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We employ diffuse optical tomographysDOTd to track treatment progress in a female subject
presenting with locally advanced invasive carcinoma of the breast during neoadjuvant chemo-
therapy. Three-dimensional images of total hemoglobin concentration and scattering identified the
tumor. Our measurements reveal tumor shrinkage during the course of chemotherapy, in reasonable
agreement with magnetic resonance images of the same subject. A decrease in total hemoglobin
concentration contrast between tumor and normal tissue was also observed over time. The results
demonstrate the potential of DOT for measuring physiological parameters of breast lesions during
chemotherapy. ©2005 American Association of Physicists in Medicine.
fDOI: 10.1118/1.1869612g

Key words: diffuse optical tomography, neoadjuvant chemotherapy, breast cancer, near infrared
imaging, breast imaging
y
ally
o
rea
tien

pr
sur
se.
ge
hou
out-

nito
ts o

rapy
ina-
valu-
r re-

r
with
etic
to
che-
t
ctical
of
gio-
with
I. INTRODUCTION

Neoadjuvant chemotherapysi.e., preoperative chemotherapd
is an important therapeutic approach for women with loc
advanced breast cancersLABCd. LABC generally refers t
lesions larger than 5 cm that may or may not have sp
beyond the breast and axillary lymph nodes. If the pa
responds to neoadjuvant chemotherapy, the size of the
mary tumor decreases, facilitating better control through
gery while potentially eradicating micrometastatic disea1

Neoadjuvant chemotherapy enables a higher percenta
patients to undergo breast conservation therapy wit
negatively impacting local recurrence rates or long-term
come when compared with adjuvant chemotherapy.2 Addi-
tionally, the neoadjuvant setting provides a means to mo
the effectiveness of chemotherapy by observing its effec

the primary tumorin vivo.
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Information about tumor response during chemothe
may be useful for treatment optimization. Physical exam
tion, as well as mammographic and ultrasonographic e
ations sometimes have limited utility for assessing tumo
sponse due to chemotherapy-induced fibrosis.3–5 While
magnetic resonance imagingsMRId has proved useful fo
defining the extent of residual disease when compared
pathology,6,7 and while dynamic contrast-enhanced magn
resonance imagingsDCE-MRId has demonstrated ability
monitor tumor size and vascularity during neoadjuvant
motherapy using gadolinium contrast agents,7–9 the high cos
and invasiveness of these methods render them impra
for frequentse.g., dailyd monitoring. Frequent monitoring
vascularity is important. Indeed a reduction of tumor an
genesis from neoadjuvant chemotherapy in combination

hormone therapy has been confirmed by pathologic
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analysis.10 Therefore, new noninvasive imaging meth
with capabilities for monitoring vascularity responses to n
adjuvant chemotherapy are desirable.

Diffuse optical tomographysDOTd11 is a relatively new
imaging modality with potential to follow therapy at shor
time intervals. DOT provides physiological information
rectly related to tumor vascularity and oxygenation, with
expensive, nonionizing, and noninvasive instrumenta
DOT utilizes light sources in the near-infrared spectral
gion s600–1000 nmd wherein the major tissue chromopho
are oxy-hemoglobinsHbO2d, deoxy-hemoglobinsHbd, water,
and lipid. In this regime, photon transport is dominated
scattering, and light can penetrate centimetersse.g., 10 cmd
below the tissue surface. Using optical measurements at
tiple source-detector positions on the tissue surfaces, on
readily reconstruct the internal distribution of the absorp
coefficientsmad and the reduced scattering coefficientsms8d in
three dimensions. Physiological images of total hemogl
concentration, blood oxygenation, water, and lipids are
rived from this information. Thus far DOT has been app
in breast cancer imaging,12–23 brain functional imaging,25,27

stroke detection,24,26 muscle functional study,28,29 photody-
namic therapy,30,31 and radiation therapy monitoring.68

Not surprisingly, use of DOT for detection and charac
ization of breast cancer has been of great re
interest.14,17–22,32–41The functional information provided b
DOT is complimentary to the morphological information
tained by traditional breast imaging modalitiessi.e., x-ray
mammogram, ultrasound, MRId. For example, clinical stud
ies employing three-dimensional DOT have identified
quantified total hemoglobin concentration in human br
cancer,18,32 correlating well with histologic parametersse.g.,
blood vessel densityd.14 Jakubowskiet al.41 have recentl
demonstrated the capability of diffuse opticalspectroscop
si.e., as opposed to diffuse opticalimagingd for monitoring
neoadjuvant chemotherapy in a breast cancer patient.
important paper introduced a new clinical application to
field. However, quantification of breast cancer prope
from spectroscopic data alone requires assumptions
tissues se.g., homogeneous media, etc.d which are often
questionable.42 In addition, the remission measurement
ometry used in their experiments is primarily sensitive
palpable, near-surface tumors.

