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Abstract: One limitation of fluorescence molecular imaging that can limit
clinical implementation and hamper small animal imaging is the inability to
eliminate ambient light. Herein, we demonstrate the ability to conduct rapid
non-invasive, far-red and near-infrared fluorescence imaging in living
animals and a phantom under ambient light conditions using a modulated
image intensified CCD (ICCD) and a laser diode operated in homodyne
detection. By mapping AC amplitude from three planar images at varying
phase delays, we show improvement in target-to-background ratios (TBR)
and reasonable signal-to-noise ratios (SNR) over continuous wave
measurements. The rapid approach can be used to accurately collect
fluorescence in situations where ambient light cannot be spectrally
conditioned or controlled, such as in the case of fluorescent molecular
image-guided surgery.
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1. Introduction

Although much progress has been made to develop new effective cancer therapeutics, surgery
remains the foundation of curative treatment with optimal outcomes occurring with complete
resection of primary lesions and, in the case of advanced high-risk cancer patients, for
debulking (or cytoreductive surgery) prior to adjuvant radiation and/or systemic
chemotherapy. In most cancers, residual tumor burden after surgical resection is correlated
with poor outcome. Yet despite the importance of resecting as much cancer as possible, only
tactile cues are currently used to guide resection. In the case of endoscopic or laparoscopic
surgery, surgeons do not have these tactile cues. Successful image-guided surgery based upon
fluorescently labeled imaging agents requires exogenous fluorescent signals from diseased
tissues to be above the noise floor and to have adequate contrast relative to background, or
normal tissues. Since surgical resection is most facile with fluorescence imaging concurrent
with illumination that preserves the surgeon’s visual acuity, it is critical to eliminate ambient
light to enable high imaging contrast.

In preclinical animal studies, the advent of far-red gene reporters that can be incorporated
into tumor models [1] offers powerful new opportunities to longitudinally monitor metastases.
Yet for faithful detection, fluorescent signals again need to exceed the noise floor of the
imaging device. As we have previously shown, the noise floor of planar fluorescent imaging
devices can be reduced by minimizing leakage of out-of-band light through filters [2, 3],
however, when ambient light contains “in-band” spectral components, optical filtering may
not sufficiently lower the noise floor and reduced imaging sensitivity will result.

Herein, we demonstrate an electronic filtering feature than can minimize the influence of
“in-band” light. Current CCD camera based fluorescence imaging systems for intraoperative
image-guided tumor detection [4-9] employ continuous wave (CW) image acquisition due to
its low cost and simple implementation. Recently, a fluorescence-guided system which used
pulsed excitation and gated microsecond acquisition to reject ambient light through the
subtraction of intensity measurements made in the absence and presence of excitation
illumination termed time-domain (TD) approach demonstrated improved performance [10].
While approaches based used upon RF modulated excitation light (termed frequency-domain
(FD) approaches) have been proposed and used in small animal tomography studies [11], they
can also be operated in a non-light-tight environments because the AC amplitude of the
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detected fluorescence is insensitive to changing ambient light conditions [12]. Previously, we
coupled near-infrared sensitive Gen III image intensifiers for electronically amplifying NIRF
signals prior to integration with a CCD chip. Due to the fast response time of the
photocathode, the photocathode of the image intensifier can additionally be modulated at high
radiofrequencies, for example 100 MHz, for conducting FD measurements for NIRF
tomography of interior tissues contrasted by NIRF imaging agents [13, 14]. In order to
recover the AC amplitude and phase delay of NIRF signals for tomography, the phase of the
intensifier modulation is evenly delayed N times (typically N = 32 or 64) between 0 and 360
degrees relative to the phase of the laser diode modulation. In this case, a series of phase-
sensitive images are acquired for subsequent Fourier transformation to derive amplitude and
phase. However, data acquisition and computation requires a few minutes, obviating the use
of the current technology for rapid planar imaging.

