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Abstract—Medically implanted devices are becoming the estimated2 million nosocomial infections in the
increasingly important in medical practice. Over 4 million  United States each yealr] [3]. The most common medical
people in the United States have long-term biomedical jmplant infections are due t®taphyloccocus epidermidis
implants. However, many medical implants have to be m71 which is a bacterial colonizer of the skin and

removed because of infection or because their protein mucous membranes of humans and other maminals [10].

coating causes excessive inflammation and decrease in th(aS epidermidiccan lead to a wide variety of complica
immune system response. In this work, a discrete two- ~° P y P

dimensional model of blood cells and bacteria interactions 110Ns including inflammation, thrombosis, infections and
on the surface of a medical implant is transformed into fibrosis [18]. These complications have a direct effect on
a discrete one-dimensional model. This one dimensionalthe stability of the implanted device because they trigger
model is then upscaled into a partial differential equation immune responses, including a rapid accumulation of
model. The results from the discrete two-dimensional phagocytic cells[[18].
model and the cqntinuous one.—dimens.ional r_nodel arethen |f the immune system is not able to eradicae
compared for different protein coating mixtures. TWo  goniqermidisduring the first several hours after it has
medical treatment alternatlves.are also explored and the entered the body then biofilm formation is likely to
two models are compared again. o
commence. Biofilms represent the most prevalent type

Keywordsupscaling; medical implants; modeling; cellu- of microbial growth in nature and are crucial to the
lar automata development of clinical infections. They can serve as a
nidus for disease and are often associated with high-level
) ) antimicrobial resistance of the associated organisms [7].
A. Biological Background Studies suggest that biofilms are present on the surface

Medically implanted devices are becoming increasf the implant as early a$6 hours after implantation
ingly important in medical practicel [18]. Since thd4]. However young biofilms are more vulnerable to
first applications of biomaterials in medicine, infectionphagocytic cells than mature ones which have been
represent the most important complications, which stigrowing for more than 48 hoursl[4]. In addition, most
limit the unrestricted use of biomaterials in humans [3antibiotics are only effective against the fast growing
Implant-associated infections account for ned@y, of bacteria which reside in the outer layers of the biofilm,

. INTRODUCTION

Citation: A. Prieto-Langarica, H. Kojouharov, L. Tang, Constructing One-Dimensional Continuous Models
from Two-Dimensional Discrete Models of Medical Implants, Biomath 1 (2012), 1209041, Pagelo
http://dx.doi.org/10.11145/j.biomath.2012.09.041


http://www.biomathforum.org/biomath/index.php/biomath
http://dx.doi.org/10.11145/j.biomath.2012.09.041

