Three-Dimensional Spermatozoa Surface Reconstruction
A Novel, Interactive Approach to Assessing Spermatozoon Morphology
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INTRODUCTION

Over the course of the last two semesters I have been
working with my advisor Professor Serge Belongie at Cornell Tech and Dr. Brian Levine at Weill Cornell Medical
College on a cross-school project in medical imaging. The
project was originally conceived by the aforementioned two,
but at the time they did not have the man-power to pick
up the project full time. After talking to Professor Belongie
about my interests in computer vision, he posed the project
to me and I enthusiastically committed to working on it for
the next year. And thus we set out with the goal of reconstructing three dimensional models of spermatozoa (sperm
cells) from magnified videos of the cells swimming.
Most people are taught that sperm swim in a side to side
motion, but in fact this is only the two dimensional projection of how they swim. In reality, they swim in a sort of
modified corkscrew motion, but again when viewing this in
two dimensions it appears to be side-to-side. The importance of this is that the head of the sperm (see Figure 1) is
not stationary, it in fact rotates periodically while it swims.
This is particularly important because it means that over

Figure 1: The anatomy of a sperm cell. For this
project, we focused almost exclusively on the head.
the course of a video of a sperm swimming, the watcher will
be able to observe the head from a variety of angles, and we
exploit this fact in order to produce three dimensional reconstructions. For this project, we built upon basic medical
imaging methods and existing computer vision techniques
and algorithms to build a pipeline which can perform these
reconstructions with minimal operator input. The entire
pipeline was built from scratch in Python over the course of
two semesters. The pipeline consists of several phases, each
of which will be described below.
Tracking Sperm heads are tracked and small windows containing them are extracted throughout the video using

multiple instance learning tracking with Haar features.
Alignment The small windows containing the sperm heads
from the different frames of the video are aligned so
that the sperm heads are all centered and “pointing”
in the same direction.
Period Estimation We isolate a single period of sperm
head rotation by prompting the operator.
Silhouette Extraction The silhouette or outline of the
sperm head is calculated through simple thresholding
techniques and a binary image is produced.
Space Carving The silhouette images are then back-projected
to carve a probabilistic voxel representation of the sperm
in three dimensions.
Interactive Rendering These voxels are then rendered either as voxels or as a smooth surface using the marching cubes algorithm in an application that allows the
operator to rotate and move the reconstruction.

2.

MOTIVATION

The motivation for establishing this reconstruction technique is threefold.
Improved Sperm Analysis Accuracy Existing sperm analysis techniques rely solely on images of a sample to assess, among other things, the morphology of the sperm
and the sperm count (the number of healthy sperm in
a sample). We believe that there are inherent disadvantages to this because sperm heads look strikingly
different at different points in their rotation and a single image does not account for this. Because of this,
some perfectly healthy sperm may even be classified
as abnormal resulting in inaccurate sperm counts. We
ran a study where we asked andrologists to assess the
same sperm at different points in its rotation and received both ‘healthy’ and ‘not healthy’ responses. We
are currently planning to test whether or not using
three dimensional models improves inter-rater agreement for sperm assessment.
Sperm Selection for ICSI If we can create the three dimensional models in real-time, then this technique can
be used to select sperm for intra-cytoplasmic sperm
injection (ICSI), where a single sperm is injected into
an egg for fertilization. Often, to assess an individual
sperm one needs to apply special dyes to tag certain
parts of the cell or may even need to kill and immobilize the sperm completely. This renders them unusable
for ICSI. One of the advantages of our technique is that
the sperm do not need to be and should not be altered
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Figure 2: A visual walkthrough of our pipeline.
in any way, which allows them to be used for precisely
this purpose following assessment.
Improved Accessibility for Additional Studies If we can
make this technique repeatable and robust, it will open
the door for whole new types of studies on sperm morphology. Currently, the state of the art for generating
a three dimensional model of sperm consists of using
a half-million dollar device which are few and far between (in fact, there is only one in all of New York
City). This device requires the sperm to be immobilized and killed so no experiments can be run on the
sperm after imaging. Again, our technique can generate a three dimensional model using an ordinary 400x
laboratory microscope and requires the sperm to be
alive so experiments can be run after imaging.

3.

PIPELINE

Here, we will go through the phases of the pipeline that
we built. For a visual representation, please see Figure 2.
Again, this pipeline was built over the course of two semester
and written entirely from scratch and in Python.

3.1

Tracking

The aim of this phase of the pipeline is to take a video of a
sperm swimming and the location of a sperm head as input
and to output a cropped image of the head for every frame
of the video. For this purpose, we chose to use multiple
instance learning tracking, which is a tracking by detection
method created by one of Professor Belongie’s PhD students,
Boris Babenko. Multiple instance learning is often employed
when there is some ambiguity in training data. Instead of
classifying instances alone, multiple instance learning labels
bags of instances as positive if one or more of its members is
positive. This type of learning is used in an online boosting
application with randomized Haar features to get a robust
tracker that suits the needs of our project and can adapt reasonably to the changing appearance of sperm heads throughout a video. Furthermore, we employ enhanced correlation

coefficient maximization to try to make the extracted windows line up as closely as possible.

