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Abstract: We present the first, most compact, ultrahigh-resolution, high-speed, distal
scanning optical coherence tomography (OCT) endoscope operating at 800 nm. Achieving
high speed imaging while maintaining an ultrahigh axial resolution is one of the most
significant challenges with endoscopic OCT at 800 nm. Maintaining an ultrahigh axial
resolution requires preservation of the broad spectral bandwidth of the light source throughout
the OCT system. To overcome this critical limitation we implemented a distal scanning
endoscope with diffractive optics to minimize loss in spectral throughput. In this paper, we
employed a customized miniature 900 um diameter DC micromotor fitted with a micro
reflector to scan the imaging beam. We integrated a customized diffractive microlens into the
imaging optics to reduce chromatic focal shift over the broad spectral bandwidth of the
Ti:Sapphire laser of an approximately 150 nm 3dB bandwidth, affording a measured axial
resolution of 2.4 um (in air). The imaging capability of this high-speed, ultrahigh-resolution
distal scanning endoscope was validated by performing 3D volumetric imaging of mouse
colon in vivo at 50 frames-per-second (limited only by the A-scan rate of linear CCD array in
the spectral-domain OCT system and sampling requirements). The results demonstrated that
fine microstructures of colon could be clearly visualized, including the boundary between the
absorptive cell layer and colonic mucosa as well the crypt patterns. Furthermore, this
endoscope was employed to visualize morphological changes in an enterotoxigenic
Bacteriodes fragilis (ETBF) induced colon tumor model. We present the results of our
feasibility studies and suggest the potential of this system for visualizing time dependent
morphological changes associated with tumorigenesis on murine models in vivo.
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1. Introduction

In vitro endoscopic OCT was first demonstrated 20 years ago using a single-mode optical
fiber and a gradient-index (GRIN) lens to deliver and collect backscattered light to and from
the sample [1]. OCT endoscopes [2] laid the foundation for high-resolution, non-invasive or
minimally invasive in vivo OCT imaging of internal luminal organs such as the
gastrointestinal tract [3], coronary arteries [4, 5], and the respiratory tract [6—8]. Until
recently, most endoscopic OCT systems have been implemented at 1300 nm, with the best
achievable axial resolution limited to 5-20 pum (in air) [9-11].

Over the past decade there have been several attempts to implement ultrahigh-resolution
endoscopic OCT at 800 nm [11-15]. Success has been limited due to the engineering
challenges for OCT endoscopes at this wavelength range. Two major challenges are: 1)
correcting chromatic aberration in the imaging micro-optics for the broad spectral range and
2) implementing a scanning mechanism for high-speed imaging. Our group recently
addressed the first challenge by engineering a diffractive endoscope [15, 16]. In our prior
publication, we demonstrated proof-of-concept that off-the-shelf miniature diffractive optics
is able to partially compensate chromatic aberration. In this paper we present new customized
diffractive optics capable of compensating the chromatic aberration throughout the entire
spectral bandwidth of the light source.

Secondly, in the prior publication, circumferential scanning was performed using a
capillary tube based homebuilt broadband fiber-optic rotary joint (FORJ). The capillary tube
based FORJ had several design and manufacturing challenges, resulting in a limited
achievable rotational speed. For example, reliable operation requires that butt-coupled optical
fibers within the capillary tube are cleaved perfectly at 90 degrees, which is very challenging
to achieve. In addition, high-speed rotation can quickly damage the end surfaces of the two
butt-coupled fibers, leading to high loss in throughput. The reliable continuous imaging speed
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is often restricted to about 5 frames-per-second. Finally, high efficiency robust FORJs at 800
nm with minimal intensity and spectral modulation and maximal intensity throughput are
difficult to design and manufacture, primarily due to the small core size (~4.0 um) of 800 nm
single-mode fiber. Additionally, any optical components used in the FORJs need to be able to
handle a broad spectral bandwidth to avoid chromatic aberrations which can otherwise
significantly degrade the axial resolution.

