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Abstract

Background: Autofluorescence (AF)‐Raman spectroscopy is a technology

that can detect tumour tissue in surgically excised skin specimens. The

technique does not require tissue fixation, staining, labelling or sectioning, and

provides quantitative diagnosis maps within 30min.

Objectives: To explore the clinical application of AF‐Raman microscopy to

detect residual basal cell carcinoma (BCC) positive margins in ex vivo skin

specimens excised during real‐time Mohs surgery. To investigate the ability to

analyse skin specimens from different parts of the head‐and‐neck areas and

detect nodular, infiltrative and superficial BCC.

Methods: Fifty Mohs tissue layers (50 patients) were investigated: 27 split

samples (two halves) and 23 full‐face samples. The AF‐Raman results were

compared to frozen section histology, carried out intraoperatively by the Mohs

surgeon and postoperatively by dermatopathologists. The latter was used as

the standard of reference.

Results: The AF‐Raman analysis was completed within the target time of

30 min and was able to detect all subtypes of BCC. For the split specimens, the

AF‐Raman analysis covered 97% of the specimen surface area and detected

eight out of nine BCC positive layers (similar to Mohs surgeons). For the full‐
face specimens, poorer contact between tissue and cassette coverslip led to

lower coverage of the specimen surface area (92%), decreasing the detection

rate (four out of six positives for BCC).

Conclusions: These preliminary results, in particular for the split specimens,

demonstrate the feasibility of AF‐Raman microscopy for rapid assessment of

Mohs layers for BCC presence. However, for full‐face specimens, further work

is required to improve the contact between the tissue and the coverslip to

increase sensitivity.
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INTRODUCTION

Basal cell carcinoma (BCC) is the most common type of
skin cancer, with the incidence in the United Kingdom
increasing by 39% between 2000 and 2011.1 Mohs
micrographic surgery provides the highest cure rate,
with the added benefit of conservation of healthy tissue
as compared to wide local excision.2,3 During Mohs
surgery, sequential thin layers of skin are removed and
checked by frozen section histology to detect residual
tumour, which is a process that can take 30−60min.4

However, the availability of Mohs surgery is not
universal because of limited capacity to process and
assess histologically stained tissue sections and scarcity
of specialist surgeons trained to interpret histopathology
slides.5 Mohs surgery could be more widely adopted in
practices if the surgical margins could be analysed faster
and without requiring tissue processing.

Raman spectroscopy is a technique that utilises the
inelastically scattered light by molecules in the sample to
determine its molecular composition. Previous studies
showed that Raman spectroscopy can be used to detect
the endogenous molecular differences between BCC and
healthy skin.6,7 While Raman mapping is too slow for
clinical use in real time, combining Raman spectroscopy
with autofluorescence (AF) microscopy decreases analy-
sis time, allowing investigation of entire surgical margins
of excised Mohs specimens intraoperatively.8,9 An AF
image of the specimen is first captured with 405 nm laser
excitation, which highlights collagen‐rich connective
tissue. An automated algorithm then identifies regions
within this image that may be cancerous and measures
the Raman spectra at these locations. The Raman spectra
are then analysed using multivariate spectral classifica-
tion models to provide a quantitative diagnosis (BCC yes/
no) for the entire surface of the tissue.10

We have previously reported on the development and
optimisation of the table‐top AF‐Raman prototype
device.10,11 These studies indicated promising results on
frozen skin specimens and on fresh skin specimens.10,11

The instrument produced repeatable results and could be
operated by clinical users after only a few hours of
training.

In this current study, we report the applicability of
AF‐Raman for intraoperative assessment of surgical
margins during Mohs micrographic surgery using skin
specimens from independent patients. We investigated
the ability to detect the three main types of BCC
(nodular, superficial and infiltrative), and evaluate the

fraction of the surgical margin area assessed during an
analysis time of 30 min. The results were compared with
the intraoperative assessment of Mohs surgeon and
postoperative histology (the reference standard).

