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Abstract

Multi-color fluorescence imaging is a powerful tool for studying the spatial relationships and
interactions among sub-cellular structures in biological specimens. However, if improperly corrected,
geometrical distortions caused by mechanical drift, refractive index mismatch, or chromatic aberration
can lead to lower image resolution. In this paper, we present an extension of the image processing
framework of Scipion by integrating a protocol called OFM Corrector, which corrects geometrical
distortions in real-time using a B-spline-based elastic continuous registration technique. Our proposal
provides a simple strategy to overcome chromatic aberration by digitally re-aligning color channels in
multi-color fluorescence microscopy images, even in 3D or time. Our method relies on a geometrical
calibration, which we do with fluorescent beads excited by different wavelengths of light and
subsequently registered to get the elastic warp as a reference to correct chromatic shift. Our software is
freely available with a user-friendly GUI and can be broadly used for various biological imaging
problems. The paper presents a valuable tool for researchers working in light microscopy facilities.

Abbreviations

The following abbreviations are used in this
manuscript:

CA Chromatic Aberration

ACA Axial Chromatic
Aberration

LCA Lateral Chromatic
Aberration

TIRF Total Internal Reflection

Microscopy

GUI Graphical User Interface
IQR Interquartile Range
FOV Field of View

RBF Radial Basis Functions

1. Introduction

Over the past few years, many technological advance-
ments have been made in single molecule-based

super-resolution microscopy techniques [1]. One of
the imaging modalities in fluorescence microscopy is
multi-color fluorescence imaging, which enables the
differentiation of proteins and structures of interest in
both living and fixed cells [2]. This technique also
helps to determine the intracellular relationships or
interactions between sub-cellular structures [1]. How-
ever, mechanical drift, chromatic aberrations caused
by optical elements, refractive index mismatching
between the objective and immersion medium, and
dispersion in biological samples can lead to decreased
image resolution [3]. In all optical systems, chromatic
aberration (CA) occurs due to differences in the
refractive index among optical components, causing
the light wavelengths to focus at slightly different
angles. The phenomenon is noticeable in the acquired
images because the color channels are misaligned,
causing colored fringes at the edges and high-contrast
regions [4]. This can significantly decrease the image
quality [5, 6]. In the case of biological applications, CA
may negatively affect multi-channel studies of
dynamic processes in cells, such as colocalization
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research and object-based analysis. Therefore, it is
essential to quantify and correct these aberrations
properly. In this sense, we can find two types of CA:
lateral, which occurs along the x-y axis, and axial,
along the z-axis. Axial chromatic aberration (ACA)
comes when lenses through the optics have a refractive
index that varies with the wavelengths, focal distance,
and image magnification. This directly affects the
image focus and resolution, giving rise to image blur
[7, 8]. By contrast, lateral chromatic aberration (LCA)
occurs when there is variation in the magnification of
different light colors. This prompts protruding image
edges and deviations when two color images are
superimposed.

Total Internal Reflection Fluorescence (TIRF)
microscopy is a powerful optical technique to selec-
tively acquire images of molecules in an aqueous
environment with a high refractive index [9]. This
approach provides extremely thin axial optical sec-
tioning with a high signal-to-noise ratio allowing
microscopists to image fluorescent membrane-asso-
ciated events in living cells (cell adhesion, hormone
binding, molecule transport, exocytotic and endocy-
totic processes, ...) as well as molecules located at the
medium interface with a higher refractive index and a
lower at an incidence angle bigger than critical angle
[10]. The optical system may be either prism-based or
objective-based to reach total internal reflection to
optimize each color uniquely and independently,
enabling the imaging of multiple colors simulta-
neously. In the first approach, a prism is attached to
the coverslip’s surface, which directs a focused light
beam or laser toward the medium interface at the cri-
tical angle. The objective-based approach, instead, is
the system mainly used, and the light is directed to the
specimen through the objective, which simultaneously
collects the emitted fluorescence light. In this context,
dealing with multi-color and multi-angle TIRF may
result challenging, and unfortunately, LCA is essen-
tially inherent. This LCA induces shifts, rotations, and
scaling differences among channels.

