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Automated Non-Invasive Measurement of
Single Sperm’s Motility and Morphology
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Abstract— Measuring cell motility and morphology is
important for revealing their functional characteristics. This
paper presents automation techniques that enable auto-
mated, non-invasive measurement of motility and morphol-
ogy parameters of single sperm. Compared to the status
quo of qualitative estimation of single sperm’s motility
and morphology manually, the automation techniques pro-
vide quantitative data for embryologists to select a single
sperm for intracytoplasmic sperm injection. An adapted
joint probabilistic data association filter was used for multi-
sperm trackingand tackledchallengesof identifyingsperms
that intersect or have small spatial distances. Since the
standard differential interference contrast (DIC) imaging
method has side illumination effect which causes inherent
inhomogeneous image intensity and poses difficulties for
accurate sperm morphology measurement, we integrated
total variation norm into the quadratic cost function method,
which together effectively removed inhomogeneous image
intensity and retained sperm’s subcellular structures after
DIC image reconstruction. In order to relocate the same
sperm of interest identified under low magnification after
switching to high magnification, coordinate transformation
was conducted to handle the changes in the field of view
caused by magnification switch. The sperm’s position after
magnification switch was accurately predicted by account-
ing for the sperm’s swimming motion during magnification
switch. Experimental results demonstrated an accuracy
of 95.6% in sperm motility measurement and an error <10%
in morphology measurement.
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I. INTRODUCTION

THE locomotive behaviors and shapes of cells reveal their
functional characteristics, and measuring their motility

and morphology parameters is required for both fundamental
research and practical applications. Motility and morphology
changes of bacteria and unicellular parasites reflect their
virulence, and measuring these changes is useful for drug
screening [1]. Measuring cancer cells’ motility and mor-
phology is important for investigating their migration and
invasion mechanisms [2], [3] and for evaluating the efficacy of
therapeutics [4]. In in vi tro fertilization (IVF), motility and
morphology of sperms indicate fertility potential [5], [6], and
the measurement is prevalently used for infertility diagnosis
and treatment. Intracytoplasmic sperm injection (ICSI), which
is used in 70% of IVF treatments [7], involves the insertion
of a single sperm into an oocyte by a micropipette. However,
since the invention of ICSI in 1992, single sperm selection
in ICSI has been qualitatively made by embryologists, who
observe sperm motility and morphology and choose a sperm
based on their experience [8], [9]. Automated, accurate, and
non-invasive measurement of motility and morphology of
single sperms can assist embryologists for quantitative sperm
selection for ICSI use.

Fig. 1(a) summarizes the most important motility and mor-
phology parameters of a sperm defined by the World Health
Organization (WHO) [10]. Automated motility measurement
is achieved by computer vision tracking sperms [11], and
motility parameters are calculated based on the tracked trajec-
tories. Among existing commonly used methods, the nearest
neighbor (NN) method associates the nearest measurement to
the tracked sperm, and the global nearest neighbor (GNN)
method finds the best association between measurements and
targets by minimizing the sum of pair-wise distances [12].
However, neither NN nor GNN accounts for the possibility
of false association. Since a clinical sample has a high num-
ber of sperms, intersections and close proximity of sperms
often cause mismatch of tracked sperms when the NN and
GNN methods are used [13].

Automated morphology measurement of a sperm is per-
formed by image segmentation of the sperm and its compo-
nents such as the head and tail. To increase contrast, sperms are
invasively fixed and stained so that the sperm can be easily
identified and its different components segmented by color
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Fig. 1. (a) The motility and morphology parameters automatically
measured on single sperms. (b) Multiple sperm tracking for motility
measurement under low magnification (20×objective) with each sperm’s
trajectory marked. Arrow points to a sperm of interest. (c) The sperm
of interest was automatically relocated in the field of view for morphol-
ogy measurement after switching to high magnification (100×). The
schematic and image show the anatomy of the sperm, with the head,
midpiece, tail, and vacuole arrow labeled.

differences [14], [15]. However, fixation and staining destroy
the sperm and its DNA, making the sperm after measurement
clinically unusable. Taking advantage of visualizing refrac-
tive index difference, differential interference contrast (DIC)
imaging non-invasively increases the contrast of a sperm [16],
and has been widely used by embryologists to examine sperm
morphology prior to ICSI [17], [18]. The side illumination
effect (i.e., bright on the one side and dark on the other side)
in DIC images is instrumental for manual observation but
poses difficulties to image processing due to image intensity
inhomogeneity [19].

