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Abstract. Images of hemoglobin concentration and oxygen saturation
are presented from multispectral near-infrared tomographic measure-
ments in the breast of a woman with an invasive cancer. Images of the
absorption coefficient and reduced scattering coefficient are recov-
ered from the measured data using a finite element reconstruction
algorithm based on the frequency-domain diffusion equation. Three
methods of recovering the hemoglobin concentration and oxygen
saturation images are presented which compensate for water and lipid
absorption in different ways: (1) an assumed bulk content of water and
lipids is used, (2) four chromophores are imaged, and (3) scattering
power data are applied to deduce water and lipid images. In all three
cases, a large increase in the hemoglobin concentration (3:1) is ob-
served at the location of the cancer while a maximum of 15% differ-
ence is observed in the hemoglobin images between each of these

methods for water and lipid compensation. © 2002 Society of Photo-Optical
Instrumentation Engineers. [DOI: 10.1117/1.1428290]
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1 Introduction Several groups worldwide are pursuing NIR imaging of
Near-infrared(NIR) in vivo measurements and imaging stud- "€ breast with moderate succéss:—+No group has yet to

ies have shown a high absorption contrést to 4:1 exists Qefln!tlvely show a diagnostic value.from NIR tomographic
between some breast cancers and the surrounding norma™a9ing of the breast. Several studies have anecdotally ob-
tissue'~3 This contrast is assumed to originate from an in- t@in€d similar sensitivity and specificity to x-ray mammogra-
creased hemoglobin concentration at the site of breast cancer?hy' and considering the widespread placemr_ent, acceptance,
due to angiogenisis? It is currently unknown whether this ancilj_ther:ow dt;)se rz_tes of_moddern x-ray mach_lneshsome NIfR
contrast will be sufficient to detect and or characterize small, studies ave beern |scont|n.ue. ' Intgrest remains, oyve\l/er, or
early stage breast carcinoma. Other NIR parameters, such asNIR _quant!tatlve hemogloblgglmagl_r?gdynaml_c imaging;
oxygen saturation and scattering contrasts, are also being in-mading with contrast agents,and incorporating structural

' . . . . information from high resolution imaging modalities to im-
vestigated as a means to differentiate benign from malignant . .
breast diseacs prove the resolution and accuracy of NIR hemoglobin

. 5 . . - . .
Despite evidence of high contrast, NIR imaging is con- imagest® Not surprisingly, it is areas such as measuring the

founded by high scattering such that spatial resolution is cur- rr:]eargggli)hb;r; tcr? enfs?tpj,ctvl\jglcEhgr?gfseszgﬁv?/irtinéc%sgn(:if olr? ;ﬂm_
rently limited. In addition, light is attenuated similarly for aging (i.e., mammography and breast sonograptyat show
both absorption and scattering heterogeneities making quanti-the most ioromise for future clinical application.

tative absorption imaging challenging. The use of frequency-

d . d1 ved techni btai hl hi For static NIR imaging, without the addition of contrast
omain an ltlme-reso've. tec niques to obtain pat .engtl 'n'agents, absorption coefficie(i,) images are primarily re-
formation, in combination with model-based iterative

. : lated to the spatial distribution of oxygenated and deoxygen-
reconstruction methods, allows for the separation of absorp- 44 hemoglobin(Hb—O, and Hb—R contrast® and to a

