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ABSTRACT

Light-sheet fluorescence microscopy (LSFM) achieves optically sectioned imaging with the relatively low photobleaching and phototoxic
effect. To achieve high-speed volumetric LSFM imaging without perturbing the sample, it is necessary to use some form of remote refocusing
in the detection beam path. Previous work used electrically tunable lenses, tunable acoustic gradient index of refraction lenses, or the remote-
refocusing approach of Botcherby et al. [Opt. Lett. 32(14), 2007 (2007)] to achieve remote refocusing. However, these approaches generally
only provide low-order defocus correction, which is not compatible with higher-NA objectives that require higher order defocus corrections
or reduce the optical throughput. In order to simultaneously achieve high-speed remote refocusing and correct system aberrations, we
employ a deformable mirror in the detection path that is capable of providing higher orders of defocus and aberration correction in an opti-
cal system with an NA of 0.72–0.75. We demonstrate high-speed volumetric imaging at 26.3 volumes per second and 35 frames per volume
for a defocus range of �50 to 50 lm.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0125946

Compared to conventional fluorescence microscopies, light-sheet
fluorescence microscopy (LSFM) can provide faster fluorescence imag-
ing with lower phototoxicity and photobleaching by generating a thin
sheet of light to scan through the sample.1 In order to achieve high-
speed three-dimensional (3D) imaging in an LSFM system without
mechanically perturbing the sample, various methods for remote refo-
cusing have been applied. Remote refocusing can be achieved by
employing a pair of microscopes placed back-to-back to generate an
undistorted intermediate image, which can then be scanned by an
adjustable tertiary microscope to achieve volumetric imaging.2 A
folded version of this approach has previously been applied to refocus-
ing in LSFM, but the use of a polarizing beam splitter (BS) reduces the
optical throughput.3 Another method is to use adaptive optics devices
to generate converging or diverging wavefronts at the pupil plane to
achieve refocusing. Previous work has employed electrically tunable
lenses (ETL)4 and tunable acoustic gradient index of refraction lenses
(TAG lenses)5 to provide low-order quadratic primary defocus to

achieve remote refocusing. However, in LSFM systems with high-NA
objectives, these devices are no longer suitable to provide the higher-
order defocus terms necessary to achieve aberration-free remote refo-
cusing or to compensate system aberrations. For example, for an NA
of 0.75, low-order quadratic defocus alone only provides a diffraction-
limited refocusing range of 22lm with a water immersion objective,
see Fig. 1 of Ref. 6.

In order to achieve high-speed remote refocusing while also cor-
rect the system aberrations in the LSFM, it is necessary to employ
more complex adaptive optics devices such as deformable mirrors
(DMs) or spatial light modulators (SLMs) in the system. Adaptive
remote focusing with a DM has been previously demonstrated in
multi-photon microscope systems.7,8 A remote-refocusing system
achieving video-rate refocusing with a DM was presented in Ref. 6.
A LSFM system in Ref. 9 with a DM was developed for correcting
aberrations in tissue cleared porcine cochleae imaging. Recently,
another multi-photon microscope system was also developed with
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both conjugate adaptive optics and remote refocusing for deep tissue
imaging through mouse skull.10 Although adaptive optics has been
applied in LSFM systems for biomedical imaging, no adaptive LSFM
system has yet been demonstrated to achieve high-speed remote refo-
cusing and aberration-corrected volumetric imaging.

We previously demonstrated a method for achieving remote-
refocusing using a membrane DM.6 Here, we build on this work,
applying it to remote-refocusing of the detection arm of a LSFM sys-
tem and achieve high-speed volumetric imaging at 26.3 volumes per
second and with 35 frames per volume (920.5 fps) for a defocus range
of �50 to 50lm. We demonstrate the capabilities of the system by
imaging static sunflower pollen grains and dynamic cardiomyocytes.

