






of histopathologic tumor positivity. To validate the clinical adapt-
ability 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. Histopathologic subtypes, time from biopsy to excision, ana-
tomic 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 frombiopsywas 48.46� 28.35 days. All patients
were voluntarily enrolled sequentially from the Louis Stokes VAClinic
and were Caucasian males. Most patients were within 66–75 years of
age (n¼ 55), followed by 76–85 years of age (n¼ 18), <65 years of age,
(n¼ 11) and >86 years of age (n¼ 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 minutes of incubation with 6qc-NIR
(n¼ 29, 32.2% of all specimens), conventional histopathologic exam-
ination revealed the presence of residual tumor that correlated with
positive fluorescence for both SCC and BCC (Fig. 2B and C).

Colocalization of histopathologic tumor positivity and
fluorescence using “puzzle-fit” analysis

Conventional histopathologic assessment allows tumor visualiza-
tion 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
colocalization of the tumor with 100 mm 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” soft-
ware (38), transverse sections are digitally brought together to recon-
struct the elliptical gross bright field image, after which, distances are
calculated to determine the exact location of the score on the fluo-
rescent image. Subsequently, positive tumors margins on histology
(Fig. 3G, red line) can be compared with 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 regis-
tered fixed tissue and fresh tissue was 0.48 � 0.39 mm. Extrapolated
with a linear model, the accuracy on the 100 mmmargin was approx-
imately 100 mm, enabling unambiguous visual interpretation of the
results. Using this methodology, fluorescence cancer signals corre-
sponded spatially with histopathologic annotations.

Detection of previously overlooked tumor by 6qcNIR
Because 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
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Figure 2.

Gross correlation of fluorescence with histology. A, Specimen noted to have no residual cancer on histology and demonstrated no detectable fluorescent signal at
baseline and 10minutes after probe application.B andC, Specimenswith residual SCC (B) andBCC (C) revealed areas of bright fluorescent signal that correlatedwith
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-
minute postprobe fluorescent image per Materials and Methods). H&E section represented by semitransparent red dashed line on 10-minute postprobe image.
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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 histopathologic 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
histopathologic sections were requested. Indeed, further sectioning
that transected the tumor confirmed the histopathologic presence of
tumor (Fig. 4F). Histopathologic tumor positivity correlated to the
fluorescent signal rendered by 6qc-NIR when aligned by “puzzle-fit”
analysis (Fig. 4D). In our hands in this small sample set, there were two
such cases (2.2%) where 6qc-NIR detected tumors previously over-
looked by histology.

Nontumor-related fluorescence and FN 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 fluores-
cence (i.e., seborrheic keratosis and cyst; Supplementary Fig. S1).
Three BCC lesions were undetected (FN; Supplementary Fig. S2)
and strong fluorescence signals were seen in some noncancerous
lesions (FP), including foreign body granuloma (n ¼ 1), epidermal
inclusion cyst (n ¼ 1), seborrheic keratosis (n ¼ 4; Supplementary
Fig. S3A–S3C), and healing wounds associated with inflammation
(n ¼ 14; Supplementary Fig. S3D). While cathepsins are highly
upregulated in a tumor microenvironment, elevations may also
be seen in noncancerous inflammation, leading to activation of
the qABP (29, 30, 34). For example, in specimens that had inflam-
mation 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).

Figure 3.

Puzzle-fit analysis enables more precise colocalization of histopathologic and fluorescent tumor positivity.A andB, Both postprobe fluorescent image (A) and fresh
tissue color image (B) were captured immediately after incubation with 6qcNIR. C, After application of diagonal scores with a scalpel and black ink (black line) and
formalin fixation, the specimen was sectioned into 2- to 3-mm bread-loaf slices in the pathology laboratory. D, The bread-loaf slices were then segmented and
adjusted to vertical alignment. E and F, After affine (E) and nonrigid (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 histopathologic section were marked by a pathologist. G, Histopathologic annotations were then projected onto lines in blue for nontumor
regions, red for cancer regions, and black for the scoring marks. 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-loaf slices. G and H, Finally, positive tumor regions
on histology (G, red line) were compared with the postprobe fluorescent signal (H, red lines).
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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. ROC curve for intensity-based, objective
cancer detection gave an AUC of 0.83 (Fig. 6A). At the highest
recorded sensitivity of 0.78, the corresponding specificity was 0.80.
The optimal Youden Index cut-off 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
approximately 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: top row, confidence 4/5 and
bottom row, confidence 5/5). “FP” samples were assigned as those
having histology-confirmed tumor negativity and high reader con-
fidence (middle column: top row, confidence 5/5 and bottom row,
confidence 3/5). In the middle column, the top row represents
fluorescence from an actinic keratosis, and the bottom row repre-
sents 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: top
row, confidence 2/5 and bottom 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, and 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 with 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 RJAFROC 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≥1was 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 reactionwhere the fluorescence
intensities were much higher (in the 75th percentile intensities of

Figure 4.

