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We present a new beam-shaping technique for two-color excitation fluorescence

microscopy. We show that by simply inserting a properly designed shaded-ring filter in the
illumination beam of smaller wavelength, it is possible to improve the effective optical sectioning
capacity of such microscopes by 23%. Such an improvement is obtained at the expense of only a very
small increasing of the overall energy in the point-spread-function sidelobes. The performance of
this technique is illustrated by a numerical imaging simulation. Microsc. Res. Tech. 64:96-102,

2004.
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INTRODUCTION

Optical sectioning is the key feature of optical mi-
croscopy when imaging three-dimensional (3D) sam-
ples. The use of wide-field optical fluorescence micro-
scopes to image 3D biological or medical samples has
the drawback that any image focused at a certain depth
in the sample contains blurred information about the
entire one. This fact gives rise to 3D images with
strongly deteriorated contrast. This problem can be
avoided by the use of single-photon fluorescence confo-
cal scanning microscopes (SPCSM) (Pawley, 1995). The
pinholed detection confers on these microscopes not
only an important improvement in lateral resolution,
but mainly an uncommon optical sectioning capacity.
However, as pointed out by Cox and Sheppard (2004),
in practical imaging the ideal concept of an infinitely
small pinhole cannot be realized, particularly in fluo-
rescence where light intensity is a limiting factor. Spe-
cifically, they found that when realistic pinhole sizes
are used, the lateral resolution of SPCSM is essentially
equivalent to that of wide-field fluorescence micro-
scopes. Another serious problem of SPCSM is photo-
bleaching, which appears since the entire sample is
bleached when any single plane is imaged. Note that in
single-photon fluorescence, bleaching depends on the
time-averaged excitation intensity, which does not
vary along the axial direction.

Other microscopes that efficiently perform optical
sectioning are two-photon excitation (TPE) scanning
microscopes. Such a nonlinear imaging technique was
firstly reported in the early 1990s (Denk et al., 1990),
and is based on the simultaneous absorption of two
photons with nearly equal wavelengths, following
which a single fluorescence photon is emitted (Goéppert-
Mayer, 1931). The excitation wavelength is typically
twice as big as in the single-photon case. The fluores-
cence intensity is proportional to the square of the
illumination intensity. Therefore, TPE microscopes
have the ability of strongly limiting the excitation re-
gion. The overall fluorescence light is collected by a
large-area detector, and the final image is synthesized
from the 3D sampling of the object. TPE scanning
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microscopes inherently possess an optical sectioning
capacity despite the absence of pinholed detection.

TPE scanning microscopes have the following advan-
tages over SPCSMs: (1) Since there is no pinholed
detection, there are no constraints on the practical
attainment of the resolution predicted by the theory;
(2) The absence of pinhole reduces the sensitivity to
misalignment and increases the signal-to-noise ratio;
(3) Photobleaching is restricted to the close neighbor-
hood of the focusing plane. This is because photo-
bleaching depends here on the time-averaged square of
the intensity, which falls off strongly above and below
the focal plane; and (4) The near-infrared light used for
TPE is absorbed and scattered less by tissues, which
allows deeper penetration of the excitation beam.

The resolving power of a microscope is usually eval-
uated in terms of its point spread function (PSF), which
in the TPE case is defined as the fluorescence emission
distribution generated by a light point. The fluores-
cence emission is proportional to the probability of
simultaneous absorption of two low-energy photons.
Since two statistically independent events have to oc-
cur, this probability is proportional to the square of the
excitation intensity. The PSF of TPE microscopes is
governed by diffraction laws and, therefore, is much
wider in the axial direction than in the lateral direc-
tion. This implies that, in spite of their proverbial
depth discrimination capacity, the axial resolution of
TPE microscopes is much poorer than their lateral
resolution. This fact leads to anysotropic 3D imaging
quality.

Due to this reason, several attempts were made to
improve the axial resolution of TPE microscopes. Let
us cite the 4Pi-confocal microscope, in which two op-
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posing, high-NA objectives are used to coherently illu-
minate the fluorescent probe and, therefore, to create a
very narrow focal spot (Blanca et al., 2001). Unfortu-
nately, the above method needs to strongly modify the
microscope architecture and it is inherently limited to
very thin samples. Other less efficient techniques, but
mainly featured by their simplicity, are based on the
insertion of a beam-shaping element in the illumina-
tion beam (Blanca and Hell, 2002; Martinez-Corral et
al., 2003). However, although this technique can pro-
duce an important narrowness of the axial-PSF main
peak, the effective improvement in axial resolution is
reduced due to the increment of energy within the
sidelobes, which inherently accompanies any axially-
superresolving beam-shaping procedure.

