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Chapter

Digital Holographic Microscopy in
Partially Coherent Illumination and
Applications
Frank Dubois, Catherine Yourassowsky,

Karim Zouaoui Boudjeltia and Jérôme Dohet-Eraly

Abstract

In this chapter, we describe several configurations of digital holographic
microscopes operating with partially coherent illumination, including the implementa-
tion of color holography. The different ways of implementing partially coherent illu-
mination are described and discussed, as well as the respective improvements they
provide depending on the properties of the observed objects. Several significant appli-
cations in the biomedical and environmental fields are presented. In particular, we
carry out researches on correlative quantitative phase-contrast-fluorescence imaging on
blood with a special focus on the behavior of platelets in relation to relevant patholo-
gies. In the environmental domain, we demonstrate the use of high-throughput digital
holographic microscopy to monitor and analyze plankton and microalgal cultures.

Keywords: digital holographic microscopy, partially coherent illumination, coherent
noise reduction, quantitative phase-contrast imaging, digital refocusing,
environmental applications, biomedical applications

1. Introduction

Classical optical microscopy is highly limited by the small depth of focus due to the
high magnification coupled with the high numerical apertures. With such a con-
straint, the analysis of a three-dimensional (3D) sample is complex and even impos-
sible in the case of dynamic phenomena, which makes the extension of the depth of
focus an important challenge. With the impressive recent developments of digital
cameras, digital holography has provided an elegant and natural tool to counteract this
limitation by enabling numerical refocusing at different depths within an experimen-
tal volume [1, 2]. In this context, digital holographic microscopy (DHM), which
drastically increases the depth of focus (about 100�), became a very powerful tool to
investigate numerous applications, in particular in the biomedical and environmental
fields. Moreover, thanks to the wave nature of holography, DHM may provide the
quantitative phase-contrast imaging (QPCI) that considerably extends the potential of
this technology, especially in biological and environmental applications [3–6]. Several
ways exist to implement DHM. The conceptually simplest implementation consists of
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using an interferometric configuration: it allows to record the interference pattern
between the object beam, resulting from the transmission through—or the refection
by—the object, and a separated reference beam [2, 7, 8]. Hereinafter, those configu-
rations are called two-channel interferometers. Several other ways to proceed may be
considered. Firstly, common-path interferometers [5, 9] allow to simplify the config-
uration or to improve mechanical robustness. However, other limitations may arise
from the common-path configurations as, in some cases, the apparition of halo effects
in the phase images or the difficulties to implement an illumination of partial coher-
ence. Other configurations were also developed that aim to reach the same goals as,
for instance, the implementation of the transport of the intensity equation in a usual
microscope [10], the in-line holography [11] and the ptychography [12]. Those con-
figurations are interesting but request more complex computations to get the results,
which can make reconstruction ability or the quantitative phase recovery more diffi-
cult. However, with two-paths interferometers, the full complex amplitude, required
for the refocusing process and the QPCI, is obtained with relatively simple and
straightforward computation. Regarding the mechanical robustness of the two-
channel configuration, our experience has shown that it is not actually an issue. The
design of the compact optical system with usual optomechanical components indeed
allows to build systems that are able to operate even in the harsh environment [13–15].

The most usual way to implement holography in a two-channel configuration is to
use a laser source; it is then easy to have mutually coherent object and reference
beams, giving interference patterns on the camera. However, coherent beams are very
sensitive to any disturbance in their propagation, which leads to noisy results. This
noise that alters the images, which is related to the speckle effect, is multiplicative and
hence difficult to remove by post-processing. Additionally, the speckle disturbance is
created everywhere in the optical setup and experimental cells from any small defect.
For this reason, we developed several DHM configurations taking advantage of par-
tially coherent illuminations. The use of such illuminations drastically reduces the
noise in both the amplitude modulus and phase images.

It has to be noted that a lot of researches were also performed to develop digital
holography to get holographic information with completely incoherent light, and in
particular from fluorescent objects. Pioneer articles in this field are given by the
references [16–18].

