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Abstract. The number of molecular species suitable for multispectral fluorescence imaging is limited due to the
overlap of the emission spectra of indicator fluorophores, e.g., dyes and nanoparticles. To remove fluorophore
emission cross-talk in wide-field multispectral fluorescence molecular imaging, we evaluate three different solu-
tions: (1) image stitching, (2) concurrent imaging with cross-talk ratio subtraction algorithm, and (3) frame-sequen-
tial imaging. A phantom with fluorophore emission cross-talk is fabricated, and a 1.2-mm ultrathin scanning fiber
endoscope (SFE) is used to test and compare these approaches. Results show that fluorophore emission cross-talk
could be successfully avoided or significantly reduced. Near term, the concurrent imaging method of wide-field
multispectral fluorescence SFE is viable for early stage cancer detection and localization in vivo. Furthermore, a
means to enhance exogenous fluorescence target-to-background ratio by the reduction of tissue autofluorescence
background is demonstrated. © 2013 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1,JBO.18.8.086012]
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1 Introduction

It is now widely accepted that optically active fluorophores,
conjugated to targeted disease probes, are effective for image-
guided diagnosis and surgical procedures.'” Fluorophore con-
jugates are routinely used to identify specific DNA components
in flow cytometry systems, DNA microarrays, and microscopic
histology examinations [e.g., fluorescence in situ hybridization
(FISH)]. Over the past two decades, fluorophore optical probes
have been evaluated for in vivo clinical imaging applications and
to identify pre- or early stage cancerous conditions such as neo-
plastic lesions in human oral tissue,® dysplasia in colon,” high-
grade dysplasia (HGD) in Barrett’s esophagus (BE),' as well
as screening and early detection for breast cancer,'' bladder
cancer,” and lung small cell carcinoma.'”> Meanwhile, in vivo
molecular optical imaging has also been used in ovarian cancer
surgery guidance* as well as for visualization and delineation of
tumor margins.*!'> It has also been shown that optical contrast
agents can aid in guiding the diagnosis of difficult cancers such
as ovarian cancer,'* acute leukemia, and pediatric cancer.'
Many tumors express multiple cell surface and proteomic
markers. Therefore, simultaneous multi-fluorophore imaging of
numerous molecular targets is important for cancer diagnosis
and therapy.>®'>"! Currently, multispectra fluorescence imag-
ing techniques are employed in microscopic analysis in vitro
such as conventional immunohistology and fluorescence-
assisted cell sorter. These microscopic imaging approaches
are time consuming and have a small field of view, which
means they are not applicable for in vivo cancer detection and
localization. Therefore, multi-fluorophore molecular imaging
techniques for clinical endoscopic imaging are needed.
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One of the remaining obstacles for full implementation of
multi-fluorophore imaging is the spectral width of the emission
spectra, as laser sources can help to reduce the overlap in
excitation. Although quantum dot fluorophores have narrow
bandwidths [full width at half maximum (FWHM) ~25 nm),
unresolved toxicity questions limit their application in human
clinical studies.”® A small number of organic fluorophores,
for example, FITC and ICG, have been approved by the
FDA. In addition, most organic fluorescent dyes tend to have
an asymmetric spectral profile that typically extends from the
peak emission to well over 100 nm in the long wavelength
tail. Overlapping emission spectra are present among the most
common organic dyes, for example 7-diethylaminocoumarin-3-
carboxylic acid (DEAC), fluorescein isothiocyanate (FITC), car-
boxytetramethylrhodamine (TAMARA), and cyanine (Cy5.5),
that have been developed for fluorescence labeling. Therefore,
incorporating two or more fluorophore targeting agents may
be problematic as a result of overlapping emission spectra.
Confusion over the correct spectral intensities of multi-fluoro-
phore labels could lead to misdiagnosis of overexpressed cell
surface protein markers.

Although isolation filters can be used to separate the emis-
sion spectra, significant signal loss can occur. The fluorescence
emission cross-talk problem is typically encountered in multi-
color fluorescence microscopic imaging. In such diagnostic
optical systems, sequential®’~* or synchronous®* excitation
techniques can be used to separate overlapping emissions
from each individual fluorophore. However, in a real time and
wide-field image visualization system, such as an endoscope,
sequential image capture may introduce unacceptable image
rendering lag times in a busy clinical workflow scenario.
Therefore, we have evaluated three different options including
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concurrent and sequential excitation/emission image capture
for distinguishing emissions from two spectrally intersecting
fluorescent dye targets using a wide-field scanning fiber endo-
scope (SFE).

The first real-time in vivo imaging of a multispectral target
with the SFE was demonstrated with the identification of dys-
plastic “hot-spots” in a murine model of colorectal cancer.’
It was also shown that topically administered fluorescent molec-
ular probes combined with endoscopic imaging can readily
identify cancerous lesions.51%?72% In the diagnosis of HGD
and early cancerous lesions in BE, multiple overexpressed cell
surface targets, such as epidermal growth-factor receptor (EGFR
and ErbB2), hepatocyte growth-factor receptor gene (MET),
vascular endothelial growth-factor receptor 2 (VEGFR2), have
been reported.”* As a result, the coincident emission signature
from multiple fluorescent-labeled probes is expected to provide a
more sensitive and a specific disease state diagnosis than a single
molecular target for HGD and early cancer detection in BE.

In a previous study, we developed a color-matched, fluores-
cence-labeled esophagus phantom for dual-mode fluorescence-
reflectance imaging with a single-fluorescent molecular probe.’!
Other applications for fluorescence molecular imaging were
also demonstrated using the phantom, for example fluorescence
distance compensation’' and image stitching.*?