The potential of diffuse opticalimaging as a chemo
therapy monitoring tool has not yet been explored, and i
subject of this contribution. We present a case study w
demonstrates the feasibility of this approach. We have
lized a four-wavelength near-infrared hybrid DOT instrum
with continuous wave transmission and frequency-dom
remission detection for breast imaging.12 Our subject had
locally advanced invasive ductal carcinoma, and under
four cycles of adriamycin plus cytoxan and four cycles
taxotere prior to surgery. DCE-MRI were performed at th
time points throughout the therapy. After completion
adriamycin cycles, we tracked the subject with DOT at th
time points. Three-dimensional DOT images of total he

globin concentration, oxygenation, and scattering were re
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constructed. We found that tumor volume and total hemo
bin tumor-to-normal contrast decreased over the cour
neoadjuvant chemotherapy. Furthermore, tumor vo
changes measured by DOT showed good correlation
DCE-MRI measurements of the same subject.

II. METHODS

A. DOT instrumentation

A schematic of the DOT instrument is shown in Fig
This parallel-plane DOT system has been extensively
acterized for breast cancer imaging using tissue phan
and normal breast.12 The hybrid system combines frequen
domain sFDd remission and continuous-wavesCWd trans-
mission detection. We briefly summarize the salient deta
this instrumentation below.

The table was designed to accommodate the female
ject in prone position with her breasts inside the breast
A breast is typically centered and softly compressed bet
a movable compression plate and a viewing window with
compression distance ranging from 5.5 to 7.5 cm. The b
box was coated black and designed to hold a matching
which has optical properties similar to human tissue.
matching fluid was composed of Liposyn IIIs30%, Abbot
Laboratories, Chicago, ILd as a scattering agent and India
sBlack India 4415, Sanford, Bellwood, ILd as an absorptio
agent.

Four laser diode sources, operating at 690, 750, 786
830 nm, respectively, were sinusoidally intensity modul
at 70 MHz. A series of optical switchessDiCon Fiber Optics
Richmond, CAd were used to direct the light sources i
different source positions on the compression plate w
contained 45 fibers arranged in a 935 grid as shown in Fi
1sbd. Nine 3 mm diameter detection fiber bundles were in

FIG. 1. Schematic of parallel plate diffuse optical tomography instrum
sad Frequency-domainsFDd remission and continuous-wave transmis
measurements were performed simultaneously on a female subject ly
prone position.sbd The source plate contains 45 source positions and
detectors. 984 detection points with 3 mm spacing were selected from
data for image reconstruction.
-laced in a 333 grid on the compression plate and connected
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to the frequency-domain detection module. Homod
techniques43 were utilized to extract the amplitude and ph
of the detected remission signal. The frequency-domain
surements provided accurate quantification of bulk prope
of the human tissue and matching fluid, thus improving
initial guess used for the image reconstruction.

A lens-coupled 16-bit charge-coupled devicesCCDd cam-
era sRoper Scientific, Trenton, NJ, VersArray:1300F, 1
31300 pixeld system with an antireflection coated gl
viewing window was used for collecting CW transmiss
data. 232 on-chip binning of the CCD gave 5
3400 pixels over a detection area of 15.639.0 cm.

B. Neoadjuvant chemotherapy and MRI protocol

A 35-year-old premenopausal Caucasian female un
went neoadjuvant chemotherapy for invasive ductal c
noma in her left breast at the Hospital of the University
PennsylvaniasPhiladelphia, PAd. The therapy consisted
four cycles of doxorubicinsadriamycin, 60 mg/m2d plus
cyclophos-phamidescytoxan, 600 mg/m2, regimen denote
as ACd followed by docetaxelstaxotere, 100 mg/m2, regi-
men denoted asTd. Herein we will refer to the treatment
“AC” followed by “T.” Each cycle was taken at three we
intervals. She participated in the MRI research st
CALGB150007/150012: “Contrast Enhanced Breast M
and Correlative Science Studies to Characterize Tumo
sponse in Patients Undergoing Neoadjuvant Chemothe
for Locally Advanced Breast CancersI-SPYd” sPI:L. Esser
man, MD, MBAd. The timing diagram for chemotherapy a
imaging measurementssMRI and DOTd is provided in Fig
2.

