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Abstract

To determine whether target concentration non-attainment can be anticipated in critically ill patients prior to initiating empiric f3-
lactam antibiotic therapy based on readily available clinical factors. Retrospective review of consecutive patients treated with
piperacillin or meropenem and who underwent therapeutic drug monitoring (TDM) at St Vincent’s Hospital (Sydney, Australia)
between January 2013 and December 2015 was performed. Predefined subgroups were patients who received continuous renal
replacement therapy (CRRT) and those who did not (non-CRRT). Potential risk factors were evaluated by correlation with f3-
lactam antibiotic trough concentrations (C,,;,) lower than or equal to targeted minimum inhibitory concentration (MIC). Only the
first drug concentration after initiation of the antibiotic treatment was included to reflect empirical dose selection. A total of n =
249 patients (piperacillin, n = 169; meropenem, n = 80) were investigated. For non-CRRT patients (n =210), multivariate anal-
ysis demonstrated the following: male gender (p = 0.006); younger age (p = 0.015); prescribed daily antibiotic dose less than 1.5
times the product information recommendations (p =0.004); lack of positive microbiology (p =0.006); lower overall illness
severity (p =0.005); and estimated glomerular filtration rate (¢GFR) >90 mL/min/1.73 m* (p <0.001), to be associated with
Cnin <MIC. No predictor variable was found to be significantly associated with C,;,, < MIC for the CRRT cohort. Evaluating the
risk of target concentration non-attainment using simple clinical factors is possible at the bedside for non-CRRT patients prior to
empiric antibiotic initiation. Clinicians should be wary of selecting doses based on the product information especially when
treating younger male patients with apparently ‘normal’ renal function.
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Introduction

[3-lactam antibiotics are routinely prescribed as empirical ther-
apy for sepsis in the intensive care unit (ICU) [1]. Early and
appropriate antibiotic initiation has been associated with im-
proved clinical outcomes [2—4] yet consistent target concen-
tration attainment in ICU patients remains an unresolved chal-
lenge [5]. This is critical given that empiric therapy within the
first 48 h of sepsis significantly determines hospital mortality
[6]. Therapeutic drug monitoring (TDM) has been proposed
as a potential means of optimising (3-lactam administration
[7]; however, its application in clinical practice has thus far
been limited [8].

Bactericidal activity of 3-lactams depends on the time for
which drug concentrations exceed the minimum inhibitory
concentration (MIC) of the infective pathogen during a dosing
period (T>MIC) [9]. Patients with T>MIC of 100% have
been shown to have significantly higher rates of clinical cure
and bacteriological eradication [10]. To achieve a pharmaco-
dynamic target of 100% T > MIC, antibiotic trough concen-
trations (C,,j,) must be kept above the MIC. At present, ~40%
of critically ill patients fail to achieve the target of C,;,, > MIC
for 100% of the dosing interval [11].

This study aimed to determine whether target non-
attainment can be anticipated at the bedside in ICU patients
by evaluating the correlation between patient and clinical fac-
tors and the presence of sub-therapeutic 3-lactam trough con-
centrations. Identifying at risk patients could prompt physi-
cians to consider more aggressive empiric dosing regimens
and regular monitoring of drug concentrations, where avail-
able. A retrospective cohort review of consecutive ICU pa-
tients treated with either of two commonly prescribed intrave-
nous 3-lactam agents, piperacillin and meropenem, and who
underwent TDM was conducted.

Patients and methods
Study selection and data source

A 3-lactam TDM program was implemented as part of routine
care in a 20-bed ICU at a tertiary-level teaching hospital in
Sydney. At our hospital, patients being treated for suspected or
microbiologically confirmed sepsis are targeted for TDM, at
the discretion of the treating clinician. (3-lactam antibiotic
concentrations are determined in EDTA plasma, using a pre-
viously validated high-performance liquid chromatography-
tandem mass spectrometry (HPLC-MS/MS) assay.

