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Abstract. To evaluate if clinical fluorescence imaging of IRDye800OCW is feasible on our fluorescence optical
mammography system by estimating detection limits assessed by breast-cancer-simulating phantom experiments.
Phantoms (2.1 cm?, 0.9 cm?) with IRDye800CW concentrations of 0.5 to 120 nM were suspended in a 550 cm?
measurement cup containing 507 surface-mounted source and detector fibers. The cup was filled with optical
matching fluid containing IRDye800CW concentrations of 0, 5, 10, or 20 nM. Tomographic fluorescence images
were acquired by exciting IRDye800CW at 730 nm; wavelengths above 750 nm were filtered. Signal intensities
were calculated over a volume of interest corresponding to the size and location of the phantom in the recon-
structed images. Correlations (R?) were calculated, and detection limits with associated upper 95% prediction
interval were estimated. Between-day reproducibility was assessed with intraclass correlation coefficients (ICC).
Fluorescent intensities were strongly correlated with phantom IRDye800CW concentrations (R?:0.983 to 0.999).
IRDye800CW detection limits ranged from 0.14 to 2.46 nM (upper 95% prediction limit 4.63 to 18.63 nM).
ICC ranged from 0.88 to 1.00. The estimated detection limits for IRDye800CW were in the low-nanomolar
range. These results support the start of clinical trials to evaluate the fluorescence optical mammography system
using IRDye800CW labeled breast cancer targeting ligands. © 2072 Society of Photo-Optical Instrumentation Engineers (SPIE).
[DOI: 10.1117/1.JBO.17.7.076022]
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1 Introduction

Breast cancer is the most common type of cancer and the second
leading cause of death of women in the western world.! The
currently used imaging modalities, including (digital) x mam-
mography, ultrasound, and dynamic contrast enhanced magnetic
resonance imaging, play a vital role in the detection and evalua-
tion of breast lesions.>> However, each of these modalities has
limitations, such as moderate sensitivity or specificity for breast
cancer detection, high costs, the use of ionizing radiation, or
painful compression of the breast. Molecular imaging of the
breast is a promising emerging technology that visualizes
breast-cancer-specific molecular alterations already present dur-
ing early carcinogenesis. With molecular imaging, breast dis-
ease may be detected even before the anatomical changes
necessary for visualization with current imaging modalities
occur, making it valuable for early detection and characteriza-
tion of breast cancer. Molecular imaging with breast cancer
targeting ligands conjugated to fluorescent molecules has
advantages when compared to other molecular imaging modal-
ities. Sensitivity for fluorophores is at least a hundred to a
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thousand times higher as compared to contrast agents used in
MRI and computed tomography.® In contrast to nuclear medi-
cine techniques, patients are not exposed to harmful ionizing
radiation, and there is no need for an expensive and complex
infrastructure. Furthermore, acquisitions can be performed
fast, making repeated, non-invasive measurements possible.
Especially of interest are fluorophores with absorption and emis-
sion spectrums in the near infrared range that yield sufficient
tissue penetration for breast imaging even in dense breast tissue,
where x-ray mammography has limited value.>’

Until now, only two fluorophores, indocyanin green (ICG)
and omocyanine, have been used in clinical fluorescence ima-
ging studies of breast diseases.*”'® However, the fluorophores
used in these studies can not be conjugated to a (breast cancer)
targeting ligand, and tend to bind non-specifically to serum pro-
teins. Accumulation of the fluorophore in the tumor tissue thus
solely depends on increased blood content due to tumor angio-
genesis and the enhanced permeability and retention effect. The
results of these studies were promising, but specificity was low
due to nonspecific accumulation of the fluorophore in healthy
tissue.

The near infrared fluorophore IRDye800CW (LI-COR, NE)
has a reactive group for conjugation to a range of targeting
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ligands and has a 1.3 to 7.4 times higher quantum yield com-
pared to ICG.""?* Animal data indicate that IRDyeS800CW is
nontoxic, and it has been successfully used in conjunction
with breast cancer relevant monoclonal antibodies in a preclini-
cal study.”"?> Recently, it has been approved for administration
to humans in molecular imaging trials. Administration of
IRDye800CW-labeled ligands could greatly improve the perfor-
mance of fluorescence molecular imaging systems.