DCE-MRI measurements were performed at the follow
time points: one week before chemotherapysprechemo
therapyd, week 12 following completion ofAC, but prior to
initiation of taxoteresTd therapy, and week 23 following th
completion of taxotere therapy, but prior to surgical tum
removalsmastectomyd. MRI of the breast was performed
1.5 T sGeneral Electric, Signa, Milwaukee, WId using in-
house sagittal compression receiver coils.44 At each time
point, the DCE-MRI measurement consisted of sagittal h
resolution thin section three-dimensional T1-weigh
spoiled gradient echo imaging of the affected breast
formed before, and twice following, bolus intravenous
ministration of 0.1 mmol/kg gadolinium diamidesOmnis-

FIG. 2. Neoadjuvant chemotherapy timing diagram. Four cycles ofAC
sadriamycin+cytoxand therapy were followed by four cycles of taxote
therapy, and then by a mastectomy. Arrows indicate timing of MRI and
measurements.
can©, Nycomed, Princeton, NJd.
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The patient underwent simple mastectomy following
eighth chemotherapy cycle. The surgical sample was
spected grossly and margins were inked in a standard
ion. The sample was then oriented anatomically, and s
tally sectioned to correspond to the MRI imaging pla
Gross inspection revealed an indurated area of abno
firm tissue in the superior breast measuring 1.5 cm
anterior-posterior dimension. This area was evaluated h
logically with Hematoxylin and Eosin staining.

C. DOT protocol

Before each DOT measurement, informed consent
obtained from the patient in accordance with Universit
Pennsylvania Institutional Review Board. Based on the
mor location identified by palpationfFig. 3sadg, the breas
position with respect to the viewing window was optimi
fFig. 3sbdg. Then a soft compression was applied to hold
breast in a stable position. The compression distance
fixed at 7.5 cm. A snapshot of the breast outline was take
the CCD camera before filling the box with the match
fluid fFig. 3sbdg. After filling, the diffuse optical image sca
was conducted for 12 min. After human subject meas
ments, reference optical measurements were performe
the box filled completely with matching fluid. For the ref
ence measurements, a siliconesRTV12 with carbon blac
and TiO2d block was placed on top of the box to extend
diffuse medium in a manner analogous to the subject’s c
wall, and thus avoid signal saturation due to the air boun
DOT measurements were performed at 10, 14, and 19 w
after the firstAC cycle ssee Fig. 2d. These time points corr
spond to after the fourthAC sfourth chemotherapyd, the first
taxoteresfifth chemotherapyd, and the third taxotere chem
therapy cyclessseventh chemotherapyd, respectively.

D. MRI data analysis

Tumor measurements by MRI were performed thro
analysis of enhancing tumor pixels. Subtraction ima
spost-gadolinium minus pregadoliniumd was employed as r
quired. Maximum intensity projections in the sagittal
axial planes were obtained to facilitate accurate tumor

FIG. 3. Tumor location.sad According to x-ray mammogram, ultrasou
and MRI, the primary tumor was located at the 12 o’clock position in
left breast.sbd Photo of breast outline in caudal-cranial viewsfoot to head
viewd. The location of the tumor was approximated by palpation prio
DOT measurement and is indicated by a circle.
surement in three orthogonal dimensions. A radiologist with
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breast MRI experience measured the tumor in three orth
nal planes. Tumor volume was then computed assumin
ellipsoid shape.

E. DOT transillumination

The sequential nature of data acquisition produces a s
two-dimensionals2Dd continuous wave CCD intensity map
We define the detected intensity at detection positionr d due
to source numbers to beIss,r dd. A two-dimensionaltransil-
lumination picture is constructed by summing the contri
tion of all sources, and normalizing with reference d
I0ss,r dd, i.e.,

Tsr dd = − logS os

Ns Iss,r dd

os

Ns I0ss,r dd
D . s1d

Figure 4 shows transillumination pictures after fourth, fi
and seventh chemotherapy cycle.