To solve these engineering challenges we sought to employ a distal scanning mechanism
in lieu of proximal scanning. Distal scanning eliminates the need for an FORJ and readily
enables high imaging frame rates (within the range of the micromotor). In this paper, we
present for the first time, to the best of our knowledge, the smallest high-speed, ultrahigh-
resolution distal scanning endoscope operating at a central wavelength of 800 nm with a
compact, 900pm diameter DC micromotor. The DC micromotor is capable of rotating up to
200 revolutions-per-second and was customized to feature only 3 ultrathin wires, each 80 um
in diameter. The customized micromotor also featured a forward-feeding wire configuration
which enabled us to minimize the field-of-view blockage down to 7.5% and maintain an
overall small form factor (1.78 mm in diameter) for the final endoscope including the
protective plastic sheath. The high-speed, ultrahigh-resolution endoscope was demonstrated
through in vivo imaging in a normal murine colon as well as longitudinal imaging in an
APCM™ murine colon tumorigenesis model.
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Fig. 1. (A) Schematic of the distal optics design of our distal scanning endoscope. (B)
Schematic of the diffractive lens. Side view shows the periodic structure, while the top view
showing the concentric ring pattern etched on the element to enable compensation of
chromatic aberration. (C) Verification of achromaticity of the imaging optics. The curves are
normalized spectra back-reflected from a mirror at the various locations along the imaging
depth (i.e. at the focal plane, and 500 pm and 900 pm away from the focal plane as shown in
(A)).

2. Methods

2.1 Distal scanning endoscope design

The endoscope design has two key portions, 1) the imaging optics and 2) the beam scanning
mechanism. The imaging optics design, shown in Fig. 1(A), is similar to our previous work
[16] and is briefly described here. A Corning HI 780 single-mode fiber was used to deliver
light from the sample arm of the OCT interferometer to the endoscope optics. The endoscope
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optics consisted of a 1 mm diameter glass rod to expand the beam, a 1 mm gradient index
(GRIN) lens, and a 1 mm diffractive lens to focus the beam. A desired working distance can
be achieved by choosing a proper length of the glass rod and the pitch for the GRIN lens. For
example, considering the target beam focus position was ~1.9 mm away from the GRIN lens
end surface, the resulting design has a 3.1 mm long glass rod and 0.14 pitch GRIN lens.
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Fig. 2. (A) Detailed distal end schematic of our endoscope. (B) Photograph of the customized
900 um diameter DC micromotor. (C) 3D drawing of the laser-cut enclosure. S,: Two ultrathin
struts supporting the slit running along the length of the enclosure, Sg: Two remaining struts
placed + 108° from support struts S,. (D) Photograph of the assembled endoscope inside a
protective plastic sheath (of an overall outer diameter of 1.78 mm). An arrow in (D) and an
arrow in (B) point to the forward feeding wires which exit the motor proximally and run from
the back towards the motor shaft, avoiding wires bending-180° around the motor.

In order to achieve ultrahigh axial resolution imaging throughout the full imaging depth it
is necessary to compensate for the chromatic aberration to ensure that the full spectral
bandwidth can propagate throughout the system. To prevent any loss of spectral bandwidth in
the endoscope optics, we integrated a customized diffractive microlens into the imaging
optics. Figure 1(B) illustrates the schematic of the diffractive lens. The side view shows the
periodic structure, while the top view shows the concentric ring pattern etched on the
microlens. To verify the resulted achromaticity of the imaging optics, we measured the back-
reflected spectra from a mirror located at different positions along the imaging depth
(including the focal plane, and 500 pm and 900 um away from the focal plane as seen in Fig.
1(A)) using a broadband, low-power SLD as the input light source. The broadband SLD had a
central wavelength of 880 nm and a 10dB spectral bandwidth of 182 nm enabling us to test
the chromatic performance of the diffractive compound lens over a broader spectrum than the
Ti:Sapphire laser used for the animal model imaging studies. As shown in Fig. 1(C), the
normalized back-reflected spectra remain nearly unchanged at various locations away from
the focal plane, demonstrating the excellent achromatic performance of the imaging optics.
The overall imaging optics achieved a target working distance of ~260 pm (measured from
the outer surface of the protective plastic sheath of the endoscope to the focal plane), an axial
resolution of 2.4 um, a lateral resolution of 7.6 um, and a low round-trip loss of ~2.0 dB.

