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ABSTRACT

We describe the development and performance analysis of two clinical near-infrared fluorescence image-guided surgery
(FIGS) devices that aim to overcome some of the limitations of current FIGS systems. The devices operate in a
widefield-imaging mode and can work (1) in conjunction with a laparoscope, during minimally invasive surgery, and (2)
as a hand-held, open surgery imaging system. In both cases, narrow-band excitation light, delivered at multiple
wavelengths, is efficiently combined with white reflectance light. Light is delivered to ~100 cm? surgical field at 1-2
mW/cm? for white light and 3-7 mW/cm? (depending on wavelength) of red - near infrared excitation, at a typical
working distance of 350 mm for the hand-held device and 100 mm for the laparoscope. A single, sensitive, miniaturized
color camera collects both fluorescence and white reflectance light. The use of a single imager eliminates image
alignment and software overlay complexity. A novel filtering and illumination arrangement alows simultaneous
detection of white reflectance and fluorescence emission from multiple dyes in rea-time. We will present both
fluorescence detection sensitivity modeling and practical performance data. We have demonstrated the efficiency and the
advantages of the devices both pre-clinicaly and during live surgery on humans. Both the hand-held and the
laparoscopic systems have proved to be reliable and beneficial in an ongoing clinical trial involving sentinel lymph node
detection in gynecological cancers. We will show preliminary results using two clinically approved dyes, Methylene blue
and indocyanine green. We anticipate that this technology can be integrated and routinely used in a larger variety of
surgical procedures.
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1. INTRODUCTION

Cancer is a leading cause of death worldwide. Despite the widespread use of radiotherapy and chemotherapy to treat
certain types of cancer, the primary and most successful approach for treatment is surgery®. This practice relies on the
visual ability of the surgeon to detect and remove tumor tissue intra-operatively. As a result, one of the fundamental
limitations of cancer surgery, and in particular of minimally invasive (keyhole) surgery, is that tumor tissue needs to be
visually discriminated from the healthy tissue.

Fluorescence image-guided surgery (FIGS) has recently emerged as a complementary imaging technique to white light
reflectance imaging and it aims to provide the surgeon with an extra tool to identify tissues of interest®. This imaging
modality is based on the use of clinically approved contrast agents that are excited in the visible — near infrared region of
the electromagnetic spectrum. Contrast agents can be used to label tumor tissue® or can be used in a non-specific manner
to detect lymph nodes and, in particular, sentinel lymph nodes’. The near infrared (NIR) region of the electromagnetic
spectrum has several advantages over the visible: these include higher penetration depths, lower scattering and lower
tissue autofluorescence®. Moreover, the use of ‘invisible’ excitation light does not interfere with the visual operation
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field, which is still the surgeon’s ultimate imaging tool. Some of the critical requirements of FIGS instrumentation
include imaging in real time and simultaneous visualization of bright field (reflectance) and fluorescence emission.

The use of fluorescent tumor markers in human clinical surgery isin itsinfancy, although extensive pre-clinical studies
are taking place®®. Clinical applications, particularly in the case of keyhole surgery are, in general, hampered by the poor
and often unknown light collection efficiencies of the optical instruments used: laparoscopes and endoscopes.

In the work presented here, we have characterized the optical performance of laparoscopes conventionally used for
white-light imaging in the abdomen, where 10 mm diameter instruments are generally used. We have determined both
the laparoscope aperture and its transmission in the visible and NIR spectral regions. We also present examples of
clinical applications. In addition, we present results obtained with a widefield, open surgery, hand-held imaging device
and use thisas a ‘standard’ in deriving losses incurred by the use of alaparoscope. Both of these systems are novel, low-
cost, miniaturized and explicitly designed for FIGS applications. Both share a common control unit and allow
straightforward interchange of imaging heads, facilitating the use of FIGS in cases where a planned minimally invasive
procedure proves inappropriate, requiring an open surgery approach.

The common control system is capable of exciting at numerous wavelengths, although the data presented here include
only two excitation wavelengths. Imaging is performed with a single color camera that detects both white light
reflectance images and fluorescence emission(s) simultaneously without the need for false color software overlays,
commonly required when multiple cameras are used.

We predict the practical performance of the laparoscope from f/number and transmission measurement and by
comparison with a well-characterized widefield imager. A clinical feasibility study involving lymph node detection in
gynecological cancers has further validated these novel devices. One of the aims was to validate the concept of sentinel
lymph nodes'®** and to establish potential new applications with emerging tumor markers.

