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Resolution and contrast enhancement in coherent
anti-Stokes Raman-scattering microscopy
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We implement switching laser mode coherent anti-Stokes Raman-scattering (SLAM-CARS) microscopy to enhance
the spatial resolution and contrast in label-free vibrational microscopy. The method, based on the intensity differ-
ence between two images obtained with Gaussian and doughnut-shaped modes, does not depend on the specimen
and relies on minimal modifications of the typical CARS setup. We demonstrate subdiffraction resolution imaging of
myelin sheaths in a mouse brainstem. A lateral resolution of 0.364, is achieved. © 2013 Optical Society of America
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Optical microscopy, which is capable of nondestructive
real-time imaging with molecular contrast, is an essential
tool in biology. In particular, coherent anti-Stokes
Raman-scattering (CARS) microscopy has been exten-
sively used with great success to image lipid-rich struc-
tures in a broad range of tissue samples (e.g., spinal cord
[1], mammary tumor [2], and mouse skin [3]). While there
is a continued interest to observe tissue structure on a
finer scale, optical microscopy is fundamentally limited
by diffractive effects in its spatial resolution. The closest
resolvable distance between adjacent scatterers ranges
from 250 nm for classical optical microscopy to 400 nm
for CARS microscopy [4]. Major progress has been
made in this regard in fluorescence microscopy with
resolution-enhancing techniques such as photoactivated
localization microscopy (PALM) [5], stochastic optical
reconstruction microscopy (STORM) [6], and stimulated
emission depletion (STED) microscopy [7,8]. Optical-
resolution enhancement in these techniques rely on
manipulating the excited-state population by photo-
chemical switching or by selective depletion of fluoro-
phores. Unlike fluorescence, CARS is a parametric
process based on coherent light-mediated coupling
between the ground state and the excited vibrational
state, whereby no energy is transferred from the excita-
tion field to the molecule. The absence of an excited-
state population in CARS renders the tools used to
manipulate the emissive properties of molecules in fluo-
rescence, which is not applicable to CARS microscopy.

An alternative approach for enhancing optical resolu-
tion in confocal and two-photon fluorescence micros-
copy has recently been proposed by two independent
groups. This method, referred to as switching laser
mode (SLAM) [9] or fluorescence emission difference
(FED) [10] microscopy, is based on the intensity differ-
ence between two images acquired using either a funda-
mental Gaussian laser mode or a doughnut-shaped mode.
This technique reconciles major goals of resolution
enhancement for biomedical imaging: high laser powers
are not required, no constraints on the specimen are
present, and it is also straightforward to implement in
an optical system.
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In this Letter, we demonstrate that SLAM can be suc-
cessfully integrated into a typical CARS microscopy
setup, with minimal modifications to the setup and align-
ment. We first validate this technique on a well-studied
model system (i.e., polystyrene beads). We then extend
our study to image biological tissue; namely, myelin
sheaths in a mouse brainstem. As a result, we obtain
resolution and contrast-enhanced images in dense and
morphometrically complex media. In conventional CARS
microscopy, the sample is scanned with Gaussian beams.
In order to perform the SLAM-CARS analysis, we intro-
duce a vortex phase plate in the optical path of the pump
beam [Fig. 1(a)]. Briefly, an 80 MHz, 7 ps mode-locked
laser (Nd:YVO4, High-@ Laser, Austria) delivers the
Stokes pulse at 1064 nm, and its second harmonic syn-
chronously pumps an optical parametric oscillator
(OPO) (Levante Emerald, APE), which generates a pump
beam with approximately 400 mW of power. The
OPO is tuned to 816 nm in order to probe the CH, sym-
metric stretch vibration of lipids (2845 cm™') and to
803 nm to probe polystyrene beads. The optical path
of the OPO pump beam is split in two using a polarizing
cube beam splitter (Thorlabs). A vortex phase plate
(VVP-1a, RPC Photonics) is placed in one of the two re-
sulting optical paths to impart a linearly varying radial
phase shift to the wavefront, creating an optical vortex
or doughnut mode. The two optical paths are then recom-
bined using a second polarizing cube beam splitter
(Thorlabs). By rotating the polarization incident on the
first beam splitter, we can then switch between linearly
polarized Gaussian and doughnut-shaped pump beams.
Both Stokes and pump beams are circularly polarized
using quarter-wave plates before being spatially recom-
bined with a dichroic filter and injected into a commer-
cial beam-scanning microscope (IX71/FV300, Olympus).
For imaging, a high-numerical aperture water-immersion
objective (60x, 1.2NA, UIS-UPLAPO, Olympus) was used.
The backscattered anti-Stokes signal (662 nm) is col-
lected in the epi-direction by a red-sensitive photomulti-
plier tube (Hamamatsu, R3896).