The Advanced Microscopy Facility of our institute
has a TIRF microscope with a W-VIEW Gemini sys-
tem from Hamamatsu [11], an image-splitting optics
device. It was adjusted to split the signal on the camera
chip by wavelength in two channels (two pairs of ima-
ges) with a dichroic mirror. This optical component
allows high-speed acquisition with a vast variety of
fluorescence applications and permits simultaneous
two-wavelength (dual) imaging by one camera due to
its optical design. Additionally, this system integrates a
mechanism to compensate ACA and LCA. This mech-
anism is based on a correction lens unit in the long
wavelength path, and it can improve the magnification
difference of two wavelength images caused by LCA.
Furthermore, this system was designed to be easily
adjusted with a camera due to integrating a fast and
straightforward alignment mechanism to realign the
optics. Besides that, the Gemini system has a feature to
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control temperature and time stability, hence ensuring
the alignment consistency of two channels over time
for dual-wavelength imaging. Despite these ideal spe-
cifications, this optical component could not properly
overcome the effect of LCA in our TIRF infrastructure.
Interestingly, this instability is explicitly mentioned in
the microscope documentation [11].

The commercial company proposed several com-
mercial solutions (hardware- and software-based) to
solve this undesirable misalignment effect. Still, most
of these approaches were expensive, not intuitive at
the user level, non-effective in covering the full FOV,
and time-consuming. CA correction has also been
addressed in the scientific literature [12]. The correc-
tion methods can be grouped into hardware- and soft-
ware-based [7]. Within hardware-based methods,
apochromatic lenses are developed to set into focus in
the same plane, red, green, and blue wavelengths. Also,
active lens control systems are designed [13] to correct
CA by adjusting the distance between the image plane
and lens. Nevertheless, apochromatic lenses are affec-
ted by residual errors too big to be ignored, and the
lens control system requires prior knowledge of the
magnification and image shift degree. On the other
hand, most software-based methods to compensate
CA are based on image registration [14], false color
techniques [15], and post-demosaicking correction
based on pixel re-sampling and high-pass replication
[16]. However, none of these methods are readily
available and easily integrated within the standard
procedures of a microscopy facility.

In this paper, we use image registration to com-
pensate the geometrical distortions induced by LCA.
This technique works by spatially registering images
such that corresponding features are consistent in geo-
metry. It involves identifying corresponding features
or pixels in two or more images and then applying a
geometric transformation to align them. The transfor-
mation can be rigid, affine, or non-rigid, depending on
the type and degree of misalignment. This paper uses
B-spline-based elastic image registration [17] for mod-
eling deformations in biological imaging problems
[18]. This technique has several advantages, such as
coping with a wide range of deformations, including
non-linear [17]. The registration process is based on
image similarity, deformation consistency, and cubic
B-spline regularization [19]. This technique ensures
high-quality interpolation of the images and allows an
arbitrarily fine representation of the deformation field
by reducing the spacing among splines. B-spline-
based elastic image registration is advantageous in
many biological imaging problems, such as tracking
the movement of cells or analyzing the shape of tissues.
Accordingly, B-spline based methods have gained
popularity in image registration due to their flexibility
and ability to accurately capture complex deforma-
tions. Among its advantages, this approach allows for
localized control over the deformation field by divid-
ing the image into smaller regions (control points)
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thus, representing localized deformations more effec-
tively. This can be advantageous when dealing with
complex and non-uniform deformations, which can
vary spatially across the image. Moreover, B-spline
method provides smooth and continuous deforma-
tions, something particularly relevant in microscopy,
where smooth deformations are desirable to preserve
anatomical structures or avoid introducing artifacts.
B-spline methods are computationally attractive,
which is especially worthy when dealing with large
image datasets or real-time approaches. On the other
hand, alternative methods such as radial basis func-
tions (RBF) with compact support, also provide accu-
rate deformations, particularly for small and localized
deformations with high precision. While RBF meth-
ods are widely used for their interpolation properties
which can capture fine details exactly, they are still
challenging handling large deformations or global
registration tasks due to the compact support limita-
tion. Therefore, the choice of the most suitable regis-
tration method over alternative approaches depends
on the specific requirements of the application, the
study context, the nature of the deformations and the
available computational resources. For such, the
B-spline-based method was selected for this study
based on its ability to handle complex deformations,
provide smooth results as well as efficient
computation.

Our method utilizes multispectral fluorescent
beads as a reference for image registration and drift
correction [20]. These fluorescent beads are excited by
different wavelengths of light and emit differently in
the same wavelength range as the applied dyes. The
shift between image channels is recorded and regis-
tered for the warp transformation to correct further
chromatic shifts in images acquired under the same
imaging setup. This elastic registration process
involves finding the image transformation that can
best map one image into the other. The integrated
algorithm extends the elastic (non-linear) registration
approach [17] by providing an almost invertible defor-
mation field, allowing bidirectional registration. This
ensures that source image A can be mapped onto tar-
get image B and vice versa in a single computation,
thereby reducing the optimizer likelihood of being
trapped in a local minimum and enabling simulta-
neous registration of any number of images.

