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Abstract. In an effort to increase the efficiency and cure rate of nonmelanoma skin cancer (NMSC) excisions,
we have developed a point-of-care method of imaging and evaluation of skin cancer margins. We evaluate the
skin surgical specimens using a smart, near-infrared probe (6qcNIR) that fluoresces in the presence of cathepsin
proteases overexpressed in NMSC. Imaging is done with an inverted, flying-spot fluorescence scanner that
reduces scatter, giving a 70% improved step response as compared to a conventional imaging system. We
develop a scheme for careful comparison of fluorescent signals to histological annotation, which involves
image segmentation, fiducial-based registration, and nonrigid free-form deformation on fluorescence images,
corresponding color images, “bread-loafed” tissue images, hematoxylin and eosin (H&E)-stained slides, and
pathological annotations. From epidermal landmarks, spatial accuracy in the bulk of the sample is ~500 um,
which when extrapolated with a linear stretch model, suggests an error at the margin of ~100 xm, within clinical
reporting standards. Cancer annotations on H&E slides are transformed and superimposed on the fluorescence
images to generate the final results. Using this methodology, fluorescence cancer signals are generally found to
correspond spatially with histological annotations. This method will allow us to accurately analyze molecular

probes for imaging skin cancer margins. © The Authors. Published by SPIE under a Creative Commons Attribution 4.0 Unported
License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10
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1 Introduction

The incidence of nonmelanoma skin cancer (NMSC), including
basal cell carcinoma (BCC) and squamous cell carcinoma
(SCC), continues to increase rapidly in the United States.
From the years 2002-2006 to 2007-2011, the incidence of
NMSC had increased from 3.4 to 4.9 million cases per year,'
which has led to a disproportionate increase in average spending
from $3.6 to $8.1 billion per year over these time periods.
The margins of NMSC cannot be identified with the naked eye
and, therefore, various procedures and technologies have been
developed to define the margins during or after the surgical
procedure.

Current NMSC treatment methods include Mohs micro-
graphic surgery (MMS), conventional excision, electrodessica-
tion, and curettage. In MMS, tissue is repeatedly excised and
examined in histology during the procedure. This method pro-
vides the lowest recurrence rates and spares healthy tissue for
optimal cosmetic results for removal of BCC and SCC.*?
Following MMS, there is an ~1% recurrence rate,* which
exceeds alternative treatments for NMSC.> Despite the clinical

*Address all correspondence to David L. Wilson, E-mail: diw@case.edu
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utility of MMS, the procedure has strict indications, mostly due
to its cost, and is not possible to use for all skin cancers, result-
ing in conventional excisional surgery for ~3 million cases per
year.! Unlike MMS, conventional excisions do not employ
methods to determine the status of the surgical margins during
the perioperative period. Instead, the surgical margins are pre-
determined by the size and the type of tumor. Curettage
(scraping of cancer cells from the lesion), followed by electro-
dessication (electrosurgery), is an option for certain small can-
cerous lesions.>*

There are research and emergent clinical imaging methods
for skin cancer. To provide more efficient histopathological
evaluation of excised sections in MMS, tiled fluorescence con-
focal mosaicking microscopy with acridine orange stain offers
a 2x faster alternative to frozen histology, at comparable reso-
Iution of 0.25 um with high sensitivity/specificity (96.6%/
89.2% for BCC detection).® Autofluorescence and Raman scat-
tering microscopy on MMS-excised fresh tissues use endog-
enous molecular spectra to differentiate cancer and healthy
tissue with 2x faster speed, at a resolution of 20 to 50 ym, and
with sensitivity/specificity of 95%/94% for BCC detection.’
Light-sheet microscopy, which has better tissue penetration, has
been recently investigated for three-dimensional skin biopsy
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autofluorescence imaging with cellular-level resolution.® In
addition to imaging excised tissues, a variety of noninvasive
imaging devices can be applied preoperatively for lesion exami-
nation, including polarization techniques, confocal microscopy,
ultrasound, and optical coherence tomography (OCT), as
reviewed by Tkaczyk.” Optical polarization can be used to
assess 4 cm? field of view and 100- to 400-ym depth and so
disruption of dermal collagen structure can be evaluated for
BCC with resolution on the order of 100 ym. But it is unclear
if collagen structure is sufficiently altered enough to allow
cancer detection.'’ Fluorescence confocal microscopy has
high lateral resolution of 0.5 to 1 ym and axial resolution of
3to 5 um,'" but scanning requires a long imaging time to cover
a lesion. OCT has a lateral resolution of 3 ym and axial reso-
lution of 5 um,'? and high-frequency ultrasound (20 MHz) has a
lateral resolution of 200 ym and axial resolution of 80 ym.'
The spatial resolution of OCT and ultrasound suffer from scat-
tering and speckle noises. And it is difficult to differentiate
inflammatory processes, cancer, and scarring in OCT.'"* The
most common commercial noninvasive skin imaging devices
in the United States are Vivascope®, which is a reflectance con-
focal microscopy, and Vevo® MD, which uses high-frequency
ultrasound. Vivascope® provides en face (x — y) view and high
resolution but has low penetration depth. The time required for
imaging a 6 X 6 mm skin sample is 25 min, thus limiting accep-
tance. Vevo® MD provides an x — z view similar to histology,
provides fast refresh rates for imaging new regions, and has vari-
ous depth and resolution depending on the frequency. For both
commercial modalities, images require specialized training for
interpretation. Costs for these systems are high.

