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RESUME

L’analyse polychromatique d’échantillons biologiques
peut donner des informations qui restent souveni cachées
dans l'analyse monochrome ou couleur. Dans cet article
on monire qu’aprés un choiz précis des bandes spectra-
les, linformation obienue peut étre utihisée efficacement
comme outil dans Uanalyse d’image (tel que la segmenta-
tion) et aussi pour les analyses biochimiques d’absorption.
La méthode est basée sur la reconstruction approzimative du
spectre d’absorption pour chaque point dans limage. Cette
reconstruction nécessite seulement trois observations dans
des bandes spectrales non chevauchées. Ces observations
sont appliquées a¢ un modeéle efficient du spectre d’absor-
ption des échantillons & enclyser. Une telle reconstruction
élablit la base pour faire une segmentation et une analyse
des échantillons. Ceite technique a été appliquée dans des
cellules végétales pigmentées cultivées in vitro.

1 Introduction

Image analysis applied to biological samples has been widely
studied in computer vision. Most of these studies are con-
cerned with the analysis of specimens obtained by a unique
sensor (monochrome images) or sets of RGB sensors (color
images). In this paper we present a technique where the
samples are analyzed at three non-overlapping wavelengths.
This information is used in two ways. Firstly, to produce
a segmentation based on this polychrome information, and
secondly, to extract biochemical information from samples
(pigment concentration per cell).

Cultures of Beta vulgaris (red beet) cells are cultivated in
vitro in liquid suspension [1]. The main interest of these cells
is the presence of pigments useful for food coloring purposes.
For a suitable growth control of the cultures, the biologists
face the problem of counting and analyzing features of each
cell. To have reliable statistical measures they have to count
several cultures at different stages of the growth, yielding
subjective and imprecise results after hard and tedious work.
For these reasons, computer assisted methods appear as the
only way able to deal with such measurement.

There is not yet an instrument for the spectral absor-
ption analysis of biological samples in the spatial plane.
With the lack of such instrument, biologists still need to
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extract pigments from culture samples. These analysis do
only yield an average value of pigment concentration per
cell. Thus we will never be able to assess the proportion
of cells accumulating pigment, their morphology, etc... This
kind of information is important for the biologists who want
to understand the mechanisms of cell differentiation, and
adopt the appropriate procedures towards a maximal pro-
duction of pigment in bioreactors.

The method presented here is mainly based on the ap-
proximate reconstruction of the absorption spectrum of the
samples using only a set of three basis functions [2] and three
unoverlapped spectral measurements, in order to obtain a
segmentation and classification of the culture.

2 Multi-spectral acquisition

The Beta vulgaris cells contain two main classes of pigments,
the betacyanines that absorb at 536 nm (violet color), and
the betazanthines that absorb at 480 nm (yellow color) as
shown in Fig. 1.

Combinations of these two pigments can produce other
colors as red and orange. An important parameter for the
biologists is the pigment concentration per cell which is pro-
portional to the absorption at a given wavelength.
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Figure 1: Absorption spectra of yellow and violet pigments,
the choice of bands is also shown.

Until now, the measurement of this pigment required
its extraction by chemical procedures and a subsequent spe-
ctrum analysis (either by spectrophotometry or High Perfor-
mance Liquid Chromatography). The final result is a global
value for the culture. The value of the informations obta-
ined by this procedure is limited in the sense of that there is
no knowledge about the pigmented cell distribution in the
culture. We do not know how many cells are producing the
pigment and how many do not.

The analysis of samples at precise wavelengths is obta-
ined through a set of interference filters held in a filter wheel.
These filters allow precise analysis of the spectrum. On the
other hand, the total amount of light that can cross the filter
is substantially reduced with the consequence that we need
a very sensitive camera for the acquisition. The solution
adopted for the acquisition is a cooled CCD camera [3] that
is able to work in low-light-level conditions. Cooling the
CCD, the camera is able to take long time exposures with
a reduction of dark current resulting an acceptable SNR at
the end.

