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SUMMARY 

The phenomenon of antimicrobial resistance (AMR) is well established, but its persistent increase and 

alarming proportions threaten the ability of antimicrobials to treat infections. AMR has become a major 

issue in veterinary antimicrobial use, specifically in food production animals, due to the potential 

consequences for human health. Danish pig production accounted for 76% of the total veterinary use of 

antimicrobials in 2012 with 79% of pig production used in weaning pigs. Escherichia coli (E. coli) are 

the predominant bacteria in the gastrointestinal flora of humans and animals, and can serve as a reservoir 

of AMR. Furthermore, around 40% of E. coli isolates from healthy pigs throughout the Denmark over 

the past five years were found to be resistant to tetracycline and ampicillin. There is, therefore, a need to 

reduce the levels of resistance in the pig production system using improved treatment strategies. Dosing 

factors, along with the in vivo epidemiological parameters, govern the relation between resistance and 

antimicrobial use. Mathematical modeling and simulation techniques have been used over the past two 

decades to evaluate the effect of these factors on the development of resistance, and are considered to be 

powerful tools in designing treatment strategies. 

The overall aim of the thesis was to develop an in vivo bacterial growth model to predict and assess the 

effect of dosing factor on resistance growth in order to optimize treatment strategies. Specific aims were 

to a) estimate pharmacodynamic (PD) parameters of E. coli strains representative of the Danish porcine 

E. coli strains, when these are exposed to tetracycline and ampicillin, b) characterize the PD effect of 

combined concentrations of tetracycline and ampicillin, and c) evaluate the treatment strategies that 

better suppress the growth of resistant strains both under single and multidrug treatments. 

Fifty E. coli strains were randomly selected from 160 collected isolates from pigs as a part of 

DANMAP, and were considered to be representative of the Danish pig population. In vitro growth 

experiments were performed using BioScreen under exposure of tetracycline and ampicillin, both 

independently and in combination. PD parameters of strains were estimated for these exposures. 

Differential equation model use developed for continuous changes in bacterial counts over time in pig 

intestine both with and without antimicrobial treatment. A total period of 35 days after first day of 

treatment was simulated in the model. Antimicrobial treatments were introduced in the model based on 

different combinations of dosing frequency and treatment durations. In addition, the effect of different 
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numbers of competing strains, composition of strains, and increased excretion of strains on growth and 

levels of resistant strains were assessed. 

It was found that the complex relationship between antimicrobial concentration and bacterial growth 

from in vitro experiments was better explained by PD parameters than single point estimate minimum 

inhibitory concentration (MIC). These parameters along with MIC should be taken into account when 

studying the effect of antimicrobials on the bacterial growth. These parameters were used as an input to 

the in vivo growth model of multiple bacterial strains. For almost all treatments, high resistance levels 

were found at the end of the treatment, due to the competitive advantage under drug concentration. The 

speed at which resistance levels fell and returned to the original levels at the end of treatment was then 

investigated. Short treatment duration (3 days) was found to be beneficial irrespective of the dosing 

frequency, as long as the dosing frequency remained below a threshold value. Above that threshold, the 

more frequent the treatment, the more it selected the resistant strains. Besides these dosing factors, the 

number of competing strains had an effect on the level of resistance. At the end of treatment, resistance 

levels were the same for different numbers of competing strains, but this level fell more rapidly where 

fewer strains were competing. Elimination of strains by excretion through feces was found to have large 

influence on resistance levels. Where more excretion occurred during the treatment, it was more likely 

that resistance would reach a higher level, with the consequence of a longer return to equilibrium after 

treatment. For multidrug treatments, sequential treatments were found to better suppress the growth of 

resistant strains than combination or mixing treatment if introduced in specific order. 

Finally, mathematical modeling and simulation provided an excellent opportunity to study and assess the 

growth dynamics of multiple stains in the intestinal flora of pigs, following both single and multidrug 

treatments. The model developed in this study is generic and could be used for other drugs as well as in 

other routes of drug administration. Furthermore, epidemiological parameters were found to have a more 

profound influence on growth dynamics than dosing regimens. Profiling of the bacteria (using 

BioScreen or similar to obtain growth characteristics) may be useful in the future before designing 

treatment regimens. Distribution of bacteria may depend upon the individual pig or herd, and the same 

treatment could produce different results in different herds or sections of the herd. Varying the treatment 

regimens for different herds or sections of a herd is a possible step that should be taken after careful field 

trials.  
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SAMMENDRAG 

Antibiotikaresistens (AR) er et aldrende fænomen, men en vedholdende stigning og et alarmerende 

omfang af resistensniveauer truer antibiotikas evne til at kunne bekæmpe infektioner. AR står højt på 

dagsordenen, når der anvendes antibiotika veterinært, specielt når disse anvendes til produktionsdyr, 

som følge af deres potentielle konsekvenser for folkesundheden. Dansk svineproduktion stod i 2012 for 

76% af den totale veterinære anvendelse af antibiotika, og 79% heraf blev anvendt til fravænningsgrise.  

Escherichia coli (E. coli) hører til blandt de mest almindelig bakterier i mavetarmfloraen hos mennesker 

og dyr, og de kan optræde som reservoir for AR. Resistens mod tetracyklin og ampicillin blev blandt E. 

coli isolater udtaget fra raske grise fra Danmark i løbet af de seneste 5 år fundet i niveauer på omkring 

henholdsvis 40% og 30%. Disse niveauer er der identificeret behov for at reducere via forbedrede 

behandlingsstrategier.  

Doseringsfaktorer og in vivo epidemiologiske parametre kan være hovedparametrene i sammenhængen 

mellem AR og brugen af antibiotika, og i de seneste årtier har matematisk modellering og 

simuleringsteknikker været benyttet for at evaluere effekten af disse faktorer i forbindelse med 

resistensudvikling, og disse redskaber anses for at være meget anvendelige, når der skal designes 

behandlingsstrategier.  

Det overordnede mål med denne afhandling var at udvikle en in vivo bakterievækstmodel, som kan 

anvendes til at prædiktere vækst af resistente bakterier og vurdere effekten af doseringsfaktorer for at 

kunne optimere behandlingsstrategier i danske svineproduktion. De specifikke mål var at: a) estimere de 

farmakodynamiske parametre for E. coli stammer, der er repræsentative for E. coli i svineproduktionen, 

når disse blev eksponeret for tetracyklin og ampicillin; b) karakterisere den farmakodynamiske effekt af 

kombination af forskellige koncentrationer af tetracyklin og ampicillin; og c) evaluere hvilke 

behandlingsstrategier, der bedre kan undertrykke vækst af resistente bakterier i forbindelse med 

behandling med et eller flere antibiotika i samme behandling. 

Halvtreds E. coli stammer blev tilfældigt udvalgt fra en samling af 160 stammer fra svin fra 

overvågningsprogrammet DANMAP, og disse stammer blev vurderet som repræsentative for E. coli fra 

den danske svinepopulation. In vitro væksteksperimenter blev udført med BioScreen under eksponering 

af tetracyklin og ampicillin, dels hver for sig og dels i kombination, og de farmakodynamiske parametre 
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for hver stamme blev estimeret for hver eksponering. En diffentialligningsmodel blev udviklet til at 

estimere de kontinuerte ændringer i bakterieantallet over tid i en grisetarm, hvor bakterierne dels var 

foruden antibiotika, dels blev eksponeret for forskellige antibiotikaformer og –koncentrationer over en 

periode på 35 dage efter første behandlingsdag.  Antibiotikabehandling blev introduceret som en 

kombination af forskellige doseringshyppighed og –varighed. Derudover blev antallet af konkurrerende 

bakteriestammer, deres sammensætning i grupper, og udskillelsesniveauet af disse stammer undersøgt.  

De komplekse sammenspil mellem antibiotikakoncentration og bakterievækst kunne bedre beskrives 

med farmakodynamiske (PD) parametre, som stammede fra in vitro eksperimenterne fremfor 

traditionelle parametre så som ”minimum inhibitory concentration” (MIC) værdier. PD parametrene bør 

således vurderes sammen med MIC værdierne, når man vurderer effekten af et antibiotikum på den 

bakterielle vækst. De estimerede PD værdier blev efterfølgende anvendt som input i en in vivo 

vækstmodel med mange bakteriestammer. I forbindelse med stort set alle behandlingerne blev der fundet 

høje resistensniveauer i mod slutningen af behandlingen, som følge af den konkurrencemæssige fordel, 

som de resistente stammer har under indflydelse af et antibiotikum. Det blev undersøgt, hvor hurtigt 

resistensniveauet efter ophørt behandling faldt og vendte tilbage til det oprindelige niveau.  

Kort behandling (3 dage) blev fundet at være bedst, uanset behandlingshyppigheden, så længe denne 

blev holdt under en vis tærskelværdi. Over denne tærskel ville hyppige behandlinger selektere for 

resistente stammer. Udover doseringsfaktorerne viste antallet af konkurrerende stammer at have en 

effekt på resistensniveauet. Dette var omtrent det samme ved afslutningen af behandlingen, men det 

efterfølgende fald skete noget hurtigere, hvis der kun var få konkurrerende stammer. Samtidig blev 

udskillelse af bakterier fundet at have stor betydning for resistensniveauet. Et højere udskillelsesniveau 

under behandlingen ville medføre et højere resistensniveau, hvilket igen ville betyde, at det ville tage 

længere tid at vende tilbage til startniveauet efter ophør af behandlingen. I forbindelse med 

kombinationsbehandlinger, blev sekventielle behandlinger fundet at være bedre til at undertrykke vækst 

af resistente stammer i sammenligning med kombination af specifikke doseringscykler mellem de to 

antibiotika (ampicillin og tetracyklin).  

De matematiske modelleringer og simulationsstudierne gav glimrende muligheder for at studere og 

vurdere vækstdynamikken af de mange bakterier stammer i tarmfloraen hos svin, efter behandling med 
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både et og flere antibiotika. Den udviklede model er relativt generisk og kan anvendes til andre 

antibiotika og i forbindelse med andre former for tildeling af disse.  

De epidemiologiske parametre blev vurderet at have større indflydelse på vækstdynamikken end 

doseringsfaktorerne. Profilbeskrivelse af bakterierne, f.eks. med anvendelse af BioScreen eller lignende 

værktøjer til at karakterisere vækstkarakteristika) kan derfor være et nyttigt værktøj, når man skal 

designe behandlingsstrategier i fremtiden. Fordelingen og sammensætningen af specifikke af bakterier 

og deres karakteristika kan være afhængig af grisen eller besætningen, og den samme behandling kan 

derfor give forskellige resistensniveauer i forskellige besætninger. Forskellige behandlingsregimer i 

forskellige besætninger eller sektioner kunne således være en fremtidig mulighed, der kunne evalueres i 

feltstudier. 
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CHAPTER 1: 

GENERAL INTRODUCTION
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1.1 Antimicrobial use and antimicrobial resistance 

1.1.1 Antimicrobial Resistance 

Human and animal mortality and morbidity were reduced significantly in the late 1930s, when 

antimicrobials were introduced to treat infections (1). However, following this revolution in infectious 

disease management, many bacteria developed resistance to antimicrobials. Although the phenomenon 

of antimicrobial resistance (AMR) is well established, its persistent increase and alarming proportions 

continue to threaten the ability of antimicrobials to treat infections. Antimicrobial exposure is known to 

be the most important factor responsible for the development of AMR. High instances of AMR are 

directly linked to both routine and excessive antimicrobial use. The negative consequences of AMR 

include prolonged illness, health complications, increased mortality and morbidity, and economic loss 

(2). The problem is amplified by a decline in the development of new antibiotics over the past decades. 

Moreover, pharmaceutical companies prefer to improve the drugs already available, rather than develop 

new antibiotics due to the development of resistance shortening the lifespan of antibiotics (3).  

Characterization of bacterial susceptibility to antimicrobials is commonly done using the minimum 

inhibitory concentration (MIC). This is defined as the minimum concentration of antimicrobial required 

to inhibit the visible growth of bacteria in vitro. Based on the MIC value, a bacterium can be 

categorized as susceptible (low MIC) or resistant (high MIC) to a specific antimicrobial. A high MIC 

value of a resistant strain may occur following the acquisition of resistant genes. Moreover, this 

acquisition can result in a lower growth rate of resistant strains compared to that of susceptible strains, 

a phenomenon referred to as “fitness cost” (4). The fitness cost has been of interest due to the 

hypothesis that susceptible strains would overcome the resistant strains in the absence of antimicrobial 

pressure (5).   

Antimicrobials have been used to target pathogenic organisms but at the same time, these 

antimicrobials affect the non-target commensal bacteria. Inappropriate and excessive use of 

antimicrobials may create a large pool of resistant bacteria within the commensal class which could be 

the primary factor in general increase and spread of AMR (6). AMR emerges either because the 

antimicrobial drug inhibits or kills susceptible bacteria and leaves the resistant ones with high MIC 

values, or because the antimicrobial selects for genetic determinants (e.g. transfer of resistant genes, 

spontaneous mutation) of resistant bacteria (7). This thesis focuses on the first mechanisms, where high 
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resistance prevalence arises due to the selection of an already resistant population during antimicrobial 

treatment. A situation favoring a resistant population occurs when the susceptible strains are inhibited 

or killed under antimicrobial pressure, when the concentration is above the MIC level of the susceptible 

strains and below the MIC level of resistant strains. Resistant strains are thereby given a competitive 

advantage over the susceptible strains under antimicrobial exposure. To suppress or minimize the 

growth of resistant strains during antimicrobial exposure, treatment strategies need to be evaluated 

appropriately. 

Free movement of genetic elements between different bacterial species can result in the emergence of 

resistance, where some bacteria become resistant to multiple drugs. Bacteria resistant to multiple drugs 

impose the use of more than one drug or sometimes many different drugs (8). Although multidrug 

treatments reduce the prevalence of many infections, such treatment may give an extra competitive 

advantage to resistant strains if not used appropriately. Therefore the optimal use of multidrug therapy 

is required to understand and suppress the growth of resistant strains exposed to two or more 

antimicrobials.  

1.1.2 Public health impact 

AMR has become a major issue in veterinary antimicrobial use, specifically in food production 

animals, due to the potential consequences for human health. Many studies have found an association 

between antimicrobial use in food production animals and the emergence of resistance among the 

isolated bacteria from healthy animals (9-12). This is considered to be a major factor contributing to the 

emergence of resistance as the use of antimicrobials is 100 to 1,000 times higher in animals than in the 

human population (13). Antimicrobial use in animals has been identified as a risk factor in the 

emergence of resistant bacteria and is a concern due to the risk of transmission to humans through the 

food chain and through animal handlers (14). Agricultural use of antimicrobials may cause threats to 

humans in two ways. Firstly, it increases the AMR in zoonotic pathogens in food production animals, 

which may result in transmission to humans. Secondly, commensal bacteria from food production 

animals could facilitate the development of resistance in human commensal bacteria without causing 

infections (15). To reduce the risk of transmission, it is necessary to reduce the proportion and burden 

of resistance by suppressing the growth of resistant strains within the host. This could be achieved by 

the optimal use of available antimicrobials.  
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1.1.3 Danish pig production 

Denmark is one of the largest pig producers in the world with an average of 28 million pigs produced 

every year (16). Around 90% of the pigs produced in Denmark are exported, either as live animals or 

pork products. This large-scale trade has a considerable impact on the country‟s economy (17). More 

than 99% of pig production is achieved in a conventional manner with 5,000 farms producing around 

28 million pigs annually. The life cycle of a pig from birth to slaughter in a conventional pig farm is 

shown in Fig. 1.1. After birth, piglets remain with the sows for an average of 4 weeks and weigh 

around 7kg before the weaning period starts. Weaners are housed in sections that are further divided 

into pens. The weight of a pig at the end of the weaning period, which lasts for 7 weeks, is around 

30kg. Outbreaks of diarrhea occur predominantly during the first 2 weeks of the weaning period. It is 

during this period that the majority of the antimicrobials are used. After the weaning period, the 

animals are mostly moved to the other herds, and are now referred to as “finishers”. The pig gains most 

of its weight during the finishing period, where they live for 12 weeks and weigh around 100kg at the 

time of slaughter, with a weight gain of around 900g/day. 

 

   

 

 

Figure 1.1: The division within the life cycle of a pig from birth to slaughter in a conventional Danish 

pig farm. 

1.1.4 Antimicrobial use in Danish pig production 

Danish pig production accounted for 76% of the total veterinary use of antimicrobials in 2012, when 

measured in active compounds (18). This total veterinary consumption is primarily driven by the 

consumption changes in pig production. The proportion of antimicrobial use in weaning pigs in 2012, 

when measured in defined animal daily doses, was much higher (79%) than the use in breeding 

animals/piglets (4%) and finisher pigs (17%). The use of antimicrobials is carried out under Danish 

legislation, where prescription by a veterinarian is required in order to purchase the drugs. Both growth 

Birth Slaughter 

~ 4 weeks 
~ (1.5 - 7) kg 

 
 

~ 7 weeks 
~ (7 - 30) kg 

 
 

~ 12 weeks 
~ (30 - 100) kg 

 
 

Piglets Weaners Finishers 



 

17 
 

promotion and prophylactic use of antimicrobials is prohibited. Antimicrobials are being used both 

metaphylactically and therapeutically. Metaphylactic treatment means the treatment of a group of pigs 

(typically a pen, and most often through water medication) irrespective of the disease status of the 

individual, whereas therapeutic treatment (more often intramuscular injection) means the treatment of 

only clinically ill pigs. The most commonly used antimicrobials in the Danish pig sector are 

tetracycline, macrolides and pleuromutilins, used particularly against gastrointestinal disease in 

weaning pigs and finishers (18).  

1.1.5 Escherichia coli as indicator bacteria 

Escherichia coli (E. coli) are the predominant bacteria in the gastrointestinal flora of humans and 

animals, and can serve as a reservoir of AMR (19). They are commensal bacteria commonly used for 

resistance monitoring in animals, as they can be isolated from both healthy humans and healthy 

animals. They can also function as donors or recipients while exchanging resistance determinants with 

other bacteria, including those pathogenic to humans (20). Moreover, the level of resistant E. coli in 

herds has been found to be proportional to the level of antimicrobial use in these herds (21). The 

characteristics of E. coli in their ability to develop AMR, transfer resistant genes, and serve as sources 

of resistance, make them suitable bacteria for studies of AMR in food production animals. 

E. coli are used as indicators in the Danish resistance monitoring program (DANMAP, see later) to 

provide information on the level of resistance in animals (18). Around 40% of 152 isolates from 

healthy pigs throughout the country were found to be resistant to tetracycline in 2012 (18). Moreover, 

27% of E. coli isolates from pork were resistant to tetracycline in that year. According to DANMAP, 

among the collected isolates from healthy pigs, 29% were found to be resistant to ampicillin, whereas 

33% of pork isolates were ampicillin resistant. Broad use of antimicrobials against diseases (such as 

post-weaning diarrhea) in pigs with such a high level of E. coli resistance could result in a high 

proportion of resistance in the pig‟s gut flora, and the resistance determinants could then spread 

horizontally to other bacterial species and consequently to pigs and humans. Resistance to multiple 

drugs in commensal E. coli was first detected in the late 1950s (22, 23). In the DANMAP isolates, 32% 

were found to be resistant to three or more antimicrobial classes and around 80% were resistant to two 

antimicrobial classes. Moreover, around 40% of isolates from pork were found to be resistant to both 

tetracycline and ampicillin.  
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There is, therefore, a need to reduce the emergence of resistance in the pig production system using 

improved treatment strategies. Suppressing the growth of resistant bacteria in the intestinal flora 

following antimicrobial treatment could reduce the occurrence of resistant bacteria in the environment, 

or transmission to humans. To understand the bacterial growth dynamics in the intestinal flora of pigs 

following antimicrobial treatment, in vitro growth responses of specific E. coli strains (which are 

representative of the Danish pig population) to different antimicrobials can be helpful. This will 

eventually help us to understand the relationship between different treatment strategies and the 

dynamics of resistance proportions in Danish pigs.  

1.1.6 Surveillance and control methods 

Shortage of new drugs and inadequate drug discovery calls for the optimal use of available drugs. 

Reducing antimicrobial use can lessen the drug pressure and allow susceptible strains to overcome the 

competition with resistant strains. However, it is still necessary to use the required antimicrobials to 

treat sick animals in order to maintain animal health and consequently welfare. Selection of resistance 

could be reduced by limited or restricted use, based on prudent adoption of programs for farmers or 

veterinarians, and regulatory programs for the country. Surveillance systems on drug susceptibility and 

antimicrobial resistance would help us choose more appropriate treatments. 

1.1.6.1 The Danish Integrated Antimicrobial Resistance Monitoring and Research Program 

(DANMAP)  

DANMAP is the Danish national survey program, which has as its objectives the monitoring of 

antimicrobial consumption and antimicrobial resistance prevalence in both humans and animals. It was 

established in 1995 as collaboration between the veterinary, food and human health authorities to 

provide annual data to investigate antimicrobial resistance trends, antimicrobial consumption and the 

association between antimicrobial usage and emergence of resistance at national and regional level. 

Resistance monitoring in animals is performed on bacteria categorized in three ways: 1) indicator 

bacteria, 2) zoonotic bacteria, and 3) infectious pathogens. DANMAP is an annual report that publishes 

the latest trends observed in antimicrobial use and antimicrobial resistance.      

