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Abstract

Objectives: Although exposure to antibiotics can cause C. difficile infection, certain antibiotics are used
to treat C. difficile. The measurements of antimicrobial Clostridium difficile activity could help identifying
antibiotic risk and emergent resistance. Here, we describe publication patterns relating to C. difficile
susceptibilities and estimate minimum inhibitory concentrations (MIC) for antibiotic classes in the
published literature between January, 1970 and June, 2014.

Methods: We queried PUBMED and EMBASE for studies reporting antibiotic C. difficile MIC in English
or French. We used mixed-effects models in order to obtain pooled estimates of antibiotic class median
MIC (MICsp), 90™ percentile of MIC (MICop), and MICgo:MICsy ratio.

Results: Our search identified 182 articles that met our inclusion criteria, of which 27 were retained for
meta-analysis. Aminoglycosides (MICso: 120mg/L, 95%CI: 62-250), 3™ (MICso: 75mg/L, 95%CI: 39-130)
and 2" generation cephalosporins (MICso: 64mg/L, 95%CI: 27-140) had the least C. difficile activity.
Rifamycins (MICso: 0.034mg/L, 95%CI: 0.012-0.099) and tetracyclines (MICso: 0.29mg/L, 95%CI: 0.054-
1.7) had the highest level of activity. The activity of 3" generation cephalosporins was more than 3 times
lower than 1* generation agents (MICso: 19mg/L, 95%CI: 7.0-54). Time-trends in MICsy were increasing
for carbapenems (70% increase per 10-years) while decreasing for tetracyclines (51% decrease per 10-
years).

Conclusions: We found a 3500-fold variation in antibiotic C. difficile MICs, with aminoglycosides as the
least active agents and rifamycins as the most active. Further research is needed to determine how in vitro
measures can help assess patient C. difficile risk and guide antimicrobial stewardship.



Introduction

Clostridium difficile is responsible for substantial morbidity and mortality among people receiving
antibiotics in hospitals and in the community. Epidemiologic studies have attempted to classify the
differential risks of antibiotic exposures and have found that clindamycin, cephalosporins and
fluoroquinolones are associated with the highest incidence of C. difficile infection (CDI), while
tetracyclines represent the lowest risk antibiotics, and longer courses are associated with higher CDI risk
[1-3]. In addition to depleting protective gut flora, one factor that drives antibiotic-associated CDI risk is
the lack of activity that these antibiotics have against C. difficile bacteria [4]. Some antibiotics, such as
piperacillin-tazobactam, demonstrate delayed antibiotic associated effects due to suppression of C.
difficile. 1t is possible that, on average, antibiotics with high anti-C. difficile activity produce lower C.
difficile risk. However, quantitative measures of anti-C. difficile activity do not exist, which makes testing
such hypotheses difficult at the moment.

Antibiotic activity is usually summarized by the minimum inhibitory concentration (MIC), the smallest
concentration of an antimicrobial necessary to prevent the growth of a target microorganism. Many studies
have reported antibiotic activity against C. difficile strains, showing that certain agents including
antibiotics in the imidazole and glyocopeptide classes have high activity, while higher risk agents such as
cephalosporins and fluoroquinolones have much lower activity against C. difficile 5, 6]. Studies
considering time-trends in resistance levels have suggested that the emergence of fluoroquinolone
resistant 027/NAP1/BI strains of C. difficile may be responsible for the increased incidence, morbidity and
mortality associated with CDI [7]. However, many of these studies are specific to a given hospital or
context.

No published study has ever attempted to compare and combine MIC values from studies around the
world, as is frequently done for clinical studies [8, 9]. A meta-analysis of susceptibility data could provide
novel insights by quantifying the degree of variation of estimates, the sources of variation, increasing
precision of estimates, and, in particular, help identify common weaknesses in the published literature that
could be improved.

Reliable information on C. difficile susceptibility to antibiotics could help uncover better treatment agents,
describe emerging trends in resistance earlier than single studies, and, in particular, predict the magnitude
and timing of C. difficile infection risk. In this study, we sought to describe the literature on the
susceptibility of clinical C. difficile isolates to antibiotics and to assess the variation and predictors of
susceptibility, with a specific interest in the role of antibiotic class [10].

