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Propagation stability of self-reconstructing Bessel
beams enables contrast-enhanced imaging

in thick media

Florian O. Fahrbach'2 & Alexander Rohrbach'2

Laser beams that can self-reconstruct their initial beam profile even in the presence of massive
phase perturbations are able to propagate deeper into inhomogeneous media. This ability
has crucial advantages for light sheet-based microscopy in thick media, such as cell clusters,
embryos, skin or brain tissue or plants, as well as scattering synthetic materials. A ring system
around the central intensity maximum of a Bessel beam enables its self-reconstruction, but
at the same time illuminates out-of-focus regions and deteriorates image contrast. Here we
present a detection method that minimizes the negative effect of the ring system. The beam'’s
propagation stability along one straight line enables the use of a confocal line principle, resulting
in a significant increase in image contrast. The axial resolution could be improved by nearly
100% relative to the standard light-sheet techniques using scanned Gaussian beams, while
demonstrating self-reconstruction also for high propagation depths.
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rials is still an enigmatic problem with unpredictable output,

as complex multi-particle light scattering results in uncount-
able phase delays from scattered or absorbed photons. In coherent
optics, strong intensity modulations arise from the interference of
ballistic and diffusive photons and generate deterministic chaotic
intensity distributions after some dozens of microns of propagation
through scattering materials such as biological tissue. This circum-
stance is detrimental to image quality in light sheet-based micros-
copy (LSBM), where a thin plane within the sample is illuminated
by a sheet of light. In the ideal but unrealistic case, the light sheet
consists of purely ballistic photons, which do not interact with the
various scatterers inside the sample to be imaged. However, only
recently it has been shown!? that the relative number of ballistic
photons could be increased by holographically shaping the phase
of the incident laser beam. This effect leads not only to enhanced
penetration depths, but consequently also reduces diffusive photons
or beam deflections by scattering objects.

In LSBM, the light sheet is usually launched by separate illumi-
nation optics, which are oriented perpendicularly to the detection
optical system, and therefore allow one to observe the propagation
of illumination light through the sample. LSBM has been success-
fully used especially in modern developmental biology® or in neu-
rology*®. LSBM exhibits large advantages in the observation of
highly dynamic (living) samples®?, as objects are scanned plane-
wise or line-wise (DSLM, digital scanned light sheet microscopy)
but not point-wise as in confocal microscopy. LSBM illuminates
only the part of the object that is in the plane of focus of the detec-
tion objective. As only light emerging from the focal plane is used
in most imaging methods, LSBM therefore makes more efficient use
of the illumination light than confocal microscopy!?, which illumi-
nates the whole sample for each plane that is imaged.

When the illumination light propagates through a medium with an
inhomogeneous refractive index distribution, scattering leads to a redis-
tribution of light momentum and energy in the imaged plane, which
causes prominent dark and bright stripes. Hence, both the light sheet
quality and the image quality are deteriorated. Furthermore, spreading
of the beam along the propagation direction leads to augmented illumi-
nation of out-of-focus objects thereby decreasing axial resolution and
contrast for higher penetration depths. Approaches to remove back-
ground blur and to increase image contrast include structured illumina-
tion®1112 and variations thereof !4, These methods are based prima-
rily on a removal of out-of-focus light in a post-processing step. As they
require several full-frame images for each final image the acquisition
speed is reduced. Furthermore, larger samples can be illuminated more
homogeneously by impinging light from opposite sides®!> and scat-
tering artefacts like stripes can be reduced by fast pivoting of the light
sheet in the image plane!®. However, all these approaches to increase
image quality do not reduce light scattering and beam spreading.

Although illumination by scanned Bessel beams as employed
in microscopy with scanned self-reconstructing beams (MISERB)
is advantageous for imaging with respect to penetration depth and
directional propagation stability'®, the accompanying ring system
around their central lobe illuminates out-of-focus regions and
strongly decreases contrast. In a recent study® it was shown that
the negative effect of the rings can be avoided by using structured
illumination, and/or two-photon fluorescence excitation by pulsed
lasers. However, fluorescence suppression of the ring system and
beam self-reconstruction in thick samples was not shown.

