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Abstract. Over the last few years, near-infrared (NIR) fluorescence imaging has witnessed rapid growth and is
already used in clinical trials for various procedures. However, most clinically compatible imaging systems are
optimized for large, open-surgery procedures. Such systems cannot be employed during head and neck oncologic
surgeries because the system is not able to image inside deep cavities or allow the surgeon access to certain tumors
due to the large footprint of the system. We describe a miniaturized, low-cost, NIR fluorescence system optimized
for clinical use during oral oncologic surgeries. The system, termed FluoSTIC, employs a miniature, high-quality,
consumer-grade lipstick camera for collecting fluorescence light and a novel custom circular optical fiber array for
illumination that combines both white light and NIR excitation. FluoSTIC maintains fluorescence imaging quality
similar to that of current large-size imaging systems and is 22 mm in diameter and 200 mm in height and weighs less

than 200 g. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1JBO.17.10.106014]
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1 Introduction

Near-infrared (NIR) fluorescence imaging for intraoperative use
has been widely studied over the last few years. This fact is well
illustrated by the number of ongoing human clinical trials and
the emergence of numerous companies aiming at commercializ-
ing this technology.'™'° Following these validation studies, the
challenges for successfully reaching the clinic are twofold. The
first challenge is the development of optimized targeted contrast
agents and their translation to human trials. The second chal-
lenge is the design of optimized devices for surgery and their
acceptance by the medical community.''™'® The two challenges
must be addressed to discern the relevance of using NIR fluor-
escence, judged by the following metrics: clinical need, work-
flow integration, and cost-effectivenes, resulting in overall
improvement of patient management.

We are interested in the design and acceptance of devices opti-
mized for surgery. Most clinical NIR fluorescence imaging systems
to date are meant for large open surgeries where structures of inter-
est are easily accessible.***” In many other procedures, however,
the structure of interest is not readily accessible, such as inside the
oral cavity for oral cancer surgery, and the design of current sys-
tems precludes access in many ways. Mechanically, the footprint of
such systems is excessive and results in blocking visual and manual
access. Optically, the illumination and image collection fail to
detect fluorescence efficiently within small cavities. Therefore, it
is necessary to miniaturize the imaging system while preserving
good fluorescence imaging quality to provide surgeons with
adequate tools to perform surgery.

Address all correspondence to: Sylvain Gioux, BIDMC, Room SLB-05, 330 Brook-
line Avenue, Boston, Massachusetts 02215. Tel: 617 667 6037; Fax: 617 667
0981; E-mail: sgioux@bidmc.harvard.edu
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Recent work has been performed to miniaturize fluorescence
imaging systems.'** In particular, work from Wang et al.?! pre-
sents the design of a compact NIR fluorescence imaging system
used for preclinical imaging. Similarly, work from Shin et al.*?
presents a small-form-factor fluorescence microscope used for
oral cancer diagnosis. However, to date, no optimized clinically
compatible miniaturized fluorescence imaging system has been
described.

In this study we propose the design of a novel fluorescence
imaging system that has been miniaturized and optimized for
use during oral oncologic procedures in humans. The system,
termed FluoSTIC, takes advantage of a novel, high-quality,
small-form-factor, lipstick camera for collecting fluorescence
light. A novel and innovative cylindrical optical fiber array
has been developed and optimized to guarantee good field illu-
mination homogeneity. A novel fiber-based illumination system
that combines both NIR excitation and white light illumination
is proposed and tested. A novel filtration scheme optimizing the
fluorescence collection as opposed to fluorescence excitation is
proposed and tested. Importantly, the system has been designed
to meet requirements necessary for successful clinical use.
Finally, the system has been characterized on the bench and vali-
dated in a preclinical model for oncologic surgery.

2 Materials and Methods

2.1 Requirements

Given that the scope of our intended clinical application is head
and neck oncologic surgery, it is imperative to miniaturize the
imaging system so that it does not hinder the surgeon from either
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visually or manually accessing the surgical area. In collabora-
tion with our surgeons, we specified that the fluorescence
imaging system should be less than 25 mm in outer diameter
and less than 250 mm in length to permit ergonomic use
while providing image guidance during the surgical interven-
tion. In addition, we specified a working distance greater
than 100 mm and a field of view of 30 to 50 mm as our target
for the imaging system. These specifications were defined
through discussions with our surgeons, through testing of
mock-ups for the size requirement, and from experience in
using image-guidance systems for surgery for all other
parameters.

