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M) Check for updates

Advances in sperm analysis: techniques,
discoveries and applications
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Abstract | Infertility affects one in six couples worldwide, and fertility continues to deteriorate
globally, partly owing to a decline in semen quality. Sperm analysis has a central role in diagnosing
and treating male factor infertility. Many emerging techniques, such as digital holography, super-
resolution microscopy and next-generation sequencing, have been developed that enable improved
analysis of sperm motility, morphology and genetics to help overcome limitations in accuracy and
consistency, and improve sperm selection for infertility treatment. These techniques have also
improved our understanding of fundamental sperm physiology by enabling discoveries in sperm
behaviour and molecular structures. Further progress in sperm analysis and integrating these
techniques into laboratories and clinics requires multidisciplinary collaboration, which will increase
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discovery and improve clinical outcomes.

Infertility affects 113 million people worldwide’, and
one in six couples need the help of assisted reproduc-
tion techniques (ARTs) to have a child® Fertility rate,
defined as the number of live births per couple, declined
globally by 53% between 1960 and 2017 (REFS™*). Male
factor infertility is present in ~40% of infertile couples’.
Mounting evidence suggests that fertility in men is
declining, and sperm counts decreased by ~50% over
the past 50 years globally**. Data from multiple centres
have supported this observation of a temporal decline
in sperm counts: one study from Scotland reported a
considerable decrease in sperm concentration from
75.0x10%/ml to 55.9x10%/ml between 1994 and 2005
(REF"), and a study from the USA found that sperm con-
centration among potential sperm donors decreased
from 112x10°/ml to 78x10°/ml between 2003 and 2013
(REFH). These changes are hypothesized to be caused by
lifestyle and environmental changes, such as smoking
and exposure to pollution®’.

Sperm analysis has a central role in the diagnosis
and treatment of male factor infertility. According to
the WHOQO'", classic sperm analysis includes the meas-
urement of semen volume, sperm concentration, the
percentage of motile sperm and the fraction of sperm
with normal morphology. Differences in sperm concen-
tration, motility and morphology are used to diagnose
men as fertile or subfertile''. Normal sperm motility and
morphology have been positively correlated with ferti-
lization and pregnancy rates'*"'*. Other clinical tests for
sperm analysis in common use are based on genetic
analysis, including the measurement of DNA damage
and chromosome aberration'>'°. Sperm DNA damage is

caused by a variety of factors, including advanced pater-
nal age (>40 years), oxidative stress, abortive apoptosis,
aberrant protamine expression, defects in chromatin
maturation and infection". Sperm chromosome aberra-
tions are caused by abnormal cell division'®. DNA dam-
age and chromosome aberrations lead to increased rates
of pregnancy loss, and high rates of sperm DNA damage
have been reported to reduce live birth rates following
in vitro fertilization (IVF) by ~50%""*".

A variety of treatments are available for men with
subfertility, among which ARTs including intrauterine
insemination (IUI), IVF and intracytoplasmic sperm
injection (ICSI)*' are most commonly used. In IUIL, a
portion of semen, processed using techniques such as
density gradient centrifugation, is inseminated into the
uterus through a catheter and in IVE processed sperm
are incubated with oocytes in a Petri dish*’. ICSI is per-
formed by injecting a single sperm chosen by an embryo-
logist into an oocyte with a sharp micropipette®. Since
the birth of the first child conceived using ART in 1978,
more than 8 million children have been born using ART
treatment”. In North America ~200,000 ART cycles are
performed yearly*, and in Europe >900,000 cycles
were performed in 2016 (REF*). However, infertility treat-
ment using ART raises concerns about bypassing the
natural selection of sperm in the female reproductive
tract, and that suboptimal sperm could be selected for
use in IVF or ICSI*. The traditional technologies used
for sperm sorting, such as density gradient centrifu-
gation and swim-up assay, cannot select sperm with
optimal DNA quality””. Using sperm with high DNA
fragmentation for infertility treatment can cause embryo
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Key points

e Technical advances have improved the accuracy, speed and efficiency in the analysis
of sperm motility, morphology and genetics.

* Advances in sperm analysis improve sperm selection for infertility treatment by
measuring sperm behaviour and biomarkers of fertility potential.

e Discoveries in sperm locomotion and behaviour improve understanding of sperm
motion and guidance within the female reproductive tract.

e Analyses of sperm structure and molecules such as CatSper channels and ubiquitin
increase understanding of sperm physiology and contribute to the identification
of biomarkers of fertility potential.

e Further progress in sperm analysis promises non-invasive testing for sperm selection,
increased efficiency and accuracy via automation and artificial intelligence, and
improved access to point-of-care assays.

arrest and pregnancy loss”’; thus, techniques such as
microfluidics® and hyaluronic acid binding” have been
used to mimic the geometry and microenvironment of
the female reproductive tract, and apoptotic markers®
have been used to differentiate sperm. Although the
sperm selected using these techniques demonstrated
lower DNA fragmentation than observed using tra-
ditional techniques, the value of these techniques for
improving ART success rates has not been validated™*'.
The sperm that are capable of successfully navigating the
female reproductive tract are the result of millions of
years of evolution®; thus, identifying the attributes
of these sperm can enable improved sperm analysis and
optimal sperm selection for ART.

Technologies for sperm analysis have remained
relatively unchanged, but a number of novel methods
have now been developed that aid evaluation of sperm
motility, morphology and genetics to improve diagnosis
and treatment of male factor infertility. New techniques
such as computer vision-based sperm tracking™ and dig-
ital holography*" have been developed to quantitatively
measure sperm motility. Traditional morphology meas-
urement relies on fixation and staining of sperm'’,
rendering the analysed sperm unusable for infertility
treatment. Non-invasive, high-magnification imaging™
has been developed and can aid in selecting sperm
with normal morphology. For sperm DNA damage
measurement, traditional methods, such as the sperm
chromatin structure assay (SCSA)", make the meas-
ured sperm unusable for treatment. To overcome this
limitation, non-invasive approaches, such as Raman
spectroscopy’®”, have been studied. Next-generation
sequencing (NGS) provides more accurate and compre-
hensive measurement than the commonly used fluores-
cence in situ hybridization (FISH) test for chromosomal
analysis*®”. Sperm isolation techniques also have an
important role in infertility treatment. For example,
microfluidic devices have been developed that mimic the
environment of the female reproductive tract to select
sperm with high fertilization potential**-**. Hyaluronic
acid, which surrounds an oocyte, has been used to phys-
iologically select sperm, and annexin V can effectively
identify apoptotic sperm and is used in magnetically
activated cell sorting for sperm selection®.

Advances in sperm analysis also have enabled new
discoveries about sperm behaviour and structure. Sperm
were found to swim along helices and chiral ribbons***

within a 3D space, and swim in slithering mode within
a confined space*. They also exhibit distinct behaviours
such as boundary following* and corner turning® in
microchannels, which improves our understanding of
sperm locomotion within the female reproductive tract.
To overcome the diffraction limit of light microscopy,
super-resolution microscopy has been used to reveal
sperm ultrastructures, such as proteins involved in
motion regulation* and the acrosome reaction®. Using
immunostaining and mass spectrometry, biomark-
ers have been identified such as ubiquitin®, TEX101
(REF°") and HspA2 (REF*?) that indicate sperm abnor-
mality, obstructive azoospermia and sperm maturation,
respectively.

Newly developed techniques improve spatial and
temporal resolution for sperm analysis. They have
the potential to predict fertility outcomes and enable
standardized selection of optimal sperm for use in ART.
These techniques also enable discoveries that improve
our understanding of sperm locomotion and physio-
logical processes to achieve fertilization. In this Review,
we discuss technical advances for sperm analysis and
provide comprehensive summaries of clinical appli-
cations and discoveries enabled by these techniques.
Challenges and opportunities to realize high-throughput,
non-invasive and high-precision sperm analysis are also
discussed.

Clinical application of sperm analysis

Tools for sperm analysis are valuable in the diagnosis
and treatment of male factor infertility. Sperm motil-
ity, morphology and genetics are important measures
of infertility evaluation, and technological advances
improve accuracy, efficiency and reduce invasiveness
(TABLE 1). Regarding sperm motility, the percentage of
motile sperm, straight line velocity and straightness
are significantly negatively associated (P < 0.05) with
time to pregnancy, and increased time to pregnancy
indicates a reduction in fecundity®. Normal sperm
morphology is an important predictor of probability
of conception®*°, with the percentages of morpholog-
ically normal sperm significantly different (P = 0.0002)
between the group that obtained pregnancy (median
5.9%) and the group that did not (median 2.9%)*'. The
DNA fragmentation index is predictive of fertility in
couples undergoing IUI, and ICSI is recommended if
the DNA fragmentation index exceeds 30%°**". Novel
markers have the potential to predict ART outcomes
with increased accuracy. For example, the sperm epig-
enome provides a general view of cellular activity, and
abnormal epigenetic patterns such as defective DNA
methylation and altered microRNA have been associ-
ated with oligozoospermia (low sperm count)™ and poor
pregnancy outcomes™.