This last drawback can be avoided if beam-shaping
techniques are applied to an alternative type of TPE
process, which uses two photons with different wave-
lengths. As stated by Denk et al. (1991), two-photon
microscopes can also operate in sum of different fre-
quency modes. This can be guaranteed by the presence
of two illuminating beams with wavelengths \; and X\,
such that A\;' + A\;' = A\;!,\, being the single-photon
excitation wavelength of the fluorescent sample. This
nonlinear process, known as two-color excitation (TCE)
fluorescence, has been extensively demonstrated in the
past few years (Gryczynski et al., 1997; Lakowicz et al.,
1996), and applied to different optical sectioning archi-
tectures (Lim and Saloma, 2002; Lindek and Stelzer,
1999; Xiao et al., 2003). The PSF of TCE microscopes is
proportional to the product of two statistically-indepen-
dent, differently-scaled excitation intensities, and is
generated only in regions where the excitation beams
overlap each other in space and time. This is the main
advantage of TCE microscopes over TPE ones. The
difference in scale between the two illumination PSF's
permits the very efficient use of beam-shaping ele-
ments. Note that TCE microscopy combines the virtues
of SPCSM, since the overall PSF is obtained as the
product of two differently scaled PSFs, and of TPE,
since the photobleaching is confined to a very small
region. Then an axially superresolving beam-shaping
element can be inserted in the beam of lower wave-
length to produce a significant compression of the axial
PSF, and a very small increase of the overall sidelobes’
energy.

Superresolving beam-shaping elements have been
successfully applied to improve the performance of
many different imaging systems (Boyer, 2003; Chon
and Gu, 2004; Pereira and van de Nes, 2004). The aim
of the present research is to investigate the proper
beam-shaping element for improving the optical sec-
tioning of TCE microscopes. Specifically, we will show
that it is possible to reduce the PSF main-peak width
by 23% while preserving very high values (up to 96.5%)
of spot fluorescence efficiency. This will lead to an ef-
fective, significant improvement of the optical section-
ing capacity of the microscope. The utility of our
method is illustrated by means of a numerical imaging
experiment.

MATERIALS AND METHODS

Let us start by considering the PSF of a TCE fluo-
rescence scanning microscope, schematically depicted
in Figure 1. This function is given by
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where, psf; (i = 1,2) represent the amplitude PSFs of
the illumination beams that, according to the scalar
Debye formulation (Gu, 2000), can be expressed as
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In this equation, « is the aperture angle of the objective
lens, and #(p) accounts for the amplitude transmittance
of the objective-lens aperture stop. Besides, r and z are
the cylindrical coordinates as measured from the focal
point, whereas p is the normalized radial coordinate at
the aperture stop. Equation 2 is, of course, a scalar
approximation. As pointed out by Juskaitis (2003) this
approximation works remarkably well up to angular
apertures of about a = 60°. More accurate calculations
should be based on the vectorial Debye theory (Rich-
ards and Wolf, 1959).

The aim of this research is the achievement of sig-
nificant improvement of axial resolution by application
of the so-called PSF-engineering technique. Specifi-
cally, we propose to insert an axially-superresolving
beam-shaping element in one of the excitation beams.
Note that although, due to the depolarization phenom-
enon, the response of some beam-shaping elements
should be treated in terms of the vectorial theory (Chon
et al., 2002), the response of axially-superresolving el-
ements can be accurately calculated in terms of the
scalar theory (Martinez-Corral et al., 2004). It is clear
from Eqgs. (1) and (2), that the TCE PSF is obtained as
the product of two independent PSFs, |psf;|? and |psf,|%,
which are scaled proportionally to \; and \,, respec-
tively. The beam-shaping element should be inserted in
the illumination beam of smaller wavelength, which
will be called beam-1 hereafter. There is one basic
reason that arises against the use of superresolving
elements in the illumination beam of bigger wave-
length (beam-2). It results from the fact that, due to the
wavelength mismatch, |psfo/> is much wider than
[psfi|®. Consequently, narrowing |psf,|*> would not pro-
duce any significant compression of the TCE PSF axial
core but, conversely, it would reinforce the sidelobes’
energy. However, when the filter is inserted in the
beam-1, the axial compression of |psf;|* is effectively
transferred to the TCE PSF. Moreover, the high axial
sidelobes of |psf,|?, are strongly reduced after the prod-
uct with the minima of |psf,[°. It is then clear that the
width of the TCE PSF core is limited by |psf;|?, whereas
the sidelobes’ overall intensity is constrained by |psf,/®.
A scheme of the proposed TCE setup is shown in
Figure 1.