For a single sperm, non-invasively measuring both motility
and morphology of the same sperm has yet to be achieved. The
motility parameters are measured under a low magnification
(such as 20× objective) to have a large field of view for
obtaining sperms’ trajectories [Fig. 1(b)]. The morphology
parameters need to be measured under a high magnification to
quantify subcellular structures. For instance, a motile sperm
may have vacuoles on its head [Fig. 1(c)], the presence
of which indicates DNA damage [20]. Using a sperm with
vacuoles for IVF treatment can cause fertilization failure [21].
Since vacuoles are smaller than 1 μm, a high magnification
objective (e.g., 100×) is often used [22]. Thus, measuring
both motility and morphology of sperms requires switching
between low and high magnifications.

However, switching to a high magnification significantly
reduces the field of view (e.g., 25 times smaller from
20× to 100×), and sperm’s fast movement (e.g., >20 μm/s)
can make the motile sperm of interest identified under
low magnification disappear under high magnification after
switch. The previous attempt to keep track of the same object
during magnification switch was implemented using motorized
zoom, and the same object was kept in the field view by
visual servoing [23]. However, this approach is not compatible
with standard inverted microscopes, and its maximum imaging
resolution of 1.4 μm is insufficient for visualizing subcellular
structures such as vacuoles on sperm head. Automatically and

Fig. 2. (a) System for automated measurement of motility and mor-
phology parameters of single sperms. (b) Right before magnification
switch, the motile sperm’s position after magnification switch is pre-
dicted, followed by automatic magnification switch and relocating the
same sperm for morphology measurement. (c) Operation sequence of
automated measurement of motility and morphology parameters for the
same sperms.

non-invasively measuring motility and morphology of the
same single sperm remains unsolved.

The problems tackled in this work include: (1) how to
visually track individual sperms when they intersect with
each other; (2) how to accurately relocate the same single
sperm after switching to high magnification; and (3) how
to accurately measure sperm morphology parameters under
high-magnification DIC imaging. The system solved these
challenges by integrating several techniques, including adapted
joint probabilistic data association filtering for sperm tracking,
coordinate transformation and position prediction of a motile
sperm for relocating the same sperm after switching to high
magnification, and DIC image reconstruction for non-invasive
morphology measurement. Experimental results demonstrate
that the system achieved an accuracy of 95.6% for multiple
sperm tracking and motility measurement. The positioning
accuracy for relocating the same sperm to the center of field of
view after magnification switch is 5.2 μm. The errors for the
measurement of all morphology parameters are within 10%.

II. SYSTEM SETUP

As shown in Fig. 2(a), the system was built around an
inverted microscope equipped with an X-Y motorized stage
and motorized control of the nosepiece and focusing. The
motorized nosepiece contains a 20× objective (Nikon Plan
Fluor) and a 100× objective (Nikon Plan Apo) among other
objectives. A camera (acA1300-30gc, Basler) was connected
to the microscope to capture images at 30 frames per second.

As summarized in Fig. 2(c), the system first performs auto-
mated sperm motility measurement under low magnification.
Multiple sperms are simultaneously tracked and their trajecto-
ries are used to quantify all motility parameters [Fig. 1(b)].
Images in multiple fields of view are captured by moving
the motorized X-Y stage. A motile sperm of interest is
selected automatically or by a human operator via computer
mouse clicking, and its position after magnification switch is
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predicted. Then the system automatically switches to a high
magnification objective and relocates the same sperm inside
the field of view [Fig. 1(c)]. Under high magnification, auto-
mated non-invasive morphology measurement is conducted.

