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1. Introduction to ultrathin flexible
endoscopes

Medical imaging of internal organs can be categor-
ized into two groups: (1) structure-based imaging,
such as X-ray computed tomography (CT), mag-
netic resonance imaging (MRI), and ultrasound,
which typically image at low spatiotemporal resolu-
tion (millimeters, seconds); and (2) surface-based
imaging using optical endoscope technologies, which

image at high spatiotemporal resolution (micro-
meters, milliseconds). Because endoscopic imaging
requires direct visualization of internal organ sur-
faces, both illumination and detection elements
must be ported through an often tortuous anatomi-
cal geometry to a region of interest. As such, the
accessibility of internal organs is dictated by both
the size and rigidity of the endoscope. For many ap-
plications, a smaller diameter and flexible endo-
scope is often preferred for reducing tissue trauma
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In modern endoscopy, wide field of view and full color
are considered necessary for navigating inside the body,
inspecting tissue for disease and guiding interventions
such as biopsy or surgery. Current flexible endoscope
technologies suffer from reduced resolution when device
diameter shrinks. Endoscopic procedures today, using
coherent fiber-bundle technology on the scale of 1 mm,
are performed with such poor image quality that the
clinician’s vision meets the criteria for legal blindness.
Here, we review a new and versatile scanning fiber-im-
aging technology and describe its implementation for ul-
trathin and flexible endoscopy. This scanning fiber endo-
scope (SFE) or catheterscope enables high-quality, laser-
based, video imaging for ultrathin clinical applications,
while also providing new options for in vivo biological
research of subsurface tissue and high resolution fluores-
cence imaging.

Looking into the imaging head of a 1.2 mm scanning fiber
endoscope
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and medication (sedation) to reduce pain experi-
enced by the subject [1].

Conventional flexible endoscopes are approxi-
mately the same thickness as a human finger and are
primarily designed for high-quality color imaging.
Relatively wide field of view imaging (>70� FOV) is
necessary for navigating the scope within the body,
inspecting tissue, diagnosing disease, and guiding sur-
gical interventions. Flexible endoscopy was ushered
in by coherent fiberoptic bundles (CFB), which
serve as bendable conduits for transmitting light be-
tween proximal and distal ends of the endoscope [2].
CFB technology is still in use today, but more mod-
ern incarnations often employ a proximal video cam-
era for image capture and subsequent display on a
video monitor. Most flexible endoscopes are com-
prised of miniature charge-coupled device (CCD)
video chips that have been placed at the distal tip of
the flexible shaft, using incoherent optical fiber bun-
dles to deliver white-light diffuse illumination [3].
Although these approaches technically differ, they
share a common design feature: every pixel in the
video display is associated with an imaging element,
be it an optical core in the CFB or sensor element in
a miniature video chip.

To accommodate imaging within small vessels, lu-
mens, and ducts within the human body, ultrathin en-
doscopes have been developed by reducing the over-
all device diameter. However, ultrathin endoscopes
less than 3 mm in diameter suffer from reduced im-
age quality using conventional imaging technology.
Typically, the minimum center-to-center spacing of
imaging elements is 3 mm, requiring over 3 mm in di-
ameter to produce 1024 line images. Manufacturers of-
fer a wide assortment of CFB sizes and lengths suita-
ble for endoscopic use [4, 5]. However, the CFB glass
is suited for illumination in the visible to infrared
range [6, 7], but not for wide-field fluorescence im-
aging using UVexcitation [8]. To achieve higher spatial
resolution while sacrificing FOV, laser-beam scanning
at the proximal end of the CFB is performed in a con-
focal geometry for fluorescence microscopy, endo-
scopic microscopy or endomicroscopy [8–11].

Despite the unique advantages offered by CFB
endoscopes as a passive device, there are also a
number of limitations. Physically, the CFB is semiri-
gid as the optical fibers are typically fused into a sin-
gle glass rod. Bending the CFB often leads to core
fracture, creating dead pixels in the display. During a
clinical procedure, unintended perforation is per-
ceived as a serious problem with ultrathin, semirigid
endoscopes [12]. The ability to control shaft rigidity
down to extreme flexibility of guidewires and cathe-
ters is needed. By matching endoscope mechanical
properties to those of the target organ, the risk of
perforation by submillimeter diameter scopes can be
avoided [13]. Leached CFB technologies contain a
nonfused length between distal and proximal ends,

and were developed to alleviate durability and flex-
ibility issues. These leached fiber bundles do exhibit
some superior mechanical properties, but 2� lower
core density than CFB and higher cost deter their
acceptance [14].

The most confounding limitation of CFBs is poor
image quality due to the restricted number of im-
aging pixels and a honeycomb effect produced by
nonimaging space between optical cores. Both high
resolution and wide FOV are not possible (see Sec-
tion 4.2). For example, a standard CFB of 30 000 op-
tical fibers has a 3 mm center-to-center spacing across
an active area of 0.75 mm diameter resulting in 250
pixels across the FOV. If the distal lens produces an
imaging FOV of 75�, then the minimal angle of reso-
lution is roughly 0.3� per pixel. The human eye has a
minimum angle of resolution of 1 min of arc or 1/60�

or 0.0167�. Typically the primary legal definition for
blindness is 10� lower visual acuity than normal vi-
sion (20/200 in USA or 6/60 in Europe [15], see also
http://en.wikipedia.org/wiki/Blindness), which trans-
lates to 0.167�. A 1 mm endoscope using a ring of
illumination fibers around a standard 30 000 fiber
bundle generates images below the limit of legal
blindness. Visual acuity can be increased by restrict-
ing FOV and magnifying the image, accomplished by
changing the lensing. Although subcellular resolu-
tion is achievable, the microscopic FOV greatly im-
pedes the utility of the endoscope. Again, the legal
definition of blindness is helpful because its second-
ary criterion is having a restricted FOV (<20�) even
with average visual acuity. These optical and me-
chanical limitations of CFB devices explain, in large
part, why ultrathin flexible endoscopes are only
minimally sufficient and not routinely used for medi-
cal procedures. Albeit there is great potential for
performing less-invasive procedures in previously in-
accessible regions of the human body if limitations
in image quality and endoscope flexibility can be
overcome.

In this paper, we review developments in the
field of endoscopy and endomicroscopy with com-
parisons to a new scanning fiber endoscope (SFE)
technology we have invented for the purpose of en-
hancing the performance of ultrathin flexible endo-
scopes and catheterscopes [1, 16]. The SFE technol-
ogy produces high-resolution, large-FOV images by
active scanning of laser light instead of passive im-
aging from diffuse white-light illumination. Low-
power red, green, and blue (RGB) laser light is com-
bined at the proximal end of the SFE and conveyed
to the distal end using a single-mode optical fiber in
a coaxial configuration. A fiber scanner is located at
the scope’s distal tip of the endoscope concentric
with the optical axis, which allows diffraction-limited
focus through the central part of the lens. When the
near-end of this single optical fiber is held by a small
piezoelectric actuator, the cantilevered free end of
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this optical waveguide can be vibrated near its me-
chanical resonance. A less than �0.4 mm in lateral
free-end deflection amplitude of the central fiber can
project scanned laser illumination to greater than
100�, full angle to achieve wide FOV. Detection of
the laser light can be realized in various reflection
mode geometries. In this paper several modes of
light collection are explained (see Section 2.4),
though emphasis is placed on the nonconfocal mode
of operation, as this geometry allows for wide FOV
and high-quality color imaging that is essential to
endoscopy.

Following a detailed description of the SFE tech-
nology in Section 2, unique features are discussed in
Section 3. Alternative emerging endoscope technolo-
gies are compared in Section 4 with detailed compar-
isons of the SFE to conventional CFB and camera-
based endoscopes. Specific clinical and research ap-
plications of SFE to wide-field imaging and of in
vivo fluorescence SFE microscopy are reviewed in
Section 5. In the latter application, subsurface func-
tional imaging of the rodent brain is accomplished
using the versatile SFE in combination with higher
numerical aperture (NA) optics to achieve submi-
crometer lateral resolution. To conclude this review,
we examine how this SFE instrumentation can ad-
vance clinical endoscopy and biomedical research. It
is possible that entirely new concepts will be em-
braced by the next generation of clinicians who rou-
tinely use ultrathin flexible endoscopes for minimally
invasive medical procedures.

