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Our ability to detect neoplastic changes in gastrointestinal (GI) tracts is limited by the lack of
an endomicroscopic imaging tool that provides cellular-level structural details of GI mucosa
over a large tissue area. In this paper, we report a fiber-optic based micro-optical coherence
tomography (µOCT) system and demonstrate its capability to acquire cellular-level details of
GI tissue through circumferential scanning. The system achieves an axial resolution of 2.48
μm in air and a transverse resolution of 4.8 μm with a depth-of-focus (DOF) of ~150 µm. To
mitigate the issue of limited DOF, we used a rigid sheath to maintain a circular lumen and
center the distal end optics. The sensitivity is tested to be 98.8 dB with an illumination power
of 15.6 mW on the sample. With fresh swine colon tissues imaged ex vivo, detailed structures
such as crypt lumens and goblet cells can be clearly resolved, demonstrating that this fiberoptic µOCT system is capable of visualizing cellular-level morphological features. We also
demonstrate that time-lapsed frame averaging and imaging speckle reduction are essential for
clearly visualizing cellular level details. Further development of a clinically viable µOCT
endomicroscope is likely to improve the diagnostic outcome of GI cancers.

1. Introduction
Intestinal crypts, usally found as the invaginations, are the home for vigorous proliferation of
epithelial cell, and thus are vital to fuel the self-renewal process of the epithelium [1]. Goblet
cells are the glandular epithelium cells to produce gel-like mucin to maintain the homeostasis
[2, 3]. The intestinal crypts together with the goblet cells are key architectures residing
throughout the large intestine, and are also critical indicators of pre-malignant lesion for early
detection of intestinal cancers [4]. Particularly, in the colon, the structural alterations of crypts
and goblet cells are associated with the assessment of ulcerative colitis and even colonic
cancers [5, 6]. Therefore, the visualization of intestinal crypts and the goblet cells is of great
importance to detect early lesions of gastrointestinal (GI) tracts.
Among current screening and surveillance tools, white light endoscopy (WLE), followed
by random excisional biopsy is the gold standard to investigate intraepithelial neoplasia in GI
tracts. However, the process of biopsy is destructive and small sample volume may lead to
missed diagnosis [7]. Confocal Laser Endomicroscopy (CLE) can provide cellular/subcellular
resolution to image the microstructures in GI tracts, but its limited field size may render it
subject to sampling errors similar to those of endoscopic biopsy [8, 9].
Optical coherence tomography (OCT) is a promising three-dimensional imaging tool for
obtaining real-time images for its non-invasive and high resolution properties [10, 11]. Fiberoptic endoscopic OCT techniques with spatial resolution of 7-30 μm have been developed for
imaging gastrointestinal (GI) tracts [12-21]. Since it is straightforward to improve axial
resolution of OCT by use of a light source with boarder spectral bandwidth, advances in
ultrahigh axial resolution technique has significantly improved the image quality [22].
However, this lateral resolution is not enough to provide cellular-level information.
In order to improve both axial and lateral resolution of OCT devices, micro-optical
coherence tomography (µOCT) with 1-3 µm spatial resolution has been developed to

visualize cellular and subcellular scale microstructures ex vivo [23-27] and a linear scanning
flexible µOCT bronchoscope has been successfully demonstrated for imaging mucociliary
clearance in vivo [28, 29]. However, no progress has been made to develop a circumferential
scanning µOCT endomicroscope for GI tract imaging. The major technical difficulty is the
well-known trade-off between the lateral resolution and depth of focus (DOF), which
precludes practical applications of µOCT endomicroscopy.
In this paper, we propose a µOCT endomicroscopy system to mitigate the abovementioned fundamental problem by use of a rigid sheath. We tested the capability of µOCT
endomicroscope using fresh swine colon tissues, and the results verified the feasibility of
circumferential scanning endomicroscopic µOCT for cellular-level resolution imaging.