III. KEY METHODS

A. Motility Measurement Based on Sperm Tracking

For analyzing multiple sperms, the motility parameters of
all sperms within a field of view need to be measured. As dis-
cussed earlier, sperm motility parameters are derived from the
trajectory of each sperm (e.g., VCL, the time-average velocity
of the sperm along its trajectory); therefore, it is essential to
obtain the trajectories of individual sperms. Tracking multiple
sperms in a clinical sample is challenging because sperms
cross over each other and interference from proximal sperms
is unavoidable. The measured position for a target sperm may
not originate from the sperm but from another sperm in close
proximity, causing uncertainty in data association. Among
the methods for multiple object tracking, multiple hypothesis
tracker (MHT) exploits the entire measurement history to
estimate the state of each target but suffers rapidly growing
memory with increasing time duration and the number of
targets [24]. Instead of using the entire measurement history
in MHT, joint probabilistic data association filter (JPDAF) [25]
is advantageous for real-time multiple sperm tracking by only
using the current measurement. To reduce data association
uncertainty, JPDAF enumerates all association cases between
targets and measurements and updates association probability.

Different from standard JPDAF which only uses the kine-
matics information (position and velocity) of the target for
tracking, we adapted JPDAF by incorporating sperm shape
information (head orientation) to further reduce data associa-
tion uncertainty for robust multiple sperm tracking under inter-
ferences. The inclusion of head orientation was experimentally
proven to significantly improve multi-sperm tracking and the
quantification of motility parameters.

In the adapted JPDAF method, the state vector of a sperm
at time (frame) k is

Xk = [x y θ ẋ ẏ θ̇ ]T (1)

where (x, y) is the 2D position of the sperm head obtained
by calculating the centroid of the sperm head contour, and
θ is the angle between the major axis of the sperm head
and the horizontal axis of the image plane. The inclusion
of head orientation θ effectively reduces data association
uncertainty in multiple sperm tracking. JPDAF calculates the
Mahalanobis distance Dk between the predicted measurement
Z̃k = [x̃, ỹ, θ̃ ]T and the actual measurement Zk = [x, y, θ ]T

for data association, according to

Dk =
√

(Zk − Z̃k)T S−1(Zk − Z̃k) (2)

where S is the innovation covariance matrix corresponding
to the correct measurement. When two sperms intersect,
the difference in their head orientations contributes to a
larger Mahalanobis distance Dk and thus a smaller association
probability, thereby reducing data association uncertainty.

Fig. 3. (a) A sperm of interest under 20× magnification. (b) The same
sperm under 100× magnification, and its subcellular structures such
as vacuole and midpiece are clearly visible (arrow labeled). (c) Micro-
scope model with objectives of different magnifications for coordinate
transformation. Magnification switch from low to high changes the field
of view and focus. OG is the global coordinate system. OH is the high
magnification objective plane, and OL is the low magnification objective
plane. oi is the image plane.

JPDAF updates the association probability between targets
and measurements by enumerating all association cases α and
accumulating the probability of each association case. The
association probability β j t(k) that measurement j is associated
to sperm t at time k is

β j t(k) =
∑
α

Pk(α)ω j t (α, k) (3)

where Pk(α) is the probability of association case α cal-
culated from Mahalanobis distance Dk ; ω j t(α, k) equals 1
if in association case α, measurement j is associated to
sperm t , and equals 0 otherwise. This adapted JPDAF algo-
rithm incorporates sperm head orientation into the state model
and associates each sperm to the measurement based on the
updated association probability β j t(k) in each image frame.

B. Automated Magnification Switch and
Sperm Relocation

Visualization of subcellular structures of a sperms is neces-
sary for morphology measurement, which requires the switch-
ing from 20× low magnification [Fig. 3(a)], after motility
measurement, to 100× high magnification [Fig. 3(b)] to clearly
reveal the vacuole and midpiece. Since magnification switch
changes the field of view and the focus, in order to relocate
the same sperm after magnification switch, coordinate trans-
formation between different magnifications is used to relocate
the sperm of interest inside the field of view and in focus after
switching from low to high magnification. To compensate for
the sperm’s motion during magnification switch, the motile
sperm’s position after magnification switch is predicted.