In this paper, we show how one can block the photons emitted
from the Bessel beam’s ring system even in large scattering media. To
remove background light from the Bessel beam’s rings, we record the
image line-wise so that the final image contains only that part of the
object illuminated by the Bessel beam’s bright central lobe. By using a
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Figure 1| Propagation stability of a Bessel beam. The figure shows a

3D surface plot of the intensity distribution of a Bessel beam propagating
through a cluster of spheres. The data were generated by a computer
simulation using the beam propagation method. The beam cross-section
on the left shows the initial intensity with main lobe and ring system.

The intensity of the main lobe (in blue) hardly deviates from a straight line
along the propagation in z direction due to beam self-healing. Scattering

is clearly visible in the ring system (yellow). Although the ring system (in
yellow) contributes background, the cylindrical outline (black) indicates
the optimum volume for detecting signal-generating fluorescence photons.

results in a multiplication of the illumination and detection probability
functions in the axial direction and therewith in a significant loss of
background photons. We present a theory predicting the gain in axial
resolution and show experimental results, which prove the resolution
gain relative to the state-of-the-art technique using Gaussian beams.

Results

Theory. We start with a closer look at the image formation process
in order to understand the afore-mentioned gain in image contrast.
A single beam (SB) with intensity hgp (r) propagating in z direction
at lateral position b, =(b,,0,0) illuminates a part of the object with
three-dimensional (3D) fluorophore distribution C(r). The object
can be displaced vertically by b;,=(0,b,,0). The resulting 3D image
psp(r) illuminated by a single static beam then reads

Psp(byabyot) =(Clr=b,) hgg(r b)) #hge (1). 1)

The convolution (symbol*) with the detection point-spread function
(PSF) hget(r) describes the incoherent imaging process. For the
conventional microscopy mode (DSLM/MISERB), the illumination
beam is scanned laterally during the integration time of the sensor,
hgcan(t) = Jhgp(r —b,) db, producing a light sheet. The 3D image of
one sheet reads

Prs(byor) =(Cr=b,)- [y (r=b,)db, o). ()

If the illumination intensity hgg(r) corresponds to a Bessel beam,
the resulting light sheet intensity Ay, (r) is broadened considerably
due to the contributions of the rings of the Bessel beam (see hy.,,(3,2)
in Fig. 2a). The non-monotonous radial decay of the Bessel beam’s
radial intensity profile means that the scanning substantially increases
the effective thickness of the light sheet making it much thicker than
the beam’s central peak, as can be seen by comparing hc,,(y) to
hgp(y) for the Bessel beam in Figure 2. In other words, objects below
and above the focal plane of the detection objective are illuminated by
a thicker light sheet, which leads to loss in image contrast.

The resulting two-dimensional (2D) image obtained by an image
sensor (CCD) located at y =y, is given by

confocal line detection principle, we exploit the propagation stability
of the Bessel beam along one straight line (see Fig. 1). This approach PLS(bJ”x’Z)|yo h JpLs(by,x,y,z)S(y ~Yo)dy. @)
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Figure 2 | Schematic illustration of the illumination modes. (a) Conventional
light-sheet microscopy with scanned illumination beams: a beam focused
by the illumination objective (I0) lens is scanned in the focal plane of

the detection objective (DO) lens and a 2D image is obtained by a 2D
sensor. Slices through the illumination intensity distribution hsc,n(y,2)

and hgan(x,y) and axial profiles hgc,n(y) are shown below for Gaussian
beams (top) and Bessel beams (bottom). (b) Confocal line detection
light-sheet microscope: a single-pixel line records a 1D image at the
position of a single static illumination beam. The illumination intensities
hsg(y.z) and hsg(x,y) and axial profiles hgc,,(y) are shown below for Bessel
beams (top) and Gaussian beams (bottom).

