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Abstract. We report the design, characterization, and validation of an optimized simultaneous color and
near-infrared (NIR) fluorescence rigid endoscopic imaging system for minimally invasive surgery. This system
is optimized for illumination and collection of NIR wavelengths allowing the simultaneous acquisition of both
color and NIR fluorescence at frame rates higher than 6.8 fps with high sensitivity. The system employs a custom
10-mm diameter rigid endoscope optimized for NIR transmission. A dual-channel light source compatible with
the constraints of an endoscope was built and includes a plasma source for white light illumination and NIR laser
diodes for fluorescence excitation. A prism-based 2-CCD camera was customized for simultaneous color and
NIR detection with a highly efficient filtration scheme for fluorescence imaging of both 700- and 800-nm emission
dyes. The performance characterization studies indicate that the endoscope can efficiently detect fluorescence
signal from both indocyanine green and methylene blue in dimethyl sulfoxide at the concentrations of 100 to 185
nM depending on the background optical properties. Finally, we performed the validation of this imaging system
in vivo during a minimally invasive procedure for thoracic sentinel lymph node mapping in a porcine model.© 2013
Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0O.18.12.126018]
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1 Introduction

The translation of optical imaging methods to clinical applica-
tions has rapidly grown in recent years, as evidenced in the
field of image-guided surgery (IGS).' IGS refers to the use
of an imaging modality to provide the surgeon with the addi-
tional information (e.g., functional or structural) allowing more
accurate, objective, and efficient surgical procedures.”” One
promising application of optical imaging in IGS is based on
the fluorescence signal detection for the identification of ana-
tomical features or suspicious tissue during the procedure.®™
Specifically, the fluorescence signal may arise from endogenous
fluorophores [e.g., NADH,’ protoporphyrin IX,'%!'] or may be
externally administered via intravenous, intratumoral, or peritu-
moral injection [e.g., indocyanine green (ICG), methylene blue
(MB)'>!3]. In terms of device developments, there have been
significant advances in designing optical imaging systems
used for IGS resulting in compact, ergonomic, and sensitive
imaging systems.!*'® These systems have, however, been
designed for invasive, open surgical procedures with lens, and
illumination designs allowing imaging over wide fields of
view (typically in the hundreds of centimeters squared).
Many fluorescence imaging systems have successfully reached
the clinic and have been used during first-in-human trials relying
on off-label use of U.S. FDA approved contrast agents."'"'®

"Address all correspondence to: Sylvain Gioux, E-mail: sgioux @bidmc.harvard
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In particular, MB and ICG have been extensively used to inves-
tigate applications of fluorescence IGS since they can delineate
some tumors through passive accumulation or highlight flow
in lymphatics and vasculature. Typical applications include
sentinel lymph node mapping and lymphatic imaging,'*>!
angiography,”>** intraoperative tumor detection,®>*® and ureters
and bile duct imaging.?’*

In recent years, surgical procedures witnessed a significant
shift toward the use of minimally invasive methods owing to
minimal blood loss, faster recuperation, and less postoperative
pain. Today, a variety of procedures such as gastrointestinal sur-
gery,” thoracic surgery,®*! colonoscopy,’? and arthroscopy>>
are primarily performed minimally invasively. The translation
of optical IGS techniques to minimally invasive procedures can
therefore play a major role in improving the quality of patient
care. Endoscopic procedures incorporating fluorescence detec-
tion for guiding surgery have typically relied on the use of fluo-
rophores excited in ultraviolet and far blue wavelengths (350 to
500 nm).>**° On the other hand, the use of fluorophores oper-
ating in the near-infrared (NIR) wavelengths (650 to 1000 nm)
offering deeper contrast and reduced auto fluorescence in living
tissues has not been widely explored during minimally invasive
procedures. A number of studies demonstrated the use of NIR
fluorescence-guided endoscopic imaging systems incorporating
NIR detection capabilities with standard endoscopic imaging

0091-3286/2013/$25.00 © 2013 SPIE

December 2013 « Vol. 18(12)


http://dx.doi.org/10.1117/1.JBO.18.12.126018
http://dx.doi.org/10.1117/1.JBO.18.12.126018
http://dx.doi.org/10.1117/1.JBO.18.12.126018
http://dx.doi.org/10.1117/1.JBO.18.12.126018
http://dx.doi.org/10.1117/1.JBO.18.12.126018
http://dx.doi.org/10.1117/1.JBO.18.12.126018

