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Abstract. We present a combined reflectance confocal microscopy (RCM) and optical coherence tomography
(OCT) approach, integrated within a single optical layout, for diagnosis of basal cell carcinomas (BCCs) and
delineation of margins. While RCM imaging detects BCC presence (diagnoses) and its lateral spreading
(margins) with measured resolution of ∼1 μm, OCT imaging delineates BCC depth spreading (margins) with
resolution of ∼7 μm. When delineating margins in 20 specimens of superficial and nodular BCCs, depth could
be reliably determined down to ∼600 μm, and agreement with histology was within about �50 μm.© 2016 Society of

Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.21.1.016006]
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1 Introduction
Basal cell carcinomas (BCCs) are among the most common
malignancies in the world. Of the estimated 3.5 million new
cases of nonmelanoma skin cancers that are diagnosed every
year in the USA alone, about 80% are BCCs.1,2 BCCs occur
most commonly in the middle-aged and older populations,
but are increasingly also affecting younger populations.3,4

Approximately 80% to 90% of the cases occur on the head
and neck. Although not fatal, BCCs can cause large-scale ana-
tomical destruction, resulting in morbidity, physical disfigure-
ment, loss of function, and psychological trauma.5–7 Therefore,
timely diagnosis and treatment are needed.

Mohs surgery is the standard procedure for BCC therapy in
the USA, with 5-year cure rates of 98% to 99%.8,9 Currently,
an estimated 1.5 million surgeries are performed every year
for nonmelanoma skin cancers (both BCCs and squamous cell
carcinomas), with treatment costs of about $2 billion.10 Mohs
surgery is labor-intensive, time-consuming, and expensive.
Consequently, less invasive and less expensive nonsurgical
alternative therapies are being increasingly developed.11–13

Nonsurgical therapies can be particularly effective for minimally
invasive removal of superficial and nodular BCCs,14 which con-
stitute about 40% (600,000 per year) of the total Mohs surgical
cases. With such therapies, however, there is no tissue available
for immediate pathological evaluation for the presence or clear-
ance of tumor. The lack of pathological feedback results in
variable efficacy and limited cure rates.

Further advancement of such therapeutic approaches will
need guidance and feedback directly on the patient: pretreatment
imaging to determine the lateral and depth spreading of the
cancer and to guide the choice of treatment, followed by
post-treatment monitoring to determine if the tumor has been
entirely removed or not and to improve the efficacy of the

treatment. Therefore, various microscopic imaging and spectro-
scopic modalities and macroscopic approaches15–23 are being
developed to detect BCCs for diagnosis, as well as for presur-
gical assessment of the margins24–35 and for providing feedback
for guiding therapy. Of all these, reflectance confocal micros-
copy (RCM) and optical coherence tomography (OCT) appear
to be particularly attractive. RCM imaging is capable of
revealing nuclear, cellular, and morphologic detail in BCCs
in vivo.24,35,36 The main detectable diagnostic features include
tumor nests in basaloid patterns with palisading and clefting,
increased nuclear density, nuclear atypia in polarized patterns,
and microvasculature in linear telangiectasia-like patterns,
which correlate well to pathology. Clinical trials have reported
that RCM can detect BCCs with sensitivity of 92% to 100% and
specificity of 88% to 97%.15,37,38 Furthermore, the feasibility of
RCM for determining the lateral margins of BCCs has been
reported.38,39 Although RCM has an inherently small field of
view (FOV), usually limited to about 1 × 1 mm, larger areas
can be imaged and the lateral margins of the tumor can be deter-
mined by the acquisition of video mosaics.14,15,24

