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Abstract. We use spatially resolved diffuse remittance spectroscopy
(DRS) for the measurement of absorption (u,) and reduced scattering
(u:) coefficients of normal and malignant breast tissue in vivo during
surgery. Prior to these measurements, the linearity of the measurement
technique was evaluated on liquid optical phantoms. In addition, the
reproducibility of in-vivo tissue measurements was determined on a
healthy volunteer. We present results of the in-vivo measurement of
optical properties in the wavelength range from 600 to 1100 nm per-
formed during radical mastectomy. A total of 24 patients were in-
cluded in the study. Both the absorption and reduced scattering prop-
erties show large variations. Significant differences in optical
properties between normal (glandular plus lipid rich tissue) and tumor
tissues are present in 74% of all patients. However, in some cases the
tumor showed lower values than normal tissue, and in other cases this
was the other way around. Thus, a general trend in optical properties

is not observed. However, the average absorption contrast of all pa-
tients as a function of wavelength reveals an optimal contrast peak at
650 nm. We believe that this relates to a difference in vascular satu-

ration between tumor and adjacent normal tissue. © 2004 Society of Photo-
Optical Instrumentation Engineers. [DOI: 10.1117/1.1803547]
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1 Introduction bin, water, and lipid content, that may improve the contrast
Breast cancer is the most widespread nonskin malignancybetween normal, benign, a_nd mglign_ant ti_ssue structures. Cur-
among women within the United States and most European rgntly, several groups are |nvest|gat|n7g different pptlcal tech-
countries. In Europe, annual mortality rates are about 70,000.M9u€s. ~ €.4g., = tomographc; multispectral

The current standard breast cancer screening tools are pa|pat_ran5|llum|n_at|orﬁ_150|_ot|cal imaging, or functional spectros-
tion and x-ray mammography. However, the latter technique €OPY techniques; either continuous wave, or by time- or

is associated with insufficient specificity, resulting in a large fréguency-resolved techniques. Spectra or images result from
number of false positives. This leads to many unnecessaryd'ﬁerences in optical properties, i.e., reduced scattering and
biopsies and surgical procedures. X-ray mammography de-absorption coefficients, respectively. These result from varia-
pends on the use of ionizing radiation and is of limited use for tions in(extra cellular refractive indices and oxyhemoglobin,
young women and women with radiographic dense breasts.deoxyhemoglobin (oxygenation, water, and lipid - chro-
Furthermore, the use of ionizing radiation comprises the risk Mophore content, respectively. There is evidence in the litera-
of cancer induction. Near-infrared optical imaging is a rela- Ure that malignant and benign tissue structures can be dis-
tively new nonionizing and noninvasive quantitative tech- Criminated from adjacent normal tissue by their water/lipid
nique for the detection of breast cancer. Multispectral near- 'atios, or due to differences in total hemoglobin content and
infrared (NIR) imaging and spectroscopy might provide Oxygenation, e.g., tumors are associated with an increase in
several advantages, such as low cost compared to CT and?lood volume and a decrease in oxygenation prolifefaty.
MRI. More important, however, is that optical imaging may SPectral information on reduced scattering coefficients may
provide information complementary to currently employed provide information of scatter center size and density, and is

contrast optimization it is therefore necessary to have detailed

spectral knowledge aih-vivo optical properties to select the
optimal detection wavelengths. As tissue optical properties are
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ccD 9 Farrell, Patterson, and Wils8hadapted the diffusion approxi-
tracks mation with extrapolated boundary conditions to describe
GIEA R ————— steady-state spatially resolved diffuse reflectance measure-
Halogen =——_, ,Jprc ments, more recently improved by Kienle and Pattefddn.
—_— earlier work® we used spatially resolved diffuse reflectance
9 fibers a.‘ - : L
o J spectroscopy for the noninvasive determinatiorne¥ivo hu-
@L .r!.. 'i\ ﬁ‘ I". F:(I man tissue optical properties and absolute chromophore con-
"\- AN centrations based on this analysis. Rather than calculating op-
\ “{'% tical properties for each of the wavelengths separately, this
analysig® considered the whole dataset and calculated the ab-
tissue S . . .
sorption and reduced scattering spectra over the entire wave-
| : length range. As a constraint in the analysis, we assumed
maging _ . “b e .
spectrograph Lorentz-Mie scatteringa-\~°). The diffusion approxima-
tion introduces some assumptions into the analysis. The light
Fig. 1 Basic layout of the diffuse reflectance spectroscopy setup. has to be diffuse, so scattering should dominate absorption.

