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Abstract. We present results from non-interferometric quantitative phase imaging (QPI) for 

thickness estimation and morphological analysis of human spermatozoa. QPI along with 

algorithms for image processing enable localization and quantification of subcellular 

structures of spermatozoa, including the acrosomal, nuclear, mid-piece, and tail regions. This 

approach based on the transport of intensity equation (TIE) using a simple brightfield 

microscope renders quantitative phase image with nanometric depth sensitivity, allowing the 

precise subcellular structural resolution of human spermatozoa. We demonstrate the potential 

of TIE in real-time phase imaging and the morphological analysis of spermatozoa. We first 

calibrate the TIE using microbeads and a standard phase target of known dimensions. Image 

processing for quantitative volume estimation of nuclei and acrosomal regions is carried out 

on the reconstructed quantitative phase images. We also apply a Hilbert transform-based 

image processing algorithm to the retrieved phase for visualization of vacuoles present on the 

sperm head. 

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Semen analysis is routinely carried out in humans as a diagnostic tool in infertility 

investigations and for male reproductive health assessment [1–5]. The vital parameters for the 

assessment of semen quality and fertility are spermatozoa concentration, motility, and 

morphology [6]. Morphological abnormalities of spermatozoa are the most common and 

important indicators that lead to poor outcomes from Intra-Uterine Insemination (IUI) leading 

to male infertility [7]. As the morphology of a sperm cell plays a critical role in its 

fertilizability, there is a growing interest in understanding and quantifying sperm morphology 

and its associated defects. In fact, in various procedures for Assisted Reproduction 

Technology (ART) like In-Vitro Fertilization (IVF) [8], Intra Cytoplasmic Sperm Injection 

(ICSI) [9], and Intracytoplasmic Morphologically Selected Sperm Injection (IMSI) [10,11], 

assessment and characterization of sperm defects is very important in the selection of best 

spermatozoa [12,13]. 

In a routine andrological evaluation, human spermatozoa undergo a cumbersome process 

of fixing, staining before they are analysed under an optical microscope [14]. The optical 

translucency of biological cells, coupled with little or no contrast necessitates the use of vital 

dyes for bright field microscopy, thereby rendering the sperm unusable for clinical use. The 

present procedures for characterization of spermatozoa are tedious, time consuming and 

destructive in nature. Optical techniques such as Zernike phase contrast microscopy and 

differential interferential contrast microscopy [15–17] are helpful in a qualitative visualization 

of phase, though not capable of quantifying the parameters such as thickness and volume. 
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Quantitative Phase Microscopy (QPM) techniques such as Digital Holographic Microscopy 

[18–24], Fourier Phase Microscopy [25], Hilbert Phase Microscopy [26], Diffraction Phase 

Microscopy [27], Spatial Light Interference Microscopy [28], Quadriwave Lateral Shear 

Interferometry [29], Gradient Field Microscopy [30], Gradient light Interference Microscopy 

[31], could render the 3-D morphology of sperms in a non-destructive and label-free manner. 

Retrieval of phase image and surface morphology of live samples from quantitative phase 

microscopy will be a paradigm shift in the treatment practice for assisted reproductive 

techniques [18–22]. However, quantitative phase imaging techniques that are based on 

interferometry principles would require vibration isolation platforms, complicated 

experimental set-ups, expensive coherent light sources, and heavy computational support, 

which makes them non-attractive for practical clinical applications. 

Transport of Intensity Equation (TIE) is a non-interferometric quantitative phase imaging 

technique that is well-suited for this application due to its simplicity in experimental set-up 

and minimal computational requirements. TIE can be easily realized on a regular brightfield 

microscope with white light illumination. The phase image reconstructions of the object 

under study is possible using TIE by recording two defocus images and one in-focus image 

along the optical axis without the use of any phase unwrapping algorithms [32]. By exploiting 

a non-coherent white light source or a partially coherent light source [33–37], TIE is capable 

of reconstructing the thickness of the sample with nanometric depth precisions and high 

signal to noise ratio (SNR) [38]. TIE has been successfully implemented in many fields such 

as transmission electron microscopy (TEM) [39,40], and in X-ray imaging [41]. 

