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Abstract

Remote optical imaging of human tissue in vivo has been the foundation for the growth of minimally
invasive medicine. Improvements in endoscopic technology are critical for advancing the field of
gastroenterology. In this article, a completely new type of endoscopic imaging has been developed
and applied to the human esophagus, pig bile duct, and mouse colon. The technology is based on a
single optical fiber that is scanned at the distal tip of an ultrathin and flexible shaft that projects red,
green, and blue laser light onto tissue in a spiral pattern. The resulting images are high-quality color
video (high-resolution and wide field of view) which is expected to produce future endoscopes that
are thinner, longer, more flexible, and able to directly integrate the many recent advances of laser
diagnostics and therapies.

1. State of the Art in Gl Endoscopy

Since the early 19t century, endoscopic techniques and clinical procedures have developed in
synchrony with technological advances and the advent of new medical imaging tools. The use
of endoscopic tools and devices invented during this time have allowed for an increasing
number of minimally invasive imaging, diagnostic and surgical procedures. A brief timeline
outlining key developments of the endoscope is shown in Figure 1, which has been expanded
from Berci and Forde [1] and Sivak [2]. The development of the endoscope shows a trend:
smaller, more capable devices allowing for improved disease diagnosis and surgical
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intervention more deeply and into more organs, with the goals of improved patient outcomes
at reasonable cost.

Current techniques for endoscopic disease diagnoses throughout the GI system are based upon
the use of white light endoscopy in combination with biopsy. These Gl imaging and diagnostic
techniques were enabled with innovations from the 1950s. Chief among endoscopic
developments at this time were the use of television equipment for the acquisition of in vivo
images, the Hopkin’s rod lens system resulting in modern laproscopic imaging devices, and
Hirshowitz’s development of the flexible fiberscope for gastro-endoscopy. From these
inventions, the combination of in vivo imaging and tissue state diagnosis from biopsy samples
has yielded high sensitivity and specificity for disease diagnosis in accessible organs. Sivak
notes that following the rapid pace of innovation in the field of endoscopy from the 1950s to
the 1980s, the pace of innovation has slowed [2].

The pace of innovation may yet accelerate again as investigators are pursuing advances in four
areas: (1) accessing organs that are too small for current endoscopes or are distant from
gastrointestinal orifices — such as the pancreas [3,4], upper bilary tree [5], and small intestine
[6]; (2) improving the speed of disease diagnosis and selection of biopsy sites during a clinical
imaging procedures using non-invasive optical spectroscopic techniques [7]; (3) improving the
ability to deliver therapy during a clinical procedure to diseased tissue and; (4) reducing the
cost of endoscopic tools and time from disease diagnosis to surgical intervention for clinical
procedures, thus allowing for a reduction of total cost for the patient and health care system
and possibly wider availability of this medical care.

The last 20 years have seen the introduction of a number of new endoscopic imaging modalities
that have sought to improve the clinician’s ability to diagnose disease and image difficult to
access organs. Some of these techniques include: high magnification endoscopy, high
definition endoscopy, fluorescence and hyperspectral endoscopy, light scattering
spectroscopy, endoscopic optical coherence tomography, narrow band imaging, confocal
endoscopy, capsule endoscopy, double balloon enteroscopy, endocytoscopy, and
cholangioscopy. These imaging modalities, to be useful, need to achieve diagnostic sensitivity
and specificity comparable to that of the current white light imaging and biopsy techniques
while being inexpensive and capable of being used by current endoscopic clinicians. The
scanning fiber endoscope (SFE) is a new technology developed specifically for clinicians with
the objective of matching the high-quality imaging provided by current endoscopes at 1/3 the
size. In addition to being able to image previously inaccessible regions of the body, the SFE
is a platform on which to build many of the new optical diagnostic techniques listed above. In
this paper, the basic technology of SFE imaging is presented along with three examples, (1)
tethered-capsule endoscope for unsedated imaging of the esophagus, (2) ultrathin and flexible
endoscope for imaging the bile and pancreatic ducts, and (3) proof-of-concept study of
combining the SFE with autofluorescence detection of disease in the colon.

2. Scanning Fiber Endoscope (SFE)

SFE technology shows promise as an ultrathin and flexible endoscope resembling a catheter
in shape and size[7,8]. However, the means for imaging are completely different from all white-
light endoscopes which rely on one optical fiber or image sensor per display pixel. Instead, the
SFE scans red, green, and blue laser light that is focused onto the tissue and the backscattered
light is collected by several optical fibers and the image is generated by a computer one-pixel-
at-a-time. Although only narrow bands of light are projected onto the tissue, the backscattered
red at 635 nm, green at 532 nm, and blue at 440 nm provides excellent color fidelity. The distal
tip of the SFE probe is shown as a schematic drawing in Figure 2, consisting of a cantilevered
single-mode optical fiber, a tube piezoelectric actuator at the base of this cantilever and
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focusing lenses distal to the tip of this cantilevered optical fiber. The scanned illumination light
is collected by multi-mode optical fibers surrounding the fiber scanner and lens assembly.

