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Abstract

Keratinocyte carcinomas (KC), including basal and squamous cell carcinomas, are the most
common human cancers worldwide. While 75% of all KC (4 million annual cases in the US) are
treated with conventional excision, this surgical modality has much lower cure rates than Mohs
micrographic surgery, likely due to the bread-loaf histopathological assessment that visualizes
<1% of the tissue margins. A quenched protease-activated fluorescent probe 6qcNIR, which
produces a signal only in the protease-rich tumor microenvironment, was topically applied to
ninety specimens ex vivo immediately following excision. “Puzzle-fit” analysis was used to
correlate the fluorescent images with histology. Probe-dependent fluorescent images correlated
with cancer determined by conventional histology. Point-of-care fluorescent detection of skin
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cancer had a clinically relevant sensitivity of 0.73 and corresponding specificity of 0.88.
Importantly, clinicians were effectively trained to read fluorescent images within 15 minutes with
reliability and confidence resulting in sensitivities of 62—78% and specificities of 92-97%.
Fluorescent imaging using 6qcNIR allows 100% tumor margin assessment by generating en face
images that correlate with histology and may be used to overcome the limitations of conventional
bread-loaf histology. The utility of 6qcNIR was validated in a busy real-world clinical setting, and
clinicians were trained to effectively read fluorescent margins with a short guided instruction,
highlighting clinical adaptability. When used in conventional excision, this approach may result in
higher cure rates at a lower cost by allowing same-day re-excision when needed, reducing patient
anxiety and improving compliance by expediting post-surgical specimen assessment.
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Introduction

Keratinocyte carcinoma (KC), including basal cell carcinoma (BCC) and squamous cell
carcinoma (SCC), is the most prevalent cancer in the United States, totaling over 5.4 million
diagnoses and more than 3.3 million treatments per year in 2012 (1). This translates to an
average annual treatment cost of $4.8 billion, which has increased 74% since 2002—-2006 (2).
Treatment modalities for KC include conventional excision, Mohs micrographic surgery
(MMS), electrodesiccation and curettage, radiation therapy, cryotherapy, as well as topical
and oral medical therapies. MMS has the highest cure rate, and studies comparing
recurrence rates of the two main surgical modalities have consistently demonstrated
superiority of MMS over conventional excision in KC treatment (2.9-4.4% for MMS vs.
5.5-13.5% for conventional excision over 5-10 years (3,4). These differences are likely due
to the en face visualization technique used during MMS that allows 100% visualization of
the surgical margins in real-time, in contrast to the traditional “bread-loafing”
histopathologic assessment in conventional excision that examines less than 1% of the
margins. Given the excellent cure rates of MMS, its use has increased over 400% between
1995 and 2009 (5). However, MMS is not considered appropriate for all tumor types and
locations and is relatively resource-intensive and difficult to perform. In fact, 75-80% of all
KC are treated by conventional excision annually (5). While tumor is removed along with
margins of healthy tissue to achieve clearance, incomplete tumor resection recognized
during standard-of-care bread-loafing histopathological examination occurs in 4 to 16.6% of
all cases (6,7). Re-excisions after conventional surgery may be associated not only with
increased anxiety, inconvenience, and financial burden for patients, but also with increased
healthcare costs. These limitations of conventional excision pose an unmet need for an
alternative time-saving approach that could achieve higher cure rates and be easily deployed
with minimal training.

A number of non-invasive optical imaging technologies have been developed for detection
of KC (8). As the oldest imaging modality, dermoscopy is a well-established technique for
assessing pigmented skin lesions (9) but the level of expertise significantly affects diagnostic
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accuracy of KCs (10). Conventional light microscopy is restricted to being performed on
very thin tissue specimens because human skin is optically turbid, scattering and absorbing
visible light to a high degree (11). This obstacle may be overcome by near-infra red (NIR)-
based two-photon laser scanning microscopy, because of decreased scatter and absorption.
However, effective matching is difficult and significant aberration remains, even when using
objectives equipped with correction collars (12) resulting in overall sensitivity of 84% and
overall specificity of 76% in a non-clinically optimized format (13). Pooled data from
studies using optical coherence tomography (OCT) alongside visual inspection and
dermoscopy for the detection of KCs estimated a sensitivity of ~95% and specificity of
~77% (14-16). However, OCT is costly, limited in imaging deeper tumors, and signals are
difficult to interpret (17). Using Raman spectroscopy 100% sensitivity and 91% specificity
in discriminating KCs from normal skin was reported (18). However, sensitivities between
95-99% and specificities between 15-54% were also reported (19), reflecting the
suboptimal shallow signal depth and narrow field of this tedious imaging technique.

