Diffuse optical tomography of breast cancer during neoadjuvant
chemotherapy: A case study with comparison to MRI
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We employ diffuse optical tomograph§pOT) 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. €005 American Association of Physicists in Medicine
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I. INTRODUCTION Information about tumor response during chemotherapy

may be useful for treatment optimization. Physical examina-
!\Ieoa@juvant chemotherapiye., preoperative chemOFherapy tion, as well as mammographic and ultrasonographic evalu-
is an important therapeutic approach for women with locallyions sometimes have limited utility for assessing tumor re-

adyanced breast cancérABC). LABC generally refers to sponse due to chemotherapy-induced fibréSisWhile
lesions larger than 5 cm that may or may not have sprea

beyond the breast and axillary lymph nodes. If the patienﬁ]agnetlc resonance imagin@/R1) has proved useful for

responds to neoadjuvant chemotherapy, the size of the prtlj_efmlng the extent of residual disease when compared with

7 . . s .
mary tumor decreases, facilitating better control through Surpatholog)}? and while dynamic contrast-enhanced magnetic

gery while potentially eradicating micrometastatic diséase."®Sonance imagingdCE-MRI) has demonstrated ability to
Neoadjuvant chemotherapy enables a higher percentage gonitor tumor size and vascularity durlng neoadjuvant che-
patients to undergo breast conservation therapy withoufotherapy using gadolinium contrast agentshe high cost
negatively impacting local recurrence rates or long-term outand invasiveness of these methods render them impractical
come when compared with adjuvant chemothe?aAytdi- for frequent(e.g., daily monitoring. Frequent monitoring of
tionally, the neoadjuvant setting provides a means to monitovascularity is important. Indeed a reduction of tumor angio-
the effectiveness of chemotherapy by observing its effects ogenesis from neoadjuvant chemotherapy in combination with
the primary tumoiin vivo. hormone therapy has been confirmed by pathologic
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analysi&O Therefore, new noninvasive imaging methods
with capabilities for monitoring vascularity responses to neo-
adjuvant chemotherapy are desirable. — =

Diffuse optical tomographyDOT) is a relatively new
imaging modality with potential to follow therapy at shorter
Light sources;l D
RF Detection
Electronics

etector Fiber s
ource Fiber

time intervals. DOT provides physiological information di-
rectly related to tumor vascularity and oxygenation, with in-
expensive, nonionizing, and noninvasive instrumentation Im
DOT utilizes light sources in the near-infrared spectral re-
gion (600—1000 nmwherein the major tissue chromophores

(@)

are oxy-hemoglobiriHbO,), deoxy-hemoglobiriHb), water, Source Plane Detector Plane

and lipid. In this regime, photon transport is dominated by «Source 1| s =+ £ 35+ + + bm o

scattering, and light can penetrate centimeterg., 10 cm Gl |l § E b detectors 9.0cm
below the tissue surface. Using optical measurements at MU ,-p yoicciors |1 0 % ° % Y| lHEEEEEE

tiple source-detector positions on the tissue surfaces, one ci (b) Taa » e

readily reconstruct the internal distribution of the absorption

coefficient(u,) and the reduced scattering coefficiént) in Fic. 1. Schematic of parallel plate diffuse optical tomography instrument.
three dimensions. Physiological images of total hemoglobirﬁa) Frequency-domair(FD) remissjon and continuous-wave tran.smiss.ion_
concentration, blood oxygenation, water, and |ipidS are der_neasurem_e_nts were performed smultangously ona femal_e_sub]ect lying in
. o . .~ _prone position(b) The source plate contains 45 source positions and 9 FD
rived from this information. Thus far DOT has been appliedgetectors. 984 detection points with 3 mm spacing were selected from CCD
in breast cancer imagirg,? brain functional imaging>?’  data for image reconstruction.

stroke detectio?*® muscle functional stud§?° photody-
namic therapy°>!and radiation therapy monitorirf.

Not surprisingly, use of DOT for detection and character-
ization of breast cancer has been of great recen
interest-*"2232"4IThe functional information provided by
DOT is complimentary to the morphological information ob-
tained by traditional breast imaging modalitiése., x-ray
:’zgrr;n;]ogra_m, uItraS(_)u_nd, M_RIFor example, cI_|n|ca.I _stud— q“. METHODS

ploying three-dimensional DOT have identified an
quantified total hemoglobin concentration in human breasf. DOT instrumentation

8,32 . . . .
cancer,”* correlating well with histologic parametefs.g., A schematic of the DOT instrument is shown in Fig. 1.