The transillumination picture offers a quick compo
look at the attenuation level of the raw breast data with
spect to the reference data. It also enabled us to ide
surface features which may correlate with image artifac

F. DOT data analysis: 3D reconstruction

Three-dimensionals3Dd images are derived from the da
using the diffusion model. The propagation of near-infra
light in biological tissue can be modeled by a photon di
sion equation.45–47For the continuous wave case, the pho
transport description simplifies to the following equation

¹ · fDsr ,ld ¹ Fsr ,ldg − masr ,ldFsr ,ld = − Ssr ,ld. s2d

Here r denotes position in space,Dsr ,ld>f1/3ms8sr ,ldg
sRef. 48d is the light diffusion coefficient,ms8sr ,ld is the
reduced scattering coefficient,masr ,ld is the absorption co

2

FIG. 4. Transillumination of breast at 830 nm normalized with respe
reference measurement, offering a composite view of attenuation leve
efficient, Fsr ,ld is the photon fluence ratesfW/m gd, and
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Ssr ,ld is the isotropic light source termsfW/m3gd with
wavelengthl. The absorption coefficientmasr ,ld and re-
duced scattering coefficientms8sr ,ld are the two most impo
tant parameters connecting the diffusion model to ti
physiology via the relations: masr ,ld=ol=1

L elsldClsr d
+ma

backgroundsr ,ld and ms8sr ,ld=Asr dl−bsr d. Here we assum
L chromophores contribute to absorption, each with ex
tion coefficientelsld and concentrationClsr d. The scatterin
prefactorAsr d and scattering powerbsr d give information
about the size and density distribution of scatterer
tissue.49,50

For image reconstruction we start with some initial dis
bution of Clsr d, Asr d, and bsr d, and then solve Eq.s2d for
Fsr ,ld using a finite elementsFEMd based numeric
solver.51 We next update these parameters using a multis
tral inverse approach52,53 until good agreement between
calculatedFcsr ,ld and measuredFmsr ,ld fluence rates o
the boundaries is obtained. Specifically, the update proc
treated as an optimization problem where an objective f
tion

x2 =
1

2o
n=1

N

o
j=1

S

o
i=1

Mj FlogSFmsr i,r j,lnd
Fm

0 sr i,r j,lnd
Fc

0sr i,r j,lnd
Fcsr i,r j,lndDG2

, s3d

is minimized iteratively using a gradient-based schem54

suited to the multispectral method.52,53 Here N is the tota
number of measurement wavelengths,S is the total numbe
of sources, andMj is the number of detectors correspond
to sourcej above the noise floor.r i is the ith detector pos
tion and r j is the j th source position.Fm

0 and Fc
0 are the

measured and calculated fluence for reference measure
respectively, with the breast box entirely filled with match
fluid. The objective function is then modified to incorpor
spatially variant regularization12,55 with an envelope-guide
approach56 where regularization parameters are optim
within the overall iterative process.57

The reconstruction volume was a 16 cm37.5 cm
316 cm region, extending into the chestwall area. In
volume, a finite element mesh with 58087 nodes was us
the finite element method based forward solver to calc
Fc. Fm was constructed by sampling and smoothing
CCD data on a 41324 grid ftotal 984 detection points, Fi
1sbdg with 3 mm spacing for each source. Hemoglobin c
centrationsCHbsr d, CHbO2

sr d, and the scattering prefac
Asr d were chosen as unknowns to be reconstructed w
other variables such as water concentrationCH2Osr d and lipid
concentrationClipidsr d and scattering power,bsr d were fixed
as described below.

Since our particular imaging geometry involves space
cupied by both breast and matching fluid, image segm
tion of the breast and matching fluid was used throug
our calculations. The breast region was approximated
three-dimensionals3Dd half-ellipsoid based on its outline
the photograph taken prior to the measurement scanfFig.
3sbdg. To assign background and initial values to the
regions, bulk optical properties of the matching fluid w
derived from frequency-domain reference measurem

made on the box when it was completely filled with match-
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ing fluid. The breast optical properties were derived f
frequency-domain measurements in contact with breas
face. A homogeneous semi-infinite analytic solution of
frequency-domain diffusion equation with a multispec
approach58 was utilized to fit directly for the bulkCHb,
CHbO2

, CH2O, A, andb in each region. The scattering poweb
was allowed to take on different values in the breast
matching fluid, respectively.ma

backgroundinside the breast wa
then fixed as a combination of 15% watersestimated from
frequency-domain measurement of bulkCH2Od and 57% lipid
absorptionsfrom literature59–61d. ma

backgroundfor the matching
fluid region was fixed at the fitted bulkma of the matching
fluid. For the initial guess,CHb, CHbO2

, andA were assigne
to the breast and the matching fluid based on the bulk
surements, e.g., zero hemoglobin concentration in the m
ing fluid region. After the reconstruction ofCHbsr d, CHbO2

sr d,
and Asr d, 3D images of total hemoglobin concentrat
fTHCsr d=CHbsr d+CHbO2

sr dg, blood oxygenation saturatio
fStO2sr d=CHbO2

sr d /THCsr dg, and scattering fms8sr ,ld
=Asr dl−bsr dg were constructed.

