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Abstract:  We present three-dimensional (3D)vivo images of human
breast cancer based on fluorescence diffuse optical tomplogr@g&DOT).
To our knowledge, this work represents the first reported 8Dréiscence
tomography of human breast canaewivo. In our protocol, the fluorophore
Indocyanine Green (ICG) is injected intravenously. Flsoence excitation
and detection are accomplished in the soft-compressiorall@lplane,
transmission geometry using laser sources at 786 nm anttalpetiltered
CCD detection. Phantom arid vivo studies confirm the signals are due to
ICG fluorescence, rather than tissue autofluorescence aiidt®n light
leakage. Fluorescence images of breast tumors were in gp@graent
with those of MRI, and with DOT based on endogenous contifashor-
to-normal tissue contrast based on ICG fluorescence wasarfi@sr-fold
higher than contrast based on hemoglobin and scatterirgzders. In
total the measurements demonstrate that FDOT of breas¢canfeasible
and promising.
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1. Introduction

Diffuse optical tomography (DOT) is a promising new medid#égnostic [1, 2] that has
been recently applied for breast cancer imaging based oogendus tissue contrast such as
hemoglobin, water and lipid [3-12]. In addition, a few brteeancer studies have used te-
sorptionof exogenous molecular agents such as Indocyanine Gre&) (fCenhance tumor
contrast. Evidently, leaky tumor vasculature delays ICGheait and thereby elevates its con-
centration in tumors relative to normal tissue [13, 14].

Fluorescent contrast agents have also been consideredessa to enhance tumor detection
and characterization [15-21]. In principle, fluorescengeas can provide greater detection
sensitivity and specificity compared to absorption sigredsvell as access to new information
about tissue micro-environment, including tissue;p@H, and intracellular calcium concen-
tration [22, 23]. Indeed, the potential uses of optical ftydrores bear close resemblance to
the use of contrast agents in PET and MRI [24, 25]. Succeflsialescence diffuse optical
tomography (FDQOT) is therefore critical for applicationrablecular imaging probes such as
dyes [15, 17, 26—29] and molecular beacons [30] that bindrmt-specific receptors in deep
tissue.

Fluorescence tomography methods have been developed plodegkin tissue phantoms
[31-50], in small animals [17, 39, 51-55] and in deep tissesh as human brain [56] and
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canine mammary tumors [57]. To our knowledge, however,dliete and 3Din vivo quan-
tification of diffuse fluorescence signals has not as yet beparted from the cancer bearing
human breast.

In this paper we demonstraitevivo fluorescence diffuse optical tomography (FDOT) in the
human breast, reconstructing 3D tomographic maps of tkadifluorophore distributiom
vivo. Three cancer cases are analyzed wherein tumors exhibi¢$icence contrast up to four-
fold higher than corresponding endogenous optical candierdved using the same apparatus.

The remainder of this paper is structured as follows. Thehlids section introduces the DOT
instrument, describes tissue phantom amdvo breast measurement protocols, and it outlines
3D fluorescence image reconstruction procedures. The Remdtion first establishes that the
measured signal is due to ICG fluorescence rather than tgoéuorescence and excitation
light leakage. Then phantom and breast tumor observatiengrasented, and we demonstrate
that reconstructed fluorescence from the tumor bearingsbaga in good agreement with opti-
cal absorption and scattering images and with magneticegs® imaging (MRI). In the Dis-
cussion section we summarize and compare our methods antsriesrelated FDOT studies.
We also make suggestions for improvement.

2. Methods

2.1. DOT instrument

Figure 1(a) illustrates the clinical instrument. We us@ ibbtain both intrinsic and fluorescent
diffuse optical images of tissue phantoms and human bréhstinstrument’s imaging capa-
bilities, based on endogenous contrast, have been dematauspreviously with phantoms and
in human subjects [3,4]. Furthermore, agreement with MR dase study of locally advanced
breast cancer during neoadjuvant chemotherapy treatnasnvdiidated the potential of this
DOT instrument for breast cancer imaging [4].

In practice the female subject lies in prone position with heeasts suspended in a box
filled with a fluid mixture of 30% Lyposin Il (Abbott Laborat®s, Chicago,IL), and India
ink (Black India 4415, Sanford, Bellwood, IL) whose optigabperties are similar to those of
human tissue. Hereafter we will refer to this mixture as ‘chatg fluid”. The cancerous breast
is centered between the soft compression plate and thengemindow. The compression plate
(Fig. 1(a)) contains 45 source fibers of 20@n in diameter (FIS) arranged in a 9 x 5 grid
numbered from left to right starting with the upper left smirAn optical switch (Dicon Fiber
Optics, Richmond, CA) is utilized to deliver light from fosmusoidally intensity modulated
(70 MHz) laser diodes operating at 650, 690, 786 and 830 nracdh grid position. The laser
power level varies depending on the wavelength and the sqasition, with an average of 10
mW.