Venugopal et al.: Design and characterization of an optimized simultaneous color. ..

systems.”*® However, the poor transmission of NIR light through
standard clinical endoscopes and the limited sensitivity of stan-
dard camera systems at longer NIR wavelengths can result in
fluorescence images with lower signal-to-noise ratio (SNR)
and long exposure times.*® In turn, the increase in exposure
times during NIR fluorescence detection resulted in low acquis-
ition frame rates making this approach impractical for real-time
ergonomic clinical use. Furthermore, the potential of NIR fluo-
rescence-guided endoscopic imaging is highlighted by the devel-
opment of commercial clinically compatible systems optimized
for NIR fluorescence imaging (e.g., Storz FL series®® and
Novadaq spyscope*!). These systems are, however, either
designed for single-channel imaging (i.e., either color or NIR),
or present a significant amount of fluorescence background.
From our experience in IGS, the benefit of having co-registration
between the color image and a bright, background-free NIR fluo-
rescence signal is of paramount importance since it provides both
anatomical landmarks and clear fluorescence localization simul-
taneously to the surgeon. In addition, there is a growing clinical
interest in the field for using either a 700-nm dye (e.g., MB), or an
800-nm dye (e.g., ICG) or both simultaneously*** that requires
one to incorporate dual NIR channel capability on a single im-
aging system. Together, all these limitations demand the develop-
ment of a custom endoscopic imaging system optimized for
operation in the NIR wavelengths.

The development of an NIR optimized endoscopic imaging
system is primarily based on increasing throughput and effi-
ciency. For this purpose, two different components can be opti-
mized: the endoscope and the detector.

1. The endoscope is responsible for the transmission of the
illumination light as well as relaying images back to the
detector. The use of a nonoptimized endoscope for NIR
imaging can result in significant losses in both illumina-
tion and collection.** A recent study comparing NIR per-
formances of standard and NIR optimized endoscopes
identified up to a 6-fold improvement in global throughput
(~1.5-fold in illumination and ~4-fold in collection) when
using an optimized clinical endoscope such as the one
used in this study.”

2. The detector used in a dual-channel (color and NIR) endo-
scopic imaging system is comprised of filters
for separating the color and NIR optical signals and cor-
responding image sensors for image acquisition. Due to
the inherently low NIR fluorescence signal, the sensitivity
of the image sensor and the efficiency of the filtration
scheme play a critical role in the performance of a fluo-
rescence imaging system. The image sensor should be
highly sensitive, with a high quantum yield for fast
NIR imaging, while allowing minimal camera head foot-
print for ergonomic use in minimally invasive surgery.
Previous approaches have relied on the use of higher sen-
sitivity cameras (such as EMCCD) or an image intensifier
to improve the detection sensitivity*>*> but pose signifi-
cant challenges in terms of integration within the clinical
workflow and/or noise and resolution degradation.®’

In this study, we describe the design, characterization, and
validation of a clinically compatible endoscopic imaging system
optimized for simultaneous color and NIR fluorescence imag-
ing. First, the design and specification of the primary system
components (source, endoscope, and camera) are detailed.
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The imaging system is then characterized under typical clinical
settings. Finally, the performance of this system for in vivo im-
aging is validated during a minimally invasive procedure for
sentinel lymph node mapping of the lung in a porcine animal
model.

2 Materials and Methods
2.1 System Design

Figure 1 depicts a schematic of the dual-channel clinical endo-
scopic imaging system. The system comprises of a white light
and NIR laser source, a dual-channel camera, fibers for light
transmission, and a rigid endoscope. In the following sections,
the primary system components are described in detail.

2.1.1 Source design

The light source used in this system combines a laser diode
based NIR source with a plasma-based white light source for
simultaneous illumination for both color and NIR imaging.
The laser module houses four 2.5 W laser diodes operating at
760 nm (LDX-3215-760, LDX Optronics, Maryville, Tennessee)
and operated using current and thermo-electric cooler control-
lers ITC300, Thorlabs, Newton, New Jersey). Alternatively, the
system can also use four 1 W laser diodes operating at 660 nm
(LDX-3115-660, LDX Optronics, TN, USA) imaging NIR
fluorophores with the emissions at shorter NIR wavelengths
(e.g., MB). The white light illumination is generated by a high-
power solid state plasma light source (HPLS-30-02, Thorlabs,
NJ, USA) with an output power of 10.2 W (at 5 mm focal
spot, 0.5 NA) in the visible wavelengths.