Analysis of sperm motility

Sperm locomotion is generated by the sperm flagellum®
(FIC. 1), and the flagellum movement is further driven
by the axoneme, which is located along the central line
of the flagellum. The axoneme consists of a central
pair of microtubules that are surrounded by nine pairs
of microtubule doublets and nine outer dense fibres,
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Table 1| Sperm analysis-enabled clinical applications

Application
Motility and morphology analysis

Sperm motility measurement

Sperm morphology measurement
Non-invasive morphology measurement
3D morphology measurement

Genetic analysis

DNA fragmentation measurement
Non-invasive DNA fragmentation
measurement

Chromosomal aberration measurement
Genome-wide chromosomal aberration
measurement

Telomere measurement

DNA methylation analysis

Histone modification analysis
RNA analysis

Sperm sorting and selection

Sperm selection by motility

Sperm selection by density

Sperm selection by normal morphology

Sperm sorting by racing motile sperm
inside microchannels

Using boundary-following behaviour to

select sperm with low DNA fragmentation

Sperm selection by using fluidic flow to
induce rheotaxis

Using chemical gradient to select sperm
with chemotactic behaviour

Hyaluronic acid as a physiological
selector of sperm

Annexin V used to separate apoptotic
sperm

Techniques

Traditionally performed by manual estimation; computer-aided
sperm tracking is more accurate and consistent

Traditionally performed using fixation and staining that destroys
sperm and changes sperm head dimension

DIC imaging to increase sperm contrast, image reconstruction
and processing for automated measurement

Interferometric phase microscopy by reconstructing a phase map
to reflect the actual optical thickness of a sperm

SCSA, TUNEL, SCD and comet assay are commonly used but
destroy sperm during measurement

Raman spectroscopy extracts DNA information from inelastic
light scattering by molecular vibrations

FISH uses DNA probes to identify chromosome abnormalities, but
can only measure a few chromosomes

aCGH and NGS both provide genome-wide screening; NGS has
the greatest accuracy

Quantitative FISH measures the telomeres in a single sperm;
real-time PCR has increased sensitivity and efficiency

Microarray analysis and NGS for methylation pattern analysis

Chromatin immunoprecipitation using protein-specific
antibodies to identify the DNA—protein complex

Real-time PCR and RNA sequencing for analysis of RNA
sequence, LC-MS for analysis of RNA modifications

Swim-up relies on the active movement of sperm from liquefied
semen or a prewashed cell pellet into an overlaying medium

In density gradient centrifugation, ejaculate is placed on top
of the density media, and after centrifugation, motile sperm
are enriched at the bottom of the media

IMSI uses a high-magnification objective to select sperm with
normal subcellular structures, but is time consuming

Microfluidic device enables collecting motile sperm at the outlet
Microfluidic device with branched microchannels
Microfluidic device with fluidic flow and geometric constraint

Microfluidic device to generate chemical gradient along
microchannels

PICSI uses a Petri dish with hyaluronic acid coated on it, and
hyaluronic acid-containing medium can also be used

Magnetic activated cell sorting to exclude apoptotic sperm
binding with annexin V

Refs
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159,160

163

166,167,170

182
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185

28

42,183

184

29,189

30

aCGH, array comparative genomic hybridization; DIC, differential interference contrast; FISH, fluorescence in situ hybridization;
IMSI, intracytoplasmic morphologically selected sperm injection; LC-MS, liquid chromatography—tandem mass spectrometry;
NGS, next-generation sequencing; PICSI, physiological intracytoplasmic sperm injection; SCD, sperm chromatin dispersion;
SCSA, sperm chromatin structure assay; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labelling.

forming the 9 + 9 + 2 structure (FIG. 1A and 18). Dynein

the midpiece®

. The motion of the connecting piece

attaches to adjacent microtubule doublets and exerts
a sliding force between them, resulting in the bending
of the flagellum and sperm locomotion®. The outer
dense fibres contribute to force transmission and add
mechanical rigidity along the flagellum®. Sperm loco-
motion is powered by ATP generated by the mitochon-
dria, which are located in the mitochondrial sheath of

(the structure connecting the sperm head and flagellum)
is difficult to observe, but the elastic compliance of the
connecting piece is hypothesized to be responsible for
flagellum beat initiation and the alternating direction of
bends propagating down the beating flagellum®’.
Visually tracking a sperm is necessary to analyse
sperm locomotion. Tracking sperm trajectories and
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measuring sperm motility have important roles in
the clinical diagnosis of male factor infertility®>. The
WHO sperm motility parameters (such as curvilinear
velocity and linearity, among others) are all calculated
from sperm trajectories'’. To obtain the trajectories of
multiple sperm, automated tracking generally includes
three steps: image segmentation to obtain the contour
and centroid position of each sperm head, linking the
position of the same sperm in subsequent image frames
(that is, time instances) to obtain the trajectory of each
sperm, and calculating sperm motility parameters from

As a sperm sample contains a high number of sperm
within a field of view under the microscope, a major
technical challenge in tracking sperm trajectories is
how to accurately distinguish sperm in close proximity
(or crossover). Commercial computer-aided sperm
analysis systems use the nearest neighbour (NN) or the
global nearest neighbour (GNN) algorithms for associa-
ting sperm positions at different time points to form a
trajectory for each sperm®. The NN method assumes the
nearest measurement to the tracked sperm to be the cor-
rect association. Similarly, the GNN method assumes the

the obtained trajectories®.

Head Tail (flagellum)

Principal piece
|

Acrosome Midpie‘zce

Nucleus

Mitochondrion

Axoneme

Acrosome

Fig. 1| Analysis of sperm motility and morphology. A | A sperm is
composed of a head, a midpiece, a principal piece and an endpiece. For a
morphologically normal sperm, an acrosome covers 40-70% of the head
area. The acrosome region should contain no large vacuole or no more
than two small vacuoles. B| The flagellar axoneme consists of a central pair
of microtubules that are surrounded by nine pairs of microtubule doublets
and nine outer dense fibres. Sliding between the doublets results in the
bending of the flagellum and sperm locomotion. The outer dense fibres
transmit the force and add mechanical rigidity along the flagellum.
C | Tracking of two sperm during crossover. D | Fixation and staining of
a semen smear for morphology analysis. E | Automated measurement
of live sperm morphology, without invasive staining. F | The use of
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intracytoplasmic morphologically selected sperm injection to select
sperm with normal morphology under high magnification. G | In
interferometric phase microscopy, an interference image is generated by
overlaying two beams, one traversing the sample and one reference beam.
A phase map is reconstructed to reflect the actual optical thickness of a
sperm. H | Head height profile of a sperm measured by interferometric
phase microscopy. Part A is adapted from REF.“%, Springer Nature Limited.
Part B is reprinted from REF.**, Springer Nature Limited. Part D is reprinted
from REF.”?, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
Part F is reprinted with permission from REF.*/, Elsevier. Part G is adapted
with permission from REF.*’, Elsevier. Part H is reprinted with permission
from REF.%¢, CUP.
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distance to be the correct association®. However, both
NN and GNN are prone to false association, and track-
ing mismatch can happen during sperm crossover. To
tackle the crossover problem, a joint probabilistic data
association filter (JPDAF) method has been developed®
(FIC. 1C) by modelling the dynamics of sperm movement.
The JPDAF method uses the current measurement to
enumerate all possible associations and calculates the
association probability to effectively distinguish sperm.
By incorporating sperm morphology information, the
JPDAF method achieved a higher tracking accuracy
than that the NN or GNN methods™ (TABLE 1).

With advances in sperm-tracking algorithms, auto-
mated platforms have been developed for quantitative
analysis of sperm motility”*”". In system validation, cor-
relation coefficients higher than 0.85 between automated
and manual grading of sperm motility (rapid, medium,
slow and static) were achieved”’; and correlation coeffi-
cients higher than 0.86 were also achieved for the meas-
urement of total motility percentage and progressive
motility percentage”’. These automated systems have
potential for improved male infertility diagnosis.

Analysis of sperm morphology

Sperm undergo a series of morphological changes dur-
ing spermatogenesis, from round spermatid to elongated
spermatozoa. Normal sperm morphology indicates
normal spermatogenesis that is required for the sperm
to develop functions for fertilization and has been
positively correlated with fertilization and pregnancy
rates''". A sperm is composed of a head, a midpiece, a
principal piece and an endpiece (FIC. 1A). Normal mor-
phology criteria have been defined by the WHO on
the basis of observations of sperm recovered from the
female reproductive tract'’: the head should be smooth
and generally oval in shape; the acrosome should cover
40-70% of the head area’; the acrosome should con-
tain no large vacuole or no more than two small vacu-
oles that occupy no more than 20% of the sperm head,
and the post-acrosomal region should not contain any
vacuole'’; the midpiece should be slender and about the
same length as the head, with its major axis aligned with
the major axis of the head; residual cytoplasm should
not exceed one-third of the head size; the principal piece
should be uniform along its length, thinner than the
midpiece, approximately 45 um in length, and should
not have a sharp bend or a coil .

Conventional morphology analysis is performed by
fixation and staining of a semen smear”’ (FIC. 1D). Staining
increases the contrast of sperm to improve visualization,
but destroys the sperm and makes them unusable for
infertility treatment (TABLE 1). Staining also changes the
morphometric dimensions of the sperm by either swell-
ing or shrinking the sperm head, according to the osmo-
larity of the fixatives and stains™. To circumvent invasive
staining, automated measurement of live sperm mor-
phology has been developed®. Differential interference
contrast (DIC) imaging has been used to non-invasively
enhance sperm contrast; image reconstruction was per-
formed to remove the side illumination effect in DIC
imaging, and fuzzy c-means clustering was used to
segment sperm from the background® (FIG. 1E; TABLE 1).

REVIEWS

To select morphologically normal sperm for ICSI
treatment, microscope objectives of 20x or 40x are com-
monly used, but their imaging resolution is insufficient
to visualize sperm subcellular structures (such as vacu-
oles)”. Motile sperm organelle morphology examination
was developed by using a 100x objective to observe sub-
cellular structures’®””. The use of a high-magnification
objective in ICSI means that a sperm with normal sub-
cellular structures can be selected and used for intra-
cytoplasmic morphologically selected sperm injection
(IMSI) (FIG. 1F; TABLE 1). Studies reported a significantly
higher implantation rate (31% versus 20%, P = 0.007)
and pregnancy rate (46% versus 26%, P = 0.001) using
IMSI compared with ICSI in men with severe male fac-
tor infertility’”. However, no significant difference in
clinical outcomes was observed between IMSI and ICSI
in other studies®*®'. Further trials are required to validate
the superiority of IMSI over ICSI. Moreover, selecting
sperm using IMSI is time consuming; ~2.5 h of search-
ing is required to find sperm to inject ten oocytes’™ as
the field of view under 100x magnification is consider-
ably smaller than that under 20x or 40x magnification.
Prolonged exposure of sperm to polyvinylpyrrolidone,
which is commonly used in ICSI and IMSI, can lead to
increased DNA fragmentation®. Manual observation
is also subjective, leading to inconsistency in sperm
selection®. Thus, automation techniques have been
developed to quantitatively measure sperm morphology
under 100x magnification and automatically search for
sperm with normal subcellular structures®>*!. To cir-
cumvent the limited field of view under 100x magni-
fication, an automated system was designed to firstly
measure motility for all the sperm within the field of
view under a low magnification (20x), then a sperm
of interest was automatically relocated by the system
after switching to a high magnification (100x) for
morphology measurement™. Image segmentation was
performed to extract the sperm contour and meas-
ure different subcellular structures such as vacuoles
with measurement errors less than 5%*‘. The system
has a high efficiency of motility measurement under
20x magnification and provides quantitative morphology
measurement under 100x magnification.

