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A pre-requisite for sexual reproduction is successful unification of the male and
female gametes; in externally-fertilising echinoderms the male gamete is brought
into close proximity to the female gamete through chemotaxis, the associated sig-
nalling and flagellar beat changes being elegantly characterised in several species.
In the human, sperm traverse a relatively high-viscosity mucus coating the tract
surfaces, there being a tantalising possible role for chemotaxis. To understand
human sperm migration and guidance, studies must therefore employ similar vis-
cous in vitro environments. High frame rate digital imaging is used for the first
time to characterise the flagellar movement of migrating sperm in low and high
viscosities. While qualitative features have been reported previously, we show in
precise spatial and temporal detail waveform evolution along the flagellum. In
low viscosity the flagellum continuously moves out of the focal plane, compro-
mising the measurement of true curvature, nonetheless the presence of torsion can
be inferred. In high viscosities curvature can be accurately determined and we
show how waves propagate at approximately constant speed. Progressing waves
increase in curvature approximately linearly except for a sharper increase over a
distance ~20-27 pum from the head/midpiece junction. Curvature modulation,
likely influenced by the outer dense fibres, creates the characteristic waveforms of
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high viscosity swimming, with remarkably effective cell progression against
greatly increased resistance, even in high viscosity liquids. Assessment of motility
in physiological viscosities will be essential in future basic research, studies

of chemotaxis and novel diagnostics. Cell Motil. Cytoskeleton 2009.
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INTRODUCTION

The evolution of sexual reproduction has produced
numerous forms of gametes adapted to differing physical
environments. Elegant research has elucidated in detail
the mechanisms of sperm motility and chemotaxis in
external fertilising marine animals such as sea urchins
and starfish [Ward et al., 1985; Wood et al., 2003; Nishi-
gaki et al., 2004; Bohmer et al., 2005; Shiba et al.,
2005]. This work has rapidly advanced to encompass
details of motility regulation by calcium signalling,
cAMP, and peptides such as speract [Ohmuro et al.,
2004; Shiba et al., 2005, 2006; Kinukawa et al., 2006;
Wood et al., 2007]. Tantalising initial work suggests that
chemotaxis and other forms of motility modulation may
also be critical to human fertilisation [Spehr et al., 2003,
2006; Eisenbach and Giojalas, 2006; Teves et al., 2006;
Eisenbach, 2007], but a crucial difference between ma-
rine and internal fertilisation is the viscosity of the fluid
environment.

High speed imaging, often allied to fluid mechanics
modelling, has long been an important tool in biophysi-
cal research on flagellar propulsion [Gray, 1953; Gray,
1955; Gray and Hancock, 1955], although in recent years
it appears to have been under-exploited in biomedical
research on the human male gamete. Advances in digital
high-speed imaging, capture and processing, now permit
highly detailed analysis of the development and propaga-
tion of the flagellar waveform and its effect on cell
migration. Indeed this approach may provide a tangible
way to link initial work on human sperm chemotaxis to
detailed models of motility modulation via changes to
the flagellar beat, in addition to offering new diagnostic
and drug screening techniques, including the develop-
ment of next-generation Computer-Aided Semen Analy-
sis (CASA) technologies.

An important initial step is to develop a detailed
characterisation of the development and propagation of
the human sperm flagellar waveform, and how this
relates to cell progression in the migrating population in
liquids that approximate physiological conditions. Clas-
sic research on human sperm migrating in cervical
mucus (or analogues), known as (modified) ‘Kremer
penetration assays’ [Kremer, 1965; Katz et al., 1980;
Mortimer et al., 1990; Aitken et al., 1992; Ivic et al.,

2002; Ola et al., 2003] have examined the migrating sub-
population of cells, however available data have mainly
concerned qualitative characterisations of the waveform
[Katz et al., 1978] and quantitative statistical analysis of
the effect of frequency and beat amplitude on progres-
sive velocity in ‘vanguard’ and ‘following’ cells [Katz
etal., 1978, 1982].

A number of biophysical studies have examined
the relation between the crucial functional property of
progressive velocity and flagellar parameters such as fre-
quency and wavespeed, which according to fluid
mechanics modelling [Dresdner and Katz, 1981], should
be directly proportional. The early classic study of Gray
and Hancock [1955] in sea urchin suggested that a rela-
tively simple formula for propulsive velocity from meas-
ured flagellar parameters could give remarkable predic-
tive power when averaged across a large sample of cells.
A subsequent study of ram sperm swimming in semen
[Denehy, 1975] found their formula to be less successful
in this situation, and an empirical law based on fre-
quency and beat amplitude sampled at two locations was
found to be more accurate.

A resurgence of interest in the flagellar movement
of other mammalian species’ sperm in the last decade
has led to a number of important discoveries. Digital
image capture and analysis has revealed that in progres-
sively motile cells, the flagellar beat parameters of wave-
length and frequency vary dependently, unlike in marine
species [Ishijima et al., 2002, 2006; Ohmuro and Ishi-
jima, 2006], and that the hyperactivated state of rodent
sperm, a prerequisite to penetration of the oocyte
vestments [Suarez and Ho, 2003], involves a change
from constant-curvature to constant-frequency beating
[Ohmuro and Ishijima, 2006; Kaneko et al., 2007].