Methods

Search strategy

We searched PUBMED (available since Jan 1, 1980) and EMBASE (available since Jan 1, 1970) in June
2014 without restriction in terms of language or year. Our search strategy involved combining terms
describing our outcome (i.e. microbial sensitivity, microbial sensitivity test, and minimum inhibitory
concentration) with terms for our exposure of interest (i.e. antibiotic, antibacterial, antimicrobial,
aminoglyosides, beta-lactams, cephalosporins, clindamycin, fluoroquinolones, macrolides, metronidazole,
sulfonamides, and tetracyclines) and terms describing our population (i.e., C. difficile or Clostridium



difficile). More detailed information on our search strategy can be found in the appendix. We searched
reference sections and approached experts to help identify relevant missing articles. We included studies
of human C. difficile strains (nosocomial or community-acquired) published in French or English. Studies
of animal or environmental strains, or strains extracted from gut models were excluded.

Screening and data abstraction

One author (NK) screened articles and identified those appropriate for full text review. For each article
that passed full text review, one author (KB) recorded characteristics of the study and design, the number
of antibiotics assessed. All studies at this stage were included in a descriptive analysis of study
characteristics. We restricted our MIC summary value abstraction to articles that reported at least 9
antibiotic MICso derived from a minimum of 30 C. difficile strains, and our meta-analysis was limited to
classes with at least 10 MICso measurements.

Outcomes

For each antibiotic assessed within a given study, we abstracted the median MIC (MICsy), the 90"
percentile (MICq), and calculated the ratio of MICq to MICs (a large dispersion between the MICq and
MICso, as measured by the MICy to MICs ratio, indicates that a given bacteria may readily develop
resistance to a given antibiotic) [11]. When studies did not report MICso or MICy directly, but instead
reported the distribution of strains, we recorded the MICso and MICy as the lowest concentration where at
least 50% or 90% of strains were inhibited. The values of MIC were in mg/L for results reported in this
paper. The resulting dataset had a single record for each study antibiotic, and as such, multiple lines per
study.

Variables

Antibiotics were classified into 14 groups: (1) aminoglycosides; (2) carbapenems; (3-5) 1%, 2™ and 3™
generation cephalosporins; (6) fluoroquinolones; (7) glycopeptide; (8) imidazoles; (9) lincosamides; (10)
macrolides; (11) broad-spectrum penicillins; (12) narrow-spectrum penicillins; (13) rifamycins; (14)
tetracyclines. Antibiotics not fitting this classification were considered separately. The source of isolates
was categorized as originating from a single hospital, a regional repository, or an international repository.
For studies that pertained to single hospitals or regional repositories, we categorized the geographic source
in terms of the continent where the strains were collected (Asia, North America, Europe, or Oceania). We
abstracted the different antimicrobial sensitivity testing techniques (agar dilution, gradient strips, or broth
dilution) as reported in the included papers and the year the study was published.

Meta-analyses

In order to describe patterns of antibiotic susceptibility, we developed mixed-effects linear regression
models with the logarithm of MICsy, MICqg, and MICso:MICoy ratio as the outcomes (N = 19 x 3).
Antibiotic-class specific models (N = 15 x 3) were used to measure the mean antibiotic MIC50 and
MIC90 for each class. Each model included a fixed effect for the intercept and a random effect for study
to control for study level effects. Antibiotic-class agnostic models (N = 1 x 3) were created in order to
understand the relative importance of inter-class, inter-antibiotic, and inter-study variation. These sources
of variation were quantified as the proportion of total variance accounted for by the given random effect,
also known as the variance partition coefficient (Austin and Merlo, 2017; DOI: 10.1002/sim.7336 ). Due
to our interest in the emergence of resistance to C. difficile treatment agents, we developed analogous
models (N = 3 x 3) for metronidazole, vancomycin and fidaxomicin. Each model included just the
intercept term (no random effect for antibiotic was needed since there was only a single antibiotic within



each model). Each model included a fixed effect for the intercept and a random effect for antibiotic class,
antibiotic, and study. For each MICso model (N =19 + 1 + 3), we explored factors explaining
heterogeneity by creating two more models, one with an additional covariate for study year and one with
an additional covariate for study continent.

Analyses were conducted in R; the Ime4 package was used for fitting mixed-effects models and to
estimate bootstrapped confidence intervals for parameter estimates [12]. P-values for fixed effects
parameters were estimated using the Satterthwaite approximation for degrees of freedom using the
ImerTest package. Data used for the meta-analysis are publicly available on FigShare
(http://dx.doi.org/10.6084/m9.figshare.5131750).

Results

Studies

We identified 366 articles in PUBMED and 1172 articles in EMBASE meeting our database search
inclusion criteria, with 240 duplicate items, leaving us with a total 1289 articles after the initial database
search (Figure 1). Title and abstract screening eliminated 944 articles, leaving 345 articles for the full-text
review. Of these, 182 articles met the study inclusion criteria (Figure 1).

