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The implementation of antimicrobial stewardship programs (ASPs) is a promising strategy to help address the problem of
antimicrobial resistance. We sought to determine the efficacy of ASPs and their effect on clinical and economic parameters.
We searched PubMed, EMBASE, and Google Scholar looking for studies on the efficacy of ASPs in hospitals. Based on 26
studies (extracted from 24,917 citations) with pre- and postimplementation periods from 6 months to 3 years, the pooled
percentage change of total antimicrobial consumption after the implementation of ASPs was �19.1% (95% confidence in-
terval [CI] � �30.1 to �7.5), and the use of restricted antimicrobial agents decreased by �26.6% (95% CI � �52.3
to �0.8). Interestingly, in intensive care units, the decrease in antimicrobial consumption was �39.5% (95% CI � �72.5
to �6.4). The use of broad-spectrum antibiotics (�18.5% [95% CI � �32 to �5.0] for carbapenems and �14.7% [95%
CI � �27.7 to �1.7] for glycopeptides), the overall antimicrobial cost (�33.9% [95% CI � �42.0 to �25.9]), and the hos-
pital length of stay (�8.9% [95% CI � �12.8 to �5]) decreased. Among hospital pathogens, the implementation of ASPs
was associated with a decrease in infections due to methicillin-resistant Staphylococcus aureus (risk difference [RD] �
�0.017 [95% CI � �0.029 to �0.005]), imipenem-resistant Pseudomonas aeruginosa (RD � �0.079 [95% CI � �0.114 to
�0.040]), and extended-spectrum beta-lactamase Klebsiella spp. (RD � �0.104 [95% CI � �0.153 to �0.055]). Notably, these
improvements were not associated with adverse outcomes, since the all-cause, infection-related 30-day mortality and infection
rates were not significantly different after implementation of an ASP (RD � �0.001 [95% CI � �0.009 to 0.006], RD � �0.005
[95% CI � �0.016 to 0.007], and RD � �0.045% [95% CI � �0.241 to 0.150], respectively). Hospital ASPs result in significant
decreases in antimicrobial consumption and cost, and the benefit is higher in the critical care setting. Infections due to specific
antimicrobial-resistant pathogens and the overall hospital length of stay are improved as well. Future studies should focus on
the sustainability of these outcomes and evaluate potential beneficial long-term effects of ASPs in mortality and infection rates.

About one-third of the hospitalized patients and more than
two-thirds of critically ill patients are on antimicrobial

therapy at any time (1, 2), and up to half of antibiotic prescrip-
tions are inappropriate or not necessary (3). In 2013, the Cen-
ters for Disease Control and Prevention (CDC) reported that
about 2 million patients are infected yearly with antimicrobial-
resistant organisms in the United States, and about 23,000
deaths are directly attributed to these infections (3). This re-
sulted in a call to action for acute care hospitals to implement
antimicrobial stewardship programs (ASPs) (4, 5), a term that
is used to describe the integrated strategy of improving antimi-
crobial use in order to enhance patient outcomes, reduce anti-
microbial cost, and minimize the side effects associated with
antimicrobial use, including drug resistance and nosocomial
infections (4, 6, 7). Although there are studies that have already
presented data on the efficacy of ASPs in the inpatient setting
(8–10), limitations compromise their generalization (i.e., the
studies were only conducted in the United States [8], age and
study design limitations [9], a lack of clinical outcomes [10],
etc.). The purpose of our systematic review and meta-analysis
was to measure the efficacy of the implementation of an ASP
expressed in daily defined doses (DDD) per 1,000 patient days
in the hospital setting independently of the age and study de-
sign and to assess the subsequent clinical and economic out-
comes.

MATERIALS AND METHODS
This systematic review and meta-analysis followed the PRISMA (Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses) pro-
tocol (11).

