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SUMMARY

Mathematical modelling of infectious diseases has gradually become part of public health
decision-making in recent years. However, the developing status of modelling in epidemiology and
its relationship with other relevant scientific approaches have never been assessed quantitatively.
Herein, using antibiotic resistance as a case study, 60 published models were analysed. Their
interactions with other scientific fields are reported and their citation impact evaluated, as well as
temporal trends. The yearly number of antibiotic resistance modelling publications increased
significantly between 1990 and 2006. This rise cannot be explained by the surge of interest in
resistance phenomena alone. Moreover, modelling articles are, on average, among the most
frequently cited third of articles from the journal in which they were published. The results of this
analysis, which might be applicable to other emerging public health problems, demonstrate the
growing interest in mathematical modelling approaches to evaluate antibiotic resistance.

INTRODUCTION

Modelling of infectious disease transmission has a
long history in mathematical biology for assessing
epidemiological phenomena [1]. In recent years, it has
become an element of public health decision-making
on several occasions, to examine major risks such as
HIV/AIDS epidemics, pandemic influenza or multi-
resistant infections in hospitals [2, 3]. However, per-
ception of these models by other scientists working on
these public health problems remains divided.
Although modelling approaches have gained growing
acceptance in recent years, as illustrated by the number
of articles published in high-profile journals [4-6], the
use of mathematical models has also at times elicited
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scepticism or defiance [7, 8]. To the best of our
knowledge, no study quantifying the perceived grow-
ing impact of the modelling approach on the scientific
community or providing in-depth information on the
relationships between mathematical models and other
relevant scientific fields has been published.

Herein, we describe a method for investigating the
developing status of mathematical modelling in epi-
demiology and apply it to antibiotic resistance re-
search, as a case study. The reasons for this choice are
twofold. First, mathematical modelling has addressed
key issues in antibiotic resistance, e.g. analysis of treat-
ment protocols for resistance prevention [9], assess-
ment of control strategies in hospital settings [10],
or prediction of future trends in the community [11].
Second, although antibiotic resistance is now con-
sidered a major public health issue in all developed
countries, it is still an emerging problem that probably
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has not reached its full impact. It has provided a per-
tinent case study, as we think that the evolution of
mathematical models of antibiotic resistance reflects
the dynamics of the entire field.

We conducted a quantitative analysis of 60 articles
modelling antibiotic resistance that were published
over the last 15 years. Adapting the method intro-
duced by Hasbrouk et al. [12], based on these articles,
we began by investigating the relationship between
mathematical modelling and other scientific ap-
proaches, in terms of input and output flows, respect-
ively identified by references listed by a given article
and by other articles citing the given article. We then
examined possible temporal trends in the number of
published models, to verify whether the modelling
approach has indeed been gaining stature in recent
years. Finally, we evaluated the citation impact of
modelling articles by comparing them to other articles
published in the same journal issues.

METHODS
Selection of modelling papers

Preliminary trials convinced us that no magic search
equation exists that automatically provides the list of
all mathematical models of antibiotic resistance. In
particular, the use of general key words, such as ‘anti-
biotic’ or ‘bacteria’ in the search equation resulted in
not finding an important number of the models, as
several were specifically concerned with a single anti-
biotic-bacterium couple (for instance, methicillin-
resistant Staphylococcus aureus). We therefore decided
to undertake a highly sensitive but obviously non-
specific search of PubMed, using the search equation:

(determinist* or stochast™ or compartment™ ORrR

mathematic* or simulat®) AND model* AND resist*

As of 1 July 2006, this search had retrieved over 6000
articles, among which 4663 had been published after
1990. We then conducted a systematic manual
screening of this list, using the following criteria to
select a modelling article for our analysis:

(1) The article had to report original results; no let-
ters, editorials or reviews were considered, except
when they also introduced a new mathematical
model. This led to the exclusion of 295 articles.

(2) The article had to deal with bacterial resistance to
antibiotics; in particular, articles on resistance to
antiviral agents or cancer therapies and those on
pest resistance to insecticides were rejected.
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Because our search equation retrieved all articles
dealing with ‘resistance’ phenomena in general
(e.g. including biomechanical phenomena), this
was by far the most important criterion, and led
us to discard 4022 of the remaining articles.

(3) The article had to use a mathematical approach;
in particular, articles selected only because they
used an animal model, a model organism or a
molecular model were excluded. This led us to
discard 88 of the remaining articles.

(4) Pharmacokinetic-pharmacodynamic (PKPD)
models were excluded, as over the last few decades
we considered them to have become a wholly in-
dependent field of research. This led us to discard
167 of the remaining articles.