The mechanical design of the distal scanning endoscope is the second key feature and is
shown in Fig. 2(A). The first component is a customized 900 um diameter DC micromotor
(photograph shown in Fig. 2(B)). We chose to employ a miniature DC micromotor due to its
robustness, ease of integration and insensitivity to magnetic fields (compared to the AC
micromotor by Kinetron Inc.). The micromotor was customized to provide 3 forward feeding
wires, each 80 um in diameter, and a pedestal, 300 um in diameter, on the motor shaft to
facilitate mounting of a miniature reflector. A 500 um diameter gold-coated rod reflector was
used to deflect the beam by ~100° to the sample.

The miniature micromotor was then inserted into a customized enclosure, shown in Fig.
2(C). The customized enclosure was manufactured from 18-gauge extra-thin wall stainless
steel hypodermic tubing with an outer diameter (OD) of 1.27 mm and an inner diameter (ID)
of 1.1 mm. In order to maintain mechanical and structural integrity while minimizing the field
of view blockage, the enclosure was designed with three 1.5 mm long windows separated by
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thin struts ~35 pm wide. An important design feature of the enclosure is that it has a small
slit, ~160 pum wide, running down the full length of the enclosure as seen in Fig. 2(C). This
slit has an ideal width so that the three ultrathin motor drive wires can fit within it, enabling
us to safely perform pull-back of the endoscope within the protective plastic sheath. With this
design, the total field of view blockage (3 struts and 1 drive-wire-slit) is only 7.5%. A photo
of the assembled endoscope is shown in Fig. 2(D) as encased by a transparent protective
plastic sheath with an overall OD of 1.78 mm and a total rigid length of 12.5 mm.

2.2 SD-OCT engine

The spectral-domain OCT (SD-OCT) engine used in this paper has been described previously
[15, 16]. In brief, as shown in Fig. 3, the SD-OCT engine employs a fiber-optic Michelson
interferometer, a broadband light source, and a broadband linear-k-spectrometer. The light
source is a home-built, broadband Ti:Sapphire laser with a 3dB bandwidth of 150 nm and a
central wavelength of ~825 nm.

The broadband spectrometer is composed of a volumetric diffraction grating with a
density of 1,200 line-pairs-per-mm, a multi-element scan lens and a 2,048-pixel linear CCD
array. The CCD was able to acquire data at 70,000 A-lines-per-second with 12-bit resolution.
The overall spectrometer design achieved a measured signal fall-off of —16 dB over the
calibrated imaging depth of 1.23 mm.
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Fig. 3. Ultrahigh-resolution endoscopic SD-OCT system. Linear-k-spectrometer: G:
volumetric transmission grating, P: prism, MESL: multi-element scan lens. Reference arm: PC:
polarization controller, C: collimator, PP: prism pair, M: mirror. Sample arm: TS: linear
translation stage. Inset: representative axial point spread function from the ultrahigh-resolution
OCT endoscope.

2.3 Experimental procedure

To demonstrate the performance of the endoscope we imaged the colon of a 3-week-old adult
APCM™ mouse in vivo under a protocol approved by the Animal Care and Use Committee at
the Johns Hopkins University. Intraperitoneal injections of 100 mg/kg Ketamine and 10
mg/kg Xyalzine were used to induce and maintain anesthesia during imaging. Prior to
imaging, the protective plastic sheath of the OCT endoscope was marked every centimeter
from the tip of the endoscope to a distance 4 centimeters away. The endoscope was then
directly inserted into the rectum no greater than 4 centimeters followed by volumetric OCT
imaging through pullback. A maximum insertion length of 4 centimeters was used to decrease
the likelihood of colon perforation.
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2.4 Imaging parameters

In order to achieve high-speed imaging without sacrificing image quality, each OCT image
frame consisted of 1,397 A-lines, resulting in a ~5.2 um pixel size in the circumferential
direction. With an A-scan rate of ~70,000 A-lines-per-second the frame rate was 50 frames-
per-second. The imaging frame rate was governed by the A-line sampling density and was
ultimately limited by the A-scan rate of the linear CCD array in the spectrometer. Further
reduction in the number of A-lines per frame would reduce image quality and the ability to
visualize key attributes of colon such as colonic crypts. Additionally, for the customized
micromotor employed in this endoscope running at 50 frames-per-second, we did not observe
any non-uniform rotational distortions (NURD) and no NURD related processing as applied
to the cross-sectional OCT images.