14 : 41

blood vessel densiy/ Jakubowskiet al.™ have recently  rpis naraliel-plane DOT system has been extensively char-
dgmonstrated the capab|l|ty Of,d,'ﬁus‘? optuspectrpsgopy acterized for breast cancer imaging using tissue phantoms
(i.e., as opposed to diffuse opticahaging for monitoring 54 hormal bread? The hybrid system combines frequency-

neoadjuvant chemotherapy in a breast cancer patient. Thig 4in (FD) remission and continuous-wav€W) trans-

important paper introduced a new clinical application to themission detection. We briefly summarize the salient details of

field. However, quantification of breast cancer propertieshis instrumentation below.
from spectroscopic data alone requires assumptions about The table was designed to accommodate the female sub-
tissues (e.g., ,homogeneous media, gtovhich are often ject in prone position with her breasts inside the breast box.
questionablé? In addition, the remission measurement ge-a preast is typically centered and softly compressed between
ometry used in their experiments is primarily sensitive tog moyable compression plate and a viewing window with the
palpable, near-surface tumors. compression distance ranging from 5.5 to 7.5 cm. The breast
The potential of diffuse opticalmaging as a chemo- pox was coated black and designed to hold a matching fluid
therapy monitoring tool has not yet been explored, and is thyhich has optical properties similar to human tissue. The
subject of this contribution. We present a case study Whin?fnatching fluid was composed of Liposyn (80%, Abbott
demonstrates the feasibility of this approach. We have utit aboratories, Chicago, )las a scattering agent and India ink
lized a four-wavelength near-infrared hybrid DOT instrument(Black India 4415, Sanford, Bellwood, Jlas an absorption
with continuous wave transmission and frequency-domaimgent.
remission detection for breast imagitfgOur subject had a Four laser diode sources, operating at 690, 750, 786, and
locally advanced invasive ductal carcinoma, and underwerg30 nm, respectively, were sinusoidally intensity modulated
four cycles of adriamycin plus cytoxan and four cycles ofat 70 MHz. A series of optical switché®iCon Fiber Optics,
taxotere prior to surgery. DCE-MRI were performed at threeRichmond, CA were used to direct the light sources into
time points throughout the therapy. After completion of different source positions on the compression plate which
adriamycin cycles, we tracked the subject with DOT at threecontained 45 fibers arranged in &% grid as shown in Fig
time points. Three-dimensional DOT images of total hemo-1(b). Nine 3 mm diameter detection fiber bundles were inter-
globin concentration, oxygenation, and scattering were relaced in a 3 3 grid on the compression plate and connected

constructed. We found that tumor volume and total hemoglo-
in tumor-to-normal contrast decreased over the course of
neoadjuvant chemotherapy. Furthermore, tumor volume
changes measured by DOT showed good correlation with

DCE-MRI measurements of the same subject.
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Fic. 2. Neoadjuvant chemotherapy timing diagram. Four cyclesAGf  p; 3 1ymor location.(a) According to x-ray mammogram, ultrasound,
(adriamycin + cytoxah therapy were foIIowepI py four t_:ycles of taxotere and MR, the primary tumor was located at the 12 o’clock position in the
therapy, and then by a mastectomy. Arrows indicate timing of MRI and DOTje preast.(b) Photo of breast outline in caudal-cranial viéfeot to head

measurements. view). The location of the tumor was approximated by palpation prior to
DOT measurement and is indicated by a circle.

to the frequency-domain detection module. Homodyne

technique%3 were utilized to extract the amplitude and phase . ) )

of the detected remission signal. The frequency-domain mea- 1h€ patient underwent simple mastectomy following the

surements provided accurate quantification of bulk propertie§ighth chemotherapy cycle. The surgical sample was in-

of the human tissue and matching fluid, thus improving the>Pected grossly and margins were inked in a standard fash-

initial guess used for the image reconstruction. ion. The sample was then oriented anatomically, and sagit-
A lens-coupled 16-bit charge-coupled devi@CD) cam- tally sectioned to correspond to the MRI imaging plane.

era (Roper Scientific, Trenton, NJ, VersArray:1300F 1340Gross inspection revealed an indurated area of abnormal,

X 1300 pixe) system with an antireflection coated glassfifm tissue in the superior breast measuring 1.5cm in

viewing window was used for collecting CW transmission anterior-posterior dimension. This area was evaluated histo-

data. 2<2 on-chip binning of the CCD gave 570 logically with Hematoxylin and Eosin staining.

X 400 pixels over a detection area of 1%.6.0 cm.

B. Neoadjuvant chemotherapy and MRI protocol C. DOT protocol

A 35-year-old premenopausal Caucasian female under- Before each DOT measurement, informed consent was

went neoadjuvant chemotherapy for invasive ductal Carcipbtained from the patient in accordance with University of

noma in her left breast at the Hospital of the University of Pennsylvania Institutional Review Board. Based on the tu-

Pennsylvania(Philadelphia, PA The therapy consisted of mor _Iocati_on identified by pa_lpaFio[Fig. 3a)], the br?a?t
four cycles of doxorubicin(adriamycin, 60 mg/® plus pQS|t|0n with respect to the viewing window was optimized
cyclophos-phamidécytoxan, 600 mg/M regimen denoted [Fig. 3(b)]. Then a soft compression was applied to hold the

as AC) followed by docetaxeltaxotere, 100 mg/f regi- ?rez(ajst in a stable posi'ﬂon. fTEe gompressli_on distanie w;s
men denoted a%). Herein we will refer to the treatment as Ixed at 7.5 cm. A snapshot of the breast outline was taken by

“AC” followed by “T.” Each cycle was taken at three week thg CC_D camera befpr_e filling the box V\{ith t.he matching
intervals. She participated in the MRI research Studyﬂu|d [Fig. 3(b)]. After filling, the diffuse optical image scan

CALGB150007/150012: “Contrast Enhanced Breast MRIWas conducted for 12 min. After human subject measure-
and Correlative Science Studies to Characterize Tumor R&NENS: rgference optical measurements were performed on
sponse in Patients Undergoing Neoadjuvant Chemotheraﬁge box filled completely vyl_th matching f_de. For the refer-
for Locally Advanced Breast CancéeSPY)” (PI:L. Esser- nce measurements, a silicoff®TV12 with carbon black

man, MD, MBA). The timing diagram for chemotherapy and and TiO,) block was placed on top of the box to extend the
imaging measurementdRI and DOT) is provided in Fig. diffuse medium in a manner analogous to the subject’s chest-
2 wall, and thus avoid signal saturation due to the air boundary.

