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INTRODUCTION

Optical imaging using near-infrared (NIR) light is an emerging technique toward non-invasive
breast cancer diagnosis. Hand-held based optical imaging devices are currently developed
toward clinical translation of the technology.! However, the NIR devices developed to date have
not attempted three-dimensional (3D) tomography since they are not able to accurately coregister
the image to the geometry of the object. The overall goal of the research is to implement and
test a novel hand-held based optical imager with capabilities of automated coregistration on
any tissue curvature for real-time surface imaging and 3D tomographic analysis, on tissue
phantoms and in vivo with human subjects. The purpose for this research is to translate the
device to the clinical setting for breast cancer imaging. The scope of the research involves
experimental studies on tissue phantoms and in vitro, and in vivo studies with normal human
subjects prior to clinical studies with breast cancer patients.

BODY

The tasks that were completed in Year-1 of the proposed projects are described herein. The tasks
were categorized according to three specific aims as outlined in the statement of work:

Specific Aim# 1:

Demonstrate imaging and 3-D tomography using hand-held probe on different curved
tissue phantoms.

Work Completed to Date (Reported in 2009 Annual Report):

Proposed Task A: Modify probe design to achieve uniform source intensity.

The current design of the hand-held device (shown in Figure 1) utilizes a single laser diode
source and a custom built collimator package which divides the laser light among six optical
fibers attached to the probe face. The limitation of this design is that the output intensity of the
laser light is not divided equally among the six fibers. The goal of this task was to modify the




collimator package in order to achieve the desired uniform source intensity distribution.
However, during the course of this task, it was found that achieving uniform intensity
distribution is difficult using a single laser diode. Hence, a new design was developed to use six
laser diodes individually attached to the six optical fibers which can be adjusted individually to
the desired intensity. This design is currently carried out in a parallel project by a team of
graduate and undergraduate students in our lab and will be implemented with the second
generation of the optical imaging system.

Laser Diode
Source

 Collimator =
Package
=8

Probe Face

s

6 Source Fibers (red)

ICCD Camera \ 3 165 Detector Fibers (black)
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Figure 1. The three major components of the hand-held device (left) are the hand-held
probe, the intensified charge-coupled device (ICCD) camera detector, and the laser diode
source. The light from the single laser diode source is divided via a collimator package
into six source fibers at the probe face (right).

Proposed Task B: Perform experiments using the hand-held probe in the curved position on
curved tissue phantoms.

Experiments were carried out using the probe in the maximum curved position (45° curvature of
each wing) on octagonal phantoms designed to fit the curvature of the probe with full contact.
During these studies, it was found that there was interference in the collected signal due to the
sharp edges of the octagonal phantom. These studies were discontinued. Further studies focused
directly on human breast tissues to demonstrate imaging of curved geometries in the realistic
case. In vivo studies were performed on normal human subjects to demonstrate the feasibility of
using the hand-held device to perform fast 2D imaging toward target detection prior to 3D
tomography studies. The device was used to collect images of a fluorescent target with a
background of real human breast tissue. Fast imaging was performed in near real time (~5 sec).
All human subject studies were approved by the Florida International University Institutional
Review Board. Healthy female volunteers age 21 and above were recruited for the studies. A
fluorescent target (acrylic sphere filled with 1 uM indocyanine green) was used to simulate a
tumor and was placed underneath the flap of the breast tissue (i.e. between breast tissue and chest
wall, underneath the tissue). Table 1 gives a summary of the in vivo experimental cases
performed.



Table 1 Summary of experimental cases performed for in vivo fast 2D imaging studies.

Experimental Case # Mumber of  Target Depth Target T:B Contrast

Targets cm) “olume (cc) Fatio
. ) 1 25 0.23 1:0

e wivia with norrmal
human subject 2 1 2.5 0.45 1:0
2 2.5 0.23 & 0.45 1:0

Figure 2 shows the results of images (i.e. 2D surface contour plots of fluorescence intensity)
collected with the probe in both the flat (Figure 2A) and curved (Figure 2B) position. When the
probe was in the flat position, it was placed with gentle compression against the tissue surface to
allow full contact with the probe face, whereas in the curved position it was able to contour
around the tissue in its natural shape.
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Figure 2. Results for in vivo studies with normal human subjects. (A) 0.23 cc target was
placed at the 4 o’clock position and imaged with the probe in the flat position. (B) 0.45
cc target was placed at the 8 o’clock position and imaged with the probe in the curved
position.

The results show that a fluorescent target was detectable through ~2.5 cm of actual human
breast tissue using the probe in both the flat and curved positions. The results for these studies
were published in Translational Oncology” and the article in press is attached in Appendix A.



Specific Aim # 2:

Implement 3-D automated co-registration using acoustic-based tracking system in order to
perform real-time in-vivo optical imaging.

Work Completed to Date:

Proposed Task A (Reported in 2009 Annual Report): Implement a 3D motion tracking device
in order to randomly track the movement of the hand-held probe.

Coregistered imaging is required in order to perform 3D tomography since the 2D image must be
located in the exact position of the hand-held probe on the tissue surface. A 3D tracking system
was implemented on the probe in order to perform coregistered imaging using
MATLAB/LabView software developed by a master’s student in house. Experimental studies
using an exogenous fluorescent contrast agent Indocyanine Green (ICG) were performed to
demonstrate the feasibility of coregistered imaging using the hand-held probe based optical
imager. The contrast agent is placed in a small spherical target and embedded within the
phantom to represent a tumor within a tissue background. Successful implementation of the
coregistered tracking method would be indicated by the ability to track the actual location of the
target as the probe is moved to different positions with respect to the phantom surface.
Coregistered imaging was demonstrated in slab tissue phantoms (composed of 1% Liposyn) and
the results published in Review of Scientific Instruments® (article in press is attached in Appendix
B). Additional experiments were performed in phantoms composed of minced chicken breast
combined with 1% Liposyn to demonstrate coregistered imaging in vitro, and the results were
published in Review of Scientific Instruments (Appendix B). The results showed that the 3D
tracking system was able to track the position of the probe in real-time and accurately
coregister the image to the geometry of the object in tissue phantoms and in vitro. During
these coregistered imaging studies, it was found that by collecting multiple coregistered images
and applying a post-processing summation technique, a target can be detected at greater depths
than with a single image alone. A 0.45 cm’ target was detected at a depth of 3.0 cm in the slab
tissue phantom, and a 0.45 cm” target was detected at a depth of 2.5 cm in the in vitro phantom.’
These results show that by summating multiple coregistered images, deeper targets can be
detected. Ongoing studies are currently performed to determine the deepest and smallest size
target that can be detected using this technique.

Proposed Task B (Reported in 2010 Annual Report): Adapt and improve 3D reconstruction
tools for optical tomography studies.

The procedure developed herein for performing 3D tomography in vivo in order to reconstruct a
target within the breast tissue geometry of a human subject involves ten major steps. Step 1:
Acquire the coregistered image of optical intensity data from the breast tissue. Step 2: Use the
3D surface geometry from the 3D scanner to generate a 3D volume. Step 3: Generate a 3D
tetrahedral volume mesh and corresponding triangular surface (or boundary) mesh for the
volume breast geometry. Step 4: Determine the nodes and coordinates of the breast mesh that
correspond to the source and detector positions in the coregistered probe location. The positional
information of the coregistered probe location was used to find the closest nodes in the
unstructured breast mesh to each source and detector in the probe, and the coordinates of those
nodes were assigned as the coordinates of the sources and detectors. The procedure developed



for performing this step ensures that the source and detector positions assigned to the mesh
correspond to the data collected with the probe and coregistered to the tissue during live imaging.
Step 5: Convert text files and source/detector positional information into data files that will be
used in the reconstruction code. Step 6: Acquire the optical intensity data for each detector
position in the 3D breast mesh from the coregistered image data. A code was written in
MATLAB to extract the optical intensity data from the coregistered mesh at the detector nodes
and generate a data file containing the coordinates of the detector nodes and the corresponding
intensity values from the breast data. Step 7: Use the intensity data acquired from Step 6 to
generate the data files used in the AEKF algorithm. These data files contain the AC, DC, phase,
and modulation depth information (or DC only for CW data) along with the optical properties of
the background tissue. In this case, average optical property values of human breast tissue
acquired from the literature* were used in the reconstruction. Step 8: Perform 3D reconstruction
using a computationally efficient version of the AEKF based algorithm to reconstruct the
absorption coefficient due to the fluorophore (u.) within the 3D discretized geometry of the
breast tissue. Given the estimation of measurement error covariance R, model error covariance
0, and parameter error covariance P, the AEKF algorithm recursively minimizes the variance of
the parameter error, in this case the p.s The variances of the means of five repeated
experimental measurements from each detector point were used to estimate the measurement
error covariance R. The model error covariance Q was empirically chosen to be one fourth of the
measurement error covariance R.° The R and Q were used in the reconstruction to weight the
updates at each iteration. The parameter error covariance P (the error in the unknown spatially
distributed parameter values p,.) was used to damp into the inversion for better convergence.
When the root mean square output error (RMSE) was less than 1% or the total number of
iterations exceeded 50, the reconstruction was assumed to have converged. The reconstruction
parameter U, was set at an arbitrary initial guess of 0.003 cm’’. The resulting 3D s
distribution was plotted in Tecplot.

Figure 3 shows the experimental result of the image reconstructions plotted in Tecplot. Figure
3A shows the 3D tetrahedral unstructured mesh of the scanned breast tissue geometry and Figure
3B shows the reconstructed optical property (i.e. recovered absorption coefficient due to the
fluorophore as a series of contour slices in the x-plane. The slices are plotted in profile view to
show their location within the tissue geometry (in the breast tissue region only). Individual
detailed slices are shown in frontal view in Figure 4.

The coronal slices in Figure 4 begin at the tissue surface close to the central (nipple) region and
progress depth-wise toward the chest wall. The initial slices at depths less than 1.0 cm from the
tissue surface at the nipple region (slices 1-3) show signal (the recovered absorption coefficient
due to the fluorophore, p.x¢) from the 2D target location. At a depth of 1.0 cm and greater (slices
4-12), additional signal appears to the left side of the breast tissue away from the true target
location at 6 o’clock position.
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Figure 3. 3D reconstruction result using the coregistered experimental data from case #1
(section 3.1). (A) Plot of the 3D tetrahedral unstructured mesh used in the reconstruction.
(B) The reconstructed parameter, absorption coefficient due to the fluorophore, . ¢ as a
series of contour slices in the x-plane for the in vivo experimental CW-imaging. The
slices are plotted in profile view to show their location within the tissue geometry (in the

breast tissue region only). Individual detailed slices are shown in frontal view in Figure
4.
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Figure 4. Contour slices of the reconstructed parameter, paxf in the x-plane at 0.25 cm
intervals, for the same reconstruction case shown in Figure 1. The contour slices begin at



the tissue surface at the nipple region and slice depth is indicated as depth from the tissue
surface at the center (nipple) region.

Figure 5 shows slices of the reconstructed parameter in y-plane representing the sagittal view.
Slice 4 in the center gives the sagittal slice at the y=0 location which is the central part of the
tissue (the slice at the nipple region). The other slices represent the locations in 0.25 cm
increments to the left or towards the 9 o’clock direction (slices 1-3) and right or towards the 3 o’
clock direction (slices 5-7) of the center. The images show that within this central region, there
is a maximum signal intensity at the central location of the tissue which corresponds to the 6
o’clock position of the fluorescent target, and the signal diminishes in either direction away from
the center.
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Figure 5. Contour slices of the reconstructed parameter, paxf in the y-plane at 0.25 cm
intervals, for the same reconstruction case shown in Figure 6. Slice 4 shows the central
(nipple) region of the tissue which contains the true target location. The signal in highest
in slice 4 and then lessens as the slices move away from center in both directions.

Specific Aim # 3:

Perform feasibility in-vivo studies using diffuse optical imaging on normal subjects to
demonstrate real-time co-registered imaging.

Proposed Task A (Reported in 2010 Annual Report): Perform in-vivo studies with ~5 normal
human subjects at Florida International University.

Healthy female human subjects were recruited for the study which was approved by the FIU
Institutional Review Board. After the 3D scan of the tissue geometry was acquired, the subject
was seated an upright position in the imaging room. Spherical target(s) of 0.23-0.45 cm’
volume filled with 1 uM indocyanine green were superficially placed underneath the flap of the
breast tissue at different locations (the 6 o’clock position is shown in Figure 6). The probe was
placed in full contact with the breast tissue and CW images of fluorescence intensity were
collected and automatically coregistered to the tissue geometry. A subtraction-based post-
processing technique was used to eliminate excitation leakage for each image.

10



Probe Locatlon
Approximate True /’
Target Location

Figure 6. Schematic showing location of target placed superficially at the 6 o’clock
position underneath the breast tissue and location of probe during imaging.

A commercially available handheld 3D scanner was employed to acquire the breast tissue
geometry. Use of the scanner on human subjects was approved by the FIU Institutional Review
Board. A motorized system was implemented with the scanner to automatically acquire the scan
without requiring an operator to hold the scanner. This method was designed to enable the
scanning procedure to be independent of the operator as well as to allow more privacy for the
subject since the scanner would be operated by computer from outside a curtained room. Each
scan was composed of a series of four sweeps of the scanner which covered both sides of the
breast tissue as well as part of the chest wall and ribcage area. The acquired geometry was
displayed by the scanner software (Figure 7A) and then exported as a .MAT file. The geometry
was then discretized using MATLAB software developed in house, and loaded into the
coregistration software (Figure 7B).

Figure 7. (A) Scanned surface breast tissue geometry. (B) Discretized mesh of breast
tissue surface geometry.

Coregistered imaging is required in order to perform 3D tomography since the 2D images
(contour plots of fluorescent intensity data acquired using the hand-held optical imager) must be
coregistered to the appropriate probe location on the tissue surface. In coregistered imaging, the
position and orientation of the probe is tracked with respect to the tissue or phantom surface
being imaged. This tracked 3D positional information is then used to accurately position the
acquired optical images onto the tissue geometry.

Coregistration was carried out as a three-step process using MATLAB/LabVIEW software
developed in house™ (1) a real-time tracking system was used to find the probe location in 3D
with respect to the tissue; (2) a real-time 2D surface contour optical image was acquired at the
probe location; (3) the 3D probe location and 2D optical image were coregistered onto a
discretized phantom mesh. The 3-step process is automated to enable fast 2D coregistered
imaging (~35 seconds per image).

11



The automated coregistered imaging process was previously validated in human subjects. The
probe was placed at reference points of known coordinates and the distance off between the true
and measured position was calculated for each probe location. The average distance off was ~
Icm. The error can be attributed to instrumentation error such as fluctuation in the tracked
position of the probe, and human error such as hand movement of the operator. Currently the
tracking system and imaging set-up is being modified to improve the accuracy of the tracked
probe location.

Figure 8 shows results for coregistered imaging studies with a normal subject. A spherical target
filled with 1 uM ICG was placed underneath the flap of the breast tissue and fluorescence
intensity images were collected and automatically coregistered using the positional tracking
system. Figure 8A shows the position of the probe and the discretized geometry relative to the
subject.