In order to obtain a full volumetric scan of the mouse colon, pullback was performed with
a motorized translation stage. A pitch of 20 um was maintained between adjacent image
frames for a total length of ~30 mm. The entire volumetric scan, consisting of 1,500
circumferential B-frames, was collected within approximately 30 seconds.
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Fig. 4. (A) Representative cross-sectional image of mouse colon in vivo and (B) 3x zoomed
view of the region indicated by the red dashed-line box on the cross-sectional image in (A),
showing boundary between absorptive cell layer and colonic mucosa. AC: absorptive cell
lining, CM: colonic mucosa, MM: Muscular mucosa, SM: submucosa, S: serosa, MS: metal
strut, St: stool. (C) Volume rendering of an about 11.5 mm long segment of one representative
3D pullback scan. (D) Flattened en face intensity projection view of a representative portion of
the colon during pullback imaging and (E) 5x zoomed view of the region marked by the blue
dashed-line box in (D), highlighting crypt structure of colon. MS: metal strut, Cc: colonic
crypts.

3. Results
3.1 In vivo murine colon imaging

Figure 4(A) shows a representative cross-sectional image of control (normal) mouse colon in
vivo, where normal structures such as the absorptive cell layer, colonic mucosa, muscular
mucosa, submucosa, and serosa are visible. To clearly visualize the delicate boundary
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between the absorptive cell layer and the colonic mucosa, the region marked by a red dashed-
line box was digitally magnified 3x and shown in Fig. 4(B), where structures are more clearly
visible.

To further visualize the entire 3D pullback scan at once, we can look at Fig. 4(C) which is
a volume rendering of an approximately 11.5 mm long segment of one representative
pullback scan and Fig. 4(D) the flattened, depth averaged en face intensity projection view.
The scale bar in Fig. 4(D) denotes the pullback distance of the OCT endoscope within the
colon. Signal void regions (i.e., the 3 white horizontal stripes) are the portions of the image
that were blocked by the struts of the metal enclosure. In this en face view, we can visualize
the intestinal crypt patterns of the colon, mucosal folding as well as stool which is marked by
a hyper-intense region around 20 mm pullback distance. Finally, Fig. 4(E) illustrates a 5x
zoomed-in region marked by a blue dashed-line box in Fig. 4(D). The zoomed-in region
highlights the intestinal crypt pattern which could potentially be clinically relevant to study
morphological changes in colonic mucosa in diseases such as colon cancer.
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Fig. 5. En face intensity projection views and cross-sectional views of mouse colon. The
progression from mainly uniform and homogenous baseline structural image (A) to many
abnormal looking polyp structures clearly visible (C), (E), (G) as the disease progresses to day
58. The orange arrows point to the transition from colon to rectum marked by the sudden
hyperintense signal region. The dark blue arrows point to abnormal regions corresponding to
suspected tumors and the red asterisks indicate the location of a growing tumor. The red
asterisks lie above a region which has rapidly develop a tumor. Cross-sectional images (B),
(D), (F) and (H) are from a representative location in (A), (C), (E), and (G) indicated by the
cyan dashed line. Several structures are labeled on the cross-sectional images. CM: colonic
mucosa, MM: muscularis mucosa, SM: submucosa, ME: muscularis externa, and P: polyp.
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3.2 Feasibility of longitudinal imaging of enterotoxigenic Bacteriodes fragilis (ETBF)
induced murine colon tumorigenesis

After confirming the ability to perform ultrahigh-resolution and high-speed endoscopic
imaging of mouse colon in vivo, we performed longitudinal imaging in a bacteria induced
murine colon tumorigenesis model. In these experiments, APC™™ mice were infected with
enterotoxigenic Bacteriodes fragilis (ETBF). ETBF induced colon tumorigenesis in APCM™
mice is a model for human commensal colorectal cancer (CRC) that can be used to study
morphological changes leading up to cancer. APC™™ mice have a mutation in one allele of the
apc gene resulting in spontaneous small bowel tumor formation. In this model, after ETBF
colonization, mice experience severe colitis and shedding of the intestinal epithelial lining for
approximately 2 weeks, after which distal colon tumors form and grow rapidly over time [17,
18].

