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Abstract 

Many biological processes happen on a nano- to millimeter scale and within milliseconds. 

Established methods such as confocal microscopy are suitable for precise 3D recordings but 

lack the temporal or spatial resolution to resolve fast 3D processes and require labeled samples. 

Multifocal imaging (MFI) allows high-speed 3D imaging but suffers from the compromise 

between spatial resolution and field-of-view (FOV), requiring bright fluorescent labels and 

limiting its application. Here, we present a new approach for high-resolution, label-free, high-

speed MFI, based on dark-field microscopy and operative over large volumes. We introduce a 

3D reconstruction algorithm that increases resolution and depth of the sampled volume without 

compromising speed and FOV. This allowed us to characterize the flagellar beat of human sperm 

and surrounding fluid flow with a precision below the Abbe limit, in a large volume, and at 

high speed. Our MFI concept is cost-effective, can be easily built, and does not rely on object 

labeling, making it broadly applicable. 

Introduction 

Life happens in three dimensions (3D). Organisms, cells, and sub-cellular compartments 

continuously undergo 3D movements. A vast number of biological processes take place at the 

micrometer to millimeter scale within milliseconds. For example, within a second, insects flap 

their wings 100 to 400 times 1,2, microorganisms swim 0.5 to 50 body lengths 3-5, cilia and 

flagella beat up to 100 times 6,7, and the cytoplasm of plants streams over a distance of 100 µm 

8. Although methods such as confocal and light-sheet microscopy allow precise 3D recordings, 

these techniques lack either the time or the spatial resolution to resolve fast biological processes 

in 3D. Rapid 3D movements can be studied by two complementary high-speed microscopy 

methods: digital holographic microscopy (DHM) 5,9-12 and multifocal imaging (MFI) 13-16.  
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DHM relies on the interference between two waves: a coherent reference wave and a wave 

resulting from the light scattered by the object. The 3D reconstruction of objects featuring both 

weak and strong scattering compartments, e.g., tail and head of sperm, is challenging because 

interference patterns of strong scattering compartments conceal those patterns derived from 

weakly scattering objects. Additionally, DHM is very sensible to noise and 3D reconstruction 

from DHM data requires extensive computations. 

A simple alternative to DHM is MFI. MFI produces a 3D image stack of the specimen by 

recording different focal planes simultaneously. An MFI device, placed into the light path 

between microscope and camera, splits the light collected by the objective and projects multiple 

focal images of the sample on distinct locations of the camera chip. However, this approach 

constrains the field-of-view (FOV) 13 and lowers the signal-to-noise ratio (SNR) when 

increasing the number of focal planes. Thus, state-of-art 3D tracking based on MFI requires 

bright fluorescent labels and is limited to either lower speeds, small sampled volumes, or low 

precision 13,15-19. Here, we develop dark-field-microscopy-based MFI for label-free, long-term, 

and high-speed imaging at a high SNR and applicable over a large volume. Additionally, we 

introduce a 3D reconstruction method for MFI allowing to track spheres and to reconstruct 

filaments, such as flagella, at speeds of 500 Hz, with sub-micrometer precision, in a large FOV 

of up to 240 x 260 µm², and across a large depth of up to 21 µm. 

Results 

Assembling a broadly applicable MFI setup 

We aim to establish an MFI system based on dark-field microscopy, as dark-field microscopy 

delivers high contrast images without any sample labeling. Generally, four alternative 

approaches to obtain information from different focal planes are applicable for imaging: 

(1) inserting an optical grating 13,18, (2) using a deformable mirror 20, (3) changing the optical 
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path length 14,16, and (4) by using lenses of different focal power 15,17,19. Disadvantageously, 

optical gratings (approach (1)) are wavelength-dependent and have low optical efficiency. 

Deformable mirrors (approach (2)) are bulky, expensive, and highly wavelength-dependent, 

which prohibits their use for low-cost compact applications. Therefore, we here aim for an MFI 

system that is a combination of approaches (3) and (4) and thus, can be flexibly accommodated 

in different experimental set-ups. We use a multifocal adapter that splits the incoming light 

from the microscope into four light paths, which are projected to different quarters of the camera 

chip (Supplementary Fig. 1a). Four different focal planes of the specimen are obtained by 

inserting four lenses of different focal power into the individual light paths (Supplementary Fig. 

1b and 1d). Restricting the number of focal planes to four minimizes the loss of SNR due to 

light splitting, while keeping the system low in complexity. Based on the thin-lens 

approximation, we can predict the defocusing of a pattern in the set-up based on the set of lenses 

and the magnification applied (Supplementary Fig. 1c and 1e). We assembled the multifocal 

adapter to study objects of millimeter to sub-micrometer size by changing the magnification 

(Supplementary Table 1). This flexibility enables studying fast-moving objects, ranging from 

whole animals to subcellular organelles.   