Two separate CARS image datasets are produced by
scanning the sample using a Gaussian Stokes beam
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and either a Gaussian or doughnut-mode pump beam.
The image acquired using a Gaussian pump beam (as
in conventional CARS microscopy) is denoted by I,
[Fig. 1(b)], whereas the image obtained using the dough-
nut-shaped pump beam is denoted by I; [Fig. 1(c)]. A
higher-resolution image is obtained by subtracting the
two images [Fig. 1(d)]. The doughnut-shaped pattern
of the imaged 150 nm bead seen in Fig. 1(c) is the result
of the multiplicative interaction of the Gaussian Stokes
field and the phase-shaped doughnut pump field. As
the intensity distribution of the pump field decreases
at its center, the object is also represented by a local min-
imum of intensity in the resulting image I,;. In effect, the
resolution after subtraction is no longer given by the
FWHM of a point-source object in I, as in diffraction-
limited microscopy, but rather by the FWHM of the
doughnut-shaped ring in 1 ;. By virtue of the point-spread
function (PSF) of the doughnut beam being larger than
that of the Gaussian beam, subtraction of the two result-
ing CARS images will create negative values around the
object. Since an object is always represented by maxi-
mum intensity in I, and local minimum of intensity in
the corresponding /; image, negative values fall outside
of the object and may be set to zero. In this method, a
contrast-enhancement factor r has been introduced in
the subtraction procedure Ig sy = I, — 7 - I4. This factor
is sample dependent: when high- and low-intensity ob-
jects are adjacent in an image, a large value for r could
result in negative values that would deteriorate the qual-
ity of information found in the resultant image [11]. As
with any contrast-enhancement technique, the value of
r must be carefully chosen to avoid exaggerated contrast
enhancement. In our analysis, we set the » value equal to
one, since the average CARS signal generated by myeli-
nated structures in our biological samples was fairly
homogeneous. Moreover, to obtain a good signal-to-noise
ratio, we ensure that the maximum intensities in I, and I
are similar. This is accomplished experimentally by ad-
justing the power of the Gaussian and doughnut pump
beams and numerically by further normalization of the
image intensities.
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To study the impact of SLAM-CARS microscopy on
resolution enhancement, we imaged polystyrene beads
(embedded in a 2% agarose gel) whose size was much
smaller than the shortest excitation wavelength used.
Since 4, used in our experiment was 816 nm, a bead
diameter of 150 nm gives a value of ~0.24,. The linear
intensity profiles for 150 nm beads imaged with both
Gaussian (black line) and doughnut (blue line) shaped
pump beams are shown in Fig. 1(e). An average FWHM
value of 330 nm for beads imaged using a Gaussian pump
beam indicates that the resolution of conventional
CARS microscopy is 0.44,. After the CARS-SLAM sub-
traction analysis (green line), the FWHM is reduced to
180 nm (0.24,).