Fig. 3(c) shows the microscope model with objectives of
different magnifications for coordinate transformation. A point
p in the global coordinate system (OG ) is projected through
the low magnification objective plane (OL ) to point p1 in the
image plane (oi ). After magnification switch, the point p is
projected through the high magnification objective plane (OH )
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to point p2 in the image plane (oi ). Transformation in the
image plane from the coordinate vector UL under low magni-
fication to the coordinate vector UH under high magnification
is

UH =
⎡
⎣

uh

vh

1

⎤
⎦ = K UL =

⎡
⎣

ku 0 tu
0 kv tv
0 0 1

⎤
⎦

⎡
⎣

ul

vl

1

⎤
⎦ (4)

where K is the transformation matrix from low magnification
to high magnification; ku and kv are magnification factors
along the u and v axes, respectively; tu and tv are translation
factors along the u and v axes. Transformation matrix K is
obtained using the least square method

K = ŨH Ũ T
L (ŨLŨ T

L )−1 (5)

where ŨL and ŨH are 3×N matrices containing N coordinate
vectors under low and high magnifications, respectively.

To switch magnifications, the image coordinates of a sperm
under the low magnification objective are transformed to the
corresponding image coordinates under the high magnifica-
tion objective. Then the motorized stage moves the sperm
to the desired image coordinates under the high magnifica-
tion objective. Besides changing the field of view, magni-
fication switch also changes the focus of the sperm. The
change of focus distance � f was experimentally calibrated,
and the motorized focusing knob is controlled to compen-
sate for the change of focus distance after magnification
switch.

Switching to a high magnification significantly reduces
the field of view, and the sperm’s swimming motion during
microscope objective switch can cause the sperm to be out
of the field of view after magnification switch. Therefore,
the motile sperm’s position after magnification switch is pre-
dicted to compensate for the sperm motion and keep the sperm
inside the field of view after switching to high magnification
[Fig. 2(b)]. Let �t denote the time needed for switching
from the low-magnification objective to the high-magnification
objective. The sperm’s position P after magnification switch
is predicted as

P =
[

x
y

]
=

[
x prev

yprev

]
+ �t · v ·

[
cosθ
sinθ

]
(6)

where (x , y) is the predicted position of the sperm head after
magnification switch, and (x prev , yprev ) is the sperm head’s
position measured before magnification switch; v and θ are
the swimming velocity and head orientation of the sperm,
respectively.

Based on coordinate transformation as well as the pre-
dicted sperm position under high magnification immediately
after magnification switch, the system performs magnification
switch and controls the motorized stage to relocate the target
sperm under high magnification. Right after magnification
switch, adapted JPDAF (as discussed in Section III.A) is
initiated again to track the sperm, and the motorized stage
is visually servoed to keep the motile sperm at the center of
field of view under high magnification.

Fig. 4. The same sperm under 100× magnification: (a) bright-field;
(b) DIC imaging. (a) The sperm is of low contrast under bright-field, and its
subcellular structures are invisible. (b) DIC renders higher contrast, and
two vacuoles (white triangles) are clearly seen on the sperm head. The
side illumination effect of DIC makes the left side of the sperm brighter
than its right side. (c) Binary image generated from thresholding the DIC
image. Without image reconstruction, the left and right sides of the sperm
are mistakenly divided into foreground and background, respectively.

C. Non-Invasive Morphology Measurement

Sperm morphology measurement requires visualizing the
subcellular structures of a sperm, which are not visible under
bright-field imaging due to sperms’ low contrast [Fig. 4(a)].
For non-invasively enhancing sperm contrast, differential inter-
ference contrast (DIC) imaging is widely used [17], [18].
In DIC imaging, a light beam first passes through a polarizer
so that the light waves oscillate only in one direction. Then
the light beam is split by the condenser prism into two
beams. These two light beams pass through the specimen and
are compiled by the objective prism and the analyzer. The
interference of the two light beams convert the invisible phase
difference between them into the intensity variation [26].