The combination of interference filters with cooled CCD
allows the analysis of the samples at the desired wave-
lengths. The filters were chosen following the criterion of
minimum influence between pigments, giving one filter for
betacyanine at 583 nm, for betazanthins at 446 nm and fi-
nally the filter for calibration at 402 nm as illustrated in
Fig. 1. The calibration filter is devoted to detect the ab-
sorption due to the cell boundaries. Note that this choice
avolds also the maximal absorption peaks that could yield
non-linear and camera saturation measurements. Although
this is an accurate choice, the spectral overlapping of the
pigments produces undesired cross influence. Accordingly,
a more complex procedure should be developed to isolate
each pigment absorption as explained in section 4.

3 Pre-processing

The gray level information obtained through this system will
be taken as a measurement of the transmitted light. In order
to be able to compare the images they must be calibrated
one to each other and pre-processed.

First of all, different camera gains in each wavelength

are uniformized. This correction is partly done in the acqu-
isition process by adjusting the exposure time. For a more
accurate correction a linear histogram transformation is pro-
posed.

Figure 2: a. Original image of one of the three wavelength
under analysis (580nm). b. Enhanced and preprocessed
image.

Once the effects of the camera are removed, the next
step 1s the extraction of the useful scene and the removal of
the non uniform background absorption. The external circle
is obtained by an adaptive form of the Hough transforma-
tion [4] and the useless part of the scene is removed leaving
an image of the cells in liquid suspension. This liquid me-
dium may not have a uniform absorption spectrum along all
the wavelengths and the unperfect back illumination yields
a non uniform background. All this artifacts can only be
removed with a non-linear transformation as the morpholo-
gical Top Hat transformation [5]. Due to the low-light-levels
that the camera is acquiring, an additive noise corrupts the
images. When the goal is to remove smooth signal variations
(background) and dense fluctuations (noise) the so called
Top hat extension [6] can be used. Results of this prepro-
cessing is shown in Fig.2.

4 Recovering the Absorption Spe-
ctrum

4.1 From gray level to absorption

The intensities measured by the camera represent a function
proportional to the final transmitted light by each cell. The
transmission factor (T') per cell is defined as follows:

T =1L/ (1)

where I; is the intensity of the transmitted radiation by the
cell and I; is the intensity of the incident light, i.e. the
intensity of the background. This value is absolutely known
since in the enhancement part it has been extracted from
the cells. Using the Beer-Lambert law [7], the absorption
parameter can be easily calculated by:

Abs = log(1/T) (2)

The reason why we aim at working with absorption
instead of transmission lies in two facts: firstly because the
pigment concentration is linearly proportional (in most of



the cases) to the absorption, and, secondly, that in a mixture
of pigments the final absorption can be decomposed into an
addition of the individual absorptions of each pigment.

The measured absorption is the contribution of several
phenomena that are present in the cell. These are the cell
wall and the presence of the two pigments. Thus, the final
absorption can be decomposed in:

Abs = Absyan + Absyellow + Absyiotet (3)

These are the hypothesis for the theory explained in the
next sections to hold.

4.2 Basis function modeling the spectrum

The yellow and violet pigments and the cell wall are the
three unknowns that will be recovered from the three me-
asurement.

To this end, we decompose the spectrum in three ba-
sis functions, each one representing one of the phenomena
described before. For the cell wall a uniform absorption is
assumed (constant function) and for the pigments a gaussian
approximation has been chosen.

The exact shape of the absorption curves are obtained
by spectrophotometry. The violet pigment is easily appro-
ximated with a gaussian curve using the MSE criterion. For
the yellow pigment, due to its asymmetrical shape a com-
bination of two gaussians has been chosen. The choice of
the gaussian approximation lies in the physical basis of the
absorption of chemical substances [8].

The spectrum of absorption can be expressed as
a linear combination of the mentioned basis functions
(1,vi0(X), yel(X) below), in the following way:

Abs(A) = a + b vio(A) + ¢ yel(A) (4)

The transmittance spectrum of the interference filters
have been also analyzed by spectrophotometry and is mo-
deled by a gaussian approximation.

4.3 From measurements to spectrum

After modeling the filters and the spectrum, the absorption
measured by the camera through the ¢tk filter can be expres-
sed as:

[y Lo fi(X) dA
ET 1, () TO) dX
L L fi(X) dA
T 1o f:(0) 10-A5s00dx

Absi = lo

= log (5)
where I, is the light source intensity (constant due to the
use of a xenon lamp), f;(A) is the filter approximation and
T(A) and Abs(A) the approximation of the transmission and
absorption spectrum respectively.