One of the most challenging tasks in miniaturizing the sys-
tem and its components consists in maintaining good fluores-
cence detection performances. Figure 1 depicts the essential
components of a fluorescence imaging system and their
associated key parameters. A comprehensive review of all para-
meters related to fluorescence imaging has already been
published'®; therefore, for the purpose of this study, we provide
an analysis of every single component to create the most effi-
cient system possible within the constraints of the required
footprint. Because the medium composition and the fluorophore
are out of the scope of this study, we will focus on the camera,
the objective lens, the illumination, and the filtration.

2.2 Camera

Because of its electronics, the camera is undoubtedly the most
difficult to miniaturize while maintaining acceptable perfor-
mance for NIR fluorescence imaging. Of paramount importance
are its sensitivity and noise, particularly because fluorescence
imaging remains a low-light technique. We tested many minia-
ture cameras; whereas current miniaturized technology is
mainly based on complementary metal oxide semiconductor
(CMOS) sensors, their noise precludes their use as a camera
for fluorescence imaging. The use of a “lipstick,” cylindrical
geometry charge-coupled device (CCD) camera is therefore
the only off-the-shelf solution that offers a small size factor
along with good sensor performance. The CM-030GE-RH
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Fig. 1 Schematics of typical fluorescence imaging system and its key
parameters. A typical system is composed of a light source exciting
a fluorophore within a diffusive medium. The fluorescence out of
the medium is separated from the excitation light using an emission fil-
ter, collected by an objective lens, and imaged on a camera sensor.
Particular attention to the parameters of each component is required
to optimize the imaging system for best performance.
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(Jai, Denmark) is a 17-mm-diameter camera with a one-third
inch monochrome CCD sensor and a resolution of
656 X 494 pixels that offers a maximum frame rate of
120 fps with up to 10 bits dynamic range. Given its size and
performance, this camera was chosen as the base of our minia-
turized imaging system.

2.3 Objective

The objective lens plays a crucial role in photon collection effi-
ciency and imaging quality. It is a general belief that low-light
systems require large apertures (low F/#) to allow more photons
to be collected. Although this is generally true for most reflec-
tance imaging, it is not always justified with fluorescence ima-
ging, particularly when using a commercially available objective
lens as in image-guided surgery. Because emission filters are
necessary to eliminate a very strong fluorescence excitation
light comparatively to the fluorescence signal, the system effi-
ciency greatly depends on the quality of the filtration (discussed
in detail in the next section). To achieve this quality in filtration,
a large aperture system cannot rely solely on interference filters
(the most efficient filters available) because a large aperture
induces larger photon angles in the collection path when inter-
ference filters usually block efficiently only up to 10 deg of inci-
dence maximum [Fig. 2(a), left]. Therefore, while collection
efficiency is high at the aperture level, either filtration quality
is impacted and imaging quality is poor, or colored glass filters
must be used, greatly reducing the overall transmission of the
filtration system. On the other hand, a small aperture system
can be efficiently used with interference filters but with a
lower efficiency in collection through a small aperture
[Fig. 2(a) right]. From our experience, both the combination
of large aperture with colored glass and the combination of
small aperture with interference filters perform similarly, with
a slight advantage for the small aperture/interference filters

(a) Low F/# High F#
T CCD T
Filter
Diaphragm
\g/ Depth of field Y
(b)
Low F/# High F/#
Filtration efficiency* Low High
Collection efficiency High Low
Depth of field Low High

*: Using an interference filter.

