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and Utilization in 3D quantitative studies of E-cadherin
expression in skin of Bufo arenarun tadpoles
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Deconvolution of three-dimensional (3D) fluorescence microscopy images using computational
restoration algorithms may be seen as a cheaper alternative to modern 3D microscopy techniques. We
have recently developed a digital deconvolution microscope based upon a standard upright fluorescence
microscopy setup, which allows us to perform precise optical-sectioning procedures by positioning the
sample at different focal depths. The acquired images are then treated using computational methods which
use information regarding the image-formation process (deconvolution using the Point Spread Function,
PSF). Processed images are used to perform a more accurate 3D quantification and analyses. The main
objective of the present work is to evaluate the technique’s steps and to analyze the usefulness of this
method with the aid of a biological model. For that reason, we selected a 3D cell-adhesion skin model,
based upon a specimen commonly used by our research group. In the present work we show what must
be considered in order to obtain an adequate and precise quantification.
Keywords Deconvolution, PSF, 3D quantification, 3D image analyses, E-cadherin expression.

1. Introduction
Biology seeks to understand complex cellular functions and cell-environment interactions. In the quest
to fulfill this goal, few results are as relevant to the researcher as three-dimensional (3D) images.
Methods currently used to obtain 3D images include 3D fluorescence microscopy [1-2], which possesses
the unique capability of examining bio-structures and physiological states in living cells, enabling the
study of complex relationships between the function and structure of biological systems. Additionally,
fluorescence permits the functional evaluation of the spatial and temporal distribution of specific cellular
components.
Fluorescence techniques commonly used to obtain 3D images include confocal laser (CLM) [3-4] and
digital deconvolution microscopy (DDM) [5-6]. Both perform optical-sectioning and minimize the
contamination of out-of-focus contributions (from non-focal planes) in different manners. Confocal laser
microscopy employs a physical filter (pinhole) placed before the detector, which rejects fluorescence
from non-focal planes. On the other hand, digital deconvolution microscopy produces images which
contain information from the focus plane, as well as out-of-focus contributions from non-focal planes,
which may be eliminated or restored to their correct spatial position by mathematical methods
(deconvolution) that require the optical system’s transfer function. Both microscopy techniques have
pros and cons that must be evaluated; nevertheless, both produce similar and excellent results as far as
resolution is concerned [7-9]. In order to choose which one to use, several elements must be taken into
account, such as sample characteristics, type of data and application required.
Both types of microscopy require specialized personnel and expensive equipment. Members of our
research group have updated the fluorescence microscopy equipment available in our laboratory,
succeeding in the implementation of a digital deconvolution microscopy setup. In the present work, we
describe every step involved in the mentioned technique, the implementation strategies carried out and
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their evaluation. Lastly, results obtained when applying this technique to a biological model commonly
used by our research group are described, analyzing both qualitative and quantitative aspects.

2. Technique’s steps and implementation
Figure 1 is a diagram of the different steps followed in DDM. Briefly, the following steps are involved:
optical-sectioning of the specimen under study (producing a 3D image stack), determination of the Point
Spread Function (PSF), deconvolution of the 3D image stack, 3D visualization, 3D quantification and
analyses.

Fig. 1 Diagram of the steps involved in DDM.

