Journal of Biomedical Optics 5(2), 229-236 (April 2000)

Optical imaging as an adjunct to sonograph in
differentiating benign from malignant breast lesions

Quing Zhu Abstract. The role of near infrared (NIR) diffusive light imaging as an
University of Connecticut o adjunct to ultrasound in differentiating benign from malignant lesions
Department of Electrical and Computer Engineering was evaluated in 27 mammography patients with infiltrating ductal
Storrs, Connecticut 06269 . R . . .
carcinomas, apocrine metaplasia, fibroadenomas, radial scar and

Emily Conant ductal hyperplasia, cysts, and normal tissues. Conventional
University of Pennsylvania ultrasound/mammography images were graded based on BI-RADS as-
Radiology Department sessment categories. The spatial NIR measurements were made at
Philadelphia, Pennsylvania 19104 wavelengths of 750 and 830 nm. Functional images, such as relative

Britton Chance ghanges of de.oxyhemoglobin (deoxyHb) and total blood concentra-

University of Pennsylvania tion, were‘estlmated from the dual wavelength measurements. Maxi-

Department of Biophysics and Biochemistry mum relative deoxyHb and blood concentration changes were mea-

Philadelphia, Pennsylvania 19104 sured, and spatial correlation of masses in relative deoxyHb and
blood concentration images for each breast were calculated. For the
five biopsy proven benign lesions, ultrasound/mammography diag-
noses were suspicious for malignancy (four cases) and highly suspi-
cious for malignancy (one case). Four lesions showed less than 1.0 V
maximum deoxyHb and less than 1.5 V maximum blood concentra-
tion levels on average and spatial image correlation showed no cor-
related masses in both deoxyHb and blood concentration images. For
the four biopsy proven malignant lesions, ultrasound/mammography
diagnoses were highly suspicious for malignancy. Maximum deoxyHb
and blood concentration changes were greater than 2.9 V on average
except one lesion which showed smaller deoxyHb signal (maximum
0.85 V) but the deoxyHb mass and blood concentration mass were
hlgh|y correlated. © 2000 Society of Photo-Optical Instrumentation Engineers.
[51083-3668(00)00502-5]
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1 Introduction diagnostic information that may help further differentiate be-
Ultrasound is frequently used in conjunction with mammog- Mgn from malignant breast lesions, thereby improving ultra-
raphy to differentiate simple cysts from solid lesions. When Sound specificity and reducing unnecessary biopsies.
the criteria for a simple cyst are strictly adhered to, the accu-  R€cently, optical diagnostics, based on diffusing near in-
racy of ultrasound is 96%—100%-lowever, the sonography ~ frared (NIR) light, have been employed in breast cancer
appearance of benign and malignant lesions has considerabléletection'*~*® Functional imaging with NIR light is made
overlapping features which has prompted many radiologists to possible in a spectrum window that exists within tissues in the
recommend biopsies on most solid nodfie This results in ~ 700—900 nm NIR region, in which photon transport is domi-
a large number of biopsies yielding benign breast masses ornated by scattering rather than absorption. To a very good
benign breast tissuécurrently 70%—80% of biopsies yield —approximation, NIR photons diffuse through relatively thick
benign changé®d. Most recently sonography has been used to tissues, such as several centimeters of a human breast. Func-
distinguish between benign and malignant solid matses. tional imaging with NIR light offers several novel tissue pa-
Stavros, Thickman, and Rapp have evaluated the ability of rameters that differentiate tumors from normal breast tissue.
ultrasound to distinguish benign from malignant solid breast For example, hemoglobin desaturation in tumors may be in-
lesions®® In his series, a total of 750 palpable solid breast creased due to the high oxygen demand of carf€eféand
lesions were studied. Despite the known overlap features inblood volume may be increased over that of normal back-
some lesions, ultrasound was able to correctly classify 123 of ground tissue due to the metabolic needs of carfééfs.

