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Introduction: A recent randomized trial has suggested an increased risk of mortality for ceftriaxone-non-sus-
ceptible Enterobacterales infections treated with piperacillin/tazobactam compared with meropenem despite
MICs within the susceptible range.

Methods: We conducted a retrospective cohort study of clinical encounters within the Cerner Health Facts data-
base to identify all encounters between 2001 and 2017 in which Enterobacterales infections were treated em-
pirically with piperacillin/tazobactam and for which MICs to the drug were available. Multivariate regression
analysis was performed to enable partitioning of MICs into discrete strata based on statistically significant dif-
ference in mortality risk.

Results: During the study period, 10101 inpatient encounters were identified meeting inclusion criteria. The
crude in-hospital mortality for the entire cohort was 16.5%. Partitioning analysis identified a breakpoint of
<16/4 mg/L that dichotomized encounters into lower versus higher mortality risk strata in the primary cohort
of overall infections. This finding persisted in sequentially granular subsets where specific MICs <8/4 mg/L
were reported (in lieu of ranges) as well as in the high-reliability subset with bloodstream infections. A higher
clinical breakpoint of >128/4 mg/L dichotomized encounters with respiratory tract infection. No breakpoint
was identified when restricting to encounters with urinary tract infections, ICU admits or upon restricting ana-
lysis to encounters with ceftriaxone-resistant isolates.

Conclusions: Clinical data suggest improved outcomes when piperacillin/tazobactam is prescribed for

Enterobacterales infections with an MIC of <16/4 mg/L compared with >32/4 mg/L.

Introduction

The likelihood of therapeutic success in the treatment of a serious
bacterial infection is at least partly contingent upon the efficacy
of the antimicrobial agent chosen to treat the underlying pathogen.
Antimicrobial susceptibilities are quantified by measurement of
MICs, and MIC-based susceptibility breakpoints are intended to pre-
dict the likelihood of therapeutic success for a given bacterial
taxon-antibacterial combination.® These breakpoints are usually
determined from a combination of in vitro data including MIC distri-
butions of WT isolates, data derived from pharmacokinetic/phar-
macodynamic Monte Carlo simulations, and clinical outcomes

data.? Unfortunately, although clinical outcomes data should argu-
ably be considered the bedrock of clinical breakpoint determination,
they are often missing or limited to small patient samples that do
not offer the requisite statistical power.> Consequently, breakpoints
undergo periodic revision as more data become available, which
can have implications for the available treatment options and the
interpretation of trends in antibiotic resistance prevalence.*™®
Calibrating breakpoints using both in vitro and clinical data is critical
toensure reliable clinical response while avoiding excessive antibiot-
ic exposures and consequent adverse events.
Piperacillin/tazobactam is a B-lactam/p-lactamase inhibitor with a
relatively broad spectrum of activity and is often used as empirical
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and/or targeted therapy among hospitalized patients.”® However, in
a recent randomized clinical trial, piperacillin/tazobactam did not
meet non-inferiority criteria when compared with meropenem for
the treatment of bloodstream infections (BSIs) caused by
ceftriaxone-non-susceptible Escherichia coli and Klebsiella pneumo-
niae but susceptible to piperacillin/tazobactam by contemporaneous
breakpoints.® CLSI quidelines were revised in 2022 and are currently
<8/4 mg/L as susceptible, 16/4 mg/L susceptible-dose-dependent,
and >32/4 mg/L as resistant, marking a change from previous
breakpoints (previously, MIC <16/4 mg/L as susceptible, 32/4 mg/
L and 64/4 mg/L as intermediate, and >128/4 mg/L as resist-
ant).'® In contrast, EUCAST has assigned a dichotomous suscep-
tible cut-off for piperacillin/tazobactam against Enterobacterales
at an MIC of <16/4 mg/L.***3 Invitro-discordant empirical antibiot-
ic therapy in patients with Enterobacterales BSI is associated with
lower survival.'* Hence, we hypothesized that the empirical use
of piperacillin/tazobactam might evince different outcomes across
patients with serious infections due to Enterobacterales isolates
displaying different piperacillin/tazobactam MICs. In this study,
we leveraged a large US database of hospitalized patients to study
the relationship between piperacillin/tazobactam MIC breakpoints
and clinical outcomes of Enterobacterales infections treated em-
pirically with piperacillin/tazobactam.