Fig. 2 Collection strategy. (a), Schematics of the two principal
approaches for collection. Left: Low F/#: the diaphragm aperture is
wide open, leading to high collection efficiency but large angles in
the collection light path and shallow depth of field. Right: High F/#:
the diaphragm aperture is narrow, leading to low collection efficiency
but small angles in the collection light path and large depth of field. (b),
Table summarizing the two principal approaches for collection. Left
column: Low F/# (large aperture). Right column: High F/# (small aper-
ture). Overall, both strategies perform similarly, but the depth of field
using a small aperture system provides more ergonomic use during sur-

gery.
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approach. Note that in our case, with a long working distance,
there is a filtration efficiency advantage in placing the filter at
the front of the objective lens, where photon angles are less
important than at the back of the objective. Additionally, if
one has resources to design and fabricate a custom objective
lens, an alternative approach is to place the filter inside the
objective lens within a collimated beam path. This is, however,
not possible when using inexpensive, commercially available
objectives.

An important parameter for ergonomic use of image-guided
open-surgery systems is the depth of field. Because small aper-
tures result in large depth of field, such systems are greatly pre-
ferred to create ergonomic systems that can be used efficiently in
realistic clinical conditions. In our case, the CM-030GE-RH
camera comes with a series of 17-mm-diameter objectives
(7.5, 15, and 24 mm focal) with controllable aperture. Given
our field-of-view requirement, we chose the OP-715 (Jai, Den-
mark), a 15-mm focal objective lens, and adjusted it to /2.0 for
efficient use with the interference filters and to provide a large
depth of field for ergonomic clinical use.

2.4 Filtration

As outlined above, most of the difficulty in creating an efficient
fluorescence imaging system is regarding the design of an effi-
cient filtration scheme that isolates excitation and emission light.
Most imaging systems created for image-guided surgery focus
on exciting the fluorophore at its peak absorption and collecting
only a fraction of the emitted photons. Another strategy is to
excite the fluorophore in a less efficient portion of its absorption
spectrum and to collect all emitted photons, as illustrated in
Fig. 3(a). To compare both strategies, we conducted a quick ana-
lysis by computing separately the excitation efficiency and the
collection efficiency of two optically similar imaging systems
with two different filtration schemes. The first filtration scheme
(termed FluoSTIC) employed a 740-nm laser excitation and a
772- to 857-nm emission. The second filtration scheme (termed
typical system) employed a 785-nm laser excitation and a 808-
to 900-nm emission. Excitation efficiency was calculated by
multiplying at each point the source spectrum (5 nm wide
here) with the indocyanine green (ICG) absorption spectrum
and integrating the result over the spectral range. Collection effi-
ciency was calculated by performing the same operation with
the emission filter transmission spectrum, the ICG emission
spectrum, and the typical CCD spectral response. Finally, the
overall efficiency was obtained by multiplying the excitation
and the emission efficiencies [Fig. 3(b)]. As expected, excitation
efficiency was determined to be 2.2% for FluoSTIC and 4.6%
for a typical system, and collection efficiency was determined to
be 9.7% for FluoSTIC and 3.0% to 7.5% for a typical system,
depending on the approach (3.0% for large aperture with a com-
bination of interference and absorption filters; 7.5% for small
aperture with interference filters). On average, the FluoSTIC fil-
tration approach performs similarly to a typical system. Of note,
the wider collection band accommodates more NIR fluoro-
phores, especially the new generation of dyes that are typically
more blue-shifted.'® It should also be noted that in most cases
the intensity of the light source can be increased to compensate
for the loss in absorption by the fluorophore.

The filtration scheme of FluoSTIC is depicted in Fig. 3(a)
and accommodates an excitation filter centered at 740 nm
(blue curve: FF01-740/13-25, Semrock, NY) that excites ICG
with a 40% efficiency (dashed orange curve) as well as an
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(b) FluoSTIC: Typical system:
740 nm excitation 785 nm excitation

772 to 857 collection 808 to 900 collection

Excitation efficiency* 2.2% 4.6%
3.0%!' to 7.5%?

0.14%" to 0.35%2

*: Includes a 5 nm wide excitation source centered at excitation wavelength
multiplied by the ICG absorption spectrum.

**: Includes emission filter transmission multiplied by the ICG emission
spectrum and multiplied by a typical CCD camera response.