In this paper, we propose TIE for quantitative phase imaging of live sperm cells and its 

morphological analysis. Imaging of semen sample have been quite challenging and the 

previously reported works in imaging sperm cells suffered from accuracy, and inability to 

reveal the structural morphology of the cells [18–21]. Using TIE, we quantify the 

spermatozoa parameters like width, length, height, area, and volumes of the acrosomal region, 

nucleus and the head. We also highlight here, the unique strength of TIE imaging in providing 

morphological information related to DNA content of sperm cells and identifying anomalies 

associated with the sperm cells (like vacuoles) as per WHO standards [14] using Hilbert 

transform technique [42]. These are very critical parameters in selecting a fertile sperm in an 

IVF procedure. This imaging technique will be highly promising for 3-D volume estimation 

of sperm cells and characterization of sperm morphology with nanometric depth sensitivity 

without any preprocessing. Since it employs totally incoherent light, this is free of vibration 

effects and other problems that arise due to use of coherent light. 

2. Principle 

The idea of relating object intensity measurements to its phase was proposed by Teague in 

1983 [43,44]. A plane wave travelling through a transparent phase object gets modulated by 

the object thickness and undergo a phase change. The quantitative phase of the object 

modulations can be reconstructed by recording one in-focus and two defocused intensities of 

the object along the optical axis. A scalar field ( ),U r z⊥  at a plane can be represented its 

amplitude and phase as 

 ( , ) ( , ) exp( ( , ))U r z I r z i r zϕ⊥ ⊥ ⊥=  (1) 

where ( ),I r z⊥  is the intensity and ( ),r zϕ ⊥  is the spatial distribution of phase of the object. 

Under the paraxial approximation, TIE relates the first order derivative of axial intensity 

measurements to the phase at the object plane in the Fresnel region [44,45], 
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where λ is the spectrally weighted mean wavelength, ⊥∇ is the spatial gradient operator. 

With the knowledge of intensity measurements, Eq. (2) relates the measured intensities to 

the two-dimensional phase distribution in the Fresnel region. A detailed description of TIE 

formalism can be found in the cited references [42–47]. By following Teague’s assumption 

[46], a formal solution to retrieve the phase ( ),r zϕ ⊥ of an object from Eq. (2) is given as 
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where 2−∇  is the inverse Laplacian operator. 

By using Fourier transforms method [47], Eq. (3) can be solved on a MatlabTM platform 

and the retrieved solution is subject to boundary constraints. So while computing phase, it is 

assumed that intensity is strictly positive. However, the reconstructed phase is prone to errors 

[48,49], due to the presence of various optical aberrations, phase noise and environmental 

vibrations. An aberration compensation algorithm has been used in the present study. Using 

the user-defined sampling points, the algorithm estimates unknown aberrations in the 

background of the reconstructed phase image. After estimating the aberrations, the image can 

be corrected by subtracting the estimated aberrations from the reconstructed phase image. The 

aberration-corrected phase can be converted into object’s thickness map with the help of the 

Eq. (4). 

 ( , , )
2

t x y z
n

λ ϕ

π

Δ
=

Δ
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where 0 mn n nΔ = − is the difference in refractive index between the object ( )0n  and its 

surrounding medium ( )mn , 0 mϕ ϕ ϕΔ = −  is the phase difference between the object and its 

background. 

2.1 Aberration correction procedure 

When the defocus distance between the images along the optical axis is not sufficient, then 

the final retrieved phase will be corrupted with low frequency artefacts popularly known as 

cloudy artefacts in TIE. To alleviate the problem of low frequency artefacts, there exists a 

number of techniques in the literature using stack of more than 11 images along the optical 

axis [47,50–54]. In this manuscript, we have used a polynomial fitting method as a solution to 

remove these low frequency artefacts in the retrieved TIE phase image instead of using more 

images. Consider ( )A rϕ  is the aberration and ( )rϕ  is retrieved TIE phase. The aberration 

can be estimated by polynomial as 

 ( )
0

i j N
i j

A ij

i j

r C x yϕ
+ =

= =

=   (5) 

where ,i jC  are the polynomial coefficients, N is the polynomial order (N = 20 was 

considered). 

The discretized and weighted version of the phase distribution ( )rϕ  is k kk
W ϕ . The 

coefficients are calculated from the weighted captured phase ( )rϕ . Instead of direct filtering, 

a Low pass filter (LPF) is obtained from low order polynomials, that performs a low pass 

filtering operation on the input phase data. The calculated aberrations are then subtracted 

from the actual phase to get the noise-free phase. 
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3. Materials 

Characterization of quantitative phase microscopy using TIE was carried out using 

microbeads (Life Technologies, 4.0 µm) with a known refractive index of 1.68 and were 

suspended in distilled water (nmed = 1.33). Live spermatozoa samples were obtained from 

Oasis Centre for Reproductive Medicine, Hyderabad, as per approvals from the Institutional 