tion and scattering geterogeneiﬁemd improves spatial reso-  |esser extent water and lipid contéftMeasurement at mul-
lution and contrast® Currently, the resolution limits pf the tiple optical wavelengths permits the imaging of these com-
NIR method are unclear, however, moderate-resolution quan-ponents as their absorption spectra are sufficiently different. A
titative images of absorption, scattering, and hemoglobin particular “bench to bedside” challenge for NIR breast chro-
parameterS have been obtained in phantom studies suggest- mophore imaging is transitioning from two spatially varying
ing that clinically usefulin vivo quantitative hemoglobin im-  apsorberg Hb—0,, Hb—R) to four (additionally, water and
aging can be achieved. lipids). In some NIR tomographic imaging configurations it
may prove difficult to acquirg., images at a sufficient num-
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ber of wavelengths to recover the concentration of these four
chromophores. In a previous simulation study, we estimated
that a minimum of four wavelengths is needed just to recover
accurate images of Hb—R artdb—O, in the presence of
noise' In lieu of additional wavelengths, however, it may be
possible to use scattering information to estimate water and
lipid content!® The wavelength(\) dependence of the re-
duced scattering coefficierfi.,) can be approximated as a
power relationship. By performing a fit tm(ug) vs In(\),
images of scattering “power” can be determined, as defined
by the slope of this data fit. From NIR point measurements at
UC-Irvine’s Beckman Laser Institutg, it appears that the
scattering power is linearly related to the water and lipid con-
tent in the breast. Thus, scattering power images might be
used to determine both the water and lipid spatial content
reducing the total number of wavelengths necessary for the Fig. 1 Photograph of the custom-built patient bed which is a modified

- _ _ . massage table with padding. The patient lies prone on the examina-
separation oHb-0,, Hb—R, water, and lipids. tion table with her face cradled in the headrest shown at the top of the

In this paper, we present recent_ C|_|n|ca_| images obtained figure. The breast to be imaged is placed pendant through the 20 cm
from a multispectral NIR tomographic imaging system devel- diameter circular opening. The fiber-optic patient interface and detec-
oped at Dartmouth College. The system has evolved to a pointtion array are aligned directly below the opening in the examination
where moderate resolution quantitative images of absorption, table.
scattering, and consequently hemoglobin concentration and
oxygen saturation are obtained consistently in tissue-
simulating phantom¥’ Data have been acquired from ap- in Figure 2. The radially-mounted stages are attached to a
proximately 40 women as the imaging system has been devel-vertical positioner which allows for the selection of a tomog-
oped, including 20 with the current experimental setup. Here, raphic plane from the chest wall to the nipple. Four push
we display images from one woman with a mammographi- buttons control the verticdup/down and radial positiorin/
cally subtle 3 cm invasive left breast cancer as a means ofout) of the fiber-optic array to allow positioning by the exam
presenting the clinical status of the setup and demonstratingattendant. The translation stage system was custom-built
the potential of quantitative hemoglobin imaging with NIR (Velmex, Inc., Bloomfield, NY to position the fibers with a
light. With the presentation of these images, we also explore high degree of accuracy and precision.
some of the challenges in achieving quantitative hemoglobin  Four laser diode§761, 785, 808, and 826 nnare used to
images within the breast. In particular, we explore three meth- deliver 100 MHz amplitude-modulated light through a fiber
ods of compensating for a limited number of optical wave- combiner to a rotary stage where the light is multiplexed se-
lengths, and the broad spectral signatures in the 660—830 nnrially to each of the source fibers. The direct current and radio
region, in determining the unknown spatial content of water frequency(rf) power to each laser is applied serially through a

and lipids and its effect on hemoglobin imaging. computer-controlled rf switch. Sixteen photomultiplier tubes
(PMTs) are mounted to the same rotary stage for detection.
2 Methods The large change in light level between near and far detectors

is compensated by the computer-controlled gain of the PMTSs.
The PMTs are rotated with respect to the detector fiber
For breast imaging, the woman lies prone on a custom-built bundles such that their position relative to the source is fixed,
patient bed which is a modified massage table with padding. thus the gains of the PMTs are set only once per acquisition
The breast to be imaged is placed pendant through a 20 cmsession. Each PMT signal is input into a separate rf mixer
diameter hole. A series of machined plastic inserts with a
range of central openindgg0, 18, 15, 13, and 10 cnare used

to comfortably support the pendant breast that varies in size,
while maximizing the access of the fiber-optic array to the
length of the breast, thereby allowing imaging as near the
chest wall as possibléThe top of the 6 mm detector fiber
bundle can be placed within approximatglinch of the chest
wall.) A photograph of the examination table is shown in Fig-
ure 1.

