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3D live imaging is important for better understanding of biological processes. To obtain biological
dynamic process, high imaging speed is required. In order to improve speed in 3D live imaging,
simultaneous imaging of multiple planes throughout a 3D volume has been proposed. However, a
main disadvantage of this method is the cross-talk from neighboring imaging planes. In this
paper, we propose an optimization method to suppress background from neighboring imaging
planes. A D-aperture is used to generate multiple light sheets. An optimization method to sup-
press background is presented. The simulation results demonstrated that the proposed method
can be used to suppress the effectiveness of background from neighboring light sheets.

Keywords: Fluorescence microscopy; imaging systems; supper-resolution.

1. Introduction

3D live imaging is important for better understand-
ing of biological processes. For 3D biological imaging,
some techniques have been introduced, such as con-
focal microscopy, wide-filed microscopy and light
sheet microscopy. For confocal microscopy,'? the

technique is simple, but it has some limitations in-
cluding optical aberrations due to mechanical
rephrasing, photobleaching and photodamage due
to excitation of out-focal planes, and limited tem-
poral resolution. For wide-field microscopy, the
technique has high temporal resolution, but the
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photobleaching and photodamage are main dis-
advantages. The light sheet microscopy had some
advantages such as high temporal resolution, mini-
mal photobleaching and photodamage, and reduced
background.®* Over the past few years, various
methods of light sheet microscopy have been de-
veloped to improve spatial and temporal resolution.
These include thinner light sheet microscopy,’ the
STED light sheet microscopy,’ objective coupled
planar illumination microscopy,” confocal light
sheet microscopy,® SIM light sheet microscopy,’
multiple light sheet microscopy,'® individual mole-
cule localization light sheet microcopy,'! light sheet
microscopy with Bessel beam,'? airy beam,'? lattice
beams'* and electric lens,'” multiview light sheet
microscopy'® and so on. In order to obtain biological
dynamic process, high imaging speed is required.
For light sheet microscopy, there are many variants
for the improvement of imaging speed.

In light sheet microscopy, speed depends on the
band-width limitations of modern piezoelectric
scanners which are used to reposition heavy detec-
tion lens quickly. To overcome this problem, several
methods have been developed, aiming to avoid the
shift of detection lens. In detection arm, some
methods have been introduced to extend depth of
field, such as spherical aberrations,'” the cubic
phase mask'® or rapidly defocusing of the detected
wavefront with an electrically tunable lens,'” obli-
que illumination,?” confocally aligned oblique illu-
mination,’! or remote focusing through wavefront
engineering.”? However, these methods sacrifice
sensitivity (e.g., due to aberrations, incomplete use
of the detection numerical aperture, and inevitably
short pixel dwell time) and spatial resolution (usu-
ally on the order of a few micros), rendering them
incompatible with subcellular structures.??

Another major challenge to improve the speed of
light sheet microscopy is that two-dimensional (2D)
image planes must be serially achieved to generate a
3D volume. To overcome the limitation of serial
image acquisition, some methods have been devel-
oped by using multiple light sheets which can enable
simultaneous imaging through a 3D volume.!?:?3
Dean et al. have introduced a method based on il-
luminating specimen with three light sheets which
are arranged the deviation of the in-focus plane and
each dependently detected. The method has high
light-efficient, high speed and is cross-talk-free.?’
However, the model of proposed method has a re-
quirement that specimen must be placed tilted and