(5) Articles based on the statistical analysis of data
and the computation of relative risks or odds
ratios, such as multiple linear- or logistic-
regression analyses were rejected, as we believed
that these methods are now widely accepted and
used outside the scope of mathematical modelling.
This led us to discard 29 of the remaining articles.

Overall, the successive refining of our criteria con-
cerning the initial set of 4663 articles resulted in the
selection of 60 articles [9—-11, 13-69] (Table 1) pub-
lished in a journal referenced in the Science Citation
Index (SCI) database; two additional articles not re-
ferenced in the SCI database were excluded.

Retrieval of references and citations

Using the Web Of Science™ service by Thomson/
Institue for Scientific Information (ISI) to search the
SCI database for each of the 60 selected modelling
articles, we obtained all the references listed in the
retained article, herein referred to as ‘references’, as
well as all the other articles citing the above selected
article, herein designated as ‘citations’.

Based on these collected data, we made a list of
all the references given in the original 60 modelling
articles; to avoid redundancy, any given article was
mentioned only once in this list. The same method-
ology was applied to make a list of citations from all
the articles citing any of the 60 originally selected
modelling articles.

Assignment of references and citations to scientific
classes

In the Journal Citation Reports (JCR) database,
journals are sorted into subject categories, which
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Table 1. List of 60 modelling articles on bacterial resistance to antibiotics published between 1993 and 2006

No. Reference Journal name Year
1 Massad et al. [13] Int J Biomed Comput 1993
2 Hoiby [14] Microb Drug Resist 1995
3 Austin et al. [15] Proc Biol Sci 1997
4 Bonhoeffer ez al. [9] Proc Natl Acad Sci USA 1997
5 Levin et al. [16] Clin Infect Dis 1997
6 Lipsitch & Levin [18] Antimicrob Agents Chemother 1997
7 Lipsitch & Levin [17] Ciba Found Symp 1997
8 Sebille et al. [19] Infect Control Hosp Epidemiol 1997
9 Kepler & Perelson [20] Proc Natl Acad Sci USA 1998

10 Lipsitch & Levin [21] Int J Tuberc Lung Dis 1998

11 Stewart et al. [22] Theor Popul Biol 1998

12 Austin & Anderson [23] Philos Trans R Soc Lond B Biol Sci 1999

13 Austin et al. [24] Proc Natl Acad Sci USA 1999

14 Austin et al. [10] Proc Natl Acad Sci USA 1999

15 Dye & Williams [25] Proc Natl Acad Sci USA 2000

16 Levin et al. [26] Genetics 2000

17 Lipsitch et al. [27] Proc Natl Acad Sci USA 2000

18 Bonten et al. [28] Clin Infect Dis 2001

19 Dye & Espinal [29] Proc Biol Sci 2001

20 D’Agata et al. [30] J Infect Dis 2002

21 Grundmann et al. [31] J Infect Dis 2002

22 Pelupessy et al. [32] Proc Natl Acad Sci USA 2002

23 Smith et al. [33] Proc Natl Acad Sci USA 2002

24 Iwasa et al. [34] Proc Biol Sci 2003

25 McCormick et al. [11] Nat Med 2003

26 Smith et al. [35] Lancet Infect Dis 2003

27 Temime et al. [36] Emerg Infect Dis 2003

28 Bergstrom et al. [37] Proc Natl Acad Sci USA 2004

29 Blower & Chou [38] Nat Med 2004

30 Cohen & Murray [39] Nat Med 2004

31 Cooper & Lipsitch [40] Biostatistics 2004

32 Cooper et al. [41] Proc Natl Acad Sci USA 2004

33 De Gelder et al. [42] Genetics 2004

34 Hall et al. [43] Bull Math Biol 2004

35 Perencevich et al. [44] Clin Infect Dis 2004

36 Smith et al. [45] Proc Natl Acad Sci USA 2004

37 Temime et al. [46] Antimicrob Agents Chemother 2004

38 Andersson et al. [47] Stat Med 2005

39 Armeanu & Bonten [48] Clin Infect Dis 2005

40 Atun et al. [49] Int J STD AIDS 2005

41 Boni & Feldman [50] Evolution Int J Org Evolution 2005

42 D’Agata et al. [51] J Infect Dis 2005

43 Forrester & Pettitt [52] Infect Control Hosp Epidemiol 2005

44 Hotchkiss et al. [53] Crit Care Med 2005

45 Joyce et al. [54] J Math Biol 2005

46 Magee [55] J Antimicrob Chemother 2005

47 Raboud et al. [56] Infect Control Hosp Epidemiol 2005

48 Reluga [57] Math Med Biol 2005

49 Smith et al. [58] Proc Natl Acad Sci USA 2005

50 Temime et al. [59] Epidemiol Infect 2005

51 Vacher et al. [60] BMC Evol Biol 2005

52 Webb et al. [61] Proc Natl Acad Sci USA 2005

53 Bootsma ef al. [62] Proc Natl Acad Sci USA 2006

54 Cohen et al. [63] Proc Natl Acad Sci USA 2006

55 Hartley et al. [64] Infect Control Hosp Epidemiol 2006

56 Levin & Rozen [65] Nat Rev Microbiol 2006

57 McBryde & McElwain [66] J Infect Dis 2006

58 Nikolaou & Tam [67] J Math Biol 2006

59 Samore et al. [68] Am J Epidemiol 2006

60 Wang & Lipsitch [69] Proc Natl Acad Sci USA 2006
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Table 2. Assignment of Journal Citation Reports (JCR) subject categories to six scientific classes