There are downsides to conventional excision surgery. It fails
to generate cure rates comparable to MMS (46% to 81% for
SCC and 83% to 92% for BCC versus 92% to 99% in
Mohs'>'%), likely due to the use of greatly subsampled evalua-
tions for cancer. Specimens are ‘“bread-loafed” at 2 to 3 mm
intervals and only one histological section consisting of about
6 um is analyzed. As a result, <1% of the surgical margin is
analyzed by a pathologist. Further, it takes typically 1 to 3 days
for analysis. That is, excised specimens are formalin-fixed,
paraffin-embedded, stained, and analyzed by a pathologist. If
cancer is found on the surgical margin, the cost for re-excision
is high and patient compliance is an issue. These differences
present a significant unmet need for an approach to achieve sim-
ilar benefits as with MMS (100% margin assessment and very
low re-excision rates perioperatively), but at a lower cost.

We have developed a point-of-care imaging method to assess
the margins of excised skin cancer perioperatively,'” which uses
a quenched fluorescent activity-based probe cleaved in the pres-
ence of cathepsin that is overexpressed in NMSC.'#2 The pre-
vious results of this method have been encouraging, as topical
application of the quenched fluorescent activity-based probe
GB119 detected cancer-associated cathepsin protease activity®!
from the dermal side of debulked NMSC tissue with 99%
sensitivity and 89% specificity.?? Here, we demonstrate im-
provements to the imaging system in which light scatter is neg-
ligible and a new, bright near-infrared (NIR) quenched protease
probe (6qcNIR)* is used. The probe has emission at 799 nm
where autofluorescence is minimal (see Sec. 2 for more details).
In this technical study, we characterize the imaging system
(Odyssey CLx; LI-COR Biosciences, Lincoln, Nebraska);
develop a specialized method for accurate comparisons of the
fluorescence image to gold standard histology, which includes
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puzzle-fit software; and provide some preliminary evaluations
of our method for evaluating skin excisions.

2 Experimental Methods

We developed experimental methods and a registration method
(“puzzle-fit,” described in the next section) to allow for the
detection and evaluation of the quenched fluorescent activity-
based probe activation to delineate cancer in resected skin sam-
ples. The experimental methods included acquisition of the
surgical samples, application of the probe, imaging of the fluo-
rescent probe and sample, formalin fixation, and histological
processing. We introduced control points and documented each
step with images to enable accurate alignment of the fluores-
cence signal with the histological image. In addition, using
a fluorescent phantom>* we compared LI-COR Odyssey CLx
to an episcopic macroscopic charge-coupled device system
(Maestro PerkinElmer, Inc., Waltham, Massachusetts) to deter-
mine the best imaging approach for identifying cancer-associ-
ated fluorescence.

2.1 Tissue Handling

All tissues were obtained in collaboration with the Cleveland VA
Medical Center under an approved IRB protocol (#16066-H46).
Color and fluorescence images of all next-door surgically
excised NMSC specimens were obtained before and after probe
application. The 6qcNIR probe was a low-molecular-weight
(MW = 2233.28) NIR noncovalent quenched fluorescent activ-
ity-based probe. 6QC was a substrate probe for cysteine
cathepsins using a core Cbz-Phe-Lys peptide sequence. The
probe was functionalized with a Dylight 780-B1 fluorophore
(excitation: 783 nm, emission: 799 nm) attached to the peptide
by a six-carbon alkyl linker and a NIR quencher, QC-1, conju-
gated to the lysine side chain.”> On cleavage of the substrate
amide bond by cathepsins, which was overexpressed in NMSC,
two fragments were produced. The fragment containing the flu-
orophore was released with a free amine that can be protonated
in the acidic lysosome, leading to its accumulation in tumor
tissue. 6qcNIR displayed less autofluorescence as compared to
GB119 with Cy5 fluorophore (excitation: 650 nm, emission:
670 nm), because GB119 had a shorter emission wavelength.
The 6qcNIR probe was topically applied to the epidermal sur-
face of the excised tissue through a paper applicator for 10 min
prior to imaging. Skin tissues were placed on a glass slide with
the epidermal side facing down toward the inverted episcopic
Odyssey imager. An autofluorescence image and a probe fluo-
rescence image were obtained using the Odyssey system, which
is equipped with solid-state diode lasers that provide excitation
at a wavelength of 785 nm. The fresh skin tissue was transferred
on the glass slide to restrict tissue deformation for color
imaging. To simulate Odyssey inverted imaging, we set up an
imaging station with a digital camera (Coolpix S6900; Nikon
Corporation, Tokyo, Japan) mounted onto a copy stand and the
specimen table on top of the camera. After imaging, the tissue
was scored by cutting the epidermal surface with a #15 blade
scalpel and black ink was added to the score to enhance visibil-
ity. The black scoring mark aided in the puzzle-fit registration,
as described in Sec. 3.1. The tissue was clipped with a staple to
identify the 12 o’clock (north), 9 o’clock (west), 6 o’clock
(south), and 3 (east) o’clock positions.

