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Molecularly sensitive optical coherence tomography
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Molecular contrast in optical coherence tomography (OCT) is demonstrated by use of coherent anti-Stokes
Raman scattering (CARS) for molecular sensitivity. Femtosecond laser pulses are focused into a sample
by use of a low-numerical-aperture lens to generate CARS photons, and the backref lected CARS signal is
interferometrically measured. With the chemical selectivity provided by CARS and the advanced imaging ca-
pabilities of OCT, this technique may be useful for molecular contrast imaging in biological tissues. CARS can
be generated and interferometrically measured over at least 600 mm of the depth of field of a low-numerical-
aperture objective. © 2005 Optical Society of America
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There are many clinical situations in which nonin-
vasive, high-resolution imaging could be useful for
locating and diagnosing pathological tissue. Optical
coherence tomography (OCT) is being developed to f ill
this need.1 In OCT, linear characteristics such as
scattering, absorption, birefringence, and refractive
index are measured to produce image contrast at
near-histological resolutions. Unfortunately, these
properties can be similar in different tissues, limiting
the ability of OCT to distinguish between tissue types.
To address this problem, two new OCT techniques
are being studied that use molecular differences to
provide more useful OCT contrast. The first tech-
nique uses exogenous contrast agents that can be
targeted to bind to specific molecules to obtain molecu-
lar specificity.2 The second technique, which was
recently proposed3 and demonstrated,4 exploits coher-
ent, nonlinear optical methods to identify endogenous
molecular properties. Recently, second-harmonic
OCT was used to image biological tissue.5 Although
second-harmonic OCT can differentiate between
certain classes of tissue, unambiguous molecular
identification cannot be achieved. Instead, we use a
well-known optical molecular identification technique
called coherent anti-Stokes Raman scattering (CARS).

In this Letter we present a first demonstration of a
CARS-sensitive tomographic optical ranging technique
for mapping the presence of a specif ic molecule within
a sample. CARS is a vibrational spectroscopy tech-
nique that has found recent application in nonlinear
microscopy.6 The molecular selectivity of CARS has
motivated its use as a molecular contrast mechanism
for microscopy that alleviates the need for staining with
f luorescent dyes to generate contrast as in confocal
microscopy. In addition to its molecular identification
capabilities, CARS is also emitted coherently with
respect to the incident photons. Because of this
coherent nature, CARS can be interferometrically
measured. Our technique takes advantage of this
property to provide molecular contrast for interfero-
metric optical ranging in which the axial resolution is
defined by the coherence length of the CARS pulse.
One can improve axial resolution by increasing the
bandwidth of the incident pulses at the expense of
molecular specificity.
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To achieve molecularly sensitive OCT, we use an
interferometer similar to that used in traditional OCT.
However, to generate CARS in the sample arm, we
need a tunable Stokes pulse that is coherent with the
pump. For the reference arm we need a coherent
anti-Stokes pulse to obtain interference with the
sample CARS pulse. A second-harmonic generation
optical parametric amplifier (OPA) is used to pro-
duce the sample-arm Stokes and the reference-arm
anti-Stokes pulses, both of which are coherent with
each other since they are generated by the same pump.

We now describe in detail the experimental setup
shown in Fig. 1. Ten percent of the output of a femto-
second, microjoule chirped-pulse amplif ication system
(RegA 9000, Coherent, Inc.) is used as the pump pulse,
whereas the rest is used to pump the second-harmonic
generation OPA (OPA 9400, Coherent, Inc.). The out-
put of the OPA consists of two pulses, the Stokes and
the anti-Stokes, each separated in energy from the
pump by an equal amount.

These input pulses represent the sources for our
interferometer. We create the reference-arm pulse
by separating the anti-Stokes pulse from the OPA
output with a dichroic beam splitter, sending this
reference pulse through a variable optical delay line,
and coupling it into a 3-dB single-mode fiber coupler.

Fig. 1. Experimental setup: Regen, regenerative ampli-
fier; G, galvanometer-controlled optical delay; M1–M3,
long-pass dichroic mirrors with different cutoffs; P , pump;
S , Stokes; A-S , anti-Stokes; L1, 30-mm focal-length
lens; SA, sample; L2, 103 microscope objective; SMF,
single-mode fiber; PC, polarization controller; APD,
avalanche photodiode; DAQ, data acquisition.
© 2005 Optical Society of America
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We then use an attenuated pump pulse from the am-
plifier and the Stokes pulse from the OPA, centered at
1047 nm, as the incident sample-arm pulses. These
are collinearly and temporally overlap at another
dichroic beam splitter and then are focused into the
sample by use of an achromatic lens with a numerical
aperture of 0.2. With a total incident power on the
sample of 1.5 mW, anti-Stokes photons are generated
at locations where the appropriate molecule is present.
The backscattered photons are then separated out
with a third dichroic beam splitter and coupled into
the single-mode fiber coupler. As the reference-arm
path length is scanned, the output of the fiber coupler
is monitored with an avalanche photodiode operating
in photon-counting mode. Finally, interference is
measured and plotted as a function of delay position.

