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We study the major factors causing degradation in the lateral resolution of gradient-index-lens-based catheters used
for high-resolution optical coherence tomography. Chromatic aberration and astigmatism were taken into account in
the propagation of broadband single-mode Gaussian beams through the catheter geometry. It was found that, while
chromatic aberration did not preclude achieving high resolution, astigmatism posed a major technical difficulty,
because its correction requires a very sensitive adjustment of parameters, especially for catheters with long working

distances. © 2012 Optical Society of America
OCIS codes: 180.1655, 120.4820.

Optical coherence tomography (OCT) is an emerging
imaging modality that offers noninvasive, real-time cross-
sectional images of tissue microanatomy [1]. An impor-
tant merit of OCT is the possible miniaturization of
OCT beam delivery systems with optical fiber and mi-
cro-optics [2—4], which has provided easy integration
with existing endoscopes and enabled in vivo monitoring
of luminal organs [5,6]. Since various diseases in internal
organs arise in the superficial layers well suited for in-
spection by OCT, endoscopic OCT has been broadly used
to screen suspicious luminal tissues.

Many endoscopic OCT systems have been developed
for high-resolution imaging. However, their resolutions
in the axial and lateral orientations significantly differ
[7,8]. Ultrabroadband optical fields, such as those arising
from supercontinuum generation, have succeeded in
imaging with submicrometer axial resolutions [8]. How-
ever, lateral resolutions in endoscopic OCT are typically
above 20 pm. Despite this, relatively few studies have
been reported that describe the enhancement of the
lateral resolution [9-11]. In this study, we characterize
the aberrations responsible for the degradation of the
lateral resolution in gradient-index (GRIN)-lens-based
catheters.

Consider a forward imaging probe consisting of a
single-mode fiber, a glass rod of length /,, and a GRIN
lens of length I, = 27z x pitch/g, where g is the gradient
constant (Fig. 1). We first simulate the propagation of a
broadband, single-mode (TEM,,) Gaussian beam along
the optical components of such catheter. In the paraxial
approximation, the beam emerging from a fiber oriented
along direction z and having wavelength 1 (wave vector
k =2zn/4) and mode field radius W, has a field

. 2
Y(r,z) =iy(r,2)e ™, with w(r,2) =iz, /q(z)e’lzkfﬂ.
Here 2z, = (nW%) /4 is the confocal parameter and r =

V2% +9? is the radial coordinate. This field can be
uniquely characterized by the complex parameter
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q(2) = 2 + 12y, where z is the distance to focus. The
propagation through components characterized by the
so-called ABCD matrix was carried out by the operation
q = (Agq +B)/(Cq + D). Our calculations used a fiber
with refractive indices of 1.461 for the core and 1.456
for the cladding, and a core radius of 1.7 yum (SM600,
Thorlabs, Newton, New Jersey), a glass rod of BK7
material, and a commercially available GRIN lens with
a gradient constant g of 660 m~! and a diameter of 1 mm.

To account for chromatic effects, the spectrum of the
field was considered within 2 standard deviations (span-
ning 200 nm) apart from the center wavelength 4, of
800 nm in a Gaussian spectrum of 120 nm of bandwidth
(FWHM), and the propagation was performed taking into
account the dispersive refractive indices of all the optical
components comprising the catheter.

Because of the chromatic aberration, augmenting the
bandwidth to improve axial resolution comes at the ex-
pense of increasing the lateral spot size A, (i.e., the lat-
eral resolution, which is measured as the diameter of the
circle of least confusion of the beam over the considered
wavelength range), as seen in Fig. 2(a). Given a fixed
bandwidth, the chromatic lateral broadening of the spot
size is particularly notorious for high-resolution probes,
as seen in Fig. 2(b). While the spot size at the center
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Fig. 1. Schematic of a forward-directed probe and its
main components: glass rod and GRIN lens. All simulations
in this article assume the presence of tissue beyond the cathe-
ter.
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wavelength goes below 2 um, the broadband spot size
does not. The observed result is the consequence of
the propagation through long rods required to achieve
high lateral resolutions. On one hand, the long propaga-
tion through the rod expands the beam to fill the aperture
of the lens for high resolution, but, on the other hand, this
long propagation enhances the chromatic aberration.
The first factor reduces the spot size, but for high enough
resolutions, the second factor becomes significant and
the spot size increases.