125 malignant lesions as indeterminate or malignant. While NIR imaging provides novel tissue parameters to
In this paper, we introduce the use of optical imaging as an improved tumor specificity, its relatively low resolution
adjunct to ultrasound in differentiating benign from malignant makes it unsuitable for morphological diagnosis. Its resolution

lesions. We demonstrate that optical imaging may provide is intrinsically limited by the diffusive nature of NIR light in
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tissue. Currently, typical instruments can distinguish simple i i | T | |
structures of approximately 1 cm in size; sharp edges are typi-

cally blurred by a few millimeter$® By utilizing complemen-
tary features of ultrasound and NIR imaging, i.e., ultrasound | ’ [ | ’ L |
gray scale imaging capability and optical tissue parameters,
the combined diagnostic has a potential to overcome the de-
ficiencies of either imaging techniqé®?’ This study reports

the clinical evidence that low resolution NIR imaging can be

used as an adjunct tool to conventional ultrasound following

the mammography examination. | ' | ' [ |
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2 Materials and Methods y T = - =

Between September 1997 and December 1997, 27 patients
with suspicious mass determined by palpation and mammog-
raphy were selected for this study. These patients were re-
ferred to the University of Pennsylvania Breast Imaging Sec- ‘ source, 750 nm and 830 nm

tion. All patients were scanned by ultrasound performed with

a 7.5 MHz transducer on a commercial real-time gray scale W  detector

scanner(Acoustic Imaging TechnologigsAfter the routine

sonographic examination was completed, the radiol¢gist) Fig. 1 Source and detector configuration of the 2D NIR probe.
supervised a research assistéfitH) to position a NIR scan-
ner over the ultrasonically detected mass and to start the NIR
scan.

The ultrasound and mammography images were graded by . .
the experienced radiologi¢E.C) using the BI-RADS assess- quency._ The fOl_JI’ source pairs and 21 detectors were time
ment categories of(1) negative or normal,(2) benign shared in a multiplex system controlled by a PC. Each source
Changes(B) probab'y ben|gn’(4) Susp|c|ous blopsy needed and a pair of two equidistance detectors formed one cancella-
and, (5) highly suspicious for malignancy: biopsy needed. tion signal and a total of 72 signals were formed from all
Among these 27 patients, 18 of them were classified as cat-possible source and two equidistance detector combinations.
egories 1 and 2, four as category 4 and five as category 5.These 72 signals were interpolated four times and were back-
Biopsies were performed on all category 4 or 5 lesions. projected to form arx-y spatial image at each wavelength.

The principle of NIR amplitude cancellation imaging has Subtraction of the images obtained at the two wavelengths
been detailed in Ref. 28 and the NIR imager used in this study provided an estimate of relative deoxy functional image and

was described in Ref. 20. Briefly, two wavelengths, namely \yeighted sum provided an estimate of relative blood volume
750 and 830 nm, have been employed by the imager. Sincegnctional image

the deoxyHb absorption spectrum reaches its peak value
around 750 nm and oxyHb and deoxyHb absorption spec-
trums have isosbestic wavelength at 830 nm, subtraction of . . .
the spatial measurements at these two wavelengths providesc'OunOI pr.obe .prov.ldez-z Bscan slices. The term is the

the best estimate of deoxy distribution of the medium. The Propagation direction toward the chest wall. It would be de-
blood concentration or volume is well approximated by the sirable to co-register both optical and acoustic images at the
sum of the absorbances at the two wavelengths, appropriatelysame views, so that the lesion shape, size, and depth can be
weighted to minimize the response to oxygenation and deoxy- compared directly. However, such co-registration requires 2D
genation changes. The imager based on amplitude cancellaultrasound arrays which can providey Gscan image$’

tion appears to have good sensitivity to absorption changes.Since such arrays are not commercially available, we do not
However, since each cancellation signal was obtained in hard-attempt to seek absolute co-registration in this preliminary
ware by subtraction of received signals from two equidistance study but we do use NIR parameters to provide additional

detectors, quantitative calculation of absorption coefficients giagnostic information to further classify ultrasound detected
and therefore estimation of deoxyHb, oxyHb, and blood con- |gsions.