Light detection is accomplished in reemission through fiibers located on the compres-
sion plate (Fig. 1(a)) and in transmission through a lenplaali16-bit CCD (Roper Scientific,
Trenton, NJ, VersArray:1300F, 1340 x 1300 pixel). The resiois fibers are connected to a fre-
guency domain detection module which provides phase- anpitaate-data for determination
of the bulk optical properties of the matching fluid and tesstihe bulk properties determined
therein are used as an initial estimate in the DOT recortsbruc

For the ICG [58] fluorescence measurements (Fig. 1(b)), wextsal filters are placed in
front of the CCD camera in the following order. An 830 nm baastpfilter with 10 nm FWHM
(OD =4, CVI Laser Inc.) is placed first, and a 785 nm notch fi{teD = 6, Semrock Inc) is
placed second. In this way the incoming excitation lightt fpasses through the notch filter
and the possibility for detection of excitation-light-unced bandpass filter autofluorescence is
eliminated.
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Fig. 1. Schematic of parallel plate DOT instrument. (a) The subject liesanepposi-
tion with breasts suspended in the breast box. Continuous wave (CVg)rission and
frequency-domain (FD) remission measurements are performadtaimaously. Spectral
filters are introduced in front of the detectors for fluorescence meamnts. 45 sources
and 9 FD detectors are positioned on the compression plate inbaaid 3<3 grid ar-
rangement. A diode laser at 786 nm is utilized for excitation of ICG and dkgance
detection (b) Excitation and emission spectra of whole blood containingragil of
sterile ICG [58] are shown together with the 785 nm notch filter (blue line)&8nm
(red shading, FWHM = 10 nm) bandpass filter.
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2.2. Phantom measurement protocol

The clinical system has already been extensively testedlfsorption and scattering contrast
with tissue phantoms [3]. In the present work we report omattarization of system capability
for fluorescence measurements using tissue phantoms.

t (min) | Measurement Type

0 Baseline Absorption Scan (Phantom with
T Matching Fluid Only) at 786 nm. CCD Ext-
posure time is 300 msec per source positig

>

13 cm

l e 1 Absorption Scan (Phantom with Matchin

Fluid + ICG) at 786 nm. CCD Exposure tim
— 185cn————p is 300 msec per source position.

D «Q

@) 2-14 Fluorescence Scan (Phantom with Matching
Fluid + ICG). Excitation at 786 nm. Spec¢
trally Filtered detection. CCD Exposure time
is 15 sec per source position.

(b)

Fig. 2. (a) lllustration of the phantom (CCD view). The tube ends are a&thttha pump
(not shown) in order to titrate the phantom with different ICG concentrati@n) Time-
table for the phantom measurement protocol.

Figure 2 shows an illustration of the cylindrical tissue pioen with 1.6 cm length and diam-
eter, and a wall thickness of 0.05 cm. The phantom is placadd&tance of 3 cm away from
the source plate (y = 3 cm) and is immersed in a matching flujghef 0.04 cntt andp’ = 8
cm~L. The phantom was filled with the same matching fluid via thesufiFig. 2(a)), and then
a full scan at 786 nm was performed in order to assess pharasatite absorption and scatte-
ring properties. The CCD camera exposure time was set to 3@@ for these measurements.
The phantom was then filled with an ICG/matching-fluid migtand another full scan at 786
nm was made at 300 msec exposure to evaluate the absorpéda HLG. Finally, a third scan
was made to obtain the phantom fluorescence signal; fordhis the spectral notch and band-
pass filters were attached to the CCD camera, and the expisere/as set to 15 secs. These
steps were repeated for three ICG concentrations: 0.1, AM.O

2.3. Invivo measurement protocol

This prospective study was approved by the local Institai&eview Board. Informed consent
form was obtained from each patient prior to imaging.

The measurements were made in three stages as outlinedTinteetable in Fig. 3: First,
the intrinsic optical and physiological properties of thredst tissue were obtained from a full
scan using 4 wavelengths and 45 sources positions. Theseiraggents were conducted with
the CCD camera exposure time set to 500 msec [4].

The second stage involved fluorescence measurements.sTerttlithe spectral bandpass
and notch filters were placed in front of the CCD camera, arccimera exposure time was
set to 15 sec. For the fluorescence measurements it was ardgsagy to use one excitation
wavelength, 786 nm. A monitoring scan using a single souosiipn was conducted initially
(i.e. first step of second stage) in order to derive ICG phaokiaetics. A bolus of sterile ICG
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t (min) | Measurement Type

0 Breast Endogenous Measurement. 4 Wavelengths. CCD Exptisig is 500 msec.

12 Breast ICG Pharmocokinetics Measurement. 786 nm - Spdettais. CCD Expo-
sure time is 15 sec.

13 Inject ICG.

18 Breast ICG Tomographic Scan. 786 nm - Spectral Filters. C&poEure time is 15
sec.

30 Baseline Absorption Scan (Matching Fluid Only). 4 Waveltisg CCD Exposure

time is 500 msec.

Fig. 3. Time-table for thén vivo measurements.