The configurations used for the optimization and imaging modes
of the high-speed adaptive LSFM are shown in Fig. 1. In the optimiza-
tion mode [Fig. 1(a)], a star test mask (STM) consisting of a hexagonal
array of 1lm diameter pinholes with 20lm spacing on a hexagonal
grid is placed in the front focal plane of the detection objective O1
(40�, 0.8NA) using a custom mount (a ¼ 50� to the optical table)
that allows switching between the optimization and imaging modes
without changing the position of objective O1 [see Fig. 1(b)]. The
STM is transilluminated by an LED, the pupil of O1 is imaged to the
DM via a 4-f relay, and the image of the STM recorded on an sCMOS
camera. A fold angle introduced by the DM of h ¼ 34� is set to pro-
vide enough space for a Shack–Hartmann wavefront sensor-based
DM flattening system [see Fig. 1(c)]. The DM pupil (13.5mm) and the
folding angle reduce the imaging NA from 0.8 to 0.75 (vertical) and
0.72 (horizontal).

When switching to the imaging mode [Fig. 1(d)], the STM, LED,
and custom mount are removed. An emission filter (EF, SEM-FF03-
525/50-25, Semrock or ET630/75M, Chroma) is added in front of the

camera to block excitation light, and the illumination objective O2 is
installed onto its mount. A sample stage is then placed beneath O1
and O2 to hold the glass slide and samples, and the optical axes of O1
and O2 are at 90� to one another [Fig. 1(e)]. Further details of the opti-
cal setup are given in the supplementary material Sec. 2.

The deformable mirror (DM97-15, Alpao) was selected due to its
relatively large stroke (specified peak-to-valley mechanical motion of
30lm for tip/tilt) and relatively high first resonance frequency
(800Hz). It is supplied with a default factory-measured influence
matrix, so applying the zero actuator command vector to the DM will
put it into its nominal factory-flat pose. However, the performance
and response of the mirror depend on temperature,11 and, thus, it is
necessary to further flatten the DM to find its best flat before each
optimization and imaging session.

An iterative algorithm using wavefront measurements from the
Shack–Hartmann wavefront sensor (SHWS) (see the supplementary
material Sec. 3) was used to optimize the flatness of the DM. This
achieved an RMS wavefront error of 0.0186 0.001lm (n¼ 10), which
is smaller than the diffraction limit of 0.039lm [corresponding to a
Strehl ratio of 0.8 for a wavelength of 550nm (Ref. 12)]. After the DM
flattening process, the best flat command signal was saved for later
DM optimization or sample imaging.

To achieve high-speed remote refocusing and minimize thermal
and viscoelastic creep effects, the DM was oscillated continuously [Fig.
S1(b)] with a sawtooth variation of defocus over time (see the supple-
mentary material Sec. 4). The initial mirror poses were generated using
the optical path difference (OPD) (relative to zero defocus) of high-
NA defocus introduced in Refs. 2 and 6,

OPDhighNA ¼ z
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 �NA2r2

p
; (1)

FIG. 1. Configurations of the optimization mode and imaging mode of the high-speed adaptive LSFM. (a) Schematic (top view) of the optimization mode. (b) The actual orienta-
tion of O1 and LED viewed end on. (c) Schematic (section view) of the DM flattening setup. (d) Schematic (top view) of the imaging mode including illumination and imaging
parts. (e) The actual orientation of O1 and O2 viewed end on. O, objective; TL, tube lens; M, mirror; L, lens; LD, Lambertian diffuser; STM, star test mask; DM, deformable mir-
ror; HLS, halogen light source; BS, beam splitter; SHWS, Shack–Hartmann wavefront sensor; GM, galvo mirror; and EF, emission filter.
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where n is the refractive index in sample, NA is the actual imaging
numerical aperture, z is the axial displacement from the objective focal
plane to the defocus object, and r is the normalized radial pupil
coordinate.

