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Abstract - The growth of cells of great practical interest, such as, the filamentous cells of bacterium
Sreptomyces clavuligerus, the yeast Saccharomyces cerevisiae and the insect Soodoptera frugiperda (Sf9)
cell, cultivated in shaking flasks with complex media at appropriate temperatures and pHs, was quantified by
the new wavelet transform technique. Thisimage analysis tool was implemented using Matlab 5.2 software to
process digital images acquired of samples taken of these three types of cellsthroughoot their cultivation. The
values of the average wavelet coefficients (AWCSs) of simplified images were compared with experimental
measurements of cell concentration and with computer-based densitometric measurements. AWCs were
shown to be directly proportional to measurements of cell concentration and to densitometric measurements,
making evident the great potential of the wavelet transform technique to quantitatively estimate the growth of

severa types of cells.

Keywords: Image analysis, Wavelet transform; Streptomyces clavuligerus;, Saccharomyces cerevisiae;

Soodoptera frugiperda; Cell growth.

INTRODUCTION

Even though for severa decades efforts by
biochemical engineers to monitor and to control
bioprocesses by monitoring indirect variables such as
pH, temperature and dissolved oxygen, have been
successful, the quantitative monitoring of cell growth
has still  not been fully achieved. Over the past
decade, severa modern resources for monitoring
biomass have been made available, including the
outstanding sensor of Bitter et al. (1998), which
allows microscopic observation of microorganisms
in situ in a fermentor; the biomass estimator based
on capacitance measurements that makes monitoring
of adhered and suspended cell concentration possible
(Coremans et al., 1996), and the severa types of

*To whom correspondence should be addressed

optical sensors evaluated by Konstantinov et al.
(1994). However, these resources involve measurement
methodologies that can only be used in very specific
applications and that are usudly very expensive.
Paradoxically, even though cell concentration is the
most important variable in a bioprocess, in practiceit is
least monitored as a consequence of the experimental
difficulties encountered. It normaly needs to be
guantified in an aseptic, noninvasive, discriminative
manner (viable and nonviable) in rea time and, above
al, it must be reiable. Due to these difficulties, little
progress has been made in quantification of cell
concentration in bioprocesses, a dtuation that is
hindering the use of techniques "based on knowledge"
(Shioya e al.,, 1999) to control and optimize
bioprocesses on alarge scale.



574 G. J. R. Garéfano, C. G. Venancio, C. A. T. Suazo and P. I. F. Almeida

The image analyss technique has been under
development since the 90s, and is attracting a lot of
attention as a resource for use in monitoring biomass
and cdl morphology in a fast, robust and economical
way (Thomas & Paul, 1996, Pons et al., 1998).
According to severa researchers  predictions
(Konstantinov et al. ,1994; Shioya et al., 1999), it will
be a powerful tool for implementing modern Strategies
of control and bioprocess optimization, such as the
onesthat are based on so-called expert systems.

The significant recent progress in relation to the
cost and performance of new computers make it
possible to implement complex numerica
procedures in a very short period of time, so the
analysis of images is becoming a very useful tool in
bioprocess monitoring and control. Densitometric
techniques (grey-scale analysis of a given image)
were used successfully by Treskatis et al. (1997) for
biomass quantification of a submerged culture of the
filamentous bacterium Streptomyces tendae, in an
attempt to accompany the fermentative process on
line. On the other hand, the new mathematical
wavelet transform technique in its computer-based
version is attracting the attention of specialistsin the
field of image processing for its capacity to represent
attributes of images in a much simpler, efficient and
compact way than the traditional Fourier transform
(Misiti et al. ,1997), characteristics which have been
increasing interest in applications of pattern
recognition in a variety areas of human activity (the
finance market, identification of human voice and of
fingerprints, etc.). However, athough it has
commercial agorithms such as the MATLAB 5.2
toolbox that facilitate its use, this tool still had not
been tested in computer-based image processing to
quantify and characterize cell growth. Hence, the
objective of the present work is to evaluate the
potential of the wavelet transform technique by
comparing it with traditional measurements (dried
biomass and cell counting) and with densitometry to
estimate cell concentration when cultivating cells of
great practica interest, such as those of the
bacterium Sreptomyces clavuligerus, the yeast
Saccharomyces cerevisiae and the insect Spodoptera
frugiperda (Sf9) cell.