A requirement for facilities is that the solution
must work in real-time while the TIRF videos are
acquired. This way, the user can bring home the CA-
corrected data after finishing the microscopy session.
To this end, we have developed a protocol called ofm-
correction - OFM Corrector based on the bUnwarp]
[19,21] plugin (available under Image] [22] or Fiji [23]
distribution) and integrated into the Scipion’s image
processing framework [24]. Before acquiring the TIRF
videos, the microscope operator must calibrate the
deformation field for that particular acquisition
(because the deformation field depends on the
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ambient temperature, the specific magnification
setup, and the Field of View (FOV) region being
imaged). Once calibrated, the deformation field is
used to correct all the videos acquired with the same
conditions. Our protocol offers a unified graphical
user interface (GUI), package interoperability, a sim-
ple and cost-effective strategy to overcome geome-
trical distortions, and workflow monitoring for the
streaming registration process (see figure 1). Our soft-
ware is freely available within Scipion framework and
can be used in any microscopy setup with geometric
distortions affecting the acquired videos.

2. Real-time correction of geometric
distortions

This section describes the algorithmic approach to
solving geometric distortions. We first introduce the
procedure to measure the geometric distortions at the
microscope experimentally. Then, we describe our
algorithm to construct a mathematical description of
the deformation field and correct it. Finally, we present
the framework that allows real-time correction with
images in streaming.

2.1. Experimental measure of the deformation field
A possible way to experimentally measure the defor-
mation field is by recording images of known objects.
Multi-spectral fluorescent beads are suitable for this
purpose because they fluoresce at various wavelengths,
and any image misalignment can be easily detected
[25]. Figure 2 shows the conceptual setup from one of
our experiments. The various wavelengths are pro-
jected differently by the dichroic mirror, so the image
of the same bead is projected at two different locations.
From a pair of these images, we can estimate the
relative deformation field (g'(s) in the equation (1)
below).

As shown in figure 2(D), we can see that the LCA
shift depends on the region of the FOV being imaged
and the lateral distance to the center of the image.

2.2. Elastic image registration

Let us consider a pair of images acquired in Channels 1
and 2, I'(s) and I*(s), where s = (x, ¥) is a 2D vector
with the pixel coordinate. Elastic image registration
assumes that there is a deformation field, glz, that
transforms coordinates from one channel onto the
coordinates of the other:

I'(s) = I*(s + g'*(s)) (Y]

In case there is no geometrical distortion, then
glz(s) =0 for all s, and the two channels should
superpose exactly. However, if they do not, we look for
the deformation field that minimizes the error
between these two images. To estimate the deforma-
tion field, it is important to use objects whose emission
in both channels is the same (see the previous section).
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Figure 1. Graphical representation of the workflow to reach real-time correction of geometric misalignment among channels in
multi-dimensional images acquired with fluorescence microscopy using multi-spectral fluorescent beads through Scipion software.
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Figure 2. Measuring LCA shifts among channels with fluorescence beads images by identification of the x-y center of mass. (A)
Schematic illustration of lateral chromatic aberration (LCA). (B) Illustration of the different geometric locations of the same bead
imaged at two different wavelengths. (C) Measurement of LCA. Centroid positions for each channel are shown by black crosses. (D)
LCA (at 561 nm) shifts relative to 488 nm for a hundred beads at two different regions of the FOV. For all cases, the shifts along the x-y
axes for all beads are small (less than 1 pm). Dot size increases according to LCA shift. (E) Probability density function (via Kernel
density estimation) of LCA Shifts along X-Y axes (;zm) at two different regions of the FOV.

LCA Shift in Y Axis (um)

We use a B-splines parametrization of the defor-
mation field as explained in [17]. This way, the defor-
mation field is calculated as

g2(s) = Zc}fB(x - Ih)B z ;]h 2)
ij

where i and j are indexes over a regular lattice of
B-spline functions, B, whose separation between grid
points is ki is both directions. The coefficients cllj2 eRr?
are the ones that control the amount of deformation in
xandy.

