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Abstract

Background—~Preservation of adequate blood flow and exclusion of flow from lesions are key
concepts of vascular neurosurgery. Indocyanine green (ICG) fluorescence videoangiography is
now widely used for intraoperative assessment of vessel patency.

Objective—Here we present proof of concept investigation of fluorescence angiography with
augmented microscopy enhancement (FAAME): real-time overlay of fluorescence
videoangiography within the white light field-of-view of conventional operative microscopy.

Methods—The femoral artery was exposed in seven anesthetized rats. The dissection microscope
was augmented to integrate real-time electronically processed near-infrared (NIR) filtered images
with conventional white light images seen through the standard oculars. This was accomplished
using an integrated organic light emitting diode display to yield superimposition of white light and
processed NIR images. ICG solution was injected into the jugular vein and fluorescent femoral
artery flow was observed.

Results—FAAME was able to detect ICG fluorescence in a small artery of interest. Fluorescence
appeared as bright green signal in the ocular overlaid with the anatomical image and limited to the
anatomical borders of the femoral artery and its branches. Surrounding anatomical structures were
clearly visualized. Observation of ICG within the vessel lumens permitted visualization of the
blood flow. Recorded video loops could be reviewed in offline mode for more detailed assessment
of the vasculature.

Conclusion—The overlay of fluorescence videoangiography within the field-of-view of the
white light operative microscope allows real-time assessment of the blood flow within vessels
during simultaneous surgical manipulation. This technique could improve intraoperative decision-
making during complex neurovascular procedures.
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INTRODUCTION

Preservation of blood flow in normal vasculature and exclusion of flow from vascular
lesions are key concepts of neurosurgery. Even minimal compromise of vessel lumens can
cause ischemic changes; conversely, residual flow into a vascular malformation can maintain
the catastrophic risk associated with rupture. 1 Several methods exist for intraoperative
assessment of blood vessel patency.2-6 Intraoperative digital subtraction angiography (DSA)
has been successfully implemented in complex vascular cases. Multiple reports suggest that
based on DSA results, 7-34% of cases required additional manipulation to restore optimal
blood flow.3: 710 While DSA is established as the gold standard for vascular imaging, it
requires substantial resources, including additional time and staff to perform the procedure.
Intraoperative Doppler ultrasound and flowmetry are effective for detection of major vessel
stenosis after aneurysm clip placement. However, these techniques do not have high
accuracy and only provide an indirect assessment of vessel lumen compromise.2 4

Fluorescence angiography with fluorescein sodium and indocyanine green (ICG) was
introduced for neurovascular procedures in the 1960s.11 Initially, fluorescence angiography
was used for observation of vessels on the brain surface; static images were captured and
analyzed after surgery.}2 This evolved into modern videoangiography: fluorescence
excitation sources and filters integrated into the operative microscope allow acquisition of
multiple video loops that can be analyzed intraoperatively.> Observation of a fluorescent
contrast agent introduced into the vasculature allows assessment of local blood flow
dynamics.13 Multiple clinical trials have shown the effectiveness of fluorescence
angiography in the management of vascular pathologies of the brain and spinal cord. > 14-18

Currently, ICG videoangiography is acquired as video loops on an integrated camera after
switching the white light optics to a NIR filter set. Light from the field is directed to the
camera, and, with the exception of some small background bleed through, the NIR image
contains only fluorescence emitted from the ICG while the white light image is recorded
independently. We hypothesized that, with sufficient contrast, the angiographic image can be
added in real time back to the white light image seen in the oculars. In such fluorescence
angiography with augmented microscopy enhancement (FAAME), the relationship between
the angiographic data and the rest of the tissue or instrumentation could be directly
visualized rather than inferred. Here, we introduce experimental realization of FAAME and
present proof of concept investigation of real-time observation of NIR fluorescence
angiography augmenting the conventional white light field of view within the oculars of the
operating microscope.
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Microscope design

The augmented microscope integrates in real time the electronically processed near-infrared
(NIR) images (synthetic objects), with the visible images (real objects) obtained in the
conventional microscope configuration. This is accomplished using the optical see-through
display technology, which allows superimposing real and synthetic images. The resultant
composite image (augmented reality) is displayed in standard binocular configuration and
represents a user-controlled balance of features of interest. The augmented microscope was
constructed using a commercial stereomicroscope (Olympus SZX7). Galilean optics
employed in this microscope features two (left and right) parallel optical paths, in which
modular units can be inserted for desired functionalities. A custom NIR module was
developed for simultaneous and independent acquisition of visible and NIR images (Fig
1A).

