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planes in the beating zebrafish heart with frame rates of ~300–500 
frames per second (fps), sampling each cardiac cycle with at least 
100 images.

Although high-speed movies in a single plane may be sufficient 
to describe and quantify a few cardiac properties, for example, 
valve efficiency9, they lack the depth information needed to recon-
struct the entire beating heart. In SPIM, three-dimensional (3D) 
information is typically acquired by moving the sample through 
the light sheet and taking a stack of images, one in each plane. To 
capture the dynamics of the beating heart, we instead recorded 
one movie per plane (movie stack), with each movie covering at 
least one cardiac cycle (Fig. 1b). A movie stack across the entire 
heart consisted of 150–250 movies with a spacing of 1–2 m  
between planes. Cardiac contractions in these movies were out 
of phase and could not be directly assembled into a 3D image. 
Nevertheless, assuming perfect periodicity of the heartbeat, the 
same cardiac phase may be found in each plane to reconstruct 
the heart in 3D.

We designed a postacquisition registration routine to recon-
struct the dynamic 3D heart on the basis of similarity. In brief, we 
calculated the Pearson correlation coefficient between full periods 
in movies of adjacent planes. We selected and stacked periods with 
minimal differences to obtain a dynamic 3D image of the beat-
ing heart (Fig. 1c). Using this routine, we first measured heart-
beat variability in zebrafish Tg(myl7:GFP) embryos at 48 hours  
post fertilization (h.p.f.) by determining the period of several 
consecutive beats in the same heart. We found that consecutive 
periods indeed varied in their total length by only ~1% on average 
(Supplementary Fig. 3a–c). We observed locally irregular motion 
of the heart wall only occasionally (Supplementary Fig. 3d).  
In the side view of a four-dimensional (4D)-reconstructed heart, 
we observed a smooth surface of the cardiac wall (Fig. 1c and 
Supplementary Videos 2 and 3), thus indicating that our routine 
is robust against natural heartbeat variability.

Our synchronization routine is optimized for SPIM data with a 
high frame rate and a wide dynamic range but may work equally 
well for slow confocal data for which similar strategies have been 
developed10. However, because of the excessive illumination of 
the entire heart during a stack in a confocal microscope, only a 
limited number of planes can be recorded11. In contrast, in SPIM 
we did not observe any such detrimental effects on the sample.

We determined the optimal frame rate and movie duration 
by comparing their effects on the resulting synchronization 
quality. We found that synchronization improves with increas-
ing frame rate, with good results achieved with at least 200 fps 
(Supplementary Fig. 4a). We typically used frame rates of 400 fps  
for short movies, each covering only 2.5 heartbeats (1–1.5 s). 
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the heart′s continuous motion makes it difficult to capture 
high-resolution images of this organ in vivo. We developed 
tools based on high-speed selective plane illumination 
microscopy (sPim), offering pristine views into the beating 
zebrafish heart. We captured three-dimensional cardiac 
dynamics with postacquisition synchronization of multiview 
movie stacks, obtained static high-resolution reconstructions 
by briefly stopping the heart with optogenetics and resolved 
nonperiodic phenomena by high-speed volume scanning with a 
liquid lens.

Although model organisms such as the zebrafish offer a unique 
potential for studying cardiac diseases in vivo1, most of the cur-
rent understanding of early vertebrate cardiac development 
is based on fixed-tissue data. The shape of a fixed heart is dis-
torted, and it does not resemble any phase of cardiac contrac-
tion (Supplementary Fig. 1 and Supplementary Video 1). 
Alternatively, drugs2 or morpholinos3 have been used to stop the 
heart beat. However, biomechanical forces are essential for proper 
cardiac morphogenesis and function4,5. Hence, cardiac studies 
should ideally be performed on living tissue in intact organisms, 
but available microscopes have been too slow to capture the beat-
ing heart in three dimensions.