MATERIALSAND METHODS

Signal Analysis Using the Wavelet Transform
Technique

Traditionally, Fourier transform has been used to
process stationary signals acquired by computers. In

this way, the representative spectrum of frequencies
is obtained from the time series produced during
acquisition of the signal by the computer.

For nonstationary signals, typical of biological
processes, the existing methodologies have not been
fully developed. Windowed Fourier transform, also
called short-time Fourier transform, was first applied
by Gabor (1946), using a Gaussian-type window. For
agiven signa f(t), a conveniently defined signal g(t-
to) is applied to a window of time that moves aong
with the origina signal, forming a new family of
functions:

fg(to,t) = (1) glt- to) (1)

Functions formed in this way are centered on t,
and have a duration defined by the characteristic
time window of the function g(t). Windowed Fourier
transform is thus defined as

Rlw,to] = d:f(t) g(t- to) e "dt )

This transform is calculated for all t, values and
it gives arepresentation of the signal f(t) in the time-
frequency domain. If a space function f(x) instead of
atimesignal, is considered, arepresentation isgiven
in the spacefrequency domain. However, as a
windowed Fourier transform represents a signal by
the sum of its sine and cosine functions, it restricts
the flexibility of the function g(t-tg) or g(X-Xo),
making a characterization of a signa and
simultaneous location of its high-frequency and low-
frequency components difficult in the time-
frequency domain or the space-frequency domain.

Wavelet transform was developed to overcome
this deficiency of windowed Fourier transform in
representing  non-stationary  signals. Wavelet
transform is obtained from a signa by dilation-
contraction and by the trandation of a specia
wavelet within the time or space domain. The
expansion of this signal into wavelets thus permits
the signal's local transient behavior to be captured,
while the sine and cosines can only capture the
overall behavior of the signal as they always oscillate
indefinitely.

In the Fourier analysis, every periodic function
having a period of 2p and an integrable square is
generated by an overlay of exponential complexes,
W, (x) = €™, n=0, +1, +2...., obtained by dilations of
the function w (x) = €* :w, (x) = w(nx) . Extending the
idea to space for Y integrable square functions, the
following is defined:
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The function y is called a mother wavelet, where
a is the scale factor and b is the trandation
parameter. The family of simpler wavelets, which
will be adopted in the present work, is that of the
Haar wavelet:

y(x)=1if 0£X£% (4.9
y(x)=-1if %£x£1 (4.b)
y(x)=0 if xI [0]] (4.0)

When constructing images on the computer, the
discreet image composition points (pixels) and the
gray-scale tones of which each pixel is composed,
are usually multiples of two. It is thus convenient to
redefine the wavelets in an orthogonal binary base.
For the unidimensional nonstationary functions f(x)
that decrease to zero when x® ¥, the following
assumption is normally adopted :

A _
Yik(x) =22 y(@x-k) ®)

The scale factor of 2’k is caled the
localization or dyadic translation and k is the
translation index associated with the localization,
wherejandk 1 Z.

Meyer (1985) proved that wavelets thus defined
are orthogond, i.e.,

(Y j-Y 1m) = djydem for jk,I,mi Z where () is

equal to the scalar product and d refer to the
delta function of Dirac.

Thus, the function f(X) can be rewritten as
follows:

¥

¥
fxX)=a a Cjxy kX (6)

=¥ -¥

The values of the constants ¢jx are obtained by
wavelet transform in its discrete form. Then f(x) is
expanded into a series of wavelets with their
coefficients obtained from

Ciac = (1Y 1) = 0, T 1100 ™

The wavelet transform can aso be calculated
using special filters called Quadrature Mirror filters,
as proposed by Mallat (1989). They are defined asa
low-pass filter, associated with the coarser scale, and
a high-pass filter to characterize the details of the
signal.