g?traﬁlorés_ fror?h theb(_jlr?_ct cafrut:ﬁ_llatlctm dm(_aa?urements ;/r\]/as Since malignant lesions are likely correlated
hcult. Since the objective of this study IS 10 assess e\, pyn6yil22 and  angiogenesf@?* a  correlation
potential role of optical imaging in aiding conventional breast : .
! : PR . of masses in both deoxyHb and blood concentration
imaging, sensitivity is the main concern. We have used rela- . b d iteri to ch e th
tive amplitude changes in voltage scales in our image calcu- Images can be used as a criterion 1o characterize the
malignancy. In addition, this criterion is robust to any

1
i

10cm

The two-dimensiona{2D) optical array provides a spatial
x-y image of the examined breast while a commercial ultra-

lations. . g . .

The NIR probe consists of eight laser diode sourcesr image artifacts that may appear in either deoxyHb or
for each wavelengthand 21 silicon detector&ee Figure 11 blood volume images. The spatial correlation measure used in
The source and detectors were distributed a0 10 cn? this study is the normalized correlation between pi¥eils a

rubber pad which could be compressed against the breast dursame spatial window of the deoxyHb and blood volume
ing examination. The sources were modulated at 2 kHz fre- images
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Fig. 2 An 85-year-old woman with a palpable lump. Sonogram shows
an irregular poorly defined hypoechoic mass with characteristic ma-
lignant features, including angular margin, vertical growth pattern,
and shadowing. Biopsy revealed that the lesion was infiltrating ductal
carcinoma.

P(i,j):[zp: Eq: deOXqu)BV(p,q)/

2 2 1/22 2 1/2
deoxy2 BV? ) ,
(( < (p.q) > < (.9)
where deoxy,, ) andBV(, o) are the image pixel values of
deoxyHb and blood volume images inside the window, and
andj are the coordinates of the center of the window. The
window size used is 2.4 cm by 2.4 cm. The center of the
window is moved pixel by pixel until all the correlation coef-
ficients were calculated. A 0.995 threshold is used for the
correlation image.

3 Results

Optical Imaging as an Adjunct to Sonograph

respectively. Skin surface is at the top of the image. The sono-
gram shows an irregular poorly defined hypoechoic mass with
characteristic malignant features, including angular margin,
vertical growth pattern, and shadowing. The mass center is
located at approximately 1.5 cm depth. The diagnosis was
highly suspicious for malignancicategory % and biopsy re-
vealed that the lesion was infiltrating ductal carcinoma. Figure
3 shows the corresponding optical deoxyi# and blood
volume (b) images of the lesion. The horizontal and vertical
axes correspond ta and y spatial positions of the probe
shown in Figure 1. The images showed a significant amount
of deoxyHb signa(maximum 2.1 V and blood volume signal
(maximum 2.6 V. The bars illustrated voltage levels of the
gray scale coding and eight levels were used in the display.
The spatial locations of the mass in both deoxyHb and blood
volume images were correlated. Figur@)3showed the cor-
relation map of deoxyHb and blood volume images and the
correlation was highigreater than 0.995 thresholdt the le-
sion location.

As discussed earlier, the ultrasound view isia (z is the
propagation directionand the optical view is irx-y spatial
plane; direct comparison between ultrasound and optical im-
ages about the lesion shape and size cannot be obtained. Fur-
thermore, since the ultrasound and optical probes are used
separately to scan the deformable breasts, direct comparison
between ultrasound and optical images about the spatial loca-
tion of the lesion is difficult. However, optical images do
provide diagnostic information that the lesion is hypoxia and
has a significant amount of blood supply.

Figure 4 shows a gray scale scan of a palpable mass in a
27-year-old woman. The image reveals a 14 mm macrolobu-
lated solid mass with irregular margins. The mass center is
located at approximately 1.2 cm depth. These findings were
suspicious(category 4, and ultrasound guided core biopsy
was recommended. Biopsy yielded a benign fibroadenoma.
Figure 5 shows deoxyHkea) and blood volumeb) images.