2. Materials and Methods

2.1. µOCT imaging system
The endomicroscopic µOCT system consists of three parts: imaging console, rotary junction
and fiber-optic probe (Figure 1). A supercontinuum light source (SC, Superk Extreme OCT,
NKT Photonics, Birkerød Denmark) provides a broadband illumination over a spectral range
of 650 nm - 1600 nm. The output was filtered by a short pass dichroic filter (DMSP1000;
Thorlabs Inc., Newton, New Jersey, USA) to limit the source bandwidth at 650 nm – 1000 nm.
We chose a 2x2 fiber coupler with a splitting ratio of 50:50 (Gould Fiber Optics, USA) to
guide the output of the light source to the fiber-optic probe via a rotary junction. The
illumination power delivered to the sample from the probe was measured to be 15.6 mW. The
interference signal returning from the probe was collected by a spectrometer: the returning
signal was collimated by a collimation lens L (AC127-030-B-ML, Thorlabs Inc., USA),
dispersed by a diffraction grating G (960 lines/mm at 840 nm; Wasatch Photonics Inc. , Logan,
Utah, USA), and then focused by a camera lens (Nikon AF Nikkor 85 mm f/1.8D, Tokyo,

Japan) onto a line scan CCD camera (E2V, AViiVA EM4-EV71YEM4CL2014-BA9). The
detected spectrograms were finally transferred from the camera to a computer through camera
link cables and an image acquisition card (KBN-PCECL4-F, Bitflow Inc., , Woburn,
Massachusetts, USA) at 12-bit resolution. During the experiments, the camera was
synchronized by a triggering signal of 20kHz generated by the computer, therefore, the
system line scanning rate was 20k lines/s.
In the fiber-optic probe shown in Figure 2(a), the light transmits through a single-mode
fiber (SMF) (780HP, Thorlabs Inc., USA), which is protected by a glass ferrule (Accu-Glass
LLC, St. Louis, Missouri, USA), to a BK7 glass spacer (1.8 mm Dia, GrinTech GmbH, Jena,
Germany). To avoid back-reflection at the fiber-spacer interface, the ferrule and the spacer
were angle-polished at 4 degrees. A gradient-index (GRIN) lens (GrinTech GmbH, Germany)
with a diameter of 1.8 mm was used to focus the beam. A beamsplitter (BS) was cemented to
the free end of the GRIN lens to divide the input light into a reference beam and a sample
beam. To achieve common path between the reference and the sample arms, the beamsplitter
is composed of two right angle prisms (Changchun Boxin Photoelectric Co., Changchun,
China) with both hypotenuses cemented together a reflective annular metal coating in
between. This beamsplitter design is similar to the previously report in [23, 28]: the wavefront
of the optical beam was split into two portions with a center circular portion went directly
through the beamsplitter towards the reference reflector (1 mm Dia, Prime Bioscience,
Singapore), while the other annular portion reflected by 90 degree to the radial direction
toward the sample. The backreflected reference beam and the backscatterred sample beam
were recombined by the beamsplitter into the SMF along the same path. We used the
ultraviolet cured optical adhesive (NOA 85, Edmund Optics Inc., Barrington, New Jersey,
USA) to cement all optical components.
A Polyether ether ketone (PEEK) tube of 0.50 mm inner diameter and 1.59 mm outer
diameter (Beijing Jianxin Technology Co., Beijing, China) was cemented to the ferrule as the

driveshaft (Figure 2(b) and (c)). A transparent glass tube (1.818 mm inner diameter and 2.8
mm outer diameter, Thorlabs Inc., USA) was used in place of the commonly used polymer
sheath to maintain a circular lumen and center the distal end optics with regard to the tissue
lumen (Figure 2(c)). The glass tube was immobilized by a thin heat shrink tube which was
connected to the metal housing of the probe (Figure 2(c)). During the circumferential
scanning, both the outer housing and the transparent glass tube were immobilized to
translation stages (HFF001, APY001/M and MBT616D, Thorlabs Inc., USA) while the inner
probe was rotated. The rotary joint comprises of a motorized rotation stage (Newport, Irvine,
California, USA), a fiber rotary joint (Princetel Inc., Hamilton Township, New Jersey, USA),
and a customized timing belt pulley to transmit the rotation motion from the motorized stage
to the probe.

