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Abstract

Devices that perform wide field-of-view (FOV) precision optical scanning are important for
endoscopic assessment and diagnosis of luminal organ disease such as in gastroenterology. Optical
scanning for /n vivo endoscopic imaging has traditionally relied on one or more proximal
mechanical actuators, limiting scan accuracy and imaging speed. There is a need for rapid and
precise two-dimensional (2D) microscanning technologies to enable the translation of benchtop
scanning microscopies to /77 vivo endoscopic imaging. We demonstrate a new cycloid scanner in a
tethered capsule for ultrahigh speed, side-viewing optical coherence tomography (OCT)
endomicroscopy /n vivo. The cycloid capsule incorporates two scanners: a piezoelectrically
actuated resonant fiber scanner to perform a precision, small FOV, fast scan and a micromotor
scanner to perform a wide FOV, slow scan. Together these scanners distally scan the beam
circumferentially in a 2D cycloid pattern, generating an unwrapped 1 mm x 38 mm strip FOV.
Sequential strip volumes can be acquired with proximal pullback to image centimeter-long
regions. Using ultrahigh speed 1.3 pm wavelength swept-source OCT at a 1.17 MHz axial scan
rate, we imaged the human rectum at 3 volumes/s. Each OCT strip volume had 166 x 2322 axial
scans with 8.5 pm axial and 30 pm transverse resolution. We further demonstrate OCT
angiography at 0.5 volumes/s, producing volumetric images of vasculature. In addition to OCT
applications, cycloid scanning promises to enable precision 2D optical scanning for other imaging
modalities, including fluorescence confocal and nonlinear microscopy.
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See Supplement 1 for supporting content.
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OCIS codes

(170.4500) Optical coherence tomography; (170.3880) Medical and biological imaging;
(170.2150) Endoscopic imaging; (170.2680) Gastrointestinal; (170.5810) Scanning microscopy;
(120.5800) Scanners

1. INTRODUCTION

Optical imaging catheter devices have had a longstanding clinical impact in the endoscopic
imaging of luminal organs such as the gastrointestinal (Gl) tract, particularly with optical
coherence tomography (OCT) [1-3] and confocal microscopy [4,5]. Side-viewing optical
probes, such as for three-dimensional (3D) OCT imaging, were traditionally scanned with
rotary and pullback mechanisms at the proximal end [6,7]. Proximal scan actuation was
known to result in nonuniform rotational distortion (NURD) and longitudinal distortion [8—
10]. Early studies proposed the use of a micromotor to perform rotary scanning at the distal
end [11,12], which was recently revisited by multiple groups [13-17]. However, these
studies still relied on a proximal motorized actuation for the slow pullback scan, and the
micromotor still exhibited NURD [18]. 2D scanning with purely distal mechanisms has been
largely limited to forward viewing probes, using microelectromechanical systems (MEMS)
[19] or piezoelectric actuators [20-23]. The piezoelectric tubular actuator producing a 2D
spiral forward scan has been demonstrated with multispectral imaging [24], OCT [25,26],
and nonlinear fluorescence [27-29]. However, the spiral scan inefficiently samples toward
the center, results in nonuniform optical exposure, and is known to require frequent
trajectory calibration due to amplitude-dependent phase variation of the fiber scanner
[20,27]. Lissajous scanning has been proposed [30-32], which also has nonuniform
sampling and requires careful control of frequency and cross-coupling between scan axes.
Forward viewing piezoelectric probes for OCT and other scanning microscopies have been
typically limited to small fields [25] of <3 mm2,