Light is projected from the cantilevered optical fiber while it is actuated at its first mode of
mechanical resonance to create a scan. Two dimensional (2D) scan patterns are generated in
a SFE using a piezoelectric tube actuator with quartered electrodes. A circular scan can be
generated when the horizontal and vertical resonant vibrations of the scanning fiber have the
same frequency, but are 90 degrees out of phase. With axially-symmetric scanning fibers,
actuating a fiber at its resonant frequency allows for large fields of view in two dimensions.
Modulating the amplitude of the drive signal allows for creation of a spiral scan pattern and
2D image acquisition. An illustration of a simplified spiral scan system for image acquisition
is shown in Figure 3. The projected light is focused with a lens system onto an imaged surface.
Light backscattered or fluorescing from the imaged surface is detected pixel-by-pixel to form
an image. An example of a sequence of detected images is shown in Figure 4. These images
demonstrate that by changing the amplitude of the drive signal input into the piezo scanner,
the field-of-view (FOV) of the SFE can be altered. Decreasing the FOV of the scanning can
increase the display resolution of the SFE. An advantage of this method of image acquisition
is that the resolution of the acquired image is not limited by the number of detectors (optical
fibers or camera sensor array) in the flexible endoscope. This allows for small device size,
large FOV and resolution that is limited by the lens assembly and not the number of sensor
elements.

3. Tethered-Capsule Endoscopic (TCE) Imaging of Human Esophagus

To allow the patient to swallow the SFE probe for unsedated imaging of the esophagus, a
capsule 18 mm in length and 6.4 mm in diameter was placed around the rigid distal tip of the
SFE probe, as shown in Figure 5A. The 1.4 mm diameter tether is extremely soft and flexible
allowing the patient to swallow the TCE probe with a cup of water, see Figure 6A. One resulting
image of the gastroesophageal junction is shown in Figure 5B. The maximum FOV of this
forward viewing device was measured to be 118 degrees. A detailed description of the TCE
probe and imaging system for the purpose of screening for esophageal cancer and Barrett’s
esophagus is given by Seibel et al. [9]. The long term goal of this project is to provide a low-
cost technology solution to the projected high cost of screening programs for reducing mortality
from esophageal cancer. The TCE may also have a role in screening patients with cirrhosis for
esophageal varices or in the evaluation of patients with esophageal symptoms. The issue of
reusability of the TCE probe is currently being investigated, though disposability is also an
option as the SFE components are relatively low in cost.

4. Ultrathin Endoscopic Imaging of Pig Bile Duct

The small size of the SFE makes is suitable for optical imaging inside the biliary tree and main
pancreatic ducts. Though several endoscopic devices have been developed for direct optical
imaging of these organs, these devices have yet to gain widespread acceptance because of their
inferior image quality, expense, and fragility (e.g. minimum bend radius of fiberoptic image
bundles is typically greater than 30 mm). To make the SFE probe compatible with endoscopic
retrograde cholangiopancreatography (ERCP) guidewire insertion, the SFE probe tip had two
small wire loops to hold the 0.0225 inch diameter guidewire and the flexible shaft was extended
to four meters in length. Figure 6B shows an illustration of a SFE probe launched from the
working channel of a duodenoscope into the bile duct of a human.

4.1 Bile Duct Imaging Experimental Protocol

A therapeutic duodenoscope (ED-3470TK, PENTAX Corp., Tokyo, Japan) was introduced
into the esophagus of an anesthetized farm pig and passed into the duodenum. The bile duct
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orifice was located and cannulated with a sphincterotome. This procedure was completed by
manipulating a sphincterotome (D.A.S.H., Cook Medical Inc., Bloomington, IN) powered with
an electrocautery unit (Bard 3000, C. R. Bard Inc., Murray Hill, NJ) into the entrance to the
bile duct, and performing a sphincterotomy using pure cut current. Following the cutting
operation, we inserted a guide wire and injected a radio dye contrast agent, iothalamate
meglumine (Conray-60, Mallinckrodt Medical, St. Louis, MO), into the bile duct. While
holding the guidewire in place, the sphincterotome was removed and the SFE probe was
launched over the guide wire through the duodendoscope’s working channel into the bile duct.
Care was taken to avoid putting pressure on the tip of the SFE with the elevator of the
duodenoscope. Imaging was performed by slow withdrawal of the SFE probe from the bile
duct, while modifying its position within the organ by making small adjustments of the
duodenoscope. Figure 7 shows representative images acquired during this procedure. We
believe that the SFE can be a useful tool for clinicians to optically image inside the bile and
main pancreatic ducts. This tool is compatible with current endoscopic imaging practices and
techniques inside these organs.