The two sources are combined using a custom-designed light
coupler (mechanically mounted on the plasma light source) that

NIR
camera

Color .FT Di
camera | ~

—————— NIR
source

White light
source

Source
coupler

Endoscope

Surgical field

Fig. 1 Schematic of a typical dual-channel near-infrared (NIR) and
color endoscopic imaging system. Light from a filtered white light
source is combined with the light from an NIR excitation source
and injected into the endoscope through the illumination port. Light
is collected through the endoscope imaging channel, split using
a dichroic mirror (Di) and filtered in two channels, one for the color
imaging and the other for the NIR fluorescence imaging.
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shapes the output from the two sources before injection into a
fiber-optic light guide with 4.8-mm core diameter (0.54 NA).
The design of the light coupler is shown in Fig. 2. It should be
noted that a dichroic mirror (T6731pxxr, Chroma Technologies,
Bellows Falls, Vermont) was used in order to combine the two
light sources. Furthermore, the light coupler includes a hot mir-
ror (21002A, Chroma Technologies, VT, USA) and a 650 nm
short pass filter (E650SP, Chroma, VT, USA) in order to filter
out the plasma source output outside the visible window, thereby
reducing the light leakage in the NIR images. The NIR laser
module is connected to the light coupler via an SMA terminated
2 mm multimode fiber optic cable. The output port of the light
coupler accepts a standard off-the-shelf 1.8-m long fiber optic
light guide with a 4.8-mm core diameter (C3278, Conmed,
Utica, New York). The use of a fiber optimized for NIR trans-
mission could further improve the efficiency of the system. The
light coupler operates at a coupling efficiency of 87% for the
NIR light source and 35% for the white light source.

2.1.2 Endoscope design

The system described here uses a custom rigid rod-lens
based NIR optimized endoscope (Schoelly Fiberoptic GmBH,
Denzlingen, Germany). The endoscope is 340-mm long and
has a 10-mm bore diameter with a 5 mm imaging area and
a 30 deg direction of view. The fiber optic light guide from
the source coupler is connected to the endoscope via an
Olympus endoscope fitting (7453, Conmed, FL, USA). The
endoscope was determined to have a transmission efficiency of
53% and 42% at 660 nm and 760 nm, respectively, making it
more efficient for fluorescence imaging than standard, non-
optimized endoscopes.*® Finally, the endoscope is attached to
the camera via a C-mount adapter with a focal length of 28 mm
(#20-0215, Myriad Fiber Optics, Dudley, Massachusetts).

2.1.3 Dual-channel camera design

The simultaneous dual-channel acquisition in this system is
accomplished using a custom-made prototype prism-based
2-CCD camera (AD-130GE, Jai Inc., Yokohama, Kanagawa).
The camera includes both color and monochrome 1/3 in. Sony
1ICX447 CCD image sensors with custom filters. The color sen-
sor operates in 24-bit RGB mode and the NIR sensor acquires
12-bit images, both with a resolution of 1296 X 966 pixels. The

NIR

F1 F2 L1 .
input

use of the same image sensors in this integrated camera package
has two important advantages in the design of a clinical endo-
scopic imaging system. First, the camera design ensures that the
imaging system is sufficiently small and lightweight that it can
be operated easily by one hand during minimally invasive pro-
cedures. Second, the use of identical sensors for both channels
allows the acquisition of color and NIR channels of exactly the
same dimensions with built-in robustness and accurate registra-
tion. The images acquired by the two sensors are transmitted to
the computer via two independent Gigabit Ethernet (GigE)
channels. The acquired data for each channel is then cropped
to 960 x 960 pixels for display on the screen and the images
are currently resampled to 512 X 512 pixels when data is
saved to the disk. The camera also allows the independent con-
trol of exposure (from 1 ms to 2 s) and gain (up to 23 dB) on
each sensor. However, in order to maintain a fluid refresh rate,
the exposure time values should preferably be lower than 100 ms
(10 fps) with an acceptable upper limit of 150 ms (6.8 fps).
Slower refresh rates will strongly limit the potential for ergo-
nomic use due to the movement artifacts during minimally inva-
sive procedures.