The frequency-domain data-acquisition system is centered
under the opening in the patient platform. A 16 source, 16
detector circular array of fiber-optic bundles is positioned in
direct contact with the breast tissue surface. Alternating
source and detector optical fibers .are arranged I.n a CIrCUIarFig. 2 The fiber-optic patient interface is shown. The larger black
ge_ometry and tranSIal:ed by _16 radially-arranged Ilnegr trans- caples are the detector fiber-optic bundles. The fiber optics are
lation stages to acquire a single coronal tomographic plane mounted on posts connected to a series of translation stages mounted
through the breast. The fiber-optic patient interface is shown radially.

2.1 Data Acquisition
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mounted on the rotary stage and mixed with a 100.0005 MHz
reference signal. The resulting 500 Hz signal is amplified and
low-pass filtered prior to lock-in detection within the com-

vary between individuals of the same age and in some indi-
viduals change with the aging procé&sjuring the menstrual
cycle?® and are likely spatially heterogeneous. Ideally, images

puter. For a single tomographic plane, 256 measurements ofof water and lipid should be recovered from the measured
phase and amplitude are recorded and processed by a finitdNIR data as well agfHb—0,] and[Hb—R].

element(FEM) program to reconstruct images @f, and ., .
The full description of the construction of this data-
acquisition system can be found in a previous publicatfon.

2.2 Reconstruction Algorithm

A FEM reconstruction program based on the frequency-
domain diffusion equation allows recovery of imagesof

and u, from the measured data. The FEM solution of the

diffusion equation on a circular mesh determines a calculated
data set from an initial estimate of the average optical prop-
erties(uq,1.). A Newton—Raphson minimization of the dif-

ference between the measured and calculated data is then aps-

plied to recover the true distribution of optical properties. A

Levenberg—Marquardt regularization scheme is used to invert

the ill-posed sensitivity matrix which arises from the minimi-
zation. The initial estimate of the optical properties is ob-
tained from a separate minimization using the same forward
FEM solver but with data averaged over all source positions
and the assumption of homogenequg and . throughout
the circular mesh. The details of the reconstruction program
and homogeneous fitting algorithm can be found
elsewheré:?%2

2.3 Phantom Studies

Phantom experiments have confirmed that quantitative NIR
imaging of u, and u. is experimentally possiblé Further
studies with human blood mixed in a highly scattering me-
dium demonstrated that quantitative hemoglobin imaging is
achievablé? The resolution to contrast limits of the current

experimental setup was studied in a recent paper, which con-

cluded that for an object of known size, quantitative absorp-
tion imaging can recovea 4 mmobject in a 84 mm phantom
with 2:1 contrast® A recent study with excised breast tissue
confirmed that quantitative absorption and scattering imaging
is also possible in heterogeneous tis§i@hese phantom
studies lend confidence to the belief that quantitaliveivo

imaging can be achieved in cases where the lesion diameter is

more than 1/20 of the diameter of the breast, using current
system parameters.

2.4 Chromophore Separation

It is widely assumed that the primary NIR absorbers in breast
tissue areHb—O,, Hb—R, water, and lipids. The absorption
spectra of these constituents,
groupst®"?5are displayed in Figure 3. In general, an impor-
tant goal of NIR breast imaging is assessing total hemoglobin
concentration[Hb—T] = [Hb—G,] + [Hb—R]) and oxygen
saturation(StO,=[Hb—G,]/[Hb—T]). A particular challenge

of transitioning from laboratory experiments to patient imag-
ing is going from two spatially varying absorbefslb—0,,
Hb—R) to four (additionally, water and lipids In past studies,

we have assumed a bulk water and lipid content based on
average values for breast tissue. While this assumption re-

duces the overall error in comparison with ignoring water and
lipid absorption, it is clear that the lipid and water content
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as measured by other

In recovering images of concentration, it is assumed that
Ma at each wavelength is a linear combination of the concen-
tration multiplied by the molar extinction coefficient of each
constituent. A least-squares fit to the data using singular-value
decompositio(SVD) is used to determine the recovered con-
centrations. It is not expected that four wavelengths are suffi-
cient to accurately estimate the concentration of these four
chromophores. In a previous simulation study, it was deter-
mined that four wavelengths were needed to recor—T]
and StO, in the presence of noisé.Indeed, the spectra of
water, lipids, Hb—R, andHb—O, are broad and somewhat
imilar in the region of 650—830 nm. In lieu of additional
wavelengths, however, it is possible that scattering informa-
tion may be used to estimate the water and lipid content.
Preliminary results from Cerussi et ‘lindicate that the lipid
and water content may be determined from spatially-averaged
spectral scattering data.