Others have used auto-fluorescence emission of BCC and SCC to differentiate cancer from
surrounding normal tissue (20), however, areas defined as tumor according to auto-
fluorescence images are 2 to 3-fold larger than the actual tumor size based on traditional
H&E staining, thereby limiting its tumor delineation applications (20). Metabolized to
fluorescent protoporphyrin-I1X, 5-aminolevulinic acid (5-ALA) has been investigated to
discriminate cancer using fluorescence. 5-ALA demonstrated pooled 90-95.4% sensitivity
and 80-88.6% specificity in KC detection (21,22). However, subclinical extension common
to high-risk cutaneous SCC often goes undetected with 5-ALA. This lack of fluorescence in
larger lesions may be related to limited accumulation of 5-ALA (23). This technique is also
time consuming, labor intensive, and has side effects: pain, edema, pustules, itching,
epithelial exfoliation, and post-inflammatory hyperpigmentation. Some studies demonstrated
reflectance confocal microscopy imaging achieved sensitivities of 92-100% and specificities
of 85-97% for KC (24,25), but the approach has a high-cost and low-depth detection.
Because of their limitations none of these approaches have gained general adoption for
point-of-care KC removal.

Here we present a strategy to address the unmet needs and limitations of other existing non-
invasive optical imaging modalities in conventional KC treatment using a protease activated
“smart probe” that rapidly and reliably identifies tumor margins to guide the surgeon in real-
time. In recent years, optical fluorescence-guided surgery has emerged as a promising non-
invasive tumor detection modality contributing to improving oncologic care in solid organ
tumors (26—28). However, its utility in skin cancer detection has yet to be demonstrated.
Previously, we demonstrated that topical application of a fluorescent imaging agent detected
cancer-associated cathepsin activity from the dermal side of debulked SCC and BCC
samples with 99% sensitivity and 89% specificity, all within minutes (29). In that study, a
quenched activity-based probe (QABP), GB119 (30), which covalently targets cysteine
cathepsin proteases that are overexpressed in human skin cancers (31-33), was utilized.
Covalent binding of GB119 to endogenous target proteases results in de-quenching and
activation of fluorescence, which is then captured by an imaging system (34,35). The gABPs
are highly selective and have been shown to be very effective for imaging tumor-expressed
proteases (30,36,37). Here we report utilization of an enhanced imaging system that allows
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minimal light scatter coupled with a NIR quenched protease probe 6gc-NIR that reduces
auto-fluorescence, with overall higher performance in cancer visualization. The 6gcNIR
probe is a hydrophobic substrate-based probe (37) that is taken up by cells and becomes
activated by cathepsin cleavage inside lysosomes creating a charged molecule that cannot
leave the cells.

We believe that our approach may complement current noninvasive optical imaging
technology for KC detection and/or provide better value given lower setup costs, deeper
signal penetration and simpler signal interpretation.

Materials and Methods

Collection of human skin specimens

Between January 31, 2017 to June 12, 2018, 90 patients referred to the Veterans Affairs
(\VVA) Dermatology excision clinic with biopsy-proven BCC and SCC were included in the
study. Participants in the study gave written informed consent; the study was conducted in
accordance to international ethical guidelines (Declaration of Helsinki) and done in
compliance with the VA Louis Stokes Cleveland Medical Center Institutional Review Board
(protocol #16066-H46). Elliptical excision was performed on biopsy-proven SCC or BCC
with 4-5-mm margins. Immediately after resection, the specimen was placed in saline to
prepare for image capture, as outlined below.

Ex vivo imaging of human skin specimens

Immediately after excision, the skin specimen was brought to the laboratory which was set
up in a room next to the operating room. The specimen was rinsed by sterile saline to delete
debris, fresh blood, and blood clots and then blotted dry with gauze followed by bright-field
photography. Then baseline NIR fluorescent images were obtained. Next, a paper applicator
impregnated with 6gcNIR (10-uM) dissolved in 100% dimethyl sulfoxide was applied to the
epidermal side of the specimen followed by wrapping with lab-film. After 10-15 min
incubation, the applicator was taken off, excess probe was rinsed from the sample with
saline followed by fluorescent imaging. All NIR-fluorescent images were taken and
analyzed by a flying-inverted-spot fluorescent 800-nm Odyssey-CLx commercially available
scanner and Image-Studio™ software (all Li-Cor Biosciences). Next, the specimen was
placed in formalin and sent to pathology. The next day, a half of the dermal side and edge
(12-6 o’clock) along with another half and edge (6—12 o’clock) of the same specimen were
marked in black and blue ink, respectively, by pathology. No changes were made to
standard-of-care excision.

