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Understanding human fertility requires dynamic and three-dimensional (3D) analysis of sperm
movement, which extends beyond the capabilities of traditional datasets focused primarily on
two-dimensional sperm motility or static morphological characteristics. To address this limitation,

we introduce the 3D+t Multifocal Imaging Dataset of Human Sperm (3D-SpermVid), a repository
comprising 121 multifocal video-microscopy hyperstacks of freely swimming sperm cells, incubated
under non-capacitating conditions (NCC) and capacitating conditions (CC). This collection enables
detailed observation and analysis of 3D sperm flagellar motility patterns over time, offering novel
insights into the capacitation process and its implications for fertility. Data were captured using a
multifocal imaging (MFI) system based on an optical microscope equipped with a piezoelectric device
that adjusts focus at various heights, recording sperm movement in a volumetric space. By making
this data publicly available, we aim to enable applications in deep learning and pattern recognition to
uncover hidden flagellar motility patterns, fostering significant advancements in understanding 3D
sperm morphology and dynamics, and developing new diagnostic tools for assessing male fertility, as
well as assisting in the self-organizaton mechanisms driving spontaneous motility and navigation in 3D.

Background & Summary

Human spermatozoa are highly specialized cells with the single purpose of reaching and fertilizing the oocyte.
Their ability to navigate the intricate 3D space of the female reproductive tract is critical to this task. Traditional
studies often employ two-dimensional or simplified models to describe sperm motility, which, while useful for
foundational insights, may not fully capture the rapid, irregular, and complex three-dimensional movements of
both the head and flagellum'. Hence a realistic analysis of sperm swimming behavior must take into account
both its movement in 3D and its changes over time.

A fundamental aspect of analyzing sperm motility is the quantitative description of movement patterns and
the identification of different motility types* . Capacitation, a pivotal biological process, marks the sperm’s final
maturation steps, preparing it for potential fertilization. Approximately 10-20% of human sperm incubated
under capacitating conditions exhibit hyperactivation, characterized by complex and asymmetrical flagellar
beating’. Identifying hyperactivated sperm can be challenging, as their motility patterns are inherently irregular
and dynamic. However, this motility pattern is essential for fertilization. Therefore, providing image sequences
that accurately capture the 3D motility patterns of human sperm in NCC and CC contributes to the develop-
ment of models to identify hyperactivated sperm, which is crucial to improve fertility assessments>.

Recent advances in sperm analysis have been significantly supported by the development and availability
of various image datasets, each offering unique insights into sperm morphology and motility®’. These datasets
range from high-resolution images categorizing sperm based on structural characteristics to sophisticated video
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recordings that capture the dynamic nature of sperm movement. Sperm morphology analysis has been signif-
icantly enhanced by a collection of datasets emphasizing 2D structural characteristics. The HSMA-DS dataset
by Ghasemian et al.® and its derivative, the MHSMA dataset?, collectively offer nearly 3,000 images, classifying
sperm based on various abnormalities in the head and tail and providing a robust basis for automated morpho-
logical analysis. Complementarily, the HuSHEM and SCIAN-MorphoSpermGS datasets delve into the mor-
phology of the sperm head, flagellum, vacuole and acrosome as means of classification®!. The SMIDS dataset
further broadens the scope with 3,000 images aimed at improving feature detection''. Additionally, McCallum et
al*2 contribute to this field with a dataset of 1,064 bright-field images, exploring the correlation between sperm
morphology and genetic integrity. Together, these datasets offer a comprehensive view of sperm morphology
through static images, laying the groundwork for advanced morphological studies despite their limited ability
to capture the dynamic movement of sperm, which is fundamental in the cell’s capacity to reach and fertilize
the egg.

CASA systems have been the gold standard method in assessing 2D sperm motility'®. These systems allow
tracking the heads of a sample of sperm swimming in a volume with a restricted height during short time inter-
vals and obtaining features describing its motility parameters. More recent methods have enabled the detection
of not only the head movement, but also the 2D flagellar dynamics, which are the source of the sperm motility
and as such can provide a deeper understanding of the sperm’s behavior. In this direction, the VISEM-Tracking
dataset by Thambawita et al.'* introduces 20 video recordings of freely-swimming human sperm, coupled with
manually annotated head bounding-box coordinates, providing a detailed view of sperm movement in 2D.
Saggiorato ef al.’, collected a 2D+t centerline dataset, which was useful to identify flagellar beating frequencies
related to the propulsion and steering of sperm, albeit within the constraints of two-dimensional analysis.