To give an analytical foundation to the above heuris-
tic analysis, it is convenient to focus our attention in
the axial behavior of the TCE PSF, which is obtained
after setting r = 0 in Eqgs. (1) and (2). Specifically
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Schematic geometry of the TCE scanning microscope. Relay lenses in beam-1 are used to

image the beam-shaping element into the objective focal plane.
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Under the nonlinear mapping
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can be rewritten as
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where the normalized axial coordinate is defined as

ZN = d sin*(a/2) (6)
N )\0 )

where & = Ny / \;. Here )\, is the illumination wave-
length for a TPE reference experiment with the same
single-photon excitation wavelength, and therefore
A = Ay = Ao

From Eqgs. (1) and (5), it results that the axial PSF of
the TCE fluorescence microscope is proportional to the
product of the squared modulus of the 1D Fourier
transforms of the mapped transmittances, g,({) and
g5(0), of the illuminating-beams aperture stops. Since
no filter is inserted in the illuminating beam-2, q,({) =
rect({) and, therefore, |psf,|? equals to a sinc? function
scaled proportionally to \,. To produce the effective
improvement of the TCE axial resolution, it is neces-
sary to insert in the illuminating beam-1 a filter with
the ability to compress the main peak of its correspond-
ing axial spot, but attenuating the reinforcement of
sidelobe energy. This is the case of the family of filters
known as the shaded-ring (SR) filters (Martinez-Corral
et al., 2003). The SR filters simply consist of a purely
absorbing ring with constant transmittance, which is
centered on the objective lens aperture (see Fig. 2).
Depending on the width and transmittance of the ring,
different degree of main-peak compression can be
achieved. Then a thorough study should be performed
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Fig. 2. Mapped transmittance of the SR filter and actual 2D rep-
resentation.

to select the proper SR filter for our application. Our
approach for this selection process is based on the
concept of axial gain in resolution. A figure of merit is
defined here as the quotient between the width of the
main peak of the axial PSF of the TCE microscope in
which the selected filter is inserted, and the corre-
sponding to the reference TPE scanning microscope.
Following an approach equivalent to that reported in
(Martinez-Corral et al., 1999), and after straightfor-
ward calculations it is found that the axial gain is given

by
2 82 +£2
Gy = ESR 1 2, (7a)
2
where, again, €1 = \y/ \;, and
3
— M
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Construction parameters for the beam-shaping ele-
ment m and p are described in Figure 2. Note from the
above equation that, in principle, the gain in axial
resolution not only depends on the selected filter, but
also on the relative values of the illumination wave-
lengths. Once selected the wavelengths, any pair (w, 1)
fulfilling Eqs. (7) for a given Gy, correspond to SR
filters with the same axial gain, but different sidelobes
energy. Our goal in Results and Discussion is to select,
given a wavelength relation k = A, / \{, the SR filter
that produces the required gain in resolution and min-
imizes the sidelobes’ overall energy.

RESULTS AND DISCUSSION

To start our procedure, we select a TCE fluorescence
configuration suggested in other publications (Blanca
and Saloma, 2001): A\; = 700 nm, \; = 656 nm, and A\, =
750 nm (AMCA dye). In our numerical experiment, we
will consider an objective of NA = 1.2 (water). To eval-
uate the ability of our technique for avoiding the side-
lobes reinforcement, we introduce a second figure of
merit, namely, the sidelobes-to-peak ratio (SLPR), de-
fined as

JPSF(T = O,Z;)\l,)\g)dz

SLPR =" , (8)

2p

fPSF(r = 0,z;\A,\9)dz
0

z,, being the coordinate of the first zero-intensity axial
point.

