangiography procedure
5.1  Turn on the fluoroscopy unit.

5.2  Create a medial longitudinal skin incision in the region between the left gracilis and
sartorius musculature to access the left femoral artery. Bluntly dissect with curved Metzenbaum
scissors and Adson-Brown tissue forceps until the femoral artery is identified.

5.2.1. After placing self-retaining tissue retractors, securely occlude the distal aspect of the
femoral artery with 2-0 silk suture and insert a guiding catheter into the femoral artery. Pass the
guide wire into the aorta via the femoral artery and external iliac artery.

5.3  Give aloading dose of heparin (300 U/kg) 1V and continue hourly at 100 U/kg.

54 Using a 0.035 mm-diameter flexible guide wire, feed the catheter to the desired location
in the carotid artery by way of the brachiocephalic trunk. Remove the guidewire.

55 Inject 8-10 mL of iohexol solution into the carotid artery (visualize each side
individually).
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5.6  Press the start key on the fluoroscopy unit to record the images.
5.7  View the images on a computer loaded with software for viewing the images.

5.8  Repeat iohexol and image acquisition for the contralateral side by moving the catheter
into the contralateral carotid artery.

5.9  Following these procedures, sacrifice the pig with an IV pentobarbital overdose while
under anesthesia.

REPRESENTATIVE RESULTS:

Optimization of the Concentration of ICG

The concentration of ICG required to produce optimal fluorescent images was determined using
the following procedure. Different concentrations of ICG solutions ranging from 1.29 to 258 uM
were prepared in microcentrifuge tubes and placed on a stand. The NIR light source and the
camera were placed at a constant distance from the dye (i.e., 18 and 31 in, respectively, from the
stand). The fluorescent images were recorded using NAVI1 at all prepared concentrations (Figure
2). Fluorescence intensity was minimal at the lowest concentration (1.29 uM). It started to
increase at 6.5 UM, and it reached maximum saturation at ~65 uM. Upon increasing the
concentration beyond 65 puM, the fluorescence intensity decreased (Figure 3) due to the self-
quenching fluorescence property of ICG. Therefore, it was concluded that the working
concentration range of ICG for NAVI at these distances was in the range of 6.5 of 65 M.

Optimizing the Distance of the NIR Source and Camera from the Dye

Once the working concentration range of ICG was established, the following experiments were
performed to determine the distances of the NIR light source and the camera from the dye. (i)
First, the distance between the ICG dye and the NIR light source was optimized. The NAVI was
fixed at a distance of 31 in from the ICG microcentrifuge tubes. The NIR light source was placed
at varying distances from the ICG. The working range for the distance between the NIR light
source and the ICG dye was optimized as 13 to 26 in, optimally at 18 in. Images were recorded
and are presented in Table 1. (ii) The second step was to determine the optimal distance between
the ICG dye and the camera. The optimal distance was identified by fixing the NIR light source
at a distance of 18 in from the ICG microcentrifuge tubes. The distance of the NAVI camera
from the ICG dye was varied over a wide range—up to 12 ft. Further distances were not
explored. The distance between the NAVI and the ICG was altered, and images were recorded
(Table 2).

Fluorescence Imaging of ICG in the Presence of Human Serum Albumin (HSA)

HSA is an abundant protein in blood; therefore, any interference with ICG may result in a
change in fluorescence. Thus, additional experiments were conducted to investigate the
interference of HSA on ICG fluorescence. HSA and ICG were mixed in 1:1 and 2:1 molar ratios
(2 mL each; ICG concentration: 13 puM). The microcentrifuge tubes containing these two
mixtures, along with ICG alone as a control, were placed on a stand. The NIR light source and
camera were positioned at distances of 18 in and 30 in, respectively, as optimized from the
previous experiment, and images were recorded at different time points (6, 12, and 15 min).
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There was no difference in fluorescence intensities between the HSA and ICG mixed solutions
and ICG alone. Therefore, the ratio of HSA:ICG was increased to 4:1 and the fluorescence was
observed at different time points. Solutions of HSA:ICG were mixed at a 1:1 volume ratio, added
to the microcentrifuge tube, and placed on the stand. No change was observed in fluorescence
intensity for any of the tubes, even after 15 min, suggesting that the fluorescence intensity does
not decrease within the time frame required to visualize the graft. However, one week later, the
fluorescence intensities of HSA-mixed ICG solutions were found to be decreased compared to
that of ICG alone, indicating that ICG binds with has, as reported in the literature!?2>26,