Furthermore, the distance between the source and detector
fiber should exceed a minimum distance of approximately
strongly influenced by tissue physiology, it is therefore im- ~ 1/, Based on preliminary results, it was concluded that
perative to perform these measuremantsivo. to satisfy this constraint, the first three fibers had to be ex-
The aim of this study was to determine intrinsfevivo cluded from the analysis, consequently the fiber closest to the

optical properties of various breast tissue types, e.g., normalggrce was located at a distance of 8 mm.
glandular tissue, subcutaneous fat, skin, and different malig-

nant tissue pathologies. To do these measurenientso as 2.3 Phantom Measurements
close to the target volume as possible, we have performedp. he clinical he | itv of th h
these measurements intraoperatively. For this we used an op- rior to the clinical measurements, the linearity of the tech-

tical measurement technique known as spatially resolved dif- hique was -evalluategl _on hqmogerleous quyid optlical
fuse remittance spectroscopRS). This is a relatively phantom& using intralipid (Intralipid 20% Fresenius Kabi,

simple technique that allows for high-resolution measurement Hertogenbosch, Netherlandsnd Evans BludEB) (ACROS

optical properties over a broad wavelength bandwi8tf. organics, Geel, BelgiumFirst, the reduced scattering coeffi-
Prior to the clinical study, the system linearity was checked by Ci€Nt f the solution was kept constant while increasing the

; - = =1

means of liquid tissue phantoms. Furthermore, we determinedabsorptlon coefficient from 2 ”J' up to ;L(_)OOO m. Second,
the reproducibility of the method by means of a series of W& varied the reduced scattering coefficient while keeping the
repeated measurements on a single volunteer absorption at a fixed value of 33 th During the measure-

ment, the probe was mechanically held at a fixed position on

. the phantom surface. The probe was repositioned after each
2 Materials and Methods measurement. For each phantom, three measurements were
2.1 Experimental Setup made. Prior to these measurements, the specific absorption

The setup used is shown schematically in Fig. 1. The illumi- coe_ff|C|ent of EB was determined at 6.30 hm by means of
nation of the tissue and the collection of the diffuse re-emitted COllimated transmission measurements in a scattering-free so-

light are performed by a multifiber probe. This black Perspex lution.

probe consists of 10 low hydroxylOH™) medical graded

fibers(400-um core, length approximately 4)CeramOptec ~ 2-4 Volunteer Study

GmbH, Bonn, Germanyin which the fibers are positioned at  To investigate reproducibility oin-vivo measurements, DRS

average interfiber distances of 2 m up to 18 mm. The measurements were performed on a single healthy volunteer

white light from a 100-W quartz tungsten halogen lamp is (age 26 at ten different locations covering all quadrants in the

coupled into the illumination fiber of the probe. Total light vicinity of the aureole(n=5) and the border of the breast

output power of the source fiber was 20 mW. The nine detec- (n=5). The fiber optic probe was positioned manually at the

tion fibers in the probe direct the light to the entrance slit measurement site. On each of the ten locations, three sequen-

position of an imaging spectrograp@riel, MS257. The 150- tial measurements were performed without repositioning the

lines/mm grating in the spectrograph allows us to cover a probe.