In the current study, a second fluorescent dye was added to
the phantom to construct a two-dye fluorescence model that
represents imaging with emission cross-talk. Three approaches:
(1) image stitching; (2) concurrent imaging with Cross-talk
Ratio Subtraction (CRS) algorithm; and (3) frame-sequential
imaging were evaluated for the removal/reduction of fluores-
cence emission cross-talk in a wide-field multispectral fluores-
cence endoscopic system. For each approach, we describe the
concept, outline the method of execution, and present the
evaluation test results. Finally, the strengths and limitations of
each approach are compared and discussed. Each of the three
proposed methodologies shows promise for wide-field multi-
spectral fluorescence endoscopic imaging with mitigated dye
emission cross-talk. Furthermore, they are also applicable to the
reduction of autofluorescence, and thus enhance the target-to-
background ratio during in vivo molecular imaging.

2 Materials and Methods

2.1 Phantom Model

2.1.1 Two-dye fluorescence targets fabrication
and calibration

Fluorescent dye-in-polymer targets were fabricated to represent
the molecular probe-targeted tissue biomarker. Details of the
dye-in-polymer fabrication process were described in a previous
study.*! Briefly, two dyes, chemical name Fluorol 555 (Exciton
Inc., Dayton, Ohio) and Pyrromethene 597-8C9 (Exciton Inc.,
Dayton, Ohio), were dissolved in a clear polyurethane resin
using a master-batch dilution protocol described in Ref. 31.
The fluorol (FL) and pyrromethene (PM) dyes were chosen
because they are well characterized as soluble and stable in pol-
ymer resins.*>=” Moreover, their emission spectral features are
close to coumarin (DEAC), fluorescein (FITC), 5-carboxytetra-
methylrhodamine (5-TAMRA), cyanine (CyS5.5), 5-aminolevu-
linic acid hydrochloride (5-ALA), and indocyanine green (ICG)
dyes, which will be used for the in vivo human subject studies.
The FDA-approved dyes were not selected for this study
because they lack long-term photostability, while the currently
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selected FL and PM dyes have been used in dye laser research,
where photostability is required.

The liquid resin dye-in-polymer material was poured in a
2.5-cm diameter cylindrical mold, and the solid material was
then sliced into thin disks using a Saw Microtome. The final
fluorescence targets were die-cut into distinctive star shapes
with an outside dimension of ~0.5 cm. The molar concentration
of the fluorescent targets was in the range of 1 to 100 gmol/L to
match the molecular probe concentrations which are topically
applied for in vivo human subject studies.

In the current study, three types of dye-in-polymer targets
were fabricated: the FL-only, the PM-only, and the FL-PM mix.
The FL-PM mix targets represented the spatial co-location of
molecular probes at the biomarker hot-spots. The FL. and PM
dye-in-polymers’ quantitative capability was then tested using
a calibrated spectrophotometer following the same experimental
setup as previously described in Ref. 31. A 442-nm laser (Blue
Sky Research, Milpitas, California) was used as the excitation
for the FL target, a 532-nm laser (Blue Sky Research) was used
for the excitation of the PM target, and accordingly, a 450-nm in-
line long-pass filter (NT62-982, Edmund Optics Inc. Barrington,
New Jersey) or a 532-nm in-line rejection filter (NT63-346,
Edmund Optics Inc.) was used individually for each excitation
wavelength to attenuate excitation laser light. The fluorescence
emission spectra of the two dye targets, measured from a spec-
trometer (USB2000+, Ocean Optics, Inc., Dunedin, FL), were
plotted and overlaid to represent the dye cross-talk issue.

2.1.2 Barrett’s esophagus phantom

In the current study, a color-matched Barrett’s esophagus phan-
tom was used. Design and fabrication details of this phantom
were described in a previous publication.>! The fluorescent
dye-in-polymer targets were attached with transparent adhesive
tape to the simulated Barrett’s esophagus regions to resemble
molecular probe-labeled high-grade dysplasia and early cancer-
ous hot-spots of the mucosal surface.

2.2 Imaging Platform

A 1.2-mm outer diameter (OD) scanning fiber endoscope (SFE)
was used in the current study. The laser-based SFE technology
was developed in our laboratory for the purpose of performing
high-quality, wide-field (FOV up to 100 deg) video imaging via
an ultrathin and flexible endoscope.® Unlike a conventional
passive imaging system that uses diffuse light illumination,
the SFE incorporates low-power blue (442 nm), green (532 nm),
and red (635 nm) laser illumination. The lasers can be collec-
tively or selectively launched at the base station, and sent to the
distal end of the SFE scope via a single-mode optical fiber. The
resulting laser beam is focused by a lens assembly and scanned
in a spiral pattern by a tube piezoelectric actuator across the field
of view. Both reflected and fluorescence light are collected by a
concentric ring of high-numeric aperture multimode optical
fibers surrounding the central fiber scanner and lens assembly.
The collected light is focused onto the two dichroic beam
splitters, and then separated into three (red, green, and blue,
respectively) detection channels. Prior to impinging on the pho-
tomultiplier tube (PMT) detection channel, the color separated
light beam passes through a high-optical density band-pass
filter. The SFE system software then maps the synchronized
PMT detection signals as points in the spiral scan pattern to
the two-dimensional pixel position of the RGB digital display.
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At a standard setting, the SFE outputs 500-line images at a frame
rate of 30 Hz.

2.3 SFE Imaging Solutions for Dye Cross-Talk

In the present study, the 442-nm laser was used as excitation for
the FL dye-in-polymer targets, and the green detection channel
was used to detect its fluorescence emission, whereas the 532-
nm laser was used for the excitation of the PM dye-in-polymer
targets, and the red detection channel was used to detect its
fluorescence emission, as illustrated in Fig. 1.

The SFE’s ability to perform fluorescence image quantifica-
tion was tested and verified previously.?> For quantitative two-
dye imaging, the automatic gain control in the SFE system was
turned off. The gain and offset on the PMTs as well as the elec-
tronic digital display were also calibrated and maintained at a
constant value. SFE images and video frames were captured and
saved through the system software and analyzed off-line. In the
current study, a color-matched Barrett’s esophagus phantom
was used. Three types of aforementioned fluorescence targets,
FL dye only, PM dye only, and FL-PM mix, were all placed in
the phantom mucosal surface for the dual-fluorescence imaging.

