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Abstract

BACKGROUND The aim of this study was to compare the rate of therapeutic failure and emergence of
resistance in critically ill patients treated by third-generation cephalosporins (3GCs) or piperacillin-
tazobactam (PTZ) for wild-type AmpC-producing Enterobacteriaceae pulmonary infections. METHODS In
a multicenter retrospective cohort study over a 4-year period, all patients treated for a pulmonary infection
related to wild-type AmpC-producing Enterobacteriaceae who received documented antibiotic therapy
with 3GCs or PTZ after less than 48 hours of empirical antibiotic therapy were eligible. The main outcome
was the rate of therapeutic failure, defined by an impaired clinical response under treatment and/or a
relapse of pulmonary infection related to the same pathogen. The secondary outcome was a secondary
acquisition of derepressed cephalosporinase-producing Enterobacteriaceae. RESULTS Over the study
period, 244 patients were included; 56 (23%) experienced therapeutic failure and 19 (8%) experienced
secondary acquisition of resistance. In the non-adjusted cohort, the rate of therapeutic failure and
emergence of resistance were significantly higher in the 3GCs group (32 vs. 18%, p = 0.011 and 13 vs. 5%,
p = 0.035, respectively). In the propensity score-matched population, the 3GCs group was associated with
higher rates of therapeutic failure (HR = 1.61 [1.27 - 2.07]). The secondary de-escalation to 3GCs after
48h of PTZ as a first-line antibiotic therapy was not associated with increased rate of emergence of
resistance. CONCLUSION Our study confirms that third-generation cephalosporins should be avoided as
first-line antibiotic therapy in wild-type AmpC-producing Enterobacteriaceae pulmonary infections.

Background

In the intensive care settings, Enterobacteriaceae are among the most common pathogens involved in
hospital-acquired pneumonia or ventilator-associated pneumonia (HAP - VAP) [1]. A peculiar phenotype is
observed in Enterobacter spp., Serratia marcescens, Citrobacter freundii, Hafnia alvei or Morganella
morganii, characterized by inducible resistance mediated by a chromosomal Amp C B-Lactamase [2]. In
this context, appropriate antibacterial exposure is essential to avoid the emergence of highly-resistant
derepressed mutants, responsible for higher mortality and healthcare-related costs [3].

However, controversies remain regarding the choice of antimicrobial agents that can be used to treat wild-
type inducible AmpC-producing Enterobacteriaceaein critically ill patients with HAP—VAP. According to
former studies, third-generation cephalosporins (3GCs) should be avoided owing to a higher risk for
selecting resistant mutants [4, 5]. Piperacillin-tazobactam (PTZ), a weak inducer of AmpC B-Lactamases,
may be an attractive alternative in this context [6].

On the other hand, the level of evidence supporting such a strategy is poor. Indeed, most of those studies
had limited power to explore the relationship between the type of antibiotic therapy, the highly variable
incidence of resistant mutant selection and the low rate of clinical failure [4—7]. Moreover, other studies
found a similar rate of emergence of antibiotic resistance among treatment groups, suggesting an
identical selective pressure between 3GCs and PTZ [8]. In this context, some authors argued that
although selection of resistant mutants during treatment is a serious event, the risk may be over-
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estimated and offset by the overall cure rates and the ecological impact of using 3GCs in the light of
therapeutic alternatives [9].

The main objective of this study was to compare the rate of therapeutic failure and emergence of
resistance in critically ill patients treated by 3GCs or PTZ for a first episode of wild-type AmpC-producing
Enterobacteriaceae pneumonia.

Methods

1. Study design and population

This retrospective cohort study was conducted in four Intensive Care Units (ICUs) in two University
Hospitals (CHU Pellegrin, Bordeaux, France and CHU Haut-Lévéque, Pessac, France) over a 4-year period
(from January 2015 to December 2018). Ethical approval was obtained from the Institutional Review
Board (GP-CE2019-08) which waived the need for written consent. The patients and/or next of kin were
informed about the inclusion of their anonymized data in the database, and none declined participation.

Patients were eligible for inclusion if they met all the following criteria: i) age = 18, ii) treated for a HAP-
VAP defined by usual criteria [10], (ii) with quantitative culture results positive for wild-type AmpC-
producing Enterobacteriaceae (Enterobacter spp., Serratia marcescens, Citrobacter freundii, Hafnia alvei
or Morganella morganii) [2], (iv) who received documented antibiotic therapy with 3GCs (Ceftriaxone,
Cefotaxime or Ceftazidime) or PTZ. Patients who received less than 48 hours of empirical antibiotic
therapy with secondary de-escalation to 3GCs were considered in the 3GCs group. Patients who received
more than 48 hours of PTZ as an empirical antibiotic therapy with secondary de-escalation to 3GCs were
considered in the PTZ group. Patients who received more than 48 hours of empirical antibiotic therapy
with another B-Lactam (cefepime, meropenem) were excluded. Other exclusion criteria were absence of
HAP-VAP criteria, inappropriate antibiotic therapy (natural or acquired resistances to 3GCs or PTZ) or
decision for limitation or withdrawal of life-sustaining therapies.