In Section 2, we present the DHM configurations, developed with partially coherent
illumination, and the processing to obtain the amplitude modulus and the phase from the
recorded hologram. Section 2 also describes how the fluorescence can be implemented to
achieve multimodal DHM (see details in Section 4.1) and the extension of the technology
to color DHM with partially coherent illumination. The benefit of using partially coher-
ent illumination to drastically reduce the speckle noise is demonstrated in Section 3. In
Section 4, we describe several valuable applications we implemented.

2. DHM configurations with partially coherent sources

When implemented in a DHM configuration, it is requested that the partial spatial
coherence of the beam illuminating the sample is uniform over the complete field of view.
Therefore, the mutual coherence function Γ has to be expressed, in a plane, as a function
(γ) of the difference between the considered positions x1 ¼ x1, y1

� �

and x2 ¼ x2, y2
� �

:

Γ x1,x2ð Þ ¼ γ x1 � x2ð Þ (1)
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Such a mutual coherence function can be obtained from a spatially incoherent
source or from a spatially highly coherent source according to the schemes in
Figure 1 [19].

On the left configuration in Figure 1, a fully spatially incoherent beam is
illuminating an aperture p xð Þ. The aperture is placed at the front focal plane of a
collimation lens. Assuming we have a quasi-monochromatic illumination, it results
out of the lens a partial spatial coherence function that can be expressed by:

γ x1 � x2ð Þ∝ Fpð Þ x1 � x2ð Þ=λfð Þ (2)

where F denotes the two-dimensional Fourier transformation, f is the focal length
of the lens, and λ is the wavelength. The left configuration of Figure 1 also allows the
implementation of sources of reduced temporal coherence like light-emitting diodes
(LEDs). However, the aperture removes a large part of the source intensity and the
use of LEDs is more complex if the interferometric off-axis configuration is used.

It is also possible to obtain an equivalent partial spatial coherence illumination by
the right configuration in Figure 1, in which a laser source is focused close to a rapidly
moving ground glass placed at the front focal plane of a collimating lens. The ground
glass generates a speckle field, whose width is adjusted by changing the position of the
focused laser beam with respect to this ground glass and by the choice of the focal
length of the collimating lens. It can be observed that, with time averaging, this source
can be seen as a partially spatially coherent source, whose typical coherence width is
equal to the average speckle size [20].

In the following, we describe two particular implementations of DHM with par-
tially coherent illumination that we developed. The first one uses monochromatic
illumination and can be coupled with a fluorescence module to achieve a multimodal
instrument. It is shown in Figure 2a. A coherent beam emerging from a mono-mode
laser diode is focalized by the lens ML1 close to the rough surface of the rotating
ground glass (GG). The light transmitted by the GG is scattered and collimated by the
lens L1. A first beam splitter BS1 divides the collimated beam into an object beam and
a reference beam. The object beam passes through the sample and then through the
microscope lens ML3. In a symmetric way, the reference beam passes through the
microscope lens ML2, identical to ML3. Reference and object beams are then
recombined by a second beam splitter (BS2) and transmitted by lens L2. Lenses
ML3–L2 image one plane of the sample onto the camera sensor. The magnification
Gs is then given by the ratio between the focal length of L2 and the focal length of
ML3. Depending on the applications, the magnification is adjusted by changing the

Figure 1.
Two ways to obtain a spatially partial mutual coherence function.
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couple of lenses ML2 and ML3 (typically we used microscope lenses �10, �20, �40,
�63, and �100 (immersion oil)).

In most of the applications, the interferometer is adjusted to have a slanted refer-
ence beam with respect to the object beam in such a way that a thin fringe pattern is
recorded on the camera sensor. The computation of the full complex amplitude from
every recorded hologram, involving the amplitude modulus and the phase, is obtained
by using the Fourier method [21]. In the resulting phases, it happens that unwanted
phase modulations appear, which can be originated from the experimental cell or
from small misalignments of the interferometer. To compensate them, powerful cor-
rection techniques can be applied and are given in more detail in Section 4.2 [22]. An
example of a quantitative phase-contrast image obtained, of an alga Pediastrum sp. at
high magnification (�100), is shown in Figure 2b.

The fluorescence is implemented in the epifluorescence configuration, in such a
way that the same sample is sequentially imaged by DHM and fluorescence modes on
the same camera sensor. Applications of the combination of the DHM and fluores-
cence modes are given in Section 4.1.

