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Abstract Modern imaging devices allow almost every laboratory to generate high quality
digital images and volumes from microscopic specimens. However, the tran-
sition from visual observation and verbal description to quantitative results is
rarely done. A short introduction to principles and methods for the quantifica-
tion of digital images and volumes is given. To obtain data about interacting
components, such as bacterial microcolonies and substrate or differently labeled
bacteria, quantification ofrelationshipsis outlined.

In this work we will elaborate on a so-calledmeasuring continuum, with
special emphasis on the problems and solutions of measurement in digital images
and volumes. Each derived measurement is used as a building block for higher
levels of abstraction.

As one example the quantification of colonies of microcolonial fungi from
subaerial biofilmsConiosporium sp.andSarcinomyces sp.in terms of size and
surface projection is illustrated. Complex growth patterns of fungal colonies on
solid support were quantified in this experiment. Another example of volume
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quantification is based on experimental biofilm growth in continuous flow cham-
bers. Biofilms formed by wild and mutantPseudomonas aeruginosastrains,
labeled with the red fluorescent protein, are differentiated morphometrically.

Keywords: image analysis, measurement, measuring continuum, biofilm, 3D/2D data anal-
ysis, features

1. Introduction

Similarity is the one and only measurement of qualities. Explanations and
ideas cannot be transferred without images. The transition from qualitative
observation, comparison and description to quantitative and objective findings
by measurements is rarely done for properties of objects represented by images
or volumes. The extraction of quantitative information from images is either
obscure, out of scope or, even worse, misused and misinterpreted. In contrast,
the state of art of imaging, generation of digital image data, is highly developed.

Technical progress allows almost all laboratories to apply elaborate digital
imaging methods to microscopic specimens. These are namely all methods
to obtain digital data by classical and fluorescent light microscopy, as well as
by confocal laser scanning microscopy, X-ray micro-tomography for (slice-
wise) 3D digitization and techniques from electron microscopes and magnetic
resonance and PET based devices. Digital data of the highest quality can be
derived and visualized using most of these devices. However, visualization of
3D data is still under development for adequate, problem related representation.

Most of the collected data are only observed and used for qualitative consid-
eration. The application of objective quantitative methods to digital data is done
only to a very limited degree (Krumbein et al., 1994). The measuring methods
applied to digital data are still not in focus and often considered as mysterious.
Typically black (software) boxes containing a multitude of methods are attached
to imaging devices and are often misused or misunderstood. From application
of wrong scales through misuse of statistical methods to lacking consideration
of dimensional data, no possible way of data misinterpretation is left out.

In section 2 we try to present image analysis (IA) methods from scratch.
We outline a measuring hierarchy calledmeasurement continuumfor isolated,
hence defined, interacting and replicated objects in two and three dimensions.
Section 3 about quantification in experiments with biofilm and fungus growth
and some concluding remarks (section 4) will finish this chapter. Accordingly,
due to the space limitations this presentation can neither be complete nor fully
comprehensive. However, the authors hope to help in clarifying this promising
field of digital image analysis for further and broader usage.
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2. The measuring continuum

2.1. Definition of objects or segmentation

Based on the idea of the scientist, material is examined under a device (e.g.
a microscope) and digital data are gathered and stored. In digital space images
and volumes are represented by picture (pixel) or volume elements (voxel),
respectively. An object is a set or heap of those pixels. In Fig. 1.1 theraster
and thepixels of an object are shown in sketch form. The most important

Figure 1.1. Digitisation scheme of a sim-
ple object

Figure 1.2. Measurable properties of ob-
jects

(and most cumbersome) step is now the definition of the above mentioned
objects. Certain areas have to be identified asregion of interest(ROI). This is
calleddelineationor segmentationin the field of pattern recognition and image
anaylsis (IA). After solving this step by hand or by semi-automatic methods
the resulting regions are ready for measurement (Rodenacker, 1988). Fig. 1.3
shows a digitized image by successive increasing enlargement to determine the
pixelsand thepixel valuesand their use for segmentation by a threshold.

In case of images, hence 2D data, we typically deal with projections of
material. In 3D these data are the volume extensions of the material represented
in digital form. Although the 3D representation is a more complete one with
respect to images, it is more difficult to handle. We are not used to drawing and
interacting in space only shown on screen. However, material has properties
and in any dimension these properties can be used to differentiate regions of
interest and to relate them to (external) experimental questions.