Probe Position

(C) (D) (E)

Figure 8. Coregistered images of fluorescence intensity data collected form a normal
subject with an ICG-filled target using the initial set-up (subject seated in upright
position). (A) Location of probe and image relative to the subject. (B) Case#1 image:
0.45 cm3 target at the 6 o’clock position. (C) Zoomed image of Case #1. (D) Case #2
image: 0.45 cm3 target at the 4 o’clock position. (E) Case #3 image: 0.23 cm3 target at
the 8 o’clock position. All targets contain 1 pM indocyanine green.

Figure 8B shows the resulting coregistered image for case #1 where a 0.45 cm’ target was placed
at the 6 o’clock position. A zoomed image of the same result is shown in Figure 3C. Figures 3D
and 3E show zoomed images of the results for cases #2 (0.45 cm’ target at the 8 o’clock
position) and #3 (0.23 cm’ target at the 4 o’clock position) respectively. The results show that a
0.23-0.45 cm® fluorescent target was detected through ~2.5 cm of human breast tissue and
coregistered to the appropriate location on the tissue geometry.

12



Proposed Task B (Reported in 2010 Annual Report): Implement the tracking system to
obtain real-time surface images of the human breast tissues using the hand-held optical imager.

In order to minimize the movement of the subject and the breast tissue, the imaging set-up was
modified such that the subject lay in a reclined position. A massage chair capable of reclining
45-90° with arm rests was acquired for the imaging studies (Figure 9). The subjects rested in
supine position on the chair with the back reclined at 45° and arms resting at the sides or on the
armrests. This position was chosen such that it would be reclined enough to minimize movement
of the subject (as opposed to the upright position with no armrests in the initial set-up which
allowed movement of the subject) as well as maintain line-of-sight between the probe and the
tracker which would be inhibited if the chair was reclined to greater angles. In order to acquire
the 3D geometry with the subject in the reclined position, the Fastscan was taken back as a hand-
held scanner and used to scan the tissue by hand (the motorized system will be used in future
applications described in the last chapter).

Privacy Curtain

Figure 9. Modified human subject imaging set-up. Subject lies supine in recliner chair
(45°) during acquisition of tissue geometry with 3D scanner and imaging using handheld
imager.

Figure 10 shows the 3D scanned geometry of a normal human subject using the modified set-up
where the subject was lying in supine position in a recliner chair at a 45° angle. The reclined
position caused the tissue to flatten against the ribcage in order to minimize deformation of the
tissue during imaging.

The imaging process using the modified set-up is shown in Figure 11, where the imaging room is
closed off from the instrumentation room by a curtain and only the probe is visible in the room.
The probe was placed against the breast tissue while the location was recorded by the acoustic
tracker and the images were automatically coregistered at the probe location relative to the tissue

13



geometry. The resulting images were immediately displayed on a monitor in the imaging room
that was linked to the computer operated from the instrumentation room.

Figure 10. Geometry acquired using the modified imaging set-up with normal subject
lying supine in recliner chair with 45° angle. (A) Frontal view. (B) Side view.

Imaging Probe

Figure 11. Modified imaging set-up. The subject lies in supine position in recliner chair
while breast tissue is imaged using hand-held optical imager. Mannequin shown for
demonstration only.

Figure 12 shows automated coregistered images from a normal human subject using the
modified imaging set-up with the acoustic tracker. The geometry was rotated to a 45° angle over
the y-axis in the coregistration software to correspond to the 45° reclined position of the subject.
A default image was used in this study since the purpose of the study was to demonstrate
coregistered imaging using the modified approach and not to detect a target. The probe location
was coregistered to the tissue at two different locations: the first location was centered over the
breast tissue with the bottom of the probe positioned 2 cm beneath the nipple region (Figure

14



12A-C) and the second location was above the breast in the chest wall region with the bottom of
the probe positioned 3 cm above the nipple region (Figure 12D-E).
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Figure 12. Automated coregistered images in normal subject (no target) using modified
imaging set-up. (A) Probe position #1. (B) Frontal view of coregistered image at probe
position #1. (C) Side view of coregistered image at probe position #1. (D) Probe
position #2. (E) Frontal view of coregistered image at probe position #2. (F) Side view
of coregistered image at probe position #2.

Problems were encountered with the acoustic based tracking system and it was determined that
an alternative tracking system would need to be incorporated. A master’s student in the lab took
over the task of testing different tracking systems to use in place of the acoustic based tracker. In
the meantime, manual coregistered imaging was performed in human subjects by measuring and
marking the probe locations on the tissue.

Figure 13 shows results from absorption-based studies in a normal subject with a 0.45 cm” target
filled with 0.08% India ink (absorbing contrast agent) placed underneath the flap of the breast
tissue at the 6 o’ clock position. For this study, the probe position was measured on the breast
tissue and marked using surgical tape. The image was then manually coregistered at the
measured position using post-processing coregistration software. Figure 13A shows the location
of the probe relative to the subject. Figure 13B shows the probe location placed manually in the
post-process coregistration software, and Figure 13C shows the resulting coregistered image. It
can be seen that the target is detected as a lower intensity (blue) signal indicating higher
absorption at the location of the target. A background image was also collected (without target)
and subtracted to eliminate background noise.

15
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Figure 13. Manually coregistered images from normal subject with 0.45 cm3 target with
0.08% India ink placed under the breast tissue at the 6 o’clock position.

Figure 14 shows the results from a similar study where a target of lower concentration (0.02%
India ink) was placed underneath the breast tissue at the 6 o’ clock position. Figure 14A shows
the location of the probe relative to the subject. Figure 14B shows the probe location placed
manually in the post-process coregistration software, and Figure 14C shows the resulting
coregistered image. The resulting contrast is lower due to the lower concentration of the
absorbing agent, but the lower signal (blue) from the target can be seen at the target location in
the 2D image (Figure 14B) and the coregistered image (Figure 14C).
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Figure 14. Manually coregistered images from normal subject with 0.45 cm3 target with
0.02% India ink placed under the breast tissue at the 6 o’clock position.
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Additional Results:

Clinical imaging of breast cancer in vivo human subject studies.

Diffuse optical imaging studies were performed with a female subject (age 51) with breast cancer
masses confirmed by prior image modalities (i.e. x-ray mammography, ultrasound). The studies
were approved by the FIU Institutional Review Board and the subjects signed a consent form
prior to the study and a HIPAA authorization form (for release of the medical records). The
studies were performed using the modified imaging set-up described in Specific Aim #3,
Proposed Task B, where the subject lay in the supine position in a recliner chair at a 45° angle.
The probe was placed at different locations on the ipsilateral (tumor-containing) and contralateral
(non-tumor-containing) breast and images of continuous-wave absorption-based measurements
were collected. The probe positions were determined visually to cover the entire breast tissue.
Initially the probe was centered over the 12 o’clock position covering the upper region of the
breast tissue and part of the chest wall (probe location #1 in Figure 15), then moved vertically
down toward the 6 o’clock position (probe location #4 in Figure 15). The four imaging
locations relative to the subject are shown in Figure 15 (not to scale).

/Right h Probe Locations:

Locationl =—-=—-

__) ________ : —-————— Q' Location 2  ssssssmsens
[ AR [T a4

Figure 15. Schematic showing the probe locations during the imaging studies. The probe was placed at
four different locations on the left breast tissue followed by the same four locations on the right breast
tissue. All probe positions were estimated with reference to the nipple location and are not drawn to scale
in the schematic.

Figure 16 shows x-ray mammography images from the left breast of a 51 year-old breast
cancer patient (subject #2). Figure 16A is the axial view where the top of the image is toward
the left side of the breast and the bottom of the image is toward the right side of the breast.
Figure 16B is the oblique view where the top of the image is toward the patient’s head and left
side and the bottom of the image is toward the patient’s feet and right side. The images show the
presence of 3 masses in the outer quadrant of the tissue (indicated by the yellow arrows). The
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medical reports indicated that two of the masses were cancerous with regions of abnormal tissue
between the three masses.

Figure 16. X-ray mammography images of the left breast from a 51 year-old breast cancer patient. (A)
The top of the image is the left side and the bottom of the image is the right side of the breast tissue. (B)
Oblique image where the top of the image is toward the patient’s head and left side and the bottom of the
image is toward the patient’s feet and right side. The yellow arrows indicate 3 lesions (labeled as L1, L2,
and L3) located in the 1 o’clock to 2 o’clock region of the breast.

Figure 17 shows ultrasound images from the left breast of the same subject. The image
in Figure 17A was collected from the 1 to 2 o’clock position at 2-3 cm from the nipple and the
image in Figure 17B was collected from the 1 to 2 o’clock position at 6 cm from the nipple. The
three tumor masses in the outer quadrant of the tissue are indicated by the yellow arrows.

Figure 18 shows the continuous-wave absorption-based images collected using the hand-
held optical imager. The images on the left were collected from the ipsilateral breast and the
images in the center were collected from the contralateral breast. The images on the left were
subtracted from the images in the center to yield the resulting postprocessed images on the right.
In the post-processed images, the area of higher absorption shows as a higher (or more red)
signal. The post-processed images from locations 1-3 show high intensity signal (greater
absorption) in the outer quadrant of the left breast tissue which corresponds to the location of the
3 tumor masses indicated in the x-ray mammogram and ultrasound images. The image from
location 4 which is from the lowest part of the tissue does not show higher absorption.
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Figure 17. Ultrasound images of the left breast from a 51 year-old breast cancer patient. Both images
were collected in the 1 to 2 o’clock location where image (A) was 2-3 cm from the nipple and image (B)

was 6 cm from the nipple. The yellow arrows indicate 3 lesions (labeled as L1, L2, ans L3 corresponding
to Figure 14.7) located in the 1 o’clock to 2 o’clock region of the breast.
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Figure 18. Optical images collected from the breast tissue of a 51 year-old breast cancer patient. The
images in Set #1 were collected from the ipsilateral breast and the images in Set #2 were collected from
the contralateral breast. The images from Set #1 were subtracted from Set #2 so that the area of higher

absorption shows as a higher (or more red) signal in the post-processed images. The yellow dotted circle
was hand-drawn to indicate the region of interest.
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The performance of our hand-held based optical imager was tested in the clinical setting
for the first time on actual breast cancer patients. These preliminary results indicate the ability of
the device to detect tumors via continuous-wave absorption-based imaging. Extensive studies
will be performed in the future to demonstrate coregistered imaging and 3D tomography in
cancer subjects as well as determine the sensitivity and specificity of the device.

Training Plan:

Instrumentation and Phantom Studies:

The P.I. trained under a previous doctoral student to learn how to operate the imaging system and
carry out experiments using tissue phantoms.

In Vivo Studies

The P.I. received training from Sylvester Cancer Center under Dr. Richard Kiszonas. The
training involved observing breast imaging (i.e. x-ray mammography and breast ultrasound) and
interacting with doctors and technicians in the clinical setting.

Mentoring

During Year-1 the P.I. mentored two undergraduate students in performing in vivo studies, a
third undergraduate student in instrumentation, and a master’s student in coregistered imaging
and instrumentation.

During Year 2, the P.I. mentored two undergraduate students in experimental studies with
phantoms and human subjects, and one masters student in human subject studies.

The P.I. mentored two masters students in human subject studies and image processing.

Clinical Studies

The P.I. continued meetings with Dr. Richard Kiszonas (clinical mentor) to discuss breast
imaging with human subjects and challenges that are encountered.

Doctoral Dissertation

The P.I. completed all the experimental studies for the research as outlined in the Statement of
Work. The P.I. wrote the dissertation which was defended on March 29, 2011 and successfully
passed by the dissertation committee.

KEY RESEARCH ACCOMPLISHMENTS

= Demonstrated fast 2D imaging using the hand-held device on curved tissue geometries in
normal human subjects.
(Specific Aim #1)
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= Detected fluorescent targets in vivo within actual human breast tissue.
(Specific Aim #1)

= Implemented 3D tracking system and demonstrated coregistered imaging using the hand-
held device on tissue phantoms and in vitro.
(Specific Aim #2)

= Detected deeper targets by applying multi-scan summation technique using coregistered
images.
(Specific Aim #2)

= Adapted 3D reconstruction tools for 3D tomographic imaging in vivo. (Specific Aim #2)

= Demonstrated automated coregistered imaging in 2-3 normal human subjects. (Specific
Aim #3).

= Performed manual coregistered imaging in human subjects using system of marking
known probe locations on tissue.

= Demonstrated feasibility of performing 3D tomography using coresgistered image from a
human subject.

= Performed initial diffuse optical imaging study in breast cancer patient using the hand-
held optical imager.

REPORTABLE OUTCOMES

Peer-reviewed Journal Publications

(1) S.J. Erickson, A. Godavarty, S.L. Martinez, J. Gonzalez, A. Romero, M. Roman, A. Nunez, J. Ge, S.
Regalado, R. Kiszonas, and Cristina Lopez-Penalver. “Hand-held optical devices for breast cancer:
spectroscopy and 3D tomographic imaging,” (invited paper) IEEE Journal of Selected Topics in
Quantum Electronics (in press, 2011).

(2) S.J. Erickson, S.L.. Martinez, J. Gonzalez, L. Caldera, and A. Godavarty. “Improved detection limits
using a hand-held optical imager with coregistration capabilities,” Biomedical Optics Express 1,
126-134 (2010).

(3) S.J. Erickson, J. Ge, A. Sanchez, and A. Godavarty. “Two-dimensional fast surface imaging using a
hand-held optical device: in-vitro and in-vivo fluorescence studies,” Translational Oncology 3(1):
16-22 (2010).

4) J. Ge, S.J. Erickson, and A. Godavarty, "Multi-projection fluorescence optical tomography using a
handheld-probe-based optical imager: phantom studies," Applied Optics 49, 4343-4354 (2010)

(5) S. Regalado, S.J. Erickson, B. Zhu, J. Ge, and A. Godavarty. ‘“Automated coregistered
imaging using a hand-held probe-based optical imager,” Review of Scientific Instruments
81: 023702 (2010).

(6) J. Ge, S.J. Erickson, and A. Godavarty. “Fluorescence tomographic imaging using a hand-held
probe based optical imager: extensive phantom studies,” Applied Optics 48(33), 6408-6416 (2009).
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National Conference Proceedings (* presenter)

(1) S.J. Erickson, S. Martinez, J. Gonzalez, M. Roman, A. Nunez, and A. Godavarty. “3D tomographic
breast imaging using a hand-held optical imager,” Optical Tomography and Spectroscopy of Tissue
IX. Edited by Bruce J. Tromberg, Arjun G. Yodh, Mamoru Tamura, Eva M. Sevick-Muraca, and
Robert R. Alfano. Proceedings of the SPIE, Volume 7896, pp. 78962H-78962H-8 (2011).

(2) S.J. Erickson, S. Martinez, J. Gonzalez, L. Caldera, and A. Godavarty. “Non-invasive Diagnostic
Breast Imaging using a Hand-held Optical Imager,” Proceedings of the 14th World Multi-
Conference on Systems, Cybernetics and Informatics, 2010.