To address this, we built a high-speed SPIM6,7 setup with dou-
ble-sided illumination and single-sided detection, dedicated to 
fast, noninvasive imaging of fluorescently labeled cardiac tissues 
in zebrafish embryos and larvae. Our system is equipped with a 
high-numerical-aperture 20× water-dipping detection objective, 
dual-sided, dual-color light-sheet illumination, an image splitter 
for simultaneous dual-color acquisition, a fast scientific com-
plementary metal-oxide semiconductor (sCMOS) camera and 
dedicated solid-state-drive storage (SSD-RAID) (Supplementary  
Fig. 2a). The embedded zebrafish embryo8 is mounted to motor-
ized stages for accurate and reproducible positioning of the heart 
in front of the objective lens (Fig. 1). We acquired movies of single 
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Lower frame rates, as obtained with conventional charge-coupled 
device (CCD) cameras (30–100 fps) or confocal line scanning (up 
to 120 fps)10, yielded strong deformations in the reconstructed 
heart (Supplementary Fig. 4b). To improve synchronization in 
low-frame-rate data, the duration of movies had to be increased; 
for example, at least 4.5 beats per movie were needed at a frame 
rate of only 67 fps (Supplementary Fig. 4c). Alternatively, when 
only a low-frame-rate camera is available, a static 3D image 
of the heart can be obtained with prospective gating methods 
(Supplementary Fig. 5a)12. Our data demonstrate that the high  

acquisition speed of SPIM with modern sCMOS cameras  
(400 fps for 512 × 512 pixels) is key for optimal 3D reconstruc-
tions of the beating heart.

Our similarity-based synchronization may eliminate phase delays 
in the tissue by mistake when the contraction wave propagates along 
the imaging direction. This is especially problematic during early 
stages of development, when the heart is a linear tube. To quantify 
synchronization errors, we prepared a computer-generated heart-
tube model that resembled original data in geometry, temporal 
dynamics and signal-to-noise ratio. Indeed, we obtained incorrect 
reconstructions when imaging exactly along the contraction axis 
(Fig. 2a,b). By measuring the difference between experimental syn-
chronization and theoretical values, we found that an imaging angle 
of at least 10° is sufficient for proper synchronization of the primitive 
heart tube (Supplementary Fig. 6). Importantly, such synchroni-
zation errors might also occur at later developmental stages when 
the zebrafish heart has looped, and the contraction propagation axis 
locally falls below 10°, owing to the folded structure of the heart.

To eliminate potential phase-shift errors in experiments,  
multiple planes could be imaged simultaneously in a SPIM setup 
with parallel light sheets (Supplementary Figs. 2b and 5b) to 
provide synchronous movies. Because the simultaneous detec-
tion of multiple planes is complicated, we decided to instead 
make use of the unique ability in SPIM to rotate the sample 
(Supplementary Fig. 2b). After acquisition of one movie stack, 
we turned the sample by 90° and acquired a second movie stack 
(Fig. 1d). Using the additional information encoded in the sec-
ond movie stack, we extended our synchronization routine to 
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figure 1 | Cardiac imaging in SPIM. (a) Schematic drawing of a zebrafish embryo at the intersection of illumination and detection axes. (b) Schematic of 
movie-stack acquisition (one movie per plane). (c) Single-view synchronization via similarity. Top, schematic comparison of three movies. The cardiac cycles 
with minimal image difference are highlighted. Bottom, reconstructed heart of Tg(myl7:GFP) at 48 h.p.f. in front, side and top views, with heart anatomy 
schematic shown at lower right. A, atrium; V, ventricle. Scale bar, 30 µm. (d–f) Schematics of dual-view movie stacks with perpendicular recordings (d), 
optogenetic manipulation to stop the heart beat and acquire a z stack (e) and volume scanning with ETL (f).
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figure 2 | Dual-view synchronization improves reconstruction at adverse 
imaging angles. (a) Schematic drawing of two synthetic movie stacks of 
a computer-generated heart-tube model at a favorable imaging angle 
(left) and at an adverse imaging angle (right). (b) Single- and dual-view 
synchronized (sync) synthetic movie stacks. (c) Single- and dual-view 
synchronization of movie stacks from Tg(myl7:GFP) embryos at 30 h.p.f. 
Arrowheads indicate artifacts. Scale bars throughout figure, 30 µm.
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refine reconstruction, similarly to tech-
niques used in optical coherence tomog-
raphy13. In brief, we aligned both views 
spatially and temporally on the basis of 
single-view synchronization results. We 
iteratively adjusted the phase shifts of 
each plane in both views alternately while 
keeping one view fixed to maximize the 
correlation between both views, until 
convergence. The synchronization out-
come improved in our synthetic data set  
(Fig. 2b and Supplementary Video 4) as 
well as in biological data sets (Fig. 2c and Supplementary Video 5): 
both movie stacks were equally well reconstructed and displayed the 
true shape of the heart. The two movie stacks may even be fused to 
improve overall resolution, as has been shown for static multiview  
reconstructions14,15. However, additional views require longer 
acquisition and computation time. We concluded that a single movie 
stack is sufficient for most of our experiments, whereas the dual-view  
movie-stack synchronization might be more robust in unsuper-
vised, automatized experiments in which the orientation of the 
heart is less well defined.