Following the fresh tissue-handling procedure, the tissue was
fixed in formalin for about 24 h for standard H&E processing.
The 3 o’clock and 9 o’clock sides of the formalin-fixed tissue
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specimens were stained with blue and black ink, respectively,
for orientation prior to bread-loafing. Bread-loafed blocks were
cut at a width of 2 to 3 mm and placed at intervals of 2 to 3 mm.
Color images of bread-loaf blocks were obtained using the copy
stand and digital camera with bilateral and unilateral oblique
illumination to ensure delineation of the edges. Each slice of
the bread-loaf was turned to the 12 o’clock edge, processed, and
sectioned to obtain H&E slides in the standard of care, conven-
tional fashion with paraffin embedding and H&E staining. The
slides were then digitized and annotated for cancer by two
dermatologists (Daniel Popkin, MD, PhD and Margaret Mann,
MD) with OlyVIA software (Olympus Life Science, Tokyo,
Japan).

2.2 Imaging System Characterization

The Odyssey scanning, focused-laser beam, episcopic fluores-
cence imaging system was used for fluorescence imaging. The
Odyssey system recorded a large field of view (25 X 25 cm),
exceeding the size of the largest routine skin excision; captured
14-bit images, enabling the recording of both bright and dim
fluorescence signals; acquired variable pixel sizes, including
84-um pixels used in this study to enable determination of the
cancer-free margin; and has an adjustable (0 to 4 mm) focus
distance. The Odyssey was closed during image acquisition,
allowing for room lighting. The system excited and recorded
fluorophores from a small volume that was raster scanned,
thereby reducing the effect of light scatter on the images.
Its ability to reduce light scatter was one of the most important
attributes for our studies. The solid-state diode lasers of
Odyssey could simultaneously provide light excitation at 685

and 785 nm. Maestro was a macroscopic fluorescence imaging
system used in our previous study.?* It captured 12-bit images;
enabled manual selection of filter sets and therefore could
image most of the common fluorophores that emits >500 nm;
and recorded adjustable field of view and resolution where
highest resolution was 25 ym/pixel and largest field of view
was 3.0 X 4.0 inch. Maestro used a xenon light source and
a high resolution, scientific-grade CCD imaging sensor.

To compare the Odyssey system with Maestro in more
details, a fluorescence phantom was imaged.** The phantom
contained regions for testing the sensitivity, optical properties,
varying fluorophore depths, system edge responses, and light
illumination homogeneity (Fig. 1). The sensitivity test region
contained 20 pg/g of hemin and various amounts of Qdots at
an emission wavelength of 800 nm. The optical properties
region contained 5 nM Qdots, various amounts of scatter-
inducing TiO, (reduced scattering coefficient of ~10 cm™! for
1 mg/g), and the absorption material hemin (absorption coef-
ficient of 0.25 cm™! for 20 ug/g and 0.5 cm™! for 40 ug/g).
The varying fluorophore depth region contained 0.66 mg/g
of TiO,, 20 ug/g of hemin, and 10 nM Qdots embedded
at varying depths in the phantom. The edge response region
contained 20 ug/g of hemin, 0.66 mg/g of TiO,, and
10 nM Qdots. The illumination homogeneity region contained
10 mg/g of TiO, and 10 nM Qdots. The background of the
phantom contained 0.00875 mg/g of Nigrosin and 1.5 mg/g
of TiO,. The phantom was imaged with the Odyssey system
at focus distances of 0, 0.5, 1.0, 1.5, 2, and 3 mm. In addition,
the four quadrants were separately imaged using the Maestro
system, due to the limitations of the field of view.
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Fig. 1 Fluorescence phantom layout. Upper left quadrant: sensitivity test region. Upper right quadrant:
optical properties region with 5-nM Qdots and various amounts of TiO, across the columns and various
amounts of hemin across the rows. Lower left quadrant: edge response region. Lower right quadrant:
varying fluorophore depth region. The homogeneity region lies over the four corners and center of the

phantom.
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3 Puzzle-Fit Algorithm and Analysis

To evaluate the ability of the probe fluorescence signal to iden-
tify cancer on the skin samples, the annotated histological
images were registered to probe fluorescence images using our
multistep “puzzle-fit” algorithm. As detailed in Sec. 2, color and
fluorescence images of fresh tissue samples were obtained, the
epidermal side of the tissue was scored and clipped, the tissue
was fixed, the fixed tissue was bread-loafed into blocks, the
blocks were processed to create paraffin blocks, H&E slides
were obtained and digitized, and histological images were anno-
tated for cancer. “Puzzle-fit” included registration and recon-
struction steps to enable the user to overlay the annotations from
histological images to the correct locations on the fluorescence
images. The steps included mapping the annotated histological
images to corresponding bread-loaf blocks, reconstructing a
continuous skin cancer specimen from the bread-loafed blocks,
and registering the “reconstructed fixed tissue images” to the
probe fluorescence images. Finally, the cancer annotations were
overlaid on the probe fluorescence image as vertical annotation
curves to determine co-localization of the fluorescence signal
with annotated sites of cancer. The “puzzle-fit” algorithm was
implemented in MATLAB and included a graphical user inter-
face for interactive processing. The algorithm is described in
the following subsections.