DOT measurements were performed at 10, 14, and 19 weeks
after the firstAC cycle (see Fig. 2. These time points corre-
spond to after the fourtAC (fourth chemotherapy the first
taxotere(fifth chemotherapy and the third taxotere chemo-
therapy cyclegseventh chemotherapyrespectively.

DCE-MRI measurements were performed at the following
time points: one week before chemotherafprechemo-
therapy, week 12 following completion oAC, but prior to
initiation of taxotere(T) therapy, and week 23 following the
completion of taxotere therapy, but prior to surgical tumor
removal(mastectomy. MRI of the breast was performed at
1.5 T (General Electric, Signa, Milwaukee, Wusing in-
house sagittal compression receiver coll#t each time
point, the DCE-MRI measurement consisted of sagittal high- Tumor measurements by MRI were performed through
resolution thin section three-dimensional T1-weightedanalysis of enhancing tumor pixels. Subtraction imaging
spoiled gradient echo imaging of the affected breast pertpost-gadolinium minus pregadoliniyrwas employed as re-
formed before, and twice following, bolus intravenous ad-quired. Maximum intensity projections in the sagittal and
ministration of 0.1 mmol/kg gadolinium diamid@©mnis-  axial planes were obtained to facilitate accurate tumor mea-
can®©, Nycomed, Princeton, NJ surement in three orthogonal dimensions. A radiologist with

D. MRI data analysis
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Transillumination at 830 nm S(r,\) is the isotropic light source ternfW/m3]) with
wavelength\. The absorption coefficient,(r ,\) and re-
duced scattering coefficiepi(r ,\) are the two most impor-

After 4th tant parameters connecting the diffusion model to tissue
Chemotherapy physiology via the relations: u,(r ,\)==,&(\)Ci(r)

+ pbackaroundy ) and wl(r ,\)=A(r)A 0. Here we assume

L chromophores contribute to absorption, each with extinc-

tion coefficiente(\) and concentratiol€,(r). The scattering
After 5th prefactorA(r) and scattering poweb(r) give information
Chemotherapy about the size and density distribution of scatterers in

tissue?®*°

For image reconstruction we start with some initial distri-

bution of Ci(r), A(r), andb(r), and then solve Eq2) for
After 7th 1 em d(r ,)\gl using a finite element(FEM) based numerical
Chemotherapy solver’™ We next update these parameters using a multispec-

tral inverse approach®® until good agreement between the
calculatedd(r ,\) and measured,(r,\) fluence rates on
the boundaries is obtained. Specifically, the update process is

Fic. 4. Transillumination of breast at 830 nm normalized with respect totreated as an optimization problem where an objective func-
reference measurement, offering a composite view of attenuation level.  tjon

N S Mj 0 2
D1y, r,Np) De(ri,rj\p)
breast MRI experience measured the tumor in three orthogo- X°= —2 E 2 {|09( o : , (3
P 9 X 2 <I>21(ri,rj,)\n) CDC(ri,rj,)\n)

nal planes. Tumor volume was then computed assuming an n=1j=1i=1

ellipsoid shape. is minimized iteratively using a gradient-based sch&me
S suited to the multispectral methdd>® Here N is the total

E. DOT transillumination number of measurement wavelengtBds the total number

The sequential nature of data acquisition produces a set & sources, and; is the number of detectors corresponding
two-dimensional2D) continuous wave CCD intensity maps. 0 sourcej above the naise floor, is theith detector posi-
We define the detected intensity at detection positipdue ~ tion andr; is the jth source position®;, and ®; are the
to source numbes to bel(s,r ). A two-dimensionatransil- measured and calculated fluence for reference measurements,

lumination picture is constructed by summing the contribu- respectively, with the breast box entirely filled with matching
tion of all sources, and normalizing with reference datafluid. The objective function is then modified to incorporate

1%s,ry), i.e., spatially variant regularizatidh® with an envelope-guided
N approacﬁ where regularization parameters are optimized
2lsry) within the overall iterative process.
Trg=-log| SR |- (1) The reconstruction volume was a 16 .5 cm
2s I"(s,rq) X 16 cm region, extending into the chestwall area. In this

