
U
u

M
Y

Y

T
P

N
K
T
O
D
S

K
T
D
S

Y
O
D
S

K
Y

Y

T
P

1

C
l
a
m
e
w
T
s
l

e
c
a
t
r
h

A
c
5

Journal of Biomedical Optics 12�4�, 041202 �July/August 2007�

J

ltrahigh-resolution imaging of human donor cornea
sing full-field optical coherence tomography

asahiro Akiba
amagata Promotional Organization for Industrial

Technology
amagata, Japan

and
OPCON Advanced Biomedical Imaging Laboratory
aramus, New Jersey 07652

aoyuki Maeda
azuhiko Yumikake
akeshi Soma
saka University Medical School
epartment of Ophthalmology
uita, Osaka, Japan

ohji Nishida
ohoku University Graduate School of Medicine
epartment of Ophthalmology and Visual Science
endai, Miyagi, Japan

asuo Tano
saka University Medical School
epartment of Ophthalmology
uita, Osaka, Japan

in Pui Chan
amagata Promotional Organization for Industrial

Technology
amagata, Japan

and
OPCON Advanced Biomedical Imaging Laboratory

Abstract. A feasibility study of ultrahigh-resolution full-field optical
coherence tomography �FF-OCT� for a subcellular-level imaging of
human donor corneas is presented. The FF-OCT system employed in
this experiment is based on a white light interference microscope,
where the sample is illuminated by a thermal light source and a hori-
zontal cross-sectional �en face� image is detected using a charge
coupled device �CCD� camera. A conventional four-frame phase-shift
detection technique is employed to extract the interferometric image
from the CCD output. A 95-nm-broadband full-field illumination
yields an axial resolution of 2.0 �m, and the system covers an area of
850 �m�850 �m with a transverse resolution of 2.4 �m using a
0.3-NA microscope objective and a CCD camera with 512�512 pix-
els. Starting a measurement from the epithelial to the endothelial side,
a series of en face images was obtained. From detected en face im-
ages, the epithelial cells, Bowman’s layer, stromal keratocyte, nerve
fiber, Descemet’s membrane, and endothelial cell were clearly ob-
served. Keratocyte cytoplasm, its nuclei, and its processes were also
separately detected. Two-dimensional interconnectivity of the kerato-
cytes is visualized, and the keratocytes existing between collagen
lamellaes are separately extracted by exploiting a high axial resolution
ability of FF-OCT. © 2007 Society of Photo-Optical Instrumentation Engineers.

�DOI: 10.1117/1.2764461�

Keywords: optical coherence tomography; full-field; cornea; keratocyte; corneal
epithelium.
Paper 07014R received Jan. 15, 2007; revised manuscript received Mar. 11, 2007;
accepted for publication Mar. 22, 2007; published online Jul. 30, 2007.
aramus, New Jersey 07652
Introduction

ellular-level observation of the ocular tissue structure of a
iving human eye has been challenging. In vivo cellular ex-
mination of the cornea was first demonstrated by a specular
icroscope that enabled the visualization of the corneal

ndothelium.1 In the 1980s, the corneal confocal microscope
as developed for high-resolution corneal imaging ex vivo.2

he technological advances in confocal microscopes have
ince led to observation of living human eye at a subcellular
evel.3–8

Recently, optical coherence tomography �OCT� has
merged as a new technology for high-resolution, longitudinal
ross-sectional imaging. OCT has been applied to retinal im-
ging, enabling the visualization of morphological structure of
he retina as well as the assessment of retinal thickness.9 More
ecently, high-speed OCT techniques in the Fourier domain
ave been developed and applied to the imaging of the

ddress all correspondence to Masahiro Akiba, TOPCON Advanced Biomedi-
al Imaging Laboratory, 53 West Century Road, Paramus, NJ 07652; Tel: 201–