MATERIALS AND METHODS

Patient recruitment and specimen
collection

Fifty skin tissue specimens were obtained from 50
patients undergoing Mohs surgery at the Nottingham
NUH NHS Treatment Centre. Ethical approval was
granted by the Health Research Authority (HRA) and
Health and Care Research Wales (HCRW) (18/WM/
0105). All patients in this manuscript have given written
informed consent for participation in the study and the
use of their deidentified, anonymised, aggregated data
and their case details (including photographs) for
publication. Patients were recruited randomly at our
recruitment centre, regardless of sex, age or anatomical
location. Tissue layers were included in the study if their
size was smaller than 2 × 2 cm2, limited by the size of the
tissue cassette of the current AF‐Raman prototype. If an
excised layer was larger than 2 × 2 cm2, a subsection of
the layer was cut to fit the cassette. Twenty‐seven layers
were processed and measured as split specimens and 23
layers were processed and measured as full‐face
specimens.

AF‐Raman measurements and frozen
section histology

The AF‐Raman instrument (built in collaboration with
RiverD International, Rotterdam, Netherlands) was
integrated in the Dermatology Department at the
Nottingham University Hospitals NHS Treatment Centre
(Figure 1a). The specimens were excised, preprocessed
and loaded in custom tissue cassettes. Sample preproces-
sing for AF‐Raman measurements required surgeons to
nick the tissue specimens to preserve orientation,
immerse them in red blood cell (RBC) lysis buffer, blot
them to remove superficial blood and use coloured
marker pens to orientate the specimen within the
cassette (Figure 1b). Excess blood was removed by
immersion in 1x RBC lysis solution for 10 s, alternating
with blotting the specimen between two layers of tissue
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paper. The number of blotting applications ranged from 5
to 20, depending on the quantity of blood present on the
specimen, and took an average of 3 min per tissue layer
and a maximum of 5min. Tissue layers were measured

either as split specimens or as ‘full‐face’ specimens
(Figure S1). For split specimens, layers were split after
blotting. The specimens were loaded in cassettes, which
were inserted into the AF‐Raman device (Video 1).

FIGURE 1 AF‐Raman instrument and measurement procedure. (a) AF‐Raman instrument installed at the Nottingham NUH NHS
Treatment Centre; (b) flowchart of tissue processing and measurement procedure; (c) image of a typical full‐face Mohs layer loaded in the
AF‐Raman cassette and the outputs of AF‐Raman and frozen section histology. AF, autofluorescence.

VIDEO 1 Specimen preprocessing and measurement procedure for AF‐Raman measurements. AF, autofluorescence.
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Measurements were started using the instrument con-
trolling software (custom‐made Matlab software). The
depth of field of the instrument was defined by the
optical components of the instrument to 30 μm. There-
fore, the excision surface of specimens was investigated
up to a depth of 30 μm. The AF‐Raman analysis and
diagnosis were fully automated and produced greyscale
maps of the resection surface, where BCC was high-
lighted as red segments. The analysis time was limited to
30 min. Tissue that was outside of the 30 μm working
distance from the cassette window produced low signal‐
to‐noise Raman spectra which were identified by the
device. Therefore, these regions were automatically
detected and shaded in blue in the Raman map.
Likewise, regions covered by blood, for which Raman
bands specific to skin were swamped by Raman bands
assigned to blood, were identified by the instrument
software and shaded in yellow in the AF‐Raman map
(Figure 1c). Regions for which the AF‐Raman instrument
could not provide a valid result (tissue out of contact or
covered by blood) were quantified for each specimen.
After analysis, the specimens were inked and sent to the
histopathology lab to be processed for frozen section
histopathology, as per standard procedure in our Mohs
unit. This consisted of pressing the tissue layer against a
glass coverslip and freezing it in place while embedded in
OCT (optimal cutting temperature compound). Samples
were then cut with a microtome into 10 μm thick
sections alongside the resection surface in 100 μm
increments. The sections were stained with histopatho-
logical dyes haematoxylin and eosin. Sections were cut
until the entire epidermis could be observed by the
surgeon. Tissue processing for frozen section histo-
pathology took between 30 and 60min per tissue layer,
depending on anatomical tissue and the experience of the
Mohs technician.