In order to use the camera for NIR fluorescence imaging,
the prism optics in the camera are customized with the specific
filter coatings to allow the acquisition of color images (400 to
650 nm) and monochrome images for two selected NIR
windows above 685 nm (Chroma, VT, USA). Figure 3(a)
shows the design of the prism-based dual-channel acquisition.
Specifically, the camera includes two prism blocks wherein
a dichroic filter coating on the long edge of one block reflects
the NIR wavelengths greater than 650 nm while transmitting all
the shorter wavelengths. The emission filters are positioned in
front of each of the image sensors to isolate the signals of inter-
est. In order to improve the versatility of this device, the fluo-
rescence emission filter (in front of the NIR sensor) is designed
to have dual band-pass characteristics allowing the imaging of
fluorophores emitting in two distinct wavelength windows.
The first window (referred to as 700-nm channel), centered at
710 nm with a 50-nm bandwidth, acquires a fluorescence signal
from agents excited at 660 nm (e.g., MB). The second window
(referred to as 800-nm channel), acquires fluorescence signal at
all the wavelengths above 780 nm, typically from agents excited
at 760 nm (e.g., ICG). It should be noted that the single mono-
chrome sensor design allows the sequential (nonconcurrent)

o
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Fig. 2 Source coupler design. (a) Mechanical layout of the source coupler mounted on the custom white
light source chassis. F1: IR filter. F2: 650SP filter. L1: 30 mm biconvex lens. L2: 25 mm biconvex lens.
Di: T673LP dichroic mirror. L3: 25 mm biconvex lens. (b) Optical design of source coupler.
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acquisition of NIR fluorescence images in either channel (700 or
800 nm) concurrently with color images. To achieve dual NIR
channel imaging (i.e., 700 and 800 nm fluorescence concur-
rently with color), a software acquisition mode synchronizes
NIR excitation light with camera acquisition to guarantee that
the two NIR fluorescence channels are separated. Actual trans-
mission spectra of the filter coatings described are shown
in Fig. 3(b).

2.2 System Characterization
2.2.1 Optical characteristics

The spatial resolution of the system was determined using
a USAF 1951 target (#38-710, Edmund Optics, Barrington,
New Jersey), and measured using the slanted edge method.
The test target was imaged at a distance of 5 cm and the reso-
lution was determined using the color image. Finally, the accu-
racy of registration of the two imaging channels was determined
by imaging four tubes of ICG in dimethyl sulfoxide (DMSO)
(at 1, 0.5, 0.25, and 0.125 uM concentration). The fluence was
measured using a calibrated Orion power meter (PD300-3W,
Ophir Optronics, North Logan, UT, USA).

2.2.2 Noise characterization

The image noise (background noise) in a dual-channel fluores-
cence imaging system can arise from the dark noise of the
CCD sensor and the excitation light leakage due to inefficient
filtration. In order to characterize the background noise of this

NIR sensor
(a)
EM filter
[\ Di
Color
U sensor
Relay optics Color filter
(b) 120 . = — = L :
Color channel filter == =Dichroic filter

1004-|™= Dual band-pass NIR channel filter H
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404—

Transmission (%)
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Fig. 3 Camera design. (a) Prism-based 2-CCD camera design. Light
enters the prism and is separated into two channels using a dichroic
coating between the two prism blocks. Emission filters are placed
between the prism output and the image sensors. (b) Transmission
characteristics of custom filter coatings for dual-channel NIR and
color image acquisition. This includes a dichroic coating separating
the two channels and two emission filters, one for the color and
the other for the NIR fluorescence.
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system, the optical signal from nonfluorescent backgrounds
has been measured at 100 ms exposure time as a function of
distance (from 2 to 9 cm) and gain (up to 23 dB/100% gain).
Three different backgrounds were used:

e A 12 in.Xx 12 in. piece of ABS plastic, nonfluorescent,
having a rough surface exhibiting a Lambertian
reflectance.

e A 8.5 in. X 8.5 in. tissue mimicking phantom made of
silicon and having an absorption value of 0.05 mm™!
and a reduced scattering value of 0.97 mm~! at 650 nm,
as measured using our spatial frequency domain imaging
system.*047

e A 10in. X 10 in. Spectralon diffuse reflectance target
having a 99% reflectance value (SRT-99-100, Labsphere
Inc., North Sutton, NH, USA).