However, image contrast can be strongly increased by a confocal
line principle, where only lines 8(x—x()-6(y—y,) from 3D images
psp(r) at the positions of single illumination beams are collected
and subsequently reassembled to a 3D image. If the central line
of psp(r) is selected by a line-sensor at the axial position y, and
the lateral position xj, the confocal single beam (CSB) line inten-
sity reads pcsp(bybyXo,Y0:2) :PCSB(bx’by’Z)lxg,yo:J.JPSB(bx>by’x>y>Z)'
O(x —x9)8(y — yp)dxdy. For a sensor in plane yo=0 and a line image
shifted laterally by xy = — M-b, (with image magnification M=1 for
simplicity), theimageis pcsp(z)|p, 0. Insertion of pg from equation (1)
yields pesp(broby2)p,0=IIICEH = b)) -hep(r —by)hgey(x—1)d>r]-
O(x +b,)8(y—0) dx dy. The 6-functions only affect hge; and the inte-
gral reduces to

pCSB(bX’by’z)hx,o =[Jcy =by ) hgp (5 ~byy'2)
'hdet (bx _xl’_)’,)z_Z’) dx'dy’dz’.

(4)

It is important to emphasize that in the propagation direction z,
equation (4) represents a conventional image (C-hyj)*hget, and a
confocal image Cx(hgp-hget) in x and y directions, where the prod-
uct of both the illumination PSF and the detection PSF greatly sup-
presses background fluorescence.

A localized fluorescent probe such as a small fluorescing sphere
at position r;, which is described by C(r)=Cyd(r—r;) allows
the measurement of the effective PSF of the system. Insertion of
C(r)=C0-5(x—bx,y—by,z) into equation (4) delivers PSFcgg(r) for
confocal line microscopy, while insertion into equation (3) delivers
PSFg(r) for a conventional light sheet system with scanned
illumination beams (DSLM/MISERB):

These products describe the overlap between the illumination
and detection PSE. Although both products contain the same hge,
the difference in the illumination, described by hgp(x,y,0) and
hscan(0,,0), has a strong effect on image quality, especially for the
Bessel beam that has a non-monotonously decaying radial intensity
profile (see Fig. 2).

Imaging bead clusters. A flexible and well-defined way to inves-
tigate a strongly scattering sample is to use a cluster of glass or
latex spheres of variable size, which can be composed in variable
concentrations c. To study the propagation behaviour and suitabil-
ity for imaging of Gaussian and Bessel beams, we performed meas-
urements with fluorescent polystyrene spheres with a diameter of
d=0.75um (Fluoresbrite YG, Polysciences) fixed in an agarose gel
cylinder at a high concentration (c=8x10° per ml). These spheres
are strong scatterers due to their high refractive index of n=1.6 and
sufficiently small to allow measurements of PSF| g and PSFgp.

In the following, we compare images obtained for sample illu-
mination by scanned Gaussian beams (DSLM) and Bessel beams
(MISERB) and for both beams using confocal line detection (CL-
DSLM, CL-MISERB). The investigated volume of the image stacks
plxy,z) was AxxAyxAz=40x10x220um3. The resulting image
slices p(x,2z) (lying) and p(y,2), p(x,y) (standing) are arranged in
Figure 3. The illumination beams propagate along the z direction.
The beam displacement was ox=0.4um, oy =0.5um. In general, we
recorded an image psg(b,, x, z) for each single static illumination
beam displaced by b,, such that every image plane is composed of
N=Ax/8x=100 images psp(b,, x, z). More precisely, images in the
scan mode (DSLM and MISERB) were obtained by summation over
all images pgp of one plane at by, for Gaussian (DSLM) and Bessel
(MISERB) beam illumination, respectively. Images pcgg(2) in the
confocal line mode were obtained by first applying a confocal line
mask with Gaussian shape to each image pgg(b,, x, z) and then com-
posing all line images to a 2D image pcgp(x.2). The image acquisi-
tion and the calibration of the position of the confocal line mask are
explained in the Methods section. In Figure 3, white dashed lines
indicate the intersections of the orthogonal image slices. In addi-
tion, coloured dashed lines indicate the positions of the intensity
profiles plotted at the bottom and on top. Images p(x,y(,z) in the
xy plane are shown for the image plane at y,=6um. Image slices
p(x,2), p(y,2) and p(x,y) are shown for both a low penetration depth
of the illumination beam z=(0-35) um and for a larger penetration
depth z=(110-145)um. We extracted slices p(x,y) at z positions
z1=18.4um and z, =136.2 um.