The length of the glass rod and the GRIN lens
determine both the working distance and the lateral re-
solution. Contour plots for working distances and reso-
lutions are shown in the chart of Fig. 2(c). There is a
useful zone for probe design in between the two jagged
lines, each of which corresponds to a probe focusing at
infinity (left) and at zero working distance (right). To the
left of this zone, probes are unfeasible, as the beams
diverge. To its right, probes focus inside the GRIN
lens. Given a fixed working distance [black curves in
Fig. 2(c)], the resolution can be chosen within a range,
or vice versa. This gives the flexibility to adjust both
the resolution and the depth of field required for a given
application. As seen before, minimizing the lateral reso-
lution requires the use of long rods that expand the beam
enough to fill the GRIN lens, so as to increase the nu-
meric aperture of the probe at its focusing side. For ex-
ample, for probes with no rods, resolutions no better
than 12.1, 8.5, and 7.3 um at respective working distances
of 2, 1, and 0.5 mm can be obtained. On the other hand,
with rods of length of 6.3 mm (which would expand the
beam enough to fill 80% of the width of the 1 mm
diameter GRIN lens), resolutions of 4.1, 2.8, and
2.1 ym are achievable. Going beyond that rod length is
useless, as chromatic aberration worsens the lateral re-
solution. Thus, the limit in lateral resolution is set by the
numeric aperture of the GRIN lens and chromatic aber-
ration, which are determined by the lens radius of the
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Fig. 2. (Color online) Chromatic aberration in OCT catheters.
(a) Axial and lateral resolutions for OCT as a function of the
spectral bandwidth. (b) Broadband lateral resolution (green
crosses) and lateral resolution at center wavelength 4, (black
dots) versus working distance (the working distance is varied
by changing the length of the glass rod from 2 to 9 mm at a fixed
pitch of 0.18). (c) Probe design chart showing the values of the
broadband lateral resolution A, (green) and working distance
2, (black) as functions of the parameters rod length /,, and GRIN
lens pitch. Red lines indicate the maximum beam radius inside
the GRIN lens. All calculations use 4, = 800 nm. (b) and (c) use
a bandwidth of 120 nm (FWHM).
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catheter and the beam bandwidth, respectively. For
the lens of 1 mm in diameter and the bandwidth consid-
ered here, neither of these factors impedes the construc-
tion of catheters with high lateral resolutions. However,
for smaller diameter lenses (e.g., 500 ym in diameter), the
numeric aperture severely limits the resolution [see red
lines in Fig. 2(c)]. An alternative way to mitigate the de-
gradation in the resolution is to use GRIN lenses with
higher gradient constants, as they will reduce the lens
thickness while increasing the numeric aperture of the
catheter.

The model was used beyond the configuration of Fig. 1
to study radial imaging probes, in which the cylindrical
symmetry of the beam is lost due to the cylindrical win-
dow at the catheter sheath through which the beam is
sent into the sample [Fig. 3(a)]. For this case, the optical
field can be written as W(x,y.2) = iy, (v, 2)y, (y. 2)e™,
which can be uniquely characterized by the beam para-
meters q,(2,) = 2, + 12, and q,(2,) = 2, + 12,