In the NIR path, light from a high power LED centered at 780 nm for ICG excitation is
inserted into the microscope optical path using a dichroic mirror. The resulting NIR
fluorescence image is separated from the optical path of the microscope by a NIR band pass
filter matching the emission range of ICG and captured using a complementary metal-oxide-
semiconductor (CMOS) sensor with extended sensitivity in near infrared (Orca Flash 4.0,
Hamamatsu, Middlesex, NJ). NIR fluorescence images were converted into visible green
pseudo-color images using a monochromatic organic light emitting diode (OLED), (eMagin,
Bellevue, WA). Light intensity produced by the OLED is representative of fluorescence
emission intensity captured by the CMOS. The OLED projects the fluorescence image onto
a half-mirror placed in the ocular of the microscope, where the processed (synthetic) image
overlays with the original (real) visible light image from the objective. Operation of the NIR
path described above retains the original path of the visible image within the microscope,
with minimal losses due to the half-mirror. (J. R. Watson et al., Augmented microscopy with
near-infrared fluorescence detection, unpublished data, July 2014) (Fig 1B).

In addition, this system provides capability to observe traditional fluorescence images on the
monitor screen. Images can be projected onto the monitor in real-time, or retrospectively
from the saved video file(s). Images can be projected on the monitor screen in either the
visible, NIR, or augmented format. All visual formats are collected simultaneously, but may
be visualized separately (visible and/or NIR only) or combined (augmented) as desired.
Fluorescence excitation and recording is under user control and can be turned on and off as
appropriate.

In Vitro experiments—The first set of experiments was performed using glass tubes
(VWR, Radnor, PA), which were filled with 2.3 pg/ml ICG (Akorn, Lake Forest, IL) in 60
g/L albumin solution and sealed. In these experiments the capability of FAAME to produce
quality overlay images was assessed, and microscope parameters as well as image capture
functions were optimized (Fig 2).

Ex Vivo experiments—Once image quality, acquisition, and overlay were optimized, we
performed experiments to assess the feasibility of the microscope system to perform ex vivo
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videoangiography. Turkey wing brachial arteries (n=3) were dissected using microsurgical
technique. The proximal ends of the exposed vessels were transected for cannulation. A 16-
gauge cannula was inserted into the proximal vessel lumen and secured with a silk tie. The
cannula was connected to an infusion system with a flow regulator and the infusion bag was
filled with the ICG solution. The augmented microscope was positioned above the vessel
and FAAME was then initiated. The infusion of the ICG was initiated after a five-second
delay. Using FAAME, the green image representing fluorescence emission was observed as
dynamic flow overlaid with the visible vessel. FAAME was also recorded conventionally
into video loops and analyzed separately (Fig 3).

In Vivo experiments

Animal Care: All procedures concerning animal use in this study were approved by the
local Institutional Animal Care and Use Committee.

Three-month-old female Sprague Dawley rats (n=7) weighing an average body weight of
350 grams were anesthetized by an intramuscular injection of Ketamine/Xylazine/
Acepromazine cocktail. The animals were placed supine and the femoral arteries and jugular
veins were exposed using standard microsurgical technique under the augmented
microscope. The microscope was positioned to image the femoral artery and FAAME was
then initiated. Using a 1 cc syringe and a 30 gauge needle, 0.3 ml of 0.3 mg/ml ICG solution
(a 0.3 mg/kg dose) was injected under direct visualization into the jugular vein. High
contrast fluorescent signal was visible in the oculars presenting a dynamic pattern of real-
time flow into the femoral artery and its branches. Video loops were recorded and replayed
for further analysis. After completion of experiments, animals were euthanized according to
institutional guidelines (Fig 4, Video).

As a result of /n vitro experiments, the process of device calibration was simplified and
image acquisition parameters were optimized. In order to calibrate the augmented
microscope, we ensured proper co-registration of the on lay fluorescence image with the
real-time white light image to reproduce shapes and sizes of test objects. The proper co-
registration of visible (real) and near-infrared (synthetic) images is accomplished before use
with a calibration phantom. Using computer controls, the synthetic image projected by
OLED is repositioned until it is aligned with the real image, as monitored within the
eyepieces of the microscope. Since the visible and NIR images share the same optical
pathway, once aligned, the microscope maintains proper co-registration throughout working
conditions. Therefore, visible/NIR co-registration is maintained through the full range of
optical zoom setting (0.8-5.6%) and positions of the articulated arm, with no need to re-
adjust (Fig 2). We found alignment drift to be minimal on our system and only performed
routine re-calibration after physically moving the scope to different locations.