Fluorescence Imaging in a Rabbit

An exploratory study was conducted in a rabbit cadaver immediately following euthanasia to
check the image visualization capability of NAVI using optimized parameters. For this purpose,
an ICG solution (13 pM) in water was injected intravenously into the ear veins of a rabbit and
images were recorded. Immediately after injection, the ICG distributed within the veins, and the
fluorescence localized within the ear vein could be detected by viewing it through the skin
(Figure 4). This study demonstrated that veins in humans up to 4 mm below the surface of the
skin can be imaged using the NAVI system.

Fluorescence Imaging using NAVI

After the optimization of all parameters, grafting studies and real-time visualization of blood
flow in carotid artery grafts were conducted by performing fluorescent imaging using the NAVI
system. The carotid artery grafting was successfully completed (Figure 5) on one side, and ICG
was initially injected at a dose pf 0.05 mg/kg to monitor the fluorescence. The NAVI system was
connected to a monitor to capture the images. The flow of ICG through the carotid artery and
jugular vein graft through 500-600 cardiac cycles was observed (the average heart rate
throughout was 80 bpm). After 7 min, a decrease in fluorescence intensity was observed. The
focusing parameters of the camera and NIR lights were altered slightly, and ICG was injected at
a dose 58% lower (0.03 mg/kg) to obtain high-resolution images. When vascular clamps were
placed to occlude the flow through the graft, there was interruption in the flow of ICG. However,
the flow remained continuous in the native carotid segment. When the clamps were released, the
flow resumed into the venous graft. Fluorescent images recorded during and after the clamp
release confirmed the observation. For the contralateral side, 0.03 mg/kg ICG was injected.
Fluorescent images were recorded to again monitor the flow of ICG over 7 min, or
approximately 500-600 cardiac cycles. Due to the disparity in size of the donor vein relative to
the carotid artery disrupting laminar flow, swirling of the blood was observed in the graft, while
the carotid flow was continuous. Vascular clamps were applied and fluorescent images were
recorded before and after applying the clamps. Doppler flow measurements were concurrently
performed.

Carotid and Graft Transonic Flow Measurement

Fluorescent imaging of ICG was compared to other standard techniques that are currently in
clinical practice. In swine experiments, two Doppler blood flow probes are placed at separate
locations on the carotid artery: one between the proximal and distal carotid access points of the
jugular graft (location #1), and one distal to the exit of the of the carotid anastomosis (location
#2) (Figure 6, and Figure 7A). Figure 7B demonstrates the validation of changes in the ICG
fluorescence signal through the anastomosis and carotid. When the anastomosis was open,
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carotid blood flow on Channel 1 (location #1) was decreased beyond the total carotid blood flow,
as assessed on Channel 2 (location # 2), and was associated with high fluorescence in the jugular
graft. When the anastomosis was occluded, the carotid blood flow increased at location #1,
making it equal to that at location #2, and was associated with a reduction in fluorescence in the
jugular graft and a commensurate increase in the carotid artery. Carotid blood flow was again
reduced upon the reopening of the anastomosis at location #1. The procedure was repeated for
the contralateral side, and similar results were obtained.

Cineangiography

Blood flow through the grafts was further confirmed via cineangiography. When the catheter was
passed into the origin of the carotid artery, iodixanol was injected and could be visualized as it
passed through the grafted vessels. When the graft was occluded with forceps and the injection
was repeated, iodixanol was visualized throughout the native vessel. This procedure was
repeated on the contralateral side.

Figure 1: Picture of the near-infrared navigation system
The NAVI consists of five NIR LEDs with a short band pass filter, which acts as light source to
excite the region of interest, and a camera with an added band pass filter.

Figure 2: Fluorescent images of 1CG solutions at different concentrations

The NIR light source and the camera were placed at constant distances from the dye (i.e., 18 and
at 31 in, respectively, from the stand), and fluorescent images were recorded using NAVI at
concentrations ranging from 1.29 to 258.08 uM.

