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Abstract. In light-sheet fluorescence microscopy, the axial resolution and field of view are mutually con-
strained. Axially swept light-sheet microscopy (ASLM) can decouple the trade-off, but the confocal detection
scheme using a rolling shutter also rejects fluorescence signals from the specimen in the field of interest, which
sacrifices the photon efficiency. Here, we report a laterally swept light-sheet microscopy (LSLM) scheme in
which the focused beam is first scanned along the axial direction and subsequently laterally swept with the
rolling shutter. We show that LSLM can obtain a higher photon efficiency when similar axial resolution and
field of view can be achieved. Moreover, based on the principle of image scanning microscopy, applying
the pixel reassignment to the LSLM images, hereby named iLSLM, improves the optical sectioning. Both
simulation and experimental results demonstrate the higher photon efficiency with similar axial resolution
and optical sectioning. Our proposed scheme is suitable for volumetric imaging of specimens that are

susceptible to photobleaching or phototoxicity.
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1 Introduction

Light-sheet fluorescence microscopy has become an indispen-
sable tool for biological imaging because of its high spatio-
temporal resolution and low phototoxicity.'™ It eliminates the
out-of-focus excitation by illuminating the specimen from
the side with a sheet of light.** Therefore, most of the excited
fluorophores can be collected by the detection camera. This
excitation and detection scheme and the exclusion of pinholes
significantly reduce photobleaching and phototoxicity, which
makes it suitable for long-term imaging. In addition, the thin
light sheet improves optical sectioning and provides better axial

*Address all correspondence to Dayong Jin, dayong.jin@uts.edu.au; Karl
Zhanghao, karl.hao.zhang @ gmail.com

These authors contributed equally to this work.

Advanced Photonics Nexus

016001-1

resolution. However, generating a thin and uniform light sheet is
difficult because the thickness and field of view (FoV) limit each
other.® For a typical Gaussian light sheet, the light sheet only
covers a region of ~2 Rayleigh lengths, which is quadratically
proportional to its thickness.

Propagation invariant beams can persist at a thin thickness
over an arbitrarily long distance, including Bessel beams’™
and Airy beams,'®"" while the conflict between light-sheet thick-
ness and FoV remains. Moreover, these nondiffractive beams
contain more sidelobes, which will introduce more out-of-focus
illumination and increase phototoxicity."> Another method is to
use multiple light sheets with swept focus' or tiled beams.'*"”
Swept focus light-sheet microscopy (SFLM) generates a virtual
light sheet with a higher aspect ratio. However, multiple beams
also introduce more sidelobes, which decrease the axial resolu-
tion and worsen the optical sectioning.
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A slit can efficiently reject the sidelobes of the excitation
beams. In light-sheet microscopy, the rolling shutter of sSCMOS
cameras can synchronize with the beam scanning and naturally
serve as the slit. For example, the rolling shutter can eliminate
the sidelobes of Gaussian beams'® or Bessel beams'® in digital
scanned light-sheet microscopy. While the conflict between
light-sheet thickness and FoV remains in these methods, axially
swept light-sheet microscopy (ASLM) uses the synchronized
rolling shutter of a camera to image only the in-focus region
of a light sheet so that an arbitrarily large FoV with optimal axial
resolution can be achieved.***' However, like the pinhole in
confocal microscopes, the slit or the rolling shutter rejects many
fluorescent signals and sacrifices the photon efficiency of light-
sheet microscopy. As shown in Fig. 1(a), a Gaussian beam is
first laterally scanned and subsequently axially swept in syn-
chronization with the rolling shutter of the SCMOS camera. The
fluorescence signal outside the rolling shutter is rejected, so a
larger imaging FoV occurs at the price of less photon efficiency.