From Mie theory calculations for a distribution of spheri-
cal scatterers, van Staveren efaémpirically showed a lin-
ear relation toln(u.) vs In(\). Cerussi et a® at UC-Irvine
have used this same relationship with NIR point measure-
ments ofu in the breast. Equatiofl) relates scattering co-
efficient wavelength dependendgu/(A\)] by a constant
“scattering amplitude”(A) and a “scattering power{SP:

ps(N)=ANTSF &y

Using data from 28 women, Cerussi et al. show a linear
relationship for both the lipid and water content to SP with a
coefficient of determinatiofr?) of 0.84 and 0.85. The equa-
tions of the linear relations are

Water %-=0.35*SP-0.05, (2a)
Lipid % = —0.50*SP+ 0.90. (2b)
PR — & —Hb-R (120M) P!
E 0.0120 — = —Hb-02 (12uM) B
- - -e- - Water (30%) h
£ 00100 1 —o— Lipids (60%) ;
=)
€ 0.0080 |
o
[Z]
< 0.0060
]
£ 0.0040 -
° <3
3
& 0.0020 1 |
el
0.0000 wmivmwiommentt?™ Sy : : -
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Fig. 3 Absorption spectra of Hb-R, Hb-O, (see Ref. 16), water (see

Ref. 25) and lipids (see Ref. 17). The curves are shown for concentra-
tions typical in breast tissue.
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Fig. 4 (a) Digital photography of standard left craniocaudal mammogram, (b) magnified close-up mediolateral mammogram, (c) ultrasound of the
tumor in the sagital plane, and (d) magnified left mediolateral mammogram following biopsy and site marker placement. White arrows delineate
the area of architectural distortion reflecting tumor, while short black arrows show the central tumor mass. In (d), the thin black arrow denotes the
biopsy site marker clip and the large black arrowheads show air at the biopsy site.

Table 1 Values for StO, and [Hb-T] for different methods of compensating for water and lipid content.
Method 1, the assumption of a fixed bulk water and lipid content, corresponds to Figure 5. Method 2
(Figure 6) involves a least-squares fit to all four chromophores. Method 3 (Figure 7) uses the scattering
power image to image water and lipids. Method 4 assumes no lipid and water content.

Average Values Value at center of lesion

Method  [HbT] (uM)  StO, (%)  Water (%)  Lipid (%)  [HbT] (uM) SO, (%)

1 19 65 30 60 56 65
2 22 70 4 136 53 74
3 19 63 30 39 58 65
4 22 63 0 0 60 64
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Absorption coefficient images (1/mm
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Fig. 5 Tomographic NIR images of female breast with 3 cm lesion located at 3 o’clock presented in the manner used by our clinical database.
(@)—(d) and (i)—(1) are u, and w, images (in grayscale units of 1/mm) at the four wavelengths indicated. (e) and (g) are [Hb-T] and StO, images
determined using method 1 (assumption of 30% and 60% bulk water and lipid content). The x and y axes of the images are position in units of
millimeters. The average values and standard deviation of all pixels are indicated below each image. (f) and (h) are horizontal transects through the
center of images (e) and (g).