Methods

Data source

We conducted a retrospective cohort study from 2001 to 2017 using the
Cerner Health Facts database (North Kansas City, MO, USA). Cerner Health
Facts database is a longitudinal and relational electronic health record data-
base including inpatient encounters from Cerner client hospitals within the
USA and includes demographics, diagnostic codes, procedure codes, labora-
tory results, medication order and administrations and vital signs, along with
microbiology data, including MICs. It has been leveraged for other studies
that associate microbiology, antibiotics and outcomes data, where addition-
al details about this dataset are available.**** Given the deidentified nature
of the data, the study was considered exempt from instructional ethics
review by the revised common rule of the NIH.

Study population

Inpatient encounters that resulted positive for growth of select
Enterobacterales isolates (Citrobacter spp., E. coli, Enterobacter spp.,
Klebsiella spp., Morganella spp., Pantoea spp., Proteus spp., Providencia
spp. and Serratia spp.), in cultures from any site (blood, respiratory, urine,
skin and soft tissue, and other), and with susceptibility data reported as
an MIC (mg/L) that also received at least one dose of piperacillin/tazobac-
tam within the empirical antibiotic window were identified. The empirical
antibiotic window was set from 1 day prior to up to 2 days after the day of
culture sampling (i.e. day —1 to day +2 if day O=culture sampling day).
Encounters in which disc diffusion assays were used for susceptibility
testing with results reported as zone diameters were excluded. For pa-
tients with multiple inpatient encounters or infection episodes, one epi-
sode per encounter and one encounter per patient was chosen at
random. Patients receiving any other Gram-negative-active antibiotic in
the empirical antibiotic window were excluded, as were encounters
where growth of the Enterobacterales isolates was part of polymicrobial
growth. Given the concerns over gradient diffusion strip testing,’? isolates
and therefore encounters in whom MIC values were explicitly stated as
having been determined using a gradient diffusion method available dur-
ing the study period were also excluded from the analysis. Crude mortal-
ity was defined as in-hospital deaths or discharges to hospice.

MIC breakpoint models

Included encounters were analysed as four different breakpoint models
based on MIC. Breakpoint model 1 was analysed using current CLSI break-
points and divided into four different groups: <16/4 mg/L (susceptible),
32/4 mg/L (intermediate), 64/4 mg/L (intermediate) and >128/4 mg/L
(resistant). To identify whether there might exist a reduction, or progres-
sive reductions, in mortality risk at MIC levels below the susceptibility
breakpoint MIC (<16/4 mg/L), three additional breakpoint models with
sequentially granular reporting of exact MICs (in lieu of ranges) were gen-
erated. Specifically, breakpoint model 2 isolated patients with an exact
MIC reported as 16/4 mg/L to an individual group, thereby separating
out the lower limit MIC group to be <8/4 mg/L. Breakpoint model 3 and
breakpoint model 4 repeated the process, by identifying and isolating en-
counters in which the MICs were reported as exactly 8/4 mg/L and exactly
4/4 mg/L, respectively, thereby creating breakpoint models with lower
limit MIC groups of <4/4 mg/L and <2/4 mg/L, respectively, and yielded
the following MIC divisions: <4/4, 8/4, 16/4, 32/4, 64/4, 128/4 mg/L,
and <2/4, 414, 8/4, 16/4, 32/4, 64/4, 128/4 mg/L. Table S1 (available as
Supplementary data at JAC-AMR Online) lists the MIC groupings used
for each breakpoint model. Susceptibility analyses were performed using
individual subsets of patients categorized by site of infection and dichot-
omized by need for the ICU to evaluate whether there might be different
clinically meaningful breakpoints by site or baseline illness severity. In
addition, we conducted a susceptibility analysis in the population dichot-
omized by presence or absence of ceftriaxone susceptibility in encounters
restricted to E. coli and K. pneumoniae (MIC <1 susceptible and MIC >1
non-susceptible). This enabled us to determine whether presence of
the third-generation cephalosporin-resistant phenotype might substanti-
ate a different susceptibility distribution for Enterobacterales treated with
piperacillin/tazobactam in the real-world setting.