long enough to ensure that the distance between
light sheets can remove cross-talk from neighboring
light sheets. In addition, the method introduces
spherical aberrations in two outside light sheets.
Another method has also been suggested to illumi-
nate specimen with multiple light sheets which are
arranged at focusing position in the optical axis of
detection lens, such as diffraction grating®* and D-
aperture.'’ This method enables simultaneous im-
aging through a 3D volume using diffraction®® or
refraction optics.?® Nevertheless, the fluorescence
signal imaged in each plane is reduced by the
number of multiple light sheets. A major disad-
vantage of the method is the high background from
cross-talk of neighboring light sheets because the
distance between light sheets is too short. In this
paper, we propose an optimization method to sup-
press background which causes by cross-talk from
neighboring light sheets. In order to reduce the
background from neighboring light sheets, we op-
timize the value of the numerical aperture of de-
tection lens to obtain the overall point spread
function of light sheet microscopy which only allows
the area illuminated by the main light sheet to ob-
tain the image on detector. We use D-aperture
method for generating multiple light sheets
to demonstrate our concept. The D-aperture is a
simple method to generate multiple light sheets,
low-cost, and can be easily performed without the
change of conjugation of the optical system.'’

2. Theory for Generating Multiple
Light Sheets

Two fundamental techniques to generate the light
sheet have been introduced. The one is using a cy-
lindrical lens to focus an expanded collimated laser
beam in one dimension. This is also referred to as a
static light sheet beam because the complete sheet
of light is formed instantaneously. Due to its sim-
plicity, the static light sheet is very popular. An-
other technique, the digitally scanned laser light
sheet microscopy employs a single, thin laser beam
that is quickly scanned by a laser scanner (galvo
mirror) over the field of view to generate a sheet of
light with even illumination along the same height
of the light sheet. This is also referred to as a virtual
light sheet beam. In this paper, we use the second
method to generate light sheets. The shape of
D-aperture is shown in Fig. 1.
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Fig. 1. The D-aperture for the generation of multiple light
sheets. The spatial filter is placed at the pupil plane of illumi-
nation lens for generation of multiple spots pattern.

The focal effects of incident light propagating
through an objective lens can be calculated by use of
vectorial diffraction theory. The electric field near
the focus can be obtained from the formulae
explicitly derived by the Debye integral,

E(T27 ¥2, 22

—ic [[ sin0)Ega0. )P

% zAa (0,0) zkn(zz cos B+ sin fcons(p—psy) dgng
)
(1)

where E(ry, ¢, 25) is the electric field vector at the
point, (r9, @9, 29) expressed in cylindrical coordi-
nates whose origin, C' is the normalized constant,
FEy is the amplitude function of the input light,
A(6, ) is a 3 x 3 matrix related to the structure of
the imaging lens and P is Jonse’s vector of the in-
cident light. Aa(f, ) is the parameter of phase
delay generated by the phase plate.

When the objective lens satisfies the sine condi-

tion, A(6, ) can be presented by
A0, ¢) = Vcost
1+ (cos@ — 1)cos?p (cosf — 1) cospsing —sinfcos
X | (cosf@ — 1) cospsing 1+ (cosf — 1)sin?p —sinfsine |.
sin 6 cos p sin @ sin ¢ cos 6

(2)

The overall point spread function of LSM can be
calculated by multiplying the PSF of illumination
lens and that of detection lens. The overall PSF of
LSM system can be presented by

PSFOVQI‘&H(x7 Y, Z)

= PSFIHH(£7 Y, Z) X PSFDetec (CL‘, Y, Z)’ (3)

where PSF a1, PSFr., PSFpee. are the overall
point spread function, the illumination point spread
function and the detection point spread function,
respectively.

We show the property of the point spread func-
tion of D-aperture placed at the pupil plane of il-
lumination lens. We consider the point spread
function of illumination lens for NA equal to 0.3 as
an example, the index of medium is 1.33 and the
wavelength used is 640 nm. The point spread func-
tion for different values of factor d/r is shown in
Fig. 2, where the values of factor d/r are set as 0,
0.4, 0.8, 1.2 and 1.6. As shown in Fig. 2, when the
value of factor d/r is set as zero, the intensity dis-
tribution of the point spread function of Gaussian
beam is shown in Fig. 2(a). When the value of factor
d/r is not zero, the multiple-spot patterns are gen-
erated as shown in Figs. 2(b), 2(c) and 2(d). As can
be seen from Fig. 1, when the value of factor d/r is
bigger, the reduction of laser power is bigger. This is
a main disadvantage of D-aperture technique for
the generation of multiple-spots pattern. However,
this can be improved upon by using donut shaped
beam that has its maximum energy at the pher-
iphery rather than at the center, as is the case for
Gaussian beam.'’