These studies have generally employed low viscos-
ity liquids for cell imaging, however, physiological
liquids and analogues differ from low viscosity media by
virtue of both high viscosity and non-Newtonian rheol-
ogy. Some studies have examined the effect of polymer-
containing media on progressive velocity of human
sperm [Katz et al., 1978; Katz and Berger, 1980; Dresd-
ner and Katz, 1981; Ishijima et al., 1986], and the effect
on straightness of progression on hyperactivated mouse
sperm cells [Suarez and Dai, 1992]. Two important stud-
ies in the human [Katz et al., 1978; Katz and Berger,



1980] have suggested a weak positive correlation
between frequency and progressive velocity, and
between amplitude and progressive velocity, when
examining very heterogeneous populations in experi-
ments where cells were not required to migrate signifi-
cant distances. A Kremer assay study of migrating cells
[Katz et al., 1982] suggested that progressive velocity is
related to frequency and amplitude through power laws,
and that these laws change with the disruption of the mu-
cus microstructure by the migrating population, although
detailed sample statistics were not given. The biophysics
underlying flagellar propulsion in physiological liquids
are therefore likely to be very complex, and detailed ini-
tial data on the flagellar beat is essential for researchers
developing such models.

We shall focus on precise measurement and char-
acterisation of the flagellar waveform and kinematic
parameters of migrating human sperm cells in a standar-
disable analogue liquid that has been shown to be an
excellent simulant of cervical mucus [Ivic et al., 2002],
selecting cells for imaging with a sperm penetration
assay, an excellent predictor of in vitro fertilisation [Bar-
ratt et al., 1989]. For the first time we characterise how
the curvature wave propagates and changes along the
flagellum in such cells, and discuss the relative advan-
tages and disadvantages of low and high viscosity media
for the assessment of flagellar movement and sperm
motility in biomedical and clinical assays.

MATERIALS AND METHODS
Sperm Penetration Medium

Low viscosity penetration medium was based on
supplemented Earle’s Balanced Salt Solution without
phenol red, containing energy substrates 5 mM glucose,
2.5 mM Na pyruvate and 19 mM Na lactate (041-
94189H, Gibco-BRL, Paisley, UK), with 0.45% human
serum albumin (BioProducts Laboratory, Elstree, UK)
added to prevent cells from adhering to the inner glass
surfaces of the capillary tubes. High viscosity medium
was produced by adding 1% methylcellulose (M0512,
Sigma-Aldrich, Poole, UK, specified so that an aqueous
2% solution gives a nominal viscosity of 4000 centipoise
or 4 Pa-s at 20°C), and very high viscosity medium was
produced by adding 2% methlycellulose solution.

Selection of the Migrating Population

Penetration medium was loaded by capillary action
into flat-sided borosilicate capillary tubes (VITRO-
TUBES, 2540, Composite Metal Services, Ilkley, UK)
with length 50 mm, and inner dimensions 4 mm X 0.4 mm.
One end of the tube was sealed with CRISTASEAL
(Hawksley, Sussex, UK, #01503-00). Cells were selected
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for imaging by immersing one end of the capillary tube
into a BEEM capsule (G360-2, size 00, Agar Scientific,
Stansted, UK) containing a 200 pl aliquot of raw semen,
prepared using a positive-displacement pipette, within
15 min of sample production. Incubation was performed
for 30 min at 37°C in 6% COs,.

Imaging

Cells were imaged at ~2 cm migration distance
into the capillary tube, and all cells analysed statistically
were imaged in the ‘surface accumulated’ layer 10-20
pm from the inner surface of the capillary tube. Imaging
was performed with an Olympus (BX-50) microscope,
using a positive phase contrast lens (20X/0.40 oo/0.17
Ph1, depth of field ~5.8 pm) together with a Hamamatsu
Photonics C9300 CCD camera at 293-332 frames per
second, streaming data directly to a Dell Dimension 64
bit Workstation, running Wasabi software (Hamamatsu).
The stage was maintained at 37°C using a LINKAM
C0102 stage heater. The C9300 CCD sensor resolution is
640 X 480 with pixel size 7.4 X 7.4 um, although imag-
ing was performed with sub-arraying without binning to
~640 X 200 to achieve the necessary frame-rate.

Image Analysis

Flagellar movement analysis was performed using
custom thresholding macros in Image Pro Plus (Media-
Cybernetics) to extract the flagellum position, and post-
processing and analysis was performed in MATLAB
(Mathworks) with the Image Processing, Spline and
Curve Fitting Toolboxes. Data smoothing routines using
the MATLAB ‘csaps’ function were used to remedy ran-
dom loss of the distal flagellum, and additionally to
remove spatial and temporal noise in the extracted flagel-
lum position. The smoothed data were compared post-
hoc with the original data to ensure that the smoothing
routines did not cause significant deviations from the
original data.

It has previously been established [Phillips, 1972]
that the human sperm head rolls as the cell progresses
rather than simply rocking back-and-forth, and this has
also been confirmed with double-focal microscopy [Ishi-
jima et al., 1992]. The cell rolling rate was captured by
using thresholding to capture the white region in the
head, then using the Image Pro Plus tracking function
with the ‘roundness’ parameter. This parameter takes
value 1.00 for a perfect circle and is greater than 1 for
more elongated objects, so that the broad face of the cell
is indicated by a value of ~1.05 and the narrow face by
a value of ~1.25. This measure was found to be more ro-
bust to noise than the visible head width.

While rolling and flagellar beat frequencies could
be measured directly from images, the model of Rik-
menspoel [1965] formulated for bull sperm was also
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used in the following form to ‘predict’ rolling frequency
and beat frequency from the peak frequencies evident in
the flagellar power spectra:

Rolling frequency = (second peak frequency
— first peak frequency)/2, (1)

Beat frequency = (second peak frequency
+ first peak frequency)/2. (2)

The ‘predicted’ values are compared with the observed
values in Results, Fig. 4, in order to test the assumption
of constant head rolling rate underlying the model.

Progressive velocity was determined directly from
the distance moved by the head/neck junction over the
entire imaging period, which over several beat cycles
converges very rapidly to the equivalent CASA (Com-
puter Aided Semen Analysis) parameter ‘VSL’. Wave-
length and wavespeed were determined with respect to
distance along the curved flagellum axis rather than
straight line distance from the head, termed ‘arclength’.