wavelength range from 440 to 1100 nm. A 16-bit 256 to 1024

pixel charge-coupled devig€CD) camera cooled te-30 °C 2.5 Patients

(Andor DU420-OE, Belfast, Northern Irelandietects the | this study, 24 patients were enrolled with tumor dimensions

nine reflgcta.nce _spectra originating at different distances from exceeding 10 mm. The procedure was performed according to

the illumination fiber. a protocol approved by the local medical ethics committee
) and with the patient's written informed consent. Histologi-

2.2 Data Processing cally confirmed tumors were classified as either 1. benign/

Data processing and analysis of the data files were performedreactive, 2. ductal carcinoma in sitDCIS), or 3. infiltrated;

using custom software written in Matlghatlab, Mathworks the latter either being of the ductal or lobular adeno type.

Incorporated, Massachusett¥he photon propagation in tur- During the procedure, the fiber optic probe was placed

bid biological tissues can be described using diffusion theory. inside a sterile transparent polyvinyl chloridBVC) cover
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Fig. 3 Scattering coefficients as measured with DRS versus fraction of
Intralipid in the phantom solution. Absorption w, was kept constant at
33 m™". The dashed line indicates the region where the measured
reduced scattering starts to deviate from linearity.

Chosen p, (m™")

Fig. 2 Absorption and reduced scattering coefficients as measured
with DRS versus expected u, at constant reduced scattering coeffi-
cient (1.=2000m"") at A=630 nm. The dashed line indicates the
region where the measured absorption starts to deviate from linearity.

and absorption. The measurgq starts to deviate from lin-

earity for u.>3000n . The standard deviation originating

bag (Intercover, International Medical Products, Zutphen, from repositioning the probe three times is less than 3% for
Netherlands During the measurements, all possible interfer- reduced scattering and absorption, respectively.

ing light sources such as the theater lights were turned off and

measurements were conducted under subdued light condi-3.2 Volunteer

tion_s_, i.e., less than 50 lux. The fiberopti_c probe was hel_d in Figure 4 shows the absorption versus reduced scattering coef-
position manually and placed on the surgical margins of either ficjants measured on the volunteer at 900 nm. We calculated
the tumor or the normal tissue. At each specific tissue loca- o average(u,,u.), standard deviatior(), and relative

tion, three sequential measurgments were made. If IOOSS'ble’\/ariation defined as/u of the three sequential measurements
m.easureme“.t.s on the same tissue type were taken at _sever%{t 900 nm for all ten locationdable 1. Measurements on the
different positions. The total measurement time for a single

S 4 s Additional . same location appeared to reproduce within 4 and 2.6% for
ln—vnI/o ][nﬁasurement was 4 S. tional surg;ar;ic;umeléls @ absorption and reduced scattering, respectively. Relocating
result of these measurements was approximately 10 t0 15 min.y,o - neasurement probe over the ten different locations

Measurementslwere_performgrdvivo during modified. rgdi- showed a much larger variability, i.e., 27.2 and 18.6% stan-
f:rfil ma?t%:;osrmes with the tISS(;le_b|00d supply stlllhlr}';\a,tvct. dard deviation for absorption and reduced scattering, respec-
hlme ?] h measurements durlng surgelllry was ha ?]y tively. This large difference suggests that the relative varia-
through the mastectomy procedure, partially exposing the i,ng ithin one location reflect the reproducibility of the

muscular pectoralis, subcutaneous fat, lipid-rich glandular tis- measurement technique, while the variations between the dif-

ts)ue, 3nd_ tumor sllte. In e;]nurréber of gases,t'][unr']lors ‘X_V'th defpthsferent locations are due to actual local variations in optical
oundaries not lower than 5 mm beneath the skin surface properties within the breast tissue.

were measured transcutaneously.