2. Scanning fiber endoscope (SFE)

SFE technology has been developed at the Univer-
sity of Washington for the purpose of providing
high-quality laser-based imaging within an ultrathin

and flexible endoscope [16–19]. To our knowledge,
the concept of moving an optical fiber to produce
2D images with confocal sectioning and laser illumi-
nation was first proposed for endoscopic applications
by Giniunas et al. [20] in 1993. The major advance-
ment of the SFE is rapid scanning and generation of
high-quality images using an amplitude-modulated
resonating fiber. This technique is versatile, allowing
advanced laser-based diagnostics and therapeutics to
be image guided.

2.1. Mechanically resonant fiber scanner

The central component of the SFE technology is a
single optical waveguide vibrated at mechanical re-
sonance to scan RGB laser light onto the image
plane. The resonant single-mode optical fiber is vi-
brated laterally using a custom tubular piezoelectric
(PZT 5A) actuator in an ultracompact coaxial design
(Figure 1). The lateral vibratory motion can be mod-
eled as a cylindrical, base-excited cantilever with
fixed-free boundary conditions as in Eq. (1) [21].
The cantilever diameter is either the standard
125 micrometer or 80 mm cladding diameter of a
fused silica, single-mode optical fiber [1]. Different
specialty fibers can be used for particular applica-
tions, such as hollow-core photonics crystal fibers
(PCFs) for distortion-free femtosecond pulse deliv-
ery [18, 22, 23]. The cantilever length is the exten-
sion of the fiber beyond the distal end of the tubular
piezoelectric actuator (tube piezo), which determines
the resonant frequency. By electrically driving the
tube piezo near the scanning fiber’s fundamental
mode of lateral resonance, the fiber tip motion ex-
periences a mechanical gain of 100 to 200 [24]. Shap-
ing the cross-sectional axial profile along this fiber-
optic cantilever from a cylinder to a more complex
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Figure 1 (online color at: www.biophotonics-journal.org) Functional diagram of the SFE with the scanning illumination
fiber moving in the spiral scan pattern. A magnified view of the coaxial scanner design is shown, which consists of the
central single-mode optical fiber that is cantilevered from the tip of a tubular piezoelectric actuator, held by a mounting
collar.
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shape by acid etching can produce additional gains
of 30% to 100% [25, 26]. Nonetheless, the general
coaxial design of the SFE (Figure 1) is ideal for the
compact and simple design of ultrathin endoscopes.

F ¼ p
ffiffiffiffi

E
p

16
ffiffiffi

r
p R

L2
ð1:1942, 2:9882, . . .Þ ð1Þ

In Eq. (1) describing the resonant frequency F, r is
the fiber density, E is the modulus of elasticity, R is
the radius, and L is the length of the solid cylindrical
fiber cantilever. Typical first-mode fiber resonance
frequencies of 5 to 12 kHz are used for 1 mm cathe-
terscopes with solid fused silica optical fibers of 125
to 80 mm in diameter, respectively. The mechanical
resonance of the tube piezodriver can be ignored be-
cause the first resonant frequency of the short tubu-
lar structure is at least twice the first mechanical re-
sonance of the fiber.

2.2. Amplitude-modulated control of 2D
resonant scanning

Most resonant mechanical devices are operated at a
fixed frequency and amplitude. The SFE operation
is unconventional, as the optical fiber cantilever is
rapidly excited and actively damped. Each video
frame consists of three distinct phases: imaging, ac-
tive breaking, and free decay (Figure 2). Each frame
is captured by scanning the image plane in an out-
wardly growing spiral pattern. This spiral pattern is
generated by applying increasing sine and cosine
drive functions in the x and y image plane axes.
Modest amounts of phase and amplitude adjustment
are applied to the drive signal to optimize scan circu-
larity. Upon completion of the spiral scan, an active
breaking sequence drives the fiber back to its rest
position by applying a high-amplitude drive signal
that lags the fiber motion by 90�. This drive signal
rapidly removes 95% of the scan motion in 5 to 30
cycles. Finally, actuation is halted, allowing the resi-
dual motion to decay naturally until the start of the
next frame. Video imaging at 30 Hz and 500 lines
per image is the standard scan setting. By changing

these parameters, alternative frame sizes, shapes,
and durations can be achieved. For example, the
standard 500 line images at 30 Hz frame rate can be
changed to 1000 line images at 15 Hz for increased
spatial resolution and reduced temporal resolution
in the form of frame rate.

2.3. Calibrating the fiber scanner for high
image quality

Closed-loop scanner feedback control is not required
for maintaining high image quality for clinical appli-
cations. After the multilens assembly is aligned with
the fiber scanner, the separation between fiber scan-
ner tip and lens assembly determines the plane of
sharpest focus. Typically, a low-NA endoscope lens
assembly is used (Pentax, HOYA Corp.), resulting in
a large depth of focus that is useful for resolving
anatomical features over a large range of distances.
The lenses can be adjusted during assembly to pro-
vide either 1–30 mm for small lumens or 2–60 mm
for large lumens (Table 1). Other factors affect
depth of focus, such as laser illumination power,
number and size of collection fibers, sensitivity of
light detection, and reflectivity of the object (tissue).
The current SFE has laser powers of 1 mW blue
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Figure 2 (online color at: www.biophotonics-journal.org)
Electronic functional diagram of amplitude-modulated
drive of the fiber scanner.

Table 1 1.2 mm SFE standard components.

Part (quantity) Dimensions Description

Tube piezo (1) 0.45 mm OD, 4 mm long PZT5-A material
Drive electrodes (4) 5 mm thickness Nickel plate material
Scan fiber (1) 0.080 mm OD, 2.27 mm long Single-mode 0.13 NA 11 kHz res. freq
Lens assembly (1) 0.80 mm apertures OD 1–30 mm or 2–60 mm focal length, 100� FOV
Collection fibers (63) 0.050 mm OD 0.66 NA
Tip housing (1) 1.2 mm OD, 9 mm long Stainless steel material
Flexible shaft (1) 1.2 mm OD, 1–4 m long 6 mm minimum bend radius
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(442 nm), 2 mW green (532 nm), and 2 mW red
(635 nm) [18, 27]. Before initial use, the SFE probe
is calibrated using a 2D position-sensing diode
(UDT DLS-20) to maximize FOV, minimize scanner
distortions, and provide white balance and chromatic
compensation. A look-up table (LUT) can be used
for each laser frequency to remap each point in the
spiral scan pattern to a pixel position in rectilinear
coordinates for electronic RGB digital display. In
this way, sophisticated lateral chromatic aberration
control is not necessary for the endoscope lens as-
sembly. Each calibration setting is then stored as a
file that can then be reloaded upon subsequent use,
negating the need for future recalibration under nor-
mal operating conditions. Closed-loop temperature
stabilization is important for any resonant scanner,
especially for in vivo environs, where temperature
changes occur as a result of contact with tissue, bio-
logical fluids (blood, mucus, etc.), and flushing fluids
(saline, anesthetics, etc.).

2.4. Imaging modalities

In the standard SFE configuration, the RGB laser
illumination is combined at the base station and
coupled into the core of a single-mode optical fiber
by a fiberoptic combiner or using free-space lenses
and filters [18]. The resulting beam of RGB laser
light is scanned and focused onto the image plane by
a lens assembly that determines the maximum spa-
tial resolution as defined by the point spread func-
tion (PSF). The standard (nonconfocal) geometry
collects backscattered light with a ring of high-NA
multimode optical fibers that surround the fiber
scanner and lens assembly (Figure 1). The location,

size, and number of these optical collection fibers
determine the collection efficiency of the nonconfo-
cal SFE. This standard nonconfocal geometry, which
only uses the lens for illumination, is shown in Fig-
ure 3. Alternative SFE probe geometries are also
shown, which include a dual illumination/collection
lens configuration in a nonconfocal geometry for
two-photon fluorescence [23, 28, 29] and confocal
imaging for OCT [30]. Confocal geometries have the
advantage of a smaller probe size, as a separate chan-
nel is not required for signal collection. However, the
signal-collection efficiency of nonconfocal geometries
is 40 times greater when collecting additional light
from the inner cladding of a dual-clad optical fiber,
especially at higher FOV [31, 32]. Due to the backre-
flections in typical endoscope objective lenses, inner-
cladding detection is ideally suited for fluorescence
imaging. A block diagram of the nonconfocal SFE sys-
tem with concurrent fluorescence imaging in the near-
infrared (NIR) is shown in Figure 4. In the future, it
should be possible to combine two or more of these
different signal collection geometries to increase sig-
nal-collection efficiency [33].