In some applications, the color information is relevant. However, the configuration
of Figure 2a is complex to adapt to several optical sources of different wavelengths.
Indeed, in this case, the slant between the object and reference beams is identical for all
the wavelengths, giving rise to fringe patterns with different inter-fringe spaces. This
would make more difficult the processing with the Fourier method. In order to counter
this limitation, we developed the color DHM instrument shown in Figure 3 [23].

This color DHM is also based on a Mach–Zehnder configuration in which we added
two afocal systems, L2–L3 and L4–L5, in the object and reference channels, respec-
tively, between the microscope lenses and the lens in front of the camera sensor. In the
object channel, a neutral density filter is placed in the back focal plane of L2. In the
reference channel, a Ronchi grating is placed in the back focal plane of L4 and is

(a) (b)

Figure 2.
Monochromatic DHM coupled with fluorescence to achieve a multimodal instrument. (a) diagram of the
instrument. ML1-ML3: microscope lenses, P: polarizer, GG: ground glass, L1-L2: lenses, BS1-BS2: beam splitters,
M1-M5: mirrors, EmF: emission filter, ExF: excitation filter, and DM: dichroic mirror. (b) 3D plot of the
quantitative phase-contrast image of an alga Pediastrum sp. Field of view: 80�80 μm, magnification � 100,
NA: 1.3–oil immersion lens.
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imaged on the camera sensor by L5–L6. In the back focal plane of L5, an optical stop is
placed to keep only one of the first diffraction orders. In this way to proceed, the slant
between the object and reference beams on the camera sensor is changing with the
wavelength, in such a way that the same spatial frequency of the fringes is kept on the
sensor. Therefore, this configuration is operating for any wavelength in the visible
range without having to adjust the fringe spacing to implement the Fourier method. In
order to operate in the red (R), green (G), and blue (B) wavelengths, the partially
spatially coherent illumination is created by the combination of three laser beams into
the system using a ground glass as described hereinabove. It has to be emphasized that
the grating also enables the use of reduced temporal coherence sources, such as LEDs
[23]. Indeed, if a reduced temporal coherence source is used in the configuration of
Figure 2a, the slant between the object and reference beams makes the fringe contrast
not uniform over the field of view. We can even expect to have no fringe at all in some
areas of the field of view. With the configuration of Figure 3, however, due to the
properties of the diffraction by a grating, this issue is solved. This configuration
indeed provides a uniform fringe contrast with reduced temporal coherence illumina-
tion, accordingly, the optical paths between the object and reference beams are finely
equalized. This equalization is adjusted, thanks to the rotating mount on which the
mirror M2 and the beam splitter BS2 are placed.

An example where the color DHM can provide relevant information is the routine
analysis of clinical cervical samples for the prevention and the checking of the devel-
opment of cancerous cells. Analyses are usually performed on classical ThinPrep slides
with the Papanicolaou stain. In this way, we performed the analysis of samples with
the color DHM and recorded multispectral holograms (Figure 4a). From the recorded
hologram, we extracted the intensity and the phase images in three wavelengths
separately: 639 nm (R), 532 nm (G), and 488 nm (B). The combination of the RGB
intensity images of stained slides gives color intensity images comparable to those
obtained with classical microscopy used by histopathologists (Figure 4b). In addition
to this RGB intensity image, DHM gives, simultaneously on the same sample, quanti-
tative phase-contrast imaging. In Figure 4c, it can be seen that typical dysplastic cells
(big nucleus and small cytoplasm) have the highest optical thickness.