Imaging scanning microscopy (ISM) can achieve the optimal
resolution of confocal microscopy without sacrificing the effi-
ciency of photon collection.”>* Array detectors are used in ISM
to record images at each scan position. Each pixel of the array
can act as a confocal pinhole to simultaneously acquire many
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confocal images. Then, these confocal images are reassembled
through pixel reassignment, either computer-based or optics-
based.* The final image has the optimal resolution and optical
sectioning of the confocal microscopy but with no light loss. We
anticipate that the same principle can be applied to light-sheet
microscopy with a swept focus. A series of images at different
illumination foci can be acquired and reassembled with pixel
reassignment. The final image should achieve improved axial
optical sectioning with little loss of fluorescent signals. Thus,
the tradeoff between light-sheet thickness and FoV can be de-
coupled without sacrificing the photon efficiency of fluorescent
signals.

Here, we present the laterally swept light-sheet (LSLM)
scheme, which is first scanned along the axial direction and sub-
sequently laterally swept [Fig. 1(a)]. Compared with ASLM,
this setup has two primary advantages. First, the excitation light
is more constrained after axial scanning, so the majority of the
excited fluorescence is within the rolling shutter and can be col-
lected by the detection pixels. Second, the full width at half-
maximum (FWHM) of the beam profile is much smaller than
that of the ASLM, which makes it possible to adopt the ISM
concept with pixel reassignment. In this paper, we systemati-
cally compare the ASLM and LSLM with simulation studies

LSLM

Fig. 1 Schematic comparison between the ASLM and LSLM. (a) In the ASLM, a focused
Gaussian beam is first laterally scanned that generates a light sheet perpendicular to the direction
of beam propagation. Afterward, the focus of the Gaussian beam is axially swept in synchroniza-
tion with the rolling shutter of the camera. In the LSLM, a Gaussian beam is first axially scanned
that forms a “light needle” along the direction of beam propagation. Then, the beam is laterally
swept in synchronization with the camera. Here, the axial direction is along the propagation of
the beam and the lateral direction is perpendicular to the propagation of the beam. With the rolling
shutter, only the region excited by the in-focus, thin light sheet is imaged by the camera.
(b) Comparison of light sheets generated by lateral scanning of the ASLM and axial scanning
of the LSLM. The images on the Y-Z plane show the cross section of the light sheet, and the
yellow dashed lines indicate the rolling shutter. With the same rolling shutter, the ASLM shows
better axial optical sectioning, but the LSLM contains more excitation power in the shutter region,
which is more photon-efficient.
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and experiments to demonstrate that the LSLM shows better
axial resolution than the ASLM when a high photon efficiency
is required, particularly for the ISM-enhanced LSLM (iLSLM).

2 Principle of the LSLM

The scanning schematics of the ASLM and LSLM are compared
in Fig. 1(a). In the ASLM, the lateral scanning of the Gaussian
beams improves the axial resolution in the in-focus region.
However, because the rolling shutter is applied perpendicular
to the beam propagation direction, a large region of a specimen
outside of the rolling shutter is excited, while the emitted fluo-
rescence is not detected by the camera. When the fluorophores
are widely distributed and excited by the light sheet, only the
fluorescence within the rolling shutter can be detected, and
the fluorescence outside the rolling shutter is wasted. A larger
entire imaging FoV corresponds to a lower efficiency of fluo-
rescence detection. When the rolling shutter becomes narrower,
a higher axial resolution and better optical sectioning can be
obtained at the cost of the lower collection efficiency of fluo-
rescent signals. Therefore, the width of the rolling shutter is
a balance between photon efficiency and axial resolution or
optical sectioning.

In contrast, the Gaussian beams are first axially scanned in
the LSLM, and the rolling shutter is applied along the beam
propagation direction. Following the definition of the
ASLM,*"* we set the direction of the rolling shutter as the
Y axis and term the beam propagation as the axial scanning di-
rection. From the beam profiles along the Y axis [Fig. 1(b)], we
find that the power of the LSLM light sheet is more constrained
within the rolling shutter, which should be more photon-
efficient. To quantitatively compare the performance between
the ASLM and LSLM, we conduct theoretical simulations based
on the scalar propagation model considering a coherent, mono-
chromatic, and medium numberical aperture (N.A.) imaging
system. The simulation was performed based on the beam sim-
ulator software developed by Remacha et al.® Briefly, the beam
intensity distribution is

I=E(x,z;y)% (1)
where
E(x,z;y) = F[E(k,.k;) exp(ik_\,Ay)], 2)

where E(x,z;y) is the electricity distribution. E(k,, k.) is the
electricity distribution in the back focus plane (BFP). y is the
position along the propagation direction with Ay from the focus.
k, = \/(nky)? — (k? + k2), where n is the refraction index, and
ko = 2z /A is the vacuum wavenumber. For a Gaussian beam,
the amplitude at the BFP can be considered as

E(k,. k) = exp[—(ki + k2)/ (koN.A.)?], (©)

where N.A. is the numerical aperture of the excitation objective.