Herein we developed a modulated, intensified CCD (ICCD) fluorescence imaging system
for rapid planar imaging that enables electronic filtering of non-modulated ambient light that
can contribute to the noise floor. The technique is rapid because it requires acquisition at only
three-phase delays between the radio frequency (RF) signal driving the image intensifier and
laser diode in order to extract images of AC amplitude. Herein we demonstrate this modulated
planar image method to have superior TBR on a tumor mouse model expressing far-red
fluorescent gene reporter, iRFP, and a mouse phantom containing NIR fluorophore, Alexa
Fluor 750 (AF750), under ambient light conditions when compared to CW acquisition.

2. Materials and methods
2.1 Fluorescence imaging device using FD measurement approach

Figure 1 illustrates a schematic of the developed ICCD based NIRF FD detection system.
Briefly, both the laser diode and Gen III image intensifier are RF modulated from 1 MHz to
110 MHz. The two oscillators are phase locked with a 10-MHz reference signal ensuring that
they operate at the same frequency with a constant phase difference. For far-red iRFP
imaging, the modulated laser light operating at 690 nm wavelength (HPD 1305-9mm-69005,
Intense, NJ, USA) is first delivered by an optical fiber, and then filtered by a “clean up” filter
(690FS10-25, Andover, NH, USA) for removing undesirable side band components, and
finally expanded by a diffuser to illuminate the object laid on the stage with a field of view
(FOV) of radius 5 cm. The fluorescence collection is implemented through two emission
filters (720FS10, Andover, NH, USA) separated by a focus lens to increase the optical density
at the excitation light wavelength and improve the measurement sensitivity. For NIRF
imaging, the corresponding laser diode and filters were replaced with a 785 nm laser diode
(HPD 1005-9mm-78503 model, Intense, North Brunswick, NJ), a “clean up” filter (LDO1-
785/10, Semrock, NY, USA) and two 830 nm band pass emission filters (§30FS10, Andover,
NH, USA). Finally, the filtered fluorescence signals are recorded with a modulated ICCD
camera at an introduced phase delay 77. The whole imaging process is controlled by a custom

LabVIEW based interface (National Instruments, Austin, TX). For continuous wave imaging,
no RF signals were used to modulate the intensifier photocathode and laser diode.

2.2 Three-phase delay technique for recovering AC amplitude

In order to understand how three-phase delays can be used to accurately collect planar images
of AC amplitude, it is appropriate to review the homodyne detection scheme. As intensity-
modulated fluorescent light is generated and propagates through the high scattering tissue, it
becomes amplitude attenuated and phase-shifted relative to the incident-modulated excitation
light. The attenuation and phase-shift arises from quantum efficiency and lifetime of the
fluorophore, and the absorption and scattering properties of the intervening tissue [15].

Suppose the emitted light L(x,y) from the tissue or phantom surface that reaches the
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Fig. 1. Schematic of fluorescence imaging device using a modulated ICCD camera and laser
diode.

L(x,7) = Ly (%, )+ Lyc (x,y) cos[ at +60(x, )] (1

The modulated gain of the image intensifier is comprised of DC and AC components denoted
by G,. and G,., respectively, and an additional phase delay 6, , owing to the instrument

inst

response time at the modulation frequency:
G=Gp+Gye Cos(a)t+6inst) ()
The resulting signals prior to striking the phosphor screen is a product of L(x,y) and G,
which contains both high frequency and low frequency signals:
S(x,y)=L(x,y)XG =Ly (x,)-Gpe + Lpc(x,y)- G, cos[ax+6,, +1]
+Gpe L (x,y)cos[ax+6(x,y)]
# DO o593, 1) 46, +1) ®

+ —LAC(X’;) Gc cos[2ax+86,, +6(x,y)]

Since the response time of the phosphor screen is sub-milliseconds (ms), the high frequency
signals are automatically filtered out and the low frequency signals registered on the CCD
camera are simply:

S(x,y) = DC(x, y)+ AC(x, y) cos(=0(x, y) + 6, +17) (4)
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Where DC(x,y) =Ly (x,1)-Gpe s AC(x,¥) =%)/)GAC ,and 77 is the phase lag between
the modulation of the laser diode and the image intensifier.
If triple images denoted as S, = S(x,y,?] = 00), Sy = S(x,y,?] = 900) , and