A. Prieto-Langarica et al., Constructing One-Dimensional Continuous Models...

while the slow growing bacteria deep inside of theteps according to local, identical rules [9]. A set of
biofilm formation tend to be spared and to persist irules for the movement of the cells and the growth
the body [2]. of the bacteria is given for the two different types of
Therefore, it is critical that the immune system deprotein coatings. The amounts @buminandfibrinogen
stroys the majority of the bacteria before a biofilm begine the mixture are allowed to be varied, since they have
to form. Of all the types of phagocytic cells, the modlifferent effects on the speed of theutrophilsand their
important to the immune system’s defense agafst ability to control a bacterial infection.
epidermidisare the white blood cells calleakutrophils In the CA modelneutrophil cells move with greater
In order to attack th&. epidermidigirowing on medical probability towards larger bacterial concentrations. The
implants, neutrophil cells adhere to the surface of thenodel is divided into three parts. The first part simulates
device and move towards the bacterial formatians [18he complexS. epidermidisieutrophilsinteractions be-
Previous studies have indicated that the rateeaftrophil tween4 and20 hours after the implant is introduced into
locomotion is influenced by adhesive forces between thiee body. At this early stage, reproduction of bacteria
cells and the substratum| [6]. and early bacterial community formation triggers the
Fibrinogen and albumin are two of the most com- immune system response. A series of chemotactic waves
monly used protein coatings on medically implantedf neutrophilcells are then incorporated into the system
devices.Fibrinogen facilitates a strong attachment beand are considered in the model. The second part of
tween neutrophils and the implant since it is readilythe model simulates the system dynamics after $he
recognized as a malign substance by the immune syst@pidermidishave started forming a biofilm, which takes
However, fibrinogen also works as a distraction to theplace between th0 and the52 hours. During this
neutrophils because the phagocytes place themselveart of the simulation, bacteria experience an increase in
in one spot attacking théibrinogen covered implant the reproduction rate while the immune system response
and move very slowly towards the bacteria [8) 16]. Igradually decreases effectiveness as the biofilms become
contrastalbuminis not recognized by the phagocytes astronger. The last part of the model, after the initial
a malign substance and hence tieutrophilscells can 52 hours, the immune system can no longer fight
move freely around the implant. epidermidissince they are all gathered in fully formed
Another important distinction betweealbumin and strong biofilms.
fibrinogenis the amount oheutrophilseach protein coat- An important aspect of the CA model is the different
ing attracts. Experimental studies suggest that two grouggsiles being used. Two different grids are considered: a
of chemokines macrophage inflammatory protein (MIRR x 12 grid for the neutrophil cells and al44 x 144
and monocyte chemoattactant protein (MCP) appeargod for the S. epidermidissince neutrophil cells are12
play a major role in phagocyte-implant interactions [18}imes larger in size tha®. epidermidiscells. However,
By releasing chemokines, theeutrophil cells present the two-dimensional CA only models1% of the total
on the surface of the implant are able to attract moexperimental implant area. Larger areas become almost
neutrophilsto the site. These chemotactic interactionspossible to simulate since running the CA model
create waves of incoming phagocytic cells, which aid is computationally very expensive. In order to model
the fight against the bacterial infection. Whilbrinogen larger areas continuous model needs to be used. By
covered implants are interpreted as a threat to the baalyding the elements on each column and expressing the
and many phagocytes are attracted to thematbhamin result on a line grid, the model is then transform into
coated implant is not perceived as a threat and thus feveepne-dimensional discrete model. Using the upscaling
phagocytes are present to fight the infection. method described in_[11, 12, [13] the one-dimensional
_ discrete model is then upscaled into a continuous partial
B. Mathematical Model differential equation (PDE) model by considering the
A discrete two-dimensional Cellular Automata (CAjJransition probabilities of each site from one state to
model [9] that describes the interactions betweemn- another and then taking limits as space and time steps
trophil cells andS. epidermidiscells on the surface of tend to zero.
an implant was previously developed [14]. A cellular Using both models, the discrete two-dimensional
automaton consists of a regular grid, where each siteodel and the continuous one-dimensional model, a
in the lattice can be in one of a finite number obariety of mixtures offibrinogen and albumin implant
possible states updated synchronously in discrete tiocmatings are examined in order to maximize the effec-
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tiveness of the immune system resporise [14]. Finding

the optimum amounts of each of these two proteins can @ | @ ‘. o

help the immune system destroy most of the bacteria ® o000

before they start to form biofilm communities. This can r\
reduce the number of rejections of medically implanted o

devices and drastically improve the ability of the body’s () e} o0

immune system to combat bacterial infections. The pre-

sented simulations can also be used to help determine o o ®

the appropriate amount of antibiotics to use over the @ @ “ [ ]

implant area so that a8. epidermidignfection can be
successfully controlled, as well as to predict what can

happen if biofilm formation is prevented. Fig. 1. 2-D to 1-D conversion through column addition.

[I. FROM TWO-DIMENSIONS TOONE-DIMENSION

Let u%(a,b) be the initial number oheutrophilcells, whereV and D are the advection and diffusion coeffi-
at position(a, b) in the grid andu™ (a, b) be the expected cients, respectively, in theeutrophilsequationk is the
number of neutrophil cells at position(a,b) after n rate at whichneutrophil cells call on othemeutrophil
time steps. Also letw’(x,y) be the initial number of cells depending on the presence 8f epdidermidis
S. epidermidiscells, at position(z, y) in the grid and while ¢ is the rate at whichneutrophil cells call on
w"(z,y) be the expected number 8 epidermidiells  other neutrophil cells independently of the presence of
at position(z, y) aftern time steps. S. epidermidis D,, is the diffusion coefficient in the

As a first step in constructing a one-dimensiond. epidermidisequation, r is the growth rate ofS.

discrete model, the initial distributions of tmeutrophil epidermidis andk, is the rate at whiclmeutrophilcells
cells and theS. epidermidiscells are added in eachkjll S. epidermidiells.

column of the grid as follows:
1. NUMERICAL SIMULATIONS

i"(a) = Y2, u"(a,i), The one-dimensional continuous modgl (2) is numeri-
" (1) cally solved and the results are compared with the results
W (z) = 3o wh(a,d). obtained after running00, 000 simulations of the CA