Pixels or voxels have properties like the location (coordinates) and pixel
valuesresulting of the imaging process and, after segmentation,labels. A
quite famous label is the one ofbackground. For example a digital image from
a transmission light microscope consists of pixels carrying some information
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Figure 1.3. Sequence of different enlarge-
ments of the image of a fungus culture
showing an example of segmentation by a
threshold

Figure 1.4. Different segmentations of a
cell nucleus

about the amount of light transmitted through the material and possibly about
its spectrum, the color. It might be possible that objects are detected where
the transmitted light is below a certainthreshold(Fig. 1.3). This leads us
already to the measuring part since the amount of transmitted light is already
a measurement of pixels in digital form. In fact for identification purposes the
pixels are the objects of interest.

It should be clear that the regions defined or selected are highly dependent
on the measuring task, hence the interest. In Fig. 1.4 a digital image of stained
cell nuclei is displayed. Depending on the measuring task, different regions
are outlined: one nucleus, all nuclei or a part of the central nucleus. The
latter two possibilities might serve for quantitative analysis of the variability of
transmitted light inside the nuclei. Fig. 1.2 illustrates how the segmentation of
one nucleus alone can be considered for all properties of one object. All nuclei
may deliver information about (internal) structure and (external) neighborhood.

The most important (qualitative) properties for given objects are illustrated
in Fig. 1.2. Measurements will have to be related to one of these descriptive
fields or terms. The measuredvalueswill have to be related to the hypotheses
of the respective experiment or the external information. In Tab. 1.1 we try to
establish an hierarchical structure reflecting the needs for differentiation of an
actual experiment.

2.2. Measurement of objects

In the previous section we defined objects, described how they were defined
by pixels or voxels and what information they may contain (Tab. 1.1). In this
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Table 1.1. Measurement continuum: Features of objects

Level Type Feature
0 pixel,voxel value (color), location
1 set of pixels e.g. number (sizes), mean of values, moments,diameter (extensions),

form (shape), orientation (direction),local similarity (texture, structure)
2 group of the same features as above with additional measurements of relations:

sets of pixels describing neighborhood, connectivity, orientation etc.
. . . group of. . .

section we will shortly illustrate how quantitative features can be extracted or
calculated from this information.

In general a measurement is a count ofsub-objects. Mathematically speak-
ing, this is the sum (or integral) over a functionf inside a regionR. f is
representing the image with its pixels or any other derived function. If an ex-
tension has to be measured, the regionR is usually the set of border points of
the object. For size and shape, the required region is the whole object itself
whereas for structures, sets of sub-objects are often defined.

One of the most frequently used concepts for quantitative features is that of
momentsfor different dimensions defined as

mf
i =

∑
x∈R⊂Z

f(x)xi, mf
ij =

∑
(x,y)∈R⊂Z2

f(x, y)xiyj (1.1)

andmf
ijk accordingly. Letf(x, y) a binary image of an object with values0

and1, thanmf
00 is equal to the area A of the region and(mf

00/mf
10 ,mf

00/mf
01)

are the centroid coordinates(kx, ky). With f(x) the frequency distribution
of pixel intensities, a histogram,mf

0 is the total integrated intensity,mf
1 the

mean andmf
2 the variance of the pixel intensities. This is only to illustrate how

simple the definition of measurements is or can be. The problem is more on
the side of the identification of the region of interest and the interpretation of
measurements for the respective experiment.

A general measurement procedure involvesdata, theregion of interest(ROI),
a transformationand themeasurement. The up to now not mentioned transfor-
mation represents an enhancement of the data, such as frequency distribution,
which dismisses all local properties and represents only statistical properties of
the pixel values, or gradient transformation which enhances only local changes
of intensity. Typically the transformation has a non-scalar result. The subse-
quent applied measurement results always in one scalar.

This distinction allows to define procedures for the detection of certain prop-
erties difficult to measure. For example shape in all possible expressions is not
directly measurable. However, transformations can be designed extracting the
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property of interest. In addition to the works in mathematical morphology (
Serra, 1982) Sir D’Arcy Thompson (Thompson, 1966) carried out invaluable
work in this field.