Extended depth-of-field imaging of fast-moving objects 

Long-term imaging of a fast-moving object with high spatial and temporal resolution is a 

common, but challenging requirement in microscopy. Imaging at high resolution with 

objectives of high magnification and numerical aperture, constrains the depth of field and the 

FOV. This increases the likelihood that the specimen exits the volume of observation during 

recording, limiting the duration of image acquisition. This limitation can be overcome by 

combining images acquired across the specimen using extended-depth-of-field (EDOF) 

algorithms 21. However, this technique is not suited for fast-moving objects if different focal 

planes are acquired sequentially. MFI allows employing EDOF algorithms for fast-moving 
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objects (Fig. 1). We combine MFI (Fig. 1a) and EDOF (Fig. 1b) (see Materials and Methods)  

to study living specimens over a broad range of sizes: grooming Drosophila melanogaster 

(Supplementary Movie 1), foraging Hydra vulgaris (Supplementary Movie 2), crawling 

Amoeba proteus (Supplementary Movie 3), and beating human sperm (Supplementary Movie 

4). In each of the four different focal planes, distinct structural features appear sharply (Fig. 1c). 

Using EDOF algorithms, these regions are assembled into one sharp image that reveals fine 

structural features, such as intracellular compartments (Supplementary Movie 3, Fig. 1b). The 

extended imaging depth allows tracking objects, even when the sample moves along the z-axis, 

with high speed, limited only by the applied camera, and over long time periods (Supplementary 

Movies 1-4). 

High-precision 3D tracking with MFI 

MFI has been applied for 3D tracking 13,15-19, but only at low resolution or small sampled 

volume, and relying on fluorescent labels. The image of an object, i.e. the sharpness, size, and 

intensity of the image, depends on the object’s z-position relative to the focal plane. This 

correlation has been used to guess the third dimension from 2D microscopy images 22,23. To 

determine the z-position, a precise calibration of the relationship between the image of the 

object and the z-position needs to be established. We combined this approach with MFI to 

achieve high-precision 3D tracking and illustrate the power of this concept by reconstructing 

the 3D movement of spherical objects (latex beads) and of filamentous structures (human sperm 

flagella) using label-free imaging by dark-field microscopy and the multifocal adapter. 

To calibrate the relationship between the image and the z-position of a spherical object, we 

acquired multifocal z-stacks of non-moving 500-nm latex beads positioned across a depth of 

21 µm; the step size, set by a piezo, was 0.1 µm. The bead image underwent two characteristic 

changes as the objective was moved: the radius of the bead image increased (Fig. 2a), and, as a 

result, the image intensity decreased (Fig. 2b). Both features are z-dependent and can be used 
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to determine the bead z-position. The z-position of a particle cannot be inferred unequivocally 

from a single plane, because, for any given bead radius, two possible z-positions exist (Fig. 2c). 

However, combining the information from multiple planes allows unequivocally localizing the 

particle in z (Fig. 2c). This appraoch also allows to combine multiple measurements of the z-

position in different planes by, for example, applying Bayesian inference probability 24 or other 

statistical methods to improve the localization precision. 

To determine the accuracy of inferring the beads z-position in our MFI setup based on the 

calibrated relationship between bead radius and z-position, we recorded a multifocal z-stack 

through immobilized latex beads using a piezo. Comparison of the inferred and piezo z-

positions revealed a linear relationship (mean ± standard deviation of the slope: 0.98 ± 0.05, 

n = 7 beads from two different recordings). Based on linear fits with a slope of unity, we 

determined the z-localization error as 0.4 µm (Fig. 2d), which is below the Abbe resolution 

limit (2.1 µm; see Materials and Methods). 

To prove the validity of our 3D-localization approach, we studied the stochastic Brownian 

motion of beads in suspension (Fig. 2e). The histograms of bead displacement across the three 

spatial dimensions (Fig. 2f) display a slight widening of the z-distribution due to localization 

errors. Yet, histograms are similar, indicating that stochastic bead motion was isotropic and 

normal distributed over all spatial coordinates. We conclude that MFI is highly suitable for 3D 

tracking. 

High-precision 3D reconstruction of the flagella beat with MFI 

Many eukaryotic cells, such as sperm or green algae, deploy flagella, lash-like appendages 

protruding from the cell surface. The 3D flagellar beat propels the cell on a 3D swimming path 

23,25. Because the beat frequency is high (up to 100 Hz) 6,7, the precise reconstruction of flagellar 

beating at high temporal and spatial resolution is challenging. The fastest calibrated 3D 
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reconstructions of human sperm achieved a temporal resolution of only 100 Hz. This temporal 

resolution allows to determine the beat frequency of human sperm, which is about 10 to 30 Hz 

26, but it is insufficient to characterize the higher harmonics of the beat controlling sperm 

steering 6,27 or to track faster flagella, e.g. from Anguilla sperm (about 100 Hz) 7. Recently, 

using Holography, flagella of human sperm have been reconstructed with a high temporal 

resolution (2,000 frames per second) albeit for a short time span of ca. 0.5 sec. Moreover, the 

tracking precision was not evaluated and the sampled volume was very small (ca. 