A brightfield image of a sperm under 100× objective is
shown in Fig. 4(a). The sperm is of low contrast, and its
subcellular structures such as vacuoles on its head are hardly
seen. In comparison, a DIC image [Fig. 4(b)] of the sperm
reveals that DIC imaging renders higher contrast of the sperm,
and two vacuoles are clearly seen on the sperm head. It can
also be seen in the DIC image that the side illumination
effect of DIC causes inhomogeneous image intensity, making
the left side of the sperm appears brighter and the right
side of the sperm darker. Due to this unique characteristic
of DIC imaging, DIC image must be properly reconstructed
before image segmentation to avoid wrongly segmenting the
bright and dark sides of the sperm into different groups.
If thresholding is applied to segment the DIC image, the left
and right sides of the sperm would be mistakenly divided into
foreground and background, respectively [Fig. 4(c)].

The purpose of DIC image reconstruction is to remove
the inherent intensity inhomogeneity, for which reconstruc-
tion methods such as Hilbert transform and Wiener filtering
have been developed [27]. Image smoothing is necessary in
these methods to encourage nearby pixels to have the same
reconstruction value. However, image smoothing also leads
to the loss of subtle edge information, which is critical for
reflecting the subcellular structures of a sperm. To preserve
these subtle edges, we introduce total variation norm [28] into
the cost function for DIC image reconstruction. By minimizing
the total variation of the image subject to a close match to
the original image, total variation norm smooths the image
while well preserving the edges. The total variation norm D of
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TABLE I
AUTOMATED MOTILITY AND MORPHOLOGY MEASUREMENT OF SINGLE SPERMS (AU: ARBITRARY UNIT)

image f is

D( f ) =
∑√

| � f |2 =
∑
x,y

√
(∂x f )2 + (∂y f )2 (7)

where � f is the gradient of f ; ∂x and ∂y are difference
operators along the x and y axes, respectively; and
∂x f = f (x + 1, y) − f (x, y), ∂y f = f (x, y + 1) − f (x, y).

DIC image g is modeled as the convolution of the point
spread function (PSF) of DIC imaging with the expected
reconstructed image f . The PSF of DIC is approximated
as Gaussian derivative dλ along the DIC side illumination
direction λ [16],

g = dλ ∗ f (8)

Image reconstruction from DIC imaging is achieved by mini-
mizing the quadratic cost function

O( f )=
∫

Edλ=
∫

[(dλ ∗ f −g)2+ws(k ∗ f )2+wr f 2]dλ

(9)

where ws and wr are the weights for smoothing and regularity
terms; and k is the smoothing operator and is adapted to
be the total variation norm in (8) for preserving edges. The
reconstructed image f that minimizes (9) is obtained by
solving the Euler-Lagrange equation [29]

∂ E

∂ f
− ∂

∂λ

∂ E

∂ fλ
= 0 (10)

Substituting (9) into (10) gives

−dλ ∗ (dλ ∗ f − g) + ws · k ∗ k ∗ f + wr · f = 0 (11)

From (11), the reconstructed image f is obtained.
After DIC image reconstruction, image segmentation is

performed using fuzzy c-means clustering incorporated with
spatial information [30]. Fuzzy c-means clustering achieves
soft segmentation by using the partial membership function
borrowed from the fuzzy set theory to allow a pixel to belong
to more than one clusters. In contrast to hard segmentation
by partitioning each pixel exclusively to one cluster, fuzzy c-
means clustering is more effective in dealing with low-contrast
objects and intensity variations of the image background [31].
The incorporated spatial information helps segment the pix-
els with similar intensity but spatially far away from each
other. The different components (head, midpiece and tail) of
the sperm are automatically detected based on the distance

Fig. 5. (a)(b)(c) show the tracking of two sperms in close proximity.
(d)(e)(f) show the tracking of two sperms in intersection.

differences of each component’s contour to the skeleton of
the sperm [32].

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Human sperm used in experiments were obtained from
CReATe Fertility Centre (Toronto) and informed consent was
obtained from all subjects. The medium contained modified
human tubal fluid mixed with 7% PVP (polyvinylpyrrolidone,
Irvine Scientific), as used in clinical ICSI.