Results for a total of 36 cells are given, 16 in low
viscosity liquid, 19 in high viscosity liquid, and 1 in very
high viscosity liquid.

Semen Samples

Semen samples were obtained from normozoosper-
mic research donors giving informed consent at the
Centre for Human Reproductive Science, Birmingham
Women’s NHS Foundation Trust by masturbation, after
2-4 days’ abstinence. Imaging and analysis was per-
formed on cells from at least 10 donors; data shown in
this study were taken from four representative donors.

Rheometry

Rheometry measurements were performed at 37°C
using a Bohlin CVO120 HR cone-and-plate rheometer in
oscillatory mode with a 60 mm, 1° cone.

RESULTS

Rheological Properties of Sperm
Penetration Media

We report the values of storage modulus G’ and
shear modulus G” at 5 Hz, for comparison with the mid-
cycle mucus values given by [Wolf et al., 1977]. This
early study reported G’ and G” both ~30 dyn/cm?® (3 Pa)
at an angular frequency of 30 rad/s (4.8 Hz), at ‘Day (0’
of the menstrual cycle. Fitting a Maxwell model to these
values — see for example [Smith et al., 2007] — gives esti-
mates of relaxation time 0.033 s and effective viscosity
0.2 Pa-s. These values vary significantly between sam-
ples, as indicated by the wide confidence intervals on the

graph, but give an order-of-magnitude estimate for the
rheological properties of midcycle mucus. At Day 5, the
values reported (G’ = 10 Pa, G” = 12 Pa) suggest a simi-
lar effective relaxation time (0.027 s) but a much larger
effective viscosity (0.680 Pa:s), the confidence interval
indicating up to two-fold variation in viscosity between
samples.

High viscosity medium was found to have G' =
0.76 Pa and G” = 4.16 Pa at 31 rad/s (5 Hz), from which
we estimate a relaxation time of 0.006 s and an effective
viscosity 0.14 Pa-s. High viscosity medium therefore has
similar magnitude viscosity to midcycle mucus, but is
less elastic.

Very high viscosity medium was found to have G’
= 20.8 Pa and G” = 39.2 Pa, from which we estimate
relaxation time 0.017 s and viscosity 1.6 Pa-s. The vis-
cosity is slightly greater than the upper confidence limits
reported previously [Wolf et al., 1977], while the relaxa-
tion time is of a similar order of magnitude.

Flagellar Movement and Progression of Cells
Migrating in Low and High Viscosity Media

Figures la—1c show progressive velocity versus
various flagellar wave kinematic parameters, for cells in
low viscosity medium (blue) and high viscosity medium
(red) at 37°C. In low viscosity medium, mean values
across 16 cells in the migrating population were progres-
sive velocity 62 pm/s, progression per beat 2.7 pm, fre-
quency 23 Hz, wavelength 39 um, wavespeed 890 pm/s.
In high viscosity medium, mean values across 19 cells in
the migrating population were progressive velocity
65 um/s, progression per beat 5.8 um, frequency 11 Hz,
wavelength 18 pm, wavespeed 200 pm/s (all data given
to two significant figures).

In low viscosity, the strongest correlation (R* =
0.60, n = 16, P < 0.0001) is found between wavespeed
and progressive velocity, with weaker but significant
correlations (R2 = 0.39 and 0.22, respectively, n = 16, P
< 0.01) for wavelength and beat frequency. In high vis-
cosity liquid, all correlations were found to be very weak
(R2 = 0.041, 0.014, and 0.0003, for wavespeed, wave-
length and beat frequency respectively, n = 19, not stat-
istically significant).

Progression per beat, also referred to as ‘progres-
sive kinetic efficiency’ [Katz et al., 1978] was found to
be correlated to wavelength in both media (Fig. 1d, R* =
0.57 and 0.44, respectively, P < 0.001).

Subsequent findings are given for individual cells,
however all findings were found to be representative of
the populations studied in low and high viscosity liquid.
The cell shown in detail in low viscosity medium had
progressive velocity 62 pm/s, progression per beat 2.7
pm, frequency 24 Hz, wavelength 39 pum, wavespeed
920 pm/s; the cell shown in detail in high viscosity
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with R? values indicated. In low viscosity liquids, all correlations calculated were statistically significant whereas in high viscosity, only the cor-
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medium had progressive velocity 58 pm/s, progression
per beat 5.7 pm, frequency 10 Hz, wavelength 19 pm,
wavespeed 200 pm/s.

Head Centreline Deviation

Head centreline deviation D typically exhibited a
‘double-frequency’ periodic behaviour (example results
for a single cell at arclength 10 pm shown in Fig. 2b) for
cells in low viscosity medium. In high viscosity
(example results shown in Fig. 2c), we found a nearly
single-frequency behaviour, although the average value

of the latter plot is slightly below zero due to asymmetry
of the flagellar beat.

Analysis of the Fourier power spectra of D at all
arclength positions of the flagellum (example result,
Fig. 7e) confirmed that cells in low viscosity exhibited
two non-zero frequencies. Cells in high viscosity
sometimes exhibited just one frequency peak, some
had an additional ‘zero frequency mode’, correspond-
ing to asymmetry of the flagellar beat, while some
cells exhibited a weak low frequency mode, as evident
in Fig. 9e.
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of D against time at a point an arclength 10 microns from the head, for an example cell in high viscosity liquid, analysed in detail in Fig. 9.
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Cell Rolling and Out-of-Plane Movement

) ) i sperm flagellum. A value of ~1.25 indicates that the
in Low Viscosity Liquids

thinner profile of the cell is visible, while a value of 1.05

Figure 3 (blue axis) plots example results for the indicates that the flatter profile of the cell is visible, the
variation in ‘head roundness’ parameter, as described in  period between two peaks corresponding to a roll of
Materials and Methods, revealing the rolling of the 180°. The captured flagellum length, revealing out-of-



plane movement of the flagellum is shown on the green
axis. Typically oscillations in both quantities occur at the
same frequency, confirming that the head and the major
plane of the flagellar beat rotate at the same rate.