30 x 45 x 16 µm³) 28 compared to the sperm’s flagellum, which is about 50 µm long.  

We aimed to establish MFI for reconstructing the 3D flagellar beat of human sperm at high 

speed, in a large FOV, and with high precision. To this end, we characterized the relationship 

between image and z-position of flagella. We acquired multifocal z-stacks of immotile sperm 

using the piezo-driven objective. Similar to the latex beads, the flagellum image displayed a 

characteristic widening (Fig. 3a) and a decrease of intensity (Fig. 3b) when imaged out of focus. 

We calibrated the functional dependency of these parameters along the flagellum for different 

z-positions, thus allowing for a precise 3D reconstruction of the flagellum (Fig. 3a, b). 

We refined SpermQ, a software for analyzing motile cilia in 2D 29, to incorporate the analysis 

of multifocal images (SpermQ-MF); SpermQ-MF determines flagellar z-positions based on the 

calibrated relationship between flagellar width, position along the flagellum, and z-distance to 

the respective plane. 

In each plane of multifocal images, SpermQ reconstructs the flagellum in 2D (x and y 

coordinates) with a localization precision below the resolution limit (Supplementary Fig. 2). To 

determine the accuracy of z-localization, we inferred the z-position of an immotile sperm using 

SpermQ-MF in multifocal z-stacks recorded with the piezo-driven objective (Fig. 3c). Inferred 

and piezo z-positions showed a linear relationship with a slope of unity (Fig. 3c). We estimated 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted May 16, 2020. ; https://doi.org/10.1101/2020.05.16.099390doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.16.099390


 Hansen et al. 

 

 

 

8 

an error of the z-localization of ~1 µm at the head and 0.6 µm at the principal piece; both 

resolutions are below the Abbe limit (2.1 µm; see Materials and Methods) (Fig. 3d). 

3D reconstruction of the flagellar beat with MFI 

Using the calibrated MFI setup and SpermQ-MF, we reconstructed the 3D flagellar beat of 

human sperm swimming in a 300 µm deep chamber at an acquisition rate of 500 volumes s-1 

for about 2 s, i.e. the time it takes a sperm cell crossing the FOV of ca. 240 x 260 x 19 µm² (Fig. 

4a, Supplementary Movie 5). Due to the precise localization of the flagellum, we can resolve 

the 3D flagellar beat in detail (Fig. 4b, c). The propagation of waves along the flagellum 

appeared as diagonal patterns in the kymograph of the z-position, highlighting the importance 

of including the z-position in the characterization of the flagellar beat (Fig. 4b). By visualizing 

the beat plane (Supplementary Movie 6), we show that sperm roll around their longitudinal 

axis. In conclusion, our MFI-based flagellar reconstruction allowed to characterize the flagellar 

beat of human sperm in a large sampled volume (240 x 260 x 19 µm³) that was ca. 55-times 

larger than the sampled volume shown in a recent DHM-based reconstruction of human sperm 

flagella (30 x 45 x 16 µm³)28 and ca. 76-times larger than the sampled volume shown in a MFI-

based reconstruction of fluorescently-labeled Trypanosoma and Leishmania flagella (ca. 80 x 

35 x 5.6 µm³)17. Of note, this large volume is sampled at a high temporal resolution (500 Hz) 

and with a precision below the Abbe limit, while for the other reported setups the precision has 

not been determined 17,30. 

3D reconstruction of fluid flow around a human sperm cell  

The behaviour of ciliated cells and the underlying physics is of particular interest in cell biology 

and biotechnological applications. We are only beginning to understand how sperm manage to 

navigate through a highly complex environment like the female genital tract 31 or how motile 

cilia synchronize their beat to produce fluid flow32. A key to these phenomena has been 

attributed to the hydrodynamic interactions between motile cilia and between motile cilia and 
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their surroundings 4,32. The fluid flow resulting from flagellar beating has been studied 

experimentally and theoretically. Experimental studies only resolved the 2D flow pattern for 

different microorganisms such as Giardia lamblia 33, Chlamydomonas reinhardtii, and Volvox 

34. The 2D flow profile around human sperm has been inferred from the flagellar beat 35, and 

the 3D profile from numeric simulations of the flagellar beat of sea urchin sperm near walls 36. 

However, the predicted flow profiles have not been tested experimentally. 

To visualize the 3D flow around human sperm with our MFI technique we used latex beads, 

whose relationship between radius and z-position had been previously calibrated (Fig. 5a, 

Supplementary Movie 7). To follow the direction of the bead movement relative to the sperm 

flagellum, we tethered the sperm head to the glass surface.  