The initial mirror poses were then optimized following the
method reported in Ref. 6 based on an image evaluation—instead of a
wavefront sensor—with the STM used as the optimization object. The
method used for calculation of the Strehl metric for each star in the
image of the STM is described in the supplementary material Sec. 4.
Rather than optimizing the mirror pose for every defocus position, 11
major poses on the outward sweep (corresponding to defocus posi-
tions from 50 to �50lm with 10lm interval) were optimized, with
38 intermediate sub-poses between each major pose being calculated
by linear interpolation. Considering the double-pass effect of the DM
and the maximum OPD required for the high-NA defocus, the maxi-
mum mechanical peak-to-valley DM stroke required was �5.3lm.2

This approach of only optimizing the major poses together with linear
interpolation between major poses aims to achieve a smooth move-
ment of the DM through the scan range while keeping the time
required for DM optimization to a reasonable duration. For each
major pose, the amplitudes of high-NA defocus adjustment and
Zernike modes Z4 to Z18 (see Table S1) were optimized to provide
defocus and correct system aberrations at each defocus position. The
high-NA defocus term was included to account for experimental error
in positioning the STM. Therefore, the optical path difference intro-
duced by the DM can be described by

OPDDM ¼ OPDhighNA z þ að Þ þ
X18

i¼4
biZi rð Þ; (2)

where z is the defocus position, a is the amplitude of high NA defocus
adjustment, and bi is the amplitude of the ith Zernike mode Zi:

13

Return of the DM to the starting position was performed with four
major poses with 20lm interval from �50 to 50lm; these major
poses were not optimized (see the supplementary material Sec. 4).
Only the front part of the DM sweep (from 50 to�50lm with 10lm
interval) was used for imaging.

Since the illumination objective O2 is removed while performing
the DM optimization—so that there is sufficient space to place the
STM near to O1—when switching to the LSFM imaging mode, it is
necessary to then align the light sheet, so the illumination beam waist
is at the center of the camera’s field of view (FOV). To achieve this, a
fluorescein solution (5lM, 46955, Fluka) was imaged with the DM
best flat to produce an image of the edge of the fluorescein solution,
where it meets the glass slide underneath [see Fig. S2(b)]. The illumi-
nation beam waist position was adjusted by moving O2 axially to pro-
duce the sharpest edge image at the center of FOV.

In order to achieve high-speed remote refocusing, a galvo mirror
calibration is required to obtain the relationship between the illumina-
tion plane position and the galvo mirror voltage. The best flat was also
applied on the DM in this calibration process. A series of voltages
(from �0.56 to �0.44V, manually chosen to cover the refocus range
required) were then applied to the galvo mirror, which produced dif-
ferent illumination plane positions from the focal plane of O1 leading
to displacements of the image of the edge. The position of the edge
was determined from each image and used to calculate the corre-
sponding defocus position. In each image, the intersection of the

fluorescence edge was determined along three horizontal lines [see Fig.
S2(b)] via Canny edge detection.14 The defocus position z of the illu-
mination sheet relative to the focal plane of the detection objective O1
can then be found by

z ¼
p� x � x0ð Þ � cos að Þ

M
; (3)

where p is the pixel size, x0 is the edge position when it is in the focal
plane of O1, x is the moved edge position, a is the imaging objective
angle shown in Fig. 1(b), and M is the system magnification (22.2�).
All of the sampling points were calculated for their defocus positions,
which produced a linear relationship between the defocus position
and the galvo mirror voltage. A linear fit was then performed to gener-
ate an expression [see Fig. S2(a)] that can be used to control the galvo
mirror during high-speed adaptive LSFM imaging.

All studies were carried out with the approval of the local
Imperial College London ethical review board and the Home Office,
UK, in accordance with the Animals (Scientific Procedures) Act 1986
Amendment Regulations 2012, and EU directive 2010/63/EU, which
conforms to the Guide for the Care and Use of Laboratory Animals
published by the U.S. National Institutes of Health under assurance
number A5634–01.

In this paper, a sunflower pollen grain sample and live cardio-
myocytes were prepared to show the system volumetric imaging per-
formance for static and dynamic biological samples. The sunflower
pollen grains were embedded in 1% agarose and cooled to form a volu-
metric sample. For live imaging of a dynamic sample, left ventricle
myocytes, isolated from a male rat following the method outlined in
Ref. 15, were labeled with a cell-permeant calcium indicator Fluo-4
AM (ThermoFisher Scientific) and cell mask orange (CMO) plasma
membrane stain (ThermoFisher Scientific) according to the live-cell
dual labeling and imaging preparation protocol described in Refs. 3
and 16. Full details are given in the supplementary material Sec. 6.

