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ABSTRACT

An overview is presented of recent trends in coherent anti-Stokes Raman scattering (CARS) microscopy. We briefly
discuss the influence of tissue scattering on the CARS signal, methods for controlling the CARS emission and prospects
for surface-enhancement of the CARS radiation.
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1. INTRODUCTION

CARS microscopy has morphed itself from a proof of principle technique at the turn of the last century to a widespread
imaging method employed by biologists, chemists and physicists worldwide.'” The broad interest for this vibrational
imaging technique is not only triggered by the technologically attractive combination of high resolution imaging and
coherent nonlinear spectroscopy, but also by the many new applications the technique brings to the fields of biomedical
imaging and material science.

The recent recruitment of the CARS technique for studying biological samples comes in two flavors:
spectroscopy and microscopy. CARS spectroscopy and micro-spectroscopy has been recognized as a swift alternative to
Raman spectroscopy. Rapid detection of vibrational spectra of lipid membranes and bacterial spores are among the
applications.” > CARS microscopy, on the other hand, singles out select vibrational bands for imaging purposes. CARS
microscopy effectively merges Raman sensitivity with the imaging quality of a multi-photon microscope. This implies
that high resolution images can be obtained with vibrational contrast and, unlike in conventional Raman microscopy, at
high image acquisition speeds. These ingredients make the CARS imaging technique particularly suitable to visualize
live tissues: unstained samples that require rapid imaging with chemical contrast. It is not a surprise that some of the
most successful CARS microscopy applications are tissue imaging studies, ranging from resolving fat deposits in skin to
myelin imaging in spinal cords.”™

By moving into the biomedical imaging field, CARS microscopists are facing several challenges. One of these
challenges is to make the CARS technique a reliable reporter of molecular concentration. The complex coherent signal
formation, along with tissue scattering effects, limits an accurate quantitative assessment of CARS tissue images. The
ubiquitous nonresonant background complicates analysis as well. To make CARS more quantitative, the effects of signal
generation and tissue scattering need to be disentangled. Next, better control of the CARS generation process is desired
to optimize the molecular informational content of the signal.

In this overview we present several strategies for understanding and improving CARS imaging in tissues. The
issue of scattering is approached both experimentally and theoretically, and conclusions are drawn on the quantitative
reporting capabilities of the CARS microscopy technique. We also introduce several ways to control the CARS emission
for improving signal contrast. Finally, prospects for higher spatial resolution and single molecule detection are
discussed.

2. DYNAMIC TISSUE IMAGING WITH CARS

One of the major advantages of CARS microscopy over Raman microscopy is its imaging speed. While out of reach on a
regular Raman microscope, acquisition rates of more than one frame per second are the norm in CARS microscopy.
Consequently, CARS is the method of choice for visualizing rapid changes in tissues. In particular, CARS enables real-
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time mapping of the diffusion of applied chemicals through tissue. Such diffusion processes are relevant to the study of
transport of topically applied drugs through the skin.

We have studied the diffusion of glycerol, a major component of skin health care products, and dimethyl-
sulfoxide (DMSO) through human skin. Both chemicals, when topically applied, induce a temporary transparency of the
skin when applied topically. Skin transparency significantly facilitates optical investigations at greater depths into the
tissue, and aids visualization of tissue structures typically blurred by the opacity of dermal and epidermal layers.’
Nonetheless, the biophysical origin of the optical clearing phenomenon is currently under debate. One of the difficulties
in unraveling the mechanism of optical skin clearing is that the local, time-varying concentration of skin-clearing agent
is typically inaccessible in conjunction with the changing tissue scattering coefficient. With its rapid imaging capability
and chemical selectivity, CARS microscopy is the ideal method to tackle this problem. Vice versa, the changing
refractive properties of the tissue over time provide a systematic way for investigating the effect of scattering on the
CARS signal.

Figure 1 shows the temporal dependence of the CARS signal of DMSO applied to a ~1 mm thick slab of
excised human skin. DMSO is conveniently addressed through its 2913 cm™ symmetric CHj stretching vibration. The
signal is collected in the forward- and epi-direction simultaneously, along with the transmittance of the incident light
through the tissue slab. As expected, the tissue transmittance increases over time. In addition, several interesting features
are observed. First, during the first few minutes, the transmittance increases much faster than the forward CARS (F-
CARS) signal. This indicates that the changing scattering properties of the tissue do not linearly scale with the DMSO
concentration. Second, while the F-CARS signal rises at all times, the epi-CARS signal (E-CARS) first dips and rises
only after ~10 minutes. This effect is explained by the fact that the majority of E-CARS signal results from back-
scattering of forward propagating CARS radiation. Increased transmission implies reduced scattering and hence less E-
CARS signal. The higher DMSO concentrations are reflected in the E-CARS channel only after the initial loss in
scattering is balanced out by the stronger forward propagating CARS levels. By comparing the F-CARS and E-CARS
signal with the transmission changes, quantitative conclusions can be drawn on how the DMSO concentration affects the
tissue transparency.
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Figure 1. Dynamic measurement of DMSO applied to human skin. The total integrated CARS signal from DMSO is plotted
as a function of time after application. The tissue scattering is reduced due to the effect of the DMSO. Note the difference in
the forward and backward CARS signals, indicative of the different role scattering plays in each of the these detection
channels.
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The main lessons from these studies are twofold: 1) CARS is an excellent method for resolving the time-varying changes
of applied chemical compounds to the tissue; 2) Tissue scattering profoundly affects the detected CARS signal. It was
also seen that the forward CARS signal and epi-directed CARS signal are affected differently. Direct information on the
scattering of the tissue can be obtained by relating the F-CARS to the E-CARS signal. While the current studies benefit
from detecting both the forward and epi-signals simultaneously, in typical imaging studies the forward channel is not
available due to opaqueness of the sample. A quantitative interpretation of the CARS signal requires, therefore, a closer
look at the influence of tissue scattering onto the detected signal.