Siso :S(x, y,n= 1800) with a 90 degree phase-shift between acquired, sequential images,

then the relative 4C(x, y) amplitude of detected signals can be recovered using the following
equation:

2 2

AC(x,y) Z%\/(ZS%_SO_SISO) +(S180_S0) )

2.3 Spectral characterization of ambient light

The spectrum of the ambient light was assessed using a spectrometer (USB4000, Ocean
Optics, Dunedin, FL). This was done by directing the spectrometer’s input toward each light
source in the room including the fluorescent room lights, the overhead surgical lights, and the
surgeon’s head lamp.

2.4 Modulation depth

To verify the sinusoidal variation of the detected signals predicted by Eq. (4) and to determine
the modulation depth, M = AC/DC, a white paper was placed on the stage and the
backscattered excitation light was collected using a neutral density filter. A series of 32 phase-
sensitive images were acquired at different modulation frequencies and the amplitude
modulation was computed from the fast Fourier transform (FFT) as previously described [16].
Because the collected signal acquired with intensifier modulation is smaller when compared
to that without intensifier modulation, the signal-to-noise ratio (SNR) of AC images can be
expected to be less than that of DC images. As the instrument response is the function of the
modulation frequency, we sought to determine the optimal modulation frequency for the
greatest SNR while still allowing improved contrast from ambient light rejection not directly
possible from DC images.

2.5 Mouse model and far-red fluorescence imaging

Orthotopically implanted breast cancer MDA-MB-231 cell (1.0 x 10°) expressing iRFP gene
reporter into the lower right mammary fat pad of Nu/Nu female mice were imaged using the
CW and FD acquisition at 10 weeks of age. iRFP gene reporter has excitation and emission
maxima located at the far-red window (690/710 ex/em), whose fluorescence can be enhanced
by a heme catabolism product called biliverdin existing in all animals [17]. To reduce food
background fluorescence, the mice were fed AIN-93G (OpenSource Diets, New Brunswick,
NJ, USA). iRFP fluorescence imaging was performed on mice two weeks after implantation
of the transfected breast cancer cells with the fluorescent room lights on. The integration time
of ICCD camera operated in both CW and FD modes was set to 33 ms. All experiments were
carried out according to protocols approved by the institutional Animal Welfare Committee
and in compliance with the American Association for Laboratory Animal Care.

2.6 Fluorescent mouse shaped phantom and NIRF imaging

To mimic NIRF fluorescence imaging under ambient light conditions, we employed a
fluorescent mouse-shaped phantom (Caliper, Hopkinton, MA). The mouse shaped phantom
was made of polyurethane containing scattering particles to mimic the tissue scattering and
contained a fluorescent target consisting of plastic tubing containing a 31.4 pM solution of
AF750 fluorophore in a 19 pL volume placed on the ventral side of mouse phantom. To
mimic the “in-band” contributions from sources in the operating room, an 830 nm laser diode
(DL5032-001, Thorlabs, Newton, NJ) operating in CW mode illuminated the field of view
with incident power of around 3.0 pW/cm?. NIRF imaging was performed on the mouse
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phantom illuminated with the 830 nm laser diode and the integration time of the ICCD
operated in both CW and FD modes was set to 33 ms. To determine the limit in the ratio
between fluorescence signal and ambient light, we increased the power of the incident power
of 830 nm laser diode up to 146 pW/cm® and assessed its impact on target-to-background
ratio (TBR) as described below.