Search strategy. A systematic electronic search of PubMed, EMBASE,
and Google Scholar databases was performed for pertinent studies up to 8
July 2015. All published studies reporting the efficacy of an ASP in a
hospital were included in this analysis. Two independent investigators (S.
Paudel and A. Kalbasi) reviewed the retrieved database results to deter-
mine potentially eligible articles which were read in full text. The precise
search terms were “Hospitals AND (antimicrobial OR antibiotic OR stew-
ardship).” Reference lists of the retrieved studies, systematic reviews, and
meta-analyses pertaining to our study were also reviewed.
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Study selection. Studies were considered eligible for the analysis if
they reported extractable data on the comparable efficacy of an ASP ex-
pressed in daily defined doses (DDD) per 1,000 patient days before and
after the intervention among hospitalized patients. A restriction for Eng-
lish language was imposed, whereas abstracts from conference proceed-
ings were excluded.

Data extraction and quality assessment. Studies that were considered
appropriate for inclusion in our study were independently evaluated by
three reviewers (S. Karanika, S. Paudel, and A. Kalbasi), and discrepancies
were discussed and resolved by consensus. The primary outcome of inter-
est was the efficacy in terms of antimicrobial consumption before and
after the implementation of an ASP in hospitals. Antimicrobial consump-
tion was included if it was measured in DDD/1,000 patient days (12, 13).
A restriction was applied to include only studies which mentioned the
total antimicrobial consumption before and after the intervention, ex-
cluding those which reported only the restricted antimicrobial consump-
tion. This exception was put in place in order to ensure that neither the
effect of the intervention is overestimated nor we miss the phenomenon of
“squeezing the balloon” (14) (discussed below). The efficacy was ex-
pressed in percentage change of antimicrobial consumption (15).

The secondary outcomes of interest were the effect of an ASP on a
series of clinical outcomes, including measurement of antimicrobial con-
sumption with high resistance potential (defined as the antimicrobials
whose resistance occurs during drug development or clinical trials, or
within 2 years of general use, such as carbapenems and glycopeptides [14,
16, 17]), overall and infection-related 30-day mortality, length of stay in
hospital (LoS), and intensive care unit (ICU) stay, change in Clostridium
difficile infection rate, change in rates of resistant strains throughout the
hospitals, total infection rate, and consistency of antimicrobial treatment
with ASP or national guidelines, as well as the change on the cost of
antimicrobial treatment. In addition, for each study we extracted data on
the midyear of the study, study design, location, ASP type and duration of
pre- and postintervention periods, type of restricted antimicrobial agents
(if applicable), patient age, and type of hospital setting.

The methodological quality of eligible studies was assessed by two
reviewers (S. Paudel and S. Karanika) using the measurement tool New-
castle Ottawa scale (NOS). The three parameters used to evaluate the
quality of individual studies were selection, comparability, and exposure/
outcome assessments. The NOS assigns maximum four points for selec-
tion, two points for comparability, and three points for exposure/out-
come. The study population was considered representative of the exposed
cohort if data were available for inpatients on antimicrobial therapy and
not among a specific subpopulation. Studies that received five stars were
considered of adequate quality for extraction of relevant information, and
nine stars were defined as the maximum score. Any discrepancies regard-
ing quality assessment were resolved by joint reevaluation of the original
article (see Table S1 in the supplemental material).

Data synthesis and analysis. A random effects meta-analysis was car-
ried out to calculate the combined percentage change and the 95% confi-
dence intervals (95% CI), using the approach of DerSimonian and Laird
(18). The variance of the raw proportions was stabilized using the Free-
man-Tukey arcsine methodology (19), and studies with 0% or 100% pro-
portions were not excluded from the meta-analysis (20, 21). The P value of
each percentage change was extracted directly from the studies or was
calculated using the Fisher exact test. The percent change and P value per
study were used to calculate the 95% CI and standard error and vice versa
according to the method of Altman et al. (22, 23). To check for publication
bias, we used the Egger’s test (24). The tau-squared statistic was calculated
as a measure of heterogeneity (25), and a sensitivity analysis was per-
formed to account for the following confounding factors: hospital setting
(ICU versus wards), restricted versus total antimicrobial consumption,
distribution per continent, and the inclusion of antifungal agents (26).
The effect of an ASP on the secondary outcomes was expressed either as a
percent change or unadjusted risk difference (RD), along with 95% CI and
outliers, were removed upon their identification. We defined as an outlier