volume, a finite element mesh with 58087 nodes was used by
and seventh chemotherapy cycle 'the finite element method based for_ward solver to c_alculate
The transillumination picture 6ffers a quick composite P, O Was constructeq by sampling anq smo.othmg. the
look at the attenuation level of the raw breast data with re-CCD data on a 4% 24 grid|total 984 detection points, Fig.
. -1(b)] with 3 mm spacing for each source. Hemoglobin con-
spect to the reference data. It also enabled us to 'dent'erntrationsC (), Cuso (1), and the scattering prefactor
surface features which may correlate with image artifacts. HOV 7 HDO,Y 7 gp .
A(r) were chosen as unknowns to be reconstructed while
other variables such as water concentraﬁlp,rz‘b(r) and lipid
concentratiorC,4(r) and scattering powel(r) were fixed
Three-dimensional3D) images are derived from the data as described below.
using the diffusion model. The propagation of near-infrared Since our particular imaging geometry involves space oc-
light in biological tissue can be modeled by a photon diffu-cupied by both breast and matching fluid, image segmenta-
sion equatiorf>™’ For the continuous wave case, the photontion of the breast and matching fluid was used throughout
transport description simplifies to the following equation: our calculations. The breast region was approximated as a
_ _ three-dimensional3D) half-ellipsoid based on its outline in
V- [DENVOIM]=por NN = =8N (2) the photograph taken prior to the measurement $&am
Here r denotes position in spac®(r ,\)=[1/3u.(r ,\)] 3(b)]. To assign background and initial values to the two
(Ref. 48 is the light diffusion coefficientu/(r,\) is the  regions, bulk optical properties of the matching fluid were
reduced scattering coefficientq(r,N) is the absorption co- derived from frequency-domain reference measurements
efficient, ®(r ,\) is the photon fluence ratgW/m?]), and  made on the box when it was completely filled with match-

Figure 4 shows transillumination pictures after fourth, fifth

F. DOT data analysis: 3D reconstruction

Medical Physics, Vol. 32, No. 4, April 2005
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Fic. 5. Orientation of three-dimensional reconstructed DOT images.

Caudal-cranial slicefoot to head were arranged left to right, from source f : plmer e
to detector plane. The left side of each image is lateral and right side is < oot

medial.

max
DoT

ing fluid. The breast optical properties were derived fromgg 6. (a) orientation of MRI view.(b) A sagittal view of MRI (top) and
frequency-domain measurements in contact with breast subOT (bottom) showing differences in compression. A linear scaling trans-
face. A homogeneous semi-infinite analytic solution of thefc_)rmati_on sche_me was utilized to find the tumor center with respect to the
frequency-domain diffusion equation with a multispectral "PPe in DOT image(rigy) from MRI rijzy"

approach® was utilized to fit directly for the bulkCyp,
Chbo, Cro0 A, andb in each region. The scattering power
was allowed to take on different values in the breast an
matching fluid, respectively.22<9"""%inside the breast was
then fixed as a combination of 15% waf@stimated from
frequency-domain measurement of bk o) and 57% lipid
absorption(from literatur&®°Y. ybackarounétor the matching

(@) (b) Z

MRI (sagitta) and DOT (axial) are different, a true one-to-
%ne image comparison without distortion is not possible.

In order to compare the tumor positions obtained by MRI
with those obtained by DOT, one must derive a transforma-
tion relating coordinates in the MRI axial image to coordi-

) - X ) X nates in the DOT axial image. We developed a simple scaling
flu!d region vv.a§.f|xed at the fitted bulk, of the matc;hmg transformation for this purpose, which by its nature cannot
fluid. For the initial guessCyp, Crno,, andA were assigned  5ccount for all of the deformations arising from breast com-

to the breast and the matching fluid based on the bulk meas assion in orthogonal directions. The schematic of the trans-
surements, e.g., zero hemoglobin concentration in the matchs mation is illustrated in Fig. ®). First, the breast dimen-

ing fluid region. After the reconstruction @h(r), Crbo, (), sions of corresponding “central” image slicéise., slices
and A(r), 3D images of total hemoglobin concentration containing the nipplewere compared. We derived linear
[THC(r) =Cyyp(r) + Ciapo,(r)], blood oxygenation saturation scale factors from the ratio of breast length and breast width
[StO,(r)=Ciypo,(r)/THC(r)], and scattering [u¢(r,N)  in these corresponding central slices. In particular we defined

=A(r)\™"] were constructed. scale factors a=XJ3X/XTaX  p=YTaX/ymaX  gng
=Z]8 ZyR), where XM Y"® Z"® s the longest linear
G. DOT image orientation dimension of the breast in the, Y, Z directions of theith

(MRI or DOT) image.

Figure 5 shows the orientation of three-dimensional re- \ye |ocated the tumor center and tumor boundaries in the
constructed DOT images. A series of slices alongytteis  \MR| image by finding the region with high intensity due to
are arranged from left to right, from the source plane to thaarge gadolinium uptake. We then rescaled the tumor center
detector plane, respectively. Each slice represents a 1&ordinater Um" to rUmer hy multiplying by scaling factors
X11 cm image in the-z plane, in a caudal-cranial view (je o, g, andy). The tumor boundaries are defined in this
(i.e., from foot to head, same as the CCD camera Ji@lve  rescaled fashion as well. Importantly, the tumor in the DOT
orientation of each image is such that the left side of eaC'i}nage lies approximately within the volume defined by the
image slice is lateraltoward outer side of bregsand the  yescaling based on prechemotherapy MRI. We note this scal-
right side is medialtoward middle of the breastfor the left ing approach assumes linear deformation and does not ac-
breast, and vice versa for the right breast. For simplicity ofcount for elastic differences between tumor and surrounding
presentation, slices at selected intervals are presented. Singgsye. Future models will be developed to account for elastic

the reconstructed data at FEM nodes is interpolated to regyariations and deformation due to the different compression
lar grid of 0.2 cm spacing, each slice has 0.2 cm pixel size igchemes.

both x and z directions.

