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ABSTRACT

We developed an ultrahigh speed endoscopic swept source optical coherence tomography (OCT) system for clinical
gastroenterology using a vertical-cavity surface-emitting laser (VCSEL) and micromotor based imaging catheter, which
provided an imaging speed of 600 kHz axial scan rate and 8 um axial resolution in tissue. The micromotor catheter was
3.2 mm in diameter and could be introduced through the 3.7 mm accessory port of an endoscope. Imaging was
performed at 400 frames per second with an 8 um spot size using a pullback to generate volumetric data over 16 mm
with a pixel spacing of 5 um in the longitudinal direction. Three-dimensional OCT (3D-OCT) imaging was performed in
patients with a cross section of pathologies undergoing standard upper and lower endoscopy at the Veterans Affairs
Boston Healthcare System (VABHS). Patients with Barrett’s esophagus, dysplasia, and inflammatory bowel disease
were imaged. The use of distally actuated imaging catheters allowed OCT imaging with more flexibility such as
volumetric imaging in the terminal ileum and the assessment of the hiatal hernia using retroflex imaging. The high
rotational stability of the micromotor enabled 3D volumetric imaging with micron scale volumetric accuracy for both en
face and cross-sectional imaging. The ability to perform 3D OCT imaging in the GI tract with microscopic accuracy
should enable a wide range of studies to investigate the ability of OCT to detect pathology as well as assess treatment
response.

Keywords: Optical coherence tomography; Medical and biological imaging; Endoscopic imaging; Gastrointestinal;
Three-dimensional imaging acquisition; Fiber optics imaging; Scanner; Medical optics instrument; angiography.

INTRODUCTION
Gastrointestinal (GI) cancer is one of the most common cancers in the United States and is highly lethal [1, 2]. By early
detecting the pre-malignant lesion such as dysplasia in the Gl tract, early treatment can be applied to achieve a high
percentage of regression in patients with dysplasia [3], indicating the importance of early detection and treatment of
dysplasia to prevent cancer progression in the Gl tract. Several endoscopic imaging technologies have been developed to
increase the yield of the endoscopy surveillance including narrow band imaging (NBI) [4, 5], chromoendoscopy (CE) [6-
9], magnified endoscopy [10-12], confocal microendoscopy [13-18], and optical coherence tomography (OCT) [19-22].
OCT is a real-time optical imaging technique that is similar to ultrasonography in principle, but employs lasers instead of
sound waves and allows depth-resolved images with near-microscopic resolution. Endoscopic OCT uniquely allows
evaluation of broad and subsurface areas and can be used ancillary to standard endoscopy as an optical biopsy tool, but
to date whether it can be used to identify dysplastic regions remains controversial [23, 24]. Current clinical endoscopic
OCT systems are not able to provide good quality volumetric data sets due to the limitation of imaging speed and the
scanning uniformity, so the true capability of OCT has not yet been fully realized in the endoscopic applications. In this
study, we developed an ultrahigh speed endoscopic OCT imaging system for clinical gastroenterology using a high speed
swept source and a micromotor based imaging catheter, and performed endoscopic OCT imaging in the human GI tract
with a 10 folds higher imaging speed and dramatically improved scanning stability compared to commercially available
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endoscopic OCT systems. High quality volumetric data sets covering large areas in the GI tract not only allow
visualization of the tissue structure in any orientation, but also provide more structural information including angiograms
at microscopic resolution that helps accurately detect dysplastic lesion.

METHOD

The ultrahigh speed endoscopic OCT system used in this study, as shown in Figure 1, illuminated tissue using a 1.3 um
VCSEL light source with a sweep rate of 600 kHz and tuning range of 120 nm. Circumferential, cross-sectional images
at 400 frames per second using a total of 1,500 axial scans per image were acquired. The total image acquisition time
was 8 seconds for each volumetric data set. The axial resolution was 8 um in tissue, given the estimated refractive index
of tissue is 1.38, and the sensitivity was ~101 dB. Each image frame was flattened according to the sheath surface of the
imaging catheter before three-dimensional volume rendering, which allows better en face visualization. All cross-
sectional and en face images shown below are formed by averaging the volumetric data over 20 um thick section to
reduce speckle noise.
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Figure 1. Schematic of swept source OCT system (optics: blue; electronics: green). Right inset showing the catheter
indicates the rotary scanning direction of the focused spot. Left inset shows the principle of optical frequency clock (OFC)
generation using the MZI output. Zero crossings are unevenly spaced in time, but evenly spaced in optical frequency v. C:
circulator; MZI: Mach-Zehnder interferometer; RM: reference mirror; DA: differential amplifier; P: photodetector; PIU:
patient interface unit; AWG: arbitrary waveform generator; HVAMP: high voltage amplifier.

