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Background. Therapeutic antibiotic use in humans is a significant driver of antibiotic resistance. The seasonal
effect of antibiotic use on antibiotic resistance has been poorly quantified because of lack of large-scale, spatially
disaggregated time-series data on antibiotic use and resistance.

Methods. We used time-series analysis (Box–Jenkins) on US antibiotic usage from IMS Health and on antibi-
otic resistance from The Surveillance Network from 1999–2007 to estimate the effect of aminopenicillin, fluoro-
quinolone, trimethoprim/sulfamethoxazole, and tetracycline usage on resistance of Escherichia coli to drugs within
these classes. We also quantified the effect of fluoroquinolone and macrolide/lincosamide usage on resistance of
methicillin-resistant Staphylococcus aureus (MRSA) to ciprofloxacin and clindamycin (which has a similar mode
of action to macrolides), respectively.

Results. Prevalence of resistant Escherichia coli was significantly correlated with lagged (by 1 month) antibiotic
prescriptions for aminopenicillins (0.22, P = .03) and fluoroquinolones (0.24, P = .02), which are highly prescribed,
but was uncorrelated to antibiotic classes with lower prescription levels. Fluoroquinolone prescriptions were also
significantly correlated with a 1-month lag with the prevalence of ciprofloxacin-resistant MRSA (0.23, P = .03).

Conclusions. Large-scale usage of antibiotics can generate seasonal patterns of resistance that fluctuate on a
short time scale with changes in antibiotic retail sales, suggesting that use of antibiotics in the winter could have a
significant effect on resistance. In addition, the strong correlation between community use of antibiotics and resis-
tance isolated in the hospital indicates that restrictions imposed at the hospital level are unlikely to be effective
unless coordinated with campaigns to reduce unnecessary antibiotic use at the community level.

INTRODUCTION

Antibiotic resistance poses high costs for society, inclu-
ding significant excess morbidity and mortality [1],
increased risk of transplants and other surgical proce-
dures dependent on antibiotic effectiveness [2], and
expensive new antibiotics to treat resistant pathogens [3].

Consumption of antibiotics for therapy is generally recog-
nized as the primary driver of resistance patterns [4–6].
Thus, understanding how changes in consumption rates
affect antibiotic susceptibility, and at what time scale, is
important for developing policies to manage drug
resistance.

Although the relationship between human antibiotic
use and resistance is complicated by multiple environ-
mental and societal forces [2], some studies have
found evidence of significant temporal relationships
between antibiotic use and resistance [7–11]. Within
the hospital, antibiotic susceptibility rates were highly
correlated with prescribing patterns with a lag of only
1 to 3 months [7, 8, 11]. Similar findings have also
been seen at the community level [9, 10]. In addition,
studies have noted strong interactions between antibi-
otic prescriptions in the community and resistance
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profiles of hospital isolates [12–14]. The rapidity with which
resistance in certain organisms has been shown to respond to
changes in antibiotic use, as well as the interaction between
community antibiotic use and resistance in both the commu-
nity and the hospital, suggests that strong seasonal variation in
outpatient antibiotic use due to seasonal increases in respirato-
ry diseases, such as influenza [15], may be associated with sea-
sonal changes in drug resistance levels.

In this study, we investigated the seasonal relationship
between antibiotic prescriptions and resistance for the United
States from 1999 to 2007. Previous studies have observed that
certain antibiotic prescriptions (particularly fluoroquinolones)
are highly seasonal [6, 15], and similarly bacterial resistance for
some pathogens (such as Neisseria gonorrhea and Streptococcus
pneumonia) is also highly seasonal [16, 17]. We investigated
seasonal trends in prescription levels of multiple drugs and re-
sistance of 2 bacteria, Escherichia coli (E. coli) and Staphylococ-
cus aureus, which can asymptomatically colonize the flora of
healthy individuals and can serve as reservoirs for resistance
genes, as well as indicators of antibiotic exposure [9, 18].