I. DOT tumor volume estimation

H. Image correlation analysis between MRI and DOT To define a tumor volume in the DOT images, a threshold

As shown in Fig. 63), there are three standard orientation based on the standard deviations of the reconstructed param-
of views in tomography. Since the compression schemes adters was introduced. First, DOT parameters were decom-

Medical Physics, Vol. 32, No. 4, April 2005
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After 4th Chemotherapy Total Hemoglobin Concentration (uM )
. i - . . L

Invasive Ductal Carcinoma

After 5th Chemotherapy r, X Total Hemoglobin Concentration (uM )

After 7th Chemotherapy Total Hemoglobin Concentration (uM ) 16
source e A etector "8
plane 16 cm \A y=1cm plane

(head) - (feet)

Fic. 7. Three-dimensional reconstructed total hemoglobin concentration images. Image slices from source to detection plane are presentedwals cm inter
in caudal-cranial view, from left to right. DOT images corresponding to after 4th, 5th, and 7th chemotherapy were arranged from top to bottom.

posed intou, andu; at 690, 750, 786, and 830 nm. Then for defined aboverTHC error bars were estimated based on
each imageéTHC, StO,, Cyyp, CHbOZa and u,, u. at the four  standard deviation of THGor and THG omat

wavelengths an averagdp) and a standard deviatiofar,)

was calculated. The tumor region was definedpoyp+2

X oy, since values greater thank2r, have a 95% chance to Il. RESULTS

be different from the average with the assumption of a According to the x-ray mammography, ultrasound, and
Gaussian distribution. The average tumor volufaed stan- MR, the primary cancer was located at the 12 o’clock posi-
dard deviatioh was calculated by averaging all tumor re- tion in the left breast as shown in Fig. 3. The mammography
gions defined by all images except St@here the variation and ultrasound reported adjacent multiple masses, the largest
did not exceed Xop). Relatve THC (rTHC  being 2.1x2.2X2.1 cm in size at prechemotherapy time
=THCymo! THChorma) Was calculated by averaging THC in points. Prechemotherapy DCE-MRI measured the tumor size
the average tumor region and outside the tumor region a® be 5.3x2.2X 2.7 cm. MRI has been shown to be more

-1
After 4th Chemotherapy u “at 786 nm (cm )

; 1
After 5th Chemotherapy p, at786 nm (cm ) 15

: 1
After 7th Chemothera u, at786 nm (cm )

15

source detector 5
plane plane
(head) (feet)

FiG. 8. Three-dimensional reconstructed imageg 0t 786 nm. Image slices from source to detection plane are presented at 1 cm intervals in caudal-cranial
view, from left to right. DOT images corresponding to after 4th, 5th, and 7th chemotherapy were arranged from top to bottom.
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After 4th Chemotherapy Blood Oxygen Saturation (%) 100

50

Blood Oxygen Saturation (%)

After 5th Chemothera

100

50
After 7th Chemotherapy Blood Oxygen Saturation (%)

100

source etector 50
plane plane
(head) (feet)

Fic. 9. Three-dimensional reconstructed blood oxygen saturation images. Image slices from source to detection plane are presented at 1 cm intervals in
caudal-cranial view, from left to right. DOT images corresponding to after 4th, 5th, and 7th chemotherapy were arranged from top to bottom.

accurate in depicting the size and overall extent of tumordjusted at each time point to maximize the THC color con-
than mammography or ultrasoufi?®3 Tumor size estima- trast between tumor and normal region. The THC scale was
tion by DCE-MRI at different time points is summarized in adjusted so its maximum value was twice its minimum
Table 1. The approximate tumor location in prone positionvalue; this preserves the percentile changes in the colorbar.
assessed by palpation was3.5 cm from the nipple along In the THC imagesFig. 7) after the fourth chemotherapy
the breast contour. In our camera viévaudal-cranial view  cycle, a high THC region is found in slices near the source
this tumor location corresponds to a distant upper centrgblane(1-3 cm deep from surfagend near the upper central
position from the nipple as shown in Fig(3. part of the breast. The lesion position corresponds to the
The transillumination images in Fig. 4 show high signaltumor location estimated initially by palpation at 12 o’clock
attenuation at the surface blood vessel and around the uppand 8.5 cm away from nipplé@as shown in Fig. B After the
central region particularly for data taken after the fourth chefifth chemotherapy cycle, the tumor region is still identified
motherapy cycle. This surface blood vessel was first identiby THC contrast near the source plane and in the upper cen-
fied through observation while positioning and was con-ral region. However, the contrasted region appears smaller
firmed with DCE-MRI images. The transillumination picture than the corresponding region after the fourth chemotherapy
is quite sensitive to such surface features. cycle. Also, the average THC decreased significafthy.,
Three-dimensional DOT images of total hemoglobin con-from 21.4+1.4uM to 9.1+0.5uM). The THC distribution
centration (THC), reduced scattering coefficieriu;) at  after the seventh chemotherapy cycle is more homogeneous
786 nm, and blood oxygen saturati®tO,) are presented in throughout the slices compared to previous chemotherapy
Figs. 7-9, respectively. In each figure, images from left tocycles. Within the original tumor margins, the high THC
right correspond to 3D DOT image slices taken from sourceegion shifts toward outside of the tumor, leaving a relatively
to detector planes. The DOT images corresponding to differlow THC region occupying most of the tumor extent. The
ent time points within the chemotherapy cycle, are arrangedverage THC increased slightly between Figd) and 7c)
from top to bottom. Color bar scales are fixed fromfrom 9.1+0.5uM to 12.5+0.6uM.
5 to 15 cn1* for w. at 786 nm, and from 50% to 100% for  Figure 8 exhibits a similar trend. It shows highef val-
StO,. However, colorbar scales for THC are not fixed and areues in the tumor region, and this region with highshrinks
over the course of treatment. The range does not vary as
dramatically as the THC, and gives a higher contrast ratio
TasLE |. Tumor size measured with DCE-MRI at different time points dur- hetween tumor and normal tissue. Slices near the detection
ing neoadjuvant chemotherapfC: adriamycin +cytoxanf: taxotere. Tu-  y1ana are affected by artifacts related to large vessels. These
mor volume was estimated by assuming ellipsoidal tumor shape. . . L .
artifacts bear close resemblance to the transillumination pic-
Tumor size Tumor volume ture in Fig. 4, which is sensitive to large blood vessels on the
Time (cm) (cm?) surface near the detection plane. This effect is also apparent
in the THC images, but to a much lesser degree. Therefore,