A 3D+t analysis can provide more accurate observations of sperm motility, however collecting and analyz-
ing such data is a challenging task. Venturing into this realm, Bukatin et al.'* used darkfield microscopy with
a Rayleigh-Sommerfeld approximation -which estimates the z-coordinate from the defocusing- to capture the
3D coordinates of the sperm flagellum. Dardikman-Yoffe et al.!® leveraged off-axis holographic microscopy to
capture 3D human sperm movements. Subsequently, Gong et al.'” utilized digital inline holographic microscopy,
achieving a capture rate of 1,000 fps to observe 14 human sperm samples. Notably, imaging techniques for 3D+t
sperm acquisition involve complex methods for deriving 3D data from a 2D image. 3D+t datasets often contain
the flagellum coordinates, but not the raw video data. This approach, while innovative, limits the potential for
comprehensive analysis that could benefit from accessing the original high-resolution, temporal sequences.

To facilitate the 3D analysis of human sperm dynamics, we generated the 3D+t Multifocal Imaging Dataset
of Human Sperm (3D-SpermVid)'#-?°, which contains 121 multifocal video-microscopy hyperstacks, each
recorded over 1-3.5 seconds. This dataset includes sperm incubated under NCC and CC conditions, enabling
the study of motility under these experimental condition.

As the first publicly available collection of 3D+t raw multifocal videomicroscopy acquisitions of sperm
dynamics, the 3D-SpermVid dataset surpasses prior datasets that focus on static morphology or limited kinetic
analysis by enabling detailed observation of movement in three dimensions over time!8-%.

The dataset is particularly well-suited for applications such as:

o Studies of 3D sperm motility>*°, and flagellar beating and molecular motor self-organization,

« Development and testing of image analysis algorithms,

o Research in reproductive health diagnostics,

o Machine learning tasks, including training convolutional neural networks to analyze multidimensional imag-
ing data.

» Next generation of CASA systems,

o Model fitting with experiments, and data driven modeling, and

o Assupport for a variety of cell biology and biophysics applications.

This dataset provides a valuable resource for exploring sperm dynamics under varying conditions and sup-
ports diverse computational and biological research. By identifying 3D motility patterns in NCC and CC, the
3D-SpermVid dataset has the potential to advance diagnostic tools and treatments, significantly impacting sci-
entific and clinical fields.

Methods
Consent & ethical approval. Sperm samples were obtained from young healthy donors by masturbation.
The donors were carefully informed and gave their written consent under the supervision and approval (approval
number 469) of the Bioethics Committee of the Instituto de Biotecnologia, UNAM. The informed consent form
explicitly states that donors agree to disclose their data, while ensuring their identity remains anonymous.

The cells used in the study were selected from semen samples that met the World Health Organization
(WHO) standards®'.

Sperm preparations. As an experimental control, 49 samples were placed in non-capacitating media, and
72 in capacitating media to enable their hyperactivated motility since only capacitated sperm cells can show signs
of hyperactivated motility. Highly motile cells were recovered from semen samples through a swim-up separation
after incubation for 1 hour in HTF medium at 37 °C in a humidified chamber with 5% CO, concentration. Once
recovered, cells were centrifuged for 5 minutes at 3000 rpm.

For the non-capacitated condition, the samples were resuspended in physiological media consisting of 94
mM NaCl, 4 mM KCl, 2 mM CacCl,, 1 mM MgCl,, 1 mM Na pyruvate, 5 mM glucose, 30 mM HEPES, and 10
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Fig. 1 Experimental device block diagram. The experimental device is comprised of an inverted microscope
with a piezoelectric device that allows the vertical oscillation of the objective, guided by a wave generator,
controlled by piezoelectric device controller, while a camera records images. An A/D converter controls the
camera and digitizes the piezo and camera signals to record the z-position of the objective every time a picture
was taken?>%.

mM lactate at pH 7.4. For the capacitated condition, 5 mg/ml of Bovine Serum Albumin and 2 mg/ml NaHCO,
was added to the non-capacitating media.

