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We investigate the uptake of a nontargeted contrast agent by breast tumors using a continuous wave
diffuse optical tomography apparatus. The instrument operates in the near-infrared spectral window
and employs 16 sources and 16 detectors to collect light in parallel on the surface of the tumor-
bearing breasftcoronal geometry In our protocol an extrinsic contrast agent, Indocyanine Green
(ICG), was injected by bolus. Three clinical scenarios with three different pathologies were inves-
tigated. A two-compartment model was used to analyze the pharmacokinetics of ICG and prepro-
cess the data, and diffuse optical tomography was used for imaging. Localization and delineation of
the tumor was achieved in good agreement wifbriori information. Moreover, different dynami-

cal features were observed for differing pathologies. The malignant cases exhibited slower rate
constantguptake and outflojvcompared to healthy tissue. These results provide further evidence
thatin vivo pharmacokinetics of ICG in breast tumors may be a useful diagnostic tool for differ-
entiation of benign and malignant pathologies. 2003 American Association of Physicists in
Medicine. [DOI: 10.1118/1.1573791
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|. INTRODUCTION diagnostic parametér® It is therefore still desirable to in-

. . vestigate alternative NIR diagnostic tools with potentially
Light has been used for centuries as a means to probe h“mﬂR;her tissue/tumor contrast.

tissue. However, in the last decade the near-infraMiR)

spectral window has received special interest. In this spectrsl;jESOnanCe imagingVIR1)* and positron emission tomogra-
range, human tissues are characterized by relatively low a Shy (PET).22 Similarly, we anticipate contrast agents in the

sorption and relatively high scattering. Thus NIR light dif- NIR will provide added diagnostic information for DG4

fuses through most tissues. The chromophore accountable fgrs ecially as new generations of contrast agents are designed
most NIR absorption is hemoglobin in its different forms. As P y 9 Y 9

a result, NIR optical techniques provide a method to inves:[0 target molecular and genetic expression of tumors:

tigate deep tissues and reveal functional information abod? resently, however, these extrinsic compounds are not avail-

these tissues, with the advantage of low power and noninvAP!€ for human studies. To assess the potential of contrast
siveness. agents in clinical trials, one must use FDA approved com-

Awide range of biomedical applications may benefit from POUNds. Indocyanine GreefCG) meets most needs for op-
these recent developments, for example cancer detection afi§2! techniques. The compound is safe, it is approved by US
characterization. By probing local blood concentration and™00d and Drug Administration, and is commonly used clini-
oxygenation, the NIR techniques provide insight about cancally for diagnostic purposeS=?* Moreover, it possesses an
cer physiology. Preliminary clinical data has already reported@bsorption and fluorescence spectra in the NIR wingfow.
breast cancer detection and characterizatidrHowever, it~ NIR studies using ICG in breast cancer detection have al-
is sometimes difficult to assess the significance of theeady been reported:?® Studies in tissue phantord$? in
absorption-derived intrinsic parameters because of other ti&nimal model®?” and in humar$?° have demonstrated its
sue optical-variations due to hormonal stéttin addition,  potential uses and its ability to enhance tumor-to-healthy-
thus far the scattering coefficient appears to be a nonreliablgssue contrast. Principally as a result of its high binding

Extrinsic contrast agents play a critical role in magnetic
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B. Protocol

Patients with suspicious masses were enrolled for this
study. Measurements were made prior to biopsy to avoid
modification of the blood volume and blood flow in the tu-
mor areaA priori knowledge on the location and size of the
tumor was derived by palpation. This information was used
to position the probe holding sources and detectors in the
coronal plane bearing the tumor. Diagnostic information was
obtaineda posteriorifrom biopsy and eventually surgery.