The signal f(x) then is described as:

F0=Q ik Fou® +& & iy k¥ (83)
k

i>jo k
where
\¥
Ciok = Qéf(x)f ik (X)dx (8.b)
\¥
dic = Q) f ()Y s (X)olx (8.0)

In the expansion of f(x) by equation (8.8), the first
term represents the approximation of the signal and
the second the signa details, filtered by the
approximation. The function f .k is denominated a
scale function or father wavelet, and it is responsible
for obtaining the approximation of the signal, while
the mother wavelets, yx, are responsible for the
generation of the details filtered by the
approximation.

For the family of Haar wavelets, the scale
function is

fiok(¥)=1if x1[0]] (9.9
fiok(¥)=0if xT[0,] (9.b)

The mother wavelets, responsible for the detailsin
the Haar family, are expressed as

Y0 =22 if 2ikexe21&Z+20 (109

' & 25

y k() =- 272, if 2'j?<+%9£x£2'j(k+1) (10.b)
9

Yjk(x) =0, otherwise (10.0)
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Image Analysis Utilizing the Wavelet Transform
Technique

The “filming” of a process of cell growth can be
understood as the generation of a sequence of
pictures or images, captured over a period of time.
An image of that sequence will then be the space
registration in two dimensions of a phase of the
process, characterizing a specific instant in cell
growth. To represent that image using wavelets, a
possibility would be to build a base of orthogonal
functions derived from the tensorial product of two
unidimensional bases having different scales:

B= {f joka O jo.k (y)} kp k2 :

(11)
! !
UF it 'y jlvkl(x)f i1ko (v) . y
[ |
LY i1k (XY K, (X) bkl,kz
This base may be represented by
B ={f jou (XY k=(kp ko) E
(12)

{y™k(y) k=(kykg), m=hyv,d
Piuk

or, in other words, we have a father wavelet and
three distinct mother wavelets which sweep the
image in horizontal, vertical and diagonal directions:

Fiok ) =T 1 OOF 5k, (V) (13.8)
Y IOY) = () Yk, ) (13.b)
Y ikOGY) =Y ik ) Fi (V) (13.c)
Y V) =Y 14y 0 Y s, ) (13.d)

The father wavelet originating in the scale
product represents the coarse part of the image and
three distinct mother wavelets originating in the
crossed products represent the horizonta (h), vertical
(v) and diagonal (d) detais.

An integrable square function can then be written
in the following form:

[e]
fOGY) =a Cigk Figk(Xy)+
K

(14)
¥
o O [¢]
tad A diy Tk(XA’)
=i k mehyvd
with the wavelet coefficients given by
Cigk = Q)yf(x,y) fik(xy) dx dy (15
di = @jyyf(x,y) y [k (xy) dx dy (16)

with k (k; ,k;) as trandation parameters in the
directions of x and y.

The Matlab 5.2 software used adopts a
“pyramidal” algorithm (Misiti et al.,, 1997) to
caculate the discreet wavelet transform, as
mentioned here. The agorithm uses low-pass [&]
and high-pass [h] filters to determine the
coefficients cj,x and d"; « for each scale desired.

For each value of the ordered par (ki, kz )
corresponding to a certain pixel (x,y) of theimage, a
value of cj, and three values of d"; are found,

representing the approximation coefficient and the
detail coefficients, respectively.

From the coarser scale jo, an approximate figure
with half the resolution of the origina image is
obtained and another three figures with details in the
horizontal, vertica and diagonal directions are
obtained. These three images have the same
resolutions as the approximate figure. The
approximate figure will constitute the starting point
for calculation of quantity of cellsin an image, since
when the Haar wavelet, whose values alternate
between 0 and 1, is used the image is just
represented by the sum of the coefficients, i. e,
equation 14 is reduced to f(X,y) =S Cjy . Inredlity,

Matlab 5.2 provides the average value of the
coefficients as the fina processing resullt.

