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The relative amount of biomass in a body of water is one of the various indicators widely used in water
quality evaluation. This implies complex tasks such as identification and characterization of micro-
organisms and measurement of their biovolume. Particularly, the latter is estimated by assuming simple
geometrical shapes for the microorganism and by calculating its dimensions from images taken with a
conventional microscope. In order to have a more precise and automatic method for biovolume eva-
luation, a hybrid methodology based on digital holographic microscopy and image processing is pro-
posed. The whole volume of a specimen under study is obtained combining the phase contrast image of
an off-axis hologram with the thickness-profile data of the specimen extracted from the cell silhouette.
This technique has been used for determining the biovolume of Ceratium Hirundinella cells in water
samples. The methodology proposed also shows that it is possible to estimate accurately an effective
refractive index of the microorganism. Experimental results have shown that this technique is not only an
efficient and fast alternative, but also suitable for automatizing the entire process.

& Elsevier B.V. All rights reserved.
1. Introduction

In Biology and Medicine, identification, quantification, char-
acterization and detection of microorganisms such as parasites,
bacteria, and microalgae, are particularly important as diagnosis
tools [1–6]. Generally, these observations are carried out under a
microscope by highly specialized technicians. Many times, the
morphology of these specimens is complex and the performance
of the analysis strongly depends on its correct identification and
quantification, which is a tiring and time-consuming task. Parti-
cularly, the estimation of microalgae biovolume is one of the most
widely studied morphometric descriptors and it is important for
the study of phytoplankton ecology. Related parameters, such as
cell size, carbon content and physiology functions are also im-
portant for marine ecosystem studies. This calculation is per-
formed by associating microalgae with simple geometrical shapes
and by determining their volume measuring linear dimensions
with an ordinary microscope [7–10]. Briefly, this procedure con-
sists of measuring at least twenty individual cell biovolume for
each of the species. After that, the average biovolume is multiplied
by the number of cells/ml in order to obtain its relative abundance.
In addition, this complex methodology contributes with approx-
imate values only.
, Fac. de Cs. Exactas,
4255581.
ldi).
In the last decades, taking advantage of digital cameras
equipped with CCD or CMOS sensors, and digital image processing
tools, holography field has gained new interest due to the so-
called digital holography (DH) [11]. Since 1999, digital holographic
microscopy (DHM) has emerged as an interesting alternative to
conventional microscopy [12–16]. A digital hologram, consisting of
the interference between an object and a reference beam, is re-
corded by a digital camera and the holographic image is numeri-
cally reconstructed using diffraction theory basis. Calculation of
the complex optical field allows direct access to quantitative am-
plitude and phase information [10]. Moreover, numerical focusing
is possible by reconstructing the single recorded hologram at
several distances, emulating the focusing control of a conventional
microscope. In all these approaches, the phase signal provided by
DHM is obtained using a transmission configuration and it is
proportional to the integrated optical path length (OPL) along the
optical axis through the specimen, depending on both, morphol-
ogy and mean intracellular refractive index. Although methods to
decouple both variables exist [13], the measurement remains as an
integrated value. Recently, multiple angles digital holographic to-
mography and tomographic phase microscopy have rapidly
evolved to recover a full three-dimensional (3D) refractive index
map of intracellular structures, or to estimate the three-dimen-
sional morphology and shape of microsamples. Nevertheless,
these techniques rely on some mechanical scanning achieved
either by rotating the object [15,17,18] or varying the illumination
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beam angle [19], or involve the use of continuous tunable laser
[20,21].

In the present paper, we propose a simple methodology that
combines the information obtained from only two holograms with
image processing tools, to determine biovolume of Ceratium Hir-
undinella. These microalgae are dominant members of the summer
phytoplankton and can develop algal blooms as a result of cell
rapid growth. As a consequence, they affect the ecosystem of
water bodies causing mass mortalities in fish and taste and odor
problems in drinking water. These events have occurred recently
in Argentina, dating just from the last two decades, thus the in-
terest in studying this species has increased. In addition, it is im-
portant to emphasize the fact that it is not only important to es-
timate the number of microorganisms in a sample, but also to
devote more attention to the estimation of biovolume and biomass
of individual species [10]. In this sense, because of C. Hirundinella
large size, they might actually contribute a major fraction of the
overall biomass in mixed-species samples.

