
ORIGINAL RESEARCH ARTICLE

Long-term effects of penicillin resistance and fitness
cost on pneumococcal transmission dynamics in a
developed setting
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Background: The increasing prevalence of penicillin non-susceptible pneumococci (PNSP) throughout the

world threatens successful treatment of infections caused by this important bacterial pathogen. The rate at

which PNSP clones spread in the community is thought to mainly be determined by two key determinants;

the volume of penicillin use and the magnitude of the fitness cost in the absence of treatment. The aim of the

study was to determine the impacts of penicillin consumption and fitness cost on pneumococcal transmission

dynamics in a developed country setting.

Methods: An individual-based network model based on real-life demographic data was constructed and

applied in a developed country setting (Sweden). A population structure with transmission of carriage taking

place within relevant mixing groups, i.e. families, day care groups, school classes, and other close contacts,

was considered to properly assess the transmission dynamics for susceptible and PNSP clones. Several

scenarios were simulated and model outcomes were statistically analysed.

Results: Model simulations predicted that with an outpatient penicillin use corresponding to the sales in

Sweden 2010 (118 recipes per 1,000 inhabitants per year), the magnitude of a fitness cost for resistance

must be at least 5% to offset the advantage of penicillin resistance. Moreover, even if there is a fitness cost

associated with penicillin resistance, a considerable reduction of penicillin usage appears to be required to

significantly decrease the incidence of PNSP in a community.

Conclusion: The frequency of PNSP clones is hard to reverse by simply reducing the penicillin consumption

even if there is a biological cost associated with resistance. However, because penicillin usage does promote

further spread of PNSP clones, it is important to keep down penicillin consumption considering future

resistance problems.
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I
nfections caused by Streptococcus pneumoniae, pneu-

mococcus, remain a major cause of serious illness

in children and adults worldwide, despite the avail-

ability of vaccines. One reason is that current vaccines

only protect against a limited number of the more than

90 pneumococcal serotypes identified so far (1). Also,

vaccine-induced immunity often leads to replacement of

targeted clones because other serotypes fill the newly

opened ecological niche. Infections caused by S. pneumoniae

have formany years been treated successfully with penicillin.

However, the increasing prevalence of resistant clones

has now complicated the treatment of these infections.

Epidemiological studies have previously reported a correla-

tion between the prevalence of penicillin non-susceptible

pneumococci (PNSP; pneumococci with minimum inhibi-

tory concentration of penicillin G]0.5 mg/ml) and the

community utilisation of penicillin (2�4). In comparison

with other countries, Sweden has had a situation with a

relatively low frequency of PNSP and a low rate of penicillin

sale (5, 6).

Several studies have reported that reduction in anti-

biotic consumption results in a decrease of the frequency

of antibiotic-resistant pneumococci in the community

(7�10), whereas other studies could not observe such an

effect (11�13). An important parameter to consider when

evaluating the effects of such interventions is the extent

to which non-susceptible clones have any biological cost

in competition with fully susceptible clones. For most
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pathogenic microorganisms, the acquisition of resistance

usually carries a cost on the fitness and/or virulence

of the microbe (14). An important factor of fitness for

pathogenic bacteria is the ability of a bacterial clone to

be transmitted from host to host. The biological fitness

also includes the ability of a bacterial clone to reproduce

itself and the ability of the clone to avoid being cleared

from the infected host. However, resistant bacteria can

ameliorate the costs of resistance by acquiring additional

fitness-compensatory mutations, which counteract the

deleterious effects of resistance (14). For example, the

successful global spreading of multi-resistant pneumo-

coccal clones indicates that if such fitness costs exist, they

may be offset in certain clones by association with other

genetic features that enhance the fitness (15). If there is

no fitness cost, there is neither any disadvantage of being

resistant nor selective pressure to drive down the rate

of resistant clones even in the absence of an antibiotic

(16, 17). The frequency at which resistant clones spread in

a population is thought to depend mainly on a balance

between the two parameters: the volume of antibiotic use

in the population and the magnitude of the fitness cost

of antibiotic resistance in the absence of treatment.