2.7 Image analysis by figures of merit

To assess the TBR the target signal was selected over the region of interest (ROI)
encompassing the implanted iRFP tumor or the rod tip containing AF750 fluorophore and the
background signal was selected to be the contralateral region of the same area. The TBR can
be computed by [18]:

T
TBR = % (6)

where P” and P” represent the mean intensify from the target and background ROIs,
respectively, and the SNR in decibels (dB) was calculated as:

T _ pB
SNR =20log,, Ll i (7
o

where o was the standard deviation of intensity over the background ROI.
3. Results
3.1 Modulation depth as a function of modulation frequency

Figure 2(a) shows that the phase-sensitive intensities of a randomly chosen pixel on the
acquired image vary sinusoidally for three representative modulation frequencies (1MHz,
S50MHz, and 100 MHz), consistent with that predicted by Eq. (4). The calculated modulation
depths (M) under varying modulation frequencies are shown in Fig. 2(b). In most cases, the
modulation depth is more than 0.3, with the exception of modulation frequency 2110 MHz,
indicating the limit of FD instrument response. The maximum modulation depth was obtained
at 50 MHz modulation frequency. Hence, we set the modulation frequency to 50 MHz for the
following studies.
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Fig. 2. (a) Data depicting the sinusoidal variation of detected phase-sensitive intensity for a
randomly chosen pixel at three representative modulation frequencies, where a.u. represents
the arbitrary unit. (b) Modulation depth (M) at various modulation frequencies.
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3.2 Far-red fluorescence imaging

Figure 3 (a)-3(c) show the acquired iRFP fluorescence images at the phase delays of 0°, 90°
and 180°, respectively, under ambient light conditions. The AC amplitude image computed by
their combination using the relationship in Eq. (5) is shown in Fig. 3(d). The DC intensity
acquired using CW acquisition is shown in Fig. 3(e). We can observe that DC image is
strongly contaminated by the fluorescent room lights in our laboratory as might be expected
in the surgical suite, whose spectra is shown in Fig. 3(f) with a peak within the “in-band”

wavelengths used in far-red fluorescence imaging. In comparison, the AC amplitude image is
tolerant to the fluorescent room lights.
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Fig. 3. iRFP fluorescence images acquired at the phase delay (a) 0°, (b) 90° and (c) 180° from
a representative mouse. (d) The extracted image of AC amplitude. (¢) CW Image of DC. (f)
Spectra of the fluorescent room lights acquired in the surgical suite showing far red spectral.
The arrows point to the breast cancer location and the dashed circles represent the background
(BK) ROIs.

To calculate the TBR and SNR, the dashed circles in Fig. 3(d) and 3(e) represent the
chosen background ROIs and the target ROIs were chosen to encompass the breast tumor
pointed by the arrows. Table 1 lists the P", P®, 5, TBR and SNR of AC amplitude and DC
intensity images from the mouse depicted in Fig. 3 and Table 2 lists the cumulative TBR and
SNR of AC amplitude and DC intensity images in five mice similarly imaged. The TBR from
AC amplitude image is more than 5 times greater than that from the DC intensity image. The

statistical analysis shows a significant difference in the TBR predicted from the AC amplitude
and DC intensity images (paired t-test with oz =0.05 ).
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Table 1. Comparison of the P, P?, 5, TBR and SNR of AC amplitude and DC intensity in

mouse depicted in Fig. 3, where a.u. represents arbitrary unit.
TBR SNR (dB)

Images P (a.u.) P® (a.u.) c
AC amplitude 3708 255 126 14.5 28.7
DC intensity 11438 4262 139 2.7 34.3

Table 2. Comparison of TBR and SNR of AC amplitude and DC intensity in five mice

Figures of Merit AC amplitude DC intensity
Target-to-background 13.6£4.7 25+04
ratio TBR
27.0£3.2 329+34

Signal-to-background
ratio SNR
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Fig. 4. NIRF images acquired at the phase delay (a) 0°, (b) 90° and (c) 180° from a mouse-
shaped phantom. (d) The extracted image of AC amplitude. (¢) CW image of DC. (f) Spectra
of the surgical lights and the surgeon’s head lamp in the operating room showing interference
in the NIR wavelength region. The arrows point to the rod tips containing AF750 fluorophore

and the dashed circles represent the background (BK) ROIs.

