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Abstract

Endoscopic imaging technologies, such as endoscopic optical coherence tomography (OCT) and 

near infrared (NIR) fluorescence have been used to investigate vascular and morphological 

changes as hallmarks of early cancer in the gastrointestinal (GI) tract. Here, we developed a high 

speed multimodality endoscopic OCT and fluorescence imaging system. Using this system, the 

architectural morphology and vasculature of the rectum wall were obtained simultaneously from a 

Sprague Dawley (SD) rat in vivo. This multimodality imaging strategy in a single imaging system 

permits the use of a single imaging probe, thereby improving prognosis by early detection and 

reducing costs.
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Globally, there are ~1.4 million new cases and 694,000 deaths from colorectal cancer 

annually, which is the third most common type of cancer consisting of 10% of all cancer 

cases [1]. Currently, a clinician routinely applies endoscopy to visualize the rectum wall for 

diagnosis of the GI disease [2]. Due to the lack of depth information and limited sensitivity 

for the vascular lesion, the disorders in which early epithelial dysplastic changes are usually 

not clearly visible at endoscopy. In recent decades, more and more novel endoscopic 

imaging technologies [3–10] have been developed to visualize the sub-layered morphology 

and subsurface vascular network for providing necessary information in order to assess 

disease stage or progress and plan treatment therapies. For example, endoscopic ultrasound 

(EUS) [4, 11] imaging allows a clinician to obtain images of the GI tract and the 

surrounding tissue and organs with an imaging depth of ~7 mm and a resolution of ~150 μm. 

However, many disorders of the GI tract, cancer in particular, arise within the mucosa. 
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Therefore, limited by the resolution of the EUS, it is difficult to detect changes in the early 

stage of GI disease. Recently, endoscopic OCT [12–16] which is capable of providing high-

resolution cross-sectional images architectural- and cellular-tissue microstructure has been 

widely applied to image of the esophagus, stomach, small and large intestine, and biliary and 

pancreatic ducts. In addition, endoscopic Doppler OCT technology [15, 17, 18] has been 

applied in endoscopic imaging to visualize vascular networks without any exogenous 

fluorescent agent. However, limited by the phase stability of the system and movement from 

the imaging probe, the reconstructed Doppler OCT images often contain motion artifacts 

and have relatively low sensitivity for microvasculature due to random and slow flow speed 

of capillary. Another endoscopic angiography technology is NIR fluorescence imaging [3, 5, 

19–21] with indocyanine green (ICG), which provides high resolution microvasculature 

imaging and has been used clinically to observe a variety of vascular lesions, such as 

detecting abnormal submucosal vascularization in tumor lesions. By using different kinds of 

endoscopic imaging technology, the clinician is able to obtain various features of the 

biological tissue [6]. Therefore, in the clinic, several endoscopic imaging technologies are 

often needed to obtain enough features of the biological tissue for accurate diagnosis. The 

usage of different technologies increases the cost and time of imaging for hospitals and 

patients. Recently, several groups already reported integrated OCT and fluorescence imaging 

system [6, 22–27], and these works represent a significant step forward for the 

characterization of GI disease. However, in vivo mapping of microvascular network and 

characterization of tumor angiogenesis in GI remains a challenge. The multimodality 

endoscopic OCT and fluorescence imaging system for mapping microvascular network 

requires a combination of high speed, high spatial resolution, uniform scanning system, and 

FDA approved contrast agent. Although current reported imaging system can achieve some 

of the above attribute, none of the reported system has the combined attributes to be effective 

for high speed in vivo mapping of microvascular network.

Here, we report a high-speed multimodality endoscopic OCT and fluorescence imaging 

system that overcome current system limitations. Our endoscopic OCT and fluorescent 

system is based on a distal scanning method. A micro motor was used to drive the mirror 

with high speed to provide uniform rotation for resolving the microvasculature with high 

spatial resolution. In addition, we used an FDA approved contrast agent to visualized 

microvascular network with high sensitivity. A B-scan rate up to 100Hz (1000 A-lines/B-

scan) was achieved. Three-dimensional (3D) OCT and fluorescence images of rectum from a 

rat were demonstrated. For OCT images, the well-defined layered architecture can be 

identified clearly. For fluorescence images, we used the FDA-approved ICG which is excited 

by rays at a wavelength of 785 nm to emit fluorescence at a wavelength of 815 nm in the 

infrared (IR) range as a fluorescent marker to target vasculature. Our results indicate that the 

multimodality imaging system allows for better identification of the layered morphology and 

vascular network of the GI tract, which may provide new opportunities for detecting and 

monitoring GI diseases.