Statistical analysis

Two separate analyses were conducted. The first was a univariate classifi-
cation and regression tree analysis with a single primary explanatory vari-
able of MIC group and the outcome of crude mortality, defined as
in-hospital death (including discharge to hospice). This analysis was con-
ducted using a partition platform provided in John’s Macintosh Project
(JMP) (v16). This methodology of associating MIC and outcome has been
described previously.'® However, this methodology does not adjust for
other confounders of mortality risk, and when using multihospital data
does not adjust for clustering at the level of hospital. To overcome these lim-
itations, we conducted a second analysis where multivariable logistic re-
gression was recursively applied to partition data according to a
relationship between MIC levels and crude mortality to assess for statistical
significance. Each model included dichotomized MIC grouping as the pri-
mary explanatory variable and was adjusted for the clinically relevant vari-
ables such as age, gender, race, Elixhauser comorbidity index, admission
SOFA score, culture site and hospital characteristics such as teaching status,
bed size, urban/rural classification and census region. The best breakpoint is
selected by the smallest Pvalue <0.05. The same steps are repeated in each
child node until there is no available dichotomous partition or no P value is
<0.05. The full model was used at each node. All the multivariable logistic
models were fit using the generalized estimating equations in SAS 9.4
PROC GENMOD to account for clustering of patients from the same hospital.

Results

Encounter characteristics

Between 2001 and 2017 we identified 367395 inpatient encoun-
ters with positive cultures containing Enterobacterales at any site,
42093 of which received piperacillin/tazobactam in the treatment
window (Figure 1). Limiting to unique inpatients with cultures
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Cerner Healthfacts Database,
2009-2017
2.6 Million Encounters

!

Positive Enterobacteriaceae spp.
Cultures
367,396 Encounters
238 Hospitals

!

Receipt of piperacillin-tazobactam
in treatment window
42,093 Encounters
200 Hospitals

!

Reported susceptibility results as
MIC test
36,773 Encounters
196 Hospitals

!

Monomicrobial infection that
received monotherapy treatment
18,628 Encounters
188 Hospitals

!

Complete hospital data and
classifiable MIC value
15,182 Encounters
10,101 Patients
161 Hospitals

Figure 1. Episode generation flowsheet. Inpatient encounters with com-
plete data and monomicrobial growth of Enterobacterales organisms
with interpretable MIC data that received empirical piperacillin/tazobac-
tam were evaluated.

growing a single Enterobacterales isolate with classifiable suscepti-
bility testing reported as MICs, who received piperacillin/tazobac-
tam in the empirical antibiotic window and had all variables
available to analyse resulted in 10101 patients at 161 hospitals.
Of these, 9401 (93.1%) patients had an isolate with an MIC <16/
4 mg/L, 100 (1.0%) with an MIC of 32/4 mg/L, 211 (2.1%) with an
MIC of 64/4 mg/L, and 389 (3.9%) with an MIC of >128/4 mg/L.

The entire cohort had a median age of 68 years, was predom-
inantly Caucasian (70.1%) and a majority were women (55.5%)
(Table 1). E. coli was the most common organism followed by
Klebsiella spp., at 55.3% and 21.6%, respectively, and Pantoea
spp. was the lowest contributor at 0.3% of all isolates. The
most common site of infection was urinary at 57.0% (5750 en-
counters) followed by blood at 18.0% (1823 encounters).
Distributions of the total days of piperacillin/tazobactam therapy
are shown in Figure S1a, whereas frequency and distribution of
concomitant Gram-negative antibiotics are shown in Figure S1b
and c. The median (IQR) SOFA score was 1 (0-2) whereas the me-
dian Elixhauser score was 1 (0-4). Encounters were more com-
monly from teaching hospitals (68.2%), in the South (41.5%)
and were evenly distributed across bed capacity ranges.
Hospital characteristics are shown in Table S2.

Overall breakpoint and mortality analysis

The crude mortality for the overall cohort was 16.5%. The crude
mortality for encounters with an MIC of <16/4 mg/L, 32/4 mgl/L,
64/4 mg/L and >128/4 mg/L are shown in Figure S2. The lowest
adjusted mortality was in the group with an MIC of <16/4 at
15.9%, and was highest in those with an MIC of >128/4 mg/L at
22.2% (Table S1). When evaluating all sites together, partitioning
analysis identified a breakpoint associated with the largest in-
crease in risk-adjusted mortality between MIC <16/4 mg/L and
>32/4 mg/L (Figure 2a). The association between >16/4 mg/L
MIC breakpoint and mortality risk was consistently identified
across all four breakpoint models and no breakpoints were identi-
fled between <8/4 mg/Land >16/4 mg/L in any model (Figures 2a
and S3a-c). Characteristics of encounters dichotomized according
to the CLSI susceptibility breakpoint of 16/4 mg/L and between
survivors and non-survivors are compared in Tables 2 and 3, re-
spectively. In a susceptibility analysis of patients who received
>3 days of piperacillin/tazobactam (n=6497), we found that
the breakpoint associated with highest mortality was >128 mg/L.