Based on the point spread functions of illumi-
nation lens shown in Fig. 2, light sheets are gener-
ated by scanning quickly the point spread functions
along z-axis. In the mathematical model, the light
sheet is obtained by integrating the PSF of thin
light beam of the illumination lens, PSF(z,y, 2)
along z direction, which can be presented as

PSFy, (y, 2) = /PSF(x,y, z)dz. (4)

Based on the use of Eq. (4), the multiple light
sheets which correspond to multiple-spot patterns
of D-aperture are shown in Figs. 3(b)-3(e), while
single light sheets of Gaussian beam are depicted in
Fig. 3(a). As can be seen from Figs. 3(b)-3(e), it is
clear that the number of light sheets increases with
the value of factor d/r. In addition, the thickness of
light sheets reduces. This means that the thickness
of light sheets is thinner. In other words, the axial
resolution is improved. It is not difficult to find that
intensity value of central light sheet is the biggest
among all light sheets. When value of factor d/r is
increasing, the intensity value of outside light sheets
increases and approaches the intensity value of
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Fig. 2. (a)—(e) The point spread function of D-aperture for different values of factor d/r. The values of factor d/r are set as 0, 0.4,
0.8, 1.2 and 1.6.
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Fig. 3. (a)—(e) The multiple light sheets of D-aperture combined scanning processing for different factors of d/r. The factor of d/r
is equal to 0, 0.4, 0.8, 1.2 and 1.6.
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central light sheet. Therefore, we should choose
suitable value of factor d/r in order to ensure that
the imaging quality in all light sheets that are used
to obtain image is near.

3. Optimization to Suppress the
Background from Neighboring
Imaging Planes

In order to improve imaging speed, multiple light
sheets are used. However, the cross-talk from
neighboring light sheets is the main disadvantage.
In this paper, the concept to suppress background
from neighboring light sheets is introduced. In order
to obtain this result, the aim of this work is to find
the appropriate numerical aperture of detection lens
which can remove the neighboring light sheets in
overall point spread function. Therefore, the nu-
merical aperture of detection lens is optimized to
satisfy the condition by properly arranging peak
intensities of multiple light sheets and intensity
distribution of point spread function of detection
lens along z-axis. The position of peak intensity of

light sheet which is used to obtain image coincides
with that of the highest peak intensity of point
spread function of detection lens, while the positions
of peak intensity of neighboring light sheets coincide
with that of low intensity of point spread function of
detection lens. It notes that the low intensity values
of point spread function of detection are nearly zero.
As is well known, the overall point spread function
is calculated by multiplying both point spread
functions of illumination and detection lens, so
based on the condition described above, the inten-
sity distributions of neighboring light sheet on
overall point spread function are nearly zero. This
means that the influence of background which is
caused by cross-talk from neighboring light sheets is
suppressed.

Based on the multiple light sheets in Fig. 3, in
this paper, we use the suitable NA of detection lens
to equal 1.1. For this detection lens, the point
spread function in zx plane is shown in Fig. 5. Based
on the use of NA of detection lens to equal 1.1, the
relation between the illumination, detection and
overall point spread functions are shown in Fig. 4.
In Fig. 4, three d/r values of 1, 1.2 and 1.4 are
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(a), (b) and (c) The illumination, detection and overall point spread functions for the d/r factors of 1, 1.2 and 1.4 along

z axis and (al), (bl) and (c1) The overall point spread functions for d/r factors of 1, 1.2 and 1.6 in zz plane.
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Fig. 5. The point spread function of the detection lens in zx
plane.