Phase contrast microscopy converts phase changes
into brightness changes® and DIC imaging enhances
image contrast by visualizing optical path length
changes®, but they do not reflect actual optical thick-
ness. Interferometric phase microscopy can be used to
obtain the 3D morphological information of a sperm®’.
This technique generates quantitative data of the 3D
structure of a sperm by overlaying two light beams, one
traversing the sample and a reference beam, to produce
an interference image. The interference image can then
be reconstructed into a phase map to reflect the actual
optical thickness (FIG. 1C; TABLE 1). Using interferomet-
ric phase microscopy the head height profile of a sperm
can be obtained (FIC. 1H). The crater-like appearance
of vacuoles can be observed on the sperm head, and
the vacuoles indicate chromatin condensation failure
and sperm DNA damage®’. Compact systems of inter-
ferometric phase microscopy have also been developed
that can be connected to the camera port of a regular
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inverted microscope, which is more convenient for
clinical use®.

Analysis of sperm genetics

The sperm head contains packaged chromosomes
that contribute half of the genetic material to a ferti-
lized embryo”. However, the genetic material in the
sperm head is susceptible to damage, including DNA
fragmentation, chromosome aberrations and telomere
shortening’’. Analysis of sperm genetic material is
important for diagnosing male factor infertility. For
example, mutations in CFAP43 and CFAP44 can cause
male infertility, as the genes are involved in the formation
of sperm flagella®>”*. Mutations in ARMC2 were found
in men with primary infertility and can cause multiple
morphological abnormalities of the sperm flagella™.
Mutations in SUN5 and PMFBPI increase the risk of
detachment of sperm heads and tails as these genes
are engaged in the formation of the sperm head-tail
junction’. Identifying genetic causes of male infertility
has implications for reproductive health and helps to
personalize therapies (termed pharmacogenetics)”.

DNA Analysis. DNA integrity is an important metric of
sperm quality”. Studies have shown that sperm DNA
fragmentation is negatively correlated with fertility”'*.
High sperm DNA fragmentation can cause embryo
arrest, implantation failure, pregnancy loss and congen-
ital malformation®”'"". The common causes of sperm
DNA fragmentation include oxidative stress, abortive
apoptosis and aberrant protamine expression'’. Reactive
oxygen species (ROS) are reactive free radicals and are
generated by sperm and leukocytes in seminal plasma'’.
Although ROS are involved in tyrosine phosphorylation
and are required for sperm capacitation and activation,
excessive ROS can overwhelm the antioxidant defence of
the sperm, which is termed oxidative stress’. Oxidative
stress can be caused by an unhealthy lifestyle (such as
smoking, excessive alcohol intake, psychological stress
and obesity) and environmental factors (such as expo-
sure to pollution, electromagnetic radiation, and heavy
metals such as copper and lead)”. Intrinsic causes of
oxidative stress include testicular infection, varicocele
and advanced paternal age’'. Oxidative stress is treata-
ble by modifying lifestyles and antioxidant supplemen-
tation; thus, evaluating the oxidation level in semen is
important. Severe oxidative stress is defined as seminal
ROS levels >35 relative light units/s per million sperm
using a chemiluminescence assay'””. Several biomark-
ers are also commonly used to evaluate oxidative stress,
including 8-hydroxy-deoxyguanine (8-OHdG), isopros-
tane and malondialdehyde'”; among them, 8-OHdG is
the most widely used and is highly mutagenic, with its
level positively correlated with male infertility'*. It can
cause germline mutations and lead to certain genetic
disorders such as Huntington disease and Marfan
syndrome and cancers such as leukaemia and retin-
oblastoma in the resulting children'®. A threshold of
65.8% of 8-OHdG-positive sperm cells was determined
to discriminate sperm parameter alterations, such as
leukocytospermia, by quantifying human sperm DNA
oxidation with an anti-8-OHdG antibody'*. However,

the sperm were fluorescently labelled and, therefore,
not usable for infertility treatment, but the assay can be
used for the diagnosis of male infertility associated with
oxidative stress.

Another cause of DNA fragmentation is abortive
apoptosis'”’. Apoptosis helps with the removal of dam-
aged or defective sperm during spermatogenesis, but
sperm that initiate apoptosis can fail to complete the
process owing to, for example, incomplete activation of
the endogenous nuclease and lack of synchronization
between apoptosis and spermatogenesis'”’. Abortive
apoptosis causes sperm with DNA damage to be pres-
ent in the ejaculate. DNA fragmentation is also caused
by aberrant protamine expression'”. During normal
spermatogenesis, histone is replaced with protamine'®.
Aberrant protamine expression with incomplete replace-
ment leads to abnormal chromatin packaging, making
the DNA more susceptible to oxidative attack and,
therefore, fragmentation'”.

DNA fragmentation can be measured using the
SCSA, in which flow cytometry is used to measure
the susceptibility of sperm nuclear DNA to acid-induced
denaturation by quantifying the metachromatic shift'
(TABLE 1). Sperm with fragmented DNA fluoresce red
in colour and sperm with normal DNA fluoresce
green (FIG. 2A) after acridine orange staining. Thus,
the SCSA can be used to detect the metachromatic
shift rapidly and accurately, providing high statistical
robustness and interlaboratory reproducibility’*. The
clinical threshold of the red:green ratio for a normal
sperm sample is 30%, meaning that samples with up
to 30% of detectable DNA-damaged sperm are consid-
ered normal'"’. Terminal deoxynucleotidyl transferase
dUTP nick end labelling (TUNEL) can also be used to
detect DNA damage in sperm. This technique uses flu-
orescent nucleotides to detect the free end of DNA'".
Standard fluorescence microscopy or flow cytometry
is used to analyse the sample and fluorescence inten-
sity increases with the number of single-stranded or
double-stranded DNA breaks (FIG. 2B; TABLE 1). A thresh-
old for TUNEL assay to distinguish between fertile and
infertile men was determined to be 20% of sperm with
detected DNA fragmentation''”. However, the TUNEL
assay lacks standardization and consistency'”. The
robustness and accuracy of the TUNEL assay can be
improved by relaxing the sperm chromatin structure
with dithiothreitol before fixation''* and by analysing
the results with a flow cytometer instead of a fluorescence
microscope'”.

The sperm chromatin dispersion test is based on the
concept that sperm with fragmented DNA do not pro-
duce the characteristic halo of dispersed DNA loops''®
(TABLE 1). The dispersed loops are observed in sperm
with non-fragmented DNA following acid denaturation
and removal of nuclear proteins (FIC. 2C)'"”. Halos can be
observed via bright-field microscopy if staining is done
with an eosin and azure B solution or via fluorescence
microscopy if DNA-directed fluorochromes are used.
Because the shape of a sperm halo is distinct, sperm
chromatin dispersion has small interobserver varia-
tion and the consistency between its manual and digital
image analysis is high'"”. Single-cell gel electrophoresis
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Fig. 2 | Analysis of sperm genetics. A | The sperm chromatin structure
assay, in which sperm with damaged DNA fluoresce red and those with
normal DNA fluoresce green. B | Using terminal deoxynucleotidyl
transferase dUTP nick-end labelling, green fluorescence indicates the
presence of DNA fragmentation. C | The sperm chromatin dispersion test,
in which sperm with fragmented DNA do not produce the characteristic
halo of dispersed DNA loops. D | In the comet assay, DNA fragments
form the comet tail; DNA fragmentation of a sperm is indicated by its
comet tail length and moment. E | Raman spectra acquired from cell
membrane (green line), acrosomal vesicle (blue line), nucleus (red line)
and midpiece (yellow line). The spectra are used to reconstruct the false
colour Raman image. F | The fluorescence in situ hybridization test uses
chromosome-specific DNA probes to measure sperm aneuploidy.

# <«—Disomy 18

Raman shift (cm™)

Reference DNA

YAYAYK —»ﬁ |
VAYAYA — j

T T T
1,200 1,400 1,600 1,800

Co-hybridize on array

Sequence DNA
capture sequencing
Sequence
Fragmentation output
ATTGCCGGTAT
—> GCCAAATCCTA
ATGGCCTGAAT

The image shows a sperm nucleus exhibiting disomy for chromosomes Y
(red) and disomy for chromosomes 18 (green). G | In array comparative
genomic hybridization, sperm DNA from a patient and a normal control
are labelled using fluorescent dyes and mixed together and hybridized on
amicroarray. H | In next-generation sequencing, DNA is first fragmented
into stretches of 50-500 nucleotides, and billions of the DNA fragments
are then captured in an array and analysed in a single reaction. Part A is
adapted from REF.**%, Springer Nature Limited. Part B is reprinted from
REF.”*%, Elsevier. Part C is reprinted from REF.**, Springer Nature Limited.
Part D is reprinted from REF.*"*, Springer Nature Limited. Part E is adapted
from REF.*#, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
Part F is reprinted with permission from REF.”*', OUP. Part G is reprinted
from REF.”*?, Springer Nature Limited.
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(also known as the comet assay) quantitatively measures
DNA fragmentation of individual sperm'**. In this assay,
sperm are embedded in agarose gel on a microscope
slide, and after lysis their DNA is stained. By perform-
ing electrophoresis, fragmented DNA from damaged
sperm chromatin migrates from the sperm head'”. The
fluorescent image of the sperm after electrophoresis
shows a comet-like shape with a tail (FIC. 2D; TABLE 1).
The intensity and the length of the comet tail reflect the
number of DNA breaks. The alkaline comet assay (which
uses alkaline electrophoresis solution) can distinguish
single-stranded and double-stranded DNA breaks,
but neutral comet assay only detects double-stranded
DNA breaks'?*?!. Men with sperm DNA fragmen-
tation higher than 25% measured using the alkaline
comet assay were at a high risk of having male factor
infertility'*>. Double-stranded DNA fragmentation in
sperm measured using the neutral comet assay is asso-
ciated with recurrent pregnancy loss'*’. However, the
labour-intensive protocol of the comet assay is the main
drawback that limits clinical application.