We tested our single-view synchronization routine on data 
from zebrafish embryos of different developmental stages rang-
ing from 26 h.p.f. to 5 days post fertilization (d.p.f.) (Fig. 3 and 
Supplementary Videos 6–9) in transgenic lines with labeled myo-
cardial (Tg(myl7:DsRed)) or endocardial (Tg(kdrl:GFP)) cells. The 
high-resolution reconstructions are visualized with maximum-
intensity projections and 3D renderings to follow characteristic 
structures of the heart throughout the cardiac cycle. Strikingly, in 
slow-motion movies, we observed fine details; for example, the 
distance between endo- and myocardium varied strongly over the 
course of a heartbeat (Fig. 3f,k), revealing the incompressibility of 
the cardiac jelly, which fills the interspace16. At the same time, we 
saw the endocardium folding up upon atrial contraction (Fig. 3f,g). 

Probably, as seen in chickens17, sparse fibrils connect the endo- and 
the myocardium at certain points, stabilizing the heart and ensuring 
the opening of the endocardial cavity upon myocardial relaxation. 
At around 5 d.p.f. the characteristic trabeculae in the ventri-
cle18 as well as the atrioventricular valve had formed (Fig. 3k,l),  
increasing cardiac output and ensuring unidirectional blood flow. 
We conclude that our synchronization routine is robust for a vari-
ety of cardiac shapes of different developmental stages.

Subcellular details and weak expression patterns were still difficult  
to image in the moving heart, mainly owing to the short exposure 
time required to suppress motion blur (3 ms). We therefore added an 
additional light source to our SPIM setup for optogenetic manipu-
lation19 (Supplementary Fig. 2b). We temporally stopped cardiac 
contractions in Tg(myl7:Gal4, UAS:NpHR-mCherry, myl7:H2B-GFP) 
embryos to acquire high-resolution z stacks of the heart (Fig. 1e). The 
shape of the relaxed heart did not correlate to any phase in the car-
diac cycle, because both chambers were completely relaxed, but the 
shape was reproducible in repetitive acquisitions (Supplementary 
Fig. 7a,b). During the transient cardiac arrest, we found that the 
exposure time could be increased for improved image contrast 
(Supplementary Fig. 7c,d), and higher magnification provided better  
spatial resolution (Fig. 4a,b), such that fine details of filamen-
tous actin (Tg(myl7:Gal4, UAS:NpHR-mCherry, myl7:lifeactGFP))  
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figure 3 | Reconstructed hearts at  
different developmental stages. Embryos 
(Tg(myl7:DsRed, kdrl:GFP)) are positioned head 
up. Red, myocardium; cyan, vasculature.  
(a) Schematic drawing of a 30-h.p.f. embryo 
at 60°. (b) Synchronized movie stack in 
maximum projection. (c) Endocardium at 
various phases (with time indicated relatively 
by clock schematic) during the cardiac cycle. 
(d) Schematic drawing of a 48-h.p.f. embryo 
positioned ventrally. (e) 3D rendering of 
synchronized movie stack cut open in the 
atrium. (f) Stills of the beating heart in one 
plane of the atrium. Arrowheads mark proximity 
of myo- and endocardium. (g) Schematic drawing 
of endocardial folds (arrowheads). (h) Schematic 
drawing of a 72-h.p.f. embryo positioned 
ventrally. (i) 3D-rendered heart in three rotated 
views. (j) Schematic drawing of a 5-d.p.f. 
embryo at 30°. (k) Single plane of the heart at 
different phases in the cardiac cycle. Boxed area 
is shown enlarged in l. Arrowheads indicate the 
atrioventricular valve. (l) Trabeculae with arrows 
indicating variable thickness of the cardiac wall. 
(m) Bisected heart in a 3D rendering. Scale bars 
throughout figure, 30 m.
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and individual sarcomeres could be resolved (Fig. 4b and 
Supplementary Video 10). The heart can be stopped  
and imaged repetitively for time-lapse imaging with this approach. 
The information in static, high-resolution images obtained by 
optogenetics complements high-speed data from synchronized 
movie stacks.