a study which falls more than 1.5 times the interquartile range above the
third quartile or below the first quartile (http://mathworld.wolfram.com
/Outlier.html). Median values and their interquartile ranges or ranges
extracted from included studies were transformed to means and standard
deviations according to the method of Wan et al. (27). The year the study
was conducted was used as the index year, and for studies whose study
period extended for more than one calendar year the midyear was calcu-
lated. The Stata v13 software package (Stata Corporation, College Station,
TX) and Excel Microsoft Office 2010 were used to perform the statistical
analysis. The statistical significance threshold was set at 0.05.

RESULTS

The initial database search retrieved 24,917 potentially relevant
unique citations, out of which 149 studies were identified as po-
tentially eligible for review and analysis through rigorous screen-
ing of titles and abstracts. After further investigation, 124 studies
were excluded: 84 studies did not provide relevant data, 25 were
review articles, 4 studies were in language other than English, 1
study focused on outpatients, and 1 study was conducted among
nursing home patients. Also, three studies were excluded because
they did not report antimicrobial consumption in DDD/1,000
patient days, two studies did not describe any applied interven-
tion, one study described data only after intervention, and three
studies reported only data on restricted antimicrobial consump-
tion. The review of the reference lists of the full-texted articles
yielded two additional studies. As a result, 26 studies coded from
25 articles (1 article presented data from two different hospitals
[28]) were included in our meta-analysis. The information ex-
tracted from individual studies is exhibited in Table 1, and the
detailed selection process is illustrated in a flow chart (Fig. 1). The
implemented type of ASP strategy varied and included preap-
proval strategies, prospective audit and feedback, education,
guidelines, and formulary restrictions, and most of the studies
applied simultaneously multiple different types of the aforemen-
tioned ASP strategies (Table 1). Pre- and postintervention periods
lasted from 6 months to 3 years, and the ASP was implemented to
its full extent either outright or gradually over up to 3 months
throughout the included studies (Table 1).

The pooled percentage change of antimicrobial consumption
after ASP implementation was �19.1% (95% CI [�30.1 to �7.5],
�2 � 0.08), with no evidence of small-study effect across studies
(Egger’s bias � 0.33, P � 0.744) (Fig. 2). Interestingly, this de-
crease was not limited to antibacterial agents. More specifically,
based on six studies (29–34), we found that the change in the
consumption of antifungal agents after the implementation of an
ASP decreased by �39.1% (95% CI [�62.3 to �16.0], �2 � 0.05,
Egger’s bias � 1.89, P � 0.132) (see Fig. S1 in the supplemental
material). Of note, only one of six studies applied antifungal re-
striction in their formulary (Table 1) (30).

Studies conducted in the United States (30, 34–36) and in Eu-
rope (29, 33, 37–46) reported the highest pooled decrease in anti-
microbial consumption after the implementation of ASP
(�19.9% [95% CI � �27.7 to �12.1, �2 � 0.00] and �20.9%
[95% CI � �30.5 to �15, �2 � 0.05], respectively), whereas stud-
ies in Asia reported a reduction of �16% (95% CI � �36.5 to
�5.3], �2 � 0.11) (28, 31, 32, 47–52) (Fig. 2). Only one study was
conducted in South America with a reduction of �35.9% (95%
CI � �53.8 to �17.9) (35) and one study in South Africa with a
reduction of �19.6% (95% CI � �38.5 to �0.8) (40).