3.3 NIRF imaging

Figure 4 (a)-4(c) show the NIRF images acquired at the phase delays of 0°, 90° and 180°,
respectively, in the phantom with a target containing NIRF dye, AF750. The AC amplitude
image is shown in Fig. 4(d) and the DC intensity image acquired in CW mode is shown in
Fig. 4(e). Similar to the far-red fluorescence imaging, the DC image is strongly contaminated
by the ambient light. In comparison, the recovered AC amplitude is insensitive to the ambient
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light. Figure 4(f) shows the measured spectra of the surgical light and xenon head lamp in the
operating room in the MD Anderson Cancer Center, containing the spectra located within “in-
band” of NIRF collection filters. Because our laboratory fluorescent lighting did not have a
near-infrared spectral component as the overhead surgical light and xenon head lamp, we
simulated ambient light in the surgical suite with 3 pW/cm* CW illumination from an 830 nm
laser diode. While the spectral power of surgical lighting and head lamg)s can vary, we found
that our approach can effectively improve contrast even with 80 pW/cm” 830 nm light.

In order to assess the TBR and SNR, the dashed circles in Fig. 4(d) and 4(e) represent the
chosen background ROIs and the target ROIs were chosen to encompass the rod tips
containing AF750 fluorophore pointed by the arrows. Table 3 lists the P, P®, 5, TBR, and
SNR of AC amplitude and DC intensity images of the mouse-shaped phantom depicted in
Fig. 4. The TBR from AC amplitude image is more than 10 times higher than that from DC
intensity image. In addition, the AC amplitude image has the similar SNR as that of DC
image. Because there are no fluorescent gene reporters excitable in the NIR wavelength
regime to conduct studies similarly to those in Fig. 3 and Tables 1 and 2, we employ the
phantom to compare the NIRF AC amplitude and DC intensity imaging. The NIRF phantom
imaging data was replicated and no differences in SNR and TBR were found.

Table 3. Comparison of the PT, PB, o, TBR and SNR of AC amplitude and DC intensity in
mouse-shaped phantom depicted in Fig. 4, where a.u. represents arbitrary unit.

Images P (a.u) P® (a.u) c TBR SNR (dB)
AC amplitude 2833 152 85 18.6 30
DC intensity 11656 6632 143 1.8 30.9

As we increased the incident power of 830 nm CW illumination from 3.0 pW/cm® to 146
uW/cm?, the TBR decreased as expected. In the absence of CW illumination, the signal from
the fluorescent target was measured to be an average 0.88 uW/cm’. Assuming a TBR value of
1.86 is chosen as the minimum image contrast used for tumor margin identification [19], then
we determined that a maximum power of incident 830 nm CW illumination that could
delineate the fluorescent target was 80.88 pW/cm?. Using these numbers, we estimate that for
our current imaging system, the limit of the ratio between the fluorescence signal and the
ambient light leakage that would permit fluorescence detection is 1/92.

4. Discussion

In general, diffuse (non-fluorescence) or fluorescence-enhanced optical imaging is performed
using one of the three measurement approaches: (i) the CW domain, (ii) the TD domian, and
(iii) the FD. In a CW-based measurement approach, the incident excitation energy from a
source is constant over timescale of milliseconds or modulated at low frequency (a few kHz)
and the re-emitted fluorescence energy from exogenous agents is likewise constant. In a TD
based measurement approach, ultrafast (with duration range from femtosecond to picosecond)
laser pulses are employed to illuminate the tissue and the generated fluorescent signals are
detected by a streak camera, time-gated CCD camera or time-correlated single photon
counting device. When a light pulse is launched onto the tissue, its profile will be broadened
with pico- to nano- second “time-of-flight”. The generated fluorescence pulse is further
broadened owing to the lifetime of the fluorophore and its propagation within the scattering
tissue. In comparison to the CW-based approach, the TD approach is capable of
discriminating the fluorescence decay kinetics from changes in fluorophore concentration. On
the downside, the SNR of TD approach suffers significantly and the cost and complexity of
the instrumentation is relatively high. FD approach is directly related TD approach through
the Fourier transform. The FD-based instrumentation can be operated in a non-light-tight
environment due to the fact that the amplitude of the detected fluorescence is insensitive to
the ambient light. In addition, FD approach has an added advantage of considerably high SNR
with respect to TD approach, due to steady-state measurements of a time-dependent light
propagation process.
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Sexton, et al. [10] have also used a Gen II intensifier coupled to a CCD to demonstrate a
simple scheme to filter ambient light for greater contrast arising from protoporphyrin IX
following visible light excitation. In their work, they collect remitted light with repetitive 500
us exposures alternating with on-off LED excitation illumination to enable real-time
subtraction to enhance contrast. Because the long microsecond ICCD integration time
captures all “photon time-of-flights,” the technique is not representative of TD approaches,
but rather is essentially similar to acquiring a CW image with excitation illumination and
subtracting a second CW image acquired without excitation illumination. Their work shows
the elimination of ambient light improves contrast over a commercial surgical microscope.