Several mathematical and computational models have

been developed to study the different aspects of pneumo-

coccal transmission dynamics (17�25). However, none of

the previousmodels have addressed the impacts of penicillin

resistance and fitness cost. For example, McCormick

et al. (21) used a mathematical transmission model to

study the observed variation in proportions of strains

resistant to beta-lactams and macrolides between geo-

graphic sites in the United States. Analyses of the model

showed that the observed variation is best explained by

geographic variation in selection pressure for resistance,

rather than by clonal dynamics. In a recent study by

Mitchell et al. (23), a dynamic stochastic model of

paediatric pneumococcal carriage was developed to assess

impacts on the emergence of new resistant lineages follow-

ing the introduction of a vaccine targeting more common

resistant serotypes. They reported that as long as vaccina-

tion targets only a subset of pneumococcal serotypes, the

antibiotic pressure will likely lead to the emergence of

resistant lineages. Furthermore, we have previously pub-

lished results based on simulations of probabilistic net-

work models for pneumococcal transmission to address

the impacts of penicillin consumption and between-

strain competition on the spreading of PNSP; analyses

of model simulations indicated that the age distribution

of carriage prevalence of PNSP, in contrast to penicillin-

susceptible pneumococci (PSP), is affected by penicillin

consumption (17). Besides, under the assumption that

reduced penicillin susceptibility does not confer any fit-

ness cost for the pneumococci, it appears extremely dif-

ficult to decrease the incidence of PNSP by simply

controlling the penicillin consumption.

The present study investigates the relation between

penicillin consumption and the magnitude of fitness cost

on transmission dynamics of resistant and susceptible

pneumococcal clones in a developed setting. More speci-

fically, the questions addressed in this study are what

magnitude the fitness cost must have to offset the advan-

tage of being resistant in a community using penicillin

and to what extent the penicillin consumption should be

reduced so as to significantly reduce the prevalence of

resistant S. pneumoniae in the community.

Methods

Model definitions

An in silico population consisting of 50,000 indivi-

duals was generated (Fig. 1). Each individual was assigned

age according to demographic data of Sweden (26). All

simulations were initiated with equivalent sets of carriers,

that is, same initial numbers and age distribution, to reflect

observed age distribution for pneumococcal prevalence

(17, 20, 27) and to permit the simulations to start with

established pneumococcal prevalence as described else-

where (17, 20). The model considered the simultaneous

spread of two clones, one susceptible clone and one

PNSP clone. Each clone was assigned an initial number

of 250 carriers. This corresponds proportionally to the

prevalence of a major pneumococcal clone (i.e. geneti-

cally closely related isolates) in Sweden (17, 20, 28�31).
Discrete, fixed time-steps were used (1 week) and the

simulations were run for 520 weeks (i.e. 10 years). The

update of the model was implemented to occur synchro-

nously at each time-step. The age structure and the contact

Fig. 1. Simplified graphic illustration of the network model

concept. The blue boxes represent households, the green box

represents day care centre, whereas the yellow box represents

school. Individuals within the same household have contact with

each other, whereas individuals within the same day care centre

or school have contact with each other only if they belong

to the same group or class, respectively. Disease transmission

can only occur via edges, i.e., contacts between vertices, i.e.,

individuals. The edges are bidirectional, that is, disease may be

transmitted in both directions. Adapted fromKarlsson et al. (20).
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network were held static over time andwere constant in all

simulations. Because this model is non-deterministic, each

run produced different results because of chance. Each

scenario was therefore simulated 100 times, and the results

were averaged to find the most likely outcome. Thus, the

number of simulations was sufficiently large to assume an

approximately normal distribution for the output data

according to the central limit theory. The distributions

of the outcome variables were also examined using the

Shapiro�Wilk normality test, and no significant departure

from normality was found (p�0.05). The output data

were statistically analysed using independent two-sample

t-test or one-way analysis of variance (ANOVA) with

post hoc Tukey test for comparisons of sample means. The

significance level was set at 5% (pB0.05). Simple linear

regression analysis was performed to assess the relation-

ship between the average number of transmissions and

the fitness cost for the PNSP clone. The simulation

procedures were programmed in MATLAB R2013b (The

Mathworks Inc., United States), and IBM SPSS Statistics

version 22.0 (IBM Corp., United States) was used for the

statistical analyses.