Breakpoint and mortality analysis by site

Demographics for patients in each culture site category along
with crude and adjusted mortality are presented in Tables S3
and S4, respectively. Partitioning analysis to identify a breakpoint
associated with increased mortality for BSI displayed results con-
sistent with the primary analysis, with increased mortality risk at
>16/4 (versus at <16/4) mg/L (Figures 2b and S3). Patients with
lower respiratory tract pathogens that displayed an MIC of <16/
4 mg/L had a crude mortality of 19.6% whereas those with an
MIC >128/4 mg/L had a crude mortality of 31.2% (Figure S2).
However, the multivariable model (that included adjustment
for mechanical ventilation at infection detection) performed on
those with lower respiratory tract infections identified a higher
breakpoint of >128/4 (versus <64/4) mg/L associated with in-
creased mortality risk (Figure 2c and Table S4). Infections of the
urinary tract displayed no specific MIC associated with higher
mortality risk (Figure 2d and Table S4).

ICU versus non-ICU

ICU patients were similar to non-ICU patients across age, gender
and race, but as expected, displayed higher median SOFA and
Elixhauser comorbidity scores (Table S5). Across sites, ICU pa-
tients were more likely to have respiratory infections (22.4% ver-
sus 6.4%) than non-ICU patients and had higher rates of infection
with a Klebsiella sp. (25.8% in ICU versus 20.2% in non-ICU).
Unadjusted crude mortality was 30.2% (694/2299) in the ICU co-
hort compared with 12.4% (969/7802) in the non-ICU cohort.
Partitioning analysis of the non-ICU population identified an
MIC breakpoint between <16/4 mg/L and >32/4 mg/L consistent
with the overall cohort, whereas no breakpoint was found in the
ICU population at which mortality rates increased (Figure S4a and
b and Tables S6 and S7 for ICU and non-ICU populations,
respectively).

Ceftriaxone-susceptible versus -resistant

In the model utilizing patient encounters with isolates that were
ceftriaxone-susceptible (n=5114 encounters) across all sites, an
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Table 1. Baseline characteristics for all encounters by CLSI-established piperacillin/tazobactam MIC susceptibility breakpoints

All encounters MIC<16/4 MIC>32/4 MIC> 64/4 MIC>128/4
N=10101 N=9401 N=100 N=211 N=389
Age in years: median [IQR] 68 [55, 80] 68 [55, 80] 64.50 [51.75, 77.25] 69 [55, 78.50] 67 [54, 77]
Gender
Female 5608 (55.5) 5260 (56.0) 54 (54.0 118 (55.9) 176 (45.2)
Male 4493 (44.5) 4141 (44.0) 46 (46.0 93 (44.1) 213 (54.8)
Race
African American 1962 (19.4) 1798 (19.1) 31 (31.0) 37 (17.5) 96 (24.7)
Caucasian 7077 (70.1) 6624 (70.5) 57 (57.0) 151 (71.6) 245 (63.0)
Other 1062 (10.5) 979 (10.4) 12 (12.0) 23 (10.9) 8(12.3)
SOFA score: median [IQR] 110, 2] 110, 2] 110, 2] 110, 2] 1 [0, 2]
ICU admission® 2299 (22.8) 2143 (22.8) 21 (21.0) 46 (21.8) 89 (22.9)
Elixhauser score:® median [IQR] 1[0, 4] 1[0, 4] 0 [0, 3] 2 [0, 5] 1[0, 5]
Comorbid conditions®
Diabetes 1324 (13.1) 1222 (13.0) 1(11.0) 36 (17.1) 55 (14.1)
Hypertension 3078 (30.5) 2859 (30.4) 2 (22.0) 2 (34.1) 125 (32.1)
Congestive heart failure 1243 (12.3) 1140 (12.1) 1(11.0) 40 (19.0) (13 4)
Chronic kidney disease 57 (0.6) 54 (0.6) O (0.0) 1(0.5) 2 (0.
Solid tumour 1141 (11.3) 1051 (11.2) 16 (16.0) 27 (12.8) (12 1)
Lymphoma 60 (0.6) 56 (0.6) 0 (0.0) 0 (0.0) 4(1.0)
Liver disease 522 (5.2) 485 (5.2) 5 (5.0) 10 (4.7) 22 (5.7)
Infection site
Blood 1823 (18.0) 1715 (18.2) 25 (25.0) 35 (16.6) 48 (12.3)
Gastrointestinal 562 (5.6) 526 (5.6) 4 (4.0) 9 (4.3) 23 (5.9)
Other 246 (2.4) 234 (2.5) 2 (2.0) 2 (0.9) 8(2.1)
Respiratory 1010 (10.0) 865 (9.2) 19 (19.0) 33 (15.6) 93 (23.9)
Skin soft tissue 710 (7.0) 668 (7.1) 2 (2.0) 15 (7.1) 25 (6.4)
Urinary 5750 (56.9) 5393 (57.4) 48 (48.0) 117 (55.5) 192 (49.4)
Organism
Citrobacter spp. 238 (2.4) 217 (2.3) 7(7.0) 9 (4.3) 5(1.3)
E. coli 5587 (55.3) 5274 (56.1) 29 (29.0) 130 (61.6) 154 (39.6)
Enterobacter spp. 720 (7.1) 574 (6.1) 19 (19.0) 6(17.1) 91 (23.4)
Klebsiella spp. 2178 (21.6) 2001 (21.3) 37 (37.0) 1(10.0) 119 (30.6)
Morganella spp. 142 (1.4) 135 (1.4) 2 (2.0) 2 (0.9) 3(0.8)
Pantoea spp. 29 (0.3) 28 (0.3) 0 (0.0) 1(0.5) 0 (0.0)
Proteus spp. 917 (9.1) 913 (9.7) 2 (2.0 2 (0.9) 0(0.0)
Providencia spp. 112 (1.1) 106 (1.1) 1(1.0) 2 (0.9) 3(0.8)
Serratia spp. 178 (1.8) 153 (1.6) 3(3.0 8(3.8) 14 (3.6)