To mitigate the fluorescence dye emission cross-talk, three
approaches were implemented and evaluated.

2.3.1 Merging multispectral fluorescence scans using
image stitching

Key concept. In separate image capture scans, alternating

once between excitation lasers, a continuous series of images

442nm
Laser

I- luorol

Green PMT
Fl )

Red PMT

Pynomethene
Laser
asc (PM)

Fig. 1 SFE excitation lasers and output channels for two-dye fluores-
cence imaging. The 442-nm laser was used as excitation for the FL
dye targets, and the green detection channel was used to detect its
fluorescence emission, whereas the 532-nm laser was used for the
excitation of the PM dye targets, and the red detection channel was
used to detect its fluorescence emission.

Reflectance

——

Fluorol

eameend Fluorescence

(FL)

442nm
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MEEENY  Reflectance
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were captured as the SFE scope was moved along the central
axis of the phantom. All the fluorescent targets were distributed
on the phantom surface, but only a single-fluorescent species
was excited in each scan. An image stitching algorithm?> was
applied to 40 to 50 video frames of each scan and generated
a 2-D anatomical map containing the fluorescent hot-spots.
Finally, these individual 2-D maps were spatially registered and
combined using shared anatomical features. This wavelength-
separated image collection approach has minimal dye emission
cross-talk, as the dyes are excited at separate wavelengths.

SFE dual-fluorescence imaging. A simplified flowchart
containing the key steps of the image stitching approach is
shown in Fig. 2. First, FL target fluorescence and reflectance
images were recorded. To concurrently obtain the fluorescence
and reflectance images, the 442-nm laser was turned on as illu-
mination source and the 532 and 635-nm lasers were disabled.
The reflectance image was captured in the blue channel, and the
fluorescence was captured in the green channel.

Once the first scan was finished, the recorded images were
imported into the image stitching software to generate a 2-D
unwrapped map of the lower esophagus with FL fluorescence
hot-spots. The second scan for the PM target followed the
same procedure, except that in this case, the 532-nm laser
was turned on as illumination source and the other two lasers
were disabled. The reflectance image of the lower esophagus
phantom and the targets were captured in the green channel,
and the PM fluorescence was captured in the red channel.
A 2-D unwrapped map of the lower esophagus with PM fluo-
rescence hotspots was then generated. The 2-D FL and PM
fluorescence stitched maps were then spatially registered and
merged into a map showing all three types of fluorescence
targets: PM, FL, and PM-FL mix.

Image stitching algorithm and software design. As
described in the previous section, image stitching is used to
combine multiple frames from the endoscopic scan into a single
2-D map. This section will further describe the approach and
process involved.

As illustrated in Fig. 3, the image stitching software operates
by first capturing images or frames from the video stream, and
then the endoscopy image frame is projected onto a three-
dimensional (3-D) surface model. A virtual pipe/cylinder sur-
face model is used as it represents the general shape of an
esophagus.®>*® After the pipe projection, the texturized surface
map of the cylinder is unwrapped and shown in 2-D. Next, the

Stitching 1** scan

Register two
stitched maps

Stitching 2" scan

Fig. 2 Flowchart for the concept of two-dye imaging using image stitching. In the first scan, concurrent FL target fluorescence and reflectance images
were recorded, and then imported into the image stitching software to generate a two-dimensional (2-D) FL dye fluorescence hot-spot map. In the
second scan, concurrent PM target fluorescence and reflectance images were recorded, and a 2-D PM dye fluorescence hot-spot map was then
generated. The software then spatially registered and merged the individual FL and PM map into a combined map with FL-only, PM-only, and

FL-PM mix targets.
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Fig. 3 (a) A flowchart shows the pipeline of image stitching software.
(b) Graphical illustration of the pipeline.

2-D unwrapped individual frame is stitched together with the
previous frame. This process is achieved by leveraging the
SFE’s unique feature, where reflectance and fluorescence
images are acquired simultaneously. Reflectance images are
used to calculate the required transformation between frames
due to the camera motion. For this step, a normalized cross-
correlation method is first applied to calculate the initial trans-
formation and align the frames together at pixel level, and
then optical flow (Lucase-Kanade) algorithm is used to reach a
higher-accuracy image alignment at a subpixel level.*'** The
calculated transformation is then applied to both current reflec-
tance and fluorescence images to form a combined image with
the previous frame. By stitching successive frames together, a
dual-mode reflectance-fluorescence 2-D mosaic map of the
lower esophagus is formed. The 2-D mosaic map for individual
fluorescence scan can then be registered together to form a final
composite mosaic map with multispectral fluorescence hot-
spots. The mosaicking software was originally created to assist
biopsies and document findings during fluorescence endoscopy
for HDG and early cancerous lesions in BE. This approach also
demonstrated enhanced signal-to-noise ratio (SNR) fluores-
cence imaging by using co-acquired high SNR reflectance
imaging. ¥

2.3.2  Concurrent multispectral fluorescence imaging

Key concept. 1In this approach, all fluorescent species are
illuminated concurrently with both the lasers and have their
emissions collected simultaneously. The dye emission cross-
talk is mitigated by applying a FL Cross-talk ratio subtraction
(CRS) algorithm:*

CRdyel = (1 )

CorrectedR; = MeasuredR; — MeasuredG; X CR  (2)

*CR = Cross-talkratio; R = red detection channel;, G =
green detection channel; / = intensity Note: Equation (2) only
applies if green channel has contribution from a single dye.