The present study is performed in water samples containing C.
Hirundinella collected from the La Cienega dam, Jujuy Province,
Argentina. C. Hirundinella, are dinoflagellates microorganisms of
80–400 mm in length. They are strongly compressed dorsoven-
trally, they have an apical long and narrow horn with a blunt tip
and antapical horns straight with pointed closed tips. The anta-
pical horns are normally slightly diverged from each other distally;
they also present an excavation in the ventral side, providing an
additional geometrical complexity. The quite variable shape of the
cell requires complicated equations for the biovolume calculations
by geometrical approximations, demanding several lengths and
diameters measurements per cell [8]. These properties are evi-
denced out in the photograph of a conventional microscope field
in Fig. 1, taken with a 10� Microscope Objective (MO). Moreover,
a certain degree of uniformity of cell size distribution is observed.
As it can be seen in Fig. 1, the largest number of C. Hirundinella
cells in a sample lie on frontal position, while some others lie in
dorsoventral position, as shown in the highlighted area of the
same figure.

Taking advantage of this fact and of the size uniformity, the
calculation of biovolume is performed using a single hologram of
the specimen at each of these positions. From holograms of the
cell in frontal position, phase delay introduced is obtained. This
information is combined with an average cell thickness extracted
from the silhouette measured from holograms of the individuals
that appear in dorsoventral position. The calculation, which does
not require any sophisticated devices, is part of an automated
system for determination of the relative abundance of micro-
organisms in water samples, whose main aim is to provide a
portable tool that can be used by specialist on the sampling site to
perform biovolume measurements “in situ”.
Fig. 1. A typical field of view of a water sample containing C. Hirundinella, taken
with a conventional microscope.
2. Instruments and methods

2.1. Holograms registration and reconstruction

The transmission DHM and phase image reconstruction tech-
niques used for the present study have been described in Refs.
[11,12,21]. Briefly, they consist of recording a hologram by means
of an interferometric set-up, onto a solid state array detector such
as a CCD or CMOS sensor and, subsequently, numerically re-
constructing the information by means of a computer. A layout of
DH Microscope prototype constructed for this purpose, is depicted
in Fig. 2(a).

Essentially, it is a Mach–Zehnder interferometer, whose object
arm is fitted with a small microscope built by inserting an X–Y
microscope stage to put the sample and a microscope objective
(MO) which acts as a magnifying lens and forms a real image of
the specimen, as it is illustrated in Fig. 2(b). To facilitate the au-
tomatic search of a field containing microalgae, the plate of the DH
microscope is driven by two step motors to orderly scan con-
secutive fields of view.

The most remarkable feature of this architecture, early pro-
posed by Van Ligten and Osterberg [22], is that the hologram plane
(sensor plane) is located between the MO and the image plane at a
distance d from the latter. This is equivalent to a holographic ar-
rangement without lenses, with an object wave emanating directly
from the magnified image instead of the object itself. Therefore,
the hologram consists of an unfocused image of the sample
modulated by the interference fringes formed by the object and
the reference beams, as shown in Fig. 3(a). The polarized colli-
mated light beam originated at a He–Ne laser of wavelength
λ¼632.8 nm is divided by a beam splitter BS1 in order to obtain
the object and the reference beams. The plane wave that travels
through the object arm, after being reflected by the mirror M1,
illuminates the sample to be analyzed. The wave diffracted by the
specimen, is collected and magnified by a 20� /0.40 NA or a 10� /
0.25 NA objective, MO1. At the same time, the plane wave that
travels through the reference arm is reflected by the mirror M2,
and magnified by MO2, with the same characteristics of MO1, to
match the curvatures of the two wave fronts. The object beam and
reference beam are recombined in the second beam splitter, BS2,
and interfere at the output of the interferometer. A TV camera,
with a CMOS Bayer Array 2592�1944 pix2, 1.75 μm square pixels,
8 bit deep and a frame rate up to 25 Hz is used to record this in-
terference pattern (digital holograms). A grabbed frame of this
sequence cropped at 512�512 pix2 size is temporarily stored in
the buffer of an image digitizer board for further processing.