Intraoperative assessment by Mohs
surgeon and postoperative histology
(reference standard)

The haematoxylin−eosin (H&E) stained frozen sections
were evaluated by three assessors, blinded to each other's
evaluation and the AF‐Raman result. Each assessor was
provided with a report form printed on A4 paper which
contained the outline of the investigated tissue layer. The
assessors were asked to mark the location of residual
BCC with a red pen and any uncertain regions (such as
inflammation or follicular structures) with a blue/
black pen.

The first assessment was the routine intraoperative
evaluation performed by the Mohs surgeon. Slides were

assessed with a 100 μm distance between sections.
Deeper H&E sections were examined for tumour
presence until the surgeon was satisfied that a full‐face
section of the tissue was examined. Based on the
interpretation of H&E sections and various external
factors (including quality of frozen sections, lesion
location, patient age, etc.), the surgeon decided whether
a new layer of skin needed to be excised. Any
uncertainties that prompted a further resection,
unrelated to BCC (such as inflammation, missing
epidermis, etc.) were noted by the Mohs surgeon. If no
BCC was detected, the tissue was deemed as negative
(i.e., clear margins).

The reference standard for AF‐Raman was post-
operative histology performed on the same set of frozen
section H&E slides available to the Mohs surgeon. The
slides were evaluated independently by two dermato-
pathologists. In cases of disagreement, the two dermato-
pathologists reassessed the slides together, convening on
a definitive diagnosis. Tissue sections were examined in
the order of dissection, from the outer resection surface
inward. Serial sections were examined until a full‐face
section was obtained (where the epidermal edge is visible
in a single flat plane), unless a definite tumour deposit
was detected on an earlier section. As this diagnosis was
based on a concordant assessment, it was the most
reliable reference for the study.

RESULTS

For the set of 27 tissue specimens split in two halves,
postoperative histology identified nine layers as BCC‐
positive and 18 layers as BCC‐negative. The split set
contained five nodular BCCs, two superficial BCCs and
two infiltrative BCCs. AF‐Raman detected eight out of
the nine BCC‐positive layers, with the false negative
detection being caused by a nodular BCC. From the 18
BCC‐negative samples, AF‐Raman provided correct
results for 14 layers. For the same tissue specimens, the
intraoperative assessment by the Mohs surgeons agreed
with the postoperative histology assessment in eight out
of nine BCC‐positive cases, indicating a similar level of
sensitivity as the AF‐Raman instrument. However, the
Mohs surgeons produced a more reliable diagnosis for
the BCC clear specimens: 17 out of 18 layers.

For the set of 23 full‐face specimens, postoperative
histology identified six layers as BCC‐positive and 17
layers as BCC‐negative. The full‐face set contained one
nodular BCC, two superficial BCCs and three infiltrative
BCCs. Out of the six BCC‐positive layers, four were
correctly detected by AF‐Raman and two were missed
(one superficial and one infiltrative). The Mohs surgeons
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produced a more reliable diagnosis for the BCC positive
full‐face specimens, correctly identifying all six such
layers. From the 17 BCC‐negative full‐face layers, AF‐
Raman provided correct results for 13 layers while the
Mohs surgeon provided correct results for 14 layers.

Assessment of 100% peripheral margin was generally
not possible via AF‐Raman. Specimens from eyelids were
investigated for 95.8%, noses for 96.7% and cheeks for
97.7% of their resection surface area. Eyelid specimens
were covered in superficial blood, while stiff and thick
collagen of the nose prevented these specimens from
laying flat in the cassette. By comparison, 98.5% of
forehead and lip margins were analysed. For full‐face
layers, the average analysed excision surface was ~5%
lower than for split layers, due to difficulties in laying flat

the tissue specimen. While the percentage of the surface
area that was covered by blood was similar between the
two sets, an increase of ~5% was observed in area that
was out of focus for AF‐Raman measurements. This
increase is caused by the saucer shape of full‐face
specimens and their overall thicker nature.