Data shown are n (%) unless otherwise noted.

°ICU at the time of culturing.

PElixhauser calculated using admission codes.

“Calculated on admission; see Table S15 for ICD codes.

initial breakpoint associated with increased mortality was found
between 32/4 mg/L and 64/4 mg/L only (Figure S4c and d
and Table S8). However, when evaluating just BSIs (n=1823
patients), an MIC breakpoint of <16/4 mg/L and >32/4 mg/L
was identified (Figure S4e and Table S9). Subsequent analysis
of ceftriaxone-resistant isolates (n=2168 encounters) did
not find any consistently identifiable breakpoint associated
with increased mortality, but analysis with bloodstream-only
isolates was limited by sample size (n=326 patients) (Tables
S10 and S11).

By organism analysis (E. coli and Klebsiella spp.)

Across 5587 E. coli isolates the breakpoint associated with the
greatest increase in mortality was between <32/4 mg/L and >64/
4 mg/L (P=0.0024), although the second strongest cut-off (<16/
4 mg/L versus >32 mg/L) was statistically very similar (P=0.0025)
(Table S12). Among Klebsiella spp. (n=2178) the breakpoint was
<16/4 mg/L and >32/4 mg/L but this was not statistically signifi-
cant (Table S13). Lastly, among all other Enterobacterales (n=
2336) the breakpoint associated with mortality was like the overall
cohort, <16/4 mg/L and >32/4 mg/L (P=0.0054) (Table S14).
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(a) All Sites (b) BSI
Node 0 Node 0
All Encounters All Encounters
Crude Mortality  16.5 Crude Mortality ~ 20.1
Rate (N) (1,663) Rate (N) (367)
p-value =0.0008 p-value =0.0024
Node 1 Node 2 Node 1 Node 2
MIC < 16/4 MIC 32/4, 64/4, >128/4 MIC = 16/4 MIC 32/4, 64/4, >128/4
Crude Mortality  16.1 Crude Mortality — 21.7 Crude Mortality ~ 19.6 Crude Mortality ~ 28.7
Rate (N) (1,511) Rate (N) (152) Rate (N) (336) Rate (N) (31)
(©) Respiratory (d) Urinary
Node 0 Node 0
All Encounters All Encounters
Crude Mortality — 27.6 Crude Mortality ~ 15.3
Rate (N) (279) Rate (N) (908)
m =0.0312 m =0.4066
Node 1 Node 2 Node 1 Node 2
MIC < 16/4, 32/4, 64/4 MIC =128/4 MIC < 16/4 MIC 32/4, 64/4, 2128/4
Crude Mortality  26.7 Crude Mortality  36.6 Crude Mortality ~ 15.7 Crude Mortality  17.6
Rate (N) (245) Rate (N) (34) Rate (N) (845) Rate (N) (63)

Figure 2. Results of the classification and regression tree analysis for the overall cohort (all sites), bloodstream isolates, lower respiratory tract isolates,
and urinary tract isolates. Partitioning analysis evaluating for breakpoints associated with increased mortality for (a) all sites, (b) bloodstream, (c) lower
respiratory and (d) urinary tract. Crude mortality and number of encounters per node (N) are shown as well as the P value for the partition comparison.
P values displayed in this figure are generated from the multivariable logistic regression models.