3. INFLUENCE OF TISSUE SCATTERING

Previous studies on the influence of tissue scattering on the image quality in multiphoton microscopy have revealed that
nonlinear signals are considerably affected by the depleted number of photons at the focal volume.'" In nonlinear
coherent microscopy, however, it is expected that the signal is not only affected by the loss of incident field amplitude
but also by the distortion of the phase of the fields. The problem of tissue scattering in nonlinear coherent microscopy
can be divided into three parts: 1) Pre-generation: scattering and subsequent distortion of the amplitude and phase of the
incident fields; 2) Generation: affected coherent signal generation due to distorted incident fields; 3) Post-generation:
scattering and subsequent distortion of the propagating signal.

We have started Monte Carlo studies to examine in detail the influence of scattering at the pre-signal generation
and signal generation level. It is a challenge to incorporate phase effects into Monte Carlo simulations, which are usually
based on the particle approximation for the photon. To gain insight in the phase distortion, typically considered a field
effect, we have taken the following approach. The incident field A(x, y)at the focal plane is modeled as:

A(x,y) =G(x,y) ® E(x,y) (1)

where G(X,y) is a propagator that includes the distortion of the complex field, and E(x,y) is the undistorted field
distribution in the focal plane.
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Figure 2. Influence of tissue scattering on the CARS excitation field. The CARS excitation filed is defined by Esz s, where
E, is the pump filed and Es the Stokes field. Monte Carlo calculations were performed with 10 photons. The microscope
objective was a 1.1 NA water immersion lens.
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In the absence of scattering, the propagator is determined by the pathways of photons launched from the aperture of the
objective lens and converging into a single point at the focal plane. Eq (1) then predicts that the focal field is simply the
diffraction limited focal field E(x,y). In the presence of scattering, the photons no longer converge to a single point. In
addition, the arrival times (or phase) of individual photons in the focal plane will no longer be single-valued. From the
collected photons at the focal plane, we determine the overall phase and amplitude distribution, from which the complex
function G(x,y) is calculated.

Figure 2 shows the calculated amplitude and phase of the CARS excitation field with and without scattering.
The sample was considered to be a 100 um thick 10% intralipid solution with well-defined scattering, absorption and
anisotropy parameters. Several features can be observed: 1) While the overall amplitude decreases, the normalized field
distribution is barely affected by the scattering process; 2) Qualitatively, the phase distribution is significantly affected
by tissue scattering. Nonetheless, at the location of highest field amplitudes the phase profile is virtually flat. While, the
overall phase distortions may be considerable, their influence on the CARS signal are surprisingly small. Our
calculations indicate tissue scattering affects the CARS signal predominantly through a loss of amplitude of the incident
fields, and only secondarily through loss of phase purity.

4. CONTROLLING CARS

4.1 Spatial-phase control: Focus-engineered CARS (FE-CARS)

In CARS, molecular oscillators are set in motion throughout the focal volume with a well-defined phase. This implies
that there is a phase relationship among all the oscillators. In the focal plane, for instance, all the oscillators will be
driven with the same phase with conventional CARS excitation. The CARS waves that are subsequently emitted from
the focal plane will be constructively interfering along the propagation axis. When using typical Gaussian beams in
CARS microscopy, strong signals are observed in the forward propagating direction due to constructive interference,
whereas much weaker signals are seen in the backward direction because of destructive interference of the emitted
waves.

The CARS emission can be changed when the oscillators are driven with different phases at different locations
in the focal volume. Such can be accomplished by phase shaping of the incident focal fields. The result of focus-
engineering is that the emitted waves can be made to interfere in a different fashion then seen in regular CARS. By
controlling the phase distribution in the focal spot, the CARS emission can be controlled and contrast in the microscope
can be improved accordingly.

One example of a transverse phase-profile that leads to new contrast in the CARS microscope is a lateral wt
phase step, reminiscent of the phase step in a Hermite Gaussian 01 beam (HGO01). When the Stokes beam is dressed with
such a phase step, a CARS excitation field results (see Figure 3) in which one half of the focal volume will be driven
out-of-phase relative to the other half. Consequently, destructive interference along the propagation axis is observed,
thereby effectively switching off the CARS signal. Interestingly, it has been shown that the spatial phase step can be
compensated by the spectral phase step in the vicinity of vibrational resonances.'" % This results in strong signals from
vibrationally resonant interfaces, effectively accentuating resonant objects in the image. Such differential contrast may
have interesting applications in imaging of cellular samples or thin film materials. In addition, under conditions of
limited scattering-induced phase distortions, the focus-engineering technique may also prove useful for object
highlighting in tissue samples.
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