Figure 3: Fluorescent images of 1CG solutions above the concentration of 65 M

The NIR light source and the camera were placed at constant distances from the dye (i.e., 18 and
at 31 in, respectively, from the stand), and images were recorded using the NAVI. Upon
increasing the concentration beyond 65 puM, the fluorescence intensity decreases due to the self-
quenching fluorescence property of ICG.

Figure 4: Fluorescent images of rabbit ear vein

Fluorescent images of a rabbit ear vein were recorded using the NAVI following an ICG
injection. (a) ICG solution (13 pM) was injected into the ear of a rabbit following euthanasia
prior to imaging. (b) Immediately after the injection, the ICG distributed throughout the ear vein,
and fluorescent images were recorded using the NAVI. (c) Upon completion of the injection, the
ICG distributed throughout the veins, and the fluorescence localized within the ear vein could be
detected by viewing through the skin of the rabbit.

Figure 5: Left-side vein grafting procedure image

Image of the left side of the surgical field upon completion of the grafting procedure. The left
jugular vein served as the graft, and the left carotid artery served as the native vessel. (a) The
native carotid artery. (b) The proximal end of the graft. (c) The distal end of the graft. The graft
demonstrates no obvious leaks at the anastomotic sites.

Figure 6: Doppler blood flow measurements
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Doppler flow probes placed at two locations on the carotid artery for Doppler measurements. (A)
The yellow box shows the probe placed on the native carotid vessel, between the proximal and
the distal anastomotic sites. (B) The black box shows the second probe, distal to the distal
anastomotic site on the carotid artery.

Figure 7: Schematic representation of blood flow measurements using Doppler flow probes
Blood flow through the graft and the carotid was measured using Doppler flow probes. (a) The
placement of the flow probes at location #1 (between the proximal and distal carotid access
points of the jugular graft) and location #2 (distal to the exit of the of the carotid anastomosis).
(b) Graphical demonstration that when the anastomosis was open, carotid blood flow on Channel
1 (location #1) was decreased beyond the total carotid blood flow, as assessed on Channel 2
(location # 2). When the anastomosis was occluded, carotid blood flow increased at location #1,
making it equal to that at location #2.

Figure 8: Comparative vein grafting images

Gross images and those obtained with the NAVI and by angiography procedures are shown for
comparison. (a) Swine in dorsal recumbent position. (b) Gross section following a vein grafting
procedure. (c) Fluorescent image of the graft obtained following the injection of ICG. (d)
Standard angiography CT image obtained following the injection of iohexol (contrast agent).

Table 1: Change in fluorescence upon varying the distance between the NIR source and the ICG
dye at two different concentrations: 12.90 uM (left) and 25.80 uM (right).

Table 2. Change in fluorescence upon varying the distance between the camera and the ICG dye
at two different concentrations: 12.90 uM (left) and 25.80 uM (right)

DISCUSSION:

Development of NAVI for ICG Imaging Applications

NIR-based fluorescence imaging is emerging as a simple alternative procedure for intraoperative
imaging, demonstrating significant benefits by: (1) eliminating the radiation exposure required
by fluoroscopy and computed tomography and (2) reducing the surgical time, thus decreasing
per-patient costs while maintaining efficacy and increasing safety. In this paper, we
demonstrated the procedure for using NAVI to perform fluorescence imaging (using ICG dye) in
a large-animal model. The development of this compact, user-friendly system included the
optimization of the NIR light source placement and the camera distance from the field of view.
The working concentration ranges were also optimized by using a range of solutions to
characterize the operation and sensitivity of the of NAVI before animal studies were conducted.
ICG shows an absorption maximum at 805 nm and emission maximum at 830 nm in plasma. The
NAVI utilizes five 770-nm NIR LEDs along with a 775-nm short pass filter. The short pass filter
allows 770-nm radiation to reach the imaging site while reducing any possible stray LED
radiation above 770 wavelengths. The NAVI is coupled with an NIR imaging camera with band
pass filter. The width of the pass region is 37 nm, centered at 832 nm, and is used to reject
radiation collected by the NIR imaging camera that does not emanate from ICG fluorescence or
from stray light. In vitro and cadaver studies were used to optimize the required distances and the
field-of-focus ability prior to proceeding to in vivo testing.
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Based on the preliminary in vitro and cadaver studies, in order to observe the fluorescence and to
confirm the success of vein grafting, it is critical to place the NIR light source at an angle of 45°
and 30 cm directly above the graft or the region of interest. The imaging camera should be
placed perpendicularly to the graft at a distance of 70 cm to obtain fluorescent images. The flow
of ICG through the graft is very quick and, to capture images, the camera and light source should
be set for operation prior to injecting the ICG.