Detection of previously overlooked tumor by 6qcNIR. Postprobe fluorescence image (A) and fresh tissue image (B) were captured after a BCC excision. Initial
histopathologic 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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1,708, 510, and 775, respectively) than other TP and FP annotations,
were excluded. Plotted in Fig. 6D are the 23 TP annotations, 23 FP
annotations, and 20 of 90 tissue backgrounds. Annotated regions
had higher intensity levels compared with the background, suggest-
ing 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 noninvasively imaged to
objectively generate en face images, which can be captured within
minutes following conventional excision of keratinocyte carcinoma.
Importantly, this technology demonstrated the capacity to visualize
tumor that had been missed by conventional histology. This reveals
the key limitation of bread-loaf histopathologic 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
cut-off 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 sen-
sitivities 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 nonresidual tumor rates of 27%–
85% in keratinocyte carcinoma 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 prereading 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 mammog-
raphy (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 tomo-
synthesis, 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 keratinocyte

carcinoma had been linked to increased postoperative pain and
decreased patient satisfaction (48). The ability to detect tumormargins
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 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
imagingmodalities such as reflectance confocalmicroscopy (49), albeit
they could be used in tandem. In addition, our approach does not
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Figure 5.
FP samples: nontumor-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 reincubation
(E and F, respectively). Histology demonstrating inflammatory
infiltrate underlying adherent crust (G).
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require a histology technician nor a cryostat. Importantly, eliminating
these barriers supports dissemination of this technology into com-
munities that traditionally do not benefit from subspecialists such as
Mohs micrographic surgeons.

The adoption of this fluorescent technology may be particularly
useful in geographic locations with lowMohs surgeon availability. The
density of Mohs surgeons varies markedly based on geography, with
82.4% of all U.S. counties, 93.5% of nonmetropolitan counties, and
98.6% rural counties lacking Mohs surgeons (50). Given the striking
urban–rural disparity ofMohs surgeon availability, patients in areas of
low Mohs surgeon density may be more likely to be treated with
standard excision for treatment of keratinocyte carcinoma 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 keratinocyte
carcinoma 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 keratinocyte carcinoma and its precursor actinic
keratosis) for fiscal year 2012, which represented approximately 2%
of all VA outpatient care costs (51). The availability ofMMS also varies
significantly among various VAmedical 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 postsurgical scars by reducing the required margins and

thus resection of healthy tissue. Current recommended surgical mar-
gins, largely established many decades ago, are 4–6 mm for BCC and
SCC for standard excision, depending on the histopathologic sub-
types (52, 53). The findings that the majority of specimens reveal no
residual cancer on histopathologic assessment (70% in this study and
27%–85% in literature; refs. 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 reexcisions 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 United States, which has escalated at staggering rates. In fact,
BCC and SCC are collectively the fifth most costly dermatologic
condition in the United States (51). Recent estimates from the Medi-
care 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 images
of the excision specimens. With a short training session, each

Figure 6.

Analysis of sensitivity and specificity, reader study, and fluorescence intensity. A, Objective ROC plot is shown plotting 1 � specificity versus sensitivity. The
optimal cut-off point is identified by the blue arrow (blue arrow), corresponding to intensity threshold 250, with sensitivity of 0.73 and specificity of 0.88.
Empirical AOC was 0.83. Representative annotations performed by readers are shown in B. “TP” samples were assigned as those that have histology-confirmed
tumor positivity and reader confidence of 3–5 (far left column, top row, 4/5 confidence; bottom row, 5/5 confidence). “FP” samples were assigned as those with
histology-confirmed tumor negativity and high reader confidence (middle column, top row, 5/5; bottom row, 3/5). In the middle column, the top row represents
fluorescence from an actinic keratosis (conventionally described as a precancerous lesion), and the bottom row represents a foreign body granuloma. “TN”
samples were assigned as those that have histology-confirmed tumor negative and corresponding low reader confidence (far right column, top row, 2/5;
bottom row, 2/5). C, Reader study ROC curves from three readers over two sittings performed at least 5 days apart are shown. Because of the high specificity of
the ROC results, a zoomed in ROC plot is shown as an inset for improved visualization. Empirical AUCs were 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 were 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 (table).
D, Fluorescence intensity box plots are shown for TP and FP annotations and tissue background.
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reader was able to detect cancerous fluorescence in two separate
datasets, demonstrating that this technology can be effectively
adopted in clinical practice. Using the cutoff 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 (non-
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
reexcision at the time of initial surgery. If the paradigm was to
also include histopathologic 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 with 300 patients without our method, resulting in impor-
tant benefits as discussed above – decreased patient anxiety, decreased
cost, and increased patient compliance.

Limitations
Key limitations of this study involve nontumor-related FP fluo-

rescence. 6qcNIR was designed to target active cathepsin pro-
teases (56, 57) expressed by certain tumor cells themselves as well
as inflammatory macrophages and tumor-associated macro-
phages (26, 35, 58, 59). Although the physiologic function of
cysteine cathepsins in macrophages had mainly been described as
being confined to the endosomal pathway (60), evidence is accu-
mulating 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
nontumor-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 noncancerous tissue. Another limitation is repre-
sented by three 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 conven-
tional excisions or using a microneedle applicator to allow
improved penetration of the probe from the epidermal side. Com-
pared with 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 biop-
sies 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 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 6qc-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 histopathologic
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 conven-
tional excision by allowing enhanced sparing of normal surround-
ing tissue via expedited, simple tumor margin assessment, and
same-day reexcisions 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, for example,
where MMS is not readily available.
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