Scientific class

Subject categories

Biology

Clinical medicine

Epidemiology/public
health

Mathematics/statistics/
informatics

Biochemical Research Methods; Biochemistry & Molecular Biology; Biodiversity
Conservation; Biology; Biotechnology & Applied Microbiology; Cell Biology; Ecology;
Environmental Sciences; Environmental Studies; Evolutionary Biology; Genetics &
Heredity; Immunology; Marine & Freshwater Biology; Medical Laboratory Technology;
Microbiology; Neurosciences; Plant Sciences; Toxicology; Virology; Zoology

Anesthesiology ; Cardiac & Cardiovascular Systems; Clinical Neurology; Critical Care
Medicine; Dentistry, Oral Surgery & Medicine; Dermatology; Emergency Medicine;
Gastroenterology & Hepatology; Geriatrics & Gerontology; Gerontology; Hematology;
Infectious Diseases; Integrative & Complementary Medicine; Medicine, General & Internal;
Medicine, Research & Experimental; Nursing; Obstetrics & Gynecology; Oncology;
Ophthalmology; Otorhinolaryngology; Parasitology; Pathology; Pediatrics; Pharmacology
& Pharmacy; Psychiatry; Respiratory System; Substance Abuse; Surgery; Transplantation;
Tropical Medicine; Urology & Nephrology; Veterinary Sciences

Behavioral Sciences; Business; Communication; Economics; Education, Special; Health Care
Sciences & Services; Health Policy & Services; Law; Management; Public, Environmental
& Occupational Health; Rehabilitation; Sport Sciences

Automation & Control Systems; Computer Science, Cybernetics; Computer Science,
Hardware & Architecture; Computer Science, Information Systems; Computer Science,
Interdisciplinary Applications; Computer Science, Software Engineering; Computer Science,
Theory & Methods; Engineering, Biomedical; Engineering, Electrical & Electronic;
Engineering, Environmental; Engineering, Multidisciplinary ; Information Science & Library
Science; Mathematics; Mathematics, Applied; Mathematics, Interdisciplinary Applications;

Medical Informatics; Social Sciences, Mathematical Methods; Statistics & Probability

Multidisciplinary sciences ~ Multidisciplinary Sciences

Other sciences

Agricultural Economics & Policy; Agricultural, Multidisciplinary; Agriculture, Dairy &

Animal Science; Agronomy; Biophysics; Chemistry, Analytical; Chemistry, Applied;
Chemistry, Medicinal; Chemistry, Multidisciplinary ; Chemistry, Organic; Chemistry,
Physical; Engineering, Chemical; Entomology; Food Science & Technology; Geosciences,
Multidisciplinary ; Horticulture; Nutrition & Dietetics; Physics, Fluids & Plasmas; Physics,
Mathematical; Physics, Multidisciplinary; Water Resources

provide general information on the scientific area of
specialization of articles published in them. We sum-
marized this information by dividing these subject
categories into the following six scientific classes:
clinical medicine, biology, mathematics/statistics/
informatics, other basic science (e.g. chemistry), epi-
demiology/public health, and multidisciplinary sci-
ences (for general journals, like Science, Nature or
Proceedings of the National Academy of Sciences of
the USA). The repartition of JCR subject categories
into our scientific classes is detailed in Table 2. We
were then able to assign articles from our reference
and citation lists into these six classes according to the
journal in which they were published.

Applying a method similar to that devised by
Hasbrouck et al. [12], we used this classification to
compute inflows and outflows between mathematical
modelling and other approaches from the six scientific
classes.
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Assessment of the citation impact

Considering the lapse of time until citation, recently
published articles are not appropriate for studying the
scientific impact of models. We therefore restricted
citation—impact assessment to the 37 modelling
articles published in 2004 or earlier [9-11, 13-46]. We
compared the numbers of citations of each of these 37
modelling articles to those of all other articles pub-
lished in the same issue of the same journal. Use of
this comparison, instead of crude numbers of citations
per modelling article, was meant to avoid a possible
bias due to journal impact factors. For example, when
examining article number 1 [13], we retrieved the
number of citations of each article published in vol-
ume 33, issue 1 of the International Journal of Bio-
medical Computing. We were thus able to compare the
number of citations of article number 1 with the mean
and the median numbers of citations within this issue,
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and to compute the citation percentile within which
article number 1 was situated.