In step 1, a constant:FL dye Cross-talk Ratio (CR) is calcu-
lated from Eq. (1) by experimentally imaging FL dye targets
alone at various intensities and distances in the phantom. In
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Reflectance

442nm Laser Blue PMT
FL fluorescence

MISQ blocking filter Green PMT

PM fluorescence

Red PMT

Fig. 4 Dual-mode fluorescence-reflectance two-fluorophore imaging.
The 632-nm laser is powered off. The 532-nm laser is blocked in
front of the green detection channel, only allowing fluorescence signal
to pass through. Therefore, the green and red detection channels are
configured for fluorescence imaging, whereas the blue detection chan-
nel is for reflectance imaging.

step 2, concurrent laser wavelength excitation is enabled. The
FL dye cross-talk signal [calculated as Measured Gy * CR in
Eq. (2)] is subtracted from the red detection channel, and the
corrected PM dye red signal intensity is therefore obtained.

Concurrent SFE dual-fluorescence imaging. A series of
SFE calibration experiments were performed with the dye-in-
polymer materials. First, a test was carried out to verify that
the laser excitation wavelengths exclusively excited one of the
two dye targets, for example, the 442-nm laser alone does not
cause PM fluorescence emission and the 532-nm laser alone
does not cause FL fluorescence emission. Next, the linearity
of the fluorescence detection channels (G and R) was tested
by plotting the fluorescence images’ pixel intensity versus
the dye molar concentration of the targets, as previously
described.’! Then, the aforementioned Cross-talk Ratio (CR)
was calculated from images with 442 nm excitation only.
The fluorescence intensity was obtained by selecting a target
region in the resultant images and by calculating an average
intensity for all pixels enclosed in this target region. Also,
the consistency of the CR was tested by plotting it against
the distance of the SFE to the fluorescence targets. This CR
is then applied to the concurrent red detection channel based
on Eq. (1) to subtract out the FL dye emission cross-talk.
Concurrent images and videos are then acquired.

The SFE setup is illustrated in Fig. 4. The 442- and 532-nm
lasers were turned on for the simultaneous illumination of FL
and PM fluorescence targets, respectively. The green detection
channel was used to receive the FL emission signal, whereas the
red detection channel was for the PM emission. A short-wave
pass filter (SPO1-532RU, Semrock, Rochester, New York) was
used in the green detection channel to block the 532-nm exci-
tation laser.

2.3.3 Sequential multispectral fluorescence imaging

Key concept.  This method addresses the dye emission cross-
talk problem through excitation and collection of one fluo-
rescence species at a time. However, instead of using image
stitching to post-process and composite the multiple fluores-
cence target images, this sequential imaging approach works
by sequentially activating the excitation lasers in an inter-
leaved-pulsed mode, as illustrated in Fig. 5. As a result, the
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Fig. 5 Graphic illustration of the frame sequential multispectral fluores-
cence imaging technique. Each of the red, green, and blue lasers was
turned on individually and sequentially. Meanwhile, red reflectance,
PM red fluorescence, and FL green fluorescence were received in
the detection channels sequentially at 10 (30/3) Hz. The red reflectance
frames were acquired to enable the Distance Compensation (DC) algo-
rithm for quantitative fluorescence imaging. When the DC algorithm is
not needed for the application, only PM red and FL green fluorescence
are acquired at 15 (30/2) Hz. In normal operation, red, green, and blue
reflectance are used for conventional “white light” color imaging.

fluorescence signals are individually acquired in an interleaved
mode, and then composed at near real time.

SFE dual-fluorescence imaging. A new SFE system
feature was implemented to enable the excitation lasers to be
sequentially activated, so that the red, green, and blue lasers
were turned on one at a time. In the detection channels, red
reflectance, PM red fluorescence, and FL green fluorescence
were received sequentially at 30 Hz (10 Hz for each). The
red reflectance images were acquired to enable the application
of the Distance Compensation algorithm.?' This quantification
uses an empirically optimized nonlinear ratiometric method to
compensate for the difference in relative distance and orientation
between the fluorescence targets and the distal end of the SFE
probe. The composite rendering was formed from sequential red
fluorescence, green fluorescence, and blue reflectance images
merged together into full RGB images.

3  Results

3.1 Characterization of Fluorescence Dye Emission
Cross-Talk

The FL dye-in-polymer targets produced an emission that
peaked at 500 nm under 442-nm laser excitation, and the PM
dye-in-polymer targets produced an emission that peaked at
550 nm under 532-nm laser excitation (Fig. 6). The observed
emission spectra closely matched the published fluorescent
dye profile.** Figure 6 shows that the emission spectra of
the two dyes exhibit cross-talk, and the long-wavelength tail
portion of the FL dye emission spectrum overlaps the PM
dye emission from ~540 to ~700 nm. The band pass ranges
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Fluorol (FL) and Pyrromethene (PM) emission
spectra overlay
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Fig. 6 FL and PM dye-in-polymer fluorescence emission spectra super-
imposed over the SFE green and red channel detection ranges. The FL
targets were excited with a 442-nm laser and produced an emission
(shown in green) that peaked at 500 nm. The PM targets were excited
with a 532-nm laser and produced an emission (shown in red) that
peaked at 550 nm. The band pass ranges of the SFE green (500 to
540 nm) and red (570 to 640 nm) channels are also plotted and high-
lighted as solid green and red colors. The emission spectra of the two
dyes exhibits cross-talk, specifically, the long wavelength tail portion of
the FL dye emission spectrum overlaps the PM dye emission from ~540
to ~700 nm.

of the SFE green and red channels, which are situated at 500
to 540 nm and 570 to 640 nm, respectively, are also plotted
and are highlighted as solid green and red colors in Fig. 6.

3.2 SFE Imaging Solutions for Dye Cross-Talk

3.2.1 Merging two-dye fluorescence hotspots using image
stitching

Two sets of SFE dual-mode reflectance-fluorescence images
were collected, as described in Fig. 2. The first image consists
of the FL dye target emission and the second consists of the PM
dye emission. All the other experimental factors (laser power,
gain and offset, etc.) were held constant during the image
acquisition. The stitched and unwrapped 2-D map for the FL
imaging [Fig. 7(a)] comprised the blue reflectance images
shown as the background with the FL green fluorescent hot-
spots. Meanwhile, the 2-D stitched map for the PM imaging
[Fig. 7(b)] comprised the green reflectance image of the same
background scene as in Fig. 7(a) with the PM red fluorescent
hotspots. The red fluorescence appeared as an orange color
in Fig. 7(b). This was due to the overlap of the red PM targets’
color with the green background reflectance.