3 Results 100
3.1 Phantom Study

Figure 2 shows the results of DRS measurements on the op-
tical phantoms with constant reduced scattefir@000 m %)
and increasing absorption up to 10000 rat 630 nm. The
solid straight line represents a linear regression fit through the
log values of the data. The slope of the fit was 0.96 and is
within the 95% confidence level interveé).88 to 1.02 with a
R? value of 0.98. The measured, starts to deviate from the
chosenu, for 590 m < u,<2m !, and coupling effects
betweenu, and ng are now observed. Figure 3 shows the 1 T — T T o
results of DRS measurements on phantoms with constant ab- 100 1000
sorption of 33 m?! and increasing reduced scattering at 630 . '
nm. The solid straight line represents a linear regression fit. reduced scattering ps'(m™)
The slope of the fitted linear regression was 0.83 and is within _. ) . -
. . . 2 Fig. 4 Absorption versus reduced scattering coefficients at 900 nm
the 95% confidence level mter\_/@'64 to 1'01_ with a_ R measured on the healthy breast of a volunteer. Each group of identical
value of 0.82. Both slopes are within 95% confidence interval, symbols represents three sequential measurements at the same loca-
indicating the systems linear response for reduced scatteringtion. Measurements were taken at ten different locations.

i
s

absorption pa(m™)
=)

Journal of Biomedical Optics * November/December 2004 « Vol. 9 No. 6 1131



van Veen et al.

Table 1 Analysis of the reproducibility of the measurements at 900 1000 -
nm. Three repeated measurements on ten locations show that the :
relative variations between measurements at that same location are
roughly 7 times smaller than the relative variations between locations.

&
o/ o/ - .
Location Bolm™'] [%] pem™'] (%] =
1 20.6 1.2% 426 1.9%
2 26.7 5.8% 444 3.2% ]
3 18.5 2.9% 451 1.5% 1 .
600 700 800 9S00 1000 1100
4 28.4 3.9% 333 0.7%
wavelength (nm)
5 20.7 2.7% 416 5.5%
Fig. 5 Example of the in-vivo reduced scattering and absorption spec-
6 28.0 11.7% 361 2.5% tra of normal (black) and malignant (gray) breast tissue versus wave-
length in a single patient.
7 9.6 3.5% 586 3.7%
8 20.3 1.3% 584 4.0% . . .
cations where the layer covering the tumor was the thinnest.
9 16.5 5.9% 439 3.3% Three tumors were located only 5 mm below the skin. These
R R tumors were also measured transcutaneously. In total, 312 re-
10 24.5 1.0% 403 0.2% liable spectra were recorded. Table 2 gives an overview of the
Mean variation 4.0% 2.7% total dataset. Patient age ranged from 37 to 88 years, of which
within location five were premenopausal.
) o An example ofin-vivo optical properties of normal and
Relative variation 27% 19%

diseased breast tissue in the wavelength range from 600 to
1100 nm is shown in Fig. 5. The age of this patient was 47
and she was premenopausal. The tumor was an infiltrated duc-
) tal adeno carcinoma with an average size of 18 mm, located 6
3.3 Patients mm underneath the resection surface. For this individual case,
Intraoperative measurements were performed on 24 patientsthe reduced scattering properties did not show any significant
in total. For each patient, measurements on normal glandulardifferences between tumor and normal. However, a clear and
breast tissue could be performed, measured at large distancesignificant difference is seen between the absorption coeffi-
from the tumor site. In addition, 18 sets of measurements on cient of the tumor measurement and the measurement per-
malignant tissue were made. In six patients, such measure-formed on normal lipid-rich glandular tissue.

ments were not feasible due to either the small size of the  Another individual patient example is shown in Fig. 6.
tumor, i.e.,<10 mm(N=2, inclusion error$ or the fact that Here absorption is plotted versus reduced scattering at 650 nm
the tumor was too deep below the resection surfaeg >10 for each individual measurement. The age of the patient was
mm). For the normal tissue measurements, the probe was po-53 and she was postmenopausal. The tumor was a differenti-
sitioned on locations that were visually identified as healthy. ated ductal carcinomia situ after receiving chemotherapy. A
Measurements on the palpable tumors were performed at lo-student’s t-test shows significant differences in absorption be-