3.2

Alignment

The aim of this phase is to take the cropped images of
the sperm head as input and to output those cropped images but aligned such that the sperm head is in the center
of the window and that all the heads are “pointing” in the
same direction. For this, we first perform a simple intensity
threshold on the image to extract a rough, binary estimate
of the sperm heads. We then calculate the centers of mass
of the binary images as well as the inertia matrices to extract the axes along which the heads are pointing. We then
translate them such that the center of mass is in the center
of the window and rotate them such that the axes are all
pointing in the same direction.

3.3

Period Estimation

For this phase of the pipeline, we take the sequence of
cropped and aligned sperm heads and isolate a single period of sperm head rotation. We experimented with using
automatic techniques such as dynamic time warping to try
to isolate a period, but were unable to get promising results. Ultimately, we ask for operator intervention here and
request that the operator supply us with one period worth
of cropped and aligned images.

3.4

Silhouette Extraction

This phase of the pipeline takes the cropped and aligned
images of the sperm head for a single period and outputs
binary images for each image such that the sperm head is
white and background is black (see Figure 2 for example
silhouettes). Again, we experimented quite a bit with this
phase in the pipeline, but ended up using a combination
of gaussian smoothing to remove small artifacts and intensity thresholding to segment the sperm heads and the background. This worked well enough for some of our earlier
videos where the sperm were consistently darker than the

voxelized representation. The operator can also control the
camera and viewpoint of the rendering using a mouse.

4.

Figure 3: An example setup for space carving with
silhouettes [Swiss Federal Institute of Technology
Zurich].
background. For some of the later videos, the intensity difference would change quite drastically throughout the video
so performing a simple intensity threshold did not work. We
explored using active contour models (also known as snakes)
and machine learning techniques to extract the outline of
the sperm head, but did not have enough time to see this
through completely.

3.5

Space Carving

Here, we take the binary images for a single period and
output a probabilistic, voxelized representation of the sperm
head. Because we know that the images represent one period of rotation, we can now assume that the viewpoint from
each image is equally spaced on some circle surrounding the
sperm head in three dimensions (see Figure 3 for an example of this setup). We can then back-project the silhouette
in each image and intersect the back-projected volumes to
get an approximation of the sperm head in three dimensinos. This works in the perfect case, but for our purposes we
record how many of these back-projected volumes each voxel
(three dimensional pixel) is contained within. We then convert this to a fraction of the total volumes, which can loosely
be interpreted as the probability that the voxel is part of the
sperm head. We then pass this probability for each voxel to
next phase of the pipeline.

3.6

Interactive Rendering

This phase of the pipeline takes the voxel representation
of the sperm head and renders the voxels or a smoothed surface using OpenGL and in a way that allows the operator
to interact with the sperm head. For the former, we render only the voxels that have a probability of being in the
sperm head of greater than some interactive threshold (usually 0.75). We allow the operator to control this threshold in
real-time. For the latter, we use the same threshold to perform the marching cubes algorithm which assumes that the
probabilities are part of some continuous function in three
dimensions and renders a surface in space along which the
probability is equal to that threshold. This allows the operator to see a smoothed and therefore more realistic version
of the sperm head that is mathematically equivalent to the

CONCLUSION & FUTURE WORK

In October we were lucky enough to present our research
at the 2014 American Society for Reproductive Medicine
conference via a video entitled 3D Sperm Surface ReconstructionA Novel Three-dimensional Approach To Assessing Sperm
Morphology. Although I did not attend the conference, Dr.
Levine went and said that the video showing and question
session went very well. Our video received an Honorable
Mention for the Assisted Reproductive Technology category
and was among four videos recognized at the conference
among all the videos submissions. We also submitted an
abstract entitled A Proposed 360◦ Scoring Method To Replace Conventional Bidimensional Moprhological Analysis,
which touched upon the first item listend in the Motivation
section of this report. A paper presenting our work is currently in review for publication in Fertility & Sterility and
has received very promising feedback so far.
Technically speaking, some phases in our pipeline would
need additional refinement and robustness before releasing
any sort of commercial application for sperm analysis, which
is the ultimate goal. Whereas in the examples that we have
been presenting, the pipeline works incredibly well and requires minimal operator input, it also fails on a lot of the
examples we gathered due to the drastically changing intensity (lightness or darkness) of sperm heads throughout the
videos. In these cases, tracking and silhouette extraction
break down because they depend on the sperm head intensity to either change minimally between video frames or not
change at all respectively. These two phases would need to
be made to handle these cases where our assumptions do not
hold. Furthermore, we believe that we can accurately detect
periodic motion, but chose to glance over it for the duration
of this project to save time. After removing the need for
operator intervention with period estimation, we can also
remove the need for an operator entirely by adding sperm
head detection as a first phase in the pipeline. In this way,
we believe that the work that we did can be built upon to
create an entirely automated approach to three dimensional
reconstruction of sperm for analysis, taking just a video as
input and producing interactive models.
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