Figure 4a shows the variations in cell rolling fre-
quency with flagellar beat frequency in low viscosity lig-
uid across a sample of cells. There is a relatively weak
positive correlation (R*> = 0.21, n = 16). The mean roll-
ing rate was 11.2 Hz (range 6.9-14.7 Hz, standard devia-
tion 2.5 Hz), the mean flagellar beat frequency was 23.1
Hz (range 16.3-29.8 Hz, standard deviation 3.6 Hz). Fig-
ures 4b and 4c show the correlation between observed
frequencies and predicted frequencies based on the for-
mula of Rikmenspoel (Egs. 1 and 2, Materials and Meth-
ods). The match for roll frequency is relatively poor,
although the positive correlation is statistically signifi-
cant (R*> = 0.45, P = 0.0022). For flagellar beat fre-
quency is the match is relatively good (mean error
~8%), and the correlation is again highly significant (R*
= 0.80, P < 0.0001).

Cell Rolling and Flagellar Planarity in High
Viscosity Liquid

A combination of non-rolling and rolling cells was
observed in high viscosity liquid, respective examples
being shown in Figs. 5 and 6. Non-rolling cells always
presented the flat side of the head to the viewer, likely
due to the constraining effect of the nearby surface. In
non-rolling cells, continuous acquisition of the wave-
form without the introduction of rolling artefacts is pos-
sible with conventional two-dimensional monochrome
imaging. Among rolling cells the flagellar waveform
appeared to be approximately planar, judged from the
appearance of the waveform when the thin edge of the
cell head presented (Figs. 6a and 6¢). We did not attempt
to capture or analyse the flagellar wave quantitatively as
it rolled onto its side. Similar results were evident in
very high viscosity liquid. Rolling cells in high viscosity
exhibited a typical rolling rate of ~1.5 Hz.

Analysis of the Flagellar Waveform: Low
Viscosity Liquid

Figure 7 shows various detailed measures of the
flagellar movement of a representative cell in low viscos-
ity liquid, with Fig. 7a showing an example imaging
frame, with the captured flagellum as a cyan line; see
also Supporting Information Fig. 1 and Movie 1. The tra-
jectory of the proximal end of the flagellum (b, green
trace), equivalent to a high-resolution computer-aided
semen analysis track, shows the complex but near-peri-
odic nature of the cell trajectory in low viscosity, in addi-
tion to the significant yawing of the head. The curvature
portrait (c) shows the captured two-dimensional bending
wave as it progresses. Red/yellow indicates curvature in
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Fig. 5.
images a and ¢ is 0.298 s).

- -

Fig. 6. A rolling cell in high viscosity liquid, shown at nominal
frames 1, 40 and 100 (frame rate 332 Hz, total time interval between
images a and c is 0.298 s).

A non-rolling cell in high viscosity liquid, shown at nominal frames 1, 40 and 100 (frame rate 332 Hz, total time interval between

one direction, cyan/blue indicates curvature in the other.
Diagonal streaks depict the progression of bending
waves along the flagellum, the slope of the streaks indi-
cating wavespeed. The ‘bumps’ at the top of the plot
indicate the variations in the projected flagellar length.

In the proximal 25 pm of the flagellum there is a
clear ‘yellow, cyan, cyan, yellow’ pattern — for the impli-
cations of this see Discussion. A similar pattern was
observed across the majority of cells observed in low
viscosity liquid, although not all cells showed this pat-
tern clearly. Additionally, due to rolling of the cell, some
streaks change colour from blue to red or vice-versa, par-
ticularly near the end of the flagellum, as the rolling
causes the apparent bending direction to reverse. In Fig.
7d, some repeated flagellar shapes are evident, as are
high apparent curvatures near the flagellum tip, although
it is also evident that the flagellum presents a wide array
of shapes throughout the course of several beats, in clear
contrast to the results shown later in Fig. 9d. Figure 7e
shows the two frequency peaks in the head centreline
deviation D, at 11.5 and 33.0 Hz, which are used in Egs.
1 and 2 to predict the head rolling rate and actual flagel-
lar beat frequency, analysed later in Fig. 11. A similar
pair of frequency peaks was observed across all cells in
low viscosity medium.

Artefacts in Images of Low Viscosity
Rolling Motility

Figure 8 shows a selection of images of a typical
cell in low viscosity liquid, a different example from that
analysed in Fig. 7. These frames exhibit phenomena
which are typical of imaging cells in low viscosity media
(nominally movie frames 7, 16, 55 and 58, frame rate
332 Hz). Figures 8a and 8c show high ‘apparent’ curva-
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val 0.29 s). (c¢) Curvature portrait of flagellar movement as a function of time and arclength. (d) Montage of flagellar positions expanded from
panel b. (e) Fourier power spectrum of head centerline deviation D, as defined in Fig. 2a, plotted for every position along the flagellum.

tures of the distal flagellum that may be due to out-of-
plane movement, suggested by defocusing of certain
regions of the flagellum. The apparent curvature calcu-
lated from a two-dimensional image may therefore be an
over-estimate for the actual three-dimensional curvature.
Figure 8b shows a flagellar profile in which the curvature
is apparently relatively low; however there are two grey
defocused segments separated by a black in-focus dot in
the distal flagellum. This indicates out-of-plane bending
waves that are not apparent or directly measurable in the
two-dimensional projection. Figure 8d suggests the pres-
ence of torsion of the flagellum, indicated by successive
bends appearing to be on the same ‘side’ to the viewer, a
complication that was not observed in high viscosity
liquids.