(3) S.J. Erickson, S. Martinez, L. Caldera, and A. Godavarty, "Improved Detection Limits Using a
Hand-Held Optical Imager with Coregistration Capabilities," in Biomedical Optics, OSA Technical
Digest (Optical Society of America, 2010), paper BTuD43.

(4) S. Martinez, J. DeCerce, J. Gonzalez, S.J. Erickson, and A. Godavarty, "Assessment of Tracking
Devices towards Accurate Coregistration in a Hand-Held Optical Imager," in Biomedical Optics,
OSA Technical Digest (Optical Society of America, 2010), paper BTuD58.

(5) S.J. Erickson, S. Martinez, J. DeCerce, A. Romero, L. Caldera, A. Godavarty. “Fast coregistered
imaging in vivo using a hand-held optical imager,” Advanced Biomedical and Clinical Diagnostic
Systems VIII. Edited by Vo-Dinh, Tuan; Grundfest, Warren S.; Mahadevan-Jansen, Anita.
Proceedings of the SPIE, Volume 7555, pp. 75550P-75550P-6 (2010).

(6) S.J. Erickson*, J. Ge, and A. Godavarty. “Clinical Translation of a Novel Hand-Held Based Optical
Imager: In Vitro and In Vivo Studies,” IFMBE Proceedings 25th Southern Biomedical Engineering
Conference 2009, 15 -- 17 May 2009, Miami, Florida, USA; 24: 3-4; A.J. McGoron, C.Z. Li, and
W.C. Lin, eds. ISBN: 978-3-642-01696-7 (2009).

(7) J. Ge, S.J. Erickson*, and A. Godavarty. “Fluorescence Tomographic Imaging Using a Hand-Held
Optical Imager: Extensive Phantom Studies,” IFMBE Proceedings 25th Southern Biomedical
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CONCLUSION

A hand-held probe based optical imaging device has been developed in our Optical Imaging
Laboratory towards breast cancer imaging. It is distinctive from other hand-held optical devices
in its ability to perform 3D tomography in complex human breast tissues via unique self-
coregistration capabilities. In the past, our device has demonstrated 3D tomography using
manual coregistration in simple cubicle phantoms. The overall goal of this proposal was towards
clinical translation of a novel hand-held optical imager with real-time coregistration facilities
toward diagnostic mammography. A systematic experimental approach was designed and
executed to evaluate the performance of the device at each stage of clinical translation. The
major objectives of the studies were to demonstrate imaging and 3D tomography using the hand-
held probe on different curved tissues (Specific Aim #1), implement 3D automated coregistration
using an acoustic-based tracking system in order to perform real-time in vivo optical imaging
(Specific Aim #2), and perform feasibility in vivo studies using diffuse optical imaging on
normal subjects to demonstrate real-time coregistered imaging (Specific Aim #3). In addition to
the proposed specific aims, an initial clinical study was performed to demonstrate diffuse optical
imaging of breast cancer in a human subject using our hand-held optical imager. The results
obtained as outcomes of this proposal were published in the peer-reviewed journals Biomedical
Optics Express, Translational Oncology, IEEE Journal of Selected Topics in Quantum Electronics,
and Review of Scientific Instruments and presented at the national meetings SPIE Photonics West
and Optical Society of America.
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Abstract—Diffuse optical imaging (DOI) is a promising noninva-
sive and nonionizing method for breast imaging. Several research
groups have developed hand-held-based optical imaging devices
which are portable and patient-comfortable toward clinical trans-
lation of the technology. The different hand-held optical devices
developed to date are reviewed herein with a focus on the clinical
applications. The hand-held device developed at Florida Interna-
tional University is unique in its ability to perform 3-D tomography
using DOI alone via self-coregistration facilities. Results demon-
strate the ability of the device to perform 2-D imaging and 3-D
tomography in human breast tissue.

Index Terms—Breast cancer, diffuse optical imaging (DOI),
hand-held device, 3-D tomography.

I. INTRODUCTION

LINICAL imaging of breast tissue plays an essential role
in cancer detection, staging, treatment monitoring, and
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surgical guidance. Current screening and diagnostic modali-
ties used in the clinical setting include X-ray mammography,
breast ultrasound (US), nuclear imaging, and magnetic reso-
nance imaging (MRI). Combinations of these modalities are
used complementarily to noninvasively detect the presence of
lesions and determine if they are benign or malignant. How-
ever, these methods are neither comprehensive nor infallible
leading to redundant biopsies and undetected cancers. Diffuse
optical imaging (DOI) (also termed near-infrared spectroscopy,
NIRS) using near-infrared (NIR) light is a promising technol-
ogy which has been developed over the past three decades to-
ward applications such as functional brain mapping and breast
cancer diagnosis. The method is noninvasive, uses nonionizing
radiation, requires relatively inexpensive instrumentation, and
provides functional information from in vivo biological tissues.
DOI plays a potential role in the clinical setting as a comple-
mentary diagnostic tool for breast cancer.

A. DOI

DOT uses NIR light between 650 and 1000 nm, which is mini-
mally absorbed and preferentially scattered in biological tissues
allowing for deep tissue penetration and imaging. The basic
principle of DOI is illustrated in Fig. 1. NIR light is launched
onto the tissue surface using an NIR (e.g., laser) source and col-
lected at the tissue surface using NIR-sensitive detectors. The
difference in optical properties (i.e., absorption and scattering
of the light) between normal and diseased tissues is used to
characterize tissues and detect abnormalities.

1077-260X/$26.00 © 2011 IEEE
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Fig. 2.
(b) Examples of hand-held devices developed by several research groups.

DOT uses the inherent absorption contrast in tissues. Addition-
ally, external fluorescen contrast agents can be used to improve
the contrast in order to molecularly target tumors at their early
stage. In fluorescenc imaging, the incident laser causes the flu
orophore to excite. Upon relaxation, light is emitted at a higher
wavelength and detected at the surface using appropriate filters
Example contrast agents include indocyanine green (ICG) [1],
Cy5.5 [2], protoporphyrin IX [3], etc. (only sample references
provided).

There are three different measurement techniques employed
in optical imaging: continuous wave (CW), frequency domain
(FD), and time domain (TD). In CW imaging, the source light
intensity remains constant in time and attenuates as it propagates
through the tissue due to absorption and (indirectly) to scatter-
ing. FD imaging uses time-dependent intensity-modulated light,
which becomes attenuated and phase shifted as it propagates
through the tissue. TD imaging uses time-dependent (pico- or
nanosecond) pulses of light, which broaden and attenuate as it
propagates through the tissue. Different types of instrumenta-
tion using one or more of these measurement techniques have
been developed toward DOI of breast tissue.

B. Bed-Based Versus Hand-Held Optical Imagers

Several research groups have developed DOI instrumentation
in the form of bed-based imagers [example shown in Fig. 2(a)].
Most of these imagers have a fi ed imaging geometry, which
limits the volume of breast tissue that can be imaged and does
not allow imaging of the chest wall and axillary regions, and/or
use compression of the breast tissue which can be uncomfortable
for the patient depending on the amount of compression. Hand-
held devices, on the other hand, allow for fI xibility to image any
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Optical imaging instrumentation has been developed in the form of bed-based systems and hand-held devices. (a) Example of a bed-based imager.

tissue volume or geometry and any region of the breast, chest
wall, and axillary areas. Examples of hand-held probe-based
optical devices developed by several research groups are shown
in Fig. 2(b). In addition to being able to image breast tissue
of any size without causing discomfort to the patient, hand-
held devices can also be made portable, which can facilitate
rapid translation to the clinic. Clinical studies using different
bed-based optical imagers have been reviewed elsewhere [4].

Herein, different hand-held probe-based optical devices (from
here on, termed as hand-held optical devices for brevity) are de-
scribed and categorized according to the probe design and their
specifi application(s). Most of the devices are used toward spec-
troscopic measurements of tissue optical properties in order to
detect the presence of abnormal tissue. A few hand-held de-
vices incorporate a second imaging modality (e.g., US) in order
to employ the structural information from this second modality,
toward 3-D optical tomographic imaging. A hand-held opti-
cal device developed at Florida International University (FIU)
is unique in its ability to perform 3-D tomographic imaging
without the need for a second imaging modality, due to its self-
coregistration capabilities. The details of the imager and studies
demonstrating its ability to perform 2-D and 3-D imaging in
human breast tissue are described in latter sections.

II. HAND-HELD OPTICAL IMAGERS DEVELOPED
To DATE TOWARD BREAST IMAGING

Hand-held optical devices have been developed by several re-
search groups [5]-[52] with differences in the hand-held probe
design, instrumentation, and their specifi goals for clinical
imaging. Table I gives a summary of the different NIR hand-
held devices developed to date in terms of the imaging modality
(single or multimodal), measurement technique, source type and
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TABLE I
SUMMARY OF DIFFERENT HAND-HELD OPTICAL DEVICES DEVELOPED TO DATE TOWARD BREAST IMAGING

. Source
Device . Meas. Clinical Application(s
# Reference Modality Technique Source Type g;‘;elengths (bold italics Erl‘)e in-vivo s(tu)dies )
1 Tromberg, DOS* FD diode lasers 674, 811, 849, Compare optical properties of
1997(5] (300 kHz - 1 (10-30 mW) 956 normal and benign lesion-
GHz) containing breast tissue
Shah, 2004 FD diode lasers 674, 780, 803, 849, Measure optical &
[11] (50-700 MHz) (5-25 mW) 894, 915, 980 physiological properties of
healthy breast tissue
Bevilacqua, DOS CW & FD FD - diode 672, 800, 806, Measure the absorption spectra
2000 [12] (100-700 MHz) lascrs 852, 896, 913, of normal human breast tissue
(<20 mW) 978
CW-150 W
halogen lamp
Cerussi, 2007 DOS CW & FD FD — diode 660, 690, 780, Predict postsurgical
[18] (50-1000 MHz) lasers (20mW) 808, 830, 850 pathological response to
CW — white- neoadjuvant chemotherapy in
ight source 11 breast cancer subjects
2 No, 2005 DOS FD 8 laser diodes 783 (Phantom study)
[19] (10MHz - 1 (50 mW)
GHz)
No, 2007 DOS FD 4 laser diodes 681, 783, 823, Detect the presence of breast
[21] (50-300 MHz) (20 mW) 850 cancer in @ human subject
3 Chance, 2005 DOS Ccw light emitting 760, 805, 850 Determine sensitivity and
[22] diodes specificity of detecting breast
(10-15 mA) cancer in 116 human subjects
4 Chance, 2006 DOS FD 2 light emitting 800 Detection and 2D localization
[25] (3 kHz) diodes of brest cancer lesion in a
(20 mA) human subject
5 Liu, 2004 [26] FDOIL FD 4 light emitting  (infrared) (Phantom study)
(3kHz) diodes
6 Cheng, 2003 DOI Ccw laser diodes 690, 830 Determine sensitivity and
[27] 0.15 W/em?) specificity of detecting breast
cancer in 50 human subjects
Xu, 2007 DOI CwW laser diodes 690, 830 Detect tissue optical,
[30] (0.15 W/cm?) mechanical, and physiologic
changes under dynamic loading
7 Durduran, DOS Cw long coherence 785 Measure blood flow contrast
2005 laser between tumor-containing and
[32] normal breast tissues
8 Zhu, 1999 DOT D laser diodes 776, 834 Phantom study towards 3D
[35] &US (200 MHz) tomography of breast cancer
Chen, 2001 DOT & FD laser diodes 760, 830 Phantom study towards 3D
[38] us (140 MHz) tomography of breast cancer
Zhu, 2003 DOT & FD laser diodes 780, 830 Image benign and malignant
[39] UsS (140 MHz) breast lesions in human
subjects
Zhu, 2010 [45] DOT & FD lascr diodes 690, 780, 830 Differentiate benign and
us malignant lesions at early-stage
in breast tissue
9 Ge, 2008 [46] FDOT FD (100 MHz) laser diode 785 Phantom towards 3D
(<5 mW) tomography of breast cancer
Erickson, 2010 FDOI CW laser diode 785 Fast 2D imaging of fluorescent
[47] (<5 mW) targets in breast tissue of
healthy subjects
10 Solomon, 2010 FDOT Ccw laser diodes 785, 830 Phantom & small animal study
(48] (15-30 mW) towards sentinel lymph node
mapping

Selected publications are listed for each device. The applications described in the text expand beyond what is listed here.
*DOS: diffuse optical spectroscopy; DOI: diffuse optical imaging; DOT: diffuse optical tomography; FDOT: fluorescence-enhanced

diffuse optical tomography.

source output power, source wavelengths, and the clinical ap-
plications. An extensive review and detailed table summarizing
the different hand-held optical devices developed to date is pub-
lished elsewhere [5]. The hand-held optical devices developed
toward breast imaging typically use CW and/or FD measure-

ment technique. The CW technique is simple, inexpensive, and
allows rapid data acquisition. However, CW can only provide
the total attenuation property of the tissue (i.e., attenuation due
to both absorption and scattering is measured as a single prop-
erty). The FD technique (typically in megahertz range) requires
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Fig. 3. Schematics of different hand-held probes with few source(s) and de-
tector(s): (a)—(e) Spectroscopic based probes from the University of California
Irvine (Device #1), the University of California Irvine (Device #2), the Univer-
sity of Pennsylvania (Device #3), ViOptix, Inc. (Device #6), and the University
of Pennsylvania (Device #7). (f) Interference-based probe from the University
of Pennsylvania (Device #4).

extensive instrumentation and relatively longer data acquisition
times (over CW). However, it has the advantage of providing
information about absorption and scattering properties of the
tissue separately. For both the CW- and FD-based hand-held op-
tical devices, the commonly used light sources are laser diodes
amongst lasers, halogen lamps, and light emitting diodes. The
maximum optical power incident on breast tissues has not ex-
ceeded S0 mW using either CW- or FD-based devices. In the
following sections, the hand-held optical devices are described
in terms of the differences in the probe design and clinical
applications.

A. Classification of Hand-Held Optical Devices
Based on Probe Design

The design of the probe for a hand-held optical device is
governed by the application toward which the device will be
utilized. The simplest probe design contains a single source—
detector pair or a few source—detector pairs that are used to
collect spectroscopic measurements of the tissue. Fig. 3(a)—(e)
provides schematics of different probes designed toward spec-
troscopy (devices #1-3,6,7) [9]-[26], [31]-[36]. Typical mea-
surement parameters for spectroscopic imaging are oxy- and
deoxyhemoglobin concentration, water concentration, oxygen
saturation, and scatter power (from absorption and scattering
coefficient at multiple wavelengths). When external fluorescen
contrast agents are used, the measurement parameter(s) of inter-
est is(are) the absorption and scattering due to the fluorophor
at the excitation or emission wavelength, fluorescenc lifetime,
and quantum yield. These parameters provide functional infor-
mation about healthy and diseased breast tissue and can be used
to detect the presence of tumors. Another type of probe de-
sign incorporates the principle of interference using two or four
sources and a single detector. The antiphased sources (i.e., 180°
out of phase) are illuminated simultaneously in the FD, and the
phase cancellation of the signal (due to destructive interference)
is used to detect as well as estimate the 2-D location of a tumor
within the breast tissue. A schematic of an interference-based
probe design is provided in Fig. 3(f) (device #4). In addition to
detection and 2-D localization of a tumor, one research group
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Fig. 4. Schematics of hand-held probe developed at the University of Con-
necticut with multiple sources and detectors which incorporate US imaging in
order to perform 3-D tomography (Device #8).
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Fig. 5. Schematic of hand-held probe design from the Optical Imaging Lab-
oratory at FIU (with 6 sources and 165 detectors) toward 3-D tomography.

has incorporated US with optical imaging in order to perform
3-D tomography [39]-[49]. Fig. 4 shows two versions of a de-
vice which combines NIR imaging and US into a single probe.
The US component is used to provide structural information to
perform 3-D tomography. Fig. 5 shows a schematic of the probe
developed at FIU (Optical Imaging Laboratory) which is unique
in its ability to perform 3-D tomography in breast tissue without
employing a second imaging modality [50], [S1]. The device is
described in detail in Section III.