One of the targets with the DHM is the refocusing of objects that have been
recorded out of focus. For that purpose, the implementation in Fourier optics, of the
convolutional form of the free space propagation is used [24]. The complex amplitude
distribution td reconstructed at a distance d along the optical axis, by computing the
Kirchhoff–Fresnel propagation integral in the paraxial approximation, is expressed by:

td x0, y0ð Þ ¼ exp jkdð ÞF�1
x0,y0 exp �jπλd ν2x þ ν2y

� �� �

Fνx,νy
þ1 t0 x, yð Þ (3)

Figure 3.
Color off-axis DHM configuration. S: optical source, L1-L6: lenses, ML1-ML2: microscope lenses, BS1-BS2: beam
splitters, M1-M3: mirrors, SA: sample, C: optional compensation plate, NDF: neutral density filter, G: grating,
and OS: optical stop.
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where t0 is the complex amplitude of the optical field in the recorded plane, k ¼ 2π=λ
is the wavenumber, x, yð Þ and x0, y0ð Þ are the spatial variables in the focus plane and in

the reconstructed plane, respectively, νx, νy
� �

are the spatial frequencies, j ¼
ffiffiffiffiffiffi

�1
p

and

F�1 denote the direct and inverse two-dimensional continuous Fourier transformations.
In its discrete form with a sampling distance Δ, Eq. (3) becomes:

td s0Δ, t0Δð Þ ¼ exp jkdð ÞF�1
s0,t0 exp

�jπλd

N2
Δ

2
U2 þ V2
� �

� �

FU,V
þ1 t0 sΔ, tΔð Þ (4)

where N is the number of pixels along the x and y directions; s, t, s’, t’, U, and V are

integer numbers varying from 0 to N � 1, and F�1 are here the direct and inverse
discrete Fourier transformations.

The phase φtd
corresponding to the complex amplitude td is obtained by computing

φtd s0Δ, t0Δð Þ ¼ Arctan2π Im td s0Δ, t0Δð Þ½ �, Re td s0Δ, t0Δð Þ½ �ð Þ (5)

where Arctan2π is the two-parameters arctangent function, and Im[z] and Re[z]
denote the imaginary and real parts of z, respectively.

This holographic reconstruction does not indicate for which distance d the best
focus of an object is reached. In order to dispose of criteria giving the best plane of
each object present in the field of view, we use several methods based on the conser-
vation of the amplitude integration [25–27] or the invariance of the modulus of the
Fourier transform during the propagation [28].

3. Noise reduction by the use of partially coherent illumination

To study the illumination by a partially spatially coherent illumination, the left
image of Figure 1 may be considered. In this configuration, the illumination is
performed by the set of mutually incoherent point sources located within the aper-
ture. As the locations of those points are different, each of them gives rise, after the
collimation lens, to plane waves with different propagation angles. Therefore, each
object is illuminated by a set of mutually incoherent plane waves having different
propagation directions. For an unfocused object, it results that the propagation up to

Figure 4.
Images obtained with the color DHM of a clinical cervical sample. (a) color hologram image, (b) color intensity
image, and (c) phase image in the red wavelength (R). The arrows indicate typical dysplastic cells. Scale bar = 20 μm.

6

Holography - Recent Advances and Applications



the input focus plane of lens ML3 (in Figure 2) gives rise to a set of mutually
incoherent diffraction patterns that are specifically shifted, due to the different prop-
agation directions. Those shifts increase with the defocus distance d. It results that the
digital holographic reconstruction creates a set of refocused objects at different loca-
tions in the reconstruction plane. This phenomenon results in a convolutional process
[20], for an object defocused by a distance d, the complex amplitude t̂d xð Þ, extracted
from the hologram in case of partial spatial coherence, is given by:

t̂d xð Þ ¼ A

ðð

dx0p
2f x� x0ð Þ

dD

� �

td x0ð Þ (6)

where x = (x,y), A is a constant, p is the normalized pupil function equal to 1
within a circle of radius 1 and equal to zero outside, f is the focal length of the
collimation lens, D is the diameter of the aperture in Figure 1, and td x0ð Þ is the
complex amplitude that would have been obtained in case of fully coherent
illumination.

Figure 5.
Color images obtained with the color DHM with a noise slide located at 1 mm. Laser sources, lens magnification
�40, scale bar = 100 μm, equivalent aperture size of (a) 1 mm, (b) 5 mm.