Regarding the changes in consumption of restricted antimi-
crobial agents, of the 17 studies that applied either audit of any
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kind of antimicrobial class or formulary restriction as a part of
their ASP, 9 reported the change of the restricted antimicrobial
consumption (28, 30, 31, 37–39, 42, 51), and the pooled decrease
in consumption was 26.6% (95% CI � �52.3 to �0.8, �2 � 0.14),
without a publication bias (Egger’s bias � 2.13, P � 0.071) (Fig.
3). Of note, all nine studies applied restriction mainly in last-
resort antibiotics, including third-generation or fourth-genera-
tion cephalosporins, vancomycin, tigecycline, linezolid, imi-
penem, meropenem, and fluoroquinolones (Table 1). If we take
into consideration the three studies that we excluded since they
reported exclusively the change in consumption of restricted an-
tibiotics (53–55). the pooled decrease in the consumption was
25% (95% CI � 34.2 to 15.8, �2 � 0.02, Egger’s bias � �1.84, P �
0.560). Notably, looking at specific categories of broad-spectrum
antibacterial agents, the consumption of carbapenems (29, 33–35,
37–39, 48, 49, 52) (11 studies) and glycopeptides (33–39, 48–50)
(10 studies) also decreased (�18.5% [95% CI � �32 to �5.0,
�2 � 0.02, Egger’s bias � �2.61, P � 0.028] and �14.7% [95%
CI � �27.7 to �1.7, �2 � 0.02, Egger’s bias � �2.51, P � 0.040],
respectively) (see Fig. S2 and S3 in the supplemental material),
but this decrease was significant only when they were not under
restriction or preapproval authorization strategies prior the
initiation of the ASP. Also, consistency of antimicrobial treat-
ment with ASP or national guidelines increased after ASP im-
plementation based on three studies (pooled RD � 0.078, 95%
CI � 0.061 to 0.095, �2 � 0.01, Egger’s bias � 2.20, P � 0.271)
(29, 47, 48).

Stratifying the studies per hospital setting, we found that stud-
ies conducted in medical wards achieved an antimicrobial reduc-
tion of �12.1% (95% CI � �19.9 to �4.3%, �2 � 0.00) (37, 40,
43, 51), whereas the studies conducted in an ICU reached a de-
crease of �39.5% (95% CI � �72.5 to �6.4, �2 � 0.13) (31, 33,
45, 47), with no small-study effect (Egger’s bias � �0.2, P �
0.823) based on four studies. This difference between medical
wards and the critical care setting was �27% and was statistically
significant (95% CI � �72.3 to �5.5) (Fig. 4).

Regarding the change in mortality after ASP implementa-
tion, neither overall (30, 31, 33, 40-42, 45-47, 51) (10 studies),
nor infection-related 30-day mortality (31, 33, 46, 51) (4 stud-
ies) were significantly different (pooled RD � �0.001 [95%
CI � �0.009 to 0.006, �2 � 0.00, Egger’s bias � 0.19, P �
0.851] and pooled RD � �0.005 [95% CI � �0.016 to 0.007,
�2 � 0.00, Egger’s bias � 0.11, P � 0.925], respectively) (see
Fig. S4 and S5 in the supplemental material). The percent
change in infection rate was also not significantly different be-
fore and after the implementation of the ASP based on seven
studies (�4.5%, 95% CI � �24.1 to 15.0, �2 � 0.00, Egger’s
bias � �0.37, P � 0.727) (31, 42–44, 46, 48, 49) (see Fig. S6 in
the supplemental material). We also calculated the above pa-
rameters by region, but neither of these changed even after this
kind of stratification (data not shown).

The mean hospital length of stay (LoS) was reduced by �8.9%
based on four studies (95% CI � �12.8 to �5, Egger’s bias �
�0.31, P � 0.90) (Fig. 5) (34, 46, 51, 52). Of note, two studies were
excluded from the calculation of the LoS, even though they pro-
vided relevant data, in order to avoid false estimation of the result.
One was conducted in long-term acute care hospital (36), and the
second was considered a significant outlier (35). Even including
these studies, the decrease in the LoS remains significant (�15.7,
95% CI � �31.1 to �3). Notably, the LoS in the ICU did notSt
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change significantly after implementation of an ASP based on four
studies (1.5%, 95% CI � �16.8 to 19.9, Egger’s bias � 2.57, P �
0.080) (31, 33, 45, 47).