It should be noted that each NIR channel was characterized
independently with the respective laser excitation and white
light illumination at their maximum output. The average photon
counts for the entire image recorded for each setting was used to
determine the background noise.

2.2.3 Sensitivity

The sensitivity of the system for the 800 nm fluorescence chan-
nel was determined by imaging the signal from the five samples
of ICG diluted in DMSO at varying concentrations ranging from
50 to 1000 nM. The measurements were acquired at eight work-
ing distances expected in vivo (ranging from 2 to 9 cm at 1 cm
steps) at 100% gain settings and exposure times of 50, 100, and
150 ms. The above procedure was repeated for the same work-
ing distances and camera settings to determine the sensitivity of
the 700 nm fluorescence channel using dilutions of MB in
DMSO at concentrations ranging from 100 to 1000 nM.

The average signal recorded over a 50 x 50 pixel region of
interest was used to estimate the corresponding photon counts to
establish the linearity of the detector and determine the sensi-
tivity of the system at different working distances. Further-
more, the range of working distances over which the signal in
both 700- and 800-nm channels is detectable over the noise floor
for three concentrations at 100 ms exposure time is analyzed.

2.3 Animal Model

The performance of the NIR optimized endoscopic imaging sys-
tem in vivo was validated during lung sentinel lymph node
detection and resection in a porcine model. The animal studies
were performed under the supervision of Beth Israel Deaconess
Medical Center’s Institutional Animal Care and Use Committee
in accordance with the approved institutional protocols. Female
Yorkshire pigs (E.M. Parsons and Sons, Hadley, MA, USA)
averaging 37 kg were induced with intramuscular Telazol™
(Fort Dodge Labs, Fort Dodge, IA, USA), incubated and main-
tained with 2% isoflurane (Baxter Healthcare Corp., Deerfield,
IL, USA). Physiological parameters (heart rate, oxygen satura-
tion, and body temperature) were monitored during the pro-
cedure. In this study, 0.5 cc of 3.2 mM ICG in saline buffer
was superficially injected (2 to 3-mm deep) in the lung paren-
chyma on the left posterior upper lobe. The localization of the
dye in the mediastinal and hilar lymph nodes was investigated
5 min postinjection. Once identified, the node expressing
ICG fluorescence signal was resected. The color camera was
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Fig. 4 The NIR-optimized dual-channel clinical endoscopic imaging
system. The system comprises of a white light and NIR laser source,
a dual-channel camera, a rigid endoscope, and a computer for data
acquisition and system control housed in a small form-factor cart
for easy transportation. Note the two displays, one for the system
operator and the other for the surgeon.

operated at an exposure time of 21 ms and the NIR camera expo-
sure time was adjusted between 20 and 150 ms (based on the
signal level) at maximum gain setting. The entire procedure
was recorded on the video for analysis.

3 Results

3.1 System Characteristics
3.1.1  Endoscopic imaging system

Figure 4 shows a picture of the dual-channel clinical endoscopic
imaging system. The system is comprised of a white light and
NIR laser source, a dual-channel camera, a rigid endoscope, and
a computer for data acquisition and system control housed in
a small form-factor cart for easy transportation. Note the two
displays, one for the system operator and the other for the
surgeon. The custom endoscope made by Schoelly has been
fabricated following the ISO 9001 and 13485 standards and can
be sterilized using standard clinical methods (Autoclave, EtO,
STERIS STERRAD, and STERIS System). In addition, the sys-
tem uses a standard endoscope sterile drape that connects at
the junction between the endoscope and the camera coupler
to guarantee complete sterility near the surgical field. The com-
plete system specifications are shown in Table 1.

3.1.2 Optical characteristics

Figure 5(a) shows the image of the USAF 1951 test target
acquired on the color channel. Using the slanted edge method,
the spatial resolution was measured to be 110 ym at a distance of
5 cm. Figures 5(b) and 5(c) show the color and NIR images of
the ICG samples and Fig. 5(d) shows the overlay of the two
channels with the fluorescence information in green on the
top of the color image (merge image). It should be noted that
the two channels are accurately coregistered with no observable
misalignment of the two sensors.

3.1.3 lllumination and laser safety

The total laser power output from the endoscope was limited to
26 and 156 mW at 660 and 760 nm, respectively. Because the
laser Class 3R accessible emission limits for this particular

Journal of Biomedical Optics

Table 1 System specifications at 5 cm nominal working distance.