Hemodynamics has been intensely studied, yet 3D recon-
structions of blood cells circulating through the heart are not 
available. The distribution of individual blood cells is irregular 
in subsequent heartbeats, in contrast to the periodically moving  
myocardial and endocardial cells; our synchronization thus failed 
to reconstruct the flow of fluorescent blood cells (Tg(gata1a:
DsRed)) (Fig. 4c and Supplementary Video 11). To image the 
blood flow in 3D, we needed to capture the entire heart instan-
taneously in rapid succession. Volumetric imaging has been 
achieved by rapidly scanning the light sheet along the detection 
axis with a galvanometric mirror and, at the same time, refocusing 
the camera onto the illuminated plane with an electrically tun-
able lens (ETL) in the detection path20. Here, quasisimultaneous 
dual-color z sections with 60 volumes per second were acquired 
without moving the sample by using an ultrafast camera and a 
fluorescence splitter (Supplementary Fig. 2b). This allowed indi-
vidual blood cells to be followed as they were pumped through 
atrium and ventricle (Fig. 4c and Supplementary Video 12). We 
used this approach to also image arrhythmic hearts in embryos 
treated with terfenadine (Supplementary Video 13). The ETL-
SPIM delivers valuable images of fast irregular movements when 
postacquisition synchronization algorithms fail.

We have developed a cardiac imaging suite including three 
variations ranging from static to ultra-high-speed images. 3D 
reconstructions from high-speed SPIM data offer new insights 
into the anatomy and function of the intact zebrafish heart with-
out fixation artifacts. The single-view synchronization routine is 
robust against phase errors and natural heartbeat variability but 
can easily be supported by dual-view recordings when imaging 
at adverse angles. Optogenetics and ETL-SPIM further widen the 
technology’s applicability toward higher resolution and higher 
speed, respectively. We anticipate that our results will serve as the 
basis for quantitative descriptions of the cellular structure of the 
beating heart and, complemented by molecular and genetic data, 
will help understanding of congenital heart diseases.

methods
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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Movie stack ETLa bfigure 4 | Optogenetics yields high-resolution 
images of the heart, and ETL-SPIM captures 
intracardiac blood flow. (a) Three frames from a 
synchronized movie stack of a 5-d.p.f. embryo 
(Tg(myl7:lifeact, myl7:Gal4, UAS:NpHR-mCherry)). 
(b) Same heart as in a, stopped via optogenetics 
and imaged with higher magnification and longer 
exposure time. Inset shows enlarged detail of 
sarcomeres (arrowheads). (c) Front and side views 
of a 48-h.p.f. embryo (Tg(myl7:GFP, gata1a:
DsRed)) imaged with movie-stack synchronization 
(left) and ETL-SPIM (right), showing myocardium 
in cyan and red blood cells in red. Solid vertical 
lines indicate position of cross section. Scale bars 
throughout figure, 30 m.
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Fish husbandry and lines. Zebrafish (Danio rerio) adults and 
embryos were kept at 28.5 °C and were handled according 
to established protocols21 and in accordance with EU direc-
tive 2011/63/EU as well as the German Animal Welfare Act. 
Transgenic lines Tg(gata1a:DsRed)22, Tg(kdrl:GFP)23, Tg(myl7:
GFP)24, Tg(myl7:DsRed)25 and Tg(UAS:NpHR-mCherry)26 were 
used. Individual positive embryos were chosen randomly from a 
clutch of 100–300 embryos. The transgenic lines Tg(myl7:Gal4) 
and Tg(myl7:lifeactGFP) were generated by Tol2 cloning. No 
blinding was done.

Fixation and drug treatment. Embryos were fixed in 4% parafor-
maldehyde (Sigma) for 1 h at room temperature, then incubated 
in PBT for 30 min. After being rinsed three times with PBS, the 
embryos were imaged with a stereo microscope (Olympus SZX20) 
and an sCMOS camera (Hamamatsu, Orca Flash 4.0). To induce 
arrhythmia, embryos were incubated in 0.1 mM terfenadine 
(Sigma)27 for 2–3 h.

Mounting. Embryos were embedded for SPIM imaging in  
1.5% low-melting-point agarose (Sigma) in FEP tubes (Bola, 
S1815-04)8. Larvae were embedded in 1.5% low-melting-point 
agarose inside a glass capillary.