The transformation g'*(s) may not be invertible. It
has been observed that this deformation field is better
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Figure 3. Schematic overview of using Scipion to compensate LCA shifts in volumetric biological images. (A) Scipion Graphical User
Interface. (B) Once the protocol is launched, the deformation field is estimated as described in section 2.2. (C) The deformation field is
corrected for all the input videos corresponding to biological samples.
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estimated if the deformation is computed bidir-
ectionally:

I'(s)=I*(s + g"(s))

P(s)=1'(s + g°'(s) 3

and g'* and g*' are supposed to be approximate
inverses of each other:

g2(g'%(s)) = s 4)

This approximate inverse condition is called a consis-
tency constraint.

The c}jz and cfjl coefficients are determined by
minimizing the following error function

E=) |I'6s) — I*(s + g(sDIP + D_III%(s)

711(5 + gZI(S))HZ
+w)_llg* (g (s) — s

image dissimilarity

consistency error
+wy (Z (IVdivg!2(s)|* + [|Vdivg*(s)|]? ))

regularization divergence

+Wr(2(||Vr0tg”(S)II2 + IIVrotg”(S)Ilz))

regularization rotational
(€))

where w,, w,, and w, are weights that control the
relative weight of the different terms The minimiza-
tion of the error term with respect to the B-spline
coefficients was explained in [19, 21], and it is publicly
available through the BUnwarp] plugin of Image]. We
have not reimplemented this algorithm, but we call it
through Fiji.

We estimate the deformation field, which is enco-
ded through the c}jz and cizjl coefficients, during the
calibration step. These coefficients are saved after cali-
bration and reused to produce aligned images. For
instance, to correct the image from Channel 2 so that it
is registered with Channel 1, we construct the image
(I*»)’ as

ID'(s) = I’ (s — g'X(s)) (6)

The subindex t has been introduced to represent the
different time frames within a video. The distortion
correction above is applied to all the video frames
acquired by the TIRF microscope.

2.3. Geometric corrections in real-time

Microscopy facilities continuously receive users
acquiring their images on the samples of their interest.
In this scenario, it is essential for facilities to keep up to
the highest quality standard. Having a microscope
with severe geometrical distortions, such as the one
presented in this paper, is a drawback for the facility.
Therefore, we have integrated the elastic registration
algorithm described above into an image-processing
workflow engine called Scipion [24]. This workflow
engine is also developed by our laboratory. This engine
allows image processing in streaming [26]: the newly
acquired images are geometrically corrected as soon as
they are written in their folder (see figure 3). In this
way, the user can bring home the already corrected
images. The plugin is called ofmcorrection and the
protocol OFM Corrector. The beads images are one of
the inputs of the protocol. The protocol first estimates
the deformation field to correct. Then it applies it to all
videos in the input folder (it must be noted that this
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correction is applied on-the-fly, so new videos can
arrive once the protocol has started). The geometrical
distortion corrected is the same for all videos and is
measured at the beginning of the acquisition as
described in section 2.1. This calibration image is only
valid for experimental images acquired under the same
exposure time, camera gain, region of the field of view,
brightness, photo-stability, temperature, and ambient
light in the facility.

3. Materials and methods

3.1. Code availability

OFM Corrector protocol was written in Groovy and
integrated into Scipion framework by using Python.
The complete source code of the algorithm integrated
in Scipion software is available at https: / /github.com/
acayuelalopez/bUnwarp]_code. Our protocol can be
used for real-time processing within the Scipion fram-
work. You can install it by using the Scipion software
following the Scipion’s installation guide (https://
scipion-em.github.io/docs/release-3.0.0/docs/
scipion-modes/how-to-install.html).

3.2. Experimental methods

3.2.1. Calibration sample preparation

Multispectral fluorescent beads suspension (Tetra-
Speck™ Microspheres, 0.2 um, fluorescent blue/
green/orange/dark red, TermoFisher Scientific) were
used as a reference for calibration of the image
alignment. Five microlitres of the beads suspension
were pipetted and spread on a clean 13 mm @ #1.5H
coverslip (Menzel Gliser) for 1 hour for adhesion to
the glass. The coverslip was placed on a slide and sealed
with enamel. Once the sample beads were prepared,
they were placed on the immersion oil objective
(Leica™ Immersion Oil) of the TIRF microscope to
acquire several images. The fluorescent beads were
simultaneously excited by two different wavelengths
of light: 488, and 561 nm lasers. In our acquisition, we
used a 100x oil-immersion objective (HC PL APO
100x/1.47 OIL) with a Leica DMi8 S with TIRF
module microscope equipped with Hamamatsu Flash
4 digital sCMOS camera.