In Fig. 2, we set N.A. = 0.3, n = 1.33, A = 473 nm, and the
imaging FoV is 300 ym x 300 um in the simulation, which is
consistent with our experimental settings. The simulation with
N.A. = 0.5 (Fig. S1 in the Supplementary Material) yields
similar results. The focused Gaussian beam simulated with
Egs. (1)-(3) is first laterally or axially scanned [Figs. 2(a)
and 2(b)], and the scanned beams that fall within the depth
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of focus of the detected objective (~14.4 um for detection
N.A. = 0.3) are summed to generate the scanned light sheet.
In swept focus light-sheet microscopy, the focused Gaussian
beam is both laterally and axially scanned [Fig. 2(c)]. The Z
axis profiles at the focus in Fig. 2(d) show the axial resolution
and optical sectioning of the light sheets in the ASLM, LSLM,
and SFLM. The ASLM (FWHM gy = 0.81 ym) and LSLM
(FWHM; g1 v = 0.88 um) show approximately tripled axial res-
olution of the SFLM (FWHMSFLM =241 ﬂm)

Although the axial FWHM of the LSLM is close to that of the
ASLM, the axial scanning in the LSLM will introduce larger
sidelobes in the “light needle” [Fig. 2(d)], and the problem
of sidelobes will become more severe when the scanning FoV
increases. The optical sectioning width (OS), which is defined
as the range containing 63% (obtained by 1 —1/¢) of the
detected beam power,"” is OSpg v = 0.69 um, OS;gm =
2.32 uym, and OSgpy = 8.46 um, respectively. In contrast,
the light-sheet thickness of laterally scanned beams in the
ASLM is diffraction-limited. In summary, both the LSLM
and ASLM show approximately tripled axial resolution of
the conventional SFLM, and both have thinner optical section-
ing. While the LSLM still has a similar axial resolution to the
ASLM, the LSLM has worse optical sectioning than the ASLM.
However, the FWHM of the axial scanning beams is close to
the diffraction limit on both the Y axis and Z axis, so the pixel
reassignment can effectively eliminate the sidelobe effect of
the LSLM.

3 Pixel Reassignment Increases the Optical
Sectioning of the LSLM

The photon efficiency is related to the energy ratio of the de-
tected fluorescence within the rolling shutter to all the emitted
fluorescence throughout the FoV. The relationship between the
energy ratio and the width of the rolling shutter is plotted in
Fig. 2(f). In addition, the relationships between the axial FWHM
and the rolling shutter width are plotted in Fig. 2(g). A larger
rolling shutter will result in a higher photon efficiency but worse
axial resolution and optical sectioning. To fairly compare the
ASLM and LSLM, we plot their axial resolutions corresponding
to the same energy ratio in Fig. 2(h). When a high energy ratio
or photon efficiency is required, LSLM shows about 9% im-
provement in the axial resolution compared to the ASLM in
terms of the axial FWHM. For example, the highlighted regions
in Figs. 2(a) and 2(b) indicate the appropriate shutter widths of
86.0 um for the ASLM and 3.6 um for the LSLM, within which
they both have an energy ratio of ~50% and an axial FWHM
of ~1.2 ym When an energy ratio above 18% (10%, N.A. =0.5)
is desired, the LSLM creates a thinner axial FWHM than
the ASLM.