2.5. SFE as platform technology

The SFE may be considered a platform technology
for flexible endoscopy because many different im-
aging modalities can be achieved using the fiber scan-
ner. This submillimeter optical scanner could replace
the CCD imager and illumination fibers if sufficiently
cost effective for endoscope manufacturers. There is
potential for high-volume mass production of the fi-
ber scanner due to the simplicity of its design, which
uses only a few low-cost components and may allow

Confocal and Dual Clad Fiber Collection External Large Core Fiber Collection

Confocal

Dual-CladDual Clad Single Mode Optical Fiber

Figure 3 (online color at: www.biophotonics-journal.org) Optical collection methods: confocal, dual-clad and external large
core fiber (non-confocal).
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for disposable use (Table 1). The choice of the distal
lens assembly determines the optical properties of
the endoscope, such as spatial resolution, FOV and
depth of focus. However, even with a fixed resonant
frequency and lens assembly, imaging parameters can
be modified for the application. Versatility of each
SFE probe is apparent in the adjustable scan settings:
changing the realized FOV by varying the scan ampli-
tude, changing image resolution by varying the num-
ber of scan lines per image frame, and adjusting im-
age contrast by varying the individual laser outputs
and detector gains for fluorescence imaging and im-
age processing for enhanced spectral imaging.

In addition to the large number of scan settings
that can be adjusted during normal operation of the
SFE, a number of alternative imaging modalities can
be integrated with slight modifications to the system.
Table 2 contains a list of SFE imaging modalities.
Items 1–6 are achieved with the standard embodi-

ment, while 7–12 list alternative imaging modalities
and the required design modifications.

3. Description of standard SFE features

Many features of the SFE technology were proposed
in 2002 by Seibel and Smithwick [16] and over the
past eight years nearly all have been demonstrated
in proof-of-concept SFE systems by our group and
others (Figure 5).

3.1. High resolution within 1 mm diameter

The SFE features that directly affect image resolu-
tion are the round coaxial geometry, high-resolution
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Figure 4 (online color at:
www.biophotonics-journal.org)
Block diagram of the SFE color
system with 4th channel for near-
infrared fluorescence.

Table 2 Listing of SFE features, 1–6 are standard and 7–12 require design modification.

# Description of SFE feature

1 Full-color resolution (>500 lines) with high FOV (75�) with adjustable zoom and frame rate
2 Enhanced spectral imaging for improved tissue contrast
3 Fluorescence imaging capabilities
4 3D surface imaging
5 Spot optical spectroscopy at image center
6 Potential for disposable use of a sterile endoscope
7 Future laser therapies with dual-clad optical fiber
8 Additional illumination wavelengths (UV-NIR) using fused silica optical fiber
9 Confocal SFE achievable with spatial and chromatic filters and sensitive photodetector
10 OCT SFE achievable with low coherence source, reference arm and interference
11 Scanned two-photon fluorescence and second-harmonic generation with fs-pulse laser output, special fiber,

and high-NA lens (see section 5.3)
12 Coherent anti-Stokes Raman scattering (CARS) SFE with ps-pulse laser outputs and moderate NA lens [122]
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spiral scanning method and RGB single-mode laser
illumination. Although coherent laser sources are of-
ten associated with interference effects such as
speckle; consecutive pixels in the scanned field do
not interfere with one another because of temporal
separation. Furthermore, the large-area collectors in
the nonconfocal geometry of the SFE help to miti-
gate any coherence effects by integrating high spatial
frequencies. Thus, adverse interference effects can
reasonably be avoided in most applications, and to
this date have not been a limiting factor in any SFE
application. In 1 mm diameter packages, the current
implementation of the SFE provides over 6 times
the image resolution of flexible CFB technologies
and over 2 times the projected resolution of custom
full-color silicon sensors. Additionally, the SFE has
the ability to change FOV, resolution and frame rate
during operation, allowing features such as electro-
nic zoom and oversampling. A detailed discussion
on resolutions, including basic assumptions and cal-
culations is discussed in Sections 4.2–4.5 and sum-
marized in Table 3.

3.2. Flexibility of shaft

The minimum short-term bend radius of a single
glass optical fiber of approximately 0.1 mm in diam-
eter is typically 5 to 6 mm (www.stokeryale.com;
www.nufern.com). In the case of CFB, thousands of
smaller-diameter optical fibers are rigidly combined
to over 0.5 mm in diameter along the endoscope
shaft so that the minimum bend radius escalates to
centimeters with a concomitant high flexural rigidity.
In comparison, the 1.2 mm SFE uses less than 70
loosely enclosed optical fibers within the shaft,
thereby maintaining low flexural rigidity, and a mini-
mum bend radius of roughly 6 mm. In both cases,
flexural rigidity of the shaft must be increased to al-
low for pushability of the endoscope into the human
body that can be achieved by adding wires, using
thicker wall of sheathing, or using a more rigid inser-
tion tube. In all SFE prototypes, length of the shaft
is not a design limitation for deep explorations of
the human body.

3.3. Scanner durability and safety

Any active device such as the electromechanical fi-
ber scanner adds the theoretical risk that the mov-
ing part breaks and endoscope imaging ceases. A
broken fiber does not affect patient safety as the
fiber scanner is sealed within the endoscope tip
with the lens assembly. During normal operation
the laser power is less than 5 mW (equivalent to 3
laser pointers), which is less than standard endo-
scope illumination using arc-lamp sources. The elec-
trical voltages applied during operation of the SFE
are quite low as the tube piezo is electrically
equivalent to a small capacitor. Typical operating
voltages are less than �20 V and electrical operat-
ing powers do not exceed 5.5 mW electrical power
for video rate imaging at maximum FOV. In con-
trast, a CFB has no electrical requirement when the
image capture device is at the proximal end outside
the body. However, the CFB is considered mechani-

Figure 5 (online color at: www.biophotonics-journal.org)
Photograph of SFE system being used to image within a
closed fist of the operator.

Table 3 Technology resolution comparison.

System performance (532 nm) Diffraction-limited performance (532 nm)

Device Pixel density
pixels/mm2

Image resolution
pixels

Pixel density
pixels/mm2

Image resolution
pixels in ˘ 0.85 mm

CFB 113 k 30.0 k/64.0 k(1) 1.92 M 1.08 M
CCD/CMOS 238 k(2)/476 k(3) 95.0 k(2)/190 k(3) 1.92 M 1.08 M
SFE 345 k/496 k(4,5) 196 k/282 k(4) 1.92 M 1.08 M

(1) semirigid, (2) Bayer Filter, (3) sequential color, (4) 26 Hz frame rate, (5) virtual pixel density based on ˘ 0.85 mm
sample area
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cally fragile in a clinical setting. The shaft of the
SFE is highly flexible and added stiffness can pro-
vide a high degree of mechanical durability and
added electrical insulation. In theory, the fiber scan-
ner can break, but upon normal operation the sin-
gle illumination fiber does not fatigue or fail, even
when driven beyond the maximum 100� FOV for
over 250 billion cycles in one test [1] and over 275
billion driven scan cycles in a subsequent test that
continually scanned for over a year. No fiber wear
has been observed in these lifetime tests. During
routine use, prototype fiber scanner systems have
stopped working, typically due to cracking of the
adhesive joint between the fiber scanner and tube
piezo. In drop testing of a fiber scanner at 2 m, the
scanning illumination fiber never breaks, but some-
times the tube piezo cracks due to the high impact.
Current SFE probes remain operational after re-
peated 1 m drop tests [1].

