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Background. The quantitative relationship between antimicrobial agent consumption and rise or fall of antibiotic resistance
has rarely been studied. We began all admission surveillance testing for methicillin-resistant Staphylococcus aureus (MRSA) in
August 2005 with subsequent contact isolation and decolonization using nasally applied mupirocin ointment for those colonized. In
October 2012, we discontinued decolonization of medical (nonsurgical service) patients.

Methods. We conducted a retrospective study from 2007 through 2014 of 445680 patients; 35235 were assessed because of
mupirocin therapy and positive test results for MRSA. We collected data on those patients receiving 2% mupirocin ointment for
decolonization to determine the defined daily doses (DDDs). A nonparametric regression technique was used to quantitate the effect
of mupirocin consumption on drug resistance in MRSA.

Results.  Using regressive modeling, we found that, when consumption was consistently >25 DDD/1000 patient-days, there
was a statistically significant increase in mupirocin resistance with a correlating positive rate of change. When consumption was
<25 DDD/1000 patient-days, there was a statistically significant decrease in mupirocin resistance with a correlating negative rate of
change. The scatter plot of fitted versus observed mupirocin resistance values showed an R* value of 0.89—a high correlation between
mupirocin use and resistance.

Conclusions. Use of the antimicrobial agent mupirocin for decolonization had a threshold of approximately 25 DDD/1000
patient-days that separated a rise and fall of resistance within the acute-care setting. This has implications for how widely mupirocin
can be used for decolonization, as well as for setting consumption thresholds when prescribing antimicrobials as part of stewardship

programs.
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Antimicrobial resistance remains an increasing plague to mod-
ern medicine associated with increased mortality, economic
loss, and hospital admission. Estimates are that by 2050 anti-
microbial resistance will result in 10 million deaths worldwide,
with an economic burden approaching $100 trillion annu-
ally [1]. Methicillin-resistant Staphylococcus aureus (MRSA)
continues to be one of the most challenging organisms [2, 3].
The US Centers for Disease Control and Prevention (CDC)
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estimates >2 million infections per year are caused by antimi-
crobial-resistant organisms, resulting in 23000 deaths in the
United States alone [4]. Although no simple formula exists to
predict resistance, the concept is straightforward—increasing
consumption of an antibiotic drives antimicrobial resistance,
and reducing use should reverse the trend [5, 6].
Methicillin-resistant S. aureus is one of the critical patho-
gens causing antibiotic-resistant infections [7-10]. In the effort
to improve patient safety, hospitals and legislatures have imple-
mented programs to reduce the risk of MRSA infection [2, 11-13].
The REDUCE MRSA trial suggested universal decolonization
may lead to decreased MRSA clinical disease in the acute-care
setting [12]. One concern raised by the authors was that targeted
decolonization could cause resistance to mupirocin and/or chlor-
hexidine. We found resistance for mupirocin in MRSA increased
from 3.9% in 2005 to 10.9% in 2012 when targeted decoloniza-
tion was used [14]. Recently we reported that decolonization did
not add benefit, and we ceased inpatient decolonization of med-
ical patients (eg, those cared for on nonsurgical service wards)
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[15]. Our hypothesis is that the data from our experience could
define a quantitative relationship between the consumption of
mupirocin and the increase (or decrease) of resistance to this
agent. We also believe that this information can add to knowledge
for improving the approach to antimicrobial stewardship.

METHODS

Study Design

We conducted a retrospective, observational, cohort study of
445680 inpatients at the 4 NorthShore University HealthSystem
(NorthShore) hospitals in the northern suburbs of Chicago
from May 2007 through December 2014. The goal was to assess
the relationship between nasal administration of mupirocin
and the development of resistance in MRSA. Of these 445680
inpatients, 35235 patients were in the population of those given
mupirocin therapy and harboring MRSA. There were no exclu-
sions from the data set.

Mupirocin Intervention

Patient’s who had a nasal swab positive for MRSA were placed
into contact precautions, and topical mupirocin 2% ointment
was given for 5 days twice daily. This was accompanied by a bath
or shower using chlorhexidine gluconate solution 4.0% W/V
(CHGQG) as a liquid soap on days 1, 3, and 5 of therapy [16]. The
use of mupirocin plus CHG in medical patients was halted in
September 2012 after demonstration that decolonization did not
add to lowering of MRSA transmission from patients in contact
precautions isolation [15]. The hospital that was the basis for this
study is 1 of 4 inpatient facilities in the NorthShore system. All of
these facilities are located within 10 miles of the central hospital
(Evanston Hospital) and share similar demographics with each
other. The impact of this change has not negatively impacted the
rate of MRSA disease at NorthShore [2].