2.3. Measurement of relations between objects

Objects carry now features, can be (re-)located (Sec. 2.2) and related to
others by certainrules, e. g. neighborhood, distance or properties likebeing
similar in size, ... surrounded by ..., ... a recognized object type ...or other
inherent spatial and non-spatial object properties. With other wordsintra- and
inter-relationshipsof the objects under focus are considered. Applications from
the field of cyto- and histometry and introductions can be found in Rodenacker,
1993; Rodenacker and Bischoff, 1990; Rodenacker et al., 1988. Fig. 1.5 shows
an example for the definition of subregions (objects) and their use for estimation
of growth spread in radial direction (Fig. 1.6). In Fig. 1.7 a region is devised

Figure 1.5. Fungus with two differently
pigmented hyphal areas segmented

Figure 1.6. Same fungus with growth
front simulated from strong pigmented hy-
phal area to the outside

into a set of patches (objects) that are related to each other by certain geometric
criteria. Some arbitrarily chosen relations are plotted by joining lines. The
formerly defined objects generate now new (higher level) objects with new
interpretation. To explain this a bit more thoroughly, consider Fig. 1.7(left).
Every objectx, marked by a yellow star, has a set of outgoing joins. These
joins with the set of related objectsS define a neighborhood around the object
x. x1 = S ∪ x is a new object for further analysis on the base of all features of
∀y ∈ S ∪ x. They are considered for further feature extraction. Typical spatial
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Figure 1.7. Partitioned region with different spatial neighborhood relationships: (left) Delau-
nay triangulation blue, nearest neighbor red, (centre) minimum spanning tree green, convex hull
blue, (right) skeleton neighborhood

relationships are the above mentioned neighborhoods and others. The Delaunay
triangulation (Fig. 1.7(left) in blue) is very useful for questions of surface
coverage. The nearest neighborhood (Fig. 1.7(left) in red) and the minimum
spanning tree (Fig. 1.7(centre)in green) deal with questions of reachability.
The skeleton neighborhood (Fig. 1.7(right) in blue) is directly applicable for
the analysis of interface reaction and correlation. In this illustrative and artificial
example the skeleton neighborhood is very similar to the Delaunay triangulation
and differs only at the borders of the field. This is generally not the case for
arbitrary shapes of the generating objects.

Distance based methods using (co-)localization and distribution of differ-
ent labelled objects (possibly differently stained or fluorescently marked, or in
general, with different feature values) serve also for quantification and char-
acterization. In Fig. 1.8right each pixel of one object from one class has a
minimum distance to (any object of) the other class. The resulting distribution
of distances can be statistically evaluated (Rodenacker et al., 2000) and used
for characterization.

3. Examples

All calculations and illustrations are performed on normal PC’s under IDL1,
a programmable and interactive data manipulation language and program envi-
ronment. For calculations on spatial or temporal-spatial data (3D or even 4D)
PCs have to be equipped with sufficient RAM memory.

1Research Systems Inc., Boulder, USA
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Figure 1.8. left: Optical section through a double FISH marked sludge flock (M. Wagner, Mi-
crobiology, TU München).right: Same section with green component and overlaying distances
away from the red component in red. Bright red shows large distance.

3.1. Differentiation of wild and mutant bacteria
Pseudomonas aeruginosa

Material and methods: Growth of biofilms in flow cells:Biofilms were grown
on cover slips (0.2 mm thick) in continuous flow-through stainless steel cells ("flow cells"; 40
mm long, 4 mm wide, 8 mm in height) (Johnsen et al., 2000). Flow cells were inoculated with
Pseudomonas aeruginosastrains PA01 and MW1 (Davies et al., 1998) as described by Wuertz
et al., 2001. The strains were labeled with the red fluorescent protein (dsRed; Matz et al., 1999)
using a pUT delivery plasmid (de Lorenzo et al., 1990) containing a dsRed cassette from Tolker-
Nielsen et al., 2000 carrying a gentamycine resistance marker (Hentzer, 1999). The biofilm was
irrigated with a mineral medium (Bastiaens et al., 2000) with 0.2% glucose as carbon source.
Biofilm development took place at room temperature for 5 days with a continuous supply of
the medium at a flow rate of 0.016 ml/min.Microscopy: The biofilm was observed on
5 consecutive days (Monday to Friday) directly in the flow cell with a LSM410 confocal laser
scanning microscope2, using a 63x 1.2 NA water-immersion objective. Upon excitation with the
543 nm laser line, cells emitted dsRed-conferred fluorescence in the orange-red spectral range
(> 570 nm). Vertical stacks of images (xy-sections) were collected as described by Kühn et al.,
1998. The total scanned depth was 20µm (20 optical sections,∆z = 1 µm). The horizontal
pixels size was calculated to 0.3053µm. 10 vertical stacks in the x-direction were collected with
the CLSM as single channel grey images and stored on a hard disk prior to image processing.
Measurement: To characterize the bacteria several measurements were performed. To
estimate their ability to build clusters a mathematical algorithm was applied to generate clusters
(see Fig. 1.11 and Fig. 1.12) (Serra, 1982). A cluster was found if sufficient bacteria were
located in a small neighborhood. The following sub-volumes were measured: whole cube, slice
(per depth), cluster, cluster inner part (per cluster). Measured features were volumes, centroid

2Zeiss, Jena, Germany
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coordinates of the clusters, substrate occupation area and density, mean growth height and spatial
occupation (Rodenacker et al., 2000). The temporal changes were compared on feature level.

