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Abstract: For rapid pathological assessment of large surgical tissue excisions with cellular
resolution, we present a line scanning, stage scanning confocal microscope (LSSSCM). LSSSCM
uses no scanning mirrors. Laser light is focused with a single cylindrical lens to a line of
diffraction-limited width directly into the (Z) sample focal plane, which is parallel to and near
the flattened specimen surface. Semi-confocal optical sections are derived from the linear array
distribution (Y) and a single mechanical drive that moves the sample parallel to the focal plane
and perpendicular to the focused line (X). LSSSCM demonstrates cellular resolution in the
conditions of high nuclear density within micronodular basal cell carcinoma.

c© 2017 Optical Society of America

OCIS codes: (110.0180) Microscopy; (170.1790) Confocal microscopy; (170.1870) Dermatology; (170.5810) Scanning
microscopy; (170.7050) Turbid media.
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1. Introduction

1.1. Historical context

Video-rate microscopy introduced the potential for confocal point-scanning, rapid bedside
pathology in 1999 [1]. Expedited pathology by confocal imaging may aid a wide range of
specialty practices where the goal is complete tumor resection verified by negative margins.
Figure 1 shows that the majority of the 6 million new cancer cases per year in the US are non-
melanoma skin cancers (e.g. basal cell carcinoma, BCC or squamous cell carcinoma, SCC). [2]
25% of non-melanoma skin cancers are treated with Mohs micrographic surgery [3] because
they possess a high risk of recurrence or occur on functionally sensitive areas such as the face.
Mohs surgery is a tissue-sparing procedure indicated for the treatment of non-melanoma skin
cancers. Mohs micrographic surgery achieves the highest cure rate for non-melanoma skin
cancers because it allows for complete margin analysis at the time of surgery. The limiting factor
for Mohs surgery is frozen section pathology [4], which is hundreds of years old [5] and requires
extensive processing of the tissue specimen. [6] [7]

1.2. Unmet clinical need

Rapid confocal pathology may provide: 1) more efficient patient care, 2) facilitated margin
control by simplified specimen orientation maintenance, 3) improved functional outcome due
to enhanced micrographic precision, and 4) enhanced patient experience with reduced anxiety.
The Mohs procedural time would be reduced by almost two thirds if standard histopathology
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Fig. 1. Cancer incidence rates in the United States. 5.4 million [3] of the 6 million new
cancer cases in the US are the non-melanoma skin cancers that confocal point scanning
systems have proven effective in detecting: Basal Cell Carcinoma (BCC) [8] and Squamous
Cell Carcinoma (SCC). [9]

could be replaced with rapid confocal pathology. [10] Considerable interdisciplinary research
has been performed between engineers adapting the point-scanning confocal imager [1] and
members of the key potential early-adopter community, which includes dermatologists and
Mohs surgeons. [11] Confocal microscopy can be used as a dermatopathology tool on whole,
freshly-excised tissue specimens. Multimodal imaging technology has been developed [12] [13]
and has demonstrated sensitive and specific margin screening. [8] [9] [10] [14] [15] [16]

Towards a less complicated, less expensive, and less delicate device, line scanning confocal
microscopy modifies the point scanning design [17] by replacing point illumination and point
detection with line illumination and line detection, respectively. [18] [19] [20] In contrast to
the point scanning system [1] [12] and other commercial line scanners [21], we present a line
scanner that uses no moving optics or coupling media, which may help optimize manufacture. In
this paper, we demonstrate cellular resolution for the LSSSCM as a first step towards a study of
the sensitivity and specificity of margin screening using this device.

1.3. Geometric optics, cellular resolution

In point-scanning, the point must be scanned in both directions, typically with a pair of mirrors:
a galvanometric mirror for the slow axis and a polygon mirror for the fast axis. In the LSSSCM,
lines are recorded simultaneously on an array detector, which eliminates the need to optically
scan the beam in the non-confocal Y-direction at the cost of reducing the resolution (∆Y, Eq. (2)).
The field of view in the direction of the focused line can be as long as the line itself (6mm in our
system) and can be very long in the direction of the physical scanning of the stage (3cm in our
system). In our design (Fig. 2) the line illumination is achieved with a single cylindrical lens.
Line detection is achieved with a confocal linear array detector.

The diffraction-limited line-width of 488nm illumination in the sample focal plane is 6µm,
where the detector elements sample 1 square µm. The predicted diffraction-limited lateral
resolution element in the imaging light path. This is 1/2 the size of the Airy Unit = 1.22λ/NA
for Niquist sampling where NA is the objective lens numerical aperture, and for our system is
given [22] by Eqs. (1) and (2).