However, the penetration depth of RCM imaging is limited to
100 to 200 μm, which is not sufficient for estimating the deeper
margins of BCCs. Therefore, OCT imaging, which has been
proven to visualize the microanatomy of BCCs to depths of at
least 1 mm,40–45 is a complementary technology that can be used
for this purpose. Superficial and nodular BCCs are particularly
well-imaged with OCT. A number of observational studies have
reported the ability of OCT to reliably detect the depth of
BCCs.41–45 Depth measurements with OCT are more accurate,
due to its higher resolution, than those with other approaches
such as ultrasound and magnetic resonance-microscopy. In addi-
tion, both OCT and RCM are optical imaging modalities, which
more easily facilitates their integration into a single instrument.
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Based on the above considerations, we hypothesized that
combined RCM/OCT imaging within a single instrument can
determine both the presence and also the lateral and depth mar-
gins of BCCs. While RCM imaging will diagnose and delineate
the lateral margins, OCT imaging will delineate the depth mar-
gins. RCM/OCT imaging may help the dermatologist to triage
the tumors into either superficial and early nodular types (when
within a depth of ∼500 to 600 μm, for which nonsurgical treat-
ment would be suitable) or the deeper micronodular and infil-
trative types (when deeper than ∼500 to 600 μm, which would
require standard Mohs surgery). Furthermore, the estimate of
depth may guide the choice of treatment parameters, such as
dosing in topical therapy, fluence, and number of passes for
laser ablation.

We tested our hypothesis with a benchtop study, and thus we
report in this paper the feasibility for combined RCM/OCT
imaging to reliably detect both the lateral and depth margins
of BCCs in skin samples ex vivo with micron-scale resolution,
as well as the validation of our results by pathology reports.

2 Methods

2.1 Instrumentation

An RCM/OCT benchtop instrument was developed for the pur-
pose of this study. The dual-modality instrument (see simplified
schematic in Fig. 1) consists of four subsystems: OCT subsys-
tem, RCM subsystem, common path RCM/OCT imaging probe,
and system control and data processing unit.

The OCT subsystem is based on a polarization-sensitive
scheme. The idea was to investigate both reflectance and bire-
fringence properties of the skin and determine if birefringence
images may help to more precisely determine cancer spreading
relative to the dermal–epidermal junction. The instrument
uses a broadband superluminescent light source (Denselight,
California) with a 1310-nm central wavelength and 92-nm band-
width. The theoretical axial resolution lz provided by this source
is about 8.2 μm in air and 6.1 μm in tissue: lz ¼ 0.44λ20∕nΔλ,
where λ0 is the center wavelength of the light source, Δλ is the
spectral width of the light source, and n is the refractive index of

the sample (∼1.34 for biological tissues). The OCT light source
includes a polarizer to provide linearly polarized light. The light
from the linearly polarized light source enters a polarization
maintaining (PM) fiber interferometer, where it is split by a
50/50 PM coupler (Evanescent Optics Inc., Canada) into refer-
ence and sample arms. About 30-m legs were used for the sam-
ple and reference arms to avoid the self-interference signal from
the two axes of the fiber protruding into the 2.5-mm coherence
range of the instrument. This value was obtained by taking into
account the dispersion characteristics of the PM fibers used in
our setup. In the reference arm, light exits the PM fiber via a
collimator and passes a variable neutral density filter (for opti-
mizing reference power) and a quarter wave plate (QWP) ori-
ented at 22.5 deg, and is finally reflected by the reference
mirror. After double passage of the QWP, the orientation of
the polarization plane is at 45 deg to the horizontal, providing
equal reference power in both channels of the polarization-sen-
sitive detection unit. In the sample arm, after exiting the fiber
through a collimator, light passes a QWP oriented at 45 deg,
which provides circularly polarized light onto the sample via
the imaging objective. A piece of BK7glass is used in the refer-
ence arm of the interferometer to compensate for dispersion
imbalance caused by the sample arm elements, especially by
the imaging objective. High-order dispersion is corrected in soft-
ware using a typical scheme, which was reported by us in detail
elsewhere.46

An X–Y galvanometer scanner is placed at the entrance pupil
of a telescope that relays the scanned beam into the entrance
pupil of the objective lens. After recombination of light from
the reference and the sample arm at the 50/50 PM fiber coupler,
light is directed to a dual channel spectrometer. This spectrom-
eter uses a polarization beamsplitter to decouple the two
orthogonal polarization states of the light to two cameras
(Sensors Unlimited, Model 1024-LDH2) via a diffraction gra-
ting (1200 lines∕mm).