G. DOT image orientation

Figure 5 shows the orientation of three-dimensiona
constructed DOT images. A series of slices along they axis
are arranged from left to right, from the source plane to
detector plane, respectively. Each slice represents
311 cm image in thex-z plane, in a caudal-cranial vie
si.e., from foot to head, same as the CCD camera viewd. The
orientation of each image is such that the left side of e
image slice is lateralstoward outer side of breastd and the
right side is medialstoward middle of the breastsd for the left
breast, and vice versa for the right breast. For simplicit
presentation, slices at selected intervals are presented.
the reconstructed data at FEM nodes is interpolated to
lar grid of 0.2 cm spacing, each slice has 0.2 cm pixel siz
both x andz directions.

H. Image correlation analysis between MRI and DOT

As shown in Fig. 6sad, there are three standard orientat

FIG. 5. Orientation of three-dimensional reconstructed DOT ima
Caudal-cranial slicessfoot to headd were arranged left to right, from sour
to detector plane. The left side of each image is lateral and right s
medial.
of views in tomography. Since the compression schemes o

Medical Physics, Vol. 32, No. 4, April 2005
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MRI ssagittald and DOTsaxiald are different, a true one-t
one image comparison without distortion is not possible

In order to compare the tumor positions obtained by M
with those obtained by DOT, one must derive a transfo
tion relating coordinates in the MRI axial image to coo
nates in the DOT axial image. We developed a simple sc
transformation for this purpose, which by its nature ca
account for all of the deformations arising from breast c
pression in orthogonal directions. The schematic of the t
formation is illustrated in Fig. 6sbd. First, the breast dime
sions of corresponding “central” image slicessi.e., slices
containing the nippled were compared. We derived line
scale factors from the ratio of breast length and breast w
in these corresponding central slices. In particular we de
scale factors a=XDOT

max /XMRI
max, b=YDOT

max /YMRI
max, and g

=ZDOT
max /ZMRI

max, where Xi
max, Yi

max, Zi
max is the longest linea

dimension of the breast in theX, Y, Z directions of theith
sMRI or DOTd image.

We located the tumor center and tumor boundaries in
MRI image by finding the region with high intensity due
large gadolinium uptake. We then rescaled the tumor c
coordinater MRI

tumor to r DOT
tumor by multiplying by scaling factor

si.e., a, b, andgd. The tumor boundaries are defined in
rescaled fashion as well. Importantly, the tumor in the D
image lies approximately within the volume defined by
rescaling based on prechemotherapy MRI. We note this
ing approach assumes linear deformation and does no
count for elastic differences between tumor and surroun
tissue. Future models will be developed to account for el
variations and deformation due to the different compres
schemes.

I. DOT tumor volume estimation

To define a tumor volume in the DOT images, a thres
based on the standard deviations of the reconstructed p

FIG. 6. sad Orientation of MRI view.sbd A sagittal view of MRI stopd and
DOT sbottomd showing differences in compression. A linear scaling tr
formation scheme was utilized to find the tumor center with respect t
nipple in DOT imagesr DOT

tumord from MRI r MRI
tumor.
feters was introduced. First, DOT parameters were decom-
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posed intoma andms8 at 690, 750, 786, and 830 nm. Then
each imagesTHC, StO2, CHb, CHbO2

, andma, ms8 at the four
wavelengthsd an averagespd and a standard deviationsspd
was calculated. The tumor region was defined byp.p+2
3sp, since values greater than 23sp have a 95% chance
be different from the average with the assumption o
Gaussian distribution. The average tumor volumesand stan
dard deviationd was calculated by averaging all tumor
gions defined by all images except StO2 swhere the variatio
did not exceed 23spd. Relative THC srTHC
=THCtumor/THCnormald was calculated by averaging THC
the average tumor region and outside the tumor regio

FIG. 7. Three-dimensional reconstructed total hemoglobin concentrati
in caudal-cranial view, from left to right. DOT images corresponding t

FIG. 8. Three-dimensional reconstructed images ofms8 at 786 nm. Image sl

view, from left to right. DOT images corresponding to after 4th, 5th, and 7

Medical Physics, Vol. 32, No. 4, April 2005
s

defined above.rTHC error bars were estimated based
standard deviation of THCtumor and THCnormal.