It can clearly be seen that background is reduced by confocal line
detection. The contrast improvement for CL-MISERB relative to
DLSM and MISERB is especially striking in the case of higher pen-
etration depths. The intensity profiles p(x) reveal the highest peaks
for CL-MISERB both for z;=18.4um and z,=136.2 um, whereas
out-of-focus signals are blocked by CL-MISERB as in the case of
the two peaks on the left side in the profile p(x,z,). Furthermore, for
CL-MISERB the slices p(y,z) and p(x,y) show a significantly reduced
extent dy of the sphere’s images, that is, the PSF along the detec-
tion y axis, which is further analysed in Figure 4. The data shown in
Figure 3 illustrates that by applying the confocal line principle to each
SB image pgp(x,z) illuminated by the Bessel beam, we could block
the background photons from the Bessel ring system and thereby
substantially increase image contrast. Confocal line detection also
reduces the background for Gaussian beam illumination. However,
images obtained by CL-DSLM and CL-MISERB reveal differences
in axial resolution and signal-to-background. This is demonstrated
by Figures 4 and 5 and is explained in the following.

PSE-gp (%, ¥,2) = hgp (%, ¥,0) - hyet (%, ¥, 2) (5)
PSF and axial resolution. In incoherent imaging, the full-width at
6 half-maximum (FWHM) of the PSF is a direct measure for the min-
PSF (%, ,2) = hsean (0, 3, 0) - hget (%, ,2). Q) imum resolvable distance between two adjacent points. The strong
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Figure 3 | Image slices from a cluster of fluorescent spheres. Images resulting from illumination with a scanned Gaussian beam (DSLM), a Bessel

beam (MISERB) and confocal line detection for Bessel beam illumination (CL-MISERB). All white dashed lines indicate the positions where the shown
image slices intersect, the coordinate is marked for the images of CL-MISERB. Vertical slices p(x;,y,2) in the plane spanned by the illumination z axis and
detection optical y axis are shown standing upright. The slices are split into two parts: one for the range z=0-110 um and one for z=110-220 um. The
white dashed lines (y; =6 um) indicate the intersections with slices p(x,y;,z) corresponding to the regular image plane. These are images from sections
with z=0-35um and z=110-145um. Image slices p(x,z1,y) and p(x,z,,y) are shown standing behind the corresponding slices. In addition, profiles p(x,y;,2)
for z=2=18.4um and z=2z,=136.2 um are shown for positions that are indicated by coloured dashed lines in the corresponding images with colours as
follows red, blue and green represent DSLM, MISERB and CL-MISERB, respectively..
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Figure 4 | Image slices through single spheres revealing the axial resolution. (a) For all imaging modes, slices p(x,y) for low penetration depth of the
illumination beam z=2z,=18.4um and for large z=2z, =136.2 um are shown. Scale bar, Tum. The dashed lines indicate the positions of the axial profiles p(y)
through one fluorescent polystyrene sphere (d=0.75um) that are shown on the right-hand side. The Gaussian fit function from which the axial resolution
is derived is included as continuous line (DSLM is shown in red, CL-DSLM in orange, MISERB in blue, CL-MISERB in green). (b) The FWHM value dy(z;)
for the line-profiles through spheres i =1-119 plotted against the z coordinate z; of the sphere it was measured for. (¢) Axial intensity profiles p(y) through
the image of a single d=0.75um sphere for all four imaging modes derived from simulated data.
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Figure 5 | Comparison of signal-to-background ratios. (a) Distance-
dependent quotient r(z) = Rps; pm/ReL - misers of signal-to-background
ratios R(z) = ps(2)/pps(2) for DSLM relative to CL-MISERB and a parabolic
fit. (b) Histogram of all quotients r(z) together with a fit Gaussian function.