3.1 Mapping Annotated Histological Images to

Corresponding Bread-Loaf Blocks

Each histological annotation was mapped to a vertical “annota-
tion line” on the epidermal image of the fixed bread-loaf block.
Conventions were red (cancer), blue (non-cancer), and black
(scoring mark). Three methods were created and evaluated
to account for possible tissue distortions after fixation and

(a) e
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histological processing. The digitized H&E color image was
processed for optimized visualization and measurement. H&E
color images were converted to grayscale and then median- and
Gaussian-filtered to remove fine tissue details. The edges of the
smoothed H&E image were enhanced via Sobel filtering. Given
the manually identified histological annotations (section start
and end points, cancer start and end points, and black scoring
points), the following three methods were created to project the
annotation points onto the “annotation line” (Fig. 2): line pro-
jection, where the section start and end points were connected
with a straight line to create perpendicular projections of the
other points to the line; trapezoidal projection, where line seg-
ments were created to connect the section start point to the
cancer start point, the cancer start point to the cancer end point,
and the cancer end point to the section end point; the black scor-
ing point was projected onto the corresponding line segment,
and a final line was created by stitching these three line seg-
ments together; and epidermis-extraction projection, where
dynamic programming®® was used to trace the epidermis, and
the contour was smoothened by sampling 10% of all points and
by fitting a piecewise polynomial cubic spline. Optional manual
editing reduced errors due to tears and debris. An “annotation
line” was obtained by straightening the smoothed epidermis
curve. The “annotation lines” were further mapped to the section
plane on the epidermal image of the corresponding fixed tissue
bread-loaf blocks using the black scoring marks as a guide.

3.2 Reconstruction of a Continuous Surgical
Specimen from Bread-Loaf Blocks

Our “puzzle-fit” algorithm required multiple steps to reconstruct
a continuous surgical specimen [Fig. 3(f)] from bread-loafed
blocks [Fig. 3(c)]. First, the bread-loaf blocks image was
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Fig. 2 Methods for the mapping of cancer annotations to the “annotation line” of fixed tissue bread-loaf
blocks. The methods include (a) line projection, (b) trapezoidal projection, and (c) epidermis-extraction
projection. The H&E slide is shown with the pathologists’ annotations. Section start and end points,
cancer start and end points, and black scoring point are identified accordingly. The final lines to super-
impose on the epidermal image are shown as vertical lines on the sides that are colored red (cancer),
blue (noncancer), and black (black scoring point). For the epidermis-extraction projection, the curve is
manually smoothened to avoid the extra distance due to tears and debris. See previous text for additional

details.
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Fig. 3 Method to evaluate the cancer sites of the excised human skin cancer specimens. (a) Fresh tissue
probe fluorescence image. (b) Fresh tissue color image that is registered to the probe fluorescence
image. (c) Following fixation, the specimen is bread-loafed into tissue blocks. (d) The block image is
processed after segmentation and rotation adjustment. (e) The affine registration result of the “recon-
structed fixed tissue image.” (f) The nonrigid, free-form deformation, registered, reconstructed, and fixed
tissue image after affine registration. (g) Each slice of the bread loaf is turned on its edge (12 o’clock),
processed, and sectioned to obtain H&E slides from the tissue blocks. Areas of cancer on each histo-
logical section are marked by a pathologist. Histological annotations are then projected onto lines in
blue as normal regions, red as cancer regions, and black as the scoring marks. (h) The histological sec-
tion is registered to the corresponding tissue slice, and the areas of cancer are copied onto the fluores-
cence image. To aid registration, a tissue score is added by cutting the tissue specimen surface with a
scalpel. Zoomed in view of the center in H&E slide from tissue blocks 6 and 7 are shown in (i) and (j),
respectively.

preprocessed to obtain segmented, vertically aligned, individual
tissue blocks. Briefly, the block image [Fig. 3(c)] was processed
according to the following steps: (1) apply Canny edge detection
to each of the three oblique illumination images to obtain a final
binary edge image with an “OR” operation; (2) manually edit
any edge errors (e.g., an edge from protruding fat or drop out);
(3) apply a morphological filling operation to obtain a binary
mask image, which is used with the “AND” operation with the
original image to obtain an image of each individual tissue
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block; and (4) following a connected components operation,
adjust each bread-loaf block to be vertically aligned by rotation
around the geometric center. Two “corners” of the two blocks on
the tips and four “corners” of the blocks between the tips were
manually identified. For the two blocks on the tips, the angle of
the line connecting the two “corners” was calculated and rota-
tion was applied so that the line and the block were vertically
aligned. For blocks in between, the two angles of the lines
connecting the left two “corners” and right two “corners” were

Jan-Mar 2019 « Vol. 6(1)
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calculated. The rotation angle to vertically align the block was
determined by averaging the two angles. The result of these pre-
processing steps is shown in Fig. 3(d).

Following preprocessing, the preprocessed blocks were
reconstructed into a continuous two-dimensional image using
fiducial-based, thin-plate, spline registration.”’” The histology
lab technicians always make nearly parallel, straight, vertical
cuts on the formalin-fixed tissues, an observation which
informed our reconstruction process. The left most, first tissue
block (9 o’clock tip) was first processed to obtain a straight,
vertical eastern edge mimicking the result of a knife cut.
Along the eastern edge, eight edge points were created between
the two “corners”. From these, horizontal lines to the western
edge were created and each of the eight distances was recorded.
Then, a set of destination points was created, which consisted of
the 10 points along the eastern side straightened into a vertical
line and eight points on the western side maintaining the hori-
zontal distances. We now had the input block image with
the original points and new corresponding destination points,
allowing us to perform thin-plate spline transfer from the input
to the output block image. Next, the second block was processed
to maintain its median width (west-east distance) and stitched to
the eastern edge of output block 1. On input block 2, eight east-
edge and eight west-edge points, equally vertically spaced
between the two “corners” on the east and west, respectively,
were obtained. Then, a set of destination points was created,
which consisted of the 10 points along the western side of the
output block 2 matching the eastern side of the output block 1
and 10 points along the eastern side of the output block 2. All
of these points were vertically aligned. Multiple steps were used
to place the 10 destination points on the eastern side of output
block 2. We used the median east—west distance of input block 2
to set the width of block 2, giving the horizontal position of the
vertical line of points. We set the vertical length of the east edge
equal to that of the input and fixed the vertical location of the
eastern edge of block 2 to maintain the percentage of the east
edge above (below) the northwest “corner” of the original input
block. With the 20 destination points so identified, thin-plate
spline was applied to stitch the second tissue block to the first
(Fig. 4). This process was continued until stitching was com-
plete and a “reconstructed fixed tissue image” was obtained.
These “annotation lines” of each block [Fig. 3(g)] were carried
along the reconstruction process.