No discrete mass was found in the deoxyHb image and a
diffused mass was found in the blood volume imdgexi-

Figure 2 shows a gray scale ultrasound image of a palpablemum 1.92 \J. However, the correlation map indicated that the

lump in an 85-year-old woman. The horizontal and vertical

spatial distribution of the blood volume mass is not correlated

axes correspond to lateral dimension and propagation depthwith the corresponding deoxy area.
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Fig. 3 Corresponding optical deoxyHb image (a), blood volume image (b), and mass correlation map (c) of the 85-year-old woman. Both deoxyHb
and blood volume images showed significant changes and the masses were highly correlated.
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Fig. 4 Ultrasound image of a 27-year-old woman with a palpable left
breast mass. The image reveals a macrolobulated mass with irregular
margins. These findings are suspicious. Biopsy yielded a benign fi- Fig. 6 A 59-year-old woman with a new 8 mm mass seen on screen-
broadenoma. ing mammography. Ultrasound revealed a hypoechoic indeterminate
mass. The mass did not meet all the criteria for a simple cyst. Aspira-
tion of the lesion was necessary to confirm that the lesion was a

Figure 6 shows a sonograni® 8 mmmass in a 59-year- benign cyst.

old woman. The mass center is located at approximately 1.8

cm depth. The new mass was seen on screening mammogra-

phy. Ultrasound revealed a hypoechoic indeterminate massplasia and a radial scar, and ductal hyperplasia. The
that did not meet all the criteria for a simple cysategory 4. ultrasound/mammography diagnoses of the first four lesions
Aspiration of the lesion was recommended to confirm that the were suspicious for biopsfcategory 4 and the diagnosis of
lesion was a benign complex cyst. Corresponding optical im- the last one was highly suspicious for malignant biofrst-
ages are shown in Figure 7. No discrete mass was found in theegory 5. These five patients underwent the necessary aspira-
deoxyHb imagega) and a diffused mass was found in blood tion or biopsy to determine the nature of the lesion. The NIR

volume image(middle lef) with a maximum value of 1.4 V. images showed less than 1.0 V on average in deoxy images
The correlation map revealed no correlated mass in both im- and less than 1.5 V on average in blood volume images except
ages. for the case of apocrine metaplasia. Image correlation of

Table 1 summarizes biopsy resul(sgold” standard), deoxyHb and blood volume masses showed no correlated

ultrasound/mammography, and optical findings of the total masses in four benign lesions except the case of apocrine
nine suspicious and highly suspicious lesions considered bymetaplasia.

ultrasound and mammography. The first cases represent bi- The four malignant cases were infiltrating ductal carcino-
opsy proven benign lesions which included fibroadenoma, fi- mas (IDC). The ultrasound/mammography diagnoses were
broadenoma and simple cysts, complex cyst, apocrine meta-highly suspicious for malignant biopggategory %. The NIR

T50 nm — 3830 nm O.3nTS50 + 830 nm comreliion map
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Fig. 5 Optical deoxyHb (a), blood volume (b), and similarity map (c) of the left breast of the 27-year-old woman. No significant changes in
deoxyHb and blood volume images were found and no correlated masses in both images.
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Fig. 7 Optical deoxyHb (a), blood volume (b), and similarity map (c) of the right breast of the 59-year-old woman. No significant changes in
deoxyHb and blood volume images were found and no correlated masses in both images.