(0.125 mg/kg, Akorn, Inc.) was given for 30 seconds, folldveg a normal saline flush of 20 cc,
also given for 30 seconds. The injection commenced 45 sacftet the start of the monitoring
scan. After 24 frames (i.e. 6 minutes) of the monitoring sdaa full tomographic fluorescence
scan was initiated. The ICG washout kinetics derived fromittitial monitoring scan were
used to correct for the decreasing fluorescence signal isubgequent tomographic scan [13].
The rationale for this timing protocol is based on the contlept ICG will accumulate in the
tumor due to the highly permeable tumor neo-vasculature tlaat tumor ICG concentrations
will remain elevated relative to those of normal breastesduring the vascular washout phase.

In the final stage, spectral filters were removed, and a lmesginsmission scan of matching
fluid was conducted with the same source-detector plateagpaas in the patient measure-
ment. Baseline tomographic scans at 4 wavelengths with C&Beca exposure time set for
500 msecs served as reference data in the endogenous clvara@md scattering parameter
reconstruction.

2.4. Data preprocessing

For each CCD camera exposure time, dark frames were recardksubtracted from the suc-
ceeding intensity measurements. Transmission and fllemesaneasurements were then digi-
tally filtered with median (2< 2 pixels) and Gaussian (window size = 325 6 pixels) filters,
respectively. Data binned from filtered image frames cpoad to measurements at 984 detec-
tion points covering an area of 15:69.0 cm.

The raw intensity plots shown in the Results section are @rfemmes preprocessed as de-
scribed above. The tereountsin those displays denotes digitized intensity recordedhay t
16-bit CCD camera.

2.5. Image reconstruction algorithm

In this section, we briefly describe the tomographic methasl to obtain fluorescent contrast
images. For more detail on the reconstruction techniqueseferences [59-62]. The present
work obtains both FDOT images and tomographic (DOT) recaosbns of endogenous tis-
sue properties such as total hemoglobin concentration JTbiGod oxygen saturation (St
and reduced scattering coefficiept). Detailed discussion of the DOT analysis is provided in
references [4,62,63].
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Data Acquisition Reconstruct UalAey £1,T) Invert Eq. 9
[HbO, ], [Hb], (A1)
& - e —— Linear, GMRES
Multi-Spectral DOT
Preprocessing Non-Linear CG He(Aey 11:7) [ICC] =n/(g,1)

Calculate & Display

\ 4

Contrast

Fig. 4. Reconstruction flowchart.

Excitation and fluorescence light propagation in tissueaslehed by the diffusion equation
[2,64]. This yields a set of coupled differential equatiarisch are given below in the frequency
domain:

i
—[0-D(Aex, 1) OP(Aey, 0, 1) + (Ha(Aex, T) + v)cb(Aex: W,1) = Oo(Aex, W,Ts), 1)

—0-D(Aq1,n)OP(Agy, ,1) + (Ha(Agr, 1)+ %)fp()\ﬂ NONSES l—ri]i)r')l'(l’)q)()\ex’ w,r). (2)
Here 115 denotes the light absorption due to the fluorophore andsitritissue chromophores.
Aex(11) 1S the excitation (fluorescence) wavelengtis the speed of light in the diffuse medium,
D is the light diffusion coefficient given approximately irrties of the reduced scattering co-
efficient g as 1/(34%) [65, 66], w is the source modulation frequenay(Aex, W, ) is the ex-
citation source term. Inversion of Eq. 1, using the mulectpal data, determings,, D as a
function of position in the medium and as a function of ogtiwavelength. The excitation
fluence rateb(Aey, w,r) [W/m?] is computed by solving Eq. 1 using(Aex, ), andD(Aey, ).
®(Aex, w,r) is the source term for Eq. 2, when multiplied by the fluoreseetmansfer func-
tion, n(r)/(1—iwt(r)); heret(r) is the fluorescence lifetime of the fluorophore, antd) is
proportional to the fluorophore concentration, i.e.,

n(r) =[C] x €(Aex) X N, 3)

where[C] denotes the fluorophore concentratiofey) is the extinction coefficient of the flu-
orophore at the excitation wavelength, apis the fluorescence quantum yield.
Robin-type boundary conditions,
D(A)dd

[ R S
+ordv

0, (4)

are applied to solve Eq. 1 and 2. Hereaccounts for the refractive index mismatch [67] and
is the outer normal vector at the measurement boundary.

Hereafter we denote the computed (measured) fluence raa@wif) . The computed fluores-
cence fluence rat&€¢(As,rs,r¢), due to an excitation sourceratand detector aty is derived
using Eq. 2. For continuous wave (CW= 0) measurements, the Born formulation [32] yields

Dc(Af1,rs,rd) = /dsr n(r) ®c(Aexr's,r) G(Af,rq,r), (%)
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whereG(A¢,rq,r) is the adjoint Green function [59] appropriate to Eq. 2. Theasured flu-
orescence fluence ratey(As,rs,rq) is then compared t®(rs,rq,As1) Pc(Af,rs,rq). Here
O(rs,rq,Af1) accounts for the unknown factors such as fiber coupling fdgght-source
strengths and wavelength dependent detector quantuneatficiA common way of reducing

the detrimental effects @®(rs,rq,A) is to use reference data and, as suggested by Ntziachristos
et al.[68], to normalize with the measured excitation fluence, iage