To select the SR filter more adequate for our numer-
ical experiment, in Figure 3a we have drawn several
curves, each one with constant value for G, but varying
SLPR. As mentioned above, any point of the curve
correspond to a different pair (n,). We select the gain
G, = 1.25, and within this curve the SR filter p =
0.83 and n = 0.91, which corresponds to the local min-
imum marked in Figure 3a. For this optimal filter,
SLPR = 0.036, which is about 80% smaller than the
SLPR ever obtained in TPE microscopy for similar
values of the gain. Note that although in the right-
hand extreme of the curve, the values for SLPR are
lower than the selected one, those values correspond to
filters with a very high value of w, and therefore very
small light throughput. In Figure 3b, we numerically
evaluate axial PSF obtained with the filter inserted in
beam-1. This PSF is compared with the one corre-
sponding to the reference TPE experiment. Note that
an important improvement (23% in terms of the
FWHM) in axial resolution is obtained, and only a very
small reinforcement of sidelobe energy. This effect is
graphically illustrated in Figure 4 where we have rep-
resented the 3D PSFs described above. Note that the
improvement in axial resolution is accompanied by
only a small worsening in lateral resolution (1.7% in
terms of the FWHM). In summary, the use of SR filters
in TCE fluorescence microscopy produces an important
improvement in the axial resolution at the expense of
only a small worsening of light-spot efficiency (calcu-
lated as 100/(1+SLPR), which decreases from 99% in
the reference TPE setup to 96.5% in the proposed TCE
experiment.

When dealing with the imaging of 3D objects, the
optical sectioning capacity of the system must be eval-
uated not only in terms of the 3D PSF, which is strictly
valid only in case of point-like objects, but also in terms
of the so-called integrated intensity, or equivalently its
1D Fourier transform, i.e., the axial component of the
3D OTF. Note that the axial OTF, which is a delta
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Fig. 3. a: SLPR values for families of filters with the same axial

gain G,. b: Comparison of axial PSFs corresponding to the proposed
TCE setup and the reference TPE experiment.

function in conventional imaging systems, evaluates
how efficiently the different axial frequencies of the 3D
object are imaged. In Figure 5, we compare the axial
OTF of our proposed TCE experiment with the one of
the reference TPE setup. In the range of low axial
frequencies, the performance of our method is, in rela-
tive terms, slightly worse than the reference TPE
setup. However, in the range of medium and large axial
frequencies (which define the finest details of the ob-
jects), the OTF provided by our system is between two
and three times higher than the TPE one.

To illustrate the utility of our proposal, we have
performed a numerical imaging experiment in which
we calculate the resulting 3D image of a test object. We
designed an elaborated 3D synthetic object consisting
of two concentric spherical fluorescence labeled shells,
as shown in Figure 6a. The dark band in the object
allows to clearly visualize the improvement in resolu-
tion along the different directions passing through the
focus. After convolution with the TCE PSF and with
the TPE reference PSF, we obtained the simulated
images shown in Figure 6b,c. Note from Figure 6 that
in the axial direction the amount of blur in the image of
the dark band (devoid of fluorescence) is significantly
lower in the optimized T'CE architecture proposed here.
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Fig. 4. 3D PSFs corresponding to (a) the TPE reference experi-
ment; (b) the proposed TCE setup.
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Fig. 5. Axial OTF for the same setups as in Figure 4.

An interesting question at this point is to find out the
dependence of the performance of our method on the
choice of \; and \, for a given excitation energy, or
equivalently for a given A,. To perform this study, we
have calculated, for varying values of the wavelengths
ratio parameter, k = A\, / \;, the optimum filter with
G, = 1.25. The pair (v, ) is different for any value of
k. Note that the higher the value of k, the wider |psf,|*
with respect to [psfi/>. This fact implies that for high
values of k, the transference of narrowness from |psf;|*
to the TCE PSF is more effective but, conversely, the
reduction of sidelobes is less significant. As we show in
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Fig. 6. Meridian section of: (a) Test object consisting of two concentric labeled shells; (b) calculated
image for the TPE reference setup; (¢) same but for the case of the proposed TCE architecture.

Figure 7, the overall performance of our method is
quite insensitive to a variation of the wavelengths ratio
k. Specifically, the curve in Figure 7 corresponds to
TCE architectures with the same axial gain G, =
1.25 and «k varying from 1 to 2. Note that whereas the
optimum SLPR = 0.036, the value of this parameter is
always under 0.060.

CONCLUSIONS

We have reported a method for achieving high optical
sectioning in 3D fluorescence microscopy. The method
combines the virtues of beam-shaping procedures with
those of an alternative type of TPE process, which uses
two photons with different wavelengths. We have

shown that by this method it is possible to reduce the
PSF main-peak width by 23% while preserving very
high values (up to 96.5%) of spot fluorescence effi-
ciency. This leads to a significant improvement of the
optical sectioning capacity of the microscope. We have
illustrated the power of our proposal by performing a
numerical imaging experiment.
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