From each semen sample, 500 microliters with a concentration of 10> cells per milliliter were placed in an
imaging chamber, and then individual cells were manually focused and selected for recording using the platen’s
knobs. The temperature of the samples was maintained at 37 ‘C with a thermal controller (Warner Instruments,
TCM/CL100).

Experimental setup and multifocal hyperstack acquisition. The image sequences were obtained
using an updated version of the MFI setup reported in*?, illustrated in Fig. 1. The acquisition was performed
using an inverted Olympus IX71 microscope placed on an optical table [TMC (GMP SA, Switzerland)]. A 60X
water immersion objective with N.A. = 1.00 (Olympus UIS2 LUMPLFLN 60X W) was attached to a piezoelectric
device P-725 (Physik Instruments, MA, USA) mounted on the microscope. This device allows the objective to dis-
place along the z-axis while a high-speed camera records images of the sample. The piezoelectric device, together
with the objective, oscillated at a frequency of 90 Hz and an amplitude of 20 ym. A servo-controller E501 via a
high-current amplifier E-55 (Physik Instruments, MA, USA) was used to fine-tune the piezoelectric oscillations.
A MEMRECAM Q1v high-speed camera (NAC, U.S.A.) with 8 GB internal storage was set to record at 5000-8000
fps with a resolution of 640 x 480 pixels. At this speed and resolution, the camera was able to record up to 5.5-3.5
seconds respectively.

A NI USB-6211 digital/analog converter (National Instruments, USA) was used to digitize the camera
and piezoelectric device signals, making it straightforward to determine the height at which each image was
recorded, since the camera signal indicates when each picture was taken and the piezoelectric signal is directly
proportional to the piezo-objective height. A custom-developed software application was written in C# to man-
age the acquisition, configuring and synchronizing the camera and piezoelectric device. After an experiment is
triggered, this software produces a single text file with the height of each image.

Image sequences recorded while the piezoelectric device moved upwards were arranged into TIF image
stacks. Image sequences recorded while the piezoelectric device was going downwards were discarded due to the
hysteresis in the movement, to keep consistency in the focal planes. Each stack is made from image sequences
of a sperm cell taken at different focal planes spanning a depth of 20 um. This depth constitutes the z-axis, while
the XY plane is given by the standard microscope acquisition, as shown in Fig. 2. The scale between microns
and pixels is 1 px = 118/640 um = 0.184375 um. Thus, a TIF stack is the 3D image sequences representation of
a given sperm at a given time. The xyz TIF stacks are concatenated into a 4D (3D + t) TIF hyperstack. This con-
figuration facilitates exploring the recorded volume in both space and time, as well as the application of image
filters and computations along these axes using suitable image processing software, such as ImageJ*. Using these
hyperstacks the spatio-temporal motility patterns can be analyzed for the different cells considered over both
experimental conditions: NCC and CC.

Data Records

The 3D-SpermVid dataset is divided into 12 repositories available at Zenodo'®-%, as shown in Table 1. This
dataset comprises 121 high-speed, three-dimensional image sequences (3D+t TIF hyperstacks) of freely swim-
ming sperm cells, with a total size of 272 GB. Each hyperstack consists of images with a resolution of 640 x 480
pixels. The hyperstacks consist of 29 to 45 focal planes (for 5000-8000 fps respectively), covering a total depth of
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Fig. 2 Spatio-temporal acquisition of 3D+t TIF stacks in Sperm Motility Analysis. The objective oscillates

at a 90 Hz frequency and 20 ym amplitude, driven by a piezoelectric device. A 3D TIF stack consists of the
images recorded as the piezoelectric device moves from the bottom to the top. Image sequences recorded while
the piezoelectric device was going downwards were discarded due to the hysteresis in the movement, to keep
consistency in the focal planes. The x, y, and z axes indicate the spatial orientation of the image stacks. Each
individual stack contributes to the formation of a 3D+t TIF hyperstack over the elapsed time, providing a
detailed three-dimensional view of sperm motility patterns crucial for understanding capacitation dynamics.