Ethical Committee (UH/IEC/2014/114). Following explicit written informed consent, seminal 

plasma was collected in a wide mouthed, sterile non-toxic container, in a room provided 

specifically for the purpose. Routine semen analysis was performed after liquefaction 

according to WHO criteria [14]. The studies were carried out under ambient conditions 

ensuring the health of the spermatozoa as per WHO guidelines. A part of the sample was 

utilized for sperm imaging by TIE. All samples were kept in a temperature-regulated chamber 

and analysed within few hours of collection. The refractive index of sperm cell is considered 

constant as 1.35 [19,20] and was suspended in an isotonic medium (PBS) of refractive index 

1.33. In the current work, the sperms were slowed down to reduce its motility while imaging 

using clinically approved agents as per standard protocols. We use a drop of PVP 

(Polyvinylpyrrolidone) with the PBS solution to slow down the spermatozoa. 

4. Experimental methods 

TIE was performed on a regular inverted bright field microscope (Carl Zeiss Axio-observer). 

Initially, micro beads were imaged using a tungsten halogen light which is a broad band light 

source with a center wavelength 550 nmλ =  and a CCD camera (1040 X 1388 pixels, pixel 

size: 6.45 µm) was used for recording three through-focus images along the optical axis 

separated by a defocus distance of ± 1 μm using the z-stacking feature of the microscope. An 

aberration-corrected microscope objective (63X, 1.4 NA) was employed for imaging both the 

microbeads and sperm cells. The calibrated algorithm along with the same experimental set-

up have been used for imaging sperm cells. 

We have used 63X (1.4NA) objective to image 4 µm sized beads. In case of TIE, the 

phase of the modulated wave is assumed to be slow-varying and paraxial approximation 

holds. But, a microscope is a non-paraxial system. In TIE, we are calculating the phase of the 

magnified image (at the imaging plane), and not the object. Hence, the assumption of 

paraxiality is a reasonable one. This has been reported in landmark works reported in TIE 

before [46,51]. The effective NA at the image plane is 
image objNA NA M≈  = 0.02 (for 63X, 

NA = 1.4) and 0.03 (for 10X, NA = 0.3). 

5. Results and discussion 

We chose microbeads of known size (4 μm) as standard objects to image and characterize the 

retrieved phase for further validations. The calibration method involves choosing an optimum 

defocus distance that minimises the error in calculated phase for an objective lens with a 

particular numerical aperture. We employ the same defocus distance and algorithm for 

retrieving the phase of an unknown object. Three defocused intensity recordings [Fig. 1(a)–

1(c)] of microbeads are used to retrieve the phase using TIE principle. From these recorded 

images, 1st derivative of the intensity is computed using finite difference method and is 

shown in Fig. 1(d). Figure 1(e) shows the reconstructed phase image of the microbeads. A 

zoom-in depth view of the region marked in Fig. 1(e) is shown in Fig. 1(f). Figure 1(g) shows 

the retrieved thickness profile of the microbeads across the sample. The microbeads were 

found to have an average size of 4 ± 0.1 µm. which is in quite agreement with the known size. 

It has been reported that for samples with width to thickness ratio equal to around 1, the phase 

reconstructions using the technique employed here will produce errors in the final 

reconstructed image [48,49]. Hence we expect a certain percent of error in the measurement 

of thickness of spherical objects such as microbeads. We chose 1 µm defocus distance as an 

optimum defocus distance for this particular NA and magnification (63X, 1.4 NA). However, 
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for samples with variable width and thicknesses ratio like the sperm cells used in this study, 

results are expected to be more accurate in comparison to the spherical micro-beads. The 

choice of defocus distance is an important parameter in getting high fidelity reconstruction. 

We recorded a stack of images at various defocus distances and applied the reconstruction 

algorithm for each defocus distance. The range of defocus distances for best phase 

reconstructions can be chosen from the graph plotted in Fig. 1(h). From the Fig. 1(h), we can 

see that the graph has a constant phase region from 1 to 5 µm defocus distance with least 

error in phase. As the reconstructed phase values have low errors over a defocus distance 

range of 1-5μm [Fig. 1(h)], we used these range of values as defocus distances for the 

subsequent experiments. 

 

Fig. 1. Reconstruction of phase image of microbeads in brightfield mode. (a-c) Brightfield 

images captured using the experimental set-up. (a) Image with a defocus of + 1 μm (b) Image 

in focus (c) Image with a defocus of −1 μm (d) 1st derivative approximation (dI/dz) (e) 

Aberration-corrected phase image with the color bar showing thickness in μm (f) 3D view of 

the microspheres. (g) Corresponding line profile from the selected white box portion shown in 

fig. (e). (h) Plot of phase vs defocus distance for different phase targets with varied thickness 

(i) graph of actual value vs experimental thickness values for the standard phase target. 