Discussion

Electronic health record data from the routine care of patients in
the real world offered an opportunity for a natural experiment in
which we retrospectively evaluated the outcomes of piperacillin/
tazobactam empirical therapy for Enterobacterales infections
displaying different piperacillin/tazobactam MICs, both above
and below current breakpoints. Specifically, we report a
risk-adjusted model of 10101 patients with Enterobacterales in-
fections empirically treated with piperacillin/tazobactam and
found that an MIC of >32/4 mg/L is associated with increased
mortality. This finding was substantiated in a sub-analysis of bac-
teraemic patients representing a population with unequivocal
evidence of infection.

IDSA guidance has discouraged the use of piperacillin/tazo-
bactam in non-cystitis infections due to Enterobacterales dis-
playing third-generation cephalosporin resistance.’” In our
study, an MIC >32/4 mg/L was found to be poorly prognostic in
both cohorts of patients with all infection types and when re-
stricted to BSIs due to isolates that are ceftriaxone susceptible.
When restricted to ceftriaxone-resistant isolates, a piperacillin/
tazobactam MIC that separated encounters into lower and high-
er mortality risks could not be identified, supporting the potential
independence of the mortality risk from piperacillin/tazobactam
susceptibility in third-generation cephalosporin-resistant iso-
lates. This offers robustness to the primary finding by eliminating
potential confounding of mortality risk associated with using

piperacillin/tazobactam to treat patients with isolates displaying
third-generation cephalosporin resistance. These results should
be interpreted with caution, however, as the study design cap-
tured empirical piperacillin/tazobactam use and not targeted
treatment, and as a result many patients may have had their
therapy switched to another agent such as a carbapenem once
the third-generation cephalosporin resistance was identified.
Consequently, our results suggesting the independence of out-
come for these infections treated with piperacillin/tazobactam
should be considered only hypothesis generating.

Upon sequentially stratifying the CLSI- and EUCAST-
designated ‘susceptible’ range by MIC (breakpoint models 2-4),
the >2/4 (versus <2/4) mg/L, >4/4 (versus <4/4) mg/L or >8/4
(versus <8/4) mg/L breakpoints were not associated with in-
creased mortality risk. This finding is consistent with a prospective
observational cohort study from 13 universities in Spain, which
also found no difference in 30 day crude mortality when evaluat-
ing patients treated for bacteraemia caused by Enterobacterales
with piperacillin MICs that were low (<4/4 mg/L) versus border-
line (8/4—6/4 mg/L).*® Taken together, the evidence suggests
that the breakpoint of 16/4 mg/L by EUCAST is likely appropriate
and clinically reliable. It should be noted that the CLSI recently
changed the MIC breakpoints to <8/4 mg/L as susceptible, pri-
marily based on concerns about precision with MIC testing and
pharmacokinetics/pharmacodynamic  data suggesting high
doses needed to obtain drug concentration goals.’* Clinical
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Table 2. Univariate comparison between encounters with
Enterobacterales MIC <16/4 mg/L and MIC >32/4 mg/L for piperacillin/
tazobactam