DOI Number of cells Date Type
https://doi.org/10.5281/zenodo.11222052'¢ 17 2021-07-30 NCC
https://doi.org/10.5281/zenodo.11200343" 17 2021-07-04 NCC
https://doi.org/10.5281/zenodo.10944023% 15 2021-07-02 NCC
https://doi.org/10.5281/zenodo.11264343* 8 2019-03-26 CC
https://doi.org/10.5281/zenodo.11254480% | 4 2018-10-31 CC
https://doi.org/10.5281/zenodo.11248030% 11 2018-10-30 CcC
https://doi.org/10.5281/zenodo.11244698% 11 2018-10-26 CC
https://doi.org/10.5281/zenodo.11238481% 6 2017-11-08 CcC
https://doi.org/10.5281/zenodo.11238630% 8 2017-08-15 CC
https://doi.org/10.5281/zenodo.11237174% | 4 2017-06-07 CcC
https://doi.org/10.5281/zenodo.11238009% 7 2017-06-02 CcC
https://doi.org/10.5281/zenodo.11224072% 13 2017-06-01 CC

Table 1. Summary of the 3D-SpermVid dataset's~%°.

20 £ 2 pm. This slight variation arises from inertia during the piezoelectric device’s movement. The average gap
between adjacent focal planes is 0.69-0.45 yum for 5000-8000 fps respectively. Each experiment lasted between
1 and 3.5 seconds, corresponding to 90-315 time frames. The dataset includes both NCC and CC sperm cells,
providing a comprehensive resource for studying sperm motility and the capacitation process.

It is important to point out that cells incubated in CC do not necessarily capacitate, though, only around
10-20% hyperactivate®>*. This dataset contains raw data based solely on incubation conditions, without any
pre-classified cells. Further classification procedures are necessary to establish this distinction with certainty.
The 3D-SpermVid dataset serves as a valuable resource of 3D data, enabling the testing and validation of various
classification algorithms for hyperactivated sperm, such as the one described in Herndndez et al.>.

The NCC dataset includes 49 recorded cells'®-%°, while the CC dataset has 722!-%, as sperm incubated in CC
exhibit broader behavioral dynamics. As mentioned, since only a minor group of cells incubated in capacitating
media become truly hyperactivated (i.e., fully capacitated)>>*, we believe it is crucial to include a larger number
of these cells. In contrast, cells incubated in non-capacitating media serve as controls exhibiting lower variability.

Dataset Folder Structure. The 3D-SpermVid dataset is comprised of 121 cell recordings, 49 belonging to
the NCC sperm, and 72 belonging to the CC sperm!®-?°. Due to the large volume of data, the dataset has been
divided into 12 repositories, each corresponding to a date of acquisition where sperm were either incubated in
NCC or CC (see Table 1). Each repository contains between 4 and 17 TIF hyperstacks, along with an acquisition
metadata file TXT and a CSV file recording the height of each image. Each row in the CSV file corresponds to the
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Fig. 3 Sample montage of a 3D+t hyperstack. The hyperstack features 45 focal planes at 90 frames per second;
this montage displays sperm dynamics across five selected focal planes (at heights of approximately 0, 5, 10,

15, and 20 pum) over a 3-second span. Note that the flagellar beat is non-planar, with the flagellum frequently
appearing in focal planes above or below the sperm head. The visualization emphasizes the spatial and temporal
range of the dataset.

height of an image in the hyperstack, and each column represents the height values at a specific time point. The
files for each experiment are titled respectively as follows:

o Sperm-(CELLNUMBER)-(NCC/CC)_(DATE)_Exp(NUMBER).tif
«  Sperm-(CELLNUMBER)-(NCC/CC)_(DATE)Exp(NUMBER)_info.txt
o z-axis-values-(DATE)-Exp(NUMBER).csv

For example, the files for one of the experiments in the 2021/07/30 dataset!® are titled:

o Sperm-1-NoCap_210730_ExpA4.tif
o Sperm-1-NoCap_210730_Exp4_info.txt
o z-axis-values-210730-Exp4.csv

Note that in the filenames, “NoCap” corresponds to NCC, and “Cap” corresponds CC.