2. Antibiotic protocol

During all the study period, diagnosis of HAP-VAP was defined as new or progressive pulmonary
infiltrates in plain chest radiograph, persistent fever or hypothermia, leukopenia or leukocytosis and at
least two of the following criteria: cough or dyspnea, purulent bronchial secretions, oxygen requirement)
[10]. Diagnosis of HAP-VAP was secondarily documented by quantitative cultures (= 10* UFC/mL for
BALs, = 10° UFC/mL for endotracheal aspirations and = 107 for non-invasive sputum samples).

Empirical antibiotic therapyfor clinically suspected HAP-VAP was determined by the attending physician,
with guidance from a local protocol in accordance with international recommendations [11]. In our local
practice and according to published data in critically ill patients with normal renal function, standard

dosing regimens of B—lactam therapy were Piperacillin-Tazobactam (16g/day, either continuously or by
extended infusion), Ceftazidime or Cefepime (6g/day continuously or by extended infusion), Cefotaxime
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(2g IV g8hr) or Ceftriaxone (2g once/day). Dose adjustment was allowed in patients with renal failure or
augmented renal clearance [12]. A loading dose was systematically given before beginning continuous
infusion. Aminoglycosides (gentamycin, amikacin) were administered in patients with septic shock or
ARDS at time of HAP-VAP and subsequently dosed by therapeutic drug monitoring. De-escalation of
empiric antibiotic therapy was assessed whenever possible after identification of the causative
microorganism and reception of the antibiotic susceptibilities.

3. Study end-points

The main outcome investigated in this study was the rate of therapeutic failure within 28 days and/or
end-of-hospitalization defined by i) a death directly attributable to the HAP-VAR, ii) an impaired clinical
response (worsening, persistent or recurrent clinical, biological and radiological features of the initial
infection) with a need for escalating antibiotics despite an adequate antibiotic therapy and/or iii) a new
pulmonary infection needing the resumption of antibiotic therapy with the same pathogen growing at a
significant concentration from a second sample (HAP - VAP relapse) [12, 13]. Superinfections due to new
causative pathogens were not considered as therapeutic failure. The primary outcome was assessed
independently by at least two of the investigators (GB, CC) and discrepancies were resolved by discussion
between the authors. The secondary outcome was the emergence of resistant mutant, defined by a
second sample positive for derepressed cephalosporinase-producing Enterobacteriaceae. Other
secondary endpoints were duration of mechanical ventilation, ICU or hospital length of stay, in-hospital
mortality and incidence of documented adverse drug events.

4. Statistical analysis

Results are expressed as mean + standard deviation or median (25% to 75% interquartile range) for
continuous variables and as absolute or relative frequencies for categorical variables. The data
distribution was analyzed by a Kolmogorov-Smirnov test. Unadjusted odd ratios (OR) with 95%
confidence interval (95%Cl) were determined using univariate logistic regression. Comparisons between
continuous variables were performed using the Student t test or the Mann—Whitney test and categorical
variables were compared using the chi-square test or Fisher's exact test as appropriate. Multivariate
analysis was then performed to determine relevant covariates associated with therapeutic failure and
emergence of resistance.

To adjust for potential baseline differences between the treatment groups, a propensity score analysis
was performed to predict the conditional probability for an individual patient to receive 3GCs or PTZ [14].
The covariates included in the propensity score model were known to be clinically relevant and fixed
according to univariate analysis. A particular attention was paid to interactions and multicollinearity.
Propensity score matching was performed with a calliper width of 0.2. As previously described,
bootstrapping simulations (5000 simulations) were used to develop propensity score-matched pairs
without replacement (1:1 match) [15, 16]. Cox proportional-hazards regression analysis was performed to
compare the clinical outcome between patients treated by 3GCS or PTZ.
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Statistical analyses were performed using XLSTAT 2015 for Windows (Addinsoft Paris, France) and Stata
software (version 13; StataCorp, USA).