The two separate stitched 2-D maps were then combined and
spatially registered using shared information from the blue and
green reflectance channels. In the combined stitched map shown
in Fig. 7(c), only the FL fluorescence is shown in the green
display channel and the PM fluorescence is in the red display
channel. The FL-PM two-dye targets are shown as orange. No
dye cross-talk was observed.
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(a) 18t scan: FL only

GE junction

(b) 2"d scan: PM only

GE junction

(c) Stitched two-dye imaging

GE junction

Fig. 7 (a) The stitched and unwrapped 2-D map for the FL imaging. It comprised the blue reflectance images shown as the background with the
FL green fluorescent hotspots. (b) The 2-D stitched map for the PM imaging. It is comprised of the green reflectance image in the background
with the PM red fluorescent hotspots. (c) The combined stitched map is shown. Only the FL fluorescence is shown in the green display channel
and the PM fluorescence in the red display channel. The FL-PM two-dye targets are shown as orange.

3.2.2  Concurrent multispectral fluorescence imaging

Experiments were conducted to verify that the 442-nm laser
exclusively excites FL emission, while the 532-nm laser exclu-
sively excites PM emission. The results were in agreement with
the previous publications on FL and PM dye absorption pro-
files.**3*3637 Therefore, cross-talk between the green and red
SFE detection channels arises only from the overlapping fluo-
rescence from the two dyes, as illustrated in Fig. 6. For the
micromolar dye concentrations used in this study, dye-to-dye
energy transfer was not observed.

A linearity test of the fluorescence output channels was
conducted, and the results are plotted in Figs. 8(a) and 8(b). The
response of the SFE green and red detection channels were
measured by imaging FL. and PM targets containing precise
dye concentrations. Linear relationships were measured for
the dye-in-polymer concentrations, as shown in Fig. 8.

By applying the cross-talk ratio subtraction (CRS) algorithm
presented in Eqgs. (1) and (2), the FL dye cross-talk ratio
(CR) was calculated, and concurrent SFE dual-fluorescence
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imaging with corrected PM dye signal from the red detection
channel was obtained. This process is graphically illustrated
in Fig. 9.

The consistency of the CR was tested, and the concurrent
imaging with CRS algorithm was qualitatively and quantita-
tively demonstrated.

First, the consistency of the FL dye CR was tested by imag-
ing the same FL target in the phantom over a range of distances
between the SFE scope and the target. The CR was calculated
and plotted as a function of the distance. The results, as shown
in Fig. 10, demonstrated that the CR remained constant
(0.225 £ 0.012) within 15 to 40 mm range and was relatively
consistent (0.207 £ 0.025) across 15 to 95 mm distance
range. Distances less than 15 mm were not included as the
PMT detector was saturated, whereas at distances more than
95 mm, the signal intensity was too low to be measured.

During concurrent SFE dual-fluorescence imaging of FL
and PM targets, before applying the FL. CRS algorithm, the FL-
only targets exhibited erroneous fluorescence signal in the red
channel [Fig. 11(b)]. Once the CRS algorithm was applied, the
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Fig. 8 Fluorescence dye-in-polymer concentrations were plotted against the detected fluorescence signals in the SFE images. Specifically, (a) shows the
dependence for the SFE green detection channel and (b) shows the dependence for the SFE red detection channel. The data shows that a linear

relationship exists for both (a) and (b) cases.
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Fig. 9 Graphic illustration of concurrent multispectral imaging before (a) and after (b) applying the CRS method. (a) Before the CRS algorithm, PM dye
signal and a confounding FL dye cross-talk signal were detected in the concurrent red channel. (b) After the CRS algorithm, the FL cross-talk was
mitigated and only the true PM dye signal was detected in the red channel.

confounding FL red channel signal was strongly attenuated,
and the erroneous FL image was removed [Fig. 11(e)].

This cross-talk also acted as a confounder and interfered
with the green FL dye fluorescence display, causing it to appear
with a subtle yellow shade, as in Fig. 11(c), by the addition
of red channel bias to the green channel. The FL-only targets
were, therefore, misrepresented in the display as two-dye tar-
gets, since they had fluorescence signals from both the green
and red detection channels. After applying the CRS algorithm,
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the confounding FL red channel contribution was removed,
and the green FL targets appeared in the correct green color
[Fig. 11(f)]. The concurrent two-dye target imaging after apply-
ing the CRS algorithm in Fig. 11(f) showed correctly rendered
green FL, red PM, and orange two-dye display images.
Furthermore, quantitative measurements of fluorescence
intensity dependence on dye concentration were conducted,
and the results were shown in Fig. 12. In this series of experi-
ments, the PM dye with a range of concentrations (25, 50, and
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Fig. 10 The FL cross-talk ratio was plotted as a function of the distance
between the distal end of the SFE endoscope and the fluorescence tar-
get. The ratio remained constant (0.225 + 0.012) over a distance range
of 15 to 40 mm and remained relatively consistent (0.207 £ 0.025)
across a distance of 15 to 95 mm.

75 umol /L, respectively) were mixed with a constant concen-
tration (100 ymol/L) of FL dye. A target with no dye-in-poly-
mer was also used to obtain the system noise floor. The “true”
PM signal was obtained by activating only the 532-nm laser and
recording the red channel signal from the PM target. Initially
using concurrent laser excitation, the red channel detector signal
from the PM fluorescence was contaminated by the FL cross-
talk signal [Fig. 12(a)]. Therefore, in Fig. 12(a), before the CRS
algorithm, the fluorescence signal from the red detector channel
deviated from the true PM curve. However, after applying the
CRS algorithm [Fig. 12(b)], the red fluorescence signal closely
matched the true PM fluorescence curve, and the cross-talk
signal was reduced by over 90%.