': Large aperture with interference and absorption filters

2: Small aperture with interference filter only

Collection efficiency™* 9.7%

Overall efficiency 0.21%

Fig. 3 Filtration strategy. (a), FluoSTIC filtration strategy illustrating the
choice of exciting at lower wavelength (blue curve) and collecting more
fluorescent light (green curve). Note the ICG absorption spectrum
(dashed orange curve), the ICG emission spectrum (dashed crimson
curve), and the white light filter (red curve). (b), Table summarizing
the two principal approaches for filtration. Left column: Excitation
and collection efficiencies when privileging the collection of the
emitted fluorescence. Right column: Excitation and collection efficien-
cies when privileging the excitation of the NIR fluorophore.

emission filter from 772 to 857 nm (green curve: HQ815/85,
Chroma, VT) that collects most ICG emitted photons (dashed
crimson curve). For optimal isolation of the excitation and emis-
sion channels, the optical densities (OD) of the excitation and
emission filters cross at OD >5. Because the FluoSTIC imaging
system also has the option to provide NIR-depleted white light,
we overlaid the white-light filter transmission spectrum (red
curve: ET710spxt, Chroma, VT) in Fig. 3(a).

2.5 Sources and Illumination

We used an sub miniature A (SMA)-coupled 500-mW, 740-nm
laser diode from Power Technology (model# IQ1A) as our NIR
light source and an SMA-coupled 7-mW cold (5600 K) white
LED from Thorlabs (model# MCWHF1). As previously
reviewed, two main approaches are available for illumination:
local and remote." Due to the footprint constraint, the only solu-
tion available was remote illumination, in which the sources are
located outside of the imaging system and fibers are used to
transport light from the sources to the imaging head. We
chose a multifiber bundle approach, where both sources (NIR
and white light) are combined using a custom-made coupler
into a circular array at the bottom end of the imaging system.
Figure 4(a) illustrates the concept of the circular fiber array in a
cross-section view. The camera is positioned within circular
rings that hold the illumination fibers.

To provide the highest NIR fluorescence imaging quality
possible, controlling the illumination profile is of paramount
importance. We chose to control the exit angle of the fibers
and simulated the illumination profile using OptisWorks
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Fig. 4 Illumination design. (a) Concept of the circular fiber array design for illumination control in a cross-section view. The camera is positioned within
circular rings that hold the illumination fibers. The bottom ring controls the exit angle of the fibers. (b), Line profile of the field irradiance at various fiber
exit angles simulated by ray tracing using OptisWorks. Note that an exit angle of 3 deg seems optimal for illumination flatness in our geometry. (c),
Actual line profile measured with the FluoSTIC system. Note that the effective exit angle has been independently measured to be 1 deg. The measure-

ment and the simulation match closely at that exit angle.

(Optis, France). OptisWorks is an add-in to SolidWorks (Das-
sault Systemes S.A., France) that allows 3-D ray tracing in
opto-mechanical designs. An 18-mm ring containing 19 optical
fibers was created in SolidWorks with various exit angles [from
0 to 5 deg, as defined in Fig. 4(a)] and irradiance from a 1-W
source simulated at a 10-cm working distance. Line profiles
were extracted and are plotted in Fig. 4(b). The optimal exit
angle for maximum field flatness was determined to be
3 deg. Of note, such solution relies on the fact that fibers con-
serve the angle of light from input to output, provided that it fits
the numerical aperture of the fibers.

To produce homogeneous and efficient illumination, the
design of the coupler is of paramount importance. Briefly, as
shown in Fig. 5, it involves an afocal design with three lenses
(L1, L2, and L3: F240SMA, Thorlabs, NJ), a dichroic mirror
(M: FF705, Semrock, NY), and a light shaping diffuser (D:
10 deg, Luminit, CA) to ensure optimal injection of the light

L1 F1 M D L3
NIR light fiber

1.5 mm, 0.37NA

Fiber bundle
19 x 300 pm, 0.37NA

F2
L2

White light fiber
1.5 mm, 0.37NA

Fig. 5 Coupler design. An afocal design with 3 lenses (L1, L2, and L3), a
dichroic mirror (M), and a light shaping diffuser (D) ensures optimal
injection of the light into the common end of the bundle. Note the pre-
sence of a NIR excitation filter (F1) and of a white light filter (F2).
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into the common end of the bundle. Note the presence of a
NIR excitation filter (F1: FF01-740/13-25, Semrock, NY)
and of a white-light filter (F2: ET710spxt, Chroma, VT). The
main purpose of this injection system is to ensure that all fibers
at the common end are homogenously illuminated.

