Clinical Applications of Frequency-Domain Optical Mammography
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ABSTRACT

We present clinical results obtained with a frequency-domain (70 MHz), four-wavelength (690, 750, 788, 856 nm)
prototype for optical mammography. The two-dimensional projection images are taken on the slightly compressed breast in
craniocaudal and oblique projections, similar to what is done in x-ray mammography. The amplitude and phase images are
combined to enhance the contrast and the tumor detectability by reducing the edge effects caused by the breast thickness
variations within the scanned area. The analysis of the first set of clinical data (63 patients) has yielded encouraging results.
The success rate in the detection of breast cancer was 73%, and specificity was 49%. A comparison of the optical
mammograms at the four wavelengths in the range 690-856 nm suggests that spectral information may allow for the
discrimination of benign and malignant breast |esions, thereby enhancing specificity.
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1. INTRODUCTION

Optical mammography has a relatively long history since it was first proposed in 1929 (Ref. 1) and led to diaphanograpy in
the 1970's.>® The potential of optical mammography in detecting breast cancer lies in the sensitivity of red/near-infrared
light to the hemoglobin concentration and saturation, and to modifications to the tissue architecture. However, the empirical
approach of diaphanography resulted to be strongly operator-dependent and yielded a large number of false positive cases.*
Recent developments in the study of light propagation in tissues have led to improvements in the application of tissue
spectroscopy and to the introduction of time resolved methods, where the light emission is not constant with time (as in
diaphanography) but is either pulsed (time-domain)® or harmonically modulated (frequency-domain).® These advances, in
conjunction with the use of a physical model to describe light propagation in breast tissue, allows for a more quantitative
and rigorous approach to optical mammography.”?°

Recent clinical trials of frequency-domain optical mammography performed with a prototype devel oped by the Carl
Zeiss Optics Laboratories” have yielded promising results in terms of tumor detectability,"***? reporting a sensitivity to
breast cancer higher than 70%. The clinical data reported in this contribution have been collected with a similar prototype
developed at Siemens Medical Technology.?* The purpose of the analysis of these clinical data is twofold: (1) confirm the
previously reported results of sensitivity on an independent clinical data set; (2) investigate the fal se positive cases to obtain
indications about the possible approaches to improve specificity.



2.METHODS

The instrument for frequency-domain optical mammography operates at a modulation frequency of 70 MHz and
uses laser diodes at four different wavelengths (690, 750, 788, and 856 nm) as light sources. The breast is dightly
compressed between two glass plates. The optical mammogram is obtained by performing a planar tandem scan of the
source and detector optical fibers that are located on opposite sides of the breast (transmission geometry). The amplitude
(ac) and the phase of the photon-density-wave transmitted through the breast produce two-dimensional projection images at
each wavelength. The ac and phase images are combined to minimize the edge effects as previously reported.® The
resulting image, that we call N-image because it reports the dimensionless parameter N defined in Ref. 25, is an image of
optical attenuation where higher values of N correspond to higher values of the optical absorbance. In breast tissue, the
optical absorbance is determined by both the absorption and the scattering coefficients, and the N image does not allow one
to distinguish absorption from scattering perturbations. Therefore, the N-images should be considered as a starting point in
frequency-domain optical mammography. Our research aims at providing indications on the potential and on future
developments of this technique in breast cancer detection.

We report the results obtained studying the frequency-domain optical mammograms collected on 63 patients
having tumor-bearing breasts. In each case, we know the size, location, and type of tumor from x-ray mammography and
histology. We have divided the patients into five categories according to the kind of breast lesion: (1) carcinoma; (2) ductal
carcinomain situ (DCIS); (3) mastopathy; (4) fibroadenoma; (5) other. The first two categories represent malignant tumors,
while the last three represent benign breast lesions. The breasts with no tumors have been considered as normal, and have
been used to evaluate the N-images in normal breasts. Table 1 summarizes the number of cases considered. In some
patients, the optical mammograms were available only for one breast. This explains why the total number of breasts is less
than twice the total number of patients. The cases of carcinomas have been further divided according to the tumor size
(< 5mm, 5-9 mm, 10-20 mm, 21-50 mm, > 50 mm).

Table 1. Number of cases examined with frequency-domain optical mammography.