3.2.2. Biological sample preparation

Jurkat cells (American Type Culture Collection, ATCC
TIB-152) or HelLa cells (ATCC CCL-2) were main-
tained in culture using a complete growth medium
(RP 1640 or DMEM, Gibco, plus 10% fetal calf serum)
at37 °Cand 5% CO,.

Jurkat cells were transiently transfected with plas-
mids to express cell membrane receptors fused to
EGFP or mCherry reporters using a BioRad electro-
porator (2 x 104 cells in RP 1640 with 10% fetal calf
serum. 280V, 975 mF) and imaging 24 hours later.

DNA Hela cells were stained 10 minutes with
Hoechst 33342 (ThermoFisher Scientific) at 0.5 mg/mL
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prepared in cell culture medium. The staining solution
was gently removed and the cells were washed with cul-
ture medium to remove unbound dye. To proceed with
image acquisition, the cells were left in DMEM medium
plus 10% fetal calf serum. For the imaging experiments,
the cells were seeded in a 1 -Dish 35 mm, high glass bot-
tom dish (Ibidi) at a density of 20,000 to 50,000 cells
per well.

3.2.3. Dual TIRF imaging

Dual TIRF experiments were performed using a Leica
DMi8 S with a TIRF module microscope equipped
with a Hamamatsu Flash 4 digital sSCMOS camera
(Hamamatsu), a 100x oil-immersion objective (HC PL
APO 100x/1.47 OIL), and the 405, 488 and 561 nm
laser lines for the illumination of the samples. Two
types of W-View Gemini splitter (Hamamatsu) were
used for simultaneous image acquisition. This image-
splitting optic provides a pair of dual-wavelength or
polarization images separated by a dichroic mirrorina
single camera. The beam divider allowed us to obtain
two separate sample images of the same field of view
(FOV) on the same camera chip. When the W-View
optics were in place, the Hamamatsu W-View Gemini
option was activated in the software interface, and the
images of the simultaneously imaged beads were
manually aligned to correct the focus, zoom, and x and
y shift between the two channels using EPI laser
position (without laser penetration depth). Once
manually aligned, the reference images were acquired
with an EPI laser position. Then, the images were
acquired with the biological sample under the acquisi-
tion conditions required by the experimental design.
The microscope was equipped with an incubator and
temperature control units; experiments were per-
formed at 37 °C with 5% CO2. Z-stabilization was
ensured by the adaptive focus control (AFC) on the
microscope.

Image sequences (500 frames for Jurkat cells and
11 frames for HeLa cells) were acquired with a 90 ms/
frame rate for Jurkat cells and 60 ms/frame for HelLa
cells. The penetration depth of the evanescent wave
was 90 nm for Jurkat cells and EPI laser position for
HeLa cells. The images have 512 x 1024 (0.13 x 0.13
pm pixel size) for Jurkat cells or 1024 x 2048 (0.065
x 0.065 pm pixel size) pixels for HeLa cells and were
acquired at 16-bit.

For EGFP/mCherry imaging, the 488 and 561 nm
excitation lasers lines were used simultaneously, and
the fluorescence Dual cube (GFP/Ch-T) employed
has excitation filters between 483-493 and 550-
568 nm, an emission filters between 507-553 and
LP575 nm and dichromatic beamsplitters at 500 and
575nm. The bandpass filters used were for GFP/
DsRED dual-band imaging set (FF01-512/25-25,
FF01-630/92-25, and dichroic mirror FF560-FDi01-
25 x 36).

For Hoechst 33342 imaging, the 405 excitation
laser was used with the fluorescence Qua-T cube. The
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Figure 4. Stability of the deformation field over time. (A) For some representative coordinates, we show the trajectory over time of the
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measurement procedure. X, y are the pixel coordinates (undeformed state) and x’, y’ (deformed state) are the pixel coordinates after
elastic transformation, and AX, AX are the displacement among them.
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Qua-T cube has an excitation filter between
397-413 nm, an emission filter between 420—480 and
500-550 nm, and dichromatic beamsplitters at 415
and 495 nm, respectively, among others.

4, Results

We started by estimating and characterizing the
deformation field and its stability over time. Then, we
applied our method to two biological data sets consist-
ing of dual-wavelength images acquired with two
different z-axis depths (described in detail in
section 3.2.2).

4.1. Stability of the deformation field over time

We acquired images of the beads exited with two laser
channels, 488 and 561 nm., every hour during the day
(12 measures in total). We focused the microscope on
two different regions of the FOV. We estimated the
deformation field and evaluated its stability in every
location. Figure 4 shows the trajectories over time of
the x and y components of g'*(s) (figure 4(A)) for 9
points uniformly distributed over the region being
imaged (figure 4(B)).