The fluorescence imaging performances were assessed using
AngioStamp™ 800 (Fluoptics, France) diluted in DMSO at 5
different concentrations: 1, 5, 10, 50, and 100 pM. Small
volumes of 30 uL were injected into 2-mm-diameter capillaries
for each concentration and imaged by the system at its nominal
working distance with a 10-ms exposure time.

2.6 In Vivo Validation

Small tumor-positive nodules that resemble peritoneal carcino-
matosis were induced by injecting 500,000 TSA-pGL3 cells
diluted in PBS to athymic nude mice and detected by the intra-
venous injection of an NIR contrast agent, RAFT RGD IRD800
(AngioStamp™ 800) at 35 M in 200 uL. The procedure has
been described in detail previously.'® Image-guided detection
of the NIR-positive nodules was performed using the FluoSTIC
imaging system with the organs externalized and imaged on
black paper.

All animal experiments were conducted in agreement with
the Principles of Laboratory Animal Care (National Institutes
of Health pub. no. 86-23, revised 1985) and approved by the
regional ethics committee. Female athymic Swiss nude mice
(Janvier, Le Genest-Isle, France) were used in this study and
maintained under specific pathogen-free conditions.

3 Results

3.1 FluoSTIC
The fiber bundle assembly was designed and fabricated by Fiber
Tech Optica (Kitchener, ON). As shown in Fig. 6, 1-to-19 fiber
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Fig. 6 Multifiber ring design. The imaging system illumination is based
on a small footprint, circular ring approach. A 1-to-19 multifiber bundle
is used to transport NIR excitation light and white light from the coupler
to the rings. Every single fiber is equally spaced at the bottom ring of the
system. This approach allows for minimal footprint while ensuring
homogeneous safe illumination (class 1 laser). Note that a mock-up
of the camera used for the multifiber ring design can be seen inserted
within the rings in the bottom left figure.

bundles composed of individual 300-um, 0.37NA fibers were
spaced equally on three 1.5-mm-thick rings with a 17-mm
inner diameter. Note that a mock-up of the camera used for
the multifiber ring design can be seen inserted within the
rings in the bottom left figure. With proper coupling at the com-
mon end (Fig. 5), every single bundle was homogeneously filled
with light as evidenced with green light in Fig. 6. Using this
multifiber ring approach, along with a 500-mW, 740-nm laser
source, the system is capable of illuminating the field with a
fluence rate of 8 mW /cm? and meets the requirement of a
class 1 laser. The CM-030GE-RH camera from Jai, Denmark,
was inserted behind the rings, slid into position, and secured
using screws located on the brass rings. Figure 7(a) shows sche-
matics of the assembled imaging system. Figure 7(b) shows an
actual picture of FluoSTIC, along with its housing. The emis-
sion filter was placed at the bottom of the objective lens.

(@) . o (o)
-~~~ Filtered excitation light (740 nm)
L-mTTT Coupler
5
/ s >~ - - - Filtered white light (400 — 710 nm)
\ v/
A : \
n
n
1“/ N == = GigE to PC
A
. N <+— Body
[
L
200 mm

Rings containing

»

22 mm

/
1
| 1
1
I
1
i
i / 19 fibers, 300 um, 0.37NA
1
1
1
1 |

—————— Emission filter (772 — 857 nm)

3.2 Specifications and Tests

Overall, as summarized in Table 1, FluoSTIC measures only
22 mm in diameter (including the housing) and 200 mm in
length and weighs 180 g. The system is capable of imaging
a 40- x 30-mm field of view at a 126-mm working distance
with 8 mW/cm? of NIR excitation light and 1000 lux of
white light. The system has been certified as a class 1 laser
device. The system resolution was measured to be 70 ym
and the depth of field 20 mm using the 1951 USAF resolution
test chart. The camera resolution is 656 x 494 pixels, with a 10-
bit dynamic range and an exposure time adjustable from 32.5 us
to 2 s. Custom software was written in Labview (National Instru-
ments, Austin, TX) and run on a Pentium 4 computer.