Microbiologic Methods

Surveillance testing was performed by swabbing both nares
with a premoistened double swab. Real-time quantitative poly-
merase chain reaction (qQPCR) was performed on 1 of the nasal
swabs. The second swab was cultured using a direct plus broth
enrichment method on positive samples to recover MRSA.
The isolates were tested for high-level mupirocin resistance by
detecting the specific gene (mupA) encoding this trait using
qPCR validated as a laboratory-developed test [17].

(total no. of mupirocin doses at time t) /2

orders, medication prescriptions, administration events, labo-
ratory and pathology data, and the full text of provider notes.
We used NorthShore’s Enterprise Data Warehouse to obtain
data regarding each patient’s characteristics as well as the results
of active surveillance testing for MRSA and any decolonization
therapy during the inpatient stay [18]. The majority of isolates
were from unique patients, but because we were investigating
the development of resistance over time some patients contrib-
uted >1 isolate. No more than 1 unique isolate was included per
patient per month. In the analysis, we used time-series mode-
ling (ie, error terms being correlated by an autoregressive pro-
cess) to account for this approach.

Statistical Analysis

A nonparametric regression technique (GAM) was used
to assess how the covariate (mupirocin use) relates to the
response variable (mupirocin resistance). We modeled the
nonlinear behavior of the percentage resistance over time
using a generalized additive model [19]. This approach first
allows the model for percentage resistance to account for both
within-year and between-year (ie, trend) variation with 2 sep-
arate smoothing functions. While performing the analysis, we
found that there was no seasonal (within-year) variability (ie,
not statistically significant) and therefore removed any sea-
sonal smoothing function from the fitted model. The final fit-
ted model for percentage resistance includes an intercept term,
a trend smooth function, and an error term that is assumed
to be normally distributed with a mean of zero and constant
variance, with the error terms correlated by a continuous time
autoregressive AR(1) process that accounts for serial tempo-
ral within-year dependence in the data. The generalized addi-
tive model is fitted to the data using the function “gamm” of
the library “mgcv” in the software package R [20], where the
function “gamm” allows for fitting the model with a correlation
structure in the residuals.

The data on the total number of mupirocin doses prescribed
and percentage resistance were recorded per month from May
2007 through December 2014. We use the defined daily doses
(DDDs) per 1000 patient-days as a measure of antibiotic con-
sumption that estimates the proportion of people taking antibi-
otics. Because there is only 1 standard dosage for mupirocin, the
DDD is equivalent to a days of therapy (DOT) calculation [21].
The DDD at a specific time point ¢ is defined as

x1000

(total number of unique admissions at time t) x (average length of stay attime ¢)

Data Collection

Since 2003 we have used Epic Systems’ Electronic Health Record
across the full range of inpatient and outpatient care. Part of
this exclusively electronic documentation is a locally devel-
oped, comprehensive Enterprise Data Warehouse with searcha-
ble content, including all physiological data, laboratory results,

In our study, the time point ¢ represents a specific month in a
given year. Figure 1A is a time-series plot of the centered per-
centage resistance (in 100%), and Figure 1B is a time-series plot
of DDD (per 1000 patient-days). The nonlinear trend of per-
centage resistance is statistically significant; however, it may not
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Figure 1. Time series plots of resistance and mupirocin consumption. A, Time series plot of the percentage resistance centered around its mean (units in 100%). The fitted
trend for the centered percentage resistance is the solid black line, and its approximate 95% confidence intervals are displayed using the dashed lines. The fitted trend shows
periods of statistically significant increase (in blue) between January 2010 and January 2011 and periods of statistically significant decrease (in red) between October 2012
and January 2014. The original data are shown as gray points. The red circles correspond to consumption of <25 defined daily doses (DDD)/1000 patient-days and the blue
circles correspond to >25 DDD/1000 patient-days, where 25 DDD/1000 patient-days is the first quartile of the monthly DDD data. B, Time-series plot of DDD per 1000 patient-
days. The vertical lines mark the 2 following significant time periods during which the percentage resistance changes and either significantly increases or decreases. The
horizontal line indicates the 25 DDD/1000 patient-days threshold. Of note is that, even with fluctuations near the threshold, resistance was maintained until use consistently

remained below that defined level. Abbreviation: DDD, defined daily dose.

be significantly increasing or decreasing everywhere. Therefore,
we identified the periods of time at which the percentage resist-
ance was changing significantly using the method of finite dif-
ferences that estimates the rate of change in the fitted spline
function, and we used the information recorded to identify the
periods of statistically significant change in the time series of
percentage resistance.