3.4. Depth imaging technologies

A minority of clinical practices rely on three-dimen-
sional (3D) surface imaging, although emerging en-
doscopic fields of neurosurgery and robotic surgery
are demanding stereoscopic image acquisition. Due
to the small size of the SFE, stereo systems can sim-
ply be realized with two separate endoscope systems
running synchronously, with one channel (left eye)
imaging while the other channel (right eye) is retrac-
ing and resting with no laser illumination. Alterna-
tively, the two SFE systems can run asynchronously

with different filtration channels to maintain separa-
tion of the two overlapping image fields. Depth to
the tissue surface and topography can be calculated
in a SFE endoscopic system using photometric
stereo algorithms [34]. This application of 3D im-
aging requires at least two or three separate views
from the same SFE probe. Multiple views of the
same object can be generated by the same fiber
scanner by collecting and detecting the backscat-
tered light separately, depending on the spatial loca-
tion of the collection optical fibers located at the dis-
tal tip of the probe. For example, light collected
from the left side of the probe will be shadowed
more from a tissue protuberance on the left of the
scanned illumination than the light collected from
the right side of the probe. Depth can be determined
by measuring the size of the specular reflection pat-
tern and using the lever-arm analogy to estimate se-
paration distance [35]. Subsurface tissue imaging is
another form of 3D imaging but is limited to endo-
microscopy techniques, such as confocal and optical
coherence tomography (OCT), which is not covered
in detail within this review.

3.5. Enhanced spectral imaging and
multichannel fluorescence imaging

The SFE uses narrow bands of illumination light to
produce full-color images of tissue at high fidelity on
flat surfaces. However, within a body lumen that is
predominantly red in color (esophagus), the user ty-
pically reduces the gain on the red channel to pro-

( a ) ( b ) ( c )

Figure 6 (online color at: www.biophotonics-journal.org) SFE bronchoscopic image frames from standard RGB imaging at
500-line images at 30 Hz (a) and the corresponding ESI image (b) that increases contrast of blue laser light over the red
laser light, helping to differentiate blood vessels and inflamed tissue. SFE fluorescence image acquired on the red channel
showing hypericin localization within a tumor of renal cell carcinoma (c). Blue and green laser illumination was used, while
a small fraction of the blue backscattered light was collected to form the background structural image.
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duce more-balanced color images. A recent innova-
tion by Olympus has eliminated the red within the
filtered white-light imaging of conventional endo-
scopes for the purpose of enhancing blood-vessel
patterns within the subsurface tissue that are asso-
ciated with cancer and other diseases [36]. For exam-
ple, capillary networks in the surface mucosa can be
imaged at higher contrast. Although tissue color is
distorted, this form of enhanced spectral imaging
(ESI) can be a standard feature of the SFE either
during endoscopy or upon postprocessing for com-
puter-aided diagnosis [37]. Figure 6a depicts an en-
dobronchial image within the airways of a live pig
that is processed in Figure 6b to accentuate blood
vessels and damaged tissue.

Wide-field fluorescence imaging is also a stand-
ard feature of the SFE technology. For biomarkers
used for photodynamic therapy (PDT) and photody-
namic detection (PDD) that have wide excitation
spectra, such as 5-ALA and hypericin [38], the RGB
laser illumination can be used for both reflectance
imaging and PDD/PDT applications. A proof-of-con-
cept experiment was performed by perfusing hyperi-
cin into the vasculature of a rat kidney with renal
cell carcinoma in situ and SFE fluorescence imaging
on the red channel provided the cancer-specific im-
age overlaid onto the structural image provided by
the backscattered signal from the blue excitation
light (Figure 6c) [39]. If a fourth detection channel is
added for the deep-red fluorescence imaging for
such dyes as Cy5 (Figure 4), then fluorescence can
be imaged concurrently with full-color (RGB) reflec-
tance imaging. A fifth channel is often desired for
subtracting the background signal from nonspecific
biomarker labeling for more clinical utility [40].
Again, the narrow laser bands for excitation lend it-
self to multichannel fluorescence imaging either con-
currently with RGB imaging or in a frame-sequential
manner.

3.6. Integrated spot diagnosis and therapy
with imaging

Between every imaging frame, the scanning fiber is
brought to rest at the central pixel for microse-
conds to milliseconds for fluorescence spectral ana-
lysis of extrinsic biomarkers [41]. However, the
duration of this rest phase can be lengthened to al-
low time for applications that require longer dwell
times of laser illumination, such as laser-induced
fluorescence spectroscopy of intrinsic biomarkers
[19] (Figure 7). In cancer diagnosis, endoscopy is
performed to locate suspicious tissue for biopsy
(cell and tissue samples for cytology and pathology)
[37]. Typically, the clinician steers the endoscope so

the site location for biopsy is within the endosco-
pe’s FOV for image-guided sampling. Performing a
noninvasive optical biopsy at this location prior to
a real biopsy will give greater assurance that only
the most suspicious tissues are being removed for
further analysis. Optical spot biopsy has already
been developed and tested for many different tech-
nologies in cancer detection, such as light-scattering
spectroscopy, laser-induced fluorescence spectro-
scopy, fluorescence lifetime analysis, and Raman
spectroscopy [42–45]. Video imaging can be inter-
rupted for the exact time needed to complete this
optical diagnosis and resumed immediately after,
thereby combining imaging and diagnosis in a
frame sequential manner.

For highly efficient fluorescence microspheres, a
spectrum of both laser excitation and fluorescence
emission can be acquired within 3 ms using the
standard SFE with tip bending (Figure 8) [41]. Thus,
spectral analysis is possible during the fiber resting
phase between SFE video image frames at 30 Hz.
If these interruptions in SFE video imaging are
brief, then frame-sequential imaging, therapy, and
monitoring are possible in the future. Laser-spot de-
struction of tissue would be possible under near
real-time monitoring in a frame-sequential imaging
mode [46]. Alternatively, therapeutic drugs may be
photoactively released with a pulse of extended
dwell time [47]. Since small, solid-core single-mode
illumination fibers are restrictive in laser power de-
livery, a dual-clad optical fiber may be used for con-
veying higher laser power to the tissue. During the
rest phase, the fiber delivers therapeutic laser power
through the inner cladding, and during the scanning
phase the fiber delivers imaging RGB illumination

Fiber motion (single axis) versus time

Frame i Frame i+1 Frame i+3Frame i+2

Imaging Imaging Imaging

Optical Spot

Diagnosis

or Therapy

Time

(arbitrary time period)

Optical Spot Biopsy Laser Spot Therapy

Image Area

Figure 7 (online color at: www.biophotonics-journal.org)
Frame-sequential imaging, diagnosis or therapy.
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through the single-mode core. By hand scanning the
endoscope tip, the pulsing high-power spot is slowly
moved over the tissue while an image frame is gen-
erated by rapidly scanning low-power RGB light be-
tween therapeutic pulses. Thus, imaging and therapy
are multiplexed in a frame-sequential time series al-
lowing near real-time monitoring.

3.7. Summary of SFE features

The SFE technology allows a great variety of stand-
ard features to the clinician. Topics not discussed as
part of the central design include active tip bending
[48] and in vivo tracking of the distal tip using electro-
magnetic sensors [49, 50]. In the first half of Table 2,
the basic features are listed for the standard (noncon-
focal) SFE imaging at video frame rates. With modifi-
cations to the standard SFE components and probe
geometry, a wide range of nonstandard features are
possible, as listed in the second half of Table 2.

4. Ultrathin endoscopic technologies
under development

The limitations of the CFB technology have been
apparent to medical device engineers for the past
twenty years, driving a number of alternative tech-
nologies that are surveyed in this section. The gener-
al clinical approaches have been improving upon the
CFB, such as adding laser-scanning confocal imaging
to improve spatial resolution and stitching multiple
images into larger mosaics to overcome FOV limita-
tions of confocal endomicroscopy (Mauna Kea Tech-
nologies, Paris, France) [51, 52]. Although the CFBs
have been used for imaging at high spatial resolu-
tions via proximal-end laser scanning [9, 10], the re-

sulting in vivo confocal fluorescence microscopes
provide only submillimeter FOV, thus restricting
broad clinical utility. Consequently, the trend in clin-
ical endoscopy has been to slowly replace fiberoptic
systems with more expensive custom video chips at
the endoscope tip [53, 54]. The major flexible endo-
scope manufacturers (Olympus, Pentax, and Fujinon,
all headquartered in Japan) have been placing a cus-
tom video-chip camera at the endoscope distal end
and expanding the image contrast by filtering the il-
lumination light to include fluorescence and narrow-
band image processing. A wireless video-chip camera
with LED illumination is being used in the develop-
ment of capsule endoscopes, such as Given Imaging,
which uses a complementary metal oxide semicon-
ductor (CMOS) sensor [55] and Olympus, which
uses a CCD [56].