Prechemothera 5282.2x 2.7 16.5 . . . -
) Py slices near the detection plafiee., within 1 cm were ex-
After completion ofAC cycles 3.8x1.4x1.8 5.0 luded i lculati f | f THC and
After completion ofT cycles 3.0x1.6x1.3 3.3 cluded In calculations of average values o ,

M-
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Fic. 11. Correlation of tumor position in three-dimensiof@.Tumor center
position from MRI imagea X in the axial slicgis transformed by a linear
FiG. 10. Dynamic—contrast enhanced MRI images of left breast. From top t%ca”ng scheme to the DOT Coordina(%quare in the Corresponding DOT
bottom, representative sagittal and axial slices along highest tumor contragkial slica. The scaled tumor centda squarg lies within a high total

are shown for each time point: prechemotherapy, after completioh®f  hemoglobin concentration regiotb) The scaled tumor boundaries around
cycles, and after completion of taxotere cycles. the tumor center is superimposed in three-dimensional DOT images. Axial
images shown with smalley intervals (0.4 cm) show the extent of the
tumor in detail.

StO, images in Fig. 9 were relatively homogeneous and
do not show contrast in the tumor regi@re., not exceeding In both MRI and DOT, the tumor was found in 12
2X ap). Note, however, the overall StQalue decreased sig- o'clock, many centimeters away from the nipple. In an at-
nificantly after the fifth chemotherapy cycle and remainedtempt to assess the correlation between MRI and DOT im-
constant thereaftdi.e., from 81.2% +1.4% to 59.9% +0.6% ages, the simple scaling transformation scheme described
to 61.1% +1.0%. earlier was performed with the assumption that nipple and

MRI images projected in sagittal and axial views aretumor center are good common reference points. The DOT
shown in Fig. 10 for the prechemotherapy point, a®&  axial image slice corresponding to rescaled tumor center
therapy(week 12 and after taxotere theragyeek 23. The  r3ge" (with respect to nipple positioris shown along with
intensity ranges were fixed among images at different time¢he corresponding MRI axial image slice in Fig.(41 The
points. The intensity of the DCE-MRI image is higher in the tumor center found in MRIX) and DOT (squarg agrees
tumor due to increased tumor vascularity and gadoliniumwell with employment of this transformation. To show the
contrast uptake. Before chemotherapy, the tumor is clearlgxtent of the tumor in detail, the axial DOT images with
seen around 12 o’clock to 1 o’clodkipper quadrant in sag- smallery intervals(0.4 cm) are shown in Fig. 1(b). Higher
ittal view, near center in axial view After completion of THC contrast in DOT are distributed in three dimensions
chemotherapy cycles, the size and intensity of the enhancingpproximately within the tumor margins defined from the
region decreased significantly. Upon completion of chemoscaled MRI data.
therapy, MRI demonstrated an amorphous 5—6 cm nonen- The tumor volume was defined independently for MRI
hancing soft tissue region with only a scattered punctatand DOT. MRI tumor volume was determined by a radiolo-
form of enhancement. The majority of the visible mass atgist, whereas DOT tumor volume was determined by thresh-
this time point was poorly enhancing and was deemed t®@lding from the distribution of DOT parameters. Figuré¢d?2
represent fibrosis. The tumor position and volume measureshows the decrease of tumor volume with progression of
by DCE-MRI is summarized in Table I. chemotherapy. MRI results show the tumor size decreased

Histology revealed extensive fibrosis with focal areas ofsignificantly after completion oAC cycles. There is a gen-
inflammation, but with few vessels. However, viable tumoreral trend of decreasing tumor volume in MRI and DOT,
cells, morphologically identical to the original core biopsy respectively. The degree of change is different between MRI
specimen(obtained prior to chemotherapyere identified. and DOT, but direct comparison is not possible because the
They were diffusely scattered throughout the fibrotic regionmeasurement time-point mismatch. The coinciding time
as individual cells and small groups. No macroscopical vi-point is just after the fourth chemotherapy cy@empletion
able tumor mass was identified. of AC), where tumor volume measured by DOT is greater
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Tumor Volume tumor region due to high oxygen demand, however this ef-