Varying the level j>j,, a reduction in scale is
produced and a new quartet of figures is generated,
an approximate one and three of detail ones, starting
the previous image with the resolution again reduced
by half. The original image can be reconstructed
following the procedure in reverse order. Morettin
(1999) presents this and other procedures to
determine the wavelet transform of two-dimensional
images.
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Cell Species, Culture Media and Cultivation
Conditions

Three species of cells were cultivated in a shaker
(rotating incubator, New Brunswick Scientific G-
25K C), establishing conditions favorable to good
cell growth in each case. At predefined time
intervals, samples were taken for quantification of
cell concentration, either by specific experimental
methods for each cell type or by image analysis
techniques, as described below.

The bacterium Streptomyces clavuligerus NRRL
13585 was aerobically cultivated in  medium
distributed betwen several 250 mL Erlenmeyer flasks
with cotton plugs. Each flask contained 50mL of
medium with 15¢g/L of glycerol, 0.8 g/L of K,;HPO,
and 32 g/L of peptone with the pH adjusted to 6.5+
0.1. The Erlenmeyer flasks with the inoculated
medium were incubated in the shaker at 28 °C and
250 rpm for 72 hours.

The baker yeast, Saccharomyces cerevisiae
(Fleischmann), was anaerobically cultivated in a 500
mL Erlenmeyer flask with a rubber stopcock. The
flask contained 250mL of culture medium of the
following composition: 2g of yeast extract, 1.0g of
KzHPO4, 13g of NH4C|, 0829 of MgSO47HzO,
1.1g of sodium citrate, 1.5g of citric acid, 1.0 g of
CaCl,H,0 and 100g of glucose with the pH of the
medium adjusted to 4.2+0.1. The inoculum in the
Erlenmeyer flask was incubated in the shaker at 30°
C and 200 rpm for 9 hours.

To cultivate cells of the insect Spodoptera
frugiperda, they were first activated after being
stored in liquid nitrogen at -196 °C to recover their
normal activity. The same cells were then used to
inoculate ~5 mL of Sf-90011 medium from Gibco in
T flasks with a 50mL capacity. Then the contents of
the T flasks were used as inoculum for 12 mL of the
same medium as that contained in a 100 mL Schott
flask. The flask containing the inoculated medium
was put in a shaker for incubation at 28 °C and 100
rpm for 11 days. Oxygenation of the medium was
achieved by opening the flask daily in a safety
cabinet for air renewal.

All the components used in the preparation of
media for the cultivation of the three type of cells
were of analytical grade.

Quantification of Cell Concentration

Sreptomyces clavuligerus: the biomass was
guantified using the dry mass method, filtering
through a Millipore membrane with a 0.45mm pore
diameter and drying at 105+2°C for 4 hours.

To analyze the images, 1mL of fermentation
broth was diluted ten times with 5 mL of methylene-
blue solution with the composition used by Tucker et
al. (1992) and 4 mL of distilled water and then slides
with cover dlips having samples of colored cells were
prepared for analysis under an optical microscope.

Saccharomyces cerevisiae: the biomass was
guantified by the dry mass method, filtering through
a Schleicher & Schill membrane with a 0.45 pm
pore diameter and drying at 105+2 °C for 4 hours.

To anayze the images, 2mL of fermented
medium containing Sac. cerevisiae yeast was mixed
with 2 mL of methylene blue solution (0.3 g in 130
mL of 22% v/v ethyl alcohal solution). A sample of
5 uL of the yeast suspension was loaded in a
Neubauer chamber and covered with a cover dip.