B. Clinical Applications of Different Hand-Held
Optical Devices

The design of any hand-held probe and the number of sources
and detectors is governed by the desired clinical applications.
Hand-held optical devices have been utilized toward fi e ma-
jor applications of clinical breast imaging: 1) measurement
of optical and physiological properties of healthy breast tis-
sue; 2) detecting the presence of abnormal tissue (i.e., tumors);
3) distinguishing between benign and malignant tumors; 4) mon-
itoring response to neoadjuvant chemotherapy; and 5) sentinel
lymph node mapping.

Prior to imaging cancerous tissues, it is necessary to know
the variations of optical properties within healthy tissue as a
baseline. The multiwavelength CW and FD-based device de-
veloped at the University of California, Irvine (see device #1 in
Table I) was initially used to measure the optical and physiologi-
cal properties of healthy breast tissue and to compare the optical
properties of healthy and benign-tumor containing tissue. The
results showed the ability of the NIR device to demonstrate
wavelength-dependent differences in absorption and scattering
properties between pre- and postmenopausal normal breast tis-
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sues as well as differences in the same breast tissue during
different time periods in the menstrual cycle. It was also shown
that the tissue properties vary amongst different normal subjects
as well as with respect to the different locations within the same
breast of a normal subject [11], [13]-[15].

Once a general baseline of variations of optical properties
of healthy tissue is known, it can be used toward the second
application of differentiating abnormal from healthy tissue, in
order to detect the presence of disease (e.g., cancer). Device
#1 (see Table I) was also used in several studies (comprised
in total of about 100 subjects) to compare healthy and tumor-
containing breast tissue [16], [17], [21]. The results showed dif-
ferences in the optical properties of the tissue based on subject
age, tumor size, and tumor pathology. Collaborating researchers
at the University of California, Irvine, developed a multiwave-
length full-heterodyne hand-held broadband breast scanning de-
vice (see device #2 in Table I), which was used to extract the
optical properties (absorption and scattering coefficients from
phantom and human tissues [23]-[25]. Based on the measured
differences in the absorption coefficient between the diseased
(i.e., tumor) and normal breast tissue, the device detected the
presence of a lesion in vivo human breast tissue. A group from
the University of Pennsylvania used a multiwavelength hand-
held optical device (see device #3 in Table I) in an extensive
study to show the differences in the biochemical and physio-
logical properties of breast tissue containing growing cancers,
compared to corresponding normal tissue in the contralateral
breast [26]. They acquired data over six years from 166 patients
with 44 confirme malignancies. They reported the ability to
distinguish cancerous from noncancerous breast tissue with a
sensitivity of 96% and specificit of 93%. Other spectroscopic-
based hand-held devices (see devices #4—6 in Table I) were
used similarly in phantom and human subject studies to detect
the presence of tumors based on the optical property differences
between healthy and diseased tissue [29]-[34]. One hand-held
device (see device #7 in Table I) was designed to measure blood
fl w heterogeneity in order to show that blood fl w in a breast
containing a palpable tumor is different than that in a normal
breast [36]. The results showed that blood fl w was greater in
the tumor region than in the normal tissue.

A third clinical application is to distinguish between benign
and malignant breast lesions. Studies to distinguish benign and
malignant breast lesions have been reported based on diffuse
optical measurements of blood volume, saturation, or both [44],
[46], [49]. Several studies showed that the maximum and av-
erage total hemoglobin concentration (HbT) were significantl
higher in malignant lesions than benign lesions. However, the
results were from a relatively small pool of data and more exten-
sive trials will be required to demonstrate conclusive results [4].

In addition to detecting and diagnosing lesions within breast
tissue, a fourth major application of hand-held optical devices
is monitoring tumor response to neoadjuvant chemotherapy.
Neoadjuvant chemotherapy treatment is administered to a can-
cer patient prior to surgery in an attempt to decrease the size
of the tumor. Optical devices have the advantage of using non-
ionizing light and, therefore, can be used for multiple peri-
odic imaging studies without causing added harm to the pa-

tient. The CW/FD-based device developed at the University of
California, Irvine (see device #1 in Table I) was used in several
studies conducted to monitor tumor response to neoadjuvant
chemotherapy in patients [18], [19], [22]. The tumor locations
were known a priori from mammography, US, or palpation.
The device was used to measure the physiological character-
istics of the tumor prior to chemotherapy. This was followed
by monitoring the changes in tissue optical properties over sev-
eral months, due to changes in the tumor with neoadjuvant
chemotherapy treatment. The device developed at the Univer-
sity of Pennsylvania (see device # 7 in Table I and Fig. 3)
was applied toward blood fl w measurement studies performed
at the University of California, Urvine. The collaborative re-
search group found that the information from the blood fl w
changes in addition to changes in oxygenation and lipid con-
trast measured using the device developed at the University of
California, Irvine (see device #1 in Table I and Fig. 3) enhanced
the ability to monitor response to neoadjuvant chemotherapy
treatment [53]. Researchers from the University of Connecti-
cut used their multimodal hand-held device (see device #8
in Table I) to image heterogeneous hemoglobin distributions
in large cancers, which are used to monitor tumor vascular re-
sponses to neoadjuvant chemotherapy [47]. The studies showed
that after several cycles of neoadjuvant chemotherapy, the mea-
sured values of total hemoglobin concentration and spatial ex-
tension were much smaller in comparison to those prior to
chemotherapy, as validated from US and positron emission to-
mography (PET) images.

A f fth application is toward imaging of sentinel lymph nodes.
A hand-held optical device developed at Washington University,
St. Louis (see device #10 in Table I) was developed toward
the application of sentinel lymph node mapping [52]. Studies
demonstrated the potential of using the device to perform video-
rate fluorescenc molecular tomography in phantoms and small
animals.

Hand-held optical devices have demonstrated potential of
playing a significan role at various stages of clinical breast
imaging. The different devices have been used toward applica-
tions of tissue characterization, lesion detection, and monitoring
of neoadjuvant chemotherapy treatment. The devices mentioned
previously have been primarily used to collect spectroscopic
measurements (typically presented as line plots of localized
points) and not toward 2-D surface imaging of large areas (e.g.,
36 cm?) from a single scan in near real-time or 3-D tomography.
Only two devices (devices #8 and #10) have been used toward
3-D tomography with the addition of a second imaging modal-
ity. The device developed at FIU (device #9 in Table 1) is the
only one of its kind which has demonstrated 3-D tomography
using optical imaging alone via its unique self-coregistration
capabilities. The device is described in detail in the following
section.

III. HAND-HELD OPTICAL IMAGER DEVELOPED AT FIU

A hand-held optical device has been designed and developed
in Optical Imaging Laboratory at FIU with the following unique
features: 1) fexibility to image different tissue curvatures (0°—
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Fig. 6.
fl xible to contour to different tissue curvatures.

45°) via a geometrically adaptive probe head; 2) ability to simul-
taneously illuminate (at six point locations) and collect 785-nm
NIR signals (at 165 point locations) toward fast (or near real-
time) 2-D imaging of a large tissue areas; and 3) coregistration
facilities to enable 3-D tomographic imaging of breast tissue
geometries [50], [51], [54]. The following sections describe
the instrumentation of the hand-held device, the coregistered
imaging approach, and various experimental (fluorescenc and
absorption contrasted) studies performed in phantoms, in vitro,
and in vivo human breast tissues in order to demonstrate 2-D
area imaging and 3-D tomographic imaging.

A. Instrumentation and Probe Design

The three major components of the hand-held imaging de-
vice are the hand-held probe, the laser diode source, and the
intensifie charge-coupled device (ICCD) detector [as shown in
Fig. 6(a)]. The hand-held probe head is designed with unique
features in that it is fl xible to contour to different tissue curva-
tures, it has a large imaging area (4 cm x 9 cm) for large volume
interrogation, and it uses simultaneous illumination at six source
points and detection at 165 detector points for rapid data acqui-
sition. The hand-held probe head is shown in Fig. 6(b). The
fl xible probe is divided into three sections (or plates) and each
of the side sections is capable of curving up to 45°. The instru-
mentation is designed for collecting either CW or FD measure-
ments as needed and based on the chosen clinical application.
When operated in the FD mode, two frequency synthesizers are
connected at the source and detector end to modulate the signal
between 50 and 300 MHz (typically operated at 100 MHz). The
FD instrumentation of the hand-held device is described in more
detail elsewhere [50]. Initially, CW measurements are used for
the in vivo studies presented here in order to demonstrate fast
2-D imaging toward tumor detection. FD measurements were
demonstrated in phantoms and in vitro and will be used in future
in vivo studies toward 3-D tomography.

B. Coregistered Imaging Approach

In order to perform 3-D tomography in human breast tissues
of varying volumes and curvatures, it is necessary to track the
probe location in real time and automatically coregister the im-
age at its imaged location on the tissue. Coregistered imaging

(a) Hand-held probe based optical device showing the hand-held probe is fibe -optically coupled to the laser source and ICCD camera. (b) Probe face is

of tissue/phantoms is implemented as a three-stage process (see
Fig. 7). Stage 1: The probe’s 3-D position and orientation is
tracked in real time with respect to a discretized mesh of the
phantom or tissue geometry using 3-D motion tracking devices
(steps 14 in Fig. 7). Stage 2: The hand-held device is used to
acquire raw data, i.e., optical signals of intensity (or phase shift,
as needed) (step 5 of Fig. 7). The raw data are postprocessed
(step 6 of Fig. 7) using MATLAB software developed in house in
order to generate and display the image as a 2-D surface contour
plot (step 7 of Fig. 7). Stage 3: Image coregistration (where im-
ages are registered onto their true locations w.r.t. the imaged 3-D
tissue geometry) is performed using tracking/coregistration in-
terfacing software developed in house in MATLAB/LabVIEW.
The optical data from the 2-D surface contour plot is coregis-
tered onto the 3-D discretized phantom or tissue geometry at
the probe location using the positional information of the entire
probe head (i.e., all source and detector point locations) during
each scan (i.e., at each imaged location). The entire coregistered
imaging process is described in detail elsewhere [54].

Coregistered imaging was validated previously in phantoms
and in vivo. In each case, the probe was placed at known coordi-
nate locations that were measured and marked on the phantom
or tissue. The probe was placed at each location and the tracked
coordinate values were compared with the actual coordinate
values of the probe. The total distance off was ~0.19cm in
the phantom study and ~1cm in vivo [55]. The error in the
phantom study can be attributed to instability of the tracking
system. The greater error in vivo can be attributed to the ad-
ditional movement of the subject and/or operator error. Efforts
are being made to overcome these limitations and improve the
accuracy of coregistered imaging.

C. 3-D Tomography Approach

Three-dimensional reconstruction was performed using a
computationally efficien version of the approximate extended
Kalman filte (AEKF)-based algorithm [50], [56], [57] in order
to reconstruct the parameter of interest (in this case, the absorp-
tion coefficien due to the fluorophor at excitation wavelength,
Laxt) Within the 3-D discretized tissue geometry. The algorithm
employs 1) an initial guess of the reconstruction parameter,
taxt (herein, arbitrarily set to 0.003 cm~! for the entire tissue
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Regalado, et al., Rev. Sci. Inst., 2010 [54].)

geometry); 2) coregistered experimental data from the hand-
held device; and 3) a mathematical model to represent the light
propagation in tissues (here diffusion approximation to the ra-
diative transport equation) along with the Galerkin-based finite
element forward model), in order to get an updated distribution
of the reconstruction parameter (f4,f). The AEKF algorithm is
carried out recursively, i.e., each set of measurements is used
to continuously update the unknown parameter distribution and
the parameter error covariance. This recursive AEKF algorithm
is carried out iteratively until the reconstructions converge. The
convergence criteria are met when the root-mean-square output
error is less than 1%, or the total number of iterations exceeds
50. The resulting 3-D pu,«¢ distribution along the tissue geometry
is plotted using Tecplot.

For phantom studies, the probe location (i.e., source and de-
tector positions) was evaluated manually and the optical proper-
ties of the phantom were measured under different experimental
conditions using a single-pixel FD homodyne system. In the case
of in vivo tomography studies, the positional information of the
probe (i.e., source detector points on the probe head) with re-
spect to the tissue was extracted from the coregistered image.
A spherical fluorescen target that was used to simulate a tumor
was placed underneath the fla of the breast tissue (i.e., between
breast tissue and chest wall, underneath the breast), as shown

Flowchart of the coregistered imaging process, implemented as automated coregistration software during optical imaging studies. (Reproduced from

in Fig. 9. No fluorescenc was injected into the human subject.
Average optical properties of normal breast tissues (i.e., endoge-
nous absorption and scattering coefficients [5] were input into
the reconstruction algorithm (with uniform distribution) as the
initial guess in reconstructing the absorption coefficien due to
the fluorophor (here j1.«¢) (assuming no scattering variations).

D. Experimental Studies: Phantom and In Vitro Studies Toward
2-D Target Detection and 3-D Tomography

Studies were performed using slab tissue phantoms com-
posed of 10cm x 10cm x 10cm acrylic cubes and fille with
650 ml of 1% Liposyn solution (Liposyn II, 20%, Henry Schein,
Melville, NJ) in order to mimic the optical properties of a
typical breast tissue. A fluorescen target (ICG at 1 uM con-
centrations) was placed at different depths from the imaging
surface and optical measurements were acquired. Experiments
were also performed using in vitro phantoms, which were com-
posed of minced chicken breast combined with 1% Liposyn
solution, in order to mimic human tissue case with nonuniform
scattering background. The in vitro mixture of minced chicken
breast (480 ml) and 1% Liposyn (260 ml) was placed inside a
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Fig. 8. (a) 2-D image of a 0.45-cm® fluorescen target placed at a depth of
1.5 cm from the imaging surface in a tissue phantom under perfect uptake (7:B =
1:0). The black open circle represents the true target location. (b) Isosurface con-
tour plot of the 3-D reconstruction of a 0.45-cm® fluorescen target placed at
a depth of 1.0 cm from the imaging surface in a tissue phantom under perfect
uptake (7:B = 1:0). The red open circle represents the true target location.
(c) 2-D images of a 0.45-cm® fluorescen target placed at a depth of 1.5 and
2.0cm in the upper and lower images, respectively, within an in vitro phan-
tom under perfect uptake (7:B = 1:0). The black open circles represent the
true target location. (d) Isosurface contour plot of the 3-D reconstruction of a
0.45-cm?® fluorescen target placed at a depth of 2.0 cm in vitro under perfect
uptake (7:B = 1:0). The black open circle represents the true target location and
the dashed open circle in (d) is used to emphasize the recovered target location.