Analysis of the Flagellar Waveform: High
Viscosity Liquid

Figure 9 assembles various detailed measures of
the flagellar movement of a representative cell in high

viscosity liquid. Figure 9a shows an example frame; see
also Supporting Information Fig. 2 and Movie 2. A num-
ber of clear differences are evident comparing with the
low viscosity example (Fig. 7). The path of the head/
neck junction (Fig. 9b, green track) yaws very little, and
does not exhibit such complex kinematic patterns, in par-
ticular being much more linear. Similar tracks were
observed in all progressive cells analysed in high viscos-
ity liquid. In the curvature plot (c), the lower beat fre-
quency is evident from the reduced number of bending
streaks, and their reduced gradient shows the slower
wavespeed characteristic of high viscosity motility. De-
spite the superficial appearance of a ‘steepening’ wave in
Figs. 9a and 9b, the wavelength and wavespeed are
approximately constant along the length of the flagellum
when calculated as a function of arclength. The maxi-
mum apparent curvatures are similar in high and low vis-
cosity liquids, but high curvature values near to 6 X 10°
m~ ' are attained over much larger regions. Because of
beat planarity, in high viscosity liquid the high curvatures
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Fig. 8. A sequence of images of the same cell in low viscosity liquid,
showing how the three-dimensional nature of the beat introduces arte-
facts. For qualitative analysis, see Results.

are genuine, and are not artefacts of projecting a three-
dimensional wave onto a two-dimensional image plane.
The curvature increases sharply around 20 pm from the
head-midpiece junction, and the time-averaged absolute
curvature is found to exhibit a nearly continuous
increase, with a sharper gradient between 20 um and 27
pm (Fig. 10, marked as ‘A’ and ‘B’). Similar results
were observed across other cells analysed.

Figure 9d shows the flagellar profile for compari-
son with Fig. 7d, and Fig. 9¢ shows the Fourier power
spectrum of the cell in high viscosity liquid. Two peaks
are evident, a relatively weak peak close to 3 Hz, and a
stronger peak around 11 Hz, associated with the flagellar
beat frequency.

Analysis of the Flagellar Waveform: Very High
Viscosity Medium

A number of cells penetrating very high viscosity
medium (2% methylcellulose) were also captured, these
experiments being performed at 29°C. An example anal-
ysis for comparison with Figs. 7 and 9 is given in
Fig. 11. The slower cell progression over a period of 0.34 s
is evident (b) as is the slower progression of bending
waves (c), but nevertheless there is considerable qualita-
tive similarity in the beat pattern to the high viscosity
(methylcellulose 1% solution) results in Fig. 9, although
the wavelength is shortened further by the increased vis-
cosity, resulting in up to three complete bending pairs
being present on the flagellum instantaneously. Similar
rolling and near-planar beating behaviour was observed
in both high and very high viscosity liquids, although
cells in very high viscosity liquid generally rolled more
slowly, the typical example in Fig. 11 rolling at ~0.4 Hz.

DISCUSSION

The flagellar beat of human sperm in methycellu-
lose mucus substitute was captured and reported in pre-
cise detail for the first time. The waveform was found to
show great qualitative similarity to sketches and a micro-
graph of motile sperm in periovulatory cervical mucus
[Katz et al., 1978; Gaddum-Rosse et al., 1980], our
imaging and analysis now showing in quantitative detail
how the wave develops and progresses along the flagel-
lum. This is the first study to employ high frame rate dig-
ital imaging of the migrating cohort of human sperm in
liquids with viscosity approximating periovulatory cervi-
cal conditions.

Flagellar Kinematics and Their Effect on
Progressive Velocity

While there were considerable differences in the
wavespeeds, wavelengths and frequencies of cells in low
and high viscosities, the mean progressive velocities
were similar, being 62 um/s and 65 pm/s respectively (n
= 16 and n = 19). The correlations observed in low vis-
cosity were consistent with the characteristic linear de-
pendence on wavespeed and wavelength expected from
fluid mechanics models and reported previously, how-
ever the results for high viscosity did not show clear cor-
relations. This may be due to non-Newtonian effects, or
it may be due to the fact that previous theoretical studies
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Fig. 10. Mean absolute value of curvature as a function of distance
along the flagellum for the cell in high viscosity liquid analysed in
detail in Fig. 9. The points ‘A’ and ‘B’ denote the region of the flagel-
lum where the mean absolute curvature increases most rapidly as a
function of arclength.

systematically examining the relation between kinematic
parameters and swimming velocity have not generally
included fluid-structure-internal mechanics interaction.
This interaction is clearly very important in high viscos-
ity liquids where the viscous load on the flagellum indu-
ces changes to the waveform. Our results differed some-
what from an early study of sperm penetrating a rela-
tively short distance into cervical mucus [Katz et al.,
1978], in which positive correlations were observed. A
possible explanation is that our sample was more homo-
geneous in progressive velocity (range 34 pum/s) than the
earlier study (range ~60 pm/s), likely due to our selec-
tion of cells that had migrated 2 cm. Another early study
using cervical mucus and a migration assay [Katz et al.,
1982] reported a correlation between In(frequency) and
In(velocity), with progressive velocity being approxi-
mately proportional to the square root of frequency,
provided that ‘vanguard’ and ‘following’ cells were ana-
lysed separately. Scatter plots of the results and associ-
ated correlation coefficients were not given, however
they did report a statistically significant correlation,
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and Results text.

suggesting that modification of the liquid medium by
migrating cells may be an additional complicating factor.
Intriguingly, the 34 um/s range in progressive velocity
of cells in high viscosity liquid we observed was not
explained by the kinematic parameters.