METHODS

Antibiotic retail sales data were obtained from IMS Health’s
Xponent database, which contains data on dispensed drug
prescriptions collected from retail pharmacies (chain, mass
merchandisers, independents, and food stores) in the United
States [19] and has been previously used to assess the effect of
antibiotic use on resistance [14]. The database covers more
than 70% of all prescriptions filled in the United States, and
records are then weighted to project 100% of total prescrip-
tions dispensed [15]. We investigated the total number of
retail prescription sales between 1999 and 2007 by month for
5 antibiotic classes that, together, account for approximately
70% of yearly antibiotic prescriptions and exhibit differing
levels of usage: (1) aminopenicillins, β-lactam antibiotics that
inhibit bacterial cell wall synthesis; (2) quinolones, which in-
terfere with bacterial DNA replication; (3) macrolides/lincosa-
mides, which target the process of translation and inhibit
protein synthesis within bacterial cells; (4) trimethoprim/sulfa-
methoxazoles, combination antibiotics which inhibit bacterial
folate synthesis; and (5) tetracyclines, which inhibit translation
and protein synthesis (see Supplementary Table 1 for drugs
included in each class).

Resistance data for the same period were obtained from The
Surveillance Network (TSN) Database-USA (Focus Diagnos-
tics, Herndon, VA). TSN is an electronic repository of suscept-
ibility test results collected from more than 300 geographically
dispersed laboratories in the United States [20]; it has been
used extensively by previous studies to characterize trends in
antimicrobial resistance [21–24]. Participating laboratories are

geographically dispersed throughout the 9 US Census Bureau
regions [23] and are selected to be representative of hospital
bed size and patient population [22, 23]. Bacterial isolates
from inpatients and outpatients were tested on site for sus-
ceptibility to a range of antimicrobials, then classified as sus-
ceptible, intermediate, or resistant using interpretive standards
established by the Clinical and Laboratory Standards Institute
(CLSI). The small number of isolates classified as intermediate
(<0.01%) were grouped with the susceptible isolates. Data
from TSN encompassed approximately 2.5 million tests of
E. coli isolates for resistance to ampicillin and trimethoprim/
sulfamethoxazole each, or approximately 23 000 tests each per
month. Tests for E. coli resistance to ciprofloxacin num-
bered approximately 2.2 million, and there were approximately
700 000 tests of E. coli tetracycline resistance. Isolate tests for
methicillin-resistant S. aureus (MRSA) numbered approxi-
mately 1.4 million and approximately 800 000 for resistance to
clindamycin and ciprofloxacin, respectively.

Seasonal time trends for antibiotic sales and resistance data
were analyzed using a seasonal-trend decomposition procedure
based on LOESS (STL), which robustly detects both trends and
seasonal variation [25]. STL employs a sequence of smoothing
fits on localized subsets of data to generate a seasonal compo-
nent, a trend component, which represents the long-term
secular pattern in data over the years, and a remainder, which
accounts for the residual variation. We ran our analysis over
the entire range of data, such that the seasonal component is
an annually repeating pattern of the mean fitted seasonal
change (either a relative increase or decrease) for each month.

In correlating 2 time series, it is necessary to remove trend
and seasonal components from each series to avoid false cor-
relations. For example, a strong positive correlation between
imported oranges and ischemic heart disease deaths in the
United Kingdom disappears once that data are corrected for
seasonal and time trends [26]. Avoiding spurious correlations
of this type is more likely when the short-term fluctuations in
1 series (or the residuals after removing the trend and seasonal
component) are consistently correlated with short-term fluctu-
ations in the other. This type of cross-correlational analysis is
common in epidemiological studies [26, 27].

We applied the Box–Jenkins approach to fit time-series data
to autoregressive moving average (ARIMA) statistical models,
thereby transforming the data into a series of independent,
identically distributed random variables [8, 28, 29]. Because
the data were seasonal, we used the seasonal ARIMA
(SARIMA) extension, which includes seasonal autoregressive
and moving average terms as well as a seasonal differencing
operator [30, 31], to fit prescription and resistance monthly
time series. After differencing each time series to render it sta-
tionary, as measured by the Dickey–Fuller unit root test [32],
we constructed separate models for each prescription and
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resistance time series, then diagnosed them for acceptability
using the Akaike information criterion (AIC) and Box–Ljung
white noise test for residuals. The residuals from these models
were then cross-correlated to examine the association between
each pathogen–drug combination.