III. RESULTS

According to the x-ray mammography, ultrasound,
MRI, the primary cancer was located at the 12 o’clock p
tion in the left breast as shown in Fig. 3. The mammogra
and ultrasound reported adjacent multiple masses, the l
being 2.132.232.1 cm in size at prechemotherapy ti
points. Prechemotherapy DCE-MRI measured the tumor
to be 5.332.232.7 cm. MRI has been shown to be m

ages. Image slices from source to detection plane are presented at 1vals
r 4th, 5th, and 7th chemotherapy were arranged from top to bottom.

rom source to detection plane are presented at 1 cm intervals in caud
on im
o afte
ices f

th chemotherapy were arranged from top to bottom.
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1134 Choe et al. : DOT of breast cancer during neoadjuvant chemotherapy 1134
accurate in depicting the size and overall extent of tu
than mammography or ultrasound.6,62,63 Tumor size estima
tion by DCE-MRI at different time points is summarized
Table I. The approximate tumor location in prone posi
assessed by palpation was,8.5 cm from the nipple alon
the breast contour. In our camera viewscaudal-cranial viewd,
this tumor location corresponds to a distant upper ce
position from the nipple as shown in Fig. 3sbd.

The transillumination images in Fig. 4 show high sig
attenuation at the surface blood vessel and around the
central region particularly for data taken after the fourth c
motherapy cycle. This surface blood vessel was first id
fied through observation while positioning and was c
firmed with DCE-MRI images. The transillumination pictu
is quite sensitive to such surface features.

Three-dimensional DOT images of total hemoglobin c
centration sTHCd, reduced scattering coefficientsms8d at
786 nm, and blood oxygen saturationsStO2d are presented
Figs. 7–9, respectively. In each figure, images from le
right correspond to 3D DOT image slices taken from so
to detector planes. The DOT images corresponding to d
ent time points within the chemotherapy cycle, are arran
from top to bottom. Color bar scales are fixed fr
5 to 15 cm−1 for ms8 at 786 nm, and from 50% to 100% f
StO2. However, colorbar scales for THC are not fixed and

FIG. 9. Three-dimensional reconstructed blood oxygen saturation im
caudal-cranial view, from left to right. DOT images corresponding to a

TABLE I. Tumor size measured with DCE-MRI at different time points d
ing neoadjuvant chemotherapysAC: adriamycin+cytoxan,T: taxotered. Tu-
mor volume was estimated by assuming ellipsoidal tumor shape.

Time
Tumor size

scmd
Tumor volume

scm3d

Prechemotherapy 5.332.232.7 16.5
After completion ofAC cycles 3.831.431.8 5.0
After completion ofT cycles 3.031.631.3 3.3
Medical Physics, Vol. 32, No. 4, April 2005
l
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adjusted at each time point to maximize the THC color
trast between tumor and normal region. The THC scale
adjusted so its maximum value was twice its minim
value; this preserves the percentile changes in the colo

In the THC imagessFig. 7d after the fourth chemothera
cycle, a high THC region is found in slices near the so
planes1–3 cm deep from surfaced and near the upper cent
part of the breast. The lesion position corresponds to
tumor location estimated initially by palpation at 12 o’clo
and 8.5 cm away from nipplesas shown in Fig. 3d. After the
fifth chemotherapy cycle, the tumor region is still identifi
by THC contrast near the source plane and in the upper
tral region. However, the contrasted region appears sm
than the corresponding region after the fourth chemothe
cycle. Also, the average THC decreased significantlysi.e.,
from 21.4±1.4mM to 9.1±0.5mMd. The THC distribution
after the seventh chemotherapy cycle is more homogen
throughout the slices compared to previous chemothe
cycles. Within the original tumor margins, the high T
region shifts toward outside of the tumor, leaving a relati
low THC region occupying most of the tumor extent. T
average THC increased slightly between Figs. 7sbd and 7scd
from 9.1±0.5mM to 12.5±0.6mM.

Figure 8 exhibits a similar trend. It shows higherms8 val-
ues in the tumor region, and this region with highms8 shrinks
over the course of treatment. Thems8 range does not vary
dramatically as the THC, and gives a higher contrast
between tumor and normal tissue. Slices near the dete
plane are affected by artifacts related to large vessels. T
artifacts bear close resemblance to the transillumination
ture in Fig. 4, which is sensitive to large blood vessels on
surface near the detection plane. This effect is also app
in the THC images, but to a much lesser degree. There
slices near the detection planesi.e., within 1 cmd were ex-
cluded in calculations of average values of THC, StO2, and

. Image slices from source to detection plane are presented at 1 cm
4th, 5th, and 7th chemotherapy were arranged from top to bottom.
ages
ms8.
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StO2 images in Fig. 9 were relatively homogeneous
do not show contrast in the tumor regionsi.e., not exceedin
23spd. Note, however, the overall StO2 value decreased si
nificantly after the fifth chemotherapy cycle and remai
constant thereaftersi.e., from 81.2% ±1.4% to 59.9% ±0.6
to 61.1% ±1.0%d.