Pm(Ari,rsfa)  O(rsrd, An) Pe(Afi,Ts ) ©)
Prm(Aex,I's:Td) O(rs,rd, Aex) Pc(Aex s, Fd)’
1 3
= m./d rn(r) ®c(Aexrs,r) G(As,rq,r). (7

Here we have assumed Aalependence fd®(rs,rqy,A) over the narrow range frodey to As).
The reconstruction volume is divided inbvoxels of sizeh® and the integral on the right hand
side of Eq. 7 is expressed as a sum over all voxels mjita n(rj):

Pm(At1,rs,d) 1 AR
h° ni ®c(Aex,rs,Fi) G(Ag,rg,ri). 8
cbm(/\exar&rd) q)c()\ex7rsard) jZl J C( ex s ]) ( fl,d J) ()

We make a total oM measurements at source-detector paiisri), i = 1...M, and obtain
Eq. 8 for each source-detector pair. This approach trassiato the matrix equality expressed
below with regularization:

ATI+AL)n=JTy. 9)
HereJ is aM x N matrix with the elements

_ h? Dc(Aexo 'sis 1) G(As1,rdi )
Dc(Aex, sis I di) '

y is vector of sizeM with y; = ®(A+, i, Mdi) / Pm(Aex 'sis Fdi), @andn is vector of sizeN with
elements;.

Equation 9 uses a first-order Tikhonov prior with the regaktion parametef and aN x N
Laplacian matrix_. The elements of the matrik,, are defined akj = ¢if j =i, Ljj = —1if
theit voxel is a nearest neighbor @f' voxel, andLj = 0 otherwise [69]. Heré denotes the
number of neighbors of" voxel. The value of the regularization parameterjs determined
with the L-curve method [70] and typically found to be 100.

A finite element based numerical solver [71] is employed teesthe photon diffusion equa-
tion for d¢(Aey 11)), USiNg absorption and scattering parameters derived fioraceding recon-
struction of intrinsic optical properties. Equation 9 isthinverted using a preconditioned gen-
eralized minimal residual (GMRES) solver [69]. A typicav@rsion withM = 10000 source-
detector pairs antl = 40 x 15 x 40 voxels takes about 40 minutes in total using an (Rtel
Xeon(™) 3.2 GHz processor with 6 GB memory.

In this paper we present and compare the contrasts of ttevioll) parameters: THC, StQ
ps and ICG concentration. The 3D reconstruction procedureinsnsarized in the flowchart
in Fig. 4: After the data acquisition and preprocessing,skpoxy- and deoxy-hemoglobin
concentrations ([Hbg}, [Hb]) and p images are reconstructed iteratively using a non-linear
conjugate gradient optimization routine suited to the wsgectral method [4, 61, 62]. THC
= [HbOy] + [Hb], StO, = [HbO,J/THC and p contrast images are then obtained by scaling
the image with the mean of the whole breast. As for the ICG enftration image, Eq. 9 is
constructed using absorption and scattering parametgd« fi,r ), U(Aex f1,1)) derived from

Ji7j

(10)
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the endogenous chromophores obtained in the previousssténverted with a GMRES solver
routine. ICG concentration is obtained from reconstructeding Eq. 3{ICG] =n/(g(Aex)n),
and scaled to yield ICG contrast far vivo reconstructions in a manner similar to that of
endogenous contrast case. Note thaf; corresponds to measurement wavelengths 786 and
830 nm, respectively, ang{Aey) = 254000 cmi/M [72], n = 0.016 for ICG in water [73].

The contrast image slices for all of the four parameters m@aled along with the profiles
depicting the contrast along the pink lines crossing peaitrast regions. Profiles are plotted
with standard deviations calculated from upper and loweeglpiadjacent to the pink traces.

2.6. Fluorescence transillumination

In order to generate a quick but incomplete representatidluarescence data, we also con-
struct two-dimensional fluorescentransilluminationimages [4]. The fluorescence transillu-
mination image is defined in terms of fluorescence and eimitfiience rate data as follows:

< o f]
T(rq) = —log (MW) (11)

ng (Df’anx(rSv rd)

HereN; refers to the number of sources used in the scan. Notehffats, rq) andd).fn'(rs, rq)
are obtained in the first and second (full FDOT scan) stag#®edaf vivo measurement, respec-
tively. High contrast regions in a fluorescence transillation image indicate enhanced ICG
uptake and fluorescence. Transillumination images arécpkatly useful for identification of
surface features that have the potential to generate DOgerarifacts.

3. Results
3.1. Phantom fluorescence - raw data

We first display raw fluorescence data in order to demonstinattelight leakage is negligible.
For the case of the tissue phantom we expect the fluorescima o emerge entirely from
the small, cylindrical ICG phantom.

(2) Transmission b) Fluorescence

30000

20000
r

10000

Counts
18.5cm

13cm

Fig. 5. Outline of the phantom is drawn in pink color and white magkshows the pro-
jection of the 4% source location onto the detector plane. The phantom a4 ICG
concentration. (a) Transmission intensity at the excitation wavelength ferednat the
source position. (b) Fluorescence signal originates within the object.