between locations

Table 2 Overview of the tissue types measured. 100 -
3 i o fat + gland
Number of = o« &, ::IT%E
Tissue type measurement patients §: 10 - ISE s
2 ]
Reactive alteration, hyperplasia 1 5 %
B g
DCIS (ductal carcinoma in-situ) 2 E 14 Bs
fw]
Infiltrated lobular/ductal adeno 15 o
carcinoma
01 —T—T T —r—TTrm
Glandular/fat 24 100 1000 10000
Tumor transcutaneous 3 reduced scattering ' (M)
Muscular pectoralis 10 Fig. 6 Example of the absorption plotted versus reduced scattering
Breast skin 9 coefficients at 650 nm for a single patient. Each point represents a

single measurement.
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Table 3 Fraction of tumors detected for different detection criteria. 3 )
Detection :"; .|
Parameter (nm) score (%) ;Ef—u 7 |
8 |
Scatter power 26.1 £ [ [ r [
B SRS RN
s (650) 21.7 g
=]
w, (980) 26.7 o
Ko (650) 39.1 600 700 800 900 1000 1100
wa (980) 52.2 wavelength (nm)
Optical penetration depth (650) 39.1 Fig. 8 Average absorption contrast of all patients as a function of
wavelength. The error bars represent the standard error of the mean.
Optical penetration depth (980) 56.5
1-albedo (650} 435 the case of multiple parameters, the tumor is assumed detect-
1-albedo (980) 39.1 able when at least one of the t-tests shows a significant dif-
ference. The detection score was calculated from 600 to 1100
All (650) 522 nm with a 20-nm interval. Table 3 shows that 74% are detect-
All (980) 690 able at best for a combination of two wavelengths, i.e., 650
’ and 980 nm. This is not very good, considering all the prior
All parameters combined 73.9 knowledge used.

Absorption contrast between tumor and adjacent normal
(lipid-rich glandulay tissue was calculated for 18 patients by
dividing the average of all tumor measurements by the aver-
age of all normal measurements in a single patient. Figure 7
shows the absorption contrast at 650 nm for 18 patients. No
systematic patterns could be observed, i.e., in some ¢a8es
out of 22, absorption was higher in tumor than in normal
tissue, while in others the opposite was the case. Likewise for
scattering, sometimes the tumor showed higher scattering than
the adjacent normal glandular tissue, while sometimes it was
d lower. However, the average absorption contrast of all patients
qasa function of wavelength revealed a peak at 650 nm with a
maximum of 2.4, as depicted in Fig. 8. The error bars given
here represent the standard error of the mean, as the standard
deviation was very high, as described earlier. Reduced scat-
{ering did not reveal any spectral features in contrast, as seen
In Fig. 9, and was on average a factor 1.08.

In Fig. 10, the average optical properties of all patients and
tissue types at 650 nm are shown, demonstrating overlap be-

tween the means of the normal glandular and tumor tissue
measurement§p<<0.05. No significant differences in re-
duced scattering between both tissue types are present.

In these two individual cases, the tumors are detectable in
optical mammography based on the differences in absorption
coefficients between normal and tumor. Such a simple crite-
rion, however, would not be very successful in most other
patients.

Tumor detection based on other criteria, i.e., the reduce
scattering coefficient, or a combination of absorption, reduce
scattering (optical penetration depth, albedoand scatter
power is illustrated in Table 3. Here we list the detection score
for different parameter or combination of parameters. The de-
tection score is defined as the percentage of the 18 tumors tha
is detectable, whereas the detectability of each individual tu-
mor is evaluated by performing a t-test on the means of the
specific parameters for tumor and adjacent glandular tissue. In