Soodoptera  frugiperda:  To determine cell
concentration, samples of severa dilutions were
taken, along with another 10 pL of coloring, and the
remainder was diluated with SPB (saline phosphate
buffer), for a total volume of 100uL, and then cells
were counted using an Olympus CK3 inverted-field
optical microscope.

To analyze the images, a 5L sample specimen
was put on a microscope side and covered with a
cover dip. At preset times, in conjunction with
counting analysis, samples of the Sf9 insect cell were
removed from 90uL of suspension with a
micropipette and were placed in 10uL of a 0.2%
Trypan-blue dye ethyl solution. Then a 10uL
specimen of this sample was put in a Neubauer
chamber and covered with a cover dlip.

Preparation of the Samplesfor Image Analysis

For all three cases of cells being studied, the
samples prepared in the Neubauer chamber and on
the dlide were examined using an optical microscope
(Olympus BX50) setup with a video camera (Sony
CCD-Iris DXC-107A) connected to a microcomputer
(Pentium 100 MHz, 65Mb RAM) to acquire and
process 20 different images chosen randomly by
sample, with a magnification of 200x for Sac.
cerevisiae, 100x for Str. clavuligerus and 200x for
Sf9.

Application of Image Analysis Techniques

Before applying the wavelet transform and
densitometric techniques, the images were prereated
to filter out undesirable particles (solids, debris, etc.)
as well as to maintain a neutral and uniform
background. The process of image treatment is
illustrated in Figures 1 and 3 for the cells having a
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more complex morphology, which were used in this
study. Besides permitting a quite compact image to
be captured and using little computer memory, the
pretreatment helps to reveal the main attributes of
the cells analyzed with good definition to the naked
eye.

When processing an image using the Haar-1-
family MATLAB 5.2 wavelet technique, a wavelet
transform is generated in two dimensions composed
of four images. an approximate image and three
other images caled "details'. The approximate
image is characterized by high-scale and low-

frequency components, while the other three images
have small-scale and high-frequency components,
resulting from a filtering process with vertical,
horizontal and diagonal sweeps (Misiti et al., 1997).
The process decomposition diagram of an indexed
image using the wavelet transform analysis tool box
can be seen in Figure 2 and the four images
generated are shown in Figure 4. In this work,
special attention was paid to the average wavelet
coefficient (AWC) as a measure of the quantity of
cells in accordance with equation 14, as postulated
above.

Colored image J Grey-soale Threshalding
image Binary
Fig.3a image
Figy. 3k
Supgrimpnsed Image super-
image ; A
Fig 3l imposing —
withiout
particles
¥ Fig.3c +
Particle removal
Wigvelet transform analysis
Figy .4

Figure 1: llustration of the process of image analysis with pretreatment followed by
wavelet transform analysis for the three types of cell cultivated.

Wavelet Transform Anatysis
Low-pass approximated
mage
Detailed image
Treated and d '
indexed image generation (High-pass)
Matlab
ironment
e ) \ Horizontal
mage
\ Vertical image
\ Diagonal mage

Figure 2: Diagram of the process of decomposition of an indexed image
when using the wavel et transform analysis Tool box.
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Figure 3: Treatment of the images of the bacterium
Sr. clavuligerus: @) Grey-scale image; b) Binary
image after thresholding; ¢) Binary image after
removing particles; d) Images after the process of
superposition, which is used afterward for wavelet
and densitometric analysis.

The Matlab 5.2 image processing toolbox and
the wavelet software were used to analyze
pretreated images served as a tool to calculate the
AWCs, a process wich took approximately 20
minutes.

It was necessary to carry out a densitometric
analysis of the images obtained for the purpose of
comparing the results of the wavelet technique
results with another computer-based method. In this
work, the densitometric technique used was that
proposed by Treskatis et al. (1997), which is based
on measurement of the area occupied by the cells
and the maximum and average cell grey-scale tones.
The gray-scale tone quotient logarithmic values
represent a measurement of biomass thickness. By
following the principle of Lambert and Beer, the
biomass was estimated from Equation 17:

D=kAlog geGmax 0 (17)

e mean @

where? is the cell concentration by densitometry,
K’is the proportionality factor, A isthe projected area
of cells, Gna IS the maximum grey-scale tone and
Gmean IS the average grey-scale tone.