Details of the imaging modes used are given in the supplemen-
tary material Sec. 7. All of the Zernike modes from Z4 to Z18 (see
Table S1) were used in the optimized DM pose command, and the
corresponding amplitudes are shown in Fig. 2(a). It shows that
although low order Zernike modes play a dominant role in the refo-
cusing and aberration correction, the high order terms are also useful
and important in high-speed DM optimization.

Strehl maps (a Voronoi diagram that assigned the estimated
Strehl ratio of each pinhole to its nearest pixels, see the supplementary
material Sec. 4 for the estimation of Strehl ratio) at different axial dis-
tances from the optimized defocus positions were measured by adding
small displacements (from �1.5 to �1.5lm) when a pose for an opti-
mized defocus position was applied on the DM, and the results are
shown in Fig. 2(c). The maximum Strehl ratios in Fig. 2(b) were
obtained from the central region (200� 200 lm2) in the best Strehl
maps in Fig. 2(c) and show the best performance achieved within this
region. The mean Strehl ratios in Fig. 2(b) were calculated from the
central region (200� 200 lm2) of the 0lm displacement Strehl maps
in Fig. 2(c), which illustrate the performance of the system over the
plane illuminated by the light sheet. As seen in Fig. 2(b), the DM
dynamic optimization achieved a maximum Strehl ratio>0.8 over the
range �20 to 40lm and a mean Strehl ratio above 0.6 over the whole
refocus range (from 50 to �50lm). Since the DM can be affected by
temperature,11 another evaluation (48 h after optimization) of the
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same set of optimized DM pose command was performed to test the
optimization durability. The results show that the performance of the
system only dropped by�5% over this time period.

To characterize the high-speed adaptive LSFM system, a sample of
fluorescent beads (250nm actual diameter, 1:20 dilution in agarose) was
imaged with the low-speed imaging mode volumetrically at the full
sCMOS frame size, see the supplementary material Sec. 9 for methods.

The results can be seen in Table S2. The system resolution was measured
to be 0.516 0.04lm laterally (average over all defocus positions)
and 2.246 0.32lm axially. The measured sectioning strength
(3.716 0.27lm) compared well with the estimated theoretical light-sheet
thickness. Further details are given in the supplementary material Sec. 10.

To demonstrate the system performance in imaging a static sam-
ple with the full frame of the sCMOS camera, a sunflower pollen grain

FIG. 2. Optimization results of the DM
dynamic optimization. (a) The amplitudes
of different Zernike modes from Z4 to Z18
at different optimized defocus positions.
(b) The maximum Strehl ratios (see sup-
plementary material Sec. 4) obtained from
the central 200� 200 lm2 region of the
best Strehl maps at different optimized
defocus positions, and mean Strehl ratios
obtained from the central 200� 200 lm2

region of the 0 lm displacement Strehl
maps at different optimized defocus posi-
tions. Data obtained immediately after and
48 h after optimization. (c) Strehl maps
(600� 600 lm2) at different distances
from the optimized defocus positions,
which were used to generate the best
Strehl maps and field curvature projec-
tions shown in the righthand two columns,
respectively (see the supplementary mate-
rial Sec. 8).
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sample was imaged with the low-speed imaging mode volumetrically
from 50 to�50lmwith 1lm interval. The color-coded 3D projection
of the pollen images can be seen in Fig. 3. The inset in Fig. 3(b) shows
the detail of the pollen structure. Figures 3(c) and 3(d) are, respec-
tively, the maximum intensity projections of the pollen volume from
the left and top.

The high-speed adaptive LSFM system was applied to image
dynamic events in cardiomyocytes in 3D with the high-speed imaging
mode. The cardiomyocytes were electrically paced to induce contrac-
tion using an applied pulse amplitude of 20V with a pacing interval of
2 s (0.5Hz) and 2ms pulse duration. The electrical pacing induced cal-
cium release leading to a global increase in Fluo-4 fluorescence inten-
sity within the cells. This can be seen in Fig. 4(a), which shows selected
z0-planes from the reconstructed volume (left to right) at selected time
points (top to bottom). We also present image data from a different
cell imaging in the CMO channel that shows the location of the cell
membrane (sarcolemma), see Fig. 4(b). Electrically induced contrac-
tion can be seen in both cells, see white arrows and white dashed line
as a reference point to guide the eye. Orthogonal maximum intensity
projections taken in the lab (X0, Y, Z0) coordinates of the same two car-
diomyocytes are shown in Figs. 5(a) (Multimedia view) and 5(b)
(Multimedia view), respectively. The calcium sparks can also be
observed either in Figs. 5(c) and 5(d) or in the video of Fluo-4-labeled
cardiomyocytes [see Fig. 5(a)]. Details of the image processing are pro-
vided in the supplementary material Sec. 11.