“Puzzle”-fit” analysis to correlate fluorescence to histology

Image registration, reconstruction, and alignment of histopathological images to 6qcNIR
fluorescence images was performed to overlay cancer H&E annotations on the post-probe
fluorescence images. Detailed steps of this method have been described (38) and are given in
the Supporting Information.
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Intensity-based objective sensitivity and specificity analysis using detection of cancer
based on fluorescence intensity

We used fluorescence intensity thresholds to detect KC using a receiver operating
characteristic (ROC) curve analysis with each “puzzle-fit” histology line (38) as one object.
The “puzzle-fit” process allowed accurate overlay of cancer H&E annotations on the post-
probe fluorescence images and is detailed in Supporting Information.

The histology lines depicting location of histology sections were categorized using the
following rules: true positive (TP) — dilated ROIs intersected a histology line with cancer
and touched the cancer region, true negative (TN) — no dilated ROIs intersected a histology
line with cancer, false positive (FP) — dilated ROIs intersected a histology line without
cancer, and false negative (FN) — either no dilated ROIs intersected a histology line with
cancer or the dilated ROIs intersected a histology line with cancer and included only the
non-cancer region. A threshold for cancer from 50 to 1,000 with a step size of 50 was swept
for ROC analysis using the 75" percentile intensity value for each ROI. The number of TP,
TN, FP, and FN lines was computed for each threshold along with sensitivity and specificity,
which provided a point on the ROC.

The ROC curve was analyzed numerically to determine the area under the curve (AUC), our
Fig. of merit for detection. Our ROC analysis should not be confused with traditional ROC
analysis in medical imaging where the reader is given the whole image or a known lesion
location to score, or free-response ROC (FROC) where the reader must identify correctly a
lesion location in an image and then score it. In our case, cancer/no-cancer is known at only
sparse locations where there is histology; hence, we chose to analyze histology lines rather
than images.

Blinded physician “Reader Study”

To assess whether trained readers are able to differentiate cancer from normal tissue on 2D-
fluorescent probe images, three dermatologists were recruited. ROC analysis (39) was
utilized and the analysis is similar to the intensity-based objective study except that
candidate ROIs were annotated by three dermatologists, detailed in Supporting Methods.

Evaluation of reader responses regarding intensity

For one reader, we analyzed intensities corresponding to TP and FP annotations over the 90
samples to determine if they were using intensity as a cue. We generated box plots with the
central mark indicating the median, and the bottom and top edges of the box indicating the

25t and 75t percentiles, respectively.

Results

Workflow and study design

A representation of the study workflow is depicted in Fig. 1. After conventional excision of a
biopsy-proven KC, bright-field and fluorescent images were captured. After incubation with
the 6gcNIR probe, fluorescent images were captured again and overlaid against the bright-
field photo. To help identify the pieces after sectioning, a diagonal score was applied to the
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specimen via scalpel and filled with black ink to create a fiduciary to assist in lesion
localization. Per standard-of-care, the excision specimen underwent formalin fixation and
was sectioned transversely into bread-loaf pieces. Each transverse section was numbered
from sequentially (range=6-24 sections; median=13 sections) and photographed with all
pieces in sequential order. “Puzzle-fit” analysis (38) was applied to digitally bring the bread-
loaf sections together into a single image that was overlaid onto the fluorescent image, and
finally onto H&E sections highlighting areas of histopathological tumor positivity. To
validate the clinical adaptability of this technology, fresh tissue and fluorescent images were
presented to dermatologists, blinded to the clinical record who were asked to determine
likelihood of tumor from fluorescence images.

Characterization of patients and specimens

A total of 90 specimens were evaluated, including 56 SCC and 34 BCC. Histopathological
subtypes, time from biopsy to excision, anatomic locations of tumors, and demographics of
patients are outlined in Supplementary Tables S1 and S2. The most frequent SCC subtype
was well-differentiated, constituting 82.1% of SCC specimens and 51.1% of all cancer
specimens. The most frequent BCC subtype was nodular, constituting 26.5% of BCC
specimens and 11.1% of all cancer specimens. Mean time from biopsy was 48.46+28.35
days. All patients were voluntarily enrolled sequentially from the Louis Stokes VA Clinic
and were Caucasian males. Most patients were within 66—75 years of age (n=55), followed
by 76-85 years of age (n=18), <65 years of age, (n=11) and >86 years of age (n=6). Of 90
total specimens, histology revealed cancer in 29 of 90, or 32.2% of all specimens. As shown
in Supplementary Table S1, 29.3% of well-differentiated and invasive SCC specimens and
33.3% of nodular BCC subtypes had residual cancer.