Figure 5 shows excitation light transmission and trangditiiorescence intensity data from
a phantom. The data were recorded with the CCD camera wieiligifit at 786 nm was illumi-
nating the medium from the £8source position. The projection of the source position @n th
detector plane is marked withsa and the target outline is drawn in pink. Notice that the exci
tation signal peaks very near the source position. By cefjttiae fluorescence signal appears
to originate within the phantom object (i.e. the object wiifiiM ICG concentration).
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3.2. Phantom fluorescence - full 3D reconstruction

In Fig. 6, image slices from the source plane to detectorepkme derived from 3D recon-
structions of fluorescence (Fig. 6(a)) and absorption (&(g)) of the phantom with [ICG] =
1 uM. The fluorophore concentrations indicated by the colardieFig. 6(a) were calibrated
by titration [53]. Fluorescence and absorption resultsragmod agreement with respect to the
phantom location. The full width at half maximum (FWHM) of thecovered images (2 cm)
also approximates the size of the object (1.6 cm) reasonedilly

llﬂﬂﬂllli

&17
y = (c)mcm y=2.8cm (a) y=6.3cm kM

Fig. 6. Image slices from 3D reconstructions of the phantom’s ICGemnation (a) and
absorption at 786nm (b). Object location and size correlate well with hathefscence and
absorption images.

3.3. Invivo fluorescence - raw data

Similar excitation and fluorescence intensity imagesrosivo data are displayed in Fig. 7 for
two different source positions: The 3source in contact with tissue, and thé™gource in
contact with the matching fluid. The red outline of the brémsirawn based on the photograph
taken with the CCD camera. Fluorescence signal is obseoveddinate only from within the
breast tissue.

In Fig. 8 and 9 we present fluorescence data at different tonepin a patient scan (case 2)
in order to demonstrate that: (1) The detected fluorescegoalss primarily due to ICG in the
breast region, and (2) excitation light leakage is neglggiBigure 8 shows a plot of intensity
averaged over an area of X010 pixels located around the peak fluorescence signal aa fun
tion of time. This data is obtained from images acquired Whhsecond exposure time while
excitation light illuminates the medium from thetSource position (marked with a whiten
Fig. 9). The green line is a simple exponential fit ()} to the peak fluorescence signal ac-
quired between the time interval t = 3 and t = 10.2 minutes. Shdetermined decay rates fall
in the range reported in the literature (i.e. 0.17 - 0.21 )rj14]. The full fluorescence scan
starts at t = 6.6 min with the®isource, and at t = 10.2 min the fluorescence signal is recorded
from the 1% source. This data point serves as a reference to correatltherhographic scan
data for ICG washout.

Figure 9 exhibits the fluorescence intensity images fromcset! time points. Att =0, before
the ICG injection starts, the detected intensity represém system noise floor (Fig. 9(a)).
During the 29 minute, when the ICG fluorescence reaches its peak, up to BO@@scent
CCD counts are detected (Fig. 9(b)). This count total drop&®0 as the ICG washes out from
the breast att = 10.2 (min) as shown in Fig. 9(c).
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Fig. 7. The different origin of excitation transmission and fluoresceigreals are demon-
strated with data acquired from a patient (case 2). The breast outlireans evith red, and

the white mark £) shows the projection of the excitation source location onto the detector
plane. Transmitted excitation light appears to come from the source poagtishown in

(a) and (b) for source 23 and 36, respectively. The fluorescgignal, on the other hand, is
clearly contained inside the breast boundary, as demonstrated foesd®8 and 36 in (c)
and (d), respectively.

Fluorescence Monitor (15th Source)

3000 T T T T :
—e— Fluoresence
25001 Exp Fit 7
j%2]
£
8 2000 B
; | Full Fluorescence Tomographic
>
% 15001 Scan |
c
o
c
~ 1000f Inject ICG 7
3
% 0 [
LT
0 Il Il Il Il Il Il Il Il I
0 2 4 6 8 10 12 14 16 18 20
Time (min)

Fig. 8. Fluorescence intensity (blue line) versus time, obtained from isreappuired while
excitation light at 786nm illuminates the medium from thé"iburce position. The green
line shows the exponential fit to the fluorescence peak intensity valueseda@fter the

39 minute. The full fluorescence scan starts at t = 6.6 min and at t = 10, Zlmorescence
intensity is recorded with the Bsource. This data point serves as a reference to correct
the full scan data.
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13 cm

18.5¢cm

1000
0

' 0
(a) t= 0 (min), No ICG Injection (b) t = 2(min), ICG Injection Peak (c) t=10.2 (min), in Full Scan  Counts

Fig. 9. Images acquired at different time points in a patient scan (3ag@l2 the excitation
light at 786 nm illuminated the tissue from"%ource position (marked with a whit9.
(a) Att =0, before ICG injection, the detected intensity is essentially theraystése. (b)

t =2 min, fluorescence signal reaches its peak. (c) At later times thal sigareases as the
ICG clears out of the tissue.