5. Laser-Induced Fluorescent Imaging

In recent years, laser induced fluorescent (LIF) imaging has been a popular technique for tissue
diagnosis. LIF imaging uses low wavelength light as an excitation source, stimulating
autofluorescent emission from endogenous fluorophores in tissue. Detection of the
autofluorescent light provides insight into the biochemistry and microarchitecture of imaged
tissues and can be used to distinguish between healthy and diseased tissue in both single-point
acquisition and imaging devices. Investigators have used various UV or visible light sources,
illumination fibers, dichroic filters and beam splitters, and fibers or CCD arrays for real-time
in vivo endoscopic imaging [10-14]. These systems have been used primarily to image the
human colon and central bronchial tree due to the large size of the optics and hardware housed
in the endoscope. This technique is a popular choice for tissue diagnosis because it relies upon
well known technologies, is similar to currently employed endoscopic imaging procedures,
and does not require the addition of exogenous reporter dyes to acquire diagnostic information
about tissue state. Due to the sharp bending of the shaft required to reach the pancreatic and
bile ducts, semi-flexible fiberoptic imaging bundles are not a clinical option, while the SFE
may be an ideal solution. An SFE with LIF has been developed based upon ex vivo LIF
spectroscopic analysis using an inflammatory bowel disease (IBD) model for the detection of
pre-cancerous to cancerous progression [15].

We have extended the capability of the SFE from a RGB reflectance imaging device to a
diagnostic tool by imaging laser induced fluorescence (LIF) in tissue, allowing for correlation
of endogenous fluorescence to tissue state. Design of the SFE for diagnostic imaging was
guided by a comparison of single point spectra acquired from an IBD model to tissue histology
evaluated by a pathologist.

5.1 Experimental protocol for correlating LIF with disease state of colon

LIF spectra were acquired by illuminating tissue with a 405 nm light source and detecting
intrinsic fluorescence with a multimode optical fiber. The IBD model used in this study was
mdrla~~ mice, where IBD was modulated by infection with Helicobacter bilis. It has
previously been shown that infection of mdria~~ mice with Helicobacter can trigger IBD, and
this mouse model has been used as an animal model of ulcerative colitis, a form of IBD
afflicting humans [16,17]. Though mdrla~/~ mice have been shown to spontaneously develop
colitis, a species of Helicobacter that infects rodents - H. bilis - has been used to accelerate the
development of IBD in our mouse model. The chief advantages of this mouse model are that
it develops gradations of inflammation and dysplasia throughout the length of its colon as soon
as three weeks following an infection modulated with H. bilis. IBD lesions in the mouse model

Gastrointest Endosc Clin N Am. Author manuscript; available in PMC 2009 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Seibel et al.

Page 5

ranged from mild to marked hyperplasia and dysplasia, from the distal colon to the caecum.
Figure 8A illustrates a dissected mouse colon and caecum while Figure 8B shows the location
of the spectra samples in the mice.

A principle components analysis (PCA) was conducted on single point spectra of control and
IBD tissue. PCA allowed for differentiation between healthy and dysplastic tissue, indicating
that emission wavelengths from 620 — 650 nm were best able to differentiate diseased tissue
and inflammation from normal healthy tissue. The difference between the average IBD sample
and the average control sample can be seen in Figure 8C. Note the difference in average peak
heights in the 600-700 nm spectral region. The data indicates that detected fluorescent intensity
can change as much as 10X between spectral samples, and generally there are three fluorescent
peaks, a broad beak between 420-600 nm, and sharper peaks between 620-650 nm and 650-
700 nm.

PCA results show that increased fluorescent intensity in the spectral region from 620-650 nm
indicates a higher probability of diseased tissue while fluorescent intensity from 420-600 nm
is relatively independent of tissue state [15]. We are currently designing a SFE device to image
fluorescent light in both spectral regions, and compare the returned fluorescent intensities of
these two spectral regions to acquire an image of tissue disease state in vivo.