All TDM results between January 2013 to December 2015
were extracted from electronic records. Antibiotic trough con-
centrations were defined as those collected <2 h prior to the
subsequent dose, with the C,,;, closest to the time of first [CU
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antibiotic dose considered to reflect empiric dose selection.
Predefined subgroups were patients who received continuous
renal replacement therapy (CRRT) and those who did not
(non-CRRT). Dosing regimens were prescribed based on the
product information (PI) for each antibiotic and adjusted for
patient renal function. Baseline eGFR was calculated based on
serum creatinine using the Chronic Kidney Disease
Epidemiology Collaboration formula [12].

Inclusion and exclusion criteria

Patients were included if they were treated with intravenous
piperacillin or meropenem during ICU admission within the
study period and had at least one blood sample for TDM assay
collected at C,,;, as previously defined. There were no speci-
fied exclusion criteria.

Target concentration attainment

Laboratory derived MICs were used as target endpoints where
available. Based on our laboratory protocol, positive cultures
collected from non-sterile sites have no MIC determined.
Hence, for these samples, a target MIC based on the relevant
European Committee for Antimicrobial Susceptibility Testing
(EUCAST) clinical breakpoint (http://www.eucast.org/clinical
breakpoints) was assigned. For patients with no positive
culture, the EUCAST clinical breakpoints for Pseudomonas
spp. (piperacillin= 16 mg/L and meropenem =2 mg/L) were
considered as a ‘worst-case’ empiric target MIC. Target
concentration attainment (C,;, >MIC) and non-attainment
(Cinin <MIC) were conservatively defined.

Predictor variables

Factors likely to contribute to target non-attainment at the time
of antibiotic initiation were recorded and analysed for associ-
ation. These included patient characteristics (age, gender,
body mass index (BMI)), overall illness severity (Sequential
Organ Failure Assessment (SOFA) score), antibiotic pre-
scribed (meropenem or piperacillin), hypoalbuminemia (se-
rum albumin < 34 g/L), prescribed: PI recommended daily
dose (ratio) < 1.5, availability of a positive culture result and
estimated glomerular filtration rate (¢GFR).

Statistics

Statistical analyses were performed using Statal4 (StataCorp
LP, College Station, TX, USA). Continuous variables are
expressed as mean =+ standard deviation (SD) for normally
distributed data or median (interquartile range (IQR)) for
non-parametric data. Categorical variables are presented as
numbers (percentages). Factors affecting target non-
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attainment were analysed through a generalised linear model,
with variables associated with a p < 0.1 in univariate analysis
included. A p <0.05 was considered statistically significant.
The performance of eGFR as an independent risk factor for
target non-attainment was assessed in the non-CRRT group
using a receiver operating characteristic (ROC) curve. Simple
logistical regression was used to predict the risk of target non-
attainment with increasing eGFR.

Results

A total of n =249 patients were included in the study (piperacil-
lin, n = 169; meropenem, n = 80). Baseline patient characteristics
have been summarised in Table 1. The median (IQR) time (h) to
first drug assay was 45 (30-90) for piperacillin and 56 (31-86)
for meropenem patients. Only 7% (n = 18) of patients were pre-
scribed an antibiotic dosing schedule below the PI recommenda-
tions. Target non-attainment was more common amongst pa-
tients treated with piperacillin (n =53; 31%) than those treated
with meropenem (n = 12; 15%).

Infection was confirmed on the basis of microbiological cul-
tures in 37% of study patients. A laboratory-derived MIC was
available for 42% of all positive cultures. Considering those pa-
tients with positive cultures, the source of infection was frequent-
ly blood (36%) and respiratory (32%) sites. The most commonly
identified pathogens were Pseudomonas aeruginosa (26%),
Escherichia coli (19%) and Klebsiella pneumoniae (15%). Of
all patients with laboratory confirmed infection, 85% (piperacil-
lin, n =45; meropenem, n =32) survived to discharge from
hospital.