Category No. of Patients No. of Breasts
Carcinoma 42 42
DCIS 3 3
Mastopathy 8 12
Fibroadenoma 5 5
Other 5 5
Normal 0 39
Total 63 106

The criteria for the interpretation of the optical mammogram are of particular importance. We have considered an
optical mammogram to be positive when the three following conditions are met simultaneously:
(1) A region of higher absorption appears in both views (craniocaudal and oblique) of the same breast;
(2) Thelocations of the suspicious regions in the craniocaudal and oblique views are consistent with each other;
(3) The morphology of the suspicious region is not thread-like in at least one view of the breast.
Usually, thread-like inhomogeneities are assigned to blood vessels. These criteria for interpreting the optical mammograms
are similar to those employed by K. T. Moestain the clinical test at the Humboldt University, Berlin, Germany.?

3.RESULTS

Figure 1 reports the frequency-domain N-images collected at 788 nm on a 58-year old patient with a 30 mm carcinoma in
the left breast. Figure 1 shows the right and left breasts in craniocaudal (cc) and oblique (ob) projections.
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Fig. 1. N-images obtained with frequency-domain optical mammography at 788 nm. These mammograms refer
to a 58-year-old woman affected by breast cancer (tumor size: 30 mm) in the left breast. The craniocaudal (cc)
and oblique (ob) views of the left breast (Ieft two images) show a darker region which corresponds to the tumor.
The two views of the right breast (right two images) do not show suspicious areas that are consistent with each
other. Consequently, the optical mammogram of the right breast is considered to be negative.



Figure 2 shows a summary of the results of the analysis of the optical mammograms based solely on the N-images.
Figure 2(a) reports the results obtained on breasts with carcinoma, while Fig. 2(b) shows the results obtained on normal
breasts and on breasts with benign lesions. The sensitivity [TP/(TP+FN)] and specificity [TN/(TN+FP)] can be calculated to
obtain indications on the performance of the N-image approach, even though we should consider that the patient population
is not evenly distributed. (TP = true positives, TN = true negatives, FP = false positives, FN = false negative). We found a
sensitivity of 73% and a specificity of 49%.
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Fig. 2. Summary of the positive and negative frequency-domain optical mammograms (N-images) in the cases of
(a) carcinomas, and (b) normal breasts and benign lesions.

4. DISCUSSION

The 73% sensitivity of frequency-domain optical mammography is an encouraging result, which is in agreement with the
previous findings on an independent clinical data set.?? However, the reason for the lack of detection of 27% of the
carcinomas is still an open question. The 49% specificity should be seen only as a starting point, being based solely on
N-images (which do not discriminate absorption from scattering inhomogeneities) at one wavelength (therefore without
extracting any spectral information). The capability of frequency-domain optical mammography to quantify the absorption
and scattering properties of detected tumors has been shown'’, even though we have not applied this capability to this data
set, as yet. The (partial) spectral information provided by the four wavelengths employed in this study may help in the
discrimination of benign and malignant breast lesions. This possibility is illustrated in Fig. 3, which shows the N-image
collected at 690 nm on the left breast (in craniocaudal projection) of an 82-year-old woman affected by breast cancer. The
tumor, indicated by an arrow in Fig. 3(a), is 25 mm in size. The N-image also shows two optical inhomogeneities that, on
the basis of their morphology, have been assigned to blood vessels. They are indicated as BV1 and BV2 in Fig. 3(a). Figure
3(b) reports the wavelength dependence of the parameter N for the tumor and the two blood vessels. The difference among
the three spectral dependencies suggests that the spectral information can be an important factor in discriminating optical
inhomogeneities appearing in the N-images.
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Fig. 3. (8) N-image at 690 nm of the left breast (craniocaudal projection) of an 82-year-old woman affected by
breast cancer (tumor size: 25 mm). The tumor location is indicated by an arrow in the figure. Two other optical
inhomogeneities assigned to blood vessels are indicated in the figure as BV1 and BV2. (b) The different spectral
dependence of the N parameter recorded at the locations corresponding to the tumor and to the blood vessels.

5. CONCLUSIONS

Frequency-domain optical mammography is an imaging technique that is practically applicable in the clinic. The initial
results of sensitivity and specificity in breast cancer detection are encouraging. More work needs to be done to further
improve the performance of frequency-domain optical mammaography. In this Article, we have explicitly mentioned that
(1) the separation of the absorption and scattering contributions,***® and (2) the search for spectra signatures™® are two
important research areas to consider. Other promising approaches are being pursued to improve the performance of
frequency-domain optical mammography. These approaches include the use of a cylindrical sampling geometry®%°, more
rigorous solutions to the inverse imaging problem,’®*#19 the use of multi-frequency methods,* and the use of amplitude
cancellation systems.™® Being at a stage of development that has already produced encouraging results, frequency-domain
optical mammography shows promise as an alternative technique in breast imaging.
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