ICG was injected intravenously by bolus with a concen-
tration of 0.25 mg per kg of body weight. Data acquisition
Fic. 1. CW imager configuration. The sources are sequentially shining upo.m the apparatus were derived shortly before the injection

the breast and so the configuration is equivalent to a fan-beam configuration. . .
9 a 9 and continued for the next 10 min.

percentage to blood proteins, ICG is a blood pooling agent
providing sensitivity to hyper-vascularization. Its distribution C. Pharmacokinetics
is mainly intravascular; extravasation is likely to occur only

in the highly permeable blood capillaries of tumd¥s. ICG has been used for 40 years in different areas of medi-

. L . cine. Its metabolic and physiological features are well
In this work we explore thén vivo uptake dynamics of ) .
P P y documented? The spectral properties of ICG are suitable for

ICG in breast tumors using a continuous wa@WV) NIR S . i
imaging apparatus. Three patients with suspicious masse'\éIR applications. The maximum absorption occurs at 805

were enrolled for this first trial. In each case, localization anopm in whole blood and its fluorescence peaks at 830 nm. The

delineation of the tumor was achieved in good agreemer{gnc’lecuIe is_ amphiphilic and e_xhi_bits_ a strong_affinity to
with a priori information. Furthermore, different dynamical lood proteins. Therefore, the distribution of ICG is expected

. to be mainly intravascular. Researchers are using this prop-
behaviors were observed, and were found to be correlate8 y 9 prop

with three different pathologies determined afterwards by pi STty to delineate tumor tissuéSAlthough extravasation of

opsy. Malignant tumors exhibited slower rate constaofs the molecule has been reported in some tumor lines, extrava-

take and outflowcompared to healthy tissue. Conversely thesat_'l_ohne'ior:gt gzrﬁgﬁéegxi?agfegryr\cﬁrzgilé blood by the hepato-
benign case exhibited similar rate constants. P y P

The structure of this article is as follows. First we intro- Y¢S and clears from the blood in several minutes. Two-

duce the methods employed, including a brief introduction tqcl;ozrgp?;mgﬂ;::noscec:ii::t\i/fsbﬁ?nﬂ?ere?gggawg Ezzdtthoeana—

the apparatus, a presentation of the pharmokinetic mode h of Shinoharet al-
and a description of the inverse problem. Second, we presefrz}f)proaC 0 inoharet al-
reconstructions obtained from a tissue phantom and from the ICG(t)=—Aexp —at)+ B exp — Bt), (oN)

threein vivo casesln vivo pharmacokinetics are derived us-

ing these reconstructions. Discussion of these results is foi/_vhere ICGQ) is the time dependent concentration curve fol-
9 ; o owing the injection, andx and 8 [min~1] are the rate con-
lowed by a brief conclusion.

stants for ICG uptake and release, respectivilgndB de-
termine the zero time intercepts. This model is used to follow
II. METHODS the global(one source-detector paand the localone voxel
in the image reconstructionpharmacokinetics of ICG. The
pharmacokinetics of ICG were used as part of #hpriori

The system used in this study has been described in detaiiformation set to select the optimum configuration for DOT.
elsewheré® The current design is given in Fig. 1. Briefly,  Raw data were fitted to Eq1) using a standard nonlinear
the system employs 16 light sourd@erived from a tungsten  Nelder—Mead simplex searéh Goodness of the fit was as-
bulb) located on a circular holder. Sixteen detect@iticon  sessed by th&®? value. Raw intensity data leading to a fit
photodiodepare situated in the same plane and use the samgith R?<0.75 were disregarded from consideration in the
positions as the sources to collgitt paralle) the light origi-  reconstruction algorithm. The rationale of this preprocessing
nating from one source at a time. A band pass filtgpically  of the data is linked to biological noise we noticed in our
at 80520 nm) is placed in front of the source to select themeasurements; biological noise can hamper our ability to

incident wavelength. obtain accurate reconstructions.
The breast is arranged in a pendular geometry with the

source-detector probes gently touching its surfasfe Fig.