Figure 1 illustrates the overall setup of the multimodality imaging system. A wavelength 

division multiplexer is utilized to combine the OCT and fluorescence laser beams together. 

For OCT, a 1310 nm Micro-Electro-Mechanical (MEMS)-tunable Vertical Cavity Surface 

Emitting Laser (VCSEL) swept source laser with a sweeping rate of 100 kHz is used. For 
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fluorescence imaging, a 785-nm semi-conductive CW laser (IS785–50 IR, Meshtel) is used 

as the excitation source, which corresponds to the excitation peak of the ICG. A double clad 

fiber (DCF) coupler that combines a double-clad fiber (single mode core Ø 9 µm with 0.12 

NA, surrounded by a multimode inner cladding Ø 105 µm with 0.2 NA) with a standard 

step-index multimode fiber, is incorporated to transmit excitation light and collect emission 

light. For transmission, the combined beams go through the core of the DCF from port A to 

port S, and the small diameter of the single mode core contributes to high fluence on surface 

tissue, which enables a high efficiency excitation. The emission light will come back from 

the first clad of the DCF and core (port S) to a multimode fiber (port B) whose larger 

diameter and higher numerical aperture (NA) enhance the capability of collecting emission 

light, which is then detected by a photomultiplier tube (PMT, Hamamatsu, Photosensor 

module: H10722–20).

A multimodality OCT and fluorescence imaging probe based on a micro motor was 

designed and implemented, as is shown in Figure 2 (a). The combined beams propagate 

through the single mode core of the DCF, focused by a 1 Grin-lens (Aviation Magneto 

Optical Sensor Corp.) and reflected by a rod mirror with a diameter of 1 mm at an angle of 

45°, then to the tissue surface. In order to keep the optical beams accurately aligned with 

mirror that attached the shaft of micro motor, we glued a ferrule with the same outer 

diameter as the micro motor outside of the Grin-lens. A micro motor with a diameter of 2.4 

mm was used to rotate the rod mirror at a frame rate of 100 images per second. By pulling 

back the imaging probe with a speed of 1 mm/s, a helical scan pattern was performed, and 

then the 3D OCT (axial resolution: 8.7 μm, lateral resolution: 30 μm) and fluorescence 

images (lateral resolution: 27 μm) were obtained.

We imaged the rectum of a SD rat. The rat was placed in a closed plexiglass chamber into 

which 5% isoflurane in oxygen was allowed to flow in order to induce general anesthesia for 

restraint during the procedure. Following the gas anesthetic induction, the rat was removed 

from the chamber and an IP injection of ketamine hydrochloride (87mg/kg) and xylazine 

(10mg/kg) was administered through a 27G needle. After the rat was anesthetized, we 

performed enemas to clean the rectum and then inserted a balloon to inflate the rectum wall. 

After that, ICG (1. 5mg/Kg) was injected via tail vein to target blood vessels of the rectum 

wall; then the in vivo experiment was performed. All methods were carried out in 

accordance with the University of California, Irvine (UCI) Institutional Review Board (IRB) 

and the Institutional Biosafety Committee (IBC). All experimental protocols were approved 

by the UCI IBC under protocol #2016–3198.

Figures 3 shows the representative combined OCT (inner) and fluorescence (outer) B-scan 

images of the rectum along pullback direction. We acquired ~ 2400 B-scan OCT and 

fluorescence images with a pullback speed of 1mm/s. From the inner images, the typical 

layered architecture can be identified, indicated by the white dashed box. In addition, several 

black holes were found, which corresponds to blood vessels. The black shadow at the 8 

o’clock direction was caused by the lead of the micro-motor. The white and yellow arrows 

represent the OCT images of nylon tubing outside the micro-motor and balloon catheter, 

respectively. For fluorescence imaging, we injected ICG into the blood via the tail vein of 
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the rat. Therefore, all the blood vessels were targeted by ICG. That means the region which 

contains blood vessel will correspond to a high intensity in the fluorescence images.