increase in axial resolution and at the same time the reduction in
background by confocal line detection is illustrated in Figure 4a
by images p(x,y) of single beads. A decrease in the axial extent of
the PSFcgp(x,y) relative to PSFg(x,y)—as predicted by equations
(5) and (6)—is achieved only for illumination by Bessel beams.
PSFgp and PSF g correspond approximately to the images of the
small fluorescent spheres. The line profiles p(y)=PSF(y) plotted to
the right of the images p(x,y) confirm the improvement in reso-
lution and contrast. To obtain representative results, we analysed
the images of n=119 spheres along the beam propagation distance
z=0-220 um by a software-automated extraction of the focal widths
dy from the 119 axial line profiles p(y) for each of the four different
imaging types. The centre positions (x,, z.) were identified manually
for solitary spheres. A Gaussian function

Pie(») = P (L4 R-exp(=(y = yo)* 1 2)) @)

was fitted to p(x, , z;) for i=1-n. From this fit, two parameters
were extracted: first, the focal width (FWHM) dy =2w,, \/log2 as a
measure for the axial resolution; second, R=pg/ppg as a measure
for the signal-to-background ratio. The focal widths dy are plot-
ted against the beam propagation distance z in Figure 4b, where
least-squares parabolic fits are included for better comparability.
Whereas the resolution dy is similar for scanned Gaussian (DSLM)
and scanned Bessel beams (MISERB), confocal-line detection offers
a substantial improvement by a factor of 1.7 for small distances z
and a factor of 1.3 for large z for confocal-line detection in com-
bination with illumination by Bessel beams (CL-MISERB). Effec-
tively, a large part of the photons from the Bessel beam ring system
is not transferred to the line detector, or, mathematically speaking,
the outer parts of the intensity distribution hgg(y) are suppressed
by the detection PSF hgei(y), such that PSFcgp(y) =hgg(y)-hget(y)
(see equation (6) becomes much narrower for the Bessel beam. The
Gaussian beam, which has no rings and a broader main lobe with
hsp(y)=hget(y), is hardly affected by the removal of intensity from
outer regions. It is also remarkable that no improvement is visible for
confocal line detection of Gaussian beams (CL-DSLM, orange slope
in Fig. 5) relative to DSLM (red slope). Both widths are smallest at
z=110um, where the illumination beam hgg(y) is narrowest because
of soft focusing with numerical aperture (NA;;) =0.07 resulting in
dy=0.5A/NAj;=3.5um of the Gaussian beam. Bessel beams exhibit
a stable transverse extent of the main peak along their propagation
invariant depth-of-field in homogeneous space. Therefore, the focal
widths of the bead images increase only slightly with z because of
scattering and broadening of the thin central lobe. The broadening
effect of the Gaussian beam due to scattering is less visible, as local
beam distortions due to scattering are mostly within the beam’s
natural width, which is always larger than 3.5um. Nevertheless,

energy is continuously taken out of the beam and results in a reduc-
tion of the peak amplitude of p(y), but hardly in the peak width.

Signal-to-background ratio. We also analysed the signal-to-back-
ground ratio R, which decreases for broader bead images p(y). Here,
we only compared R for DSLM relative to CL-MISERB, the two
other imaging modes were excluded, as they can be considered to
be of minor relevance. The quotient 7(z) = Rpg M(2)/Rer, - Miserp(2)
is shown in Figure 5. For a large majority of the imaged spheres,
the signal-to-background is better for CL-MISERB, as indicated by
r(z) < 1. The quotient r(z) varies strongly even for spheres at small
propagation distances z. This may be explained by the different
scattering behaviour of Gaussian and Bessel beams. A histogram of
the n=119 ratios r is shown in Figure 5, revealing a mean quotient
r9=0.64. On average, the signal-to-background ratio of CL-MISERB
is factor 1/ry= 1.5 better than for DLSM.

In summary, the results shown in Figures 2-5 demonstrate
enhancement in image quality by confocal line detection also in the
presence of beam perturbation by a scattering sample. Although
image contrast is enhanced in CL-DSLM and CL-MISERB above
the level of standard light sheet microscopy (DSLM), axial resolu-
tion is increased only for CL-MISERB because confocal line detec-
tion generates the signal mainly from the spatially confined central
lobe of the Bessel beam.