Although a number of devices for FIGS have been described in the past'?"’, only few of them have gone forward to

clinical application. Some of the limitations of these devices include significant volume and weight, not compatible with
hand-held operation'®*3*>, independent bright field and fluorescence imaging®® or single excitation wavelength
capability’®!’. Some of the existing devices use an excitation power density of >10 mW/cm?. Our devices operate at
dightly lower power densities but are capable of operating at several excitation wavelengths, allowing independent
imaging of a number of dyes. We present data acquired at two wavelengths: these have been tested to date, though a
greater number isreadily feasible.

2. METHODSAND THEORY
2.1 Device development

Excitation light is provided by 660 nm and 785 nm solid-state laser diodes capable of generating several hundred
milliwatts of optical power from 100 pum diameter 0.22 NA multimode optical fibers. A custom-made fiber bundle
terminated in a FC/PC connector combines outputs from multiple laser fibers. Up to 7 laser fibers can be coupled into a
1050 um diameter bundle and more than one laser of the same wavelength can be used when higher powers are required.
Visible light is generated using a white LED (i.e. a phosphor-coated blue LED). A 650 nm corner wavelength
dichromatic mirror combines collimated LED white light and collimated bundle output light. An in-house developed
achromatic objective focuses the resulting combined light into a 3-5 mm diameter spot at 0.5 NA (numerical aperture);
this spot is located at the output port of the control unit (Figure 1A). Either 3 mm or 5 mm diameter liquid light guides
send light to the widefield imager and the laparoscope excitation ports respectively. Because of the widely different
étendues of the LED and laser sources, it is, strictly speaking, impossible to make the NAs and the areas identical: the
use of aliquid-filled light guide is thus to be preferred, as it acts as a beam homogenizer.

The laparoscope imaging system is coupled to the eyepiece of a Storz Hopkins 11 10 mm O degree rigid laparoscope
(Figure 1B), dthough the system can be used with other similar laparoscopes. Both systems use the same type of
miniaturized 1/3” format CCD color camera, modified to operate in both the visible and NIR. The camera uses a Sony
Super HAD CCD Il ™ sensor®® to achieve a high level of sensitivity. It provides interlaced video (PAL standard) and
allows integration of several seconds to be used, if required. Similarly, both systems use 25 mm focal length visible —
NIR achromatic imaging lenses. Both lenses include a focusing system: for laparoscopy, this is manually set, while for
widefield imaging, a motorized focusing arrangement is used.
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Figure 1: Imaging devices final design. (A) The control unit and the widefield imager connected to it through a combined
optical-electrical umbilical connector. (B) Laparoscopic attachment used in conjunction with arigid Storz Hopkins 11 10 mm
0 degree laparoscope. The laparoscope uses a similar type of electrically-coded connector (not shown) that can be plugged
into the common control unit, and allows fast device interchange.

2.2 Laparoscopic system char acterization

One of the aims of the work presented here was to optically characterize the Storz Hopkins Il O degree, 10 mm diameter
laparoscope, generally used for abdominal keyhole surgery, with the aim of predicting imaging performance. Such
information is not generally easily available, particularly so in the NIR. Thisinformation guided the development of the
rest of the instrumentation.

A laparoscope imaging channel typically consists of an objective lens, arod lens relay system'® and an eyepiece at the
output. The light transmission power of the laparoscope is determined by its aperture (stop) and by the transmission of
the optical elements. These have been individually determined experimentally to derive both the system f/number and, in
effect, the system T-number®. The ubiquitous f/number®* describes the aperture;

f =t @
d

where f is the focal length of the system and d the diameter of the entrance pupil. We determined the equivalent focal
length f of the system by using the formula:

f = S @)
FOV

where FOV is the diagonal field of view at a working distance wy from the tip of the laparoscope as seen with an image
sensor of diagonal dimension s. In our case s = 6 mm (1/3” format sensor). We measured the diameter of the entrance
pupil d by imaging the front of the laparoscope using a separate FOV-calibrated imaging system. This f/1.4 system
(working distance of ~50 mm) imaged the laparoscope pupil. This short working distance allowed imaging of the
entrance pupil over a significant number of pixels (typically >2000) and thus reduced measurement errors. In addition,
the high aperture and a short working distance provided a very shallow depth of field that resulted in a good estimation
of both the pupil diameter and its position. Without changing imager position or focus, a ruler replaced the laparoscope
and provided, when in focus, a conversion factor pixels/unit length.