Gross correlation of fluorescent signals with histology

Bread-loafing histopathologic assessment demonstrated no residual tumor in 67.8% of the
specimens. In these specimens, no fluorescent signal was detected (Fig. 2A). In specimens
that demonstrated a strong fluorescent signal following 10-min of incubation with 6gc-NIR
(n=29, 32.2% of all specimens), conventional histopathological examination revealed the
presence of residual tumor that correlated with positive fluorescence for both SCC and BCC
(Fig. 2B and 2C).

Co-localization of histopathologic tumor positivity and fluorescence using “puzzle-fit”

analysis

Conventional histopathologic assessment allows tumor visualization from the horizontal
plane, obtained by sectioning the specimen into 2-3 mm transverse “bread-loaf” slices. In
contrast, fluorescence imaging with 6qc-NIR is captured en face, which is the plane used in
MMS to visualize all tumor margins. To reconcile the disparity in the visualization axes, we
developed the “puzzle-fit” analysis — a technique that allows effective and precise
histopathologic and fluorescent co-localization of the tumor with 100-um accuracy (38).
Briefly, diagonal scores are applied along the specimen (Fig. 3A and B) with a scalpel then
inked in black prior to fixation in formalin (Fig. 3C—F, black lines), which can be identified
as a single area of concavity on each histopathologic bread-loaf section. Using the “puzzle-
fit” software (38) transverse sections are digitally brought together to reconstruct the
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elliptical gross bright-field image, after which distances are calculated to determine the exact
location of the score on the fluorescent image. Subsequently, positive tumors margins on
histology (Fig. 3G, red line) can be compared to areas of strong fluorescence (Fig. 3H, red
lines). This analysis allowed high-accuracy correlation of fluorescence to histology. The
“puzzle-fit” accuracy calculated using Euclidean distances between epidermal surface
landmarks on registered fixed tissue and fresh tissue was 0.48+0.39 mm. Extrapolated with a
linear model, the accuracy on the 100-um margin was ~100-um, enabling unambiguous
visual interpretation of the results. Using this methodology, fluorescence cancer signals
corresponded spatially with histopathological annotations.

Detection of previously overlooked tumor by 6gcNIR

Since fluorescent imaging allows contiguous visualization of the tissue without skipped
areas, we hypothesized that our smart probe technology may fill the gap in the key limitation
of bread-loafing histology in which less than 1% of the margins are visualized (40). As
hypothesized, 6qc-NIR was able to detect tumor in specimens that were initially noted to be
“clear of tumor” by histology (Fig. 4A-D). Initial histopathological assessment revealed that
no residual tumor was present in the conventional excision sample (Fig. 4E). “Puzzle-fit”
analysis revealed that bread-loaf sectioning did not transect but was performed right adjacent
to the presumed residual tumor represented by the fluorescence (Fig. 4C). With high
suspicion for tumor presence given the radially-spreading fluorescent signal in the center,
deeper histopathological sections were requested. Indeed, further sectioning that transected
the tumor confirmed the histopathological presence of tumor (Fig. 4F). Histopathological
tumor positivity correlated to the fluorescent signal rendered by 6gc-NIR when aligned by
“puzzle-fit” analysis (Fig. 4D). In our hands in this small sample set, there were 2 such cases
(2.2%) where 6qc-NIR detected tumors previously overlooked by histology.

Non-tumor-related fluorescence and false negative fluorescence

Incidental benign lesions stated by clinician secondary to size and present when reviewing
fresh tissue images in two cases demonstrated that inflammatory lesions could generate
fluorescence (i.e., seborrheic keratosis (SK) and cyst, Supplementary Fig. S1). Three BCC
lesions were un-detected (FN) (Supplementary Fig. S2) and strong fluorescence signals were
seen in some non-cancerous lesions (FP), including foreign body granuloma (n=1),
epidermal inclusion cyst (n=1), SK (n=4) (Supplementary Fig. S3A-C), and healing wounds
associated with inflammation (n=14) (Supplementary Fig. S3D). While cathepsins are
highly upregulated in a tumor microenvironment, elevations may also be seen in non-
cancerous inflammation leading to activation of the gABP (29,30,34). For example, in
specimens that had inflammation due to wound healing (Fig. 5), the fresh tissue images
revealed a prominent overlying scab at the site of previous biopsy (Fig. 5A). Thus, we
hypothesized that removal of the adherent macrophage and neutrophil-laden keratinocytes
would lead to decreased fluorescence that was detected initially (Fig. 5B and C). Indeed,
when the adherent scab was removed (Fig. 5D), the bright fluorescence in the center was no
longer present as seen in a representative sample (Fig. 5E and F). Pathology confirmed
absence of tumor (Fig. 5G).
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Intensity-based objective sensitivity and specificity analysis

Of 90 total samples, there were 60 histology lines with cancer and 1,115 lines without
cancer. The receiver operating characteristic (ROC) curve for intensity-based, objective
cancer detection gave an area under the curve (AUC) of 0.83 (Fig. 6A). At the highest
recorded sensitivity of 0.78, the corresponding specificity was 0.80. The optimal Youden
Index cutoff point was identified by the blue arrow on the plot (Fig. 6A), rendering a
sensitivity of 0.73 and specificity of 0.88. This point corresponded to an intensity threshold
of 250 gray-scale units where the maximum intensity in a sample was ~5,000.