Tl edl Wi M gnD  BRD R ehoheriotrenpy fect was not apparent.
T oycled 1 The localized changes of these physiological parameters
) : over time clearly demonstrate the dynamic imaging capabil-
ity of the DOT method. The DOT measurements were car-
ried out at time points just after completion oAC
(adriamycin+cytoxancycles and then just after the first and
third taxotere cycles. The antivascular and apoptotic effects

= of taxané&® are consistent with the significant decrease in
021t010cH® | tumor vasculature as measured in the tumor THC contrast,

- l the tumor volume decrease, and the intensity decrease from
0 3 6 9 12 5 18 21 24 DCE-MRI. Interestingly, the variations in average THC ap-
(@) Weeks after 1st Chemotherapy Cycle pear to be qualitatively correlated with measurements of pa-
tient hematocrit over the same time period, which varied
: from 38% to 33% to 36%. The trends observed by DOT and
MRI are consistent with pathologic findings about the effec-
5 ' tiveness of chemotherapy. The carcinoma cells in the post-
chemotherapy stage were finely and diffusely dispersed in
fibrous connective tissue which represented the bulk of the
residual mass. This remaining viable tumor was detected by
MRI as focal enhancements and by DOT as small but posi-
tive THC contrast. Even though there was no significant spa-
tial contrast in St@for this subject, a significant decrease of
average St@was observed over time; this type of informa-
] : tion might also be useful for chemotherapy monitoring, since

i 3 6 9 12 15 18 21 24 tumor response can depend on the oxygenation of the tumor
(b) Weeks after 1st Chemotherapy Cycle and surrounding tissud&s?

: 41 .
Fic. 12. (a) Decrease of tumor volume quantified by DOT and M) Jakubowskiet al: reported THC and lZ'D as major C(_)n'
Change ofrTHC in the tumor volume. Significant decreaseriiHC is  trast factors, but did not report the behavior of scattering. In

noted before and after the 5th chemotherapy. our case, water concentration was estimated by the
frequency-domain measurements and was then fixed for
continuous-wave image reconstruction. In addition to fixing

than tumor volume measured by MRI. We note that DOTie water and lipid concentration, we have tried fitting for the

tumor volume can be overestimated due to the ill-posed ngjater concentration, but the reconstructed water concentra-

ture of DOT, which introduces blurnnjgf._ln DOT, there was  {jon did not change much from its initial value. This may be

a significant tumor volume decrease in each chemotherapy,.,,se our measurements used only four wavelengths

cycle accompanied byTHC decrease in Fig. 18). Signifi- 900 nny, all of which were outside of the water-sensitive
cant decreases of HC were observed after the fifth chemo- range. As for the scattering contrast, it is possible that some

therapy cycle, which is the first taxotere chemotherapy. Th

: E)ortion of this signal may arise from absorption-scatter im-
FTHC after fifth and seventh chemotherapy cycles ar age cross-talk, since the wavelengths used to discern chro-

equivalent, but accompanied with significant tumor volume

decrease, implying tumor neovasculature regression Witﬂnophores and scattering were not optimi?%d.he scatter-
+ IMmplying 9 ing artifact near the detection plane resembled the blood
chemotherapy.

vessel in transillumination, and thus raises concerns about
scattering-absorption cross-talk. However, our 3D simula-
IV. DISCUSSION tions with noise in the same geometry find less than 20%

We have demonstrated three-dimensional DOT images dffoss-talk between THC and scattering, whereas the ob-
total hemoglobin concentratiofTHC), tissue blood oxygen- Served scattering contragaveraged over tumor volume
ation (StO,), and scattering coefficient are useful for localiz- amounts for more than a 60% increase over the normal tis-
ing, quantifying, and tracking breast cancer based on vascigues. We therefore suspect that the observed scattering con-
larity during neoadjuvant chemotherapy. THC and scatteringrast may indeed originate, at least partially, from tumor
showed localized contrast between the cancer and the normplhysiology.
region. The THC increase in tumor is expected due to angio- To improve quantification of tumor optical contrast and
genesis accompanying tumor growthiThe enhancement of validate the DOT method in clinical settings, several im-
scattering might be expected based on changes in nucleprovements are underway. Laser sources at optimal wave-
size and on the increase in concentration of organelles sudkngths for separation of chromophore contributions includ-
as mitochondria due to the high metabolism in cancer €&lls. ing water and scattering should further improve
Generally, St@ might have been expected to be lower in thequantification accuracy. Currently, the imperfect tumor re-

35

30f ©  ACcycles

(W MR |
| poT

Volume (cma)

o

THC, __ /THC

1.4 : ; ; tuﬁmor ; normalE

1.3

1.4}

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



1137 Choe et al.: DOT of breast cancer during neoadjuvant chemotherapy 1137

gion correlation between MRI and DOT data arises because’s. J. Vinnicombe, A. D. MacVica, R. L. Guy, J. P. Sloan, T. J. Powles, G.
the linear approximations we have made for rescaling image Xné®: and J. E. Husband, “Primary breast cancer. Mammographic
d t t for the shift of t due t - d changes after neoadjuvant chemotherapy, with pathologic correlation,
0 not account for the shift of tumor due to compression and Ragiology 198 333-340(1996.
deformation of the breast. Better modeling of the elastic de- °L. Esserman, N. Hylton, L. Yassa, J. Barclay, S. Frankel, and E. Sickles,
formation of breast in different compression geometries is “Utility of magnetic resonance imaging in the management of breast can-
under investigation. For better correlation between DOT and €' Evidence for improved preoperative staging,” J. Clin. Ondal1),
. o : . 110-119(1999.