ICG Dosage Variation Between In Vitro and In Vivo Studies

ICG dose is also a critical parameter, as the fluorescence is only observable at a certain range of
concentrations. In vitro studies performed earlier in device development utilized a low
concentration range. However, it is important to note that the dilution factors in the circulating
blood volume were not required; thus, a higher concentration would be required to monitor
fluorescence in vivo.

Initially, a slightly higher dose than the one that is reported in the literature for the purpose of
imaging ICG in pigs was used. Detter et al. reported 0.03 mg/kg in 20022" and 2007* (into the
central venous line), while Tanaka et al. reported using 0.06 mg/kg in 20092, After the
completion of left-side grafting, ICG was injected at a dose of 0.05 mg/kg and fluorescent
images were recorded. When ICG was used at this dose, fluorescence was observed, but the
camera gain had to be lowered and the focus had to be adjusted due to high saturation in the
images. The imaging was performed for 7 min when the fluorescence diminished completely. It
appeared that fluorescent images could be obtained at a lower dose and therefore, the ICG dosing
was reduced to one-half (0.03 mg/kg). When the dosage of ICG was decreased to one-half, the
fluorescent images and the blood flow visualization demonstrated a dramatic improvement due
to the optimal fluorescent intensity. Even though the dose of ICG was decreased, the timeframe
of observed fluorescence remained the same (7 min). For all subsequent injections, a dosage of
0.03 mg/kg was used and the fluorescence was found to be acceptable.

Although pig models are frequently used to evaluate human cardiac disease, the use of ICG in
pigs for modeling other surgical interventions requires further dosage optimization. For example,
a 2016 human study by Zarrinpar et al. reported the improved visualization of biliary structures
in patients when the ICG dosage was increased from 0.02 mg/kg to 0.25 mg/kg, as well as an
improvement after allowing increased time to pass following the dosage (45 min was superior to
10 min)?°. As ICG imaging becomes more mainstream, the optimization of dosage and
timeframe for each particular usage will likely be reported.

In Vivo Testing Verifies the Functionality and Ease of Use of NAVI

Jugular vein to carotid artery grafting modeling human arteriovenous grafting was completed
bilaterally in a large-animal model. ICG was administered via a peripheral intravenous catheter
after the completion of anastomosis to monitor the grafting success. Within minutes of injection,
the dye was visualized to circulate through the grafted vessel and carotid artery. The native
vessel and graft were illuminated with an NIR light source and fluorescent images were
visualized live. In this study, the fluorescence was continuous, both in the graft and in the
carotid, confirming an uninterrupted flow of blood. If there had been any block or if the
anastomosis was defective, there would have been a disruption in the flow or a leak of the dye
would have been clearly visible in the fluorescence.
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Concurrent Doppler ultrasound measurements were used to assess the flow of blood through the
graft and the carotid artery. When vascular clamps were applied to the bypass graft, fluorescence
was not observed beyond the clamp, suggesting the interruption of flow. These findings were
confirmed by Doppler ultrasound, which showed a parallel decrease in blood flow after the graft
was occluded.