Clinical evaluation: “Reader Study”

Next, we sought to determine whether this technology can be easily incorporated into
clinical practice by training clinicians to read fluorescent images. Representative annotations
performed by three readers are shown in Fig. 6B. “TP” samples were assigned as those that
have histology-confirmed tumor positivity and reader confidence of 3-5 (far left column:
upper row, confidence 4 out of 5 (4/5) and lower row, confidence 5/5). “FP” samples were
assigned as those having histology-confirmed tumor negativity and high reader confidence
(middle column: upper row, confidence 5/5 and lower row, confidence 3/5). In the middle
column, the upper row represents fluorescence from an actinic keratosis, and the lower row
represents a foreign body granuloma. “TN” samples were assigned as those that are
histopathologically-confirmed tumor negative and corresponding low reader confidence of 1
or 2 (far right column: upper row, confidence 2/5 and lower row, confidence 2/5).

The ROC curves and AUC for each reader are represented in Fig. 6C. In the first set of
analysis, all three readers had similar AUCs (0.84, 0.86, 0.85 for readers 1, 2, and 3,
respectively). In the second set, the AUCs were similar to the first set (0.83 and 0.84 for
reader 1 and 2, respectively), but lower for reader 3, which was 0.79. In this analysis, reader
2 had the highest sensitivity of 0.78 with the corresponding specificity of 0.92. Compared to
the intensity-based objective sensitivity and specificity analysis (Fig. 6A), the “Reader
Study” had a higher specificity (0.88 for the intensity-based objective analysis vs. 0.92 for
reader analysis). The mean AUCs 95%-confidence intervals were 0.85 [0.80, 0.90] and 0.82
[0.76, 0.89] in the first and second sets, respectively. The P-value for rejecting that there is
no significant difference between the two sets with random reader and random cases set-up
in RIAFROC was 0.15. The P-value for rejecting that there is no significant difference
between intensity-based objective detection AUC and readers” AUC results using t-test was
0.86.

For the intensity profiles characterization (Fig. 6D), annotations from reader 3 in the first set
were used to represent an average reader with similar training. Confidence rating of =21 was
used as the detection threshold to achieve the highest sensitivity. Three FP outlier cases that
could be clinically excluded, which consisted of scab, foreign body granuloma, and foreign
body giant cell reaction where the fluorescence intensities were much higher (in the 75t
percentile intensities of 1,708, 510, and 775, respectively) than other TP and FP annotations,
were excluded. Plotted in Fig. 6D are the 23 true positive annotations, 23 FP annotations,
and 20 of 90 tissue backgrounds. Annotated regions had higher intensity levels compared to

Cancer Res. Author manuscript; available in PMC 2020 November 15.



1duosnue Joyiny vA 1duosnue Joyiny vA

1duosnuen JIoyiny vA

Walker et al. Page 9

the background, suggesting that intensity played a major role in the readers’ annotating
process.

Discussion

Key findings
We demonstrate that after topical application of a fluorescent probe, the surgical specimen
can be non-invasively imaged to objectively generate en face images, which can be captured
within minutes following conventional excision of KC. Importantly, this technology
demonstrated the capacity to visualize tumor that had been missed by conventional
histology. This reveals the key limitation of bread-loaf histopathological assessment, which
samples less than 1% of the margins of the specimen, and the ability of this technology to
overcome this limitation. The intensity-based objective analysis demonstrated the highest
sensitivity to be 78% with a corresponding specificity of 80%; the optimal Youden Index
cutoff point demonstrated a sensitivity of 73% and specificity of 88%. Moreover, clinicians
were effectively and quickly trained to read fluorescent images with reliability and
confidence, with sensitivities ranging from 62 to 78% and specificities ranging from 92 to
97%, supporting the notion that this approach could be easily deployed even in rural settings
to improve conventional surgery.

