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two-sample t-test was used to test statistical significance of
differences in distributions.

3 Results

3.1 Histological Predictions from Label-Free Scatter
Images

Based on the fitted models described in Sec. 2.4, a predictive
model of the epithelium, stroma, and adipose fractions as a func-
tion of the light scattering parameters was created and tested, in
addition to a simple threshold-based tissue classification model
as shown in Fig. 3. To test the accuracy of the predictive model,
a LOO-CV scheme was used. For a given test specimen, such as
Fig. 3(a), the models, Fig. 3(b), were fitted without the test data
point, and this process was repeated over all specimens. The
stoma, epithelium, and adipose fractions, shown in Fig. 3(d),
were simply calculated as the mean of the predicted values
from each of the three light scattering properties as shown in
Fig. 3(c).

From these optical property predicted histological fractions,
a simple threshold-based tissue classification scheme was

implemented. Pixels with adipose volume fractions >50%
were classified as fat. For pixels with adipose <50%, the
ratio of epithelium to stroma (Ep.: St. Ratio), shown in
Fig. 3(e), was used to classify remaining pixels as malignant
or benign based on whether there was more epithelium than
stroma or vice-versa. The epithelium to stroma ratio is displayed
from 0 to 2, where white represents equal fractions of epithelium
to stroma, pink represents no epithelium, and purple represents
twice as much epithelium as stroma. The motivation for this
manually selected classification scheme was to yield a simple
biological interpretation of the histological predictions. Fat tis-
sues were first classified from glandular components (both
benign and malignant) by the adipose fraction being greater
or less than the combined epithelium and stroma fraction.
Within the glandular tissues, malignant and benign components
were classified by the greater of the epithelium or stroma frac-
tions, under the hypothesis that greater cellularity versus con-
nective components was correlated to malignancy status. A
“soft” classification map is shown in Fig. 3(f), where the
color of each pixel is determined by the classification and
the color saturation is determined by the continuous histological

Fig. 3 (a) Optical property maps of a test specimen. (b) Each optical property model is fitted with all
specimens except the test specimen. This process is repeated over each specimen for the LOO-CV.
(c) The histological volume fractions are predicted from the three optical property models and averaged
together, resulting in the histology prediction maps in (d). A predicted epithelium to stroma ratio (Ep.: St.
Ratio) is calculated in (e), which is simply the ratio of the epithelium and stroma predictions. In (f), a soft
classification map is shown where each pixel is one of three colors for a classification of malignant,
benign, or fat based on a threshold of 1 for the epithelium to stroma ratio and 0.5 for adipose volume
fraction. The color saturation is varied based on how close the epithelium to stroma ratio and adipose
volume fraction are close to their respective thresholds. In (g), H&E sections are shown for areas within
the malignant lesion, on the border of the lesion, and for the background fat, confirming the optical prop-
erty predictions.
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fractions. From this classification map, regions of the malignant
lesion, the lesion bordering with fat, and a region of pure adi-
pose are confirmed from the H&E section. Furthermore, a small
false-negative region within the larger malignant lesion can
be seen.

Case examples for a typical invasive ductal carcinoma (IDc),
fibroglandular, and fat specimen are shown in Fig. 4. The color
images, along with the optical property predicted stroma, epi-
thelium, and adipose volume fraction maps, are shown in
Figs. 4(a)–4(d), respectively, for each specimen. As expected,
the IDc, fibroglandular, and fat specimens presented uniformly
high epithelium, stroma, and adipose volume fractions, respec-
tively. The resulting soft classification maps are shown in
Fig. 4(e), which broadly corresponded to each specimens’
known pathology as confirmed by the whole specimen digitized
H&E sections shown in Fig. 4(f). Representative regions within
each section are shown in Figs. 4(g)–4(j), highlighting
typical microscopic features associated with each pathology.
There was a small false negative region within the IDc soft
classification map, suggesting a stronger optical signal from
extracellular stroma than cellular epithelium, as noted by the

small pink region in the map indicating a predicted epithelium
to stoma ration <1, and thus a misclassification of benign.
Interestingly, the H&E section corresponding to this region,
shown in Fig. 4(h), revealed an increased proportion of stroma,
compared with the more cellular section, shown in Fig. 4(g),
despite both regions coming from the same invasive ductal
lesion. Thus, in this area of the lesion, despite a correct predic-
tion of elevated stroma, the epithelium to stroma ratio at a
threshold of 1 was an imperfect predictor of malignant tissue.
Additionally, a slight artifact can be seen in the fibroglandular
soft classification map between the transition fat to benign tissue
at the specimen periphery. This false positive region is purple
indicating a predicted epithelium to stoma ration >1, and
thus a misclassification of malignant.

3.2 Correlation between Optical Property Predicted
and H&E Segmented Metrics

The quantitative results of the LOO-CV analysis to test the
accuracy predicting stroma, epithelium, and adipose volume
fractions from optical property measurements are shown in

Fig. 4 (a) Color photographs of representative invasive cancer, fibroglandular, and fat specimens.
(b)–(d) Stroma, epithelium, and adipose volume fractions predicted from the optical property maps
are shown, respectively, (e) with corresponding classification maps shown. (f) Whole specimen digitized
H&E sections are shown, (g)–(j) while representative regions within each specimen are shown, which
confirm the prediction of malignant, benign, and fat, respectively.

Fig. 5 Plots of the H&E segmented histological volume fractions versus the optical property predicted
volume fractions, calculated using a LOO-CV. Data points represent means of each specimen, while the
H&E segmented error bars represent one standard deviation within each specimens and the optical prop-
erty predicted error bars represent the standard deviation of the predicted values from each optical
property.
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