4.1. Alternative scanning approaches
to endoscopy

The newest technological approaches to high-resolu-
tion imaging employ a microscanner placed at the
distal tip of the endoscope. Most commonly, optical
scanning is performed using a moving mirror in a
confocal optical geometry using microelectromecha-
nical systems (MEMS) [57–62]. However, to achieve
subcellular spatial resolutions, FOV must be sacri-
ficed, hindering broad clinical utility. A wide-FOV
MEMS endoscopic device has been designed using a
0.5 mm scan mirror, however, the packaging enlarges
the device size to greater than 2 mm [63]. Unique
circumferential line scanning has been demonstrated
using a dual-reflectance large scan MEMS mirror, but
again the device footprint is 2� 2 mm2 [64]. Smaller
device diameters are theoretically possible using the
scanning of a MEMS cantilever originally proposed
by Dickensheets and Kino [65] for a confocal geo-

Figure 8 (online color at: www.biophotonics-journal.org) SFE video frame (left) of fluorescence microspheres (Nile-red
FluoSphere, F-8819, Molecular Probes) embedded within a synthetic phantom of a bile duct. Optical spectral analysis
(right) that shows the high laser illumination at 532 nm and fluorescence emission when collection optical fibers are con-
nected to a spectrometer (USB2000-FL, Ocean Optics). SFE red-channel detection range is illustrated on the spectral plot.
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metry and by Wang et al. [66] in a nonconfocal geo-
metry. Ultimately, MEMS designs have not trans-
lated to the commercial market, possibly as a result
of high fabrication setup costs and limited applica-
tion given the small FOV and relatively large diam-
eters. A clinical solution, demonstrated by Kiesslich
et al. [67], performed in vivo confocal imaging by
scanning an optical fiber driven by an electromecha-
nical motor. Though commercially available from
Pentax, this 3D high-resolution imaging is housed
within endoscope diameters greater than 10 mm that
produces FOVs smaller than 1 mm.

Since MEMS optical scan systems tend to be
much larger than 1 mm in diameter, alternative
scanning strategies have been investigated with the
goal of maintaining ultrathin device diameters. In a
previous study, a 1 mm catheter has been rotated
axially to scan a single beam in a 360� radial path
[68]. The concept of rotational scanning was later
extended to two dimensions using a line of near-in-
frared light generated from polychromatic illumina-
tion passing through a grating [69]. This spectrally
encoded endoscopy technique has been shown to
generate images beneath tissue surfaces using 860–
880 nm light by increasing sensitivity [70]. Recently,
a bench-top version of this system has incorporated
color imaging in the visible spectrum [71]. This
same concept of using dispersion of broadband la-
ser to spectrally encode and decode spatial informa-
tion has been extended to 2D without the need for
any mechanical scan system [72]. Again, this system
has been proposed for endoscopy from a bench-top
demonstration, but as a confocal system with lim-
ited FOV in the infrared spectrum [73]. These new
technologies are very promising for miniaturization
into ultrathin endoscopes. However, the require-
ment of polychromatic laser wavelengths interacting
with dispersion elements in the visible spectrum in
lieu of wide-field mechanical scanning may pose a
significant technical challenge to translation into
routine clinical use. Currently, the best clinical alter-
native to 2D scanning is rotation of a side-viewing
endoscope while axially moving the scope within
the lumen, albeit slowly, while generating 360� ra-
dial images [74].

4.2. Wide-field endoscopic imaging
limitations

The complication with producing high resolution in
ultrathin flexible endoscopes is producing devices
that are capable of effectively fitting and operating
in the highly confined device. CFB and CCD tech-
nology used in modern endoscopes today, fail to
take full advantage of the 1-mm area afforded inside

the endoscope and as a result, produce less than op-
timal image quality. CFBs have remained the main-
stay in small flexible scopes and provide sufficient
sampling resolution in many applications. However,
the low mechanical flexibility of the CFB deters the
use of high core count bundles. For this reason, cus-
tom CCD and emerging CMOS image sensors have
strong potential to replace their glass counterpart,
promising higher resolutions and better mechanical
properties. However, expense and technical compli-
cation surrounding color, packaging and electronic
characteristics, prevent their immediate adoption.
Unlike traditional endoscope detectors, the flexible
single-mode fiber and coaxial scanning design of the
SFE, take full advantage of the cylindrical space
using spiral scan patterns that fill the entirety of the
lens system.

The resolution considerations of CFB, CCD/
CMOS, and SFE are described in more detail for the
1-mm size in the following sections (4.3–4.5). For
comparative review, these results are tabulated in
Table 3. In comparing imaging performance, other
parameters are important for ultrasmall imagers,
such as dynamic range, signal-to-noise, and cross-
talk, but will not be reviewed in order to retain some
brevity. Before examining the details of current and
future SFE technologies, a brief description of CFB,
CCD and CMOS technologies is offered. CFB de-
vices are used to transfer the image from the distal
to proximal end of the endoscope by passively relay-
ing light through a series of spatially aligned optical
conduits. Either an eyepiece or video camera attach-
ment captures images at the proximal end of the de-
vice. CCD and CMOS sensors are used to capture
images at the distal end of the flexible endoscope
and relay image electrical signals from the device.
The basic photoconversion process of these two sili-
con devices is similar but their readout operations
differ. Both CCD and CMOS technologies utilize an
array of small photodiodes to capture spatial and in-
tensity data. CCD pixels utilize a shifting mechanism
that allows pixel charge to be transferred between
adjacent pixels. In video full-frame transfer CCDs
(FT-CCD) the pixel charge is first shifted off the pix-
els to a buffer and then read out individually by a
charge-to-voltage converter. CMOS sensors use a
small transistor element for each pixel element, con-
verting charge to voltage locally. A row- and col-
umn-addressing scheme is used to address and read
from each pixel.

4.3. CFB resolution considerations

Today, most ultrathin endoscopes use small coherent
fiber bundles that contain several thousand tightly
packed optical cores (Figure 9). The spatial sampling
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period of these CFBs is determined by core size and
spacing [75]; however, cross-coupling effects be-
tween cores can reduce their effective sampling char-
acteristics [76]. Cross-coupling effects can be miti-
gated by providing adequate core separation, but
this strategy can become counterproductive if ap-
plied too liberally. In small-core systems, the core-se-
paration distance becomes a significant factor when
determining the sampling characteristics of the de-
vice.

Commercial coherent fiber bundles are manufac-
tured with cores diameters of 2 mm and core separa-
tion (�core) as small as 3.2 mm [4, 5, 8]. Typical CFBs
have a silica jacket and protective coating that com-
bined take up a nominal 150 mm of the total diam-
eter. Based on 60� alignment of cores, basic geometry
can be applied to calculate a cross-sectional core
density of 113k cores/mm2 in these CFBs (Eq. (2)).

By assuming the entire cross-sectional area in a
˘ 1 mm device could be fitted with the CFB, a pro-
rated active area ACFB of 0.567 mm2 remains after
accounting for space lost from the jacket and sheath.
A display resolution of 64 k pixels can be calculated
from core density and active area (Eq. (3)). Unfortu-
nately, the implications of using such a thick CFB
would cause the endoscope to have a cumbersome
minimum bend radius of nearly 5 cm [4, 5]. For this
reason, small endoscope designs tend to use thinner
CFBs yielding resolutions between 10–30 k pixels
[6]. Alternatively, a bare 30 k fiber bundle is used for
combined illumination and imaging that results in re-
duced pixel numbers (<100 across the FOV) and
leads to fragility during clinical procedures [77, 78].

Core density ¼ 2
ffiffiffi

3
p 1

Dcore

� �2

ð2Þ

Image resolution ¼ ðcore densityÞ ðAcfbÞ ð3Þ
For many years CFBs were used exclusively in flex-
ible endoscopy, but their low durability and high ri-
gidity were undesirable. The typical CFB endoscope
suffers continual degradation of image quality over
its lifetime, losing pixels from core fractures within

the bundle. Eventually, the degradation becomes so
severe that the device is no longer suitable for use.
Leached CFBs have solved some of the original dur-
ability issues, but with core spacing of 2.5 to 3 times
of that in nonleached CFBs, their resolution is not
yet competitive [14]. Since the inception of the CCD
video scope, the CFB endoscope has slowly lost po-
pularity. Small-diameter endoscopes are one of the
last applications where the CFB excels over the
CCD. High pixel density, small form factor and low
cost make the CFB sufficient for many ultrathin en-
doscope applications.