10cm x 10cm x 10 cm acrylic cube and mixed thoroughly to
form a gelatinous semisolid composition.

The imaging time to collect a single image is <3 s. Ad-
ditionally, background images are collected and used in post-
processing to eliminate background noise in the images (i.e.,
subtraction technique) [50]. The total imaging time to generate
one postprocessed (i.e., subtracted) image is ~5s. The 3-5 s
image collection is termed as “fast” imaging and is described in
detail in [51].

FD-based experimental studies were performed to generate
2-D area images and 3-D tomographic images of fluorescen
targets within phantoms and in vitro. AEKF-based reconstruc-
tion algorithms were used to obtain 3-D tomographic images as
described in Section III-C. Fig. 8 shows the results of 2-D imag-
ing and 3-D tomography in tissue phantoms and in vitro (three
example cases amongst the various experimental studies per-
formed). Fig. 8(a) shows 2-D images of a 0.45-cm? fluorescen
target placed at a depth of 1.5 cm from the imaging surface in
a tissue phantom under perfect uptake (i.e., with target to back-
ground ratio 7:B = 1:0). Fig. 8(b) shows the isosurface contour
plot of the 3-D reconstruction of a 0.45-cm® fluorescen target
placed at a depth of 1.0 cm from the imaging surface in a tissue
phantom under perfect uptake ratio (7:B = 1:0). Fig. 8(c) shows
2-D images of a 0.45-cm® fluorescen target placed at a depth
of 1.5 and 2.0 cm in the upper and lower images, respectively,
within an in vitro phantom under perfect uptake ratio (7:B =
1:0). Fig. 8(d) shows the isosurface contour plot of the 3-D re-
construction of a 0.45-cm? fluorescen target placed at a depth
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of 2.0 cm in vitro under perfect uptake (7:8 = 1:0). The dashed
open circle is used to emphasize the recovered target location
[see Fig. 8(d)]. In all figures the true target location is indicated
by the solid open circle. The 2-D images show that fluorescen
targets were detected close to the true location in tissue phan-
toms and in vitro. The isosurface plots show that the target was
recovered close to the true location. Quantitative results from
the reconstructions are provided in Table II. In the presence of
a homogeneous background (i.e., Liposyn-based phantom, expt
# 1), the target was reconstructed close to its true location (ex-
cept depth) with similar volumes and significan 7:B contrast
ratio. For the heterogeneous in vitro case (expt #2), the target
was close to its true location (except its depth), although the
reconstructed target volume and 7B contrast ratio were not sig-
nifican (probably from the heterogeneity of the background).
In spite, a distinct target with no artifacts was reconstructed,
demonstrating the capability for 3-D tomographic imaging in
vitro heterogeneous phantoms using the hand-held device. In
both the (Liposyn) phantom and in vitro case, the target was
recovered at a shallower depth than the true target location. This
is due to the physics of reflectance-base measurements and has
been observed by other researchers [58]-[60]. Acquiring images
from multiple projections tends to improve the depth recovery
of targets in 3-D reconstructions, as observed from our parallel
study [61].

These sample tissue phantom and in vitro experimental results
demonstrate the ability of the device to perform 2-D imaging and
3-D tomography. Extensive phantom studies were performed to
determine the detection limits of the device and a multiple-scan
method was developed to improve the detection limits from 2.5
to 3.5cm [62], [63]. Eventually, the effectiveness of the device
is determined from its performance in vivo human subjects.

E. Experimental Studies: In Vivo Studies Toward 2-D Target
Detection, Coregistered Imaging, and 3-D Tomography
in Human Breast Tissue

Following extensive phantom studies to determine the de-
tection limits of the hand-held device, human subject studies
were performed to demonstrate the feasibility of imaging actual
breast tissues. Systematic studies were performed in progres-
sion to demonstrate fast 2-D imaging, coregistered imaging,
and finall 3-D tomography in vivo. Additionally, a preliminary
study was performed in a breast cancer subject to demonstrate
the ability of the device to image breast tumors in human tissue.

1) FastImaging Toward 2-D Target Detection in Healthy Hu-
man Subjects: Initial studies were performed in healthy human
subjects to test the ability of the device to detect a fluorescen
target through actual human breast tissue via fast 2-D imaging.
All human subject studies were approved by the FIU Institu-
tional Review Board (IRB). Healthy female volunteers age 21
and above were recruited for the studies. A spherical fluorescen
target that was used to simulate a tumor (the same target used
in phantom and in vitro studies) was placed underneath the fla
of the breast tissue (i.e., between breast tissue and chest wall,
underneath the breast) as shown in Fig. 9.
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TABLE 11
SUMMARY OF THE QUANTITATIVE RESULTS FOR THE TWO SAMPLE EXPERIMENTAL CASES OF 3-D TOMOGRAPHY IN TISSUE PHANTOM (EXPT #1) AND in vitro
(EXPT #2) INCLUDING THE ACTUAL TARGET LOCATION IN CM, THE ACTUAL TARGET VOLUME, THE TARGET TO BACKGROUND RATIO (T:B), THE RECOVERED
TARGET LOCATION IN CM, THE RECOVERED /i,y ; VALUES IN CM~!, AND THE RECOVERED TARGET VOLUME

Target’s centroid Distance off (in T:B ratio Target Volume (cm3)
depth, z) cm
Expt True Reconstructed True Reconstructed True reconstructed
#1 (Liquid | [5,2.5,1] [5,2.7,0.3] 0.7 1:0 267:1 0.45 0.67
Phantom)
#2 (In- 4252] | [46,23,2] 1.8 1:0 0.14:1 0.45 0.014
vitro)
) 000
Probe Location
R = 2000
Approximate True
Target Location
Fig. 9. Schematic showing the location of a fluorescen target (placed super- 4
ficiall underneath the breast tissue) and the hand-held probe during in-vivo 3 000
imaging.
2 2000
1
In the frst study, a 0.23-cm® sphere with 1-uM ICG was
placed under the right breast in the 4 o’clock position. The
fla probe face was placed against the breast tissue (centered at - )
Fig. 10. Images of f uorescence intensity obtained as 2-D surface contour plots

the 6 o’clock location) with gentle compression to achieve full
contact with the tissue. A CW fluorescen intensity image was
acquired in the target region with fi e repeated measurements at
a single probe location. The depth of the target behind the tissue
was approximately 2.5 cm as measured with a Vernier caliper. A
second study was performed using a single target with the probe
in the maximum curved position (i.e., 45° curvature of the two
side plates of the three-plate based probe face). The images
collected with the probe in the curved position possibly include
transilluminated measurements in addition to reflectance-base
measurements. This study was performed to demonstrate the
feasibility of using the probe in its curved position, such that it
can contour along the tissue and also provide fluorescen images
that can aid in target detection. A 0.45-cm?® fluorescen target
containing 1-uM ICG was placed under the right breast in the
8 o’clock position.

Subtraction-based postprocessing was applied for each im-
age. Fig. 10 shows the fast 2-D images of fluorescenc intensity
obtained in vivo (from a healthy human subject using a simulated
target, as described previously) with the probe in the fla posi-
tion [see Fig. 10(a)] and in the curved position [see Fig. 10(b)].
The targets were clearly differentiable from the background hu-
man breast tissue at a depth of ~2.5 cm, either with the probe
in the fla position using gentle compression or with the probe
in the curved position to contour around the tissue curvature.
Currently work is carried out to perform multilocation imag-
ing in order to remove the recurrently appearing artifacts in the
background [63].

These subtracted image results demonstrate the feasibility of
fast 2-D surface imaging (in <5 s/image) and 2-D target local-

(with background subtracted), acquired in vivo from a human subject using a
spherical fluorescen target, for two experimental cases: (a) probe was in the
fla position and a 0.23-cm® target was placed at the 4 o’clock position, and
(b) the probe was in the curved position and a 0.45-cm? target was placed at
8 o’clock position. The images acquired using the probe in the curved position
are illustrated as projected as a f'at 2-D image, in order to be consistent with the
images presented in case (a) (i.e., using the probe in fla position).

ization using our hand-held device in a clinical environment.
The next step is to demonstrate coregistered imaging in vivo on
human breast tissue, prior to 3-D tomographic analysis

2) Coregistered Imaging in Healthy Human Breast Tissue:
In the phantom studies described in Section III-C, the sim-
ple cubical geometries were generated manually using meshing
software (Gambit, Ansys Inc.). In the case of in vivo human
subject studies, the geometry shape and volume varies for each
subject and thus must be generated individually. A commer-
cially available hand-held 3-D scanner (Polhemus, Inc.) was
employed to scan the actual breast tissue and acquire the geom-
etry. Use of the scanner on human subjects was approved by the
FIU IRB. Experiments were performed using the coregistered
imaging approach where the subject was seated upright at a 90°
angle. A 0.23- or 0.45-cm?® spherical target fille with 1-uM
ICG was placed underneath the fla of the breast tissue as illus-
trated in Fig. 9. Images were collected with the target at three
different locations corresponding to the 4 o’clock, 6 o’clock,
and 8 o’clock positions. In each case, the fla probe was cen-
tered over the target location and placed in full contact with
the breast tissue (which involved gentle compression of the tis-
sue). CW images were acquired with the target in place and
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Fig. 11.  Coregistered images of fluorescenc intensity data collected from a
normal subject with an ICG-fille target using the initial setup (subject seated
in upright position). (a) Location of probe and image relative to the subject.
(b) Case #1 image: 0.45-cm? target at the 6 o’clock position. (c) Zoomed image
of Case #1. (d) Case #2 image (zoomed): 0.45-cm® target at the 4 o’clock
position. (e) Case #3 image (zoomed): 0.23-cm® target at the 8 o’clock position.
All targets contain 1-uM ICG.

background images were acquired with the target removed for
subtraction-based postprocessing. The subtracted images were
automatically coregistered on the imaged location of the tissue,
during imaging studies.

Fig. 11 shows coregistered images from a healthy breast tis-
sue (with superficiall embedded target). Fig. 11(a) shows the
position of the probe and the discretized geometry (prior to
coregistration) relative to the subject. Fig. 11(b) shows the re-
sulting coregistered image for case #1, where a 0.45-cm? target
was placed at the 6 o’clock position. A zoomed image of the
same result is shown in Fig. 11(c). Fig. 11(d) and (e) shows
zoomed images of the results for cases #2 (0.45-cm? target at
the 8 o’clock position) and #3 (0.23-cm?® target at the 4 o’clock
position), respectively. The results show that a 0.23- and
0.45-cm® fluorescen target(s) was detected through ~2.5cm
of human breast tissue and coregistered to the appropriate loca-
tion (within ~1-cm error as described in Section I1I-B) on the
tissue geometry. The fina step is to use the coregistered image to
perform 3-D tomography (as described in Section III-C). Upon
improving the accuracy of the coregistered images, coregistra-
tion is not only essential for 3-D tomographic imaging but can
also assist in an operator-independent imaging approach, which
is currently lacking in the clinical breast US.

3) 3-D Tomography of Breast Tissue in a Healthy Human
Subject: The AEKF-based image reconstruction algorithm (de-
scribed in Section III-C) was used along with the coregistered
image(s) (from case # 1 in the previous section) in order to
perform 3-D tomographic analysis. Fig. 12 shows the results of
the in vivo 3-D reconstruction of the 3-D optical property map
from a fluorescen target placed underneath the breast tissue of a
healthy subject. The coronal slices in Fig. 12(a)—(d) begin at the
tissue surface close to the central (nipple) region and progress
depth-wise toward the chest wall. The initial slices at depths
less than 1.0cm from the tissue surface at the nipple region
(a)—(c) show signal (the recovered absorption coefficien due to
the fluorophore fi,x¢) from the 2-D target location. At a depth
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of 1.0 cm and greater (d), additional signal (reconstructed ftaxt)
appears to the left side of the breast tissue away from the true
target location at 6 o’clock position. Any recovered signal that
is not close to the true target location is assumed to be artifacts
which might possibly result from improper contact of the probe
with the tissue, a non uniform and unstable intensity among the
six sources, and/or difference in pressure contact on the tissue
when collecting the background image. The images (e)—(i) in
Fig. 12 show slices of the reconstructed parameter in the y-plane
representing the sagittal view. The center image shows the sagit-
tal slice at the y = 0 location (g) which is the central part of the
tissue (the slice at the nipple region). The other slices represent
the locations in 0.25-cm increments to the left (i.e., toward the
9 o’clock direction), and right (i.e., toward the 3 o’ clock direc-
tion from the center). The images show that within this central
region, there is maximum signal intensity at the central location
of the tissue which corresponds to the 6 o’clock position of the
fluorescen target, and the signal diminishes in either direction
away from the center.

From the coronal slices, significan artifacts are obvious from
the reconstructed images. However, the sagittal view of the re-
constructed images show a distinct target differentiable from
the background breast tissue. The tomography results show the
reconstructed target close to the true target location (although at
a shallower depth than the ~2.5-cm-deep target location) along
with artifact signal away from the target location. The artifact(s)
(as seen in the coronal slices) could be from the nonuniform
source intensities at the six simultaneous multiple points of
illumination, causing variable excitation leakage patterns and
eventually impacting the image reconstructions. The recovery
of the target closer to the surface can be attributed to the physics
of reflectanc measurements, as observed by other research em-
ploying reflectance-base tomographic imaging [58]-[60]. This
study demonstrates for the firs time the feasibility of perform-
ing 3-D tomographic imaging in-vivo human breast tissue us-
ing a hand-held-based optical device. Currently, various data
prefilterin approaches are implemented [64] toward 3-D tomo-
graphic imaging studies, in order to account for these artifacts
and remove them prior to image reconstructions.

4) 2-D Imaging of Breast Tumors in a Human Subject: DOI
studies were performed on a 51-year-old woman with inva-
sive ductal carcinoma in multiple tumor masses as confirme
from prior screening (i.e., X-ray mammography and US). The
optical imaging studies were approved by the FIU IRB and
the subjects signed a consent form and a HIPAA authoriza-
tion form (for release of their medical records) prior to the
imaging study. The studies were performed where the subject
lay in the supine position in a recliner chair at a 45° angle.
The probe was placed at different locations on the ipsilateral
(tumor-containing) and contralateral (nontumor-containing)
breast and images of CW (nonfluorescent diffuse optical images
were acquired. The probe positions were determined visually to
cover the entire breast tissue. The four imaging locations relative
to the subject are shown in Fig. 13(b) (not to the scale). Initially,
the probe was centered over the 12 o’clock position covering the
upper region of the breast tissue and part of the chest wall [probe
location #1 in Fig. 13(b)], then moved vertically down toward
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Fig. 12.

In vivo 3-D reconstruction of a 0.45-cm? target (fille with 1-uM ICG) placed underneath the breast tissue of a healthy subject at ~6 o’clock location.