This creates the corresponding one-dimensional initf°de! accounting for the amount of bacteria left in
density profiles (FigurE]1). The rules for movement, tHeACh simulation aftef” = 20, T' = 52 and T = 76

rates of bacterial reproduction, addition péutrophils "OUrs- A simulation is considered effective if at least
into the system, andeutrophilskilling bacteria are all 997 of the implant area is free of bacteria coverage
kept the same. A similar approach has been taken bef8fi" 76 hours. Figurg 2 shows the percentage of effective

in the literature[[15], for transforming a two-dimensionapmulations for a variety of mixtures of protein coatings

discrete model into a one-dimensional discrete model®f the implant withalbumin percentages betweei
Next, the corresponding one-dimensional continuo@&d100% in 10% increments %, of fibrinoger=100 —%

model is constructed. In order to do this, transitiofif @lbumin afterT = 20, T = 52 andT" = 76 hours for

probabilities are defined for the state of each point fPth the discrete 2-D and continuous 1-D models.

the grid creating a discrete description of all undergoing A Figure[2 shows, mixtures with either higtbumin

processes [11]. Taking limits as the time step and tf /0w albuminpercentages yield a high percentage of in-

mesh size tend to zero yields the following system §ffective S|mulqt|ons. However, two treatmen‘F strate.gles
partial differential equations: can be used to improve result for all protein mixtures: (1)

medical devices can be pre-coated with antibiotics before
implantation; or (2) biofilm formation can be blocked

2

@ - Daig _ Q(Vu) + (kw + a)u, [5]. Accordingly, the mathematical model is modified to
ot Oxz* Oz @ include both strategies:

ow 92w « The effect of antibiotics is included in the model by
T Dw@ + (r — keu)w, randomly selecting a fixed percentage of bacteria

every certain amount of time and eliminating it
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Discrete Simulations
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Fig. 2. Comparison of the discrete cellular automata 2-D modElg. 3. Effects of different doses of antibiotics on bacterial growth
(above) and the continuous 1-D differential equation model (below) the surface of an implant. Discrete (above) and continuous (below)

for T =20, T =52 andT = 76. models results fofl" = 76.

from the implant. The percentage of bacteria to Bérwhelmingly longer time to run compared to the
eliminated is a parameter in the model and can gélmencal solution of the one-dimensional continuous

modified to represent different antibiotics. Fig{ite §DE model.
shows the effects of pre-coating the implant with
a sample antibiotic for all different protein coating

IV. CONCLUSION

mixtures. In this work, a two-dimensional discrete CA model
« The second strategy entails disrupting the agr sy&id a one-dimensional PDE model for the interactions
tem to prevent bacterial attachment and therbetweenneutrophilsand S. epidermidison the surface
fore avoid biofilm formation. No biofilm formation of a medical implant under different protein coating
translates into treating both parts in the model, thveere explored. The PDE model was solved numerically
20-to-76 hour and the4-to-20 hour, in a similar and the results compared with00,000 runs of the
way, i.e., all bacteria are treated as free bactei@ model. Both models where used to determine the
and neutrophilskill bacteria at the same constanprotein coating mixture that will allow the immune
rate throughout the entire simulation. The results sf/stem to eradicat8. epidermidiswithin 74 hours after
disrupting the agr system are shown in Figufe 4.implantation. The models were then modified to include

As it can be seen in Figurés 3 af 4, there is a VeEhye effect of pre-coating the implants with antibiotics and

good agreement between the two-dimensional discrete

CA model and the one-dimensional continuous PDE proplem
model when either of the two treatment strategies is used.

Figure PDE Model CA Model

A comparison of the cpu time used in Mat@b
to compute the corresponding numerical solutions is o Biofilm Experiment

cpu (h) cpu (h)
Implant Experiment 2 0.0231 42.57
Antibiotic Experiment B 0.0294 49.27
B 0.0227 41.98

presented in Tablg I. The PDE model was solved using

TABLE |

a finite difference method_[1] while the CA model  cowparaTIVE COST OF THE CONTINUOUS AND DISCRETE
was run 100,000 times. As shown on Tablg] I, thewvopeLs iMPLEMENTED ON ANINTEL® Core™ CPU 2.53GH.