The staining methods for sperm DNA fragmen-
tation measurement are invasive. The measured
sperm are killed during fixation and staining and,
therefore, are unusable for treatment. Raman spectro-
scopy is a non-invasive approach of measuring DNA
fragmentation'*. In Raman spectroscopy, informa-
tion on DNA and protamine is extracted directly
from the inelastic light scattering induced by their
molecular vibrations'”® (FIG. 2E; TABLE 1). The inten-
sities of DNA-specific Raman spectra positively cor-
related with the degree of DNA packaging within the
chromatin'*. The effect of hydration conditions on
the Raman spectrum of sperm DNA has been studied
by comparing the spectra of sperm in dry conditions and
aqueous media. The results revealed that DNA damage
was only observed in air-dried sperm but not in sperm
in aqueous media using Raman spectroscopy'”’. Thus,
the application of Raman spectroscopy in living sperm
analysis requires further investigation. Moreover, Raman
spectroscopy requires specialized set-up and staff
training, and might not fit into the workflow of typical
clinical settings.

Techniques have also been developed that correlate
sperm morphology with DNA fragmentation so that
a sperm’s DNA integrity can be non-invasively predicted.
By correlating bright-field images of sperm with their
fluorescence images after acridine orange staining, a
predictive model based on logistic regression was estab-
lished that had an accuracy of 0.827 (REF.'*). The model
can be used to evaluate the DNA fragmentation of a
sperm based on its morphology'*. Sperm morphology
assessed by interferometric phase microscopy was also
correlated with DNA fragmentation, showing a sig-
nificant difference (P < 0.05) in interferometric phase
microscopy-based parameters among groups of sperm
with different DNA fragmentation levels'”. With the
advent of deep learning, raw images can be used to train
the prediction models'”’, which might find important
features humans miss and improve the prediction accu-
racy. A deep convolutional neural network was trained
based on a dataset of 1,000 sperm, and achieved a

moderate correlation of 0.43 between sperm bright-field
image and DNA quality'*.

Chromosomal analysis. Sperm chromosome aberrations
are common in men who are infertile; 2-14% infertile
men have some degree of chromosomal aberration,
and increasing chromosomal aberration correlates with
increasing severity of infertility'*"'*>. Numerical chro-
mosomal aberrations, called aneuploidy, and structural
aberrations are associated with recurrent pregnancy loss
and birth defects'*. The standard technique for measur-
ing genetic heterogeneity in individual sperm within a
population is FISH. The FISH assay uses chromosome-
specific DNA probes to obtain a karyotype that enables
identification of variations in chromosomal number or
structure'* (TABLE 1). The chromosome-specific DNA
probes are labelled with fluorescent compounds. After
induced sperm decondensation, these probes bind to
the target positions of specific chromosomes'® (FIC. 2F).
However, FISH only measures aneuploidy frequencies
for a few chromosomes in sperm as it typically uses
dual colour or triple colour probes for sperm test-
ing. Multicolour FISH has been developed, but it has
a limited resolution and is not used for genome-wide
screening'®.

Molecular testing techniques have been developed to
measure genome-wide aberrations. Array comparative
genomic hybridization (aCGH) uses designed probes
to detect thousands of DNA targets for genome-wide
screening'* (TABLE 1). In aCGH, sperm DNA of a
patient and a normal control are labelled using fluo-
rescent dyes and mixed together and hybridized on a
microarray'”’ (FIG. 2C). aCGH provides a higher resolu-
tion than FISH as its probes are several orders of magni-
tude smaller than chromosomes'*. Testing with aCGH
showed that sperm from men undergoing chemother-
apy had a higher rate of chromosome aberration than
healthy donors (23.8% versus 7.8%)'*. The technique
can be used for genome-wide sperm analysis, espe-
cially in patients at an increased risk of sperm genetic
abnormalities, such as men with advanced age, men
treated with chemotherapy and couples with repeated
miscarriages.

NGS currently provides the highest accuracy for
chromosomal aberration measurement'*’. In NGS,
DNA is first fragmented into stretches of 50-500 nucle-
otides and billions of these DNA fragments are then
captured in an array and analysed in a single reaction
(FIC. 2H; TABLE 1). The sequence of each DNA fragment
is mapped back and compared with the reference human
genome'*'. NGS was performed on sperm from an infer-
tile group of men and a fertile group of men; the infertile
group was found to have an overall aneuploidy rate of
8.6%, significantly higher than the 4.0% in the fertile
group (P < 0.00001)'**. In the infertile group, 17 genes
engaged in fertilization and embryo development with
the highest mutation rate were identified'**.

Telomere analysis. The telomere is a region of the
nucleotide sequence at each end of a chromosome and
protects the ends of the chromosome'*. The telomere
has an important role in maintaining chromosomal
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stability and cell viability'**. Sperm telomere length is
shorter in infertile men'*, and is significantly positively
correlated with sperm count (P < 0.001) and the quality
of early embryonic development after IVF (P < 0.001)"*°.
Analysis of telomere length is usually achieved using
quantitative FISH (qFISH) and real-time PCR (rtPCR)
(TABLE 1)'*". In qFISH, a telomeric sequence is hybrid-
ized with a specific peptide nucleic acid probe, and
the telomere length is measured under a fluorescence
microscope'”’. This technique can measure the telomere
length in a single sperm or even a single chromosome.
Using qFISH, sperm exposed to high concentrations
of hydrogen peroxide during incubation were found
to have reduced telomere length'*. This observation
indicates that oxidative stress can be a cause of telomere
shortening. Paternal age also affects telomere length;
men aged >35 years had a significantly longer sperm
telomere length than men aged <35 years (P < 0.05)'".

In quantitative rtPCR, the relative mean telomere
length is determined by comparing the quantity of telo-
mere DNA with the quantity of reference gene such as
36B4 (REF.'™). rtPCR has greater efficiency and sensitivity
than qFISH, although it only provides the mean telomere
length of a sperm sample and cannot measure the telo-
mere length of individual sperm'*”. Using rtPCR, sperm
telomere length was found to be significantly nega-
tively correlated with aneuploidy (P = 0.037)"*". Among
51 sperm samples being analysed for IVF, 17.6% had
atypical telomere length and none of these resulted in
pregnancy, but the remaining samples with normal telo-
mere length achieved a pregnancy rate of 35.7%'". This
observation suggests that sperm telomere length can
have a high predictive power for IVF outcomes, which
requires further investigation in a larger sample size.

Given the relationship between sperm telomere
length, male factor infertility and ART outcomes, select-
ing sperm with normal telomere length is desirable for
infertility treatment. Sperm preparation techniques can
help to select sperm with longer telomeres. For instance,
the average length of sperm telomeres was significantly
longer after density gradient centrifugation (P < 0.001)
or swim-up (P = 0.011) than the length of sperm telo-
meres in raw semen, although no significant difference
was found between the two procedures™'. For sperm
selection for ICSI, a sperm is not usable after mole-
cular analysis of telomere; thus, associating morpho-
logical parameters with telomere length might provide
anon-invasive approach to predicting a sperm’s telomere
length'>.

Epigenetic analysis. Sperm epigenetics is important for
the regulation of spermatogenesis and early embryo
development'®. Sperm epigenetic modifications include
DNA methylation, histone modification and non-
coding RNA generation'”’. Abnormal sperm epigenetic
patterns, such as defective methylation of imprinted
genes, are associated with oligozoospermia* and poor
embryogenesis'*. Significantly different epigenetic
patterns (P < 0.05) were found between two groups of
sperm samples that led to different blastocyst quality in
IVF cycles. Genes involved in embryonic development
were less methylated (P < 0.05) and microRNAs were
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altered (P < 0.05) in sperm from the poor blastocyst
group'””. Thus, information regarding sperm epigenetics
can provide insight into spermatogenetic disorders and
help to predict the ART outcomes.

Analysis of DNA methylation has two steps: recog-
nition of methylated DNA and methylation pattern
analysis'*. The recognition of methylated DNA is usu-
ally achieved by bisulfite conversion'***” and methyl-
ated DNA immunoprecipitation'*®. Bisulfite treatment
converts unmethylated cytosine into uracil residues
and does not affect methylated cytosine'”’”. Methylated
DNA immunoprecipitation uses immunoprecipitation
with antibodies that specifically recognize methylated
cytosine'*. The methylation pattern is then analysed
using a microarray'” or NGS (TABLE 1)'**'°". In microar-
ray analysis, target DNA is labelled with a fluorescent dye
for hybridization. The signal intensity of each hybridized
probe is used to quantify DNA methylation patterns'™’.
However, microarray design requires prior knowledge
of the genomic features, which hampers the discovery of
undefined genomic features. Cross-hybridization
between similar sequences also restricts microarray anal-
ysis to the non-repetitive fraction of genomes'*>. NGS
addresses these two limitations by not requiring prior
knowledge of genomic features and directly sequencing
DNA without hybridization'®. Using microarrays and
NGS, elevated levels of DNA methylation were found in
poor-quality sperm samples (concentration <5 x 10¢/ml
or total motile sperm count <10”)'®*, and an altered DNA
methylation pattern was characterized in sperm from
patients displaying abnormal embryogenesis'®*.