images showed greater than 2.9 V on average in deoxyHb anddiagnosis of a variety of breast conditions. Estimated
blood volume images in three cases. In one IDC case, thedeoxyHb and blood volume functional parameters were
deoxy signal is smallpeak 0.85 V but the lesion location in  jointly used to aid ultrasound/mammography in differentiating
deoxy and blood volume images is highly correlated. benign from malignant lesions. We have found that optical
The rest of the patients who had both ultrasound and mam-imaging has the potential to be valuable in differentiating le-
mography were considered to have normal breast tissue oOrsjons that are considered intermediate by conventional imag-
simple cysts and biopsies were not recommended. Optical im-ing. For five biopsy confirmed benign lesions, ultrasound/
aging was performed on these patients. The maximum deoxymammography diagnoses were indeterminate or suspicious
level of this group on average is 1.37 (#0.49 V) and the  enough to require biopsy. However, in four of the five lesions
maximum blood volume level on average is 1.72%0.61 requiring biopsy based on conventional imaging, four lesions
V). These mean values are very close to the mean values 0fgig not show significant deoxy and blood volume changes
the four biopsy proven benign cases and are much lower than(maximum values less than 1.5 ¥nd the masses in deoxy

that of three biopsy proven malignant cases. and blood volume images did not show any correlation. These
NIR findings were consistent with NIR changes found in nor-
4 Discussion mal and benign casésategories 1 and)2The fifth case was

histologically benigriapocrine metaplasiabut the deoxy and

Quantitative concentrations of deoxyHb, oxyHb, and blood . X g
blood volume levels were in the range considered suspicious

can be estimated from the optical absorption coefficients mea- . . )
sured at dual waveleng32 However, since the NIR imager ~ 2nd the masses in both images were highly correlated.

used in these experiments provided different signals in hard- For the four biopsy confirmed malignant lesions,
ware between all equidistance detectors, calculation of the Ultrasound/mammography diagnoses were highly suspicious

absorption coefficients from the direct cancellation measure- for biopsy. Three lesions of the four cases showed consider-
ments was difficult. Therefore the deoxyHb and blood volume @bly high deoxy and blood volume chandesaximum values
estimates were given in direct measurements using voltagedreater than 2.9 )/ The fourth case showed lower level of
scales and these estimates can be considered as relativB€0Xy but higher level of blood volume. However, the masses
changes of deoxyHb and blood volume. in deoxy and blood volume images were highly correlated for
Adjunctive techniques such as optical imaging are of po- all four malignant cases suggesting that the degree of corre-
tential clinical interest to improve specificity of conventional lation of these two measures may be an important predictor of
mammography and ultrasound imaging of the breast. Becausemalignancy. This must be further evaluated with more pa-
the majority of breast biopsies yield benign tissue, there is tients.
considerable interest in techniques that could facilitate nonin-  Literature data clearly indicate that the mean oxygen par-
vasive differentiation of benign from malignant lesions. Opti- tial pressurg(PO,) values in human breast tumdrssitu are
cal imaging that provides functional parameters for differen- distinctly lower than in a normal breast?>**However, lit-
tiating benign from malignant lesions has the potential to erature data also suggest that there is marked tumor-to-tumor
improve specificity of breast cancer diagnosis and thus to re- variability in hypoxi&* which may count for the low deoxy
duce the number of biopsies that yield benign tissue. cancer case in our study. Vaupel efabbtained statistics of
We evaluated optical imaging as an adjunct tool to con- PO, measurements from 15 breast cancer pati€ti68 read-
ventional ultrasound following the routine mammography in ings) and 16 normal breastd099 readingsand found that
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Table 1 Comparison of biopsy, US (with knowledge of mammography) and NIR findings.

Biopsy (case No.) US+mammo NR
Image
correlation
Benign* (5 cases) Reading deoxyHb BV (0.995)
Fibroadenoma (1) Suspicious (4) 0.99 V 1.92 V No correlated
mass in deoxy
and BV
Fibroadenoma Suspicious (4) 0.95V 1.65V No correlated
and cyst (1) mass
Complex cyst (1) Suspicious (4) 1.38 V 141V No correlated
mass
Radial scar and Highly 075V 1.04V No correlated
ductal hyperplasia (1) suspicious mass
for malignancy (5)
avg. 1.02x0.26V 1.51+0.37V
Apocrine metaplasia (1)  Suspicious (4) 2.08 V 191V Yes, correlated
mass
Malignant* (4 cases)
Infiltrating Highly 2.92+0.47 Vv 3.46=0.45V Yes, correlated
ductal carcinomas (3) suspicious for mass
malignancy (5)
Infiltrating Highly 0.85V 2.08 V Yes, correlated
ductal carcinomas (1) suspicious for mass
malignancy (5)
avg. 2.41x1.10V 3.12+0.78V
* Biopsy proven
Normal breast tissue Normal and 1.37+£0.49 V 1.72+0.61 V  No correlated

and Cysts *(18 cases)