(a)—(d) Coronal slices beginning at the nipple region and progressing back toward the chest wall in 0.25-cm increments. The black open circle represents the
approximate true target location. (a)—(c) show recovered y, ¢ as elevated (red) signal in the region of the true target location. (d) shows a slice that is deeper than
the recovered target location since the signal is weaker at the center region than the background. (e)—(i) Sagittal slices in 0.25 increments centered at the nipple
region, y = 0 (g), and moving toward the inner quadrant [(e) and (f)] and outer quadrant [(h) and (i)].

Probe Location #1

117 .
{
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Fig. 13. (a) X-ray mammography image from a 51-year-old patient with in-
vasive ductal carcinoma. The yellow arrows indicate two lesions labeled as L1
and L2. The lesion sizes from the medical records are 1.5- and 3.5-cm diameter
for L1 and L2, respectively, along the major axis. (b) Probe locations that were
imaged using DOI (not to the scale). (¢) DOI images collected at four probe
locations. The images represent the signal after subtraction from images col-
lected from the contralateral breast. The images are plotted on the same scale
according to the highest intensity of all the images. The yellow-dotted circle
indicates signal located close to the tumor locations according to the medical
records. The center of the images is closely aligned with the nipple region.

the 6 o’clock position [probe location #4 in Fig. 13(b)]. In every
case (i.e., imaged location), the normalized intensity data from
the ipsilateral breast were subtracted from the normalized inten-
sity data from the contralateral breast so that the signal due to
higher absorption shows as a higher intensity signal (i.e., more
red) in the 2-D surface contour plot.

Fig. 13(a) shows the X-ray mammography image from the left
breast of the 51-year-old breast cancer patient. The oblique view

is shown where the top of the image is toward the patient’s head
and left side, and the bottom of the image is toward the patient’s
feet and right side. The images show the presence of two malig-
nant masses in the outer quadrant of the tissue (indicated by the
yellow arrows). Fig. 13(c) shows the CW absorption-based im-
ages acquired using the hand-held optical imager. All the four
optical images were plotted to scale, based on the maximum
intensity observed amongst those images. The images from lo-
cations 1-3 show high intensity signal (greater absorption) in
the outer quadrant of the left breast tissue (indicated with the
yellow-dotted circles). The image from location 4 which is from
the lowest part of the tissue shows no signal. The firs image
location corresponds to the location of L1 which is ~1.5-cm
diameter along the major axis. The images at the second and
third locations correspond to the location of L2 which is ~3.5 di-
ameter along the major axis (although an artifact was observed
in the second location of the probe). The fourth image location
corresponds to the tissue beneath both the lesions. It can, there-
fore, be inferred that the absorption signal in the outer quadrant
ofimages 1-3 can be attributed to the presence of the lesions (L1
and L2) at those locations. The fourth image shows no signal
which corresponds to an area of the tissue that does not contain
tumors.

The performance of our hand-held-based optical imager was
tested in the clinical setting for the frst time on an actual breast
cancer patient. These preliminary results indicate the ability of
the device to detect tumors via CW absorption-based imaging.
Studies will be performed in the future to quantitatively correlate
the images to their truly imaged location w.r.t the breast tissue
(via coregistered imaging). This would provide a standardized
approach to compare the 2-D tumor location as observed from
the hand-held optical device and other imaging modalities. Ad-
ditionally, coregistration can assist in an operator-independent
imaging approach that is currently lacking in the standard US
technique.
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IV. CONCLUSION

Breast cancer affects one in eight women in the U.S. and is
the second leading cause of death. Early detection is essential
to reduce the mortality rate and improve the treatment options
for women affected by the disease. X-ray mammography is the
current gold standard for breast cancer screening. When a mass
is detected, other imaging modalities are employed to diagnose
the malignancy of the lesion. Typically, diagnostic mammogra-
phy and breast US are performed, followed by MRI and finall
surgical biopsy. Since 80% of biopsies turn out to be nega-
tive [65], there is a clear need for an additional method to gain
more information about breast tumors noninvasively in order to
reduce the amount of unnecessary physical and psychological
trauma to the patient. DOI holds a potential role as a noninvasive
imaging modality which can provide functional information of
breast tumors prior to invasive biopsy (without the need for
radiation or radioactive tracers as in other functional imaging
modalities such as PET or single-photon emission computed
tomography). Additionally, upon using fluorescenc contrast
agents during DOI (i.e., fluorescence-enhance DOI), the tech-
nology has demonstrated to increase the tumor to background
contrast in the breast [1], [66], [67] and for sentinel lymph node
imaging [68] (only sample references provided).

Hand-held optical imaging devices are currently developed
as a portable and patient-comfortable imaging method, which is
rapidly approaching the clinical setting. Extensive human sub-
ject studies have been performed by the research groups at the
University of Pennsylvania [26], the University of California,
Irvine [9], [22], and the University of Connecticut [39], [49].
The devices have been applied at various stages of breast cancer
imaging including tumor detection, diagnosis, and monitoring
of neoadjuvant chemotherapy treatment. The applications of
the devices vary from spectroscopic measuring of tissue opti-
cal properties to performing 3-D tumor localization with the
guidance of a second imaging modality (i.e., US).

The hand-held optical device developed at FIU is unique in
its ability to perform 3-D tomography using DOI alone via self-
coregistration capabilities. Studies with human subjects demon-
strate the ability of the device to perform fast 2-D imaging,
coregistered imaging, and 3-D tomography in human breast tis-
sue. A preliminary study in a cancer patient demonstrates the
potential of the device to image breast cancer tumors. Exten-
sive clinical studies are currently carried out in order to validate
the performance of this device among different breast tissues
within a wide variety of human subjects and also determine the
sensitivity and specificit of the device.
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Improved detection limits using a hand-held
optical imager with coregistration capabilities
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Abstract: Optical imaging is emerging as a non-invasive and non-ionizing
method for breast cancer diagnosis. A hand-held optical imager has been
developed with coregistration facilities towards flexible imaging of different
tissue volumes and curvatures in near real-time. Herein, fluorescence-
enhanced optical imaging experiments are performed to demonstrate deeper
target detection under perfect and imperfect (100:1) uptake conditions in
(liquid) tissue phantoms and in vitro. Upon summation of multiple scans
(fluorescence intensity images), fluorescent targets are detected at greater
depths than from single scan alone.
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1. Introduction

Optical imaging is a growing area of research, with efforts to translate the technology to the
clinic and aid in early-stage breast cancer detection, diagnosis, and/or prognosis of the
disease. Optical imaging systems are developed by various research groups with differences in
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their imaging technique (continuous-wave, frequency-domain, or time-domain), and source-
detector configuration (single or multiple sources/detectors that are either for point/area
imaging). While most of these systems are bulky and yet capable of three-dimensional (3D)
tomographic imaging of large tissue volumes, there are a whole class of hand-held optical
imaging systems that are portable and capable of two-dimensional (2D) spectroscopic imaging
[1-6].

In the past five years, our Optical Imaging Laboratory has been focused in developing a
hand-held (portable) optical imaging system that is capable of 3D tomographic imaging
beyond the 2D spectroscopic imaging capabilities (available to date) [7]. The recently
developed hand-held optical imager is unique in its following features: (i) a probe head to
image a large surface area simultaneously; (ii) a simultaneous illumination and detection
geometry that enhances the overall imaging time; (iii) a flexible probe head to contour to any
tissue curvature and volume; and (iv) a novel coregistration approach to acquire the positional
information using a motion tracker (towards 3D tomography studies). The feasibility of 2D
target detection(s) and 3D tomographic analysis using this hand-held optical imager has been
demonstrated from tissue phantom and in-vitro fluorescence imaging studies [7-9]. During
these studies, a single scan in the region of interest was acquired to detect and recover the
embedded target(s) tomographically (using manually coregistered optical images). However,
it was observed that as the target depth was increased and/or its volume decreased, the target
was not detectable from 2D images, nor was it recovered from 3D tomography studies. An
alternate imaging approach of using multiple-scans from various locations of the tissue
surface was developed (using automatically coregistered optical images) and its feasibility to
detect deeper targets was assessed [10].

In the current work, the recently developed multi-scan imaging approach is extensively
assessed to determine the target detection limits of our hand-held optical imager. Studies were
performed using the liquid tissue phantoms in order to determine the extent of improvement
upon the previous studies using single-scan. Studies were also extended to in vitro tissue
models in order to assess the performance of the device in a non-uniform (or heterogeneous)
scattering background, in order to better mimic human tissue.

2. Materials and methods
2.1 Instrumentation

The instrumentation for the hand-held optical imaging system as shown in Fig. 1 is composed
of a laser diode source (785 nm, 530 mW) and intensified charge-coupled device (ICCD)
detector (—24 V DC detector power), which are connected to the probe face via optical fibers.
The 4 x 9 cm” hand-held probe head contains 6 illumination points (shown as large red dots in
Fig. 1) and 165 detection points (spaced 0.5 cm apart) which illuminate and collect the signal
simultaneously for rapid data acquisition. A collimator-diffuser package splits the NIR light
from the laser diode into 6 simultaneous sources. The laser output from each of these 6
sources at the probe end onto the tissue geometry is only 2 mW or less at each illumination
point (due to >90% intensity losses from the collimator-diffuser package). The imaging
system is capable of operating in both the continuous wave (CW) and frequency domain
mode. The CW mode is used here as a fast measurement technique (near real-time) to enable
collection of multiple scans without greatly increasing the imaging time. During imaging
studies, the integration time of the ICCD camera is kept constant (0.2 sec) and only the gain
settings at the intensifier end is varied. Further details of the instrumentation have been
described elsewhere [7].
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Fig. 1. Instrumentation for the hand-held probe based optical imaging system.

2.2 Coregistered imaging process

Image coregistration onto the 3D tissue geometry being scanned is necessary in order to
perform 3D tomography studies. This is because the location of the image must be known
with respect to the geometry of the phantom (or tissue) being imaged. Coregistered imaging
involves tracking the position and orientation of the probe in real time and combining the
positional information with the optical measurements to accurately position the image on the
discretized phantom or tissue geometry. This is carried out as a three-step process (illustrated
in Fig. 2) using MATLAB/LabVIEW software developed in house [10]. An acoustic tracker is
implemented on the probe head to enable real-time tracking of the 3D position and orientation
of the probe (in six degrees of freedom) with respect to the phantom surface (Step #1). The
positional information is used to accurately position the 2D image of fluorescence intensity at
the corresponding location on the discretized phantom geometry. The positional information
is fused with the optical measurement data collected from the hand-held device (Step #2) to
generate a 3D coregistered image of the phantom with the fluorescence intensity (or any other
optical measurement) data at the probe’s location (Step #3). The entire coregistration process
is automated such that it takes ~35 seconds to acquire a single coregistered image or scan (i.e.
carry out all the 3 steps described above). The actual time to acquire an optical image at a
single location of the probe is ~1 sec (i.e. 0.2 sec detector integration time x 5 repetitions for
each CW image), and the remaining time (~34 sec) is towards the coregistration process. The
coregistration process is repeated at each probe location, during a multi-scan imaging
technique (i.e. optical images are acquired from multiple locations of the probe on the tissue
surface).

2.3 Validation of coregistered imaging in phantoms

In order to quantitatively determine the accuracy of the tracked location in comparison to the
true location of the probe on a cubical tissue phantom, the probe was placed at five different
positions of known [X,y,z] coordinates and the tracking position was recorded (5 repetitions at
each location). The average and standard deviation of the tracked location, and its total
distance-off from the true location at each position number were measured. The average total
distance off is ~0.19 cm. For these measurements, the probe was held in place with a lab jack
and the error in measurements is primarily due to error in the tracking system and possibly
some movement of the phantom during positioning of the probe. Currently work is carried out
to improve the accuracy of the tracking system.
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sources

Fig. 2. Three-step coregistered imaging process. In Step #1, the source and detector locations
are tracked in real-time with respect to the phantom. In Step #2, a raw image (of optical
measurement) is collected and used to generate a 2D surface contour plot of the corresponding
(here fluorescence intensity) data. In Step #3, the positional information is used to accurately
coregister the image to the probe’s location on the discretized phantom mesh.

2.4 Experimental studies

Experimental studies were performed initially using the simple case of the uniform liquid
tissue phantom and were then extended to more realistic in vitro models. Phantom
experiments were performed using tissue phantoms (as in the previous studies [7,8])
composed of 1% Liposyn (800 mL) in a 10 x 10 x 10 cm” acrylic cube. Acrylic sphere targets
of sizes 0.23 - 0.45 cm’ filled with 1 uM indocyanine green (ICG) were placed at different
depths (2.5-4.0 cm) from the imaging surface to represent a tumor. Experiments were
performed increasing the depth by 0.5 cm until the target was no longer detected. The
experimental set-up is shown in Fig. 3. The probe was placed in full contact with the phantom
surface and multiple scans (2D coregistered images) were collected using the method
described in section 2.5 below.

Fig. 3. Experimental set-up for phantom studies. (A) A spherical target filled with 1 pM
indocyanine green is enclosed within the cubical phantom to represent a tumor. (B) The
phantom is composed of a 1% Liposyn solution to mimic the optical properties of human breast
tissue.

To represent the heterogeneous nature of human tissue, studies were also performed in
vitro using minced chicken breast (480 mL) combined with 1% Liposyn (260 mL) in a 10 x
10 x 10 cm’ acrylic cube in order to introduce a background of non-uniform scattering. The
0.45 cm® fluorescent target was placed at different depths between 2.0 and 4.0 cm, until the
target was no longer detected. The experiments were performed for the perfect uptake case
with tumor-to-background ratio (T:B) of 1:0 and imperfect uptake case with T:B of ~100:1.
Table 1 summarizes the different experimental studies performed in which a target was
detected. For each image collected, a subtraction-based post-processing technique was used to
eliminate excitation light leakage [7].

2.5 Multiple-scan technique

The multiple scan technique involves collecting a series of scans at different probe positions
and coregistering each image to its appropriate location. A scan is defined as a 2D surface
contour plot of fluorescence intensity data collected from a CW image (mean of 5 repeated
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images at the same location) using the ICCD based detection system. Each image is
immediately coregistered to the discretized phantom mesh. By scanning at multiple locations,
the weak fluorescence signal from the target (that appears at the same location on the tissue
geometry during each scan) can possibly dominate the strong excitation light leakage (that
tends to appear at different locations on the tissue geometry during each scan).

Table 1. Summary of experimental studies in which a target was detected in tissue

phantoms and in vitro. The cases where the deepest target was detected for phantom or in
vitro, and perfect or imperfect uptake are highlighted in red.