Category Specification Description
Physical Endoscope length 340 mm
Direction of view 30 deg
Diameter 10 mm
Camera size 55%x55x%x9.0 cmd
Weight 726 g
NIR light Type SMA coupled laser diode
Wavelength 660 nm and 760 nm
Power 26 mW (660 nm)
156 mW (760 nm)
White light  Type Plasma white light source
Power (Visible) 10.25 W
Numerical aperture 0.5
Light guide  Type 4.8 mm active area fiber optic
bundle 1.8 m In length.
Numerical aperture  0.54
lllumination  Fluence 2.3 mW/cm? (660 nm)
12.9 mW/cm? (760 nm)
llluminance 33 klux
Safety Class 3R
Collection Working distance 5cm
Optical resolution 110 pum
Channels 2

126018-5

960 x 960 px (display)
512 x 512 px (recording)

Camera resolution

NIR exposure time 1 ms—150 ms

endoscope at these wavelengths are 400 and 160 mW (IEC
60825-1: 2007), this device operates as a Class 3R device.
This translates to fluence of 14.0, 2.3, 0.7 mW /cm? at 660 nm
and41.2,12.9,2.8 mW/cm2 at 760 nm at the working distances
of 2, 5, and 9 cm, respectively. Furthermore, the white light
illuminance at the 5 cm working distance was measured to be
33 klux.

3.1.4 Background noise

Figures 6(a) and 6(b) show the variation in background noise
arising from light leakage and dark noise in the 700 nm emission
channel as a function of working distance and gain, respectively,
for the three different reflectance materials (black ABS plastic,
tissue phantom, Spectralon). Figures 6(c) and 6(d) show
the same measurements for the 800 nm emission channel. As
expected, background noise increases when increasing the gain
or reducing the working distance. It is interesting to note that in
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Fig. 5 Bench testing for the imaging system. (a) Color image of USAF
1951 resolution test target acquired at 5 cm working distance. (b—d)
Color, NIR, and merge images of indocyanine green (ICG) in dimethyl
sulfoxide (DMSO), respectively, at 1.0 uM, 0.5 uM, 0.25 uM, and
0.125 uM (left to right). Note the accurate registration of images
from the color and NIR channels.
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the worst possible measurement condition (100% gain at 2 cm),
the maximum background noise is limited to 350, 216, and 147
counts for the 700 nm emission channel and 418, 256, and 152
counts for the 800 nm emission channel, for Spectralon, tissue
mimicking phantom and black ABS plastic backgrounds,
respectively. For the 12-bit NIR sensor employed in this camera
(4095 gray levels), this translates to 8.5%, 5.3%, and 3.6% of
the dynamic range at 700 nm and 10.2%, 6.3%, and 3.7% of
the dynamic range at 800 nm, indicating a highly efficient
filtration scheme.

3.1.5 Sensitivity

The average fluorescence signal measured in the 700-nm chan-
nel at 3 cm working distance using MB for the three exposure
times investigated herein is plotted in Fig. 7(a). The linear fit to
the data shows excellent detector linearity over the range of con-
centration. Furthermore, the variation in measured signal inten-
sity (at 100 ms exposure time) with the working distance is
plotted in Fig. 7(b). Similarly, Figs. 7(c) and 7(d) show the cor-
responding measurements of system sensitivity and signal varia-
tion over distance for the 800-nm channel using ICG.

As expected, both channels demonstrate higher sensitivity at
longer exposure times. The measured photon counts for both the
700- and 800-nm channels are above their respective noise floor
(~150 counts) for all the three concentrations considered. It is
worth noting that these measurements are acquired at a 100 ms
exposure time which translates to a 10 fps acquisition. From
these measurements, we define detectability based on the

Background noise at 100 ms exposure
time and 3 cm working distance
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Fig. 6 Background noise evaluation using three different reflectance materials (black ABS plastic, tissue
phantom, and Spectralon). (a and b) Background noise measured in the 700-nm channel under 660-nm
excitation and white light at their maximum output, as a function of working distance and gain. (c and d)
Background noise measured in the 800-nm channel under 760-nm excitation and white light at their
maximum output, as a function of working distance and gain.
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Fig. 7 Sensitivity performance evaluation. (a) Average fluorescence signal from various concentrations
of methylene blue (MB) in DMSO at 3 cm working distance. (b) Photon counts measured from MB in
DMSO at three concentrations at varying working distances. (c) Average fluorescence signal from vari-
ous concentrations of ICG in DMSO at 3 cm working distance. (d) Photon counts measured from ICG in
DMSO at three concentrations at varying working distances. BG, background.