Destination fiducials + Input fiducials

Fig. 4 An example of the second block reconstruction process.
(a) The white fiducials are generated on the input block with even
spacing, given the four “corners.” The red fiducials are the corre-
sponding destinations. (b) The white fiducials are registered to the red
fiducials and the block is transformed using a thin-plate spline.
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3.3 Registration of “Reconstructed Fixed Tissue
Images” to Corresponding Probe Fluorescence
Images

Each “reconstructed fixed tissue image” was registered to the
corresponding fresh tissue color image and, in turn, to the asso-
ciated fluorescence images. First, the fresh-tissue color image
from the digital camera was registered to the probe fluorescence
image from the Odyssey system using a simple transformation
model (translation, rotation, and homogeneous scaling), which
was computed by minimizing the distance between the manually
identified corresponding control points. The control points were
epidermal skin features, such as hair follicles, recognizable
textures, and surgeons’ green marks. Optionally, if matching
control points cannot be identified, an automatic registration
algorithm was used with the same transformation model. The
fresh-tissue color image was segmented from the background
by color-based segmentation and the probe fluorescence image
was segmented by intensity-based thresholding to create binary
foreground images. Then, an iterative registration algorithm was
applied to minimize the similarity measure (i.e., the mean square
difference between the binary foreground images). Finally, a
“registered fresh-tissue color image” [Fig. 3(b)] was obtained.

Next, the “reconstructed fixed tissue image” was registered
to the “registered fresh-tissue color image” and, in turn, to the
associated probe fluorescence image by simple transformation
(translation, rotation, and homogeneous scaling) followed by
nonrigid registration, as there was often significant deformation
of the tissue after formalin fixation. Both images were converted
to grayscale images for simple and nonrigid registration. The
simple registration was performed using the manually identified
epidermal control points. Optionally, registration can be accom-
plished with normalized mutual information as similarity
measure. Once the images were roughly registered, a free-form
deformation model-based nonrigid registration,28 which uses
normalized mutual information as similarity measure, was
applied. The calculated transformation and deformation fields
were applied to red, green, and blue channels of the “recon-
structed fixed tissue image” to form a “registered fixed tissue
image.” Representative results of the simple and nonrigid regis-
trations are shown in Figs. 3(e) and 3(f), respectively. The
“annotation lines” associated with the reconstructed blocks can
be warped using the same simple and free-form deformation
transformations to correlate with the fluorescence signals
[Fig. 3(h)].

3.4 Spatial Accuracy Analysis

The most important sources of co-localization error in the puz-
zle-fit process were assessed by measuring Euclidean distances
between natural skin landmarks on the “registered fixed tissue
image” and “registered fresh-tissue color image.” Several corre-
sponding skin landmarks, such as hair follicles, nodules, and
skin pigments, were manually identified and the results were
recorded in terms of the mean and standard deviation measured
in millimeters. The width of a fresh skin specimen should be 1 to
2 cm. Assuming linear stretching model and a matched boun-
dary, the error on the 1 mm margin of a sample will be about
10% to 20% of the error in the center.
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Fig. 5 Edge response comparison of the Maestro and Odyssey sys-
tems. (a) Maestro phantom imaging result, (b) Odyssey phantom im-
aging result, and (c) normalized intensity profiles of edge response
along the x and y directions on the Maestro and Odyssey images.
The edge response of the Maestro and Odyssey images are 0.8 and
2.7 mm, respectively.

4 Results

4.1 Characterization of the Fluorescence Imaging
System

The phantom images obtained from the Odyssey system
were compared with those obtained with the previously used
Maestro macroscopic imaging system (Fig. 5) and with the pub-
lished results from the EagleRay-V3 system using a slightly dif-
ferent version of the phantom.?* Blurring due to light scatter was
clearly reduced on images obtained with the Odyssey as com-
pared to the Maestro system [Figs. 5(a) and 5(b)]. Edge step
responses (distance of 15% to 85% of the normalized intensity
levels) were 2.7 mm (Maestro) and 0.8 mm (Odyssey). For com-
parison, we measured 1.6 mm (EagleRay-V3) from Fig. 5(b) in
Anastasopoulou et al.>* The Odyssey system gave identical step
responses in the x and y (the fast and slow scanning directions),
respectively. Because of the reduction in scatter, the Odyssey
image even showed heterogeneities (spots) in the phantom that
were blurred out in the Maestro image. The sharp edge response
of the Odyssey system ensures the ability to assess clear cancer
margins. Both the Odyssey and Maestro systems have good
sensitivity and give a linear response with a zero intercept as
a function of the fluorophore concentration (Fig. 6).