In addition to surveillance programs, appropriate use of antibiotics based on optimal dosing regimens 

(dose level, treatment duration, dosing frequency etc.) is necessary to reduce the emergence of 
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resistance, due to the limited treatment options. Inappropriate dosing could lead to the emergence of 

resistance. Improved use of the available antimicrobials not only reduce resistance problem but also 

prevent the development of resistance to other drugs (24). Improved use could be defined as the 

optimal selection of dosing factors resulting in minimum emergence of resistance. There is clinical and 

experimental evidence that variation in dosing regimens affects the emergence of resistance (25, 26). 

The use of in vitro experiments, combined with theoretical investigation, provides much of the 

information required for the rational design of antimicrobial treatment strategies (27).  

Different treatment strategies may produce different results but the type of variation with treatment 

strategies must be known. To optimize treatment strategies, mathematical models provide a powerful 

tool in analyzing in vitro data and predicting in vivo growth mechanics of resistant bacteria following 

different dosing regimens. 

1.2 Designing treatment strategies 

1.2.1 Background 

The emergence of resistance in an individual and in a population depends on complex interplay 

between many factors. Pharmacokinetic-pharmacodynamic (PK-PD) analysis, mathematical modeling 

and simulation techniques have been used over the past two decades to evaluate the effect of these 

factors on both antimicrobial efficacy and resistance emergence, and are considered to be powerful 

tools in designing treatment strategies with less work load and cost. These methods are being 

increasingly employed to explore novel ways to use the available drugs optimally (28). These 

techniques allow rapid analysis on the influence of changes in treatment strategies on the emergence of 

resistance. However, in these techniques, different scales of the processes responsible for high 

resistance emergence have been used (29). Models can include one or several processes to understand 

treatment effects on the emergence of resistance. These processes can be categorized in groups as given 

in Table 1.1. As an input for these models, pharmacokinetics (PK) and pharmacodynamics (PD) are 

required, in order to clearly understand the bacterial response to antimicrobial exposure. 
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Table 1.1: Different scales of development of resistance. 

Microbiological Genetic evolution (gene transfers, mutations etc.) 

Individual (intra-host growth dynamics) Competition between strains (persistence of 

resistant bacteria under antimicrobial pressure) 

Population Direct and indirect transmission 

 

1.2.2 Pharmacokinetics (PK) 

The pharmacokinetics of a drug is usually described as, “what the body does to the drug”. Technically, 

it is the concentration of the drug in a specific location of the body over time. Plasma is usually used 

for measurements, regardless of the interaction site, and is considered an appropriate surrogate marker 

(30). PK can typically be described based on a summary measure of plasma concentration profiles. 

Some of these measures include peak concentration, area under the curve and elimination half-life. 

However, the summary measures do not account for the time process of the plasma concentration 

profile. Instead, PK models have been used to account for the full time-course of plasma concentration 

profiles, following different routes of drug administrations. These models are typically described by 

compartments (each representing a different part of the body), and show the transfer of the amount of 

drug in different compartments. The changes in drug concentration in different compartments are 

illustrated by differential equations. The parameters of these equations (the transfer rates) are estimated 

based on in vivo data of a concentration-time profile. One such example of a model is given in Figure 

1.2. Once parameters are estimated, they can be used to simulate a concentration-time profile for 

different combination of dosing factors (Figure 1.3). 
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Figure 1.2: Two-compartmental model, with changes in drug concentration in two compartments given 

by differential equations. The central compartment is the plasma and the peripheral compartment is the 

tissue.  

 

Figure 1.3: Simulated concentration-time profile with different dosing frequencies based on two-

compartmental model. 

1.2.3 Pharmacodynamics (PD) 

Analysis of the pharmacodynamics (PD) is a very common method of assessing the bacterial growth 

under antimicrobial exposure. It could be defined as, “what the drug does to the bacteria”. It is the 

relationship between antimicrobial concentration and its effect on bacterial growth. MIC values have 
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been used extensively over the last two decades as a summary variable of this relationship, to 

characterize the growth of bacterial strains. MIC test experiments are relatively easy to perform in the 

laboratory, using several techniques such as broth dilution, agar diffusion etc., where the bacteria are 

exposed to constant antimicrobial concentrations with two-fold dilutions. However, there are some 

disadvantages of MIC, particularly when assessing the growth response of the bacterial strains. It is a 

single-point estimate summarizing the full time-course effect of a drug, yet the dynamic nature of the 

antimicrobial activity should also be included when designing appropriate dosing regimens. Moreover, 

it is usually measured using two-fold dilutions, which can lead to inadequate precision regarding the 

response to drug concentration. Sometimes MICs are considered to be threshold values with null effect 

of antimicrobial on bacterial growth when the concentration is below the MIC. 

A more detailed characterization of the pharmacodynamic effect of drug can be based on time-kill 

curves, or growth curves using a pharmacodynamic modeling approach. This approach has been used 

to analyze the non-linear relation between bacterial growth and antimicrobial concentration, as given 

by three parameters in the “Hill equation” or Emax-models (31-34). 

max

50

E c
Effect

EC c



 




 

Where Effect is drug effect (i.e. bacterial response to drug with concentration c), Emax is the maximum 

effect, EC50 is a concentration of drug required to produce 50% of the maximum effect and γ is the Hill 

coefficient that describes the steepness of the sigmoid relation. Part of these parameters used in 

describing the dose-effect relationship is given in the Figure 1.4. The Hill equation has been used 

extensively in pharmacology to describe the non-linear relationship between drug concentration and 

drug effect (35). The complete time-course of the antimicrobial activity being described by three 

parameters instead of just a single MIC is a step towards a more accurate description of the drug effect 

on the bacterial growth. The in vitro studies provide a more accurate pharmacodynamic 

characterization and can be used in PK-PD models to evaluate dosing regimens. 
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Figure 1.4: Variations in the Hill equation parameters resulting in different shapes of dose response 

curves with fixed maximum effect. 

1.2.4 Pharmacokinetics-pharmacodynamics (PK-PD) 

1.2.4.1 PK-PD indices 

PK-PD analyses are considered useful in investigating the emergence of resistance. A PK-PD 

relationship is typically described by three indices, which are the summary measurements of both PK 

and PD. These indices are 1) the ratio of the peak concentration to MIC (Cmax/MIC), 2) the ratio of the 

area under the curve to MIC (AUC/MIC), and 3) the time above MIC over a period of 24 hours (t > 

MIC). This approach has been used as a reference standard to evaluate antimicrobial dosing regimens. 

However, this approach is a simplification of the PK-PD relationship and the indices rely on MIC, the 

inadequacy of which is indicated above. PK-PD indices only provide point estimates and ignore the 

information about the time-course effect, leading to very limited possibilities in predicting dosing 

strategies. Moreover, PK-PD indices cannot characterize dynamic and sensitive changes during the 

treatment period. Instead, PK-PD modeling of bacterial growth is considered to be better for 

understanding the PK-PD relationship. 

1.2.4.2 PK-PD modeling (in vitro) 

Over the last three decades, PK-PD models have been used to improve treatment strategies of 

antimicrobials. PK-PD models combine the in vivo plasma concentration-time profiles, and the in vitro 

drug-effect relation to accurately evaluate the growth dynamics of bacterial strains in vitro. This 

approach is a key in the prevention of resistance development (36). PK-PD models not only provide 
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dynamic information from performed experiments, but also allow prediction of the effect of dosing 

strategies in other settings. PK-PD models are normally based on in vitro drug exposure of different 

antimicrobials to different bacterial strains. These in vitro experiments are easy to perform and enable 

flexible study designs. In the manual in vitro experiments, one or more bacterial strains are exposed to 

the antimicrobial, and changes in the amount of bacteria are monitored over time. The antimicrobial 

exposure could be static or dynamic (mimicking the concentration-time profile), or it could also be 

multidrug exposure. 

Performing the manual in vitro growth experiments with inclusion of many strains is time-consuming 

and the costs are relatively high. An automated microbiology growth curve analysis system BioScreen 

C
TM

 (Oy Growth Curves Ab Ltd, Finland) has been developed, allowing performance of growth 

experiments with fast and frequent readings of bacterial growth using optical density (OD) 

measurements. This approach increases the possibility for inclusion of many strains growing under 

different but constant antimicrobial concentrations, and it gives a reasonable representation of the 

antimicrobial activity on the distribution of strains. The drug exposure in BioScreen could be based on 

single or multiple antimicrobials. Repeated and frequent measurements over time can also provide 

extra information.  

1.2.4.3 Mathematical models for in vivo growth 

Antimicrobial treatment strategies in animals are often not optimal with regard to minimum resistance 

emergence. In reality, the relation between antimicrobial concentration and within-host bacterial 

growth is complex, and simple in vitro PK-PD models do not account for the in vivo complexity. 

Instead, mathematical models, based on PK-PD and other in vivo factors, have been used to assess in 

vivo bacterial growth dynamics. Mathematical modeling for in vivo growth has been used to propose 

new treatment strategies for both single- and multi-drug treatments (37-39). Mathematical modeling 

and simulation of in vivo bacterial growth are powerful tools in understanding biological phenomena 

and in designing treatment strategies. The models can be used to describe growth dynamics 

theoretically, with different levels of complexity. Such models are based on PK-PD models and include 

other factors responsible for bacterial elimination and entry processes, to mimic the in vivo growth 

conditions. One such representative model of the within-host growth dynamics of bacterial strains 

under antimicrobial exposure could be described using a differential equation: 
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max

(1 ) ( )
dN N

N D c N N
dt N

      

Where the left-hand side represents the bacterial counts over time, the first term is the bacterial growth 

with the in vivo growth restriction factor Nmax, the second term is the bacterial clearance due to the 

antimicrobial effect, and the third term represents the entry or elimination processes μ of the bacterial 

population that governs the stable in vivo system. This type of within-host model can be used to 

formalize not only the bacterial growth modeling, but also modeling of mutations and other factors 

involved in the development of resistance, competition between many strains, varying antimicrobial 

concentration, immune response and excretion of strains etc. 

Previously, a model has been proposed to evaluate treatment strategies to minimize resistance 

emergence in commensal E. coli of cattle (40). Single-host growth dynamics of a susceptible and a 

resistant population were modeled using strains inflow and outflow process, along with plasmid 

transfer resistance between two sub-populations. The model showed that the fraction of resistant E. coli 

could persist in the absence of antimicrobial exposure, as sustained by the inflow of resistant E. coli 

and plasmid transfer resistance genes. Antimicrobial exposure expanded the resistant E. coli growth, 

which took around 5 weeks to return to a level similar to that found in the absence of drug. Another 

model was proposed to explore the effect of treatment duration on the selection of pathogen-resistant 

bacteria within the host (41). This model considered the competition between the susceptible and the 

resistant population with limited growth based on immune response, and found that shorter treatment 

duration was likely to support the suppression of resistance emergence, though this was not always the 

case. Recently, a study has been published describing the in vivo growth dynamics of multiple strains in 

the intestines of a pig with the possibility of transmission of strains to other pigs in the pen (42). The 

focus of this study was to investigate the survival and spread of resistant bacteria in the pig population, 

both with and without orally administered treatment. It was found that both high excretion and uptake 

of bacteria gave rise to spread within the population to some extent. 

Bacterial growth modeling under antimicrobial treatment has often been focused on a single or small 

number of bacterial strains, with emphasis on the response to the antimicrobial treatment, and not to the 

possibility of the coexistence of multiple strains representative of the specific population (31, 34, 43). 
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Furthermore, the contribution of excretion and varying dose concentration over time has not previously 

been assessed in a pig production system (44). Growth mechanics following multidrug treatment with 

different mechanisms of antimicrobial activity is also undetermined. It may be interesting to examine 

combinations of bactericidal and bacteriostatic drugs, where bacteriostatic refers to drugs which inhibit 

but do not kill the bacteria, unlike bactericidal drugs which do kill the bacteria. Moreover, the role of 

cycling frequency (with two drugs alternating), and the order of drugs in sequential treatments (one 

after other) to suppress the growth of resistant strains must be understood. A mathematical model 

incorporating these aspects would provide input to better understand the effect of dosing factors on the 

level of resistance, while considering the dynamics of multiple strains. Therefore, the focus of this 

thesis is to develop mathematical models for single- and multi-drug treatments that will provide 

information to improve treatment strategies that better suppress the growth of resistant strains over long 

period of time. The investigations made might be beneficial to the veterinary practitioner in 

understanding how antimicrobial treatment affects the emergence of resistance. 
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1.3 Aims and research questions 

The overall aim of this thesis was to develop mathematical models to investigate the effect of dosing 

factors on the growth of multiple bacterial strains, in order to optimize treatment strategies for 

suppression of the growth of resistant strains under single- and multi-drug treatments.  

The specific aims were: 

1. To characterize the pharmacodynamic effect of tetracycline and ampicillin on population 

representative E. coli strains, using in vitro growth curves based on the Hill equation. The 

corresponding research questions were: 

 How well does the pharmacodynamic model explain the bacterial growth under 

exposure to a bacteriostatic and bactericidal antimicrobial, exemplified by tetracycline 

and ampicillin, respectively? 

 How do the pharmacodynamic model parameters relate to MIC in population-based 

studies? 

 Do the pharmacodynamic model parameters differ between antimicrobial susceptible 

and resistant groups? 

 

2. To develop a mathematical model to investigate the effect of different dosing factors on the 

growth dynamics of multiple strains competing in a pig intestine, following tetracycline and 

ampicillin intramuscular treatment. The corresponding research questions were: 

 What is the effect of treatment duration on the level of resistance? 

 Does dosing frequency affect the suppression of the growth of resistant strains? 

 Is the number of competing strains of any importance when evaluating treatment 

strategies? 

 How much uncertainty exists regarding the level of resistance when different strains are 

competing? 

 

3. To investigate the growth dynamics of multiple strains in pigs, following multidrug treatment of 

tetracycline and ampicillin. The corresponding research questions were: 

 Is there any difference between single and combination (serial) treatment? 
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 What is the effect of sequential treatment on the dynamics of resistance proportions 

during and after the multidrug treatment? 

 Is there any relevance to the order in which drugs are administered in multidrug 

treatment? 

 Does the role of cycling frequency of two drugs in sequential treatments have an impact 

on reducing the resistance level? 

 

4. To investigate the difference between PD parameters of tetracycline, ampicillin and gentamicin. 

 Do the findings (regarding the relationship between MIC and PD parameters) from 

tetracycline and ampicillin PD studies also apply for gentamicin? 
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CHAPTER 2: 

MATERIALS AND METHODS 
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This section provides a general description of the materials and methods used in the PhD study 

described thoroughly in the accompanying manuscripts. All the laboratory experiments that produced 

the data used in the study were carried out by PhD student Camilla Zachariasen, both as part of her 

PhD studies and as co-author of three of the manuscripts. Only a brief summary of the experimental 

work will be described in this section as details can be found in accompanying manuscripts. A 

complete flowchart of the work carried out based on the laboratory data as well as mathematical 

modeling and simulation is given in Figure 2.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Flowchart of the work carried out (gray boxes) leading to in vivo growth model of multiple 

strains. 
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The work was divided into different objectives. These objectives are given with corresponding 

manuscripts and strains used in each study in Table 2.1. Tetracycline was chosen as it is the most 

frequently used antimicrobial, while ampicillin was included in the project to investigate the difference 

between effects of bacteriostatic (tetracycline) and bactericidal (ampicillin) drugs on resistance 

development, and to assess the effect on resistance emergence when used in combination and 

sequential treatments. The PD of gentamicin was included to assess the relationship between drug 

effect and MIC when there were no resistant strains. Intramuscular treatment was evaluated due to 

plasma concentrations being more measureable and known than when compared to oral flock treatment 

in pig herds. Plasma concentration is difficult to measure when treatment is administered over a long 

period of time, and is dependent upon the drinking pattern.  

Table 2.1: Overview of the random samples used in different studies corresponds to manuscripts. Here 

“S” stands for susceptible and “R” for resistant strains.  

Study Random Samples Manuscript 

PD (Tetracycline) 50 strains (33 S + 17 R) 1 

PK-PD (Tetracycline) (12, 6, 3) strains with one-third as resistant 2 

PD (Gentamicin) 50 strains (50 S) (Thesis) 

PD + PK-PD (Ampicillin) 50 strains (37 S + 13 R) 3 

PD + PK-PD (Tetracycline + Ampicillin) 10 strains (4 STSA + 3 RTSA + 2 STRA + 1 RTRA) 4 

 

2.1 In vitro growth experiments 

2.1.1 Strains selection 

In 2010, 160 indicator E. coli isolates were collected from pigs as a part of DANMAP. These isolates 

originated from fecal samples collected from healthy pigs at slaughter, and only one isolate per farm 

was included in the surveillance. Among these isolates, 50 were selected randomly with the criterion to 

have only one sample per pig. This selection was performed using a computerized random sample 

generator, and it was considered to be representative of the Danish pig population. Susceptibility 

towards tetracycline and ampicillin was tested in a two-fold dilution for all 50 isolates using a broth 

micro dilution susceptibility test, following the Clinical and Laboratory Standards Institute (CLSI) 

standards (45). Isolates with MIC ≥ 16µg/ml were considered to be resistant to tetracycline and 

ampicillin, whereas in the case of gentamicin, all of the strains were found to be susceptible. 
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 2.1.2 Single antimicrobial exposure (tetracycline, ampicillin, and gentamicin) 

Growth curves for the effect of tetracycline and ampicillin on the 50 E. coli strains were performed 

using the BioScreen. Bacterial saline suspensions were prepared from overnight cultures on blood agar 

and adjusted to a 0.5 McFarland turbidity standard. These suspensions were diluted at a ratio of 1:100 

in Mueller-Hinton broth 2 (MH-2), and inoculated on the plates to give a final concentration of 

approximately 5×10
4
 colony forming units/ml. All 50 of the strains were grown in two-fold dilution of 

antimicrobials with tetracycline-susceptible strains ranging from 0.0313 to 8µg/ml, ampicillin-

susceptible strains ranging from 0 to 8µg/ml, tetracycline-resistant strains ranging from 0.5 to 

128µg/ml, ampicillin-resistant strains ranging from 0 to 256µg/ml, and gentamicin strains ranging from 

0.0313 to 8µg/ml. The BioScreen was set to 18 hour incubation at 37
o
C with continuous shaking, and 

optical density (OD) at 600nm measured every 5 minutes. All experiments were performed in 

biological triplicates. For strains with MIC greater than the maximum concentration exposure, zero 

growth rates were assumed at the MIC value. For example, a strain with a MIC value of 1024µg/ml to 

ampicillin was exposed to an ampicillin concentration ranging from 0 to 256µg/ml, but there was no 

information of growth at 1024µg/ml, and instead complete inhibition or a zero growth rate was 

considered at the MIC value.    

2.1.3 Multi-drug exposure (tetracycline + ampicillin) 

For the assessment of growth of bacterial strains under combined treatments of tetracycline and 

ampicillin, ten strains were selected from the 50 E. coli strains in order to include all possible 

phenotype combinations. These combinations with their MIC values are given in Table 2.2. This 

reflected the resistance distribution in the population of DANMAP strains. The tetracycline 

concentrations ranged from 0, 0.25, 0.5 or 16µg/ml and the ampicillin concentrations were 0, 1, 4 or 

16µg/ml. The bacteria were thus exposed to a total of 16 different combinations in a four-by-four array 

in triplicates, and bacterial growth in OD600 was measured every five minute over 18 hours. 

 

 

 



 

33 
 

Table 2.2: The distribution of strains in each group, where S and R stand for susceptible and resistant, 

and T and A (in subscript) for tetracycline and ampicillin, respectively. 

Group Tetracycline MIC  Ampicillin MIC Number 

of strains 

STSA (2, 0.5, 0.5, 0.25) µg/ml (1, 4, 8, 2) µg/ml 4 

STRA (0.5, 0.5) µg/ml (1024, 256) µg/ml 2 

RTSA (128, 64, 16) µg/ml (4, 8, 2) µg/ml 3 

RTRA 512 µg/ml 1024 µg/ml 1 

 

2.2 Growth rate estimations 

The extracted raw data for both single and combined antimicrobial exposure from BioScreen were used 

to assess the antimicrobial concentration effect on the growth of E. coli strains. For this purpose, net 

growth rates at the corresponding antimicrobial concentrations were estimated. The maximum 

threshold for the OD value was set to 0.1 due to the unreliable relationship between OD and CFU 

above a certain value. The growth curves below this value were used for growth rate estimation (Figure 

2.2). The following equation was used to describe the exponential growth: 

 t

t tY e      (eq. 1) 

where tY is bacterial growth recorded as OD values below 0.1 at time t,  is recorded OD at time zero, 

μ is net bacterial growth rate,   is the offset variable for adjustment of α, and t is normal error with 

constant variance and zero mean. A zero growth rate was considered when the growth curve did not 

reach the sufficient OD value for an exponential fit. This was reflected by very large uncertainties in 

estimated growth rates μ. The net bacterial growth rates at each concentration level were estimated in 

triplicates for tetracycline, ampicillin, and gentamicin, and at each concentration pair for the 

tetracycline and ampicillin combination.  
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Figure 2.2: Full (left) and restricted (right, used in exponential fit) growth curves over 18 hours of a 

single E. coli strain at range of antimicrobial concentrations in triplicates, illustrated by OD-values.  

2.3 In vitro pharmacodynamics 

2.3.1 Single antimicrobial 

After estimation of the net bacterial growth rates (bacterial response) at different concentrations of 

antimicrobials, the PD relationship (Fig. 2.3) was obtained for each of the 50 E. coli strains and was 

analyzed using the three parameters Emax-model (Equation 2). 
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 (eq. 2) 

where ( )c is the net bacterial growth rate at a constant concentration c, max is the growth rate at zero 

concentration, also called the maximum net bacterial growth rate, 50EC  is concentration at half of the 

max , and 𝛾 is steepness of curve relating to concentration and net growth rates (Figure 2.3). 
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Figure 2.3: Relationship between antimicrobial concentrations and estimated net growth rates with 

fitted (black) and confidence interval (blue) lines. 