In order to test the ability of this ultrahigh-resolution, high-speed, endoscopic OCT system
to monitor longitudinal changes in the colon, we imaged the mice at 8 time points. Initial
baseline imaging was performed on the animals before being infected with ETBF. No
imaging was performed during the 2 weeks following the infection, to allow ETBF to
successfully colonize in the colon and allow recovery from colitis. The first imaging time
point after the initial baseline imaging was set to approximately 2 weeks (or until mice
recovered from acute colitis).

Figure 5 shows the en face depth averaged intensity projection view of a volumetric scan
from each time point during longitudinal imaging. Figure 5(A) is the baseline image and Fig.
5G shows the last time point before the animal was sacrificed.

In addition to the en face projection views, a cross-sectional OCT image from a
representative location marked by the cyan dashed line (in each image) is shown to the right
in Figs. 5(B), 5(D), 5(F) and 5(H). The cross-sectional images clearly reveal the changing
morphology of the colon during ETBF-induced carcinogenesis. The baseline image, Fig.
5(B), shows normal colon structures such as the colonic mucosa, muscularis mucosa,
submucosa, and muscularis externa. By day 19 (Fig. 5(D)) the colonic mucosa has high signal
attenuation due to continued inflammation (from colitis). Figure 5(F) shows an image from
day 44 where inflammation appears to have subsided, yielding normal looking structures
around the 7 o’clock location and high signal attenuation near the 1-2 o’clock and 5 o’clock
locations. The high signal attenuation is most likely due to the presence of a polyp. Finally,
by time point day 58, the image in Fig. 5(H) shows relatively high signal attenuation across
the whole image frame with a suspected polyp at the 11 o’clock region. Similarly, in the en
face projection views (Figs. 5(A), 5(C), 5(E), and 5(G)), the dark blue arrows point to
abnormal regions corresponding to suspected tumors. Furthermore, the red asterisks in each
en face is overlaid on a tumor that could be seen growing as time progressed from day 19 to
day 58. These imaging results demonstrate the capability of the ultrahigh-resolution, high-
speed endoscope for visualizing morphological changes longitudinally during cancer
development.

4. Discussion and conclusion

High-speed, ultrahigh-resolution endoscopic imaging with a distal scanning probe at 800 nm
was demonstrated in this paper. By employing a compact (900 um) micromotor, we were able
to eliminate the need for challenging components such as an FORJ, increase the overall
imaging frame-rate, and maintain an overall small foot print for the endoscope. We were able
to perform in vivo imaging at 50 frames-per-second, limited only by the line-scan rate of the
linear CCD array in the spectrometer. By upgrading the linear CCD to a higher speed linear
CMOS array in the future, we will be able to effectively double the imaging frame rate.

The ultrahigh axial resolution of 2.4 um (in air) was achieved by integrating a customized
diffractive microlens into the distal end optics of the endoscope. The achromatic performance
of the customized diffractive microlens was verified by the nearly invariant normalized back-
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reflected broad spectra measured along the imaging depth, demonstrating a minimal
chromatic focal shift.

Finally, we demonstrated that the distal scanning endoscope was capable of high-speed,
ultrahigh-resolution endoscopic imaging of small lumens (such as mouse colon) in vivo.
Distal scanning afforded us several advantages including speed, enhanced scanning stability
and thus improved imaging quality. These features were demonstrated by the results of in
vivo murine colon imaging and visualization of delicate microstructures such as the boundary
of the absorptive cells and colonic mucosa (Fig. 4(B)) and crypt patterns specific to the
gastrointestinal tract (Figs. 4(D) and 4(E)). Furthermore, we demonstrated the feasibility of
using the ultrahigh-resolution endoscope for longitudinally studying the morphological
changes in vivo in an ETBF-induced colon tumorigenesis model. This study demonstrated the
robust mechanical design and capability of the endoscopic probe to provide high quality
images of time-dependent changes during tumorigenesis. Future systematic studies will be
needed to correlate morphological changes visualized in the OCT images with histology at
each individual time point. To conclude, it is expected that, as the frame rate continues to be
improved and the micromotor cost continues to decrease, the high-speed, ultrahigh-resolution
distal-scanning endoscopic imaging system at 800 nm with improved imaging resolution and
contrast can potentially benefit various translational applications by offering a better
assessment of morphological changes.
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