4.4 CCD/CMOS resolution considerations

Continuing improvement in CMOS and CCD sensor
miniaturization, fueled by the commercial market
for mobile phone and pc camera application, sug-
gests the silicon sensor may soon overtake the CFB.
State-of-the-art research in silicon sensors has de-
monstrated 16� 16 frame transfer CCD arrays with
pixel element sizes as small as 0.5 mm � 0.5 mm [79].
More functional 3.0 M pixel CMOS sensors with
1.45 mm pixel size [80] and 3.1 M pixel FT-CCDs
with 1.56 mm pixel size [81] have been successfully
developed. This suggests that commercial silicon sen-
sors may be capable of sampling beyond the diffrac-
tion limit of a camera-lens system.

In practice, several factors have prevented the si-
licon sensor from realizing the full potential of these
small pixel sizes. The rectangular geometry asso-
ciated with standard wafer-cutting techniques limits
the usable sensor area inside a cylindrical casing
(Figure 10). Further loss is also experienced because
the entire dye cannot be used for active sensing. Ty-
pically, over 50% of the sensor dye space is used for
wire-bond points, keep-out area and supporting
functionality such as frame buffers, pixel addressing
and signal amplifiers. Additionally, complications in-
cluding blooming, cross-talk, low dynamic range, and
poor light collection surround further pixel-size re-
duction [3, 82, 83].

In addition to geometric limitations, color infor-
mation comes at a cost. With the exception of the
triple-well active pixel sensor developed by Foveon
[84] or frame sequential color [53], at least three dif-
ferent sensor elements are needed per color sample.
A mosaic pattern of red, green and blue pixel sen-
sors, referred to as the Bayer filter, is the most uni-
versal method for detecting color on a single chip
[85]. This method reduces the fundamental linear
sample frequency for red and blue to 50% and green
to 70.7% of the pixel pitch. Because green is closely
linked to our perception of luminance and spatial
frequency, sampling effects of red and blue are less
important. It has been suggested that resolution of a

Figure 9 (online color at: www.biophotonics-journal.org)
Fused coherent fiber bundle (CFB) cross-sectional view.
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sensor using RGB sensing pixel element (Foveon) is
as effective as a sensor twice to three times the area
using a Bayer filter [86].

At this point, there are no known commercial
CCD or CMOS devices that are capable of fitting in
a 1 mm diameter scope (D ¼ 1), but for comparison
purposes we will consider highly specialized silicon
sensor. Based on a 1.45 mm pixel pitch (D pixel) and
80% dye utilization (DU) such a sensor would cap-
ture 190 k pixels images; however, after prorating
the resolution affect associated with the Bayer filter
only 63.4–95.1 k effective color pixels would be re-
solved.

Accd ¼ ðDUÞ D2

2

� �

ð4Þ

Monochrome image resolution ¼ Accd

D2
pixel

 !

ð5Þ

From the resolution projections calculated from Eqs.
(4) and (5) it appears that silicon sensor resolution is
superior to the CFB; however, these projected reso-
lution numbers do not take into account higher-or-
der effects or manufacturing complications. It has
been shown that decreasing pixel size can adversely
affect resolution when there is low illumination and
induced camera motion, suggesting that slightly lar-
ger pixel elements more practical [82].

4.5 SFE resolution considerations

The SFE sample resolution, unlike CCD, CMOS or
CFB technology, is not fixed by the physical size and
spacing of pixel elements. Instead the scanning mo-
tion and sampling rate determine the sample spac-
ing. Because neither of these parameters is fixed
during fabrication, the device resolution, scan angle
and frame rate are readily adjustable. In practice,
mechanical properties limit the number of reason-

able scan patterns that can be produced. These pro-
ducible scan patterns generally exhibit nonuniform
sampling and retrace that reduce their effective pixel
count and frame rate. In addition, scan behavior is
also subject to distortion caused by nonideal dy-
namic system behavior and actuator limitations.
Although real-time closed-loop control methods
have been used to reduce scan error, the space lim-
itations of clinical devices preclude the use of bulky
position sensing diode sensors [87]. With improved
construction techniques, scanning systems today ex-
hibit highly repeatable scan patterns, making open-
loop methods a viable solution [18, 88].

The 11 kHz microscanner in the SFE produces
250 radially increasing spirals followed by a nominal
20–30 active breaking cycles and 50–60 free decay
cycles. The entire scan process has a period of 1/30th
of a second. At the sample rate is 25 MSps a total of
625 000 samples are captured and mapped to circular
image with effective display resolution to 196 k
pixels [1]. Similarly, the scan pattern has been run at
slightly reduced frame rates of 26 Hz allowing for an
additional 50 image spirals. This modified scan cap-
tures a total of 750 000 samples that map to an effec-
tive display resolution of 282 k pixels. In summary
the SFE in its current incarnation is capable of
significantly higher sampling then CFB, CCD and
CMOS in 1 mm devices and it is capable of adjusting
frame rate and resolution (Table 3).

Although sensor limitation can be used to differ-
entiate the SFE from CFB, CCD and CMOS tech-
nologies, all flexible endoscope designs are limited
by the diffraction of light (Figure 11). The spatial
point spread function (PSF) imparted on the image
is determined by both the objective lens and the illu-
mination properties. In endoscopes, this PSF has the
largest effect at the real focal plane inside the device.
The limited area within the device and the resolva-
ble separation between points can be used to calcu-
late the image resolution in this wide FOV applica-
tion. Rayleigh (Eq. (7)) and Sparrow (Eq. (8)))

Active
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(A     )
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sqrt(2)
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Figure 10 (online color at: www.biophotonics-journal.org)
CCD and CMOS Illustration.

Figure 11 (online color at: www.biophotonics-journal.org)
Traditional endoscope optics.
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resolution criteria can be used to quantify the mini-
mum resolvable separation between points, where
NA indicated the numerical aperture lens and l the
illumination wavelength. The NA of the objective
can be quantified using Eq. (6) relating the conver-
gence angle a and the index of refraction n, of the
medium inside the scope. For calculation purposes,
the Sparrow criterion is used, because it is based on
human perceptual factors and can be applied to a
variety of PSFs including Airy disk and Gaussian
beam [89].

NA ¼ n � sin ðaÞ ð6Þ

Rayleigh ¼ 1:22l

NA
ð7Þ

Sparrow ¼ 0:95l

NA
ð8Þ

For a fully illuminated objective, with NA of 0.35
and central wavelength of 53 nm, 479 k points can
be resolved per square mm using the Sparrow criter-
ion. At minimum Nyquist sampling, this equates to
approximately, 1.92 M pixels/mm2, or 1.08 M pixels
on a ˘ 0.85 mm diameter area behind the lens. The
SFE has the unique capability of sampling at the
lens limitations because a virtual point source is
formed at the tip of the fiber when the coherent light
exits the single-mode core (Figure 12) [90]. Assum-
ing there are negligible aberration effects, this point
source is capable of realizing the diffraction limited
PSF.

In previous studies, this sampling characteristic of
the SFE has been used to perform electronic zoom-
ing by reducing fiber deflection to narrow the FOV
(Figure 13). This equates to higher angular resolu-
tion up to the optical limitations of the lens.
Although, in this particular case, oversampling was
used to achieve a zoom effect, in conjunction with
deconvolution algorithms, enhanced spatial resolu-
tion is possible.

5. SFE applications

The SFE technology has been tested in vivo in large
lumens organs of the human upper digestive tract
(esophagus and stomach) down to small lumens
within pig airways and bile duct. With an optical
window at the lens distal end, the SFE images
equally well in air or liquid.

5.1. Tethered capsule endoscope (TCE)
in esophagus

The first clinical application of the SFE was in the
form of self-experimentation of the principle investi-
gator using a swallowable version, called the teth-
ered capsule endoscope (TCE) (Figure 14) [27]. The
larger TCE probe is shown in relation to the 1.2 mm
diameter SFE in Figures 14a and b. Parallel to the
1.4 mm tether of the TCE is an air channel to allow
for insufflations of the esophagus to facilitate im-
aging of the first healthy subjects without any adverse
effects [91]. The ability to insufflate allows for rapid
imaging of the gastroesophageal junction in unse-
dated patients because bubbles can be quickly re-
moved from the FOV and the pressure can trigger
the opening of this junction in order to detect in-
flammation and Barrett’s esophagus, a precancerous
condition. While standard TCE imaging is similar to
white-light imaging, the RGB laser sources allows
for postimaging processing akin to commercially
available narrowband imaging [92] in order to im-
prove visualization of mucosal detail [37, 91] (Fig-
ures 14c and d). While wireless capsule endoscopy is
currently available to image the esophagus, this tech-
nique does not allow for insufflations of the esopha-
geal lumen, nor is control of the imaging field by the

Figure 12 (online color at: www.biophotonics-journal.org)
SFE optics.