Results

1. Characteristics of the population

During the study period, 591 patients were included in the present study. Among these patients, 347 were
excluded (no criteria for HAP-VAPR, N = 160; cefepime or meropenem for more than 48 hours, N = 100;
limitation or withdrawal of life-sustaining therapies, N = 87). Finally, 244 patients were included for
analysis: 157 patients in the PTZ group and 87 patients in the 3GCs group (Ceftriaxone, N = 45;
Cefotaxime, N = 34 or Ceftazidime, N = 8). The main characteristics of the population are shown in Table
1.

Among these patients, 56 (23%) experienced therapeutic failure (impaired clinical response during
treatment, N = 34; HAP-VAP relapse, N = 22) and 19 (8%) experienced secondary acquisition of resistance.
Patients experiencing therapeutic failure were likely to have a longer MV duration (23 [12—30] vs. 8 [2—
18] days, p < 0.0001), longer ICU length of stay (31 [23—43] vs. 16 [10—28] days, p < 0.0007) and higher
mortality rate (23 vs. 7%, p = 0.001).. The rates of therapeutic failure and emergence of resistance
according to the type of pathogen are reported in Supplementary Data.

2. Association between therapeutic failure and treatment group

In the non-adjusted cohort of patients, the rate of therapeutic failure was significantly higher in the 3GCs
group (32 vs. 18%, p = 0.071).. Univariate time-to-event analysis is depicted figure 7. Multivariate analysis
demonstrated a significant association between 3GCs and therapeutic failure (Table 2A).. Of note, the
association remained significant in patients who received 3GCs as a first-line antibiotic therapy (OR =
2.28 [1.22—4.26], p = 0.009) but not in patients who received less than 48 hours of empirical antibiotic
therapy with secondary de-escalation to 3GCs (OR = 1.13[0.41—3.14], p = 0.82).. The use of PTZ as a
first-line antibiotic therapy was associated with a lower rate of therapeutic failure (OR = 0.38 [0.21—0.70],
p = 0.002).. The secondary de-escalation to 3GCs after 48h of PTZ as a first-line antibiotic therapy was
not associated with increased rate of therapeutic failure. Clinical data at admission, characteristics of
HAP-VAR, type of pathogen, inoculum size or combined antimicrobial therapy were not associated with
therapeutic failure.

In the propensity score-matched population, the 3GCs group was associated with higher rates of
therapeutic failure (Figure 2).. The covariates included in the propensity score model were: age, reason for
admission, early HAP-VAP, modified SOFA score, previous antibiotic exposure, augmented renal clearance,
combined antimicrobial therapy and Enterobacter spp. The data were adjusted for propensity score,
Pa0,/FiO, ratio and use of vasopressors.

3. Association between emergence of resistance and treatment group
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In the non-adjusted cohort of patients, the rate of emergence of derepressed cephalosporinase was
significantly higher in the 3GCs group (13 vs. 5%, p = 0.035).. Multivariate analysis showed that the 3GCs
group was associated with secondary emergence of derepressed cephalosporinase (Table 2B).. Of note,
the association remained significant in patients who received 3GCs as a first-line antibiotic therapy (OR =
2.59 [1.03—6.55], p = 0.043) but not in patients who received less than 48 hours of empirical antibiotic
therapy with secondary de-escalation to 3GCs (OR = 1.35[0.33—5.53], p = 0.70).. The use of PTZ as a
first-line antibiotic therapy was associated with fewer emergence of resistance (OR = 0.32[0.13—0.82], p
= 0.02).. The secondary de-escalation to 3GCs after 48h of PTZ as a first-line antibiotic therapy was not
associated with increased rate of emergence of resistance. Clinical data at admission, characteristics of
HAP-VAP, type of pathogen, inoculum size or combined antimicrobial therapy were not associated with
emergence of resistance.The mean MIC for ceftriaxone was significantly higher in patients experiencing
secondary emergence of resistance (0.6 + 0.2vs. 0.5+ 0.3, p = 0.073)..

In the propensity score-matched population, there was a non-significant trend toward higher rates of
emergence of resistance in the 3GCs group (OR = 2.85[0.90 — 8.97], p = 0.07).. The data were adjusted
for propensity score, PaO,/FiO, ratio and MIC for ceftriaxone.

Discussion

Our results suggested that patients treated by 3GCs as first-line antibiotic therapy or after less than 48
hours of empirical antibiotic therapy for a first episode of wild-type AmpC-producing Enterobacteriaceae
HAP-VAP had higher risk of therapeutic failure compared to patients treated by PTZ. This is of major
concern as the incidence of therapeutic failure was high in this population, associated with longer MV
durations, longer ICU length of stay and higher mortality [3].