Contact network structure

In the model, individuals who were colonised with

pneumococci could potentially transmit the bacteria to

susceptible individuals with whom they had close contacts

with. Only those contact sites that are considered to be

important for the community spread of pneumococci,

i.e. families, day care groups, school classes, and other

close contacts, were included in the model as previously

described (17, 20) (Fig. 2). The contact structure was

constructed based on available data of Sweden from the

mid-2000s (32�38). Each generated contact comprised a

possible route for transmission of pneumococci as there

was a certain probability in each time-step for transmis-

sion to occur via an existing contact between a colonised

individual and a susceptible one. The transmission prob-

ability varied depending on the type of contact and the age

of the exposed individual (Table 1). The defined baseline

values for the transmission probabilities assumed no

penicillin consumption. Even if large variations in dura-

tion of carriage have been observed, there seems to be

an inverse relationship between carriage duration and

age (39, 40). During the simulations, an individual

was assigned a carriage duration at the time point for

colonisation. The carriage duration was drawn from an

exponential distributionwith amean dependent on the age

of the colonised individual (Table 1).

Disease progression

Upon colonisation, individuals may become either asymp-

tomatic carriers of the bacteria or develop clinical disease,

herein defined as a condition requiring outpatient peni-

cillin prescription. Because most cases of pneumococcal

diseases appear to occur within a few days of pneumococcal

acquisition (41), disease progression in the model was as-

sumed to occur during the first or second week of colonisa-

tion. The risk for disease progression per colonisation event

was implemented to be age dependent as previously esti-

mated based on incidence rates in Sweden (17, 42, 43). The

model did not consider any individual risk factors other than

age for disease progression.Also, themodel did not implicate

the progression of invasive pneumococcal infections; those

patients are hospitalised for medical care and, therefore, not

included in this outpatient category.

Outpatient penicillin consumption

The administration of outpatient penicillin was imple-

mented according to available data of penicillin sales in

Sweden during 2008 for different age groups (44) and

unrelated to pneumococcal carriage (Table 2). Depending

on the indication, outpatient penicillin courses generally

proceed between 5 and 10 days. In the model, the therapy

period was approximated to 1 week. If an individual

receiving penicillin was carrying pneumococci, the con-

sequences depended on the resistance properties of the

colonising clone. Carriages of the susceptible clone were

considered to be cleared in 80% of the cases as previously

reported (45) because a successful antibiotic treatment

does not always clear the nasopharynx from pneumo-

cocci (46). In contrast, carriages of the PNSP clone were

assumed not to be eradicated by penicillin treatment (46).

During an ongoing penicillin course, a treated individual

could be colonised by the PNSP clone, but not by the

susceptible one. Moreover, individuals who developed

clinical diseases were administered penicillin and then

handled in the same way as the asymptomatic carriers

receiving penicillin. However, these penicillin courses

were not included in the initial total prescription rate.

As very few of the colonisation events progressed to

clinical disease (Table 1), the number of penicillin courses

administered because of clinical disease was considered

low enough to be within the margin of random variability

for the outpatient penicillin consumption.

Fitness cost for penicillin resistance and

simultaneous carriage of clones

There are inconsistent reports on whether penicillin

resistance implies a fitness cost. If such a fitness cost

exists, it probably varies between clones (47). Besides,

some clones might have compensated for the fitness cost

(15, 48). For example, Melnyk et al. (49) reported mean

relative fitness values ranging from 1.02 to 0.8 depending

on bacterial species and antibiotics. For S. pneumoniae, it

has been shown that the cost of penicillin resistance

increases with the number of resistant pbp alleles acquired

(50). Therefore, varying fitness costs were investigated in

this study. The fitness costs in the model were imple-

mented by decreased transmission probabilities for the

PNSP clone relative to the susceptible clone. The model

allowed simultaneous carriage of the PNSP clone and the
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susceptible clone in the same individual (47, 51). How-

ever, the acquisition rate of an additional serotype was

implemented to be ten times slower in an individual

already carrying another serotype (51) (Table 1).

