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Abstract

We demonstrate a compact and lightweight platform to conduct automated semen analysis using a

lensfree on-chip microscope. This holographic on-chip imaging platform weighs ~46 g, measures

~4.2 × 4.2 × 5.8 cm, and does not require any lenses, lasers or other bulky optical components to

achieve phase and amplitude imaging of sperms over ~24 mm2 field-of-view with an effective

numerical aperture of ~0.2. Using this wide-field lensfree on-chip microscope, semen samples are

imaged for ~10 s, capturing a total of ~20 holographic frames. Digital subtraction of these consecutive

lens-free frames, followed by appropriate processing of the reconstructed images, enables automated

quantification of the count, the speed and the dynamic trajectories of motile sperms, while summation

of the same frames permits counting of immotile sperms. Such a compact and lightweight automated

semen analysis platform running on a wide-field lensfree on-chip microscope could be especially

important for fertility clinics, personal male fertility tests, as well as for field use in veterinary

medicine such as in stud farming and animal breeding applications.

Semen analysis is an important routine that is extensively practiced in laboratories for

evaluating male fertility1 and preparing artificial insemination.2 To determine the sperm

concentration in semen, visual assessment by putting the sample into a counting chamber and

then manually counting the sperms through an optical microscope is still the gold standard.

Not only that this method is recommended by the World Health Organization (WHO), but also

it is widely used in most laboratories that process semen.3 Due to the labor intensive nature of

this manual method, several other optical approaches, including turbidimetry,4–11 laser

Doppler velocimetry,12–17 and photon correlation spectroscopy,18–20 have also been proposed

to automatically analyze semen. However, these approaches are still not widely adopted

partially because they can only provide indirect estimations of the sperm concentration and

motility.

Currently, computer-assisted semen analysis (CASA) systems,21–27 which utilize pattern

analysis algorithms to automatically process the images recorded with a conventional optical

microscope, is considered as one of the most promising technologies to replace the traditional

manual semen analysis method. An important feature of CASA systems is their ability to

provide quantitative information about sperm motility, such as the speed distribution of

individual sperms, which has been proven to be rather important for predicting fertilization

rate28,29 as well as for evaluation of the correlation between various drugs and sperm quality.
30,31 However, despite the fact that state-of-the-art CASA systems are very efficient and
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versatile, their relatively large dimensions, high cost and maintenance needs partially hinder

their widespread use in fertility clinics. For the same reason, application of this platform to

field-use in veterinary medicine such as stud farming and animal breeding32–34 has also been

significantly limited.

In addition to these, commercially available male fertility test kits for personal home use, such

as FertilMARQ35 or Sperm-Check,36 also aim to indirectly quantify sperm concentration by

a color change due to chemical staining or labeling of sperm-specific proteins. These tests,

however, cannot quantify sperm motility or the concentration of motile sperms. Recently, an

alternative semen analysis platform involving a compact microfluidic device that can measure

electrical impedance changes due to sperm movement has also been reported.37 However, this

lab-on-a-chip platform can only provide the total number of the sperms in the sample and

cannot differentiate motile and immotile sperms from each other, which is an important

limitation.

In this manuscript, as an alternative approach, we present a compact and lightweight platform

to conduct automated semen analysis on a chip. At the core of our technology lies a lensfree

holographic on-chip microscope (see Figure 1) which weighs ~46 g and measures ~4.2 × 4.2

× 5.8 cm providing an imaging field-of-view (FOV) of ~24 mm2 together with an effective

numerical aperture (NA) of ~0.2.38 This imaging FOV is more than 20-fold larger than the

FOV of a typical 10× objective-lens, and therefore provides a significant throughput

advancement that permits automated monitoring of hundreds to thousands of sperms all in

parallel. This lensfree on-chip microscope is based on digital in-line holography, and it utilizes

an incoherent or partially coherent light source (such as a light emitting diode (LED)) that is

filtered by a large aperture of ~0.1 mm to illuminate the sample of interest as illustrated in

Figure 1. Over a short propagation distance of ~4 cm, this illumination light picks up partial

spatial coherence, after which it scatters from each sperm to coherently interfere with the

background light, forming lensfree holograms of the sperms over a large FOV (~24 mm2).

These lensfree sperm holograms can then be rapidly processed (e.g., <1 s) using a Graphics

Processing Unit (GPU) to reconstruct their microscopic images (both amplitude and phase38)

as illustrated in Figure 2.