shown. As Figs. 4(a), 4(b) and 4(c) show, for three
d/r values of 1, 1.2 and 1.4, there are four outside
light sheets close to the central light sheet. They
have the main effect on the central light sheet.
However, it can be seen that the positions of the
highest intensity values of the four outside light
sheets are arranged at the positions where intensity
values of the point spread function of detection lens
are close to zero. By multiplying point spread
functions of illumination lens for d/r values of 1, 1.2
and 1.4 and detection lens along z-axis, the profile
of intensity distribution of overall point spread
function of light sheet microscopy is shown in
Figs. 4(a), 4(b) and 4(c) by the red line. It is clear
that the influence of four outside light sheets on
image of central light sheet is reduced remarkably.
This means that the background caused by cross-
talk from neighboring light sheet is suppressed. The
2D overall point spread functions for d/r values of 1,
1.2 and 1. 4 are shown in Figs. 4(al), 4(bl)
and 4(cl), respectively. As these figures depict, a
solid lobe of overall point spread function is shown,
while outside intensity value is very small. This
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means that the influence of neighboring light sheet
on the light sheet, which is used to obtain imaging
data, is reduced effectively. As can be seen for the
overall point spread functions in Fig. 4, the reduc-
tion of background from neighboring light sheets for
the d/r values of 1, 1.2 and 1.4 is nearly the same
because the change between light sheets of multi-
light sheet is slow when the d/r value varies. In this
paper, we adopted the d/r value of 1.4 to consider
the effectiveness of other light sheets.

For the d/r value of 1.4, the point spread func-
tion of illumination lens is shown in Fig. 6(a), while
the multi-light sheets are shown in Fig. 6(b). The
illumination, detection and overall point spread
function along z axis are shown in Fig. 7. For the
multiple light sheets of d/r value of 1.4, we addi-
tionally consider the effect of background of two
outside light sheets from neighbor light sheets. The
intensity distribution of point spread function is
shown by the blue lines in Fig. 7. Figure 7 shows the
reason why cross-talk from neighboring light sheets
are suppressed. For central light sheet, there are
four light sheets close to it. As Fig. 7(a) shows, the
positions of highest intensity values of the four
outside light sheets are arranged at the same posi-
tion where intensity values of the point spread
function of detection lens is close to zero. By mul-
tiplying point spread functions of illumination and
detection lens along z axis, the profile of intensity
distribution of overall point spread function of light
sheet microscopy is shown in Fig. 7(a) by the red
line. It is clear that the influence of four outside
light sheets on image of the central light sheet is
reduced remarkably. This means that the back-
ground caused by cross-talk from neighboring light
sheet is suppressed. As Fig. 7(b) and 7(c) show, it is
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The intensity distribution at the d/r value of 0.7. (a) shows the point spread function and (b) shows multiple light sheets.
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Fig. 7. The condition to suppress background from neighboring light sheets. PSFy, is the point spread function of illumination
lens; PSF 4, is the point spread function of detection lens; PSF,,, is the overall point spread function.

not difficult to see that other light sheets has im-
aging performance similar to the central light sheet.
This means that the cross-talk from its neighboring
light sheet suppressed when these light sheets are
used to obtain image. The 2D overall point spread
functions of three light sheets are shown in Fig. 8.
As Fig. 8 depicts, a solid lobe of overall point spread
function of each light sheets is shown, while the
outside intensity value is very small. This means
that the influence of neighboring light sheet on the
light sheets, which is used to obtain imaging data, is
reduced effectively.

