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1 | INTRODUCTION

Raman spectroscopy is a sensitive in detecting molecular
differences between tumor and healthy tissue without
requiring tissue sectioning or staining. Raman micro-
spectroscopy offers the potential for accurate tumor margin
detection for many cancer types, including skin [1], oral
cavity [2], breast [3] and brain [4]. The detection is usually
implemented in an imaging mode with a spatial resolution

Katherine R. Sebastian® |

Spontaneous Raman micro-spectroscopy
has been demonstrated great potential
in delineating tumor margins; however,
it is limited by slow acquisition speed.
We describe a superpixel acquisition
approach that can expedite acquisition
between ~x100 and x10 000, as com-
pared to point-by-point scanning by
trading off spatial resolution. We pre-

| Jason S. Reichenberg’ |

Andrew K. Dunn' |

Positive
Margin

Negative
Margin
Y D

H&E

Raman 4

B Negative pixel

Positive pixel

sent the first demonstration of super-

pixel acquisition on rapid discrimination of basal cell carcinoma tumor from
eight patients undergoing Mohs micrographic surgery. Results have been dem-
onstrated high discriminant power for tumor vs normal skin based on the bio-
chemical differences between nucleus, collagen, keratin and ceramide. We
further perform raster-scanned superpixel Raman imaging on positive and nega-
tive margin samples. Our results indicate superpixel acquisition can facilitate
the use of Raman microspectroscopy as a rapid and specific tool for tumor mar-

basal cell carcinoma, Raman imaging, Raman spectroscopy, rapid acquisition, skin cancer,

of ~1 pm. However, point-by-point scanning is extremely
time-consuming: a single point typically requires ~1 second
in tissue; thus, to scan the complete surface of a multi-
centimeter tissue would take hours or even days.

A few approaches have been proposed to speed up
Raman acquisition. Stimulated Raman techniques such as
CARS [5] and SRS [6] produce images akin to hematoxylin
and eosin (H&E) stained histology slides without staining,
but under most implementations trade imaging speed for
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spectral content. Several studies have accelerated spontane-
ous Raman measurements using sparse sampling tech-
niques (sampling at 10-20 pm increments [1, 7-9])
collecting a full spectrum at each pixel at the expense of
limited coverage of the tissue surface area (2% or less).
Other methods that have been developed include line-
scanning confocal [10], 2D multifocal arrays [11] and Wie-
ner estimation [12], with speed up factors reported between
x10 and X100). One attractive approach is superpixel
acquisition whereby a spectrum is averaged over a larger
pixel (aka a superpixel of ~25 x 25 pm>-100 x 100 pm?) on
the sample surface while integrating only once on the
detector. Thus, the acceleration mainly comes from the
reduction of total detector reading time. This approach was
recently used for small superpixel sizes from 1 x 1 pm? to
30 x 30 pm? for human bone characterization [13].

In this letter, we aim at the proof of concept that sup-
erpixel acquisition performs statistically the same as our
previous point-by-point scanning approach in classifying
basal cell carcinoma (BCC) from normal skin structures
while substantially speeding up acquisition. The speed up
factor is proportional to the area of the superpixel. For a
superpixel size between 25 x 25pm?* and 100 X 100 pm?,
the maximum speed up factor varies between x625 and
%10 000, as compared to point-by-point scanning with
1 pm? point when sampling the complete surface area.
We demonstrate the equivalence of superpixel acquisition
in tissue simulating phantoms and human skin cancer
specimens. Furthermore, we demonstrate raster-scanned
superpixel Raman classification images of both positive
and negative margin samples, and emphasize the need to
determine the optimum superpixel size for the applica-
tion of skin cancer diagnosis.

2 | EXPERIMENTAL

2.1 | System description

The system is based on a custom-built confocal Raman
microspectroscopy integrated with a reflectance confocal
microscope as described previously [14]. Superpixel acqui-
sition still utilizes a confocal setup. The 1 pm laser spot is
rapidly scanned across a user-defined region by using gal-
vanometer scanners, while the CCD camera collects one
average confocal Raman spectrum. As shown in Figure 1A,
the speed up factor is proportional to the superpixel area
and results in a trade-off in resolution. In this way, one can
trade-off spatial resolution for speed and acquire an image
that covers the complete surface. For this study, we mainly
focus on a superpixel size of 100 x 100 pm?, as that closely
matches the resolution of a dermatopathologist analyzing
frozen section histopathology.

2.2 | Comparison between point-by-
point scanning and superpixel acquisition

The spectral difference and signal-to-noise ratio (SNR) were
compared between point-by-point scanning and superpixel
acquisition using phantom experiments [13]. All raw spec-
tra underwent wavenumber calibration, dark noise subtrac-
tion, cosmic ray removal, spectral response calibration,
smoothing and fluorescence background removal.