In a clinical study performed at our institution, a fluorescence
optical mammography system was able to visualize accumula-
tion of the fluorophore omocyanin in patients with breast can-
cer.'%232* In upcoming molecular fluorescence imaging trials, it
is expected that accumulation of IRDye800CW, having a higher
quantum yield, can be visualized with our system, as well. How-
ever, the administered doses of IRDye80O0CW targeted ligands
will be lower, resulting in an expected lower absolute amount of
the fluorophore in the tumor tissue, but with higher concentra-
tion differences between tumor and background. Also, the
excitation wavelength for this system [730 nanometer (nm)]
is specifically chosen to minimize absorption by breast tissue
to increase imaging depth, and is therefore not aligned towards
the optimal excitation wavelength of IRDye800CW (774 nm).
Given these uncertainties, it was necessary to empirically assess
the detection limits of this system for IRDye8O0OCW. We per-
formed extensive breast cancer simulating phantom experiments
to conclude if imaging of this fluorescent dye is feasible in
patients in nanomolar concentrations.

2 Fluorescence Optical Mammography System

The properties of our fluorescence optical mammography sys-
tem (Philips, Eindhoven, The Netherlands) used for the experi-
ments have previously been described extensively.”® The
scanning module consists of a scanner bed with a cup-shaped
measurement chamber, containing 507 surface-mounted optical
fibers [Fig. 1(a)]. In transmission mode, 253 source fibers direct
the light of four continuous wave solid-state laser diodes at
wavelengths of 690, 730, 780, and 850 nm into the measurement
cup. The source fibers are interleaved with 254 fibers to detect
the light emanating from the breast simultaneously from each
source fiber. The light is detected by photodiodes (S2386-
18K, Hamamatsu, Bridgewater, NJ) that are connected to a
custom-made readout circuit. In fluorescence mode, signal
intensities can be acquired by exciting the fluorophore with
the laser at 730 nm and filtering out light of 750 nm and higher
with a long-pass filter. This excitation wavelength differs from
the optimal excitation wavelength for IRDye800CW (774 nm),
but was estimated to be in the wavelength range where absorp-
tion of breast tissue is minimal, in order to maximize penetration
of the light to several centimeters of tissue, which is necessary
given the cup geometry of the system.?® Measurement cups are
available in several sizes with volumes ranging from 300 to
1100 cm? to allow breasts of different sizes to fit. For a typical
scan, a patient lies prone on the scanner bed with one breast in
the measurement cup. The remainder of the cup is then filled
with an optical matching fluid to enable stable coupling between

70mm

(©)

Fig. 1 (a) The fluorescence optical mammography system (Philips, Eindhoven, The Netherlands). (b) Phantom shapes used for the experiments, made of
polyoxymethelene. Left: large phantom (diameter 20 mm, volume: 2.1 ¢cm?); right: small phantom (diameter 15 mm, volume 0.9 cm?). (¢) Locations of
the phantom shapes in the measurement cup of the fluorescence optical mammography system.
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fibers and the breast and to eliminate shortcuts of the light
around the breast.

3 Phantom Experiments

IRDye800CW (LI-COR, NE) (peak absorption 774 nm, peak
emission 789 nm) was mixed with optical matching fluid in various
concentrations. The optical matching fluid contains low-density
particles (hollow glass spheres) to mimic the average scattering
properties, and light-absorbing dyes to mimic the average
absorption properties of breast tissue.’® The optical properties
of the matching fluid were: attenuation coefficients (ua):
34 m™' (690 nm), 3.1 m~' (730 nm), 3.8 m~' (780 nm),
5.1 m~! (850 nm), and reduced scattering coefficients (us’): 1.2 X
1073 m™" (690 nm), 1.2 x 10°> m~! (730 nm), 1.1 x 10> m~!
(780 nm), 1.0x 10* m~! (850 nm). Hollow, double-cone
shaped phantoms made of polyoxymethelene were filled with
these mixtures of optical matching fluid and IRDye800CW.
Two phantom sizes were used: alarge phantom of 20-mm diameter
(2.1 cm?), and a small phantom of 15-mm diameter (0.9 cm?),
corresponding to a small T2 and T1c breast tumor, respectively
[Fig. 1(b)]. The phantoms were suspended on a thin wire in a
measurement cup of 550 cm® on two locations: close to the
wall of the measurement cup (superficial position) or in the center
of the measurement cup (deep position) [Fig. 1(c)]. The remainder
of the measurement cup was filled with a mixture of the opti-
cal fluid and IRDye800CW in concentrations of 0, 5, 10 or
20 nanomolar (nM) (background concentrations). This set-
up simulates a situation in which a breast with homogeneous
optical properties perfectly fits in the measurement cup and
includes a single tumor in which the fluorophore has accumu-
lated, and where various concentrations of the fluorophore are
present in surrounding tissue mimicking non-specific uptake.