Depending on the FOV region and the location
within this region, the deformation field can be as high
as 6.6 pixels (about 0.4 um., figure 4(A)), or even
higher for pixels closer to the image border. In the cen-
ter of the region, figure 4(E), the deformation is rela-
tively small. For this reason, that was the only area that
the microscope users used to analyze before the facility
incorporated our real-time correction. To facilitate
the visualization over the whole region, in figure 5, we

show the mean and standard deviation of the defor-
mation field over time at every location for two differ-
ent regions. Interestingly, the vertical and horizontal
distortions behave differently. This is due to the polar-
ization of the light being used and the possible aniso-
tropic nature of the crystals of which the different
optical devices along the path are made.

4.1.1. Dataset 1: jurkat cells

This dataset consists of four series containing 1000
planes with a voxel size 0f 0.13 x 0.13 x 1 um’ saved
as Leica File Format (figure 3(C), top). Jurkat cells were
transiently transfected, expressing cell membrane
receptors fused to EGFP (green, 488 nm.) or mCherry
(red, 561nm.) reporters. Two simultaneously
acquired image sequences (500 frames) GFP/DsRED
dual-band imaging filters were used. The sample was
illuminated with 488 and 561 nm. laser lines and
fluorescence dual cube was used. The images were
acquired with a frame rate of 90 ms/frame, and the
penetration depth of the evanescent wave was 90 nm.
The images were acquired with a pixel map of 512 x
1024 pixels (66.56 x 133.12 um) and a bit-depth of
16 bits. As shown in figure 3(C), the raw images are
heavily affected by LCA. After applying the bead-based
warping transformation, LCA misalignment was
always fully corrected (500 frames).

4.1.2. Dataset 2: HeLa cells

This dataset consists of 6 series containing 22 planes
with a voxel size of 0.13 x 0.13 x 1 pum’ saved as
Leica File Format (figure 3(C), bottom). The nuclei of
Hela cells were stained with Hoechst 33342. Two
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Figure 5. Mean and standard deviation of the deformation field over time at two different regions of the FOV. The size of the acquired
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simultaneously acquired image sequences (11 frames)
light polarization filters set were used. The sample was
illuminated with a 405 nm. laser line and a fluores-
cence Quad cube was used. The images were acquired
with a 60 ms/frame rate and EPI laser position. The
pixel size and bit-depth of the acquired images were
the same as in the previous dataset. As seen in figure
3(C), the misalignment caused by LCA was also
corrected following the same procedure as in the
previous dataset.

5. Discussion and conclusions

Chromatic aberration is a prevalent issue in multi-
color imaging. However, geometric distortions may
appear for other experimental reasons, such as imper-
fections of the optical elements, the mismatch between
the refractive index of the objective and immersion
medium, or differential dispersion inside the biologi-
cal samples. We have developed an inexpensive and
very efficient solution to a problem that the company
commercializing the microscope could not solve with
a more accurate physical construction of the dichroic
mirror. This problem severely limited the region the
microscope users could analyze in their biological
experiments. Our software solution is integrated into a
protocol called the OFM Corrector, freely accessible
within the Scipion framework. Scipion offers the
possibility of applying the geometrical correction in
streaming and real-time, providing almost instant
aberration-corrected images. This way, our solution
favorably compares to expensive optical solutions.
Additionally, it is much more general as it does not
only address chromatic aberration but any other
source of geometrical distortions. This method can be
applied easily to all future acquisitions in the light

microscopy facility by capturing a reference calibra-
tion image for each condition. This calibration step
depends on the specific imaging set-up, including
excitation laser lines, objective lens, temperature
stability, and exposure time. Also, selecting the most
suitable multi-spectral fluorescent beads based on
their signal and size is vital to ensure that the bead
diameter is reasonably above the microscope’s resolu-
tion, providing a sufficient signal-to-noise ratio. Our
solution is not limited to correcting geometrical
distortions between two channels. Any number of
channels can be simultaneously corrected. One of the
channels must act as the reference channel, while all
the others are corrected to match the reference.

Opverall, this protocol has the potential to be widely
adopted in light microscopy facilities and carries sig-
nificant implications for the field of biological ima-
ging. Future efforts may concentrate on expanding the
protocol’s capabilities to address additional optical
distortions found in biological imaging.
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