For the spectral difference test, mixed phantoms of
synthetic collagen type I and elastin were measured using
either point-by-point scanning (2 pm step size, 1 second
per step) or superpixel acquisition (1 second per spec-
trum, repeated 10 times).

For the SNR test, SNR was calculated as follows [16]:

SNR(v) = Lg‘;“gg) (1)

where I ;c.,(v) is the mean intensity and SD(v) is the SD
at a given wavenumber (v). Because SD(v) is not only
influenced by the signal variations from the experimental
setup but also the inhomogeneity of the sample [13], we
used a pure collagen type I phantom. We measured the
SNR of point-by-point scanning by taking 20 spectra only
at the central position, and the SNR of superpixel acquisi-
tion by taking 20 spectra across the entire region. Integra-
tion time is 1 second per spectrum.

2.3 | Sample preparation

Ten skin tissue samples were obtained from -eight
patients undergoing Mohs micrographic surgery. Seven
samples were found to have both BCC and normal tissue,
and three contained only normal tissue. For each sample,
a skin section of 20 pm thickness was cut at —22°C with
a microtome, and then transferred onto an MgF, sub-
strate for the experiment. The serial section went through
H&E staining for histopathological diagnosis by a board-
certified dermatologist. This study was approved by the
Institutional Review Board at The University of Texas at
Austin and the Seton Healthcare Family.

2.4 | Superpixel acquisition experiment
and model establishment

Multiple locations were sampled on each skin section as
shown in Figure 2A. By visual comparison of reflectance,
bright-field and histopathology images, each superpixel
was annotated as either BCC or one of the seven primary
normal skin structures, including epidermis, dermis,
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inflamed dermis, hair follicle, hair shaft, sebaceous gland
and fat. The corresponding average spectra were also
saved in the database.

A previously established biophysical inverse model
[14] was fitted to the average tissue spectra by nonnega-
tive least squares fitting. The model has been recently
applied to in vivo skin cancer diagnosis [17], and ex vivo
skin tumor margin assessment [15]. The model describes
the tissue spectra as a linear combination of the basis
spectra of collagen, elastin, triolein, nucleus, keratin, cer-
amide and water. The fit coefficients were then used as
the input variables of a logistic regression classifier to

'—Point-by-point, 35 (: ﬁu_pe:rgixc:)l .
-—-Superpixel P . oint-by-Poin
— Difference % 20 o)
© o @ o o
f~AAN AN, o, 0
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discriminate BCC from normal skin structures. Receiver
operator characteristic (ROC) curve was built on leave-
one-out cross validation. The optimal combination of
input model components was determined by maximizing
the area under the ROC curve.

2.5 | Raster-scanned superpixel imaging

Two samples from two new patients were used to test the
raster-scanned superpixel imaging. One sample contains
both BCC and normal dermis (positive margin), while
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FIGURE 2 A, Superpixel
acquisition experiment conducted on
multiple locations on a basal cell
carcinoma (BCC) skin section. Red
squares: BCCs. Black squares: normal
structures. Bottom: reflectance
confocal microscope images of
dermis, BCC, epidermis and hair
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corresponding average spectra. B,
The biophysical model was fitted to
the mean tissue spectra of BCC,
inflamed dermis (Inf), epidermis
(epi), dermis (Der), hair follicle (HF),
hair shaft (HS), sebaceous gland
(SG) and fat. Black line: mean tissue
spectra. Red line: model fits.
Residuals are plotted on the same
scale
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the other sample contains only normal tissue, mainly
dermis and fat (negative margin). Superpixel imaging
was performed by translating the sample in two dimen-
sions using a linear motorized stage. Two superpixel sizes
were compared: 100 x 100 pm® and 50 x 50 pm®. The
classification model established in Section 2.4 was
applied to each superpixel, labeling it as positive or nega-
tive. A binary tumor heat map was generated by prioritiz-
ing high specificity.

3 | RESULTS AND DISCUSSION

We observed that point-by-point scanning and superpixel
acquisition exhibit visually similar spectra (Figure 1B).

Signal intensity is similar for both the point scanning
setup and superpixel setup, and the SNRs are also similar
(Figure 1C). The major reason that SNRs are similar is
because when the shot noise is dominant, SNR should be
proportional to the square root of the signal intensity
[16]. Although the signal intensity of individual point
fluctuates under the superpixel setup, the overall inten-
sity retains the same after integrating over the entire
region.

Figure 2A shows a typical example of a superpixel
acquisition experiment. In total, we collected 154 anno-
tated tissue spectra, including 28 spectra from BCC and
126 spectra from normal skin structures (epidermis
[N = 17], dermis [N = 29], inflamed dermis [N= 14], hair
follicle [N= 33], hair shaft [N=13], sebaceous gland
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[N=15] and fat [N= 5]). The model fitting results are
shown in Figure 2B.