To illustrate the accuracy of the phase measurements, we carried out TIE imaging with the 

set of imaging targets as described below. We imaged a standard phase target (Benchmark 

Technologies QPM Target) having features of 50 nm (ring width = 1.5 µm), 150 nm (ring 

width = 1 µm), and, 350 nm (ring width = 3 µm) thicknesses using a microscope objective of 

10 X: NA = 0.3. First we calibrated the system to find an optimum defocus distance (5 µm) 

using the procedure explained above and was shown in Fig. 1(h). The results show an 

accuracy of ~ ± 3 nm for the heights 50 nm and 150 nm. The error goes to ~9% (~ ± 30) nm 
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or a height of 350 nm. We believe that this error happens because the T/W ratio approaching 

1 at the top of the object. Please refer to Fig. 1(h) for the reconstructed image and its profile 

on Fig. 1(i). 

5.1 Sperm head morphology and Thickness estimation 

After the characterization of the system using microbeads and the standard phase target, we 

performed experiments on live spermatozoa. As explained before, we captured three images; 

one in-focus and two defocused ones for accurate phase reconstructions. These intensity 

recordings [Fig. 2(a)–2(c)] are used to retrieve the phase image of sperm cells. First derivative 

is computed w.r.t to z-axis using finite difference method. Figure 2(d) reveals the 

reconstructed phase image of the sperm cells. Figure 2(f), 2(g) shows the quantitative phase 

of the spermatozoon rendered across the cell along the lines AA’, BB’, CC’ and DD’ from the 

phase plot shown in Fig. 2(e). These profiles show a point by point quantitative value of the 

phase shift resulting from the spermatozoa structure. 

Sperm head comprises of two significant parts namely, the nucleus and the acrosome that 

differs from each other due to their concentration and composition of proteins, nucleic acids 

and other components [22,55]. The acrosomal part contains an array of hydrolytic enzymes 

essential for digesting the zona pellucida during penetration of the oocyte, whereas the 

nucleus part comprises of DNA related proteins, enzymes, and lipids [56]. The results from 

this technique accurately show the characteristic composition of nucleus and acrosomal 

region of spermatozoon [Fig. 3(a)]. Quantitative phase shift information from TIE was 

employed for thickness assessment of sperm head. 

In total, 1400 spermatozoa were analyzed from seven subjects. About 200 spermatozoa 

from each subject were specifically assessed for nine primary parameters with respect to 

morphology of the sperm head (length, width, perimeter, area, volume estimation of head, 

acrosome and nucleus, and number and size of vacuoles present within sperm head). We have 

tabulated the mean values of spermatozoon parameters such as length, width, perimeter, 

thickness, area, volume, and volumetric distribution of the acrosome and nucleus of the sperm 

head in Table 1. The average thicknesses of the acrosomal and nuclear compartments is a 

crucial parameter to know the reason for infertility and was measured for each sperm by 

segmenting the spermatozoa [57]. The maximal thickness of the nuclear part was 1.25 ± 0.26 

μm, and the average acrosome thickness was 370 ± 70 nm. All these parameters are 

comparable and within the known ranges reported in literature [14,22,55]. 

Table 1. Evaluated Spermatozoa Parameters 

Parameters Mean value Range 

Length 4.1 ± 0.6 μm 2.2–5.1 μm 

Width 3.5 ± 0.5 μm 2.2–4.8 μm 

Perimeter 12.5 ± 1.5 μm 8.5–18.5 μm 

Thickness 0.6 ± 0.8 µm 0.3-1.2 µm 

Area 13.2 ± 3.03 μm2 6.2–20.5 μm2 

Volume 7.92 ± 2.47 μm3 1.86-24.6 μm3 

Volume of Acrosome 2.8 ± 0.606 μm3 0.45–6.5 μm3 

Volume of Nucleus 5.1 ± 0.3 μm3 1.4–18.2 μm3 
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Fig. 2. Reconstruction of phase image of sperms in brightfield mode. (a-c) Brightfield images 

captured using the experimental set-up. (a) Image with a defocus of + 1 μm (b) Image in focus 

(c) Image with a defocus of −1 μm (d) Reconstructed phase image (e) 2D phase image of 

sperm cells (f) Quantitative profile of a spermatozoon along the line AA’ and BB’ shown in 

fig. (e), (g) Quantitative profile of a spermatozoon along the line CC’ and DD’ shown in fig. 

(e). 