Comparisons of sensitivities and specificities

Ranges of highest sensitivities and the corresponding specificities in this study were 62—-78%
and 80-97%, respectively (including both intensity-based objective and Reader Study
values), which are lower than our previously reported sensitivity and specificity of 98% and
99%, respectively (29). This is not surprising, given that the previous study was conducted
using tumor debulk specimens, which are almost always positive for tumor. In this study,
approximately 70% of all specimens had no residual cancer reported on conventional
histology, consistent with previously reported non-residual tumor rates of 27-85% in KC
excisions (41-43). The specificity from the Reader Study was higher than the intensity-
based objective analysis, suggesting that human readers may be superior in excluding FP
and highlighting the utility of the pre-reading training session. Notably, AUCs in this study
are comparable or superior to previously reported AUC values for commonly used imaging
tests, including 62% for breast tomosynthesis and 60% for full-field digital breast
mammaography (44), 66% for CT pulmonary nodule detection with a diameter threshold of
3-mm (45), 79% for liver metastasis using dynamic MRI and 84% using Gadoxetic acid-
enhanced MRI (46), 64% for tomosynthesis and 40% for radiography in lung nodule
detection (47). By applying probe to both epidermal and dermal surfaces in future studies,
sensitivity may be improved.

Clinical advantages envisioned

Perioperative patient anxiety in surgical removal of KC had been linked to increased
postoperative pain and decreased patient satisfaction (48). The ability to detect tumor
margins in real-time during conventional excision may curb patient anxiety and increase
patient satisfaction by allowing clinicians to reassure the patient that the cancer has been
cleared on the day of surgery, as opposed to days to weeks later after obtaining the
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pathology report and potentially second surgeries. A 15-minute tutorial was sufficient to
educate the target audience which is far less time than what is necessary to educate one to
read H&E frozen sections or learn other imaging modalities such as reflectance confocal
microscopy (49), albeit they could be used in tandem. In addition, our approach does not
require a histology technician nor a cryostat. Importantly, eliminating these barriers supports
dissemination of this technology into communities that traditionally do not benefit from sub-
specialists such as Mohs micrographic surgeons.

The adoption of this fluorescent technology may be particularly useful in geographic
locations with low Mohs surgeon availability. The density of Mohs surgeons varies markedly
based on geography, with 82.4% of all U.S. counties, 93.5% of non-metropolitan counties,
and 98.6% rural counties lacking Mohs surgeons (50). Given the striking urban-rural
disparity of Mohs surgeon availability, patients in areas of low Mohs surgeon density may be
more likely to be treated with standard excision for treatment of KC that are Mohs-
appropriate given high-risk features and/or anatomic location. Similarly, this technology can
be particularly useful in improving the care of veterans within the VA healthcare system
where the clinical volunteers for this study were enrolled. The incidence of KC is higher
among VA patients who often have the greatest risk factors, including sun exposure and age
(51). This translates to a high cost burden, totaling over $356 million in treatment costs
alone (including both KC and its precursor actinic keratosis) for fiscal year 2012 which
represented approximately 2% of all VA outpatient care costs (51). The availability of MMS
also varies significantly among various VA medical centers, representing a gap in skin
cancer treatment, which could be reduced by the adoption of this imaging technology.

Potentially, the use of this fluorescence technology may enhance cosmesis of post-surgical
scars by reducing the required margins and thus resection of healthy tissue. Current
recommended surgical margins, largely established many decades ago, are 4-to-6-mm for
BCC and SCC for standard excision, depending on the histopathological subtypes (52,53).
The findings that the majority of specimens reveal no residual cancer on histopathological
assessment (70% in this study and 27-85% in literature) (41-43,54) suggest the possibility
that current recommendations for surgical margins may be greater than clinically necessary.
Reducing margin sizes may be feasible with the ability to ascertain the tumor margins during
surgery. With our imaging technology, the surgeon may excise around the clinically visible
tumor site with initially smaller margins. Improvement of cosmetic outcomes may further
contribute to reduction of patients’ perioperative anxiety (55). Furthermore, same-day re-
excisions may help reduce healthcare spending on skin cancer treatment. There is an
immense need to decrease the burden and cost of skin cancer treatment in the US, which has
escalated at staggering rates. In fact, BCC and SCC are collectively the fifth most costly
dermatologic condition in the US (51). Recent estimates from the Medicare Fee-for-Service
population suggest that over 3.3 million patients were treated for over 5.4 million skin
cancers in 2012, costing approximately $8.1 billion a year.

Reader Study

To substantiate the clinical utility of this technology, three clinicians trained in dermatology
were instructed to read 90 fluorescent images, along with corresponding clinical color
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images of the excision specimens. With a short training session, each reader was able to
detect cancerous fluorescence in two separate data sets, demonstrating that this technology
can be effectively adopted in clinical practice. Using the cut-off optimized for highest
sensitivity, Reader 3 detected 23 TP, 4 FN, 37 TN, and 26 FP samples.