In order to indicate the effectiveness of the pro-
posed method in outside focal plane, we research
imaging property at outside focal plane. Figure 9(a)
shows the intensity distribution of point spread
function of illumination lens in zy plane. It can be
seen that the intensity peaks of the five light sheets
are kept at the same positions along y-axis. This
means that our concept can be obtained better at
outside focal plane. First, we determine the field of
view of multiple light sheets. In order to determine
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the field of view, the intensity distributions of
Gaussian light sheet and multiple light sheets on
z-axis are shown in Fig. 9(b). We use the intensity
level equal to 0.5 to determine the field of view. As
Fig. 9(b) shows, it is not difficult to see that the field
of view of multiple light sheets is bigger than that of
Gaussian light sheet. The field of view of multiple
light sheets ranges from —12.5 ym to 12.5 ym. The
normalized intensity distribution of multi-focus
pattern in zz plane at the position of y = 12.5 um is
shown in Fig. 9(c). As Figs. 6(a) and 9(c) show, the
normalized intensity distributions of multi-focus
pattern are near the same. This means that the
performance of multi-light sheets at the position of
y = 12.5 ym is nearly the same as the multi-light
sheets. The multi-light sheets at the position of
y = 12.5 um are shown in Fig. 9(d). As Figs. 9(d)
and 6(b) show, the normalized intensity distribu-
tion of multi-light sheets at two positions are nearly
the same and therefore the optimal condition pre-
sented above is still kept at the position. The in-
tensity distribution of multi-light sheets at the
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The overall point spread function of center light sheet in x, z plane.
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multi light sheets.

position of y = 12.5 ym along z axis and in zzx plane
are shown in Figs. 10 and 11. As Figs. 10 and 11
show, the influence of neighboring light sheet to the
light sheets, which is used to obtain imaging data, is
reduced effectively.
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Here, we show the imaging performance of
Gaussian light sheet. Figure 12 shows the intensity
distribution of Gaussian light sheet. Figure 12(b)
shows the illumination, detection and overall point
spread function. Figure 12(a) shows the overall

3.84

Z axisjum
o

-3.84

0 3.84 -3.84 0 3.84

x axis/um

(b)

X axis/um

(©)

Fig. 10. The condition to suppress background from neighboring light sheets. PSFy, is the point spread function of illumination
lens; PSF 4 is the point spread function of detection lens; PSF ., is the overall point spread function.
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point spread function in the zx plane. Based on the
use of Figs. 4(c) and 12(b), the full width half
maximum (FWHM) of multi-light sheets is smaller
about 1.3 times than that of Gaussian light sheet.

L2 L3 L4

Mask SampleI

G_x I

- 1 2
y o —.
- 0
o Filter mum—
@ Laser

Fig. 13. Conjugation of imaging system. L1, L2, L3 are the

lenses; L4 is the illumination lens; L5 is the detection lens. The
shape of D-aperture mask is shown in Fig. 1.

The conjugation of imaging system of the illumi-
nation part is shown in Fig. 12. The G.x galvo
mirror is placed at the position which conjugates
with the pupil plane of the illumination lens. G_x,
is used to generate the light sheet. Sample is moved
along z axis to obtain each stack. We use the sample
moves, so the position of the mask can be placed
after L1 lens or L3 lens. In this conjugation of
imaging system, the mask position is placed after L3
lens. The design of the mask is shown in Fig. 1. The
mask is simple, it can be easy manufactured. For the
detection part, in order to be simultaneously
detected, several optical strategies have been per-
formed that enable simultaneous imaging multiple
planes throughout a 3D volume using refractive®” or
diffractive optics.?%?” Nevertheless, in each case, the
fluorescence signal imaged in each plane is reduced
by the degree of parallelization.

As is well known, when the NA of the illumina-
tion lens is smaller, field of view of light sheet is
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increasing. In order to obtain the high penetration
depth, we use the small NA of the illumination lens.
For the given d/r value, the smaller NA of the il-
lumination lens, the distance between light sheets is
bigger. This means that we should choose the
smaller NA of the detection lens in order to remove
the background from neighboring light sheets.

4. Conclusion

In this paper, we have proposed an optimization
method to suppress background in imaging planes.
The condition for choosing the numerical aperture
of detection lens is shown. The multiple light
sheets are generated by using the D-aperture with
scanning processing. We have also presented an
evaluation approach based on the use of the point
spread function. The simulation result demon-
strates that the proposed method can be used to
suppress cross-talk from neighboring light sheets. In
the future, the experimental results will be acquired.
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