2.1 Microscopy system
The system presented in the present work was built upon an Olympus BX50 upright epi-fluorescence
microscope, equipped with a mercury lamp with emission peaks at 365/366, 404,7, 435, 546,1 and
577/579,1 nm, and a set of filters used to select the appropriate emission peaks. Objective corrected planapochromatic lens produce intermediate aberration-free images. The recording system consisted of a
cooled monochromatic Apogee CCD camera of 14 bits of resolution, 768x512 pixel2 sensor size, 9x9
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µm2 pixel size, mounted to the microscope by a mount C lens (0.5X). This device has high-resolution
and sensitivity, wide dynamic range, and good geometrical stability, qualities particularly suitable for
high-quality 2D (two-dimensional) and 3D studies [10].
2.2 Optical-sectioning
An electro-mechanic system (stepping motor + reduction box) attached to the BX50 microscope, enables
the displacement of the stage at discrete intervals along the focal axis of the microscope (also known as Z
axis or optical axis). This, in turn, enables optical-sectioning since 2D images are taken at different focal
planes within the whole specimen. The stepping motor was used for it has a digital control, does not need
feedback, has an easy speed control, low cost, simple interface and minimum maintenance; it was
selected taking into account the resolution of the BX50 microscope. The hybrid RS 440-436 1.8º/step
motor was employed, which permitted a minimum movement of two steps (3.6º), resulting in a 500 nm
resolution. A RS 718-896 reduction box (100 to 1) was attached to the motor to enhance resolution to 5
nm, enough for optical-sectioning studies.
The reduction box was coupled to the motor by an adaptation kit provided by the manufacturer.
Moreover, part of the fine adjustment knob was replaced by a similar piece that permits the attachment of
the electro-mechanic system (by the external face of the reduction box) to the BX50 microscope. For
simplicity and versatility, the system is controlled by parallel port by a personal computer, which enables
easy data reading and writing, and has the additional advantage that it can be connected to any computer.
Four parallel-port output lines were used to excite the stepping motor’s coils (one for each coil) by
excitation pulses generated by a computer program. In order to ensure the complete isolation of the
computer and power circuits, optocouplers were used between the parallel-port output lines and the rest
of the circuits. For a more detailed description of the design, please refer to [11]. The system is
completely controlled by a program specially designed by our research group, called SUMMD (software
for DDM users, from the Spanish “Software para Usuarios de Microscopia de Desconvolución Digital”).
This software automatically performs optical-sectioning and image processing techniques (deconvolution
and 3D reconstruction), once basic parameters are established [12]. Figure 2 is a photograph of the
microscopy setup implemented in our laboratory
2.3 PSF determination
Optical-sectioning produces 3D image stacks containing in-focus and out-of-focus contributions. In order
to keep only in-focus information, out-of-focus fluorescence must be either eliminated or restored to its
correct spatial position, processes which require the optical system’s transfer function, also known as
Point Spread Function PSF. This function precisely describes the distortions a point source of light
suffers when it is imaged by the optical system of the microscopy setup. It can be determined either
theoretically (applying optic-geometry laws) or empirically (procedure detailed below). In order to
perform empirical calculations, a point source of light must be simulated. Such source must not be too
small so that it can not be resolved by the microscope or too big so that it no longer represents a point
source. Since our work is based on fluorescence, fluorescent beads from the F-8888 kit (Molecular
Probes, Eugene, OR, USA) were used as point sources of light; these beads have been specially designed
for microscope alignment and calibration, and are therefore highly resistant to photobleaching [13]. The
beads were coated by fluorophores with excitation/absortion peaks at 505/515 nm (same excitation peaks
as for FITC, the yellow/green fluorophore used in our experiments). The original bead solution was
diluted (1:100) so as to obtain disperse beads (and, therefore, images where a single one can be isolated
and used as point source of light). The diluted solution was placed on a cover slip and after dry were
covered by a coverslip which was later sealed with acrylic nail-polish for better stability.
In order for the bead to work as a point source of light (Dirac delta), its diameter must be
approximately half the size of the first dark ring of the diffraction pattern (Airy disc) of the lens (lens
resolution). Eq. (1) presents this condition
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Bead diameter ≤ 0,61λ / NA
(1)
where NA is the lens numerical aperture and λ is the wavelength of the emission peak. Once the bead
size was determined, the PSF was obtained by optically-sectioning the selected bead at regular Zintervals (displacement in the Z axis, which was selected so as to maintain a symmetric voxel), imaging
as many planes above and below the focal plane as possible. In this way, distortions produced by the
optical system can be captured and the Airy disc pattern can be quantified in a plane-by-plane basis. In
order to obtain a good signal-to-noise ratio (SNR), the optical-sectioning procedure is repeated between
three and five times in each focal plane; the averaged images are then normalized to produce the final
stack corresponding to the PSF. Figure 3 shows the PSF for the 40X lens of the BX50 microscope. It is
of utter importance to obtain the PSF under the same acquisition conditions the specimen under study is
in.
2.4 Deconvolution
All imaging systems produce blurring independently of other forms of degradations (noise, dispersion
and shine), either caused by the specimen or the system’s electronics. This form of independence is the
key to why blurring can be removed by deconvolution. Since blurring is a function of the microscope
(mainly of the objective lens), it can be modeled with relative simplicity by algorithms derived from the
mathematical analyses of the image formation process. This process is represented by the 3D
convolution (symbolized by ⊗) of a known variable, the 3D PSF or PSF (x, y, z), and an unknown
variable, the 3D distribution of fluorescence in the specimen o(x, y, z) [14-16]. The simplest form of the
mentioned phenomenon is mathematically described in Eq. (2).
i (x, y, z) = PSF (x, y, z) ⊗ o (x, y, z)
(2)
where i (x, y, z) is the 3D image obtained by optical-sectioning. Several deconvolution algorithms (Table
1) may be used to try to reverse this process; they differ from one another by the way they work with
out-of-focus data. Elimination algorithms subtract out-of-focus information, while restorations methods
tend to reassign these contributions to their correct spatial position [17-19]. SUMMD software [12]
includes the following deconvolution methods: Nearest Neighbor, Regularized Linear Least Square,
Inverse Wiener Filter and Constrained Iterative Deconvolution.
Table 1. Deconvolution methods.
Name
- Nearest Neighbor
- Multiples Neighbors
- Wiener Filter
- Regularized Linear Least Square
- Non-Linear Least Square
- Constrained Iterative Deconvolution
- Maximum Likelihood
- Constrained Maximum Likelihood
- Blind Deconvolution