 

Fig. 3. (a) Compartmentalized sperm images, the black marked region is the nucleus and the 

yellow marked region is the acrosomal region in the reconstructed phase image. (b) Hilbert 

Transform operation enhanced nucleus and acrosome region. The arrows show vacuoles on the 

nucleus as well as on the acrosome region of sperm. 
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Experimental results show the high potential of TIE as a promising candidate for near-real 

time characterization of live spermatozoa without any sample preparations. The TIE imaging 

enables identification and quantification of anomalies (vacuoles, sperm head abnormalities) 

associated with the sperm cells as per WHO standards [14] as shown in Fig. 3(b). To identify 

the anomalies, we have applied TIE Hilbert transform approach [42] that will provide 

smoother phase images with edge enhancement of fine structures. The presence of vacuoles 

on the sperm head has been related to the poor outcomes in ART, increase in DNA 

fragmentation and abnormal chromatin packaging [56,58–60]. From the literature it was 

found that, spermatozoa with multiple vacuoles had loss of inner structural material of sperm 

head, so is its reduced volume distribution [55]. Preliminary imaging results of vacuolated 

spermatozoa and diffused nuclear region are suggestive of infertile spermatozoa. Hence this 

technique would find strong relevance in preferential selection of healthy spermatozoa based 

on the features leading to better outcomes in ICSI and IMSI procedures. However, detailed 

studies and clinical data are needed for conclusive prediction of integrity of normal viable 

spermatozoa [61–64]. TIE allows the possibility for a complete quantitative analysis of 

human spermatozoa in near-real time under a regular brightfield microscope and further 

sorting of cells according to specific morphological criteria that can be input to further 

processes related to ARTs without any interruption. We used the central wavelength 550 nm 

for calculation of the sample thickness. All the previous reports in literature take the mean 

central wavelength for phase and thickness calculations [55]. Errors in measurement based on 

the wavelength-dependent calculation of thickness are not accounted in this study. Another 

assumption that has been made in this manuscript is the constant refractive index of 1.35 [18]. 

This assumption is fairly accurate as per reported literature. Liu et al [57] have reported that 

the refractive index of the neck region reaches to values as high as 1.6 towards the head 

region and decreases towards the tail region down to 1.45 for a bovine sperm cell. However, 

after preliminary segmentation of nuclei, applying separate values of refractive indices to 

nuclear and cytoplasmic regions could improve the accuracy of volume estimations. Current 

studies reported in this manuscript on imaging speeds are only limited by the speed of the 

camera. By using a camera with higher frames rate, one will be able to easily quantify 

motility of spermatozoa along with the imaging and morphological analysis [65,66]. This 

helps in removing the motion artifacts and true real time reconstructions with GPUs. 

We also report the results that illustrate the unique potential of TIE imaging in offering 

morphological information associated to the volume of DNA content of sperm cells. This 

imaging technique will be highly promising for real-time imaging of biological samples 

without any tedious pre-processing methods. It was reported in the literature [22,55], that 

there was no difference in the retrieved morphology of the stained and un-stained cells using 

a brightfield microscope. In most of the samples, more than 60% of spermatozoa with one or 

more vacuoles were found on the nucleus as well on the acrosomal region. The number of 

vacuoles per sperm ranged from 0 to 4 (mean: 2.01 ± 1.78). 

6. Conclusion 

In this paper, we have demonstrated a label-free method that can potentially be applied in 

clinical settings for selecting the potent spermatozoa for fertilization. The adopted TIE 

technique enables quantitative identification of the cellular organelles and their spatial 

distribution within the cell. Experimental results validate the capability of this technique in 

estimating the 3-D volume of spermatozoa with nanometric depth sensitivities. Being simple 

technique, TIE will help in evaluating the semen in resource-free settings in a cost effective 

manner without any special expertise. The feasibility to add the third dimension in 

spermatozoa analysis will provide a better understanding of the sperm behaviour and its 

relation with male infertility. We have shown that TIE can reveal the structural morphology 

of human spermatozoa in high resolution in an efficient manner compared to conventional 

qualitative microscopy techniques and interferometric techniques. Using TIE, we have 
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evaluated the volume and precise location of vacuoles, and the volume of the nuclear content 

in sperm heads thus suggesting its use as a useful quantitative tool in assisted reproduction 

technologies. TIE is a viable tool for measuring the head volumes in presence as well as in 

absence of vacuoles. 3-D volume rendering of the spermatozoa helps in quick and accurate 

identification of various morphological anomalies that could be present in various regions of 

the spermatozoa. We have also identified separate cellular compartments (acrosome and 

nuclear compartments) in the retrieved phase maps of un-labelled spermatozoa cells. We 

anticipate that the extracted volume information using TIE will assist the clinicians in label-

free selection of sperm cells for effective fertilization. 
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