∆Y =
0.79λ
NA

=
0.79 × 488nm

0.28
= 1.37µm (1)

∆X =
0.61λ
NA

=
0.61 × 488nm

0.28
= 1.06µm (2)
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Fig. 2. Stage-Scanning, Line Scanning Confocal Microscope in concept (a) and physical
embodiment (b). The experimental result sample image (c) shows a 12-mm horizontal field
of view scanned in 2 minutes without mosaicking. The sample has been cut into 4 pieces,
stained (with various immersion times of 5, 10, 20 and 30 seconds) in 1mM acridine orange
solution (pH=6.0), and re-assembled for imaging.

2. Methods

2.1. Instrumentation

Illumination consists of 300mW, 488nm and 532nm Coherent Sapphire LASERs (Coherent
Inc., Santa Clara, CA). The LASER beams are expanded to a diameter of 15mm such that
only the central, relatively flat portion of the Gaussian radial light distribution profile becomes
the 6mm-long focused, illumination line. The 488nm and 532nm illumination LASER light is
processed by an optical chopper (MC2000B, Thorlabs, Newtown NJ) to allow one beam or the
other to transmit toward the beam expander in alternating periods of equal duration. Upon exiting
the beam expander, the expanded, time-modulated illumination beam is focused to a line directly
onto the sample focal plane using a cylindrical lens (ACY254-050-A, focal length (Fc )=50mm
Thorlabs, Newtown NJ). The theoretically predicted full width at half maximum (FWHM) of
the focused line in the sample focal plane resulting from the diameter (D)=6mm beam focused
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through the cylindrical lens is given by:

FWHM =
1.22λ Fc

D

0.849
= 5.84µm (3)

The illumination path includes no spherical optics, so field curvature is limited to that of the
objective lens in the detection path. The 6mm-long line in the sample focal plane is optically
conjugated onto a linear array detector by an objective lens and a detector lens with infinity
space between the two lenses. Stage translation steps of 1µm are timed with sequential line
captures to build up an image of the tissue block face. Figure 2(a) shows a conceptual diagram
of the LSSSCM system. The simplified diagram is physically accurate with the following three
refinements: (1) the objective and detector lenses are shown as one design element when they are
physically separate components, (2) the dichroic beam splitter (which separates the reflectance
and fluorescence detection paths) is in the infinity space between the objective lens and the
detector lens, not in the focusing light path to the detector as drawn in the figure, and (3) there is a
barrier filter (FF01-515/588/700-50, Semrock, Inc. Rochester, NY), that blocks excess reflectance
light from the fluorescence detector, which is also located in the infinity space (not shown in the
figure) between the objective and detector lenses.

2.2. Illumination & detection

Both the objective and cylindrical lenses focus in the sample focal plane. The (focusing) illumi-
nation and (diverging) detection beam paths are combined by the pellicle beam splitter (National
Photocolor, Mamaroneck, NY) in the space between the pellicle beam splitter and the sample.
Detected light is transmitted back through the pellicle beam splitter such that the objective
lens (20X G Plan Apo T=3.5mm, EFL=10.0mm, Mitutoyo, Aurora, IL) can be positioned out
of the illumination path. Upon exiting the back aperture of the objective lens, fluorescent and
reflected light are separated using a dichroic mirror (Di01-R405/488/532/635-25x36, Semrock
Inc., Rochester, NY). The dichroic beam-splitter, which is thick (1.5mm) relative to the pellicle
beam splitter (3µm), is located in the infinity space between the infinity-corrected objective and
detector lenses to avoid aberrations, whereas the pellicle was chosen for its thin (non-abberating)
property in the focal path of the objective lens. In each detection path (reflectance and fluores-
cence), the same lens/detector pair measures the relevant signal. The detector lens (49-292-INK,
Edmund Optics, EFL=75.0mm Barrington, NJ) and line detector (105995, Basler Inc., Exton,
PA) are identical for the fluorescence and reflection channels.

2.3. Scanning

The LSSSCM design differs from the previously tested point-scanning system in that it is low-
NA imaging without immersion media, it is non-confocal in the direction of the line, and it
completely lacks scanning mirrors. We believe these differences, if proven to enable cellular
pathological analysis, will lead to a better technology for rapid margin screening in staged cancer
excisions.