99–5237; Fax: 201–599–5260; E-mail: makiba@topcon.com
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retina10,11 and the anterior segment.12,13 The axial resolution of
OCT is governed by the bandwidth of the light source, and the
transverse resolution is determined by the spot size of the
incident beam. In standard OCT using a superluminescent di-
ode as the light source, the axial resolution is �10 �m. To
provide a long field depth, a low numerical aperture �NA�
objective is commonly used, limiting the transverse resolution
to 10–20 �m. To realize ultrahigh resolution for subcellular
imaging, an OCT system using an ultra-broadband femtosec-
ond laser and a high-NA objective has achieved an axial reso-
lution of �1 �m and a transverse resolution of �3 �m.14

In an alternative form of OCT imaging, a horizontal cross-
sectional �en face� image can be acquired by scanning the
incident beam across the sample at a fixed depth.15 Such an en
face OCT image is the familiar form of a confocal micro-
scopic image. Recently, full-field OCT �FF-OCT� has been of
increased interest as a nonscanning, high-resolution, en face
OCT method.16–20 In FF-OCT, the sample is illuminated with
a parallel beam, and the signal light backscattered from the
1083-3668/2007/12�4�/041202/7/$25.00 © 2007 SPIE
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ample is detected by a detector array in a two-dimensional
2D� manner. Since an ultra-broadband thermal light source
an be effectively employed for illuminating the sample, a
igh axial resolution of �1 �m can be achieved. Meanwhile,
he state-of-the-art, high-resolution sensor array, such as CCD
r complementary metal oxide semiconductor �CMOS� cam-
ra, incorporated with a high-NA objective provides a high
ransverse resolution as well. Grieve et al. have reported com-
rehensive results of ultrahigh-resolution FF-OCT imaging
sing excised cornea and retina in the mouse, rat, and pig.21,22

owever, imaging results of the human cornea have not been
eported.

In this work, we demonstrate subcellular cross-sectional
maging results of a donor cornea using ultrahigh-resolution
F-OCT implemented with a thermal light source and
igh-NA immersion objectives. Our FF-OCT system offers a
wo-times higher axial resolution than a corneal confocal mi-
roscope reported in the literature.8,23,24 To the best of our
nowledge, we report the first subcellular imaging of a human
onor cornea and the visualization of a 2D keratocyte network
y FF-OCT.

Materials and Methods
schematic of the FF-OCT system is shown in Fig. 1. Our

ystem is based on a white light interference microscope with
Linnik-type configuration. The system is similar to the one

reviously demonstrated in the literature.16,19 The radiation

ig. 1 Ultrahigh-resolution FF-OCT system based on a white light in-
erference microscope. BS: beam splitter; OL: objective lens; ND:
eutral density filter; GP: glass plate; RM: reference mirror; PZT: piezo
lectric translator; AS: aperture stop. Inset shows a spectrum of the
ltered output of a halogen lamp employed for FF-OCT imaging.
rom a 150-W tungsten halogen lamp is incident into a flex-

ournal of Biomedical Optics 041202-
ible fiber bundle and then directed to a Köhler illuminator
�KI� system, in which a variable aperture stop and a field stop
are assembled. By using the KI system associated with a fiber
bundle, the tungsten halogen lamp can be placed away from
an interferometer, so that any turbulence caused by a cooling
fan housed in the halogen lamp power supply can be mini-
mized. Output from the KI system is launched into the Mich-
elson interferometer and split into the signal and reference
beams by a 50:50 broadband beam splitter �BS�. Two identi-
cal infinity-corrected water immersion objectives �10�, 0.3-
NA, UMPLFL 10XW; Olympus, Tokyo, Japan� with a work-
ing distance of 3.3 mm are placed in both arms of the
interferometer, respectively. The signal light is illuminated
onto the sample by an objective, and the backscattered light is
collected by the same objective and transferred to the BS. The
reference light is reflected by the total reflection mirror and
returned to the BS through the objective. A drop of water
�W3500 tissue culture water; Sigma-Ardorich, St. Louis, MO�
is put as an immersion fluid between the tip of the objective
and the total reflection mirror. A neutral density �ND� filter
whose density is optimized for corneal imaging is placed in
the reference arm to increase the visibility of the interferomet-
ric image. To minimize dispersion mismatch between the sig-
nal and reference arms, a BK7 glass plate �GP� is placed in
the reference arm, so that the dispersion in both arms is ini-
tially matched. The output light from the interferometer is
detected by a microscope setup, where the interferometric im-
age is captured by a silicon-based CCD camera �MC-512PF;
Texas Instruments Japan�. The CCD camera has 512�512
pixels with a 12-bit resolution at a rate of 30 Hz. The aperture
stop is placed at the exit of the interferometer to reject the
unwanted back-scatterings from the optics �e.g., ND filter and
GP� in the interferometer.