Consider the design of a catheter for radial imaging at a
working distance z, into the sample (where y represents
the azimuthal orientation). To this end, a BK7 prism and a
polyestyrene sheath are added to the design in Fig. 1. The
sheath has a cylindrical window with an inner radius R;
of 750 um, an outer radius R, of 1000 ym, and refractive
index n,, and serves to preserve the structural integrity of
the catheter by isolating it from the exterior. The prism,
which has a side dimension of 700 ym, deflects the beam
by 90° toward the sheath window [Fig. 3(a)]. Although
this is the most common configuration, it has an air
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Fig. 3. (Color online) Correction of astigmatism in OCT
probes. (a) Schematic of beam waist along both the longitudinal
(%) and azimuthal () orientations. (b) Azimuthal resolution A,
(green) and astigmatic ratio A, /A, (blue) as functions of rod
length and lens pitch before matching refractive index (both A,
and A, are measured at a distance z, from the catheter). The
horizontal line indicates the rod length used for (c) and (d),
which corresponds to a maximum beam radius of 375 ym inside
the GRIN lens. (¢) Azimuthal resolution (green) and resolution
astigmatic ratio (blue) and (d) azimuthal working distance 2,
(green) and working distance astigmatic ratio z,/z, (blue) as
functions of matching refractive index n, and pitch. The
red curve corresponds to parameters that fully suppress
astigmatism.
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gap between the flat face of the prism and the cylindrical
surface of the sheath, which introduces astigmatism in
the beam (the inner surface of the window acts as a di-
vergent lens in the azimuthal orientation y). The effect of
astigmatism, measured as the ratio of the longitudinal
resolution over the azimuthal resolution, is shown in
Fig. 3(b). Notice that, even when a rod of length 6 mm
is used to fill ~80% of the aperture of the GRIN lens,
the ratio is as high as 5 for small spot sizes and working
distances, and increases for larger spot sizes and corre-
sponding working distances up to 100.

To correct this aberration, previous approaches have
used cylindrical lenses [9] and mirrors [10]. Here, we si-
mulate the effect of adding a refractive index matching
medium with refractive index 7, to fill in the air gap be-
tween the prism and the inner surface of the sheath, be-
cause such an approach is more mechanically stable and
less costly. Currently, matching refractive indices can be
achieved by a variety of products that mimic fused silica,
BKY7, acrylic, and others. Figures 3(c) and 3(d) show the
azimuthal resolutions A, and working distances z,, as
well as the astigmatic ratios A, /A, and z,/z, as func-
tions of n, and GRIN lens pitch for a rod length of
6 mm. Note that, by comparing the astigmatic ratios
along the straight black line in Fig. 3(b) and those
achieved in Fig. 3(c), astigmatism is significantly reduced
by the use of the matching medium. In particular, there is
an ideal line in the parameter space in which both the
working distances and resolutions are the same in both
orientations (red line), but is accessible only within a
range of matching refractive indexes n. <n,<ng ),
where né =mn,; and

- R n\ -1
b =nf gt (1))

are the limiting cases that correspond to matching refrac-
tive indices for catheters focusing at 0 and ~ working dis-
tances, respectively. Note that total correction of
astigmatism is possible at any working distance, pro-
vided that the matching refractive index is precisely cho-
sen, and that this refractive index becomes more
sensitive to the ratio R;/R, for long working distances.
In practice, high precision in the refractive index of
the medium may not be achievable. Instead, for an avail-
able refractive index n,, the rod length can be adjusted to
choose the desired azimuthal working distance.

The performance of the catheter is very sensitive
to variations of the parameters. A robust design is more
difficult to achieve for long-working-distance catheters,

because small changes in the refractive index of the sam-
ple (e.g., when going from stromal to fat-rich regions dur-
ing scanning) could distort the azimuthal resolutions and
working distances above the values needed for high-
resolution OCT, while for short-working-distance high-
resolution probes, matching the sheath refractive index
suffices. The lack of robustness in the correction of as-
tigmatism poses the most difficult limit to overcome in
probe design. On the other hand, limitations in the lateral
resolution due to chromatic aberration do not preclude
achieving sufficient resolution for high-resolution ima-
ging with catheters of 1 mm in diameter or more, and
a careful combination of lens pitch and length of a glass
rod allows for customizing both working distance and lat-
eral resolution within a range of parameters suitable for
many endoscopic OCT applications, as well as for possi-
ble integration of OCT with other nonlinear optical
imaging modalities.
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