The ICG fluorescence intensity was found to decrease with time. After 7 min, there was no
detectable fluorescence in both the graft and the carotid, indicating the hepatic clearance of ICG,
as expected®®. This clearance allowed for fluorescent images to be recorded following repeated
injections of ICG. Therefore, all fluorescent imaging should be performed within 7 min of the
injection of ICG. The image quality was improved by lowering the gain and optimizing the
dosage of ICG in a second injection on the left side. Once the contralateral grafting was
completed, ICG was injected at a lower dose. A non-uniform filling pattern of ICG dye was
reflected in the graft fluorescence. This non-uniform pattern indicated that the valves in the
jugular vein used for grafting might have caused turbulence and resistance to the flow. Flow in
the carotid artery, however, was uninterrupted. No leaks were observed in the distal and
proximal anastomosis. Doppler flow measurements performed concurrently showed a variation
in signals, suggesting that the flow of blood through the graft was non-uniform, as noted by the
ICG pattern observed. Forceps were applied on the bypass graft to occlude the vessels (not vessel
clamps, as used previously), but fluorescence was still observed beyond the clamps, suggesting
that the artery forceps might have been ineffective in occluding the flow. Doppler flow
measurements also confirmed that the flow was uninterrupted, despite this attempt to occlude the
vessel. Finally, angiography was performed bilaterally by injecting iohexol solution intra-
arterially to confirm the blood flow on both grafts, and values were consistent with previously-
obtained ICG images, as well as with flow probe measurements. The use of proper vessel clamps
is an essential factor that must be considered while performing the study, as it helps to establish
effective blood flow and in turn to achieve grafting success.

The in vivo study confirmed the effectiveness and repeatability of the use of ICG and the NAVI
in evaluating the patency of arteriovenous grafts (Figure 8). Although not yet tested in other
types of surgical interventions, the study demonstrates that the NAVI will have a broad range of
applications in the surgical suite. The data visualization of blood flow and the success of grafting
is effective, but improvements are required prior to clinical translation to humans. Key design
parameters that impact the performance of an NIR detection system for clinical translation have
been analyzed and reported in a cited review?. Based on that, the current NAVI has certain
limitations and, if minor modifications can be made, the system can be improved and utilized for
several other applications. The NIR light source currently has only five LEDs for illuminating
the area of interest. This sometimes result in the non-uniform distribution of light over the
surgical field. Having multiple LEDs in the light source over the area of illumination can resolve
this problem. Another component is to improve quality images using a high-resolution camera
that has superior detection hardware. Quantitative assessment of the blood flow has not been
possible with the images, and if image analysis can be integrated to achieve this, it would
significantly highlight the utility of the camera. These improvements could help overcome the
specified limitations and boost the NAVI capabilities. ICG dosing also plays a critical role when
using the NAVI. However, based on literature reports, repeated injections are possible, as the
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toxicity of ICG is minimal, and optimal dosing can be achieved to obtain quality images within
two or three iterations. In summary, bilateral carotid artery grafting was successfully
demonstrated in a pig model, and the flow was monitored by a NAVI fluorescence imaging
system. Carotid flow measurement and carotid angiography were performed to substantiate the
results obtained from the fluorescence imaging. Prototype NIR imaging systems are being
developed for different applications, such as real-time image-guided surgery?®-3, testing surgical
specimens®*, CABG procedures?’, coronary artery stenoses!, sentinel lymph node mapping?®,
etc.%®. The NIR detection systems use ICG as the NIR dye and use either LED or laser diodes as
the NIR light source. The image quality is good and can be utilized for clinical applications.
However, some of the systems are larger in size, making them difficult to accommodate in an
operating room given space limitations. Most importantly, they are expensive, making them an
unavailable resource for all hospital organizations. The fully functional and user-friendly NAVI
has been shown to detect ICG fluorescence in a desirable arteriovenous grafting procedure. The
compact size and reasonable cost makes this equipment accessible to even secondary and tertiary
centers and stands to impact patient outcome in a positive way. The current NAVI system is not
limited to graft patency procedures and can be utilized for all other applications, including
intraoperative fluorescence image-guided surgery, SLN mapping, burn assessment, and skin
grafting procedures. Future directions include increasing the LEDs in the NIR light source,
improving the detection capability of the camera, and performing quantitative assessments of the
fluorescence. Therefore, clinical utilization is imperative.
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Table 1: Change in fluorescence upon varying distance between NIR source and ICG dye at two
different concentrations — 12.90 uM (left) and 25.80 uM (right).

Table 2. Change in fluorescence upon varying distance between camera and ICG dye at two
different concentrations — 12.90 uM (left) and 25.80 uM (right)
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property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JOVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s

ARTICLE AND VIDEO LICENSE AGREEMENT

expense. All indemnifications provided herein shall include
JoVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JOVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.