MRI images projected in sagittal and axial views
shown in Fig. 10 for the prechemotherapy point, afterAC
therapysweek 12d and after taxotere therapysweek 23d. The
intensity ranges were fixed among images at different
points. The intensity of the DCE-MRI image is higher in
tumor due to increased tumor vascularity and gadolin
contrast uptake. Before chemotherapy, the tumor is cl
seen around 12 o’clock to 1 o’clocksupper quadrant in sa
ittal view, near center in axial viewd. After completion o
chemotherapy cycles, the size and intensity of the enha
region decreased significantly. Upon completion of che
therapy, MRI demonstrated an amorphous 5–6 cm no
hancing soft tissue region with only a scattered punc
form of enhancement. The majority of the visible mas
this time point was poorly enhancing and was deeme
represent fibrosis. The tumor position and volume meas
by DCE-MRI is summarized in Table I.

Histology revealed extensive fibrosis with focal area
inflammation, but with few vessels. However, viable tum
cells, morphologically identical to the original core biop
specimensobtained prior to chemotherapyd were identified
They were diffusely scattered throughout the fibrotic reg
as individual cells and small groups. No macroscopica

FIG. 10. Dynamic-contrast enhanced MRI images of left breast. From t
bottom, representative sagittal and axial slices along highest tumor co
are shown for each time point: prechemotherapy, after completion oAC
cycles, and after completion of taxotere cycles.
able tumor mass was identified.

Medical Physics, Vol. 32, No. 4, April 2005
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In both MRI and DOT, the tumor was found in
o’clock, many centimeters away from the nipple. In an
tempt to assess the correlation between MRI and DOT
ages, the simple scaling transformation scheme desc
earlier was performed with the assumption that nipple
tumor center are good common reference points. The
axial image slice corresponding to rescaled tumor ce
r DOT

tumor swith respect to nipple positiond is shown along wit
the corresponding MRI axial image slice in Fig. 11sad. The
tumor center found in MRIsXd and DOT ssquared agrees
well with employment of this transformation. To show
extent of the tumor in detail, the axial DOT images w
smallery intervalss0.4 cmd are shown in Fig. 11sbd. Higher
THC contrast in DOT are distributed in three dimens
approximately within the tumor margins defined from
scaled MRI data.

The tumor volume was defined independently for M
and DOT. MRI tumor volume was determined by a radi
gist, whereas DOT tumor volume was determined by thr
olding from the distribution of DOT parameters. Figure 12sad
shows the decrease of tumor volume with progressio
chemotherapy. MRI results show the tumor size decre
significantly after completion ofAC cycles. There is a ge
eral trend of decreasing tumor volume in MRI and D
respectively. The degree of change is different between
and DOT, but direct comparison is not possible becaus
measurement time-point mismatch. The coinciding
point is just after the fourth chemotherapy cyclescompletion

st

FIG. 11. Correlation of tumor position in three-dimensions.sad Tumor cente
position from MRI imagesa X in the axial sliced is transformed by a linea
scaling scheme to the DOT coordinatessa square in the corresponding D
axial sliced. The scaled tumor centersa squared lies within a high tota
hemoglobin concentration region.sbd The scaled tumor boundaries arou
the tumor center is superimposed in three-dimensional DOT images.
images shown with smallery intervals s0.4 cmd show the extent of th
tumor in detail.
of ACd, where tumor volume measured by DOT is greater
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than tumor volume measured by MRI. We note that D
tumor volume can be overestimated due to the ill-posed
ture of DOT, which introduces blurring.12 In DOT, there wa
a significant tumor volume decrease in each chemothe
cycle accompanied byrTHC decrease in Fig. 12sbd. Signifi-
cant decreases ofrTHC were observed after the fifth chem
therapy cycle, which is the first taxotere chemotherapy.
rTHC after fifth and seventh chemotherapy cycles
equivalent, but accompanied with significant tumor volu
decrease, implying tumor neovasculature regression
chemotherapy.