The pace of publication increased through the period, from 12 articles published in the 1980 to 1984
period (2.4 per year), to 64 articles published in the 2010 to March 2014 period (14.8 per year). The
number of antibiotics investigated per study decreased, from an average of 11.8 antibiotics per study to an
average of 6.8 antibiotics per study for the periods described above. The number of isolates per study
increased from 39.1 per study to an average of 216.8 per study.

Of the 182 studies meeting the criteria for the descriptive analyses, 27 (15%) articles met the inclusion
criteria for the meta-analysis, 9 articles from the 1980s, 2 articles from the 1990s, 5 from the 2000s, and
11 since 2010. Strains originated from Asia (10 articles), North America (8 articles), Europe (7 articles),
Oceania (1 article), and a single study based on an international isolate repository.

A total of 409 MICsy and MICyo associated with 104 unique antibiotics were extracted (mean 3.9
susceptibility measures per antibiotic). The most commonly reported antibiotics were fluoroquinolones
(N=16), broad-spectrum penicillins (N=11) and 2™ (N=8) and 3" (N=8) generation cephalosporins (Table
1). Of the 104 antibiotics identified, 49 had MICso and MICy values from at least 2 studies (Table 2).

Antibiotic MICs

High MICs (mean MICs, > 8 mg/L) were observed for aminoglycosides, cephalosporins, lincosamides,
and fluoroquinolones (Figure 2, Table 1 and Table 2). Low MICs (mean MICsy < 1 mg/L) were observed
for glycopeptide, imidazoles, tetracyclines, and rifamycins. The antibiotic classes with the highest
MICyo:MICs ratios were rifamycins (92 mg/L, 95%CI: 9.1-1100), macrolides (9.0 mg/L, 95%CI: 1.8-53),
and lincosamides (8.2 mg/L, 95%CI: 1.3, 51).



When we built a model for all antibiotics that included random effects corresponding to antibiotic classes,
specific antibiotics, and study. The model estimated that antibiotic classes explained 65.9% of the overall
variance of MICso, while specific antibiotics within classes explained an additional 16.7% of variance.
Study-level random-effects explained 2.9% of variance. The remaining variance (14.5%) was
unexplained. Similarly, MICqy were largely explained by antibiotic classes (54.1% of variance), antibiotics
(17.9% of variance), and study (5.3% of variance). The remaining variance (22.7%) was unexplained.

Time-trends, regions, and testing method

In analyses of time-trends in MICs stratified by antibiotic class, carbapenems displayed an increasing
trend (70% increase per 10 year increment, 95%CI: 30%-220%) and tetracyclines demonstrated a
decreasing trend (51% decrease per 10 year increment, 95%CI: 2.7%-73%) of susceptibility. In analyses
of continent-level differences in MICs stratified by antibiotic classes, we observed regional differences in
susceptibility to tetracyclines (p=0.02), broad-spectrum penicillins (p=0.04), and fluoroquinolones
(p=0.06). Specifically, North American studies demonstrated the highest MICs for tetracyclines (mean
MICso. 1.4 mg/L, 95%CI: 0.19-10) and fluoroquinolones (mean MICso: 14 mg/L, 95%CI: 5.4-38), while
European countries had the highest MICsy for broad-spectrum penicillins (mean MICso: 4.9 mg/L, 95%CI:
1.7-14).

Across all antibiotic classes combined, we identified no relationship between MICso and year of study
publication (1.0-fold change per 10 years, 95%CI: 0.8-1.2 mg/L), study continent (p=0.71), and testing
method (p=0.38).

When we conducted analyses for metronidazole alone (N=22 studies, mean MICso = 0.44 mg/L), we
observed no time-trends in MICs (slope: 1.0-fold [null] change per 10 year increase, 95%CI: 0.8-1.3
mg/L) though we did observe that studies from North America reported higher MICs (2.2-fold higher
than other study continents, 95%CI: 1.1-4.3 mg/L). For vancomycin (N=17, mean MICso = 0.73 mg/L),
we observed no relationship with either time (slope: 0.8-fold change per 10 year increase, 95%CI: 0.7-1.0
mg/L) or study continent (p=0.75). We identified only 3 studies for fidaxomicin (mean MICso = 0.27
mg/L) and as such were unable to perform statistical tests for time-trend or regional variation.