Tethered capsules as optical probes have been studied for interrogation of the GI wall [33],
where more precise spatial control is possible compared to the well-known wireless version
[34]. The potential for capsule imaging without sedation, for example, has applications in
disease screening. A tethered capsule using a piezoelectric fiber scanner delivering white-
light forward imaging was previously reported [35]. This work was followed by an OCT
variant [36] and another variant with spectrally encoded confocal microscopy (SECM) [37]
for side viewing of the esophageal circumference. Our group developed a micromotor
tethered capsule using proximal manual pullback for volumetric and en face esophageal
OCT imaging of up to 100 cm? field-of-view (FOV) in patients, but the manual pullback
could not generate rapid volumetric rates [38]. We recently demonstrated what we believe is
one of the first distal 2D scanning, circumferential side-viewing scanners incorporated into a
tethered capsule, using a micromotor for the rotary (circumferential) scan and a pneumatic
scanner for the longitudinal scan [39]. This study suggested the potential for catheter-based
2D scanning side-viewing microscopy /n vivo, but the pneumatic distal scanner was bulky
and difficult to drive rapidly, limiting volumetric rates.
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In addition to OCT imaging of microstructure, OCT angiography (OCTA) has also been
previously reported for imaging of vasculature without contrast agents [40-44]. Early
endoscopic studies used Doppler OCT to visualize relatively large vessels [45,46]. Recently,
our group demonstrated ultrahigh speed endoscopic OCTA to visualize 3D microvasculature
in the Gl tract, using a small diameter micromotor probe [17], a balloon for larger FOV [47],
and a piezoelectric scanning probe for forward imaging [48]. The use of distal scanners with
high scan stability is critical for endoscopic OCTA.

In this study, we report a new distal 2D precision scanning technology that can achieve rapid
volumetric side view imaging with a large FOV using a capsule device. A piezoelectric tube
is used to perform a precision fast scan of an optical fiber, and the scanned beam is reflected
in the radial direction and rotary scanned around the circumference, generating a cycloid
scan trajectory that covers a large circumferential strip. Sequential strip volumes can be
acquired using proximal pullback (or push forward) to image centimeter-long regions. We
demonstrate 1.17 MHz A-scan rate ultrahigh speed swept source OCT with an imaging area
of 1 mm x 38 mm and volume rate of 3 volumes/s, and OCTA at 0.5 volumes/s in the human
rectum. The combination of the resonant fiber scanner and micromotor, which are some of
the fastest-in-class microscanners available, promises to not only increase frame or volume
rates for higher data acquisition rates in OCT, but also to enable precision 2D scanning for
other scanning modalities, including fluorescence confocal and nonlinear microscopy.

2. METHODS

A schematic and photograph of the cycloid imaging capsule is given in Fig. 1. A
piezoelectric tubular actuator scanned a fiber cantilever at its resonant scan frequency 7030
Hz to produce a 1 mm diameter circle in the focal plane. The circle was then scanned
circumferentially by a micromotor at 3 Hz to produce a 1 mm x 38 mm 2D strip FOV in a
cycloid scan pattern [49] [Figs. 2(a) and 2(b)], which could be continuously acquired
without scanner flyback.

A. Cycloid Scan

The scan geometry is known as a “prolate cycloid,” which is part of the larger family of
trochoid curves [50]. The scan pattern consists of a circle translated by a length many times
the circle diameter to produce a densely sampled strip. As the circular scan is reflected
radially by the prism and rotated around the central axis of the motor, the circle is also
incrementally rotated about its center [Fig. 2(a)], due to the mirror property of inverting (or
“reversing”) an image in the axis perpendicular to its surface. Therefore, a fast 1D line scan
in this configuration would not generate a raster-like scan or sweep out a strip, but instead
generate a translating and rotating line scan. This motivates the need for a 2D circular scan.
The mathematical equations defining the cycloid trajectory are derived as
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Above, Rot(6) is a rotation matrix, where &is the instantaneous angle of local rotation that
is applied to the circular (fast) scan trajectory, and is a function of the instantaneous angular
position of the prism on the micromotor circumferential rotation (slow) axis. The linear term
in the slow axis is due to the micromotor scan producing a translation along the
circumferential axis. The local rotation has the effect of slowing down (or speeding up) the
effective speed of the circular scan, depending on the micromotor direction of rotation. f,g
and %o refer to the resonant frequency of the fast circular scan and the rotational speed of
the slow micromotor scan, respectively. rand R are the radii of the circular scan in the focal
plane, and capsule, respectively. The angular offset ¢ refers to the initial rotational
orientation of the circular scan due to the initial angular position of the circle on the capsule
circumference at the start of the scan volume. ¢ is a critical parameter to achieve accurate
reconstruction since all other parameters in the equations are pre-determined design
constants.