Green Channel only
(@) (before) )

A

—>
Cross-talk

(d) Green Channel only (e)
(after)

Red Channel only
(before)

Red Channel only
(after)

3.2.3  Sequential multispectral fluorescence imaging

The sequential excitation of the R (635 nm), G (532 nm), and B
(442 nm) lasers were successfully implemented in the SFE sys-
tem. As described in Fig. 5, for the output, a red reflectance
image, a PM red fluorescence + green reflectance image, and
a FL green fluorescence + blue reflectance image were sequen-
tially received at a 30-Hz frame rate resulting in a 10-Hz frame
rate for the combined two-dye fluorescence imaging.

In Fig. 13, the combined two-dye images contained fluores-
cence signals from the red and green detection channels with the
reflectance signal from the blue detection channel. In concurrent
laser excitation [Fig. 13(a)], the FL cross-talk signal in the red
output channel was present. However, under sequential laser
excitation imaging [Fig. 13(c)], temporal separation of the exci-
tation produces uncontaminated images of the PM and the FL
dye emissions. As presented earlier, it is known that the FL and
PM dyes do not have overlapping blue (442 nm) and green
(532 nm) excitation, and therefore sequential excitation is suf-
ficient to separate the overlapping dye emissions.

In the current study, the red reflectance image was also
received at every cycle and can be used as an option for distance
compensation, a pixel-by-pixel intensity computation using a
nonlinear ratio of the fluorescence and red channel reflectance
[F/(R]AS)}.Z’)I

4 Discussion

Cross-talk is a confounding factor when two or more spectrally
intersecting fluorescent dyes are used in endoscopic diagnostic
imaging. Approaches to mitigate the fluorescence cross-talk
were proposed and tested in this study using a 1.2-mm diameter
wide field-of-view endoscope (SFE). The solutions evaluated in
the current study were: (1) image stitching, (2) cross-talk ratio
subtraction (CRS) algorithm, and (3) frame-sequential imaging.

©) Green + Red Channels
(before)

(f) Green + Red Channels
(after)

Cross-talk removed

Fig. 11 Concurrent multispectral fluorescence SFE imaging of the BE phantom at 30-Hz frame rate. (a—c) Green, red, and combined display channels
before applying CRS algorithm. (b) The FL-only targets exhibited erroneous fluorescence signal in the red channel. (c) Green FL appeared with a subtle
yellow shade by the addition of red channel bias, due to FL emission cross-talk with the red dye channel. (d-f) Green, red, and combined display
channels after CRS algorithm was applied. (e) The confounding FL red channel signal was strongly attenuated after CRS. (f) The combined image after
CRS showed correctly rendered green FL, red PM, and orange two-dye images. All images were single-frame raw video outputs from SFE imaging

(80-deg field of view, 500-line resolution).
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Fig. 12 Comparison of the signal from the red output channel to the true PM targets signal during concurrent multispectral fluorescence imaging.
(a) Before applying the CRS algorithm, the red fluorescence signal from the red detection channel (solid line) deviated from the true PM curve (dashed
line). (b) After applying the CRS algorithm, the red fluorescence signal (solid line) closely matched the true PM fluorescence curve (dashed line).
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Fig. 13 Concurrent laser excitation compared with sequential laser excitation results. In concurrent laser excitation, the FL cross-talk signal was
observed in the red output channel in (a), whereas in sequential laser excitation, only PM fluorescence signal was received in the red output channel,
and no FL cross-talk was observed (c). The green output channel remained the same under both concurrent (b) and sequential (d) laser excitation, as

there was no cross-talk in the green output channel.

In the first approach of stitching to merge multiple fluores-
cence video frames into a panoramic image, cross-talk was
avoided, because each fluorescent target was illuminated with
one-laser excitation wavelength and the corresponding emission
was captured in the appropriate detection channel. The resultant
mosaic map display of the lower esophagus [Fig. 9(c)] showed
distinguishable green FL-only, red PM-only, and orange two-
dye targets with no observed emission cross-talk.

Meanwhile, the stitched multispectral fluorescence mosaic
encompassed a much wider view of the observation area than
that captured from a single endoscopic frame and could be
used for intraoperative navigation for hotspots biopsy or could
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be saved as the patient electronic medical record for longitudinal
surveillance. Moreover, the stitched mosaic map can also be
used for extended review by the physicians, without fluores-
cence photobleaching decreasing the diagnostic signal. The
current stitching software generates results within 1 min with
good spatial registration score,’® and its performance can be
improved using higher processing speed.

However, there are drawbacks in implementing the stitching
approach. First, it does not offer true concurrent imaging and
visualization of multispectral fluorescence targets; instead, it
requires the running of multiple individual scans, which can
be slow for clinical practice. This delay can also complicate
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the image stitching processing, where the stitching algorithm
uses shared anatomical features from the reflectance images
and assumes that these features remain static between different
scans; however, in a typical in vivo setting, unpredictable
motions, specular reflections from saline solutions or mucous,
and other factors could cause feature shifts to appear in each
scan, and therefore, a more robust algorithm for this approach
would be needed and will need to be explored for in vivo
implementation.

The second approach, concurrent imaging with CRS algo-
rithm, performs simultaneous imaging where all fluorescence
species are illuminated, and their fluorescence emissions are
collected at the same time. In this case, the cross-talk signal
was successfully attenuated in real time by applying the CRS
algorithm [as described in Egs. (1) and 2 and in Fig. 9). The
algorithm was applied to the SFE red detection channel during
a prescan calibration. The FL dye CR remained consistent over a
range of imaging distances (Fig. 12). Specifically, the ratio
remained constant (0.225 £ 0.012) within a distance of 15 to
40 mm and remained relatively consistent (0.207 £ 0.025)
across a distance of 15 to 95 mm. For in vivo clinical practice
in the luminal esophagus, a distance under 40 mm is a realistic
working distance between the endoscope and region of interest
under scrutiny by the clinician. The results also showed that
the confounding FL dye cross-talk signal was strongly (>90%)
reduced (Fig. 11), and quantitative analysis showed that the
fluorescence signal closely matched the “true” PM dye fluores-
cence intensity (Fig. 12).