FAAME produced high contrast pseudo-colored real-time green angiograms of ex vivo and
in vivo microvasculature samples. The overlaid ICG angiograms were not disruptive to the
white light images and could be adjusted or eliminated on demand. They appeared as a

bright green signal within anatomic boundaries of the vessel wall. The direction of flow of
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the angiogram confined within the vessels was accurate. Adjacent anatomical structures,
e.g., skin, muscles, were also visible as with conventional surgical microscope. The segment
of the artery covered by fat and connective tissue could be identified as well. During
FAAME, at no point did the surgeon need to look away from the oculars or lose track of the
view of the operative field. The ICG solution concentration and diameter of the vessels
visualized (1.5 mm £ 0.3 mm) were consistent with common operative neurovascular
conditions. The optics and electronics used are all amenable to integration with operating
room microscopes (Figs 3, 4, Video).

DISCUSSION

FAAME maintains full direct stereoscopic visualization of white light anatomy in
conjunction with the ICG angiogram viewed as a pseudo-colored overlay. Using a modified
commercial stereomicroscope and a live rat model with small vessels, this study
demonstrates the feasibility of FAAME for use in vascular neurosurgical procedures (Figs 2,
3, 4, Video).

ICG injection

We used 2.3 pg/ml ICG in 60 g/L albumin solution for the ex vivo experiments. ICG exhibits
fluorescence when dissolved in blood/albumin. This concentration does not necessarily
reflect amount of ICG used in patients. However, it provided a grossly equivalent intensity
of fluorescence for /n vitro/ex vivo experiments where flow and metabolism are not present.
The goal of in vitro/ex vivo experiments was to optimize parameters for static and dynamic
image acquisition. Final compatibility tests to emulate clinical settings were /in vivo
experiments in rats. The usual dose for ICG videoangiography in clinical settings ranges
from 0.2 to 0.5 mg/kg, and the total daily dose should not exceed 5 mg/kg.> Thus, FAAME
allowed sufficient and useful visualization of ICG fluorescence in vivoat an ICG
concentration routinely used in clinical practice (0.3mg/kg).

ICG videoangiography

ICG videoangiography has become a widely disseminated tool in the vascular neurosurgical
armamentarium. Reviewing the isolated black and white angiography video loops provides
comprehensive information about aneurysm and parent vessel patency, vascular architecture
within surgical field, obliteration status of arteriovenous pathology, direction of blood flow,
and assessment of bypass grafts and collateral blood flow.14 Raabe et al. introduced micro
videoangiography to the neurosurgical audience in 2003 using a system separate from the
operative microscope.> Neurosurgeons and microscope manufactures quickly recognized the
merit of this technology and integrated it into the surgical microscope.® 18.19 Since then,
software-based analysis of ICG angiographic video has emerged as a method of quantitative
analysis of blood-flow.1® FAAME merges existing imaging technologies to simultaneously
present information available from an intraoperative angiogram while maintaining all the
current capabilities of microscope-integrated ICG angiography.
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Advantages of FAAME

Conclusion

Currently, ICG NIR fluorescence is captured before or after manipulation and analyzed on a
video monitor. The surgeon may simultaneously perform manipulations while observing
fluorescent angiography on the screen or, in some cases, as a video signal injected directly
into the oculars; however, the angiogram remains separate from the white light image. The
system introduced here allows flow assessment and manipulation of tissue and vasculature
during microangiography with instant and accurate feedback regarding how such
manipulation alters the blood flow. We also noted that this technique helped identify small
vessels buried in a thin covering of the connective tissue that became more obvious with the
direct anatomical correlates than they were on the ICG only vascular map. The ability to see
and manipulate small vessels covered with a thin tissue using a strong contrast agent like
ICG could be helpful in a number of instances including dissection of the distal superficial
temporal artery for bypass procedures.

During surgical management of arteriovenous malformations, it is crucial to identify feeding
and draining vessels. In cases with a large nidus with numerous convoluted vessels, it can be
challenging to correlate videoangiography data with the microscopic white light image to
properly detect a vessel of interest. This limitation could be overcome by using FAAME
which provides an instant merged view of the surgical field and conventional fluorescent
angiography. The direction of blood flow can be identified in any vessel visible within the
surgical field. Furthermore, the pseudo-color video loop overlay can be replayed long after
the fluorescence signal has faded from the field. A static or animated vascular roadmap can
be maintained or recalled with ease at any point during the surgery.