2.2 System characterization
The axial resolution of the system was measured by detecting the full width at half-maximum
(FWHM) of the axial point spread function (PSF) with a glass reflector as the sample. We
used a tilted glass reflector (with an attenuation of 33.7 dB) in the focal plane of the sample
arm to characterize the axial resolution and sensitivity.
To testify the transverse resolution, we utilized a laser beam profiler (LBP2-HR-VIS2,
Newport, USA) together with an objective (50× DRY Plan Fluorite Objective, Nikon, Japan)
to capture the in-focus sample beam. DOF represents the axial distance over which the beam
size at the 1/e2 beam is not larger than two times of that at the beam waist, and it also can be
measured by the laser beam profiler. To further confirm the transverse resolution and DOF
measured by above-mentioned method, we conducted imaging experiments to measure the
FWHM of the transverse profile with a home-made microparticles phantom as the sample
consisting of the micro-beads (the standard size of 2 µm, Polyscience Inc., Warrington,

Pennsylvania, USA) mixed with the agarose solution (No. PC0701-100g, Vivantis Inc. ,
Oceanside, California, USA).

2.3 Imaging protocol and swine imaging
To validate the capability of endomicroscopic imaging, ex vivo imaging experiments with this
probe-based endomicroscopic µOCT system were conducted on freshly explanted swine
colon tissues. We collected the swine colon tissues for endomicroscopic µOCT imaging from
a slaughterhouse in Singapore. We opened up the tissue lumen and dissected the tissues into
rectangular shape of 7.0 mm by 10.0 mm before attaching each tissue to the outer surface of
the glass tube. During circumferential scanning, the imaging rate was 1 revolution/sec which
was limited by the speed of the motorized rotation stage. When finishing the experiments, we
marked the region of interests (ROIs) using tissue marking dye and then fixed the tissues
using 4% neutral buffered formaldehyde for histological analysis in comparison with µOCT
images. We performed 2-frame averaging (time-lapse averaging) and software based speckle
reduction [30, 31] to reduce the speckle of the images and enhance the cellular-level structural
contrast.

3. Results and Discussion
The result in Figure 3(a) indicates that the axial resolution was 2.48 µm in air, and the
corresponding resolution in tissue is 1.81 µm in tissue (assuming the refractive index n=1.37).
The measured SNR of the -33.7 dB reflector was 65.1 dB (Figure 3(b)), so that the sensitivity
of this system was tested to be 98.8 dB.
The transverse resolution was designed to be 3.6 µm. Indicated in the Figure 3(c), the spot
size of the beam at the focal plane (Depth = 210 µm) was measured to be 4.8 µm by the laser
beam profiler, which is also confirmed by the transverse profile of a microparticle (Figure
3(d)). The irregular intensity distribution of the measured PSFs in Figures 3(c) was caused by

fabrication defects in the annular metal coating of the beamsplitter. Besides, the DOF of the
fabricated probe was measured to be ~150 µm.
The path length difference between the reference and the sample focus was maintained to
be 215.3 µm. The distance between the sample surface and the center of the probe was about
1.516 mm so that the focus was 116 µm away from the outer surface of the glass tube.
In representative cross-sectional images of swine colon mucosa (Figure 4 and Figure 5),
in addition to the layered structures of the mucosa, the crypt profiles including crypt lumens
(white arrows, Figure 4(b), (c), (d) and Figure 5(b), (c), (d)) can also be clearly visualized.
Owning to the improved spatial resolution, we are able to pick up cellular-level
microstructures, such as the mucus-laden goblet cells (yellow arrow heads, Figure 4(b), (c),
(d) and Figure 5(b), (c), (d)), which are consistent with the previously published results using
a desktop µOCT system [32]. More importantly, when comparing the endomicroscopic µOCT
images with corresponding histology image (Figure 4(e)), a good correlation between µOCT
images and the histology can be clearly observed, convincingly confirming the abovementioned findings.
The improved spatial resolution achieved by the proposed endomicroscope enables
visualization of cellular-level structures in GI tracts, which has never been reported to the best
of our knowledge. The results underscore the critical role of high lateral resolution in
visualizing cellular-level details in comparison with those obtained with lower lateral
resolution systems [22]. According to the previous results obtained using a desktop µOCT
system [32], the ideal lateral resolution is ~2 µm or below. The current lateral resolution of
4.8 µm is still not enough for resolving more cellular-level details, such as columnar epithelial
cells.
The common-path probe with apodization design adopted can extend DOF moderately
while maintain the high transverse resolution [23, 28]. Further improvement in lateral
resolution requires DOF extension techniques such as phase modulation for producing quasi-