In addition, we found that implementation of an ASP led to a
decrease in antimicrobial cost of �33.9% based on 6 studies (95%
CI � �42.0 to �25.9, �2 � 0.05, Egger’s bias � �0.77, P � 0.485)
(32–34, 36, 42, 48) (Fig. 6). Evaluating the effect on the prevalence
of resistant strains derived from infections, methicillin-resistant
Staphylococcus aureus (MRSA) infections were significantly lower
after the implementation of the ASP based on six studies with
follow-up period of 1 year (33, 42, 48) or 2 years (35, 45, 52)
(pooled RD � �0.017, 95% CI � �0.029 to �0.005, �2 � 0.03,
[Egger’s bias � �1.25, P � 0.280) (33, 35, 42, 45, 48, 52), and the
same was noted for imipenem-resistant Pseudomonas aeruginosa
based on five studies with follow-up period of 1 year (33, 42) or 2
years (30, 35, 45, 52) (pooled RD � �0.079, 95% CI � �0.114 to
�0.04, �2 � 0.03, Egger’s bias � �0.11, P � 0.918) (30, 33, 35, 45,

52) and infections associated with extended-spectrum beta-lacta-
mase (ESBL)-Klebsiella spp. based on five studies with follow-up
period of 1 year (33, 42, 48) or 2 years (35, 45) (pooled RD �
�0.104, 95% CI � �0.153 to �0.055, �2 � 0.02, Egger’s bias �
1.53, P � 0.225) (33, 35, 42, 45, 48), whereas a significant decrease
was not observed in ESBL-Escherichia coli infections based on five
studies with follow-up period of 1 year (33, 42, 48) or 2 years (35,
45) (pooled RD � �0.009, 95% CI � �0.044 to 0.055], �2 � 0.02,
Egger’s bias � �0.65, P � 0.560) (33, 35, 42, 45, 48) (see Fig. S7,
S8, and S9 in the supplemental material). The C. difficile infection
rate did not significantly change, but this finding was based on
three studies (34, 36, 37), and the estimated publication bias was
significant (71.9%, 95% CI � �119.5 to 26.32, �2 � 1.64, Egger’s
bias � 32.96, P � 0.019). Notably, all three studies audited anti-
microbial prescriptions and provided feedback to the prescribers
(34, 36, 37), while two studies (34, 36) did not apply any formulary
restriction, and a third study (37) restricted cephalosporins and

FIG 1 PRISMA flow diagram of meta-analysis.
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fluoroquinolones, classes of antibiotics that are tightly linked with
C. difficile infection (56).

DISCUSSION

Evaluation of ASPs is based on their performance on antimicro-
bial consumption, as well as on clinical and microbiological out-
comes and cost-effectiveness (45). However, because ASPs are
highly variable, establishing specific targets and performance cri-
teria requires the synthesis of data from different settings, making
this topic ideal for a meta-analysis study. Using this approach, we

found that the overall antimicrobial consumption among inpa-
tients before and after the implementation of an ASP decreased by
almost one-fifth, and the effect of ASPs was approximately double
in the ICU setting. The consumption of carbapenems and glyco-
peptides was also reduced. ASPs also resulted in a decrease of the
antimicrobial cost, length of hospital stay and infections from
MRSA, imipenem-resistant P. aeruginosa, and ESBL-Klebsiella
spp. decreased as well.

Given the decrease in new antimicrobial agents and the immi-
nent emergence of resistance shortly after the introduction of new

FIG 2 Forest plot of included studies stratified by continent. Individual and combined change of total antimicrobial consumption after ASP implementation
among studies conducted in hospital settings.
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agents (57), the CDC, the World Health Organization, and the
U.S. government have advocated the universal implementation of
ASPs in hospitals as a promising strategy to preserve antimicrobial
benefit (7, 58, 59). Our analysis showed that implementation of an

ASP was associated with a decrease in total antimicrobial con-
sumption by almost one-fifth, while the use of restricted or con-
trolled antimicrobial agents was further reduced by over one-
fourth. Interestingly, as noted above, in the ICU setting the

FIG 3 Forest plot of included studies. Individual and combined changes of consumption of restricted antimicrobials after ASP implementation.