The ability of the CARS imaging system to resolve ra-
diating points in close proximity is demonstrated in Fig. 2.
Assuming that the resonant contribution of the CARS sig-
nal is much greater than that of the nonresonant back-
ground, and that the signal from the bulk medium
(water) is effectively rejected due to the epi-detection
configuration used, we can evaluate the resolution en-
hancement of SLAM-CARS by convolving four point
sources with experimentally obtained PSFs. The PSFs
used were obtained from CARS images of 150 nm poly-
styrene beads imaged with either a Gaussian or doughnut
pump beam as in Figs. 1(b) and 1(c). Figure 2 shows
CARS intensity profiles for the four scatterers located
at different separation distances. The scatterers are
clearly resolvable when they are separated by a distance
of 400 nm (0.54,) [Fig. 2(a)]. At a separation distance of
300 nm (0.364,), only the SLAM-CARS approach is able
to resolve four distinct objects [Fig. 2(b)]. This simula-
tion allows us to evaluate the spatial resolution of
SLAM-CARS microscopy in terms of its ability to resolve
adjacent Raman-active scatterers. From this exercise, it
can be seen that a lateral resolution of 0.364, can be
achieved with SLAM-CARS microscopy.

In order to experimentally demonstrate SLAM-CARS
resolution enhancement, we imaged polystyrene beads
embedded in agarose gel (2% by weight) (Fig. 2). The
350 nm polystyrene beads are clearly resolvable with
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(a) Conventional CARS setup (gray) and SLAM-CARS setup modification (red). The fundamental Nd:YVO, and OPO signal-

pulse trains are used as the Stokes w; and pump w, beams, respectively. The pump beam is split in two and is either converted to a
doughnut-shaped mode (red) using a VPP or is left unchanged. PBS, Polarization beam splitter; /4, quarter-wave plate; DM, dichroic
mirror; M, mirror,; L, lens; O, objective lens; S, sample; F, anti-Stokes filter; PMT, photomultiplier tube. Experimental CARS micros-
copy images of 150 nm polystyrene beads embedded in 2% agarose gel for (b) Gaussian mode, (¢) doughnut mode, and (d) SLAM-
CARS. (e) Intensity profiles for Gaussian mode (black line), doughnut mode (blue line), and SLAM-CARS (green line). The profiles
shown represent an average of the CARS signal from 10 beads. FWHM for Gaussian beam: 330 nm, FWHM for SLAM: 180 nm. Scale
bars 500 nm.



4512 OPTICS LETTERS / Vol. 38, No. 21 / November 1, 2013

SLAM-CARS
B CARS ™ SLAM-CARS B CARS M SLAM-CARS

31 31
& <
2 >
= £

0- = 0+

-1 -05 0 05 1 0 0.5 1.0
Line profile (pm) Line profile (um)

319 31
s s
2 =2
£ £
j = c
2 ]
= c
=5 -0

o4

-1 -05 0 05 1
Line profile (um)

0.5 1.0 1.5
Line profile (um)

Fig. 2. Resolution and contrast enhancement realized by SLAM-CARS microscopy. CARS images of four point sources obtained by
convolving experimentally obtained PSFs with adjacent radiating points separated by (a) 400 nm (the resolution limit of conven-
tional CARS imaging) and (b) 300 nm. Plots show corresponding normalized intensity profiles evaluated along two arrowheads
aligned in the vertical direction in the CARS (white arrowheads) and the SLAM-CARS image (green arrowheads). The resolution
limit is defined by a 73% contrast between the peaks and the valley between the peaks. Scale bars: 500 nm. Experimental dem-
onstration of resolution and contrast enhancement using (c¢) 350 nm and (d) 200 nm polystyrene beads. The images were acquired
using an average pump power at the sample of 2 mW for the Gaussian pump beam, 4 mW for the doughnut-mode pump beam, and an
average Stokes power of 5 mW. Images size: 4 pm x 4 pm (180 x 180 pixels). The dwell time used was 3.1 ps, and 30 frames were
accumulated and averaged per image. Normalized intensity profiles are evaluated for two beads in close proximity using CARS

microscopy (white arrowheads) and SLAM-CARS microscopy (green arrowheads). Scale bars 500 nm.