Analysing the average distance progressed by cells
per flagellar beat, we found that in both liquids progres-
sion per beat was proportional to wavelength; however
the slope of the relationship was very different. Despite
the fact that in high viscosity liquid the average wave-
length was smaller, the mean progression per beat was
5.3 um, compared with a mean value of 2.7 um in low
viscosity.

The power spectra shown in Figs. 7e and 9e justify
that the beat pattern can be represented to a good approx-
imation by a sinusoidal oscillation. Under this approxi-
mation, we have the following relation:

3)

Wavespeed was found to vary only by a relatively small
factor (around 35%) in high viscosity medium, suggest-
ing that liquid viscosity constrains the speed at which

Wavespeed = frequency X wavelength.
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Detailed analysis of a rolling cell migrating in ‘very high viscosity liquid’ (methylcellulose 2%), for explanation see Fig. 7 caption

bending waves may progress. Hence if wavespeed is
constrained, an increase in wavelength, which in high
viscosity medium will increase the progression per beat,
will typically be accompanied by a reduction in fre-
quency. This will result in fewer beats being performed
per second, negating any significant propulsive advantage.
Conversely, a ‘beneficial’ increase in frequency will be
accompanied by a ‘detrimental’ decrease in wavelength,
giving some insight into the apparent lack of a clear corre-
lation between parameters such as frequency and wave-
length, and progressive velocity in high viscosity liquids.

Frequency may be an important factor in distin-
guishing the very first cells — the ‘vanguard’ — to migrate
through mucus, as indicated by the early Kremer assay
study [Katz et al., 1982]. Frequency may also distinguish
cells which migrate long distances as opposed to those
which merely penetrate a short distance, indicated by the
early study which interfaced mucus and semen [Katz
et al., 1978].

Cell Rolling and Flagellar Torsion

Theoretical models show that cell rolling occurs
because of non-planarity of the flagellar beat and the



effect of torque balance between the head and flagel-
lum [Chwang and Wu, 1971]. A cell with a fully heli-
cal waveform will roll most rapidly, a cell with a ‘flat-
tened helicoid” waveform will roll more slowly, and a
cell with an almost planar beat will roll more slowly
still. Because the human sperm head is relatively com-
pact, the torque balance effect means that even a mod-
estly non-planar beat will cause rolling at a similar
rate to the flagellar beat. The relatively high rolling
rate of cells in low viscosity medium implies the exis-
tence of non-planar components, confirmed by the fact
that in the low viscosity images, at no point did the
waveform appear ‘sideways on’, as was observed in
high viscosity.

In low viscosity imaging we observed that two-
dimensional apparent flagellum length varies with a sim-
ilar frequency to the rolling of the head, implying that
the three-dimensional flagellar ‘envelope’ rotates at a
similar rate to the head. This is consistent with early
models of free-swimming bull sperm [Rikmenspoel,
1965] and observations of tethered human sperm [Ishi-
jima et al., 1986] which described the flagellar beat enve-
lope as an ‘elliptical cone’.

Perhaps surprisingly, the head-rolling rate was
found only to be weakly correlated with flagellar beat
frequency. This shows that the flagellar beat does not
produce the same rotation angle in every cell, and hence
that the torque induced by non-planarity of the flagellar
beat far from being homogeneous across all cells. The
mean angle of rotation of the head per flagellar beat was
172°, close to the approximate value of 180° reported in
an early study [Phillips, 1972]. Rolling of the cell affects
the way that the alternating bending pattern of the
flagellum with respect to head appears to the stationary
observer. The curvature analysis (Fig. 7c) shows a yel-
low, cyan, cyan, yellow sequence of diagonal stripes,
which we interpret as arising from a ‘left, right, left,
right’ bending pattern with respect to the cell, modified
by the cell rolling ~180° between the first ‘left’ bend
and the second ‘left’ bend.

Ishijima et al. [1986, 1992] reported similar rolling
frequencies to our study (mean values of 9-11 Hz
respectively) but lower flagellar frequencies (mean
~11 Hz), suggesting a rolling rate of ~360° per flagellar
beat cycle. This significant difference may be due to the
differing experimental conditions: the study of Ishijima
et al. used tethered cells for the measurement of beat fre-
quency rather than free-swimming cells. If free-swim-
ming sperm were to roll a full 360° with each alternating
bending pair, then the cell would roll 180° with each
bend. Hence every bend would appear to the observer as
being on the same ‘side’, resulting in all of the stripes on
the curvature plot being the same colour. Indeed we have
observed such an effect occurring in hyperactivated cells
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in low viscosity liquid, constrained by a shallow imaging
chamber (Smith et al., unpublished data).

We found that the two-dimensional imaging data
exhibit two characteristic frequencies in low viscosity
liquid that can be explained by the combined effect of
the flagellar beat frequency and the rolling rate. We
found that the beat frequency was predicted with reason-
able accuracy from the Fourier frequency peaks by the
model of Rikmenspoel [1965], but that the prediction of
rolling rate was not as precise, possibly due to the fact
that the rolling rate of the head is not constant. We addi-
tionally found evidence confirming the existence of sig-
nificant torsion in the flagella of free-swimming human
sperm cells in low viscosity liquids, a feature that was
not evident in high viscosity. Active interbend torsion
has been reported from observations of several other
mammalian species’ sperm [Woolley, 2003].

In high viscosity liquid, both rolling and non-roll-
ing cells were observed, and even in very high viscosity
(methylcellulose 2%) solution, cells were still observed
to roll, with a typical rate being ~1.5 Hz. Cells viewed
side-on revealed a nearly planar beat, which has previ-
ously been observed in tethered cells [Ishijima et al.,
1986], again emphasising that experimental studies of
flagellar function and clinical diagnostics performed in
low viscosity liquids may induce the flagellum to behave
in a way that is not physiological.