RESUL TS AND DISCUSSION

In the three experiments with different cells, cell
growth was analyzed by monitoring from the lag

Figure 4: Decomposition of S clavuligerus cell
image in four other images, utilizing the MATLAB
5.2 wavelet software. The top left image is the
approximate image and the rest are corresponding
detailed images.

phase to the decline phase. The objective of these
experiments was to verify the validity of the
computed measurements in all of the growth
phases.

Figures 5a and 5d represent the image acquired
and the one obtained after pretreatment, as described
in "Materials and Methods' for the cells of Sac.
cerevisae. Figures 5b and 5e are for the Sr.
clavuligerus cells and figures 5c and 5f are for the
Sf9 cells.

In the three screens at the top of Figure 6, typical
results for an intermediate position of the
exponential phase of the cell growth obtained by
wavelet analysis with the MATLAB 5.2 software for
cells of Sac. cerevisiae, Str. clavuligerus and Sf9 are
presented. Worthy of notice in the three resultsis the
strong influence of the tone associated with the
image background. The most significant case is that
of the Sf9 cell, where the frequency of tones
associated with the background is predominant (the
AWC value is the smallest obtained for the three
cells shown). Although Sac. cerevisiae has a
morphology similar to that of S9, it appears in
larger numbers in the acquired image and, as
predicted by equation 14, the AWC is larger. On the
other hand, the AWC obtained for the Sr.
clavuligerus cell, which has a more complex
structure and a smaller background interference, is of
the same order of magnitude as that obtained from
the image of Sac. cerevisiae.
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.
17

od

Figure 5: Figures 5a, 5b and 5c¢: Images in grey-scale tones acquired from the cultivation of the
yeast Sac. cerevisiae, of the bacterium Str. clavuligerus and of the insect cell, Sf9, respectively.
Figures 5d, 5d and 5f): Treated images in grey-scale tones acquired from the cultivation of the yeast
Sac. cerevisiae yeast, of the bacterium Str. clavuligerus and of the insect cell, 9, respectively.

=-spie gog gy

Vo ST Moo ST Slandend devicn

Cumulative histogram istogra Cumulative histogram

Figure 6: Typical results obtained with the MATLAB 5.2 wavelet transform analysis software for
cultivation of the yeast Sac. cerevisiae, of bacterium Str. clavuligerus and of the insect cell, 9, in
the exponential growth phase (top three screens). Typical results of the pelletized growth over time
for the Sr. clavuligerus cell. (bottom three screens).
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In the three screens at the bottom of Figure 6, a
typica result on the growth of the Str. clavuligerus cell is
presented in pdlet form. An increase in AWC is
observed, indicating that it corresponds to the cdll
growth observed in the image. The result can dso be
visudized usng higograms, which show the
predominance of larger wavelet coefficients for the
images with a higher content of biomass or number of
cdls.

The results from the three cells studied are shown
in Figure 7. It can be seen that the behavior of the
AWC analysis curve and the densitometric anaysis
curve are very similar to curves obtained from
experimental cell growth. For the bacterium Str.
clavuligerus, the curve estimated by the AWC
technique also has a maximum biomass growth at
around 60 hours of fermentation followed by a
decline. In the experiments with the yeast Sac.
cerevisiae, the AWC analysis followed the biomass
growth well, showing smaller deviations than the one
given by densitometric measurement. In the case of
theinsect S frugiperda cell, afal off of cell growth
at around the third to fourth day is shown.

The equivalence of computer-based AWC and
densitometric measurements and  experimental
estimates of cell concentration was also analysed by
plotting both measurements in an adimensional
manner, as shown in Figure 7. A linear relationship
between the measurements can be observed in this
figure with a very satisfactory correlation coefficient
for the three cases of cells analyzed. The results of

the statistical analysis can be seen in Table 1.