SLAM-CARS microscopy [Fig. 2(c)]. Within dense clus-
ters composed of 200 nm diameter beads, the resolution
enhancement is even more pronounced [Fig. 2(d)].
SLAM-CARS resolution enhancement could not be
reproduced by instead using a wide variety of image-
enhancement techniques in the spatial and/or frequency
domain (e.g., unsharp mask, Richardson-Lucy deconvo-
lution) on our CARS images. The unsharp mask tech-
nique does not rely on a priori images and can only
transform the spectrum based on its amplitude. On the
contrary, the SLAM-CARS technique acts by substracting
two physical images, thereby affecting the amplitude and
the phase of the spatial frequency spectrum of the final
image. Next we demonstrate the ability of the SLAM-
CARS technique to enhance resolution in morphologi-
cally complex biological tissue samples by imaging
myelin sheaths in the brainstem of a mouse. Samples
were obtained in accordance with guidelines from
the Canadian Council on Animal Care. Mice were
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anesthetized and perfused intracardially with 4% parafor-
maldehyde (PFA) in 0.1 M phosphate buffer; the brains
were postfixed overnight in the same solution at 4°C.
Freshly fixed 400 pm thick slices were cut in the sagittal
plane using a vibratome. Our results for CARS imaging of
mouse brainstem are shown in Fig. 3. The region shown
therein is largely composed of myelinated axons imaged
in the transverse plane. A comparison of Figs. 3(a) and 3
(b) shows that SLAM-CARS microscopy reveals the
center of axons in regions that would otherwise appear
continuously myelinated. This result is clearly seen in a
subsection of the images (along with corresponding line
profiles) shown in Figs. 3(c)-3(e). SLAM-CARS provides
a technique for differentiating axons otherwise unre-
solved using diffraction-limited CARS microscopy as well
as provides a better measure of the thickness of the
myelin sheath surrounding the imaged axons. This result
is of significance to morphological studies in neurology,
since the size of axons relative to the thickness of myelin
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Fig. 3. Myelin sheaths in a mouse brainstem imaged with (a) standard CARS microscopy and (b) SLAM-CARS microscopy. The
image was taken with an average pump power of 3 mW for Gaussian beam, 6 mW for doughnut-shaped beam, and an average Stokes
power of 5 mW at the sample. Images size: 11 pm x 14 pm (500 x 600 pixels). The dwell time was 3.1 ps, and 20 frames were
accumulated and averaged per image. Scale bars 2.5 pm. (¢) and (d) Magnified region [CARS (c) and SALM-CARS (d)] of mouse
brainstem. Scale bars 500 nm. (e) Normalized intensity profiles of the regions between arrowheads of the CARS data (black line) and
SLAM-CARS data (green line) for myelin image (upper panel) and magnified region (lower panel).



surrounding them (g-ratio) is arguably one of the most
important parameters considered when evaluating the
pathology of demyelinating diseases.

In conclusion, SLAM-CARS microscopy allows for
label-free vibrational imaging with subdiffraction-limited
resolution and significant contrast enhancement. A
lateral resolution of 0.364,. This method of imaging is
a promising technique for biological applications; an op-
tical path with a vortex phase plate is straightforward to
implement and can easily be retrofitted into conventional
microscopes (custom-designed or commercial units),
and no limitations are placed on type of specimen used
(i.e., special fluorescent markers used in other super-res-
olution techniques are not required) in order to achieve
the resolution enhancement. Moreover, with subdiffrac-
tion-limited resolution, SLAM-CARS microscopy can be
used to better map the volume, orientation, and density
of myelin membranes in different regions of the brain or
spinal cord, providing useful information for evaluating
the pathology of demyelinating diseases. SLAM-CARS
is compatible with other imaging modalities such as
one- and two-photon fluorescence microscopy, reflec-
tance imaging or sum-frequency generation. It could
therefore be used in multimodal imaging platforms where
the quantitative information derived from SLAM-CARS
microscopy would be complementary to other tech-
niques used.
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