The estimated PD growth parameters were then compared with the MIC values of the strains. The 

relationship between MIC and EC50 was analyzed using linear regression. For max and 𝛾, the 

susceptible and resistant groups of strains were compared using the Wilcoxon rank-sum test. Variations 

in the PD parameters of strains with same MIC values were described by the confidence interval of PD 

parameters of each MIC group. Uncertainties of estimated parameters were assessed by simulating the 

effect of the distribution of each parameter using their standard errors (se).  

2.3.2 Antimicrobials in combination   

For growth analyses of E. coli strains exposed to the combination of the two antimicrobials tetracycline 

and ampicillin, the following equation was used to estimate the PD growth parameters: 
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where, the PD parameters were already described in previous sub-section. These parameters are 

referred to here with subscripts a and b for tetracycline and ampicillin, respectively. A non-linear 

optimization routine nlminb() from the software R was used to estimate the growth parameters. For 

strains which did not show a decrease in the growth rate with increasing concentration, due to very high 

MIC values, a term with previously estimated pharmacodynamic growth parameters of tetracycline and 

ampicillin was introduced to build an objective function for the nonlinear optimization routine, and 

given as: 

2

2

max

50 50

(c , ) (1 )(1 ) ( )
a b

a b
a b

priora b
a b

priora a b b

p pc c
sum c sum

pEC c EC c
 

 

 
 
  

    
   

 

where p is a vector with growth parameters ( 50aEC , 50bEC , a , b ) and priorp is a vector with previously 

estimated growth parameters in single antimicrobial treatment. Interaction between tetracycline and 

ampicillin was analyzed using the residual structure of the fitted model, but without any formal 

statistical test.  

2.4 In vivo pharmacokinetics 

Plasma concentration profiles following intramuscular treatments of tetracycline and ampicillin in pigs 

were obtained from literature (46, 47). These profiles were fitted to a two-compartmental model of 

drug dynamics with absorption, distribution and elimination rates. The estimated parameters were used 

to simulate dosing regimens with different combinations of treatment duration and dosing frequency. 

2.5 Model structure 

The models make up the core part of this thesis, and are based on in vitro pharmacodynamic and in vivo 

pharmacokinetic analyses as described in the previous sub-sections. The estimated growth parameters 

were used along with concentration profiles to simulate in vivo growth dynamics of multiple strains in 

pigs. Differential equations were used to model the growth of multiple strains in a pig over time, given 

by:  

i
i i

dN
G E

dt
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where Ni is bacterial count of an i
th

 strain at time t, Gi is the bacterial entry process (growth) and Ei is 

the bacterial elimination process (excretion of bacteria from a pig through its feces). A schematic 

diagram to represent the model is given in Figure 2.4. 

 

 

 

 

 

Figure 2.4: Schematic diagram of the model of growth dynamics for multiple strains in a pig, where i 

is from 1-n (total number of competing strains). 

The entry process or bacterial growth Gi is given by the following equation: 

max max

max max

. ( )( )i i
i i

N N N N
G drug effect N

N N

 
   

Where the „drug.effect’ of a single treatment and a combination treatment is given by eq. 2 and eq. 3 

respectively. Nmax is the bacterial carrying capacity. The term max

max

( )iN N

N


 has been used previously 

as growth restrictions leading to the possibility that one strain will out-compete the others. Inclusion of 

the term max

max

( )iN N

N


 restricts this situation and allows coexisting multiple strains in a pig (42).  

The elimination process, or bacterial excretion is given by: 

i iE N  

 Where φ is outflow rate. 
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2.6 Model inputs 

The model was initiated with multiple strains competing in a pig intestine with assigned values of 

carrying capacity, outflow rate, initial count of each strain, and simulation time. The carrying capacity 

was set to Nmax= 10
10

, the value for the outflow rate φ=0.01 was taken from literature (40), the initial 

count of each strain was randomly selected between 10
6
 to 10

9
 with the sum of the strains less than 

carrying capacity, and the time period that was simulated was set to around 35 days (5 weeks), a period 

when the pig is about to leave the weaner section. In outputs a day 35 represents end of weaning. 

The growth dynamics of individual strains and the sum of susceptible and resistant strains were then 

plotted. To visualize the effect on the total resistance level, the fraction of total resistance and 

susceptible counts were used in the graphs. The mean and a 95% simulation envelope from repetitions 

were also reported in graphs in case of repetitions performed. 

2.6.1 Single antimicrobial treatment 

For single antimicrobial treatment, 12 strains were randomly selected from the 50 E. coli strains along 

with their growth parameters as estimated. The fraction of resistant strains was set to one-third of the 

total competing strains, in accordance with the value of tetracycline and ampicillin resistant E. coli 

found in DANMAP (18). The model was run with 12 strains competing in a pig intestine with assigned 

values of their carrying capacity, outflow rate, initial count of each strain, and simulation time. 

Antimicrobial treatment with different combinations of treatment duration and dosing frequencies was 

introduced into the model once the system had attained the dynamic equilibrium state. This is a state 

where small changes happen over the long periods of time, unless the system is disturbed by any factor 

(see later in results). These combinations along with other parameters used in models are given in 

Table 2.3. To capture the effect of the composition of strains, repetitions in model runs were performed 

100 times, with a different composition of 12 strains each time.  

Lastly, to assess the effect of the number of competing strains on the evaluation of dosing regimens, the 

procedure was repeated with six and three E. coli strains competing in pig intestine. A seed was set to 

the model to have the same random selection each time with different dosing regimens. 
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2.6.2 Multidrug antimicrobial treatment 

All ten of the E. coli strains for which PD growth parameters were estimated from combination 

treatment were used in the dynamic growth of multiple strains in a pig following treatment with two 

antimicrobials. Growth dynamics of multiple strains were assessed under both combination and 

sequential treatments. The treatment period was fixed to 6 days, and dosing frequency was fixed to 

once a day. Sequential treatments with two, three and six cycling frequency were assessed. Where a 

cycling frequency of six refers to the sequential treatment with one antimicrobial per day (a total of six 

rotations between two antimicrobials). Sequential treatments were assessed in both tetracycline first 

and ampicillin first. 

All of the analyses and the model development were done in R version 3.0.2 (“Frisbee Sailing”) (48). A 

brief description of different functions used in the code can be found in the appendix R. 
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Table 2.3: Overview of the parameter values, output layout and considerations used in model runs.

In vivo parameters Dosing factors In vitro parameters Output layout Considerations 

Carrying capacity 

Nmax = 10
10

 

Duration = (3, 5, 8) days 𝛼max, EC50, 𝛾 – randomly 

selected from estimated 

Treatment starts = 0 day Homogenous distribution 

Excretion rate 
φ = 0.01  

Frequency = once every 2 

days, once a day, twice a 

day 

 Time before 0 day – 

establishment of dynamic 

equilibrium 

Single pig (no 

transmission) 

Number of competing 

strains = 12, 6, 3 

Dose = 20mg/kg/day  Simulation over 30 days Resistance evolution is 

neglected (horizontal gene 

transfer, mutation etc.) 

Fraction of resistant 

strains = 1/3(12, 6, 3) 

  100 repetitions Irrespective of disease 

status 

Two drug treatment 

 

Number of competing 

strains = 10 

Two drug treatment 

 

Single treatment of 6 day 

duration 

 Mean and simulation 

envelope of fraction of 

total resistance and 

susceptible counts 

No pathogenic bacteria 

Number of strains in each 

of SS, SR, RS, RR group 

= 4, 2, 3, 1 

Combination treatment of 

6 day duration 

   

 Sequential treatment with 

cycling frequency 2, 3, 6 

(reversing the order as 

well)  
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CHAPTER 3: 

RESULTS 
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The summary results include the model results presented thoroughly in accompanying manuscripts, as 

well as additional results of gentamicin PD activity. Firstly, a summary of PD results was presented and 

used to generate model inputs of in vivo bacterial growth for the evaluation of antimicrobial treatment 

strategies. Secondly, with the use of PD parameters and other in vivo factors, model simulations were 

used to evaluate treatment strategies for minimum resistance development. 

3.1 Pharmacodynamics of antimicrobials 

The main aim here was to assess the relationship between antimicrobial concentrations and bacterial 

growth, and to estimate the PD growth parameters as inputs of the mathematical model for in vivo 

growth. As discussed in materials and methods, the three parameter “Hill equation” was used to assess 

the growth under antimicrobial exposure. Net growth rates in triplicates were estimated using in vitro 

growth curves (Fig. 2.2). Growth rates were well estimated as assessed by model fit (not shown here 

because of very large numbers (10 concentrations × 3 replicates × 50 strains × 3 drugs = 4,500 growth 

rates)). PD parameters were estimated using net bacterial growth rates at corresponding antimicrobial 

concentrations.  

The association between MIC values and PD parameters, as well as the difference of PD parameters 

between susceptible and resistant groups was assessed. An estimation of the growth characteristics of 

these strains was valuable for studying the growth dynamics of strains representative of the pig 

population in Denmark, as well as for evaluating treatment strategies. With these estimates, it is possible 

to evaluate the bacterial growth in vivo, with the assumption that the parameters are the same in both in 

vitro and in vivo. 

3.1.1 Single drug PD parameters 

MIC distribution of 50 E. coli strains of three different antimicrobials is given in Fig. 3.1. For 

tetracycline 17 (34%) were resistant, for ampicillin 13 (26%) were resistant and none were resistant to 

gentamicin. In estimated PD parameters, αmax was no different in susceptible and resistant strains for 

both tetracycline and ampicillin, indicating a lack of fitness cost, although αmax was lower for ampicillin-

resistant strains, but was not statistically significant. Furthermore, there was not found to be any relation 

between MIC and αmax, despite an apparently linear relation in gentamicin, but again this was not 

significant when analyzed statistically. Wide 95% confidence intervals of αmax (for example, MIC 

32µg/ml-tetracycline) which could be interpreted as strains with the same MIC values may have a 
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different αmax. This could have a profound effect on the growth dynamics of strains in vivo. Hill 

coefficient γ was found to be large in the tetracycline-resistant strains that reflect the steep decline in net 

growth rate when antimicrobial concentration is around EC50. Yet in the case of ampicillin, γ was not 

different for susceptible and resistant strains. A significant linear relation on a log-log scale was found 

between EC50 and MIC values, supporting the strong relation between the dynamic activity of the drug 

and the point estimate respectively. All findings from tetracycline and ampicillin PD parameters were 

supported by the gentamicin PD parameters to some extent, as there were no resistant strains in the case 

of gentamicin. 

 

 

Figure 3.1: MIC distribution and estimated pharmacodynamic parameters (with 95% confidence 

interval) of tetracycline, ampicillin and gentamicin antimicrobials. 

 The PD model (eq. 2) fit well for all strains where the uncertainties in parameters were assessed using a 

95% simulation envelope from 100 repetitions (Fig. 3.2). Small uncertainties in PD parameter estimates 

were found in susceptible strains. Large uncertainties were found in γ and EC50 estimates of 

tetracycline-resistant strains, which could be due to very few or no data points between maximum and 
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zero effect. This was the reason for a very large γ value of some of the tetracycline-resistant strains 

when compared to the ampicillin-resistant strains (Fig 3.1). This high uncertainty in γ parameter 

results in a distorted simulation envelope around the fitted line from 1,000 PD model repeats (Fig 

3.2-tetracycline). Otherwise, in both ampicillin resistant and susceptible strains, parameters were 

well estimated as shown by the 95% simulation envelope around the fitted line (Fig 3.2).  

 

 

Figure 3.2: Fitted pharmacodynamic function (black lines) and 95% simulation envelope (blue dotted 

lines) of susceptible (green points) and resistant (red points) strains under tetracycline and ampicillin 

concentrations.  

3.1.2 Combined drugs PD parameters (tetracycline + ampicillin) 

In the case of combined tetracycline and ampicillin activity on bacterial growth, five PD parameters (as 

discussed in materials and methods) were estimated. Previously estimated PD parameters of tetracycline 

and ampicillin were incorporated where the strains had a MIC value greater than the maximum exposed 

concentration in combination treatment. For the assessment of drug interactions when bacterial strains 

were exposed to combined concentrations of tetracycline and ampicillin, the residual structure from a 

model fit to ten strains was used. There was no consistent residual structure for interaction between 

tetracycline and ampicillin for ten different strains, which was interpreted to mean there was no 

interaction between two drugs. Therefore, the two drugs act independently on bacterial growth and can 

be used accordingly in the in vivo growth model.    
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3.2 Pharmacokinetics 

The two drugs were found to be different in pharmacokinetic properties, and are shown by simulated 

concentration profiles of tetracycline intramuscular treatment (black lines) and ampicillin intramuscular 

treatment (blue dashed lines) (Fig. 3.3). Estimated transfer rates from a compartmental model are given 

in Table 3.1. The absorption rate from the intramuscular site was found to be similar in both drugs, 

whereas fast transfer (k12) of tetracycline from central compartment (blood) to peripheral compartment 

(tissues etc.) was observed as opposed to the ampicillin. This leads to a faster elimination of ampicillin 

concentration from the body when compared to tetracycline.  

Table 3.1: Estimated transfer rates of a two-compartmental model. 

 k12 k21 ka kel 

Tetracycline 2.94 1.94 1.58 0.21 

Ampicillin 1.64 2.99 1.67 0.56 

 

A total of nine treatment strategies were simulated, with dosing frequency ranging from once every two 

days to twice a day (columns), and treatment duration ranging from 3 days to 8 days (rows) (Fig. 3.3). 

Low elimination rate of tetracycline results in steady state concentration when applied frequently. This 

steady state below the cut-off value of susceptible and resistant strains (red lines) could give an extra 

advantage to resistant strains to outcompete the susceptible ones. Overall, pharmacokinetics could play 

an important role in evaluating treatment strategies for minimum development of resistance.   
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Figure 3.3: Plasma-concentration time profiles of different combinations of dosing frequency (columns) 

and treatment duration (rows) of tetracycline (black lines) and ampicillin (blue dashed lines). Red lines 

represent a cut-off value of 8µg/ml between susceptible and resistant strains. 

3.3 In vivo growth models 

A dynamic equilibrium with coexistence of multiple strains in a pig was achieved in a model before any 

treatment was introduced. This equilibrium was represented by the time before day 0 in most of the 

figures (e.g. Fig. 3.4 (a, b)), where multiple strains grow with small changes over a long period of time, 

unless disturbed by antimicrobial pressure. After this pressure is removed, the strains return to a similar 

but not identical equilibrium, taking varying lengths of time. As an example, the growth of multiple 

strains over time during and after treatment is given in Fig. 3.4(a), where out of a total of twelve 

competing strains, four resistant strains had a clear growth advantage during the treatment, disturbing 

the system equilibrium which took time to return. The sum of bacterial counts over the resistant (red 

line) and susceptible (green line) strains, give a clearer picture of the growth dynamics, as the total 

resistance level is more important than individual resistant strains (Fig. 3.4(b)). The dependency on 

different compositions of strains was analyzed by repeating the process 100 times with different strains 

randomly selected from 50 E. coli strains with different growth characteristics (PD parameters), and is 

given by the 95% simulation envelope (Fig. 3.4(c)). In subsequent results, only resistant fractions were 

presented to better compare different treatment strategies (Fig. 3.4(d)).      
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Figure 3.4: Growth dynamics of multiple strains in: individual growth of each strain (a), sum of 

bacterial counts over susceptible and resistant strains (b), 95% simulation envelope from 100 repeats (c), 

and resistant fraction (d).  

3.3.1 Single drug treatment strategies 

The dynamic growth results presented in the manuscripts are summarized here as the resistance level at 

three time points (i.e. before treatment start (start), maximum resistance level after treatment (max), and 

35 days after the first day of treatment (end)). The „end‟ here refers to the end of the weaning period as 

described in previous section. Regarding the effects of dosing factors, all combinations result in a very 

high resistance level after treatment end. This peak took varying lengths of time to return to a level 

similar to that seen before the treatment. The aim of the treatment strategies was then to reduce the 

resistance level during the treatment, and consequently reduce the length of time required to regain the 

equilibrium. Shorter treatment duration was found to be beneficial in reaching this aim, as the less time 

spent under antimicrobial pressure, the lower the resistance level at the end of the treatment. Moreover, 

increasing the dosing frequency from once every two days to twice a day did not make any apparent 

difference to the resistance level, either after treatment or at the end of the weaning process. The lack of 

dependence on dosing frequency only applies up to a maximum threshold; beyond which frequent 

dosing with 3-day treatment duration was assessed and found to have a negative impact (the higher the 
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dosing frequency; the higher the resistance level). This could be illustrated by the steady state 

concentration in plasma for very frequent doses which take a longer time to be eliminated from the 

body. 

 

  

Figure 3.5: Fraction of resistance level at three different time points from treatment start to the end of 

the weaning period, under different dosing factors of tetracycline and ampicillin intramuscular 

treatment. 

A different number of competing strains reached a similar maximum resistance level, but the 

composition of fewer strains returned faster. In other words, end resistance level was sensitive to a 

number of resistant strains in competition, rather than the fraction of resistant strains (Fig. 3.6).  
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Figure 3.6: Resistance level in total fraction of bacterial counts before, after, and at day 35 after 

treatment start, in different combinations of dosing factors and number of competing strains. 

 3.3.2 Multidrug treatment strategies 

Instead of the total resistance level, the resistance level of each of the four groups (as explained in 

materials and methods) was presented here. Again, resistance levels at discrete time points (before, after, 

and at day 35) were presented, with further explanation in accompanying manuscript 4. When single 

treatment was compared with combination treatment, ampicillin showed very different results, as there 

were no high peaks of resistance level after treatment. Due to this very small effect, combination 

treatment gave results similar to those in the tetracycline treatment. 
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Figure 3.7: Levels of resistant fraction of three different resistant groups with single and combination 

treatments of tetracycline and ampicillin.  

Cycling frequency appears to have no effect on resistance level, except for cycling frequency = 3. 

Moreover, reversing the order of the drugs did not make any difference, providing the number of 

treatments of each drug in a sequential treatment was equal (i.e. except cycling frequency = 3). Level of 

double resistant strains was found to be lower when ampicillin came first in a cycling frequency of 3. To 

summarize, cycling frequency did not minimize the resistance level in cases where the order of 

treatment was only relevant if it caused the number of treatments of individual drugs to be unequal in a 

sequential treatment. Furthermore, when compared with combination treatment, total resistance level 

was found to be lower both after and at day 35.   
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Figure 3.8: Levels of resistant fractions of three resistant groups at different cycling frequencies and 

treatment orders.    
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CHAPTER 4: 

DISCUSSION 
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This thesis investigated the in vivo growth dynamics of multiple strains in the intestinal flora of pigs, 

following intramuscular treatment. The investigations were carried out using a mathematical model 

based on in vitro growth responses of bacterial strains, with the aim to reduce or delay the growth of 

resistant strains. For these investigations, a stepwise process was carried out, from in vitro growth 

responses of population-based strains, to pharmacokinetics of the antimicrobials, and finally a 

mathematical model for the in vivo growth of multiple strains. The main part of the project was the in 

vivo growth model, though characteristics from all steps were reflected in the final model. These steps 

are discussed briefly in this chapter and thoroughly explained in accompanying manuscripts. Due to the 

overlapping results of different antimicrobials, only general results are discussed here. 

4.1 In vitro growth response 

The study based on in vitro growth experiments of the complex relationship between bacterial growth 

and antimicrobial concentration showed that along with MIC values, there are some other parameters 

that also govern this relationship. These should be taken into account as an addition to the MIC 

parameter when studying the effect of treatments on bacterial growth. These parameters were described 

and estimated in this study using pharmacodynamic modeling. PD modeling showed that growth 

parameters (𝛼max, EC50, 𝛾) give information about the dose effect on bacterial growth, along with MIC 

values. Strains with the same MIC values could have different responses to antimicrobial concentrations 

governed by dynamic PD parameters such as EC50 and γ (Fig. 1.4). These parameters better capture the 

dynamic activity of a drug, for which point estimate MIC cannot account, and this can affect the in vivo 

outcomes. Therefore, the growth responses of 50 E. coli strains to tetracycline, ampicillin and 

gentamicin were evaluated based on the dynamic pharmacodynamic activity of antimicrobials. The main 

goal was to estimate the growth characteristics of the strains and use as input for the in vivo growth 

model. In addition to the estimated growth parameters, the relationship between MIC values of the 

strains and growth parameters was assessed. Contrary to popular opinion, no difference was found in the 

growth of susceptible and resistant strains in the absence of antimicrobial pressure, indicating the lack of 

fitness cost. Fitness cost has been used in modeling studies as a reduced growth rate of resistant strains, 

which favor the susceptible strains to outcompete the resistant strains in the absence of antimicrobial 

pressure. The lack of fitness cost associated with the resistant strains might be explained by the resistant 

genes regulations. Additionally, as experiments were performed in vitro, the fitness cost of AMR may 

vary with the growth conditions both with and without antimicrobial pressure (49). A linear correlation 

was found between the antimicrobial concentration required to reduce the net bacterial growth rate to 
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half (EC50) and the MIC values. A possible interpretation could be that the MIC reflects the ability to 

pump out an antimicrobial and does not depend on the antimicrobial concentration. In relation to the 

third PD parameter, tetracycline resistant strains showed a steep response (High γ values) to a 

concentration around EC50. High uncertainties in both EC50 and γ estimates were noticed since there 

were very few concentration points between maximum and zero effect. However, this problem could be 

overcome by exposing bacterial strains to more concentrations other than in two-fold dilutions. An 

attempt was made during this study to perform experiments within narrow concentration ranges, but it 

was found that strains had lost resistance between new and previous experiments and 𝛼max had shifted 

slightly higher. Narrow concentration ranges were not included since they would change the values of 

PD parameters and MIC values as well. Furthermore, analysis was restricted to only positive growth 

rates, due to the BioScreen measuring limitations. In reality, however, it could be negative (killing of 

bacteria) above the MIC values.    