Imaging biological samples. Although well-defined samples
such as beads allow a reliable verification of the assumptions and
comparison to theoretical calculations, 3D imaging of large bio-
logical specimens represents the main challenge to a microscope
system. Therefore, we investigated fluorescence-labelled fruit fly
(Drosophila Melanogaster) ovaries. The stage 10 egg chambers were
stained with a primary antibody against the Broad protein (mouse
anti-BR core 1:100, DSHB) followed by Alexa Fluor 488-conjugated
secondary antibody (1:500, Molecular Probes; Fig. 6). In this exam-
ple, two drosophila egg chambers are located behind each other
(relative to the illumination direction). Both chambers are slightly
displaced to each other, as indicated by the schematic inset in
Figure 6a, where the red line indicates the focal plane. During image
acquisition, the lateral beam sampling was 6x=0.5um and the
virtual confocal line mask width was 2w = Ox. As expected, MISERB
illuminates a large number of cells inside the egg chamber located
below and above the focal plane and thus delivers modest contrast
(Fig. 6b), whereas CL-MISERB offers very good contrast all over the
first (left) egg chamber (Fig. 6d). This is well documented by the inset
intensity line profiles, which reveal a higher signal-to-background
ratio as well as more details, especially—but not only—at high
penetration depths. For illumination by a scanned Gaussian beam
(DSLM), scattering by the first egg chamber leads to deviation and
beam spreading such that the second egg chamber in the right part
of the image is hardly illuminated and almost invisible (see arrow).
CL-MISERB increases contrast especially at the positions marked by
the arrows. This effect cannot be simply explained by the illumina-
tion geometry of Bessel beams behind an obstruction!”. Although
scattered to a large fraction by the first egg chamber to a large frac-
tion, the Bessel beam self-reconstructs by constructive interference
without significant intensity drop-off along the predicted z lines,
which are selected by the confocal-line detection principle to com-
pose the image in Figure 6d. Although CL-DSLM (Fig. 6b) offers
the highest contrast in the left part of the object, the signal for larger
penetration depth seems to be strongly reduced, with the back part
of the first egg chamber becoming almost invisible (see arrow).
The application of the confocal line detection principle means that
hardly any light is collected in the right part of the image. The reason
is the strong spreading of the Gaussian illumination beams and the
bending along strong refractive index changes as, for example,
the edge of the egg chamber (Supplementary Fig. S1). Moreover, the
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Figure 6 | Beam propagation and imaging of biological samples by different modes. Fluorescence images of Drosophila egg chambers for illumination by
Gaussian beams (a,c) and Bessel beams (b,d). lllumination beams propagate from left to right. Images for scanned illumination beams are shown in a,b.
Images for confocal line detection are shown in ¢,d. The white inset in a illustrates the vertical position of the two egg chambers and the focal plane,
indicated by a red line. The grey overlays show the image intensity p(x;,z) at the x positions marked by the dashed white lines. The size of the images

shown is AxxAz=80x220 um?,

Gaussian beam’s spreading is so strong that the intensity illuminat-
ing the second egg chamber on the right side is too low. This result
is in agreement with similar findings of Gaussian beam deflections’.
Using the confocal line principle is therefore less useful with
Gaussian beams than with Bessel beams.

Illumination efficiency. Finally, we analysed the amount of light
that samples are exposed to both in the experiment and simulation.
Exposure of the sample to a low total light dose reduces photob-
leaching and phototoxic effects and is therefore crucial to live imag-
ing over extended periods of time. To assess the light efficiency of
the different microscopy methods, we evaluated the ratio n=ps/E
between the usable signal amplitude ps=Rppg (see_equation (6))
and the total energy delivered to the sample E = J‘J.hscan(r)dxdy.
An illustration can be found in Supplementary Figure S2. E is pro-
portional to the total fluorescence F, which can be obtained by inte-
gration of the image p(x, yo, z) in the plane y=y,. It was found by
analysis of the data shown in Figure 3 that Npgpv/TcL-MISERB = 6-
This result was confirmed by a numerical analysis of the beam’s
intensity cross-sections (Supplementary Fig. S3 and Supplementary
Table S1). The result means: to obtain equal usable signal ampli-
tudes pg in the image, the Bessel beam deposits approximately six
times more energy into the sample. This is the cost for an increase in
axial resolution by up to 100% (Fig. 4) and in signal-to-background
by 50% (Fig. 5) in a sample that consists of strongly scattering beads.
More details are given in the Supplementary Methods.