1). A set of data for one source is collected every 500 ms .
The total time for a whole scan of the breast (16 source? - The analytical forward model

X 16 detectors) is=8 s. Due to the large dynamic range in  Propagation of light in soft human tissue such as breast is
the data, only signals from the farthest 11 detectors are usadodeled by the diffusion approximatidhThis model pro-

in the analysis, i.e., detectors drawn with plain lines in Fig. 1.vides a framework for consideration of inhomogeneities em-

A. Apparatus
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bedded in tissues, such as tumors. The heterogeneous diffu- Breast diameter
sion equation we use to model our probléwith scattering ~ 3
assumed constant and homogengasis

[V2+ k24 O(F)JU(F,Fs) = —AS(F)/D. 2 B hal section -
of the breast
Here U(F,f) is the fluence ratéW.cm ) (isotropic tern,
D=(3ul) "1 is the light diffusion coefficient in cmu, is
the absorption coefficiertm 1), w4+ the reduced scattering -

coefficient(cm %), and AS(f'y) the source term. Herkis a
wavenumber obeying the relatiok?=—v u,—iw/vD (w
=angular modulation frequency set to zero in our case;
=light speed in medig andO(r) represents the heterogene-
ity operator, i.e.,

VA ()

D ©) v

Fic. 2. Boundary condition model.

o(r)=

Analytical solutions of this equation are derived using
perturbative approaches. In our case, we used the first-order
Rytov approximation. The sample volume is divided into aHeres stands for the source-coupling amplitudes dpdor
set of voxels and the measurements are related to the uthe detector-coupling amplitudes. The reader is encouraged
knowns(in this case relative absorption coefficienf each  to read Ref. 40 for an in-depth derivation of the theoretical
voxel by a system of linear equations: technique.

Ds(Fs1,Mg1) Wiy Wi || Apa(fy) E. The inverse problem
: =| : : ) The inverse problem can be addressed by various
I . scheme$! In this study, we chose the singular value decom-
D (Fsm, T W, W, Apg(F o ! .
selFsm:am) mi mn #alln) (4)  position (SVD) of the Moore—Penrose generalized system:
Xes= W (W-WT+N-1) "1 D, (6)
Here D (Fs, M) = —IN[Upostinectiok s, d)/Upre-injection ~ Wherex,g is the object function vectorp, is the measure-

X (Fs,Fq)] is the diffuse Rytov perturbative phase for tiib
source-detector pailV;; is the weight function for thgth
voxel and theith source-detector pair, anlu,(r;) is the
differential absorption coefficient of thegh voxel. The deri-

ment vectorW' is the transpose of the weight matrix, and
N\ -1 is the regularization matrix. Tikhonov regularization was
used to stabilize the inversion procedure.

The optimum regularization parameter was chosen by

vation and the expression of the weight function can bemeans of an L-curve analysi$.The L-curve method was
found in the thesis by O’Leaf§and a detailed description of applied to an experimental model reconstruction and the best

the differential formulation based on

preinjection has been described by Ntziachristoal 3’

postinjection/ regularization parameter was derived using the curvature

function, K(\), which was employed in the approach of

The shape of the breast was approximated as a cylindeqansenet al:*3

(cf. Fig. 2, and the Kirchhoff approximatiofkA )33 for

diffusive waves was used to model the interaction of light ¢ ()= M M) M)7"(A) %)

with the boundaries. For the cases presented here, the KA

& OVZ 7 (V)T

had less than a 1% deviation from the rigorous solution tQyhereg(\)=In|W-xes— @<l and 7(\) = In|x.s for a given

the diffusion equation.

In order to account for biological nois@.g., breathing

regularization value.. The superscripts and” denote, re-
spectively, the first and second derivatives with respeat to

motions, the forward m0d06| was implemented with the cou-The pest regularization parameter, corresponding to the mini-
pling coefficient techniqué’ This approach compensates for mum of the curvature functiok (\), was derived from our

variations of detected intensity light due to perturbations Creéexperimental model, and was employed for all the recon-
ated at the source or the detector by biological noise. For thigi,ctions herein.

purpose, the object functiofiormally the vector of absorp-

tion heterogeneitywas augmented:

A:Uva('?l) A:"Lza('?n)
x= In
Ma, Ma,

Syt InsNSIndl--- Inde .
(5
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Ill. RESULTS
A. Tissue phantom