The OCT subsystem retrieves both the reflectance and bire-
fringence information of the sample. Birefringence information
is obtained by extracting the phase retardation of the OCT sig-
nal. The phase retardation δðzÞ is calculated from the total

Fig. 1 Simplified schematic of the RCM/OCT instrument.
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backscattered light reflectivity RðzÞ, which is encoded in the
sum of the squared amplitudes of the two channels46

EQ-TARGET;temp:intralink-;e001;63;730RðzÞ ∼ A2
1ðzÞ þ A2

2ðzÞ; dðzÞ ¼ arc tan½A2ðzÞ∕A1ðzÞ�: (1)

The RCM subsystem uses a standard reflectance confocal
scheme. The light from an 830-nm laser diode is directed
by a beamsplitter cube to a set of scanners composed of a
polygon scanner (Model HCAB, Lincoln Lasers) and a galva-
nometer scanner (Model 6200H, Cambridge Technologies,
Massachusetts). The two scanners are relayed to the objective
lens entrance pupil by two sets of relay lenses (telescope
arrangement). The light returned from the sample is directed
by the same beamsplitter cube to the avalanche photodiode
(APD) detector. A pinhole is placed in front of the APD to reject
the out-of-focus photons. Two polarizers are crossed in the emis-
sion and detecting paths to reduce the impact of sample specular
reflections.

The common path imaging probe contains folding optics and
a relay system for the OCT beam such that the OCT scanners
can be relayed to the pupil plane of the objective lens. A dichroic
mirror is used to combine the RCM and OCT beams into the
common optical imaging path. A custom-made objective lens
with a numerical aperture (NA) of 0.8 and a working distance
(WD) of 1.2 mm is used. Different beam sizes are used in RCM
and OCT modes to ensure optimal imaging performance. The
pupil of the objective lens, 10 mm in size, is overfilled in
the RCM mode, allowing for full utilization of the NA and
thus for submicron lateral resolution. The theoretical lateral
resolution of the RCM subsystem is about 0.53 μm (Δx ¼
0.46λ∕NA), while the theoretical optical sectioning is about
2.6 μm (Δz ¼ 1.4nλ∕NA2) for a refractive index n ¼ 1.33

(water immersion). To keep the OCT imaging depth within
a reasonable range (over 0.8 mm), a small OCT beam size
(D ¼ 1.0 mm) at the objective lens entrance pupil is used.
For an effective focal length EFL of 4.5 mm (WD of 1.2 mm),
the size of the OCT beam at the focus is about 7 μm
(Δx ¼ 1.22λF∕D). Since each OCT frame has 512 A-lines
and the OCT FOV is 2 mm, about 4 μm∕pixel lateral sampling
resolution is achievable in OCT mode.

Both the OCT and the RCM signals are digitized and proc-
essed by a system control and data processing unit. A graphical

processing unit (GPU), model GTX 8600, that uses 1152 CUDA
cores is used to expedite the OCT data processing (FFT,
dispersion, and interpolation), allowing for 40 frames∕ sec
real-time display. Thus, an OCT raster image consisting of
512 frames can be acquired in about 13 s. Since the RCM
image does not need any GPU processing, the RCM imaging
speed is mainly dictated by the speed of the polygon scanner.
Using the Lincoln Lasers polygon scanner, Model HCAB, RCM
images are collected at an imaging speed of about 10 frames∕s.

Photographs of the RCM/OCT instrument are shown in
Fig. 2. An inverted microscope arrangement is used to allow
for ease of imaging skin specimens. A motorized X–Y stage is
used to interrogate various areas of the tissue specimens and to
determine the location of the BCC tumor, while a Z-stage is used
to select the imaging depth or to automatically generate a stack
of images at various depths.