6. Discussion and Conclusions

To summarize these preliminary results of testing the SFE technology, the TCE imaging of the
human esophagus demonstrates the potential for a low-cost screening application for
esophageal pathology, such as Barrett’s esophagus or esophageal varices. In the bile duct of
the pig, the 4-meter long SFE probe demonstrates the potential for a longer and more flexible
babyscope, extending the use of endoscopy to previously inaccessible regions of the body. At
1.2 mm in outer diameter and a shaft of calibrated stiffness, the SFE probe could simply be a
“guidewire with eyes” and replace the step of inserting a metal guidewire and possibly eliminate
the requirement for fluoroscopy. In both imaging applications, no working channel was
developed for the SFE probe. However, if the SFE probe is used like a catheter then
interventional tools can be co-axial or side-by-side with the guidewire, such as a cannula brush,
a cannula needle, or a cannula-style forceps.

With the advent of many different laser diagnostics, the SFE provides a platform to add image-
guided disease diagnosis and selection of biopsy sites. The integration of LIF in an ultrathin
SFE probe allowed autofluorescence spectroscopy of a mouse model of disease. Using the
feature of interrupting the fiber scanning in a frame-sequential manner as illustrated in Figure
3, a spot optical biopsy measurement can be acquired at the center of the imaged field.
Previously, we have demonstrated that high intensity laser light - 35 mW at 405 nm - can be
delivered through our single-mode optical fiber and focused to perform hole drilling [18]. This
indicates that future versions of the SFE may prove useful for delivery of in vivo laser therapy
such as hole drilling, laser cutting, and photodynamic therapy as well as laser diagnostics in a
frame sequential manner with imaging. Thus, the SFE technology promises to image of both
high-resolution and wide field of view and provide real-time magnification while also being
able to be thinner, longer, more flexible, and possibly manufactured at lower cost than current
endoscopes. The SFE laser scanned imaging technology is compatible with many of the
advanced imaging technologies that have emerged since the start of the 215t century, and may
improve patient outcomes and both expand and reduce the cost of endoscopic procedures in
the years ahead.
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Figure 1.

Timeline of technological innovations in endoscopy and minimally invasive surgery
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Figure 2.

Distal tip of a SFE probe in cross-section view (vertical expanded 2X more than horizontal for
viewing): 1. tube piezoelectric drive signal wiring, 2. piezoelectric mount collar, 3. ring of light
collection multimode optical fibers, 4. illumination lens package, 5. piezoelectric tube actuator,
6. scanning single mode optical fiber as a base-excited cantilever, 7. stainless steel tube
enclosure. Current size of the rigid distal tip is 1.2 mm in outer diameter and 8 to 10 mm in
length for fiber scanning at 30 frames per second at 500-lines per color image. Side-viewing
is possible by adding 90-degree reflection at the tip.
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Figure 3.

Scan method of the SFE. A piezoelectric tube is driven with a sinusoid where the X and Y axes
are 90 degrees out of phase while the signal amplitude is modulated. This results in a space-
filling spiral scan. Backscattered light measured by the detector at each pixel location is
assembled to form an image displayed on a screen. Between frames (*) the fiber scanner is
brought to rest and a spectroscopic measurement can be made to diagnose tissue or high-power
laser light can be turned on for laser therapy in a frame-sequential manner.
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Figure 4.

Images of a US Air Force standard resolution target acquired with a monochrome SFE. Figures
4A-C shows an image was acquired with a 30Volt, 15V and 5V scan, respectively. The
scanning fiber system acquired these images at 30 Hz, at 250 spirals per scan or 500 lines per
image. The SFE used to acquire these images is 1.2 mm in diameter, with a single ring of 50
um glass multimode fibers used to collect the backscattered light to photomultiplier detectors,
and a PENTAX lens assembly was used to focus laser light projected from the scanning fiber.
The bar-space patterns on the image are separated by 88.3 um at location 2—4, 27.9 um at
location 4-2, and by 13.9 um at location 5-2, top right in 4C. Note there is an ovular indentation
marked on the test target that is visible in the magnified images.
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Figure 5.
5A. TCE probe 5B TCE probe color image of the author’s gastroesophageal junction.
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Figure 6.

6A. TCE probe being withdrawn from the first human subject with live video image being
displayed above the TCE base station in background. 6B Illustration of a duodenoscope
launching a SFE probe into the human bile duct, artwork by Duff Hendrickson.
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Figure 7.

7A. Image from fluoroscope showing (1) SFE probe, (2) bile duct, and (3) duodenoscope,
7B SFE image of the duodenoscope working channel and (4) guide wire, 7C SFE image of the
pig bile duct.
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8A. lllustration of dissected mouse abdominal cavity, showing distal, medial, and proximal
colon as well as caecum 8B. Sample sites along mouse colon 8C. Average IBD and control
tissue spectra. Note that every 5 variable is plotted in this figure, and the dashed lines represent

one standard deviation of acquired spectral data.
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