Compared with the image stitching approach, the concurrent
imaging approach provides visualization of multispectral fluo-
rescent targets/hotspots simultaneously and in real time. This
concurrent method is beneficial for wide-field endoscopic imag-
ing and image-guided biopsies. Viewing coincident emission
signatures from multiple dyes will provide a more accurate
molecular diagnosis than a single fluorescent marker.3%4%
Moreover, the concurrent imaging approach is more robust
and accurate than the image stitching approach for in vivo
settings, since the removal of dye cross-talk is not affected
by unpredictable motion or specular reflections that complicate
image indexing.

However, there are some drawbacks to the concurrent imag-
ing approach in a clinical setting. First, a prescan calibration is
needed to calculate the cross-talk ratio by imaging a fluorescent
standard. Additionally, the gain and offsets on the light detection
PMTs and digital outputs must be maintained at a constant level
between calibration and measurement scans. This is an extra

step that must be automated in a clinical or in vivo study.
Meanwhile, as shown in Fig. 12, the FL. CR remained constant
within the distance range of 15 to 40 mm, but this ratio fluctu-
ated slightly and decreased when extended to a 95-mm distance.
This irregularity could be a drawback, if the distance accuracy
of the fluorescence intensity must be maintained over a very
wide range.

The third approach, frame-sequential imaging, was carried
out by timed excitation and light collection from only one fluo-
rophore species at a time. This temporal separation of laser illu-
mination and light collection minimizes cross-talk in a manner
similar to the image stitching approach; however, instead of
collecting the emission signal separately and processing groups
of image frames, the frame-sequential imaging method cycles
through all the laser excitation and dye emission combinations
at 30 Hz. Therefore, the relatively stationary position of organs
and tissue during the fast-frame rate imaging process removes
the need for image registration. Meanwhile, visualization of
multispectral fluorescence hotspots can be achieved by combin-
ing each cycle of image outputs: red PM dye fluorescence, green
FL dye fluorescence, and blue reflectance into combined RGB
image frames, which can be displayed in real time during the
endoscopy procedure.

In standard RGB operation, the SFE refresh rate is 30 Hz,
since the image is a composite of all three concurrent colors.
However, in the sequential imaging mode, the SFE system
runs at a 10-Hz frame rate (or 15 Hz if distance compen-
sation algorithm is not applied) for each of the individual fluo-
rescence and reflectance frames. Therefore, when the number
of fluorophores increases, the frame rate for the sequential
images must increase by a factor somewhat larger than the
number of fluorophores, in order to display a real-time view
that adapts to body and endoscope movements. Imaging with
a low-frame rate will be limited to viewing objects that undergo
very slow motions, which may not be adequate for clinical
endoscopy. Upgrading the present SFE endoscope system
to a higher-frame rate is feasible with faster modulation laser
components.

The summary of the three proposed approaches are listed
in Table 1.

Achieving a high target-to-background ratio (7/B) is a
driving factor in the clinical realization of optical molecular
imaging.' For in vivo optical imaging using exogenous-targeted
contrast agents, the nonspecific binding and material accumu-
lation (pooling) of contrast agent***’ and tissue autofluores-
cence (AF) can cause a significant decrease in the 7/B. AF

Table 1 Strengths and limitations for the three solutions.

Solutions

Strengths

Limitations

Comments

Image stitching

Concurrent imaging
using CRS algorithm

Frame sequential
imaging

Avoids dye crosstalk. Can be used for
extended review and less susceptible
to fluorescence photobleaching. Can
be saved as patient record.

Reduces dye cross-talk. Real time

Compatible with in vivo clinical scenario.

Avoids dye crosstalk. No prescan
calibration is required. Near real-time
multispectral fluorescence imaging.
Compatible with in vivo scenario.

Data processing is intensive and slow.
Algorithms may not be robust enough
to compensate for unpredictable motion
and other factors for in vivo imaging.

Prescan calibration is needed, and
device seftings must be maintained.

Software and algorithm
improvements are needed
for realtime implementation.

Best solution for the short term.
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is the major contributor to the background signal in topical
application of fluorescence probes to epithelial tissue, since
nonspecific accumulation is minimized in this situation.’

The proposed approaches can also reduce the background
tissue autofluorescence signals that degrade 7/B. It has been
reported that tissue AF signals can mask exogenous molecular
probe fluorescence, which can limit the in vivo T/B."* In the
esophagus, stromal collagen is believed to be primarily respon-
sible for the AF signal, especially when excited in the near-UV
to blue spectral range.>**° Therefore, collagen AF could be a
major confounder for commonly used fluorophores such as cou-
marin, DEAC, and FITC. Molecular imaging studies?’ of mouse
colon cancer using a FITC-conjugated peptide marker produced
a T/B of only 2 to 3, as a result of AF.!%*" Reducing the AF
background signal can increase this 7'/B ratio. Eliminating the
AF background using chemical agents, such as Sudan black, has
been reported in confocal laser scanning microscopy, but is not
applicable for in vivo clinical endoscopy.’! On the endoscopic
imaging device, if a detection channel was designated for auto-
fluorescence, the AF image could be subtracted out from the
fluorescent marker channel using either concurrent or frame
sequential imaging methods. These improvements could lead
to an enhanced 7 /B ratio.

To test this concept, an AF feature was added to a color-
matched BE phantom (Fig. 14). The autofluorescence back-
ground feature was added to the Barrett’s esophagus (BE)
phantom.>? In summary, collagen fibers (collagen type I, insol-
uble from bovine, Sigma-Aldrich, St. Louis, Missouri) were
converted to powder through heating, drying, and mechanical
processing. De-ionized water (ddH,O) was added, and the
resulting paste was evenly applied over the phantom subsurface
to simulate the stromal collagen layer. After drying, a paint
simulated healthy and BE mucosal layer and was applied evenly
over the collagen layer and allowed to dry.