The field of view of the FF-OCT system is determined by
the magnification of the optical setup and the pixel size of the
CCD. In this experiment, it is set to 850 �m�850 �m, with
a pixel size of 1.7 �m�1.7 �m in an object space. To ex-
tract the interference component from the CCD output, we
employ a conventional four-step phase shift detection tech-
nique, where four images detected at the phase shifts of 0,
� /2, �, and 3/2� are used for the linear operation. To in-
crease the detection sensitivity, 10 images at each phase are
continuously captured and averaged. As a result, 40 images
are used to measure a single FF-OCT image, and the image
acquisition time is approximately 1.5 s. Measurement is per-
formed by a home-written software using the Microsoft Vi-
sual C++ development environment, where an executable
code is optimized for an Intel Pentium IV processor. The soft-
ware sequence including image measurement, processing, dis-
play, and export to the disk is fully automated. FF-OCT im-
ages are displayed using a logarithmic lookup table in 256
grayscale image, where a high reflectance is displayed as
white against the black background.

Although a submicron-level ultrahigh axial resolution can
be achieved by use of the extremely broad bandwidth of the
halogen lamp, only a partial bandwidth in the near-infrared
range of 700 nm to 900 nm has been chosen. Optical filters
are inserted at the exit of the KI system to cut off both the
visible ���700 nm� and long-wavelength ���900 nm�

components. This wavelength region is selected because of

July/August 2007 � Vol. 12�4�2
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he splitting ratio of the BS, where a transmittance and reflec-
ance are evenly divided. The resultant spectrum, which is
epicted in the inset of Fig. 1, has a quasi-Gaussian distribu-
ion centered at 760 nm, with a bandwidth of 95 nm. The
ncident power on the sample surface is approximately
00 �W/mm2, which is well below the ANSI standard for
aximum permissible ocular exposure. The sensitivity of our

ystem is better than 80 dB, which is 10–20 dB lower than
ime-domain OCT and Fourier-domain OCT.

An FF-OCT image is detected at a depth matched to the
ocal plane of the imaging system. By translating the sample
sing a precision stage �ALV-600-H0M; Chuo Precision In-
ustrial, Tokyo, Japan� along the optical axis �z-�, a stack of
F-OCT images at different depths is acquired. Using the

hree-dimensional �3D� data set, a longitudinal cross-section
xz-, yz-� common to that of a conventional OCT or ultra-
ound biomicroscopy can be sectioned out for comparison
tudy.

Two human donor corneas from one subject �45 years old,
days’ postmortem� for experimental use were obtained as a

orneoscleral button. There was no evidence that the donor
ad suffered from ophthalmological disease except that there
ere mild haze at the epithelium, scars at the superficial

troma, and a few folds in Descemet’s membrane. The cor-
eas were immersed in Optisol GS �Bausch & Lomb Inc,
ochester, NY� and stored at 4–5°C for sample preservation.
hen proceeded to examination, the donor corneas were set

nto a small container filled with a cooled Hank’s balanced
aline solution and the objective was then lowered to the cor-
ea. The objective lens was sterilized with 70% isopropyl
lcohol before examination. All investigations were per-
ormed in the central area of the cornea from the epithelial
ide to the endothelial side. No staining and no contrast agents
ere used.