2.2 Instrument Testing and Optimization

The RCM/OCT instrument was fully tested and optimized
before performing measurements on skin cancer tissue speci-
mens. Coregistration of the RCM and OCT images, imaging
depth, sensitivity decay within the imaging range, FOV, and im-
aging resolution were measured and optimized.

Image coregistration was first tested using an USAF 1951
resolution target such that the center of the RCM frame corre-
sponded to the center of the enface OCT image. For this pur-
pose, enface OCT and RCM images were taken and the offsets
were applied to the OCT beam to coalign it with the RCM beam.
The lateral resolution in both modes was determined as well,
using the higher-resolution USAF 6251 target. A lateral resolu-
tion of about 6 μm was measured in the OCT mode, while the
RCM resolution was better than 1 μm.

The axial resolution of OCT has been evaluated by measur-
ing the full width at the half maximum of the coherence peak. A
value of 9.5 μm in air, which corresponds to ∼7 μm in tissue,
has been measured. The difference is thought to be attributed to
slight clipping of the spectrum on the spectrometer camera, thus
the full bandwidth of the source was not used.

The measured FOV was 2 × 2 mm in OCT mode and 0.8 ×
0.8 mm in RCM mode. The OCT FOV is mainly limited by the
imaging objective. A larger FOV is desirable in OCT mode.
However, this will require the use of an objective with a larger

Fig. 2 Photographs of the RCM/OCT imaging instrument; (a) general view of the instrumentation unit and
(b) detail of the common path RCM/OCT imaging arm.
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entrance pupil and a higher WD. Unfortunately, a longer WD
will also impact the NA and thus the resolution in RCM
mode. A potential solution for the future is to use a second im-
aging objective with a lower NA, which will be used in specific
cases where skin thickness and cancer spreading require a longer
imaging depth.

The imaging depth and the capability of the instrument for
resolving morphologic details in tissue were further tested in
vivo in the skin of the investigators. An example of OCT/
RCM images collected from a volunteer dorsal palm is shown
in Fig. 3. OCT was capable of fully resolving both layers
(epidermis, dermis) [see Fig. 3(b)]. The phase retardance image
allowed us to determine the presence of the collagen in the der-
mal layer, and thus to delineate the dermal-epidermal junction in
areas of the skin (dorsal palm) where it is not always easily
retrievable from the reflectance image [see Fig. 3(c)]. RCM
images were obtained from the red-marked area shown in
Fig. 3(b) in the OCT frame. The RCM images [see Figs. 3(d)
and 3(e)] demonstrate instrument capability for resolving sub-
cellular features, such as polygonal epidermal granular and
spinous cells with dark nuclei surrounded by bright cytoplasm,
as well as the underlying layer of basal cells. RCM imaging
depth was about 180 μm.

2.3 Tissue Specimen Procurement and Preparation

Skin tissue specimens of BCCs, obtained in the Dermatology
Service at Memorial Sloan Kettering Cancer Center (MSKCC)
under an Institutional Review Board–approved protocol from
patients undergoing Mohs surgery, were brought to the imaging
laboratory within 2 to 3 h after surgery and kept in refrigerated
saline. Each specimen was placed on the RCM/OCTmicroscope

and imaging was performed while keeping the specimen
hydrated. The measurement sites were marked with ink and
histology was performed to correlate RCM/OCT findings with
histopathology results.

3 Results
Three representative cases showing RCM/OCT capability for
detecting the morphology of BCCs and delineating tumor mar-
gins are shown in Figs. 4–6.