4.2 In vivo pharmacokinetics 

As a fundamental principle of pharmacology, antimicrobials exert activity on bacteria at the site of 

action or interaction, which in this study was the intestinal flora of pigs. The extent of antimicrobial 

activity can be measured by the concentration of the drug in the intestinal flora. Yet this is difficult and 

often not appropriate due to the very high uncertainty in measuring techniques (50). Instead, in 

pharmacokinetics, the measurement of drug concentration in plasma was considered to reflect the 

concentration at the site of action, and has been used as a surrogate marker (30). For herd animals, where 

treatments are mostly applied through drinking water, plasma concentrations may not reflect the 

changing concentration at the site of action, and may vary according to the drinking pattern. Moreover, 

flock treatment increases the use of antimicrobials by treating all animals and may contribute largely to 

high resistance levels. For this reason, intramuscular treatments were evaluated in this study as it reduce 

the total use of antimicrobials when treat sick animals individually. Moreover, plasma concentrations are 

easy to measure as drug enters the systemic circulation with high bioavailability. Changing plasma 

concentrations over time for tetracycline and ampicillin were taken from literature to make realistic 

changes in the growth of strains in the intestinal flora of pigs. Simulated plasma concentration profiles 

based on different combinations of treatment durations and dosing frequencies were found to be 

advantageous in all of the resistant strains, as they remained below the MIC values of resistant strains.  
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4.3 In vivo growth 

Multiple bacterial strains could coexist, including the strains with lower growth rates as well, under 

dynamic equilibrium based on elimination and entry process (51). The entry process is governed by the 

growth of bacteria, whereas elimination is governed by the excretion of bacteria through feces. The 

dynamic equilibrium could only be disturbed by antimicrobial treatment. Our in vivo growth model 

assessed the growth of multiple bacterial strains in a pig under dynamic equilibrium following different 

treatment protocols where the growth parameters of these strains and the in vivo concentration of the 

drug was estimated, as described in previous sections. In addition, the influence of different in vivo or 

epidemiological factors (for example: composition of strains, number of competing strains, and 

excretion of strains) on total resistant level was investigated. According to DANMAP, resistance to 

different antimicrobials in the isolates from healthy pigs at the slaughterhouse was found to be high, and 

has been sustained over the past five years (18). The survival of resistant strains and the growth dynamic 

of both susceptible and resistant strains were investigated during the treatment and throughout the 35 

days following the treatment. As previously described, the weaning period was considered to end on day 

35 after the start of treatment, and lasted for around 7 weeks. Treatments were normally initiated during 

the first 2 weeks of the weaning period. In this regard, the time simulated in the model reflects the 

weaning period of a pig, even though there was not such factors that differentiate the weaning period 

from other life span periods.  

In the evaluation of dosing strategies for single drug treatment of ampicillin and tetracycline, all showed 

rapid dominance of resistant strains during the treatment and high resistance levels after the treatment, in 

agreement with results from other studies (29, 44). During treatment, the dominance of resistant strains 

in the intestines could lead to high resistance levels in the environment with further transmission to other 

pigs. It was therefore important to reduce or suppress the growth of resistant strains within the host and 

to investigate the dosing factors in order to discover how quickly they dominate, and the rate at which 

they return to equilibrium. Dosing frequency and treatment durations are considered to be important 

factors when treating infections caused by pathogenic bacteria. However, these factors may play an 

important role in the development of resistance by affecting the intestinal commensal bacteria. The 

model demonstrated a limited effect of treatment regimens on resistance level at the end of weaning (day 

35), although short treatment duration was considered preferable, as it allowed less time for resistant 

strains to outcompete the susceptible ones. In reality, treatment durations depend on the efficacy of the 

treatment, but it may also be possible to reduce the duration with a higher daily dose level to achieve the 



 

57 
 

desired efficacy and lower resistance levels (41). Dosing frequency was found to be apparently 

negligible in reducing the competitive advantage of resistant strains during the treatment. As only a 

limited range of dosing frequency (from once every two days to twice a day) was assessed, the outcome 

may change if increased further. Further analysis on dosing frequency of a 3-day treatment duration with 

a range from once a day to four times a day was evaluated, where a greater level of resistance was found 

with higher dosing frequency (Fig. 6, Manuscript 2). We could interpret this as: the higher the dosing 

frequency; the faster it reaches the steady-state concentration of the drug in the body, giving an 

advantage to resistant strains. The negative effect of dosing frequency could be more profound in the 

case of longer treatment durations, as resistant bacteria get more opportunity to outcompete under 

steady-state concentration for longer periods of time. 

A number of different strains of a bacterium may exist, which could have an impact on the development 

of resistance following antimicrobial treatments. In diversity analysis of E. coli isolates from pigs, a 

maximum of ten different strains of E. coli were found in the intestinal flora of healthy pigs (51). The 

effect of the number of strains on resistance level was investigated in this study. During the treatment 

period, resistance levels were found to be insensitive to the number of competing strains (Fig. 5, 

manuscript 2). However, the lower the number of competing strains, the faster it reached equilibrium 

with lower resistance level at the end of weaning. Again, this effect was more prominent in longer 

treatment durations. Composition of same number of competing strains could be different in different 

pigs and may produce the different results. In this study, although the growth of individual strains in 

different compositions (100 repeats) was different, total susceptible and resistant counts were found to 

have small variations (Fig. 4, Manuscript 2).  

Elimination or excretion of bacterial strains defined by outflow rate was found to be an important factor 

when evaluating treatment protocols. It was considered to be constant throughout the simulation time in 

the model, but it may differ over time due to the status of diseases such as diarrhea (high outflow rate) in 

pigs. Diarrhea is considered to be beneficial in maintaining the normal bacterial flora. In the model, 

excretion seems to impact the level of resistance in pigs. If we consider a high outflow rate during the 

treatment period only (the situation that reflects the control on diarrhea at end of the treatment), it gives 

an extra advantage to resistant strains, due to a higher fraction of susceptible strains being excreted, 

which then take a longer time to return, resulting in a higher resistance level at the end of weaning (day 

35) (Fig. 5, Manuscript 3). By contrast, if we continue the system with a higher outflow rate throughout 
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the model time (weaning period), then the resistant fraction falls rapidly post-treatment, and returns to 

the original fraction faster (Fig. 5, Manuscript 3). In reality, when considering the interaction of the pig 

population, this may be an overestimation as more excretion may lead to more transmission between 

pigs (42).  

Multidrug treatments have been considered useful in treating infections caused by many important 

bacteria (52, 53). However, the growth of resistant strains in intestinal flora following multidrug 

intramuscular treatment was unknown. Growth dynamics of commensal intestinal E. coli were 

investigated in the multidrug treatment model. From in vitro combined drug experiments, no interaction 

was found between tetracycline and ampicillin. In predictions of the bacterial growth dynamics under 

multidrug treatment, sequential treatments were found to be more effective than combining when used in 

a specific order and in a specific cycling or rotation between two drugs. Combination treatment was 

found to reflect the tetracycline treatment, as the effect of ampicillin treatment was comparatively small. 

This could further be investigated by increasing the per day dose of ampicillin, which could provide 

better comparison of the two effects. Overall, the predictions could be used for information in 

redesigning antimicrobial treatment for the suppression of resistant strains. However, both interactions 

between two drugs and dosing factors should be studied further in multidrug treatment.  

Like other model studies, the in vivo growth model presented here involves assumptions and limitations. 

There are some limitations associated with the growth curve fitting and the in vivo growth model. Only a 

limited part of the growth curve was used to estimate growth parameters, which could be different in the 

case of manual growth curves taking into account both stationary phases and the killing-effect of a drug 

above MIC values. The main drawback of the in vivo growth model is that it will in principle always 

return to equilibrium, whereas in reality this may not be the case. Plasma concentrations were assumed 

to reflect the concentrations at the interaction site (intestine), though the true concentration may differ 

which would result in slightly different outcomes. The model was not validated against data, but it 

captures the effects of the experimental studies (51). In the model, it was considered that all strains were 

present throughout the weaning period, which is an overestimation as a strain may disappear completely 

from a pig due to excretion. 

  



 

59 
 

CHAPTER 5: 

CONCLUSION AND FUTURE PERSPECTIVES 
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This study mainly shows how antimicrobial resistant bacteria (and hence the level of resistance) respond 

to different antimicrobial treatments in pigs. In the model, pigs can have a different number (twelve, six 

or three) of E. coli strains in the intestine, including those both susceptible and resistant to different 

antimicrobials. The number of resistant strains among the total possible competing strains in the pig 

intestine was kept constant at a fraction of one third. The response of the bacteria to different 

antimicrobials in the model depends upon the estimated in vitro growth parameters. A single isolated pig 

was used in the model with the elimination of strains only through feces. The model simulates the 

growth of each bacterium in the pig over the simulation time of 35 days after the treatment started. The 

in vivo growth model for single and multidrug treatment successfully described the growth dynamics 

and resistance levels over time. As the results were based on model simulations alone, they should not 

be used directly in the field for deciding upon antimicrobial treatments before validation from 

experimental work. 

The best practice should be to avoid all unnecessary, high and longer duration treatments. It is best to 

treat for short periods of time with any dosing frequency of a constant daily dose. However, there may 

be some clinical outcomes related to short treatment durations which must be considered in the treatment 

evaluations (54). Existing guidelines of treatment strategies do not consider in vivo factors. 

Epidemiological parameters may contribute to the dynamics more than the dosing factors and should be 

evaluated further for both within-host and between-host scenarios. Epidemiological parameters were 

found to have a more profound influence on growth dynamics. Profiling of the bacteria (using BioScreen 

or similar to obtain growth characteristics) may be useful in the future before designing treatment 

regimens. The distribution of bacteria may depend upon the individual pig or herd, and the same 

treatment could produce different results in different herds or sections of the herd. Varying the treatment 

regimens for different herds or sections of a herd is a possible step that could be taken after careful field 

trials.  

Mathematical models are considered valuable in evaluating and predicting the effect of different 

treatment regimens on the development of resistance. Models can reduce intensive work in both the 

laboratory and field by predicting outcomes before treatments are initiated at population level. The 

model used in this study was not considered to fit through data points, but to suggest how treatment 

regimens may be optimized. As statistician George Box said, “all models are wrong; some are useful”. I 

believe the model and model system used in this study are useful. The in vivo growth model was based 
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on growth parameters obtained from in vitro experiments. This may not mimic the real growth responses 

to concentrations, nor the in vivo situations where the metabolism of bacteria may be different. Future 

improvements may be achieved by investigating the bacterial growth in vivo (e.g. quantification in 

feces) under antimicrobial concentration in the intestine. This may be possible by following the growth 

of resistant strains and drug concentration in the feces.  

Finally, mathematical modeling and simulation provided an excellent opportunity to study and assess the 

growth dynamics of multiple stains in the intestinal flora of pigs, following both single and multidrug 

treatments. The model developed in the study is generic and could be used for other drugs as well as for 

other routes of drug administration. As in other routes, drug concentrations in the gut may differ and 

may produce different results of resistance development (55). Furthermore, qualitative analysis of the 

model could help to support the conclusions of the model in future.  
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Abstract 

The inhibitory effect of antimicrobials is generally described using a single characteristic, the minimum 

inhibitory concentration. However, the complex relationship between drug concentrations and bacterial 

growth rates require further parameters to study growth under drug exposure. To analyze this 

relationship between tetracycline concentration and growth of Escherichia coli representative of those 

found in the Danish pig population, we compared the growth of 50 randomly selected strains. The net 

growth rate in the absence of antibiotic did not differ between susceptible and resistant isolates 

(P=0.97). The net growth rate decreased with increasing tetracycline concentrations; however, this 

decline was greater in susceptible strains than resistant strains. The growth onset (defined as the time 

needed for the strain to reach an OD600 value of 0.01) of the strains increased exponentially with 

increasing tetracycline concentration. The observed net growth rates were then used to describe the 

pharmacodynamic relationship between drug concentration and inhibition effect. We used the 

previously developed Emax model with three pharmacodynamics parameters: maximum net growth rate 

(αmax); concentration for a half-maximal response (Emax); and the Hill coefficient (γ).  

The pharmacodynamic parameters confirmed that the 𝛼    between susceptible and resistant strains in 

the absence of a drug was not different. EC50 increased linearly with MIC on the log-log scale, and γ 

was different between susceptible and resistant strains. In conclusion, the model parameters described 

the inhibition effect of tetracycline when the strains were exposed to wide range of static tetracycline 

concentrations. These parameters could be used to predict competitive growth in vivo while developing 

optimal dosing regimens for preventing selection of resistance. 
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Introduction 

Resistance to antimicrobials is a continuous challenge to the health system (1), and there is a need to 

improve prudent use practices for antimicrobials. Tetracycline is a widely used broad-spectrum 

antimicrobial that inhibits the growth of many bacteria. It is the most commonly used drug against 

intestinal diseases in pig production in Denmark, a production system that accounted for 76% of the 

total veterinary consumption in kg active compound in 2012 (2). It is also used in humans, with 11% of 

the total consumption of antimicrobials being used in primary health care in Denmark in 2012 (2). 

Tetracyclines exert concentration and time-dependent antimicrobial effects. After binding to the 

ribosome, tetracyclines inhibit the binding of aminoacyl-tRNA to the messenger RNA 

molecule/ribosome complex, thereby interfering with bacterial protein synthesis in growing or 

multiplying organisms (3). Tetracycline resistance is generally due to the acquisition of genes (4, 5), 

encoding either energy dependent efflux proteins, which transfers tetracyclines out of the bacterial cell, 

ribosomal protection proteins, which make the ribosome insensitive to tetracycline inhibition by 

interacting with the tetracycline binding site(s) or enzymes, which deactivate tetracyclines in the 

presence of oxygen (6). 

Escherichia coli  is commonly used as an indicator of antimicrobial resistance in animals, humans, and 

food products (2). In Denmark, 36% of commensal E. coli obtained from pigs were resistant to 

tetracycline and efflux pumps TetA and TetB were found to encode for resistance in a subset of isolates 

from E. coli in 2012 (2, 7). Such a high level of resistance is worrisome considering the widespread use 

of tetracyclines against diseases (e.g. post-weaning diarrhea) where E. coli is often involved. 

Furthermore, resistance may spread horizontally to other bacterial species in the gut flora. 

Understanding the relation between tetracycline exposure and the growth response of the pig 

population representative E. coli strains is therefore important to aid in improving dosing strategies and 

possibly reduce the resistance problem.  

A useful way to obtain general conclusion on the growth response of bacterial strains exposed to a 

specific antimicrobial agent based on studies of a limited number of strains, is to perform growth 

modeling. In such models, strains are  commonly characterized by the pharmacodynamic (PD) 

parameter minimum inhibitory concentration (MIC), defined as the lowest antibiotic concentration that 

prevents visible growth of the bacterial population in vitro (8-10). This parameter is usually measured 
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only at one time point after exposure of the bacterial population to a constant antimicrobial 

concentration, and it does not reflect the time-inhibition process. A more useful approach is to base in 

vitro models on time kill curves (11-20) using a modeling approach where relationship between 

estimated growth rates and antimicrobial concentrations is analyzed by maximum-effect (Emax) models. 

Such Emax -models are mostly based on three PD parameters: Maximum growth rate, i.e., growth 

without antimicrobial pressure, drug concentration leading to a half-maximum effect (EC50); and the 

Hill‟s coefficient, describing the steepness of a sigmoid Hill equation (22-24). Combination with 

pharmacokinetic data of antimicrobial drug, these PD parameters can be used to predict in vivo 

response of these strains. Inference based on the predictions can be used to reduce the selection of 

antimicrobial resistant strains, which could reduce expenses and time for clinical studies and reduce the 

use of experimental animals (21).  

The aim of the current study was first to investigate the relation between tetracycline concentrations 

and growth performance of a representative collection of commensal intestinal strains of E. coli and 

next to explore the association between MIC values and growth parameters in the presence of 

increasing concentrations of antibiotics using a PD growth model.  

Materials and Methods 

Strain Selection 

A total of 50 E. coli strains were randomly selected among 160 porcine commensal E. coli isolates 

obtained from the same number of healthy pigs from different herds at slaughter as part of the Danish 

Integrated Antimicrobial Resistance Monitoring and Research Program (DANMAP) in 2010 (22).  

Upon receipt, the isolates were subcultured on 5% blood agar plates over night at 37°C, and frozen at -

80°C in LB media containing 15% glycerol. The subcultured isolates were grown on MacConkey agar 

plates to test for lactose fermentation, and in Heart Infusion Broth at 44°C overnight, followed by the 

addition of 3-5 drops of Kovac‟s reagent to test for the capability to cleave the indole. The bacterial 

species were further confirmed by a MALDI-TOF MS analysis. Briefly, bacterial samples were 

smeared on a MALDI target as a thin film and covered with 1 µl of VITEK MS-CHCA matrix solution 

(bioMerieux, France) then read and analyzed by the VITEK MS IVD system (bioMerieux, France). 
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Antibiotic resistance patterns of strains  

The susceptibility towards tetracycline was tested in a two-fold dilution from 0.125 to 512 µg/ml 

tetracycline hydrochloride (Sigma-Aldrich, Switzerland) for all 50 isolates using a broth microdilution 

susceptibility test, following the Clinical and Laboratory Standards Institute (CLSI) standards (23). 

Briefly, two-fold dilutions of tetracycline were prepared in Mueller-Hinton 2, Cation-Adjusted (Sigma-

Aldrich, Switzerland) and distributed on microtitre plates. Bacterial saline suspensions were prepared 

from overnight cultures on blood agar and adjusted to a 0.5 McFarland turbidity standard. The 

suspensions were diluted 1:100 in Mueller-Hinton broth 2 and this suspension was used as inoculum of 

the wells, giving a final concentration of approximately 5 x 10
5
 CFU/ml. Media without tetracycline 

served as a sterility control and as positive control for all of the samples, respectively. E. coli 

ATCC®25922 was used as a quality control. Isolates with MIC ≥ 16 µg/ml tetracycline were 

considered to be tetracycline resistant (24). 

Growth curves  

Growth curves for the effect of tetracycline on the 50 E. coli strains were performed using the 

automated microbiology growth curve analysis system BioScreen C
TM

 (Oy Growth Curves Ab Ltd, 

Finland). Two-fold dilutions of tetracycline hydrochloride were distributed into BioScreen plates. 

Bacterial saline suspensions were prepared from overnight cultures on blood agar and adjusted to a 0.5 

McFarland turbidity standard. These suspensions were diluted in 1:100 in Mueller-Hinton broth 2 

(MH-2), and inoculated to the plates to give a final concentration of approximately 5 x 10
4
 CFU/ml. 

Final volume in each well as 200 µl. Susceptible isolates were grown in two-fold dilutions of 

tetracycline ranging from 0.0313 to 8 µg/ml, and resistant isolates were grown in two-fold dilutions 

ranging from 0.5 to 128 µg/ml of tetracycline. All isolates were additionally grown in MH-2 media 

without antibiotics. The BioScreen was set to 18 h incubation at 37°C with continuous shaking and 

optical density (OD) at 600 nm measured every 5 min. All experiments were performed in biological 

triplicates. One of the resistant strains with an MIC value of 512 µg/ml was out of concentration ranges 

of BioScreen experiments and hence, a zero net growth rate was considered in all three replicates at a 

drug concentration of 512 µg/ml. 
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Analysis of growth curves 

The BioScreen raw data were extracted in Microsoft Excel. OD values of blank samples were 

subtracted from sample OD values at the respective time points before analyzing the data using R 

(version 3.0.1 for windows) (25).  

The effect of tetracycline on growth of E. coli was assessed from the net growth rate (µ) of the strains 

at various tetracycline concentrations. The linear relationship between CFU and OD is only valid for 

low cell concentration, and this relation becomes unreliable above a certain critical value (26). An OD 

of 0.1 was taken as a maximum reliable value in this study. This value was therefore used as the 

threshold, and therefore, only the exponential growth part of growth curves below this cut-off was used 

for the model fit. The following model equation was used:  

 t

t tY e      (eq. 1) 

Where tY  is the OD value, ⍺ is the initial OD value at time zero, µ is the growth rate, β is an offset 

variable for the adjustment of ⍺, and t  normal error with mean zero and constant variance 
2 ; i.e., t

=N(0, 
2 ). Growth rates for the 50 E. coli strains at each concentration level were estimated by fitting 

the model (eq. 1) to growth curves over 18 hours using a nonlinear least square algorithm nls() function 

of the R software (25). The mean of the triplicate µ estimations for each strain and condition was used 

for further analysis other than pharmacodynamic model. In some cases, only two or one of the triplicate 

µ estimations could be used, due to lack of growth, here the mean of the two growing replicates or the 

one single µ estimation was used for further analysis. 