Type
2D/Linear
2D/Linear
2D/Linear
3D/Linear
3D/Non Linear
3D/Iterative
3D/Iterative/Statistical
3D/Iterative/Statistical
3D/Iterative

Category
Elimination
Elimination
Restoration
Restoration
Restoration
Restoration
Restoration
Restoration
Restoration

Nearest Neighbor is fundamentally 2D and eliminates information. It operates in a plane-by-plane
basis, working individually on the 2D planes of a 3D stack. Briefly, it subtracts the out-of-focus
contributions of the nearest planes to a given plane o, that is to say, o±1; this procedure is then repeated
throughout the stack for all 2D planes. In this manner, an estimation of the out-of-focus information is
eliminated from each plane. Elimination algorithms such as this are computationally simple and fast, yet
they increase noise and reduce the level of fluorescent signal. Instead, Regularized Linear Least Square
and Inverse Wiener Filter are restoration methods which work with the whole 3D stack. These are
inverse algorithms which work in Fourier Space (instead of Image Space). Since a convolution in Image
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Space is a mere multiplication in Fourier Space, these algorithms estimate the true distribution of
fluorescence by dividing the Fourier Transform of an image stack by the Fourier Transform of the PSF.
The usefulness of these methods is limited by noise amplification, since small variations in noise in
Fourier Space are amplified during the mentioned division. Constrained iterative algorithms seek to
improve the approach undertaken by inverse methods; such algorithms work in iterative cycles and apply
restrictions to possible solutions. A typical constrained iterative algorithm works as follow. An estimate
of the object is made (this is usually the raw image itself). The estimate is convolved with the PSF, and
the resulting “blurred estimate” is compared with the raw image. This comparison is used to compute an
error criterion that represents how similar the blurred estimate is to the raw image. This error criterion is
then used to alter the estimate in such a way that the error is reduced. A new iteration then takes place;
the new estimate is convolved with the PSF, a new error criterion is computed, etc. The best estimate
will be the one that minimizes the error criterion; therefore, as long as the error criterion has not been
minimized, each new estimate is blurred again; an error criterion is computed, etc. This process is
repeated until the error criterion is minimized or reaches a defined threshold. The final restored image is
the object estimate at the last iteration.
The performance and efficiency of the algorithms implemented by our research group have been
presented in various congresses [20-22]. Results, which concur with those observed in other
publications [23-24], demonstrate that elimination methods remove information. Since specimen images
are highly random, it is difficult to estimate the proportion in which intensities are eliminated; this makes
such algorithms inadequate for quantification procedures. Therefore, in the studies exposed in the present
work, the Positivity Constrained Iterative Deconvolution restoration algorithm is used.
2.5 3D visualization and quantification
Stacks can be visualized using Maximum Intensity Projection (a graphic mode available in the SUMDD
software) once images have been deconvolved and out-of-focus fluorescence has been restored to its
correct spatial position. Additionally, quantification studies were performed. In order to identify the
studied object (cell contacts indicated by the cell adhesion molecule E-cadherine), a model-based
algorithm was used [25]. This method implemented a geometric model, with parameters which included
minimum and maximum radius, minimum and maximum integrated intensity and signal’s dynamic
range. The lower limit of the dynamic range was selected so as to exclude background fluorescence
(value obtained by plane-by-plane inspection), while the upper limit was the maximum intensity
captured for CCD. The algorithm was implemented in MatLab 7 (MathWorks, Inc.). Briefly, the whole
stack is analyzed in search for a voxel with intensity within the dynamic range; if such voxel is found,
then the integrated intensity is evaluated. If all criteria are met, then the voxel is recognized as a useful
point, it is compute and its spatial position is logged.
Fig. 2: DDM system designed and developed in the
Microscopy Laboratory (FI-UNER), used to perform 3D
studies.
1 – Olympus BX-50 epifluorescence microscope.
2 – CDD camera.
3 – Electro-mechanic control.
4 – Electronic module.
5 – Control computer.
6 – Computer used to process and analyze images.
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3. Evaluation
Once the development of the electro-mechanic system (responsible for the displacement in the Z axis
involved in optical-sectioning) and the SUMDD software (which controls all procedures) were
concluded, and after the PSF determination was validate, the technique’s usefulness was evaluated.
3.1 PSF determination and geometry
In order to obtain a good 3D image with the conventional systems mentioned (which have not been
designed a priori with this goal), the optical path must not be significantly altered. Therefore, specimens
must by observe in systems where the refractive index of the mounting medium, coverslip and
immersion medium are identical for all wavelengths of interest. In practice, the aforementioned
conditions are not always met, and unfortunately, thick specimens worsen the situation. Thus, optimal
conditions must be determined for each specimen. We have demonstrated recently [26] that an easy and
practical way to achieve such conditions is accomplished by varying parameters until obtaining the most
symmetrical PSF possible (symmetrical in all three axis).
In the present work, we corroborated that the PSF is made up of a set of concentric rings in XY
projections (Fig. 3A) and that it exhibits an hour-glass profile in XZ and YZ projections (Fig. 3B); these
results concur with others observed for different types of optical systems [27]. The PSF was determined
under the ideal conditions for which the objective lens was designed. For all lens, we used a glass
coverslip (refractive index: 1.51; thickness: 170 µm) and a mounting medium specifically developed
with this goal (VectaShield, Vector Labs.). Additionally, in the case of the 100X immersion-oil lens,
immersion oil produced by the manufacturer of the lens was used (refractive index: 1.518); results
obtained with this lens (not shown) are similar to those presented in Figure 3.
Fig. 3: Shape and geometry of a PSF experimentally
determined for the 40X 0.85 NA lens of the BX50
microscope.
A) XY projections (32x32 pixels2) of a sphere of 0,46
µm of diameter. Each section is separated by a ∆Z of
0.5 µm. The red frame denotes the focus plane; the
concentric rings of the Airy pattern become more
noticeable as we move away from the focus plane.
B) XZ projection, using the Maximum Intensity
Projection method. The hour-glass shape is clearly
noticed.