Two typical examples of correct BCC‐positive diag-
noses are presented in Figure 2, including one case of
nodular (Figure 2a) and one case of infiltrative
(Figure 2b) BCC. In these cases, the locations of the
detected tumour matched the areas indicated by the
postoperative histology and intraoperative diagnoses
provided by the Mohs surgeon.

One true positive AF‐Raman detection was of
particular interest because both the Mohs surgeon

FIGURE 2 True positive AF‐Raman detections according to the reference standard. (a) True positive AF‐Raman detection of split layer
resected from the nose; (b) true positive AF‐Raman detection of full‐face layer resected from the nose. BCC clusters are highlighted by red
arrows in the H&E sections. The Mohs surgeon report and the histology reference report show the location where residual BCC was
identified with red markers and where confounders are identified with blue markers. Scale bars: 5 mm. AF, autofluorescence; BCC, basal
cell carcinoma; H&E, haematoxylin‐eosin.
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and the initial postoperative assessment disagreed with
what was eventually deemed as a correct detection by
consensus postoperative histology (Figure 3). The
surgeon identified a region of dense inflammation on
the right side of the layer (Figure 3b), which is
reflected in the Mohs surgeon report in Figure 3c
(green pen). While the initial postoperative histology
report indicated that this area contained residual BCC
(Figure 3d), consensus postoperative assessment of the
slides by both histopathologists did not detect BCC in
the region. Nodular BCC was only observed in this
region from H&E section 4 onwards suggesting a clear
margin of at least 300 μm at this location. During this
assessment, the histopathologists identified a residual
superficial tumour which was not observed initially on
the left side of the layer. This tumour was identified by
the AF‐Raman analysis (Figure 3a), but was not
identified by the Mohs surgeon (Figure 3c) or by the
initial histopathological assessment (Figure 3d). The
superficial BCC appeared in H&E section 5 (red

arrow), in the same location as a tear that was
observed in H&E section 4.

The only false negative AF‐Raman diagnosis in the
split set is presented in Figure 4. H&E section 1 shows a
small amount of inflammation and two clusters of BCC,
consisting of 3−4 cells each (Figure 4b, highlighted by
red arrows). Larger nodular BCC regions can be observed
from H&E section 2 onwards, accompanied by inflam-
mation (red arrows). The specimens in the data set had
an average of 65 μm (up to 120 μm) of their resection
surface removed by frozen section processing before the
first H&E section was obtained. The surface of the
sample presented in Figure 4 was trimmed (faced) by
100 μm before cryo‐sectioning. Because the AF‐Raman
device only scans the outermost 30 μm layer of the
resection surface, it may provide a more accurate
representation of whether residual BCC is present in
the lesion. This case shows that frozen section histology
may be an imperfect standard of reference because of
sparse sampling of the surface of the excised specimens.

FIGURE 3 Tissue specimen (nose) that generated a true positive AF‐Raman diagnosis and a false negative Mohs assessment. (a) AF‐
Raman map accompanied by insets highlighting the two regions of interest; (b) H&E frozen sections accompanied by insets highlighting the
two regions of interest across multiple sections; (c) Mohs surgeon report form highlighting inflammation in green pen; (d) postoperative
histology report form highlighting BCC in red pen. BCC clusters are highlighted by red arrows in the H&E sections. BCC confounders are
highlighted by green arrows in the H&E sections. Scale bars: 5 mm. AF, autofluorescence; BCC, basal cell carcinoma; H&E, haematoxylin‐
eosin.
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Four our data set, an average of 65 μm (up to 120 μm)
was removed and discarded from the excision surface
before the first H&E section was obtained. However,
because the AF‐Raman scans only the outermost 30 μm
layer of the excision surface, it may provide a more
accurate representation of whether residual BCC is
present in the lesion. However, as there is no perfect

reference standard available, the absolute truth cannot be
established.