The reconstruction of the original microscopic field of view of
the sample is performed digitally on a computer. This procedure
simulates the reconstruction process in conventional holography,
which consists of illuminating the hologram with a replica of the
reference beam R used in the registration stage. Literature de-
scribes several methods to retrieve the complete information of
the object wave in both, amplitude and phase [11,12]. In this ap-
plication, the reconstruction of holograms is carried out by using
the angular spectrum propagation method. The reconstructed
wave front, both in amplitude and phase, are shown in Fig. 3
(b) and (c) respectively. The latter is a two-dimensional phase
distribution called the wrapped phase image. Since this wrapped
phase suffers from 2-π phase jumps, it is unusable until the phase
discontinuities are removed. Therefore, a procedure of phase un-
wrapping must be performed in order to recover the true con-
tinuous phase values to denote real physical quantity. Many phase
unwrapping algorithms have been developed during the last three
decades [23–27]. In this application, the quality guide phase un-
wrapping algorithm [27], is used to retrieve the continuous phase



Fig. 2. (a) Experimental configuration; BS, beam splitters; M, mirrors; MO, microscope objectives. Inset: R, reference beam; O, object beam. (b) Details of the microscope
configuration in the object arm: d0, object distance; di, image distance; f, MO focal length; d, distance of the image relative to the CCD sensor.
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map. In Fig. 3(d) and (e) the unwrapped phase contrast image and
its 3D perspective representation are shown.

2.2. Biovolume estimation

Biovolume determination is obtained from the continuous
phase maps of the microalgae. Considering Fig. 3(d), for an arbi-
trary pixel (i, j) within the cell, the total phase delay experienced
by the light signal through the sample in the z direction perpen-
dicular to the hologram plane, is given by:

⎡⎣ ⎤⎦ϕ π
λ

= + − +i j n i j h i j n D h i j n t( , )
2

( , ) ( , ) ( ( , )) (1)g0
Fig. 3. (a) Hologram of a C. Hirundinella, (b) amplitude contrast image, (c) wrapped phase co
where ∫=n i j h i j n z dz( , ) 1/ ( , ) ( )
h i j

c ij0

( , )
, is the integral value of the

intracellular refractive index nc ij, along the specimen thickness
h i j n( , ); 0 is the constant refractive index of the surrounding
medium;ngis the constant glass refractive index; t the thickness of
the slide and coverslip overall, and D is the total height of the
sample.

Assuming that the surrounding medium refractive index and
the slide-coverslip refractive index are approximately constant,
phase signal contributions introduced by them can be easily
avoided by subtracting the median value of the total phase signal.
By rearranging Eq. (1), it is easy to show that for each pixel i j( , ) the
component of the phase signal, which is specific to the cell, is
ntrast image, (d) unwrapped phase image, and (e) 3D perspective representation of (d).
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given by:

ϕ π
λ

π
λ

= − = Δi j n i j n h i j n i j h i j( , )
2

( ( , ) ) ( , )
2

( , ) ( , ) (2)0

This equation shows that the phase lag introduced by the cell at
each point, depends on both, the cell thickness, required for cal-
culation of algal biovolume, and the difference between the in-
tracellular refractive index and the surrounding media refractive
index. Moreover, these quantities are coupled; in this sense, re-
gions of the cell with identical thickness may introduce very dif-
ferent phase delays; for example, regions in which the nucleus is
located might have the highest refractive index and therefore
make the major contribution the phase delay. Thus, for de-
termining algal biovolume from the phase information given by
Eq. (2), it is necessary to know n i j( , ) values, for each pixel within
the specimen. Unfortunately, phytoplankton is quite heteroge-
neous, and generally sophisticated techniques are required to
measure integral refractive index [13]. Instead, it is possible to
know the average phytoplankton refractive index by flow cyto-
metric tehchniques and Mie theory [28], or by theoretical estima-
tions according to its metabolite composition [29]. In the case of
the latter; for phytoplakton in sea water, refractive index values at
589 nm ranged from 1.366 to 1.473, with a mean value of 1.419 are
accepted depending on algal water content.

Since the biovolume is a global quantity, assuming an average
refractive index is attractive because it gives a meaningful value
for a variety of microalgae classes, even though the heterogeneity
of intracellular content. However, as an underlying assumption, it
implies an identical internal structure of each cell under study, and
it does not take into account large differences in intracellular
content, either between different species or within the same
species. Therefore, in this paper we propose to estimate an effec-
tive refractive index n̄ for each cell under study in order to de-
termine its individual biovolume. Although this assumption does
not allow to obtain the exact value of each h i j( , ), the calculated
Fig. 4. Thickness calculation procedure. (a) Phase contrast image of a C. Hirundinella i
(c) binarized image and (d) solid line: thickness profile h( )max ; dotted line: average of m
value using an effective refractive index would be equally re-
presentative. From Eq. (2), it follows that the cell equivalent
thickness in each point is given by:

λ
π

ϕ
=

Δ ¯
⁎h i j

i j
n

( , )
2

( , )
(3)

being ⁎h i j( , ) an equivalent thickness for the i j( , ) pixel, assuming
that the refractive index of the entire cell is uniform, so that
Δ ¯ = ¯ −n n n0 is constant. This conjecture also implies that higher
phase delays are tied to higher equivalent thickness without af-
fecting the biovolume estimation accuracy, as it will be discussed
in the next section.

Algal biovolume is then calculated by adding all elementary
volumes Δ Δ⁎h i j x y( , ) :

∑ ∑ λ
π

ϕ
= Δ Δ =

Δ ¯
Δ Δ⁎V h i j x y

i j
n

x y( , )
2

( , )
(4)

where Δx and Δy are the pixel size in the image according to the
magnification of the microscope objective used.

As explained in Section 1, C. Hirundinella are strongly com-
pressed dorsoventrally, thus it is more usual to find them in frontal
position; nonetheless, occasionally they can be observed in dor-
soventral position. Hence, exploiting this feature, a method for
estimating Δn̄ for each cell is proposed. This method consists of
combining information data extracted from two microalgae posi-
tions, dorsoventral and frontal respectively.

From the former, it is possible to extract the silhouette which
gives the maximum thickness values of the hidden dimension of
the cell in Fig. 3(d). This task is accomplished recording a holo-
gram of the cell in dorsoventral position and then reconstructing it
for extracting the region-of-interest (ROI) from the phase contrast
maps, as shown in Fig. 4(a). For this purpose, the phase image is
first rotated until the cell is layed down and then binarized, in
order to obtain the silhouette of the cell, as shown in Fig. 4(b) and
(c) respectively. All these steps are carried out by automated image
n dorsoventral position (as they appear in a microscope field), (b) rotated image,
aximum thicknesses h( )max .
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processing procedures designed “ad hoc”, using an appropiate
threshold [30] and the application of several morphological op-
erations, such us “erosion” and “dilation”.

It is worth noting that, as many biological specimens, C. Hir-
undinella appears essentially transparent under bright field mi-
croscopy, making it difficult to extract the 2D ROI. Therefore, phase
images are chosen over amplitude ones since they are more sui-
table for segmentation procedures [31].