Autofluorescence background subtraction was shown to
enhance image contrast for tumor detection,” and it is an
embedded software technology in the commercially available
IVIS benchtop system.’* An estimate of the proposed T/B
signal improvement was obtained by subtracting the AF back-
ground in Fig. 14, and the 7/B increased from 4 to > 10. This
enhancement elevates the performance of UV-blue excited

(@)

—
O

)

fluorophores (e.g., FITC) to the level achieved with red and
NIR dyes,'®?® which are excited and fluorescence in spectral
regions considered more immune from AF.° Indocyanine
green, the only FDA-approved NIR fluorescent dye, > has
a hydrophobic, large heptamethine interior that is surrounded
by a negatively charged surface shell.’” This molecular arrange-
ment will result in comparatively high nonspecific binding and
may degrade the T/B advantage of ICG especially in systemic
applications.>”8 On the other hand, this charge distribution pat-
tern is not present in the FDA-approved FITC dye that has a
peak excitation wavelength at 488 nm.> Less nonspecific bind-
ing of FITC combined with mitigation of its AF signal makes
this dye a more viable choice for molecular imaging. Gaining
FDA approval for any new dye is a very costly and time con-
suming endeavor, and to date no other fluorescent dyes have
received clearance for use in routine human clinical procedures.
Therefore, any measure that enhances the performance of exist-
ing FDA-approved dyes has significant translational impact for
molecular imaging technology.

Situations where cross-talk occurs for both dye excitation
and emission or cases with “extreme” cross-talk, where the
two dyes’ emissions completely intertwine, were not studied,
as these situations can be avoided by selecting alternate dye
labels. The probes which are likely to be used with the SFE
for in vivo study in the near future are coumarin (DEAC), fluo-
rescein (FITC), 5-carboxytetramethylrhodamine (5-TAMRA),
cyanine (Cy5.5), S-aminolevulinic acid hydrochloride (5-ALA),
and indocyanine green (ICG) dyes. These dyes exhibit moderate
levels of intersection compatible with the three proposed spec-
tral overlap solutions. In addition, since the SFE excitation light
source is laser based, the excitation bandwidth is <2 nm, and
therefore, in most cases, the excitation overlap can be circum-
vented. These dyes exhibit moderate levels of intersection com-
patible with the three-proposed spectral overlap solutions. For
cases with extreme emission spectrum overlap, sophisticated
algorithms, such as linear unmixing for laser scanning micros-
copy, have been proposed and applied.!>*'** However, due to
the additional data collection and processing time required, the
linear-unmixing approach might not be suitable for real-time
wide-field fluorescence endoscopic imaging. In the current
study, the image stitching approach and the frame-sequential

Spectral Comparison of Autofluorescence Emissions

c 001

]

(0]

2 0.008F

£

w o

S ooost " T

= ~”

[ 1] —

» 0.004 .

o [ —

g / ]

g 4 "\

& 0.002f

og ——— Collagen

< n 1 1 1 1 1 1 1 Phanlom J
440 450 460 470 480 490 500 510 520 530 540

Wavelength (nm)

Fig. 14 (a) Normalized fluorescence emissions captured by the SFE between 500 and 540 nm after excitation at 442 nm. The star shape is a FL-in-
polymer dye target with a concentration of T M, whereas the background fluorescence is due to the embedded collagen AF. Image analysis shows the
target-to-background signal ratio was 4:1. (b) Comparison of AF emissions shows that the phantom fluorescence emission is similar to that of pure
collagen. A spectrometer was used to test the excitation fiber to address concerns that it may exhibit autoflouresence (USB2000+, Ocean Optics, Inc.).
No autofluorescence signal was detected with the laser excitation power used in the current study.
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imaging approach could be applied to solve cross-talk, where
the emission spectrum suffers from extreme overlap by sepa-
rately illuminating each fluorophore, which receive and
composite near real-time multispectral fluorescence imaging.
Fluorescence life-time imaging is another feasible approach
to delineate highly overlapped fluorescence. Recently, fluores-
cence life-time imaging was applied to delineate fluorescent
species®® and detection of early cancer lesions.®! Combining
SFE imaging with time-resolved fluorescence spectroscopy
was recently reported for biomedical assessment of the bile
duct,%> and fluorescence life-time imaging holds potential for
the delineation of overlapped multispectral fluorophores.

Studies using quantum dots (QDs) for multispectral fluores-
cence imaging have also been reported.®*** Due to the uncertain
toxicity and unknown side-effects, QDs are currently not FDA
approved and are less likely to be used in human trials than
organic dyes. QDs have a symmetric and Gaussian-like emission
spectral profile, and therefore have less cross-talk than organic
dyes.?® However, in applications where multiple QDs are
imaged simultaneously, emission cross-talk can still occur,®%0
and the proposed solutions are applicable to spectral overlap of
multispectral fluorescence nanoparticle imaging as well.

In conclusion, we proposed and evaluated three different
approaches for the removal of fluorophore emission cross-
talk in wide-field multi-fluorophore molecular imaging: image
stitching, CRS algorithm, and frame-sequential imaging. To
evaluate these solutions, an in vitro phantom with fluorophore
emission cross-talk was constructed. The results showed that
fluorophore emission cross-talk could be significantly reduced
or successfully avoided. At present, the concurrent imaging
method is viable for early stage cancer detection in vivo with
the wide-field multi-fluorophore SFE imaging device in addition
to an initialization step not unlike the white-balancing step for
commercial endoscopes. Furthermore, a means to enhance fluo-
rescence T/B ratio that is directly applicable to FITC (FDA-
approved dye) by the reduction of autofluorescence background
signal was demonstrated.
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