Discussion

The emergence of the epidemic strain 027 in the early years of the new millennium, as a result of
widespread fluoroquinolone use, has brought more attention to active antimicrobial susceptibility
surveillance of C. difficile bacteria. In this systematic review and meta-analysis of the published literature
on C. difficile antimicrobial sensitivity between 1970 and 2014, we found: (1) an increasing trend of
publishing on C. difficile susceptibility since the late 2000s, (2) that C. difficile was least susceptible to
aminoglycosides, cephalosporins, and lincosamides, and most susceptible to rifamycins, imidazoles, and
glycopeptide, and (3) a large heterogeneity in susceptibility for rifamycins, macrolides, and lincosamides.
The remainder of the discussion is organized according to antimicrobial class.

Anaerobic bacteria are naturally resistant to aminoglycosides because they lack the oxygen-dependent
transport mechanism required for cellular uptake of this family of antibiotics [13]. The high MICs, values
we observed, and the low heterogeneity of MICs values, confirmed the universality of this resistance



mechanism. Despite elevated MICso, aminoglycosides have not frequently been associated with higher
risk of CDI, which may be due to a lack of impact on other protective anaerobic gut flora.

Carbapenems are generally thought to have good activity against anaerobes; but the estimated MICso
showed a wide variability in their in vitro activities with meropenem and doripenem having excellent
activity while imipenem had low activity. These discrepancies in susceptibility may be, in part, explained
by antibiotic pressure since imipenem is frequently prescribed. Several authors have described resistance
to imipenem in PCR ribotypes 046 (100%), 014/020 (50%) and 002 (45%), however, resistance to
meropenem has not been documented [14, 15].

Cephalosporins are a group of broad spectrum, semi-synthetic beta-lactam antibiotics with the same
mechanism of action as penicillins and are known to have a high propensity to precipitate CDI due to their
major disturbance of the colonic microflora and low anti-C. difficile activity [16]. Successive generations
of cephalosporins have both increasing Gram-negative activity with decreasing activity against Gram-
positive organisms, which explains the trend of decreasing C. difficile activity levels from the 1* to the 3"
generation. Nevertheless, there was some variability among analyzed studies. Karlowsky et al. described a
high rate of resistance to ceftriaxone among isolates of NAP2 [17]. However, Samore et al. detected a
lower prevalence of resistance which may be explained by the close correspondence between genotypic
strain grouping and phenotypic characteristics or by the use of different methods to test susceptibility [18].
Our results showed that the activity of narrow-spectrum penicillins was substantially higher (MICso: 1.5
mg/L) compared to that of broad spectrum penicillins (MICso: 4.9 mg/L). The observed values may be
explained by the common use of penicillins in clinical practice [19-21]. A 15-year study of isolates from
Sweden permitted to detect decreasing C. difficile activity for common B-lactam agents that correlated
with the emergence of resistant strains, including ribotype 012 [5].

Susceptibility of C. difficile to fluoroquinolones has always been low, particularly for 1% and 2™
generation agents. Resistance to ciprofloxacin was observed in all included papers while resistance to
moxifloxacin varied between 2% and 82% [6, 22]. The risk thought to be associated with moxifloxacin
usage has been attributed to its extended anti-anaerobe spectrum and, thus, its propensity to disrupt a
major part of the colonic flora [23]. The epidemic strain 027 is associated with universal high-level
resistance to the fluoroquinolones and clindamycin, in contrast to that of the 027 isolates predating 2001.
Noren et al. reported that resistance to moxifloxacin increased from 2% in 1993, before the drug was
marketed, to 4—23% among isolates from 2004 to 2007 [5]. Numerous studies has documented a
relationship between strain and fluoroquinolone susceptibility [5, 6, 17, 22, 24]. Levels of
fluoroquinolone-resistant C. difficile are higher among patients with previous fluoroquinolone use [25].

Taken together glycopeptide (vancomycin, teicoplanin and ramoplanin) had high C. difficile activity
(MICso: 0.31 mg/L, MICog: 0.50 mg/L) but with an MICy of just 0.5 mg/L lower than the breakpoint [26].
Teicoplanin, in particular, had the lowest MICoq (0.31 mg/L). Teicoplanin was reported as superior to
vancomycin and metronidazole for initial bacteriologic response but its use for CDI treatment is limited by
lack of availability in many countries and great cost relative to the other options [27].