MRI, it would be ideal to Syn_Chron'ze measure.ment time and 7p_. Drew, M. J. Kerin, T. Mahapatra, C. Malone, J. R. T. Monson, L. W.
employ the same compression schemes. In this present study;umbull, and J. N. Fox, “Evaluation of response to neoadjuvant chemo-
it was not possible to synchronize DOT and MRI due to radiotherapy for locally advanced breast cancer with dynamic contrast-
logistics of two separate research protocols and the con-gﬁﬂnh\e]’”ﬁﬁgp'\gR(';’g:f fosst LEqué;érS L,f,r\%hon:ﬂ;n%g;;fg(ﬁgnéhm_
straints of pat'?m ava”al_)'“ty- The |mproved coorFilnatlon of macokinetic mapping for monitoring of breast cancer treatment during
DOT and MRI is now being performed for neoadjuvant che- neoadjuvant therapy,” Magn. Reson Imaging Clin. N. Ab4), 633-658
motherapy patients. The measurement of additional patho-9(1994)- _ _ _ N
logic parameters such as microvessel density or nuclei size - TsuPol Y. Ogawa, T. Inomata, D. Yoshida, S. Yoshida, T. Moriki, and

il be i luable i lati ith t lat d M. Kumon, “Changes in the findings of dynamic MRI by preoperative
will be nvaluable In correlating with tumor vasculature and  car chemotherapy for patients with breast cancer of stage Il and III:
scattering factors and thus confirming DOT findings; these Pathologic correlation,"Oncol. Ref(4), 727-732(1999.

. . A . 10 - .

parameters are not routinely measured in the clinic. Finally,”A. Makris, T. J. Powles, S. Kakolyris, M. Dowsett, S. E. Ashley, and A.
with respect to monitoring more frequent DOT measure- L. Harris, “Reduction in angiogenesis after neoadjuvant chemoendocrine

. . . therapy in patients with operable breast carcinoma,” CaB&€9), 1996—
ments should improve the therapeutic value of this tech- 2000?1995; P

nique. YA, G. Yodh and D. A. Boas, “Functional imaging with diffusing light,” in
Biomedical Photonics HandboolCRC Press, Boca Raton, 200%p.
21-1 to 21-45.

V. CONCLUSION 123, P. Culver, R. Choe, M. J. Holboke, L. Zubkov, T. Durduran, A. Slemp,

V. Ntziachristos, B. Chance, and A. G. Yodh, “Three-dimensional diffuse
We have demonstrated 3D diffuse optical tomography for optical tomography in the parallel plane transmission geometry: Evalua-

monitoring physiological tumor responses during neoadju- tion of a hybrid frequency domain/continuous wave clinical system for

t ch th . inal tient with | I d breast imaging,” Med. Phys30, 235-247(2003.
vant chemotnerapy In a single patient with a locally ad- 13, penghani, B. W. Pogue, S. D. Jiang, B. Brooksby, and K. D. Paulsen,

vanced breast cancer. We have also compared our results tOThree-dimensional optical tomography: Resolution in small-object im-

dynamic contrast enhanced magnetic resonance imaging andaging,” Appl. Opt. 42, 3117-31282003.

14 .
tholoai nalvsi f th m tient. Three-dimensional B- W- Pogue, S. P. Poplack, T. O. McBride, W. A. Wells, K. S. Osterman,
pathologic analysis o € same patie ee-dimensiona U. L. Osterberg, and K. D. Paulsen, “Quantitative hemoglobin tomogra-

_reconStrUCted total hemoglobin concentration an_d_ scattering phy with diffuse near-infrared spectroscopy: Pilot results in the breast,”
images successfully localized tumors and quantified the tu- Radiology 218 261-266(2001).
mor volume decrease and the THC contrast decrease over the'. Ntziachristos and B. Chance, “Probing physiology and molecular func-

; ; tion using optical imaging: Applications to breast cancer,” Breast Cancer
course of chemotherapy. These physiological parameters, o Treat3, 41-46(200D.

measurable by DOT, may help to improve our understandingisy, nyiachristos, A. G. Yodh, M. Schnall, and B. Chance, “Concurrent

of chemotherapy mechanisms, and hold potential to play a MRI and diffuse optical tomography of breast after indocyanine green

role in assessment of treatment response. enhancement,” Proc. Natl. Acad. Sci. U.S.97, 2767—-27722000.

1X. J. Gu, Q. Z. Zhang, M. Bartlett, L. Schutz, L. L. Fajardo, and H. B.
Jiang, “Differentiation of cysts from solid tumors in the breast with dif-
fuse optical tomography,” Acad. Radioll, 53—60(2004).
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