This relationship can be used to approximate bulk water left breast confirmed an irregular hypoechoic mass with
and lipid content or may be applied to each point in the image acoustic shadowinfFigure 4c)]. The imaging abnormality
to determine the water and lipid content spatially. corresponded to a palpable lump in the lateral left breast. An

We present results from three methods of determining ultrasound guided 11 gauge vacuum assisted needle biopsy of
[Hb—T] and StO, images based on different treatments of the the mass was performed 2 weeks prior to NIR imaging, es-
water and lipid content. These argt) the water and lipid  tablishing the diagnosis of an invasive ductal carcinoma. A 2
content are assumed to be constant at 30% and 60%mm (maximal diameterx 0.2 mm (approximate thicknegs
respectively’’ (2) a fit is performed to all parameters, Hb—R,  stainless steel marker cligMicromark 2 tm[Ethicor]), was
Hb-0,, water, and lipids based on absorption data at four placed in the mass at the time of the needle biopsy, and dem-
wavelengths; and3) scattering power is used to image water gnstrated mammographically immediately following the bi-
tion data at four wavelengths. These results are Comparedtherapeutic lumpectomy and left axillary sentinel lym-

with the assumption of no lipid and water absorptiarethod  yhadenectomy revealed a 5.9 cm low grade invasive ductal

4 in Table 1 to assess the potential variation involved in the 4 cinoma without0/2) axillary nodal metastases.

method of estimating the water and lipid content. For the NIR exam, the research nurse aligned the NIR
. . imaging array in the coronal plane of the palpable lump of the

2.5 Patient Imaging pendant left breast. The fiber-optic array was brought in direct

Conventional and NIR imaging results are presented for a contact with the breast using push-button controls. Three
single 73 year old female volunteer. The subject underwent planes of tomographic data were acquired: at the midline of
routine mammography, which demonstrated a 2.5(oraxi- the lesion, 1.3 cm above, and 0.9 cm below the midline. Data
mal diameter focal ill-defined density with a largeapproxi- were also acquired from the contralateral normal right breast
mately 6 cm maximal diametearea of associated architec- at a single coronal imaging plane corresponding to the loca-
tural distortion situated in the deep lateral left brd&stjures tion of the left breast lesion based on the depth from the chest
4(a) and 4b)]. Breast ultrasonography directed to the lateral wall to the imaging array.
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Fig. 6 Images of (a) water, (b) lipids, (c) [Hb-T], and (e) StO, are recovered using a least squares fit to determine all four parameters (method 2) from
the w, images presented in Figure 5. The x and y axes of the images are position in units of millimeters. (d) and (f) are horizontal transects through
the center of images (c) and (e).

3 Results of the lesion(x=82 mm, y=53 mm) based on the NIR im-

The results for the female volunteer imagesquired at the ~ 398 _
midline of the lesiohare presented in Figure 5 in the typical In Figure 8, the images of the contralateral normal breast
format submitted to our clinical database. Hegg, and . are presented. Only the 761 and 808 pgand . are shown
images at the four wavelengths are displayed. Initially a con- @S they are representative of the other wavelengths. Also dis-
stant water and lipid concentration of 30% and 60%, respec- Played are th¢Hb—T] and StO, images using method 1 with
tively, was assumed and the relevant values subtracted from? fixed water and lipid content of 30% and 60%.
the u, images prior to determining distributions pflb—T]
and StO, from the SVD least squares fit for Ho—R and 4 Discussion
Hb-0,. The lesion is clearly visible in both the, and[Hb— Images of Hb—T] and StO, are presented from multispectral
T] images, as well as at a lower contrast in jhgimages. A near-infrared tomographic measurements of the breast. Three
horizontal profile through the lesion shows a peak hemoglobin methods of compensating for the lipid and water absorption
concentration of 56 micromolduM) compared with an av-  with a limited number of wavelengths are described. Each
erage[Hb—T] of 19 uM. method results in a similar hemoglobin concentration image
A second fit was performed to the, images with all four  with a contrast of approximately 3:1 at the location of the
quantities,[Hb—G;,], [Hb—R], lipids, and water, as free pa- malignant tumor. Values for both the oxygen saturation and
rameters. The results are presented in Figure 6. Values of lipidhemoglobin concentration change by less than 5% between
content range as low as200% and as high as 500%, while method 1(assumed bulk water and lipid contgind 3(im-
water content values also range well below 0%. Though the fit ages of water and lipid obtained from scattering poweut
failed to produce meaningful results for lipids and water, the by as much as 15% for the other two approactfiesto all
hemoglobin images fall within a reasonable range of values. four chromophores and assumption of no water and lipid con-
In the third method, scattering power images were deter- ten). The images of the contralateral normal breast exhibit no
mined by performing a linear regressionItgu,) andIn(\) striking contrast features.
for each image point. The resulting map of SP is displayed in ~ The hemoglobin values for the invasive ductal carcinoma
Figure 7. In addition, images of lipid and water were deter- may be affected by the presence of the stainless steel site