Nevertheless, the optical sectioning of the LSLM is about
three times thicker than that of the ASLM, so we will try to
eliminate the sidelobe effect in the LSLM with pixel reassign-
ment. Since the LSLM has a comparable resolution along the
scanning axis to the detection point spread function (PSF), pixel
reassignment based on the ISM principle can increase the axial
resolution and improve optical sectioning. In this work, we only
apply the digital pixel reassignment to the multiple raw images,
so that the imaging results of the ASLM, LSLM, and iLSLM
are processed from the same raw data to guarantee a fair com-
parison. The drawback is that the digital pixel reassignment
requires more raw images and takes a longer acquisition time.
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Fig. 2 Comparison between the ASLM and LSLM with simulation studies. Cross-sectional view of
the light sheet with a cropped Y-FoV of 100 um in the Y-Z plane after the first scanning for (a) the
ASLM and (b) the LSLM. The highlighted region shows an example of the rolling shutter with a
width of ~86.0 um for the ASLM and ~3.6 um for the LSLM, for which the energy ratios are both
~50% and the axial FWHM are both ~1.2 um for the two models. Scale bar: 10 um. (c) Cross-
sectional view of the SFLM in the Y-Z plane generated by lateral and axial scanning without
confocal detection. (d) Intensity profiles along the Z axis for d4, d, and dz. The FWHM is
0.81 um for the ASLM, 0.88 ym for the LSLM, and 2.41 um for the SFLM. (e) Intensity profiles
along the Y axis for e; and e,. (f) The energy ratio changes with rolling shutter widths for both
the ASLM and LSLM. (g) The axial FWHM increases with a larger rolling shutter width for both the
ASLM and LSLM. (h) Relationship between the axial FWHM and energy ratio.

In our experiments, 22 axial scanning and 30 lateral scanning
are performed, acquiring 660 raw images for one scanning
cycle. Nevertheless, the acquisition of the raw images at every
focus is for a fair comparison of the ASLM, LSLM, and iLSLM.
In real experiments, the axial scanning of the iLSLM can be
performed within one exposure since the refreshing rate of
the spatial light modulator (SLM) is fast enough. Therefore,
only 30 images with lateral scanning are acquired for
reconstruction with pixel reassignment, resulting in a 30-fold
increase of the acquisition time. Optical ISM* can also achieve
doubled spatial resolution. In the all-optical realization, the pixel
reassignment is achieved by the descanning or rescanning of the
emitted fluorescence. The drawback is that the scaling of the
focused image is determined by the two-lens relay optics and
is fixed. However, optical pixel reassignment can obtain the
super-resolution image in one frame, which is in principle appli-
cable and remains to be our future work.

The spatial resolution of ISM can be quantitatively de-
scribed as™

oism = (1/0%e + 1/05,) /%, 4)
when the detected photon is reassigned to the excitation center
by a factor of m = 62./(62% + 063,).”" The excitation PSF,
detection PSF, and PSF of the ISM are approximated by
Gaussian functions, and 6., 04, and oygy are the corresponding
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standard deviations. To obtain a higher resolution in ISM
(smaller o1gy), Ocxe and o4 should be as small as possible. While
04e 18 determined by the detection objective and fixed, o, is
determined by the beam type of the light sheet. For the ASLM,
Oexc Telates to the axial profile of the Gaussian PSF, which is
much larger than that of the lateral profile. Therefore, the com-
bination of the ISM and ASLM will slightly enhance the spatial
resolution and optical sectioning due to the difference between
Ocxc and 64 In comparison, the o, and oy, are close in the
LSLM, which can better increase the spatial resolution.

To verify the performance of pixel reassignment in the
LSLM, we simulate the ASLM and LSLM imaging of fluores-
cent beads in a 3D volume. We set N.A. = 0.3, n = 1.33 for both
excitation and detection, A = 473 nm and 525 nm for excitation
and detection, respectively, voxel size of 720 nm, and imaging
volume of 72 ym x 720 pgm x 72 pm, which is consistent with
our experimental settings. The bead size in the simulation is set
to be one voxel. The first step of the simulation is the same for
the ASLM and LSLM. A focused Gaussian beam is axially and
laterally scanned to excite the specimen. A series of images are
simulated in which each image is excited by a single-focus
Gaussian light sheet. Therefore, the ASLM and LSLM results
are generated from the same dataset and compared under iden-
tical conditions. Next, we simulate the lateral scanning of the
ASLM by summing the laterally scanned images and simulate
the axially scanned “light needle” of the LSLM by summing the
axially scanned images, as illustrated in Fig. 1.