1.5mm FOV >100um FOV0.75mm FOV 0.35mm FOV

Figure 13 (online color at:
www.biophotonics-journal.org)
Scan adaption for electronic zoom.
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endoscopist possible as illustrated in the vocal chord
image (Figure 14e). Untethered capsule endoscopy
has shown no clear advantage over conventional en-
doscopy [93]. However, tying a string on the wireless
capsule endoscope to allow for reusability and physi-
cian control like the TCE has shown higher perfor-
mance and lower cost than conventional endoscopy
[94]. Laser-based imaging in combination with image
processing for comprehensive surveillance of the
esophagus has been demonstrated for 3D-OCT
monochrome analysis [95] and for 2D-TCE color
analysis [27]. A future goal is to reliably detect high-
grade dysplasia in Barrett’s esophagus [96] with a
combination of SFE technologies, such as wide-field
fluorescence imaging and mosaicing [97].

5.2. SFE in airways

The first in vivo experiment using the SFE was per-
formed to examine the airways of a live pig. The SFE
is particularly relevant to bronchoscopy given the in-
cidence of lung cancer, need for improved diagnostic
instruments, and the small lumen sizes being ac-
cessed. At present, computed tomography (CT) scans
indicate the presence of numerous pulmonary no-
dules within patients suspected of having lung cancer.
However, due to the invasive nature of surgically re-
secting such nodules and the potential loss of lung
function, intervention is reserved for patients in
whom a malignant diagnosis is highly suspect. Biopsy
of a nodule provides the best chance at accurate diag-
nosis. Bronchoscopy is considered to be the most
minimally invasive of biopsy procedures, but the ac-

curacy of the procedure is inhibited by the inability to
extend conventional bronchoscopes into small air-
ways where these nodules occur. However, the ac-
cessible lung volume afforded by the small SFE is
significantly greater. Whereas conventional broncho-
scopes, with an outer diameter of approximately
6 mm (Figure 15a), are limited to the first four airway
generations (24 or 16 airways), the SFE is capable of
insertion through 8 to 10 branching generations,
amounting to several hundred or thousand airways.

SFE-based examination of these peripheral no-
dules is highly practical. First, patients identified
with lesions would be able to undergo bronchoscopy
for a more definitive diagnosis. This would obviate
more-invasive transthoracic biopsy procedures as
well as the repeated CT scanning performed as part
of ongoing surveillance of nodules not deemed large
enough to merit initial intervention. Using the SFE,
bronchoscopy can be performed without the need of
expensive imaging systems and surgical suites, and
can be used in conjunction with conventional
bronchoscopes through the 2.4 mm working channel.

Figure 15b compares bronchoscopic images of
the airways in a live pig acquired from both a con-
ventional Pentax bronchoscope and the SFE. The re-
solution and field of view of the two devices are
comparable despite a four-fold reduction in size of
the SFE. The color discrepancy is due to the illumi-
nation sources; conventional bronchoscopes use an
arc-lamp, while the SFE uses red, green, and blue
laser diodes. The conventional bronchoscope is not
capable of extending much further than the third- or
fourth-generation airways. However, the SFE could
be extended a number of generations further into
peripheral airways.

( a ) ( b )

( c ) ( d ) ( e )

Figure 14 (online color at:
www.biophotonics-journal.org)
SFE endoscope probes showing
9 mm rigid tip length of 1.2 mm
diameter prototype and 18 mm
capsule length of 6.4 mm diameter
TCE. A front view of the distal
end of the TCE is shown in (b) il-
lustrating that the TCE is a stand-
ard SFE probe with collection
fibers modified for capsule use.
The gastroesophageal junction of
a human subject is shown in single
500-line RGB image contrast (c)
compared to postprocessed ESI
contrast of the same SFE image
frame (d). The lighter esophageal
tissue is more clearly differen-
tiated from the red-colored gastric
mucosa in the ESI image. An im-
age of the human vocal chords is
shown in (e).
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In practical consideration of implementing the
SFE as part of a complete bronchoscopic system, a
number of additional features are being incorpo-
rated for image-guided bronchoscopy. First, a steer-
ing mechanism is being constructed to permit articu-
lation of the SFE (Figure 16a). A large bend angle
of 90� and small bend radius (6 mm) will allow the
SFE to negotiate sharp bend angles to access upper
airway regions (Figure 16b). To assist the broncho-
scopist in navigating multiple airway generations, a
virtual guidance system has been developed to track
the position of the SFE [49, 50]. Intraoperative loca-
lization is achieved through integration of a minia-
ture (0.30 mm) electromagnetic position sensor (As-
cension Technology Corporation, Burlington, VT)
that can be used to locate the SFE in 3D space (Fig-
ure 16c). Custom biopsy tools have been proposed
that are introduced over the SFE that is a steered
and tracked catheterscope, such as a cannula-style
tube for lavage, a brush for cytological sampling and
a cutting needle for tissue biopsy [98].

5.3. SFE in biomedical research

In addition to endoscopic imaging for clinical diag-
nosis and treatment, miniaturized fiber-optic imaging
devices such as the SFE also open up new ways for
microscopy studies in biomedical research fields like
neuroscience. Overviews of different ongoing tech-
nological developments in this area can be found in
[99–102]. In neuroscience the development of minia-
ture, lightweight fiber-optic microscopes [23, 60, 75,
103–106] is leading towards two long-standing goals
of cellular-resolution brain imaging: First, endoscopic
approaches promise to enable high-resolution im-
aging from deep brain areas, which are otherwise in-
accessible for optical analysis. Secondly, small porta-
ble microscopes will permit measurements of the
neural dynamics underlying specific behaviors in
awake, freely moving animals, thus overcoming the
limitations of current in vivo experiments under an-
esthesia that suffer from alterations in neuronal and
astrocytic activities.

CCD

Working

Channel

Light

source

6.2 mm

PENTAX  Bronchoscope

(EB-1970K)

Scanning Fiber

Endoscope

( a ) ( b )

Figure 15 (online color at:
www.biophotonics-journal.org)
Diagrams of a conventional Pentax
bronchoscope (EB-1970K) and SFE
(a) and corresponding broncho-
scopic images within the airways of
a pig.

( a ) ( b ) ( c )

Figure 16 (online color at: www.biophotonics-journal.org) Additional features are incorporated into the SFE design to
permit bronchoscopic examination of small peripheral airways include: a steering mechanism (a) and guidance system that
is used to locate SFE by means of a miniature (0.30 mm) sensor.
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Unlike the catheterscopes described above that
allow imaging with large FOVs, neuroscientific ap-
plications aim at micrometer-resolution imaging of
individual cells. As a consequence, different front
lens systems with high NAs are required, which,
however, limit the FOV to a few hundred micro-
meters. In principle, single-photon or two-photon
fluorescence excitation modes can be used, both
featuring certain advantages and disadvantages (Fig-
ure 17). Miniature microscopes have been realized
as either wide-field CFB-type or scanning-type fi-
berscopes. In the latter case scanning is performed
either at the proximal end of a CFB [75] or at the
distal end with a single-mode fiber scanner [18, 23,
103, 104]. Recently, the construction of a portable
CFB-type fiberscope has enabled investigators to vi-
sualize blood flow in hippocampus and to measure
neuronal calcium dynamics in cerebellar Purkinje
cell dendrites in freely moving mice [105]. Advan-
tages of the single-photon CFB approach are fast
acquisition rates (usually only limited by the camera
speed), relatively large FOVs, and mechanical sim-
plicity and rigidity. Disadvantages include limited
optical penetration depths due to strong light scat-
tering in neural tissue, increased background fluo-
rescence levels, decreased contrast levels, and poten-

tially high photobleaching rates due to out-of-focus
excitation.