Piperacillin/ Piperacillin/
tazobactam tazobactam
MIC <16/4 mg/L MIC >32/4 mg/L
(n=9401) (n=700)
Age in years: median [IQR] 68 [55, 80] 67 [54, 78]
Gender
Female 5260 (56.0) 348 (49.7)
Male 4141 (44.0) 352 (50.3)
Race
African American 1798 (19.1) 164 (23.4)
Caucasian 6624 (70.5) 453 (64.7)
Other 979 (10.4) 83 (11.9)
SOFA score: median [IQR] 110, 2] 110, 2]
ICU admission® 2143 (22.8) 156 (22.3)
Elixhauser score:®> median 1[0, 4] 0 [0, 5]
[IQR]
Comorbid conditions®
Diabetes 1222 (13.0) 102 (14.6)
Hypertension 2859 (30.4) 219 (31.3)
Congestive heart failure 1140 (12.1) 103 (14.7)
Solid tumour 54 (0.6) 3(0.4)
Lymphoma 1051 (11.2) 90 (12.9)
Liver disease 56 (0.6) 4 (0.6)
Infection site
Blood 1715 (18.2) 108 (15 4)
Gastrointestinal 526 (5.6) 6 (5.
Other 234 (2.5) 2 (1. )
Respiratory 865 (9.2) 145 (20.7)
Skin soft tissue 668 (7.1) 2 (6.0)
Urinary 5393 (57.4) 357 (51.0)
Organism
Citrobacter spp. 217 (2.3) 1(3.
E. coli 5274 (56.1) 313 (4 )
Enterobacter spp. 574 (6.1) 146 (20.9)
Klebsiella spp. 2001 (21.3) 177 (25.3)
Morganella spp. 135 (1.4) 7 (1.0)
Pantoea spp. 28 (0.3) 1(0.1)
Proteus spp. 913 (9.7) 4 (0.6)
Providencia spp. 106 (1.1) 6 (0.9)
Serratia spp. 153 (1.6) 25 (3.6)

Data shown are n (%) unless otherwise noted.

°ICU at the time of culturing.

PElixhauser calculated using admission codes.
“Calculated on admission; see Table S15 for ICD codes.

data supportive of this change were lacking and importantly our
study did not find any significant breakpoint between <8/4 mg/L
and >16/4 mg/L to support this decision.

The results of susceptibility analyses were generally consistent
with the primary findings, with a few exceptions that warrant dis-
cussion. Notably, in an analysis of patients who received >3 days
of piperacillin/tazobactam, an MIC of >128 mg/L was associated

Table 3. Univariate comparison between survivors and non-survivors for
all encounters

Survivor Non-survivor
(n=8438) (n=1663)
Age in years: median [IQR] 7 [53, 79] 74 (62, 84]
Gender
Female 4718 (55.9) 890 (53.5)
Male 3720 (44.1) 773 (46.5)
Race
African American 1648 (19.5) 314 (18.9)
Caucasian 5939 (70.4) 1138 (68.4)
Other 851 (10.1) 211 (12.7)
SOFA score:® median [IQR] 0[O0, 2] 1[0, 3]
ICU admission® 1605 (19.0) 694 (41.7)
Elixhauser score: median [IQR] 1[0, 4] 110, 5]
Comorbid conditions®
Diabetes 1115(13.2) 209 (12.6)
Hypertension 2605 (30.9) 473 (28.4)
Congestive heart failure 970 (11.5) 273 (16.4)
Solid tumour 816 (9.7) 325 (19.5)
Lymphoma 47 (0.6) 3(0.8)
Liver disease 366 (4.3) 156 (9.4)
Infection site
Blood 1456 (17.3) 367 (22.1)
Gastrointestinal 518 (6.1) 4 (2.6)
Other 218 (2.6) 8 (1.7)
Respiratory 731 (8.7) 279 (16.8)
Skin soft tissue 673 (8.0) 7(2.2)
Urinary 4842 (57.4) 908 (54.6)
Organism
Citrobacter spp. 194 (2.3) 44 (2.6)
E. coli 4726 (56.0) 861 (51.8)
Enterobacter spp. 597 (7.1) 123 (7.4)
Klebsiella spp. 1761 (20.9) 417 (25.1)
Morganella spp. 118 (1.4) 24 (1.4)
Pantoea spp. 24 (0.3) 5(0.3)
Proteus spp. 782 (9.3) 135 (8.1)
Providencia spp. (1.1) 22 (1.3)
Serratia spp. 146 (1.7) 32 (1.9)

Data shown are n (%) unless otherwise noted.

9ICU at the time of culturing.