Jan/Feb 2023 e Vol. 2(1)
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The imaging process of the first step could be expressed as

Lasimi (X, y = yss2—24) =

|: o\X,y;2 — Zlex xs’z;y_ys):| *hdet(xﬁy;z)’ (5)

Tisim (X — X5, y52 — 25) =

[0(x,y;z—zs)zlex(x—xs,z;y—ys)] # hyet(x, y32),  (6)

where Iyspui (%, Y — Y63 2 — z5) and Ipspm (X — X, ¥3 2 — 2,) are
the signals delivered by the imaging system after first scanning
for the ASLM and LSLM, respectively. o(x, z;y) is the bead
distribution, I (x — x5, z;y — y,) is the focused Gaussian beam
for excitation at the lateral and axial scanning positions x, and
¥s» * means convolution and Ay (x,y;z) is the detection PSF.
Only the in-focus signal is captured by the camera, and a digital
slit mask that serves as the rolling shutter is applied to each im-
age during the second scanning

Tasima (%Y — Y5520 — 25) =

IASLMI(X Y= Vs320 — )S(x y—= ys) (7)

Iisiv (X — X6, ¥320 — 25) =

Tisomn (X — X, y3 20 — 26)S(x — X, y), (®)

where Tasiva (X, ¥ — Y5320 — 25) and Trgpvn (X — Xg, ¥3 20 — 24)
are the recorded signals in the second scanning for the
ASLM and LSLM, respectively. [xsim(x,¥;20 —2zs) and
I sivi (%, 3 29 — z,) are the signals on the detection focal plane
after first scanning for the ASLM and LSLM. S(x,y — y,) and
S(x — x,, ) are the rolling shutters on the conjunction positions
of excitations for the ASLM and LSLM, respectively. Finally, a
3D stack of images could be obtained considering all the scan-
ning positions

Insim(X, Y3 25) = ZIASLMZ(xvy — Ysi20 = Zs)s €))

yS

Zl LsLm2 (X

Iisim (X, Y3 25) Xg» V320 = Zs)s (10

in which Iag m(x, y; zo) and I; g v (x, y; z5) are the final ALSM
and LSLM images, respectively.

For iLSLM, pixel reassignment is applied to LSLM images
during the second scanning The image is scaled down by a fac-
tor of m = 62 /(62 + adet) which in practice is set to be 1/2
as oy and oy are close in the LSLM, along the swept direction
at each focus position. For the fluorophores with a large Stokes
shift or with multiphoton excitation, the o, and o4 Will be
different because of the different excitation wavelengths and
emission wavelengths, so the scaling factor should be chosen
based on the equation. Then, the images are placed back in
the same position and summed to obtain the final iLSLM image
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Lisim(x, y32s) ZILSLM2<

When all images are summed without a digital rolling shutter
applied, the resulting image is equivalent to the SFLM image.
The SFLM image collects more fluorescence signals but con-
tains heavier sidelobes. Therefore, the photon efficiency of
the ASLM and LSLM is calculated based on the SFLM image.
Figures 3(a) and 3(b) show the simulated imaging results of
fluorescence beads in the X—Y and X—Z planes. The upper part
of Fig. 3(c) shows the profiles of the ASLM and iLSLM at 55%
photon efficiency, and they have an axial FWHM of about
1.09 um. The lower part of Fig. 3(c) shows the profiles of the
ASLM and iLSLM at 80% photon efficiency, and the iLSLM
has a higher axial resolution (FWHMj; i y = 1.15 um) than the
ASLM (FWHM g = 1.58 um). We calculated the changes
in the photon efficiency of the ASLM and iLSLM with increas-
ing rolling shutter over the entire ratio range, and the results are
shown in Fig. 3(d). As shown in Fig. 3(f), the iLSLM has a
smaller axial FWHM than the ASLM at the same photon effi-
ciency when the photon efficiency is higher than 55%. The
“turning point” of 55% is related to the N.A. of the objective,
but is not affected by the signal-to-noise ratio (SNR), according
to further simulation studies in Fig. S2 in the Supplementary
Material. Therefore, when the specimen is easy to photobleach
or susceptible to phototoxicity, the iLSLM is a better choice than
the ASLM.