Cross-correlation analysis of the effect of antibiotic use on
E. coli resistance was done for (1) aminopenicillin prescrip-
tions and the percentage of isolates resistant to ampicillin, (2)
fluoroquinolone prescriptions and the percentage of isolates
resistant to ciprofloxacin, (3) trimethoprim/sulfamethoxazole
prescriptions and the percentage of isolates resistant to tri-
methoprim/sulfamethoxazole, and (4) tetracycline prescrip-
tions and the percentage of isolates resistant to tetracycline.
The prescription data for each antibiotic were cross-correlated
separately with resistance data for isolates from inpatients,
outpatients, and both combined. All data were monthly.

No seasonal variation has been noted for S. aureus carriage [33];
however, recent reports have suggested that MRSA infections
have a seasonal pattern [34]. Because healthcare-associated MRSA
isolates are generally resistant to multiple drugs [18], we hypo-
thesized that seasonal changes in antibiotic consumption could
be correlated with changes in MRSA resistance profiles. Isolates
that were resistant to oxacillin, a proxy for all β-lactam antibiot-
ics, were considered MRSA and included in the analysis. The
percentage of MRSA isolates that were resistant to other drugs
was then calculated. Only 2 drugs, ciprofloxacin and clindamy-
cin, fluctuated seasonally (Supplementary Figure 1) and were in-
cluded in further analysis. Monthly resistance data for these
drugs were cross-correlated with fluoroquinolone prescriptions
and lincosamide/macrolide prescriptions. We combined lincosa-
mide and macrolide prescriptions because of the similarity in
their mode of action [35] and because MRSA isolates were not
tested specifically for macrolide resistance. Furthermore, macro-
lide usage has been shown to induce clindamycin resistance, and
cross-resistance to both antibiotics (the MLSB phenotype) often
occurs [35, 36]. Cross-correlation analyses were performed using
Stata (StataCorp, Stata Statistical Software, release 10; College
Station, TX), and STL analysis was done in [R] (R Foundation
for Statistical Computing, version 2.13, Vienna).

RESULTS

Strength of seasonality in the prescription data (ie, the diffe-
rence between yearly low and high prescriptions) was observed
to be correlated with the mean number of prescriptions in
each antibiotic class (Figure 1). This was also observed in the
E. coli resistance data (Supplementary Figure 2). Seasonal pat-
terns, excluding trends, in E. coli resistance and prescription
data were calculated using a seasonal decomposition method.
Strong similarity in the seasonal signals of aminopenicillin
prescriptions and ampicillin-resistant E. coli isolates, as well as

fluoroquinolone prescriptions and ciprofloxacin-resistant
E. coli isolates, was observed (Figure 2). Similar winter-
peaking seasonal patterns were also observed for inpatient and
outpatient isolates separately (Supplementary Figures 3 and
4). Antibiotic classes with a lower number of prescriptions—
trimethoprim/sulfamethoxazole and tetracycline—were also
generally seasonal with a winter peak. However, their season-
ality, and that of the corresponding E. coli resistance time
series, was less pronounced and not as smooth for all isolates
combined (Figure 3) as well as for the inpatient and outpatient
isolates separately (Supplementary Figures 5 and 6).

The same seasonal decomposition analysis was performed
for the MRSA isolates, with comparable results. Both fluoro-
quinolone prescriptions and the percentage of MRSA isolates
that were resistant to ciprofloxacin peaked in the winter. Simi-
larly, a winter peak was observed for both the percentage of
MRSA isolates resistant to clindamycin and macrolide/lincosa-
mide prescriptions (Figure 4). Results for inpatient and outpa-
tient isolates separately were nearly identical (Supplementary
Figures 7 and 8).

Differencing the prescription and resistance time series suc-
ceeded in rendering them stationary (Dickey–Fuller unit root
test, MacKinnon approximate P value <.05 in all cases). We
then constructed seasonal ARIMA models for each time series
(all models were diagnosed as acceptable based on the AIC and
Box–Ljung test for white noise of residuals; Supplementary