To conduct automated semen analysis using this lensfree holographic microscope (Figure 1

(a)) we capture ~20 holographic frames over ~10 s. Quite conveniently, digital summation of

all these lensfree frames removes the moving sperms out of the picture and enables us to rapidly

count only the immobile sperms based on the reconstructed phase images. On the other hand,

digital subtraction of these consecutive holographic frames from each other this time removes

the immobile sperms out of the picture, leaving behind only the moving ones, which permits

automatic quantification of the individual speed and the trajectories of all the motile sperms

within an FOV of ~24 mm2. We validated the performance of this platform for automated

semen analysis by comparing our results against manual analysis of the same samples

conducted using a conventional bright-field microscope.

We believe that such a compact, lightweight and cost-effective automated semen analysis

platform running on a wide-field lensfree on-chip microscope would be especially useful for

fertility clinics, personal male fertility tests, as well as for field-use in veterinary medicine.

EXPERIMENTAL METHODS

Lensfree Holographic on-Chip Microscope

A self-contained on-chip microscope (see Figure 1(a)) is designed to record the holographic

images of the semen samples over a field-of-view of ~24 mm2 with an effective NA of ~0.2

without utilizing any lenses or scanning mechanical components.38 This entire lensfree on-
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chip microscope assembly (Figure 1(a)) weighs ~46 g and measures ~4.2 × 4.2 × 5.8 cm. Inside

this on-chip microscope, a simple light-emitting diode (LS E67B, OSRAM Opto

Semiconductors, center wavelength: 645 nm, bandwidth: ~15 nm) is filtered by a 0.1 mm

pinhole to provide partially coherent illumination over the semen sample that is placed at a

distance of ~4 cm from the source (Figure 1(b)). Lensfree holograms of the sperms are recorded

by a monochrome CMOS image sensor (MT9P031STM, Aptina Imaging, 2.2 μm pixel size,

5 megapixel, 24 mm2 active area). This entire imaging system, including the light source and

the sensor-chip, is powered and controlled by a laptop computer through a USB 2.0 connection.

A smart-phone or a personal digital assistant (PDA) could also be used for the same purpose.

The sample of interest is loaded into this microscope using a sliding tray (see Figure 1(a)) and

held at ~1 mm above the active area of the CMOS image sensor.

Sample Preparation

Frozen semen specimens were obtained from California Cyrobank and were stored in liquid

nitrogen. Before use, the specimen vials were thawed in 37 °C water bath for 10 min to revive

the sperms. A sperm washing medium (9983, Irvine Scientific), premixed with a small number

of 20 μm polystyrene microspheres (4220A, Thermo Scientific, ~40 beads/μL), was used to

dilute the semen sample to a desired concentration. The diluted semen was pipetted into a glass

sperm counting chamber (DRM-600, Millennium Sciences, chamber depth: 20 μm) and then

enclosed with a no. 1 glass coverslip (12-548A, Fisher Scientific) to suppress liquid

evaporation. The added microspheres act as mechanical spacers to ensure a constant chamber

height and a uniform sperm distribution. For preparing semen samples with immobilized

sperms, the diluent was replaced by a bicarbonate-formalin diluting fluid (6710-4, Ricca

Chemical) while the rest of the procedures remained the same.

Hologram Recording and Automated Sperm Analysis

Twenty consecutive lensfree holographic frames for each semen sample of interest were

recorded using the on-chip microscope shown in Figure 1(a) at a frame rate of two frames per

second (FPS) and an integration time of ~35 ms per frame. Two different processing

approaches, digital summation and subtraction of these lensfree holographic frames, were

applied to separately identify and quantify the immotile and the motile sperms in the semen

sample.

For identification and quantification of the immotile sperms, all the individual holographic

images were normalized to their own mean intensity and then were summed up digitally. This

summation operation not only increases the digital signal-to-noise ratio (SNR) of the immotile

sperms’ holograms, but also smears out the lensfree holograms of the motile sperms. As a

result, this step creates sufficient contrast and SNR to observe the faint images of the sperms’

tails, which enables automated identification of their signatures from the background (see, e.g.,

Figures 2(d and e)).

Next, an iterative holographic reconstruction algorithm38 was used to process this summation

hologram and reconstruct the microscopic images (containing both amplitude and phase

information, see, e.g., Figures 2(c and d), respectively) of the immotile sperms. Toward

automated counting of immotile sperms, candidate objects were initially screened by their

distinct and bright elliptical heads in the reconstructed phase images (see, e.g., Figure 2(d)).