Figure 6.
Color image obtained with the color DHM with a noise slide located at 1 mm. LED sources, lens magnification
�40, (a) aperture size 1 mm, (b) aperture size 5 mm.
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It results in an increasing loss of resolution when the defocus distance increases.
The way to manage it consists to adjust the partial coherence by adapting D (left
diagram in Figure 1) or the focusing distance of the laser beam with respect to the
ground glass (right diagram in Figure 1), in such a way that the resolution require-
ment is filled for the longest defocus distance possible. The advantage of this phe-
nomenon is the removal, by the convolution, of the defects of the experimental cell
and of the optical system. Therefore, it is possible to implement a drastic reduction of
the noise that happens with a fully coherent system. This noise reduction has been
modeled and measured [29]. Examples of noise reduction obtained in color DHM are
shown in Figures 5 and 6. The wood slice was placed in the color DHM configuration,
and a contaminated slice with particles was placed at 1 mm of the wood slice. We
recorded the pictures with the apertures of 1 mm and 5 mm with the LED illumina-
tion, or equivalently with the laser illumination. The focal length of L1 in Figure 3 is
f = 200 mm. Experiments were performed with laser and LED sources.

The comparison of the results in Figures 5 and 6 shows that the reduction of the
spatial coherence has a major impact on the reduction of the noise created by out-of
focus disturbances. It is also to be noted that the reduction of the temporal coherence
by replacing the lasers with LEDs (coherence length of 30 nm) gives, in this example,
a weak reduction of the noise. This is due to the fact that the considered DHM
configuration is in transmission and the noise-generating slide is relatively thin.

4. Applications

4.1 Multimodal DHM

The fluorescence mode in microscopy is of central importance in biology and
biomedical applications, as specific fluorescent labeling allows us to tag specific struc-
tures and molecules in cells, tissues, and to perform cell analysis.

We were pioneers in the development of a multimodal DHM to combine the
quantitative phase-contrast images provided by the recorded holograms and the fluo-
rescence images of samples, labeled with fluorophores or that present an auto-
fluorescence [19, 30, 31].

The quantitative phase-contrast imaging provides morphology and structural
information on the sample. Fluorescence imaging provides information on molecules,
thanks to the use of specific fluorophores. Therefore, the combination of both quan-
titative phase-contrast imaging and fluorescence imaging is of great interest, in par-
ticular in biomedical applications and cell biology. For that reason, this combination
was afterward also performed by several authors [9, 32, 33].

One of the configurations we developed is presented in Figure 2a. In this setup,
the fluorescence mode is obtained in reflection as in classical microscopy
(epifluorescence mode), with the use of a classical fluorescence filter set selected for
the fluorophore(s) to be studied. This filter set is inserted just below the microscope
objective ML3 in the sample path (Figure 2a). A specific light source (LED) for
microscope fluorescence mode is implemented for the excitation of the fluorophore(s)
or the autofluorescence. The holograms and the fluorescence images are recorded with
the same camera in a sequential mode. As the hologram is recorded in one shot, it
allows to record the fluorescence signals with a very short delay.

The multimodal DHM working with partially coherent illumination allows to
directly obtain the optical phase of the sample, the bright field image with reduced

8

Holography - Recent Advances and Applications



noise, and the fluorescence image. The combination of those images allows us to
analyze the specimen in detail and brings precious information. An example obtained
on a phytoplankton organism is presented in Figure 7.

Thanks to the overlay of the quantitative phase-contrast images and the fluores-
cent images, this DHM is a powerful tool to perform correlative quantitative phase-
contrast-fluorescence microscopy. An example is presented in Figure 8 , which shows
the validation of the visualization of nucleoli inside the nucleus of HeLa cells in the
phase image. The nucleoli are clearly visible on the phase image with their highest
optical height. It is, therefore, possible to study the nucleoli thanks to the phase
information, without fluorescence and in a noninvasive way.

Moreover, the recording of the quantitative phase information with low noise also
enables the emulation of other classical microscopy modes. In particular, we emulated
the differential interference contrast (DIC) mode, a classical tool to observe living
cells [34].

4.2 In-flow analysis using DHM

The DHM configurations described in Section 2 are based on Mach–Zehnder off-
axis interferometers. As explained above, this allows the one-shot acquisition of the

Figure 7.
Images of a phytoplankton organism obtained with the multimodal DHM. (a) the hologram, (b) the phase image,
and (c) the chlorophyll auto-fluorescence. These species form colonies and the fluorescence images show the
individual cell chloroplast.