Figure 1. Number of prescriptions for antibiotic drug classes, by month.
Source: IMS Health, Xponent, 1999–2007. Abbreviation: TMP/Sulfra,
trimethoprim/sulfamethoxazole.
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Figure 3. Seasonal pattern of low-usage antibiotic prescriptions and Escherichia coli (E. coli) resistance. A, Mean monthly seasonal variation for
trimethoprim/sulfamethoxazole prescriptions and E. coli resistance to trimethoprim/sulfamethoxazole calculated by seasonal-trend decomposition proce-
dure based on LOESS (STL) method. B, Mean monthly seasonal variation for tetracycline prescriptions and E. coli resistance to tetracycline calculated
by STL method. Though these time series also seem synchronized in seasonality, seasonal autoregressive moving average analysis shows that the
relationship is only correlative. Prescription data source: IMS Health, Xponent, 1999–2007. Resistance data source: The Surveillance Network Database-
USA (Focus Diagnostics, Herndon, VA). Abbreviations: E. coli, Escherichia coli ; TMP/Sulfra, trimethoprim/sulfamethoxazole.

Figure 2. Seasonal pattern of high-usage antibiotic prescriptions and Escherichia coli (E. Coli) resistance, showing 1-month lag. A, Mean monthly
seasonal variation for aminopenicillin prescriptions and E. coli resistance to ampicillin calculated by seasonal-trend decomposition procedure based on
LOESS (STL) method. B, Mean monthly seasonal variation for fluoroquinolone prescriptions and E. coli resistance to ciprofloxacin calculated by STL
method. Prescription data source: IMS Health, Xponent, 1999–2007. Resistance data source: The Surveillance Network Database-USA (Focus Diagnos-
tics, Herndon, VA). Abbreviation: E. coli, Escherichia coli.
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Tables 2 and 3), and we cross-correlated ARIMA residuals for
each prescription time series with its concomitant resistance
series. We found positive and significant (P values at or below
the 10% level) cross-correlation coefficients for antibiotics with
higher prescription levels—aminopenicillins, fluoroquinolones,
and macrolides/lincosamides. However, cross-correlations for
antibiotic classes with lower prescription levels (<2 million
average monthly prescriptions) were nonsignificant.

For aminopenicillin prescriptions and ampicillin-resistant
E. coli, cross-correlation peaked at a 1-month lag with a coeffi-
cient of 0.20 (P = .06) for inpatient isolates, 0.17 (P = .09) for
outpatient isolates, and 0.22 (P = .03) for all isolates combined.
Fluoroquinolone prescriptions and ciprofloxacin-resistant
E. coli had similar results; correlation coefficients, which also
peaked at a 1-month lag, were 0.24 (P = .02), 0.17 (P = .1), and
0.24 (P = .02) for inpatient, outpatient and all isolates com-
bined, respectively (see Table 1 for the peak correlation
coefficients).

Macrolide/lincosamide prescriptions, which were extremely
seasonal, were significantly correlated with clindamycin-resis-
tant MRSA. These correlations also peaked at a 1-month lag
and were the highest of any pathogen-drug combination in-
vestigated, with coefficients of 0.42 (P < .001), 0.32 (P = .002),
and 0.43 (P < .001) for inpatient, outpatient, and all isolates
combined, respectively. Peak correlations between fluoroquin-
olone prescriptions and ciprofloxacin-resistant MRSA

occurred at 1-month lag with coefficients of 0.24 (P = .02) for
inpatient isolates, 0.16 (P = .12) for outpatient isolates, and
0.23 (P = .03) for all isolates combined.

DISCUSSION

In this study, we demonstrated temporal correlation between
some combinations of antibiotic prescriptions and drug resis-
tance levels in E. coli and S. aureus. Even though we observed
seasonal patterns in both prescriptions and resistance for all
classes of antibiotics, these associations do not imply a causal
relationship, since time-series data are autocorrelated and ex-
trinsic factors could be causing similar seasonal variations in
both prescription and resistance time series.