In two-photon microscopy [107] reduced scatter-
ing at longer wavelengths, spatial localization of
fluorescence excitation, and low phototoxicity lead
to distinct advantages for deep-tissue imaging [108,
109]. The development of miniaturized two-photon
fiberscopes has therefore gained particular interest
in brain research. Two-photon fiberscopes typically
utilize 100 fs pulses of near-infrared light for fluores-
cence excitation. Because of the group velocity dis-
persion introduced by the fiber material as well as
nonlinear effects at high intensities these pulses are
broadened several-fold in standard single-mode fi-
bers, reducing the efficiency of two-photon excita-
tion. This problem can be alleviated or circum-
vented, however, by using special photonic crystal
fibers (PCFs) for efficient pulse delivery [22, 23, 104,
110, 111]. Moreover, various fiber-scanning ap-
proaches have been implemented including resonant
fiber vibrations [23, 103, 104], fiber-tip deflection
[112], and microelectromechanical systems with
small mirrors [60, 106, 113, 114]. The laser output
from the scanning fiber tip typically is imaged
through a gradient-index (GRIN) lens objective [9,
23, 75, 104, 115], while fluorescence emission is col-

CFB
CCD DC

GRIN-OL S

SMF
PMT DC

GRIN-OL S

PCF

LCF

PMT

GRIN-OL with DC ~1 mm

S

(a)

(b)

(c)

Figure 17 (online color at: www.biophotonics-journal.org) Fundamental overview of different fiberscope types used in bio-
medical research. (a) CFB-based fiberscope, usually implemented as single-photon excitation wide-field type. An image of
the sample S is propagated through the gradient-index objective lens GRIN-OL and the coherent fiber-bundle CFB and
remotely detected using a CCD-chip behind a dichroic beam splitter DC (green rays). Fluorescence excitation light travels
to the sample in the reverse direction (blue rays). In principle, this type can also be used in combination with proximal (on
the optical table) beam scanning for single- and two-photon excitation microscopy. (b) Scanning-type fiberscope, usually
implemented as single-photon or two-photon excitation microscope. Fluorescence excitation light (blue rays) is guided to
the distal fiberscope headpiece via DC and through a single-mode fiber SMF and is focused onto S via GRIN-OL. Fluores-
cence emission light (green rays) is usually proximally detected by a photomultiplier tube PMT after traveling the reverse
direction. Distal beam scanning is usually achieved by either resonant fiber scanners, or MEMS scanners. Fluorescence-
detection efficiencies can be improved with dual-clad fibers. (c) Scanning-type fiberscope, usually implemented as two-
photon excitation fiberscope. Dichroic beam splitting occurs distally in a custom microprism arrangement that is part of
GRIN-OL. Near-infrared fluorescence excitation photons (red rays) are guided through a photonic crystal fiber PCF that
permits distortion-free delivery of femtosecond pulses. Fluorescence emission photons from S are remotely detected by a
PMT after traveling through a large-core fiber LCF for improved efficiencies.
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lected through a second large-core optical fiber [23]
or a dual-clad fiber [29, 116, 117], or is detected with
a small photodetector integrated in the fiberscope
front piece [103, 118]. Most technological ap-
proaches so far have used GRIN lenses with moder-
ate NAs in the range of 0.5. Therefore, theses sys-
tems were able to resolve fluorescent structures in
the micrometer regime but were outperformed by
standard, higher-NA two-photon microscopes. Newly
developed GRIN-assemblies can have NAs of up to
0.85 and therefore exhibit even higher optical resolu-
tion and better light collection efficiencies [106, 119].
However, application of these high-NA systems in
miniaturized microscopes is still pending. The forma-
tion of lenses on the fiber tip itself [120] might be an
interesting alternative for further miniaturization at-
tempts, albeit at the cost of decreased NAs.

Using the SFE technology in combination with a
specialized hollow-core PCF [22] we constructed an
ultracompact (0.6 g) fiber-optic two-photon micro-
scope [23]. Laser pulses from a Ti:sapphire laser sys-
tem were coupled into the hollow-core PCF and
guided to the microscope headpiece with minimal
group velocity dispersion (GVD). The tip of the illu-
mination fiber was resonantly vibrating in a spiral
trajectory, which was then imaged onto the sample
by a 1 mm diameter GRIN-lens assembly consisting
of collimator, beam splitter, objective lens, and de-
tection fiber coupler as described in Figure 17. Fluo-
rescence emission was guided through the objective
lens, beam splitter, fiber coupler, detection fiber, and
remotely detected by a photomultiplier tube (PMT).
The PMT-current signal was amplified and digitized
by a multifunction data acquisition (DAQ) board
and fluorescence intensity values were assigned to

their corresponding pixels based on a static lookup-
table (LUT). Optionally, image distortions can be
corrected for by remapping pixels, applying a pre-
viously measured LUT using the same procedures as
described above. Achievable FOVs were 200 mm in
diameter. Frame rates critically depended on the
spiral parameters used for imaging with typical val-
ues being video-rate (25 Hz) before averaging. Lat-
eral and axial spatial resolutions (full widths at half-
maximum, FWHM) were measured to be 0.98 �
0.09 mm and 7.68 � 1.30 mm, respectively, with subre-
solution fluorescent microspheres. Using this device
we could demonstrate the instrument’s suitability for
functional calcium imaging of neuronal activity in
the intact brain of an anesthetized rat (Figure 18).
With a slightly larger two-photon fiberscope another
group recently succeeded in imaging single-cell activ-
ity in the visual cortex of freely moving rats [121] in-
dicating that high-resolution calcium-imaging studies
in freely behaving animals with miniaturized two-
photon microscopes are imminent.

Future versions of SFE-based miniature fluores-
cence microscopes could benefit from high-NA
GRIN lens assemblies leading to higher resolutions
and better light collection efficiencies. Furthermore,
elongated thin front lens systems may allow imaging
of deeper brain structures and readout of neuronal
activity patterns. Finally, optimized driving and fiber-
braking schemes could improve frame rates as well
as spiral stability. Overall, the combination of novel
fluorescent probes (e.g. fluorescent protein expres-
sion in transgenic animals) with the highly flexible
SFE technology promises to reveal detailed informa-
tion about fundamental physiological processes as
they occur in the living animal.

(d)

5 sec

10%

∆F/F

(a)

(c)

(b)

Figure 18 (online color at: www.biophotonics-journal.org) Fiberscope data acquired from rat cerebellum. (a) Anatomical
organization of the rat cerebellar cortex. Flat dendritic trees of Purkinje cells form parasagittal planes that appear as band-
like structures when observed from above. (b) Region-of-interest (ROI) selection (colored areas) can be a semiautomated
process based on independent component analysis (ICA). (c) Spontaneous DF=F traces that are color coded to match the
ROI selections in (b). Scale bar is 15 mm. Reproduced with permission from [23].
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6. Conclusions and future directions

High-performance ultrathin endoscopes and cathe-
terscopes are the technological basis for image-
guided medical procedures deep within the body, of-
ten with unsedated patients, which lowers risk and
cost. In the future, soft and flexible endoscopes may
be quasi-implantable so that more chronic conditions
can be monitored through longer-term dynamic
monitoring. Furthermore, the ultrathin size of the
SFE allows insertion into the body through a 16-
gauge needle, which is no longer considered surgery
as anesthesia and suturing is no longer required. The
catheterscope is essentially a guidewire with eyes,
over which cannula-style tools can be introduced for
cell sampling and biopsy. Similar to interventional
cardiology, the SFE catheter and associated tools
may be sufficiently low in cost to be disposable and
device sterility can be assured.

The microlaser scanning of the SFE technology al-
lows many of the most advanced microscopic techni-
ques developed for in vitro analysis to now be con-
ducted in vivo. An analogous transition has already
occurred in many research laboratories, switching
from wide-field optical microscopy to laser scanning
microscopy for diagnostic imaging and laser dissec-
tion. By using active laser scanning, the catheterscope
can be used for integrated imaging, diagnosis, ther-
apy, and monitoring in a frame-sequential basis. Since
a vast majority of cancers originate in the epithelium
layer, laser biomarker diagnostics may be the pre-
ferred approach to identify and diagnose the earliest
cancers. Using pixel-level control of the laser sources,
the SFE technology can then be used to destroy these
early cancers in situ with minimal healthy tissue da-
mage. The laser-based catheterscope is assisted by
the growing use of fluorescence biomarkers and gold
nanoparticles with molecular-specific binding to dis-
ease for integrated diagnosis and treatment. As re-
viewed here, the SFE technology provides the affor-
dance of new directions and concepts in clinical
medicine and basic medical research.
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