Bead tracking reveals long-range hydrodynamic interactions between sperm and beads 

(Fig. 5b). At large distances from the sperm cell, bead movement displayed a characteristic 

Brownian motion (Fig. 5c). Closer to the cell, beads displayed a random Brownian motion with 

a drift towards the sperm head (Fig. 5d) and away from the flagellar tip (Fig. 5e). Near the 

flagellum, beads described a fast 3D spiral-like movement resulting from the 3D flagellar beat 

(Fig. 5d-e).  

In summary, we show that MFI, in combination with a calibration approach, allows a label-free 

characterization of fast biological processes, such as fluid flow or flagellar beating, with 

unprecedented spatial-temporal precision and in a large sampled volume. 

Discussion 

Here, we demonstrate a high-speed, label-free, 3D imaging technique sampling large volumes. 

By combining MFI with dark-field microscopy, we circumvent sample labeling while still 

obtaining a high signal-to-noise ratio. Our MFI system does not rely on any specialized 

equipment. To build our MFI system, we used a commercially available adapter that is 
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compatible with most microscopes and that allows to customize the focal distance between the 

different imaged planes by replacing the lenses inserted into the adapter. Similar adapters can 

also be easily designed and customized to the experimental needs with additive manufacturing 

(e.g. 3D printing). However, using a commercially available adapter allows to create a cost-

effective 3D imaging device that does not require expertise in optics, making it affordable and 

accessible to a large scientific community. Furthermore, we demonstrate that the MFI system 

can be flexibly adapted to different size ranges from the nano- to millimeter-scale by changing 

the objective. 

In MFI, the number of planes inversely correlates with the SNR and the size of the FOV as the 

light from the sample is shared across the different planes. Using four focal planes allows to 

sample a large FOV with a high SNR. However, state-of-the-art MFI systems employing four 

focal planes have been limited to a low depth of the sampled volume of below 6 µm, employed 

high-magnification objectives (≥ 60x) constraining the FOV (≤ 80 x 35 µm²), while achieving 

a speed of 200 frames per second 15,17. We overcome these limitations with a new 3D 

reconstruction algorithm that allowed us to computationally achieve an unprecedented depth 

resolution below the Abbe limit while reaching a depth of the sampled volume of up to 21 µm, 

a FOV of up to 240 x 260 µm², and a speed of 500 frames per second. This represents a 3.5-

fold increase of the depth of the sampled volume, a 22-fold increase of the FOV, and a 2.5-fold 

increase in sampling speed compared to the fastest reported MFI system 17. 

We have demonstrated the applicability of our technique for a label-free 3D reconstruction of 

human sperm’s flagellar beat with unprecedented tempo-spatial precision. Common methods 

to characterize 3D flagellar beating of mammalian sperm involved combinations of light 

microscopy with a piezo-driven objective or digital holographic microscopy (DHM), also 

known as holographic phase retrieval 30,37-41. The piezo-driven method allows to acquire at 

100 volumes s-1, which represents a fifth of the sampling speed achieved by our method. 
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Additionally, acquisition of planes takes place at different time points, requiring high-speed 

high-sensitivity cameras recording 5,000 images s-1, that are very expensive and thus, restrict 

the availability of this technique to only few labs 41. DHM can provide the same temporal 

resolution as MFI; however, there are other factors that limit DHM. First, DHM is challenging 

when imaging strong- and weak-scattering objects at the same time, e.g. in contrast to MFI, 

DHM is not capable of reconstructing a “small” sperm cell close to a “large” egg cell. Second, 

DHM is not applicable to fluorescent objects, whereas, using different colors of labels, MFI 

could record multiple objects simultaneously. Third, DHM requires complex and extensive 

computational methods, while MFI does not. A state-of-the-art DHM-based reconstruction 

method for flagella featured a high temporal resolution (2,000 volumes s-1) but a small sampled 

volume of ca. 30 x 45 x 16 µm3 and the precision of the method was not reported30. Our 

technique for 3D reconstruction of human sperm provides a unique combination of a large 

sampled volume (ca. 240 x 260 x 19 µm³), high precision below the Abbe limit (0.6 µm), and 

high speed (500 Hz), which outcompetes currently available alternative approaches. 

Applying our technique to bead tracking allowed for the first time to record the fluid flow 

around a motile cilium, i.e. the human sperm flagellum, in 3D. Current techniques allowed to 

study the fluid flow surrounding flagellated microorganisms in 2D 33-35. The 3D profile has only 

been estimated by numerical simulations of the 3D flagellar beat of sperm 36. Here, we reveal 

3D spiral-shaped flow patterns around sperm. Additionally, we show that fluid flow transports 

afar molecules to the flagellum. The flagellum acts as a propeller and a rudder, whose function 

is regulated by extracellular cues that act on intracellular signalling pathways 4. Thus, it will be 

important to investigate in further studies how the spiral-shaped flow pattern and the transport 

of fluid to the flagellum impact the sensing of chemical or rheotactic cues by sperm for 

navigation to the egg. Combining MFI and fluorescence microscopy allows simultaneously 

recording the sperm flagellum and beads using different fluorescent labels. This will allow 
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revealing how a flow profile is generated by the 3D beat, and how fluid flow varies in time as 

the beat progresses 42.  