Histone modification analysis is usually performed
using chromatin immunoprecipitation (ChIP)!>'¢
(TABLE 1). ChIP identifies the binding sites for a given
DNA-associated protein by using protein-specific
antibodies to immunoprecipitate the DNA-protein
complex'®. As the majority of the DNA is bound to
protamines rather than histones in sperm, only a
small amount of DNA is available after isolation, and
whole-genome amplification can be performed after
ChIP to increase the amount of DNA available for down-
stream analysis'®. Nucleosomes are widely replaced by
protamine in sperm; thus, the epigenetic contribution of
sperm to embryo development was considered limited.
However, the use of ChIP on human sperm revealed that
histones are retained at many loci that are important for
embryo development, including transcription factors
and signalling pathway components'®’.

RNA in sperm affects embryo development by mod-
ifying gene expression starting from fertilization'®; it
also contributes to stabilizing the nuclear envelope and
marking the DNA sequences that stay bound to his-
tones, which is important for embryogenesis'®. Thus,
RNA might be a marker of male infertility. The com-
monly used RNA analysis techniques are rtPCR'”’, RNA
sequencing (RNA-seq)'”" and liquid chromatography-
tandem mass spectrometry (LC-MS)'” (TABLE 1). rtPCR
can qualitatively detect gene expression through the
creation of complementary DNA (cDNA) transcripts
from RNA and quantitatively measure the amplifica-
tion of cDNA using fluorescent probes'”’. However,
rtPCR can only analyse RNA with known sequences
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because it relies on predesigned probes. RNA-seq per-
forms high-throughput sequencing with NGS of cDNA
to obtain information about RNA content'”*. This
technique has greater efficiency than rtPCR and can
analyse RNA with unknown sequences'’’. Using
rtPCR and RNA-seq, abnormally elevated protamine
mRNA retention in sperm was found to be associated
with protamine deficiency in sperm and male factor
infertility'”*. Sperm mRNA was discovered to be deliv-
ered to the oocyte at fertilization'”” and have a consider-
able role in embryo development'’*'””. In mice, nRNA
injection into oocytes led to epigenetic changes and
induced a heritable phenotype'’’, showing that mRNA
can influence embryo development through epigenetic
modifiers'®. mRNA encoding proteins such as clus-
terin transferred by the human sperm to the oocyte are
involved in cell-cell interaction, lipid transportation and
membrane recycling'”. LC-MS is currently the only
technique capable of comprehensively characterizing
RNA modifications'”%. RNA modifications are involved
in the transcriptional and epigenetic regulation of var-
ious biological processes including spermatogenesis'’®.
LC-MS analyses RNA by separating and measuring
mass:charge ratios of molecules to deduce molecular
structure and sequence. Using LC-MS, RNA modifi-
cations present in transfer RNA-derived small RNAs
(tsRNAs) were found to increase RNA stability in mouse
sperm. Sperm tsRNAs have also been found to con-
tribute to intergenerational inheritance of a metabolic
disorder'”. Further research on sperm tsRNAs could
help to improve our understanding of human diseases
caused by paternal epigenetics.

The clinical implementation of genetic profil-
ing of sperm would help to assess spermatogenetic
disorders®, male infertility”, sperm contribution to
normal embryogenesis'*® and ART success”. The
analysis of sperm genetics has been advanced by tech-
niques such as NGS, rtPCR and RNA sequencing,
but most of the approaches to sperm genetic analysis
destroy sperm and make them unusable for infertil-
ity treatment. To select sperm without genetic defects,
non-invasive techniques have been developed to either
directly measure (such as Raman spectroscopy)'*® or
predict a sperm’s genetic quality'***'*°. The prediction
models are based on the correlation between sperm
morphology assessed non-invasively and the genetic
quality, and are easier to integrate into clinical work-
flow than Raman spectroscopy as they do not require
additional setup.

Spermisolation and selection

Sperm analysis has considerable diagnostic value and
also enables the development of new techniques for
sperm isolation and selection (TABLE 1). Sperm isolation
is required for infertility treatment, as sperm with the
highest fertilization potential need to be separated from
the raw semen. The motility’® and DNA integrity'*' of
isolated sperm are substantially better than those of the
raw semen. Various methods have been developed for
sperm isolation. Swim-up is an easy-to-perform and
cost-effective method that relies on the active move-
ment of sperm from liquefied semen or a prewashed

cell pellet into an overlaying medium'®. The superna-

tant containing motile sperm can then be collected. The
use of swim-up is limited to ejaculates with high sperm
count and motility'®. Density gradient centrifugation
(DGC) is another commonly used method of sperm
isolation. In DGC, the ejaculate is placed on top of the
density media, and the density increases from the top to
the bottom of the density media, either continuously or
discontinuously'®’. After centrifugation for 15-30 min,
motile sperm are enriched at the bottom of the media.
DGC is suitable for sperm isolation in ejaculates with
low sperm concentration such as oligozoospermic
samples™.

Swim-up and DGC are widely used in fertility clinics,
but these traditional methods of sperm separation cannot
select sperm with high DNA integrity*. To select optimal
sperm for infertility treatment, several techniques have
been developed. Specially designed microfluidic devices
are able to sort sperm with geometric constraints and
various stimuli'®>'**. Most of the devices developed use
passive selection that relies on sperm locomotion. For
example, a microfluidic device was designed to achieve
sperm sorting by racing sperm inside microchannels and
collecting motile sperm at the outlet'®. With an incuba-
tion time of an hour and a channel length of 20 mm, the
curvilinear velocity of sperm at the outlet was 4.7-fold
higher than that of sperm at the inlet (FIG. 3a; TABLE 1).
Motile sperm were found to preferentially accumulate
near boundaries owing to the hydrodynamic interaction
with the surface”, and boundaries are common in the
female reproductive tract such as the fallopian tube with
folded epithelium'®. Motile sperm were collected micro-
fluidically based on their boundary-following behaviour.
Sperm-exhibiting boundary-following characteris-
tics were found to have reduced DNA fragmentation®
(FIG. 3b; TABLE 1). Microfluidic devices that use active
sperm selection have also been developed, such as using
fluidic flow and chemical gradient. For instance, by
controlling the flow rate of sperm medium, rheotaxis
zones were created in front of corral structures inside
a microfluidic channel. Sperm with upstream swim-
ming behaviour were isolated inside the corral struc-
tures (FIG. 3c; TABLE 1), and the effect of flow rate on the
velocity of isolated sperm was investigated'®”. As the flow
rate increased from 0.6 ml/h to 1.8 ml/h, the minimum
velocity of the isolated sperm increased from 43 pum/s to
55 um/s. The isolated sperm were demonstrated to be
100% progressively motile. A device mimicking narrow
junctions inside the female reproductive tract was devel-
oped using fluidic flow and geometric constraint to pre-
vent sperm with low motility from advancing through
the constraint'®’ (FIG. 3d). Another microfluidic device
was designed by exploiting sperm chemotaxis, in which
sperm swim against a chemical gradient'®. Chemotaxis
was induced by progesterone, a chemoattractant secreted
by cumulus cells in the female reproductive tract'®
(TABLE 1). Sperm with normal morphology and reduced
DNA fragmentation were selected using this device.

Hyaluronic acid surrounds an oocyte in vivo, and
sperm that bind with hyaluronic acid are shown to be
mature, viable and have unreacted acrosome status'®.
Thus, hyaluronic acid has been used as a physiological
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sperm selector (TABLE 1). Sperm binding with hyalu-
ronic acid were found to be all viable'® (identified
by staining as green; FIG. 3¢). Currently, two tools are
commonly used for incorporating hyaluronic acid

Pipette Media ‘Mineral oil
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into ART: a physiological intracytoplasmic sperm
injection (PICSI) dish’' and a commercially available
hyaluronic acid-containing medium?®. In PICSI, the
petri dish includes areas of immobilized hyaluronic
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Fig. 3 | Analysis-enabled sperm selection. a| A microfluidic device to sort sperm by exhaustion of sperm inside
microchannels. b | The left-swimming and right-swimming sperm had a lower DNA fragmentation index (DFI) than the
straight-swimming sperm in a microfluidic device. ¢ | Corrals inside a fluid channel are used to induce rheotaxis to isolate
motile sperm. Sperm with upstream swimming behaviour are indicated with red ovals, whereas the isolated sperm are
indicated with yellow ovals. d | A representation of a device with narrow junctions using fluid flow and geometric constraint
toisolate sperm. e | The sperm that bind with hyaluronic acid are all viable and stain green. f| Using annexin V, apoptotic
sperm are separated from non-apoptotic sperm using magnetic-activated cell sorting. Part a is reprinted with permission
from REF.”**, Wiley. Part b is reprinted with permission from REF.”%, RSC. Part c is reprinted with permission from REF.",

PNAS. Part e is reprinted with permission from REF.**°, Elsevier. Part f is reprinted from REF.?%, Springer Nature Limited.

NATURE REVIEWS | UROLOGY

VOLUME 18 | AUGUST 2021 | 457




REVIEWS

acid where mature sperm can bind, and the binding
sperm are selected for ICSI use’’. To use hyaluronic
acid-containing medium, a droplet with a suspension
of sperm was connected with a pipette tip to a droplet of
hyaluronic acid-containing medium. After incubation,
sperm bound to hyaluronic acid in the junction zone
were selected”. Compared with regular ICSI, the sperm
selected by using hyaluronic acid-containing medium
showed significantly reduced DNA fragmentation (P <
0.001). However, the improvement in embryo quality
and implantation rate was not significant (P > 0.05)*.
For PICSI, a study involving 16 assisted reproduction
units in the UK reported that the live birth rate of PICSI
was not significantly different from that of standard
ICSI (P = 0.18)°". Thus, the use of PICSI and hyaluronic
acid-containing medium has not become widespread
and still requires further investigation.