Figure 8.
Validation of the visualization of nucleoli inside the nucleus of HeLa cells, in the phase image. These HeLa cells
have one nucleolar protein labeled with the green fluorescent protein (GFP). (a) the phase image, (b) the GFP
fluorescent image, (c) the 3D-plot of the phase image (a), unit as gray levels in (a). Scale bar = 10 μm.
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hologram, that is, the extraction of the complex amplitude of the optical field, t0(x),
from one single recorded image. The complex amplitude measured in one plane can be
then numerically propagated in depth, that is, computed in other planes along the
optical axis, giving td(x), as described by Eq. (3) in Section 2; this process is known as
the digital holographic reconstruction. This feature is of high interest for the fine
analysis of dynamic phenomena, especially if the sample is thicker than the classical
depth of field. The described technology is, therefore, well suited for the high-
throughput, in-flow observation of objects in thick samples.

We developed in-flow DHM in partially coherent illumination, with specific
algorithms for processing the holograms, resulting in high-quality refocused images of
the objects of interest, regarding both optical phase and intensity [4, 35]. We used it in
many applications, mainly in the environmental field, as illustrated in Figure 9, and in
the biomedical field, as shown in Figure 10. Monochromatic ([4], Figure 10) or color
RGB DHM ([35], Figure 9) were used in the different studies. The illumination was
partially coherent, either both spatially and temporally (Figure 9) or only spatially
while keeping a high temporal coherence (Figure 10).

The DHM configurations are those described in Section 2 above and in [4, 35]. The
microscope objectives are Leica, magnification 40�, and numerical aperture 0.6. A
flow chamber is placed in the object arm of the interferometer (position SA in
Figure 3). The objects of interest are biological cells: either algal cells in Figure 9, or
red blood cells in Figure 10. The cells are present in suspension in the sample, which is
pulled into the flow chamber in such a way that the cells appear in the field of view of
the microscope. A sequence of holograms is recorded in order to analyze a large
number of cells.

In interferometric DHM, the knowledge of the complex amplitude, t0(x),
extracted from the measured hologram, allows to undertake a powerful compensation
of the aberrations in the field of view [35, 36]. One way exists to divide it by a
blank complex amplitude, b(x), which is the image containing all—and only—the
aberrations due to the defects in the optical paths [35]:

t0c xð Þ ¼ t0 xð Þ
b xð Þ (7)

where t0c(x) is the corrected complex amplitude.
However, in the case of the in-flow imaging in DHM, the objects of interest are

moving in the field of view, whereas the permanent defects and aberrations are static.
As we showed in [4, 35], the blank image, b(x), can then be computed, in a very

Figure 9.
Microplankton organism analyzed using color in-flow DHM. Automatically corrected and refocused images of:
(a) the amplitude modulus, (b) the optical phase, and (c) the corresponding optical thickness. Scale bar = 10 μm.
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good approximation, as the averaged complex amplitude over all the images of the
recorded sequence:

b xð Þ ¼ 1

N

X

N

i¼1

t0,i xð Þ (8)

where t0,i(x) is the complex amplitude extracted from the i-th hologram of the
recorded sequence (i = 1,...,N) , and N is the number of recorded holograms in the
sequence.

The blank, b(x), is thus directly computed with the sequence of interest. It is not
required to record a reference image separately. Two advantages result from this feature:
(1) the blank well corresponds to the experiment itself, while a reference image recorded
subsequently would be less close to the experimental conditions, and (2) the blank also
contains the defects present on the walls of the flow chamber during the experiment.

The computation of the blank is efficient from about 100 averaged images. If the
sequence experiment is very long, the blank bi(x) for the i-th image t0,i(x) can be
computed with a moving average around this image:

bi xð Þ ¼ 1

2Pþ 1

X

iþP

p¼i�P

t0,p xð Þ (9)

Figure 10.
Red blood cells observed behind an endothelial cell layer using in-flow DHM. Amplitude moduli of corrected
images of red blood cells: (a) in the recorded plane, (b) and (c) reconstructed in two different parallel planes, (d)
and (e) phase images corresponding to (b) and (c), respectively, and (f) computed phase image of the endothelial
cell layer. Different refocused red blood cells can be seen in (b)–(e). Scale bar = 20 μm.
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where 2P + 1 is the number of averaged images, and this equation does not work
for the P first and the P last images of the sequence. This allows a powerful correction,
by reducing the effects of the instabilities of the illumination.