IV. DISCUSSION

We have demonstrated three-dimensional DOT imag
total hemoglobin concentrationsTHCd, tissue blood oxygen
ation sStO2d, and scattering coefficient are useful for loca
ing, quantifying, and tracking breast cancer based on va
larity during neoadjuvant chemotherapy. THC and scatte
showed localized contrast between the cancer and the n
region. The THC increase in tumor is expected due to an
genesis accompanying tumor growth.64 The enhancement
scattering might be expected based on changes in nu
size and on the increase in concentration of organelles
as mitochondria due to the high metabolism in cancer ce64

FIG. 12. sad Decrease of tumor volume quantified by DOT and MRI,sbd
Change ofrTHC in the tumor volume. Significant decrease inrTHC is
noted before and after the 5th chemotherapy.
Generally, StO2 might have been expected to be lower in the
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tumor region due to high oxygen demand, however thi
fect was not apparent.

The localized changes of these physiological param
over time clearly demonstrate the dynamic imaging cap
ity of the DOT method. The DOT measurements were
ried out at time points just after completion ofAC
sadriamycin+cytoxand cycles and then just after the first a
third taxotere cycles. The antivascular and apoptotic ef
of taxane65 are consistent with the significant decreas
tumor vasculature as measured in the tumor THC con
the tumor volume decrease, and the intensity decrease
DCE-MRI. Interestingly, the variations in average THC
pear to be qualitatively correlated with measurements o
tient hematocrit over the same time period, which va
from 38% to 33% to 36%. The trends observed by DOT
MRI are consistent with pathologic findings about the ef
tiveness of chemotherapy. The carcinoma cells in the
chemotherapy stage were finely and diffusely disperse
fibrous connective tissue which represented the bulk o
residual mass. This remaining viable tumor was detecte
MRI as focal enhancements and by DOT as small but
tive THC contrast. Even though there was no significant
tial contrast in StO2 for this subject, a significant decrease
average StO2 was observed over time; this type of inform
tion might also be useful for chemotherapy monitoring, s
tumor response can depend on the oxygenation of the t
and surrounding tissues.66,67

Jakubowskiet al.41 reported THC and H2O as major con
trast factors, but did not report the behavior of scatterin
our case, water concentration was estimated by
frequency-domain measurements and was then fixe
continuous-wave image reconstruction. In addition to fix
the water and lipid concentration, we have tried fitting for
water concentration, but the reconstructed water conce
tion did not change much from its initial value. This may
because our measurements used only four wavele
s,900 nmd, all of which were outside of the water-sensit
range. As for the scattering contrast, it is possible that s
portion of this signal may arise from absorption-scatter
age cross-talk, since the wavelengths used to discern
mophores and scattering were not optimized.52 The scatter
ing artifact near the detection plane resembled the b
vessel in transillumination, and thus raises concerns a
scattering-absorption cross-talk. However, our 3D sim
tions with noise in the same geometry find less than
cross-talk between THC and scattering, whereas the
served scattering contrastsaveraged over tumor volumd
amounts for more than a 60% increase over the norma
sues. We therefore suspect that the observed scatterin
trast may indeed originate, at least partially, from tu
physiology.

To improve quantification of tumor optical contrast a
validate the DOT method in clinical settings, several
provements are underway. Laser sources at optimal w
lengths for separation of chromophore contributions inc
ing water and scattering should further impr

quantification accuracy. Currently, the imperfect tumor re-
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gion correlation between MRI and DOT data arises bec
the linear approximations we have made for rescaling im
do not account for the shift of tumor due to compression
deformation of the breast. Better modeling of the elastic
formation of breast in different compression geometrie
under investigation. For better correlation between DOT
MRI, it would be ideal to synchronize measurement time
employ the same compression schemes. In this present
it was not possible to synchronize DOT and MRI due
logistics of two separate research protocols and the
straints of patient availability. The improved coordination
DOT and MRI is now being performed for neoadjuvant c
motherapy patients. The measurement of additional p
logic parameters such as microvessel density or nucle
will be invaluable in correlating with tumor vasculature a
scattering factors and thus confirming DOT findings; th
parameters are not routinely measured in the clinic. Fin
with respect to monitoring, more frequent DOT meas
ments should improve the therapeutic value of this t
nique.

V. CONCLUSION

We have demonstrated 3D diffuse optical tomography
monitoring physiological tumor responses during neoa
vant chemotherapy in a single patient with a locally
vanced breast cancer. We have also compared our res
dynamic contrast enhanced magnetic resonance imagin
pathologic analysis of the same patient. Three-dimens
reconstructed total hemoglobin concentration and scatt
images successfully localized tumors and quantified th
mor volume decrease and the THC contrast decrease ov
course of chemotherapy. These physiological parame
measurable by DOT, may help to improve our understan
of chemotherapy mechanisms, and hold potential to pl
role in assessment of treatment response.
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