Discussion

We developed an optical method that on the one hand maintains
the ring system of a Bessel beam on the illumination side, which is
necessary for beam reconstruction through large and strongly scat-
tering samples. On the other hand, the method is able to block the
fluorescent photons excited by the ring system on the detection side.
The confocal detection principle along a straight line offers increased
contrast for both Gaussian and Bessel beams, but higher axial resolu-
tion only for Bessel beams. Furthermore, as can be seen in Figure 6,
the confocal line principle can only be applied successfully to phase
shaped laser beams that hardly deflect or scatter along the propaga-
tion direction. This is the case for Bessel beams, but not for Gaussian
beams. We showed that a sufficiently high number of fluorescent
photons were emitted along a straight line due to excitation by bal-
listic photons. The composition of these 100-200 straight intensity
lines per slice result in 3D image stacks with high axial resolution

and contrast. The confocal line imaging principle itself requires
no image post-processing, if the image is acquired line-wise. This
means that resolution and contrast are enhanced already by the
imaging process, as fluorescence generated by the ring system is not
transferred onto the line-sensor.

Furthermore, the method makes more efficient use of the
dynamic range of the image sensor than structured illumination®1!
or HiLo!4, where images with modest signal-to-noise are recorded,
before the signal is then improved by computational removal of
the background, for example, by a linear combination of three
or more modulated images. Modulation with high contrast can-
not be achieved with Bessel beams because of their extended ring
system, as pointed out by the intensity profile in Figure 2a. There-
fore, background reduction by structured illumination for homog-
enous samples (Supplementary Fig. S4) makes very inefficient use
of the detectors dynamic range. However, the main drawback of
structured illumination is that this method does not preserve high-
frequency information in the image as soon as the beams forming
the grid broaden due to scattering (Supplementary Fig. S5), leading
to dark areas in the images (Supplementary Fig. S6). More details
can be found in the Supplementary Methods.

The increase in resolution and contrast comes at the cost of a six-
fold increased sample exposure (see Supplementary Methods). The
total light dose is therefore still small in comparison to a conventional
point-scanning confocal microscope that deposits over 100 times
more energy into the sample to obtain a similar signal amplitude!°.

Image contrast in light sheet microscopy with Bessel beam illu-
mination can also be increased by two-photon fluorescence excita-
tion®. Because of the quadratic dependency of the fluorescence from
the beam’s intensity, the Bessel ring system excites a lower relative
amount of fluorescence. Because of the longer wavelength used the
increase in axial resolution is typically small. Moreover, it has yet
to be investigated to which degree the nonlinear fluorescence exci-
tation by Bessel beams offers an improvement in the presence of
strong scattering, especially when considering pulse dispersion of
the illumination light!$:1°,

A particular strength of light sheet microscopy is the high-speed
performance”:8. For the proof-of-principle measurements shown
here, we used a conventional camera to record full-frame images
and applied a ‘line’ mask in a post-processing step, which is time
consuming. However, note that the total exposure time needed to
achieve equal signal strength pg is the same as in the case of scanned
beams (for example, MISERB) and the sum of all line images taken
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with the confocal line principle (for example, CL-MISERB). The
image acquisition speed is solely reduced by the additional readout-
time of the camera needed to transfer the full frame acquired for
each beam position. By beam multiplexing, the overhead of data can
be reduced and the speed increased. In combination with variable
multiple region-of-interest readout by a suitable camera, significant
improvements in acquisition speed could be achieved in existing
setups without major changes to the hardware. A camera that allow
fast ‘on-the-fly’ change of variable regions-of-interest would enable
fast recording of line images pcgg(2). There are several other options
to perform confocal-line detection light sheet microscopy at high
speeds similar to the use of rolling-shutter cameras. Imaging at the
same speed as full-frame DSLM could be enabled by integration of
a line-sensor and a de-scanning mirror in the detection path. Given
the options, it should soon be possible to use confocal line detection
in combination with self-reconstructing illumination beams also
for applications that require high image contrast at high temporal
resolution.

