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Abstract—Staphylococcus aureus is an opportunistic human
pathogen and a primary cause of nosocomial infections. Its
biofilm forming capability is an adaptation strategy utilized by
many species of bacteria to overcome stressful environmental
conditions and provides both resistance to antimicrobial treat-
ments and protection from the host immune system. This paper
addresses a growing demand for an objective, fully automated
method of biofilm structure description with standardized pa-
rameters that are independent of user input. In this study, we
used watershed segmentation to analyze and compare confocal
laser scanning microscopy (CLSM) images of two S. aureus
strains with different biofilm-forming capabilities. Results are
compared with manual calculations as well as the commonly
used COMSTAT software.

Index Terms—biofilm, Staphylococcus aureus, CLSM, mathe-
matical morphology, watershed.

I. INTRODUCTION

Staphylococcus aureus is an opportunistic human pathogen
responsible for a wide range of diseases that vary in clinical
presentation and severity. S. aureus can cause diseases ranging
from minor skin infections to life-threatening conditions such
as pneumonia, osteomyelitis and toxic shock syndrome. Re-
cent significant changes in health care delivery and antimicro-
bial resistance patterns have caused a shift in the epidemiology
of S. aureus. Recently, this has been evidenced by a dramatic
increase in methicillin-resistant S. aureus (MRSA) infection
rates which, at least in the United States, has led MRSA
mortality rates to be higher than those of HIV. [1]

The public health concern caused by S. aureus-related
infections has led to extensive efforts put into improving the
efficacy of available therapies as well as introducing new
pharmaceuticals. Both strategies are challenged by the fact
that S. aureus infections are associated with formation of
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a biofilm, which limits the efficacy of therapy by creating
a resistance to antimicrobials and by protecting the bacteria
from the host immune system. In order to conduct studies on
targeting biofilms therapeutically, it is necessary to be able to
quantitatively measure biofilm morphological characteristics
like area, biomass and thickness. In this paper, we consider
a clinical isolate (UAMS-1), which forms robust, dense and
uniformly distributed biofilm as well as its isogenic variant
caring a mutation in the sarA- gene, limiting its ability to
form a biofilm.

For the assessment of biofilm structure, CLSM has been
described as an ideal technique [2]. By using several fluo-
rescent stains or conjugated antibodies in combination with
multichannel CLSM 3D, the location of different biofilm
constituents can be recorded. Using these data sets, the three-
dimensional architecture of the biofilms can be reconstructed
and quantified with digital image analysis. There is a wide
range of commercially available software capable of analyzing
biofilm morphology, including COMSTAT, ImageJ, ISA3D
and Volocity. However, they all rely on thresholding to seg-
ment the biofilm. Specifically, the automated segmentation
procedure is implemented in two steps: (i) thresholding using
user-dependent parameters [3] [4], followed by (ii) connecting
volume filtration [5]. The purpose of this work is to create a
fully automated method of biofilm segmentation and quantifi-
cation that does not rely on user input or thresholding.

II. QUANTIFYING BIOFILM STRUCTURE

Quantitative parameters describing the biofilm physical
structure have been extracted from three-dimensional confocal
laser scanning microscopy images and used to compare differ-
ent biofilm structures. Quantitative descriptive parameters of
biofilm chosen for this study are: (i) area occupied by biomass
in each cross section, (ii) biomass in biovolume, (iii) thickness
distribution and (iv) average thickness.

III. MORPHOLOGY QUANTIFICATION PARAMETERS

The following parameters are used to describe the biofilm
structure:

i area occupied by biomass in each cross-section:
measured as the total sum of all the unit areas (pixels)
of each CLSM cross section categorized as occupied
area.
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Fig. 1.
algorithm (section 2), and the widely used thresholding method (section 3)

where:

e S(z) occupied area in cross section z,

e C closed contour of occupied area,

e Pi(z) cell of a cross section recognized as oc-
cupied area

ii biomass in biovolume, V: measured from numeric
integration of the area of microbial colonization
profiles, following a method previously described in

(6]
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where:

e« m, number of horizontal cross-sections,
o Az z-step in the image stack.
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Confocal images and their segmentations: A-D: images from the UAMS-1 sarA- mutant (section 1), their respective segmentations with watershed

iii thickness distribution: the number of occupied clus-
ters in each cross-section over the total number of
clusters in a cross-section of the CLSM 3D image.

v average thickness: calculated as the average value of
the height of all clusters of the biofilm rise from
solid-substratum in the z direction between cross-
sections.

Based on the four aforementioned “basic” parameters, other
characteristics of the biofilm can be calculated. For example,
after the biomass is segmented from the background, a number
of features including roughness of the film, porosity, thickness,
etc. can be obtained. Those parameters can be used together
to uniquely describe the biofilm structure and to eventually
differentiate between different biofilm strains.

IV. IMAGE PROCESSING TOOL

The software suite of image processing operations was
implemented under the Matlab programming environment
(Matlab 2010a, The Mathworks, Inc). Matlab was chosen due
to the convenience offered for matrix calculus. In order to
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Fig. 2. Confocal images and their segmentations: E-H: images from the UAMS-1 (section 1), their respective segmentationswith watershed algorithm (section

2),and the widely used thresholding method (section 3).

evaluate our results, we used manually calculated data as a
baseline and the widely used Matlab software COMSTAT
for the comparison. In our approach, we use the watershed
segmentation method based on Fernand Meyer’s algorithm [7].