From the binarized image, the automatic calculation of the
maximum thickness profile is achieved by generating a row vector,
whose components are obtained by adding all values of each
column in the image. Background pixels do not contribute to the
sum because they are zero valued, while those inside the cell take
the value 1. Thus, the components of the generated row vector
contain the values of the thickness in pixel units. The maximum
thickness profilehmax, which is plotted in Fig. 4(d), is determined
by multiplying the row vector by the image factor scale, i.e. the
unit of length that each pixel represents depending on the mi-
croscope objective used.

From the cell in frontal position, the phase map of Fig. 3(d) is
rotated until the cell is layed down along the longitudinal axis.
Then, a row vector, whose components contain the maximum
phase delays for each column is generated. As an example, a ty-
pical maximum phase delays vector ϕmaxis plotted in Fig. 5.

Even though it is not necessarily true that the maximum
thickness profile hmax is tied to the maximum phase delays ϕmax, on
average, a certain correlation may be expected, as long as the cell
has a constant effective refractive index n̄. Therefore, our hypothesis
is put forward in terms of averages; both quantities, hmaxand ϕmax,
are averaged (dotted lines in Figs. 4 and 5), so that the average of
maximum thicknesses hmax corresponds to an equivalent phase
delay ϕmax. This assumption implies averaging the cell shape in
order to adopt an equivalent parallelepiped shape. Each cell Δn̄ can
be obtained from Eq. (2) resulting:

λ
π

ϕ
Δ ¯ =n

h2 (5)
max

max

Replacing Eq. (5) in Eq. (4), the biovolume can be estimated by

∑
ϕ

ϕ= Δ ΔV
h

i j x y( , )
(6)

max

max

Eq. (6) shows that biovolume, as a global quantity, can be easily
estimated with a hybrid methodology which combines phase
delays introduced by the cell with a geometrical measure
Fig. 5. Solid line: Maximun phase delay profile (ϕmax). Dotted line: equivalent
phase delay ϕ( )max .
regarding to maximum thicknesses; this is accomplished without
prior knowledge of intracellular refractive index. However, this
calculation requires the cell to roll, either by gently tapping the
cover slip with a pin-like object or by using external devices.
Instead, taking advantage of C. Hirundinella size uniformity and
exploiting the fact that they naturally appear in dorsoventral
position, we propose to avoid cell manipulation, using a repre-
sentative maximum thickness H calculated from the average
silhouette of different individuals. Hence, Eq. (6) is modified
resulting in:

∑
ϕ

ϕ= Δ ΔV
H

i j x y( , )
(7)max

Although Eq. (7) suggests that cells adopt a shape proportional to
the optical phase map, which is not the real cell morphology,
accurate biovolume estimations are expected.

If machine vision is the ultimate goal, this would facilitate the
automatization process, since for each sample, the average thick-
ness could be extracted automatically without needing single cell
rotation.
3. Results and discussion

To validate the size uniformity hypothesis, measurements on
images from bright field microscope, for twenty randomly selected
specimens, were performed, resulting in a maximum length of
(17172) μm, a maximum width of (4471) μm and a body
thickness of (25.470.5) μmwith coefficients of variation of 5%, 7%
and 4% respectively. The low coefficient variation in the body
thickness supports the use of the average value H in Eq. (7).

Following the proposed methodology, 21 C. Hirundinella holo-
grams were recorded and their individual biovolumes were cal-
culated using Eq. (7); obtained values are shown as fill dot in Fig. 6.
For this task, phase maps, as shown in Fig. 3(d), were multiplied by
a binary mask guaranteeing that only cell phase values were added
up. For comparison purposes, values calculated using geometric
approximations, following the same methodologies proposed by
Vadrucci et al. [8] and Sun et al. [9], are also included. These cal-
culations were carried out following the most frequent used Cer-
atium genus form consisting of an ellipsoid for the body, two cones
for the antapical horns and a cylinder for the apical horn.

As it can be seen, biovolume calculated by the proposed
methodology exhibits minor data dispersion than those obtained
Fig. 6. Biovolume data for C. Hirundinella.