Included papers showed low MICs with respect to imidazoles, which were largely represented by
metronidazole. However, the highest MICo reported at 16 mg/L was far higher than the breakpoint of <2
mg/L recommended by the European Committee on Antimicrobial Susceptibility. This study by Snydman
et al. reported that approximately one quarter of their stains had elevated MICs to metronidazole but MICs



were calculated on resistant strains to underscore the activity of a new antibiotic [28]. The elevated MICs
observed in his study could cause therapeutic concern, especially considering the low gut concentrations
of metronidazole. Such resistance to metronidazole has been described in vitro but the clinical relevance
of this is unknown. Some authors have described cases of reduced susceptibility, especially for PCR
ribotype 001, and heteroresistant populations to metronidazole [29]. Further, it should be noted that
heteroresistance to metronidazole can be lost in frozen strains when they are studied immediately after
thawing, which may impact many of the MIC measurements in this review [5].

In our study, lincosamides were mainly represented by clindamycin, one of the antibiotics most associated
with CDI. Clindamycin is active against anaerobic bacteria; however, C. difficile is frequently resistant to
clindamycin as shown by the high MIC observed in our study. The variability could be explained by the
difference among genotypes and/or toxigenicity. The NAP1 strain seems susceptible, while NAP2 is
highly resistant to clindamycin [6, 17]. A reduced susceptibility was described among the following PCR
ribotypes: 014/020, 017, 078, 012 and 126. Interestingly, in one study, a low proportion of PCR ribotype
002 strains showed resistance to clindamycin [16]. Resistance to clindamycin seems also correlated with
previous exposure to this antibiotic. A plausible explanation for this association is that, during the period
of antibiotic treatment, there is selective pressure against clindamycin-susceptible strains due to
antimicrobial activity within the gastrointestinal tract [18, 30-32]. In one study resistance was restricted to
strains isolated in diarrheic patients but this finding must be interpreted with caution given that
asymptomatic patients were mainly infants [31]. Others have claimed that resistant strains were more
frequent in elderly than in young people [33]. This association could be simply correlated with increasing
incidence of CDI in elderly adults usually sick and frequently exposed to antibiotics.

Macrolides have a similar spectrum of activity to that of lincosamides. Cross resistance between
clindamycin and macrolides is well described and is most likely due to the presence of ermB genes
(erythromycin ribosomal methylase B) [15, 34]. Roberts et al. described that 95% of strains were
susceptible to clarithromycin whereas 85% of strains tested by Bourgeault et al. were resistant. The
resistance was less frequent in strains other than NAP1 and NAP2 [6, 22]. Samore et al. reported that all
isolates that were clindamycin resistant were also erythromycin resistant and vice versa [18]. This close
correspondence between genotypic strain grouping and resistance to macrolides, clindamycin and
fluoroquinolones is well described in the literature [6, 15, 35]. Erythromycin resistance was found mainly
with isolates producing binary toxin, especially those belonging to ribotype 078. Furthermore, ribotype
001 has been associated with resistance to both erythromycin and fluoroquinolones [24]. As such,
although macrolides are generally considered to be associated with an intermediate risk for CDI, that risk
may be heterogeneous [7].

Rifamycins were the most active agents in vitro, inhibiting C. difficile strains at very low concentrations.
However, our results showed a wide range of susceptibility with elevated MICy. For rifampicin, the C.
difficile isolates were either highly susceptible or highly resistant [5, 35]. Resistance may explain the poor
results in the past studies that have used rifampicin for CDI treatment. Analysis of drug cross-resistance
revealed an association between resistance of clindamycin, erythromycin and rifampicin especially in
strains belonged to PCR ribotype 012 [5]. Increased MICs for rifampicin with co-resistance to
fluoroquinolones seems frequent in isolates of PCR ribotype 017 [14, 36]. This resistance is based on
coexisting amino acid substitutions in Gyr A and RpoB, the b subunit of RNA polymerase [37].
Rifamycins have been tested for treatment of CDI relapse, but rapid development of resistance suggests
that this approach is likely to fail [5].



The activity of tetracyclines was generally high, with 90% of isolates displaying MICs <2.3 mg/L,
however variability in MIC was also high. Resistance to tetracycline has been observed in both historic
and recent isolates. The resistance to tetracycline is usually due to the presence of a tet(M) gene carried by
the conjugative transposon Tn5397 [37]. Noren et al. reported that the numbers of highly resistant isolates
doubled between 2004 and 2007 [5]. A high proportion of resistance was described among PCR ribotypes
046, 012, 017 and 078 [14]. Moreover, a certain correlation could be found between toxigenicity and
tetracycline sensitivity [33]. Tigecycline had a low MIC (MICso: 0.05 mg/L and MICoo: 0.10 mg/L) which
may explain the variability of susceptibility among this family of antibiotics. Tigecycline has been
suggested as a possible alternative to treat severe and/or refractory CDI [38].