2 :
10
fl\ =
~— e
k7] I
o =z
= = T
5 I I | I g 9 _.__'E..I_.i_{_i i8f F § §gég & &
o 1 - I I [ I I ?
[ —
5 I1 II | =
-— =
2 g
Q o
3
< ﬂ T T T T T 1
123445666789101112121314161617 18 600 700 800 900 1000 1100
wavelength (nm)
Patient No
Fig. 9 Average reduced scattering contrast of all patients as a function
Fig. 7 Absorption contrast between tumor and adjacent lipid-rich of wavelength. The error bars represent the standard error of the
glandular tissue calculated for 18 patients at 650 nm. mean.
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o o fat Possible differences in optical properties observed may have
el | s ;:L;j:’”" been diluted to a certain extent because of the presence of a
'E 60 , Fer margin of normal tissue on top of the surgically exposed tu-
I | ' ® tumnae mor. Measurements directly on the tumor were not possible,
e | © fumor transcut as the excision margins around the tumor are between 4 and
E 20 15 mm. In principle, the maximum information density of the
= | I measured signals is reached around 5 mm in depth, hence we
0+ + T T v ' rejected four cases where the resection margin was obviously
0 200 400 600 800 1000 more than 10 mm. This, however, was based on the surgeon’s
average p,’' (M) feeling during surgery and may not have been 100% accurate.
The manual positioning of the fiber optic probe, making
Fig. 10 Average absorption coefficients versus average reduced scat- good optical contact to the tissue and holding it steady during

tering coefficients of all patients and tissue types at 650 nm. The error

bars represent the standard deviation. surgery, proved to be cumbersome, especially in certain loca-

tions. Although ambient lights were low, some spectra showed
artifacts related to ambient light. This nearly always caused

tween the different tissue types due to the large standard de-n€ fit procedure, which was used to transform reflection spec-

viations. However, Fig. 10 confirms the systematic differences tra to optical properties, to become unstable. This occurred in

between tumor and adjacent glandular tissue. 129 out of_ _the 441 measur_ed spectra._Some of these cases
Values for average Mie scatter power wer®.7 standard were identifiable by the ambient light artifacts, but most were

deviation(SD) 0.4 for lipid-rich glandular tissue-1.4 SD 0.5 related to bad optical contact. We believe that some of the
for muscle. —1.4 SD 0.8 for breast skin-0.8 SD 0.4 for failures that produced an unstable fit were related to inhomo-

tumor, and 1.1 SD 0.9 for tumor transcutaneous. geneities in the tissue in the measurement volume, such as
large blood vessels. The mathematical models used to analyze
. . the data assume a homogenous medium. Volumes probed with
4 Discussion the DRS technique are between 0.1 and 2.dmhomogene-
We present, to our knowledge, the first intraoperatively as- ities within such a volume can easily occur, producing a math-
sessedn-vivo optical properties of normal and malignant fe- ematical incompatibility between measurement and model.
male breast tissue in the wavelength region between 600 and Many authors reported breast tissue optical properties ei-
1100 nm. In this study large variations in optical properties therex vivd®=2°or in vivo,**~*2all demonstrating a large va-
were observed within subjects, and was even larger over theriety in results. In part this can be accounted for by differ-
entire patient group. The DRS method was first tested on aences in methodology, e.@x-vivotissue samples suffer from
series of homogeneous optical phantoms with the probe fixedblood loss and preparation may alter reduced scattering prop-
on top of the surface. The derivad, were well linear with erties. Furthermore, the breast is an inhomogeneous organ
increasing intralipid concentration, and measuggdin good consisting of different tissue types, and thus the measurement
agreement with the predicted absorption, thus demonstratinggeometry potentially has a large impact on thevivo optical
the methods validity. The scattering properties of Intralipid properties obtained. In addition, physiological temporal varia-
measured by spatially resolved DRS are comparable with tions such as age-depended breast parenchyma and menstrual
those reported by van Staveren et?ale.g., 0.1 fraction of cycle*® have demonstrated to induce large variations in optical
Intralipid 20% corresponds to a reduced scattering coefficient properties between pre- and postmenopausal subjettse-
of ~2000 m'L. In other studies, spatially resolved DRS was sulting from atrophy of glandular tissue and decrease in water
compared with time-resolved DRS by measurement on the content. Hormone replacement treatm@dRT) is of influ-
same epoxy phantdfhand pure mammalian lipid sampig, ence as well and is associated with epithelial proliferation in
and results were in good agreement. the ductal tracts and increased water content. Moreover, the
The volunteer measurements showed variations on the or-different techniques used may be influenced differently by the
der of 4% within a single location. It is unlikely that these inhomogeneities mentioned earlier. In the case of a small in-
variations are related to movement of the manually held fiber homogeneity that would not cause our fit algorithm to fail, our
optic probe. The sampled volume is several millimeters in dc measurement would favor the areas of lowest optical prop-
diameter, hence only a substantia., 1 mm or morgmove- erties, as these would have the largest contribution to the sig-
ment is expected to cause a substantial change in the sampl@als. Time resolved late gate measurements, on the other
volumes. More important may be the effect of probe pressure. hand, could favor the areas with the largest scattering, as these
Increased pressure may push the main absorber, hemoglobinphotons would take longer.
out of the capillaries and could decrease water concentration The results of our transcutaneaous measurements coincide
due to interstitial water transpdit,thus altering the optical  with previous work by Shah et &.and Durduran et &t Di-
properties. To a lesser extent, slight changes in probe anglerect comparison of our intraoperatively measured values is not
may explain the variations. Repositioning the probe to other possible. Tomographically derived optical properties of nor-
locations on the same breast showed even larger variationsmal glandular tissue presented by Jiang €t give higher
(27 and 199, clearly demonstrating large variation in local scattering and lower absorption.
optical properties. We found a moderately higher detectability in the region
The intraoperative measurements demonstrated largewhere blood absorption is large and near the water peak. The
variations in optical properties, and no strong systematic dif- average contrast of all patients as a function of wavelength
ferences between tumor and normal tissue were observedrevealed an optimal contrast peak at 650 nm that can be re-