B. OCT System

The OCT system [Fig. 2(c)] was a dual-circulator interferometer and used a 1.3 um tunable
MEMS-VCSEL swept light source [51] running at a 583,490 Hz bidirectional sweep rate,
which produced a 1,166,980 Hz A-scan rate. The A-scan rate was tunable and chosen based
on the piezoelectric resonant scan frequency 7030 Hz to have an integer (166) number of A-
scans per circular scan frame, to facilitate synchronization and reconstruction. The A/D card
(ATS 9370, AlazarTech) was optically clocked by a Mach—Zehnder interferometer up to a
fringe frequency of 1.1 GHz to achieve an imaging range of 2.0 mm in air. The power
incident on the sample from the capsule was 20 mW. The VCSEL sweep bandwidth was 115
nm, and the axial resolution was 12 ym in air (8.5 um in tissue). The measured system
sensitivity was 102 dB using a single reflection from a flat-cleaved fiber in the sample arm,
and 98 dB overall after subtracting 4 dB to account for a round trip through the imaging
capsule, which had a ~60% one-way (~36% round trip) optical transmission.

C. Capsule Construction

The cycloid scanning capsule was assembled as described here. A quadrupole piezoelectric
tube fiber scanning device, which has been previously reported by other groups [20,22], was
first constructed. An angle-cleaved optical fiber was mounted to the tip of a 1.5 mm
diameter piezoelectric tubular actuator (Boston Piezo-Optics, MA), which was enclosed in a
12 G (2.8 mm diameter) hypodermic tube. The actuator was centered within and electrically
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separated from the hypodermic tube housing by a sapphire spacer. The resonant frequency
was determined by fiber length and could be mathematically predicted [22] and
experimentally verified. The resonance was selected to be about 7 kHz, and measured to be
7030 Hz. A 0.25 pitch gradient index (GRIN) lens (Edmund Optics) was inserted into the
tube housing in front of the fiber at a separation that determined the working distance of the
optical system. The transverse resolution was designed to be 30 um FWHM based on
simulations (Zemax) with diffraction-limited performance on- and off-axis. Best efforts were
made to adhere to the simulated design, including use of GRIN lenses with factory-cut
pitches, and optical alignment performed under a magnification stereoscope. The resolution
was verified by a knife edge (90-10) power measurement. The focal plane had a slight
variation in position around the circumference due to imperfect centration of the micromotor
and scanning fiber, and the non-telecentric scan. Aberrations due to the off-axis scan rotated
with the circular scan after reflection by the prism, and the plastic outer tube contributed
additional aberration, although these were minimal. These effects will be exacerbated in
future higher numerical aperture systems, which will likely require custom lens designs. The
piezoelectric actuator was soldered to a multiconductor cable (Cooner Wire, CA). The shaft
of the 4 mm diameter micromotor (Namiki, Japan) was mounted with a 6 mm diameter brass
disc, which increased the moment of inertia for smooth rotation at low speeds. The disc was
then mounted with a 2 mm Al-coated prism. The fiber scanner and micromotor were then
mounted in 3D-printed holders, which fit snugly and were self-centering within a medical
grade polycarbonate plastic machined tube with hemispherical ends.

D. Scanner Control and Data Acquisition

Custom software written in C... controlled the resonant fiber scanner and OCT image
acquisition/display. A National Instruments D/A board generated two-channel sinusoidal
output with equal and constant amplitude and a phase difference to actuate the fiber scanner
and produce a circular scan. The sinusoidal outputs were amplified by a custom voltage
amplifier circuit with current limiting capability, to 30 V amplitude a.c., which generated a
rapid ~1 mm diameter circular scan in the focal plane. This measurement is below the
International Electrotechnical Commission 60601-1 stipulated limit of 42 \V amplitude a.c.
for medical devices [52]. The micromotor was driven by a driver board (Namiki), generating
a slow 38 mm scan around the capsule circumference. The acquisition was synchronized to
the resonant fiber trajectory, while the micromotor was externally driven by the driver board,
and thus a one-time calibration procedure was required for image reconstruction (Section
2.E, Fig. 3, and Supplement 1). In this study, the resonant frequency was 7030 Hz (166 A-
scans per circular scan for ~Nyquist sampling in the fast axis) and the micromotor rotation
was 3 Hz (2322 circular scans per volume for ~Nyquist sampling in the slow axis) for
structural OCT imaging, and 0.5 Hz (13932 circular scans per volume) for OCTA. The
volume was then remapped to a 100 x 3800 pixel Cartesian grid based on the theoretical
scan trajectory equations from Section 2.A above.