RESULTS
Description of the data

Modelling articles (Table 1) referenced a mean of 36-6
articles (median: 32 references listed per article); 70 %
of the listed articles had 2050 references. The overall
reference list, built as detailed in the Methods section,
included 1373 distinct articles, published in 293 dif-
ferent journals.

Modelling articles were subsequently cited in a
mean of 22-5 articles (median: seven citations per
article); many articles had either never or almost
never been cited at the time we retrieved the infor-
mation from the SCI database. The overall citation
list, built as detailed in the Methods section, includes
971 distinct articles, published in 321 different
journals.

Interaction of modelling with other approaches

According to the journal in which they were pub-
lished, the 971 citations and 1373 references of the 60
selected modelling articles were assigned to one of the
six scientific classes defined above (Table 2). The re-
sulting proportional scientific inflows and outflows to
and from mathematical models are illustrated in
Figure 1.

Among both inflows and outflows, the most fre-
quent category was clinical medicine, with about 50 %
of the articles, followed by biology. All other cat-
egories represented less than 10% of either flows.
Despite these similarities, the distribution of citations
among the six scientific classes differed significantly
from that of references (3 test, P<0-001). This dif-
ference might reflect, in particular, the slightly more
frequent outflow towards biology (35% of citations
were made in articles published in journals from
the biology class) than the inflow from biology (30 %
of references listed articles published in journals from
the biology class). Another notable discrepancy con-
cerns ‘multidisciplinary sciences’ journals, which are
more often referenced in modelling articles (8 % of all
references) than they publish articles citing modelling
studies (5% of all citations).

To analyse potential trends in the temporal evol-
ution of the relationship between modelling and
other scientific fields, we also studied the inflows
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Fig. 1. Distribution of scientific inflows (articles modelling
publications on antibiotic resistance refer to, black arrows)
and outflows (articles which cite modelling publications on
antibiotic resistance, dotted arrows) among scientific clas-
ses. Arrow thickness decreases from most to least important
flow.

and outflows separately for each year considered
(1993-2006). The distributions of references and
citations among different scientific classes did not
change markedly over years.

Evolution of the number of published modelling
articles

Figure 2a reports the number of articles from the list
divided by the total number of publications included
in the SCI database, both according to the year of
publication. Although we searched for articles uni-
formly over the last 15 years, the annual number of
published mathematical modelling articles on anti-
biotic resistance in our list increased progressively
over time, even when normalized to the total number
of publications included in the SCI database at cor-
responding years for correction on the overall publi-
cation size (Spearman trend test, P <0-01).

Likewise, Figure 25 illustrates, as a function of
publication year, the proportion of articles included
in the SCI database which were retrieved by the
search equation:

(antibiotic* AND resistan™) or antibioresistan*

This search equation was both too specific to cover all
articles on antibiotic resistance and too sensitive not
to include articles unrelated to antibiotic resistance.
However, it provided us with a crude means of com-
paring the dynamics of antibiotic-resistance model-
ling with those of antibiotic resistance as a whole, all
scientific approaches considered. From Figure 25, it
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Fig. 2. Yearly proportion of all SCl-referenced articles
from 1993 to 2006 that (@) are included in our list of mod-
elling publications and (b) concern antibiotic resistance.

appears that the general attention accorded to anti-
biotic resistance has been rising steadily over the last
15 years. However, the ratio of antibiotic-resistance
models to antibiotic-resistance-related articles has
also been increasing (Spearman trend test, P<0-01).

Citation impact of modelling papers

The 37 modelling articles published before 2005 were
cited in a mean of 35-9 subsequently published articles
(median: 20 citations per article). Figure 3 shows the
citation percentile distribution for all 37 articles,
computed from a comparison with other articles
published in the same issues of the same journals, as
detailed in the Methods section.

Overall, 80 % of the studied modelling articles were
cited more often than the median of articles published
in the same issues (i.e. they were among the top 50 %
most-cited articles from the issue). The mean com-
puted citation percentile was 34 %, meaning that
modelling articles are among the top third of cited
articles in their journal. The median computed per-
centile was 28 %, indicating that 18 of the 36 articles
belonged to the top quarter of articles in their journal
in terms of citations.
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Number of modeling articles

25-50% 50-75%

Citation rank among papers from the same issue

Bottom 25%

Top 25%

Fig. 3. Citation impact of modelling articles: number of
modeling articles from our list that were among the top
25% most cited articles published in the same issue of the
same journal, and numbers of modelling articles from
our list whose citation ranks were within the 25-50 %,
50%—75% or bottom 25 % range. The line represents the
expected values for a uniform distribution of citation ranks.