Methods

Image acquisition. For proof-of-principle measurements, we implemented

our confocal line method (CL-MISERB) in an existing setup without hardware
changes. The microscope is equipped with long working distance water immer-
sion objective lenses (W Achroplan x63/0.95 and W Achroplan x40/0.8, Carl
Zeiss). The x63 objective was used for imaging the beads. The FWHM dimensions
of the PSF hge; of dx=dz=0.5pum laterally and dy=1.1 um axially. For imag-

ing the drosophila egg chamber, the x40 objective was used. The Gaussian and
Bessel illumination beams (A =488 nm) were shaped by a spatial light modulator
(LC-R2500, Holoeye) so that they exhibit equal depths of field. Detailed informa-
tion on the setup, sample preparation and holographic beam shaping is given

in a previous publication?. A CCD-camera (Axiocam MRm, Carl Zeiss) is used

to record full-frame-images for each lateral position x;=i-dx of the illumination
beam. The images pcgp(z) are obtained by multiplying the image for each beam
position p;(x,z) with a smooth Gaussian mask m;(x,z) = exp{ - (xx—x;)%/w?} centred
at the lateral position of the beam x;. Therefore x; must be known. It is possible to
obtain x; either by a priori calibration or by the ex-post determination of x; from
the image data. Details are given in the section on calibration below. The line width
(2w) is ideally set to 2w=A/NAy, for both Gaussian and Bessel beams. As Bessel
beams that exhibit identical depth-of-field as Gaussian Beams are created at higher
NAs, the line width can be chosen to be much smaller for Bessel beams leading to
more efficient background rejection. The final image is obtained by simple addition
Pcsp(6:2) =Z; pi(x,z)-m;(x,z) of line images. For comparison, non-confocal images
Prs(%2) =Z; pi(x,2) result from using masks with w— and correspond to those
obtained by a scanned illumination beam (MISERB/DLSM)—except for a small
constant offset due to electronic noise introduced by the detection sensor. This
offset is known and can be subtracted to allow a comparison of signal-to-back-
ground ratios.

Calibration. Confocal line detection microscopy demands precise knowledge of
the lateral beam position x; in the image plane (xz plane). A set of n images p;(x,2)
each shifted by dx, is taken (i<n), so that the beam position is given by

xi:ivdx+x0ff, ®)

Here x, is the lateral offset position of the beam, which needs to be determined
for calibration. The position of the beam is inferred from the z projection of the
recorded image intensity. Either maximum selection

Fz,max(x’i) = maXz(Pi(va)) 9)

or z integration

E, i (x,0) = [ pi(x,2) dz (10)

can be used with both methods showing advantages and disadvantages in different
situations. For homogeneous, extended objects (like Drosophila egg chambers),

F_ int is preferable. For isolated small objects (like microspheres), F_ . is more
robust, because F, ;,; depends also on the number of fluorescent objects along z for
a certain x position of the beam. Equations (9) and (10) are illustrated by Figure 7
for image data p;(x,z) corresponding to the image of the Drosophila egg chamber
shown in Figure 6. The calibration consists in finding the parameters dx and x,¢,
which are obtained by fitting a linear function to the x positions with maximum

Gaussian beam

Figure 7 | Determination of the lateral beam positions from projections.
Calibration examples for Drosophila egg chambers are shown for Gaussian
and Bessel beams. Images show the maximum intensity projection F, 12«
(equation 8) and the total intensity projection F . (equation 9) along the
propagation axis z. The beam position index is i. The dotted lines indicate
the determined beam position x;. For confocal-line detection mode, only
the small region around x; is used for the final image. Twofold beam
multiplexing was used to increase speed. Scale bar, 10 um.

intensity extracted from F, for the n images (see dashed lines in Fig. 7). The proce-
dure is substantially facilitated by the knowledge of the proportionality between the
difference of the lateral beam position dx and the difference of the (voltage) signal
dU applied to the scan mirror, that is, the change of the angle of the scan mirror:

dx=a-dU. an

Different to x,g, the parameter a is very robust against drift and it is therefore
sufficient to determine a only once for the setup. Thus, with dx known, the fitting
procedure only needs to provide x,g which is marked by an arrow in Figure 7.
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