There were also two false negative AF‐Raman
detections in the full‐face specimen set. One layer
contained residual superficial BCC and one layer
contained residual infiltrative BCC. The two tumours
were identified by the surgeon and confirmed by

FIGURE 4 Tissue specimen (nose) that generated a false negative AF‐Raman diagnosis. (a) AF‐Raman map showing no red segments;
(b) H&E frozen sections accompanied by insets highlighting the progression of BCC. BCC clusters are highlighted by red arrows; (c) Mohs
surgeon report form highlighting residual BCC in red; (d) postoperative histology report form highlighting residual BCC in red. Scale bars:
5 mm. AF, autofluorescence; BCC, basal cell carcinoma; H&E, haematoxylin‐eosin.

FIGURE 5 Incorrect Mohs assessments according to the histology reference standard: (a) false positive detection caused by the presence
of inflammation; (b) false positive detection caused by the presence of follicular hamartoma. BCC confounders are highlighted by green
arrows in the H&E sections. Incorrect residual BCC detections are marked with a red pen in the Mohs surgeon reports. BCC mimics are
marked with a blue pen in the histology reference report. Scale bars: 5 mm. AF, autofluorescence; BCC, basal cell carcinoma; H&E,
haematoxylin‐eosin.
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postoperative histology. For these specimens, the regions
near the epidermis, where the tumours were identified,
were in poor contact with the cassette window and were
therefore not measured (Figure S2).

Regions incorrectly identified as BCC by AF‐Raman
corresponded to incipient hair follicles, sebaceous units
and inflammation. False positive detections were repre-
sented as 1−2 small segments (up to 100 μm) within a
layer, which were not colocalised (Figure S3). There were
also a few cases where the surgeon assessment did not
agree with postoperative histology (Figure 5). Figure 5a
shows a tissue layer that was detected as BCC‐positive by
both the surgeon and the AF‐Raman analysis. However,
postoperative histology indicated that the detected area
corresponded only to inflammation (green arrows in
Figure 5a), rendering the surgeon and the AF‐Raman
analysis incorrect. The layer in Figure 5b is an example
in which the Mohs surgeon indicated the presence of
residual BCC, but postoperative histology confirmed that
the observed tissue structure was a BCC mimic, more
specifically, a follicular hamartoma.

DISCUSSION

This pilot study reports the first use of the AF‐Raman
instrument for scanning surgical margins of BCC
specimens in a clinical setting, during Mohs micro-
graphic surgery. It presents representative cases of real‐
world Mohs specimens being investigated by the device
and outlines possible challenges in the incorporation of
such a device into the clinic. The instrument had all
hardware and software parameters locked at the begining
of the study and was used to analyse tissue specimens
from new patients and provide diagnosis maps without
any user input. For all specimens, successful measure-
ments were reported within the 30min target, with no
detrimental effect to the tissue that could affect follow‐up
histology.

Preliminary results are promising, in particular for
split specimens, where around 97% of the surface area
was analysed. This enabled detection of the main
subtypes of BCC and achieved a detection rate for BCC
positive specimens comparable to that of the Mohs
surgeons.

Compared to frozen section histology used in Mohs
surgery, the AF‐Raman has some important advan-
tages. Tissue specimens can be scanned immediately
after excision and results can be provided in a
predictable time (currently 30 min). User input is
limited to blotting and rinsing the specimen (up to
5 min), placing the tissue in the dedicated cassette,
placing the cassette in the instrument and starting the

AF‐Raman scan. The AF‐Raman diagnosis map is
automatically displayed after the measurement, with
residual BCC highlighted in red. While AF‐Raman
images have a lower resolution than other emerging
techniques [such as fluorescence confocal microscopy
(FCM)], the resolution only needs to be sufficient to
allow the surgeon to perform a follow‐up resection
with the expected precision required for Mohs surgery,
as the AF‐Raman maps do not need interpretation ‐
residual BCC is presented in red colour. Therefore, the
instrument can be used by any member of the clinical
team, with minimal training of a few hours, and does
not require an expert trained in optics or spectroscopy.