Factors associated with the high citation impact of
modelling articles

We evaluated separately the five best cited modelling
publications in our list, i.e. the five modelling pub-
lications that ranked the highest among articles pub-
lished in the same issue (articles number 13, 16, 18, 21
and 28) [24, 26, 28, 31, 37], to search for factors po-
tentially associated with their high citation impact.

The overall distribution of inflows from the six
scientific classes defined earlier differed significantly
between these five frequently cited articles and the
other 55 modelling articles (y* test, P<0-01).
Although the majority of references listed in those five
articles were also published in journals assigned to the
clinical medicine and biology classes, these best cited
articles referred to more medical-journal articles and
to fewer hard-science-journal articles (in particular
biology or mathematics/informatics) than other less
cited modelling publications.

DISCUSSION

Herein, we quantified the developing status of
mathematical modelling in antibiotic-resistance re-
search, and investigated the relationship between the
modelling approach and other scientific approaches in
this field. Pertinently, most of the articles citing math-
ematical antibiotic-resistance models were published
in clinical medicine and biology journals. This obser-
vation suggests a general interest in applied math-
ematical epidemiological models outside the fields of
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mathematics or epidemiology. Moreover, the number
of published antibiotic-resistance models has increased
progressively in recent years, suggesting heightened
attention and acceptance accorded to these methods
by the scientific community. This rising impact was
further underlined by the high citation impact that we
found for most modelling articles, compared to other
articles published in the same journals.

This study has several limitations. First, the citation
index that we used is, by definition, ever-changing, as
a new report citing any article from our list can be
published every day. We therefore had to decide on a
final date to complete data retrieval, which was July
2006 for this study. It is highly probable that data
obtained from the SCI database at some time other
than this date will yield different numbers of citations
of the modelling articles we considered. Nevertheless,
our final date is still likely to provide sufficient data
to get a relatively clear picture of the nature of
these citations — especially as far as the distribution of
various scientific classes among them is concerned.
Furthermore, our analysis of the citation impact of
modelling articles was made more robust by our as-
sessment of this impact by comparison with other
articles published in the same issues and journals
as the retained articles, rather than by using an un-
adjusted number of citations.

The JCR subject categories, and a fortiori our de-
rived scientific classes, characterize the journal that
published the article, rather than the article itself. As a
consequence, the information we analysed is at best
incomplete. For example, mathematical modelling
articles are often published in journals from the
clinical medicine or epidemiology/public health
classes, rather than those from the mathematics class,
as might have been expected. It is therefore likely that
some of the citations of our selected articles, which we
had assigned to the clinical medicine class, are indeed
the work of other mathematical modellers. However,
it can be argued that the scientific category to which a
journal belongs reflects the occupations of its readers
more than the content of its articles. In this respect,
our conclusion that models attract scientists outside
the field of mathematical epidemiology remains rel-
evant.

We chose to regroup subject categories into only six
scientific classes for obvious motives of simplicity and
interpretability of the results. However, although we
tried to make this process as straightforward as
possible, a few doubts remained regarding the classi-
fication of several subject categories. Among them,
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only one (‘Immunology’) would yield a substantial
impact on our results. Although we classified immu-
nology as a biological science, it could also have been
considered a medical speciality. Changing this de-
cision would increase the inflows and outflows to and
from clinical medicine at the expense of biology, but
would not change our main conclusions.

Although it appears, based on international pub-
lications, that the modelling approach has gained a
wider following in various epidemiological fields in
recent years, no study to date has assessed this per-
ception quantitatively. Herein, we established a frame-
work that can be used to investigate quantitatively the
status of mathematical modelling among other scien-
tific approaches for any epidemiological field.

It should be noted that we think that this popularity
of mathematical modelling is strongly dependent on
the dynamics of the public health problem in ques-
tion. Indeed, modelling is obviously more useful for
emerging public health issues for which data are
scarce, while a sound basis for decision-making is still
required. On the other hand, when a public health
problem has been recognized and studied for a certain
length of time, the need for models becomes less de-
manding, as more information becomes available
through direct observation. Therefore, it should pro-
bably be expected that the rapid increase in recent
years of the number of published antibiotic-resistance
models reported here will abate somewhat in years to
come, as will the popularity (in terms of citations) of
these models. It would be enlightening to use the
framework we developed for other important epidemi-
ological issues and to verify how our major conclu-
sions obtained in this case study hold up in other
contexts with regards to their dynamics as acknowl-
edged public health issues.

DECLARATION OF INTEREST

None.