The ‘High Viscosity’ Waveform and Human Sperm
Flagellar Ultrastructure

Detailed analysis showed that, despite superficial
appearance, wavespeed and wavelength, measured as
functions of arclength were found to be approximately
constant along the flagellum at high viscosity, as
reported for bull sperm [Rikmenspoel, 1984]. The high
viscosity waveform arises from a combination of near-
constant propagation speed and a continuous increase in
curvature as the wave propagates. The latter feature does
not appear to occur at any viscosity in sea urchin sperm
[Woolley and Vernon, 2001], the chief evolutionary dif-
ference in such cells being the absence of accessory
structures such as the outer dense fibres and fibrous
sheath. It has previously been suggested that differences
between mammalian and marine species’ sperm may in
part be due to these accessory structures [Lindemann,
1996]. An early modelling and imaging study of the bull
sperm flagellum has shown that some of the features of
the high viscosity waveform are predicted by a model
that has linearly decreasing stiffness along the principal
piece [Rikmenspoel, 1984].

Sea urchin sperm respond differently to high vis-
cosity, and in particular, at 1.5 Pa-s fully ‘helical” flagel-
lar beating may occur [Woolley and Vernon, 2001].
Since free-swimming cells with highly compacted heads
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such as human sperm cannot progress effectively under
the action of a true helical wave, there must have
evolved a mechanism to prevent fully helical beating
from occurring in vivo in high viscosity liquids. The fi-
brous sheath of mammalian sperm contains two rela-
tively thick longitudinal columns, associated with dou-
blets 3 and 8 of the axoneme [Fawcett, 1975] that, acting
together with a viscous loading may constrain the flagel-
lum to a planar beat [Lindemann, 1996].

Curvature is developed through a balance of
dynein activity causing microtubule sliding, elastic stiff-
ness of the flagellum and viscous forces resisting motion
of the flagellum through the fluid [Brokaw, 1966]. The
fibrous sheath gradually thins along the length of the
principal piece [Fawcett, 1975], with outer dense fibres 3
and 8 terminating 6 pm along the principal piece, fibres
4, 2, 7 terminating 17-21 pm along the principal piece
and fibres 5, 6, 9 and 1 terminating 31-35 pum along the
principal piece [Serres et al., 1983]. This likely reduces
the elastic stiffness and potentially results in the increas-
ing curvatures attained along the flagellum in the pres-
ence of high viscosity and hence the characteristic beat
shape. Biophysical modelling may help to explain how
this characteristic shape results in efficient and effective
progression.

In very high viscosities produced from solutions of
methylcellulose 2% (nominal viscosity 4 Pa-s at 20°C,
although we performed these experiments at 29°C), we
observed (Fig. 11) a waveform that did not differ qualita-
tively from that observed in 1% solutions. Studies of sea
urchin [Woolley and Vernon, 2001] and quail sperm
[Woolley, 2007] in such liquids report extreme coiling
of the flagellum and a flagellar wave that remarkably
does not appear to move with respect to the observer.
Again, the stiffening effect of the fibrous sheath is likely
to be responsible for this difference.

Mathematical modelling has suggested that the
outer dense fibres allow mammalian sperm flagella to
adapt to higher viscous loads by essentially ‘running in a
lower gear’ [Lindemann, 1996], with dynein arm force
transferred from microtubules to the outer dense fibres,
effectively increasing the ‘lever arm’ distance, providing
a mechanical advantage, and additionally engaging more
dynein molecules per bend. This would result in a
greater bending moment at the cost of a lower sliding ve-
locity, allowing mammalian sperm to maintain effective
motility over several orders of magnitude increase in vis-
cous resistance.

Liquids containing 2% methylcellulose may prove
to be informative experimental models for physiological
liquids having much higher viscosity than periovulatory
cervical mucus. Examples include the higher viscosity,
less hydrated mucus occurring at other points in the
cycle [Wolf et al., 1977] or under the action of oral con-

traceptives [Wolf et al., 1979], mucus which may
occlude the isthmus [Jansen, 1980] or the viscoelastic
environment of the cumulus-oocyte complex [Drobnis
et al., 1988].

CONCLUSIONS

To summarise, viscosity significantly alters rolling
rate, planarity, torsion, waveform, trajectory and pro-
gression per beat, although not progressive velocity. The
scaling laws relating kinematic parameters to progres-
sion are very different in low and high viscosities, and in
particular there appears to be a constraint on the wave-
speeds that may be attained in high viscosity liquids.
Hence observations of cells in low viscosity liquids may
be uninformative regarding motility in vivo.

A consequence of the reduced rolling rate and
increased planarity in high viscosity is that the full wave-
form may be captured accurately for a period of several
or many beats, which is expedient for the assessment of
flagellar movement with two-dimensional techniques.
More sophisticated techniques such as two-colour dark-
field ‘defocusing’ microscopy are required to give quan-
titative information for cells that have fully three-dimen-
sional flagellar beats [Woolley, 1981], and automated
analysis of these images may prove more challenging.
Due to the steady progression of the bending wave, the
relatively high frame rates employed may not be neces-
sary to capture important biophysical properties of the
waveform — although some ‘oversampling’ reduces the
impact of noise.

For these reasons, research assessing human sperm
motility and its chemical modulation should employ, at
least in part, the use of physiological high viscosity
liquids in order to have relevance to natural conception.
Nevertheless, consideration of the biophysics of low vis-
cosity motility may still be important in understanding
the function and possible modulation of sperm in stand-
ard IVF, and possibly in follicular fluid around the time
of ovulation.