By using time-series analysis, we could account for autocor-
relation as well as factors that might cause spurious correlation.
Based on this analysis, we found strong associations between
some antibiotic prescriptions and resistance. For aminopeni-
cillins, fluoroquinolones and macrolides/lincosamides, which
account for more than 50% of yearly antibiotic sales, cross-
correlation coefficients between residuals of SARIMA models
were positive and significant at the 10% level with a 1-month
lag for nearly all cases analyzed. These results were generally
consistent whether we analyzed isolates from inpatients, out-
patients, or all patients. Only outpatient MRSA isolates did
not show a significant cross-correlation with fluoroquinolone

Figure 4. Seasonal pattern of antibiotic prescriptions and MRSA, showing 1-month lag. A, Mean monthly seasonal variation for quinolone prescrip-
tions and MRSA isolates resistant to ciprofloxacin calculated by seasonal-trend decomposition procedure based on LOESS (STL) method. B, Mean
monthly seasonal variation for macrolide and lincosamide prescriptions and MRSA resistant to clindamycin calculated by STL method. Prescription data
source: IMS Health, Xponent, 1999–2007. Resistance data source: The Surveillance Network Database-USA (Focus Diagnostics, Herndon, VA). Abbrevia-
tion: MRSA, methicillin-resistant Staphylococcus aureus.
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prescriptions at the 10% level. Thus, even with autocorrelation
accounted for and trend and seasonal components removed
by the SARIMA model, we found a statistical association
between prescription levels and resistance.

However, an association was not found for all prescription-
resistance pairs. Although the seasonal pattern of prescriptions
and E. coli resistance for both trimethoprim/sulfamethoxazole
and tetracycline are highly synchronized, we found that the
cross-correlation coefficients were not statistically significant.
Thus, despite their similar winter-peaking seasonal patterns,
we found no association between short-term changes in tri-
methoprim/sulfamethoxazole and tetracycline prescriptions
and E. coli resistance.

Our results suggest that seasonal changes in antibiotic use
are significantly associated with short-term changes in resis-
tance. Since resistance lags the increase in prescriptions, an ex-
ogenous seasonal driver must underlie the pervasive seasonal
trend seen in prescription rates across different drug types.
One suggestion is that influenza and other respiratory infec-
tions, which rise and fall in near unison with antibiotic pre-
scriptions, result in more prescriptions during the cold
months [15, 37]. Though some bacterial infections also in-
crease in the winter, a large fraction of antibiotic prescriptions
in the winter are estimated to be inappropriate [38]. The close
relationship between respiratory infections and antibiotic pre-
scriptions suggests that reducing the incidence of influenza

through vaccination efforts could help decrease overprescrip-
tion of some highly prescribed antibiotic classes and reduce
the annual increase in antibiotic-resistant infections. The
linkage between seasonality and antibiotic use has been seen
in European countries as well [6, 39], with increased overall
use (much of which is presumably also inappropriate) being
associated with stronger seasonality.

Our finding that only antibiotics with higher prescription
levels had significant correlation coefficients suggests that the
scale of antibiotic usage as a whole is important in structuring
the dynamics of resistance. The data presented link prescriptions
filled at pharmacies with resistant isolates observed in patients in
the hospital and in outpatient clinics. The strong associations
seen in certain drug–pathogen combinations, which were gener-
ally consistent regardless of isolate location, suggest that antibi-
otic use in the community has significant consequences for
resistance in the hospital—an idea that complements previous
studies showing relationships between antibiotic use in the com-
munity and resistance in the hospital [12–14]. Though this is
not surprising, considering that approximately 260 million anti-
biotic prescriptions are filled each year, it suggests that individu-
al hospitals’ efforts to restrict antibiotic usage are unlikely to
have a large effect on certain pathogens unless coordinated with
campaigns at the community level.

This study has several limitations. First, because of data lim-
itations, we used aggregate prescription numbers rather than

Table 1. Peak Cross-Correlation Coefficients Between Drug-Resistant Isolates and Antibiotic Prescriptions, 1999–2007