Model scenarios

Several model scenarios were implemented using dif-

ferent parameter value combinations. First, two reference

scenarios were simulated; one reflecting the transmission

dynamics of two pneumococcal clones in the absence of

penicillin consumption and fitness cost, whereas in the

second, penicillin consumption was implemented but the

PNSP clone did not have any fitness cost. Next, a number

of scenarios where simulated to examine the transmission

dynamics using varying fitness costs for the PNSP clone

in a penicillin-consuming setting. Finally, additional

Fig. 2. Model flowchart. The age-structured population and the contact structure were held constant between and during simulations.

All simulations were initiated with equivalent sets of pneumococcal carriers, and all parameters, except for volume of outpatient

penicillin consumption and transmission probabilities reflecting fitness costs, were held constant for each scenario. PSP�penicillin-

susceptible pneumococci.
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scenarios were set up to investigate how much the volume

of penicillin use must be reduced to observe a significant

decrease in the frequency of PNSP in the community.

Results

Impact of penicillin consumption on pneumococcal

transmission dynamics

The first scenarios implemented, the so-called reference

scenarios, were simulated to examine the impact of

penicillin consumption on the transmission dynamics

for a PNSP clone bearing no fitness cost for resistance in

competition with a susceptible clone in a community. In

the first reference scenario, the spread of two susceptible

clones with equal fitness was simulated. No statistically

significant difference (p�0.16) in the average number of

transmissions for the two clones could be observed. In

the next reference scenario, the transmission of one

susceptible clone and one PNSP clone in a community

setting consuming penicillin was simulated. The number

of transmissions for the susceptible clone was then almost

halved (decreased by 46%) compared with the first

reference scenario; from 16,333 transmissions in the first

reference scenario to 8,859 transmissions in the second

reference scenario (pB0.001). For the PNSP clone, the

number of transmission was increased by 25%; from

15,422 in the first reference scenario to 19,229 in the

second one (pB0.001). The difference in the number of

transmissions for the PNSP clone and the susceptible

clone was statistically significant (pB0.001) in the second

reference scenario.

Effects of fitness costs on pneumococcal

transmission dynamics

The next step was to investigate how the balance between

the volume of penicillin use in the community and the

magnitude of the fitness cost affects the pneumococcal

transmission dynamics. Several scenarios with varying

fitness costs for the PNSP clone were therefore simulated

(Fig. 3). The lowest fitness cost was set to 1% and was

Table 1. Baselines values for the model parameters

Model parameter Baseline value

Transmission probability

Households 0.07 contacts�1 week�1 (22)

Day care centres 0.04 contacts�1 week�1 (18)

School classes 0.03 contacts�1 week�1 (39)

Other close contacts 0.04 contacts�1 week�1 (22)

Age-related susceptibility

Individuals B1 year 1.00 (22)

Individuals 1�6 years 0.33 (22)

Individuals 7�65 years 0.18 (22)

Individuals �65 years 0.3 (52)

Proportion of children attending day care centres 81% (38)

Average number of children per group in the day care centres 16.9 (37)

Average number of children per class in school 22.0 (32)

Probability of other close contacts 0.75 (estimated)

Between-clone competition factor 0.1 colonisation event�1 (51)

Mean durations of carriage for different age groups

Individuals B1 year 10.6 weeks (27)

Individuals 1�2 years 6.7 weeks (27)

Individuals 3�4 years 4.9 weeks (27)

Individuals 5�6 years 3.7 weeks (27)

Individuals 7�18 years 3.7 weeks (27)

Individuals �18 years 3.6 weeks (27)

Disease risk during first and second week of colonisation

Individuals B1 year 0.031 colonisation event�1 week�1 (17, 42, 43)

Individuals 1�2 years 0.0175 colonisation event�1 week�1 (17, 42, 43)

Individuals 3�4 years 0.0095 colonisation event�1 week�1 (17, 42, 43)

Individuals 5�6 years 0.007 colonisation event�1 week�1 (17, 42, 43)

Individuals 7�18 years 0.0014 colonisation event�1 week�1 (17, 42, 43)

Individuals 19�65 years 0.00051 colonisation event�1 week�1 (17, 42, 43)