In patients treated for wild-type AmpC-producing Enterobacteriaceae infections, the selection of resistant
mutant should be one of the first hypotheses to rule out when infection does not improve or relapse after
a first-line B-Lactam therapy [2]. In this context, Chow et al. first reported an association between prior
3GCs exposure and secondary emergence of resistance in Enterobacter bloodstream infections, but the
sample size was small (6 out of 31 patients) [4]. Similar outcomes were reported in larger cohorts of
patients, also the rate of resistant mutant selection were significantly lower [5, 7]. However, those studies
were impaired by the wide range of patients and infections, the various dosing regimens for 3GCS or PTZ
or the lack of assessment of clinical outcome. Although controversies remain [8], 3GCs are usually not
recommended as first line therapy, even when susceptible in vitro [17].

On the other hand, the association between resistant mutant selection and clinical failure is not
straightforward [18]. In the present study, the therapeutic failure rate was significantly higher than the
secondary emergence of derepressed cephalosporinase, suggesting that emergence of resistant
organisms is neither the only nor the more common cause of therapy failure. Moreover, the main
difference between treatment groups occurred early, responsible for impaired clinical response during
treatment, while the rate of HAP-VAP relapse was not statistically different. In this context, antibiotic
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pharmacokinetic and pharmacodynamic (PK/PD) issues could explain these discrepancies, especially in
patients with severe HAP-VAP high distribution volume and/or augmented renal clearance [19]. Other
factors, such as the bacterial inoculum size and the rate of penetration of antimicrobial agents should
also be considered [20]. On the other hand, the association between 3GCs and therapeutic failure
remained after propensity score-matched analysis including confounding covariates such as SOFA score,
combined antimicrobial therapy and augmented renal clearance. This issue thus warrants further
investigations.

Moreover, clinical outcome of patients may be different when 3GCs are given as a first-line antibiotic
therapy or after antibiotic de-escalation. Although our study is underpowered for a proper subgroup
analysis, secondary de-escalation to 3GCs after a first-line empirical antibiotic therapy was not
associated with increased rate of therapeutic failure. The level of evidence supporting such a strategy is
however conflicting. In a multicenter non-blinded randomized non-inferiority trial, a strategy based on de-
escalation of antibiotics resulted in prolonged duration of ICU stay and increased number of
superinfections as compared to the continuation of the empirical antimicrobial treatment [21]. Although
microbiological data were not reported, the rate of relapse (superinfection episodes related to the same
bacteria) was significantly lower in the continuation group (27 vs. 11%, p = 0.03). The continuation of
broader spectrum antibiotic therapy for a shorter duration, ensuring optimization of antibiotic levels and
biomarker monitoring, may be an alternative promising strategy to decrease the selection pressure [22].

Several limitations should be reported. The main limitation relied on the retrospective design that could
lead to selection and interpretation bias. However, the propensity score matching allowed reducing the
effects of confounding covariates between treatment groups. Moreover, antibiotic therapy was not
protocolized and treatment groups were arbitrarily allocated according to the type and duration of
empirical antibiotic exposure. Finally, there is no consensus statement on the definition of treatment
failure. Sustained defervescence, clinical stability and reduction of SOFA score in a 48—72-h timeframe
are the variables that are considered in several studies and seem to better reflect clinical response [19].
However, external validation of the study end-point was not blinded to the allocated treatment group and
therapeutic drug monitoring is lacking to rule out under-dosing of antimicrobial agents.

Conclusions

In conclusion, our study suggests that third-generation cephalosporins should be avoided as first-line
antibiotic therapy wild-type AmpC-producing Enterobacteriaceae HAP-VAP. Further data are needed for
determination of risk factors for developing infection related to wild-type AmpC-producing
Enterobacteriaceae in order to better guide empirical antibiotic therapy in patients with early VAP-HAP.
Whether a secondary de-escalation may be safe and effective to prevent HAP-VAP relapse remains to be
documented in this population.

Abbreviations
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3GCs = third-generation cephalosporins
HAP = hospital-acquired pneumonia
HR = Hazard ratio

ICU = Intensive Care Unit

MV = Mechanical ventilation

PTZ = piperacillin-tazobactam

OR = Odds ratio

SOFA = Sepsis-related Organ Failure

VAP = ventilator-associated pneumonia
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Figure 1
Kaplan-Meier survival curves of patients treated by 3GCs (full line) or PTZ (dotted line) for a first episode

of wild-type AmpC-producing Enterobacteriaceae pneumonia.
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Figure 2

Distribution of Hazard-ratios adjusted on propensity score, Pa02/Fi02 ratio and use of vasopressors
after bootstrapping simulations (5000 simulations).
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