Experimental Experiment # Target Volume Target Depth T:B
Case (cm®) (cm)
Tissue 1 0.45 3.0 1:0
Phantom 2 0.45 35 1:0
3 0.23 25 1:0
4 0.23 3.0 1:0
5 0.23 35 1:0
6 0.45 25 100:1
7 0.45 3.0 100:1
8 0.23 2.0 100:1
9 0.23 25 100:1
10 0.23 3.0 100:1
In Vitro 11 0.45 25 1:0
12 0.45 3.0 1:0
13 0.45 35 1:0
14 0.45 2.0 100:1
15 0.45 2.5 100:1

Different combinations of image positions were used to determine the optimal multi-scan
method. Initially 4-5 scans were collected moving the probe 0.5 cm in the vertical direction
between each scan. For the same experimental case, 9 scans were collected moving the probe
in 0.25 cm increments in the vertical direction. Additionally, repeated scans were collected at
each probe location. It was determined that collecting 2-3 repeated scans (i.e. 2-3 x 5 repeated
images or 10-15 repeated images) at each probe location for 4-5 positions 0.5 cm apart
resulted in better target detectability with fewer artifacts than collecting single scans (i.e. 1 x 5
repeated images) at each probe location for 9 positions 0.25 cm apart. This can possibly be
attributed to two reasons: (i) the inaccuracy (from instability) of the positional tracking system
(described in section 2.3) has greater impact at smaller positional increments (e.g. 0.25 cm),
leading to increased artifacts; and (ii) the variability in the instrument’s response is minimized
by increasing the number of repeated scans (or images) at the same location. The number of
repeated scans (or images) can be increased for the case where the probe location 0.25 cm
apart. However, this further increases the overall imaging time and hence was not attempted.
In the future, for an in vivo case, multiple images can be collected and summed from arbitrary
probe positions and the number of scans can be optimized to minimize the overall imaging
time and number of artifacts. The position will be known since the image is immediately
coregistered at its location.

3. Results

Figure 4 shows four single images (2D contour plots of fluorescence intensity) for
experimental case # 12 where a 0.45 cm® fluorescent target was placed 3.0 cm deep in vitro
under perfect uptake condition (T:B = 1:0). Multiple scans were collected as described in
section 2.5. In each image, the true target location is indicated by a black open circle. The
images show that the target is not detected in a single scan, and only random distributions of
artifacts (high intensity signals that appear in the image which do not originate from the
target) are visible. Upon summation of eight scans, the fluorescent signal is detected at the
target location (Fig. 5). This can be attributed to the random distribution of artifacts that
appear in different locations for each single scan, while the signal from the target remains in
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the same location relative to its coregistered position on the phantom. Upon summation of the
coregistered images, the random signals from the artifacts tend to diminish compared to the
consistent signal from the target, which tends to intensify.

Figure 6 shows the result for summated multi-scan images for experimental cases 5, 10,
13, and 15 (highlighted in Table 1). Case 5 represents a 0.23 cm” target placed 3.5 cm deep in
the tissue phantom under perfect uptake conditions (T:B = 1:0). The target was detected close
to the true location and no artifacts were present. Case 10 represents a 0.23 cm’ target placed
3.0 cm deep in the tissue phantom under imperfect uptake condition (T:B = 100:1). The target
was detected at the true location with some diffused signal around it. Case 13 represents a
0.45 cm’ target placed 3.5 cm deep in-vitro under perfect uptake conditions (T:B = 1:0). The
target was detected at the true location with artifacts also visible far from the target location.
These artifacts can be attributable to the heterogeneous nature of the in vitro phantom.

Probe max
Position
Probe Position #1 Probe Position #2
(z=0.0cm) (z=05cm)
min
Probe Position #3 Probe Position #4
z=10cm) (z=15cm)

Fig. 4. Coregistered images from single scans (2D contour plots of fluorescence intensity data)
at four probe positions for experimental case #12 (a 0.45 cm”® fluorescent target placed 3.0 cm
deep, x-dimension in-vitro phantom under T:B = 1:0). In each image, the white dotted line
represents the probe position with respect to the phantom and the black open circle represents
the true target location.
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Fig. 5. Summated image of multiple scans shown in Fig. 4 (experimental case #12). The
summed image represents summation of § single scans, where 2 scans were collected at each of
the 4 probe positions shown in Fig. 4. The black open circle represents the true target location.

max

Case 10 Case 13 Case 15

| min

Fig. 6. Summed images of multiple coregistered scans from the four best experimental cases
listed in Table 1. The black open circle indicates the true target location for each case.

Case 15 represents a 0.45 cm’ target placed 2.5 cm deep in-vitro under imperfect uptake
conditions (T:B = 100:1). The target was detected close to the true location along with
minimal artifacts around it.

The initial experiments designed to detect deeper targets consisted of performing a single
scan at 4-5 positions moving the probe 0.5 cm in the vertical (z) direction. For deeper targets
(>3.0 cm), heterogeneous (in vitro) phantoms, and/or imperfect uptake cases, the target was
not detected upon summation of four or five scans. However, it was observed that when
multiple repeated scans were collected at the same location for each probe position, the targets
were detectable. In other words, increasing the number of repeated scans is as important as
increasing the number of scan locations towards deep target detection under heterogeneous
and/or imperfect uptake conditions.

The results presented here demonstrate that deeper and smaller targets can be detected
using the multiple-scan approach than using a single-scan alone. The impact of these results
extend beyond target detection in 2D in that the information can be used as a priori
information to aid 3D reconstruction using a single frequency-domain image (or scan)
towards deeper target recovery (future work).

4. Discussion

The prime hypothesis for the current study is that a single scan (of a large area, 4 x 9 cm”) can
fail in detecting deeper targets during a near real-time optical imaging study. Upon scanning
at multiple locations on the surface of a tissue geometry, the possibility to detect deeper
targets and differentiating them from artifacts tends to improve upon summing all these
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multiple scans. The detection limits of our hand-held optical imager, the first of its kind that
can scan large areas in near real-time, has been 2.5 cm for a 0.45 cm’ target under T:B = 1:0
from the past studies [8] involving a single scan from the region of interest on the tissue
geometry. In the current study, it was clearly observed that upon summation of the intensity
signals from multiple scans of the tissue surface, targets of smaller volume and as deep as 3.5
cm were detectable. However, artifacts start appearing when the target depth is increased, the
target volume is decreased, and or heterogeneity of the background increased. The reasons for
these artifacts are two-fold: (i) The uneven source strength distribution of the 6 simultaneous
sources affects the ability to detect the target depending on the proximity of the target to the
stronger sources. As multiple scans are collected the strong source may move away from the
target resulting in a more diffused signal which produces a greater number of artifacts upon
subtraction of the background. (ii) The positional information of the hand-held probe is not
accurately coregistered due to the instability of the motion tracking device, which can lead to
misalignment of the target signal in the multiple images. As a result, some signals which
originated from the target can be mistaken as artifacts due to their improper location in the
image. Currently, work is carried out to homogenize the source strength distribution by
altering the instrumentation set-up at the source end, and also developing alternate motion
tracking approaches that are stable and more accurate in comparison to the current device.

Researchers in the past have demonstrated detection of targets as deep as 5 cm using their
hand-held optical devices [6]. However, the detection was typically a point location that was
spectroscopically obtained from the tissue surface. In addition, the specificity of getting a
negative result (not detecting any target) in the absence of the target (i.e. in the surrounding
tissues) is not described. In other words, unlike the current hand-held optical imager that can
produce 2D images over large areas in near real-time, the other hand-held imagers have a
limited imaging area (mostly point-based imaging) and typically produce only spectroscopic
measurements from a few sources/detectors.

The advantage of the current hand-held imager’s optical data is that it can be applied
towards 3D tomography studies, since the positional location of the optical data with respect
to the 3D tissue geometry is coregistered during imaging studies. Hence, the implementation
of the multi-scan imaging approach and using the summated images towards immediate 2D
deep target detection and future 3D tomographic analysis is feasible. Although the present
study is focused on fluorescence-enhanced optical imaging, the multi-scan summation and
imaging approach is applicable for absorption-based diffuse optical imaging studies as well.

In the area of fluorescence tomographic imaging, Sevick’s research group was one of the
first groups to demonstrate 3D fluorescence optical tomography in clinically relevant sized
tissue phantoms, using large bulky optical imaging instrumentation [11]. Fluorescent targets
of 1 cm’ volume were recovered at depth up to 2.8 cm under perfect uptake conditions. The
first in vivo 3D fluorescence optical tomography of breast cancer in human subjects was
demonstrated by Corlu ez. al. where tumors were recovered in vivo up to 2.0 cm deep in
human breast tissue [12]. From our past 3D tomography studies using the hand-held imager
on large tissue phantoms, 0.45 cm’ targets as deep as 2.5 cm were recovered in uniform tissue
phantoms under perfect uptake conditions [8].

In a recent in vivo study using a simulated fluorescent target, a single scan using our hand-
held optical imager was able to detect a 0.23 cm’ target ~2.5 cm deep in human breast tissue
[9]. These past studies demonstrate the potential that upon using multiple scans and applying
the summation approach, deeper and smaller targets can become detectable from the tissue
surface. In addition, these summated images can also assist in tomographically recovering
deeper targets beyond what is demonstrated to date in the area of fluorescence optical
tomography. However, the developed hand-held optical imager is limited to reflectance based
imaging, which tends to limit the recovery of the true target’s depth during 3D tomography.
Currently, research is carried out to develop alternate imaging approaches using the hand-held
device such that trans-illumination measurements can also be acquired in an attempt to
improve the target depth recovery (during 3D tomography).
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5. Conclusion

A hand-held optical imager has been developed with unique features of flexibility to contour
to different tissue curvatures, ability to rapidly image a large area, and coregistration
capabilities to enable 3D tomography. Herein we have demonstrated improved detection
limits via application of a multiple-scan technique. The multi-scan imaging approach is
facilitated by the use of fast 2D coregistered imaging in CW mode. Previous results using
single-scan imaging showed that the greatest target depth detected was 2.5 cm and 1.5 cm for
a 0.45 cm’ target in a (liquid) tissue phantom under perfect and imperfect uptake conditions,
respectively. By using the multi-scan technique, this depth was improved to 3.5 cm for a
smaller target (0.23 cm’) under the T:B = 1:0 condition. Under imperfect uptake conditions
(T:B = 100:1), the detectable target depth was increased from 1.5 cm to 3.0 cm. Since these
results were promising, studies were extended to in vitro models, which better represent the
non-uniformity of human tissue. From these in-vitro studies the target was detected at depths
of 3.5 cm and 2.5 cm for perfect (1:0) and imperfect uptake (100:1) cases, respectively. These
studies demonstrate that summation of multiple coregistered images can be used towards
deeper target detection than is capable from single scans alone. In a clinical setting, this
technique can be used to acquire multiple images quickly in order to detect the presence of a
tumor, determine its 2D location within the tissue, and also perform 3D tomography studies
(as a follow-up). Thus, the hand-held optical imager has potential for fast 2D imaging and 3D
tomography in the clinical setting for breast cancer diagnosis.
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Abstract

Near-infrared (NIR) optical imaging is a noninvasive and nonionizing modality that is emerging as a diagnostic tool
for breast cancer. The handheld optical devices developed to date using the NIR technology are predominantly
developed for spectroscopic applications. A novel handheld probe—-based optical imaging device has been recently
developed toward area imaging and tomography applications. The three-dimensional (3D) tomographic imaging
capabilities of the device have been demonstrated from previous fluorescence studies on tissue phantoms. In
the current work, fluorescence imaging studies are performed on tissue phantoms, in vitro, and in vivo tissue mod-
els to demonstrate the fast two-dimensional (2D) surface imaging capabilities of this flexible handheld-based
optical imaging device, toward clinical breast imaging studies. Preliminary experiments were performed using tar-
get(s) of varying volume (0.23 and 0.45 cm®) and depth (1-2 ¢cm), using indocyanine green as the fluorescence
contrast agent in liquid phantom, /n vitro, and in vivo tissue models. The feasibility of fast 2D surface imaging
(~5 seconds) over large surface areas of 36 cm? was demonstrated from various tissue models. The surface
images could differentiate the target(s) from the background, allowing a rough estimate of the target’s location
before extensive 3D tomographic analysis (future studies).

Translational Oncology (2010) 3, 16-22

Introduction

Handheld-based optical imaging devices have been developed for
breast imaging to accelerate the clinical translation of the technology
toward cancer diagnosis. Several of these handheld devices have been
tested 7z vivo on human subjects [1 2 3 4 5, selected publications].
However, they are unable to contour to the curvature of human
breast tissue because all these devices used flat-probe faces. The pre-
dominant applications to date have been either toward spectroscopic
measurement of tissue optical properties or two-dimensional (2D)
localization studies of abnormal tissue within the breast. Recently,
a handheld optical imaging device has been developed in our Optical
Imaging Laboratory [6] toward imaging large tissue surfaces using a
flexible probe face that contours to different tissue curvatures. The
device is intended to augment current clinical imaging modalities
for breast cancer detection and diagnosis. The three-dimensional
(3D) tomographic ability of the device has been demonstrated on
large tissue phantoms using a fluorescence-enhanced—based imaging
technique [7]. Herein, preliminary studies are performed on tissue
phantoms, iz vitro, and in vivo tissue models to demonstrate the fast
2D surface imaging capabilities of this flexible handheld-based opti-
cal imaging device toward clinical breast imaging studies.

Materials and Methods

Instrumentation

The instrumentation for the handheld optical imaging device con-
sists of a 785-nm, 500-mW laser diode source and an intensified
charge-coupled device (ICCD) camera detector (with 550-850 nm
bandwidth at the intensifier end) as shown in Figure 1. The source
light is launched onto and collected from the tissue surface using a
handheld-based probe head (4 x 9-cm” imaging area). The handheld
probe consists of 6 points of illumination and 165 points of collec-
tion (as shown in Figure 2) of optical signals through optical fibers,
which connect the probe head to the source and detector. The total
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Figure 1. Handheld probe-based optical imaging system showing the handheld probe is fiber-optically coupled to the laser source and
ICCD camera (left). The probe face is flexible to contour to different tissue curvatures (right).

laser power incident on the phantom or tissue is <10 mW. The de-
vice has a flexible probe head design such that it contours to different
tissue curvatures during imaging. Simultaneous illumination and de-
tection from multiple point locations is carried out to reduce the
overall imaging time. Additional details of the instrumentation are
provided elsewhere [7]. The instrumentation is developed such that
it can acquire both continuous wave (CW)-based and frequency-
domain—based optical measurements as required. To facilitate 2D
imaging in real time, the device was operated in the CW mode for
the current study in tissue phantoms, in vitro, and in vivo.

Data Acquisition and Analysis

Two-dimensional surface imaging was performed, using the hand-
held device operated in the CW mode, on tissue phantoms, in vitro,
and in vivo tissue models. In all cases, fluorescence-enhanced imaging
was performed using an external fluorescing agent indocyanine green
(ICG) for improved contrast. Spherical acrylic targets (of different
sizes) filled with 1 pM ICG were used to mimic a tumor. The target
was placed at different depths from the imaging surface and different
target-to-background (T:B) contrast ratios (1:0 and 100:1) were used
for different experimental cases. The probe was placed in contact
with the phantom or tissue surface as shown in Figure 3, and CW
images of the fluorescent intensity were acquired in close to real time
(=2 seconds’ delay). The raw fluorescence intensity images at the
ICCD camera end were acquired in 1 second (0.2-second exposure
time x 5 repetitions). These images were postprocessed (~1 second)
using in-house developed Matlab codes to acquire the final 2D sur-
face contour plots of fluorescence intensity distribution of the imaged
surface. The entire data acquisition and postprocessing were auto-
mated such that close to real-time (~2 seconds’ delay) imaging is pos-
sible. The 2D surface contour plots of fluorescence intensity signal
may or may not differentiate the target from the tissue phantom
background, based on the target and background optical properties.