To examine the intensity profile along rows in the optical
properties region and to avoid the nonhomogeneous artifact
of the phantom, the one-dimensional signals from the Maestro
and Odyssey images were smoothened by local regression using
the weighted linear least-squares approximation method and
a linear polynomial model, as shown in Fig. 7. With 5 nM
Qdots, the Maestro and EagleRay-V3 systems [Fig. 4(b) in
Anastasopoulou et al.>*] exhibited similar intensity trends
(0.66 mg/g TiO, + 20 pg hemin >0.33 mg/g TiO, + 20 ug
hemin > 1 mg/gTiO, +40 ug hemin). For the Odyssey
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Fig. 6 The sensitivities of the Odyssey and Maestro systems (linear-
ity) with the imaging result embedded in the upper left corner.

images, the fluorescence intensity ranking was 0.66mg/
gTiO, +20 ug hemin > 1 mg/gTiO, +40 ug hemin >0.33 mg/
g TiO, 4 20 ug hemin. With the Odyssey system, more scatter-
ing (increased TiO,) results in increased fluorescence intensity
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Fig. 7 Fluorescence intensity in each well of the optical properties
area of the phantom. With 5-nM Qdots, the Maestro and
EagleRay-V3 systems exhibit similar intensity trends with different
amounts of absorption (hemin) and scattering (TiO,) materials.
With the Odyssey system, more scattering results in increased fluo-
rescence intensity with a fixed amount of the absorber material. The
diffusive edge and scattering effect can be seen between wells from
the Maestro image as compared to the sharp edge and low scattering
of the Odyssey image, as indicated by the black arrows.
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Fig. 8 The scoring mark point of an “annotation line” aids its localization in the bread-loaf block. (a) The
bread-loaf block color image shows a thin scoring mark with a black ink smudge on the surface. Tissue
sections for H&E are obtained from cuts into the tissue block with the orange frame outlining the starting
surface. (b) The digitized H&E slide and corresponding “annotation line” that are obtained using the
trapezoidal projection are shown. (c) The “annotation line” is moved along the tissue block image until
the scoring mark corresponds to the black scoring mark. The line placement indicates the location of
the acquired histological section. For almost all specimens, H&E slides are taken from the eastern
(12 o'clock) edge. Scale bars =2 mm.
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Fig. 9 Puzzle-fit mapping of histological SCC images to the fluorescent cancer signals. (a) The fresh
tissue colorimage. (b) The registered fixed tissue image. This sample belongs to the early protocol where
tissue was scored but no black ink was added. (c) Autofluorescence image. (d) Probe fluorescence
image. (e) H&E images and the “annotation lines” from trapezoidal projection method. (f) Fluorescence
image fused with the “annotation lines”. The white outline of the fresh tissue border from (a) maps well
to the registered fixed tissue image (b) and fluorescence images (c) and (d). Zoomed in view of center in
H&E images from tissue blocks 9, 10, and 11 are shown in (g), (h), and (i), respectively. There is very
good correspondence between histological cancer annotations and cancer-probe fluorescence.
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with fixed absorber (hemin) amount. The diffusive edge and scat-
tering effect can be seen between wells from the Maestro image as
compared to the sharp edge and low scattering of the Odyssey
image, as indicated by the black arrows.

Imaging of the fluorophore at different depths demonstrated
that the intensity decreased as the fluorophore embedded deeper
in all three systems. Although not a confocal system, the
Odyssey can focus at various distances. Imaging at various focus
distances with the Odyssey system showed that, regardless of
the depth of the fluorophore, the strongest response would
always originate from a focus distance of 0.5 mm. The normal-
ized intensity decreased most rapidly with the Odyssey system
at a focus depth of 0.5 mm and slowest with the EagleRay-V3
system [Fig. 4(b) in Anastasopoulou et al.?].

To test the illumination homogeneity, the mean intensity was
compared across the five wells among the Maestro, Odyssey,
and EagleRay-V3 systems (Fig. 6 in Anastasopoulou et al.>*),
which gave relative standard deviations of 3.3%, 2.5%, and
18.7%, respectively. The higher variation of the Odyssey system
arose from the heterogeneity of the phantom. The four quadrants
of the phantom were separately imaged with the Maestro sys-
tem. Therefore, the illumination homogeneity was compared
among the four corners without the center. The Maestro system
has four fiber-optic illuminator arms on the four corners; there-
fore, the illumination was homogeneous. The EagleRay-V3
system has more illumination variance among the five wells,?*
as it has one light fiber bundle that incorporates white and
fluorescence light sources.?’