A 3D translation stage (LNR50S for X and Y, DRV001 for Z, Thorlabs, Newtown NJ)
magnetically couples to a custom tissue compression chamber. The tissue compression chamber
(Fig. 2b), which is based on a previous design [23], features a 3mm-thick, 3cm-diameter circular
imaging window, the surgical specimen, an agarose gel disc, a polycarbonate window with
protruding tabs that mate with notches in the chamber to prevent torsion, a threaded piston
for rotational compression and 24 cylindrical neodymium magnets (D16, K&J Magnetics,
Pipersville, PA) that mechanically fix the chamber to the magnetic kinematic mount (Custom
KS2D machined from stainless steel to be magnetic, Thorlabs, Newtown NJ). The magnets
embedded in the tissue compression chamber enable the mounted specimen to be easily placed
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and magnetically locked into the microscope. The stage is controlled through a 3-axis control
system (BSC203, Thorlabs, Newtown NJ).

All confocal illumination and detection is achieved in the inverted, epi-fluorescent config-
uration while on the other side of the sample, a standard camera system (SMN-B050-U B/W
camera, Mightex Inc., Toronto ON, CA, coupled with 56-787 lens, Edmund Optics, Barrington,
NJ) images the entire tissue compression under LED illumination in an upright configuration.
A graphic user interface (GUI) written in Matlab (Mathworks, Natick MA) enables targeting
of the region of interest by the standard camera so that the line can be directed to scan only
the targeted area in confocal modes. Matlab communication with the cameras as Video Objects
was developed in collaboration with Mathworks, available in the 2016b Matlab release. The
multifunctional graphic user interface enables functions such as live line readouts at ~1KHz for
alignment. The interface features macroscopic image acquisition from above the sample such
that coordinates can be entered via mouse clicks or touch screen that restrict the scan range to
the spatial extent of the sample. The digital “frame grabber,” implemented in Matlab, clocks the
optical chopper and separates sequentially acquired lines into four separate image frames at each
stage movement position: fluorescence and reflectance at the 488nm and 532nm illumination
wavelengths. The dual wavelength design is chosen to support differential nuclear/cytoplasmic
(acridine orange/eosin) fluorescence labeling. [9] This report, mirroring the original point scan-
ning BCC study [12], demonstrates easily recognizable pathologic cellular morphology of BCC
specimens, e.g. Fig. 4(a), imaged in fluorescence mode with 488nm-excited nuclear labeling.

3. Results

3.1. System characterization

Fig. 3. Image analysis of mirrored grating target. The image (a) is sampled along a single X
or Y position to extract pixel values (b, black *) that comprise an edge trace which is fit using
a sigmoidal function (b, blue line) that specifies the 10% and 90% brightness coordinates (b,
red *).

The magnification of the system is 75mm/10mm, so the 7µm square pixels of the line camera
each conjugate to approximately a 1µm spot in the sample focal plane. This configuration
slightly under-samples the detection path lateral resolution elements (Eqs. (1) and (2)) according
to Niquist criteria. X and Y-lateral resolution was measured with a reflective Ronchi Ruling
grating target in the sample focal plane, sampling image pixels across reflective edges in the
respective directions. Pixel samples in columns and rows were fit with a sigmoidal function
that traced across the reflective edge. The fitting results, e.g. Fig. 3, yielded the lateral distance
between the 10% and 90% reflectance levels of reflectance of Wx10:90 = 1.3 ± 0.6µm and
Wy10:90 = 2.0 ± 0.8µm (n=15) with variance due to mirror reflection interference. The axial
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line-spread function was also measured to be 13.4 ± 0.8µm (n=15).

Fig. 4. Confocal image of basal cell carcinoma (BCC), acquired 10µm beneath the surface
of a 4mm-thick tissue specimen with correlating histology. The inset shows a magnified
view of a single tumor with characteristic pathologic features identified.

3.2. Tissue imaging

Surgically excised and discarded specimens of BCC were obtained under the written, informed
consent of 22 patients under Institutional Review Board-approved protocols at The Rockefeller
University and New York University. Specimens were stained with acridine orange 1mM in
phosphate buffered saline at pH 6.0 for 30 seconds prior to imaging. Experimental images were
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acquired at a stage translation speed of 1mm per 10 seconds, so a scan such as in Fig. 2(c)
was achieved in 2 minutes. Fluorescence mode images under 488nm illumination show cellular
resolution and contrast comparable to the previous point scanning instrumentation. [12]

Figure 4 shows a sample image of a BCC specimen. The full 6mm-square field of view
is cropped such that the vertical dimension shown is the central 2mm of the 6mm field of
view. Images from the first 10 specimens were acquired while the microscope was still being
engineered, and the resolution was insufficient for analysis of cellular detail. 10 of the 12 images
acquired after the LSSSCM design was frozen for optimal alignment and resolution showed good
or excellent resolution and contrast. In the two images that were of poor quality, misalignments
caused insufficient resolution of individual cells such that greater structures (tumor nodules,
sebaceous glands, etc.) were recognizable, but the cells therein were un-resolvable.