SPIM setup. We custom built a multidirectional selective plane 
illumination microscopy (mSPIM) setup equipped with double-
sided illumination and single-sided detection. The illumination 
arms are composed of Coherent Sapphire LP lasers (200 mW, 
488 and 561 nm), 1-kHz resonant mirrors, cylindrical lenses and 
Zeiss 10×/0.2 air illumination objectives. The detection arm fea-
tures a Zeiss W Plan-Apochromat 20×/1.0 detection objective, 
optional 0.63× and 1.6× magnification, an image splitter (W-View, 
Hamamatsu) with band-pass 525/50 and long-pass 561 emission 
filters and a Hamamatsu Flash 4.0 sCMOS camera. The mounted 
specimen is held in place by a Zeiss Lightsheet Z.1 sample holder 
and can be oriented and moved with motorized translation and 
rotation stages (Physik Instrumente). Illumination and detection 
are controlled by a computer workstation with dedicated SSD 
RAID 0 storage for fast data streaming.

Single-view synchronization. For single-view synchronization, 
a movie stack of the heart was acquired consisting of 150–250 
movies with a z spacing of 1–2 µm. Usually, the dynamic range in 
raw images has background values of 50–150 and signal values of 
300–1,500, depending on the transgenic line that is imaged. The 
signal-to-noise ratio (SNR) is typically 50–100 (according to the 

formula SNR sig
bg

=
m
s  with µsig being the average signal and σbg being 

the standard deviation of the background).
Synchronization starts at the middle plane and iterates in two 

independent threads in both directions across the stack. A full 
period is randomly selected in the middle plane, and the Pearson’s 
correlation coefficient is determined for any possible period in 
the next plane. The difference is calculated by subtracting the 
correlation from 1. The period with the minimal difference is 
then selected for further processing. We use the residual dif-
ferences to quantify and compare synchronization success.  
We also tested Euclidean distance and mutual information,  

alternatively to Pearson’s correlation, and found that they  
performed less accurately and needed more time, respectively. 
SIFT (scale-invariant feature transform)—a structure- or shape-
based comparison method—was disproportionally slow. Therefore 
we decided to use Pearson’s correlation for all our experiments.

Dual-view synchronization. The dual-view synchronization 
is based on two perpendicular movie stacks (in the following 
referred to as ‘view 1’ and ‘view 2’) and implemented as a Java 
plugin for Fiji28. First, the views were aligned spatially: for both 
movie stacks, the maximum-intensity projection was computed. 
View 2 was then rotated by 90° to match the orientation of view 1. 
The resulting stacks were registered by optimization of the three 
translational parameters (x, y and z) that aligned view 2 onto 
view 1 in 3D.

Second, the raw data sets were downsampled for isotropic 
resolution (with the x spacing of view 1 matching the z spacing 
of view 2 and vice versa) and cropped, taking into account the 
registration parameters, such that only the overlapping parts were 
retained for each view. A specific plane p1 of view 1 intersects a 
plane p2 in view 2 in a vertical line (in the y direction). In total, 
there are n1 × n2 such lines, with n1 and n2 being the number of 
planes in view 1 and view 2, respectively. In both views, this line 
extends over the number of frames T of one heartbeat, producing 
two kymographs at each intersection line, for each view. We first 
shifted the kymograph of p2 in the time direction (keeping the 
one for p1 fixed) and calculated a cost cp1, p2 (∆ϕ) for each possible 
relative shift ∆ϕ. These costs were computed via cross-correlation. 
With an implementation based on the fast Fourier transform, this 
step usually takes a few minutes for the entire data set. Relative 
costs were calculated for all intersections between the planes of 
view 1 and view 2.

In order to find an optimal synchronization, we used an  
iterative strategy to find the absolute shifts ϕp for each plane that 
minimized the sum of all relative costs. We initialized all shifts 
to the result of the single-view synchronization. We then kept the 
shifts of view 1 fixed and adjusted the shifts of view 2 such that  
the difference to the previous shifts between neighboring planes 
was not greater than 1 (i.e., if plane i is shifted by n frames, plane 
i + 1 may be shifted by only n − 1, n or n + 1 frames). This was 
performed efficiently (within a few seconds) with dynamic  
programming. We then kept the shifts of view 2 fixed and  
adjusted the shifts for view 1. This procedure was repeated  
until convergence (typically within fewer than ten iterations, 
so that the overall optimization was performed in less than  
a minute).