Several other techniques have been developed as
alternatives to frozen section histology to detect residual
BCC in ex vivo samples, including confocal microscopy,
optical coherence tomography (OCT), two‐photon fluo-
rescence and super‐pixel Raman spectroscopy.12–16 FCM
has been shown to detect BCC with a sensitivity of 86%
−92% and specificity of 60%−90%.17–19 These results are
comparable to the results observed via AF‐Raman. FCM
requires fluorophores to be added to the specimen,
producing grey‐scale images that highlight cell nuclei
and are analogous to H&E sections.20,21 FCM images can
also be digitally coloured to appear like H&E sec-
tions,22,23 allowing sensitivities of 73% and specificities
of 96%.18 More recently, two‐photon fluorescence imag-
ing was shown to produce real‐time images of specimens
up to 5mm, which are analogous to H&E‐stained
sections. While this technique has not yet investigated
resection surfaces, it has shown a 93% concordance with
paraffin histology for a set of skin biopsies.16 Unlike AF‐
Raman, FCM and two‐photon fluorescence require
extensive tissue processing to bind fluorophores to the
specimen and subjective interpretation of the images.
The diagnosis is based on the identification of specific
morphological features, which requires extensive train-
ing for users and can lead to variability in results.19

While the results presented in this pilot study are
promising, further development is required to improve
the quality of contact between tissue and cassette
coverslip. This is particularly problematic for thick full‐
face layers that have been excised from dense collagen
regions such as the nose. Inadequate measurements in
poor contact regions resulted in a poor detection
sensitivity. The clinical advantage of processing layers
as full‐face is that tissue processing for frozen sectioning
takes less time (30 vs. 60 min). However, processing
tissue layers as full‐face also increases the number of
sections needed to map the entire excision surface from
an average of six for split specimens to an average of
seven. Residual BCC occurrences in Mohs specimens are
often found near the epidermis. In two measurements,
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the low contact produced false negative diagnoses,
missing superficial residual BCC.

Flattening the tissue effectively has an impact on
other investigative methods, not only AF‐Raman.17,21,23

Incomplete assessment of tissue specimens has also been
reported by techniques that utilise fluorescence. Longo
et al. consider an FCM image to be of good quality if the
epidermis and dermal structures were recognised in at
least two‐thirds of the images.17 Grizzetti et al. reported
that 89% of a set of FCM images (removed via Mohs
surgery or slow‐Mohs surgery) contained 90% or more of
the tissue surface area.23 Mu et al. excluded a third of
recorded FCM submosaics due to poor image quality,
related to either poor contact, inadequate staining with
fluorophores or mosaic stitching artefacts.24 With AF‐
Raman, 90% or more of the total excision surface was
investigated for each layer.

Various strategies have been proposed to increase the
proportion of the surface area that is analysed. For FCM
imaging, additional tissue dissection, relaxing incisions and
exerting pressure on the tissue specimen have been
trialled.23 Non‐flat specimens can be measured repeatedly
in different positions, to the detriment of measurement
speed.23 Another option is the combination of another
investigative technique with a better depth of detection,
such as OCT.25 OCT can quickly determine the surface of
the resected specimen, allowing for improved assessment
by techniques which have better specificity. Combined
OCT‐RCM detected residual BCC with an 82.6% sensitivity
and a 93.8% specificity in the surgical margin.25

Additional improvements are also required to
increase specificity by improving the discrimination
between BCC, inflammation and incipient hair follicles.
However, none of the AF‐Raman false positive detections
were caused by the presence of BCC mimics, such as
follicular hamartoma, which were a cause of false
positive detections for the Mohs surgeons. It appears
that while the BCC mimics may have some common
morphological features with BCC that make them
difficult to discriminate from BCC by histology, they
sufficiently differ in molecular composition to be
correctly identified as benign by Raman spectroscopy
(Figure 5).

CONCLUSION

This first pilot study demonstrates the feasibility of the
AF‐Raman technique for rapid assessment of fresh tissue
specimens removed via Mohs micrographic surgery. It
highlights the key advantages of the technique, including
analysis of fresh tissue and objective diagnosis based on
molecular contracts. It also indicates areas of further

developments, including the need to improve the contact
between tissue and cassette coverslip. A larger study
including more patients is needed to establish its
diagnosis accuracy with sufficient precision. However,
this preliminary study shows that the technique has the
potential to extend margin‐control surgery of BCC,
reduce surgery time and reduce assessment subjectivity.
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