®Elixhauser calculated using admission codes.
“Calculated on admission; see Table S15 for ICD codes.

with increased mortality, potentially due to prolonged therapy in
a group of patients who were resistant to the antibiotic being
used for therapy. Additionally, whereas a poor prognostic signal
at >16 mg/L was observed among non-critically ill patients, no
breakpoint for mortality risk was observed for critically ill patients.
Similarly, among patients with respiratory tract infections need-
ing mechanical ventilation, higher mortality risk associated with
piperacillin/tazobactam therapy was only observed at an MIC of
>128/4 mg/L. One explanation for these findings might be that
there are additional competing risks for mortality in severely ill
patients. These competing risks include patients presenting
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with sepsis or septic shock, and a greater tendency towards
frailty and more profound underlying illness burden (not glean-
able using dichotomous selections in the Elixhauser comorbidity
index) among those needing the ICU, or the independent detri-
mental effects of associated sepsis and septic shock needing
ICU admission or the direct harmful effects of mechanical ven-
tilation such as ventilator-induced lung injury. All of these might
independently worsen the outcome even of patients with iso-
lates displaying susceptible-range MICs. On the other hand,
the lower distribution of mortality and the absence of an observ-
able outcome difference across the spectrum of MICs of urinary
isolates, respectively, might be a function of a better outcome
(relative to other serious infections) with or without treatment
with a highly active agent and a possibly large proportion of iso-
lates representing urinary colonization. This is also in line with
previously reported data showing no correlation between
piperacillin/tazobactam MIC and outcomes for patients with
bacteraemic urinary tract infections (which tend to display a
lower mortality distribution than BSI/sepsis from non-urinary
sources) with third-generation cephalosporin-resistant iso-
lates.*®  Lastly, current CLSI guidelines treat all
Enterobacterales equivalently; however, we observed differ-
ences in MIC breakpoints associated with mortality risk by spe-
cies of Enterobacterales. Additional studies are warranted to
validate this hypothesis generated in our study.

Although we have a robust sample size in this analysis, there
are some limitations. First, we were unable to distinguish clinical-
ly between patients who were colonized and received piperacillin/
tazobactam and those who had true infection. However, consist-
ency of findings in the bacteraemic groups mitigates this con-
cern. Second, we did not account for drug dosing, which can
have a significant impact on outcomes relative to the MIC and
could have unveiled potential selective dose-dependent break-
points and the probability that a B-lactam antibiotic reaches its
optimal time above MIC. However, we assumed that in most
cases patients would have been treated using recommended
doses and dose adjustments in the real world.?® Third, we were
unable to account for the biological mechanisms contributing
to third-generation cephalosporin resistance and therefore can-
not comment on the contribution of specific B-lactamase types
to the results (e.g. CTX-M). However, we have provided a suscep-
tibility analysis using ceftriaxone resistance to enrich for ESBL as
suggested by CLSI,'® which allows for a generalizable finding.
Fourth, during the study period, FDA and EUCAST issued a product
warning for piperacillin/tazobactam gradient diffusion strips as a
result of mounting evidence of their use leading to categorical er-
rors in MICs, followed by subsequent removal from the market of
several commercial products.21 For this reason, encounters
where results were explicitly reported as originating from gradi-
ent diffusion strips were excluded. However, many centres rely
on these tests for MIC determination and may not explicitly state
their use and as such, our results likely still contain encounters
where MICs were determined by gradient diffusion testing and
therefore may have impacted our findings. Similarly, discordant
results between some automated antimicrobial susceptibility
testing platforms and reference broth microdilution testing
methods have been reported.?>?3 As a result, within the Cerner
dataset where automated platforms were likely commonly
used, there is a chance that there was some misclassification

of MICs compared with reference methods, which could have
biased our results to an unknown degree. Fifth, given the analysis
is based on retrospective cohort data captured from the electron-
ic medical records, we were unable to assess the exact quality
control methods employed by laboratories. However, given that
all the Clinical Laboratory Improvement Amendments
(CLIA)-licensed clinical laboratories in the USA must undergo for-
mal certification and regular proficiency testing, it is expected
that susceptibility testing quality control metrics should fall with-
in certification limits for most laboratories. Sixth, our study is ob-
servational and utilized a variety of variables built on
administrative data, and as such, residual confounding might still
exist. Seventh, we were unable to control for targeted therapy re-
ceived and had to assume treatment following susceptibility
testing was appropriately selected by clinical providers. Lastly,
this study was performed prior to the most recent changes in
CLSI breakpoints. However, although these changes would affect
the treatment of patients with piperacillin/tazobactam MICs of
16/4 mg/L, it should not alter the correlation between MIC and
outcomes, nor the interpretation of our results.

In conclusion, in this large dataset of clinical outcomes of
Enterobacterales infections treated with piperacillin/tazobactam,
we identified <16/4 mg/L as a breakpoint associated with a de-
crease in mortality compared with >32/4 mg/L. Our study offers
further clinical validation of MIC breakpoints, which are often
data that are unavailable when deliberating specific MIC values.
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