If the goal of cancer imaging is to detect cancer cells in the body, then the achievable
tumor-to-background ratio (or contrast) should be as high as possible using advanced
measurement strategies. Far-red fluorescence imaging involves in the implantation of cancer
cells expressing iRFP or IFP1.4 protein into small animals orthotopically to monitor tumor
growth and metastasis. NIRF molecular imaging involves the administration of a targeted-
agent labeled with a fluorophore that has both excitation and emission maxima within a
“NIR” window (>780 nm) for fluorescence-guided surgery. In the operating room, the
overhead surgical lights and surgeon’s head lamp as well as the fluorescent room lights can
“leak” through filters and reduce the TBR that is necessary for visual delineation of tumor. In
this study, we demonstrated that the extracted AC amplitude images from both far-red
fluorescence and NIRF imaging systems using a modulated ICCD camera and laser diode are
insensitive to the ambient light with higher TBR and reasonable SNR compared with the CW
measurement approach. Due to the higher TBR, the AC amplitude image will be presented to
the surgeon for determination of tumor margin with high accuracy. With this approach, the
AC amplitude image can be recovered through a three-phase delay technique while the
integration time of ICCD camera is 33 ms with a total length of less than 100 ms. By
increasing the gain of the intensifier, we have further demonstrated that the integration time of
ICCD camera can be further reduced to less than 10 ms without damage to the intensifier. In
this case, the total time required for data acquisition and computation can be reduced largely,
making real-time intraoperative NIRF-guided tumor detection possible. Previously, we
showed that NIRF labeled antibody can accurately target the tumor in a prostate cancer mouse
model using the CW based ICCD imager in a dark room [1]. For translation into the operating
suite, we seek to employ the developed NIRF FD imaging system to maximize contrast under
ambient light conditions.

There are limitations to the current study. Because we sought to characterize the
performance of AC amplitude over DC intensity imaging, we did not include an exogenous,
molecularly targeting imaging agent, since contrast would be influenced not only by the
ICCD operation, but also by the performance of the molecular imaging agent to partition to
the target region and clear from the normal tissues. By using the far-red gene reporter, we
explored the camera performance independent of an imperfectly targeted exogenous imaging
agent. Because there are no NIRF fluorescent gene reporters, we used the phantom to explore
performance of AC amplitude and DC intensity imaging. For implementation in the surgical
suite, the imaging performance will depend upon both the device as well as the imaging agent.
The selective molecular targeting of the imaging agent and the depth of the targeted tissue
will inevitably impact the amount of fluorescence that can be collected by the ICCD system.
However, because the camera system is operated in homodyne mode, the exposure times of
the camera can also be lengthened to acquire sufficient SNR to detect contrast, albeit at
increased imaging time. In the past, we have conducted DC intensity imaging of exogenous
NIRF molecular imaging agents in animals and of trace doses of ICG in humans in the
surgical suite [20]. Because our results show the superiority of AC amplitude imaging over
DC intensity imaging, we expect AC amplitude imaging will improve imaging contrast.
However, we do acknowledge that there is ultimately a lower limit to the ratio of fluorescent
light and ambient light that can enable contrast with sufficient SNR. Our continuing work is
to identify the ICCD camera parameters to assure efficient translation into a well-lit surgical
suite.
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