4. Discussion

4.1. Translational context

The early and accurate diagnosis of skin cancer represents a significant, on-going challenge for
clinicians. A tremendous diagnostic gap exists between traditional non-destructive screening
techniques for skin lesions (e.g. full-body skin photography or dermoscopy) and histopathologic
examination. This gap is due to a variety of factors including the experience of the examiner,
the evaluation of lesions that lack disease-specific clinical features, and the inability to detect
skin features at the cellular level. The introduction of reflectance confocal microscopy (RCM)
technology [25] helped close this diagnostic gap by allowing clinicians to visualize the skin at
the cellular level in vivo without the need for biopsy or excision. However, a major limitation
of RCM is nonspecific reflectance contrast. LSSSCM overcomes this limitation by imaging
on freshly excised specimens and, therefore, can potentially bridge the gap between clinical
screening and histopathologic analysis.

4.2. Summary of this research

LSSSCM, an application-specific confocal embodiment, minimizes electro-optical complexity,
maximizes scan speed, and minimizes the need for mosaicking during potential diagnostic
evaluation of tissue specimens. LSSSCM is a promising candidate for clinical translation of rapid
pathology and surgical guidance given the clinical demand (Fig. 1), the elegant, portable design
(Fig. 2), the potential multimodality, supporting hematoxalyn and eosin-like colorization [13],
and the increasing scan speeds (Table 1) of confocal microscopy. Notable design elements
include the separate illumination and detection paths, the low NA, air-coupled objective lens and
the custom tissue compression chamber for mounting specimens. LSSSCM achieves cellular
resolution and shows cellular morphology (Fig. 4) with nuclear contrast and, therefore, has the
potential to support sensitive and specific, high-throughput pathologic screening of residual
cancer in tissue specimens. Ongoing studies aim to evaluate the diagnostic accuracy of LSSSCM
in terms of its sensitivity and specificity. Additional efforts include speed optimization to enable
faster image acquisition, re-engineering the physical device to achieve a more compact format,
and real-time amalgamation of all four imaging modes which will enable colorized multimodal
images that approximate the appearance of standard H&E histology. [9]

4.3. Technologies competing for speed

LSSSCM currently images at a 100Hz line acquisition rate. Since the maximum line acquisition
rate for the LSSSCM cameras is 170 times faster, system optimization for high-throughput
imaging is a goal of future work. The scanned area in Fig. 2(c) of 12mm × 6mm = 72mm2

scanned in 2 minutes demonstrates a surface area scan rate of 0.60mm2 per second. This rate is
faster than the specified scan rate (0.30mm2 per second: 5mm × 5mm in 84 seconds) [26] for a
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commercially available point-scanning confocal microscope (RS-G4, Caliber ID, Rochester, NY).
Point scanning technology is able to scan faster (0.56mm2 per second: 10mm × 10mm in 180
seconds) in a research version of the device using point-scanning, strip mosaicking mode. [24]
The fastest reported scan rate is from a similar rapid line-scanning system (0.88mm2 per second:
10mm × 10mm in 88 seconds) [20] using a 40-times, water immersion, 0.8 NA objective lens and
the same 488nm LASER wavelength. In their system, 1 Airy unit is 0.74 µm so the illumination
point spread function (PSF) is superior to (Eq. (3)) the one in this work. The PSF full width at
half maximum in the X and Y directions are 0.47 µm ± 0.02 µm and 0.56 µm ± 0.01 µm(n =

5) in their system, respectively. Table 1 summarizes the scan speeds of the various competing
technologies.

Table 1. Scan Speed of Competing Technologies
Technology Reference Surface Area (time) Area Scan Speed
Line Scanner [20] 10mm×10mm (88s) 0.88mm2 per second
LSSSCM This Paper 12mm×6mm (120s) 0.60mm2 per second
Point Scanner [24] 10mm×10mm (180s) 0.56mm2 per second
Point Scanner [26] 5mm×5mm (84s) 0.30mm2 per second

An additional factor impacting utility and overall procedure speed is an automated adjustment
of sample tip and tilt. This must be done precisely (5µm tip/tilt tolerance over the lateral 3cm
field of view) and currently requires 5 minutes using manual micrometer adjustment and feedback
from live line readouts.

A non-confocal competing technology is block-face imaging by LED illumination fluorescence
imaging microscopy. [27] Its surface sectioning derives from short wave ultra violet illumination.
Its advantage is the speed derived from using the rectangular sensor array, versus our linear
array here, and the need to physically translate the microscope stage. A potential disadvantage is
that this device may fail to reject background scattered light for limited performance in highly
scattering tissue like skin.
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