A. Sperm Tracking and Motility Measurement

Our system automatically measured the WHO-stipulated
motility parameters, including VCL, VSL, VAP, ALH, LIN,
WOB, STR, BCF, MAD (as summarized in Table I, see
Fig. 1(a) for acronym definition), via multiple sperm tracking.
To evaluate the performance of multiple sperm tracking,
we used the MOTA metric [33], which is a standard metric
for evaluating multiple object tracking algorithms. Tracking
accuracy (MOTA) is defined as

MOTA = 1 − nmiss + nfalse_positive + nmismatch

ntotal

where nmiss is the number of targets missed during tracking;
nfalse_positive is the number of misidentified targets; nmismatch is
the number of mismatched targets due to close proximity and
intersections; and ntotal is the total number of targets.

Tracking multiple sperms requires correctly identifying each
sperm including those that are in close proximity and crossing
over each other. Compared to the standard JPDAF algorithm,
our adapted JPDAF algorithm incorporates the additional
information of sperm head orientation in (1) to reduce data
association uncertainty. Fig. 5(a)(b)(c) show the successful
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TABLE II
PERFORMANCE OF MULTIPLE SPERM TRACKING

(S:STANDARD JPDAF, A: ADAPTED JPDAF)

tracking of two sperms before, during and after close prox-
imity, and Fig. 5(d)(e)(f) show the successful tracking of
two sperms before, during and after intersection. These are
challenging scenarios for the standard JPDAF algorithm that
does not consider sperm head orientation differences. Quanti-
tative comparison of standard JPDAF and our adapted JPDAF
algorithms in terms of MOTA value confirmed the advantage
of our adapted method (n=2,760 frames of images; average
MOTA value: 81.2% achieved by standard JPDAF vs. 95.6%
achieved by adapted JPDAF), as summarized in Table II.

The missing of sperms (nmiss in Table II) was caused by
sperms swimming out of the focal plane. Multiple sperms were
tracked within a field of view, and our system was designed
not to perform auto-focusing for continuing to track a sperm
when it swims out of the focal plane and becomes out-of-
focus. The mismatch of two sperms (nmismatch in Sample 4)
using adapted JPDAF was due to rare events where two sperms
intersect not only in the XY plane but also in the Z direction.
In this case, two sperms physically attached to each other
(see Supplementary Video), causing mismatch in tracking.

B. Automated Magnification Switch and
Sperm Relocation

After sperm tracking for motility measurement, the system
performed automated magnification switch to relocate the
single sperm that was specified under low magnification to
the center of the field of view under high magnification.
Relocating the sperm after magnification switch was achieved
by coordinate transformation and sperm position prediction.
Coordinate transformation was calibrated using a commercial
calibration grid slide. The positions of twenty points on the
calibration grid were recorded under both low magnification
(20×) and high magnification (100×). The transformation
matrix in (4) was obtained using the least squares method (5),
and the calibration results are summarized in Table III.

Experiments were performed to evaluate the positioning
accuracy of coordinate transformation for relocating the same
object to the center of field of view after magnification
switch. A total of 40 points on the calibration slide were
selected under low magnification, with the shortest distance
of 18.3 μm to the center of field of view and the largest
distance of 171.2 μm (size of field of view under 20×:
432 μm×324 μm). Each point was automatically relocated
after switching to high magnification. The distance of a target
point to the center of the field of view under high magnification

TABLE III
CALIBRATION RESULTS FOR MAGNIFICATION SWITCH

Fig. 6. Forty target points selected under 20× were relocated under
100× after magnification switch.

was measured as the positioning accuracy for relocation.
Fig. 6 shows the positions of the 40 target points relocated after
magnification switch relative to the center of field of view. The
positioning accuracy for relocation was 1.7±0.6 μm (n=40).
The error was caused by the microscope model [Fig. 3(c)]
that does not take into account out-of-plane rotation of the
objective planes relative to the image plane. The out-of-
plane rotation arises from the structural design of standard
motorized nosepieces and the fixation of objectives in optical
microscopes. The positioning error of 1.7±0.6 μm, however,
is negligible for the purpose of successfully relocating a sperm
after magnification switch since the size of the field of view
under 100×objective is approximately 86 μm×65 μm and the
total length of a sperm is around 50 μm.