The actual lag phase could not be identified from the OD results using the BioScreen. To get an 

indication of the effect of tetracycline on growth onset of E. coli, the time needed for the different 

strains to reach an OD value of 0.01 at the various tetracycline concentrations was analyzed. Growth 

onset values were determined as the first time value where OD was equal to or slightly greater than 

0.01. Because the growth onset between triplicates can be influenced by external factors, growth onset 

relative to growth onset when grown without tetracycline was calculated for each triplicate and 

tetracycline concentration. As for the growth rate estimations, the mean of the triplicate relative growth 

onset was used for further analysis. 
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A Kruskal-Wallis one-way analysis of variance and Wilcoxon rank-sum test was used to compare the 

growth rates and relative growth onset between tetracycline susceptible and resistant strains at various 

tetracycline concentrations using R (25). The level of significance was set at P< 0.05. 

Pharmacodynamics model 

The relationship between the tetracycline concentration and the estimated net bacterial growth rates 

was analyzed using the sigmoid maxE  model (21, 27-29). The net E. coli growth rate as a function of 

drug concentration c was used as described previously (29):  

 
max

50
max

50

( )

( )

1 ( )

c

EC
c

c

EC







  



 (eq. 2) 

where max  is the bacterial growth rate in the absence of the drug (maximum effect), 50EC  is the 

concentration at which the drug effect is reduced to 50%, and γ denotes the Hill coefficient, which is 

the measure of the steepness of the sigmoid relationship between concentration c and the growth rate at 

concentration c. Growth rates in triplicates derived from the exponential growth model (eq. 1) were 

plotted against the concentration range and fitted to the model in equation 2 for each of the 50 E. coli 

strains, using a nonlinear least square algorithm nls() function of R (30). PD model parameters max  

and γ were compared for susceptible and resistant strains using the Wilcoxon rank-sum test in R, 

whereas the linear relation between MIC and 50EC  was analyzed using the lm() function in R.  

Results 

Tetracycline MIC distributions 

A random collection of commensal E. coli from pigs in Denmark was obtained in order to be able to 

study the growth response to increasing concentrations of tetracycline. All isolates were identified as E. 

coli by MALDI-TOF MS analysis. One isolate was lactose negative and two of the isolates were found 

to be indole negative. Antibiotic resistance patterns of the 50 randomly selected isolates had previously 

been determined as part of the Danish Integrated Antimicrobial Resistance Monitoring and Research 

Programme 2010, however, only in the tetracycline concentrations from 2 to 32 µg/ml (22), and 
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susceptibility towards this drug was therefore detailed in the current study. MIC-values are presented in 

table 1. Among the 50 isolates, seventeen (34%) were resistant to tetracycline with an MIC ≥ 16µg/ml. 

Table 1: Overview of the tetracycline MIC results of the isolates used in the study. 

MIC (µg/ml) No. of strains 

0.125  0 

0.25  7 

0.5  24 

1  0 

2  1 

4  0 

8  1 

16  3 

32  5 

64  5 

128  3 

256  0 

512 1 

  

Growth response to different concentrations of tetracycline 

The main aim of the study was to understand the relationship between growth of E. coli strains and 

presence of the bacteriostatic drug tetracycline. The representative strain collection was subjected to 

increasing concentrations of the drug and the growth response was measured by observing increase in 

turbidity at OD600 versus time. A representative example of growth curves of a single E. coli in 

triplicate at different static concentrations of tetracycline with 0.1 as a maximum OD value is shown in 

Fig. 1. An exponential model fit to these growth curves is shown by lines in the figure. The drug 

showed a clear inhibition effect and growth was completely inhibited at the concentration 0.5µg/ml, 

which corresponded to the MIC value for this specific strain, and growth onset was shown to increase 

with increasing concentrations of the antibiotic. 
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Figure 1: Growth curves of a strain with MIC = 0.5 µg/ml under range of tetracycline concentrations with 

maximum OD value of 0.1. Each colour represents growth in triplicates at a specific concentration.  

In the absence of tetracycline, only minor negligible variations between the net growth rates of the 

individual E. coli strains were found, indicating a lack of fitness cost, and no significant correlation was 

found between the MIC-values and growth rates (Fig 2A). When analyzed as groups, the net growth 

rates of tetracycline susceptible and resistant isolates did not differ in the absence of antibiotics, 

however at tetracycline concentrations corresponding to 
1
/2 , 

1
/4 , 

1
/8 of the MIC value of the strains, the 

growth rates were significantly less affected among the resistant isolates compared to the susceptible 

ones (Fig. 2B). Overall the effect of sub-MIC concentrations of tetracycline on onset of growth (time to 

reach OD = 0.01) increased exponentially with increasing tetracycline concentration (Fig. 2C), and 

when expressed within sub-MIC group, the effect of the concentration of drug on onset of growth was 

not statistically significant at any of the tetracycline concentrations between tetracycline susceptible 

and resistant strains (data not shown). 
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Figure 2: (A) Net growth rate (h
-1

) of the isolates in the absence of tetracycline, grouped according to 

tetracycline MIC. (B) Net growth rate (h
-1

) of tetracycline susceptible and resistant isolates grown in increasing 

concentrations of tetracycline. (C) Relative growth onset of the isolates when grown in increasing concentrations 

of tetracycline. (A, B) Green boxplots refer to estimated net growth rates of tetracycline susceptible isolates, red 

boxplots to estimated net growth rates from tetracycline resistant isolates. Black dots indicate mean net growth 

rate (h
-1

) of the individual isolates. (A, B, C) Outliers are shown as circled dots. The number of isolates in each 

group is indicated in brackets. 

Pharmacodynamic modeling 

In order to generalize the growth data and to be able to analyze more closely the relationship between 

drug concentration and growth performance, the relation between tetracycline concentration and net 

bacterial growth rates was fitted by the pharmacodynamic model (Equation 2). The model fitted well 

for both susceptible and resistant strains (Fig. 3). 
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Figure 3: Emax model fit to the net bacterial growth rate of 50 E. coli strains, separated in each box based on 

isolates with the same MIC value. Lines represent the Emax model fit, whereas circles represent the fitted growth 

rates. 

The distributions of strains and PD parameters for corresponding MIC value strains are presented in 

Fig 4A. As previously observed based on the actual net growth curves, the model prediction of net 

growth rates in the absence of the drug did not differ significantly (P= 0.97) between resistant and 

susceptible strains (Fig. 4B). In contrast, the Hill coefficients (γ), capturing the steepness of response to 

tetracycline, were lower for susceptible strains compared to resistant strains (P < 0.00001; Fig. 4C), 

showing that the susceptible strains were more affected by low concentrations of drugs than resistant 

ones. There was a significant linear relationship between MICs and EC50 values on the log-log scale (P 

< 0.00001; Fig. 4D) with an R
2
 of 0.99. 
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Figure 4: (A) Distribution of 50 E. coli strains according to MIC values. (B, C, D) Three PD parameters from 

Emax model of 50 E. coli strains according to their MIC values with mean and 95% confidence interval. The 

green line represents susceptible isolates and the red line represents resistant isolates. A vertical black line is 

drawn at cut-off between susceptible and resistant isolates. 

Discussion 

In the current study, we have analyzed the growth response to tetracycline of 50 strains of commensal 

E. coli, which were randomly selected from the representative sample of porcine indicator E. coli 

collected as part of the Danish surveillance program for antibiotic resistance (DANMAP) in 2010 (22). 

General conclusions on growth response were drawn using pharmacodynamics modeling. This is to our 

knowledge the first large-scale study investigating the effect of tetracycline on growth in E. coli 

obtained randomly from healthy pigs in different farms.  
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The study was based on in vitro growth curves, which were used to fit a PD model for the inhibitory 

effect of tetracycline. This approach greatly increases the possibility of including many strains and 

many concentrations of antibiotics, and hence the present study gives a good representation of the 

impact of tetracycline on both susceptible and resistant strains, and captures the impact of the drug on 

the population dynamics on these susceptible and resistant populations as a function of their 

susceptibility levels. In contrast, previous studies that have characterized the growth effect of 

antimicrobials on E. coli were based on manual growth curves of limited number of strains, most often 

of clinical origin (31-34). Clinical E. coli are more likely to be resistant than commensal strains (2), 

thus our decision to include large number of commensal strains illustrates better the full diversity of 

MIC-distributions present in E. coli at herd level. 

The bacteriostatic effect of tetracycline on E. coli strains was studied under a wide range of static drug 

concentrations. We focused on the differences in activity of tetracycline against tetracycline susceptible 

and resistant E. coli using real time growth curves. Growth curves were fitted and PD parameters were 

derived using the Emax model by fitting the relation between concentration and net bacterial growth 

rates. Conclusions based on the analysis of growth curves and conclusions obtained using the model 

approach did not differ, supporting the use of the model for future studies and strengthening the overall 

trust in the conclusions. Results of the growth curve based and model based analysis will be discussed 

together below.  

We did not find any association between growth rates in the absence of tetracycline and MIC values, i.e 

the maximum net growth rate αmax (growth in the absence of drug) was found to have no significant 

difference between susceptible and resistant strains. The lack of fitness costs associated with 

tetracycline resistance might be explained by the mechanism by which tetracycline resistance genes are 

regulated. In many Gram-negative bacteria, the transcription of tetracycline resistance efflux genes is 

regulated by a tetracycline repressor protein (TetR) (35). In the absence of tetracycline, dimers of TetR 

inhibit the transcription of itself (tetR) and the tetracycline resistance gene by binding to two 

tetracycline operator sites overlapping the promoter areas of both tetR and the resistance gene (36). 

Once tetracycline is present in the cell, it induces an expression of both tetR and the tetracycline 

resistance gene by binding to the TetR dimers, resulting in a conformational change of the TetR dimer 

and a following release of TetR from the operator sites. As the tetracycline resistance gene is 
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expressed, the level of tetracycline present in the cell is reduced, resulting in “tetracycline-free” TetR 

dimers which again bind to the operators and turn off the expression of both genes (35). A previous 

study investigating the fitness cost of the Tn10-encoded tetracycline resistance operon with efflux gene 

(tet(B)) in E. coli, proposed that no essential burden was associated to carrying the Tn10-encoded 

tetracycline resistance operon, due to the tight tetracycline resistance gene regulation (37). Also no 

fitness cost was found to be associated with the presence of tetracycline resistance under various 

stressful conditions (38), and we speculate that the tight regulation is also the reason that we saw no 

significant difference between the net growth rate of tetracycline resistant and susceptible strains in the 

current study. 

The constant on-off regulation of tetracycline resistance genes during growth in the presence of 

tetracycline might also explain the difference in the response to increasing concentrations of 

tetracycline between resistant and susceptible strains. Because tetracycline resistance genes are 

repeatedly turned on and off, they impose only a limited burden on the fitness cost of tetracycline 

resistant E. coli, even in the presence of tetracycline. As the susceptible strains do not possess a 

tetracycline resistance gene, increasing tetracycline concentration will lead to increased pressure on the 

cells, resulting in a corresponding decrease in net growth rate.  

Basing the study on growth performance in BioScreen had some limitations. A true relation between 

colony forming units and OD values was unknown, and a linear relation was considered with a 

maximum OD value of 0.1. Furthermore, growth onset was defined as the time needed for the cells to 

reach the exponential growth phase instead of the real lag phase. We defined growth onset as the time 

for a strain to reach an OD value of 0.01, as preliminary experiments showed this OD value to be part 

of the early exponential phase (data not shown). Future experiments with manually performed growth 

curves in flasks could overcome these limitations, but the advantage of being able to include many 

strains in the study was considered more valuable than overcoming these limitations.  

We found no significant difference between tetracycline resistant and susceptible strains in regards to 

delay in growth onset with increasing tetracycline concentrations, which must mean that there is a 

general mechanism, unrelated to the expression of the resistance gene, that is affected in both types of 

cells and which must be overcome before growth begins. Because growth onset was defined as the time 
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to reach OD=0.01, we cannot rule out that a proportion of cells, whether resistant or susceptible, are 

killed or inhibited in a concentration dependent manner; even at sub-MIC concentrations. 

EC50 was highly correlated with the MIC, showing a strong relationship between this point estimate 

parameter and the dynamic activity of tetracycline, i.e. the antimicrobial concentration required to 

produce 50% of the maximum effect EC50 was found to increase linearly with MIC values on log-log 

scale. A likely explanation is that MIC reflects a difference between strains in the ability to pump out 

tetracycline and that this inherent difference between strains is not dependent on concentration of 

tetracycline. In that situation, a strain that is superior at one concentration of drug will also be superior 

at another concentration.  However, EC50 values occasionally differed among strains with similar MIC 

values, but this may well be explained by methodological shortcomings. One likely explanation for this 

is that the inoculum density in the BioScreen setup was slightly lower than the density used for MIC 

testing, and that MIC values are associated with uncertainty (two fold) and with subjectivity, whereas 

the OD-based values here are recorded objectively using BioScreen C
TM

. Also, in the BioScreen 

experiments the strains were grown with constant shaking, as opposed to the MIC assay without 

shaking. Constant shaking makes E. coli grow faster due to the aeration of the culture supplying the 

bacteria with plenty of oxygen. There is also variation associated with the EC50 estimates, but to a 

lower degree, as it is (generally) well-defined within two tested concentrations.  

The steepness of response under tetracycline pressure was found to be higher in the case of resistant 

strains, but still with large uncertainty. This result should be viewed with more caution that other 

results, since relatively high values of γ in resistant strains could be due to the fewer data points around 

EC50. The in vitro growth experiments were performed with more than two step dilutions in order to try 

to overcome this problem, but still it is investable that fewer points are included at very high MIC 

values. 

The estimated PD population based parameters could be used alone to predict the competitive growth 

of these strains, which could be useful in optimizing dosing regimens for preventing or suppressing 

resistance development. However, by combining these dynamic PD parameters, rather than just a point 

estimate MIC and static PD parameter, with pharmacokinetic (PK) information, one could build a PK-

PD model to predict the in vivo competitive growth of these strains, and this constitutes future use of 
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our results. Further, the impact of resistance on fitness costs in a population based setting needs to be 

addressed more thoroughly, since fitness cost is a major assumption in research on the development of 

antimicrobial resistance in the population, in particular in relation to the disappearance of resistant 

bacteria in the absence of drug. 
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Abstract 

The high level of resistance in commensal bacteria due to selection pressure from inappropriate 

antimicrobial use may boost transmission between pigs in a herd, and ultimately lead to transmission to 

humans. The competitive growth advantages of resistant bacteria may be amplified by the strain 

dynamics; in particular, the extent to which resistant strains out-compete susceptible strains under 

antimicrobial pressure may depend not only on the antimicrobial treatment strategies, but also on the 

composition of the bacterial strains in a pig. 

This study evaluated how variations in the dosing protocol for intramuscular administration of 

tetracycline and the composition of bacterial strains in a pig affect the level of resistance in the intestine 

of a pig. Predictions were generated by a mathematical model of competitive growth of Escherichia 

coli strains in pigs under specified plasma concentration profiles of tetracycline. The growth parameters 

of the E. coli strains were previously estimated using a pharmacodynamic Emax-model for in vitro 

growth responses. 

Treatment protocols with short treatment duration reduced the resistance level during the treatment, 

which led to less time required by strains to regain equilibrium. No apparent difference was found in 

the dynamics of the strains for different dosing frequencies. The number of competing strains had no 

apparent effect on the resistance level during treatment, but possession of fewer strains reduced the 

time to reach equilibrium after the end of treatment. Different compositions with different susceptibility 

levels of competing strains had no difference in the sum of resistant strains under the same treatment 

protocol.   
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Introduction 

An increase in the development of antimicrobial resistance and lack of new antibiotics calls for optimal 

use of the available drugs. Antimicrobial usage in food production animals contributes significantly to 

increased antimicrobial resistance in these animals (1). The reduced use of antimicrobials can reduce 

the resistance load; however, treatment of infections is necessary to ensure a sufficient level of animal 

welfare and health. Antimicrobials have mainly been used to cure infections caused by pathogenic 

bacteria, but mobile genetics of antimicrobial resistance have resulted in a larger focus on bacterial 

ecology. For pathogens, the normal commensal bacterial flora of various parts of the animal is of 

interest as a potential genetic partner in the transmission of antibiotic resistance genes (2). Several 

classes of antimicrobials such as  -lactams, aminoglycosides, tetracyclines and sulphonamides are used 

in both human and veterinary medicine (3). Therefore, the development of antimicrobial resistance in 

livestock is of public health concern, due to the risk of transmission of resistant zoonotic as well as 

commensal bacteria to humans through the food chain. 

It is unrealistic and unethical to stop antimicrobial use in intensive pig production, where the pig sector 

accounted for around 80% of the veterinary use of antibiotics in Denmark in 2012, with tetracycline 

being the most frequently used drug (3-5). Tetracycline is commonly used against intestinal diseases in 

pig production, both metaphylactically and therapeutically in Denmark (5). Metaphylactic use of 

antimicrobial agents is defined as the pen treatment of both clinically ill and healthy animals, whereas 

therapeutic use is defined as the prescription of antibiotics to a diagnosed clinically ill animal. 

Therapeutic treatments with tetracycline are often done via intramuscular (IM) injection, whereas 

metaphylactic use is commonly performed via food or water medication of the pen. This group of 

antibiotics has been known for decades to lead to wide-spread antimicrobial resistance amongst 

bacteria in the intestines of pigs (6). Tetracyclines are also used in humans, accounting for 11% of the 

total consumption of antimicrobials in the primary health care industry in Denmark in 2012 (5). 

Therefore, there is a need to improve tetracycline dosing strategies to minimize resistance development 

without compromising treatment efficacy. 

Escherichia coli (E. coli) is one of the commensal bacteria used as an indicator of antimicrobial 

resistance in animals, humans and food products, and it shows high transmission via the food chain, 

e.g., an antimicrobial resistant strain of E. coli has survived processing and chilling better than the 
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parental antimicrobial-sensitive strain (7-9). On average, 36% of detected E. coli were tetracycline-

resistant in the Danish surveillance on pigs in 2012 (5). This surveillance has shown consistently high 

levels of tetracycline resistant E. coli in the past five years. So the tetracycline resistant E. coli are 

endemic in the pig production. 

In the last decade, pharmacokinetic (PK) and pharmacodynamic (PD) models have been used to assess 

the development of antimicrobial resistance. Mathematical modeling techniques are frequently used to 

estimate the resistance and assess drug efficacy (10). Such models based on in vitro and in vivo studies, 

allow rapid analysis of dosing strategies to help overcome the problem of development and emergence 

of antimicrobial resistance (11). Older methods for optimizing treatment strategies are generally based 

on point estimates (e.g. the minimum inhibitory concentration (MIC), maximum drug concentration 

(Cmax), area under the concentration time curve (AUC)) (12-14). In contrast, recent models include the 

full time-response process of both PK and PD aspects, providing deeper insight and a more accurate 

description of antimicrobial dosing strategies (15-20). However, these studies were based on the in 

vitro growth of bacterial populations and limited to a few (sometimes one) clinical bacterial strains 

across the susceptible and resistant subpopulations, providing a poor reflection of the within host 

bacterial dynamics.  

Recently, mathematical models have been used to simulate in vivo scenarios that are not possible, too 

expensive or too time consuming in practice, to assess the impact of dosing factors (for example 

duration, frequency, dose etc.) on the growth of antimicrobial-resistant bacteria (21-23). These studies 

focused on the impact of dosing factors on the total resistance level, but did not account for differences 

in the number of competing strains  or composition of strains of different susceptibilities on the effect 

of a given treatment strategy. Therefore, high and persistent levels of tetracycline resistant E. coli need 

to be addressed in the modeling approaches by considering multiple strains‟ composition. Here, we 

investigate not only the effect of dosing factors, but also the effect of strain composition and number of 

competing strains on the formulation of treatment strategies for minimum growth of E. coli resistant 

bacteria. 

The purpose of this study was to optimize IM treatment in order to minimize the development of 

antimicrobial resistance in a treated pig. Our primary objectives were to use a mathematical model to 1) 
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predict competitive growth of randomly selected E. coli strains in a pig under drug exposure based on 

in vivo PK data from tetracycline IM treatment; 2) assess optimum dosing frequency and treatment 

duration to suppress or delay the growth of resistant strains; and 3) analyze the effect of both the 

composition and number of competing strains on resistance development. 

Methods 

The model includes growth of multiple strains under dynamic equilibrium in a pig following 

intramuscular treatment. The dynamic equilibrium of growing strains was established by introducing a 

constant „outflow rate‟ into the model. The growth of the strains in the model was affected by 

antimicrobial concentration, and the total bacterial count, whereas antimicrobial concentration was 

dependent on a combination of dosing factors (frequency, duration). The composition of multiple 

strains was made by random selection of strains with growth characteristics determined in vitro.  

In vivo pharmacokinetics 

Plasma concentrations of tetracycline in pigs after IM treatment were modeled using data from the 

literature on plasma concentrations of oxytetracycline in pigs after administration of the drug 

intramuscularly (24), where the plasma concentrations of oxytetracycline were determined at different 

time points over 48 hours after drug administration in twelve healthy pigs. A two-compartmental PK 

model was fitted to the mean values of the plasma concentration and time profile to estimate the 

transfer rate parameters, as described in Figure 1 and equations A, B and C. 
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These equations represent changes in drug concentrations, Cc and Cp  over time in the central (plasma) 

and peripheral (tissue) compartments, respectively; where ka is the drug absorption rate from diffusion 

compartment Cg, k12 and k21 are transfer rates between the two compartments and kel is the elimination 
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rate from the central compartment (Figure 1). The estimated rates (ka, k12, k21, kel) were used to produce 

different concentration-time profiles for different combinations of treatment durations and dosing 

frequencies that deliver the same daily dose of 20 mg/kg. Three treatment durations (3, 5, and 8 days) 

and three dosing frequencies (once every 2 days, once per day, and twice per day) were selected, giving 

a total of nine combinations of concentration profiles. For further investigation of the effect of dosing 

frequencies at shorter treatment durations, four dosing frequencies (from once per day to four times per 

day) were assessed during a daylong treatment. 