Results: Wild type bacteria have larger growth rate than the mutant (Fig. 1.9). The colo-
nization of the substrate is more dense and the growth height or better biofilm thickness differs
by about 2-3µm between wild type and mutant bacteria. The relatively low biofilm thickness
allows to consider the growth distribution and density in 2D by projection. The distribution of
mutant bacteria is much more regular as compared to the more structured one of the wild type.
In Fig. 1.10 the ratio between the morphologically closed occupation area and the original area
is displayed. After day 3 (Wednesday) the bacteria started to grow in a different way which
corresponded to the visual recognizable distribution in Fig. 1.11 and 1.12. The lower curve of
the wild type shows a reduction in the colonization area. This was also observed by Davies et al.,
1998, and is qualitatively described. This global shape feature does not characterize the specific
shape of the wild type growth (Fig. 1.11, 1.9). It reflects only a deviation from the more regular
distribution of the mutant.

Figure 1.9. Volume distribution (count in
units of 0.093µm3) per depth for two dif-
ferent flow channels per bacteria group

Figure 1.10. Growth density. The mor-
phological closure was performed with a
radius of 12 pixels corresponding to 3.66
µm

3.2. Quantification of colony growth in fungi from
subaerial biofilms

Material and methods: Growth of fungi: Fungal strains A28Coniosporium sp.,
A49 Phaeococcomyces sp., A68 Sarcinomyces sp.and A95Phaeococcomyces sp.were iso-
lated from marble surfaces exposed in the atmospheric environment. These strains demonstrate
a whole spectrum of adaptations to subaerial growth and are supposed to need atmospheric
environment for successful development. Micro-colonies of rock inhabiting black fungi were
cultivated on nitrocellulose filter disks, placed on the surface of 2% malt agar plates. After 3
months the filter discs with well-developed colonies were covered by podzol soil (B) or sterile
quartz sand (S) with a control cultured left open in the air (L). After three months of incubation
with regular humidification of soil and sand the resulting colonies were taken out and used for
measurement experiments.Image collection:Images were taken by two commercial digi-
tal cameras. Pixel sizes were about 0.07 mm per pixel and 0.09 mm per pixel which correspond to
about 363 dpi and 282 dpi.Measurement:As all cells in these strains are dark pigmented,
we were able to use a intensity of pigmentation for discrimination of the area occupied by the
colony. It was distinguished between 2 growth zones with different occupation densities (loose
and very compact or coalescing) (Fig. 1.13).
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Figure 1.11. Wild type bacteria after four
days of growth and morphological closure

Figure 1.12. Mutant bacteria after four
days of growth and morphological closure

Results: Strains A28, A49 and A68 demonstrate similar growth behavior under cover inde-
pendently of its quality (S or B) (Fig. 1.14). The hyphal area is reduced both under soil and
sand compared to undisturbed growth in their natural environment - air (L). In A95 compact
central colony part was seemingly unaffected by the substrate coverage, while the outgrowing
hyphae (green zone, Fig. 1.13) were more influenced by the presence or absence of soil and
sand. Our results demonstrate that the growth behavior of fairly complex fungal colonies can
be characterized objectively by relatively simple measurement procedure. However, for fur-
ther experiments it is necessary to include additional experimental stages thus presenting the
process and not only the result.This addition would allow for the better understanding of the
processes involved and for easier interpretation of the results. Image collection has to be further
improved and standardized. Commercially available cameras also represent a constant source
of the erroneous adjustments caused by inherent unsuppressible automatic programs.

4. Summary
An overview of methods in quantitative image analysis with emphasis to the

measurement of objects properties as well as the measurement of object inter-
and intra-relationships is given. Examples of a closed biofilm fromP. aerug-
inosaand of complex zonated fungal colonies are used for growth quantifica-
tion analysis. It was attempted to maintain comprehensibility for geo-micro-
bio-myco-logists as well as acceptability in presentation for mathematician-
physicist-engineer-computer-scientists.
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