4.2 Puzzle-Fit Algorithm for Mapping Histological
Annotations to Fluorescence Signals

The size change after formalin fixation and three different
methods for creating the “annotation line” were evaluated by
analyzing in detail the three skin cancer specimens. The longest
tip-to-tip Euclidian length of the fixed tissue was 93% =+ 11% of
that of the fresh tissue and the width of the fixed tissue was
97% =+ 15% of that of the fresh tissue. The lengths of the “anno-
tation line” from the line projection, trapezoidal projection, and
epidermis-extraction projection were 86% =+ 12%, 99% =+ 5%,
and 111% =4 8%, respectively, of the corresponding lengths
of the fresh tissue images, as calculated from the nine bread-loaf
blocks with cancer annotation. Previous reports described that
most of the “shrinkage” of skin tissue occurred during excision
(71% to 100% of total shrinkage) prior to fixation and that rel-
atively little occurred as a result of fixation and histological
processing.>®=2 We chose the trapezoidal projection method for
all additional processing because it has an H&E to fresh tissue
length ratio closest to 1 and the smallest standard deviation.
Furthermore, fresh tissue can be laid relatively flat on the glass
slide, whereas the epidermis curled downward to the dermis
after fixation and histological processing. Line projection was
good if there was no curling difference between images of
H&E and fresh tissues. Epidermis-extraction projection was
good, provided the fresh tissue was completely flat. Trapezoidal
projection was considered the best option to approximate dif-
ferences in the curling of the epidermis between the H&E and
fresh tissues.

Figure 8 shows an example of scoring marks aiding the
localization of the “annotation line” to the section plane on the
top-view image of the corresponding fixed tissue bread-loaf
block using the trapezoidal projection method.
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SCC and BCC puzzle-fit results are shown in Figs. 9 and 10.
Following puzzle-fit processing, correlations between cancer
probe fluorescence and histological annotations of cancer are
demonstrated [Figs. 9(f) and 10(f)]. In these figures, good regis-
tration is evident as the boundary from the color fresh tissue
image superimposes well with the reconstructed bread-loaf and
fluorescence images. The scoring mark helps in identifying the
potential errors in the bread-loaf blocks-embedding process. For
example, it is determined in Fig. 9(f) that the H&E slide for
blocks 9 and 11 are obtained from the western (6 o’clock) edge,
whereas the H&E slide for block 10 is obtained from the eastern
(12 o’clock) edge. This effectively results in double H&E
sampling at the edge between blocks 10 and 11 and no H&E
sampling at the edge between blocks 9 and 10, which further
highlights the potential for undersampling with traditional
histology.

In the BCC sample (Fig. 10), there is evidence of cancer from
histology without a strong fluorescence signal in tissue block 9.
Potentially, this is due to insufficient penetration of probe, as
the epidermis was intact and the BCC tumor was deeper than
some other tumors. In the same sample, there is cancer in tissue
block 8 with a strong fluorescence signal. In this case, there is
superficial erosion of the epidermis, potentially aiding probe
penetration.
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normal = =
score = | .«/j
-
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Fig. 10 Puzzle-fit mapping of histological BCC images to the fluores-
cent cancer signals. (a) The fresh tissue color image. (b) The regis-
tered fixed tissue image. (c) Autofluorescence image. (d) Probe
fluorescence image. (e) H&E images and the “annotation lines” from
trapezoidal projection method. (f) Fluorescence image fused with the
“annotation lines.” The white outline of the fresh tissue border from
(a) maps well to the registered fixed tissue image (b) and fluorescence
images (c) and (d). Zoomed in view of center in H&E images from
tissue blocks 8 and 9 are shown in (g) and (h), respectively. There
is good correspondence between histological cancer annotation
and cancer-probe fluorescence in tissue block 8, but not in tissue
block 9.

Jan-Mar 2019 « Vol. 6(1)



Liu et al.: Molecular imaging and validation of margins in surgically excised nonmelanoma. ..

Fig. 11 Fluorescent hair follicles. Autofluorescence image (c) and the
associated color image (b) are merged in (a) to show the hair follicles
before applying the probe. Probe fluorescence image (f) and the asso-
ciated color image (e) are merged in (d) to show the hair follicles after
applying the probe. The color and fluorescence images are both
enhanced to show the hair follicles.

There are small bright spots between the autofluorescence
image [Fig. 10(c)] and the probe fluorescence image
[Fig. 10(d)]. Comparing associated color images with fluores-
cence signals, we sometimes identify autofluorescent hair
follicles (Fig. 11). Though the molecular origin is not yet iden-
tified, hair follicles can be readily identified because they are
small isolated dots, because they are autofluorescent (visible
prior to probe application), and because one can also see hair
remnants in the color tissue image.

The registration accuracy of the interior between the “regis-
tered fixed tissue image” and the “registered fresh tissue color
image” were further assessed by computing the Euclidean
distances between corresponding epidermal landmarks in 60
specimens. Example landmarks are shown in Fig. 12. The regis-
tration accuracy of 60 specimens and 129 landmarks was
0.48 £ 0.39 mm, where at least some of the uncertainty was due

to the ambiguity when identifying the control points on rela-
tively large skin landmarks. Extrapolated with the linear stretch
model (Sec. 3.4) suggested an error at the margin of 0.072 &+
0.059 mm for a typical sample with a width of 1.5 cm. This
error was sufficiently small (~100 ym) to ensure unambiguous
visual interpretation of the results and, thus, was clinically
useful.

5 Discussion and Conclusion

We have developed point-of-care molecular imaging methods
for the assessment of skin cancer margins in surgical specimens.
This immediate readout, point-of-care technology will offer sig-
nificant advantages over traditional histological analysis, which
greatly undersamples the surgical specimen and requires days
for processing. We have a significant time advantage using this
technology (tissue washing and probe application: 15 min, fluo-
rescence imaging: 2 min, interpretation: seconds) that cuts down
processing time by >99% compared to traditional histology.
Compared with Vivascope® reflectance confocal microscopy,
which might take hours to image a rhombus shape excision with
50- and 20-mm diagonals,” our technology is sufficiently fast to
not interfere with the clinical work flow. Compared to OCT and
high-frequency ultrasound, our technology allows molecular
imaging of cancer-associated cathepsins, has less background
signal, and is therefore easier to interpret. In this study, we have
described an improved flying-spot imaging system (LI-COR
Odyssey CLx) and registration methods for evaluating the abil-
ity of a new fluorescent smart probe (6qcNIR) to identify skin
cancer perioperatively.