Expression of apoptotic markers in sperm is associ-
ated with an increased likelihood of DNA damage and
poor morphology'”. Annexin V is a calcium-dependent
phospholipid-binding protein that has a high affinity for
phosphatidylserine (an apoptotic marker)'”'. Apoptotic
sperm can be separated from non-apoptotic sperm
using annexin V and magnetic activated cell sorting™
(MACS; FIG. 3f; TABLE 1). Sperm separated using MACS
showed increased normal morphology®. Furthermore,
the use of MACS-sorted sperm also resulted in increased
pregnancy rates (P = 0.004) when compared with DGC
and swim-up techniques, but no significant differences
(P> 0.5) were found in implantation and miscarriage
rates'””. This observation suggests that MACS can
improve pregnancy rates when used for sperm selec-
tion in ART. Notably, besides sperm isolation and
selection, methods of improving sperm quality are also
important for male infertility treatment. Lifestyle modi-
fications, hormone therapies, surgery to manage vari-
coceles and antioxidant therapies could all improve
fertility'®'*. In summary, the analysis of sperm motility,
morphology, and genetics are the basis of male infertility
diagnosis, and aid in the selection of optimal sperm for
infertility treatment (TABLE 1).

Sperm analysis for discovery

Sperm analysis has enabled important discoveries
about sperm locomotion and behaviour as well as their
subcellular and molecular structures. These discoveries
improve our understanding of sperm motion and guid-
ance within the female reproductive tract and enable
various physiological processes, such as capacitation and
acrosome reaction, to be delineated (TABLE 2).

Analysis of locomotion and behaviour

Sperm locomotion is driven by its flagellum; thus, flagel-
lum tracking is required for studying sperm locomotion
and behaviour. Sperm flagellum tracking differs from
measurement of sperm trajectories, which only tracks
a single point (the centroid of the sperm head), in that
it typically requires the position of all points along the
centreline of the sperm flagellum to be obtained.
The challenge for sperm flagellum tracking is the low
imaging contrast of the flagellum owing to its small size
(<1 um diameter®'). Hence, image contrast enhancement

is required in flagellum tracking (FIC. 4). For example,
the current frame of image and history images of the
sperm flagellum have been used to generate an image
with enhanced contrast, by summing the absolute dif-
ferences between consecutive greyscale image frames'*.
To segment the sperm flagellum, the sperm head cen-
troid was used as a starting point and a Kalman predictor
estimated the next region around the sperm flagellum.
In the region, image contrast was enhanced by his-
tory images'*, and a point on the sperm flagellum was
located. Then, the prediction and image enhancement
was repeated throughout the sperm flagellum to obtain
its centreline'””. Machine learning can also be used for
image enhancement; a machine learning-based algo-
rithm has been developed to enhance image contrast
three dimensionally for flagellum tracking'*®. Within
the 3D image stack the probability of each pixel belong-
ing to the sperm flagellum was predicted using a classi-
fier and set as the pixel value in the contrast-enhanced
image'™ (FIC. 4A).

Quantitative analysis of sperm flagella enabled the
discovery that a superposition of two bending waves
with a fundamental frequency and its second har-
monic travels down the flagellum, and this pattern
is characteristic of flagellar beating in sperm (FIG. 4B;
TABLE 2). The increase in intracellular Ca?* leads to
increased intensity of the second harmonic wave, and
sperm navigate by adjusting the phase shift (the differ-
ence in locations within wave cycles) between the two
harmonics'”’. Sperm velocity was found to be propor-
tional to its flagellar beating amplitude, by flagellum
tracking on contrast-enhanced images'*. Tracking of
sperm flagella by high-speed imaging (250 Hz) also
provided experimental evidence of the resistive force
theory'”, a theory suggesting that a propagating flagel-
lar wave produces a propulsive thrust that is balanced by
the drag on the sperm head'”. Experiments on sperm
rheotaxis showed that sperm changed their swimming
direction when exposed to fluid flow to swim upstream
against the flow””. Sperm flagellar beating amplitude
and asymmetry both remained unchanged while the
sperm turned during rheotaxis (FIG. 4C; TABLE 2), pro-
viding evidence that rheotaxis is a passive physical
process governed by fluid mechanics instead of an active
flow-sensing process*”. Flagellar beat in 3D was con-
structed by first tracking the flagellum in a 2D plane and
then estimating the z position from the width of inten-
sity maxima along the flagellum. The results revealed
that rheotaxis turning was independent of the flagellar
rolling motion and the chirality of flagellar beat (FIG. 4D;
TABLE 2); instead, the asymmetry of the midpiece deter-
mined the direction (left-turning or right-turning)
of rheotaxis turning™'.

Emerging microscopy methods have been used to
analyse sperm behaviours. Using total internal reflec-
tion fluorescence microscopy, which selectively illumi-
nates the fluid-substrate interface within one micron of
asurface, a 2D slithering swimming mode of sperm was
observed (TABLE 2)*. In this swimming mode, bovine
sperm head and flagellum were confined to a 2D plane
within 1 pm of the substrate with no rotation (FIG. 4E),
different from the 3D swimming mode in which the
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Table 2 | Sperm analysis-enabled discoveries
Discoveries
Locomotion and behaviour

Sperm flagellar beat consists of two bending waves and sperm navigate by adjusting the
phase between the two harmonics

Sperm flagellar beating amplitude and asymmetry remained unchanged during rheotaxis;
thus, rheotaxis is a passive physical process

Rheotaxis turning was independent of the flagellar rolling motion and the chirality of the
flagellar beat, but determined by the asymmetry of the midpiece

Sperm exhibit a 2D slithering swimming mode near boundaries

Opsin proteins located on the sperm membrane function as a thermosensor in sperm
thermotaxis

5% of sperm swim in helices and the majority prefer right-handed helices

Sperm swimming speed is positively correlated with spinning speed in 3D, and 100%
of sperm show right-handed spin along the head axis

Human and horse sperm exhibit a 3D swimming pattern of chiral ribbons. 1.7% of human
sperm but 27.3% of horse sperm exhibit chiral ribbons

Sperm follow boundaries within microchannels

Corner-swimming sperm dominate with concentrations as high as 200-fold compared with
sperm in the centre of the channel

Structure and molecules
Mitochondria are helicoidally distributed around the axoneme within the midpiece

CatSper channels are normally distributed in linear quadrilateral domains along the
flagellum

In the midpiece, actin forms a double helix that accompanies mitochondria with
a periodicity of 244 nm

CDA46, a membrane cofactor protein, undergoes dynamic reorganization during
the acrosome reaction

SUN4, a spermatid nuclear membrane protein, is essential for nuclear remodelling
in spermiogenesis

ABHD?2 binds to progesterone and activates CatSper channels by removing CatSper
inhibitor 2AG

Tyrosine phosphorylation is negatively regulated by Ca?* influx and is part of the signal
transduction pathway for capacitation

Ubiquitin is a biomarker for identifying abnormal sperm
Chaperone protein HSPA2 is a biomarker of human sperm maturation

55 sites of phosphorylation and extent of phosphorylation of 42 phosphopeptides were
identified during capacitation

Protein modification is an important mechanism in sperm maturation based on the
discovered peptide residues

ECM1 can distinguish obstructive azoospermia from normal spermatogenesis, and TEX101
can further differentiate distinct subtypes of non-obstructive azoospermia based on the
cut-off values of expression

25-hydroxycholesterol expression is a biomarker of normal sperm

Techniques

Flagellum tracking
Flagellum tracking
Flagellum beat
reconstruction

TIRF
TIRF

Digital holography
Digital holography

Digital holography

Microfluidics

Microfluidics

SNOM
STORM

STORM

STED

SIM
Immunostaining
Immunostaining

Immunostaining
Immunostaining

Mass spectrometry
Mass spectrometry

Mass spectrometry

Mass spectrometry

Ref.

200

46

202

44

45

47

186

210

48

216

218

223

225

226

50

229

231

232

233

2AG, 2-arachidonoylglycerol; ABHD2, abhydrolase domain-containing protein 2; ECM1, epididymis-expressed extracellular matrix
protein 1; HSPA2, heat shock protein family A (Hsp70) member 2; SIM, structured illumination microscopy; SNOM, scanning near
field optical microscopy; STED, stimulated emission depletion microscopy; STORM, stochastic optical reconstruction microscopy;

TEX101, testis-expressed protein 101; TIRF, total internal reflection fluorescence microscopy.

sperm head rotates and the flagellar propulsion is
helical®®. The slithering swimming was also observed
in human sperm but only for viscosities over 20 mPa-s.
Strong transverse components of human sperm’s fla-
gellar wave at low viscosities (<20 mPa-s) inhibited the
slither swimming mode. Under increased viscosity,
the transverse components were dampened, leading to
slither swimming*’. The 2D slither swimming mode sug-
gests a surface-based sperm migration strategy near the

wall of the fallopian tube, where the viscosity of mucus
is over 200 mPa-s*. Total internal reflection fluorescence
microscopy was also used to show that opsin proteins
are located on the sperm membrane and function as
thermosensors in sperm thermotaxis. Thermotaxis is
one of the mechanisms that guide sperm to the ferti-
lization site and regulates sperm swimming direction
changes according to a temperature gradient®* (TABLE 2).
Opsins were previously found to act as photosensors in
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vision, and this study showed that they also function as
thermosensors in sperm.

Digital holography has also been applied to analyse
sperm behaviour. This technology numerically recon-
structs the phase and amplitude of a sperm’s optical wave-
front’®”. A large depth of field (for example, 0.5-1.0 mm)
can be observed without physically realigning the
optical focus by numerically refocusing 2D images on
different planes, enabling simultaneous observation of
a high number of sperm*” (FIG. 4F). Digital holography
was used to simultaneously track >1,500 human sperm
in 3D and showed that ~4-5% of motile sperm swim in
well-defined helices*. Among these helical-swimming
sperm, the majority (90%) showed right-handed hel-
ices (TABLE 2). Further investigation of this distinct
swimming behaviour can help understanding of sperm
navigation inside the female reproductive tract*”.
Fast-swimming sperm also spin fast in 3D, and 100%
of the sperm showed right-handed spin along the head

axis™ (TABLE 2). Subsequent studies suggested that human
sperm achieve control of spin handedness without a
complex regulatory mechanism, but by asymmetric
binding of molecular motors on the flagellum®”*. Human
and horse sperm have been found to exhibit a 3D swim-
ming pattern of chiral ribbons®. The planar swing of
the sperm head occurs on an osculating plane, in some
cases creating a helical ribbon and in others a twisted
ribbon. Holographic imaging of >33,700 sperm trajec-
tories revealed only 1.7% of human sperm exhibit chiral
ribbons in comparison with 27.3% for horse sperm*
(TABLE 2). These chiral ribbons might enable sperm to
sense gradients of chemoattractants or temperature over
large 3D volumes.