The illumination field flatness was measured and the line
profile is shown in Fig. 4(c). It is interesting to note that the
third ring that provides the exit angle value to the fibers
[Fig. 4(a)] was fabricated with an effective exit angle of
1 deg (measured independently). The profile measured closely
matches the one from the OptisWorks simulation, proving that it
could be a reliable tool for designing optimized illumination
systems.

The results from the fluorescence imaging performance tests
are presented in Fig. 8. As expected, good image quality with
very low background and good linearity in the system is
observed over the dynamic range of the camera. The detection
sensitivity is comparable to other reported values from large-
size, state-of-the-art fluorescence imaging systems'® but with
the advantage of a much smaller footprint. This fact has been
experimentally verified during various procedures, as there
exist to date no direct performance comparisons of NIR fluor-
escence imaging devices. A commonly used metric to compare
the performance between NIR fluorescence imaging systems is
the exposure time in similar procedures. FluoSTIC has been
used in three main procedures to date: fluorescence angiography
on animals with exposures in the order of 50 to 100 ms, tumor

Fig. 7 FluoSTIC. (a), Schematic of all the components of the FluoSTIC fluorescence imaging system. The camera is inserted inside the illumination rings.
The emission filter is placed at the bottom of the imaging lens. The body of the system is then placed over the whole assembly. (b), Pictures of the
FluoSTIC imaging system. Left: Camera with filter inside the multifiber ring. Right: Housing protecting the device. A US quarter is shown in between the

two.
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Table 1 FluoSTIC imaging system specifications.

Category Specification Description
Physical Size 22 mmdiameter x 200 mm
Weight 180 g
Sterility Shield Disposable acrylic shield
with 95% transmission
Drape Disposable, customHit plastic
drape bonded to shield
NIR light Type SMA coupled laser
diode
Wavelength 740 nm
Power 500 mW
White light Type SMA-coupled light
emitting diode
Color temperature 5600 K
Power 7 mW
llumination Type Custom SMA-coupled 1-0-19
fiber ring, 20-mm outer diameter
Fluence 8 mW/cm? for NIR
excitation (740 nm) and
1000 lux for white light
Safety Certified class 1 laser
Collection Working distance 5 inches (126 mm)
Field of view 40 x 30 mm
Depth of field 20 mm
Optical resolution 70 ym

f=15mm @ F/2.0

Objective lens

Single-channel monochrome
system at 20 fps max

Channels

656 x 494

Camera resolution

Dynamic range 10 bits

NIR exposure time  Adjustable from 32.5 usto 2 s

detection on animals with exposures in the order of 100 to
200 ms, and ex vivo human liver cancer imaging with exposures
of less than 10 ms. Such exposure times are similar to other
large-size, state-of-the-art systems such as the ones reviewed
in Ref. 15.

3.3 In Vivo Validation

FluoSTIC was validated in vivo during the image-guided detec-
tion and excision of small positive nodules in the peritoneal cav-
ity of mice. Figure 9 shows the results obtained with the imaging
system by acquiring sequentially white light images (left, white
light filter off) and NIR fluorescence (right, white light filter on).
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Detection Curve

NIR Fluorescence

900
800

» 700 4

100 /
0

0 20 40 60 80 100 120

AngioStamp 800 concentration (pM)

Fig. 8 Bench fluorescence testing. Left: 30 uL of AngioStamp 800
diluted in DMSO injected into 2-mm-diameter capillaries. Note the
low background in these images. Right: Detection curve of the system
showing the camera grayscale values as a function of dye concentration
(1, 5, 10, 50, and 100 pM).

Positive nodules are clearly visible, as indicated by the white
arrows, and could easily be detected and excised during surgery.

4 Discussion

As the field of image-guided surgery evolves, technological
advances will be needed to address new concerns in the
field. As mentioned previously, the size of the system used dur-
ing head and neck surgery is a major constraint. Miniaturization
of this technology is one way to develop novel applications to
address this issue or other issues with endoscopy in the future. In
this work we present our efforts to push the technology to its
limits and provide the best image quality possible within a
small footprint. Such an approach required us to reconsider
all key parameters to design the most efficient system within
our size constraints. The optical design (camera, lenses, filtra-
tion) and the mechanical design (multifiber ring) have been opti-
mized to provide the best results possible for ergonomic (small
size, large depth of field) and versatile (various 800-nm contrast
agents) imaging in the clinic. This includes a small-form-factor,
10-bit CCD camera, a high F/# objective, a versatile filtration
scheme, and a cylindrical illumination design.