two-dimensional discrete CA model simulations takes

Biomath 1 (2012), 1209041, http://dx.doi.org/10.11145/j.biomath.2012.09.041

Page 4 off b


http://dx.doi.org/10.11145/j.biomath.2012.09.041

A. Prieto-Langarica et al., Constructing One-Dimensional Continuous Models...

No Biofilm Formation

g NO—————————————————————————— Hydrodynamic Flow in a Pipe”, Multiscale Comput.
£ 1001 ] Engr., vol. 3 no. 4, pp. 499-516, 2005.
o http://dx.doi.org/10.1615/IntJIMultCompEng.v3.i4.
80 70
ZZ [3] H. Gollwitzer, K Ibrahim, H. Meyer, W. Mittelmeier,
5ol R. Busch, A. Stemberger, “Antibacterial Poly(d,I-
00 lactic acid) Coating of Medical Implants Using a
§8.:ouo.1 L N Biodegradable Drug Delivery Technology”, Antimi-
Percentage of Albumin in Mixture crob. Chemother., vol. 51 no. 3, pp. 585-591, 2003.
No Biofim Formation [4] F. Gunter, Wabnitz, P. Stroh, B. Prior, U. Obst,
110 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ Y. Samstag, C. Wagner, M. Hansch,“Phagocytosis
100 e ] of Staphylococci Biofilms by Polymorphonuclear
9" Neutrophils: S. Aureus and S. Epidermidis Differ
il with Regard to Their Susceptibility Towards the Host
sl defense”, Int. J. Artif. Organs., vol. 32 no. 9, pp.
50 ] 565-573, 2009.

—+—20 Hours

40152 Hours ] [5] K. Kong, C. Vuong, and M. Otto, “Staphylococcus
S I TE T e o7 os 09 1 quorum sensing in biofilm formation and infection”,
Percentage of Albumin in Mixture Int. J. Med. Microbiol., vol. 296 no.2-3, pp. 133—
139, 2006.
Fig. 4.  Effect of no biofilm formation on bacterial growth on _ [Nttp://dx.doi.org/10.1016/).ymm.2006.01.042
the surface of an implant. Discrete (above) and continuous (beloj] H. Keller, S. Barandun, P. Kristler, J. Ploem, “Lo-
models results fofl” = 20, T' = 52, T' = 76. comotion and adhesion of neutrophil granulocytes:
Effects of Albumin, Fibrinogen and Gamma Glob-
) ) o ) ) ulins Studied by Reflection Contrast Microscopy”,
disturbing biofilm formation as two different treatment Exp. Cell Res., vol. 122 no. 2, pp. 351-362 1979.

strategies. _ , http://dx.doi.org/10.1016/0014-4827(79)90311-2
The two-dimensional CA discrete model represenm D. Kuhn, T. George, J. Chandra, P. Mukherjee

very accurately the medical implant system of interest. p Ghannoum “Antifungal Susceptibility of Can-
However, as can be seen in Tafje I, running), 000 dida Biofilms: Unique Efficacy of Amphotericin
iterations of the discrete model is computationally expen- g Lipid Formulations and Echinocandins”, Antimi-

sive and it models onlY.1% of the implant area. Using crob. Agents. Chemother., vol. 46 no.6, pp. 1773—
the upscaling method described in [11] together with 1780 2002.

the conversion from two-dimensions to one-dimensiopy] R, Kuntz, W. Saltzman, “Neutrophil Motility in
an efficient partial differential equations model can be  gyiracellular Matrix Gels: Mesh Size and Adhesion
constructed. The PDE model uses the correct parameters affect Speed of Migration”, Biophys. J., vol. 72 no.
from the CA model making it both biologically accurate 3, pp. 1472-1480, 1997.

and very efficient to solve numerically as shown in Table http://dx.doi.org/10.1016/S0006-3495(97)78793-9
Ml Therefore, constructing a one-dimensional continuotig] D. Mallet, L. de Pillis, “A Cellular Automata Model
model using what is presented in this paper can be &S of Tumor-Immune System Interactions”, J. Theor.
accurate in representing the blOlOgy of the problem and Biol., vol. 239 no. 3, pp. 334-350, 2006.
much more computationally efficient making it more http://dx.doi.org/10.1016/j.jtbi.2005.08.002
feasible to use in practice. [10] M. Otto, “Staphylococcus Epidemidis — the 'Ac-
cidental’ Pathogen”, Nat. Rev. Microbiol., vol. 7 no.
8, pp. 555-567, 2009.
[1] W. F. Ames, Numerical Methods for Partial Differen-  |http://dx.doi.org/10.1038/nrmicro2182
tial Equations, 3rd ed., Academic Press, New Yorkl1l] A. Prieto-Langarica, H. Kojouharov, B. Chen-
1992. Charpentier, “Upscaling from Discrete to Continu-
[2] J. Eberhard, Y. Efendiev, R. Ewing, A. Cunningham, ous Mathematical Models of two Interacting Popu-
“Coupled Cellular Models for Biofilm Growth and lations”, submitted, 2012.
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