FIG 4 Forest plot of included studies per setting. Individual and combined changes of total antimicrobial consumption after ASP implementation in ICU and wards.
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antimicrobial consumption decreased by almost 40%, a finding
that is reasonable if we consider that more than one-third of pa-
tients in ICUs are diagnosed with an infection (1, 60), and ICUs
also represent the site of the hospital with the heaviest use of an-
timicrobial agents and high rates of multiresistant strains (47).

In addition, taking into account the potential for the “squeez-

ing the balloon” phenomenon (a term that is used to describe the
concern that restricting some antimicrobial agents might lead to
an increase in the nonrestricted antimicrobials [61]), we esti-
mated separately the restricted and nonrestricted antimicrobial
agents, and we demonstrated that both were reduced. In addition,
the finding that implementation of an ASP is associated with a

FIG 5 Forest plot of included studies. Change in LoS after ASP.

FIG 6 Forest plot of included studies. Change in antimicrobial cost after ASP implementation.
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decrease in the consumption of high potential resistance antimi-
crobial agents (14, 16), such as carbapenems and glycopeptides,
indicates that not only the overall use of antimicrobial agents de-
creased, but the choices were probably more appropriate and
ASPs seem to be effective not only because they result in a decrease
in the quantity of antimicrobial consumption but also positively
affect antimicrobial choices.

We also found that the implementation of ASPs was associated
with a significant drop in antimicrobial cost by more than one-
third. Notably, although this is an impressive decrease, it is only a
partial estimation of savings (62). Indeed, in addition to the direct
cost of antimicrobial agents, there are many indirect expenses
which are expected to decrease proportionally, such as from drug
side effects (63). One such potential indirect benefit is the decrease
in the hospital LoS. Interestingly, we found that ASPs decreased
hospital LoS. However, hospital LoS can be affected by several
factors, such as admission diagnosis, institutional features and
social status (64), and some hospital-acquired infections (65).
Further studies are needed to quantify the impact of ASPs in hos-
pital LoS and identify whether the decrease in the LoS is because of
the impact of ASPs on infections due to certain resistant patho-
gens, earlier transition to oral therapy, the discontinuation of un-
necessary antimicrobial agents, a decrease in drug side effects, or
other reasons.

Regarding potential limitations of this study, the follow-up
period in our analysis was fluctuated from 6 months to 3 years.
Although most of the studies in the literature followed this period
of time for a first assessment of outcomes, longer follow-up is
needed to evaluate the longer-term effects of ASPs. For example,
we did not find a change in all-cause and infection-related 30-day
mortality after an ASP. This finding is reassuring since it supports
previous reports that ASPs, at least, do not affect adversely the
provided level of care depriving antibiotics from patients who
really need them (66). However, in order to evaluate the hypoth-
esis that ASPs can also improve these rates, a longer assessment
period with adequate and stable implementation of an ASP is
warranted. Although publication bias was sought through the
Egger test and reported with each pooled result, estimations
derived from fewer than 10 studies should be taken under con-
sideration cautiously since the power of the test is attenuated in
this case (http://handbook.cochrane.org/chapter_10/10_4_3_1
_recommendations_on_testing_for_funnel_plot_asymmetry
.htm). Also, a publication bias was found to be significant in our
estimation for the change on the rate of C. difficile infection. This
is an interesting finding indicating that negative results on the
impact of ASPs are more likely to be published. Even though the
effect of ASPs in C. difficile infection is generally accepted (67),
additional reports are needed to confirm and quantify this finding.
The implementation of ASPs is a relatively recent phenomenon
and researchers should continue to publish their results, even in
areas where the benefits of ASPs are considered “widely accepted.”

In conclusion, even though ASPs are highly variable, they are
greatly effective in decreasing antimicrobial consumption, and
they improve clinical and economic outcomes. This first aggregate
statistical assessment of ASP implementation that includes multi-
ple clinical and economic parameters, supports the implementa-
tion of ASPs and argues that ASP guidelines should be followed by
clinicians and hospital administrators. Future studies should an-
alyze each component of ASPs separately, while long-term evalu-

ation of the effect of ASPs is also warranted to determine their
lasting influence on mortality and infection rates.
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