Results
igure 2 shows a longitudinal cross section �xz� reconstructed
rom a stack of FF-OCT images at a 2-�m depth interval.
igure 2 aims to provide, in the common form of a conven-

ional OCT, an inspection of the ultrahigh sectioning capabil-
ty of FF-OCT. It can be seen that the epithelium �EP�, Bow-

an’s layer �BL�, stroma �ST�, Descemet’s membrane �DM�,

ig. 2 Longitudinal cross section of a donor cornea reconstructed
rom a stack of FF-OCT images. The image size is approximately
.85�0.6 mm �transverse�axial�. The corneal epithelium �EP�, Bow-
an’s layer �BL�, stroma �ST�, Descemet’s membrane �DM�, and en-
othelium �EN� were clearly differentiated. Bar: 100 �m.
nd endothelium �EN� from the anterior surface to the poste-

ournal of Biomedical Optics 041202-
rior surface of the cornea are clearly differentiated. Some of
the superficial epithelial cells are detached, and a gap between
the detected superficial cells and the remaining epithelial cells
is observed.

Figure 3 shows the representative images of a donor cor-
nea in the regions of the epithelium and anterior stroma. FF-
OCT images depicted in Figs. 3�a�–3�g� were acquired at dif-
ferent depths indicated by the black arrows given in Fig. 3�j�,
which was a reconstructed longitudinal cross section. To pro-
vide a better inspection of the depth information, Fig. 3�j� was
expanded in the vertical direction by a factor of two. Figure
3�a� indicates the en face image at the level of wing cell layer,
where a central dark area corresponds to a gap between the
wing cell layers. Figure 3�b� was obtained just above a base-
ment membrane, where a part of a thin basal epithelial nerve
plexus running parallel to the basement membrane was ob-
served. Figure 3�c� describes the FF-OCT image detected at a
level of Bowman’s layer, where the outer bright ring possibly
corresponds to a basement membrane located just above Bow-
man’s layer. This layer was an acellular layer, and no struc-
tural details were observed. The central highly scattering area
in Fig. 3�c� was captured at the most anterior part of the

Fig. 3 FF-OCT imaging results of the donor cornea in the regions of
epithelium and anterior stroma. �a�–�e� Representative FF-OCT images
acquired at different depths; �j� longitudinal cross section recon-
structed from a stack of FF-OCT images. The arrows in �j� indicate the
depths where the FF-OCT images of �a�–�g� were measured. Image �j�
was expanded in the vertical �z-� direction by a factor of two. Epithe-
lium �EP�, Bowman’s layer �BL�, and stroma �ST� were clearly visual-
ized. Images �h� and �i� show three-times enlarged images of the
dashed boxes in �d� and �f�, respectively, showing a keratocyte cell
body and its nuclei. Bar: 100 �m.
stroma, revealing the uppermost stromal keratocytes. Figure

July/August 2007 � Vol. 12�4�3
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�d� was detected at the region of 6 �m underneath the up-
ermost stroma shown in Fig. 3�c�, where the uppermost layer
f keratocyte spread out along Bowman’s layer. As observed
n Fig. 3�d�, the nerve fibers �arrows� perforated Bowman’s
ayer and the most anterior stroma and went up through Bow-

an’s layer. Structurally, they were connected to the nerve
lexus at the subbasal layer.

Figures 3�e�–3�g�, which were detected approximately
4 �m, 38 �m, and 68 �m below Bowman’s layer, reveal
he two-dimensional distributions of keratocytes at different
epths. Keratocyte was seen as a flat cell connected by long
ytoplasmic cell processes from their bodies, linked to adja-
ent keratocytes to form a network. The circularly arranged
eratocytes and their interconnectivity were clearly observed
n the FF-OCT images. For a better inspection, Figs. 3�h� and
�i� show the three-times enlarged images of the dashed boxes
n Figs. 3�d� and 3�f�, respectively. From the images, kerato-
yte nuclei, a portion of the cell body, and its projection ap-
ear bright. The images of Figs. 3�d� and 3�g� indicated that
ize of the keratocyte increased with depth as reported in the
iterature.25,26 Nerve fibers are occasionally seen traversing
he stroma, as indicated by an arrow in Fig. 3�e�.