We can extrapolate these results for 1,000 conventionally (hon-MMS) treated patients in a
clinical practice where our task would be to determine cancer at the margins. Assuming that
30% of patients had cancer at the margin (the prevalence), there would be 256 TP, 44 FN,
411 TN, and 289 FP. Presumable positives would undergo additional resection at the initial
surgery. Hence, for the 523 additional resections, 256 (~50%) actually would need the
additional resection. Of the 300 patients actually needing an additional resection, we would
predict that 256 (85%) would be detected and would undergo re-excision at the time of
initial surgery. If the paradigm was to also include histopathological evaluation, then
presumably more of these cases would be detected in the second detection step. We can also
compute the number of times that a patient would be called back for a second surgery in this
thought experiment. With our method, there would be 44 patients called back for a second
surgery as compared to 300 patients without our method, resulting in important benefits as
discussed above — decreased patient anxiety, decreased cost, and increased patient
compliance.

Key limitations of this study involve non-tumor related FP fluorescence. 6qcNIR was
designed to target active cathepsin proteases (56,57) expressed by certain tumor cells
themselves as well as inflammatory macrophages and tumor-associated macrophages
(26,35,58,59). Although the physiological function of cysteine cathepsins in macrophages
had mainly been described as being confined to the endosomal pathway (60), evidence is
accumulating that once they are released from activated macrophages, they may be major
regulators of matrix degradation, suggesting that proteases also function in an extracellular
context during the disease process (61). Increased cathepsin activity is well-documented in
association with macrophage-driven tissue inflammation (62-65), and is an inherent and
expected caveat with the use of a cysteine cathepsin targeted imaging probes. Therefore,
clinicians can adopt practices that minimize the impact of this limitation. For example, with
inspection of the skin prior to excision, granulation tissue or scab that harbors neutrophils
and macrophages which can lead to non-tumor related fluorescence can be removed. An
incidental lesion in the field of excision (i.e., incidental seborrheic keratosis) can also be
removed prior to application of probe to prevent fluorescence from non-cancerous tissue.
Another limitation is represented by 3 BCC FN samples. This may be due to the small size
of the residual tumor or depth of the tumor and the inability of the probe to reach deep tumor
from the epidermal side. This may be improved by applying the probe from the dermal side
for conventional excisions or using a microneedle applicator to allow improved penetration
of the probe from the epidermal side. Compared to the reported incomplete resection rates of
4-16%, none of our samples had residual tumor at the margins of resected tissue. This could
be due to an insufficient sample size to reach the statistically reported incomplete resection
rates. Also, larger biopsies may be taken in the VA population at the patients’ request and
clinicians’ discretion to remove as much tumor as possible during biopsy, as anecdotally at
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our VA a number of patients refuse further surgery or are lost to follow-up. Finally, deeper
margins bearing tumor were not visualized in our study.

Here, we demonstrate the clinical utility of a cathepsin substrate-based fluorescent probe
6gc-NIR in cutaneous SCC and BCC excision for the first time. This probe reliably
generates en face contiguous fluorescent images ex vivo, allowing rapid and easily
interpretable intraoperative surgical margin examination. This technology demonstrated the
capacity to visualize tumors that had been missed by conventional histology, exposing the
key underlying sampling limitation of the current gold-standard histopathological
assessment. Clinicians can be trained to effectively read fluorescent tumor margins with
short guided instruction, highlighting the clinical adaptability of this probe technology.
Clinical adoption of the 6qcNIR technology may add significant advantages to conventional
excision by allowing enhanced sparing of normal surrounding tissue via expedited, simple
tumor margin assessment, and same-day re-excisions potentially at a lower cost to the
patients and the healthcare system — improving the current standard of care. This technology
can lead to improvements in conventional skin cancer excision which is of value in many
settings, e.g. where MMS is not readily available.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

A fluorescent-probe-tumor-visualization platform was developed and validated in human
keratinocyte carcinoma excision specimens that may provide simple, rapid, and global
assessment of margins during skin cancer excision allowing same-day re-excision when
needed.
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Figurel.
Work flow and experimental design. After excision, both fresh tissue and fluorescent images

were captured before and after 10-min of incubation with 6qcNIR probe. Specimen was then
cut transversely into bread-loaf sections and underwent Puzzle-fit analysis to correlate the
fluorescence with histology. After a 15-min training session, all fresh tissue and fluorescent
images were read by blinded dermatologists in the Reader Study.
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Figure 2.
Gross correlation of fluorescence with histology. Specimen noted to have no residual cancer

on histology and demonstrated no detectable fluorescent signal at baseline and 10-min after
probe application (A). Specimens with residual SCC (B) and BCC (C) revealed areas of
bright fluorescent signal that correlated with the areas of tumor present on histology (red
lines mark the boundaries for SCC and BCC present on H&E and their position triangulated
via fiduciaries onto the 10-min post-probe fluorescent image per Methods). H&E section
represented by semi-transparent red dashed line on 10-min post-probe image.
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Figure 3.