Due to the narrowness of the interference filters, the va-
riations of T'(A) can be considered to be constant within the
interval of integration. Then,

L [, H(}) dx

I, 10—Abs(X) f/\ £i(A) dX = Abs(Ai) (6)

Abs; ~ log

being A; the central wavelength of the ith filter. The error
of this approximation has been shown to be of 14% in the
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worst case and typically of 5% (note that it depends on the

parameters of the model). We can then define the matrix
K with,

kij = b;(As) (M)

where bi(X) is  the jth basis  function

(b; = {1,vio(X),yel(A)}). Let S be the matrix of measu-

rements and A that of the parameters, the simultaneous
linear equations can be expressed by:

S=KA (8)
and the solution is,
A=K"1ls 9)

of course, knowing the value of A, the full spectrum re-
construction per pixel is possible substituting the values to
Eq.(4). The three input images are transformed to the pi-
gment space by Eq.(9).

5 Pigment Based Segmentation

The images obtained from the camera are transformed to the
pigment space having each of the absorptions expressed in
Eq.(4) separated. Taking as reference the violet and yellow
pigment, cells are segmented. Since the pigment may not be
present in all parts of the cells, the boundaries contribution
is added to each pigment. After that, the cells are segmented
by a majority filter between pigments as shown in Fig.3.

Segmentation

Figure 3: Pigment based segmentation

After this rough segmentation between pigments, each
class 1s segmented again following morphological criteria [9].
Once the cells are segmented, morphological features and
also color features are extracted for an efficient classification.

6 Pigment Classification

The classification of the culture is done into three main clas-
ses: the violet, yellow and unpigmented cells. In a culture
of Beta vulgaris a typical problem is the loss of pigment
through time. The proportion of unpigmented cells is then

" an important parameter in order to know the state of the

culture.

From the pigment information, cells presenting small qu-
antity of pigment are selected by a fixed threshold.The con-
tent of each pigment is compared to each other, by the fuzzy
7 membership function [10].

The result of this function is the fuzzy unpigmented fe-
ature. Cells will be classified as unpigmented if this function
is larger than 0.5.

Further classifications are done depending on the shape
and size (big aggregates, small aggregates, long isolated and
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round isolated) by the morphological analysis. All these
classifications give at last a characterization of the culture
in 12 classes.

7 Results

In order to check the robustness of the presented method, a
mixture of violet and yellow cells was prepared. The samples
were acquired with a Peltier-cooled (—25°C) CCD camera at
a resolution of 1035 » 1035pizels and 12bit/pizel. The three
spectral images were pre-processed and the absorption of
each pigment was discriminated, this information was used
to perform the pigment based segmentation. The goodness
of the segmentation was checked by color prints of the same
sample. Further morphological segmentation was obtained.
All the morphological and spectral parameters were colle-
cted for the final classification of the culture. Results were
correlated with manual counting, High Performance Liquid
Chromatography pigment measurements and other bioche-
mical measurements finding more than 90% of correlation.

cell number

400 500 600 700
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Figure 4: Approximate spectrum reconstruction per cell

Since the pigment absorption per cell was known, it was
possible to reconstruct the approximate spectrum absor-
ption of all the cells. In Fig. 4 we show the spectrum of
each cell after segmentation. Two classes are present in the
culture, a main peak in the violet absorption and a smaller
absorption for yellow cells are clearly visible. The culture
is about 50% of each class, which is coherent since the ori-
ginai artificial mixture was done with exact proportions of
each culture. This representation of the data suggests us
new ways of classification of the cells in more refined classes
depending on its pigment.

8 Conclusions

In this paper we presented segmentation and analysis
of biological samples through a multi-spectral acquisition
system at three different unoverlapped bands. The method
is based on the approximative spectrum reconstruction of

the samples. This spectrum reconstruction has been obta-
ined after an efficient modeling by choosing the appropriate
set of basis functions. It has been shown to be effective to
the pigment discrimination problem. Results on segmen-
tation and classification of the cells depending on their pi-
gment show the spectral information as a good criterion,
specially combined with a morphological segmentation. The
interpretation of the final data suggest new ways of classifi-
cation that must be explored in the future.
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