The reconstruction algorithm was characterized using a
model system previously employed to validate the apparatus
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potential®® This experimental sample consisted of an object The reconstructions exhibit a maximum of uptake be-
embedded in an otherwise homogeneous medium with cylineveen 6 and 7 o’clock close to the surface. This maximum
drical boundary conditions (diametefl0 cm). The back- uptake corresponded tou,=0.018 cmi 1. The location cor-
ground media was created by a mixture of Intralipid and inkresponds to the expected location of the tumor. From the
to obtain optical parameters mimicking breast ti§dg., = maximum of uptake, the FWHM of the reconstructed inho-
=0.04cm ! and u,=8 cm ). The contrast of the object mogeneity is estimated to 1.8 eni.4 cm. Some artifacts
was doubled during the experiment frafu,=0.03cm*  were also noticeable close to the location of the heterogene-
to Au,=0.06cml. The object wa a 2 cmdiameter ity, though they had lower magnitudes and different time
cylinder. behaviors.

Our Tikhonov regularization constant is derived from this .
control experiment. Figure 3 presents the L-curve analysi€- Case /- Adenocarcinoma
and the curvature function associated with the differential This case corresponds to a tumor estimated to be 2—3 cm
absorption reconstructions. From the L-curve analysis dein diameter and located around 4-5 o'clock by palpation
scribed previously, the optimum regularization parametewithin a breast of 7.7 cm diameter. The tumor was found to
was set tov=6x 10 * of the maximum eigenvalue &/W'  be an adenocarcinoma by biopsy.
[see Eq(6)]. Reconstructions from this experiment based on
the optimum regularization parameter are presented in Fig. 4. a

B. Clinical results
1. Case I: Fibroadenoma

This case corresponds to a mass estimated to be 1-2 cm
in diameter by palpation within a breast of 9 cm diameter.
The mass was located around 6—7 o’clock in the breast, rela-
tive to our angle representation herein, and near the skin

surface(i.e., within ~1 cm). The tumor was found to be a T : . . !
fibroadenoma by biopsy. 0 001 002 003 004 005 0.06
An example of the intensity trace collected by one detec- Alg em™)

tor for a particular source is displayed in Fig.(&ource 14

and detector )4 The differential absorption reconstructions Fie- 4. Model experiment. The medium was a 10 cm diameter cylindrical
tank containig a 2 cmdiameter cylindrical heterogeneity. The optical pa-

using the _seleg:ted time represented by dots in Fig. 5 A& meters of the background were fixed fo,~0.04 cmi? and !
presented in Fig. 6. The reference state was chosen beforg; cni-t. The contrast of the inhomogeneity was doubled fr@naA .,

the injection of ICG as described in Sec. IID. =0.03cm ! to (b) Au,=0.06 cm' L.

Medical Physics, Vol. 30, No. 6, June 2003
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Fic. 5. The dashed curve represents the |ntenS|ty' drop associated to ﬂﬁe. 7. The dashed curve represents the intensity drop associated to the
ICG-uptake for source 14 and detector(dbt capturing mass argand ICG-uptake for source 2 and detector Wt capturing mass arpand

{:]Oggalgdata and the dots represent the selected time employed for diSpIaf¥om all data and the dots represent the selected time employed for display
T in Fig. 8.

An example of intensity trace collected by one detector
for a particular source is displayed in Fig.(Source 2 and =0.042cm*. The position of the tumor was easily esti-
detector 13 The differential absorption reconstructions us- mated from the surface as long as the skin surface was rough
ing the selected time represented by dots in Fig. 7 are prdike a “peau d’orange’(orange skin—malignant obstruction
sented in Fig. 8. of the superficial lymphatic channglat 6 o’clock. The tu-
The reconstructions exhibit a maximum of uptake at 4mor was found to be an invasive ductal carcinoma by biopsy.
o'clock and forA u,=0.025 cm, 2 cm deep in the breast. An example of the intensity trace collected by one detec-

The half-width maximum value for the maximum recon- tor for a particular source is displayed in Fig(sburce 6 and
structed object is 2.5 cm2 cm. detector 3. The differential absorption reconstructions, using

the selected time represented by dots in Fig. 9, are presented
in Fig. 10.