We measured independently the optical transmission using the experimental setup shown in Figure 2. We illuminated the
eyepiece with a small diameter (100-200 pm) monochromatic, collimated light beam. Laser sources operating at five
wavelengths were used to provide collimated monochromatic light, with wavelengths ranging from the visible to the near
infrared (532, 660, 732, 785, 830 nm). Each laser was collimated independently and coupled to the input of a 10x
Galilean beam expander (Thorlabs BE1OM). Small diameter apertures were used at the output of the expander to produce
a re-collimated beam of diameter much smaller than the laparoscope exit pupil. An XY trandation stage (Thorlabs
ST1XY) aigned apertures to the system axis, such that the input collimator, beam expander, |aparoscope eyepiece and
laparoscope imaging port were all concentric. The optical transmission was determined through measurement of the
intensities of the beams entering the eyepiece and |eaving the laparoscope tip. A large area photodiode detector measured
the relative intensities of these beams.
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Figure 2: Experimental setup used for measuring light transmission through the laparoscope. Light transmission was
determined by moving the photodiode between |aparoscope input and output positions.

The transmission of the laparoscope was thus measured ‘in reverse’, using the eyepiece as the input, as it allowed us to
perform the alignment in a simple manner and to use a collimated test beam of practical dimensions, in a portion of the
system which would conventionally deliver nearly collimated light. Although this arrangement only determines the on-
axis transmission, the transmission at other angles could be inferred when operating the laparoscope in its conventional
imaging mode.

We used a similar experimental set-up, but with a larger expanded beam diameter (4.8 mm) to determine the
transmission of the laparoscope illumination channel. This illumination channel consists of two parts. optical fiber
bundles within the laparoscope and a flexible light guide to the laparoscope. We evaluated a Storz flexible fiber bundle
guide as well as aliquid-filled light guide, the latter often used for increased throughput.

2.3 Fluorescence sensitivity

The next step was to validate the in-line measurements and to investigate whether we could predict the fluorescence
detection performance of our laparoscopic system using the derived fluorescence collection efficiency. As reference, we
used our widefield imager, where the performance was known. Since both systems used the same camera, the light
gathering power was calculated by comparing the effective apertures of the two systems. The effective aperture of the
widefield system was calculated from the lens infinity-set f/number; this was corrected for image and pupil
magnification. The f/number of the laparoscope was calculated using Equation (1). Given the low image magnification
(m ~ 0.04) of the laparoscope when used at a typical working distance of 100 mm, we considered this f/number to
represent the effective aperture of the system.

Indocyanine green (ICG) dye is commonly used in FIGS procedures?, as it is a clinically-approved dye with negligible
toxicity. As shown by previous studies, the fluorescence emission of 1CG increases when it binds to plasma proteins®.
We therefore diluted ICG in a plasma-equivalent solution. We used the recipe described by Gashev et. al.?* to produce an
albumin-enriched physiological salt solution (APSS) and used this as the solvent. ICG was diluted at concentrations
ranging from 20 uM to 200 nM in 1 ml volume solutions. Further dilutions down to 7.5 nM were used to determine the
detection limit of the widefield imager.

ICG:APSS was excited at 785 nm and 15 mW/cm? and used as a test sample to validate the performance of the
laparoscope. Imaging was performed at working distances of 350 mm for the widefield system and 100 mm for the
laparoscope. Relative sensitivity was calculated as aratio of the average fluorescence intensities from equivalent sample
imaged areas. For this purpose, video was digitized using a CCIR video-to-USB 8 bit resolution converter (The Imaging
Source, DFG/USB2PROPCB). Data from >1000 pixels were typically used for intensity measurements. Image analysis
was performed with Imagel software (National Institutes of Health). Imaging results were compared with relative
sensitivity calculated from the laparoscope transmission and f/number that we determined.

2.4 Intraoper ative fluorescence imaging

We validated our devices in vivo in a feasibility study on sentinel lymph nodes detection in various gynecological
cancers using |CG and Methylene blue (MB) fluorescent dyes. Patients with early stage vulvar, cervical and endometrial
cancer were involved in the study. Following ethical approval of the study and informed patient consent, ICG and MB
were injected peritumorally at concentrations of <1 mM and fluorescence assessed using the widefield imager and/or the
laparoscope. The presence of the dye was assessed ex vivo using an in-house developed microscope®, modified to
include NIR laser illumination.