Microfluidics is a versatile tool for studying sperm
behaviour and can be used to mimic the female repro-
ductive tract geometrically and chemically’'. Micro-
channels with complex geometries can be readily
constructed using techniques such as soft lithography.
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Fig. 4 | Analysis of sperm locomotion and behaviour. A | 3D contours of
sperm flagella are extracted by a classifier to overcome low contrast. B | Four
snapshots of a tethered human sperm that rotates clockwise around the
tethering point. The flagellar beat pattern of human sperm displays a
second-harmonic component. C | Sperm flagellum tracking showed no
active asymmetry flagellum bending for control sperm under the no-flow
condition and rheotaxis of sperm under flow. D | 2D image with tracked
flagellum and 3D beat reconstruction to reveal that asymmetry of the
midpiece determined the direction of rheotaxis turning. E | Total internal
reflection fluorescence microscopy images showing a slithering swimming
bovine sperm with the head confined within a few hundred nanometres of
the substrate surface. F | Digital holography uses a sensor chip to record

lens-free holograms on which basis the 3D trajectories of 1,575 human
sperm inside a volume of 7.9 ul were reconstructed. G | Sperm exhibit
boundary-following behaviour; most of the sperm swim along the
intersection of the channel’s vertical and horizontal walls, with few observed
in the middle of the channel. LED, light-emitting diode. Part A is reprinted
with permission from REF."*°, IEEE. Part B is reprinted from REF."”, CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/). Part C is reprinted from
REF.2%°, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). Part D is
reprinted with permission from REF.**!, PNAS. Part E is reprinted from REF.*,
CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). Part F is
reprinted with permission from REF.**, PNAS. Part G is reprinted with
permission from REF.*, PNAS.
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Using microfluidic channels, sperm were shown to
exhibit boundary-following behaviour*. Sperm were
rarely observed to swim in the central part of the micro-
channel, instead travelling along the intersection of
the channel walls (FIG. 4C; TABLE 2). Sperm left the
channel wall when the curvature radius of the chan-
nel bend was less than ~150 um*. Corner-swimming
sperm were found to have a concentration as much as
200-fold that of the bulk-swimming sperm (TABLE 2).
The relative degree of corner-swimming decreased with
an increasing channel size and plateaued for channels
above 200 um'*. The wall and corner swimming prefer-
ences of sperm were attributed to hydrodynamic inter-
actions of sperm with surfaces. Time-averaged thrust
was tilted towards the surface under the asymmetric
hydrodynamic flow field near the surface®”. This obser-
vation provides insight into sperm navigation within the
female reproductive tract, especially the fallopian tube
in the isthmus and ampulla with folded epithelium and
narrow lumen and corner'*. On-chip imaging by digital
holography can be easily integrated into microchannel
technology, enabling high-throughput analysis of sperm
behaviour inside microchannels™.

Discoveries concerning sperm locomotion and
behaviour contribute to our understanding of sperm
navigation inside the female reproductive tract, and the
revealed behaviours can be used to design approaches
for selecting sperm with high fertilization potential.

Subcellular and molecular structures

Conventional light microscopy does not have sufficient
resolution to analyse the subcellular and molecular
structure of sperm owing to its resolution of ~200 nm
at the diffraction limit. Hence, super-resolution micro-
scopy has been applied to investigate these features of
sperm (FIC. 5). Scanning near-field optical microscopy
(SNOM), which combines a scanning probe approach
and optical microscopy, can achieve a spatial resolu-
tion of 50-100 nm*”. In SNOM, the light is transmitted
through a submicron aperture on a probe that causes
a subwave length-sized spot to form, which is then
scanned over a sperm to generate a super-resolution
image. SNOM was used to analyse sperm mitochondria
organization under the plasma membrane within the
midpiece, revealing that mitochondria are helicoidally
distributed around the axoneme®' (FIG. 5A; TABLE 2).
Few and disorganized mitochondria can cause severe
asthenozoospermia (reduced sperm motility) or total
immotility®. The organization and arrangement of cir-
cumferential ribs and longitudinal columns were also
observed along the fibrous sheath of the sperm tail*
(FIG. 5B). In patients with dysplasia of the fibrous sheath,
the circumferential ribs and longitudinal columns are
arranged without an orderly manner, leading to serious
motility disorder and infertility*'".

Stochastic optical reconstruction microscopy (STORM)
uses photoswitching to stochastically activate individual
molecules at different times within the diffraction-
limited region beyond the resolution of conventional
microscopy’'. Super-resolution images are then recon-
structed from the measured positions of individual
fluorophores. The resolution of STORM can reach
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20 nm, but is limited by the accuracy of locating indi-
vidual photoactivated fluorophores during a switching
cycle?”’. Using STORM, CatSper channels were found to
be normally distributed in linear quadrilateral domains
along mouse sperm flagellum (FIG. 5C; TABLE 2), and
Ca?* signalling orchestrates tyrosine phosphorylation
and motility*". Human CatSper is also quadrilaterally
arranged along the flagellum*'* and is a progester-
one receptor that induces Ca** influx*>. STORM was
also used to identify actin structures in mouse sperm
tails; in the principal piece, actin is radially distributed
between the axoneme and the plasma membrane. In the
midpiece, actin forms a double-helix that accompanies
mitochondria with a periodicity of 244 nm*'® (TABLE 2).
This actin structure in the midpiece is involved in the
compaction of mitochondria around the flagellum?".
Whether this structure exists in human sperm requires
further study.

Stimulated emission depletion (STED) microscopy
is achieved by using the depletion laser to selectively
deactivate fluorophores®'®. The depletion laser has a
wavelength that is different from that of the excitation
laser and is applied surrounding the focal spot of the
excitation laser. In the region where both lasers overlap,
the fluorophores are stimulated to emit photons with
wavelength Ay, rather than fluorescence photons
with wavelength A,, decreasing the size of the region
in which molecules fluoresce?'®. Scanning the focal spot
across a sample enables a super-resolution image to
be obtained with a resolution of ~20 nm. Using STED
microscopy, a membrane cofactor protein, CD46, was
shown to undergo dynamic reorganization over the
mouse sperm head during the acrosome reaction*
(FIC. 5D; TABLE 2). For sperm with an intact acrosome,
CD46 was detected solely in the acrosomal cap, and after
acrosome reaction CD46 filled the entire sperm head.
CD46 was also found to have a role in stabilizing acro-
somal membrane, and its relocation during acrosome
reaction is driven by the actin cytoskeleton®.

Structured illumination microscopy (SIM) uses the
patterns of the excitation light to overcome the dif-
fraction limit of conventional microscopy”"’. Typically,
a sinusoidal pattern is created by combining two light
beams; thus, a snapshot of the sample becomes the
product of the sample’s structure itself and the excitation
pattern. A final image is then computationally recon-
structed from multiple snapshots collected by scanning
and rotating the pattern. The additional spatial modu-
lation from the excitation pattern enhances the spatial
resolution of the reconstructed image to ~100 nm**.
Several custom-built SIM systems have been devel-
oped and demonstrated to be cost-effective’?"**2. Using
SIM, membrane cofactor protein CD46 was found to be
localized on the inner and outer acrosomal membrane
of the mouse sperm head (FIC. 5E; TABLE 2), increasing
understanding of its dynamic reorganization over the
sperm head during acrosome reaction®. The use of SIM
also helped to identify SUN4, a spermatid nuclear mem-
brane protein that is essential for nuclear remodelling in
spermiogenesis* (TABLE 2). SUN4 localizes to the pole
of the nucleus distal to the acrosome and actin bundles
in the mouse sperm head (FIG. 5F). The absence of the
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Fig. 5 | Analysis of sperm structure and molecules. A | Scanning near-field
optical microscopy scan of the midpiece of a human sperm. White arrows
indicate marked variations in optical contrast along the midpiece; red
arrows indicate mitochondria. B | Scanning near-field optical microscopy
topography of a sperm tail. Red arrows indicate the cross circumferential
structures along the tail. C | 3D stochastic optical reconstruction
microscopy images of CatSper1 in x—y and y-z cross-sections, indicating
that CatSper proteins form four linear domains along mouse sperm
flagellum. D | The distribution of CD46 and actin on the mouse sperm head
imaged using stimulated emission depletion. CD46 exhibited a dynamic
reorganization over the sperm head during the acrosome reaction.
E | Stimulated emission depletion shows CD46 (green) localized on the inner
and outer acrosomal membrane, and B1 integrin (red) localized on the outer
acrosomal and plasma membrane of the acrosomal area of the mouse
sperm. F| Structured illumination microscopy shows that SUN4, an essential
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protein for nuclear remodelling in spermiogenesis, is localized at the pole
of the nucleus distal to the acrosome and actin bundles on mouse sperm
head. G| Light microscopy of a human sperm and immunostaining of the
same sperm with an anti-abhydrolase domain-containing protein 2 (ABHD2)
antibody (AbA IgG). ABHD?2 is distributed along the sperm tail and binds to
progesterone to activate CatSper channels. H | Ubiquitin (red) profiles on
sperm using immunostaining. Abnormal sperm with head and tail defects
can be identified using anti-ubiquitin antibodies. AbA, antibodies against
ABHDZ2; 1gG, immunoglobulin; PNA, peanut agglutinin. Parts A and B are
reprinted from REF.?*°, CC BY 4.0 (https://creativecommons.org/licenses/
by/4.0/). Part Cis reprinted with permission from REF.*, Elsevier. Parts D and
E are reprinted from REF.*, CC BY 4.0 (https://creativecommons.org/
licenses/by/4.0/). Part F is adapted with permission from REF.””*, Elsevier.
Part G is reprinted with permission from REF.??*, AAAS. Part H is adapted with
permission from REF.*, OUP.