) ) ) The reconstructions exhibit a maximum of uptake at 6
This patient had a cancer in the lower quadrant of theyciock, 2 cm deep from the breast surface. This location

breast, and its size was estimated to be &48wm. The  ¢orresponds to the expected location of the tumor. The half-
maximum differential absorption observed wasu,

3. Case lll: Invasive ductal carcinoma

'3‘ !CD IC‘

f—wo sz —

f— wop —

|l‘ = ‘. o ‘l o

T T 1 T T T 1

0 0.01 002 003 0.04 0 0.01 002 003 0.04
Apa (cm™) Apa (cm™)

Fic. 6. Differential absorption reconstructions for the time selected in Fig. 5.Fic. 8. Differential absorption reconstruction for the time selected in Fig. 7.
The frames are normalized to the same colorbar. The reconstructions afkéhe frames are normalized to the same colorbar. The reconstructions are
arranged in rows corresponding to the time course. arranged in rows corresponding to the time course.
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For conciseness we do not show the entire set of reconstruc-

Fic. 9. The dashed curve represents the intensity drop associated to thlomS The pharmacokinetics uptakes are normalized to their
ICG-uptake for source 6 and detector(Bot capturing mass areand respective maximum. o .
from all data and the dots represent the selected time employed for display In Table |, the pharmacokinetics constants for healthy tis-
in Fig. 10. sue and tumoral tissue are presented. The tumor tissues cor-
respond to the voxel exhibiting the maximum of ICG uptake
in the tomographic reconstructions, while the healthy tissue
width maximum value for the maximum reconstructed ObJethorrespond to the pharmacokinetics of a projection not cap-

is 3.5 cmx 3 cm. turing the tumor area.

For case I, the ICG uptake was rapid both for the healthy
4. Pharmacokinetics tissue.and the presumed tumor area. No wash-in, wash-out
rate differences was observable for this case.

From the differential absorption, we can trace the ICG-  cage 11 exhibited differences only in the wash-in rate. The
uptake locally in the tumor area as the ICG related absorpymor expressed a slower uptake rate. The wash-out times
tion is linearly associated to the dye concentration. Figure 1} are identical for healthy and diseased tissue.
depicts the pharmacokinetics of the voxel exhibiting the  ginally, case 11l exhibited uptake difference for both rates.

maximum uptake in the tumor area for the three cases invesrpe giseased tissue demonstrated a slower uptake and slow
tigated herein. washout rate.

The origin of time was chosen to be the first rising point
in the pharmacokinetics. The data were obtained from the
reconstructions at the sampling rate of the appar@1&s. IV. DISCUSSION

A. Physiological significance

In all the three cases presented herein, the suspicious ar-
eas were well localized using DOT. In each case, a differen-
tial uptake was observed in the area expected from palpation.
Moreover, the estimated size of the mass from the FWHM of
the maximum peak uptake was close to that estimated by

palpation. This result underlines the ability of contrast-
enhanced CW DOT to perform accurate localization and de-
lineation of the tumoiin vivo.?® The net differential uptake,

TaBLE |. Rate constant of ICG uptake and excretion for diseased and healthy
tissue.

Case

F—wos——l

Healthy Tumor Healthy Tumor Healthy Tumor
0 0.01 0.02 0.03 0.04
Ayg (cm'1) a (min™Y) 3.13 3.23 1.97 1.43 2.59 1.61
B (minY 0.17 0.19 0.21 0.20 0.20 0.05
Fic. 10. Differential absorption reconstruction for the time selected in Fig. a+p 3.30 3.42 2.18 1.63 2.79 1.66
9. The frames are normalized to the same colorbar. The reconstructions are R? 0.99 0.98 0.98 0.99 0.97 0.99
arranged in rows corresponding to the time course.
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as estimated in this study, is associated with an increase ¢ —— data fit o fit with CC
the density of the capillary be@ngiogenesjs 0.05

Additionally, discrimination between healthy and diseased
tissue was observed in the pharmacokinetics of ICG. The
pharmacokinetics were similar only for case I. In the two . g5
other cases, the tumor area exhibited a slower uptake an 2
slower release of the contrast agent. This finding is remark-g -0.10— §
able because ICG is normally considered to be a blood perg
sistent contrast agent that is not expected to have preferenti:E -0.15-
uptake in diseased tissfie. Discrepancies in uptake/
excretion rate could be attributed to the leakiness of the
blood wall of the contrast agent if extravasation is not ruled
out!’