This study has a number of limitations. First, not all studies reporting C. difficile MICs could be analyzed,
due to the sheer quantity of studies; we chose to analyze studies with selected criteria, due to the increased
statistical reliability, however this approach may have biased the activity levels upwards since small,
outbreak-specific strains may have been underrepresented. Second, measurement of the antimicrobial
activity of C. difficile depends on the methodologies and breakpoints used and may fluctuate from one
laboratory to another; we attempted to account for this by recording the type of testing methods used and
found no differences between laboratory methods. Third, the MICs we report did not take into
consideration the concentrations of antibiotic achieved in the gut, nor the pharmacodynamics, and as such
cannot be directly translated into measures of risk related to CDI or potential utility for CDI treatment.
Finally, because studies do not report isolate-level results, our analysis was limited to MICso, MICq, and
MICyo:MICs values across groups of C. difficile strains of diverse composition.

Our study identified over 180 articles reporting on C. difficile susceptibility testing and our analysis of a
subset of these studies has demonstrated that C. difficile was least susceptible to aminoglycosides,
cephalosporins, and lincosamides, and most susceptible to rifamycins, imidazoles, and glycopeptides;
decreasing susceptibility to carbapenems and regional variations in susceptibility were observed. While
the impact of antibiotics against commensal gut flora is likely a primary driver of antibiotic-associated C.
difficile risk, we believe that other characteristics of the antibiotic could play a role, including the route of
administration, pharmacokinetics, and, as summarized here, anti-C. difficile activity. Surveillance of time-
trends and regional patterns in C. difficile susceptibility are important for monitoring the evolution of
resistance and understanding the epidemiology of C. difficile.
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Table 1. Estimated antibiotic class MICso, MICo, and MICoy:MICs, ratio for C. difficile bacteria

Antibiotics M.I Cso M.I Coo MICQ?:MICSO
N) N* Estimate Estimate Estlmateb
(95%CI) (95%CI) (95%CI)
Aminoglycosides 4 10 120 (62-250) 200 (78-490) 1.5(1.2-1.9)
Carbapenems 5 26 3.5(1.8-8.1) 6.3 (2.4-15) 1.8 (1.3-2.5)
Cephalosporins
1** Generation 4 12 19 (7.0-54) 51 (22-120) 2.3 (1.1-4.3)
2" Generation 8 31 64 (27-140)T 130 (76-260) 2.0 (1.4-3.1)
3" Generation 8 31 75 (39-130) 130 (93-180) 1.8 (1.3-2.4)
Fluoroquinolones 16 51 8.0 (3.1-19)F 26 (13-51) 3.2 (2.0-5.5)
Glycopeptide 3 28 0.31 (0.11-0.95) 0.50 (0.15-1.9) 1.7 (1.2-2.4)
Imidazoles 3 29 0.33 (0.18-0.57) 0.79 (0.24-2.6) 2.0 (1.5-2.8)
Lincosamides 2 28 18 (2.3-130)} 120 (44-350) 11 (4.6-28)
Macrolides 5 15 4.5 (1.2-19) 46 (11-180) 9.0 (1.8-53)
Penicillins
Broad Spectrum 11 54 4.9 (1.6-14)% 12 (4.6-36)% 2.5 (1.6-3.7)
Narrow Spectrum 4 17 1.5 (0.35-8.0) 5.0 (1.6-19) 2.8 (1.8-4.7)
Rifamycins 4 12 0.034 (0.012-0.099) 3.9 (0.34-45) 92 (9.1-1100)
Tetracyclines 3 19 0.29 (0.054-1.7)1 2.2 (0.050-62)% 8.2 (1.3-51)%
Other 24 52 7.4 (2.5-27)% 14 (4.8-43)% 1.9 (1.4-2.7)

All table values are rounded to 2 significant digits, ¥ medium inter-antibiotic heterogeneity (inter-antibiotic

standard deviation: 3-fold to 3.9-fold),  high inter-antibiotic heterogeneity (inter-antibiotic standard deviation: 4-

fold or more), “note that a single study could contribute multiple MICso measures (e.g. for fluoroquinolones the

average study contributed 51/21 = 2.4 MICsy and MICy measures), "MICoo:MICs is the ratio of MICgo to MICso

is a measure of the dispersion of the distribution of MICs for a given antibiotic.
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Table 2a. Estimated antibiotic MICsg, MICoo, and MICyo:MICs ratio for C. difficile bacteria for antibiotics
with at least 2 observations (N=66 antibiotics)