The results presented above demonstrate the first use of a DM
for high-speed remote refocusing in LSFM volumetric imaging. The
use of a DM for refocusing enables higher-order defocus terms to be
applied in addition to the lowest order (quadratic) defocus compared
to, e.g., the use of a liquid-tunable lens.4 The approach also corrects for
system aberrations. The use of a DM for remote refocusing in the
detection arm also avoids the use of the polarizing beam splitter cube
in LSFM systems employing the remote-refocusing approach of
Sparks et al.3 that reduces the collection efficiency of these systems.

The aperture of the DM reduced the overall detection NA to 0.72
and 0.75 in the horizontal and vertical directions, respectively, which
was due to a sub-optimal magnification of the pair of relay tube lenses;
the lenses used here were selected from the discrete range of focal
lengths available commercially. In the future, this could be avoided

FIG. 3. (a) A color-coded 3D projection of pollen images from 50 to �50lm. An
averaged dark frame was subtracted from each frame prior to taking the projection.
(b) A zoom-in image of a pollen grain. (c) and (d) The maximum intensity projec-
tions of (a) from the left and top, respectively.

FIG. 4. Reconstructed ortho-sliced montage showing (a) Fluo-4 and (b) CMO 3D time-lapse data (X0Y view), respectively, for two different cardiomyocytes at 26.3 vps.
Reference lines and arrows in (a) and (b) show the physical contraction of the cardiomyocytes. Scale bars, 20 lm.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 121, 193703 (2022); doi: 10.1063/5.0125946 121, 193703-5

VC Author(s) 2022

https://www.scitation.org/doi/suppl/10.1063/5.0125946
https://scitation.org/journal/apl


through the use of a relay with a magnification chosen to avoid clip-
ping while still making the greatest possible use of the clear aperture of
the DM, which may require the use of custom lenses or selected stock
optics.17 In addition, this system can be developed to achieve dual-
channel fluorescence imaging and moved to a temperature-controlled
lab to reduce the need to reoptimize the DM. The high reflectivity of
the DM means that—apart from the slight clipping of the pupil—the
system efficiently transmits the fluorescence collected by the detection
objective to the camera, as compared to approaches that use a folded
remote-refocusing system with polarization-based beam splitters.3

In light-sheet fluorescence microscopy, the imaging depth is lim-
ited by scattering and aberration of the illumination light sheet and by
scattering and aberration of emitted fluorescence, both of which cause
a decrease in image resolution and contrast with increasing depth. In
the future, the imaging depth can be increased by incorporating line
illumination and confocal slit detection18 or by employing multipho-
ton excitation.19

The imaging speed achieved was limited by the frame rate of the
camera for a useful number of pixels (1024� 128 at 1290.8 fps).
During optimization, we were also limited by the intensity available
from the LED source used to illuminate the STM, as it was necessary
to keep the illumination time short in order to avoid the motion of the
DM blurring the image of the STM. Therefore, a higher speed camera
and a more intense illumination source for optimization would be
required in order to increase the achievable frame rate.

The maximum Strehl ratio achieved is above the diffraction limit
for a refocus range of 60lm, and the mean Strehl ratio over a
200� 200 lm2 region in sample space is above 0.6 over the whole
refocus range of 50 to �50lm. The spatial resolution was measured
to be 0.516 0.04lm laterally and 2.246 0.32lm axially, and the

sectioning strength was 3.716 0.27lm.We demonstrated the capabil-
ities of the system in observing static pollen grain samples and
dynamic electrically paced cardiomyocyte samples at 26.3 volumes per
second with 35 usable frames per volume.

See the supplementary material for supporting content.
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