3.4. Invivo fluorescence 3D reconstruction

In this section we exhibit 3D DOT contrast images of THC, St@(786nm), and ICG concen-

tration (FDOT), 2D fluorescence transillumination, andaadum (Gd) enhanced MR images
of the three breast cancer patients. As discussed in refefd3] both Gd and ICG can dif-

ferentiate cancer based on tumor hypervascularizatiagitadlith different mechanisms. DOT

and MR studies were conducted separately with differentpression schemes: axially and
sagittally respectively. Here we only display sagittalseof MR images in order to show the
axial depths of the tumor regions.

3.4.1. Casel

A 46-year-old pre-menopausal female diagnosed with imeaguctal carcinoma in her right
breast by fine needle aspiration was recruited forithévo fluorescence DOT measurement.
The palpable mass was located around 8 o’clock and was neghBube 2.5 cm in a multi-
modality imaging study (i.e. ultrasound, mammogram, MRt RET). Her breasts were almost
entirely fat with averagel, of 54+ 2 cm 1. Note that the averages include the tumor region as
well. The radiology report, Fig. 10(a), shows the approstaracation of tumor in frontal view.
Pathologic analysis found the tumor to be highly invasivihvidloom-Richardson (BR) grade
of 9.

MRI sagittal slice from the right outer quadrant containihg tumor is shown in Fig. 10(b).
The tumor exhibits higher intensity in the DCE-MRI image guared to the surrounding tissue,
due to increased tumor vascularity and gadolinium uptakéhis slice, the tumor is located in
the lower quadrant that corresponds to a plane near thetdetdce. y = 5cm) in the DOT
images.

Figure 10(c) displays the diffuse fluorescence transilhation image. Note that our CCD
view is caudal-cranial (from foot to head), so the right aeid $ide of Fig. 10(c) correspond
to lateral and medial sides, respectively, for the rightabteClearly a localized fluorescence
uptake is observed from the transillumination image at éteral side where the tumor is ex-
pected to be found. The enhancement seen towards the uppéal part is probably due to
veins close to surface of the breast tissue, and it is in faatlized towards the detection plane
in 3D reconstructions (Fig. not shown).

Figure 11(a) shows a selected slice (y = 5cm) from the full BEDF & DOT reconstructions
wherein most of the parameters exhibit large contrast. 3ligs is near the detector plane (y
=6 cm). In a volume that is confirmed to be the tumor region leyGld uptake and radiology
report, the reconstructed TH@; and ICG concentrations are higher and St®©somewhat
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Fig. 10. (a) lllustration of the tumor location for Case 1. (b) According ghdolinium
enhanced sagittal MR image slice the tumor is located around y =5 cm positleDOT
configuration. (c) Fluorescence transillumination image obtained frairamdcase 1).

Total Hemoglobin Concentration .

Blood O_X).(éen Saturation

1

Contrast

1

DOT Slices aty =5 cm
(@) (b)

Fig. 11. Patient Case 1: Total hemoglobin concentration, blood oxygemasion, p1
(786nm) and fluorescence image slices at y = 5 cm are displayed (atheithvalues
along a horizontal line passing through the center of tumor (b).
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Fig. 12. Iso-surface plot of THQ{(786nm) and fluorescence at iso-values of three stan-
dard deviations above their respective means correspond to tumtiofodautline desig-
nates the border of the breast modeled as an ellipsoid using the bresstaiten with the
CCD camera.

lower than the surrounding tissue. Furthermore from théilprplot in Fig. 11(b), we observe
that u, and ICG concentration exhibit up to four- and 5.5-fold castr respectively, whereas
THC contrast is only 1.3 and and St@oes not show any significant contrast.

Figure 12 shows 3D iso-surface images of THE,and ICG concentration contrast with
iso-values set to three standard deviations above theinsn@de iso-surfaces of the three
contrasts overlay one another quite well, and the volumelifferences may be due to real
tissue physiology variation.

3.4.2. Case?2

This 54-year-old pre-menopausal female was diagnosedanithvasive ductal carcinoma in
her right breast by ultrasound-guided core biopsy (19 daig po DOT). The tumor was
located as an irregular lobulated hypoechoic mass of s&e 1..3 x 1 cm in the right areolar
region. Figure 13(a) shows the approximate location of tuméontal view. Tumor BR grade
was 5 according to lumpectomy.

Sagittal MR image slice in Fig. 13(b) displays the highestupthke in the tumor region
that would correspond to y = 4 cm axial slice in the DOT confagian. The patient’s breasts
were heterogeneously dense and the MRI shows Gd uptaketattioe (slightly lower than the
nipple) but also diffused enhancements scattered ovedglantissue. Averagg was found
to be 7+ 1 cnr L. The fluorescence transillumination image in Fig. 13(cm&heCG uptake
distributed throughout the whole breast.