By combining MFI with EDOF algorithms, we establish long-term visualization of low micro- 

to millimeter specimens, such as sperm or insects, respectively, at high recording speeds. We 

exemplify high-precision filament reconstruction and sphere tracking at the micrometer scale. 

The same concept is applicable at larger scales where 3D reconstruction methods for 

filamentous objects are similarly required. For instance, the presented MFI-based filament 

reconstruction method could be employed to study rodent whisking during active vibrissal 

sensing 43. 

While we have concentrated here on label-free samples, our method has the potential to be 

adapted to fluorescently-labelled samples and to be combined with state-of-art computational 

techniques, such as deep learning. For instance, a deep-learning method for deducing z-

positions from fluorescence microscopy images was recently described 44. Our method could 

incorporate similar computational techniques to make use of the information provided by 

multiple planes for extending the z-range and enhancing the precision in fluorescence 

microscopy. 

To conclude, our MFI approach opens new avenues to study fast biological processes at many 

different scales in 3D with high precision. 

Material and Methods 

Species 

Amoeba proteus and Hydra vulgaris were purchased freshly before the experiments 

(Lebendkulturen Helbig, Prien am Chiemsee, Germany). Drosophila melanogaster were adults 

(> 2 days old). Human semen samples were donated by healthy adult males with their prior 
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written consent and the approval of the ethics committee of the University of Bonn (042/17). 

Sperm cells were purified by a “swim-up” procedure 45 using human tubular fluid (HTF) (in 

mM: 97.8 NaCl, 4.69 KCl, 0.2 MgSO4, 0.37 KH2PO4, 2.04 CaCl2, 0.33 Na-pyruvate, 21.4 lactic 

acid, 2.78 glucose, 21 HEPES, and 25 NaHCO3 adjusted to pH 7.3–7.4 with NaOH).  

Imaging 

All images except those of D. melanogaster were acquired using an inverted microscope (IX71; 

Olympus, Japan) equipped with a dark-field condenser and a piezo (P-725.xDD PIFOC; Physik 

Instrumente, Germany) to adjust the axial position of the objective. For MFI, the multi-channel 

imaging device (QV-2, Photometrics, USA) was installed in front of a high-speed camera (PCO 

Dimax, Germany). Different objectives were used: 20x (UPLFLN, NA 0.5; Olympus, Japan), 

10x (UPlanSapo, NA 0.4; Olympus, Japan), 4x (UPlanFLN, NA 0.13; Olympus, Japan). The 

total magnification could be increased with an additional 1.6x magnification lens. Human 

sperm, Amoeba proteus, and Hydra vulgaris were investigated in a custom-made observation 

chamber of 150 µm depth 29. Images of D. melanogaster were recorded with a stereomicroscope 

(SZX12; Olympus, Japan), equipped with a DF PLAPO 1X PF lens (NA 0.11; Olympus, Japan). 

Characteristics of the multifocal adapter 

The multi-channel imaging device QV-2 (Photometrics, USA) was used to split the light 

coming from the microscope into four light paths (Supplementary Fig. 1a). The light within 

each optical path was projected to a different location on the camera chip. The focal length of 

each optical path was varied by an additional lens located at the position designed for holding 

filters in the QV-2. For measurements, a set of lenses with the following focal lengths was used 

(in mm): f1 = ∞ (no lens), f2 = 1,000, f3 = 750, and f4 = 500 (Supplementary Fig. 1a).  
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Calculation of the Abbe resolution limit 

The Abbe limit was calculated as 
pixel

z

en
r

NA NA M

 
  

 
, where 𝜆 is the wavelength, n is the 

refractive index, NA is the numerical aperture of the objective, epixel is the lateral pixel size, and 

M is the magnification of the objective. 

Intensity normalization across planes 

Local differences of image intensity in the four focal planes (Supplementary Fig. 3a) were 

measured by recording an image without a specimen and generating an intensity heat-map 

(Supplementary Fig. 3b). For normalization, pixel intensity was divided by the respective 

fractional intensity value in the heat-map (Supplementary Fig. 3c).  

Alignment of plane images 

The four focal planes were aligned at each time step using the ImageJ plugin Multi-Stack Reg. 

46. An alignment matrix was determined from the first time point and applied to all subsequent 

frames. 