,y;zo—zs>. (11)

4 Microscope Setup and Experimental
Demonstration

We build a light-sheet microscope as shown in Fig. 4(a) that
modulates the beam focus via a reflectively binary phase
SLM. The SLM modulates the phase of the exciting light wave
front and scans the beam in three dimensions. The pattern
loaded for the SLM is calculated as described in previous
work.'*'® Briefly, we take the SLM as a thin focusable lens
for axial scanning whose phase modulation function to achieve
axial defocus Ay can be expressed as
¢axial (X, Z) = —kAy()C% + Z%)/ngcam (12)
where x,,, and z,, are the central coordinates of row m and col-
umn n of the SLM space pixel, respectively, k is the wavenum-
ber of the incident beam, Ay is the axial focus shift, and f.,, is
the focal length of scan lens L2.

For lateral scanning, the SLM can be considered as a grating.
Therefore, we applied the beam tilt phase delay in the SLM. The
function can be expressed as

¢laleral(x? Z) = k(xm

where 6, and 6, are the deflection angles of the beam in the x
and z directions, respectively. We obtain the lateral coordinates
(x,,z¢) from the geometric relationship with the scanning de-
flection angle (6,,6,), denoted as

sin 0, + z,, sin 6,), (13)

Ax = foun tan 0,, Az = f.a, tan 6,. (14)

When the SLM is loaded with patterns without additional phase

information, the beam is focused at the focus of the scan lens, as
shown in Fig. 4(b). By loading the SLM with different patterns
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Fig. 3 Simulated imaging results of fluorescent beads. (a) and (b) Simulated imaging results of
fluorescence beads in the X-Y and X-Z planes, and the three insets show the imaging results of
the white dashed areas in the ASLM, iLSLM, and SFLM. (c) The upper and lower parts show
the profiles of the ASLM, iLSLM, and SFLM when the photon efficiencies reach 58% and 80%,
respectively. (d) and (e) Simulations to compare the photon efficiency and the axial FWHM of
the ASLM and iLSLM with increasing rolling shutter. (f) Relationship between photon efficiency
and the axial FWHM of the ASLM and iLSLM. Scale bar: 10 zm.

(@)

Filter

Ly

Fig. 4 The microscopy setup and focus scanning with the SLM. (a) Schematic diagram of the light
sheet microscope. Laser: 473 nm, bandwidth 0.2 nm, MBL-11-473, CNI; L, — Ls: achromatic plano-
convexlens, Ly = 50 mm, L, = 250 mm, L3 = 250 mm; HWP1 and HWP2: half-wavelength plate,
WPA2420-450-650, Union Optic; PBS, polarization beam splitter; CCM1-PBS251/M, Thorlabs;
SLM, spatial light modulator, QXGA-R11, ForthDD; EO: excitation objective Lens, 20X/N.A. W,
Olympus; DO: detection objective Lens, 10X/N.A. W, Olympus; Filter: ET525/50 M, Chroma; TL:
tube lens, 200 mm, C60-TUBE B, ASI; Camera: ORCA-Flash 4.0, Hamamatsu. (b) and (c) When a
binary phase pattern is loaded onto the SLM, the focus of the beam can be scanned in three
dimensions. (d) Corresponding images when different phase patterns are loaded onto the SLM.

with additional phase information, we achieve 3D focus scan- the raw images following Eqs. (4)—(11) to obtain the LSLM,
ning, as shown in Figs. 4(c) and 4(d). ASLM, and SFLM results. Figures 5(a) and 5(b) show the