We can conclude that empirical PSFs of the BX50 microscope (40X and 100X lens) do not present
perfect symmetry (Fig. 3). As a general rule, the better the alignment and lens quality, the more
symmetrical the PSF (it resembles its ideal shape more). Since objectives lens used are planapochromatic and corrected for chromatic, spherical and curvature aberrations, and since the alignment is
a routine practice that does not represent greater conflicts, we deduce that the PSF asymmetry must be a
consequence of problems in the optical path. This was verified by evaluating the PSF under different 3D
optical arrangements. Figure 4A and 4B show various PSFs obtained by varying coverslip thickness and
correction collar values (40X lens), respectively. Results obtained when altering other parameters are
analyzed in [26].
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Fig. 4A: XZ projection of the PSF determined with a 40X 0.85 NA lens, using different coverslips thickness. In
each case, conic figures with various degrees of asymmetry respect to the focal plane are observed.

Fig. 4B: XZ projection of the PSF determined with a 40X 0.85 NA lens, using different correction collar values. In
each case, conic figures with various degrees of asymmetry respect to the focal plane are observed.

The most symmetrical PSF was obtained when using the lens in the conditions for which they were
designed in all evaluated cases.
3.2 Restoration by deconvolution
The 3D image of a sphere will present elongation in the Z axis due to optical-sectioning and diffraction
problems; deconvolution aims to reduce this elongation and restore the sphere’s original dimensions. In
order to quantify elongation and elongation reduction post-deconvolution, a patron specimen of known
shape and size was used (fluorescent beads similar to the ones used to obtain the PSF, of 4 µm of
diameter). A unique deconvolution method was used for all conditions and elongation was measured
using the FWHM (Full Width at Half Maximum) technique [28].
Figure 5 and 6 show PSF elongation and elongation reduction post deconvlution (100X lens) for
PSFs determined using different coverslip thickness and immersion mediums, respectively. In both
figures, bar 1 represent the elongation before deconvolution; this value was used in the statistical
analysis. An extremely significant elongation reduction was observed for all coverslips after
deconvolution; even though there are no significant differences between coverslips, N°1.5 y N°2 present
the greatest reductions (30% and 32%, respectively). In addition, extremely significant elongation
reduction was observed for all immersion mediums; even though there are no significant differences
between mediums, immersion oil (refractive index 1.51) presented the greatest reductions (32%).
Based upon the results obtained, we can conclude that the deconvolution algorithm is working
properly, since the out-of-focus fluorescence that caused the elongation (over 3 µm) was reassigned to its
correct spatial position, reducing the diameter of the sphere (elongation below 1 µm)
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Fig. 5: 3D quantification of the elongation in the Z
axis. Bar 3: PSF determined with coverslip N°0: (80 –
120 µm of thickness). Bar 4: PSF determined with
coverslip N°1: (130 – 160 µm of thickness). Bar 5: PSF
determined with coverslip N°1.5: (160 – 190 µm of
thickness). Bar 6: PSF determined with coverslip N°2:
(190 – 220 µm of thickness). The blue line represents
the real diameter of the bead. Values shown represent
the medium ± standard deviation, n = 4. The data was
analyzed by an ANOVA a posteriori Tukey-Kramer
test: ∗∗∗ p<0.001.