These immotile sperm candidates were isolated from the background through a threshold

operation, where pixels above a certain intensity value were grouped together. After this

thresholding step, several digital properties of each connected region were calculated such as

its pixel area, orientation, and a coefficient indicating the object circularity.39 Thresholded

regions of invalid size or shape were discarded, and a line was fitted to match the orientation

and the length of the fitted ellipse to each sperm head (shown with red colored lines in
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Supporting Information (SI) Figure 1(b)). Following this initial screening step, the tail of each

sperm must also be identified and matched to its corresponding sperm head orientation. The

condition for a viable sperm is the presence of a healthy tail (in accordance with the WHO

laboratory manual3); and therefore for a positive count, the tail must have an adequate length

that is also aligned with the orientation of the sperm head. Toward this end, for digital

enhancement of the contrast of each tail in the reconstructed phase image, a determinant-of-

Hessian filter40 was applied to extract the ridge-like features of each individual sperm tail (see

SI Figure 1(c)). A threshold was then applied to the resulting image after which the tails were

identified by searching for the remaining ridges in the neighborhood of the end points of each

head orientation line (i.e., by matching the green and red lines as shown in SI Figure 1(d)). If

a ridge is absent from this sperm head neighborhood, or if the tail is not long enough, or has

an abnormal shape it was discarded. All the valid sperms were then automatically counted and

marked in the image for further comparison, if necessary.

Quantification of the motile sperms in semen is a relatively easier task for our technique since

the only moving objects within the sample are the motile sperms. For this purpose, consecutive

lensfree holographic frames were digitally subtracted from each other to create new digital

holograms (see, e.g., Figure 3(a)) that represent differential motion of the sperms. The same

iterative algorithm38 discussed above was then used to reconstruct the differential motion of

the motile sperms as shown in Figure 3(b). In these reconstructed holographic images, the

motion of each sperm generates one negative (dark) and one positive (bright) spot, which

indicate the start and the end positions of the sperm’s motion, respectively. Therefore, by

quantifying the relative distance between these bright and dark spots we can simultaneously

infer the speed and the trajectories of all the motile sperms within our imaging field-of-view

(~24 mm2). For this purpose, the locations of these spots were identified by simple thresholding

followed by calculation of their centroid positions.41 As a result of this, the displacements of

individual sperms between consecutive holographic frames can be easily calculated by using

the shortest distance between the centroid positions of each dark-bright spot pair (see, e.g.,

Figure 3(b)). These displacements of motile sperms in all consecutive frames were then linked

to each other to plot the dynamic trajectories of the sperms within our FOV (see, e.g., Figure

4(a)). The average speed of each motile sperm was calculated by summing up the magnitudes

of its displacements in all frames and dividing this sum with the total duration of the frame

acquisition.

Digital processing of the acquired lensfree holographic images, including both immotile sperm

detection and motile sperm tracking, were implemented in Matlab. The computation time for

each semen sample was ~15 min for ~24 mm2 FOV using a PC with an Intel Core2Duo E8400

3.00 GHz CPU. By moving these image processing routines to a GPU (e.g., NVIDIA GeForce

GTX 285), the time required to analyze each semen samples can be significantly reduced (by,

e.g., >10× ).

Microscope Comparisons to Validate Lensfree on-Chip Imaging

To verify our automatic characterization results made with this holographic on-chip

microscope, videos of the same semen samples were also recorded using a conventional bright-

field microscope (ME300TZ-2 L-5M, AmScope). For each semen sample, these videos were

recorded across ≥9 adjacent FOVs (~0.20 mm2 each) using a 20× objective-lens (NT38-339,

Edmund Optics, NA = 0.4). Motile and immotile sperms were then separately counted on the

recorded video by visual inspection, following the WHO guidelines.3 For samples that had less

than 0.5 million motile sperms per mL, videos were also recorded with a 10× objective-lens

(NA = 0.25) that had a relatively larger field-of-view than a 20× objective-lens. However, these

lower resolution videos were used for counting of motile sperms only, and were not used to

quantify immotile sperm densities. These conventional bright-field microscope videos were
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recorded right before the same semen samples were imaged by our lensfree holographic on-

chip microscope. The delay between these two imaging experiments was kept below 30 s to

minimize the error from the change of semen status.

RESULTS AND DISCUSSION

To demonstrate the capabilities of our platform shown in Figure 1(a) for automated detection

of sperms from their lensfree holograms, we initially worked with semen samples that had

immobilized sperms. In these experiments, lensfree holograms of the immobilized sperms were

digitally reconstructed as detailed in the Experimental Methods section to yield both an

amplitude and a phase image of each sperm over an imaging FOV covering ~24 mm2. As an

example, Figure 2 and Supplementary Figure 2 digitally focus on smaller regions of this FOV

to illustrate some of these raw lensfree holograms, and their corresponding reconstruction

results.