E. Image Calibration and Reconstruction

A circular scan of the resonant fiber was generated by applying two phase-separated
sinusoidal drive signals to the piezoelectric tube. The phase difference is theoretically 90°,
but required a one-time adjustment due to slight asymmetry of the fiber scanner mount and
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quadrupole electrodes on the piezoelectric tube. With the micromotor stationary, the phase
difference between the sinusoids was empirically tuned until the scan was assessed visually
to be sufficiently circular. The only parameter to be determined in the scan trajectory was the
phase term ¢ (see Section 2.A above), which described the initial rotational orientation of
the circle at the start of each acquisition, and is determined by the starting angular position
of the micromotor.

The acquisition was always triggered at the same phase within the period of the sinusoidal
drive waveforms (in phase); therefore, the acquisition always started at the same angular
position within the circular scan relative to the fiber scanner mount, before reflection by the
prism. However, the initial angular position of the micromotor was unsynchronized to the
acquisition, which at the start of every acquisition imparted an arbitrary rotational
orientation to the circular scan after reflection by the prism. To achieve accurate remapping
and reconstruction, a one-time calibration procedure (Fig. 3) was carried out. First, a one-
time imaging of a grid pattern was performed, in which a “calibration phase” gg was
empirically tuned in post-processing until the grid was correctly reconstructed. Thereafter,
images acquired at different micromotor angular start positions could be reconstructed by
calculating the shift ¢, of the micromotor angular position relative to the calibration image,
which could be determined by locating a fiducial (Fig. 4) in the image produced by an
internal strut. The fiducial was well-resolved, albeit distorted in the raw unreconstructed
image, enabling its use as a marker of the micromotor relative angular position even before
reconstruction. The absolute shift ¢ = ¢y + ¢; could then be applied to the scan trajectory for
reconstruction (Supplement 1).

Raw data volumes were converted to Cartesian coordinates by remapping data points to their
theoretical location in time based on the mathematical trajectory. For rapid reconstruction
and preview in the acquisition software, we traded off image quality and created lookup
tables in MATLAB (MathWorks, MA) based on nearest neighbor interpolation of a
Cartesian grid, such that each grid coordinate was mapped directly to a single A-scan in the
acquisition. A total of 12 lookup tables were pre-generated using 12 equally spaced values
of ¢ from 0 to 25z and used as remapping functions. One of the 12 lookup tables could then
be user-selected upon viewing the real-time previews, for an approximate reconstruction
using CPU processing in C4+. When the volume rate was 3 Hz, the acquisition time per
volume was ~0.3 s, and the nearest neighbor reconstruction took ~1.5 s, for a volumetric
display rate of ~0.5 volumes/s. Future graphics processing unit (GPU) implementation
should improve these speeds. When post-processing for optimal image quality, a more
precise ¢ was calculated based on the exact fiducial location, and remapping was performed
with cubic spline interpolation for higher quality reconstruction, which took several minutes
for each volume in MATLAB. This can also be sped up in the future using GPU-accelerated
processing. Larger FOVs were imaged by translating the capsule via the tether, and
sequential strip volumes were mosaicked by manual alignment with visual inspection.
OCTA was generated by computing OCT signal decorrelation between sequential circular
scans (Supplement 1). £n face images were displayed in square root scale and depth-
projected down to 800 um depth for optimal contrast, although depth-resolved imaging at
specific depths was also possible. Cross-sections analogous to traditional B-scans were
extracted from reconstructed volumes and displayed in logarithmic scale. Parasitic reflection
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artifacts were cropped from cross-sections in regions of low/no signal deep in tissue. Images
of living tissue were displayed in sepia for improved contrast. Co-registered OCT/OCTA
images were depth projected over 400 pm depth, because deeper image depths had low-
signal OCT and generated OCTA that had decorrelation arising from noise rather than blood
flow.