3. RESULTS
3.1 Devicetesting

The imaging devices delivered typically ~1-2 mW/cm? of white light illumination. The widefield imager delivered this at
a working distance of 350 mm while the working distance of the laparoscope was typically 100 mm when delivering a
similar white light power density. Fluorescence excitation power density was ~3 mW/cm?and ~7 mW/cm?at 660 nm and
785 nm respectively. The angular field of view of the widefield imager was ~* 6.5 degrees, equivalent to an imaged area
of ~100 cm?, while the angular field of view of the laparoscope was ~+ 37 degrees, equivalent to an imaged area of ~150
cm?®. The widefield imager was developed to provide a usefully small surgical field while maintaining maximum
permissible exposure (MPE) power levels. In order to decrease the likelihood of the accidental exposure, a tilt switch
acts as an interlock, allowing illumination only when the hand-held device is pointed downwards.

We tested the ability of this technology to image bright field and fluorescence using a sample containing 100 nM of
indocyanine green (ICG) dye (Pulsion Medical Systems, Munich, Germany) in a capillary tube (diameter 500 um) and a
color chart (RezChecker, Edmund Optics 87-423). Figure 3(A-C) shows examples of simultaneous bright field and
fluorescence detection of a sample of ICG at different camera integration times. Variations of image field of view with
distance and resulting power density changes are shown in Figure 3D.
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Figure 3: Imaging results obtained with the widefield imager imaging a color chart and a 100 nM ICG-filled capillary tube,
outlined by dotted rectangle (red arrows). (A) Bright field image (laser OFF, 4 ms exposure). (B) 1CG fluorescence (785 nm
laser ON, 40 ms exposure). (C) ICG fluorescence (785 nm laser ON, 320 ms exposure). A similar result is obtained when
cameragain isincreased (not shown here). Fluorescence excitation power density: 16 mW/cm? Working distance: 200 mm.
An /5.6 imager aperture provides a good depth of field. The Moiré patterns visible on A, B, C (black arrows) could be
removed with an MTF anti-aliasing filter in front of the image sensor. (D) Widefield imager 785 nm excitation power
density and diagona field of view as afunction of working distance.

3.2 Laparoscope sensitivity deter mination

We calculated the field of view of the laparoscopic system and, using equation (2), measured the effective focal length to
be 4.02 £ 0.01 mm. By using the approach described in §2.2, the entrance pupil was measured to have a diameter 0.451 +
0.003 mm (Figure 4A). This suggests an f/number of 8.91 + 0.06. Figure 4B shows absol ute spectral transmission of the
laparoscope detection channel as measured with the setup described in §82.2. The transmission decreases significantly in
NIR portion of the optical spectrum. The transmission of the laparoscope light delivery fibers was found to be
independent of light wavelength, over the range 532 nm - 830 nm. However, we tested two Storz laparoscopes,
nominally identical, i.e. with the same part number, but found that the transmission varied between ~31% and ~37%. It is
probable that even larger variations exist from device-to-device, resulting from a combination of manufacturing
tolerances and, more likely, from sterilization history.



We measured the transmission of the flexible light guides used to transport light to the illumination channel. Fiber
bundles (transmission ~78%) are more widely used in conjunction with laparoscopes and have the advantages of being
very flexible and readily sterilized. However, liquid-filled light guides exhibit higher throughput (transmission ~85%).

Following spectroscopic measurement of 1CG:APSS in which the emission peak was determined (data not shown), we
used the 830 nm transmission value in Figure 4B to calculate the laparoscope detection efficiency. This was validated by
imaging ICG:APSS samples using a widefield and laparoscopic systems. Relative sensitivity calculations and
experimental measurements were performed as described in §2.3 and the results shown in Figure 5A. These data suggest
that, for a similar field of view, but at working distances appropriate to the two systems (100 and 350 mm) the
laparoscope has the same apparent sensitivity as a widefield imaging system operating at ~f/20.