Table 1
Estimated average biovolume for C. Hirundinella

Sun et al. [9] Vadrucci et al. [8] DHM

Average biovolume�104 [μm3] (1.872.2) (3.972.8) (2.971.4)
CVn (%) 55 33 24

n Coefficient of variation.

Fig. 7. Individual value of n̄ for each C. Hirundinella. Solid line represents mean
n̄value and dashed lines σ¯ ±n .
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by geometrical approximations. Comparative statistical analysis is
summarized in Table 1.

Even though Sun et al. and Vadrucci et al. calculate cell bio-
volume using the same geometrical model, they differ in the as-
sumptions made for measuring the hidden dimension, which ex-
plains the quite different values aroused from the calculation. On
the other hand, geometrical methods demand the measurement of
at least six linear dimensions, increasing errors in volume esti-
mation. According to Eq. (7), our hybrid methodology also requires
the measurement of the linear dimension H, but a more re-
presentative quantity of the sample overall is expected due to it
arises from an averaging process.

By making a more detailed analysis of the potential usefulness
of Eq. (7), it can be seen that biovolume is proportional to the
discretized integral of the optical phase. Physically, it represents
the nonaqueous water content of the cell, which can be converted
appropriately in the cell "dry mass" provided that the refractive
index is known [32]. In this sense, our approach allows the cal-
culation of an effective refractive index n̄ for each individual studied
using Eq. (5) and a measurement of the surrounding media re-
fractive index n0. Results for n̄ are plotted in Fig. 7.

For the sample under study, n0 measured with an Abbe re-
fractometer yields = ±n 1.3345 0.00050 corresponding to a wave-
length of 632.8 nm. To support our hypothesis, n̄ values obtained
are in good agreement with reported ones for phytoplankton.
Moreover, the mean value, ¯ = ±n 1.369 0.004average , falls within the
expected value range for dinoflagellates [29].

It is interesting to note that the outliers in Fig. 7 have biovo-
lume within normal range in Fig. 6. In this sense, these cells might
actually have an intracellular refractive index higher than the
average, or the deviations observed could proceed from the hybrid
methodology nature, which could be a consequence from the as-
sumptions made when deriving Eq. (7).

One particular aspect to consider is the criterium for deciding if
the cells are in the positions required by our methodology. On this
point, specialist expertise plays an important role. The cell was
considered in dorsoventral position when only one antapical horn
was displayed in the silhouette and any deviation from the real
position was minimized by taking the average of a series of values.
Concerning the frontal position choice, the most accurate value
achieved was an approximate estimation based on the expert
specialist's skills. It is worth remarking that this is not only an
inherent matter of the proposed method but also of the geome-
trical models. Nonetheless, small deviations from frontal position
may not be crucial for the present results since a compromise
between accuracy and practicality of the determination is neces-
sary to minimize the effort of linear microscopic measurements.
4. Conclusions

Digital Holographic Microscopy is proposed as an alternative
for cell biovolume measurements. Particularly, in the case of Cer-
atium genus the rare and quite variable shape of the cell require
complicated equations for biovolume calculations by geometrical
approximations. A typical model is composed of different geo-
metric shapes, requiring several length and diameter measure-
ments per cell, and even with this time-consuming procedure, the
biovolume cannot be adequately calculated. Particularly, the flat-
tening of the cell and the ventral side excavation cannot be mea-
sured in fixed samples, and several assumptions have to be made.
Nonetheless, this is not an issue for the proposed method as it
takes into account, disregarding of C. Hirundinella 3D shape, the
phase delays which depends on morphology and cell refractive
index. Thus, biovolume is computed considering not only its
geometrical volume, but also its intracellular content. From these
considerations it can be concluded that this method could provide
a more representative measurement as a biomass descriptor. The
proposed methodology could be extended to the measurement of
any species biovolume as long as they can be found easily in
dorsoventral position and a uniform size distribution can be
verified.
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