The first case (see Fig. 4) is that of nodular BCC with an
infiltrative morphological component, starting at the dermal-epi-
dermal junction and invading the deeper dermal layers. The
histology in Fig. 4(a) shows the tumor as the very dense, hyper-
keratotic areas (dark purple-stained nuclei). In the OCT image,
we identified the BCC clusters as very irregular darker (grey to
black) areas [see Fig 4(b)]. Since the reflectance image does not
show a clear differentiation between the dermal and epidermal
layers, we used the phase retardance image [see Fig. 4(c)] to
retrieve the location of the dermal-epidermal (DE) junction,
and then, relative to this location, determined how deeply the
tumor had invaded the dermal layer. On the other hand, due
to tumor invasion in the dermal layer, the orientation of the col-
lagen fibers was disrupted, and, as a result, the phase of the OCT
signal exhibited lower retardation in the areas where the BCC
nodules were present. Therefore, the phase retardance image
alone might not provide a very good estimate of the BCC
depth spreading. However, as stated above, it can complement
reflectance image findings to determine the position of the DE
junction. The RCM images were used to confirm that the dark
areas seen in the OCT image were, in fact, BCC nodules. The
difference between the normal and tumor areas of the tissue are
shown in Figs. 4(d) and 4(e). Figure 4(d) of the upper epidermis
shows normal polygonal epidermal cells with dark nuclei [sim-
ilar to the morphology seen in Figs. 3(d) and 3(e)], while a clear
BCC invasion in the underlying dermis (dark hypoechic areas) is(a)

(b)

(d) (e)

1.5

rad

0

Fig. 3 Coregistered OCT/RCM images of normal skin. (a) Picture of a
volunteer’s dorsal palm, showing the area (blue square) where RCM/
OCT imaging was performed; (b) cross-sectional OCT image. Within
the red-dotted rectangle is where RCM imaging was performed;
(c) OCT phase retardance image, showing the segmentation (blue-
dotted line) of the dermal-epidermal junction; (d), (e) enface RCM
images from the red-dotted area in A, showing granular and spinous
cells in the epidermis and the underlying basal cell layer. Seen are
crisscrossing dark wrinkles (asterisks in D). In between the wrinkles
are the honeycomb patterns of bright cells and dark nuclei. The basal
layer is seen as rings of bright basal cells [arrows point to three such
rings in (e)].

(a)

(b)

(c)
1.5

rad

0

(e)

(d)

Fig. 4 RCM/OCT images of nodular BCCwith infiltrative components;
(a) H&E-stained histology section, showing the measured depth of the
tumor (780 μm) and also the area (blue-dashed rectangle) where im-
aging was performed; (b) cross-sectional OCT imaging showing mea-
sured depth of tumor (750 μm) and dark-appearing nodules of dermal
invasion of BCC (yellow arrows). The red-dotted lines are the depth
locations where enface RCM imaging was performed; (c) cross-sec-
tional phase retardance OCT image, highlighting the dermal-epider-
mal junction (DEJ, blue-dashed line); (d), (e) enface RCM images of
normal epidermal and basal layer (d) and multifocal BCC tumor nod-
ules (yellow arrows) in the underlying dermis. (e) Levels 1 and 2 in the
OCT image [these are located at the red-dashed lines in (b) and within
the blue-dashed area in (a)] show the epidermal and dermal locations,
respectively, where the RCM images (d), (e) were obtained.
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observed in Fig. 4(e). This irregular pattern indicates the multi-
focal presence of the BCC.

The RCM images can also be used to precisely demarcate the
lateral margins of BCCs. This is illustrated in the second case
presented here [see Fig. (5)]. A clinical overview picture [see
Fig 5(a)] shows the area of RCM mosaicking (yellow dashed
box) and the presence of tumor (blue dashed area). A mosaic
of 16 RCM images [see Fig. 5(b)] shows an area of the tissue
specimen where superficial BCC nodules are present. The
enface mosaic was taken at a depth of about 150 μm. The lateral
margins of the nodular tumor [see red-dotted area in Fig. 5(b)]
were demarcated by our clinician based on the RCM image fea-
tures. A magnified view of a nodular area (yellow arrow) is
shown in Fig. 5(c). The nodule is surrounded by cleft-like
spaces, which do not scatter light and thus appear as a darker
boundary along the outer periphery of the tumor nodule (yellow
arrow). Surrounding the tumor nodule are bright fibrous bundles
of collagen of dermal stroma (seen in the entire remaining area
of the image). The formation of round BCC nodules is observed
in the OCT image [see round hypoechic areas in the cross-
sectional OCT image from Fig. 5(d)] and confirmed by the

histology in Fig. 5(e). The depth (240 μm) was determined
from the cross-sectional OCT image.