CORRESPONDING AUTHOR:

Name: Raghuraman Kannan
Department: RADIOLOGY
Institution: UNIVERSITY OF MISSOURI
Article Title:

Signature: ‘

Near Infrared Navigation System (NAVI) for real time visualization of blood flow in vascular grafts

Date: 29-APRIL-2016

Please submit a signed and dated copy of this license by one of the following three methods:
1) Upload a scanned copy of the document as a pfd on the JoVE submission site;

2) Faxthe documentto +1.866.381.2236;

3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139

For questions, please email submissions@jove.com or call +1.617.945.9051
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Responses to reviewer queries

54927_R1_083116.docx was used for performing the revision

1. All tables should be uploaded separately to your Editorial Manager account in the form of an
Xls or .xlIsx file.

Response: Materials list have been provided in .xIsx format. Other tables contain images and
difficult to provide in .xIsx file format.

2. Length note: Less than one page of material is highlighted for filming, leaving plenty of room
to expand on the included material or to include additional protocol sections.

Response: Less than one page of material is highlighted as suggested by the editors

3. The manuscript should be copy edited for scattered grammar/formatting errors. Some
examples include:

-Steps 3.4, 3.9, 5.1 and 5.6 are missing a period at the end of the sentence.
Response: The sentences have been completed with period.

-3.5: Should be on, rather than in, the laptop screen.

Response: The word “in” has been replaced with “on”

-4.3: "Allow both probes to remain on the vessels for several minutes, record and compare the
flow between the two flow probes." Missing grammatical article (and).

Response: The word and has been added to the sentence.

-5.2 grammar is a bit unclear: "Perform femoral artery cut down to access the left femoral
artery."

Response: The sentence has been modified for clarity.

-Line 228: "The concentration of ICG required to produce optimal fluorescent images were
determined using the following procedure.”

Response: We are unable to understand the change requested in this line.

-Paragraph 2 of the Results section, which starts on line 240, is formatted more like a figure
legend than a paragraph of text.

Response: Paragraph 2 has been modified as a text paragraph.

4. Additional detail is needed:

-2.1: Incise using what? JoVE veterinary reviewers typically recommend initial incisions be
made with a scalpel rather than scissors.
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Response: Details about the incision procedure and the blades used has been provided.
-2.2: Dissect using what?

Response: The dissection tools used have been specified in this step.

-3.1: Prepare solution in what type of container? (Subsequent step suggests in a syringe?)
Response: The details about the container, volume, syringe, and needle have been added.
-3.5: Which laptop key is pressed?

Response: The specific about recording the images has been included.

-4.1 and 4.2: Measure the flow how?

Response: Details of flow measurement has been added.

-5.5: Please clarify, on each side of what?

Response: The details of visualization has been clarified

6. Responses to Reviewer #1 comments:

(i) Major Concerns:

Under clinical circumstances, evaluating flow in a grafted vessel under clamping of native artery
seems to be much more important than the procedures under clamping of grafted vessel as
shown in this paper.

Response: We agree with the reviewer that evaluating flow upon clamping the native artery is
clinically more important; however, this initial study was just a proof of concept model. We will
ensure to include the reviewer’s suggestion in the next study.

(i) Minor Concerns:

In Figure 5, boxes a, b, and c do not seem to indicate proper site of native carotid artery,
proximal and distal end, respectively. Especially, box a looks to indicate grafted jugular vein.
Using arrows or arrowheads will be helpful.

Response: As suggested by reviewer, arrowheads has been added to a, b and c in Figure 5.

In Figure 8, are images in panel d in correct direction? Vessels horizontally exist in images b
and c, while it seems to be vertical in image d.

Response: Panel d is in vertical direction and figure legend has been modified to indicate the
same.

7. Responses to Reviewer #3:

The only question is that when using this setup take ICG fluorescent imaging pictures, do you
need to turn off the surrounding light or keep the light as normal operating room? These
fluorescent imaging pictures' background is so dark.

Response: It was necessary to reduce the surrounding light considerably, but not completely;
hence, causing the image pictures' background to be rather dark.