For the images of freely-swimming human sperm, an image of a calibration grid was recorded 

(Supplementary Fig. 4a) and processed in ImageJ by image segmentation (threshold algorithm 

Li 47, Supplementary Fig. 4b), skeletonization 48 (Supplementary Fig. 4c), and alignment (Multi-

Stack Reg 46; Supplementary Fig. 4d). The output alignment matrix was used for plane 

alignment. 

Determination of the inter-plane distances 

To determine the inter-plane distances, a series of multifocal images of a calibration grid at 

different positions set by a piezo was acquired. For each of the four planes it was determined 

the piezo position at which a reference grid was in focus. The focus position was defined as the 

position at which the grid image featured the highest standard deviation of pixel intensity 49. 
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From the differences in focus position between neighboring planes, the inter-plane distances 

were determined. 

For low magnification (stereomicroscope, 4x), where the piezo range was insufficient for 

spanning all planes, the inter-plane distance was estimated manually by measuring the required 

focus displacement between two adjacent planes for sharp imaging of the specimen in each 

plane. 

Simulating images produced by the multifocal adapter 

Based on the inter-plane distances and the focal lengths of the lenses in the QV-2, we performed 

numerical calculations of images produced by the setup. The different imaging planes produced 

by the MFI setup were obtained with ray-optics calculations based on the thin-lens equation.  

Defocusing was simulated by convolving the point-spread-function (PSF) with the sharpest 

image that we acquired of the calibration grid. We assumed a Gaussian PSF with transverse 

intensity distribution:  

𝐼𝐺(𝑟, 𝑧) =
𝑤0

𝑤(𝑧)
𝑒
−

𝑟2

𝑤(𝑧)2. 

In the previous equation, 𝑤(𝑧) = 𝑤0√1 + (
𝑧

𝑧𝑅
)
2

 is the evolution of the Gaussian beam width 

with the propagation distance 𝑧, 𝑧𝑅 =
𝜋𝑤0

2

𝜆
 is the Rayleigh range, 𝑤0 is the Gaussian beam width 

at the focal plane, and 𝜆 is the wavelength. 𝑤0 is given by the optical resolution provided by 

the experimental set-up (Abbe limit, about 2.1 µm). Based on the resolution, the inter-plane 

distances, and the Rayleigh range 𝑧𝑅, we calculated the Gaussian beam width 𝑤(𝑧) and PSF at 

every 𝑧 and for each plane. 
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Extended depth-of-field (EDOF) 

Multifocal images were processed into extended depth-of-field (EDOF) images using the 

complex wavelet mode 21 of the ImageJ plugin “extended depth-of-field” by “Biomedical 

Imaging Group”, EPFL, Lausanne. We created a customized version of this ImageJ plugin to 

enable automated processing of time series of image stacks. 

Flow of latex beads in aqueous solution around a human sperm cell 

Sperm were suspended in an HTF solution containing 100 µg/ml HSA (Ref. 9988, Irvine 

Scientific, USA) and 40 µg/ml carboxylate-modified latex beads of 0.5 µm diameter (C37481, 

Lot # 1841924, Thermo Fisher Scientific Inc., USA), and inserted into the custom-made 

observation chamber. Images were recorded with the 20x objective (NA 0.5) and the additional 

1.6x magnification lens at 500 fps. 

For each time-point, a maximum-intensity-projection across the four planes was generated. 

Next, to remove non-moving beads from the image, a time-average projection was subtracted 

from all time-points. To determine bead positions in x, y, and time, the thereby created 

subtracted maximum-intensity-projection time series was subjected to the FIJI plugin 

“TrackMate” 50 (settings: LoG detector, estimated blob diameter of 10 pixel, threshold of 50, 

sub-pixel localization). 

Each bead’s z-position was analyzed using a java-based custom-written ImageJ plugin using 

the “TrackMate”-derived xy and time coordinates as a template.  

For each of the focal planes, all pixels within a radius of 10 px (about 3.4 µm) were subjected 

to an unconstraint 2D radial fit to retrieve the radius. The fit was developed as follows. 

For a circle of radius R centered at C = (C0,C1), the circle equation 2 2 2

0 1( ) ( )x C y C R     

can be rewritten as 2 2

0 1 2(2 ) (2 )x C y C C x y    , where 2 2 2

2 0 1C R C C   . With the 
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coordinates of the pixel given, we can fit the transformed circle equation linearly to calculate 

the parameters C0, C1, and C2. The linear fit is constructed into the matrix form Ac = B, where

1 1

n n

1

1

x y

x y

 
 

  
 
 

A W ,

2 2

1 1

2 2

n n

x y

x y

 
 

  
  

B W , and 

 

 n

2

1 1

2

n

,

,

I x y

I x y

 
 

  
 
 

W  is the weight 

matrix defined by the square of the pixel intensity. 

0

1

2

C

c C

C

 
 

  
 
 

 is the approximate solution of this 

over-determined equation, which can be calculated with least-squares principle. Finally, the 

circle radius R can be determined using the equation: 2 2

0 1 2C CR C  . 