F. Clinical Imaging Protocol

The imaging protocol was approved by Institutional Review Board committees at the
Massachusetts Institute of Technology (MIT), Veterans Affairs Boston Healthcare System
(VABHS), and Harvard Medical School. Written informed consent was obtained prior to
imaging. Imaging was performed at the VABHS endoscopy unit. The patient underwent
bowel preparation, and was sedated, per colonoscopy protocol. The capsule was introduced
by the endoscopist into the patient’s anal canal and rectum, before performing a
colonoscopy. Capsule positioning was guided by real-time en face and cross-sectional OCT
imaging. For mosaicking, sequential image volumes were continuously acquired while the
operator pulled back or advanced the capsule manually at about 1-2 mm/s, which enabled at
least partial overlap of the sequential strip volumes. For structural OCT imaging, the
micromotor was set to rotate at 3 Hz. For decorrelation-based OCTA imaging, the
micromotor was set to rotate at 0.5 Hz. After OCT imaging was complete, the capsule was
withdrawn and the endoscope was introduced for a standard colonoscopy.

3. RESULTS
A. Benchtop Validation

A printed paper grid pattern of 250 um pitch was imaged to validate the scanning
mechanisms and reconstruction algorithm. £ face OCT imaging of the grid wrapped around
the capsule circumference showed good scan accuracy with minimal distortion [Fig. 4(a)].
To demonstrate image mosaicking for a larger FOV, imaging was performed on an
alphabetically ordered letter grid rolled into a paper tube, with the capsule pulled back by
hand at ~1-2 mnys through the tube during continuous volumetric acquisition [Fig. 4(b)]. A
total of 10 sequential image volumes were acquired over 3.3 s and could be approximately
mosaicked to achieve a ~4.5 mm x 38 mm field. The 10 volumes were part of a longer 30-
volume acquisition that was used to generate a 10-s video at 3 volumes/s (Visualization 1).
The video enables an assessment of volume-to-volume repeatability, as well as overall
performance of high volume rate cycloid scanning OCT.

The slow manual longitudinal pullback of the capsule produced a tilt in the letter rows,
because the capsule was translated longitudinally during the concurrent rotary scan in the
orthogonal direction. The nonuniform speed of the pullback caused the tilts to appear
misaligned. Certain letters appeared repeated when the manual pullback was momentarily
slower. Loose contact of the paper tube on the capsule allowed the latter to slide, but led to
varying contrast along the length of the strips, and contributed in part to an apparent
misalignment of the lettering. The micromotor exhibited nonuniform rotational distortion
(Supplement 1) that also contributed to the misalignment. Imaging was performed with the
capsule gripped in the hand, such that the en face plane showed well-resolved fingerprint
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contours and palm skin creases [Fig. 4(c)]. Cross-sectional images were also extracted from
the reconstructed volume along the slow circumferential axis, which showed depth-resolved
imaging into the dermis, similar to traditional OCT B-scans [Fig. 4(d)].

B. Clinical Imaging

Imaging was performed with a patient scheduled for a routine surveillance colonoscopy,
during which there were no notable endoscopic findings. OCT structural imaging in the
rectum showed regular mucosal patterns indicative of rectal crypt structures in the en face
plane [Figs. 5(a)-5(c)], while cross-sectional images showed vertical features from crypt
architecture and good tissue penetration to about 800 um depth [Fig. 5(d)]. Imaging at the
dentate line showed tissue transition from intestinal crypts of the rectum to relatively smooth
squamous epithelium in the anal canal [Figs. 5(e)-5(g)], and the cross-sections showed
strong OCT signal from regions of squamous epithelium [Fig. 5(h)]. Large FOV mosaics
were generated by manually advancing the capsule into the rectum and continuously
acquiring sequential image volumes.