Figure 5B shows changes of 1CG fluorescence emission as a function of concentration. ICG is well known to exhibit
extremely non-linear properties®, confirmed by these measurements. We also show, in the inset of Figure 5B, how the
signal-to-noise ratio, though acceptable, dramatically decreases with laparoscopy imaging of low ICG concentrations.
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Figure 4: (A) Image of the entrance pupil of the laparoscope. (B) Absolute transmission of the laparoscope detection system.
Error bars represent the standard deviation of measurements performed in triplicate, using different laser spot sizes. All
measurement were made as described in §2.2.
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Figure 5: (A) Measurement-derived (dashed curve) and experimentaly derived (solid curve) sensitivity ratio
widefield:laparoscope for different apertures of the widefield system lens. Error bars in the experiment data represent the
standard deviation of experiments conducted in triplicate using different concentrations of ICG:APSS (20 uM, 2 uM and
200 nM). (B) Fluorescence intensity of ICG:APSS as a function of concentration, using the widefield imager. Inset: Image
signal-to-noise ratio when imaging the lowest concentration (7.5 nM) using the widefield imager and the laparoscope
camera system at 320 and 1000 ms exposure time respectively.



3.3 Clinical validation

We validated both widefield and laparoscopic systems in vivo during a feasibility study involving sentinel lymph node
detection in gynecological cancer patients. Lymphatic channels and lymph nodes were visualized using exposure times
ranging from 40 ms to 320 ms, depending on the type of imaging device and the tissue depth of the fluorescence source
(Figure 6). White light reflectance imaging of the surgical field was displayed simultaneously with fluorescence. Both
ICG and MB could be detected by switching between 660 and 785 nm excitation.

1T mm

Figure 6: (A-C) Frames captured from surgery recordings. (A) Intra-operative lymph node resection in vulvar cancer imaged
with the widefield system. Bright field and fluorescence emission (white arrow) displayed simultaneously. Camera exposure
time: 40 ms. (B, C) Fluorescence laparoscopy with ICG (B) and MB (C) dyes using 785 nm and 660 nm excitation
respectively in a patient with endometrial cancer. Integration time: 80 ms. (D) Exemplar image of a dice of lymph node
tissue captured with a NIR fluorescence microscope.

4. DISCUSSION

We have characterized the optical performance of a Storz Hopkins 11 rigid laparoscope. We have determined the system
collection efficiency by measuring the light gathering power of the optical system (f/number) and the absolute optical
losses. To our knowledge, this is the first time that the characteristics of both the imaging and the excitation channels of
a laparoscope were determined experimentally. The laparoscope imaging channel is equivalent to a ~f/8.9 aperture but
with an overall light transmission that drops from ~55% in the visible to ~18% at 830 nm. The measurements suggest
that the detection sensitivity for laparoscopic imaging is ~20 times worse than widefield imaging at f/5.6. This sensitivity
loss becomes even greater when widefield imaging is performed at a lower f/number (~120x at f/2), though the resulting
poor depth of field makes use hard, particularly with small area imaging chips. We find that /5.6 is appropriate for a
practical hand-held device.

Fluorescence image-guided surgery is rapidly emerging as a complementary technique to conventional white light
reflectance imaging. Past attempts by others, using two or more cameras to image white light and fluorescence
independently**** have shown some advantages over the system described here when used as widefield imaging devices.
However, such systems are bulky and, in general, not compatible with laparoscopy applications. We described here the
testing and application of novel, low cost devices suitable for fluorescence image guided surgery. They are appropriate
for open surgery applications (widefield imager) and for keyhole surgical applications (in conjunction with a standard
laparoscope). We have used them successfully in a clinical study aimed at detection of lymph nodes in gynecological
cancers, using indocyanine green and Methylene blue non-specific dyes. To our knowledge, our system is the first that



allows use of either a widefield imaging head or a laparoscope imager with the same control unit. In contrast to other
existing devices, we are able to perform white light reflectance imaging and multispectral fluorescence imaging
simultaneously using a single color CCD camera, without the need of software image overlays, as required by systems
employing multiple cameras. Our system components are miniaturized and lightweight, and are optimized for handheld
operation. Successful near real-time fluorescence imaging was possible with both widefield and laparoscopic systems.
The principle limitation of our current devices is poorer spatial resolution than that possible with the best white-light
only imaging systems. We are working on integrating a megapixel resolution imager to rectify this issue, along with
further developments of illumination/excitation sources. We anticipate that this technology will find use in a variety of
surgical procedures and that it can play arole in the emerging field of clinical fluorescence molecular imaging.
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