Bessel beams through a cylindrical waveguide or a phase mask [33, 34]. Our further study
will focus on endoscopic µOCT probe with higher extended DOF without the compromise of
high resolution for clinical application.
We employed a rigid glass tube to mitigate the issue of limited DOF so that crypts
structures were properly maintained around the relative small focal region. However, this
glass tube may not be a viable option for clinical applications. Moving forward, this glass tube
can be replaced by a polymer capsule, similar to the previously reported tethered capsule
design [17]. The outer diameter of the capsule can be tailored according to the GI tract to be
imaged. For smaller lumens such as pancreatic and bile ducts, a diameter of 1.5 - 2 mm might
be suitable.
The corresponding histology image (Hematoxylin & eosin) does not show any significant
tissue structural damage due to mechanical stress of the probe scanning (Figure 4(e)). This is
because that the optical probe was scanning inside the stationary transparent glass tube, which
isolated the tissue from the mechanical stress induced by the mechanical scanning of the distal
end optics. In addition, the light power on the tissue was 15.6 mW, which was smaller than
the power used in previous studies in which no tissue alterations due to light interactions with
tissue were reported. For example, Cui et al reported a sample power of 18 mW in the same
wavelength range as the current study [29].
The inner surface of the transparent glass tube covering the probe would present strong
back-reflection when the sample light goes through the air-glass interface. To alleviate its
influences, we applied water to fill the space (air) between the beamsplitter and the inner
surface of the transparent tube during the experiments. Even though the back-reflection of the
inner surface of the tube was mitigated, it is still highly stronger than the reflection by the
scattered tissues (swine colon in this study). Hence, the conjugated profile of the inner surface
of the transparent tube is still clearly displaced in Figure 4(a) and Figure 5(a). Our next-step

work is to remove or reduce it to a sustainable level to minimize influences on the imaging
results, and a possible solution could be to slightly adjust the angle between the sample beam
and the inner surface of the tube.
We also found that the contrast of cellular-level details is very sensitive to speckle noise as
shown in Figure 6. Of course, inter-frame averaging will be very difficult to realize simplely
due to the motion artifacts caused by the sample and probe motion. To solve this issue,
multifiber angular compounding OCT [35] may be a candidate choice in the future, since it is
able to achieve inter-A-line averaging, which is significantly less sensitive to motion artifacts.
The proposed high resolution of endomicroscopic µOCT can capture more subtle
morphological features and would be beneficial to diagnose cancers at an early stage, and thus
could pave the way for the surveillance, detection and treatment of GI tracts diseases.

5. Conclusion
In summary, we designed and fabricated a flexible endomicroscopic µOCT probe with
cellular resolution for visualization swine colon ex vivo. The cellular-level microstructures
such as the intestinal crypts and goblet cells can be clearly resolved, demonstrating that this
probe-based µOCT system is capable of imaging the cellular-level morphology and thus
provides the probability of evaluating the pathological lesions of GI cancers at an early stage.
Furthermore, the flexibility of this probe renders it traverse through the inner lumen of the
tissue for circumferential visualizing. Additionally, the usage of the rigid glass tube can
mitigate the issue of limited DOF so that crypts structures were properly maintained around
the relative small focal region. And in the future, a polymer capsule would be employed to
replace the glass tube for clinical applications.
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Figure 1. Schematic of the endomicroscopic µOCT system with the fiber-optic probe. SCL：
Supercontinuum light source. FC: fiber coupler; L: achromatic lens; G: grating; CCD: chargecoupled device; PC: personal computer.