The volumes generated a large FOV with en face features approximately mosaicked by
manual alignment [Fig. 6(a)]. Each strip of the mosaic showed accurate scanning and
undistorted features. Despite the nonuniform speed of the manual longitudinal scan, the
partial overlap of each image volume enabled approximate registration and mosaicking
based on en face features. Co-registered structural and angiographic OCT in the rectum
showed regular mucosal patterns and a honeycomb vascular network encircling the crypts
[53] [Figs. 6(b)-6(e)]. In the center of the enlargement [Figs. 6(d) and 6(e)], the crypts
appear compressed, which could have resulted in slower flow and reduced vascular contrast
in that region of the OCT angiogram. The arc-like noise artifacts mimicking the cycloid
trajectory were likely due to three factors: (1) synchronization errors between the D/A
output and the resonant fiber scanner resulting in small fluctuations in output frequency; (2)
the incremental local rotation of the circular scan about its center during the slow
micromotor scan; and (3) parasitic tissue motion. These factors produced small frame-to-
frame misalignment, which was indiscernible in the structural OCT images, but produced
OCTA decorrelation noise.

4. DISCUSSION

To our knowledge, this study is the first demonstration of cycloid scanning for rapid, wide-
field endoscopic OCT imaging. The combination of piezoelectric resonant scanning and
micromotor scanning enables high precision while also covering a large FOV. The cycloid
promises to enable minimally invasive catheter/endoscope imaging not only for high-speed
OCT systems, but also for fluorescence confocal and nonlinear microscopy. The study also
shows the potential of tethered capsules to image the rectum without endoscopy, extending
previous capsule esophageal imaging applications. Approximately 50% of colorectal cancers
occur in the rectum and distal colon [54], which suggests that tethered capsules could be a
screening tool for a large subset of colorectal cancers.

The cycloid scanner is an important technology to enable distal 2D scanning side-view
endomicroscopy. SECM was previously reported for rapid 2D reflectance confocal
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microscopy, but has a limited strip width (~200 pm), visualizes a 2D en face plane, and is
incompatible with scanning microscopies such as fluorescence confocal or nonlinear
microscopy [37]. Furthermore, SECM generates a rapid line scan with a swept wavelength
source, and therefore cannot be used for volumetric swept-source OCT. The cycloid scanner
enables strip imaging at volumetric rates similar to reported capsule SECM frame rates, but
with 3D depth-resolved imaging and nearly 9 x larger strip FOV [37]. The cycloid scanner
can be extended to finer transverse resolution using a high NA design, as suggested in
previously reported capsule designs using a focusing objective rotated by the micromotor
[38,39].

The cycloid is simpler to calibrate than the spiral scan, and images can be reconstructed
using theoretical equations describing the trajectory. The spiral scan requires amplitude
modulation for the slow scan axis and is known to require frequent calibration, as well as
complex drive waveforms to rapidly reset the spiral [20]. Moreover, amplitude modulation
presents challenges that include transient behavior, phase variation in resonance decay, and
mode coupling (cross-coupling) between orthogonal fiber axes. These difficulties can also
hinder attempts to perform other 2D scans, such as a linear scan with a rotating axis. In
contrast, the cycloid scan requires only a resonant circle at fixed amplitude, which remained
repeatable with the same drive parameters over extended periods of several months without
recalibration. The micromotor can scan continuously to acquire sequential strip volumes
without interruption from flybacks or resets that are needed in other scanning methods.

Commercial catheter/endoscope OCT systems perform real-time, cross-sectional imaging in
the rotary side-viewing direction, and volumetric data is acquired by a slow longitudinal
pullback at the proximal end of the device. Side-view distal 2D scanning suggests a new
paradigm for real-time en face OCT imaging that provides rapid volumetric, orthoplane
visualization by precision scanning a local region of interest, while also covering a wide
circumferential strip. As discussed previously, larger FOVs can be achieved by proximal
pullback of the device, mosaicking the circumferential strips to map large regions of luminal
organs. The ability to rapidly acquire and view strips of data while also comprehensively
imaging a large FOV promises to improve the diagnostic utility of OCT.