During fluorescence optical imaging, the output signal at the tis-
sue surface is a mixture of fluorescence signal and the attenuated in-
cident near-infrared (NIR) (i.e., excitation) signal. This fluorescence
signal is filtered from the strong excitation signal (three to four orders
of magnitude higher) using appropriate optical (band-pass) filters and
imaged by the detector. However, the filters are not capable of 100%
rejection of the excitation light, causing an excitation leakage and
contamination of the fluorescent signal. Hence, a second level of
postprocessing is carried out to subtract a background nonfluorescing
image from the final fluorescence image plots for each experimental

case to account for the excitation leakage. Initially, optical measure-
ments were acquired before placing the fluorescent target in the
phantom, in an attempt to represent the excitation leakage (or back-
ground noise). These (background noise) measurements were sub-
tracted from the fluorescence optical measurements obtained from
experimental cases that included fluorescent targets to effectively
eliminate the signal from the excitation source light. In the clinical
setting involving actual diseased tissues (unlike the simulated fluores-
cent targets in the current study), this could be accomplished by ac-
quiring image(s) of the tissue before and after the contrast agent (e.g.,
ICG) injection. The nonfluorescent image(s) acquired before ICG
injection will in turn be subtracted from the fluorescent images ac-
quired after ICG injection to account for the background noise.

The subtracted 2D fluorescence images are generated rapidly (<5 sec-
onds), making the entire process a fast 2D surface imaging tech-
nique. The acquisition of these subtracted fluorescence 2D surface
contour plots has greater significance in 2D target localizations as
well as in 3D tomographic imaging studies.

Experimental Cases

Tissue phantom studies. ~ Studies were performed using slab tissue
phantoms composed of 10 x 10 x 10-cm” acrylic cubes filled with
650 ml of 1% Liposyn solution (Liposyn II, 20%; Henry Schein,
Melville, NJ) to mimic the optical properties of a typical breast tissue.
The fluorescent target was placed at different depths (1.5-2.5 cm) from

Figure 2. Picture of the handheld probe face showing the source-
detector configuration. The large red dots represent the six source
fiber locations, and all other small holes are the 165 detector fi-
ber locations.
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Figure 3. Experimental setup for tissue phantom, in vitro, and in vivo studies: (A) empty phantom showing target inclusion and place-
ment of probe, (B) tissue slab phantom with 1% Liposyn solution for uniform scattering in the background, (C) /n vitro slab phantom with
heterogeneous scattering in the background, and (D) setup for /n vivo studies using mannequin (for demonstration only) to represent

human subject.

the imaging surface and real-time as well as fast (subtracted) images of
fluorescence intensity were acquired. The different experimental cases
are summarized in Table 1.
In vitro phantom studies. ~ Before in vivo studies with human sub-
jects, experiments were performed using iz vitro phantoms, which
were composed of minced chicken breast combined with 1% Liposyn
solution, to introduce a nonuniform scattering background. The
in vitro mixture of minced chicken breast (480 ml) and 1% Liposyn
(260 ml) was placed inside a 10 x 10 x 10-cm” acrylic cube. Real-
time as well as fast (subtracted) images of fluorescence intensity
were acquired under different experimental conditions using either
a 0.23-cm® or 0.45-cm” fluorescent target located at various depths
between 1 and 2 cm (Table 1).

In vivo studies.  In vivo studies were performed on healthy human

subjects to demonstrate the feasibility of using the handheld device to
collect images of a fluorescent target with a background of real hu-

Table 1. Summary of Experimental Cases for Slab Tissue Phantom, /z Vitro, and In Vivo Studies.

man breast tissue. All human subject studies were approved by the
Florida International University Institutional Review Board. Healthy
female volunteers aged 21 and older were recruited for the studies. A
fluorescent target was used to simulate a tumor (as described in Data
Acquisition and Analysis) and was placed underneath the flap of the
breast tissue (i.e. between breast tissue and chest wall, underneath the
tissue). In the first study, a 0.23-cm’ sphere with 1 pM ICG was
placed under the right breast in the 4-0’clock position. The flat-probe
face was placed against the breast tissue with gentle compression, and
a real-time fluorescent intensity image was acquired (around the tar-
get region). The depth of the target within the tissue was approxi-
mately 2.5 cm as measured with a vernier caliper.

A second study was performed using a single target with the probe
in the maximum curved position (i.e., 45° curvature of the two side
plates of the three-plate—based probe face). The images collected with
the probe in the curved position possibly include transilluminated
measurements in addition to reflectance-based measurements. This
study was performed to demonstrate the feasibility of using the probe

Subject Studied

Experiment No.

Number of Targets

Target Depth (cm) Target Volume (em®) T:B Contrast Ratio

Slab tissue phantom (uniform scattering in background) 1 1
2 1

3 1

In vitro phantom (nonuniform scattering in background) 4 1
5 1

6 1

7 1

8 1

9 1

In vitro with healthy human subject 10 1
11 1

12 2

1.5 0.45 1:0
2.0 0.45 1:0
2.5 0.45 1:0
1.0 0.45 1:0
1.5 0.45 1:0
2.0 0.45 1:0
1.0 0.23 1:0
1.5 0.23 1:0
2.0 0.23 1:0
2.5 0.23 1:0
2.5 0.45 1:0
2.5 0.23 and 0.45 1:0
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Figure 4. Near real-time images of fluorescence intensity obtained as 2D surface contour plots acquired from slab phantoms (with
uniform background scattering). The fluorescent target was placed at different locations and depths: (A) target location (x,y,z) =
(2.0, 2.7, 1.5), and (B) target location (x,y.z) = (2.0, 2.7, 2.0), and (C) target location (x,y.z) = (3.0, 2.2, 2.5). The black hollow circle in

each subplot is the true target location.

in its curved position, such that it can contour along the tissue and
also provide fluorescent images that can aid in target detection. Herein,
a 0.45-cm” fluorescent target containing 1 pM ICG was placed under
the right breast in the 8-o'clock position. A real-time as well as fast
(subtracted) image of fluorescence intensity was acquired by applying
gentle compression along the tissue curvature.

A third study was performed to demonstrate the feasibility of imag-
ing multiple targets within real human breast tissue. Two targets were
placed under the fold of the left breast tissue, with a 0.23-cm” target
at the 6-o’clock position, and a 0.45-cm’® target was placed at the
8-o'clock position of the same breast. A real-time as well as fast (sub-
tracted) image of fluorescence intensity was acquired by applying gen-
tle compression on the left breast tissue.

All these preliminary iz vivo studies used micromolar concentra-
tions of ICG in the tumor-mimicking target(s), similar to the current
tissue phantom, 7z vitro phantom studies, and also that used by other
researchers [7-9]. The actual iz vivo studies on breast cancer subjects
cannot estimate the concentration of ICG (after injection) at the
tumor site, and the researchers typically report the injected quantities
of the contrast agent [8,10].

Results

Tissue Phantom Studies

Real-time images using the slab phantom with uniform scattering
in the background are shown in Figure 4 as 2D surface contour plots
of the fluorescence intensity data with a target placed at different
depths (1.5-2.5 c¢m) from the imaging surface. The nonuniform in-
tensity distribution in Figure 4 is possibly due to the residual exci-

x 10°

2 4 & 8

Target Depth: 1.5 cm
(A}

- P

=

2 4 6
Target Depth: 2.0 cm

(B)

tation leakage around the six source fibers (after the implementation
of the subtraction technique). In addition, the input laser source sig-
nal is not evenly distributed among the six source fibers, possibly
causing a variation or nonuniformity in the output fluorescence in-
tensity distribution.

The images show the feasibility of performing (close to) real-time
2D imaging using the handheld device in tissue phantoms. The ac-
tual target location in the images is indicated in the figures by the
black open circle in the x-y plane for different target depths in the
“g” direction. The fast 2D image estimates the 2D target location
(instantly) in the x-y plane. This information can then be further
used toward 3D tomography (in the future) to determine the tumor
volume, location, and depth [9].

From these plots, it is obvious that the real-time images are capable
of differentiating the target from the background when the 0.45-cm’
target was 1.5 cm deep. At greater tissue depths, the target was not
distinctly differentiable because of the strong excitation leakage from
the background. On applying the subtraction technique (as described
in Data Acquisition and Analysis), the target is clearly differentiable
from the background in all the experimental cases (Figure 5). These
subtracted images also have potential to obtain 3D target localiza-
tion through tomographic imaging, as long as the probe’s location
on the tissue surface is coregistered with respect to the surface fluo-
rescence images.

In Vitro Phantom Studies

The results for the i vitro phantom experiments are shown in Fig-
ures 6 (real-time images) and 7 (fast subtracted images) for different
target depths (1-2 cm) under a T:B contrast ratio of 1:0. The true

3000 6000
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Target Depth: 25 cm
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Figure 5. Fast subtracted images of fluorescence intensity obtained as 2D surface contour plots acquired from slab phantoms (with
uniform background scattering). The 0.45-cm?® fluorescent target was placed at different locations and depths: (A) target location (x.y.z) =
(2.0, 2.7, 1.5), and (B) target location (x,y,z) = (2.0, 2.7, 2.0), and (C) target location (x,y.z) = (3.0, 2.2, 2.5). The black hollow circle in each

subplot is the true target location.
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Figure 6. Near real-time images of fluorescence intensity obtained as 2D surface contour plots acquired from /n vitro slab phantoms
(with nonuniform background scattering). The 0.45-cm® fluorescent target was located at a depth of (A) 1.0 cmm and (B) 1.5 cm from the
imaging surface. The black hollow circle in each subplot is the true target location.

target location in the images is given as x,)z coordinates where “x” is
the lateral position, “y” is the height, and “z” is the depth that vary
among the images. Owing to heterogeneous scattering of the back-
ground phantom, only the subtracted images were capable of clearly
differentiating the target from the background for targets deeper than
1.0 cm. These studies show the ability of the handheld device to per-
form fast 2D surface imaging and target localization within a non-
uniform scattering tissue-mimicking background.

In Vivo Studies

Figure 8 shows the fast 2D subtracted images of fluorescence in-
tensity obtained 77 vivo (from a healthy human subject using a sim-
ulated target) with the probe in the flat position (Figure 84) and in
the curved position (Figure 8B). These subtracted image results dem-
onstrate the feasibility of fast 2D surface imaging and 2D target lo-
calization in a clinical environment. The real-time (nonsubtracted)
images of fluorescence intensity were unable to differentiate the tar-
get from the heterogeneous background, and hence, only the fast 2D
subtracted images are shown in Figure 8.

The 2D subtracted images of fluorescent intensity from multiple
simulated targets in a human subject are shown in Figure 9. The
0.23-cm’ target is detected in the center of the image and the
0.45-cm® target is detected toward the left side in the image, which
are very close to the true locations of these targets. This study dem-
onstrates the potential to image and localize multiple fluorescent tar-
gets (of different sizes) within human breast tissue.

Discussion

The fluorescence imaging studies described here demonstrate for the
first time the acquisition of fast 2D surface images (in <5 seconds) of
a fluorescent target in uniform tissue phantoms, iz vitro, and in vivo
using a handheld-based optical imaging device. The subtracted im-
ages have a potential to clearly differentiate target(s) from the back-
ground (under various experimental conditions), demonstrating the
potential to translate the technology toward on-site breast imaging in
a clinical environment. Additional experiments were performed with
the target located at greater depths in the tissue phantoms, but the
target was not detected at a depth of 2.5 cm. At 2.5 c¢m deep, the
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Figure 7. Fast subtracted images of fluorescence intensity obtained as 2D surface contour plots acquired from /n vitro slab phantoms
(with nonuniform background scattering). Images were collected for different target sizes and depths. Images (A) to (C) contain a target
size of 0.45 cm?® at depths of 1.0, 1.5, and 2.0 cm, respectively. Images (D) to (F) contain a target size of 0.23 cm?® at depths of 1.0, 1.5,
and 2.0 cm, respectively. The black hollow circle in each subplot is the true target location.
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Figure 8. Fast subtracted images of fluorescence intensity obtained as 2D surface contour plots, acquired in vivo from a human subject
using a spherical fluorescent target, for two experimental cases: (A) the probe was in the flat position and a 0.23-cm?® target was placed
at the 4-o'clock position; and (B) the probe was in the curved position and a 0.45-cm?® target was placed at the 8-0'clock position. The
images acquired using the probe in the curved position are illustrated as projected as a flat 2D image to be consistent with the images

presented in case (A) (i.e., using the probe in flat position).

detected signal from the target is close to the noise floor and hence
not differentiable from the background. A multilocation scanning ap-
proach is currently developed in our laboratory for differentiating
deeply located or small-volume targets from homogenous or hetero-
geneous background [11]. In short, this approach will incorporate
the use of coregistered images obtained at multiple locations on
the tissue surface, such that the targets can be differentiated from
artifacts as well as the background [11]. When comparing Figures 4
and 5, it can be seen that the images from the 7 vitro phantom con-
tain more noise than those from the uniform tissue phantom. This
can possibly be attributed to the heterogeneous distribution of scat-
tering properties or shifting of the chicken breast as the target is re-
moved (which can cause a change in the signal distribution when the
background image is collected). Experiments were also performed
using the 77 vitro phantoms with a T:B contrast ratio of 100:1. How-
ever, the noise from the background signal dominated the image, and

X

045cc 023 cc
Target Positions

a target was not detected even after subtracting the excitation back-
ground signal. On applying our multilocation scanning approach,
the targets were differentiable under imperfect uptake conditions
(i.e., T:B = 100:1) [11]. In addition to fast 2D imaging, the handheld
device described here has demonstrated 3D tomography of fluores-
cent targets with tissue phantoms using frequency-domain—based
measurements to estimate the 3D location and volume of the target
within the tissue [9]. Our ongoing efforts will involve the implemen-
tation of fast and automated coregistration facilities to enable precise
2D target localization (instantaneously) as well as 3D tomography
studies (i vitro as well as in vivo).

Conclusions
A handheld-based optical imaging device has been developed in our
Optical Imaging Laboratory toward iz vive clinical studies on breast

x10'
2.5

045¢cc 0.23cc
Target Positions

Figure 9. Fast subtracted image of fluorescence intensity obtained as 2D surface contour plot acquired /n vivo from a human subject

using two spherical fluorescent targets (0.23 and 0.45 cm?®).
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tissues. The device has been tested extensively in the past on homo-
geneous slab phantoms (with sample results shown here). The device
has been tested for CW-based fluorescence optical imaging in vitro as
well as in vivo. The fluorescence studies demonstrate the ability of the
handheld device to perform fast 2D imaging and also detect a fluores-
cent target within a heterogeneous tissue-mimicking background as
well as real human breast tissue (on using subtracted images). Future
work will involve fast coregistered imaging of human breast tissue to
enable 3D tomography in human subjects using this novel handheld-
based optical device.
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