FAAME shares many of the advantages of fluorescein microangiography, which has recently
been described as a commercially available operative microscope upgrade.2% Fluorescein has
an emission spectrum that can be captured by a wide bandpass filter sets. This allows a large
amount of multispectral light into the oculars along with the bright yellow-green emission of
the fluorophore. Under such conditions, fluorescein emission is easily detectable over the
background as it has a peak wavelength that the human fovea is very sensitive to.
Nonetheless, as the white light image and fluorescein emission share the spectral bandwidth,
fluorescence angiography is compromised by the decreased image intensity and loss of color
accuracy. Furthermore, unconjugated fluorescein is a small molecule that tends to stain brain
tissue if it comes into direct contact. Disruptions in the blood-brain barrier or even small
amounts of bleeding can cause the contrast agent to leak and produce background noise if it
is retained in the surrounding tissue. Having a specifically filtered, low background, high
contrast ICG angiogram that can be modulated as it is sent back to the oculars allows for fine
tuning not permitted by fluorescein microangiography alone.

FAAME technology provides an interactive modular method of visualization of anatomical
structures and fluorescent blood flow patterns. We believe that FAAME will improve
microvascular neurosurgical techniques and potentially improve patient safety and
outcomes. Use of a pseudo-colored overlaid angiogram will be subject to some of the same
issues as conventional ICG angiography, such as potential for accumulation of the
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background signal after multiple doses. The combined white light and pseudo-colored
images may lack some of the contrast seen in the conventional video angiogram. However,
implementation of FAAME should be completely non-disruptive to existing ICG
angiography functionality as this is purely an adjunctive feature. Another avenue being
pursued is fully stereoscopic implementation of FAAME such that both the white light and
the fluorescence angiogram can be seen simultaneously with true stereoscopy. Integration of
FAAME technology into existing operative microscopes will likely be feasible using the
augmentation module provided as a modular upgrade. The upgrade path may be
significantly simplified in certain surgical microscopes that support image injection into the
eyepieces. Further testing is needed to determine the feasibility of FAAME technology in
management of neurovascular pathology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) Stereomicroscope modified for FAAME. (B) The optical scheme for the augmented
fluorescence microscope. The light from a high power NIR LED is inserted into the
microscope optical path using a dichroic mirror (red line). The resulting NIR fluorescence
image is separated from the optical path of the microscope by a NIR band pass filter (black
line). NIR fluorescence images were captured by the NIR CCD camera and converted into
visible green pseudo-color images using the image processing station and a monochromatic
OLED projector. The OLED projects the fluorescence image onto a half-mirror placed in the
ocular of the microscope, where the processed (synthetic) image overlays with the original
(real) visible light image from the objective (green line) to produce augmented, or
composite, images. FAAME - fluorescence angiography with augmented microscopy
enhancement, NIR - near infrared, LED — light emitting diode, OLED - organic light
emitting diode.
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Figure 2.
The in vitro images showing two glass tubes, one filled with saline and another with ICG

solution (arrow). All images captured using FAAME. (A) Image obtained using visible
optical path only. The saline and ICG filled tubes cannot be distinguished. (B) Image
obtained using NIR path only. ICG fluorescence pattern delineates the glass tube shape. The
saline filled tube cannot be clearly identified. (C) Image obtained by augmentation of the
visible light with NIR fluorescence. The saline filled tube appears identical to white light
image. Bright ICG fluorescence corresponds to the shape glass tube. NIR — near infrared,
ICG - indocyanine green.
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Figure 3.
The ex vivo FAAME images of the turkey wing after ICG injection into brachial artery. (A)

Image obtained using white light path only. Dissected brachial artery is seen within field of
view. (B) Image obtained using NIR path only. ICG fluorescence pattern delineates
anatomical boundaries of the brachial artery. The surrounding anatomical structures are not
visible. (C) Image obtained by augmentation of the visible light with NIR fluorescence. The
ICG fluorescence pattern and surrounding anatomical structures are seen within the field of
view. NIR — near infrared, ICG — indocyanine green.
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Figure 4.
The in vivo images using FAAME of the femoral artery of the rat after ICG injection into

jugular vein. (A) Image obtained using white light path only. Exposed femoral artery (arrow)
and femoral vein (arrowhead) are visible within the field of view. (B) Image obtained using
NIR path only. ICG fluorescence is observed within anatomical borders of femoral artery.
The surrounding anatomical structures cannot be identified. (C) Image obtained by
augmentation of the visible light with NIR fluorescence. The anatomical structures within
the field of view can be identified. The ICG fluorescence appears as a bright green signal
within anatomical borders of the femoral artery. The segment of the femoral artery covered
by fat and connective tissue is clearly delineated (arrow). NIR — near infrared, ICG —
indocyanine green.
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