In phantom experiments, the flying-spot Odyssey system is
proven to be superior to conventional macroscopic imaging sys-
tems for our application. The results of the phantom test have
showed that the Odyssey system allowed for the sharpest edge
response, as compared to the Maestro and EagleRay-V3 sys-
tems, and linear response to the fluorophore concentration.
The fluorescence intensity with respect to various amounts of
absorption material (hemin) and scattering material (TiO,) dif-
fers between the Odyssey system and the macroscopic fluores-
cence Maestro and EagleRay-V3 systems, likely because the
flying point scanner has a focused narrow laser beam and
a small emission detector. The reduced scattering coefficient
of 1 mg/g of TiO, is ~10 cm™ at 750 nm. The absorption

Fig. 12 Representative skin landmarks providing corresponding points to assess the registration accu-
racy between the fresh tissue samples and corresponding images reconstructed from bread-loaf blocks.
Shown are six image pairs with the fresh tissue images below the reconstructed images. The skin
landmarks circled in blue include nodules, pigments, and hair follicles. Scale bars =2 mm.
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coefficients are 0.25 and 0.5 cm™' for 20 and 40 ug of hemin,
respectively.”* Normal skin, BCC, and SCC have scattering
coefficients of 40, 16, and 15 cm™!, respectively and absorption
coefficients of 2.5, 0.4, and 0.7 cm~'.3® Skin has a much larger
scattering coefficient than the TiO, in the phantom. The
Odyssey, thus, is expected to detect more signals, which is help-
ful in cancer detection. Although the Odyssey system takes
longer to image the specimens, the general specimen in the
present study required a scanning time of <2 min, which would
not hinder clinical flow. These experimental results combined
with other positive attributes (e.g., large format imaging up
to 25 X 25 cm, uniform imaging response unlike a macroscopic
imaging system, 12-bit wide dynamic range imaging enabling
capture of both bright and dim fluorescence, and depth focusing)
render the Odyssey system a desirable imaging solution.

The deformation (size change and “curling down” of skin
tissue) in fixation and histological processing led us to adopt
the trapezoidal projection for the ‘“annotation lines.” Though
we expect minor size changes from formalin fixation,”=! the
length and width of the fixed tissue were 93% + 11% and
97% + 15%, respectively, of those of the fresh tissue. The rel-
atively large variance could be due to “curling down” of the
edge, as fat is reported to shrink more than muscular soft
tissue® and soft tissue is known to expand with formalin fixa-
tion for <6 days.*® Therefore, the fresh tissue epidermal side will
lie relatively more flat on the glass slide, as compared to the
“curling down” fixed tissue. After histological processing, the
ratio of the lengths of the H&E to the fresh tissues, as calculated
from the trapezoidal projection, was closest to 1. Qualitatively,
trapezoidal projection best approximated the “curling” differ-
ence between the H&E and fresh tissue images.

The accuracy between the histological cancer annotations
and the probe fluorescence signal can be further analyzed.
The “puzzle-fit” accuracy based on the registration accuracy
(~500 ym) between the “registered fixed tissue image” and
“registered fresh tissue color image” can be calculated using
skin landmarks that are independent from the fiducials-based
thin-plate spline registration. The accuracy of the proposed trap-
ezoidal projection method is estimated to be 15 um for a typical
fresh tissue width of 1.5 cm and an average length error of 1%
between the H&E and fresh tissues. A black scoring mark is
used to guide mapping of the “annotation lines” to the bread-
loaf blocks. However, there is no independent set to measure
the accuracy of this mapping process. The accumulated “puz-
zle-fit” accuracy is estimated to be ~515 ym and the most sig-
nificant source of error is the registration error of the “registered
fixed tissue image” to the “registered fresh tissue color image.”

There may be potential improvements to the methods.
(1) Automated identification of additional fiducials could lead
to improved accuracy between the registered fixed tissue image
and the fresh tissue color image. (2) To allow for the assessment
of “annotation line” mapping accuracy, extra landmarks could
be created, such as a second set of scoring marks or pins dipped
in histology ink for use as section plane markers (histology lab
technicians will be requested to cut through the points inked by
pins). However, these improvements will result in a deviation
from the standard of care and less likely to be adapted in the
clinical setting.

Here, we have created detailed and accurate methods for
image acquisition and histological evaluation of molecular
probes for imaging sites of cancer on skin specimens. These
results indicate that point-of-care imaging technique with a
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protease probe (6qcNIR) applied on excised skin tissues could
provide patients and physicians with an inexpensive, fast, easily
interpretable, Mohs-like procedure to reduce callbacks and
potentially reduce unnecessary tissue excision. We are currently
performing a prospective clinical evaluation of the 6qcNIR
probe and imaging methods with dermatologist readers. The
evaluation methodology described herein will be the key for
providing an accurate evaluation. Given the current limitations
of standard histology, this technology may lead to disruptive
solutions in cancer treatment.
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