REFERENCES

1. Kermack WO, McKendrick AG. A contribution to the
mathematical theory of epidemics. Proceedings of the
Royal Society of London 1927; 115: 700-721.

2. Halloran ME, Lipsitch M. Infectious disease modeling
contributions to the American Journal of Epidemio-
logy. American Journal of Epidemiology 2005; 161:
997-998.


https://doi.org/10.1017/S0950268807009442

296

3.

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

L. Temime and others

Hethcote HW. The mathematics of infectious diseases.
SIAM Review 2000; 42: 599-653.

Anderson RM. The pandemic of antibiotic resistance.
Nature Medicine 1999; 5: 147-149.

. Koopman J. Modeling infection transmission. Annual

Review of Public Health 2004; 25: 303-326.

. Levin SA, et al. Mathematical and computational

challenges in population biology and ecosystems sci-
ence. Science 1997; 275: 334-343.

. Kitching RP, Thrusfield MV, Taylor NM. Use and

abuse of mathematical models: an illustration from the
2001 foot and mouth disease epidemic in the United
Kingdom. Reviews of Science and Technology 2006; 25:
293-311.

. May RM. Uses and abuses of mathematics in biology.

Science 2004; 303: 790-793.

. Bonhoeffer S, Lipsitch M, Levin BR. Evaluating treat-

ment protocols to prevent antibiotic resistance.
Proceedings of the National Academy of Sciences USA
1997; 94: 12106-12111.

Austin DJ, et al. Vancomycin-resistant enterococci in
intensive-care hospital settings: transmission dynamics,
persistence, and the impact of infection control pro-
grams. Proceedings of the National Academy of Sciences
USA4 1999; 96: 6908-6913.

McCormick AW, et al. Geographic diversity and tem-
poral trends of antimicrobial resistance in Streptococcus
pneumoniae in the United States. Nature Medicine 2003 ;
9: 424-430.

Hasbrouck LM, et al. Use of epidemiology in clinical
medical publications, 1983—1999: a citation analysis.
American Journal of Epidemiology 2003; 157: 399-408.
Massad E, Lundberg S, Yang HM. Modeling and
simulating the evolution of resistance against anti-
biotics. International Journal of Biomedical Computing
1993; 33: 65-81.

Hoiby N. Epidemiologic aspects on antibiotic resist-
ance. Microbial Drug Resistance 1995; 1: 137-142.
Austin DJ, Kakehashi M, Anderson RM. The trans-
mission dynamics of antibiotic-resistant bacteria: the
relationship between resistance in commensal organ-
isms and antibiotic consumption. Proceedings of the
Royal Society of London, Series B: Biological Sciences
1997; 264: 1629-1638.

Levin BR, ef al. The population genetics of antibiotic
resistance. Clinical Infectious Diseases 1997; 24 (Suppl.
1): S9-16.

Lipsitch M, Levin BR. The within-host population dy-
namics of antibacterial chemotherapy: conditions for
the evolution of resistance (with discussion). Ciba
Foundation Symposium 1997; 207: 112-130.

Lipsitch M, Levin BR. The population dynamics of anti-
microbial chemotherapy. Antimicrobial Agents and
Chemotherapy 1997; 41: 363-373.

Sebille V, Chevret S, Valleron AJ. Modeling the spread
of resistant nosocomial pathogens in an intensive-care
unit. Infection Control and Hospital Epidemiology 1997;
18: 84-92.

Kepler TB, Perelson AS. Drug concentration hetero-
geneity facilitates the evolution of drug resistance.

https://doi.org/10.1017/50950268807009442 Published online by Cambridge University Press

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Proceedings of the National Academy of Sciences USA
1998;95: 11514-11519.

Lipsitch M, Levin BR. Population dynamics of
tuberculosis treatment: mathematical models of the
roles of non-compliance and bacterial heterogeneity in
the evolution of drug resistance. International Journal of
Tuberculosis and Lung Disease 1998 ; 2: 187-199.
Stewart FM, et al. The population genetics of antibiotic
resistance. I1: Analytic theory for sustained populations
of bacteria in a community of hosts. Theoretical
Population Biology 1998 ; 53: 152-165.

Austin DJ, Anderson RM. Studies of antibiotic resist-
ance within the patient, hospitals and the community
using simple mathematical models. Philosophical
Transactions of the Royal Society of London, Series B:
Biological Sciences 1999 ; 354: 721-738.

Austin DJ, Kristinsson KG, Anderson RM. The re-
lationship between the volume of antimicrobial con-
sumption in human communities and the frequency of
resistance. Proceedings of the National Academy of
Sciences USA 1999; 96: 1152-1156.

Dye C, Williams BG. Criteria for the control of drug-
resistant tuberculosis. Proceedings of the National
Academy of Sciences USA 2000; 97: 8180-8185.