Figure 3 presents a montage of selected focal planes and time points from a 3D+t hyperstack of a
non-capacitated sperm cell. This figure highlights the structure and complexity of the recorded data, offering a
visual representation of sperm motility captured in the dataset.

The size and detail of the three-dimensional video-microscopy hyperstacks in the 3D-SpermVid dataset!$-?
makes it a unique source of human sperm information. Moreover, the added stacks and hyperstacks allow novel
qualitative explorations that could become the start of new sperm motility research. The 3D-SpermVid data-
set!8-2 enables: analysis of NCC sperm swimming oriented to characterize basal spermatozoa three-dimensional
movement; examination of CC spermatozoa to identify their spatiodynamical characteristics and the distribu-
tion of swimming characteristics among cells of the sample.

These 3D acquisitions have allowed us to explore the 3D flagellar beat of activated and hyperactivated human
sperm, as well as analyzing cell rotation along the axis of movement***3>3*, We believe that making the data
publicly accessible will facilitate the exploration of the 3D motion patterns of human sperm.

In summary, the 3D-SpermVid dataset!®-* provides a comprehensive dataset for studying sperm motility in
3D over time, offering valuable insight into the dynamical behaviors of sperm cells under two physiologically
important experimental conditions. The dataset is well organized, with detailed metadata accompanying each
hyperstack, ensuring that it is accessible and useful for a wide range of research applications in fertility and
reproductive health.
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Technical Validation
All hyperstacks were manually curated to ensure that each focal plane was reconstructed accurately. This process
began with a careful inspection of the raw image sequences to confirm that no artifacts or inconsistencies were
present that might affect the quality of the reconstructed 3D+t hyperstacks. Next, a visual check was conducted
to ensure that the focus of each image matched the focus at the same height in the subsequent frame, verifying
the synchronization between the piezoelectric device and the camera. If the signals were found to be out of
phase, this was corrected by skipping images (usually only one was enough) to ensure precise synchronization.
Furthermore, the force of the fast vibration of the piezoelectric device can introduce some movement in the
XY plane. This drift was corrected using Image]J’s StackReg plugin®, ensuring alignment. In addition to manual
curation and visual validation, we performed quantitative checks on the metadata to ensure that all acquisition
parameters were correctly recorded and consistent with the experimental setup. This included verifying the
heights at which images were captured and confirming the frame rates and resolutions used during acquisition.
This data descriptor is linked to Version 1 (V1) of the datasets'®-?°, which have undergone peer review along-
side the manuscript. The DOIs cited in the text refer exclusively to V1. Any future updates to the data will be
released as a separate version with a new DOI. Since these subsequent versions will not undergo the same peer
review process, they will not be covered by this data descriptor. However, we remain committed to ensuring the
accuracy and reliability of any new data through rigorous validation. Users are encouraged to provide feedback
if any issues are identified, and we will address them promptly to uphold the highest quality standards. This rig-
orous validation supports the dataset’s use in a wide range of research applications, from basic biological studies,
to mathematics and biophysics and clinical diagnostics in reproductive health.

Usage Notes
The TIF hyperstacks in the dataset are 4D images (t,z,y;x). To be able to observe and process each dimension
of the TIF file we recommend installing Image]J (v1.54p)*®, a widely-used open-source tool for image analysis.
After downloading a TIF file from the 3D-SpermVid repositories'®-*, one can drag and drop it on the Image]
GUI to load it with the stack Viewer, which allows scrolling along the z and t dimensions of the TIF file, as
shown in the guide: https://imagej.net/ij/docs/guide/146-8.html. Tools are available to manage and process the
stack in the “Image > Stacks” and “Image > Hyperstacks” menu, and they are described thoroughly in the
documentation®.

For more customizable processing workflows, including training and testing neural networks, Python’s
scikit-image library can be used to load the hyperstack as a 4D array®.

Code availability

The code for constructing and processing the TIF hyperstacks is openly accessible in the following GitHub
repository: https://github.com/paul-hernandez-herrera/LIVC_UNAM/tree/main/matlab_code/Sperm_
tracing 3D_Release.
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