1134 Journal of Biomedical Optics * November/December 2004 + Vol. 9 No. 6



Intraoperatively assessed optical properties of malignant and healthy breast tissue . . .

lated to a systematic difference in blood oxygenation between
tumor and adjacent normal tissue. The ratio, as seen in Fig. 8,
could be explained by a drop in blood saturation from 90% in g
normal tissue to 55% in and around the tumor. A similar trend
in contrast between tumor and normal breast tissue has re-
cently been demonstrated by Taroni etl.

Although promising results are demonstrated in several on-
going trials, e.g., Refs. 37 and 38, there is still unsatisfactory
results with regard to the sensitivity for detection of fairly
large tumors. These results are confirmed in the present study.
Although the optical imaging technique in itself may be very
powerful, its diagnostic success relies on the presence of a
contrast between tumor and normal. Based on the present 8.
findings, it is suggested that optimal contrast could be found
around 650 nm, i.e., the wavelength region most sensitive to o
differences in tissue oxygenation.

5 Conclusion 10.

The optical properties of different breast tissues are measured
in the spectral range from 600 to 1100 nm, demonstrating
large intra- and inter-patient variations. We believe that these ;;
variations are mainly due the heterogeneous nature of breast
tissue, consequently this resulted in large differences in local
optical properties partially masking possible differences be-
tween tumor and normal. Additional variations are introduced ;.
by tissue inhomogeneities and measurement artifacts, e.g.,
ambient light and probe tissue contact, e.g., misalignment of
the sterile clear cover material and probe pressure. In 74% of
the cases, the tumor could be distinguished from its surround-
ing normal tissue on the basis of significant difference of the
average optical properties. However, no systematic differ-
ences are observed between tumor and normal tissue. In cases
where significant differences are observed between tumor and
adjacent normal tissue, we saw no systematic behavior, i.e.,
scattering as well as absorption of tumor tissue could either be

higher or lower than normal tissue. However, the average ab- 15

sorption contrast of all patients as a function of wavelength
revealed an optimal contrast peak at 650 nm that can be re-

lated to a difference in tissue oxygenation between tumor and 16.

adjacent normal tissue.
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