Dividing every image of the sequence by the computed blank provides the auto-
matic correction of the defects and aberrations, which are permanent in the field of
view. For the color in-flow DHM, the described method also automatically corrects
the color balance in the images as illustrated in Figure 9. The method is very power-
ful, giving efficiently corrected complex amplitudes, resulting in high-quality images
of both the optical phase and intensity, for every image of the sequence.

Once the images are corrected, every object of interest is automatically refocused
as explained in Section 2. This allows to observe each object present in the image, even
if it was recorded out of its focal plane. The whole depth of the flow chamber is thus
analyzed.

4.2.1 An environmental application: the automatic analysis of plankton

We used the color in-flow DHM with LED illumination for the analysis of the
microorganisms of plankton in pond and river water samples [35]. The algorithm
described above was applied for the automatic correction of the permanent defects
and aberrations, including the color balance, and for the automatic refocusing.
Figure 9 illustrates the study and shows an example of observed microorganisms.

4.2.2 A biomedical application: the analysis of human red blood cells through a layer of
endothelial cells

We also present here another interesting application of in-flow DHMwith partially
coherent illumination: the in vitro observation of red blood cells inside a flow chamber,
whose wall was plated by endothelial cells. This endothelial cell layer allows to mimic
the real blood vessels. Observing the behavior of red blood cells close to this layer is
therefore essential from a biomedical point of view. We used here the laser source
with the rotating ground glass. The correction method described above, in Eqs. (7)–
(9), is particularly efficient for such a study. Indeed, with this method, the computed
blank gives an image of the endothelial cell layer, which remains static in the field of
view, whereas the images of the red blood cells, pulled in the flow chamber, are rid of
the modulations due to this layer. Results are shown in Figure 10.

4.3 Other blood applications

DHM is well suited for the analysis of blood cells, especially human blood cells
[6, 37, 38]. Firstly, the quantitative phase analysis yields a powerful measurement tool
for the accurate characterization of blood cells. The phase is indeed related to the
optical thickness of the cells. Secondly, the holographic reconstruction in depth allows
the extension of the depth of investigation, in comparison with the usual depth of field
in classical optical microscopy. This allows to study the motion of blood cells in thick
samples, of the same order of magnitude as real human blood vessels. Thirdly, the
knowledge of both the quantitative phase and intensity makes easier the automatic
processing of a large number of images. Therefore, statistically significant samples can
be efficiently studied.

In addition to the in-flow analysis described in 4.2.2, we present here two other
applications we performed, illustrating the potential of DHM in blood cell analysis.
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4.3.1 Distribution of size and shape of red blood cells within one individual

All the red blood cells within one individual are not identical. Their size and shape
are distributed over some range. Studying this distribution is important in biomedical
research since it impacts platelet diffusion in blood flows. We used DHM for charac-
terizing this distribution.

An example is shown in Figure 11, for one healthy individual (male, 27 years old).
Microscope lenses Olympus, magnification 63�, and numerical aperture 0.7 were
used. The illumination was made by a green laser source (532 nm) with rotating
ground glass. The blood sample was diluted 2000� in the plasma of the donor, in
order to avoid any osmotic shock, which would have resulted in a change in the shape
and size of the red blood cells. Diluted blood is pulled into a flow chamber, before
two-hour sedimentation. A sequence of holograms is then recorded by scanning the
flow chamber. Holograms are processed using the method described in Section 4.2 for
the compensation of defects and aberrations, and then refocusing. Biconcave red
blood cells are then detected and segmented in each image using a method

developed in [6], based on the normalized correlation product, denoted ~⊛ Γ, which
is defined by:

g ~⊛ Γh
� �

xð Þ ¼ g⊛ hð Þ xð Þj j
hk k gk k

Γ
xð Þ (10)

where g(x) is the image containing the red blood cells to be detected, h(x) is a
reference image containing a typical red blood cell in its center, zj j denotes the modulus
of z, ⊛ is the usual correlation product, hk k is the Euclidean norm of h, computed by

hk k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h⊛ hð Þ 0ð Þ
p

(11)

with 0 being the zero vector, and gk k
Γ
xð Þ is the moving norm of g over a domain Γ,

which surrounds the red blood cell in h but centered in x, and is given by:

gk k
Γ
xð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gj j2 ⊛ γ

� �

xð Þ
r

(12)