Individuals �65 years 0.002 colonisation event�1 week�1 (17, 42, 43)
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then gradually increased by one percentage point up

to 10%. For the scenarios simulated with a fitness cost

54%, the frequency of the PNSP clone was higher than

that for the susceptible clone (Fig. 3). A turning point for

the balance between fitness cost and penicillin consump-

tion could be observed for a fitness cost between 4

and 5% (Fig. 3). The difference in the mean number of

transmissions for the susceptible clone and the PNSP

clone was not statistically significant using the 4% fitness

cost (p�0.017) or the 5% fitness cost (p�0.046). With

a fitness cost higher than 5%, the susceptible clone was

more successful in spreading than the PNSP clone (Fig. 3,

pB0.001).The relationship between the average number

of transmissions and the magnitude of fitness cost for

the PNSP clone appeared to be linear (Fig. 3). Linear

regression analysis showed that the number of transmis-

sions of PNSP decreased significantly with increased fitness

cost (pB0.001; average number of transmissions�
17,843 � 1,326�fitness cost (%), r2�0.972).

By how much must the volume of penicillin

consumption be reduced to affect the

frequency of PNSP in the community?
One of the most interesting questions concerning the

resistance problems is to what extent penicillin use should

be reduced so as to affect resistance among S. pneumoniae

in the community. This was examined by assuming a

fitness cost of 5% for the PNSP clone, whereas the

penicillin consumption was reduced in varying extents

by 5, 25, 50 and 75% (Fig. 4). The fitness cost for the

PNSP clone was determined based on previous model

simulations indicating that the magnitude of the fitness

cost must be at least 5% to offset the advantage of

penicillin resistance. With decreasing penicillin consump-

tion, the trend moved toward an increased incidence of

the susceptible clone and decreased incidence of the PNSP

clone (Fig. 4). Besides, the total number of transmissions

(PNSP and susceptible) was increased. Reducing the

penicillin consumption by 5, 25 and 50% did not result

in any significant change in the incidence of the PNSP

clone in comparison with the scenario where default

penicillin consumption was observed. (p�0.79, p�0.76,

and p�0.063, respectively). When reducing the penicillin

consumption by 75%, a significant change (p�0.0016)

in the incidence of the PNSP clone in comparison with

the scenario with default penicillin consumption was

observed.

Further simulations were then performed by imple-

menting 5 and 10% fitness costs, respectively, for the

PNSP clone (Fig. 5). The impact of penicillin consump-

tion was examined by implementing outpatient penicillin

consumption at three levels; none (no penicillin consump-

tion), low (penicillin consumption according to default

volume, Sweden, year 2010; Table 2), and high (doubled

penicillin consumption compared with the default vo-

lume). A one-way ANOVA showed a significant differ-

ence in the number of PNSP transmissions among the

simulations performed using 5% fitness cost for the

PNSP clone (F2,297�27.9, pB0.001). An a posteriori

Tukey test showed no significant decrease in the number

of transmissions for PNSP when the penicillin use was

reduced from high to low level (Fig. 5, p�0.32), but

showed a statistically significant decrease when reduced

from high to none (pB0.001). A significant decrease could

also be observed when the penicillin consumption was

reduced from low to none (pB0.001). For the simulations

performed using 10% fitness cost for the PNSP clone, a

one-way ANOVA showed a significant difference in the

number of PNSP transmissions (F2,297�14.4, pB0.001).

An a posteriori Tukey test showed no significant difference

in the number of transmissions for PNSP when the

penicillin use was reduced from high to low level (Fig. 5,

p�0.96). However, a statistically significant decrease

could be observed when penicillin consumption was

reduced from high to none (pB0.001) and from low to

none (pB0.001). Moreover, the mean number of PNSP

transmissions was significantly less for simulations per-

formed with 10% fitness cost compared with simulations

performed with 5% fitness cost (pB0.0001).