In the reconstructed longitudinal cross section shown in
ig. 3�j�, the Bowman’s layer appears as a dark band with a

hickness of 13 �m indicated by the two white arrows. The
hin and curved layer oriented parallel to the corneal surface
ust above Bowman’s layer seems to correspond to the base-

ent membrane. In the stroma, keratocytes were seen as a

ig. 4 Representative FF-OCT images of the donor cornea in the re-
ions of endothelium. �a�, �b� FF-OCT images acquired at different
epths; �c�, �d� three-times enlarged images of the area indicated by
he dashed boxes in �a� and �b�, respectively; �e� longitudinal cross
ection reconstructed from a stack of FF-OCT images. The arrows in
e� indicate the depths where the FF-OCT images of �a� and �b� were
easured. Stroma �ST�, Descemet’s membrane �DM�, and endothe-

ium �EN� were clearly visualized. Image �e� was expanded in the
ertical direction by a factor of two. Bar: 100 �m.
right, slender profile parallel to the corneal surface. Intra-

ournal of Biomedical Optics 041202-
epithelial edema was observed at a level of the wing cell
layer.

Figure 4 reveals the FF-OCT imaging results at the regions
of the posterior stroma and endothelium. Imaging was per-
formed with the same sample and at the same transverse po-
sition as of Fig. 3. Figures 4�a� and 4�b� show the FF-OCT
images at different depths, while 4�e� shows a reconstructed
longitudinal cross section with arrows indicating the depths of
the respective FF-OCT images. In Fig. 4�e�, the fold in De-
scemet’s membrane was observed as an arched structure and
was projected toward the endothelial side. Figures 4�a� and
4�b� are FF-OCT images detected at the level of endothelium,
showing the folds and the endothelial cells. Because of the
higher axial resolution of FF-OCT and the curved structure of
the endothelium cell layer, only a portion of the endothelial
cells was observed in a single FF-OCT image. For a better
inspection of the cells, Figs. 4�c� and 4�d� show the three-
times enlarged images of the area indicated by the dashed
boxes in 4�a� and 4�b�, respectively. Despite the presence of
the folding, endothelium cells and their nuclei were visualized
in both images.

Finally, the imaging results of a donor cornea with a stro-
ma’s scar were shown in Fig. 5. Imaging was performed ap-
proximately 1 mm apart from the center of the cornea. Fig-
ures 5�a�–5�c� show three of the FF-OCT images acquired at
different depths, while Fig. 5�d� shows the reconstructed lon-
gitudinal cross section indicated by the dashed line in Fig.
5�a�. The oval-shaped stromal scar was observed in the super-
ficial stromal layer. Figure 5�a� showed the rupture of the
basement membrane on the scar, while Figs. 5�b� and 5�c�
revealed that the scar �arrows� lied across Bowman’s layer
and the stroma. From the image shown in Fig. 5�d�, the scar
appears to consist of densely packed slender keratocytes, and
the size of the scar was estimated to be approximately
200 �m in width and 30 �m in depth.

4 Discussion
4.1 Demonstration of a Superior Axial Resolution
In a corneal confocal microscopy, the combination of a tightly

Fig. 5 FF-OCT imaging results of the donor cornea with a stroma’s
scar. �a�–�c� FF-OCT images acquired at different depths; �d� longitu-
dinal cross section reconstructed from a stack of FF-OCT images. The
arrow in �d� indicates the depth where the FF-OCT images of �a�–�c�
were measured. The dashed line in �a� indicated the transverse posi-
tion where the longitudinal cross section of �d� was reconstructed. For
the purpose of inspection along the depth direction, �d� was expanded
in the vertical direction by a factor of two. EP: epithelium; BL: Bow-
man’s layer; ST: stroma. Bar: 100 �m.
focused beam and a conjugate pinhole placed in front of a