protein in SUN4-knockout mice leads to the failure of
nucleus elongation, and globozoospermia (round head)
with associated infertility’”. In human spermiogenesis,
SUN4 was found to be necessary for maintaining the
integrity of the nuclear envelope of sperm**.
Immunostaining, which uses antibodies to detect
specific proteins, has been used for identifying molecules
in physiological processes such as capacitation and acro-
some reaction. Abhydrolase domain-containing protein 2
(ABHD?2) was found to be present on the human sperm
tail (FIC. 5C) and it binds to progesterone®”. In the pres-
ence of progesterone, ABHD?2 activates CatSper channels
by cleaving the CatSper inhibitor 2-arachidonoylglycerol
(2AG). The activation of CatSper leads to a Ca?* influx
and the rise of intracellular Ca**, which initiates sperm

hyperactivation and primes the sperm for the acrosome
reaction” (TABLE 2). Immunostaining using antiphos-
photyrosine antibodies showed that tyrosine phosphory-
lation is negatively regulated by Ca?* influx and is part
of the signal transduction pathway for capacitation®*°.
Tyrosine phosphorylation was also shown to induce
remodelling of the sperm plasma membrane to enable
zona pellucida recognition®”. Immunostaining also
helped to identify sperm biomarkers that indicate infer-
tility. For example, ubiquitin was found to be a biomarker
of male infertility (FIC. 5H; TABLE 2). Abnormal sperm
with head and tail defects and semen contaminants,
such as spermatids and leukocytes, can be recognized by
antiubiquitin antibodies™. The chaperone protein Heat
Shock Protein Family A (Hsp70) Member 2 (HSPA2)
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was identified as a biomarker of human sperm matu-
ration (TABLE 2), the expression level of which was posi-
tively correlated with sperm maturation, DNA integrity
and chromatin maturity®>.Mass spectrometry is used to
analyse molecules by ionizing and separating them using
an electric or magnetic field based on the mass:charge
ratio of the molecules®**. Mass spectrometry was used
to measure changes in protein phosphorylation during
mouse sperm capacitation and enabled identification of
55 unique in vivo sites of phosphorylation and the extent
of phosphorylation of 42 phosphopeptides™’ (TABLE 2).
Protein phosphorylation forms the basis of intracellular
signalling networks’. The discovered phosphoryla-
tion sites can help to reveal the signalling pathway for
sperm capacitation. Mass spectrometry used to analyse
human sperm revealed the presence of peptide resi-
dues potentially harbouring sites for post-translational
modification. This observation suggests that protein
modification is an important mechanism in sperm
maturation®'. This technology was also used to iden-
tify biomarkers for identifying azoospermia (no sperm
in the semen)®”. Epididymis-expressed extracellular
matrix protein 1 (ECM1) was found to distinguish
obstructive azoospermia from normal spermato-
genesis with 100% specificity, and obstructive azoo-
spermia from non-obstructive azoospermia with 73%
specificity”*. Testis-expressed protein 101 (TEX101) can
further differentiate subtypes of non-obstructive azoo-
spermia such as Sertoli cell-only syndrome*” (TABLE 2).
Profiling of oxysterol, an oxidized product of choles-
terol, using mass spectrometry, enabled identification of
25-hydroxycholesterol expression as a biomarker of nor-
mal sperm*”. Reduced levels of 25-hydroxycholesterol
can negatively affect calcium and cholesterol movement
into the acrosome region, causing ineffective acrosome
reaction with the oocyte*’ (TABLE 2).

The discoveries made concerning sperm subcellular
and molecular structures have been advanced by emerg-
ing techniques such as super-resolution microscopy and
mass spectrometry. These discoveries provide insight
into sperm physiology for processes such as capacitation
and acrosome reaction, and help to identify biomarkers
that are indicative of male infertility.

Future perspectives

Considerable advances have been made in sperm
analysis; many current analysis techniques are invasive,
defeating the purpose of selecting sperm for infertility
treatment. Thus, efforts have been made to develop tech-
niques for analysing sperm non-invasively. For exam-
ple, automated measurement of live sperm morphology
has been developed using advanced image processing,
which enables real-time selection of morphologically
normal sperm?, to circumvent fixation and stain-
ing in traditional sperm morphology measurement.
Techniques such as Raman spectroscopy have been
attempted to non-invasively evaluate DNA fragmenta-
tion, but they require a specialized setup and specially
trained staff, and might not fit into the workflow of
typical clinical andrology settings. Alternatively, corre-
lations between sperm morphology and DNA integrity
have been established by non-invasively assessing sperm
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morphology with bright-field imaging'** or interfero-
metric phase microscopy'” and quantitatively correlat-
ing DNA fragmentation with statistical'** or machine
learning models'*. The established correlation can
help to predict sperm DNA integrity without staining
and also minimize disturbance to the standard clinical
setup and workflow. Such prediction models are poten-
tially valuable tools for selecting sperm with high DNA
integrity for infertility treatment.

Sperm analysis can be used for prediction of ART
outcomes, as sperm quality is an important determin-
ing factor. Via machine learning, sperm analysis results,
along with other data such as maternal age and hormone
levels, were used to train a model to predict implantation
in IVF and ICSI***. Another model used logistic regres-
sion to predict the pregnancy in IVF based on sperm
DNA fragmentation level*. The inclusion of discov-
ered sperm biomarkers can help to further increase the
prediction accuracy. These prediction models based on
sperm analysis can improve male infertility assessment
and management, and help to select the optimal ART
procedures for patients.

Sperm analysis currently requires specific setup, per-
sonnel training and data analysis, which could benefit
from automation and artificial intelligence techniques.
Automation has the potential to increase efficiency
by reducing manual involvement, improve accuracy by
removing human error, and provide consistency in out-
comes independent of operator training. Automated
platforms have been developed for quantitative analysis
of sperm concentration, motility and morphology™’".
Tedious sample preparation and sperm manipulation can
be performed by robots, similar to robotic sample hand-
ling for DNA sequencing”* and cancer diagnostics®”’.
The promising deep-learning techniques™* could
enable the use of sperm images or videos to establish
predictive models and select optimal sperm for use
in ART". The application of deep learning in sperm
analysis” could help to identify subtle features or pat-
terns that human observers are not able to identify,
potentially improving infertility diagnosis and treatment.

Point-of-care sperm analysis is needed in remote and
resource-limited areas. A portable lens-free microscopy
imaging platform has been developed for visualizing
sperm morphology using digital holography and pattern
recognition**’. Holographic shadows based on the shifts
of the light source were captured and combined by image
registration. The platform achieved a spatial resolution
of 1.55 um in a field of view of 30 mm?®. Smartphones
have also been exploited for automated mobile
diagnostics**!, with an attachment custom designed to
contain lenses and an illuminator. The attachment’s opti-
cal axis was aligned with the smartphone camera, and
sperm images were captured by the camera and analysed
via a smartphone application. It achieved sperm con-
centration and motility measurement with an accuracy
of 98%*'. Paper-based devices are low-cost diagnostic
tools. The devices are fabricated by printing patterns of
wax on paper and melting the wax to form hydropho-
bic barriers and chemical reagents are added into the
patterned channels and reservoir of the device’. Sperm
concentration and motility have been assessed with an
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enzyme-based paper device, with the signals of enzyme
reaction significantly different (P < 0.01) among sam-
ples with different sperm concentrations and motility**.
Sperm DNA integrity measurement was also realized on
a paper-based device by using Nafion to measure ion
concentration polarization. The DNA fragmentation
levels measured using this device strongly correlated
(R* > 0.86) with those measured using SCSA**!. The
devices developed for point-of-care sperm analysis,
owing to their low cost and ease of use, have the potential
to offer affordable and easily accessible fertility diagnosis
in resource-limited areas.

The discoveries enabled by sperm analysis have con-
siderable translational value to clinical applications. For
example, discoveries about sperm motion and guidance
within the female reproductive tract can help to iden-
tify pathologies of male infertility, and observations
of sperm behaviour can be used to select sperm for
infertility treatment. Molecules found to be involved
in sperm physiological processes, such as the acrosome
reaction, can be used to develop enhancers or inhibi-
tors for treatment or contraception purposes. The iden-
tified sperm biomarkers can be used to select mature
and normal sperm for ART use. As more powerful
techniques emerge, improved understanding of sperm
behaviour, physiology and genetics will be gained, which
in turn will lead to more effective, mechanism-targeted
diagnostic and therapeutic approaches.

Integrating emerging techniques of sperm analy-
sis into laboratories and clinics requires close collab-
oration between engineers, scientists and clinicians.

During new technology development and testing,
technique innovators must consider end-users’ require-
ments, such as the constraints of time and cost, and
scientists and clinicians must be consulted to provide
guidance and perform quality assurance throughout the
innovation process.

Conclusions

In the past decade, substantial advances in sperm analy-
sis have been made, which have opened up new avenues
for infertility diagnosis and treatment. Quantitative
analysis of sperm motility, morphology and genetics
provides valuable information for assessing male infer-
tility and enables the selection of optimal sperm for ART.
Emerging techniques improve accuracy, consistency and
efficiency of the analysis, and enable new non-invasive
measurement. Advances in sperm analysis also helped
to reveal a multitude of discoveries in sperm locomotion
and behaviour and subcellular and molecular structures.
Distinct sperm behaviours, such as swimming along
helical paths, have been shown, and molecules involved
in physiological processes, such as capacitation and the
acrosome reaction, have been discovered. Synergistic
collaborations between multidisciplinary communities
are essential for achieving improved sperm analysis,
increasing discoveries regarding sperm behaviour and
physiology, improving the success rates of infertility
treatment, and increasing the benefits to patients and
their children.
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