Tomographic fluorescence acquisitions were obtained for
each combination of phantom size, phantom location, and fluor-
ophore concentration in the phantom and in the surrounding
optical matching fluid. Concentrations of IRDye800CW in
the phantom ranged from 0.5 to 120.0 nM in 0 nM, 7.0 to
30.0 nM in 5 nM, 12.0 to 60.0 nM in 10 nM, and 22.0 to
120.0 nM in 20 nM background concentration, respectively.
Five acquisitions with equal concentrations of fluorophore in
the phantom shape and the surrounding optical matching
fluid (‘blank’ measurements) were performed to assess back-
ground noise levels in the reconstructed images for each
situation, necessary to calculate limits of detection. All measure-
ments were repeated two months later.

4 Image Reconstruction and Analysis

Three-dimensional (3-D) fluorescence images were recon-
structed using algorithms based on the Born approximation
with the same parameters that are used for reconstruction of
acquisitions of the human breast.”” Average signal intensities
were obtained from a volume of interest corresponding to the
size and location of the phantom. Then, signal intensities of
the blank measurements were subtracted to obtain signal inten-
sity differences.

Least squares linear regression lines were fit through the
obtained signal intensities for the investigated phantom concen-
tration ranges and the explained variance (R?) based on the Pear-
son’s correlation coefficients was calculated. Reproducibility was
determined with intraclass correlation coefficients (ICC) and
associated 95% confidence intervals. The limit of detection
(LOD), defined as the minimal concentration difference of
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IRdye800CW that can be detected in a phantom above back-
ground noise, was estimated using the formula LOD =
3.3 % sp/PB, where sp is the standard deviation of the (five)
blank measurements and S is the least squares linear regression
coefficient obtained from the calibration curves. The chosen mul-
tiplication factor of 3.3 limits the type-I and type-II error to 5%.%
To provide a conservative estimate of the LOD taking into
account the statistical uncertainty in our measurements, the
upper limit of the 95% prediction interval for concentrations com-
patible with a fluorescence signal of 3.3 * sp were calculated.
The software package R version 2.14.0 (R Foundation for
Statistical Computing, Vienna, Austria) with the package
‘chemCal’ version 0.1-27 (J. Ranke, University Bremen,
Bremen, Germany) was used for the statistical computations.

5 Results

A total of 344 measurements were performed. A strong linear
relation was found between IRDye8O0CW concentrations and
signal intensities for all different conditions regarding phantom
size, phantom location, and background concentration, with R?
ranging from 0.983 to 0.999. Phantoms located superficially
yielded higher signal intensities and signal intensities were con-
sistently higher for the large phantom compared to the small
phantom, regardless of location [Fig. 2(a) to 2(d)].

Despite large differences in the various investigated situations,
all detection limits were estimated in the same, low nanomolar
range. Detection limits tended to be slightly higher forhigher back-
ground IRDye800CW concentrations (due to higher noise levels)
and for smaller and deeply located phantoms (due to a lower
obtained signal intensity). Detection limits ranged from
0.14 nM (upper 95% prediction limit 4.63 nM) for a large, deeply
located phantom in a background concentration of O to 2.46 nM
(upper 95% prediction limit 18.63 nM) for a small, deeply located
phantom in a background concentration of 20 nM.

Reproducibility of the measurements was excellent in all
situations, with ICC ranging from 0.88 to 1.00. The results
are summarized in Table 1. A sample of images of a large, super-
ficially located phantom containing four different concentrations
of IRDye800CW (10, 20, 30, and 60 nM) in a background
concentration of 10 nM is shown in Fig. 3.