July/August 2007 � Vol. 12�4�4
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ingle detector generally yields an axial resolution of
–10 �m and a transverse resolution of 2–6 �m.23,24,27 By
omparison, our FF-OCT system offers a significantly higher
xial resolution of 2 �m and a similar transverse resolution of
.4 �m. The result of Fig. 2 gives some evidence that the
ectioning capability of our FF-OCT system using a low-cost

ig. 6 Merged FF-OCT images with different depth intervals, show
olored in red and green were detected at a depth interval of 0.75 �m
n red were identical in �a�–�c�. Bar: 100 �m.

ig. 7 Integrated FF-OCT images along a depth direction. �a�, �c�
espectively, with a depth range of 4.5 �m. �b�, �d� Superimposed FF-O

ere visualized by use of pseudocolor in �c� and �d�. Bar: 100 �m.

ournal of Biomedical Optics 041202-
halogen lamp is comparable to that of a conventional OCT
using a state-of-the-art ultra-broadband Ti:Al2O3 femtosec-
ond laser.28 In addition, FF-OCT provides an en face image
that can delineate the morphological features of a human cor-
nea at a subcellular level. Corneal epithelium, keratocytes in
stroma, and endothelium were clearly observed. Epithelial

epth-dependent, two-dimensional keratocyte network. Two images
.5 �m in �b�, and 2.25 �m in �c�, respectively. The top layers colored

posed FF-OCT images represented by grayscale and pseudocolor,
ages with a longer depth range of 6.8 �m. Adjacent keratocyte layers
ing a d
in �a� 1
Superim
CT im
July/August 2007 � Vol. 12�4�5
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dema between wing cell layers and the stroma’s scar in the
uperficial stromal layer were observed as well. It is notewor-
hy that corneal nerves were readily observed in the xy-plane.

It has been well known from histology by scanning elec-
ron microscope that keratocytes have multiple long exten-
ions and lie between the tightly packed collagen lamellaes
hat constitute the bulk of the stroma. The stroma has 200–250
ayers of collagen lamellae. Assuming that the collagen lamel-
aes are evenly distributed across the stroma and that the
hickness of the stroma is 450 �m, the thickness of a collagen
amellae will be 1.8–2.3 �m. Nevertheless, the thickness of
he lamellae is not evenly distributed, where the anterior
troma has more densely packed thin lamellae than the poste-
ior stroma.29 As such, the 2-�m spatial resolution of FF-
CT in both axial and transverse directions may be suited for

he imaging of 2D keratocyte distribution between collagen
amellaes.

In the following, we examine the feasibility of FF-OCT for
he visualization of a keratocyte network. The use of red and
reen pseudocolors is informative for displaying the depth
ependence of keratocyte, where any colocalization will be
bserved as a different additive color when two individual
F-OCT images are merged into a single image. Figures
�a�–6�c� show three examples with different depth intervals
f �a� 0.75 �m, �b� 1.5 �m, and �c� 2.25 �m, respectively.
ll the images involved were acquired from the same mea-

urement shown in Fig. 3. They were located approximately
0 �m below Bowman’s layer, so that their en face planes
ere almost parallel to the collagen lamellae layer. The top

ayers in Figs. 6�a�–6�c� are all identical, and they are colored
ed. In Fig. 6�a� where the 0.75 �m depth interval is less than
he axial resolution and the average thickness of the collagen
amellae layer, part of the keratocytes overlaps with each
ther and the overlapped area appears in yellow. On the other
and, in Fig. 6�b�, where the 1.5-�m depth interval is slightly
ess than the axial resolution, the overlap seen in Fig. 6�a�
radually disappears. When the depth interval was increased
o 2.25 �m in Fig. 6�c�, that is, about equal to the average
hickness of collagen lamellae, the individual keratocytes are

ostly resolved. The result of Fig. 6 suggests that the �2-�m
hin layer sectioned out by FF-OCT may contain a single
ayer of keratocytes, provided that the imaging plane was al-

ost parallel to the collagen lamellae.