 

Figure 1: Two-compartmental PK-model with central compartment being the plasma compartment and 

peripheral compartment being tissue compartment. ka is first order absorption rate as drug is being absorbed 

from intramuscular injection site Xg . 

Growth Parameters 

The in vitro growth of 50 E. coli strains in the presence of tetracycline were previously assessed using a 

pharmacodynamic Emax-model (25). The relationship between the tetracycline concentration c and the 

estimated net bacterial growth rates was analyzed using the model: 
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where max  is the bacterial growth rate in the absence of the drug (maximum effect), 50EC  is the drug 

concentration at which the drug effect is reduced to 50%, and   denotes the Hill coefficient, which is a 

measure of the steepness of the sigmoid relationship between concentration c and the net growth rate at 

around 50EC  (26). The estimated model parameters ( max , 50EC , , see below), which described the 

growth response to the antimicrobial, were used to construct the PK-PD model. These 50 E. coli strains 

were randomly selected among 160 porcine indicator E. coli isolates from the Danish Integrated 

Antimicrobial Resistance Monitoring and Research Program (DANMAP) in 2010 (27). A cut-off value 

of 8µg/ml between susceptible and resistant E. coli strains was also adopted from DANMAP 2010. 

Mathematical model for competitive growth 

We modeled the changes in bacterial counts of individual bacterial strains in a pig using growth 

parameters from the PD model combined with the in vivo drug profile using an ordinary differential 

equation given by:  

max max max
max

50 max max

( )( )( )i i i
i i

dN c N N N N
N N

dt EC c N N



 


 

 
  


  (2) 

The left hand side of the equation shows the change in the bacterial counts Ni of strain i. The first 

bracketed term on the right hand side of the equation gives the drug efficacy as a function of the three 

PD model parameters ( max , 50EC , ), and the in vivo drug concentration-time profile c. The remaining 

bracketed terms are density-dependent limitations to growth, which depend on the carrying capacity, 

Nmax  and the total bacterial counts summed over all competing strains in the pig, iN . The final term is 

the excretion of strains from a pig with an outflow rate 𝜑 (28).  

A homogenous distribution of the bacterial population was considered in a pig. A plasma concentration 

profile was used for bacteria-drug interaction after IM injection, because the plasma concentration is 

often used as a surrogate for the concentration at the actual interaction site, which is the intestine in this 

case (29).  

The carrying capacity Nmax was set to 10
10

 bacteria. An outflow rate,  , of 0.01 of strains was taken 

from a published experimental study that estimated this rate as the hourly fractional inflow and outflow 
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of E. coli “free-living” in the large intestine from an in vivo study in post-weaned dairy calves (21, 30). 

The model was initiated by selecting the composition of 12 strains with one-third as resistant and 

assigning growth parameters to these strains as described in the previous section. The model was first 

run without drugs to attain the dynamic equilibrium in the absence of selection pressures. Initial values 

of individual strains were randomly selected between 10
6 

and 10
9
 with the total sum not exceeding the 

carrying capacity of 10
10

. 

Treatment was introduced once the equilibrium was attained with consideration of 12 E. coli competing 

in the intestinal flora of a pig, with the first treatment day denoted as Day 0. These 12 E. coli strains 

were randomly selected among the 50 E. coli strains representing the pig population of Denmark. The 

model was allowed to run for a period of 30 days after treatment to assess the effect of dosing factors 

on growth dynamics post treatment. To capture the variation in growth characteristics and susceptibility 

levels in the mix of strains, this was repeated 100 times with the required number of strains sampled 

from the collection of 50 E. coli strains with known growth characteristics. We report the mean with a 

simulation envelope of the sum of susceptible and resistant strains for these 100 repetitions. 

The procedure was repeated with different treatment protocols based on combinations of dosing 

factors, as indicated in Figure 2. A seed was set to have the same strains and their initial values under 

different treatment protocols to make things comparable. Furthermore, different possibilities of 

numbers of competing strains in a pig were considered. For this, the same procedure was repeated for 6 

and 3 competing strains. As around 30% of detected E. coli were tetracycline-resistant in the Danish 

surveillance of pigs in 2011, competing strains were selected with one third (33.3%) of them being 

always resistant to allow for integers only and to have a relevant resistance level (5). So in the 

competition of 12, 6, and 3 strains, 4, 2 and 1 were set as resistant, respectively. 

The model was written in R (version 3.0.1 for windows) (31), all data was also analyzed and plotted 

using R.  

Results 

Concentration-time profiles 

The different plasma concentration profiles Cc of 20 mg/kg IM injection using the different dosing 

combinations are shown in Figure 2. An increase in dosing frequency (Figure 2, left to right) 
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maintained the concentration level above a certain concentration, but it also reduced the peak 

concentration. Increasing the duration (Figure 2, top to bottom) did not increase the peak value, but 

extended the time above a certain concentration level. These concentration-time profiles (Figure 2) 

were used to feed into the model (eq. 2) and thus, shape the treatment strategy results. Maximum peak 

concentration attained in these protocols was around 10µg/ml, which was far below the susceptibility 

levels of resistant strains. As a result, all of the resistant strains had competitive advantage, irrespective 

of the treatment protocols and their susceptibility levels. Consequently, it would be preferable to have 

less time under treatment to reduce the competitive growth of these resistant strains. High peak 

concentration may also lead to high resistant levels at the end of treatment. 

 

Figure 2: Tetracycline plasma concentration profiles for different combinations of dosing frequency (from left 

to right) and treatment duration (from top to bottom), with the same per day dose (20mg/kg) of intramuscular 

injection treatment. The vertical dotted lines demarcate the treatment interval.   
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Model outputs 

An example of 16 repetitions out of 100 performed on 12 competing strains under the same treatment 

protocol (once a day for 5 days), where the treatment start at Day 0 was given in Figure 3. The period 

prior to Day 0 was the time taken by the model to establish a dynamic equilibrium in the absence of 

treatment. Dynamic equilibrium in this paper refers to the co-existence of multiple strains in a pig, 

where only small changes happen over long periods of time, unless the system is disturbed by, e.g., an 

antimicrobial treatment. After a disturbance, the system will again return to a state of equilibrium, 

which may or may not differ from the original one. In our case, a dynamic equilibrium was only 

possible when   < max for all competing strains. If   was larger than the growth rates, then the 

strains would all vanish with time. The dynamic equilibrium was disrupted by the treatment, and it took 

varying lengths of time post treatment to return to equilibrium (Figure 3). All resistant strains among a 

total of 12 competing strains showed clear growth advantages during the treatment period. This led to a 

high resistant proportion at the end of treatment, and a longer time required regaining the dynamic 

equilibrium post treatment (Figure 3). 

Repetitions performed for 12 competing strains under the same treatment protocol showed a large 

variation in the growth of individual strains, where in each repeat there was 12 different strains with 

different susceptibility levels and growth parameters (Figure 3). Growth dynamics, both during and 

after treatment, and time taken by these individual strains to regain the equilibrium were quite different 

in repetitions (Figure 3). 
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Figure 3: An example of competitive growth of 12 strains (different colors) with 16 repeats (one per plot). In 

each repeat, 12 strains (with a separate color for each strain) were drawn randomly from 50 strains with 1/3 of 

the total pool being resistant. Both the treatment duration (5 days) and dosing frequency (once a day) are the 

same in all 16 plots. The treatment window is demarcated with vertical lines. 

But these variations were less in the sum of susceptible and resistant strains, as shown by the 

simulation envelope (Figure 4). All combinations of dosing factors resulted in a very high resistant 

proportion at the end of treatment, irrespective of their susceptibility levels (Figure 4). So, it was 

obvious to have high resistant levels at the end of treatment for longer treatment durations, whereas 

changing dosing frequencies apparently caused no differences in resistant levels. These differences 

resulted in varying lengths of time post treatment to return to equilibrium (Figure 4). 
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Figure 4: Mean and simulation envelope of the total pool of susceptible (green) and total pool of resistant (red) 

bacterial counts from 100 repeats of a composition with 12 strains at all nine combinations of treatments‟ 

duration and dosing frequency, as given in Figure 2.  

The assessment of even shorter treatment duration with a one day treatment and very frequent doses is 

given in Figure 5. More frequent dosing gave more competitive advantages to the resistant strains, and 

they took longer to reach the dynamic equilibrium post treatment. 
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Figure 5: Fraction of total resistant counts at nine combinations of treatment factors where different colors 

represent the number of competing strains (i.e. 3, 6 and 12). 

The proportion of resistant counts was sensitive to the number of competing strains (Figure 6). A 

decrease in the number of competing strains also decreased the time to get to the equilibrium. This 

difference in time length was long in longer treatment durations, and the dosing frequency seemed to 

have no effect on the differences between time lengths. 



 

110 
 

 

Figure 6: Mean and simulation envelope of total susceptible (green) and total resistant (red) bacterial counts 

from 100 repeat of 12 strains‟ compositions at different dosing frequencies with a one day treatment duration. 

Discussion 

In this paper, the model simulates how multiple bacterial strains in a pig under different treatment 

protocols may compete. The total population of strains was affected by different antimicrobial 

treatment protocols. We have demonstrated that the less time the strains are under antimicrobial 

pressure, the less time taken for susceptible strains to overcome competition from the resistant ones. In 

other words, shorter treatment duration is better, and a low dosing frequency seems to be better at short 

treatment durations. Variation in the total resistance level under the same treatment is insensitive to the 

composition of the strains, but sensitive to the number of strains; with fewer strains resulting in a more 

rapid return to equilibrium. 
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The effect of treating infections caused by many important bacterial pathogens on the development and 

growth of antimicrobial resistance in commensal bacteria is of considerable concern (32-35). High 

levels of resistance are generally considered to be strongly correlated with selection pressures from 

antimicrobial use. Since treatment is necessary on animal welfare grounds, careful investigation of 

dosing factors (dosing frequency, treatment duration, dose level) could provide alternate treatment 

protocols that would help reduce the development of resistance. Here, we have used a mathematical 

model to investigate the relationship between dosing factors and resistant levels with the possibility of 

multiple strains with competitive growth. Limiting growth factors were used in the model to reflect the 

in vivo situation for dynamic equilibrium of multiple strains (36). 

In contrast to most previous simulation studies, antimicrobial pressure was not assumed to be constant 

during the treatment, but varied according to simulated plasma concentration-time profiles based on a 

two-compartment PK model (21-23). Key parameters were estimated by fitting this model to the in vivo 

profile of tetracycline plasma concentration in a pig following IM treatment, derived from a previously 

published study (24). This approach allows a subsequent PD model to reproduce realistic changes in 

antimicrobial pressure in the pig. Treatment protocols that have been investigated previously 

considered the effect of treatment on a single or few clinical strains only, whereas we have shown here 

that both the number of competing strains and the strain composition also have an impact on the 

evaluation of treatment protocols. We have considered the growth of multiple strains in our model 

growing under dynamic equilibrium. This was done in the model by introducing a double term 

including carrying capacity Nmax in Equation 2, which is different from the very simple rate models. 

This term is necessary, as the strain with the highest growth rate will otherwise outgrow all the other 

strains and equilibrium cannot be established. An interpretation of the terms may be that the total 

population, iN , cannot exceed Nmax because the total amount of nutrition present is limited, and a 

single strain cannot utilize all types of nutrients and must also be limited. Furthermore, the growth 

parameters of competing strains were estimated previously from in vitro growth, making our study, to 

our knowledge, the first to include population representative strains.  

Our previous analysis of the growth of E. coli strains indicated that there was no fitness cost to 

resistance (28). Thus, using these population representative strains sets our model apart from previous 

models, which have assumed a fitness cost for resistant strains. Mutation and conjugation mechanisms 
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were not considered in the model, as they would have negligible effects compared to the already 

established high level of resistance prior to treatment. The plasma concentration of tetracycline was 

used instead of drug concentration at the interaction site, as plasma concentrations are considered an 

appropriate surrogate marker in most PK studies (37). A single pig treatment regardless of diseased 

status of the pig was considered, and hence, no transmission factors were included in the model, and 

the model is consequently limited to this single pig in isolation. The outflow rate was kept constant 

throughout the investigated period, but in principle it could be varying with the varying disease status 

of a pig. 

We examined the competitive growth of E. coli strains, characterized by their in vitro drug response, in 

a pig using in vivo drug concentration profiles in plasma. The goal was to evaluate the extent to which 

different dosing factors suppress the growth of resistant strains when growing under dynamic 

equilibrium conditions. All treatments showed an increase in resistance level, as shown in previous 

studies (5, 10). There was a very small apparent effect of dosing frequency, whereas previous studies 

showed that an increased dosing frequency could reduce resistance (14, 15, 32). This could have arisen 

because of the large difference in our study between susceptibility levels of susceptible and resistant 

strains. So generalizing the dosing frequency for a certain drug to effect bacterial populations of 

variable composition does not seem to be an appropriate approach. A more prolonged treatment 

resulted in a greater resistance and consequently took longer to return to equilibrium. This is 

undesirable because the longer the period before return to equilibrium, the greater the risk of 

transmission of resistant strains to other pigs and humans; although this has not been explicitly 

modeled in this paper. Our results indicate that the total resistant level is largely insensitive to strain 

composition (Figure 4), but that the number of competing strains is an important determinant of the 

return time to equilibrium (Figure 5). Evaluation of a one day treatment with high dosing frequencies 

showed a negative impact on resistance, i.e., more frequent dosing resulted in more selection of 

resistant strains and more time required after treatment to establish the dynamic equilibrium again. It 

could be due to the fact that the high dosing frequency maintains the drug level for a longer period of 

time, and therefore, favors the resistant strains. In particular, the EC50 for the resistant strains is higher 

than the achieved drug concentrations.  
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To conclude, the simulation model used in the current study was able to investigate resistance 

dynamics under in vivo antimicrobial exposures. Short treatment duration resulted in the shortest time 

for strains to return to equilibrium, while higher numbers of competing strains substantially increased 

this time. Our predictions have provided new insights into the relationship between drug dosing factors 

and drug resistance. Specifically, we have shown that both the dosing factors and strain composition 

have an impact on the resistance development, and taking these into account could be helpful in the 

design of new treatment protocols.  

Distribution of different strains may depend not only on the pig, but also on the herd or a section of a 

herd. When designing the treatments, predictions from this study could be used to redesign the dosing 

regimens not only for IM injection treatments using tetracycline in pigs, but also for other drugs, as 

well as for other dosing routes. Moreover, accounting for the number of strains and their composition 

would help to improve the design of treatment protocols. 
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Abstract 

This study evaluated how variation in dosing of intramuscular administration of ampicillin, 

composition of bacterial strains, and excretion of bacteria affect the level of resistance among 

Escherichia coli (E. coli) strains in the intestine of a pig. It also examined the dynamics of the bacterial 

strains during and after the treatment. The growth responses of strains were determined using in vitro 

growth curves. Using these as input data, growth predictions were generated by a mathematical model 

of the competitive growth of E. coli strains in a simulated pig intestine, under specified plasma 

concentration profiles of ampicillin. A short treatment duration was found to result in lower levels of 

resistance immediately after treatment and during a substantial period following treatment. Dosing 

frequency did not influence the growth of resistant strains profoundly, particularly when treatment 

durations were short. High excretion of bacteria was found to favor sensitive strains if the duration of 

excretion was short, i.e. the treatment resulted in a cure. 
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Introduction 

Antimicrobial resistance threatens the efficacy of available drugs, and this calls for their optimal use. 

High resistance levels are directly linked with excessive and routine antimicrobial use, and 

antimicrobial exposure in food production animals contributes significantly to increased antimicrobial 

resistance (1). Limiting the use of antimicrobials can reduce the proportions of resistance, yet treating 

livestock is necessary for animal welfare and economic purposes. It is therefore important to find ways 

to reduce resistance levels, while maintaining the possibility to treat diseased animals. One way might 

be to reduce flock treatment, only treating sick animals individually. This study examines how 

individual treatment by injection with ampicillin affects the level of resistance in the intestine of pigs. 

During treatment of infections, antimicrobial pressure also disturbs the non-target commensal bacteria 

(mostly intestinal flora). This disturbance may create large pools of resistant commensal bacteria that 

could lead to a general increase and spread of antimicrobial resistance (2). In simple terms, 

antimicrobial pressure favors a resistant population because the susceptible population is inhibited or 

killed by antimicrobial activity. However, the relationship between antibiotic concentrations, the 

natural variation in sensitivity in the bacterial population, and the outcome in terms of strain selection 

is very complex, and further investigation into the growth dynamics of bacterial strains under 

antimicrobial treatments is required in order to understand the best way to minimize the growth of 

resistant strains.  

E. coli are commensal bacteria commonly used as indicators of antimicrobial resistance in animals, 

humans and food products (3-5). They readily exchange antibiotic resistant genes, not only between 

strains of the species, but also with other bacteria including those pathogenic to humans (6), and their 

resistance levels in livestock herds generally reflects the overall antimicrobial pressure in these herds 

(7). In Denmark, an average of 29% of E. coli isolates collected from healthy pigs and 33% of pork 

isolates from slaughterhouse samples were found to be resistant to ampicillin in 2012 (8).   

Mathematical modeling techniques are frequently used to estimate antibiotic resistance and to assess 

drug efficacy (8). Such models are based on in vitro and in vivo studies, and allow rapid analysis of 

dosing strategies to help overcome the problem of emergence of antimicrobial resistance (9). Most 

modeling studies for optimizing treatment strategies have been based on point estimates (e.g. minimum 
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inhibitory concentration (MIC), maximum drug concentration (    ), and area under the concentration 

time curve (AUC)) for a few strains of bacteria (10-12). In contrast, newer models include the full 

time-course of both pharmacokinetics (PK) and pharmacodynamics (PD) aspects, providing greater 

insight and a more accurate description of antimicrobial dosing strategies (13-18). However, even these 

newer studies have been based on very few (sometimes only one) clinical bacterial strains, providing a 

poor reflection of the within-host bacterial dynamics. Pigs are co-colonized with a number of E. coli 

strains, both sensitive and resistant (based on our unpublished results), and there is a need to develop 

models that encompass the growth response of a more realistic strain collection, to obtain modeling 

results that reflect pig production in reality. 

Recent studies using models have been used to simulate scenarios in livestock production that were 

considered impractical, too expensive or too time consuming to be performed under field conditions, 

with the aim of assessing the impact of dosing factors (for example duration, frequency, dose etc.) on 

the emergence of antimicrobial-resistant bacteria (19-21). These studies did not account for differences 

in the number of competing strains, or in the composition of strains with different susceptibilities, on 

the effect of a given treatment strategy. In contrast, this study models the effect of strain composition 

and number of strains on the selection of resistant bacteria after ampicillin intramuscular (IM) 

treatment. Our primary objectives were to 1) characterize the growth response of 50 E. coli strains 

when treated with ampicillin over a wide concentration range based on a PD model; 2) predict the 

competitive growth of randomly selected E. coli strains in a pig under drug exposure based on in vivo 

PK data from ampicillin IM treatment; 3) assess the optimum dose level, dosing frequency and 

treatment duration to suppress or delay the growth of resistant strains; and 4) analyze the importance of 

bacteria excretion (diarrhea), and number of resistant bacteria prior to treatment, on the buildup of 

resistance. 

Materials and Methods 

Pharmacodynamics 

As part of the DANMAP 2010 report, 160 E. coli strains were collected from fecal samples of healthy 

pigs at slaughter (22). From these strains, a total of 50 E. coli strains were randomly selected for in 

vitro experiments. The 50 E. coli isolates had previously been subcultured and confirmed as E. coli by 

biochemical tests (lactose and indole test) and MALDI-TOF MS analysis (23). The susceptibility 
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towards ampicillin was tested by broth microdilution according to the CLSI standards (24). Two-fold 

dilutions of ampicillin sodium salt (Sigma-Aldrich, Switzerland) from 0.125 to 1024µg/ml were 

prepared in Cation-Adjusted Muelle-Hinton Broth (CAMHB) and distributed in microtitre plates. 

CAMHB without ampicillin were included to serve as positive growth controls. The plates were 

inoculated with dilutions of 0.5 McFarland turbidity standard adjusted bacterial saline suspensions, 

prepared from overnight cultures on blood agar. Final bacterial concentration in each well was 

approximately 5 x 10
5
 CFU/ml. The E. coli reference strain E. coli ATCC25922 was used as quality 

control. Strains with MIC ≤ 8µg/mL were considered to be ampicillin susceptible, and strains with MIC 

≥ 32µg/mL were considered ampicillin resistant (25).  

Growth curves for the effect of ampicillin on the 50 E. coli strains were determined using the 

automated microbiology growth curve analysis system BioScreen C
TM

 (Oy Growth Curves Ab Ltd, 

Finland). All isolates were grown without antibiotics as well as with two-fold dilutions of ampicillin 

sodium salt; ampicillin susceptible isolates were grown in two-fold dilutions from 0.06 to 16µg/mL 

ampicillin, and resistant isolates in two-fold dilutions from 1 to 256µg/mL ampicillin. Ampicillin 

suspensions and bacterial inoculum were prepared as described above. The final volume in each well 

was 200µl, with a final inoculum concentration of approximately 5 x 10
4
 CFU/ml. Blank samples of all 

ampicillin dilutions as negative growth controls, as well as the E. coli ATCC25922 strain for plate-to-

plate comparisons, were included on all plates. The plates were placed in the BioScreen and incubated 

at 37°C with continuous shaking, and OD600 measured every 5 minutes for 18 hours. All BioScreen 

growth experiments were performed in biological triplicates. For the strains with an MIC greater than 

the exposed ampicillin concentrations, no growth was considered at a concentration equal to or above 

the MIC. 