Figures 4(b) and (c) show the reconstructed 2D OCT images along the pullback direction. 

Figure 4(d) shows the enlarged view of the dashed box in (b) in which the layered 

architecture can be visualized clearly (E, epithelium; tML, thin muscle layer; SM, 

submucosa; TML, thick muscle layer; S, serosa).

Figure 5 (a-f) shows representative 3D OCT, fluorescence and combined images. These 

results demonstrate that this multimodality endoscopic imaging system has the capability of 

visualizing the layered architecture and vasculature of the rectum wall simultaneously. 

Figure 5 (g) shows an unwrapped image from Figure 5 (e); the pattern of vasculature which 

is highly relevant to GI disease can be observed clearly. Figures 5 (h) and (i) are photos of 

the rat rectum. From Figure 5 (g), a big blood clot and three large vessel branches are clearly 

identified, which is consistent with the photos of the rectum indicated by green dashed box 

and arrows in Figure 5(h) and (i).

Endoscopic OCT and fluorescence imaging are non-invasive, non-ionizing imaging 

technology which are often used for the diagnosis and arrangement of GI disease. Here, we 

reported an endoscopic multimodality OCT and fluorescence imaging system which 

combines OCT and fluorescence imaging technology together to provide architectural 

morphology and molecular specifies of biological tissue simultaneously. The outer diameter 

of the imaging probe is around 3 mm, which is accessible through the accessory channel of 

the commercial endoscope. From the results obtained from an in vivo rat experiment, the 

typical layered architecture and microvasculature can be clearly identified. In the future, a 

diseased animal model will be studied for further verification of the performance of this 

multimodality endoscopic OCT and fluorescence.

In summary, this works presents in vivo multimodality endoscopic OCT and fluorescence 

imaging system. The images results demonstrate the ability for visualization of layered 

architecture and subsurface microvasculature, which has the potential to provide a new 

insight into the pathology of GI disease.
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Fig 1. 
Overall design of the multimodality system. WDM: wavelength division multiplexer. PMT: 

photomultiplier tube. DCF coupler: double clad fiber coupler.
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Fig 2. 
Endoscopic multimodality OCT and fluorescence imaging probe. (a) Overall schematics. (b) 

Photo of the imaging probe.
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Fig 3. 
Cross-sectional combined OCT and fluorescence images with different locations along 

pullback direction (see Visualization 1). White *：blood vessel；White +++：blood clot; 

Yellow *: black shadow which is caused by micro motor lead. White arrow: nylon tubing; 

yellow arrow: balloon catheter. Scale bar: 1 mm.
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Figure 4. 
Combined OCT and fluorescence images of the rat rectum. (a) Cross-sectional combined 

images of rectum, and the location is indicated by the white arrow in figure (b). (b) and (c) 

Cross-sectional combined images of rectum along pullback direction; section views are 

indicated by coordinates, respectively. (d) Enlarged view of the dashed box in (b) in which 

the different layered architecture of the rectum wall can be visualized clearly. E, epithelium; 

tML, thin muscle layer; SM, submucosa; TML, thick muscle layer; S, serosa. White Scale 
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bar: 1 mm. X and Y directions are perpendicular to each other, and both are in the vertical 

plane; Z: pullback direction.
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Figure 5. 
3D endoscopic OCT and fluorescence images of the rat rectum. (a), (b) and (c) 3D fly-

through OCT, fluorescence and combined images, respectively, inside the rectum wall (see 

Visualization 2). (d), (e) and (f) 3D OCT, fluorescence and combined images along the 

pullback direction. (g) En face unwrapped fluorescence image. (h) and (i) photos of the rat 

rectum. White and green arrows: major vessel branches. White and green dashed box: blood 

clot. X and Y directions are perpendicular to each other, and both are in the vertical plane; Z: 

pullback direction. White Scale bar: 1 mm.
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