MICso Estimate MICyo Estimate MICoo:MICso

Antibiotic N (95%CT) (95%CT) Estimate (95%CI)
Aminoglycosides
Gentamicin 5 100 (54,290) 130 (61,650) 1.5(1.2,2.0)
Neomycin 2 120 (50,340) 180 (57,860) 1.5(1.1,2.0)
Streptomycin 2 150 (47,320) 330 (49,900) 1.5(1.1,2.1)
Carbapenems
Doripenem 2 2.5(1.1,17) 3.9(1.3,28) 1.8 (1.2,2.8)
Imipenem 12 7.3 (0.90,16) 14 (1.4,29) 1.8 (1.3,2.5)
Meropenem 10 1.6 (1.1,15) 2.7(1.1,32) 1.8 (1.2,2.5)
Cephalosporins
1** Generation
Cefalexin 5 37 (4.3,76) 51 (23,120) 2.2(1.1,4.8)
Cefazolin 2 18 (4.1,86) 51 (23,120) 2.2 (0.82,5.9)
Cephalothin 4 15 (4.9,78) 51 (23,120) 2.3(1.1,5.2)
2" Generation
Cefaclor 2 35 (8.6,480) 130 (43,430) 2.8(1.0,4.5)
Cefamandole 3 18 (7.2,510) 91 (38,540) 3.4(0.97,4.6)
Cefmetazole 2 26 (8.5,490) 81 (35,490) 2.4(0.94,4.1)
Cefotetan 3 28 (9.7,480) 53 (40,530) 1.8 (1.0,4.2)
Cefotiam 2 220 (8.2,500) 270 (40,570) 1.7 (0.99,4.2)
Cefoxitin 13 100 (8.6,440) 150 (34,530) 1.5(0.91,5.0)
Cefuroxime 5 270 (7.6,630) 290 (39,560) 1.4 (0.90,4.6)
34 Generation
Cefmenoxime 2 46 (16,340) 120 (77,210) 1.8 (1.2,2.7)
Cefoperazone 4 30 (19,310) 120 (74,200) 1.8 (1.2,2.6)
Cefotaxime 8 99 (16,320) 130 (81,210) 1.8 (1.2,2.7)
Cefsulodin 2 150 (17,330) 130 (77,200) 1.8 (1.2,2.7)
Ceftazidime 2 66 (17,340) 130 (69,210) 1.8 (1.2,2.5)
Ceftizoxime 3 270 (14,290) 130 (74,210) 1.8 (1.2,2.7)
Ceftriaxone 6 36 (19,370) 120 (81,200) 1.8 (1.2,2.7)
Moxalactam 4 76 (17,340) 130 (80,220) 1.8 (1.2,2.7)
Fluoroquinolones
Ciprofloxacin 13 22 (0.64,100) 39 (3.6,140) 1.9 (1.1,12)
Gatifloxacin 2 8.0 (1.0,90) 35 (5.5,150) 4.0 (0.99,10)
Gemifloxacin 2 3.3(0.68,120) 29 (6.7,140) 6.1 (1.1,11)
Levofloxacin 7 16 (0.64,92) 49 (4.8,150) 3.3 (1.1,11)
Moxifloxacin 12 2.9 (0.39,89) 25 (4.7,150) 7.7 (1.0,11)
Nalidixic acid 3 64 (0.61,75) 84 (5.3,140) 2.0 (1.1,10)
Nemonoxacin 2 1.7 (0.88,110) 12 (4.1,150) 4.6 (1.0,8.7)
Trovafloxacin 2 5.8 (0.82,66) 41 (4.9,160) 5.6(1.1,9.1)
Glycopeptides
Teicoplanin 4 0.16 (0.069,1.5) 0.19 (0.060,3.8) 1.5(1.0,2.9)
Vancomycin 23 0.68 (0.067,1.5) 1.3 (0.075,4.3) 1.8 (1.1,2.6)
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Table 2b. Estimated antibiotic MICsy, MICqo, and MICoo:MICs ratio for C. difficile bacteria for antibiotics
with at least 2 observations (N=66 antibiotics)