Fig. 6: 3D quantification of the elongation in the Z
axis. Bar 3: PSF determined using air as immersion
medium (η=1). Bar 4: PSF determined using water as
immersion medium (η=1.33). Bar 5: PSF determined
using glycerin as immersion medium (η=1.47). Bar 6:
PSF determined using immersion oil as immersion
medium (η=1.51). The blue line represents the real
diameter of the bead. Values shown represent the
medium ± standard deviation, n = 4. The data was
analyzed by an ANOVA a posteriori Tukey-Kramer
test: ∗∗∗ p<0.001.

4. Application using a biological model
As an example of experimental validation of the system, the mentioned technique was applied using a
biological model commonly used in the Microscopy Laboratory of the FI-UNER. The expression pattern
of the cell-adhesion molecule E-cadherinwas studied in skin of stage 19 Bufo arenarum tadpole embryos.
Previous studies by our research group [29] have identified a lineal and uniform distribution pattern of Ecadherinin the cell perimeter. The importance and relevance of these investigations relay on the fact that
many cellular functions depend on the spatial and temporal regulation of cell-adhesion molecules [3033]. Until now, all related studies have been done in 2D; nevertheless, the spatial-location regulation
must be studied in order to elucidate the role of E-cadherine. The application of the technique presented
in the present work enabled us to undertake the 3D aspect of this model for the first time.
When sectioning a whole stage 19 embryo (approximately 1500 µm of thickness), out-of-focus
information made it difficult to distinguish the genuine fluorescent marks and distribution pattern of Ecadherin(Fig. 7A). After deconvolution was applied (Fig. 7B), out-of-focus fluorescence reassignment
unveiled a punctual pattern, where each bright dot represented a cell-cell contact. Using the
abovementioned quantification algorithm, information regarding focal contacts was saved; this enabled a
geometrical and spatial distribution analysis. Figure 8 shows two 3D perspectives of the spatial
distribution of E-cadherinin epidermal epithelium. Cluster disposition concurs with recent results
obtained with other techniques [34-37].
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Fig. 7: Tilted view of a 3D representation of the epidermis of a Bufo arenarum embryo. The distribution pattern of
E-cadherinis observed before (A) and after (B) deconvolution. Green lines (X axis), blue lines (Y axis), red lines (Z
axis).

Fig. 8: Two 3D perspective views of cell-cell contacts marked by E-cadherin in epidermal epithelium of a stage 19
Bufo arenarum embryo. Presented points are the result provided by the quantification algorithm which was specially
designed to identify the clusters of E-cadherin.

5. Impact
The technique described and implemented in the present work by our research group demonstrates to be
an excellent and economic alternative to perform 3D studies. The mechanical adaptations proposed can
be implemented in any type of microscope (with minor modifications), which justifies the development
exposed.
Digital deconvolution microscopy presents some clear advantages. DDM has higher detection
efficiency than confocal laser microscopy, since it uses a CCD camera instead of a photomultiplier tube.
Additionally, in spite of having similar high-frequency attenuation in raw images, DDM may achieve
greater effective resolution (compared to raw confocal images) since deconvolution corrects this
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attenuation. On the other hand, a disadvantage is that DDM requires specially trained personnel since it
strongly depends on the correct PSF determination and deconvolution algorithms employed.
The implementation of this technology has enabled us to undertake 3D studies, which in turn leads our
research group to revise and discuss new visualization and quantification methologies. The different 3D
visualization modes (surface rendering, animation and maximum intensity projection) can be employed
to view the spatial distribution of various structures. The quantification process implies new challenges;
this is why several models that are congruent with the biological functions of celladhesion molecules
and at the same time improve the representation of the distribution of these in skin, are currently being
explored and enhanced. Innovative experiments are being carried out with this goal in mind; new PSF
determination strategies are being evaluated and deconvolution algorithm are being optimized. With
these, we intend to apply the deconvolution process to images obtained from a confocal laser
microscope, which would improve axial resolution even more.
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