Raw data from the BioScreen were extracted in Microsoft Excel. OD values of the blank samples were 

subtracted from the measured OD values of the samples at their respective ampicillin concentration and 

time point. In this study, the maximum reliable OD value for which a linear relationship between OD 

and CFU was considered valid, was set as 0.1. An exponential equation (eq. 1) was fitted to the growth 

curve below the OD value of 0.1 to estimate the net bacterial growth rates at corresponding ampicillin 

concentrations using a nonlinear least square algorithm nls() function of the R software (version 3.0.1 

for windows) (26). 
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Where    is the OD value, ⍺ is the initial OD value at time zero, µ is the growth rate, β is an offset 

variable for the adjustment of ⍺, and εt a normal error with mean zero and constant variance   ; i.e., 

  =N(0,  ). 

The relationship between ampicillin concentrations and the estimated net bacterial growth rates were 

established and analyzed using the three parameters Emax model (known as Hill equation) as below:   
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Where max  is the bacterial growth rate in the absence of the drug (maximum effect), 50EC  is the 

concentration at which the drug effect is reduced to 50%, and γ denotes the Hill coefficient, which is 

the measure of the steepness of the sigmoid relationship between concentration c and the growth rate at 

concentration c. PD model parameters max and γ were compared for susceptible and resistant strains 

using the Wilcoxon rank-sum test in R, whereas the linear relation between MIC and 50EC was 

analyzed using the lm() function in R. 

Pharmacokinetics 

The plasma concentration profile of ampicillin after IM treatment in pigs was taken from the literature 

(27). A two-compartmental PK model was fitted to the values of the plasma concentration and time 

profile to estimate the transfer rates between two compartments. Based on the estimated rates, different 

concentration-time profiles for different combinations of treatment durations and dosing frequencies 

delivering the same daily dose of 20mg/kg were simulated. These different concentration-profiles were 

introduced in the model described in the next section. 

Model 

We modeled the changes in the bacterial counts of individual bacterial strains in a pig using growth 

parameters from the PD model, combined with the in vivo drug profile using an ordinary differential 

equation given by: 

(2) 
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The left hand side of the equation shows the changes in the bacterial counts Ni of strain i. The first 

bracketed term on the right hand side of the equation gives the drug efficacy as a function of the three 

PD model parameters ( max , 50EC , ), and the in vivo drug concentration-time profile c. The remaining 

bracketed terms are density-dependent limitations to growth, which depend on the carrying capacity, 

Nmax  and the total bacterial counts summed over all competing strains in the pig, iN . The final term is 

the excretion of strains from a pig with an outflow rate 𝜑 (28). 

The first 12 E. coli strains were randomly drawn from 50 strains, along with their PD parameters. The 

model was allowed to run without antimicrobial treatment with these 12 strains competing in the pig 

intestine, in order to establish dynamic equilibrium. Different treatments were introduced one at a time, 

once the equilibrium was attained, with the first treatment day denoted as Day 0. The model was 

allowed to run for a period of 35 days to assess the effect of dosing factors on the growth dynamics 

post-treatment. To capture the variation in growth characteristics and susceptibility levels in the mix of 

strains, this was repeated 100 times with the 12 E. coli strains. We reported the mean with a 95% 

simulation envelope of the sum of susceptible and resistant strains for these 100 repetitions. 

To assess the influence of the number of competing strains, model predictions were made with the 

inclusion of six and then three competing strains. Uncertainty in PD parameters was assessed using 

repetitions of 12 competing strains with the value for PD parameters randomly drawn from the 

estimated values and standard errors. 

A homogenous distribution of the bacterial population was assumed within a pig. A plasma 

concentration profile was used for the bacteria-drug interaction after an IM injection, as the plasma 

concentration is often used as a surrogate for the concentration at the site of interaction, which in this 

case is the intestine (29). To capture the effect of excretion, the outflow rate was varied both during the 

treatment as well as throughout the simulation time.  
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The carrying capacity Nmax was set to 10
10

 bacteria. A outflow rate,  , of 0.01 of strains was taken 

from a published experimental study that estimated this rate as the hourly fractional inflow and outflow 

of E. coli “free-living” in the large intestine from an in vivo study in post-weaned dairy calves (19, 30). 

The initial values of individual strains were randomly selected between 10
6 

and 10
9
 with the total sum 

not exceeding the carrying capacity of 10
10

. A seed was set before model run to have the same strains 

and their initial values under different treatment protocols to make things comparable. As around 30% 

of detected E. coli were ampicillin-resistant in the Danish pig surveillance scheme in 2011, competing 

strains were selected, with one third (33.3%) of them being always resistant to allow for integers only 

and to have a relevant resistance level (31). So in the competition of 12, 6, and 3 strains, 4, 2 and 1 

were resistant, respectively. 

The model was written in R (version 3.0.1 for windows) (32), and all data were analyzed and plotted 

using R.  

Results 

The aim of this study was to determine how different treatment strategies and selected parameters 

affected the growth of ampicillin-resistant strains following IM treatment. To achieve this aim, the 

study was carried out in three main steps: 1) the estimation of pharmacodynamic parameters based on 

in vitro growth experiments, 2) the estimation of concentration-time profiles based on literature data, 

and 3) predictions of the competitive growth of multiple strains following antimicrobial treatment with 

varying factors. 

Fifty E. coli strains were randomly selected to represent the population of commensal E. coli from pigs 

in Denmark (23). These strains were used as a foundation to study the effect of ampicillin on the 

growth dynamics of sensitive and resistant strains. Among the randomly chosen isolates, 13 (26%) 

were found to be resistant to ampicillin with an MIC ≥ 16µg/ml (Figure 1A). The strains were exposed 

to a range of static concentrations of ampicillin and the growth responses were measured. Net bacterial 

growth rates at corresponding concentrations were estimated from the growth curves, using an 

exponential fit. These rate estimates were assessed favorably using fit curve and confidence intervals 

(data not shown). A relationship between concentrations and net bacterial growth rates was obtained 

for each strain, and an Emax model was fitted to this relationship based on three PD parameters. 
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Figure 1: (A) The distribution of strains according to MIC values. (B, C, D) Three PD parameters of 

50 E. coli strains according to their MIC values with mean and 95% confidence interval. The green line 

represents susceptible strains and the red line represents resistant strains. 

No relation was found between the MIC of the strain and net growth rates in the absence of a drug 

(maximum growth rate, αmax). Furthermore, they were not different between susceptible and resistant 

groups when the strains were divided (Fig. 1B). The hill coefficients (γ) were also found not to differ 

between susceptible and resistant strains, (Fig. 1C), while a strong linear relationship was found 

between MIC and EC50 on a log-log scale, showing a relation between the point estimate and the 

dynamic activity of the drug (Fig. 1D). These parameters were used in the mathematical model of in 

vivo growth. 
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The plasma concentration profile in pigs after an IM ampicillin treatment was obtained from literature 

and was fitted to a two-compartmental model. Different concentration profiles were simulated using 

estimated transfer rates based on the combinations of dosing factors. In all of the simulated profiles, 

concentrations remained below the MIC for resistant strains (16µg/ml) due to fast elimination from the 

body (data not shown).  

The dynamic equilibrium of multiple strains was established before initiating antimicrobial treatment in 

the model. In the absence of the drug, multiple strains coexisted, with very small changes over a long 

period of time. In the presence of ampicillin, however, this equilibrium was disturbed and took varying 

lengths of time to return (Supplementary Figure S1). The level of equilibrium could be, but was not 

always, the same as before the treatment. Dynamic equilibrium could only be established in our model 

when outflow rate was less than the individual strain (i.e. φ < αmax). 

 

Supplementary figure S1: Growth dynamics of multiple strains having different growth 

characteristics without and with treatment.  

To model the effect of treatment on the dynamics of growth of sensitive and resistant strains, 12 strains 

(four of which were resistant to ampicillin) were randomly allocated to the model. Among the 

treatment combinations tested, which varied in dosage and duration of treatment, the shortest treatment 
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duration was found to result in the lowest level of resistant strains after treatment, as shown by the 

growth dynamics of total susceptible (green) and total resistant (red) counts in Figure 2. Resistance 

level was found to be lower both after treatment and at day 35 post-treatment for treatment duration of 

3 days. 

 

Figure 2: Mean of the total pool of susceptible (green) and the total pool of resistant (red) bacterial 

counts from 100 repeats of a composition with 12 strains at all nine combinations of treatment duration 

and dosing frequency. The dashed lines are the 95% simulation envelopes. 

In repetitions with different compositions of 12 strains, trends were the same as indicated by the narrow 

95% simulation envelope (Fig. 2). Dosing frequency did not have any profound effect on resistance 

levels after treatment with ampicillin. 
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Besides dosing factors, other parameters may have an effect on the growth of resistant bacteria and 

could play an important role when deciding upon optimal treatment strategies. We asked how the 

number of competing strains influenced the buildup of resistance. The model output showed that the 

number of competing strains only had an influence on resistance levels following long treatment 

duration, and was unimportant for shorter treatment times (Fig. 3). 

 

Figure 3: Fraction of total resistant counts at nine combinations of dosing factors, where different 

colors represent the number of competing strains (i.e. 3, 6 and 12). 

The uncertainty of this simulation was low, as indicated by the narrow 95% simulation envelope 

around the mean from 100 repeats in Figure 4. 
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Figure 4: The uncertainty of estimated PD parameters expressed as the mean and 95% simulation 

envelope of susceptible counts (green lines) and resistant counts (red lines) from 100 repeats.  

Pigs with diarrhea excrete E. coli in high numbers. To investigate the importance of this factor, the 

model incorporated the outflow of a proportion of the bacterial population. When this was included, the 

model output showed that a higher resistance level was present immediately after the treatment for a 

higher outflow rate if diarrhea was not stopped (outflow continued) (Fig. 5). However, if the increased 

outflow rate was limited to the treatment period (corresponding to a situation where treatment results in 

a cure), the opposite was observed: resistance levels were lower with a high outflow rate. 
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Figure 5: The effect of varying outflow rate on resistance levels during treatment (top) and throughout 

the simulated time (bottom). 

Discussion 

The current study has evaluated the effect of ampicillin treatment strategies and selected factors on the 

balance between sensitive and resistant E. coli strains in the intestine of a pig. Uniquely, our model 

simulated competition between multiple bacterial strains (including both susceptible and resistant), 

representing growth parameters of a nationwide natural population of pig E. coli. Compared to previous 

studies (36), we also used dynamic plasma concentration profiles of a drug, as opposed to the use of 

static PK parameters. These varying lengths of time may depend on the dosing factors as well as on 

other epidemiological parameters.  
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Growth curves were obtained using the BioScreen format, which allowed us to include many strains 

exposed to a range of static concentrations of ampicillin in our modeling, as opposed to a small number 

of strains in manual growth experiments. This means that the conclusions from our study are more 

robust than those from previous studies, which have based growth modeling on a limited number of 

strains, mostly of clinical origin (33-36).  

Coexistence of multiple strains in our model was achieved by using a double growth restriction term. In 

previous studies, single terms were used, which could lead to a situation where one strain with a high 

growth rate outgrows all other strains, and it is not possible for equilibrium to be established. A 

possible interpretation could be that the total population cannot exceed the carrying capacity due to the 

limited nutrition amount. Moreover, this amount cannot be used by a single strain. Conjugation or other 

modes of transfer of resistance were not included in the model, as the population generated by such 

events was generally has negligible level when compared to the already established resistant population 

in modern pig production (37). 

To keep the selection for resistant strains to a low level, a short treatment duration was always found to 

be more effective than longer durations, and with very high confidence in the model output which is in 

accordance with the previous study using a model (21). This may demonstrate that the strategy gives 

resistant strains less time to outcompete susceptible strains under sub-MIC concentrations. No 

difference was found in the level of resistance for different dosing frequencies (the same amount of 

drug dispersed over different lengths of times). We also observed that the number of competing strains 

only had a very small effect on the final proportion between resistant and sensitive strains with short 

treatment duration, whereas the highest resistance levels were observed with a greater number of 

resistant strains prior to treatment, when treatment duration was prolonged. Together these results 

indicate that, provided the treatment will be clinically effective, it will always be an advantage to keep 

the duration of treatment as short as possible. Based on these results, it would be worthwhile to test 

different strategies for ampicillin and other treatments in pigs, with short duration of treatment in field-

testing, in order to give recommendations for new treatment protocols. 

There have been no studies on the importance of increased outflow of bacteria in pigs with diarrhea 

performed in vivo. A previous study using a model has indicated that the spread of resistant bacteria 
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between pigs plays an important role in the balance between resistant and sensitive strains following 

treatment, favoring resistant strains (28). In the current study, the outflow rate influenced the 

proportion of resistant strains differently in the treated pig, depending on when the increased outflow 

rate stopped. When diarrhea was assumed to disappear at the end of treatment, the highest outflow rate 

resulted in the highest amount of resistant bacteria, while continuous diarrhea was associated with 

reduction of resistant bacteria. In the model concept, this could be explained as an effect of excretion, 

here defined as a fixed proportion of the strains lost per time unit, will favor the part of the proportion 

that is present in the lowest number. During treatment this will be the sensitive one. Whether a similar 

relation exists in reality remains to be investigated, but among other factors, it will depend on whether 

the different strains have the same ability to adhere to the intestine. In any case, the previous modeling 

discussed suggests that increased excretion will tend to favor resistant strains for groups of more than 

one pig. 

Interestingly, we did not find a significant association between growth in the absence of drug and MIC 

values from in vitro experiments. Although some of the resistant strains were found to have a lower 

growth rate than susceptible strains, the susceptible and resistant groups did not grow differently 

overall, which suggests that the fitness cost associated with the resistance mechanisms in our strains 

was small. We have not characterized the mechanism responsible for ampicillin resistance in our study, 

and further studies are needed to elucidate whether the observation of low fitness cost is associated 

with one or more resistance mechanisms. Strains are commonly resistant to tetracycline, and we have 

shown a lack of fitness cost associated with resistance to this drug (23, 31). In contrast to growth rate, a 

linear relation of EC50 and MICs on log-log scale was observed. This indicates that the difference 

between strains in their ability to degrade ampicillin is not dependent on the ampicillin concentration, 

an observation that deserves further attention.  

In conclusion, our model predictions showed that a short treatment duration with ampicillin will result 

in fewer resistant E. coli, irrespective of dosing frequency. In this situation, it was not important to 

consider the composition of strains before initiating treatment. The modeling approach used in the 

study is generic and could be used for evaluation of the effect of treatment with other drugs and other 

administration routes, for predicting resistance levels in pig. 
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Abstract 

Multidrug antimicrobial treatment has been increasingly used to fight bacterial infections caused by 

bacteria resistant to two or more antimicrobials. However, administration of antimicrobials disturbs the 

normal intestinal flora, which could result in the emergence and rapid growth of resistant bacteria. In 

addition, inappropriate treatment in multidrug therapies may further add to this growth in resistance. 

Many studies evaluate the treatment strategies that best suppress and control the emergence of resistant 

strains for single antimicrobial treatment. We assess the effect on bacterial growth of different factors 

in two-drug treatment. 

This study evaluated the effect of intramuscular combination treatment (i.e. using two antibiotics 

simultaneously) and sequential treatments (i.e. alternating between two antibiotics) on the growth of 

multiple bacterial strains in the intestine of a pig. Growth parameters of bacterial strains were estimated 

from the combined in vitro pharmacodynamic effect of two antimicrobials. Predictions were generated 

by a model of competitive growth of Escherichia coli (E. coli) strains in a pig, following intramuscular 

treatments of tetracycline and ampicillin in combination and in sequence. 

Using model simulations, we have shown that sequential use of tetracycline and ampicillin can reduce 

the disturbance in the growth of multiple strains and hence the level of resistance, when compared to 

the combination treatment. This model revealed that the cycling frequency (how frequently antibiotics 

are alternated in a sequential treatment) of two drugs plays a role in reducing the level of antimicrobial 

resistance only when the two drugs are used in specific order.     
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Introduction 

An increase in the occurrence of antimicrobial resistance following treatment of infections, as well as a 

lack of new antibiotics, calls for optimal use of available drugs. Antimicrobial use in food production 

animals contributes significantly to increased antimicrobial resistance (1), due to the dramatic selective 

advantage to resistant bacteria under antimicrobial pressure. Use of antimicrobials is often essential to 

ensure a sufficient level of animal health and welfare, but minimum emergence of resistance is crucial 

when treating bacterial infections. The development of antimicrobial resistance in livestock is a public 

health concern, due to the risk that resistant zoonotic and commensal bacteria may be transmitted to 

humans through the food chain. The growth dynamics of the established resistant pool of commensal 

bacteria in the intestinal flora of animals following antimicrobial treatment could be an important factor 

in the persistent increase of resistance and transmission to humans. In order to better understand and 

ultimately control this, different treatment strategies (including multidrug treatments) should be used to 

evaluate the growth dynamics of resistant strains. In the past, there have been many attempts to 

overcome the resistance problem by evaluating treatment protocols and considering different aspects of 

resistance development.(2, 3). Dosing frequency and duration have been considered as important 

factors in designing the optimal dosing strategies (4, 5). Mathematical modeling techniques have been 

used to predict the effect of dosing strategies on the emergence of resistance, in order to assist in 

designing optimal treatment protocols (3, 6-8). Such models allow rapid analysis of dosing strategies to 

help overcome the problem of development and emergence of antimicrobial resistance (9). These 

models assist in designing treatment protocols based on in vivo data of plasma concentration profiles of 

antimicrobials, and in vitro data on the drug-effect relationship (4, 8, 10). 

In 2012, the Danish surveillance scheme on antimicrobial resistance suggested that 32% of the isolates 

from pigs were multi-resistant. It also suggested that the majority of these multi-resistant isolates (78%) 

were co-resistant to ampicillin, sulfonamide and streptomycin, and more than half of these (21/38) were 

also resistant to tetracycline (11). Therefore, despite the improvements in treatment protocols based on 

single drugs, prudent use of multiple drugs in antimicrobial therapy is necessary to control the growth 

of antimicrobial resistance, and hence to design effective control programs (12). Multidrug therapy has 

increasingly been used worldwide to fight bacterial infection, due to the rapid appearance of bacteria 

resistant to one or more antibiotics (13-15). Antibiotics can be used simultaneously (combination 
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treatment) or one after the other (sequential treatment). The value of combination chemotherapy has 

been demonstrated, and it has been shown that combined antimicrobials (streptomycin + Para-

Aminosalicylate Sodium ; PAS) reduced the risk of development of streptomycin drug resistance in the 

treatment of pulmonary tuberculosis (16). Anti-tuberculosis combination treatment has successfully 

prevented the emergence of resistance and has improved clinical efficacy (17). Previous research 

demonstrated that sequential treatment with different antibiotics might not be as effective as 

combination treatment (3). In a mathematical model developed to study the efficacy of sequential 

treatments, it was found that cycling between drugs is unlikely to reduce the spread of antimicrobial 

resistance (7). Although treatment with two or more antimicrobials has been considered more effective 

in treating bacterial infections than single drugs (12, 18), clarity is needed regarding the growth 

dynamics of commensal bacteria, as inadequate dosing in multidrug therapy could lead to the rapid 

growth of resistant bacteria. 

Careful investigation of treatment strategies in multidrug treatment is required, as varying the antibiotic 

cycling in sequential treatment may produce different results due to differing susceptibility levels of 

bacteria to two antibiotics, and the nature of interaction between these antibiotics. These interactions 

are generally classified as synergistic, antagonistic or additive. The drugs interact synergistically, 

antagonistically or additively when their combined effect on bacterial growth is greater than, less than 

or equal to the corresponding single drug effects, respectively (19). 

One method of evaluating treatment strategies in multidrug therapy is to use in vivo pharmacokinetics 

(concentration-time profile) of drugs, and in vitro pharmacodynamics (the relationship between 

combined concentrations of drugs and bacterial growth rate) (20). In the past, a mathematical model of 

bacterial population dynamics has been proposed to aid in suppressing the emergence of resistance 

during single and combination treatment (5). However, previous models were restricted to the 

evolution of resistance by mutation or horizontal gene transfer and focused on a single bacterial strain 

or a small number of clinical strains, whereas in vivo, multiple strains usually exist and mutation could 

be overlooked when compared to the established resistant population. To the best of our knowledge, 

multidrug treatment taking into account the possibility of multiple growing bacterial strains with 

different susceptibility levels, along with the excretion of bacterial strains from the host, has not been 
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modeled and assessed. Furthermore, the inclusion of strains representative of the pig population has not 

previously been considered.  

To predict the in vivo competitive growth of bacterial strains following single-drug treatment, we have 

previously proposed a study of the growth dynamics of multiple strains in a pig, following a single 

intramuscular tetracycline treatment (21, 22). We assessed the effect of different dosing factors 

(duration and frequency) on the growth of multiple strains, and formulated treatment protocols for 

minimum emergence of resistance in a single antimicrobial treatment. In this study, we extend our 

previous model to include a combination treatment of two drugs. We have used tetracycline and 

ampicillin in multidrug treatment, as tetracyclines have been used extensively over the years in 

Denmark, in both pigs and humans (11). Ampicillin was included in the study to investigate the effect 

of two drugs with different activity: tetracycline being bacteriostatic (inhibiting the growth of bacteria), 

and ampicillin being bactericidal (killing the bacteria). Escherichia coli (E. coli) were used in this 

study, as they are an indicator of antimicrobial resistance in both animals and humans. Furthermore, on 

average 36% of detected commensal E. coli were found to be resistant to tetracycline, and 29% 

resistant to ampicillin from Danish pig surveillance carried out in 2012 (11). We explore the interaction 

of two drugs, and estimate pharmacodynamic parameters for a combined drug effect, using a 

mathematical model to predict the competitive growth of multiple strains of E. coli in a pig following 

single, combination and sequential treatment of tetracycline and ampicillin. 