One major constraint when developing a clinical imaging
system is regarding deployment in an operating room. This con-
straint is multifold, including ergonomics, safety, regulations,
and acceptance by healthcare professionals.'> In our case, we
focused on ergonomics to provide a system that could easily
be integrated within the surgical workflow through its small
size and high NIR imaging performance. We also paid signifi-
cant attention to safety and system design for future clinical
translation. Owing to the distributed source approach, our sys-
tem has been certified class 1 laser, the safest class not requiring
patients and clinicians to wear protection goggles. Second, the

NIR Fluorescence

White Light

Fig. 9 In vivo validation of FluoSTIC. Image-guided detection and exci-
sion of small tumor-positive nodules that resemble peritoneal carcino-
matosis in mice. Left: White light image. Right: NIR fluorescence. Note
the two positive nodules as pointed out by the white arrows.
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system body was designed to meet the IP64 water-sealed class,
allowing easy decontamination. Third, a sterile drape bonded to
a sterile acrylic shield (not shown here) was designed to fit over
the system and guarantee sterility during the procedure. In addi-
tion, we paid significant attention to the system design and doc-
umentation to facilitate the process of obtaining CE marking and
FDA approval in the future. Particularly, this includes following
IEC60601 guidelines for electrical safety, IEC60825 for optical
safety, as well as carefully documenting the design and valida-
tion process. Overall, all the necessary documentation has been
prepared to facilitate the elaboration of standard operating pro-
cedures for receiving, assembling, and testing, as well as allow-
ing component and system traceability.

Efficiently operating during surgery requires the use of bright
NIR-depleted white light, whose design has to meet the stan-
dards for surgical luminaries as defined in IEC60601 guidelines
for minimum intensity, light color, and illumination profile. Pro-
viding such white light under our footprint constraints is chal-
lenging; however, we believe this specification is achievable and
will make this goal the focus of later work.

The system presented here employs a white light source with
aremovable low-pass filter that permits anatomic information of
the sample in a monochromatic fashion to be provided. Other
possible implementations involve pulsing alternatively white
light illumination for monochromatic anatomic display (or
pulsed red, green, blue for color anatomic display) and NIR illu-
mination for fluorescence information while synchronizing
camera acquisition as explained in the recent article from
Gray et al.” The advantage of the chosen solution is that visible
white light illumination is always present on the surgical field
with the option of choosing NIR fluorescence or white light ima-
ging by switching the filter on or off. Finally, an alternative solu-
tion could be the use of a custom Bayer filter (red, green, blue
and NIR) for simultaneous visible and NIR fluorescence ima-
ging. Each solution inherently has a tradeoff between sensitivity
and time of acquisition.

Finally, the fact that the system employs an SMA-coupled
illumination design allows for its use out of the NIR range.
In particular, endogenous fluorescence using UV-blue illumina-
tion has been widely investigated for head and neck applica-
tions.?*?° The imaging system described here could be easily
accommodated for use in other applications that employ differ-
ent sources. Another great advantage of this system is its sim-
plicity: FluoSTIC has few parts, is easy to assemble, and costs
less than $10,000 in parts.

5 Conclusions

We designed, fabricated, and tested a miniature fluorescence
imaging system optimized for 800-nm NIR fluorescence ima-
ging. This system employs a miniature CCD 10-bit camera, a
high F/# objective for large depth of field and efficient filtration,
a versatile filtration scheme allowing the imaging of several
800 nm fluorescence dyes, and an innovative illumination
ring approach that allows efficient illumination of the field of
view with high fluence while preserving a small footprint.
The system is also safe (class 1 laser). Overall, the system mea-
sures 22 mm in diameter and 200 mm in length and weighs less
than 200 g, and performs similarly to other reported state-
of-the-art fluorescence imaging systems. This study lays the
foundation for the clinical translation of optimized fluorescence
imaging systems for image-guided surgery.
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