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Submicrometer axial resolution optical coherence tomography
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Optical coherence tomography (OCT) with unprecedented submicrometer axial resolution achieved by use of
a photonic crystal fiber in combination with a compact sub-10-fs Ti:sapphire laser (Femtolasers Produktions)

is demonstrated for what the authors believe is the first time.

The emission spectrum ranges from 550 to

950 nm (A, = 725 nm, P,,; = 27 mW), resulting in a free-space axial OCT resolution of ~0.75 um, corresponding

to ~0.5 um in biological tissue.
adenocarcinoma cells HT-29.

OCT because its spectrum covers the absorption bands of several biological chromophores.
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Optical coherence tomography (OCT) is a non-
invasive optical imaging technique that permits
three-dimensional cross-sectional visualization of
microstructural morphology in superficial regions of
transparent and nontransparent biological tissue.l™®
Because OCT uses partially coherent light, the axial
resolution of the image is determined by the tem-
poral coherence of the light source. In the case of
superluminescent diodes, the axial OCT resolution is
typically limited to 10—15 wum; for it to be enhanced,
broad-bandwidth light sources are required. The first
sub-10-um-resolution OCT was achieved by use of the
broadband fluorescence from Ti:sapphire.* Biological
imaging could not be performed with this type of light
source because of its low brightness. Despite their
broad emission bandwidths, current incandescent light
sources provide insufficient intensity in a single spatial
mode that is necessary for high-speed raster imaging
in nontransparent biological tissue.>® Recently a
state-of-the-art broadband Ti:sapphire laser was de-
veloped for 1-um axial-resolution spectroscopic OCT
imaging.”® Lately it was demonstrated that pho-
tonic crystal fibers'® (PCFs) or tapered fibers' can be
used to generate an extremely broadband continuum
by use of low-energy femtosecond pulses. Because of
the limited gain bandwidth of the Ti:sapphire crystal,
such a spectral bandwidth can never be generated
directly by a Ti:sapphire laser. As was recently
demonstrated, utilization of a PCF-based light source
in OCT systems results in ~2-um axial resolution for
emission spectra located near 1300 nm."?

In this Letter we demonstrate what is to our
knowledge the first submicrometer-resolution OCT
achieved by use of a PCF pumped with a compact,
commercially available sub-10-fs Ti:sapphire laser. A
stable, slightly modulated spectrum ranging from 550
to 950 nm (at its pedestal) with an output power of a
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Submicrometer-resolution OCT is demonstrated in vitro on human colorectal
This novel light source has great potential for development of spectroscopic
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few tens of milliwatts was generated with this source,
thus facilitating in-depth imaging of biological tissue
with unprecedented axial resolution.

Until recently, PCFs were used only in combi-
nation with conventional 100-fs Ti:sapphire oscilla-
tors.!>?2 In a previous study, multiple approaches
to generating a smooth, powerful, and stable su-
percontinuum in a cobweb PCF were undertaken
with sub-20-fs pulses with various chirp, power, and
polarization states as well as fibers of various lengths
and core sizes.® According to that study, short (a
few millimeters in length) fibers in combination with
sub-20-fs pulses tend to generate broad spectra with
minimal modulation, expanded mainly toward the vis-
ible wavelength range. Hence in the present study a
2.3-um core diameter, 6-mm length PCF (University of
Bath, UK) was pumped with a compact, commercially
available Ti:sapphire laser (Femtosource Compact Pro,
Femtolasers Produktions) emitting sub-10-fs pulses
with an ~100-MHz repetition rate and an output
power of as much as 400 mW to generate a relatively
smooth supercontinuum, spanning a FWHM of more
than 325 nm. The fiber was cut at an angle to pre-
vent backreflection to the oscillator. The oscillator
pulses were prechirped by undergoing 20 bounces
on chirped mirrors. Quarter- and half-wave plates
were used to select a particular polarization state
of the incident beam and thus to shape the emit-
ted spectrum.” A set of achromatic doublet lenses
(Fig. 1, L1 and L2) designed for optimal performance
in the range 600—-1000 nm, with N.A. of 0.6 and 0.3,
respectively, were used to couple the incident beam
into the PCF and to collimate the broadband output
that was generated.