mined from the relationships in Eq®a) and(2b). Similar to marker and/or the host inflammatory response to the needle
the first method, the corresponding water and lipid values are biopsy procedure occurring 2 weeks prior. The metal clip was
subtracted anfHb—T] and StO, determined from thet, im- studied in phantom experiments and found to have a minimal

ages. The images foHb—T] and StO, are also presented in  effect when imaged inside a 84 mm tissue-simulating object.
Figure 7. Table 1 summarizes the results for the three meth-The contribution of the host inflammatory response to the
ods, while also presenting data from a fit that ignores the NIR findings is unclear. Future studies will be performed pre-
water and lipid content all together. In the table, the average biopsy and postbiopsy to assess the influence of these poten-
values for the water, lipidHb—T], andStO, images are pre- tial confounding circumstances upon the resulting hemoglobin
sented as well as the value fdib—T] and StO, at the center images. A systematic clinical trial, which is scheduled to be-
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Fig. 7 Images of (a) scattering power (b) water, (c) lipids, (d) [Hb-T], and (f) StO, are recovered using method 3. The scattering power image is
calculated from a fit to In(u;) for the sequence of images in Figure 5 vs In(\). The water and lipid images are then determined from Egs. (2a) and
(2b). The x and y axes of the images are position in units of millimeters. (e) and (g) are horizontal transects through the center of images (d) and (f).

gin in 2002, will be performed prior to biopsy. wave imaging could improve spectral range, as noted by Bev-
While a larger number of optical wavelengths may be the ilacqua et af®

key to good separation of breast chromophores, NIR diode It is not clear that the assumption of a linear relation be-
lasers at additional optical wavelengths in the limited region tween lipid, water, and scattering power will hold over the
of PMT sensitivity require additional acquisition time, are of- entire female population or when applied to spatially resolved
ten difficult to locate, and add to system expense. Using scat-images. The method appears to provide a reasonable estimate
tering power information to infer water and lipid content may of the lipid and water content. It is likely that tumor water and
be sufficient for achieving accurate hemoglobin images. It is lipid content will be different than surrounding tissue and thus
possible some hybrid of frequency-domain and continuous- spatially resolving these constituents will be necessary for
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Fig. 8 Tomographic NIR images of the contralateral normal female breast. (a)-(b) and (c)—(d) are u, and w. images (in grayscale units of 1/mm) at
the two wavelengths indicated (785 and 826 nm images are omitted). (e) and (g) are [Hb-T] and StO, images determined using method 1
(assumption of 30% and 60% bulk water and lipid content). The x and y axes of the images are position in units of millimeters. (f) and (h) are
horizontal transects through the center of images (e) and (g).
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achieving highly accurate hemoglobin measurements. The er-11.

ror introduced from bulk approximations appears initially to
have about 5% to 15% influence on thdb—T] and StO,
estimates. IStG, is useful in diagnosis, however, these errors

may prove important. Without further validation, the accuracy 12.

of these methods in assessing the lipid and water content can-
not be made, however, we can use these results to demonstrate
the range of variability5%—15% in [Hb—T] and StO, for
different methods of compensating for water and lipid for this
particular patient.

Multispectral optical tomography appears capableirof
vivo imaging of hemoglobin parameters in the breast. Prelimi-
nary results show a high contrast in the hemoglobin images of

breast lesions. Because contrast between lesions and suris,

rounding tissue appears to exist[idb—T], StG,, and scat-
tering, it seems that lesion characterization based on quanti-
tative assessments of these parameters may be possible.
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