Overall, our strategy shares some principles with existing 
approaches13, except for the final computation of absolute shifts. 
In contrast to previous work, our work exploits the fact that the 
initial synchronization of the individual views is close to the 
real solution, and the quality of the synchronization gradually 
improves as the initial parameters assimilate the true solution. 
This allows us to exchange the global optimization with the more 
efficient local search described above.

Optogenetics. For optical manipulation, we coupled a collimated 
590-nm LED in the detection arm of our SPIM setup by means of 
a dichromatic mirror and projected it into the focal plane of the 
detection objective (Supplementary Fig. 2b).
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ETL-SPIM. To image the entire zebrafish heart in three dimen-
sions in two colors in a snapshot, we used an electrically tunable 
lens (ETL, Optotune) in the detection path of the microscope. 
Tuning its focal length shifts the focal plane of the detection lens 
remotely so that images of different planes in the sample can be 
acquired without moving the sample. The light sheet is moved 
synchronously by a scanning mirror to keep the detected plane 
illuminated at all times (Supplementary Fig. 2b)20.

To obtain well-defined positions of the image plane, we  
modulated the focal length of the ETL sinusoidally. The images  
were therefore not equidistantly spaced across the volume.  
However, it was straightforward to reconstruct volumes because 
the position of the image along the detection axis was well defined.  
The position of image i is yi = A cos(2π vETL i/vcam + ϕ) where A is 
the amplitude, vETL is the frequency determined by the ETL, vcam 
is the frame rate of the camera, and ϕ is the relative phase between 
the camera and the ETL. For ϕ = 0, identical planes are imaged in 
the first and the second half of the period τETL = 1/vETL, i.e., the 
‘descending’ and the ‘ascending’ part of the cosine, respectively. 
We transformed the acquired stack with irregular spacing along y 
into an equally spaced stack by interpolation. The central planes 
located around yi = 0 were imaged at equal time intervals of τETL/2 =  
1/2vETL. However, other planes were imaged with more-asyn-
chronous time intervals, especially the planes yi = A and yi = −A, 
which were imaged twice in short succession with time interval 
1/vcam (i.e., by two successive frames), but then only after 1/vETL 
(i.e., an entire ETL period).

For acquisitions with the 20× detection lens, the ETL (EL-10-
30-VIS-LD, Optotune) provided an amplitude of A = 48 µm when 
driven at vETL = 30 Hz. The CMOS camera (DIMAX 4s, pco) 
recorded 158 images during each period, thus resulting in 79 dif-
ferent planes being recorded at an average frequency of 2vETL = 
60 Hz. To record two fluorophores in parallel, an image-splitting 
optic (W-View Gemini, Hamamatsu) was mounted in front of 
the camera to image green and red fluorescence side by side onto 
the sensor.

Synthetic heart. We created a 4D phantom heart that resembles 
original data in terms of heart geometry, temporal dynamics and 

signal-to-noise ratio. According to real data of a 2-d.p.f. zebrafish 
embryo, we modeled the heart as a straight conical cylinder,  
225 µm in length, with 50-µm and 29-µm radii on the inflow  
and outflow ends, respectively. Cells were evenly distributed on 
the surface of the cone via grid points of a 23 × 25 mesh, so that the 
probability that a given grid point held a cell was 70%. The cells 
themselves were modeled as Gaussian clouds with an isotropic  
spatial s.d. of 3.4 µm and a maximum intensity of 1,486.

The heartbeat was modeled as a Gaussian invagination, in 
which the maximum invagination was 50% of the radius at the 
corresponding location, and the spatial s.d. was 24 µm. The period 
of the heartbeat was 0.7 s.

The heart was then sampled at discrete pixel locations to create 
the artificial image data. Sampling parameters were set according to 
our microscope parameters: pixel width and height were 0.45 µm,  
and z spacing was 2 µm. Per heartbeat, 233 frames were cre-
ated, corresponding to a camera frame rate of 333.2 fps. Random 
Gaussian noise was added to each pixel value as measured in real 
data (mean, 106.6; s.d., 4.5). At each image plane, three heart-
beats were created, starting at random offsets in the heart cycle. 
The offsets were kept for later evaluation of the synchronization 
methods. The heart phantom was sampled from various orien-
tations to simulate different imaging angles and to validate the 
corresponding quality of synchronization.

Visualization. 3D and 4D data were visualized with Fiji28 for max-
imum projections and single slice sections or with FluoRender 
for volume rendering.
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