The third case, illustrated in Fig. 6, is that of a nodular BCC,
where the formation of round tumor clusters is observed in the
OCT image [see round hypoechic areas in the cross-sectional
OCT image in Fig. 6(a)] and confirmed by the histology in
Fig. 6(c). To demarcate both the depth and the lateral margins
of the tumor over the entire specimen, we created a mosaic of
four OCT images (2 × 2 mm each), shown in Fig. 6(b). The
enface images were taken at a depth of about 350 μm, as indi-
cated by the red-dotted line in Fig. 6(a). These images were
stitched together using a texture analysis approach. The mosaic
shows the formation of a cluster of BCC nodules [yellow-dotted
area in Fig. 6(b)]. The RCM images [Figs. 6(d) and 6(e)] show
dark nodular areas surrounded by a bright-appearing rim of
stroma. This rim can be observed as well in the enface OCT
mosaic [Fig. 6(b)]. In this particular case, both the depth and
the lateral margins of the nodular BCC seem to be relatively
well demarcated by the OCT. The depth of 550 μm indicated
by OCT [Fig. 6(a)] was confirmed by histology [Fig. 6(c)].

A summary of the measurements from 20 specimens with
nodular and superficial BCCs is presented in Table 1. The depth
of the superficial tumor was maximum 550 μm for eight cases,
which qualified as superficial or nodular BCCs, and exceeded
600 μm in 12 cases, when some tumors had an infiltrative com-
ponent, as shown in Fig. 4. Since the depth of the tumor is

(a) (c)

(b)

(d)

(e)

Fig. 5 Demarcation of tumor margins with RCM/OCT. (a) Clinical pic-
ture of the skin specimen, showing the area of RCM mosaicking (yel-
low-dotted box) and the presence of tumor (blue-dotted area);
(b) enface RCMmosaic at a depth of 150 μm, showing the lateral mar-
gins of the nodular BCC tumor (red-dotted area); (c) magnified view of
RCM mosaic (this is within a single RCM image), showing a tumor
nodule (yellow arrow) and a sweat gland (asterisk), surrounded by
collagen in the dermis. (d) Cross-sectional OCT image at the location
of the yellow-dotted line in (b), showing measured depth (230 μm) and
deep margin (yellow arrow) of the tumor; (e) H&E stained histology
showing nodular BCCs (yellow arrow) and measured depth (240 μm).

Fig. 6 Demarcation of tumor margins with RCM/OCT. (a) Cross-sec-
tional OCT image showing two stitched adjacent fields of view cover-
ing a 4-mm specimen. Nodular BCC tumors are seen (yellow arrows).
The deep margins (yellow-dotted line) of the tumors are at approxi-
mately 550 μm. The red-dotted line is the 350 μm depth at which
enface OCT mosaics (shown in b) were obtained, and the green-dot-
ted line is the shallower approximate depth at which enface RCM
mosaics [shown in (d) and (e)] were obtained; (b) enface mosaic
of four OCT images at a depth of 350 μm [i.e., at the location of
the red-dotted line in (a)], showing the lateral margins (yellow-dotted
area) of the tumor; (c) H&E-stained histology showing nodules of
BCCs (yellow arrows) to measured depth of approximately 570 μm;
(d)–(e) enface RCM images from areas overlying the green-dotted
squares in (b), at a relatively shallower depth [i.e., at the location
of the green-dotted line in (a)], showing magnified views of the
tumor. Dark-appearing nodules of tumor are seen with faintly dark-
appearing nuclear morphology (green arrows).
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critical for our future intended application [guiding choice of
treatment (nonsurgical or surgical)], we measured the depth
with OCT and compared with that seen in histology.