After the 3D reconstructions were carried out, contrasinfithe tumor region was more
evident. Figure 14(a) shows the DOT contrast image slicgsat cm (detector plane aty = 6
cm) and the corresponding profiles are plotted in Fig. 14(bg tumor has an increase in THC
and pf contrasts of 25% and 50% respectively, and it is slightlyxggenated with decrease

#80644 - $15.00 USD  Received 5 Mar 2007; revised 9 May 2007; accepted 10 May 2007; published 16 May 2007
(C) 2007 OSA 28 May 2007/ Vol. 15, No. 11/ OPTICS EXPRESS 6711



MRI Sagittal Slice

12 O'Flock

9 o'clock/

60 clock
(2)

Fluorescence Transillumination

0.04

0.03
0.02

Boor
0

14 cm »

(©)

Fig. 13. (a) lllustration of the tumor location for Case 2. (b) Sagittal slisenfgadolinium
enhanced MR image shows a bright spot below the nipple area condisgato the y
= 4 cm axial slice in the DOT configuration. (c) Fluorescence transillumingtioture
obtained from patient (case 2).

Total Hemoglobin Concentranon
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Blood Oxygen Saturation

Aed!
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Fig. 14. Patient Case 2: Total hemoglobin concentration, blood oxygéurasion,
p&(786nm) and fluorescence image slices at y = 4 cm are displayed (a)haithvalues
along a horizontal line passing through the center of tumor location (b).
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of 9% in StGQ. The ICG concentration provides the highest contrast ofddb Interestingly
the ICG contrast is more localized than THC grdpotentially indicating differences between
hypervascularized and leaky regions.

3.4.3. Case3

The last patient case examined a 52-year-old post-menalfeusale diagnosed with invasive
carcinoma in her left breast by ultrasound guided core lyi¢@8 days before DOT). A tumor of
size 1.5 cm was located to be approximately at & o’clock retro-areolar position by a multi-
imaging modality study (i.e. ultrasound, mammogram, MRY ET). Figure 15(a) shows the
approximate location of tumor in frontal view.

12 o'clock MRI Sagittal Slice
= \
|
T
[
, [
9 o'clock{ ~ )\ 30oclock
[
\ |
6oclock 4—12 cm->
(a)

Fluorescence Transillummatlon

()

Fig. 15. (a) lllustration of the tumor location for Case 3. (b) According ghdolinium
enhanced sagittal MR image slice the tumor is located around y = 5 cm positlmDOT
configuration. (c) Fluorescence transillumination picture obtained fratiemt (case 3).

The sagittal MR image slice in Fig. 15(b) shows a localizeghhGd-enhancement in the
tumor region slightly below the nipple, close to the DOT déte plane. As in Case 2, this
patient has heterogeneously dense breasts, and diffudeGdienhancements scattered over
the glandular tissue are observed in Fig. 15(b). Averageias found to be 9% 2 cm 2. In
accordance with the MR image, the fluorescence transillatiin image in Fig. 15(c) displays
ICG fluorescence distributed throughout the whole breast.

Optical contrast tomographic image slices are shown inTd(g) at the y = 5 cm slice where
the parameters exhibit high contrast. The image slice spords to slice near the detector
plane (y = 7 cm). THC angi depict contrasts of up to 1.3 and 1.5 whereas,S$t&s contrast
of -0.1. ICG concentration has the highest contrast of up-foldl As clearly seen in Fig.
16(b) there is a difference in the locations of the contrastames of the four parameters.
ICG concentration and Syrontrasts are observed to be locateticm away from THC and
ps peaks which may again indicate differences in ICG uptakesden hypervascularized and
leaky regions.
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Fig. 16. Patient Case 3: Total hemoglobin concentration, blood oxyaeurasion,
p&(786nm) and fluorescence image slices at y = 5 cm are displayed (ajhsithvalues
along a horizontal line passing through the center of tumor location (b).

4. Discussion

Optical imaging of biomarkers in tissue is a significant téml enhancing cancer detection
specificity and sensitivity. In this paper we have reportéelasibility study, imaging duores-
centcontrast agent in 3D. We clearly resolve breast caicgivo. Three patient case studies
were carried out, and concurrent endogenous and exogemages were obtained with exist-
ing DOT instrumentation.

The fluorescence imaging capabilities of our apparatus exeeiated with tumor mimicking
phantom experiments. Raw data images clearly showed thaighal was due to ICG fluores-
cence. 3D images were reconstructed using algorithms cayramployed in DOT. Phantom
scattering/absorption images as well as patient endogeranirast images were obtained via
a non-linear conjugate gradient optimization routineesliito the multi-spectral method. For
fluorescence image reconstruction, on the other hand, we éssentially utilized a scheme
formulated first by O’Learyet al.[32] for fluorescence lifetime imaging and developed furthe
by Ntziachristoset al. [68]. This approach incorporates normalization of the #isacence with
excitation intensity measurements. A similar approachalss used by Patwardhanal. [53].
However, in the present work the excitation intensity wassueed before ICG injection, and
fluence rates in Eq. 8 were calculated numerically based enotimographically-determined
heterogeneous absorption and scattering properties afdlaium. Our phantom fluorescence
and absorption reconstruction results suffer from thecpblurring process due to the ill-
posed nature of DOT, however the FWHM of the recovered imageesavell with our previous
reports [3] wherein the same phantom was used for instruoteracterization.