Figure 2. Illustration of the endomicroscopic µOCT probe. (a) Schematic diagram of the
fiber-optic probe. 1: driveshaft; 2: single mode fiber; 3: ferrule; 4: glass spacer; 5: GRIN lens;
6: beamsplitter; 7: reference reflector. (b) Photograph of the fiber-optic probe with the brown
Polyether ether ketone (PEEK) tube as the driveshaft. (c) Photograph of the fiber-optic probe
connected to a rotary joint. FRJ: fiber rotary joint; MRS: motorized rotation stage; TBP:
timing belt pulley. TS: translation stages.

Figure 3. Characterization of the endomicroscopic µOCT system. (a) Measured axial profile
of the constructed endomicroscopic µOCT system by using a glass reflector as the sample. (b)
Measured axial profile acquired with a glass reflector (red curve) vs. measured noise floor
with reference light only (blue curve). The noise floor was averaged over 256 A-lines. The
signal power was plotted in a log scale. (c) Two-dimension images of the beam profile at
three different axial depths. Transverse profiles and lateral profiles were displayed in bottom
and left sides, respectively. Intensity is scaled in color bar. (d) µOCT image of the
microparticles phantom (upper left) and measured transverse profiles at three different axial
depths obtained from the µOCT image.

Figure 4. Cross-sectional images of a normal swine colon ex vivo. (a) Representative crosssectional µOCT image during circumferential scanning: it consists of 900 pixels (axial, 893.7
µm) × 6200 pixels (circumferential, minimum circle: 8375.5 µm). Red arrow indicates the
conjugated profile of the inner surface of the transparent tube covering the probe. The cellular
structures such as crypt lumens and goblet cells can be obviously captured in the indicated
areas by red boxes. (b-d) Respective zoomed-in views of three red boxes in (a) showing crypt
lumens (white arrows) and goblet cells (yellow arrow heads). Image Size: 475.5 µm
(circumferential, minimum circle) × 484.6 µm (axial). (e) Representative histology,
hematoxylin and eosin (H&E) staining. Black arrows indicate crypt lumens, and the yellow
arrow heads indicate goblet cells. Scale bars: 100 µm.

Figure 5. Cross-sectional images of a normal swine colon ex vivo by endomicroscopy µOCT
system. (a) Representative cross-sectional µOCT image during circumferential scanning: it
consists of 900 pixels (axial, 893.7 µm) × 6200 pixels (circumferential, minimum circle:
8375.5 µm). Red arrow indicates the conjugated profile of the inner surface of the transparent
tube covering the probe. The cellular structures such as crypt lumens and goblet cells can be
obviously captured in the indicated areas by red boxes. (b-d) Respective zoomed-in views of
three red boxes in (a) showing crypt lumens (white arrows) and goblet cells (yellow arrow
heads). Image Size: 475.5 µm (circumferential, minimum circle) × 484.6 µm (axial). Scale
bar: 100 µm.

Figure 6. Comparison of µOCT images with and without frame averaging and speckle
reduction algorithm. (a-c) µOCT images with frame averaging and speckle reduction
algorithm. (a’-c’) Original µOCT images without frame average and speckle reduction
algorithm corresponding to (a-c). Scale bar: 100 µm.

Gaphical Abstract
This paper presents a µOCT endomicroscopy system capable of acquiring cellular level
details of gastrointestinal tissues through circumferential scanning with 2.48-μm axial
resolution and 4.8-μm transverse resolution along the DOF of ~150 µm. The imaging results
demonstrate the feasibility of this fiber-optic µOCT system for visualizing cellular-level
morphological features, which paves the way for the surveillance, detection and treatment of
gastrointestinal tracts diseases.