If the quality of the fit r2 > 0.8, the radius was used to infer the z-position. If, for a bead, the fit 

to the radial profile did not match the criterion in more than two planes, the bead was excluded 

from analysis and no z-position was determined. The z-position was determined for each 

remaining bead as follows. In each focal plane, a difference function of the determined bead 

radius and the plane’s calibrated relationship between bead radius and z-position was 

determined. Each difference function shows two minima, which represent the two most 

probable z-positions (one located above and another below the focal plane). Finally, the position 

of the bead was unequivocally determined from the multiple measures of the z-positions across 

different planes: the combination of z-positions from the different planes with the lowest 

standard deviation was averaged into the final bead’s z-position. 

Images of immobilized beads at different heights set by a piezo-driven objective were used for 

calibration of z-positions. Radius profiles across z of seven different beads were aligned by 

minimizing the least-mean-square between all the planes. Finally, aligned profiles were 

averaged and smoothed. 
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Individual bead coordinates on each frame were connected to form tracks using custom-made 

software written in MATLAB. The software searched for the nearest particle across frames 

within a distance of less than 1.5 µm.  

For characterizing Brownian motion, the normalized histogram of bead displacement along 

each dimension d (d = x, y, or z) of space was fitted to the characteristic probability density 

function of diffusive particles 51: 

    

2 /41
( , )

4

d DtP d t e
Dt


   

Reconstruction of the flagellar beat 

To reconstruct the flagellar beat, we developed a fully-automated ImageJ plugin written in Java 

(SpermQ-MF). This plugin was based on SpermQ, a preexisting plugin for 2D analysis of 

flagellar beating 29. The sharpest (highest standard deviation of pixel intensity) of the four plane 

images was subjected to the standard SpermQ workflow to reconstruct the flagellum in 2D. 

Next, the z-position of each point was determined using two methods based on the flagellar 

width or the pixel intensity.  

For the method based on the width, a Gaussian curve was fitted to the image intensity in the 

direction normal to the flagellum at that particular point. The width of the resulting Gaussian 

was then converted into two z-positions (one located above and another below the focal plane) 

using the calibrated relationship between the flagellar width, the position on the flagellum, and 

the z-distance to the respective plane. Finally, the position of the flagellar point was 

unequivocally determined from the multiple measures of the z-positions across different planes. 

For the z-localization method based on the changes of pixel intensity, we determined the 

intensity value of a given flagellar point in each plane by linear interpolation from the four 

surrounding pixels weighted by their distance to the given point. Next, each intensity value, 
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together with the focal position of the corresponding plane, formed a point in a coordinate 

system of focal position and intensity. A Gaussian curve was fitted to the resulting four points, 

whose center referred to the z-position. All determined z-positions were averaged and smoothed 

along the arc length as described 29. Finally, z-positions were calibrated using recordings of 

non-motile sperm at different heights set by a piezo-driven objective. Calibrations from all 

different analyzed sperm (n = 12 sperm from five different donors) were averaged and smoothed 

by a 6x6 kernel median-filter. 

Code and software availability 

The developed ImageJ plugins along with the source code will be made accessible on GitHub 

upon publication. 

Software 

Image processing and analysis were performed in ImageJ (v1.52i, National Institutes of Health, 

Bethesda, MN, USA) and MATLAB 2018b (Mathworks). Calculations were performed in 

MATLAB 2018b (Mathworks), Rstudio (version 1.2.5019), and R (version 3.6.1). Plots and 

figures were generated using GraphPad Prism (Version 6.07, GraphPad Software, Inc., La Jolla, 

CA, USA), OriginPro (Version 9.0.0G, OriginLab Corporation, Northampton, USA), 

MATLAB 2018b (Mathworks), and Adobe Illustrator CS5 (Adobe Systems, Inc., v15.0.0, San 

Jose, CA, USA). The Java-based software was developed and compiled using Eclipse Mars.2 

(Release 4.5.2, IDE for Java Developers, Eclipse Foundation, Inc., Ottawa, Ontario, Canada) 

and using parts of the source code of SpermQ (v0.1.7, 29).  
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Figures  

 

Figure 1 | Multifocal imaging enables high-speed, extended depth-of-field visualization. 

(a) Multifocal images, acquired with the MFI system at various scales, demonstrate that MFI 
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can be used to simultaneously image fast-moving objects at different depths. Left to right: 

grooming Drosophila melanogaster (1x; scale bar 1 mm), foraging Hydra vulgaris (4x; scale 

bar 200 µm), crawling Amoeba proteus (10x; scale bar 100 µm), and swimming human sperm 

cell (32x; scale bar 20 µm). (b) Extended depth-of-field (EDOF) images produced from 

multifocal images shown in (a). (c) Max-variance maps showing for specific pixel positions the 

planes (color-coded) wherein the specimen appeared most sharp (sharpness determined as pixel 

variance), revealing a coarse feature localization of the object in z. 
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Figure 2 | Localizing latex beads in z using four focal planes. 