An interesting observation based on these images is that the sperm tails can only be observed

in the reconstructed phase images, while the heads of the sperms are clearly visible in both the

amplitude and the phase images (see, e.g., Figures 2(c and d) or SI Figures 2(b and c)). The

main reason behind this behavior is that the tail of a sperm is a submicrometer structure which

generates a rather weak scattering signal. Therefore, with the limited NA and SNR of our wide-

field lensfree microscope, such a small feature does not contribute enough scattering signal to

be reconstructed in the amplitude image. On the other hand, the refractive index difference

between the tail and the surrounding medium still creates a sufficient contrast in the

reconstructed phase image, permitting observation and automated detection of the sperm tails

as described in the Experimental Methods section (see, e.g., Figures 2(d and e) and SI Figures

1–2). In these results presented in Figure 2 and SI Figures 1–2, the tail of each sperm was

automatically identified and matched to its corresponding sperm head orientation. In this

process, some of the sperms were disqualified from a positive count because of unusually

curved tails (refer to the Experimental Methods section for details). To further validate our

analysis, these automatic detection results were also compared against a regular microscope

image taken on the same field-of-view as shown in Figure 2(b, d, and e).

To demonstrate the performance of our platform on quantification of motile sperms, we

characterized several semen samples with varying sperm concentrations. Figures 3 and 4 and

SI Figure 3 show the differential imaging and automated tracking results of some of these

semen samples. As detailed in the Experimental Methods section, digital subtraction of

consecutive frames from each other removes all the stationary holograms and leaves behind

only the differential holograms of the motile sperms, as also illustrated in Figure 3(a) or SI

Figure 3(a). Therefore, each motile sperm has a distinctive signature on the new differential

hologram that represents the magnitude and the direction of the sperm displacement between

these two consecutive frames. Performing holographic reconstruction on these differential

holograms reveal two spots for each motile sperm: one dark spot indicating its start position

and another bright one indicating its end position (see, e.g., Figure 3(b) or SI Figure 3(b)).

Based on these reconstructed differential images, we have quantified the dynamic trajectories

of the motile sperms over our entire imaging FOV (~24 mm2) as illustrated in Figure 4(a) or

SI Figure 3(c). For further quantification of the sperms shown in Figure 4(a), the displacements

of all these motile sperms were linked across all the 20 lensfree frames acquired over ~10 s,

which enabled us to determine the speed histogram of the sperms as shown in Figure 4(b).

Similar results were also obtained at different sperm concentrations as illustrated in SI Figure

3 for 2.36 million sperms per mL. This average speed histogram calculated by our system is

essentially equivalent to the distribution of straight-line velocity (also known as VSL) of the

sperms, which is reported to highly correlate with fertilization rate,28 suggesting that the

average sperm speed provided by our platform could be an effective indicator of male fertility.
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Finally, using our on-chip imaging platform, we characterized 12 semen samples containing

both immotile and motile sperms at varying concentrations to validate the automated counting

accuracy of our system. In Figure 5, our automatic counting results were compared against

manual counting results achieved using a bright-field microscope (see the Experimental

Methods section). This comparison confirmed that our automated analysis can accurately

quantify the concentration of both immotile and motile sperms up to a density of 8.3 and 6.8

Million/mL, respectively. Such a large dynamic range allowed our system to reliably analyze

human semen samples that were diluted by ~1–10×. In addition to this, Figure 5 also revealed

our automated platform’s superior ability to analyze semen samples with very low sperm

concentrations. For example, the lowest concentration reported in Figure 5(b), 87 500 sperms/

mL, corresponds to ~42 sperms tracked by our system over its 24 mm2 field-of-view. To

achieve the same level of statistical characterization accuracy for such a low density semen

sample, a conventional microscope equipped with a 20× objective-lens would need to look at

close to 100 different field-of-views, making it quite inconvenient. Therefore, the large field-

of-view of our lensfree on-chip imaging platform is also quite valuable for providing

quantitative results at extremely low sperm densities such as observed in postvasectomy.42,43

Potential application areas of this semen analysis platform include automated sperm counting

in fertility clinics, semen quality evaluation in sperm banks, personal male fertility tests at

home, postvasectomy tests either at home or in clinic, stud performance assessment at animal

breeding centers, and stud health monitoring in farms. In addition to these, by using a larger-

area image sensor, this platform can also be transformed into a significantly higher throughput

analysis platform that can measure sperms’ response to different drugs or chemicals of various

concentrations all in parallel. Furthermore, this optical technology with its automated analysis

capability can be utilized for characterization of cells within bodily fluids such as whole blood

samples or for detection of bacteria or parasites in drinking water. The compact, lightweight

and cost-effective design of this imaging platform and its connectivity to PDAs or smart-phones

may allow the users to perform whole blood count or water quality screening in field settings

with minimal resources.