*Nonbiopsy proven

benign changes
(182)

mass except
for nipple artifacts
(see discussion)

artifacts
(see discussion)

the PO, histograms of tumors were usually shifted to lower

A technical consideration in optical imaging of the breast

O, tensions with a median of 30 mmHg, whereas in the nor- is the fact that brown and dark nipples absorb more light than

mal tissues and in fibrocystic disease tR®, distributions
were more or less Gaussian with a median of 65 mmHg.

the surrounding tissue and appear as absortjeipple arti-
facts”) in both wavelength measurements. Nipple artifacts

The window size used to calculate the correlation map may be confused with abnormal absorbers related to carci-
between deoxy and blood volume images affects the com-noma. Since the deoxy image is the substraction of measure-
puted correlation coefficients and the selection of threshold ments obtained at the two wavelengths, it is less affected by
value. Larger window is more robust to correlation artifacts. the nipple artifacts. We have found that the magnitude of
However, larger window size smoothes adjacent image pixels nipple artifacts in deoxy image is much lower than that of
and produces a larger correlated area in the correlation mapcarcinoma but the nipple mass in deoxy and blood volume
when the masses in deoxy and blood volume images are cor-images are correlated in some cases. Among the total 54
related. Because of the spatial smoothing, the computed cor-breasts examined, eight cases showed a high correlation be-
relation coefficients using a larger window are smaller than tween deoxy and blood volume images at nipple locations.
those using a smaller window. Based on these considerationsHowever, the maximum deoxy level on average at nipple lo-
the window size used in this paper was about the averagecations is 1.30 V(+0.56 V) and maximum blood volume
mass size and the threshold was selected based on the windovevel on average is 1.88 ¥+=0.57 V) for these eight cases.
These values are significantly lower than those of the three

size.

234
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malignant cases. Since the nipple can be easily recognized in
ultrasound images, nipple artifacts in NIR images should be
easily distinguished from cancers. This requires that the ultra-
sound and optical images be co-registe(®zk discussion be-
low).

All patients were examined with separate ultrasound and ;.

NIR scans. In the cases of single lesions, there were no am-

biguities in mapping lesions in both ultrasound and optical 11.

images. However, in the cases of multiple lesions, we had

difficulty in mapping lesions. Especially, when the lesions are 12.

located closer to each other. Among the nine patients with
lesions categorized as 4 and 5 by conventional imaging, one
patient had two malignant lesions in the same breast. Ultra-
sound detected the two lesions but NIR images showed only
one lesion with high deoxygreater than 3 Yand high blood
volume (greater than 3 Y changes. The correlation map
showed a large area of correlated mass in this case. This spa-
tial mapping uncertainty can be overcome by co-registration

of optical and ultrasound images and by developing higher 15.

resolution optical imaging algorithms. We have developed a
prototype scanner with ultrasound and NIR imaging arrays
simultaneously deployed on the same hand-held two-
dimensional prob& The probe can provide spatially co-
registered ultrasound and optical image slices of a three-
dimensional (3D) tissue volume. With the co-registered

images, the lesion size, shape, and location can be compared7z,

directly.

In conclusion, preliminary results suggest that NIR diffu-
sive light imaging may have a potential role in differentiating
benign from malignant lesions detected by conventional im-
aging. Since our study includes only a small population of
scheduled diagnostic patients, the sensitivity/specificity of
NIR combined with conventional breast imaging cannot be

judged. However, incorporation of NIR into breast imaging »q.

may in the future help to improve the diagnostic specificity
and thus to reduce the number of unnecessary biopsies.
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