The performance of relocating the same motile sperm was
then evaluated. Fifty sperms were selected sequentially under
20× for relocation under under 100×. The time for the
microscope to complete the switch of objectives [�t in (6)]
costs 2 seconds, which includes lowering the low magnifica-
tion objective, switching to high magnification objective, and
raising the high magnification objective. A sperm was first
tracked and centered in the field of view before magnification
switch. According to (6), its motion during magnification
switch was compensated for, and its position after magni-
fication switch was predicted to keep the sperm within the
field of view after magnification switch. For each sperm, after
magnification switch and relocating the sperms, the distance
of the sperm to the center of the field of view under 100× was
measured. For the fifty sperms, the positioning accuracy for
relocation was 5.2±2.6 μm. While the value of v in (6) was
set to be the average velocity determined in sperm tracking
under 20× and θ was set to be the head orientation measured
immediately before magnification switch, the velocity and
head orientation of a motile sperm both change over time.
Therefore, the accuracy of relocating sperms was lower than
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Fig. 7. (a) DIC image of a sperm under 100× magnification.
(b) Reconstructed image of the sperm from DIC imaging. (c) The
sperm is segmented from the reconstructed image using fuzzy c-means
clustering. (d) Different parts (the head including a vacuole, midpiece,
and tail) of the sperm are detected with respective contour labeled on
the image.

that of relocating target points on the calibration grid slide
(5.2±2.6 μm vs. 1.7±0.6 μm).

C. Non-Invasive Morphology Measurement

The side illumination effect of DIC imaging causes inherent
inhomogeneity of image intensity. As seen in Fig. 7(a), the left
side of the sperm is brighter than the right side. Fig. 7(b)
shows the image reconstructed according to (9), where the side
illumination effect of DIC imaging was largely removed. Due
to our use of total variation norm (7), the edges of the sperm
especially those of the subcellular structures were preserved
after DIC image reconstruction.

Fig. 7(c) shows the sperm segmented from the background
by fuzzy c-means clustering. Notably, a hole exist in the
head of the segmented sperm, indicating the presence of a
vacuole on the sperm head. The different components (head,
midpiece and tail) of the sperm were also detected [Fig. 7(d)].
Morphology parameters were then measured on each compo-
nent of the sperm, as summarized in Table I where Sperm
3 corresponds to the sperm shown in Fig. 7. The iteration
of fuzzy c-means clustering ended when the change of the
membership function between two successive iterations was
less than the threshold of 0.02. The threshold value was
tuned experimentally by accounting for the tradeoff between
segmentation accuracy and required computation time. The
time cost for automated morphology measurement of a sperm,
including DIC image reconstruction, image segmentation and
parameter measurement, was 0.35 second (Intel i7 processor,
3.4 GHz).

Experiments were conducted on 50 sperms to evaluate the
accuracy of morphology measurement. The results from auto-
mated morphology measurement were compared with those by
manual benchmarking using zoomed-in images in ImageJ with
best care. The errors of automated measurement for different
morphology parameters are summarized in Fig. 8 (n=50). The
error (±standard error of mean) for measuring sperm head
length was 3.7±0.3%, for head width was 4.6±0.4%, for
acrosome area was 5.1±0.3%, for nucleus area was 7.0±0.4%,
for vacuole area was 8.1±0.5%, for midpiece length was
9.6±0.5%, for midpiece width was 7.3±0.3%, for midpiece

Fig. 8. Errors of automated morphology measurement compared to
manual benchmarking. n=50.

Fig. 9. (a) Relative difference of motility parameters measured under low
and high magnifications. (b) Errors of head length, head width, and head
ellipticity measured under low and high magnifications. The difference for
head length and head width measured under low and high magnifications
is significant (p < 0.05). n=50.

angle was 8.5±0.4%, for tail length was 9.0±0.6%. The mea-
surement errors for all morphology parameters were <10%,
which are acceptable for determining normal sperms [32]. One
source of these errors was due to heterogeneity of sperms [34].
For instance, although most sperms have clearly different
widths in their midpieces and tails, such difference in a low
number of sperms is small (see Supplementary Video). Hence,
the threshold value set for segmenting the midpiece and tail
in our system was effective in distinguishing this difference
in the vast majority but not all of the sperms tested. Excess
cytoplasm residual at the sperm neck, which occurred in a
few cases, also impeded properly segmenting sperm head and
midpiece.