CONCLUSION

In conclusion, we have demonstrated a compact and lightweight platform to conduct automated

semen analysis using a lensfree on-chip microscope. This automated semen analysis platform

weighs ~46 g and measures ~4.2 × 4.2 × 5.8 cm, and therefore it fills up an important gap

between simple qualitative male fertility test kits and sophisticated quantitative

characterization systems based on, for example, CASA. In a very compact and lightweight

format, this platform can provide quantitative semen analysis including the measurements of

the absolute concentrations of both motile and immotile sperms, as well as the trajectories and

the speed distributions of motile sperms. Since several different factors other than the sperm

concentration are now being used to predict fertility,44 such a compact and versatile semen

analysis tool could be very useful for fertility clinics, personal male fertility test kits, as well

as for field-use in veterinary medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(a) A lensfree holographic on-chip microscope that measures 4.2 × 4.2 × 5.8 cm and weighs

46 g is shown. The embedded light source (an LED filtered by a pinhole) and the CMOS image

sensor are both powered through a USB connection from the side. This compact on-chip

microscope can provide both amplitude and phase images of the sperms (loaded within a sliding

tray) over a field-of-view of 24 mm2 with an effective numerical aperture of ~0.2. (b) A

schematic diagram of the lensfree holographic microscope shown in (a) depicts the relative

positions of the light source, the semen sample and the sensor chip. This schematic diagram is

not drawn to scale.

Su et al. Page 9

Anal Chem. Author manuscript; available in PMC 2010 November 18.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 2.

(a) A digitally cropped lensfree hologram of an immobilized semen sample (6.05 million

sperms per mL) that is acquired with the unit in Figure 1(a) is shown. (b) For comparison

purposes, a bright-field microscope image of the same FOV as in (a) is acquired with a 40×

objective-lens (NA = 0.65). (c) The amplitude image reconstructed from the raw hologram

shown in (a) for the same FOV indicates the locations of the heads of the sperms. (d) The phase

image reconstructed from the raw hologram shown in (a) for the same FOV illustrates both the

heads and the tails of the sperms. (e) Automatic characterization results that are generated based

on the reconstructed phase image in (d) are illustrated. The elliptical areas corresponding to

sperm heads are enclosed by red circles while the tails are labeled with green lines. Defective

sperms with missing or unusually curved tails (marked with the white arrows in (e)) are not

reported toward positive sperm counts.
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Figure 3.

(a) A digitally subtracted lensfree hologram of three moving sperms is generated from two

successive frames (500 ms apart) (b) A microscopic image, that is digitally reconstructed from

the lensfree differential hologram shown in (a), illustrates the positions of three sperms in two

successive frames (white spots show the sperms’ end positions and black spots show their

starting positions). The displacement vectors of these sperms are labeled as S1, S2, and S3.
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Figure 4.

(a) Dynamic trajectories of 221 sperms within a field-of-view of ~24 mm2 are automatically

tracked over a time-span of 10 s. The blue spots mark the end positions of the tracked sperms,

while the green lines refer to their trajectories. (b) The speed histogram of these motile sperms

is calculated using the information in (a) by summing the sperm displacements from all the

consecutive frames and then dividing this sum by the total image acquisition duration.
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Figure 5.

Counting accuracy of the presented automated semen analysis platform for (a) immotile

sperms; (b) motile sperms; and (c) both the motile and immotile sperms is illustrated at various

sperm concentrations up to 12.5 × 106/mL. The x-axes are the sperm concentrations that are

manually counted using a conventional bright-field microscope. The y-axes are the sperm

concentrations that are automatically counted for the same semen samples using lensfree

holographic images acquired with the on-chip microscope shown in Figure 1(a). The total

counts in (c) are the summed up concentrations of the immotile sperms in (a) and the motile

sperms in (b). Correlation coefficients (r) of these characterization results shown in (a), (b),

and (c) (0.98, 0.99, and 0.98, respectively) further validate the accuracy of this compact and

lightweight holographic lensfree microscope as a semen analysis platform.
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