Table 2. Outpatient penicillin (PcV) sales in Sweden 2010 (44)

Age group (years)

No. recipes

1,000 inhabitants�1 year�1

No. recipes

100 inhabitants�1 week�1

Individual probability week�1

for receiving penicillin therapya

0�4 301 0.58 0.0058

5�14 163 0.31 0.0031

15�44 101 0.19 0.0019

45�64 93 0.18 0.0018

65�74 99 0.19 0.0019

75�84 81 0.16 0.0016

]85 80 0.15 0.0015

aIn the model, the age groups 75�84 years and �84 years were pooled into one age group, ]75 years, and the individual probability per

week for receiving penicillin therapy was averaged to 0.00155.
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Discussion
The present study was designed to evaluate the impacts

of penicillin resistance and fitness cost on pneumococcal

transmission dynamics in a developed setting. For that

purpose, a network model based on real-life demographic

data (Tables 1 and 2) was constructed, and several model

scenarios were simulated. The model simulations sug-

gested that cost-driven reversibility of penicillin resis-

tance at the community level appeared to be of modest

importance (Figs. 4 and 5). The difficulties to reduce the

rates of these resistant bacteria imply that it is even more

important to avoid the overuse of antibiotics. Despite

whether a significant decrease in the prevalence of PNSP

can be observed after reduced penicillin consumption, the

reduction may at least contribute to slowing down the

spread of resistant pneumococci in the community. The

pneumococcal population biology is affected by antibiotic

therapy in several ways. A direct effect is mediated by

the antibiotic-mediated killing or inhibition of susceptible

clones in a treated individual, thereby promoting the

growth of resistant clones given that pneumococcal

clones compete to colonise nasopharynx (53). Even if

no resistant clone is present in the treated individual,

inhibition of susceptible clones in an antibiotic-treated

person could promote the spread of resistant clones in the

community by reducing transmission of the susceptible

clones with which the resistant ones compete (54). Any

used antibiotic that inhibits susceptible clones more than

resistant ones will exert natural selection in favour of the

clones against which it is less active (Fig. 5). The relative

Fig. 3. Outcomes for scenarios simulated using varying fitness cost for the PNSP clone. For each scenario, 100 simulations were

performed and the outcomes were averaged to find the most probable outcome. The implemented fitness costs for the PNSP clone

ranged between 0 and 10%. (a) Relative frequency of average number of transmissions for the penicillin-susceptible pneumococci clone

and the PNSP clone. (b) Plot of average number of transmissions for the PNSP clone against fitness cost with fitted regression line

(F1,9�311, pB0.001; average number of transmissions�17,843 � 1,326�fitness cost (%), r2�0.97). Error bars indicate 95%

confidence interval. PNSP, penicillin non-susceptible pneumococci.
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efficacies against the susceptible and the resistant clones

determine the degree of selection. Thus, it is highly

important to keep all antibiotic consumption as low as

possible. The increasing globalisation implies increased

transfer of bacteria including resistant ones between

countries (55) making the resistance problems a global

issue. Not only the human antibiotic use is of concern as a

significant proportion of the antibiotic usage occurs

within the agriculture area.

The difficulties to reverse the frequency of PNSP in

the community by a reduction in penicillin consumption

as indicated by model simulations (Figs. 4 and 5) are

partly supported by previous observational studies. In a

study performed on Iceland, Arason et al. (56) reported

that a reduction of penicillin use by 18% among children

57 years did not have any significant effect on the

proportion of PNSP carriers among 1�7-year-old
children (8.5% in 1993; 8.1% in 1998; p�0.8). Further-

more, the prevalence of PNSP increased in two out of

four study areas despite reduced consumption during

5 years. Similar findings were reported in a study from

southern Israel (11). During a 6-year period, the associa-

tion between prescribing antibiotics and resistance in

S. pneumoniae among children B5 years of age with acute

otitis media was investigated. No decrease in PNSP could

be observed, although there was reduction by approxi-

mately 30% in the prescription rates of penicillin. An

observational study of invasive S. pneumoniae conducted

in Europe during 1999�2001 (7) observed an overall rate

of decrease in the proportion of single penicillin non-

susceptibility, but the authors did not report the penicillin

consumption for the countries included. Moreover, when

they analysed by country, none of the countries showed

a significant trend in the proportions of single penicillin

non-susceptibility.