For our literature review, we used PubMed.gov (MEDLINE)
and Google with the search terms “MRSA, “Staphylococcus
aureus, “mupirocin,” “resistance;” “susceptibility, “quanti-
tative,” “defined daily dose,” and “antimicrobial” to search
from the beginning of citations through November 2016. The
research was approved by NorthShores Institutional Review
Board (Protocol EH15-125).

Table 1. Characteristics of All Patients and Mupirocin-Treated Patients

Mupirocin

Recipients All Patient Records
Characteristics (n = 35235) (n = 445680)
Female, no. (%) 19340 (54.9) 285235 (64)
Male, no. (%) 15894 (45.1) 160445 (36.0)
Mean age + 1 SD, y 75.4 + 173 61.0 £ 14.0
Non-Hispanic, no. (%) 34900 (99.1) 435875 (97.8)
ICU patients,” no. (%) 6342 (18.0) 49916 (11.2)
Surgical patients, no. (%) 4545 (12.9) 88245 (19.8)
Medical patients, no. (%) 30690 (87.1) 357435 (80.2)
Mean length of stay + 1 57+55 41+45

SD, d

Abbreviations: ICU, intensive care unit; SD, standard deviation.

°ICU patients were both surgical and medical patients.

RESULTS

The demographics for the patient population are shown in
Table 1. Figure 1A shows the fitted smooth spline function of
the centered percentage resistance (centered around its “0”
mean) and an approximate 95% pointwise confidence interval
for the trend spline. The correlation parameter of the autore-
gressive AR(1) process of the error terms is estimated to be 0.1
with a 95% confidence interval (0.01-0.6) in the fitted model.

The plots of the normalized residuals, which take into account
the covariance matrix of the residuals (Figure 2), show that the
residuals are normally distributed, do not reveal any heterosce-
dastic pattern, and do not show significant residual autocorrela-
tion. The fitted model for the percentage resistance is therefore
used to explain its dynamic behavior over time. In the graph
of fitted versus observed values of percentage resistance of
mupirocin, the R” is equal to 0.89, indicating high correlation.

In retrospect, looking at the behavior of DDD per 1000
patient-days, we see that the time point at which this significant
increase in percentage resistance (from January 2010 to January
2011) occurs is subsequent to >2 years of consistent use >25
DDD/1000 patient-days. The time point at which the signifi-
cant decrease in percentage resistance (from October 2012 to
January 2014) occurs rapidly is subsequent to a hospital inter-
vention where routine decolonization of medical patients was
discontinued [15].

Figure 3 demonstrates that at the times of statistically signif-
icant change in mupirocin consumption, there is also a statisti-
cally significant rate of change (slope) in resistance with a 95%
confidence interval above the baseline of zero, corresponding
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Figure 2. Plots of the normalized residuals take into account the covariance matrix of the residuals. Left Upper Panel: Plot of normalized residuals versus fitted values of

mupirocin percentage resistance. Middle Upper Panel: Time-series plot of normalized residuals in the fitted model for mupirocin percentage resistance. Right Upper Panel:
Observed values versus fitted values of the mupirocin percentage resistance. The blue curves in the upper panels are the Locally Weighted Scatter-plot Smoother function
curves fitted using locally weighted regression. Left Lower Panel: Histogram of normalized residuals in the fitted model for percentage resistance. Middle Lower Panel:
Normal quantile-quantile plot of normalized residuals in the fitted model for percentage resistance. Right Lower Panel: Autocorrelation function of the normalized residuals
in the fitted model for percentage resistance. Abbreviation: ACF, autocorrelation function.

to the same timeframe shown in Figure 1B. The time period
before January 2010 when use was consistently >25 DDD/1000
patient-days (Figure 1B) is followed by a statistically signifi-
cant rate of change in the positive direction corresponding to
increased mupirocin resistance from January 2010 to January
2011 (Figure 1A). In the subsequent October 2012 to January
2014 time period when use was <25 DDD/1000 patient-days,
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Figure 3. The rate of change (slope) in susceptibility/resistance during the times
of significant change. First derivative (ie, slope) of the fitted spline. The gray band
is a 95% simultaneous confidence interval. Sections of the slope where the (gray-
shaded) confidence interval does not include zero are 2 periods of statistically
significant change in percentage resistance. The curve in blue corresponds to the
derivative line being above the zero horizontal line and, hence, marks a significant
increase in (centered, x 100) resistance, and the curve in red corresponds to the
derivative line being below the zero line and, therefore, indicates a period of signif-
icant decrease in resistance.

there is a rapid, statistically significant rate of change in the neg-
ative direction corresponding to less mupirocin resistance, as
noted in Figure 1A.