SNR of at least 2 (signal level more than twice the noise floor).
Extrapolating from the three concentrations measured, we
establish that ~100 to 185 nM can be detected at 3 cm working
distance for both the 700 and 800-nm channels, depending on
the background optical properties (here from black plastic to
tissue simulating phantom).

3.2 In Vivo Imaging Results

Figures 8(a) and 8(b) show the color, NIR, and merge images
acquired minimally invasively in vivo during the detection and
resection of a lung sentinel lymph node using ICG. Figure 8(a)
shows the image acquired 5 min postinjection and Fig. 8(b)
shows the snapshot of the exposed node. The images shown
were acquired at an exposure time of 100 ms at 100% gain set-
tings with the real-time display acquiring at a frame rate of
~10 fps. The fluorescence signal in the neighborhood of the
lymph node (on the chest wall) was defined as the background.
The signal to background ratio (SBR) in these images was deter-
mined to be 5.2, demonstrating the highly sensitive detection of
fluorescence in vivo using the endoscopic imaging system.
Finally, Fig. 8(c) shows an image of the resected lymph node
acquired using the endoscope ex vivo. Video 1 shows an exam-
ple of the data collected in real time using the dual-channel
endoscopic system highlighting the functionality of the imaging
system operating at 6.8 fps and capable of efficiently acquiring
both color and NIR fluorescence information.
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NIR fluorescence

Fig. 8 In vivo evaluation of the endoscopic imaging system: snap-
shots. (a) Lymph node detected 5 min after injection of ICG.
(b) Exposed lymph node prior to resection. (c) Excised lymph node
imaged ex vivo.
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Video 1 In vivo evaluation of the endoscopic imaging system: video.
In this study, 0.5 cc of 3.2 mM ICG in saline buffer was superficially
injected (2 to 3 mm deep) in the lung parenchyma on the left posterior
upper lobe. The localization of the dye in the mediastinal and hilar
lymph nodes was investigated 5 min postinjection. Exposure time
on the NIR camera was 150 ms. (MPEG, 8.06 MB) [URL: http://dx
.doi.org/10.1117/1.JB0O.18.12.126018.1].

4 Discussion

With the rapid growth of minimally invasive surgical proce-
dures, the development of endoscopic imaging systems for
fluorescence-guided surgery presents an important potential
application for optical imaging methods. Concurrently, the
advances in molecular imaging contrast agents operating in
the NIR window encourages the development of intraoperative
imaging systems optimized for NIR fluorescence imaging.®*®
In light of these developments, the potential advantages
of a clinical endoscopic imaging system optimized for NIR fluo-
rescence imaging cannot be overstated. The fundamental design
principle guiding the development of a dual-channel NIR and
color endoscopic imaging system is the capability of imaging
fluorescence with high sensitivity and high resolution in real
time. The design of such systems for clinical applications intro-
duces additional requirements of clinical regulation compliance
and integration with the existing clinical workflow. Such sys-
tems must have a small form factor (comparable to existing
endoscopic imaging systems) and must be capable of operating
at high frame rates without any motion blurring.

In this article, we introduce a clinically compatible endo-
scopic imaging system where every component (including the
source, the camera, and the endoscope) has been optimized
to meet the requirements for realistic clinical use. For instance,
the use of a highly sensitive 2-CCD camera system customized
for NIR measurements ensured simultaneous acquisition of
color and NIR measurements while retaining the small form
factor of the device. The optimization of the endoscope for oper-
ation in the NIR wavelengths coupled with the camera allowed
the acquisition of high-resolution fluorescence signal with high
SNR. Overall, the characterization studies presented here dem-
onstrate that the system can detect ICG and MB fluorescence in
DMSO at concentrations as low as 100 nM at a distance of 3 cm
and 100 ms exposure time (10 fps). Furthermore, this system
was validated in vivo with the successful identification of
lung lymph nodes in Yorkshire pigs with high sensitivity
while acquiring images at frame rates higher than 6.8 fps.
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The main challenge in designing a fluorescence endoscopic
imaging system is to be able to perform fluorescence imaging
with enough sensitivity to guarantee a high frame rate display in
vivo, while complying with the constraints of endoscopy and
clinical workflow. Because of the regulatory illumination
power limitations, the camera and the NIR transmission of
the optics are the components that can be optimized for increas-
ing throughput. Although NIR transmission of the optics can be
relatively easily optimized, increasing camera head sensitivity
usually goes along with the footprint and weight. In this work,
our approach was to prioritize the standard clinical workflow
and to provide a small size and lightweight camera similar to
currently used endoscopic cameras. Other approaches have used
larger and heavier cameras, including EMCCDs or image inten-
sifiers, either directly plugged onto the endoscope or using fiber-
bundle relays.***** In either case, the entire imaging system
should be designed to permit high quality fluorescent imaging
at high frame rates in vivo. With a size of 5 cm X5 cm X 9 cm
and a weight of 726 g, this system is easily held and manipulated
with a single hand by the surgeon. In addition, the endoscope
can be left in place in a laparoscopic entry port without
other mechanical support if needed. Together our approach
targets fast translation of the technology to explore clinical
applications.