Puzzle-fit analysis enables more precise co-localization of histopathological and fluorescent
tumor positivity. Both post-probe fluorescent image (A) and fresh tissue color image (B)
were captured immediately after incubation with 6gcNIR. After application of diagonal
scores with a scalpel and black ink (black line) and formalin fixation, the specimen was
sectioned into 2-3mm bread loaf slices in the pathology lab (C). The bread loaf slices were
then segmented and adjusted to vertical alignment (D). After affine (E) and non-rigid (F)
registration, the tissue boundary of the reconstructed bread loaf image in (F) aligned closely
with the fresh tissue color image in (B). Each slice of the bread loaf was turned on its edge,
processed, and sectioned to obtain H&E slides from the tissue blocks. Areas of cancer on
each histopathological section were marked by a pathologist. Histopathological annotations
were then projected onto lines in blue for non-tumor regions, red for cancer regions, and
black for the scoring marks (G). The black scores on the reconstructed bread loaf image
allowed correlation to the scores readily seen on H&E slides in (G) and further assisted in
registration to the sectioned plane in the corresponding bread load slices. Finally, positive
tumor regions on histology (G, red line) were compared to the post-probe fluorescent signal
(H, red lines).
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Figure 4.
Detection of previously overlooked tumor by 6gcNIR. Post-probe fluorescence image (A)

and fresh tissue image (B) were captured after a basal cell carcinoma excision. Initial
histopathological assessment showed no residual cancer (E). Puzzle-fit analysis revealed that
the bread-loaf sectioning did not transect the fluorescence but was adjacent to the region (C).
Upon further histopathologic sectioning, presence of tumor was confirmed on histology (F).
The tumor infiltrate on histology is marked between the red lines (F), which correlates to a
strong fluorescent signal rendered by 6qcNIR, marked also with a red line in D.
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Figureb.
False positive samples: non-tumor-related fluorescence. In specimens that had fluorescence

presumably due to inflammation in a briskly healing wound, the fresh tissue images revealed
a prominent overlying scab at the site of previous biopsy as in (A). This scab correlated
spatially with fluorescence in the center, both before and after probe application (B and C).
Removal of the scab (D) resulted in an absence of fluorescence, both before and after the
application of additional probe with re-incubation (E and F, respectively). Histology
demonstrating inflammatory infiltrate underlying adherent crust (G).
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Figure 6.
Analysis of sensitivity and specificity, reader study, and fluorescence intensity. Objective

ROC plot is shown plotting 1-specificity vs. sensitivity (A). The optimal cut point was
identified by the blue arrow (A, blue arrow), corresponding to intensity threshold 250, with
sensitivity of 0.73 and specificity of 0.88. Empirical area under curve was 0.83.
Representative annotations performed by readers are shown in (B). “True positive” samples
were assigned as those that have histology-confirmed tumor positivity and reader confidence
of 3-5 (far left column: upper row, 4 out of 5 (4/5) confidence and lower row, 5/5
confidence). “False positive” samples were assigned as those with histology-confirmed
tumor negativity anadhigh reader confidence (middle column: upper row, 5/5 and lower row,
3/5). In the middle column, the upper row represents fluorescence from an actinic keratosis
(conventionally described as a pre-cancerous lesion), and the lower row represents a foreign
body granuloma. “True negative” samples were assigned as those that have histology-
confirmed tumor negative and corresponding low reader confidence (far right column: upper
row, 2/5 and lower row, 2/5). Reader study ROC curves from three readers over two sittings
performed at least 5 days apart are shown (C). Due to the high specificity of the ROC
results, a zoomed in ROC plot is shown as an inset for improved visualization. Empirical
area under curves are 0.84, 0.86 and 0,85 for the three readers in the first set, and 0.83, 0.84,
and 0.79 for three readers in the second set as shown. The highest sensitivity and
corresponding specificity are 0.72/0.95, 0.78/0.92, and 0.75/0.94 for the three readers in the
first set, and 0.68/0.95, 0.75/0.92, and 0.62/0.97 for the same three readers in the second set
of blinded readings (C, Table). Fluorescence intensity box plots are shown for true positive
and false positive annotations and tissue background (D).
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