Thus, for the use of mupirocin therapy, our data show that
25 DDD/1000 patient-days is the critical, quantitative level
for inpatient prescribing that determines whether resistance
in MRSA is likely to increase or decrease. For our health-
care system, with a mean length of inpatient stay of approxi-
mately 5 days, every 5 patients generate 25 DDDs, and 1000
patient-days represents 200 patients, so that 25 DDD/1000
patient-days approximates 2.5% (n = 5/200) of patients in the
population receiving mupirocin as where a change in suscep-
tibility occurred.

DISCUSSION

Our findings suggest a strong link to mupirocin resistance
and its use for MRSA nasal decolonization (eg, the association
R? of 0.89). Of particular interest is Figure 1B, which shows a
statistically significant rise in resistance occurred only after
2 years of elevated use but that a significant lowering of resist-
ance occurred quickly after prescribing was consistently sus-
tained below a specified threshold. This suggests that resistance
trends can be impacted fairly rapidly if the correct intervention
is implemented. The clinical implications for this are at least
3-fold. First, even targeted nasal decolonization of inpatients
carries a significant risk of mupirocin resistance develop-
ment that could eliminate the use of this agent in MRSA con-
trol programs. Second, widespread development of mupirocin
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resistance would remove this drug as a useful tool in the preven-
tion of postoperative infections from S. aureus—a practice with
significant benefit in a large prospective, randomized, multi-
center clinical trial [22]. Finally, our findings demonstrating a
quantitative level of consumption associated with the rise and
fall of resistance have broad implications for overall antibiotic
stewardship. Thus, if a goal of optimizing antimicrobial use is to
reduce antibiotic resistance, then careful attention needs to be
paid to the actual amount of antibiotic use of each agent con-
sumed—implying that prescribing diversity should be a com-
ponent of optimizing therapy, a concept that has supporting
evidence but has not yet been widely tested [23].

Austin and colleagues studied the quantitative association
between antibiotic consumption and development of resistance in
Iceland and Finland [6]. Their modeling concluded that resistance
to B-lactam drugs began when use reached 9 DDD/1000 children
in the population, was sustainable at 15 DDD/1000 children, and
with prescribing of 60 DDD/1000 children the susceptible bacte-
rial population could not be maintained. Because our mean length
of stay is 5 days and 25 DDD is generated by 5 patients, the thresh-
old we found of 25 DDD/1000 patient-days is roughly equivalent
to 2.5% of the population receiving mupirocin therapy, which
is remarkably close to what Austin and colleagues found (<5%
of children) as a use level where resistance was detected, thus
supporting our findings. We were unable to find other reports
assessing the quantitative relationship between antimicrobial use
and resistance development. However, semiquantitative reports
do support our findings. In New Zealand, Upton and colleagues
found that mupirocin sales increased when the medication
became publicly available [24]. As sales of mupirocin increased
from $50000 to nearly $250000 New Zealand dollars over
8 years, resistance increased from <2% to 28% [24]. Additionally,
Bathoorn et al showed an increase in mupirocin-resistant coagu-
lase-negative staphylococci within a healthcare center from 8% to
22% as mupirocin consumption increased from 3.6 kg in 2006 to
13.3 kg in 2010 [25]. Therefore, it is very reasonable to conclude
that mupirocin resistance increases once a certain threshold of
mupirocin use is reached within a given population.

The first area where our findings have impact is directly related
to the report by Huang and colleagues [12]. This investigation did
not further lower MRSA clinical disease or blood stream infec-
tion when targeted decolonization (eg, of MRSA carriers only)
was compared with universal decolonization in the intensive
care unit (ICU), but one of their conclusions was that universal
decolonization should be considered as a hospital-wide practice
[12]. High-level mupirocin resistance fell from 3.8 to 2.8 in ICU-
attributable MRSA isolates per 1000 trial participants (odds ratio
[OR] = 0.7; 95% confidence interval [CI] = 0.09-0.56) for the tar-
geted decolonization group but rose from 1.6 to 2.0 (OR = 1.4;
95% CI = 0.13-15.63) in the universal decolonization arm [26].
It also rose from 2.5 to 3.4 in ICU-attributable MRSA isolates
per 1000 trial participants (OR = 1.5; 95% CI = 0.25-9.02) in the

control group where approximately 1% of participants received
intranasal mupirocin [12, 26]. Our data from the NorthShore tar-
geted decolonization practice strongly suggests that hospital-wide
universal decolonization would most certainly lead to develop-
ment of mupirocin resistance in a high percentage of MRSA and
could eliminate all mupirocin-susceptible strains, according to
the Austin et al model [6]. Compounding the risk from universal
decolonization is the potential for widespread chlorhexidine use
leading to colistin resistance in Gram-negative bacteria, as the
linkage between chlorhexidine exposure and colistin resistance
in Klebsiella pneumonia was recently demonstrated by Wand and
colleagues [27].