The larger AWC deviations at the beginning of
the experiment with Sr. clavuligerus can be
attributed to the fact that the samples were diluted by
a factor of ten. In a way similar to what happens
under a microscope with the manual counting
method, the small number of cells in the images
anayzed generated relatively large errors in the
computer-based image processing. This problem was
corrected in the AWC measurements of Sac.
Cerevisae and 9, generating results which were
more in line with the respective experimenta
measurements (see Figures 7e).

Use of software to pretreat the images and the
Matlab 5.2 image processing toolbox and the
wavelet software to calculate the AWCs took
approximately 40 minutes per sample with a 100
MHz personal computer. The speed of the wavelet
analysis can be increased by developing a specific
program for serial image analysis. Matlab did not
allow this flexibility, so the image processing time
could not be reduced.

Detailed image analysis was not adressed in this
text because it would not greatly benefit the specific
objective of the present work. However, it is worth
remembering that, when doing wavelet tranform
anaysis, the detail images can produce useful
recognition and quantification results on
morphological patterns of different types of cells.
This additional use could also be of great valuein the
area of monitoring and bioprocess control.

Table 1. Results of the compar ation between the AWC and densitometric measurements and the
respective experimental cell concentration measurementsin graphsb, d and f in Figure 7.

. Wavelet Analysis Densitometric Analysis
Cell type Figure7 — —
Angular Coefficient r Angular Coefficient r
Yeast S. cerevisiae B 0.960+0.019 0.990 0.958+0.032 0.995
Bacterium S. clavuligerus D 0.940+0.040 0.947 0.907+0.028 0.967
Insect Cdll Sf9 F 1.013+0.050 0.9%4 0.991+0.048 0.958
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Figure 7: 7a, 7c and 7e): Results of the wavelet, densitometric and experimental analysis of the cell
cultivation concentration for the yeast Sac. cerevisiae, the bacterium Sr. clavuligerus and the insect
cell, 9, with images at magnifications of 400x, 100x and 200x, respectively. The measurements were
normalized dividing by the maximum value of the respective variable (Duax, [Ciox] max and Xmuax or
Nuax) obtained for the cultivations of those cells. Figures 7b, 7d and 7f): Relationship between the
AWC and densitometric measurements and the experimental cell concentrations of the yeast Sac.
cerevisiae, the bacterium Str. clavuligerus and the insect cell, SF9, respectively.

CONCLUSIONS

The following conclusions were reached from the

results obtai ned:

1

The average wavelet coefficients (AWCs) obtained
from the images of the different types of cdlsin this
study can be used as a quantifying measurement of
cell concentrations during their growth.

The computer-based measurements obtained from
the average wavelet coefficients (AWCs) and
from the densitometric measurements showed a
good linear correlation with experimental
measurements of dry biomass and counting of

cellsin a Neubauer chamber.

3. Wavelet transform analysis was shown to be quite
promising as a fast, simple and compact tool for
measuring cell concentration and, therefore, has
great potential for use in modern bioprocess
monitoring techniques.
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NOMENCLATURE
a scale factor, t
b trandation parameter, t
C  approximation wavelet )
coefficient
d detailed wavelet coefficcient )
f  mathematical function )
g mathematical function
k; trandation parameter in x )
coordinate
k, trandation parameteriny )
coordinate
k" proportionality factor, ML
[ imaginary number v-1 )
t time )
X independent variable )
y  independent variable )
A projected area of cells, L?
B base of orthogonal functions )
Fy; windowed Fourier transform )
G grey-scdetonein animage )
W mathematical function )
Greek Letters
d detafunction of Dirac )
?  trandation parameter in )
wavelet analysis
M sweep directions (vertical,
horizontal
or diagond)
?  cell concentration by ML?
densitometry,
f  father wavelet function or )
scale function
y  mother wavelet function )
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