V. PREPROCESSING AND USED METHODOLOGY

Segmentation is one of the most difficult image processing
operations. The biofilm segmentation task is even harder
because the biofilm is a disconnected structure. This difficulty
may explain the use of simple thresholding in widely adopted
biofilm analysis systems such as COMSTAT. Nonetheless,
after trying several segmentation algorithms, it became ap-
parent that the watershed transformation provides the most
accurate segmentation of the biofilm structure. The watershed
transformation finds ’catchment basins” and ’watershed ridge
lines” in an image by treating it as a surface where light
pixels are high (area of interest) and dark pixels are low
(background). Segmentation using the watershed transforma-
tion works best if one can identify, or “mark,” foreground
objects and background locations. This marking process is
done automatically with reference to the black background on

the CLSM image. Marker-controlled watershed segmentation
follows this basic procedure:

1) Compute a segmentation function. This is an image
whose dark regions are the objects to be segmented.

2) Compute foreground markers. These are connected
groups of pixels within each of the objects.

3) Compute background markers with a use of Gradient
Magnitude as the Segmentation Function. These are
pixels that are not part of any object.

4) Modify the segmentation function so that it only has
minima at the foreground and background marker loca-
tions.

5) Compute the watershed transform of the modified seg-
mentation function.

VI. GROWTH AND CLSM OF STATIC BIOFILM [8]

Costar 3596 plates (Corning Life Sciences, Acton, MA)
wells were coated overnight at 40C with 20% human plasma
(Sigma) in bicarbonate buffer. Overnight cultures of S. aureus
grown in biofiolm media (TSB-NaCl/Glc) were diluted to an
ODgop of 0.05 in fresh TSB-NaCl/Glc, and 200 ul of each



TABLE 1
UAMS-1 sarA- RESULTS OF BIOMASS AND AVERAGE THICKNESS
CALCULATIONS USING WATERSHED ALGORITHM AND COMSTAT
SOFTWARE

Manual calcu- | Watershed COMSTAT

lations (base- | based

line) algorithm
Biomass 5.0328 4.8320 3.48613
(um3/um?)
Average thick- | 10.4750 8.4632 7.06501
ness (um)

TABLE 11

UAMS-1 RESULTS OF BIOMASS AND AVERAGE THICKNESS
CALCULATIONS USING WATERSHED ALGORITHM AND COMSTAT
SOFTWARE

Manual calcu- | Watershed COMSTAT
lations (base- | based
line) algorithm
Biomass 20.657 19.879 19.7659
(m® /pm?)
Average thick- | 24.5600 24.9567 23.6976
ness (um)

culture, after removing human plasma, was transferred to wells
and incubated for 24 h at 370C. The next day, the wells were
gently washed three times with 0.85% (wt/vol) NaCl, followed
by staining with mixture of SYTO-9 and propidium iodide
diluted in 0.85% (wt/vol) NaCl (Cat# L7012; Invitrogen,
Carlsbad, CA) for 18 min. After removing the stain, the wells
were gently washed once with 0.85% (wt/vol) NaCl. Biofilm
images were collected by CLSM using a LSM 510 META con-
focal scanning system (Zeiss, Thornwood, NY) and Axiovert
200 motorized inverted microscope (Zeiss). SYTO 9 (green,
live cells) fluorescence was detected by excitation at 488 nm,
and emission was collected with a 500- to 530-nm bandpass
filter. Propidium Iodide (red; dead cells) fluorescence detected
by excitation at 488 nm and emission collected with a 565-
615 nm bandpass filter. All z-sections were collected at 1- ym
intervals by using a C-Apochromat 40x/1.2W H2O objective
lens. Image acquisition and processing was performed by using
an LSM Image Browser (Zeiss).

VII. RESULTS

Images of the two different biofilms of strains UAMS-1 and
its sarA- mutant and are displayed in Fig. 1 and 2 along with
their respective watershed segmentations and threshold method
results for comparison.

TABLE III
AVERAGE ERROR CALCULATED FROM MANUAL CALCULATIONS ACROSS
ALL LAYERS IN CONFOCAL IMAGING WITH USE OF WATERSHED
ALGORITHM AND COMSTAT

sarA- sarA UAMS-1 UAMS-1
Watershed | COM- Watershed | COM-
STAT STAT
Area 5% 7% 6% 3%
occupied
by biomass
Thickness 10% 15% 4% 3%
distribution

The biofilm parameters have been computed using the
proposed watershed-based algorithm, and the widely used
COMSTAT software. The ground truth values have been
computed manually. The results appear in Tables I, II and III.

VIII. DISCUSSION AND CONCLUSION

The proposed algorithm efficiently segments and quantifies
images not relying on a manual setup of a threshold. Average
error of results obtained with watershed-based algorithm,
calculated based on the manual analysis, was comparable to
the one acquired with COMSTAT software. Watershed-based
segmentation has proved to result in slightly more accurate
quantification of the biofilm characteristics for biofilms with
complex structures (i.e., not uniformly distributed), less dense
and topographically developed biofilms, such as that seen in a
sarA- strain. Dense biofilms, which are uniformly distributed
like UAMS-1 were not as well recognized and will be the
main target of further studies.
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