The supercontinuum generated by the PCF-based
source was interfaced to a free-space OCT
system (Fig. 1). A broadband achromatic lens (L3;
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Fig. 1. Submicrometer-resolution OCT system: BSs,

beamsplitters; PBS, polarization beam splitter; QWPs and
HWPs, quarter-wave and half-wave plates, respectively;
VC, voice coil; CC, corner cube; L’s, lenses; D1-D3,
detectors; DC, dispersion compensation; M1, M2, mirrors;
RM, reference mirror; PCF, photonic crystal fiber.

f = 10 mm; N.A., 0.25) was used to focus the light
onto the sample. Dynamic focusing was implemented
to counteract the out-of-focus image degradation.
Interferometric triggering was used to account for
nonlinearities in the scanning rate of the voice coil
scanner. Dual balanced detection was utilized to
cancel the excess noise generated by the light source.
An optical circulator that comprised a polarized beam
splitter and quarter- and half-wave plates was used
to optimize the power throughput of the system and
to improve its sensitivity. All optical components
of the OCT system were selected to provide optimal
performance in the 400—1000-nm wavelength range.
Dispersion compensation was achieved with a pair
of BK7 prisms. The full interference fringe signal
was digitized with a 10-Msamples/s, 16-bit resolu-
tion analog-to-digital converter followed by software
demodulation. Consequently, a single measurement
with the same instrument permits submicrometer
axial resolution OCT imaging as well as extraction of
spatially resolved spectroscopic information.’

Figure 2 shows the emission spectra [Fig. 2(a)]
and the corresponding interference signal [Fig. 2(b)]
produced by coupling of the PCF-based light source
to the free-space interferometer. By proper selection
of the input pulse parameters and PCF character-
istics, a spectrum spanning 325 nm (at FWHM),
centered at 725 nm, with spectral modulations less
than 1.5 dB and a power output of as much as
27 mW was generated. By interfacing the PCF
source with the interferometer and using a stan-
dard resolution chart we measured free-space OCT
resolution of 2.5 um in the lateral and 0.75 um in
the axial direction (corresponding to 0.5 um in bio-
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logical tissue). The axial resolution was defined as
the FWHM of the envelope of the measured inter-
ferogram. Recently a similar OCT interference pat-
tern was achieved with a thermal light source,
although in that case the corresponding free-space
axial resolution was 1.2 um owing to the longer
central wavelength (840 nm) and the smaller band-
width (260 nm).® The sensitivity of our system was
evaluated to be 87 dB in free space for 1 mW of power
at the sample surface. Sidelobes observed in the
interferogram, caused by modulations in the light
source’s emission spectrum, were less than 5% of the
signal maximum.

To demonstrate OCT in tissue with submicro-
meter axial resolution we imaged human colorectal
adenocarcinoma cells HT-29 in vitro. Monolayers of
cultured cells were grown upon coverslips at 37 °C
in a humidified atmosphere of 95% air and 5%
CO;. The OCT images were acquired 48 h after
seeding. Subsequently the cells were fixed and
stained, and histological sections of 1-um thickness
in directions parallel and perpendicular to the OCT
imaging direction were prepared. Multiple OCT
cross-sectional images of a group of HT-29 cells were
acquired in vitro with 0.5-um axial and ~2-um
transverse resolution, at 91-mm/s scanning speed
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Fig. 2. (a) Optical spectrum of PCF output (solid curve),
PCF input spectrum (dashed curve), and (b) corresponding
interference signal.



such as nucleoli. The broad bandwidth of the light
source also provides access to a spectral region cov-
ering the absorption bands of a number of biological
chromophores; thus this source has great potential for
spectroscopic OCT.®
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Fig. 3. In vitro submicrometer-resolution OCT images of
human colorectal adenocarcinoma cells HT-29 with 0.5-um
axial and ~2-um transverse resolution, covering an area of
50 pum X 50 um, equally spaced by 2 um (A-F). Arrows
indicate features that may correspond to nucleoli of ap-
proximately 3—5 um diameter. Histological sections par-
allel (G and H) and perpendicular (I) to the OCT imaging
direction of typical HT-29 cells.

and a 10-Hz scanning rate, covering an area of
50 um X 50 um (500 X 500 pixels) and equally spaced
by 2 um (Figs. 3A-3F). The image postprocessing
procedure involved low-pass filtering, smoothing,
and optimization of the image contrast. Histological
sections of typical HT-29 cells parallel (Figs. 3G and
3H) and perpendicular (Fig. 3I) to the OCT imaging
direction are displayed for better interpretation of the
OCT tomograms. Comparison with histology demon-
strates that submicrometer-resolution OCT images
reveal features that may correspond to subcellular
structures such as nucleoli (indicated by arrows in the
figure) with approximately 2—3-um diameter as well
as to aggregates of cellular organelles.

In conclusion, using a compact, commercially avail-
able sub-10-fs Ti:sapphire laser, we have developed
a PCF-based light source and used it to facilitate
unprecedented submicrometer axial OCT resolution.
This light source represents an improvement by a
factor of 2 compared with previously used sources’
and, for the first time to our knowledge, permits the
in vitro visualization of human subcellular structures
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