Figure 2 shows the schematic of the imaging catheter used in the study, which is the same imaging catheter design
published in [25]. The spot size was 15 um (FWHM) in tissue. By pulling the optical and motor assembly from the
proximal end of the torque coil during the rotary image acquisition, a spiral scanning pattern could be performed. The
catheter had a 3.2 mm outer diameter and 18.2 mm rigid length and could pass through a 3.7 mm endoscope working
channel. The micromotor could rotate uniformly with an imaging frame rate from 20 fps to 1,200 fps. In this study, a
frame rate of 24,000 rpm (400 fps) and a pullback speed of 2 mm/s were used to acquire the 3D-OCT data sets. The total
length of the torque coil and sheath for the prototype catheter was 2 meters.
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Figure 2. Schematic diagrams of the micromotor-based imaging catheter using the dual sheaths design.
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RESULTS
Figure 3 shows volumetric OCT acquired in a patient with dysplasia. The en face view (Fig. 3a) shows the branching
and elongated pit pattern of HGD without applying any exogenous contrast agent, which was confirmed by histology
shown in Fig. 3d.

RS ST
Figure 3. Volumetric OCT data set of Barrett’s esophagus with high grade dysplasia acquired using the ultrahigh speed
endoscopic OCT system. (a) En face view at the imaging depth of 200 pum shows branching characteristics of the dysplastic
BE structure. (b) Cross-sectional image along the pullback direction shows the glandular structure of BE which lost the
organized layered structure as normal esophagus. (c) Cross-sectional image along the rotary (fast scan) direction shows the
glandular structure of BE with high grade dysplasia. (d) Corresponding histology taken at the imaged location confirmed
focal high grade dysplasia. Scale bar: 1 mm.

Figure 4 shows the volumetric OCT imaging with the catheter placed on top of the normal terminal ileum (TI). Fig. 4a
shows an en face OCT image centered at a tissue depth of 50 um, corresponding to the top surface of the villi structure.
The en face image on the terminal ileum surface shows similar structure observed in the endoscopic view but with high
magnification, allowing better evaluation of the morphology of the duodenum. Fig. 4b shows another en face OCT
image centered at a tissue depth of 300 um, corresponding to the base of the ileum villi. The round, crypt-like structure
can be distinguished in the en face image at the depth, showing the transverse cross-section of the villi. Fig. 4c and Fig.
4d show cross-sectional images along the pullback and rotary direction. The Preyer’s patches can be observed in Fig 4c
as the thick, hyposcattering layer between the hyperscattering lamina propria and submucosa layers. The imaged
terminal ileum area was biopsied immediately after the OCT imaging for histology comparison. Fig. 4e shows the
corresponding histology and it was diagnosed as a normal terminal ileum, consistent with the observation of the OCT
images. The depth of the standard biopsy barely reaches the muscularis mucosa, while OCT images consistently show as
deep as the submucosa layers with much larger coverage, suggesting endoscopic OCT can be used as an imaging-guided
biopsy tool to minimize the sampling error of random biopsy, which is the current gold standard of diagnosis.

Figure 5 shows a preliminary volumetric OCT data acquired in a patient with normal esophagus using the imaging
system. Fig. 5b shows the world’s first endoscopic OCT angiography of the vascular structure in the lamina propria of
the esophagus. OCT angiography detects blood flow by rapidly rescanning overlapping image planes and measuring
decorrelation generated by motion [26-33]. OCT angiography generates 3D images of subsurface vasculature without
requiring exogenous contrast. These results demonstrated high speed and high resolution imaging of architectural
morphology and vascular structure.
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Figure 4. In vivo imaging of the terminal ileum. (a) En face image at the imaging depth of 50 um shows typical villi
structure. (b) En face image at the imaging depth of 300 um shows a numerous of glandular structure underneath the tissue
surface. (c) Cross-sectional image along the pullback direction. (d) Cross-sectional image along the rotary direction. ()
Corresponding histology of the terminal ileum, which is diagnosed as a normal ileum. Red arrow: ileum glands. Blue arrows:
Preyer’s patches.

Figure 5. Volumetric OCT of normal human esophagus with a micromotor imaging catheter. (a) En face image at a depth of
240 pum shows buried glands indicated by red arrows. (b) OCT angiography shows vasculature at same imaging depth.

In conclusion, this clinical pilot study demonstrated the in vivo detection of dysplastic lesions in the GI tract using
ultrahigh speed endoscopic OCT imaging based on both en face pit pattern and cross-sectional surface maturation with
near-microscopic resolution. With the high scanning stability and high imaging speed, endoscopic OCT angiography was
also performed in the human Gl tract, showing the capability of differentiating the 3D microvasculature between normal
and diseased tissues without the need of exogenous contrast agents. The ability to visualize both 3D morphologic
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structure and vasculature in the GI tract not only enables comprehensive diagnosis of Gl diseases but also opens a whole
new window of investigating tumor-associated neovascularization and the research of vessel-related diseases.
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