Materials and Methods 

Model 

The model includes the growth of ten E. coli strains in a pig, following multiple intramuscular 

treatments of tetracycline and ampicillin. The composition of multiple strains was predefined with the 

inclusion of all possible phenotype combinations (Table 1). There were four groups, comprising of 

strains: resistant to tetracycline only (RTSA), resistant to ampicillin only (STRA), resistant to both 

(RTRA) and susceptible to both (STSA) with a total of three, two, one and four strains, respectively. 

These strains were picked from 50 randomly selected E. coli strains among 160 porcine indicator E. 

coli isolates from the Danish Integrated Antimicrobial Resistance Monitoring and Research Program 

(DANMAP) in 2010 (23). This corresponded to a distribution of 20%, 12%, 14% and 56% of the 50 

strains, respectively. Dynamic equilibrium between growing strains was established by using growth 
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restriction factors and the outflow rate of strains from a pig in a model. Sequential and parallel 

treatments with different lengths of cycle were simulated with constant overall treatment duration of 6 

days.  

In vitro growth under a combination of drugs 

Growth curves for the combined effect of tetracycline and ampicillin on ten E. coli strains were 

performed using the automated microbiology growth curve analysis system BioScreen C
TM

 (Oye 

Growth Curves Ab Ltd, Finland). These ten strains were selected in order to obtain all possible 

phenotype combinations (Table 1). The 50 isolates were subcultured and analyzed, and susceptibility of 

strains towards tetracycline and ampicillin was tested previously using a broth microdilution 

susceptibility test, following the Clinical and Laboratory Standards Institute (CLSI) standards (24, 25). 

A cut-off value of 8µg/ml between susceptible and resistant E. coli strains for both tetracycline and 

ampicillin was adopted from DANMAP 2010. Four static concentrations of each antimicrobial, (0, 

0.25, 0.5, 16) µg/ml for tetracycline, and (0, 1, 4, 16) µg/ml for ampicillin, were used in a four-by-four 

array. Growth curves under the 16 combinations of these concentrations were then created in a 

BioScreen setup. All isolates were additionally grown in MH-2 media without antibiotics. The 

BioScreen was set to 18 hour incubation at 37°C with continuous shaking, and optical density (OD) at 

600nm measured every 5 minutes. All experiments were performed in biological triplicates. 

Growth rate estimation  

The BioScreen raw data were extracted in Microsoft Excel. OD values of blank samples were 

subtracted from sample OD values at the respective time points before the data was analyzed using R 

(version 3.0.1 for windows) (26). The effect of combined antimicrobial concentrations on the growth of 

E. coli was assessed from the net growth rate (µ) of the strains with 16 different combinations. As a 

linear relationship between CFU and OD is only valid for low cell concentration and this relation 

becomes unreliable above a certain critical value (27), an OD of 0.1 was taken as a maximum reliable 

value in this study. This value was used as the threshold, and therefore only the exponential growth part 

of growth curves below this cut-off was used for the model fit. The following model equation was 

used:  
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 t

t tY e      (1) 

Where tY  is the OD value, ⍺ is the initial OD value at time zero, µ is the growth rate, β is an offset 

variable for the adjustment of ⍺, and t  is a normal error with mean zero and constant variance 2 ; i.e., 

t =N(0, 2 ). Growth rates for the ten E. coli strains at each combination were estimated by fitting the 

model (eq. 1) to growth curves over 18 hours using a nonlinear least square algorithm nls() function of 

the R software (26).  

Estimation of growth parameters and evaluation of drug interaction 

The relationship between antimicrobial concentrations and net bacterial growth rates under combined 

concentrations of tetracycline and ampicillin was analyzed using the model equation as follows: 

max

50 50

(c , ) (1 )(1 )
a b

a b
a b

a b
a b

a a b b

c c
c

EC c EC c
 

 

 
   

 
   (2) 

Where (c , )a bc is the net bacterial growth rate with the combination of tetracycline concentration ca

and ampicillin concentration bc , max is the bacterial growth rate in the absence of both drugs, 50EC  is 

the concentration at which the drug effect is reduced to 50%, and γ denotes the Hill coefficient, which 

is the measure of the steepness of the sigmoid relationship between concentration c and the growth rate 

at concentration c. The subscript a refers to tetracycline, and b refers to ampicillin, in 50EC , γ and c. We 

had total of 5 parameters to estimate ( max , 50aEC , 50bEC , a , b ). Growth rates in triplicates derived 

from the exponential growth model (eq. 1) were plotted against the concentration ranges of both 

tetracycline and ampicillin (Fig. 1) and fitted to the model (eq. 2) for each of the ten E. coli strains, 

using a nonlinear minimizing routine nlminb() of software R (28). Strains with an MIC value greater 

than the concentration ranges of the two drugs used for in vitro growth curves did not show any 

decrease in growth rates (Fig. 1(B,D)). In such cases, we did not have any pharmacodynamic 

information and a term 
2

p p
( )

p

prior

prior


  with prior information for all parameters except for max was 

added to the residual sum of squares of the model equation, to set up a function for optimization of the 
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non-linear relation (eq. 2). Inclusion of this term insured the convergence of the function, even in the 

absence of sufficient information in a relationship of growth and drug concentrations. Outliers from 

triplicates at each combined concentration were removed based on set criteria (e.g. if the maximum 

absolute residual value from model fit is greater than the absolute residual difference between the other 

two replicates) before the final fit. The interaction of two drugs was analyzed using the residual 

structure of the fitted model. 

In vivo pharmacokinetics 

Data for the changing plasma concentrations over time, following intramuscular treatment of 

tetracycline and ampicillin in pigs were obtained from literature (29, 30). Data were fitted to a two-

compartmental model to estimate absorption, distribution and elimination rates for each of two drugs. 

Based on these rates, plasma concentration profiles of tetracycline and ampicillin were generated and 

used simultaneously and sequentially. The treatment duration was set to a maximum of 6 days. 

Mathematical model 

We modeled the changes in bacterial counts of individual bacterial strains in a pig using estimated 

growth parameters from the PD model (eq. 2) combined with the in vivo drug profiles, using an 

ordinary differential equation given by:  

max max

max max

(c , )( )( )i i i
a b i i

dN N N N N
c N N

dt N N
 

 
     (3) 

The left hand side of the equation shows the change in the bacterial counts Ni of strain i. (c , )a bc is net 

bacterial growth rate at the combination of tetracycline concentration ca and ampicillin concentration bc

as given in equation 2. The bracketed terms are density-dependent limitations to growth, which depend 

on the carrying capacity, Nmax  and the total bacterial counts summed over all competing strains in the 

pig, iN . The final term is the excretion of strains from a pig with an outflow rate 𝜑 (22).  

A homogenous distribution of the bacterial population was assumed within a pig. A plasma 

concentration profile was used for the bacteria-drug interaction after an intramuscular injection, since 

the plasma concentration is often used as a surrogate for the concentration at the interaction site, which 
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in this case is the intestine (31). The carrying capacity Nmax was set to 10
10

 bacteria. A outflow rate,  , 

of 0.01 of the strains was taken from a published experimental study that estimated this rate as the 

hourly fractional inflow and outflow of E. coli “free-living” in the large intestine from an in vivo study 

of dairy calves post-weaning (10, 32). The model was initiated with a composition of ten strains with 

corresponding growth parameters as described in the previous section. Initial values of individual 

strains were randomly selected between 10
6 

and 10
9
 with the total sum not exceeding the carrying 

capacity of 10
10

. The model was first run without drugs to attain the dynamic equilibrium in the 

absence of selection pressures.  

Once the equilibrium was attained, treatment was introduced once the equilibrium was attained with 

inclusion of ten E. coli strains competing in the intestinal flora of a pig, with the first treatment day 

defined as Day 0. The model was allowed to run for a total of 35 days after treatment began, in order to 

assess growth dynamics post-treatment. This time is referred to as the end weaning period here, as 

treatment in Danish pig herds is typically initiated during the first two weeks in the weaning section, 

where the weaning period lasts for around 7 weeks. Growth was assessed under 20mg/kg/day of a 

single antimicrobial intramuscular injection, as well as for a combination treatment with 10mg/kg of 

each drug, for total of six days. Sequential treatments with 2, 3, and 6 cycling frequency were assessed, 

where a cycling frequency of 2 means the use of each drug for 3 days. To clarify, cycling frequencies 

could be written in the following manner: 2 as (3+3), 3 as (2+2+2), and 6 as (1+1+1+1+1+1). These 

sequential treatments were also assessed in reverse order, i.e. with tetracycline as the first drug, and 

then with ampicillin as the first drug. 

The uncertainties in the estimated PD parameters were assessed by model outputs for 100 repeats, 

where in each repeat; parameters were randomly selected from a normal distribution of estimated 

parameters. A simulation envelope from these repetitions with mean value was reported in the graphs 

for single and combination treatments only. The model was written in R (version 3.0.1 for windows) 

(28), and all data were also analyzed and plotted using R. 

Results 

To understand the relationship between combined drug concentrations and net bacterial growth rate, we 

plotted the estimated growth rates at combination concentrations using an interaction plot (Fig. 1).  
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Figure 1: Interaction plots of the effect of tetracycline and ampicillin concentrations on bacterial growth. Each 

box represents one strain, with the x-axis as tetracycline concentrations and different lines representing 

ampicillin concentrations.  

In each plot of the figure, complete horizontal lines represent no tetracycline effect, whereas 

overlapping lines represent no ampicillin effect on net bacterial growth rate within the antimicrobial 

concentrations used. This occurred due to high minimum inhibitory concentration (MIC) values of 

strains to tetracycline and ampicillin (512µg/ml, 1024µg/ml etc.), as the maximum concentrations of 

both drugs used in growth curves were 16µg/ml. The estimated model parameters, along with 

previously estimated parameters (when used as a single antimicrobial) are given in Table 1. The model 

took existing information only when the MIC was greater than exposed concentrations (Table 1). 
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Table 1: Estimated growth parameters and prior growth parameters of ten E. coli strains used in the model for competitive growth. 

  

Strain MIC-tet 

µg/ml 

MIC-

amp 

µg/ml 

Combination Parameter Coefficients Priors 

αmax EC50tet γtet EC50amp γamp EC50tet γtet EC50amp γamp 

1 2.00 1.00 STSA 1.93 1.14 8.35 0.81 2.05 1.14 8.35 0.67 1.92 

2 128 4.00 RTSA 1.93 74.03 11.24 5.21 7.03 74.03 11.24 2.53 5.00 

3 0.50 1024 STRA 1.81 0.24 1.35 440 5.14 0.15 1.87 440.7 5.14 

4 512 1024 RTRA 1.77 187 3.99 400 5.00 186.9 3.99 400 5.00 

5 64 8.00 RTSA 2.03 67.5 8.23 4.95 4.84 67.46 8.23 2.85 3.96 

6 0.50 4.00 STSA 2.05 0.32 2.42 4.70 5.03 0.23 2.80 2.33 4.00 

7 0.50 8.00 STSA 1.93 0.24 1.73 3.59 4.43 0.18 2.24 3.62 4.42 

8 16 2.00 RTSA 1.73 9.24 13.95 1.33 1.53 9.24 13.95 1.29 5.00 

9 0.50 256 STRA 1.84 0.20 1.26 151.5 5.00 0.14 1.72 151.5 5.00 

10 0.25 2.00 STSA 1.76 0.12 1.24 0.46 2.64 0.11 1.83 0.64 2.32 
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There was no consistent residual structure over different bacterial strains from model fit (Fig. 2). A 

possible interpretation could be that there was no interaction between tetracycline and ampicillin. In 

other words, these two drugs were independent or found to have a pharmacodynamic effect independent 

of the other drug, when used in combination. 

 

Figure 2: Interaction plots of tetracycline and ampicillin showing the relationship between antimicrobial 

concentration and the residuals from the fitted combination drug effect model. Each box represents one bacterial 

strain, with tetracycline concentration on the x-axis and different lines representing ampicillin concentration. 

Having determined the PD parameters, we proceeded to the pharmacokinetics of tetracycline and 

ampicillin. As described in a previous section, we simulated plasma concentration-time profiles of the 

two drugs, based on estimated transfer rates (Fig. 3). The two drugs differed in pharmacokinetic (PK) 

properties, with ampicillin having a high absorption and elimination rate with large daily peak 

concentration, and tetracycline having a lower elimination with a smaller peak concentration. The 
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concentration remained mostly below the MIC values of resistant strains (MIC>8) during the treatment 

period, giving substantial opportunity to resistant strains to outcompete the susceptible ones (Fig. 3). 

 

Figure 3: Plasma concentration-time profiles of intramuscular tetracycline (black) and ampicillin (blue) 

treatments in pigs, based on transfer rates, estimated from the two-compartmental model. The red line represents 

the cut-off value between susceptible and resistant strains to both tetracycline and ampicillin.  

The estimated growth parameters (Table 1), along with the PK profiles of the two drugs were used in the 

mathematical model (eq. 3) to simulate the growth dynamics of the ten competing strains in a pig under 

single and two-antimicrobial treatment of tetracycline and ampicillin (Fig. 4). The treatment period of 6 

days is shown by a colored window, with treatment start at Day 0. The time before the treatment 

window was the period taken by the model to establish dynamic equilibrium between the ten competing 

strains. In this paper, dynamic equilibrium is defined as the growth of multiple strains in a pig, with very 

small changes over long periods of time. Antimicrobial treatment disturbs the dynamic equilibrium of 

the system, which takes varying lengths of time to return after the treatment ends. For tetracycline single 

treatment, three strains resistant to tetracycline (RTSA) and one strain resistant to both tetracycline and 

ampicillin (RTRA) had a clear growth advantage (Fig. 4A).  
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Figure 4: Growth dynamics of ten competing strains before, during and after different antimicrobial treatments. 

Each line represents a bacterial strain with different combinations of minimum inhibitory concentration values to 

tetracycline and ampicillin. Treatment is represented by the color bar from 0 to 6 days.  

Due to the high level of resistant bacteria at the end of the tetracycline treatment, it took a long time to 

regain the equilibrium. In the case of ampicillin single treatment, the system was also disturbed but not 

to a large extent (Fig. 4B), which allowed the system to regain the equilibrium rapidly. The combination 

treatment looked similar to the tetracycline single treatment, as the level of resistance during and 

following treatment was much higher than in the ampicillin single treatment (Fig. 4). The tetracycline 

resistant group (black lines) was found to be dominant in single tetracycline and combination treatment 

(Fig. 5). 

 

Figure 5: Fraction of total bacterial counts of strains resistant to tetracycline (black), resistant to ampicillin (blue), 

resistant to both (red), and susceptible to both (green) during and after tetracycline, ampicillin and tetracycline + 

ampicillin intramuscular treatment. Treatment duration is represented by the color bar. 
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The double resistant group (red lines) was found to have the same level at around day 35 in all three 

treatments (Fig. 5). Ampicillin treatment was found to be different due to its bactericidal activity as 

opposed to the bacteriostatic tetracycline (Fig. 5). 

Increased cycling frequency did not have a major effect on the growth dynamics (Fig. 6). A small 

negative effect of increasing cycling frequency was found; the level of resistance in the tetracycline and 

double-resistant groups was lower in the treatment with a cycling frequency of 2 (3 days with each drug 

in a row) (Fig. 6A). This was not true when the order was reversed (ampicillin first), as the level of 

resistance in sequential treatment with cycling frequency of 3 (2 days for each drug) was lower 

compared to all other cycling frequencies (Fig. 6(D, E, F)). Overall, sequential treatments produced 

slightly less resistance compared to the combination treatment. When treating with tetracycline and 

ampicillin, combination and sequential treatments produced different results, and cycling frequency only 

had an effect when two drugs were used in a specific order. 

 

Figure 6: Fraction of total bacterial counts of strains resistant to tetracycline (black), ampicillin (blue) and both 

(red) during and after sequential treatments of tetracycline and ampicillin. (A, B, C) Treatment with tetracycline is 

initiated first. (D, E, F) Treatment with ampicillin is initiated first. 
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A broad simulation envelope was reported around the mean from 100 repetitions, mainly in the 

tetracycline-resistant group, which showed large uncertainty in growth parameters of the tetracycline 

concentration effect (Fig. 7). 

 

Figure 7: Mean and simulation envelope from 100 repeats of total resistant fraction in each of four groups. 

Pharmacodynamic parameters in each repeat were randomly selected from a normal distribution of estimated 

parameters.  

Discussion 

Antimicrobial pressure plays a central role in the emergence of antimicrobial-resistant bacteria. In this 

paper, we have presented a model evaluating the important factors in multidrug treatment which are 

responsible for the emergence of antimicrobial resistance. The model evaluated the role of combination 

treatment and sequential treatment in preventing the growth of resistant strains. Firstly, the model 

showed that combination treatment provides an extra advantage for the resistant strains to grow and 

outcompete the susceptible strains when compared to sequential treatments. This is in accordance with 

the guidelines for improving antibiotic use from the Infectious Disease Society of America and the 

Society for Healthcare Epidemiology (33). Secondly, the model showed that the cycling frequency in 

sequential treatment is important in suppressing the growth of resistant strains only when two drugs are 

used in specific order. 

Multidrug treatments have been used to treat infections caused by many important bacterial pathogens 

(13, 15). At the same time, the emergence and growth of antimicrobial resistance in commensal bacteria 

is an important concern (15, 34). High levels of resistance are generally considered to be strongly 

correlated with selection pressures from antimicrobial use. The use of multiple drug treatments could 
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boost the growth of resistant bacteria due to large antimicrobial pressure (15). Careful investigation of 

multidrug treatments could provide better treatment strategies that would help to reduce the selection 

and growth of resistant strains. Many models have been proposed to evaluate the treatment factors that 

affect the growth of resistant strains (2, 4, 8-10, 20, 31). Many of these studies used single drug 

exposure, and some used multidrug exposure to assess the effect on the emergence of resistance. Here, 

we have used a mathematical model to investigate the effect of both combination and sequential 

treatments on the level of resistance in a scenario of multiple strains, irrespective of the infection status.  

The model produced realistic changes in antimicrobial pressure of both tetracycline and ampicillin based 

on the transfer rates of the two-compartmental model fitted to the plasma concentration-time profiles. In 

contrast to previous studies, these realistic plasma concentration-time profiles were used in the model 

(eq. 2) to simulate a multidrug effect on growth (8, 10). Moreover, we have included multiple strains 

with different antimicrobial susceptibility profiles in the model, whereas previous studies evaluated 

multidrug treatments for a single or small number of clinical bacterial strains only (8, 14).  

When considering the bacterial growth in a pig, one could argue that high resistance is already 

established prior to treatment. Therefore, we have not considered role of mutation and conjugation 

mechanisms in the growth of resistant strains. As plasma concentrations are considered an appropriate 

surrogate marker in most PK studies, and it is difficult to measure drug concentration in the intestine, we 

have used plasma concentration as an alternative to drug concentration at the interaction site (35). A 

single isolated pig was considered in the model, with excretion of bacteria from the pig represented by 

outflow rate (equation 3). However, future models could extend to a population-based model with the 

possibility of transmission of strains. The outflow rate was kept constant, but it could be varied with 

different disease statuses. The bacterial growth rate in the absence of a drug ( max ) varied for different 

strains and was previously considered to play a role in growth dynamics when comparing multidrug 

treatments. However, it was assessed by resetting the max to the same value for all strains in the model 

and was found to have no apparent difference (data not shown). Large uncertainties in PD parameters 

(reflected in Fig. 7) were due to a small number of data points between maximum and zero growth. 

These uncertainties could be reduced by performing in vitro growth curves under narrow ranges of 

antimicrobial concentrations. Limiting growth factors in the model (equation 2) reflects the in vivo 

situation where multiple strains coexist in a pig under a state of dynamic equilibrium. Our conclusions 
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were mainly based on simulations of the model (equation 3), but in future, theoretical studies based on 

experimental studies could be performed to support our model simulations and conclusion. 

We examined the multidrug treatments by assessing the effect on the growth of multiple strains in a pig. 

The goal was to compare the efficacy of combination treatment with both single and sequential 

treatments in suppressing the growth of resistant strains. For single antimicrobial treatment, ampicillin 

was found to be more effective than the tetracycline treatment in preventing resistant strains from 

growing (Fig. 5A-5B). This was due to the different PK properties of the two drugs. Ampicillin had a 

high peak value, yet sustained a high concentration for only a short time, whereas the opposite was 

observed with tetracycline (Fig. 3). This was reflected in the shape of the lines in the growth dynamics 

of strains following tetracycline and ampicillin treatments, respectively (Fig. 5A-5B). The effect of 

combination treatment was similar to the effect of single tetracycline treatment, as the ampicillin effect 

was very small compared to the tetracycline effect (Fig. 5). Where sequential treatment was found to be 

better than combination treatment, the order of the drugs was also an important factor.  

In summary, sequential treatment better prevented the growth of resistant strains when compared to the 

combination treatment. The cycling frequency did not play a role in suppressing the growth of resistant 

strains, but the specific order of the two antimicrobials did. Uneven numbers of two drugs (such as 

ampicillin + tetracycline + ampicillin for 2 days for each) in sequential treatment could be an important 

consideration when designing multidrug treatment strategies. These predictions could be used to 

redesign multidrug treatment strategies not only for intramuscular treatment in pigs, but also for other 

dosing routes we can measure the right concentration profiles. 
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