Figure 11.
Measurement of the statistical distribution of size and shape of the red blood cells within one individual.
(a) optical phase of an image in the recorded sequence, (b) same image with the automatically detected, segmented,
and measured red blood cells, and (c) red blood cell shape corresponding to the median of the red blood cell
distribution in the individual (568 red blood cells analyzed). Scale bar = 20 μm.
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with γ xð Þ ¼ 1 inside Γ and γ xð Þ ¼ 0 elsewhere. In practice, these expressions may
be fast computed in the Fourier domain.

The normalized correlation product ranges from 0 to 1, exhibiting local maxima,
close to 1, when a red blood cell is detected. Therefore, a fixed threshold applied to the
image of the normalized correlation product allows to identify the position of each red
blood cell. The segmentation is operated by applying a threshold to the phase image.
Four parameters are then measured in each detected red blood cell: the mean radius,
the minimal phase in the central part, the mean radius of the crest, and the mean
phase value on the crest. From these four parameters, the parameters R, α, β, and δ in
the following equation are assessed, commonly used for characterizing the height
profile H(r) of red blood cells in numerical simulations:

H rð Þ ¼ 2R

ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� r2

R2

r

αþ β
r2

R2 þ δ
r4

R4

	 


(13)

with r the radial position with respect to the center of the red blood cell. Results are
given in Figure 11.

4.3.2 Statistical analysis of spread platelets from healthy and dialyzed donors

We also used DHM for an accurate analysis of the spreading of platelets, while
comparing healthy volunteers and dialyzed patients [6]. Results are illustrated in
Figure 12. The spreading occurred in glass slides surmounted by wells. For each of the
14 individuals of the study, seven healthy and seven dialyzed, six wells were used: two
coated with laminin, two coated with collagen IV, and two without any coating,
denoted as control. Platelet-rich plasma from each individual was poured into each
well. Subsequent sedimentation allows the platelets to spread onto the slide, before
washing and fixation. Using this experimental procedure, with the sedimentation step
for the spreading of platelets, enhances the reproducibility. Each well was then ana-
lyzed using a color DHM working in partially spatially coherent illumination, made by
three laser sources followed by a rotating ground glass. Forty holograms were
recorded for each well. The processing of holograms, including the compensation of

Figure 12.
Analysis of the platelet spreading using DHM, with the comparison between healthy and dialyzed donors.
(a) example of a phase image obtained, and (b) the same image with the automatically detected and segmented single
platelets, with the automatic rejection of platelets at the borders and platelets forming aggregates. Scale bar 50 μm.
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aberrations, the refocusing, the detection, and the segmentation of platelets, was
performed as described in 4.2 and 4.3.1. For every detected platelet, several para-
meters were measured, whose surface area S, optical volume V, and average optical

height ĥ.
Whereas the surface area S covered by each platelet can also be measured in

classical microscopy, the measurement of the average optical height ĥ, which provides
information about the efficiency of the platelet spreading, is a huge advantage of
DHM in this study. We hence performed a statistical analysis of the three-dimensional
morphology of single spread platelets in both healthy volunteers and dialyzed
patients, and demonstrated, for the first time to our knowledge, a significant differ-
ence between both.

5. Conclusions

In this chapter, we have described the advantages of digital holographic micros-
copy (DHM) working with partially coherent illumination. This illumination drasti-
cally reduces the speckle noise that alters the images in both the amplitude modulus
and the phase images. This opens the investigation of numerous applications with
instruments that are robust and easy to use. The instrumentation is accompanied by
software allowing the hologram processing in an automated way.

We have depicted several DHM configurations that we developed as a color DHM
and a multimodal fluorescence DHM. We have presented different valuable applica-
tions that we implemented and that show the high-quality image obtained, which
demonstrate the high capabilities of the technology in the biomedical and the envi-
ronmental fields.
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