Isolate Location

Drug-Resistant Isolates Prescriptions Inpatients Outpatients Total

Escherichia coli
Ampicillin Aminopenicillins 0.2

P= .06
1-month lag

0.17
P= .09

1-month lag

0.22
P= .03

1-month lag
Ciprofloxacin Fluoroquinolones 0.24

P= .02
1-month lag

0.17
P= .1

1-month lag

0.24
P= .02

1-month lag

Trimethoprim/sulfamethoxazole Trimethoprim/sulfamethoxazoles 0.06
P= .57

3-month lag

0.11
P= .27

3-month lag

0.14
P= .19

3-month lag

Tetracycline Tetracyclines 0.07
P= .5

2-month lag

0.02
P= .82

4-month lag

0.04
P= .72

3-month lag

Methicillin-resistant Staphylococcus aureus
Ciprofloxacin Fluoroquinolones 0.24

P= .02
1-month lag

0.16
P= .12

1-month lag

0.23
P= .03

1-month lag

Clindamycin Macrolides/lincosamides 0.42
P< .001

1-month lag

0.32
P= .002

2-month lag

0.43
P< .001

1-month lag

Prescription data source: IMS Health, Xponent, 1999–2007. Resistance data source: The Surveillance Network Database-USA (Focus Diagnostics, Herndon, VA).
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defined daily dose (DDD), a standardized measure of antibiot-
ic consumption. While this would have been useful for com-
parison with other studies, it is not known what measure of
antibiotic use is most closely associated with selection for re-
sistance, and thus no systematic bias was introduced by the
use of sales data rather than DDDs. Second, we did not explic-
itly control for variations in age, geographical area, immune
status, or other factors across the country, and these may have
affected seasonal patterns of use and drug resistance. Third,
we have correlated antibiotic consumption in the community
with isolates from both inpatients and outpatients. Though
this does not account for antibiotic usage in the hospital,
usage in the hospital also fluctuates seasonally [40], and the
results were generally consistent across location despite lower
numbers of isolates, and thus less statistical power, in the in-
patient and outpatient areas compared to the total. In addi-
tion, the overall number of prescriptions in the community is
more than 6 times the total number of estimated hospitaliza-
tions. Thus, we believe that our results are a good indicator of
the ecological effect of antibiotic usage on the whole commu-
nity. Our methods are also in accord with other studies using
IMS data to estimate the impact on resistance at the popula-
tion level [14]. It should be noted, though, that this type of
ecological analysis assumes that indirect exposure (eg, trans-
mission from a child using antibiotics to the mother) plays a
large role.

Third, we did not explicitly control for variations in age,
geographical area, immune status, or other factors across the
country that may have affected seasonal patterns of use and
drug resistance. Fourth, although TSN is national in scope, it
does not represent a fully stratified random sample of hospi-
tals in the United States by type and region. Lastly, changes in
surveillance, CLSI criteria, or bias in the types of infections
cultured over time (such as more severe or unusual infections)
could alter the results.

This is the first study to use time-series analyses to investi-
gate seasonality and causal correlations between antibiotic pre-
scriptions and resistance on a nationwide scale in the United
States. Although all prescription and resistance time series ex-
hibited winter-peaking seasonality, cross-correlation analysis
found that only antibiotic prescriptions dispensed in large
quantities were associated with short-term fluctuations in re-
sistance patterns. Further studies are needed to confirm
whether these relationships hold for other combinations of an-
tibiotics and resistant bacteria, and to investigate how these
results vary over heterogeneous US subpopulations. However,
overall, this nationwide study suggests that policies and public
campaigns to lower antibiotic use could be important and
effective measures in the effort to maintain the effectiveness of
existing drugs and control the global threat of antibiotic
resistance.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online
(http://cid.oxfordjournals.org). Supplementary materials consist of data
provided by the author that are published to benefit the reader. The
posted materials are not copyedited. The contents of all supplementary
data are the sole responsibility of the authors. Questions or messages
regarding errors should be addressed to the author.

Notes

Acknowledgments. The statements, findings, conclusions, views, and
opinions contained and expressed in this article are based in part on data
obtained under license from the following IMS Health Incorporated infor-
mation service(s): Xponent (1999–2007), IMS Health Incorporated. All
rights reserved. The statements, findings, conclusions, views, and opinions
contained and expressed herein are not necessarily those of IMS Health
Incorporated or any of its affiliated or subsidiary entities.
Financial support. This material is based upon work supported by

the Health Grand Challenges Program at Princeton University. Additional
support was provided by the Extending the Cure Project, supported by the
Pioneer Portfolio at the Robert Wood Johnson Foundation.
Potential conflicts of interest. All authors: No reported conflicts.
All authors have submitted the ICMJE Form for Disclosure of Potential

Conflicts of Interest. Conflicts that the editors consider relevant to the
content of the manuscript have been disclosed.

References

1. Niederman MS. Impact of antibiotic resistance on clinical outcomes
and the cost of care. Crit Care Med 2001; 29(4 suppl):N114–20.