In solid tumors, microvessels exhibit a series of severe .¢.39 , ,
structural and functional abnormalitie@bnormal vessel 30 40 50
wall, abnormal vascular architecture and abnormal vascula Measurement Index
de.nSi.t _'45 E>.<ces§ive branching is_ a Common ﬁ”P””g often Fic. 12. Measurement vector and fitting vector with and without coupling
coinciding with blind vascular endings. This chaotic vascularcoefficient @(fs ,74) = — IN[Upostinjectiof s »Fa)/ Upre-njectiod s »Fa) 1) -
organization is responsible for an increase in geometric re-
sistance to floWl® Moreover, there is an increased vascular i ) _ _
permeability leading to a rise in local viscous resistance tdacts: An example of the best fit obtained for an inversion
blood flow. with and without the coupling coefficient is provided in Fig.

Near-infrared techniques are sensitive to the local averagk?- Whereas this technique has been devised to obtain a ro-

blood flow due to their low resolution. Furthermore, they arePust calibration method, it is still necessary to employ it in
more sensitive to the microvessels than the large vessel@Ur approach as the source/detector-tissue coupling could be

especially in the case of contrast agéhive believe our mod!f@ed .during the time course of the experiment. These
observations reflect the sensitivity of the technique to resismodifications could occur simply on a subset of optodes and

tance of small poorly perfused vessels and to the extravasihen lead to significant reconstruction artifacts. Including the

Pertu

tion of the molecule. source strength and detector gain as unknowns in the inverse
problems enables us to diminish the impact of coupling
noise.

B. Limitations Noticing these two facts, we did not stress the quantitative

However, we have to underline the limitations of our @SPect of the uptakemaximum concentratignThis param-

study. Our data-set was collected in the CW mode. Thus, aft€" could be plagued by uncertainties linked to our linear
accurate estimation of the average optical properties of th8PProach. However, in the case of full differential scheme

. 51 . .
postinjection scan used as a baseline for all the reconstrudémonstrated by Y. Peit al,> the relative time reconstruc-
tions herein was not possible. Therefore, our forward mode}ionS aré not much affected by the reference optical proper-

was calculated with the average properties of breast tissue

fies mismatch.
this wavelength reported in the literatffeThese average  PU€ to these methodological uncertainties, the prelimi-
optical properties can be patient and status hormon

dJrary hypothesis of Sec. IV A should be confirmed in future
dependent?® Thus, in our reconstructions, a mismatch be-

studies.

tween the forward model and the vivo optical scattering
properties is likely to be present. This mismatch affects the/- CONCLUSIONS AND PERSPECTIVES
quality and the quantitative estimate of the object funcfibn. In this article we reported diffuse optical tomographic im-
For instance, in case Il, the overall background reconstrucaging of ICG uptake by breast suspicious miasgivo. In all
tion could be attributed to a mismatch in the optical back-three cases investigated herein, clear localization of the sus-
ground properties of the forward model which probably af-picious area was achieved, correlated well vatlpriori in-
fect the wash-out rate estimated in the tumor area. Thes®rmation obtained by palpation. Moreover, different phar-
effects, however, are less important in the case of a Rytomacokinetics were found between healthy and diseased
formulation than in a case of a Born orfeFurthermore, tissue in the two malignant cases. This finding is possibly
the scheme employed in this study is based on a fulfelated to the morphological differences in the vasculariza-
differential approach @ (s, q) = — IN[Upestinjeciok I's:7a)/  tion between healthy and diseased tissues. This accumulation
Up,e_i,yecﬁor(r*s,r*d)]). As demonstrated by Ntziachristos of ICG in tumor is a nonspecifit transient’ mechanism. It
et al.,*" a full differential approach is less sensitive to a back-is related to the degree of angiogenesis of the suspicious
ground mismatch, especially for detectors on the oppositenass. These results suggest that lanalivo ICG pharma-
side of the breast from the source. cokinetics in breast tumors have the potential to be used as a

Finally we used the coupling coefficient technique to at-diagnostic tool for improvement of the specificity of the op-
tenuate the effect of biological noise such as breathing artitical techniques.
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