Figure 3A shows the scatter plots of the fit coefficients
of primary model components. We found that nucleus is
the most important component to discriminate BCC from
normal tissues. BCC has a significantly larger amount of
nucleus compared to normal structures. BCC also has a
significantly higher amount of keratin compared to der-
mis/inflamed dermis, and a lower amount of keratin
compared to epidermis and hair follicle. In addition, BCC
has significantly lower collagen and higher ceramide
than dermis/inflamed dermis.

The optimum classification result was achieved by
combining the fit coefficients of nucleus, collagen, kera-
tin and ceramide as the input parameters, leading to an

—Point-by-point
= Superpixel

0 0.5 1

1 - Specificity

area under the ROC curve of 0.95, as shown in Figure 3B.
By selecting a balanced tumor score threshold, the speci-
ficity and sensitivity reached 94% and 82%, respectively.
This ROC was then statistically compared to our recent
study in 30 patients [15] using R software [19] to deter-
mine if the superpixel acquisition provides equivalent
potential for BCC classification compared with the point-
by-point scanning.

Our results show that the areas under the two ROC
curves are not statistically different (P value = .34).
Because the P value does not convey the statistical power
of the comparison, we also estimated the sample size
required to demonstrate a difference in the area under
the ROC curves at the level observed in our study. Since
the required sample size is very large (N > 1500), we
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FIGURE 4 Raster-scanned superpixel Raman classification
images of, A, positive and, B, negative margin samples. H&E,
reflectance confocal microscope and Raman classification images of
the same region are compared. The positive region is marked on the
hematoxylin and eosin (H&E) image. Two superpixel sizes were
compared: 100 X 100 pm? and 50 x 50 pm?. Scale bar: 200 pm

conclude that the effect size is small, that is, the observed
difference in the area under the ROC curves is not mean-
ingful. Therefore, the discriminant capabilities of super-
pixel acquisition and point-by-point scanning were not
statistically distinguishable for BCC classification.

Figure 4 demonstrates an example of raster-scanned
superpixel imaging of partial tissue samples. For these
two samples, the negative and positive margins are cor-
rectly classified. In Figure 4A, BCCs are identified in both
the100 x 100 ym® and 50 x 50 pm® superpixel Raman
classification images. Although prioritizing high specific-
ity would lead to discontinuous positive pixels, it guaran-
tees that only true positive pixels are classified as positive
(high positive predictive value). In Figure 4B, the whole
image is classified as normal tissue.

4 | CONCLUSION

In this study, we demonstrate a significant speed advan-
tage of superpixel acquisition Raman spectroscopy for
BCC tumor margin assessment. When compared to
point-by-point scanning, the speed up factor is dictated
by the ratio of the superpixel area to the laser spot size.
Our superpixel approach provides an alternative speed
up method to sparse sampling approach in applications
where such high resolutions are not needed, enabling
more complete sampling of the tissue surface area. It is
worth mentioning that sparse sampling techniques [1,
7-9] have also demonstrated capability in detecting BCC
margin. The speed up factor would be between x25 and
X100 compared with sparse sampling using a step size
between 10 and 20 pm. Further experiments are needed
to compare between the performance of superpixel acqui-
sition and point-by-point scanning with a matching step
size (eg, 100 um) for the same tissue surface area.

The total estimated scan time for tissue samples with
areas of 1x1 cm? would be around 2.7 hours
(100 x 100 pm* superpixel, 1 second per step). Future
developments could combine this approach with other
speed up approaches (eg, line-scanning confocal [10],
multifocal [11] and Wiener estimation [12]) aimed to fur-
ther reduce the acquisition time for intraoperative use
(eg, <1 hour). When compared to gold standard diagnos-
tics such as histopathology, the sensitivity of 82% is still
not acceptable for cancer detection. The goal of this study
was demonstrating equivalence between the superpixel
approach and traditional point scanning approach. It is
our hope that combining this technique with other imag-
ing modalities (such as autofluorescence imaging [8, 9]
and reflectance confocal microscopy imaging [20]) the
sensitivity can be improved upon without sacrificing
speed.
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Our next step involves fully characterizing the trade-
offs of the superpixel approach by expanding to imaging
of samples and more diversity of samples. We are cur-
rently collecting larger superpixel data sets containing
diverse tissue structures (eg, hair follicle, inflamed dermis
and epidermis), and including more tissue types per
image to help refine our diagnostic algorithm and
improve sensitivity further. We will also compare
between different superpixel sizes to determine the opti-
mum size for the application of skin cancer diagnosis that
is larger than a single cell but smaller than the point
when mixed microanatomies begin to obscure the identi-
fication of tumor cells.
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