The tethered capsule cycloid scanner device has applications in both sedated and unsedated
imaging of the gastrointestinal tract. More compact microscanners, such as smaller or flat
micromotors and smaller piezoelectric actuators, can be used to reduce the device’s rigid
length or diameter, which would improve its compactness and broaden its potential clinical
applications. Moreover, the cycloid scanner can also be used for small diameter imaging
catheters, laparoscopes, or other minimally invasive devices. Smaller diameter cycloid
scanners will enable higher NA focusing and faster volume acquisition rates than the large
diameter capsules demonstrated in this study.

The cycloid scanner is r times less efficient than a raster scan (Supplement 1), while
resonant and micromotor scanners require high data sampling rates. Recent progress in
multi-MHz OCT systems [55] using high-speed swept laser technology, fast data acquisition
cards, GPUs, and parallel processing is synergistic with rapid scanning. Fluorescence
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confocal and nonlinear microscopy can achieve tens of MHz data rates. Cycloid scanners
promise to enable a wide range of /in vivo microscopy applications.

5. CONCLUSION

We demonstrate a new cycloid scanning technology that can be integrated into endoscopic
devices for side view, distal 2D precision scanning and wide FOV imaging. Tethered capsule
imaging was demonstrated using swept source OCT at a 1.17 MHz axial scan rate with 1
mm x 38 mm fields acquired at 3 volumes/s and larger FOVs achieved by proximal pullback
and mosaicking. The current study demonstrates cycloid scanning with a tethered capsule,
but this method is also applicable to small diameter catheters, laparoscopes, and other
imaging devices. The ability to perform high-speed, precision distal scanning promises to be
enabling not only for OCT, but also for fluorescence confocal and nonlinear microscopy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(a) Schematic and (b) photograph of cycloid scanning capsule for distal 2D scanning in
luminal organs such as the Gl tract.
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Fig. 2.

(a) Schematic of cycloid scanning geometry when unwrapped on to a flat plane. The red dots
indicate spots of each circle scanned at equal temporal frame intervals, showing the slow
local rotation of the circle about its center during the scan due to the mirror inversion effect.
(b) 3D plot of the cycloid scan in the device geometry. (c) Ultrahigh-speed OCT system.
HVA: high-voltage amplifier. AWG: arbitrary waveform generator. C: circulator. RM:

T

Y

X,
(c

MEMS-VICSEL source
1.17 MHz A-scan rate

(b)

Cycloid capsule
38 mm? FOV
3 volumes/sec

ICustom Data Acquisition S\rsteml

reference mirror. P: photodetector. OC: optical clock. DA: differential amplifier.
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Fig. 3.

Flowchart of one-time calibration and reconstruction procedures for the cycloid scan

trajectory.
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x(a} Motor cable

Fig. 4.

Bgnchtop imaging. (a) £n face OCT strip image of printed paper grid. (b) Large field mosaic
of 10 sequential strip volumes acquired continuously while manually translating over an
alphabetically ordered letter grid. (¢) £n face OCT of human fingers/palm, showing
fingerprints and skin creases. (d) Cross-sectional image from center line of volume. £n face
images are mean projections of 800 um depth. Scale bars are 1 mm.
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Fig. 5.

In?aging in human subject. (a) £n face OCT image of human rectum. (b) and (c)
Enlargements visualizing crypt structures (pink arrow) of columnar epithelium. (d) Cross
section showing vertical crypt architecture (blue arrow). (e) £n face OCT image of the
dentate line (squamo-columnar junction). (f) and (g) Enlargements showing the tissue
boundary between columnar epithelium (CE) and squamous epithelium (SE). (h) Cross
section showing crypt architecture, and squamous epithelium from the anal canal. £n face
images are mean projections of 800 um depth. Scale bars are 1 mm.
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Fig. 6.
(a) Large field mosaic of 10 sequential strip volumes covering a ~7 mm x 38 mm FOV

acquired continuously while pushing capsule into rectum at 1-2 mm/s. £n face images are
mean projections of 800 um depth. (b) and (c) Co-registered OCT and OCTA in rectum. £n
face images are mean projections of 400 um depth. (d) and (e) Enlargements showing
regular mucosal patterns and a honeycomb vascular network encircling the crypts. Arrows
point to a crypt encircled by vasculature. Scale bars are 1 mm.
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