2. Davies J, Davies D. Origins and evolution of antibiotic resistance.
Microbiol Mol Biol Rev 2010; 74:417–33.

3. Wang EE, Kellner JD, Arnold S. Antibiotic-resistant Streptococcus
pneumoniae. Implications for medical practice. Can Fam Physician
1998; 44:1881–8.

4. Austin DJ, Kristinsson KG, Anderson RM. The relationship between
the volume of antimicrobial consumption in human communities and
the frequency of resistance. PNAS 1999; 96:1152–6.

5. Granizo JJ, Aguilar L, Casal J, Dal-Re R, Baquero F. Streptococcus pyo-
genes resistance to erythromycin in relation to macrolide consumption
in Spain (1986–1997). J Antimicrob Chemother 2000; 46:959–64.

6. Goossens H, Ferech M, Vander Stichele R, Elseviers M. Outpatient
antibiotic use in Europe and association with resistance: a cross-
national database study. Lancet 2005; 365:579–87.

7. Monnet DL, MacKenzie FM, Lopez-Lozano JM, et al. Antimicrobial
drug use and methicillin-resistant Staphylococcus aureus, Aberdeen,
1996–2000. Emerg Infect Dis 2004; 10:1432–41.

8. Lopez-Lozano JM, Monnet DL, Yague A, et al. Modelling and forecast-
ing antimicrobial resistance and its dynamic relationship to antimicrobi-
al use: a time series analysis. Int J Antimicrob Agents 2000; 14:21–31.

9. Hay AD, Thomas M, Montgomery A, et al. The relationship between
primary care antibiotic prescribing and bacterial resistance in adults
in the community: a controlled observational study using individual
patient data. J Antimicrob Chemother 2005; 56:146–53.

10. Gottesman BS, Carmeli Y, Shitrit P, Chowers M. Impact of quinolone
restriction on resistance patterns of Escherichia coli isolated from
urine by culture in a community setting. Clin Infect Dis 2009;
49:869–75.

11. Lepper PM, Grusa E, Reichl H, Hogel J, Trautmann M. Consumption
of imipenem correlates with beta-lactam resistance in Pseudomonas
aeruginosa. Antimicrob Agents Chemother 2002; 46:2920–5.

12. Gallini A, Degris E, Desplas M, et al. Influence of fluoroquinolone
consumption in inpatients and outpatients on ciprofloxacin-resistant
Escherichia coli in a university hospital. J Antimicrob Chemother
2010; 65:2650–7.

Seasonal Antibiotic Use and Resistance • CID 2012:55 (1 September) • 693



13. Vernaz N, Huttner B, Muscionico D, et al. Modelling the impact of
antibiotic use on antibiotic-resistant Escherichia coli using population-
based data from a large hospital and its surrounding community.
J Antimicrob Chemother 2011; 66:928–35.

14. Hicks LA, Chien Y-W, Taylor TH, Haber M, Klugman KP. Outpatient
antibiotic prescribing and nonsusceptible Streptococcus pneumoniae in
the United States, 1996–2003. Clin Infect Dis 2011; 53:631–9.

15. Polgreen P, Yang M, Laxminarayan R, Cavanaugh J. Respiratory fluo-
roquinolone use and influenza. Infect Control Hosp Epidemiol 2011;
32:706–9.

16. Jaffe HW, Zaidi AA, Thornsberry C, Reynolds GH, Wiesner PJ.
Trends and seasonality of antibiotic resistance of Neisseria gonor-
rhoeae. J Infect Dis 1977; 136:684–8.

17. Dagan R, Barkai G, Givon-Lavi N, et al. Seasonality of antibiotic-
resistant streptococcus pneumoniae that causes acute otitis media: a clue
for an antibiotic-restriction policy? J Infect Dis 2008; 197:1094–102.

18. Chambers HF, Deleo FR. Waves of resistance: Staphylococcus aureus
in the antibiotic era. Nat Rev Microbiol 2009; 7:629–41.

19. Campos J, Ferech M, Lazaro E, et al. Surveillance of outpatient antibi-
otic consumption in Spain according to sales data and reimbursement
data. J Antimicrob Chemother 2007; 60:698–701.