Levin BR, Perrot V, Walker N. Compensatory muta-
tions, antibiotic resistance and the population genetics
of adaptive evolution in bacteria. Genetics 2000; 154:
985-997.

Lipsitch M, Bergstrom CT, Levin BR. The epidemiology
of antibiotic resistance in hospitals: paradoxes and
prescriptions. Proceedings of the National Academy of
Sciences USA 2000; 97: 1938-1943.

Bonten MJ, Austin DJ, Lipsitch M. Understanding the
spread of antibiotic resistant pathogens in hospitals:
mathematical models as tools for control. Clinical
Infectious Diseases 2001 ; 33: 1739-1746.

Dye C, Espinal MA. Will tuberculosis become resistant
to all antibiotics? Proceedings of the Royal Society
of London, Series B: Biological Sciences 2001; 268:
45-52.

D’Agata EM, Horn MA, Webb GF. The impact of per-
sistent gastrointestinal colonization on the transmission
dynamics of vancomycin-resistant enterococci. Journal
of Infectious Diseases 2002; 185: 766-773.

Grundmann H, et al. Risk factors for the transmission of
methicillin-resistant Staphylococcus aureus in an adult
intensive care unit: fitting a model to the data. Journal
of Infectious Diseases 2002 ; 185: 481-488.

Pelupessy I, Bonten MJ, Diekmann O. How to assess the
relative importance of different colonization routes of
pathogens within hospital settings. Proceedings of the
National Academy of Sciences USA 2002; 99:
5601-5605.

Smith DL, et al. Animal antibiotic use has an early but
important impact on the emergence of antibiotic resist-
ance in human commensal bacteria. Proceedings of
the National Academy of Sciences USA 2002; 99:
6434-6439.

Iwasa Y, Michor F, Nowak MA. Evolutionary dynamics
of escape from biomedical intervention. Proceedings of


https://doi.org/10.1017/S0950268807009442

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

the Royal Society of London, Series B: Biological
Sciences 2003 ; 270: 2573-2578.

Smith DL, et al. Assessing risks for a pre-emergent
pathogen: virginiamycin use and the emergence of
streptogramin resistance in Enterococcus faecium.
Lancet Infectious Diseases 2003; 3: 241-249.

Temime L, et al. Bacterial resistance to penicillin G by
decreased affinity of penicillin-binding proteins: a
mathematical model. Emerging Infectious Diseases
2003;9: 411-417.

Bergstrom CT, Lo M, Lipsitch M. Ecological theory
suggests that antimicrobial cycling will not reduce
antimicrobial resistance in hospitals. Proceedings of
the National Academy of Sciences USA 2004; 101:
13285-13290.

Blower SM, Chou T. Modeling the emergence of the
‘hot zones’: tuberculosis and the amplification dy-
namics of drug resistance. Nature Medicine 2004; 10:
1111-1116.

Cohen T, Murray M. Modeling epidemics of multidrug-
resistant M. tuberculosis of heterogeneous fitness.
Nature Medicine 2004; 10: 1117-1121.

Cooper B, Lipsitch M. The analysis of hospital infection
data using hidden Markov models. Biostatistics 2004;
5:223-237.

Cooper BS, et al.Methicillin-resistant Staphylococcus
aureus in hospitals and the community: stealth dy-
namics and control catastrophes. Proceedings of the
National Academy of Sciences USA 2004; 101:
10223-10228.

De Gelder L, et al. Combining mathematical models
and statistical methods to understand and predict the
dynamics of antibiotic-sensitive mutants in a popu-
lation of resistant bacteria during experimental evol-
ution. Genetics 2004; 168: 1131-1144.

Hall RJ, Gubbins S, Gilligan CA. Invasion of drug and
pesticide resistance is determined by a trade-off between
treatment efficacy and relative fitness. Bulletin of
Mathematical Biology 2004; 66: 825-840.

Perencevich EN, et al. Projected benefits of active sur-
veillance for vancomycin-resistant enterococci in inten-
sive care units. Clinical Infectious Diseases 2004; 38:
1108-1115.

Smith DL, et al. Persistent colonization and the spread
of antibiotic resistance in nosocomial pathogens: resist-
ance is a regional problem. Proceedings of the National
Academy of Sciences USA 2004; 101: 3709-3714.
Temime L, Guillemot D, Boelle PY. Short- and long-
term effects of pneumococcal conjugate vaccination of
children on penicillin resistance. Antimicrobial Agents
and Chemotherapy 2004 ; 48: 2206-2213.

Andersson M, et al. Modelling the spread of penicillin-
resistant Streptococcus pneumoniae in day-care and
evaluation of intervention. Statistics in Medicine 2005;
24: 3593-3607.