Solution containing 1% methylcellulose was found
in oscillatory rheometry to give similar order-of-magni-
tude effective viscosity to periovulatory mucus, although
with shorter relaxation time. The relaxation time of cer-
vical mucus can be estimated to be ~0.03 s from previ-
ous studies, which is a similar order of magnitude to the
duration of the flagellar beat, and so may be important
in vivo. This may be an important effect to take into
account in future studies, for example through the use of
long chain polyacrylamide [Suarez and Dai, 1992], or
through the use of varying mixtures of hydroxypropyl-
methylcellulose and sodium carboxymethylcellulose
[Alvarez-Lorenzo et al., 2001], allowing the modulation
of both storage and loss modulus and hence testing of



the effect of each of these rheological properties on the
flagellar beat and motility separately.

In the flagella of caput and caudal spermatozoa of
the selenoprotein P/~ knockout mouse [Olson et al.,
2005], disruption of the outer dense fibres and the mito-
chondrial sheath near to the annulus are associated with
the formation of a ‘hairpin’ bend in the disrupted region.
A similar effect is observed in Septin 4 null mice [Kissel
et al., 2005]; Septin 12 also being likely to be crucial to
annulus formation [Steels et al., 2007]. The loss of the
mechanical stiffness in this region may be the cause of
this defect, although it is unclear whether this is caused
by loss of mitochondria, disruption of the dense fibres or
a combination of these factors — clearly there is an im-
portant role for biophysical modelling in the interpreta-
tion of such observations. Unrelated observations on
‘normal’ human sperm adhered to surfaces reveal that
when intracellular calcium is artificially elevated in this
region via treatment with 4-aminopyridine, marked
bending can even occur in the proximal flagellum [Fig.
5b, Bedu-Addo et al., 2008]; similar treatment of free-
swimming cells is known to induce hyperactivation [Gu
et al., 2004]. Our results show that advanced biophysical
models of flagellar movement are required, and these
will be critical to interpreting biomedical studies of mo-
tility and its regulation, for example in determining
energy requirements in different regions of the flagellum,
which are necessary in elucidating the role of different
ATP transport pathways [Ford, 2006], in interpreting the
hyperactivated state and how it may result in different
motility patterns in physiological liquids [Suarez and
Dai, 1992; Ho and Suarez, 2001], and in linking receptor
biology and signalling to mechanics and behaviour in
human sperm chemotaxis [Eisenbach, 2007]. This work
will be essential to understanding novel modulators of
sperm motility and hypotheses regarding chemotaxis and
other forms of motility modulation.
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APPENDIX
Glossary of Biophysical Terminology

Viscoelasticity: A material property denoting a
combination of both viscous and elastic behaviour upon
material deformation.

Viscoelastic fluid: A material which will deform
continuously under a constant applied stress (force per



unit area), as with a viscous fluid, and which additionally
exhibits elastic properties. Mucus is an important biolog-
ical example. Viscoelastic fluid properties are measured
using techniques such as oscillatory rheometry.

Relaxation time: The time period characterising the
response of a viscoelastic material. In particular when a
viscoelastic fluid such as mucus is deformed and released
for a time period significantly shorter than the relaxation
time, the material will behave as an elastic solid, recoil-
ing to its initial configuration without dissipating energy.
When deformed for periods significantly longer than the
relaxation time, a viscoelastic fluid will behave as a vis-
cous liquid, dissipating energy.

Rheology: The flow properties of a material. On
microscopic scales, liquids that do not contain polymer,
such as saline media, have simple flow ‘Newtonian’
properties characterised by a single constant parameter,
the viscosity. More complex rheologic properties result-
ing from polymeric concentrations include viscoelastic-
ity and shear-thinning.

Shear rate: The flow velocity gradient, i.e. the rate
at which layers of fluid flow over each other, quantified
in inverse seconds, typically being proportional to flagel-
lar beat frequency.

Shear-thinning: The property of a liquid becoming
less viscous at high rates of shear.

Storage modulus: A parameter characterising the
elastic behaviour of a viscoelastic material at a given
frequency, measured in Pascals (Newtons per square
metre). A Newtonian liquid such as saline has storage
modulus approximately zero.

Loss modulus: A parameter characterising the vis-
cous behaviour of a viscoelastic material at a given fre-
quency, measured in Pascal. A Newtonian liquid such as
saline has loss modulus approximately equal to its veloc-
ity multiplied by its frequency, multiplied by 6.28.

Maxwell liquid: A simple physical model of a
viscoelastic fluid, characterised by a viscosity and a
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viscoelastic fluid relaxation time, or equivalently storage
and loss moduli. The Maxwell liquid can be conceptual-
ised as consisting of fluid volumes behaving as dashpot-
spring series.

Glossary of Sperm Motility Terminology

Progressive motility: Forwards motion of the cell,
considered to be essential for migration through the
female reproductive tract to the site of fertilisation.

Hyperactivated motility: Non-progressive motility
characterised by high flagellar curvature and asymmetric
beating, speculated to be essential for sperm penetration
of the layers surrounding the egg.

Beat cycle: The production and propagation along
the flagellum of an alternating pair of bends.

Progressive velocity: The velocity at which a cell
moves in its overall direction of motion, an important in-
dicator of fertilising potential.

Progression per beat: The distance moved by a
cell over the course of a beat cycle, equal to the progres-
sive velocity divided by the beat frequency.

Flagellar arclength: Distance along the curved
flagellum, measured from the head/midpiece junction.
This can be visualised as the length of a piece of string
following the flagellum.

Wavelength: The arclength distance covering a
bending pair

Wavespeed: The rate at which a bend moves, meas-
ured from flagellar arclength, equal to the wavelength
multiplied by the frequency.

Planarity: The extent to which the flagellum moves
in a plane, typically coinciding with the plane-of-flatten-
ing of the head.

Torsion: Twisting of the flagellum about its central
axis. The central axis can be visualised as the inner dou-
blet microtubules.