6 Discussion

In this study, the detection limits of the fluorescence optical
mammography system for IRDyeS8OOCW were estimated in
the low-nanomolar range for all investigated situations. The
upper 95% prediction limit of the LOD yielded conservative
estimates between 3.18 and 18.63 nM, taking into account
the statistical uncertainty in our data. With an experimental
setup that approaches a clinical situation (e.g., an optical med-
ium that has comparable optical properties as to breast tissue,
phantom volumes comparable to breast tumor volumes com-
monly found in clinical practice, and phantoms suspended at
feasible locations for breast tumors), and with a high number
of measurements, a strong linear correlation between true
IRdye800CW concentrations and measured fluorescence signal
intensity was found with a high reproducibility, enabling us to
adequately estimate detection limits. This indicates the potential
of the fluorescence optical mammography system to visualize
IRDye800CW labeled ligands in humans.

There are several approaches possible to further improve sen-
sitivity of the fluorescence optical mammography system for
IRDye800CW. For example, it has already been shown that
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Fig. 2 Results of fluorescence measurements with a background IRDye800CW concentration of (a) 0 nM, (b) 5 nM, (c) 10 nM, and (d) and 20 nM.
Error bars represent the standard deviation of duplicate measurements. #: large phantom, superficial position; a: large phantom, deep position;
e: small phantom, superficial position; m: small phantom, deep position; a.u.: arbitrary units.

by combining fluorescence and absorption information, phan-
toms with a low concentration of a fluorophore suspended at
an unknown location can be detected that were not visible in
the fluorescence images alone.” Furthermore, no a priori infor-
mation was used for reconstruction of the images. By coregis-
tration or hybrid acquisition with an anatomical imaging
modality, size, location, and other structural differences could
be used as priors for the reconstruction of the optical images,
improving image quality, reducing the presence of artifacts
and facilitating image interpretation. Adaptation of current
laser (730 nm) and filtering (750 nm) wavelengths towards
the optimal absorption wavelength (e.g., 774 nm) and emission
wavelength (e.g., 789 nm) of IRDye800CW could improve per-
formance of our system as well. In particular, tumors located
superficially in the breast would benefit from this adaptation.
On the other hand, for tumors that would be located deeply
in the breast (e.g., at a depth of several centimeters), this
could have a negative impact, as a significant amount of photons
at these wavelengths will be absorbed by breast tissue itself,
resulting in lower obtained signal intensities.”**’ As breast can-
cer rarely presents at superficial locations, and given the cup
geometry of our system, we considered light penetration
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depth to be more important than optimal IRDye800CW excita-
tion. The chosen laser wavelength of 730 nm was therefore an
estimation of the best excitation wavelength. However, other
wavelengths could perform even better depending on image
acquisition geometry and application. Last, the use of photomul-
tipliers instead of photodiodes to detect light intensities could be
considered, as the signal intensities that are obtained will be
more amplified, thus possibly improving detection limits. How-
ever, this advantage is limited by higher noise levels, and a lower
conversion efficacy of photomultipliers in the near infrared
range.

Several factors that will likely influence detection limits in
human investigations could not be taken into account in our
phantom experiments study. For example, a homogenous optical
matching fluid was used to mimic breast tissue, whereas real
breast tissue will have inhomogeneities due to breast specific
structures such as blood vessels, the nipple, skin colour altera-
tions, and structural changes due to breast carcinogenesis. A
high breast density (resulting in more absorption by breast tis-
sue), large breast size (increasing the path length of the light),
patient movement, heartbeat and breathing during the acquisi-
tion will further affect the acquisition of a fluorescent signal.

July 2012 « Vol. 17(7)
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Table 1 Results.