Armeanu E, Bonten MJ. Control of vancomycin-resist-
ant enterococci: one size fits all? Clinical Infectious
Diseases 2005; 41: 210-216.

Atun RA, et al. Impact of an effective multidrug-resist-
ant tuberculosis control programme in the setting of an

https://doi.org/10.1017/50950268807009442 Published online by Cambridge University Press

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Rising impact of models in epidemiology 297

immature HIV epidemic: system dynamics simulation
model. International Journal of STD AIDS 2005; 16:
560-570.

Boni MF, Feldman MW. Evolution of antibiotic resist-
ance by human and bacterial niche construction.
Evolution: International Journal of Organic Evolution
2005; 59: 477-491.

D’Agata EM, Webb G, Horn M. A mathematical model
quantifying the impact of antibiotic exposure and other
interventions on the endemic prevalence of vancomy-
cin-resistant enterococci. Journal of Infectious Diseases
2005; 192: 2004-2011.

Forrester M, Pettitt AN. Use of stochastic epidemic
modeling to quantify transmission rates of colonization
with methicillin-resistant Staphylococcus aureus in an
intensive care unit. Infection Control and Hospital
Epidemiology 2005; 26: 598—606.

Hotchkiss JR, et al. An agent-based and spatially ex-
plicit model of pathogen dissemination in the intensive
care unit. Critical Care Medicine 2005; 33: 168-176
(discussion 253-164).

Joyce P, et al. Modeling the impact of periodic bottle-
necks, unidirectional mutation, and observational error
in experimental evolution. Journal of Mathematical
Biology 2005; 50: 645-662.

Magee JT. The resistance ratchet: theoretical impli-
cations of cyclic selection pressure. Journal of
Antimicrobial Chemotherapy 2005; 56: 427—430.
Raboud J, et al. Modeling transmission of methicillin-
resistant Staphylococcus aureus among patients admit-
ted to a hospital. Infection Control and Hospital
Epidemiology 2005; 26: 607-615.

Reluga TC. Simple models of antibiotic cycling.
Mathematical Medicine and Biology 2005; 22:
187-208.

Smith DL, Levin SA, Laxminarayan R. Strategic inter-
actions in multi-institutional epidemics of antibiotic
resistance. Proceedings of the National Academy of
Sciences USA 2005; 102: 3153-3158.

Temime L, et al. Penicillin-resistant pneumococcal
meningitis: high antibiotic exposure impedes new vac-
cine protection. Epidemiology and Infection 2005; 133:
493-501.

Vacher C, Brown SP, Hochberg ME. Avoid, attack or
do both? Behavioral and physiological adaptations in
natural enemies faced with novel hosts. BMC
Evolutionary Biology 2005; 5: 60.

Webb GF, et al. A model of antibiotic-resistant bacterial
epidemics in hospitals. Proceedings of the National
Academy of Sciences USA 2005; 102: 13343-13348.
Bootsma MC, Diekmann O, Bonten MJ. Controlling
methicillin-resistant Staphylococcus aureus: quantifying
the effects of interventions and rapid diagnostic testing.
Proceedings of the National Academy of Sciences
USA 2006; 103: 5620-5625.

Cohen T, et al. Beneficial and perverse effects of iso-
niazid preventive therapy for latent tuberculosis infec-
tion in HIV-tuberculosis coinfected populations.
Proceedings of the National Academy of Sciences USA
2006; 103: 7042-7047.


https://doi.org/10.1017/S0950268807009442

298

64.

65.

66.

L. Temime and others

Hartley DM, et al. The role of institutional epidemio-
logic weight in guiding infection surveillance and
control in community and hospital populations.
Infection Control and Hospital Epidemiology 2006; 27:
170-174.

Levin BR, Rozen DE. Non-inherited antibiotic resist-
ance. Nature Reviews Microbiology 2006; 4: 556-562.
McBryde ES, McElwain DL. A mathematical model
investigating the impact of an environmental reservoir
on the prevalence and control of vancomycin-resistant
enterococci. Journal of Infectious Diseases 2006; 193:
1473-1474.

https://doi.org/10.1017/50950268807009442 Published online by Cambridge University Press

67.

68.

69.

Nikolaou M, Tam VH. A new modeling approach to the
effect of antimicrobial agents on heterogeneous mi-
crobial populations. Journal of Mathematical Biology
2006; 52: 154-182.

Samore MH, et al. Mechanisms by which antibiotics
promote dissemination of resistant pneumococci in
human populations. American Journal of Epidemiology
2006; 163: 160-170.

Wang YC, Lipsitch M. Upgrading antibiotic use within
a class: tradeoff between resistance and treatment
success. Proceedings of the National Academy of
Sciences USA 2006; 103: 9655-9660.


https://doi.org/10.1017/S0950268807009442