The LSLM and ASLM results are generated from the same experimental imaging of 200 nm fluorescence beads (F8888,
dataset that consists of single-focus images. Then, we process Thermofisher) in the X-Y and X-Z planes, when the photon
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Fig. 5 Experimental imaging results of fluorescent beads and U20S cells. (a) and
(b) Experimental imaging results of fluorescence beads in the X-Y and X-Z planes, and the three
insets show the imaging results of the white dashed areas in the ASLM, iLSLM, and SFLM. (c) The
upper and lower parts show the profiles of the ASLM, iLSLM, and SFLM when the photon effi-
ciencies reach 58% and 80%, respectively. (d) and (e) The photon efficiency and axial FWHM
of the ASLM and iLSLM corresponding to the increasing rolling shutter. (f) Relationship between
the photon efficiency and the axial FWHM of the ASLM and the iLSLM. (g)-(i)) The ASLM and
iLSLM imaging results of U20S cells corresponding to the photon efficiencies of 53% and

80%. Scale bar: 10 ym.

efficiencies of the ASLM and iLSLM are at 58%. In Fig. 5(a),
the lateral resolution of the iLSLM can reach 1.43 pym. The
upper part of Fig. 5(c) shows the profiles of the iLSLM
(FWHM; g1m = 1.28 um, OSj gim = 2.69 ym) and ASLM
(FWHMASLM =1.35 Hm, OSASLM =2.04 ﬂm) at a phOtOn
efficiency of 58%. The lower part shows the profiles of the
ILSLM (FWHMiLSLM = 160 Mm, OSiLSLM = 299 ,um) and
ASLM (FWHMjgim = 2.19 pm, OSpsiy = 2.91 pum) when
the photon efficiency reaches 80%. The experimental results
are consistent with the simulation results, which demonstrates
that the ISM method can effectively improve the axial resolution
and optical sectioning of the LSLM. Similarly, we analyze the
relationship among the rolling shutter width, axial resolution,
and photon efficiency in Figs. 5(d)-5(f). We further imaged
the U20S cells with the proposed scheme. Figure 5(g) shows
the X-Y view of the U20S cell, and Figs. 5(h)-5(i) compare
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the X—Z images of the ASLM and iLSLM under the same pho-
ton efficiencies of 53% and 80%. By analyzing the simulation
results and experimental results, we can conclude that the
iLSLM has a better axial FWHM and optical sectioning than
the ASLM when the photon efficiency exceeds 55%.

5 Conclusions

We propose the iLSLM scheme, which is laterally swept light-
sheet microscopy with pixel reassignment based on the principle
of an image scanning scope. First, we illustrate the generation of
an axially swept light sheet and a laterally swept light sheet and
compare their beam profiles. The laterally swept light sheet is
more constrained and avoids the excitation of the specimen out-
side the rolling shutter. When all the final results are processed
from the same raw data, both the LSLM and ASLM are three
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times better than the conventional SFLM in axial resolution and
optical sectioning. The LSLM has a similar axial resolution to
the ASLM, while the optical sectioning of the LSLM is worse.
However, the iLSLM with pixel reassignment outperforms
the ASLM in either axial resolution or optical sectioning when
>55% photon efficiency is required. Here, the calculation of
the photon efficiency assumes linear photobleaching or photo-
toxicity. Because the scanning process results in a duty cycle of
excitation, the peak excitations of the ASLM and LSLM are
larger than that of a digital scanned light sheet using a Bessel
beam or the ASLM using a cylindrical lens, which is investi-
gated in Fig. S3 in the Supplementary Material. Therefore, non-
linear photobleaching should be avoided during the experiments
when using the ASLM or LSLM. In this paper, no deconvolu-
tion was applied to the SFLM, ASLM, LSLM, or iLSLM.
Further deconvolution' or Fourier filtering can further increase
the resolution and contrast of images.

In the current work, pixel reassignment is performed by dig-
ital image processing, which guarantees a fair comparison
among the SFLM, ASLM, LSLM, and iLSLM. However, digital
pixel reassignment requires multiple raw images and reduces
the imaging speed. Optical pixel reassignment* can be imple-
mented with the iLSLM in the future, which can achieve the
super-resolution image within one exposure. Unlike the conven-
tional ISM that scans the beam focus in two dimensions, the
iLSLM setup only scans the beam along the X axis, which is
easier to implement. With the improvement, the iLSLM can po-
tentially be used in many applications where photobleaching is a
severe problem or the specimen is susceptible to phototoxicity.
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