Antibiotic N MICso Estimate MICyo Estimate MICy0:MICso
(95%CI) (95%CI) Estimate (95%CI)
Imidazoles
Metronidazole 27 0.33 (0.24,0.46) 0.66 (0.15,3.2) 2.0(1.7,2.4)
Lincosamides
Clindamycin 25 8.2 (1.6,210) 110 (43,290) 11(5.4,23)
Lincomycin 3 40 (1.4,390) 140 (29,720) 11(2.2,62)
Macrolides
Clarithromycin 2 4.5 (0.69,34) 46 (5.0,410) 7.6 (1.0,130)
Erythromycin 10 4.5(1.4,19) 46 (12,150) 11 (1.8,55)
Penicillins
Broad Spectrum
Amoxicillin/Clavulanate 5 0.46 (0.20,110) 0.95 (0.58,270) 2.0 (0.87,7.0)
Ampicillin 11 1.0 (0.19,88) 2.9 (0.66,310) 2.7 (0.83,7.6)
Ampicillin/Sulbactam 2 2.2 (0.20,110) 3.6 (0.54,250) 1.9 (0.83,6.4)
Carbenicillin 4 14 (0.16,130) 28 (0.48,190) 2.1 (0.88,6.8)
Mezlocillin 2 3.0 (0.15,110) 15 (0.53,320) 3.8 (0.80,7.8)
Piperacillin 10 5.7 (0.16,180) 13 (0.53,370) 2.4(0.89,8.1)
Piperacillin/Tazobactam 10 4.8 (0.20,140) 7.5 (0.41,300) 1.7 (0.80,7.8)
Ticarcillin 2 14 (0.17,110) 37 (0.56,280) 2.7 (0.90,7.0)
Narrow Spectrum
Benzylpenicillin 2 1.4 (0.089,24) 3.5(0.57,38) 2.8 (1.4,6.3)
Meticillin 2 8.9 (0.088,31) 16 (0.77,30) 2.8 (1.5,6.1)
Penicillin 12 1.2 (0.088,25) 3.4 (0.71,35) 2.8(1.9,4.2)
Rifamycins
Rifampicin 7 0.057 (0.0080,0.14) 3.9 (0.33,54) 92 (7.4,980)
Rifaximin 3 0.026 (0.0070,0.14) 3.9 (0.23,73) 92 (4.4,2500)
Tetracyclines
Minocycline 3 0.40 (0.013,4.1) 3.8 (0.0073,410) 8.1(0.32,140)
Tetracycline 10 0.74 (0.027,4.7) 26 (0.0075,530) 25 (0.72,98)
Tigecycline 6 0.082 (0.024,4.1)  0.11 (0.0059,490) 2.7 (0.53,130)
Other
Aztreonam 2 400 (0.044,1900) 420 (0.12,2000) 1.3 (0.65,6.0)
Bacitracin 3 73 (0.051,2200) 150 (0.079,4300) 2.0 (0.63,6.8)
Chloramphenicol 7 3.4 (0.023,1100) 24 (0.068,2000) 5.9 (0.50,5.8)
Cycloserine 2 120 (0.052,1100) 120 (0.089,2600) 1.3 (0.67,5.3)
Daptomycin 4 0.90 (0.049,820) 1.5 (0.078,2300) 1.7 (0.61,6.3)
Fidaxomicin 3 0.18 (0.070,2200)  0.29 (0.046,2400) 1.7 (0.62,5.2)
Fusidic acid 7 0.68 (0.036,1900) 1.1 (0.045,2400) 1.7 (0.69,6.3)
Linezolid 4 1.3 (0.046,940) 3.0 (0.079,2200) 2.2 (0.60,5.4)
Sulfamethoxazole 2 120 (0.064,1200) 170 (0.064,3300) 1.6 (0.71,5.5)
Trimethoprim 2 120 (0.043,1300) 170 (0.064,2100) 1.6 (0.63,4.6)
Trimethoprim/sulfamethoxazole 2 29 (0.040,2100) 59 (0.048,1800) 2.0 (0.63,5.1)
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Figure 1. Flow chart of studies screened and included.
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* no MICs reported (74)
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Figure 2. Mean MICs for antibiotics (open circles, size represents number of estimates) and antibiotic
classes (N=15, closed circles, whiskers represent 95% confidence intervals).
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Amin: aminoglycosides; BSP: broad spectrum penicillins; Carb: carbapenems; Cphl: 1% generation
cephalosporins; Cph2: 2™ generation cephalosporins: Cph3, 3™ generation cephalosporins; Fluo:

fluoroquinolones; Glyc: glycosamides; Imid: imidazoles; Linc: lincosamides; Macr: macrolides; NSP:

narrow spectrum penicillins; Rifa: rifamycins; Tetra: tetracyclines.
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