We first use acetone as the molecular species in our
sample because it has a strong, isolated Raman-active
vibrational mode at 2952 cm21 associated with the
C–H stretch vibration. The resulting CARS pulse is
centered at 647 nm. The autocorrelation width, and
thus the axial resolution, of this pulse is measured to
be 32 mm (Fig. 2), and this signal is shown to result
from a four-wave-mixing process since it is linearly
related to the Stokes intensity and quadratically
related to the pump intensity4 (inset in Fig. 2). More-
over, this process is CARS resonance because, when
the Stokes wavelength is tuned to the Raman-active
vibrational mode in acetone, the anti-Stokes power is
maximized.

The sample structure we use to demonstrate
molecularly sensitive OCT is shown in Fig. 3(a). Two
100-mm-thick wells of acetone are sandwiched between
150-mm-thick coverslips. The thickness of each layer
in the drawing represents the optical path length
through the sample. An air-f illed well, lined by two
coverslips, is placed between the two wells of acetone
physically separating them by approximately 600 mm.
Forward-directed CARS photons are generated in
each well of acetone and scattered from the glass
slide interfaces. It is important to note here that
this air gap is necessary to show that the signal
measured from the second well of acetone is not simply
backscattered CARS generated in the f irst well but, in
fact, CARS generated from the second well. To prove
that CARS is generated and backscattered from both
wells of acetone, we place the sample such that the
second layer of acetone is at the focus, and therefore
the measured interference from this layer is greater
in amplitude than that from the first.

Figures 3(b) and 3(c) show the demodulated in-
terferometric axial measurement of the sample by
use of standard OCT and molecularly sensitive
OCT. Standard optical ranging [Fig. 3(b)] produces
a ref lection at each of the interfaces present in the
sample, regardless of the presence of acetone. The
molecular contrast ranging measurement [Fig. 3(c)]
contains only two major peaks, which correspond
to the two acetone layers in the sample. A strong,
forward-directed CARS signal is generated in each
acetone layer; therefore interference is measured only
at the axial locations corresponding to the interfaces
following these layers. The small peak at position 6
is likely the result of nonresonant four-wave mixing
in the glass slide at that position. However, since
the peak at position 7 has a much larger amplitude,
we know that this peak is not simply due to the

Fig. 2. CARS interferogram as measured from acetone.
Inset, log– log plots of the intensity of the CARS signal.4

Fig. 3. (a) Schematic of the multilayer sample structure
used to demonstrate molecularly sensitive interferometric
ranging and OCT: G, glass. The thickness of each layer
in the drawing represents the optical path length through
that layer at the pump wavelength. Demodulated inter-
ferograms of the sample measured by (b) standard OCT
and (c) CARS ranging. The inset in (c) shows demodu-
lated interferometric data acquired in the absence of the
Stokes pulses, indicating that CARS is generated only with
the Stokes pulses present.
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Fig. 4. Molecularly sensitive OCT image of the CARS sig-
nal generated from a thin, lipid-dense layer of beef tissue,
sandwiched between two glass slides. The signal observed
was mainly the result of forward CARS scattered off the
tissue–glass interface. The scale bar represents 100 mm
in both the axial and transverse directions.

subsequent backscatter of the forward-directed CARS
from the first acetone layer. Since the interference
results from scattering at the acetone–glass interface
in each well, these peaks represent the point-spread
function of the system. This result indicates that
CARS can be generated and interferometrically mea-
sured over at least 600 mm of the depth of field of a
low-numerical-aperture objective.

After demonstrating the axial ranging capabilities
of this technique, a thin layer of lipid-dense beef tissue
was compressed between two glass slides and placed
in the sample arm to demonstrate biological imaging.
The Stokes wavelength was tuned to excite a lipid reso-
nance at 2845 cm21, and a dual-balanced photodetec-
tor was used. The two-dimensional image in Fig. 4 is
the result of the CARS signal generated in the tissue
sample and scattered from the tissue–glass interface.
The nonuniform signal strength is the result of the
varying thicknesses in the tissue layer. Each 500-mm
axial scan required 10 s to acquire, which is limited by
our delay line scanning apparatus. The acquisition
time can be drastically improved with a spectral do-
main detection scheme. The measured signal-to-noise
ratio (defined in a manner equivalent to OCT) is equal
to 75 dB.
In conclusion, we have demonstrated molecularly
sensitive optical ranging and OCT in a multilayer
sample and biological specimen by combining the
interferometric ranging technique used in OCT and
the molecular identification capability of CARS.
Although this research represents an important step
toward molecularly specific OCT contrast, our setup
has limitations in both sensitivity and specificity.
The coupling efficiency of the backscattered CARS
photons into the f iber currently limits our sensitivity
and thus our ability to detect any weakly scattering
interfaces within the lipid sample. In addition, the
broad bandwidth of our current setup limits our
molecular specificity. Pulse-shaping techniques3 are
therefore being developed to probe a wide range of
biologically relevant resonances, such as the PO2
phosphodiester resonances in nucleic acids, with high
spectral resolution. In the future, this technique will
improve OCT image contrast of biological tissues by
differentiating between tissue types based on molecu-
lar composition rather than linear elastic scattering.
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