20. Klein E, Smith DL, Laxminarayan R. Hospitalizations and deaths
caused by methicillin-resistant Staphylococcus aureus, United States,
1999–2005. Emerg Infect Dis 2007; 13:1840–6.

21. Hoffmann MS, Eber MR, Laxminarayan R. Increasing resistance of
acinetobacter species to imipenem in United States hospitals, 1999–
2006. Infect Control Hosp Epidemiol 2010; 31:196–7.

22. Jones ME, Mayfield DC, Thornsberry C, Karlowsky JA, Sahm DF,
Peterson D. Prevalence of oxacillin resistance in Staphylococcus aureus
among inpatients and outpatients in the United States during 2000.
Antimicrob Agents Chemother 2002; 46:3104–5.

23. Sahm DF, Marsilio MK, Piazza G. Antimicrobial resistance in key
bloodstream bacterial isolates: electronic surveillance with the Surveil-
lance Network Database—USA. Clin Infect Dis 1999; 29:259–63.

24. Klein E, Smith DL, Laxminarayan R. Community-associated methicil-
lin-resistant Staphylococcus aureus in outpatients, United States,
1999–2006. Emerg Infect Dis 2009; 15:1925–30.

25. Cleveland RB, Cleveland WS, McRae JE, Terpenning I. STL: a season-
al-trend decomposition procedure based on loess. J Official Stat 1990;
6:3–73.

26. Bowie C, Prothero D. Finding causes of seasonal diseases using time
series analysis. Int J Epidemiol 1981; 10:87–92.

27. Lanska DJ, Hoffmann RG. Seasonal variation in stroke mortality rates.
Neurology 1999; 52:984–90.

28. Monnet DL. Methicillin-resistant Staphylococcus aureus and its rela-
tionship to antimicrobial use: possible implications for control. Infect
Control Hosp Epidemiol 1998; 19:552–9.

29. Box GEP, Jenkins GM, Reinsel GC. Time series analysis: forecasting
and control, 3rd ed. Englewood Cliffs, NJ: Prentice Hall, 1994.

30. Helfenstein U. Box-Jenkins modelling in medical research. Stat
Methods Med Res 1996; 5:3–22.

31. Auslander JN, Lieberman DA, Sonnenberg A. Lack of seasonal varia-
tion in the endoscopic diagnoses of Crohn’s disease and ulcerative
colitis. Am J Gastroenterol 2005; 100:2233–8.

32. Cromwell JB, Labys WC, Terraza M. Univariate tests for time series
models. Thousand Oaks, CA: Sage Publications, 1994.

33. Wertheim HFL, Melles DC, Vos MC, et al. The role of nasal carriage
in Staphylococcus aureus infections. The Lancet Infectious Diseases
2005; 5:751–62.

34. Klein EY, Sun L, Smith DL, Laxminarayan R. The changing epidemi-
ology of methicillin-resistant Staphylococcus aureus in the United
States. In press. Am J Epidemiol.

35. Leclercq R. Mechanisms of resistance to macrolides and lincosamides:
nature of the resistance elements and their clinical implications. Clin
Infect Dis 2002; 34:482–92.

36. Barber M, Waterworth PM. Antibacterial activity of lincomycin and
pristinamycin: a comparison with erythromycin. Br Med J 1964;
2:603–6.

37. Kwong JC, Maaten S, Upshur RE, Patrick DM, Marra F. The effect of
universal influenza immunization on antibiotic prescriptions: an eco-
logical study. Clin Infect Dis 2009; 49:750–6.

38. Bauchner H, Pelton SI, Klein JO. Parents, physicians, and antibiotic
use. Pediatrics 1999; 103:395–401.

39. Achermann R, Suter K, Kronenberg A, et al. Antibiotic use in adult
outpatients in Switzerland in relation to regions, seasonality and point
of care tests. Clin Microbiol Infect 2010; 17:855–61.

40. Polk RE, Johnson CK, McClish D, Wenzel RP, Edmond MB. Predict-
ing hospital rates of fluoroquinolone-resistant Pseudomonas aerugino-
sa from fluoroquinolone use in US hospitals and their surrounding
communities. Clin Infect Dis 2004; 39:497–503.

694 • CID 2012:55 (1 September) • Sun et al