The downside of our approach is the intrinsic low sensitivity
of CCD cameras having such a small form factor. However,
from the surgeons working with our open surgery and endo-
scopic systems, we determined that the minimum frame rate
for surgical guidance using nondynamic fluorescence processes
(e.g., angiography, sentinel lymph node mapping, tumor delin-
eation, ureters and bile ducts localization) to be higher than
6.8 fps. Our collaborators being typically early adopters of
novel technologies, other clinicians may desire a faster frame
rate minimum, which will happen following technological
progress. In any case, this indicates that anything slower than
6.8 fps is not acceptable.

The evaluation of the performance metrics for NIR fluores-
cence imaging in particular, and diffuse imaging in general, is
a very active area of research. In this work, we introduce the
measurement of background noise on various nonfluorescent
reflectance surfaces, including a Spectralon standard. Although
background noise measurement is of paramount importance for
the NIR fluorescence imaging, it is difficult to define an appro-
priate material for this purpose. Black ABS plastic, while com-
monly used in the literature, does not provide a realistic value
due to its very low reflectance properties. Similarly, Spectralon
is not realistic either due to its very high reflectance properties,
but is the most accessible and reliable method for comparing
performances. Tissue mimicking phantoms seem to be the
most appropriate material due to their optical similarity to living
tissues, but are not accessible to all researchers. Finally, the most
realistic measurement is during in vivo experiments, but suffers
from a great variability due to the variation of reflectance pro-
perties and optical properties.

The design of the system described here presents two singu-
lar advantages. First, the incorporation of a dual band-pass emis-
sion filter on the NIR sensor allows the acquisition of two NIR
channels, one for 700 nm and the other for 800 nm emission
dyes. The characterization of the two channels presented here
indicates a high sensitivity when acquiring images in both wave-
length windows. This offers a unique opportunity to investigate
the advantages of dual-tracer imaging during minimally invasive
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procedures. Second, the endoscopic imaging system has been
designed to meet the requirements for future clinical translation.
Specifically, the components and operation settings were char-
acterized to ensure compliance with guidelines set for clinical
medical imaging devices in IEC 60601, laser safety in IEC
60825, as well as mechanical safety and documentation.

Finally, the imaging platform presented in this study is
readily adaptable to NIR fluorescence imaging with flexible
endoscopes.*>>° The camera and source can be mounted in the
same manner to a flexible endoscope, used on the same plat-
forms and controlled through the same software. It should be
noted, however, that the manipulation of flexible endoscopes
differ significantly from rigid endoscopes and the system we
present may no longer be ergonomic for this purpose. In addi-
tion, flexible endoscopy for the fluorescence imaging is typi-
cally based on imaging fiber bundles, degrading resolution, and
transmission. More work is required to achieve high frame rate
imaging in fluorescence flexible endoscopy.

5 Conclusion

In summary, we presented the design, characterization, and
validation of an optimized dual-channel endoscopic imaging
system capable of simultaneous real-time imaging of NIR fluo-
rescence and color video during minimally invasive procedures.
The feasibility and performance of this system were demon-
strated in preclinical studies. Future investigations will focus
on the translation of this system for clinical use during mini-
mally invasive procedures. Overall, this study lays the founda-
tions for the design of clinical compatible dual color and NIR
fluorescence endoscopic imaging systems and their translation
to the clinic.
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