The second important area for the implications of this
research is in the prevention of postoperative infection from
S. aureus. Preoperative testing coupled with decolonization of
those harboring any S. aureus is demonstrated to reduce the
risk of significant postoperative infection from this pathogens
by 3-5-fold [22, 28, 29]. For this practice, the availability of an
active decolonizing agent is imperative. Should mupirocin be
overused for hospitalized patients and meaningful resistance
develop in all S. aureus, this would have a significant impact
on those healthcare practices using mupirocin as a decolonizing
agent to prevent postoperative infection.

The final, and perhaps most important, area of impact for our
study is in the critical discipline of antibiotic stewardship. The
implication of our findings and the modeling from Austin et al
is that, to avoid the development of antibiotic resistance, close
monitoring of the level of consumption of each antimicrobial
(or antimicrobial class) used in the acute healthcare setting is
needed—and that thresholds for use of antimicrobial agents
must be low. China has deployed a national plan for antimicro-
bial use and has set a threshold of 40 DDD per 100 patient-days
as the maximum total antimicrobial use within any acute-care
hospital [30]. Assuming the data from this study and that from
the Austin et al modeling apply across the broad range of avail-
able antimicrobial agents (eg, no more than 25 DDD/1000
patient-days can be used for any agent or class), then prescribing
diversity that includes monitoring use of multiple antimicrobial
agents/classes should be considered as part of any stewardship
plan. A very helpful report is from Polk and colleagues who
assessed 130 US hospitals during 2002-2003 and included data
on >175000 patients [21]. They found that 60% of inpatients
received at least 1 antibiotic dose and the use of various agents
ranged 18-80 DDD/1000 patient-days. Six agents exceeded 30
DDD/1000 patient-days use, and 2 exceeded 50 DDD/1000
patient-days use. This suggests that a hypothesis to be tested in
preventing the development of bacterial resistance for an anti-
microbial stewardship program would be to set a threshold for
any given drug at consumption of 25-30 DDD/1000 patient-
days and then suggest alternative agents if this level is breached.

The limitations in this study are inherent to those seen with
retrospective studies. However, our methodology that included
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all admitted patients from 4 relatively diverse hospitals allowed
investigation of a population encompassing a large geographic
area and one that is representative of US healthcare. The isolates
used in this data were collected from the anterior nares; there-
fore, we are unable to determine whether the MRSA isolates from
other body sites were highly resistant to mupirocin. However,
most MRSA infections are endogenous, so we believe the sam-
ple is representative of all MRSA in our patient population.
Finally, we were unable to specifically determine what contri-
bution medical and surgical patients made to the mupirocin-re-
sistant MRSA burden. In our program, most medical patients
were decolonized in the hospital, whereas surgical patients were
given mupirocin before admission. We only had full data sep-
arating medical and surgical patients from 2009 through 2014,
and in that major portion of the data, the percentage of surgi-
cal patients harboring MRSA who had a mupirocin-resistant
strain was 1.43% versus 9.47% for the medical patients who were
MRSA colonized. Thus, it appeared that inpatient prescription
to medical patients was the major contributor of mupirocin use
and driver of resistance development. The strengths of this study
include a large sample size, a standardized protocol for MRSA
surveillance and decolonization, use of genotypic methods to
assess mupirocin resistance, and the extensive follow-up period
to accurately trend the development of mupirocin resistance.

Our study sets the foundation for other research. One area
is to investigate other approaches to decolonization that might
avoid the development of resistance to mupirocin. Specifically
evaluating the contribution of community- and hospital-onset
MRSA strains would also be useful because we did not collect
that data in our analysis. Perhaps most important, a prospective
study to ascertain whether limiting the consumption of individ-
ual antimicrobials/antimicrobial classes, each to a low threshold
(such as 25-30 DDD/1000 patient-days), will reverse an anti-
microbial resistance trend and prevent any development of new
antibacterial resistance.

In conclusion, our large data set analysis supports that use of
mupirocin in MRSA decolonization above a certain threshold
(25 DDD/1000 patient-days) results in an increase in mupiro-
cin resistance. The scant research and publications in the area
of a quantitative association between drug use and resistance
development indicate that more work on this focus is needed.
We suggest that antimicrobial stewardship programs pay close
attention to the specific consumption of agents used in their
acute-care facilities to succeed in preventing or reversing anti-
microbial resistance trends.
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