Several other FDOT schemes have been proposed. Klose alstlitie[38] demonstrated
fluorescence tomography based on radiative transportiequat 2D simulations. Their al-
gorithm is promising for fluorescence tomography in smadirgetries or in media with high
absorption coefficients. Eppsteghal. describe a 3D reconstruction algorithm [37] suited for a
gain modulated intensified CCD setup. In this case backgroptical properties are obtained
from frequency domain measurements and fluorophore (IC@eartration is reconstructed us-
ing a Bayesian framework. The in-depth analysis presemtgein incorporates measurement
error and dynamic update of parameter uncertainty estsrtast would potentially improve
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our results.

The present paper reported endogenous contrasts alongheiffuorophore concentration
contrast for three patients. In all three cases the tumaomezxhibited increases in THC, ICG
and pf and a slight decrease in StOTHC, StQ and p contrasts of the tumor were in the
1.25-1.3,0-0.1, and 1.5 - 4 ranges, respectively. The niSEHC is consistent with angio-
genesis accompanying the tumor growth. The high oxygen démécancer cells might be
expected to cause lower StOThe increase in scattering contrast can be attributed to-an
crease in concentration of organelles such as mitochoddddo the high metabolism in tumor
cells, but might also arise (at least partially) from absorgscattering image cross-talk. Pre-
viously we have found that spectral constraints reduce thesetalk associated with CW data
when optimum source wavelengths are used [62, 63]. The nmerasat wavelengths utilized
in this study, however, are not quite optimum for separagibgorption and scattering. Never-
theless our simulation work (results not published) hasdoatine cross-talk to be around 30%.
Therefore we believe the scattering contrast is mostly iplggical, in agreement with several
other researchers who have found 20% to 30% tumor scatteangyast using time-domain
data [74, 75]. Overall the intrinsic contrast results pnése herein agree with our previous
findings [4, 76].

ICG contrast at the tumor location was visible in the fluoesee transillumination image
for Case 1, but similar transillumination images for Cases@ 3 did not exhibit discernible
contrast. In general transillumination is an insufficieadiological tool; it cannot separate the
effects of light absorption and scattering within the tes§t6]. However, 3D FDOT image re-
constructions based on the photon diffusion Equation pextiCG contrast images consistent
with the radiology reports for all three cases. ICG conaditn contrast ranged between 3.5-
and 5.5-fold, possibly due to the leaky tumor vasculature.

ICG contrast in the tumor region was 3 to 4 fold higher thanThiC contrast and 2 to 3
fold higher than the scattering contrast. ICG binds to blpomeins, and in the case of leaky
tumor vasculature, ICG can aggregate in the tumor regiotevthe ICG in normal tissue is
washed out. Therefore, timing in the ICG fluorescence measemt plays an important role
in affecting contrast, and full tomographic scans carriatiduring the tail of ICG temporal
decay curve facilitate enhanced detection of a fluorescsigoal that originates mostly from
the tumor region. Thus the fluorescence contrast of the tsimdroosted.

FDOT studies for small animal imaging were applied by Grated. [51], and by Patward-
hanet al.[53] in a similar parallel-plane source and lens coupled G@mera system. Graves
et al. were able to reconstruct 3D image of a fluorescent probe nvdhinouse tumor with
submillimeter resolution. Patwardha al. studied the spatio-temporal evolution of the fluo-
rophore distributiorin vivo. Both studies are consistent with our work, showing prefeaé
uptake of the target fluorescent probe in the tumor relativormal tissue.

The purpose of this study was to investigate the feasibdlftin vivo diffuse optical fluo-
rescence tomography for human breast cancer. The appaitdizsd an existing breast DOT
instrument with slight modifications (e.g. by coupling spekfilters). Several technical im-
provements can be introduced to further validate the fleemse contrast clinically and to
achieve dynamic imaging. A system that records the fluorescand excitation signals si-
multaneously will provide better quantification and sp€eEuis system can be achieved with
a two-camera system or with a spectral filter wheel systenpleduto the CCD camera. In a
different vein, FDOT reconstruction algorithms can be iayed to incorporate absorption due
to ICG in the matrix inversion (see Eg. 9). One way of achiguimis is to invert Eq. 9, itera-
tively updating ICG absorption at each step; another wayldvba to obtain ICG absorption
directly from excitation signals in a system capable of rdtw fluorescence signals simulta-
neously. In order to accomplish dynamic imaging we needefastquisition. To this end, we
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have started to incorporate fast optical switches and gaithutated CCD intensifier units into
the current system. The upgrade will provide frequency domeeasurement of both the ex-
citation and fluorescence signals thereby will allow quamation of fluorophore lifetime and

superior reconstruction of absorption and scatteringfiwberfts [77].

5. Conclusion

We have demonstrated three-dimension&ivoDOT images of fluorescence, total hemoglobin
concentration, blood oxygen saturation and scatteringrasis in three patients with tumor
bearing breasts. The results were validated with phantgarerents using the same continu-
ous wave imaging instrument.

To our knowledge, this proof of concept study is the first mi@d report showing it is
possible to detect and reconstruct breast tumor fluoresdangvo in 3D with diffuse opti-
cal tomography. The large tumor contrast obtained with atacgeted exogenous fluorophore
(ICG) portends a promising future as molecularly targetgescand beacons become available
for clinical use.
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