.2 Comparison with In Vivo Confocal Microscopy

he axial resolution of FF-OCT is determined by the low
oherence of the thermal light source, while that of the con-
entional confocal microscope is determined by the confocal
arameter of the objective. Since FF-OCT offers a higher sen-
itivity than a confocal microscope,30 minute changes in cor-
eal morphology can be detected with superior resolution.
oth image contrasts are based on the intensity of backscat-

ered light. However, the FF-OCT image is the result of the
ptical interference. Therefore, these two different imaging
odalities may appear as different contrasts in the images

etected.
By integrating the ultrahigh-resolution FF-OCT images

long the depth direction, it is possible to generate an en face
mage whose depth resolution is comparable to that of a con-

entional confocal image. Figure 7 shows such an example,

ournal of Biomedical Optics 041202-
where 7�a� and 7�b� are the integrations of two and three
FF-OCT images, corresponding to a depth range of 4.5 �m
and 6.8 �m, respectively. The images involved in the integra-
tions were chosen from the measurement results that have
been partially shown in Fig. 3, and they were acquired ap-
proximately 100 �m underneath Bowman’s layer. It is ob-
served in Figs. 7�a� and 7�b� that the keratocytes are tightly
interconnected and the interpretation of their interconnection
is complicated by the depth integration, in other words, the
decreased resolving power of imaging. In contrast, Figs. 7�c�
and 7�d� show the same integrations as those of 7�a� and 7�b�,
but with depth information presented by pseudocolors of
cyan, magenta, and yellow for the layers counted from the top
to the bottom. An inspection of Figs. 7�c� and 7�d� shows that
keratocytes are not spatially overlapped, a result that is con-
sistent with the previous report by Muller et al.31 From the
comparison in Fig. 7, it is apparent that FF-OCT with ultra-
high resolution in both axial and transverse directions is po-
tentially valuable for the ex vivo study of 2D keratocyte net-
work between collagen lamellaes.

4.3 System Limitation for In Vivo Imaging
There are some limitations in this study. Keratocyte is located
between collagen lamellaes parallel to the corneal surface. To
resolve a single layer of keratocyte, an incident parallel beam
must be oriented normal to the corneal surface. Otherwise
FF-OCT captures a slanted plane against the collagen lamel-
lae. This precise positioning is easy for ex vivo imaging, but it
is hard to achieve for in vivo imaging. In addition, image
acquisition time is a critical issue for in vivo imaging. In the
current system, image acquisition time is relatively lengthy
�1.5 s / image�, since a phase-shift operation and image aver-
aging were employed to extract the interference component
and to increase a detection sensitivity. Involuntary sample
movement causes a degradation of the image quality, making
an FF-OCT image low-contrast and blured. The sample must
be immobile during measurement, so that the present system
is only suited for ex vivo or in vitro study. For the purpose of
in vivo imaging, an ultrahigh-speed FF-OCT system was dem-
onstrated using a xenon arc flash lamp �10-�s flashes�.32,33

Meanwhile, a video-rate FF-OCT system using a dual-channel
detection scheme with a pair of CCD cameras is being devel-
oped in our laboratory.34 We are convinced that the current
development of high-speed FF-OCT will lead to in vivo
ultrahigh-resolution corneal imaging in the very near future.

In conclusion, we have demonstrated the feasibility of
ultrahigh-resolution FF-OCT for corneal imaging at a subcel-
lular level. FF-OCT images of human donor corneas with an
unprecedented axial resolution of 2.0 �m and a transverse
resolution of 2.4 �m are presented. Our results provide ex-
perimental evidence that keratocytes existing between col-
lagen lamellaes can be individually resolved by FF-OCT,
which may lead to the visualization of the 3D keratocyte net-
work.
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