(a-c) Characterizing the relationship between the image and the z-position of a latex bead 

(diameter 500 nm) in the MFI setup. (a) Bead radius determined by a 2D radial fit as a function 

of z-position; mean of seven beads (left). MF images of a latex bead at an exemplary z-position 

(right). (b) Maximum intensity of the bead image as a function of the bead’s z-position in the 

four focal planes. (c) Difference between the measured bead radius and the calibrated 

relationship between bead radius and z-position (from panel (a)) reveals possible bead z-

positions as minima (arrows). The overlay of the difference functions from two planes 

determines the bead’s z-position unequivocally. (d) z-position of a non-moving bead inferred 

from MF images based on the calibrated relationship between bead radius and z-position during 

modulation of the objective z-position with a piezo (step size: 0.1 µm). A linear curve with a 

unity slope was fit to the data. Inset: Standard deviation (SD) of the residuals of linear curve 

fits with unity slope to the inferred z-positions during modulation of the objective z-position; 
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Mean ± standard deviation of n = 7 beads from two experiments. (e) Representative 3D 

trajectory of a freely diffusing latex bead, displaying a characteristic Brownian motion. The z-

position of the bead was inferred by multifocal image analysis. (f) Characterization of the bead 

trajectory shown in (e), demonstrating that the displacement of the bead is normally distributed 

in x, y, and z. 
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Figure 3 | Reconstructing flagellar z-positions using four focal planes.  

(a-b) Characterizing the relationship between image and z-position of human sperm flagella in 

the MFI setup. (a) Flagellar width (color-coded), determined by a Gaussian curve fit on a 

normal to the flagellum, as a function of the flagellar position (arc length) and the z-distance to 

the respective plane (mean image of n = 12 sperm from five different donors). (b) Maximum 

intensity (color-coded) of the flagellum as a function of the flagellar position (arc length) and 

the z-position relative to the four planes. (c) z-position (color-coded) along the flagellum (arc 

length) of an immotile human sperm cell inferred from MF images based on the calibrated 

relationship between the flagellar width, position on the flagellum and z-distance to the 

respective plane during modulation of the objective z-position with a piezo (steps 0.1 µm; left). 

Colored ticks on the arc-length axis mark flagellar positions that are further analyzed by a linear 
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curve fit (right), revealing a linear relationship between the objective z-position and the z-

position determined by MF image analysis (m: slope). (d) Standard deviation (SD) of the 

residuals of linear curve fits to data as exemplified in (c). Mean ± standard deviation of n = 3 

sperm of different donors. Red line indicates the Abbe resolution limit in z (𝑟𝑧) calculated for 

the respective objective. 
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Figure 4 | 3D reconstruction of flagella from a swimming human sperm cell. (a) 3D 

visualization of the four planes (depicted in different colors) acquired by MFI and the flagellum 

reconstructed using SpermQ-MF and the calibrated relationship between flagellar width, 

position along the flagellum, and z-distance to the respective plane (Fig. 3a). Overlay of three 

exemplary time-points. Flagella indicated in blue. Positions of sperm heads indicated as yellow 

spheres. Arrows indicate 20 µm. (b) Kymographic representation of flagellar 3D coordinates 

(color-coded) in a reference system defined by the head-midpiece axis (see sketch on top). For 

better visualization, only the first second was plotted (reconstructed time span: 2.2 s). 

(c) 3D visualization of one beat cycle (time is color-coded). Arrows indicate 10 µm. Shadow 

indicates a projection of the flagellar beat to the xy-plane. 
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Figure 5 | 3D tracking of latex beads around a sperm cell. (a) Exemplary 3D trajectories of 

latex beads flowing around a human sperm cell tethered to the cover glass at the head. 

Trajectories were reconstructed from MF images using the ImageJ plugin “TrackMate” for xy-

tracking and by inferring bead z-positions based on the calibrated relationship between bead 

radius and z-position (Fig. 2a). Each trajectory depicted in a different colour. Arrows indicate 

10 µm. (b) Bead trajectories (color-coded by time) projected onto a plane image from the MF 

images showing the sperm cell (intensity inverted for better visualization). Black arrows mark 

trajectories shown in (c), (d), and (e). Coloured arrows indicate 20 µm. (c) Trajectory of a bead 

that is remote from the flagellum-driven fluid flow. (d) Trajectory of a bead that is attracted to 

the sperm cell. (e) Trajectory of a bead that is moving away from the flagellum. Close to the 

sperm flagellum (panel d: at times around 16 s; panel e: at times around 0 s), the beads displays 
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a 3D spiralling motion; far away from the sperm cell the beads show Brownian-like motion 

(panel c; panel d: at times around 16 s; panel e: at times around 0 s). 
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