As summarized in Table 1, small disagreement was found for
the deeper nodular BCCs. One reason for OCT error is the rel-
atively limited penetration depth provided by the current instru-
ment, resulting in somewhat less reliable depth information
when the tumor extended over 700 μm in depth. Thus a com-
promise has to be made between the desired RCM resolution
and OCT imaging depth, such that an adequate NA imaging
objective must be selected. Another, but somewhat less expected
factor, may be the discrepancy between measurements in fresh
tissue ex vivo and frozen sections. However, shrinkage of tissue
is known to be minimal between excised ex vivo and pathology
sections. Shrinkage tends to be significantly larger between in
vivo and excised ex vivo conditions, since most of the shrinkage
occurs when tissue is removed from a subject but not in the sub-
sequent processing for pathology.47

4 Discussion and Conclusion
Our preliminary study has demonstrated the feasibility of using
combined RCM/OCT within the same optical layout to deter-
mine the lateral and depth margins of superficial and nodular
BCCs. RCM has proven to be effective in providing enface
images with nuclear-level resolution in superficial skin to depths
of about 200 μm, and thus in delineating the lateral margins of
the BCCs. However, due to its limited penetration depth, it could
not be used to determine deep margins. OCT has proven to pro-
vide cross-sectional images with structural-level resolution to
depths up to about 1 mm, and to differentiate between normal
skin morphology and BCC tumor-related disruption: formation
of round hypoechic areas, often surrounded by stronger signal,
aura-like, caused by the high scattering of the stromal tissue
around the tumor nodules. The correlation of OCT images
with histology has demonstrated the capability of OCT to accu-
rately retrieve BCC depth margins. No quantitative thresholding
algorithm has been used in this preliminary study to analyze the
OCT images. The margins of the BCCs have been visually iden-
tified by expert readers of OCT images. The pathology-to-OCT
correlation has been done by an independent investigator (a
pathologist), who can interpret the histology slides and compare
the depth spreading with the values indicated by the OCT reader.
However, we will also consider in the future the use of an auto-
mated segmentation algorithm that might be used to more objec-
tively assess BCC depth spreading.

The use of polarization sensitive OCT (PSOCT) for deter-
mining depth margins of BCCs relative to the DE junction
was investigated as well. It is known that in most of the
areas of the skin on the human body, the DE junction is not
well differentiated by reflectance OCT. Therefore, based on
the reflectance OCT image alone, it is difficult to determine
the depth cancer margin relative to the DE junction. This is
important to know when selecting the therapy strategy. It was

concluded that PSOCT can help to identify the DE junction;
thus the phase retardance can augment the reflectance image.
However, it was also noted that the disruption of the orientation
of the collagen fibers by cancer resulted in inconsistent phase
retardance within the BCC nodular areas, thus phase retardance
image alone cannot be used to accurately measuring BCC
spreading depth.

Tumors with depths of over 700 μm were not accurately
evaluated by our current OCT instrument because the deeper
imaging capabilities were limited by the relatively high NA
of the imaging objective (∼0.2 in the OCT mode), which limits
OCT imaging depth, as well as by the relatively high roll-off of
the sensitivity of the dual channel spectrometer (>5 dB∕mm)
used in our PSOCT instrument. Therefore, as stated above, a
compromise has to be made between the desired RCM resolu-
tion and OCT imaging depth, such that an adequate NA imaging
objective must be selected as a function of the overall thickness
of the investigated area of the skin. Furthermore, a better-engi-
neered instrument with improved depth decay of sensitivity may
help to overcome or at least lessen this problem.

Beyond this benchtop study, the next step is in progress: to
construct a handheld RCM/OCT device with which we will
proceed to testing on patients with more rigorous statistical cor-
relation to pathology. We are currently designing a new instru-
ment that will provide better contrast in brightfield reflectance
mode (with reduced speckle noise) and increased imaging depth
(over 1.2 mm), as well as with improved axial/lateral resolution
(6 μm in air). In the long term, with such an imaging-guided
approach for treatment of superficial and early nodular BCCs,
patients may benefit, per year, from less invasive, lower-cost,
newer, and more effective therapeutic alternatives to traditional
surgery.
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