Background
IRDye80OCW Upper 95% ICC (95%
concentration Phantom Phantom Calibration LOD prediction confidence
(nM) size location coefficient (5) Se (nM) limit (nM) inferval)® R?
0 Large Superficial 4.04x 1077 1.90x 108 0.16 535 0.96 (0.89-0.99) 0.997
Deep 3.64x 1077 1.51x10°% 0.4 4.63 0.95 (0.86-0.99) 0.998
Small Superficial ~ 2.24x 1077 2.50x10-% 037 3.81 0.96 (0.89-0.99) 0.999
Deep 1.89x 107 2.25x10°%  0.39 3.74 0.97 (0.90-0.99) 0.999
5 Large Superficial ~ 3.19x 107 1.71x10°%  0.18 3.18 0.98 (0.85-1.00) 0.996
Deep 2.71x107 3.84x10°% 047 3.80 0.98 (0.84-1.00) 0.995
Small Superficial 1.59x 107 2.68x10°%  0.56 3.73 0.96 (0.67-1.00) 0.995
Deep 1.34x107 4.44x1078 1.09 5.23 0.93 (0.49-1.00) 0.993
10 Large Superficial ~ 4.34x 1077 1.55x 107 1.18 7.58 0.99 (0.97-1.00) 0.992
Deep 3.86x 107 8.94x10% 077 10.21 0.97 (0.80-1.00) 0.983
Small Superficial ~ 2.43x 1077 3.54x10°%  0.48 9.34 0.99 (0.92-1.00) 0.985
Deep 217 x1077 1.14x 107 1.73 9.73 0.88 (0.43-0.98) 0.988
20 Large Superficial ~ 3.95x 1077 9.25x10°% 077 12.41 0.94 (0.72-0.99) 0.991
Deep 3.61x107 6.61x10°%  0.60 12.25 0.94 (0.73-0.99) 0.991
Small Superficial 1.97x 107 8.09x 108 1.35 14.12 0.93 (0.69-0.99) 0.990
Deep 1.67 x1077 1.25x107  2.46 18.63 0.90 (0.59-0.98) 0.983

?One-way random effects model where day effects are random, single measures; ICC: intraclass correlation coefficient; LOD: limit of detection;
Sg: standard deviation of 5 blank measurements.

Also, a volume of interest with a fixed size and location match- as well. The SoftScan system (Advanced Research Technolo-

ing the experiment to derive the signal intensity from was used
in our study, where in clinical breast imaging the exact location
and size of the volume of interest is not known. These factors
will likely negatively affect the LOD in clinical trials compared
to our standardized and comprehensive phantom experiments.
Nevertheless, even if the true LOD is about 10 times higher
in human investigations, the performance of the system is
still likely to be relevant in clinical situations.®>!

Other groups have explored the capabilities of their optical
imaging systems and contrast agents with phantom experiments

3.0%10°%

gies Inc., Canada) was used to visualize highly absorbing con-
trast agents.*? Single-walled carbon nanotubes were visible in a
concentration of 0.8 nM and a Black Hole Quencher was visible
in a concentration of 8.0 uM in phantoms with a volume of
0.2 cm®. In phantom experiments with a frequency-domain
handheld probe-based optical imager developed by the group
of Godavarty, concentrations of ICG of 1.0 uM were detectible
in small phantoms of 0.10 to 0.45 cm? at a depth of 2.5 cm, but
large relative differences in phantom-to-background concentra-
tions (up to 25:1) and high baseline concentrations of the

Fig. 3 Example of reconstructed fluorescence images with a large phantom suspended at a superficial position. The concentration of IRDye800CW
in the background was 10 nM, with concentrations of IRDye800CW in the 2.1 cm® phantom of 10 nM, 20 nM, 30 nM, and 60 nM, respectively

(left to right).
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fluorophore (1.0 uM) were required for detection.*** With
opto-acoustic imaging, optical contrast can be resolved up to
centimetres of tissue depth with resolutions achieved by
ultrasound imaging.> A system developed by the group of
Ntziachristos was able to obtain opto-acoustic signals of a phan-
tom with a size of 0.5-cm diameter and a concentration of
5.0 uM of the fluorophore Cy5.5 up to a depth of 3.0 cm.*
Above indicates the variability in detection limits between
the various fluorescence imaging systems, depending on appli-
cation area, the used fluorophore, excitation wavelengths, laser
powers, desired light penetration depth, number of used sources
and detectors and various other factors.

In conclusion, we have shown that our clinical fluorescence
optical mammography system is able to detect low nanomolar
concentration differences of IRDye800CW in a breast-cancer-
simulating phantom study. IRDye800CW-labeled breast cancer
targeting ligands are at the brink of clinical evaluation, for exam-
ple, by using readily available and clinically used antibodies.
As previous clinical trials have indicated that non-targeted fluo-
rescence optical breast cancer imaging is feasible, it is expected
that our clinical fluorescence optical mammography system
has high potential to visualize molecular processes associated
with breast cancer after administration of such cancer-specific
IRDye800CW-labeled ligands.
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