We also investigated the difference of motility measure-
ments under low and high magnifications. The relative dif-
ferences of the 9 motility parameters measured under low
magnification and under high magnification are summarized in
Fig. 9(a). The difference for each of the 9 motility parameters
was within 5%. However, for morphology measurement, due to
the lower imaging resolution under low magnification (20× vs.
100×), only three morphology parameters (i.e., head length,
head width, and head ellipticity) were compared while other
morphology parameters can only be measured under 100×.
As summarized in Fig. 9(b), for each of the three morphol-
ogy parameters, accuracy of measurements made under high
magnification is higher than under low magnification.

Fig. 10 shows the distribution of motility and morphol-
ogy parameters from 50 sperms of one patient sample,
quantitatively revealing the heterogeneity of sperms from
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Fig. 10. Distribution of 50 sperms’ motility and morphology parameters. (a) head length vs. VCL. (b) head width vs. VAP. (c) head ellipticity vs.
VSL. (d) head ellipticity vs. STR. (e) midpiece angle vs. MAD. (f) tail length vs. LIN. (g) midpiece length vs. BCF. (h) midpiece width vs. WOB. The
highlighted regions in (a)(b)(c) were resulted from applying WHO-stipulated criteria that define a normal sperm. The only sperm that satisfies the
criteria is labeled as an enlarged dot.

the same population. According to the criteria stipulated by
WHO, normal sperms should have swimming velocity higher
than 20 μm/s, head length between 4 and 5 μm, head
width between 2.5 and 3.5 μm, and head ellipticity between
1.5 and 1.75 [35], [36]. Applying these criteria identifies
the highlighted regions in Fig. 10(a)(b)(c) where the hor-
izontal and vertical axes are sperms’ swimming velocity
(VCL, VAP, VSL) and head morphology parameters, respec-
tively. Only one sperm (labeled as enlarged dot) out of the
50 sperms satisfied the WHO-stipulated criteria. In clinical
practice, the selected sperm is aspirated into a standard
micropipette [11] for ICSI use. For other motility and mor-
phology parameters of the 50 sperms shown in Fig. 10(d)-(h),
quantitative criteria have yet to be made. However, guidelines
exist for normal sperm selection, such as preferences on high
LIN (linearity) and small midpiece angle (the angle between
the head major axis and the midpiece).

Compared to the status quo of qualitative estimation of
single sperm’s motility and morphology based on embryolo-
gists’ empirical experience, the automation techniques provide
quantitative data in nearly real time. In addition, in present
clinical practice, after observing sperm motility under low
magnification, it is difficult and time-consuming for a human
operator to relocate the same sperm of interest identified
under low magnification after switching to high magnification.
The techniques presented in this paper, for the first time,
enables automated, non-invasive measurement of motility and
morphology parameters of the same individual sperms. With
these techniques and in collaboration with the IVF community,
more comprehensive criteria for quantifying and ranking the
quality of single sperms can potentially be defined, a topic we
are pursuing as the next step of research.

V. CONCLUSION

This paper presented automated non-invasive measurement
of motility and morphology parameters of single sperms. For
sperm motility measurement, an adapted joint probabilistic
data association filter was developed to achieve simultane-
ous tracking of multiple sperms (tracking accuracy: 95.6%).

Automated magnification switch was performed to measure
the same sperm’s morphology under high magnification after
measuring its motility parameters under low magnification.
The position of the motile sperm after magnification switch
was predicted and coordinate transformation was conducted to
relocate the same sperm inside the field of view after switching
to high magnification, with a positioning accuracy of 5.2 μm.
Total variation norm was integrated into the cost function for
DIC image reconstruction. Experimental results demonstrated
that the measurement errors for all morphology parameters
were less than 10%.
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