The decrease in the frequency of PNSP expected after

a decline in penicillin use depends on both the fitness

cost of resistance for pneumococci and the extent of the

reduction in penicillin consumption. Model simulations

predicted that with an outpatient penicillin use corre-

sponding to the sales in Sweden in the year 2010 (118

recipes per 1,000 inhabitants and year), the magnitude of

a fitness cost for resistance must be at least 5% to offset

the advantage of penicillin resistance (Fig. 3). In countries

with higher penicillin consumption than Sweden, the

threshold at which the magnitude of fitness cost offsets

the advantage of being resistance is most probably

higher than 5% as indicated by Fig. 5. Thus, whether it

is advantageous to be resistant is determined by the fitness

cost aswell as the volume of penicillin use, for example, for

PNSP clones with 10% fitness cost, model simulations

suggested that the outpatient penicillin consumption must

be higher than the levels investigated herein for the resis-

tance property to be beneficial for the clone. Irrespective

of the magnitude of fitness cost, model simulations indi-

cated that a dramatic reduction in penicillin consump-

tion is required to have an impact on the frequency of

PNSP (Figs. 4 and 5). Moreover, the relationship between

penicillin consumption and penicillin resistance in pneu-

mococci is further complicated by herd immunity and

clonal spread. Some pneumococcal clonal types are

more prone to be spread globally (57). For example, the

rapid increase of PNSP observed in Iceland from 1989 to

1993 was largely caused by the spread of a single multi-

resistant serotype 6B clone (the Spanish-Icelandic clone

Spain-26B) (58).

Results of model simulations highlight the importance

of fitness cost for resistance in pneumococcal transmis-

sion dynamics. For example, if there is no fitness cost for

resistance, the PNSP clone has the ability to disseminate

Fig. 4. Average number of transmissions for susceptible clone and PNSP clone by implementing reduced outpatient penicillin

consumption. The fitness cost for the PNSP clone was fixed at 5% and the default penicillin consumption was set according Sweden

year 2010 (44). Error bars indicate 95% confidence interval. PNSP, penicillin non-susceptible pneumococci.
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widely even at a relatively low selection pressure as

mediated by a penicillin consumption corresponding

to Sweden year 2010 (Table 2). Also the results from the

simulations performed with 5 and 10% fitness costs,

respectively, for the PNSP clone and varying penicillin

consumption (Fig. 5) indicate the impact of fitness cost

for resistance; the mean number of PNSP was signifi-

cantly less in the simulations conducted using 10% fitness

cost in comparison with the simulations performed with

5% fitness cost (pB0.0001).

A limitation with the constructed model is that it only

considers the spread of two clones in a community;

however, the model is thought to capture the major

dynamics in pneumococcal transmission. In addition, the

model does not consider the effects of pneumococcal

conjugate vaccine or herd immunity. It would be inter-

esting in a future study to explore the effects of vaccina-

tion such as serotype replacement and herd immunity in

an extended transmission model.

In conclusion, the most important finding of this study

is that the reversibility of PNSP clones appears to be very

hard to affect by only reducing the penicillin consump-

tion even if there is a biological cost for resistance. The

difficulties to reduce the rates of PNSP imply that it is

Fig. 5. Average number of transmissions for susceptible clone and PNSP clone by implementing varying degrees of penicillin

consumption. (a) 5% fitness cost for the PNSP relative to the susceptible clone. One-way ANOVA ( F2,297�27.9, pB0.001) followed by

post hoc Tukey test revealed significant differences in the number of transmissions for the PNSP clone between low and no penicillin

consumption (pB0.001) as well as between high and no penicillin consumption (pB0.001). (b) 10% fitness cost for the PNSP relative to

the susceptible clone. One-way ANOVA (F2,297�14.4, pB0.001) followed by post hoc Tukey test revealed significant differences in the

number of transmissions for the PNSP clone between low and no penicillin consumption (pB0.001), as well as between high and no

penicillin consumption (pB0.001). Error bars indicate 95% confidence interval. PNSP, penicillin non-susceptible pneumococci.
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even more important to avoid unnecessary use of peni-

cillin because its usage does promote further spread of

PNSP clones.
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