Antibiotic groups were combined and predictor variables for
target non-attainment were investigated. For non-CRRT patients,

Table 1  Baseline characteristics in study population

PIP (n=169) MEM (1= 80)

Male gender, n (%) 123 (73) 62 (78)
Age (years), mean (+SD) 549 (16.0) 529 (15.7)
Weight (kg), mean(+SD) 79.0 (20.8)  77.9 (18.6)
Body Mass Index, (kg/rnz), mean (£SD) 26.6 (6.0) 26.1 (5.7)
SOFA Score, median (IQR) 6 (3-9) 5(3-9)
eGFR > 90 (ml/min/1.73m?), n (%) 55(33) 18 (23)

60 < eGFR <90 (ml/min/1.73m>), n (%) 27 (16) 14 (18)
CRRT, n (%) 24 (14) 15 (19)
Positive micro, n (%) 52 (31) 39 (49)
Hypoalbuminemia, n (%) 112 (66) 54 (68)

P: R daily dose ratio > 1, n (%) 155 (92) 76 (95)

in multivariate analysis (Table 2) of patient characteristics, male
gender (p = 0.006) and younger age (p = 0.015) were found to be
significantly correlated with target non-attainment. A daily pre-
scribed antibiotic dose less than 1.5 times the PI recommenda-
tions (p=0.004) and the lack of positive microbiology (p =
0.006) were also associated with target non-attainment. Target
non-attainment was more frequently observed in patients with
lower SOFA scores (p =0.005).

Baseline eGFR >90 mL/min/1.73 m® demonstrated statisti-
cally significant association (p <0.001) with target non-attain-
ment. Controlling for confounders, the odds of a critically ill
patient with apparent ‘normal’ renal function (eéGFR >90 mL/
min/1.73 m%) attaining targets was 0.33 (95% CI, 0.10-0.51; p<
0.001). The performance of eGFR as an independent predictor
for target non-attainment was assessed using a ROC curve, with
an area under the curve equal to 0.76 (95% CI, 0.70-0.83; p <
0.001). The eGFR threshold value of >71.5 mL/min/1.73 m?
had a sensitivity and specificity of 77% and 65%, respectively.
The predicted risk of target non-attainment was determined at
laboratory reported ranges of eGFR (Fig. 1).

Patients receiving CRRT (n = 39) were analysed separately to
non-CRRT patients. Rates of target non-attainment were slightly
lower amongst CRRT (23%) compared to non-CRRT patients
(27%), although this was not statistically relevant (p =0.069).
Multivariate analysis found no predictor variable to be signifi-
cantly associated with target non-attainment for the CRRT cohort
(Table S1, available as supplementary data).

Discussion

The findings of our study suggest that target non-attainment dur-
ing (-lactam therapy is common in ICU but may be anticipated

Table 2 Generalised linear model of factors associated with target
concentration non-attainment in non-CRRT patients
OR 95% CI p value

Gender

Female 1.00

Male 391 1.47-10.44 0.006
Age (years) 0.97 0.95-0.99 0.015
Microbiology culture

Negative 1.00

Positive 0.31 0.13-0.71 0.006
SOFA score 0.85 0.76-0.95 0.005
eGFR >90 (ml/min/1.73m?) 435 1.95-9.66 <0.001
P: R daily dose ratio< 1.5 6.50 1.78-23.64 0.004

PIP piperacillin, MEM meropenem, SOFA sequential organ failure assess-
ment, eGFR estimated glomerular filtration rate, CRRT continuous renal
replacement therapy, P: R prescribed: product information recommended

CRRT continuous renal replacement therapy, SOFA sequential organ fail-
ure assessment, eGFR estimated glomerular filtration rate, P: R pre-
scribed: product information recommended
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Fig. 1 Predicted risk (%) for 100%
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at the bedside prior to antibiotic initiation for non-CRRT patients.
To the best of our knowledge, only one other large-scale study
has attempted to quantify risk factors associated with target non-
attainment [13]. Our results not only help validate their findings
regarding patient demographics and overall illness severity but
also investigate additional risk factors, notably ‘normal’ eGFR.

Although previous literature has demonstrated the direct rela-
tionship between measured glomerular filtration rate and f3-
lactam clearance [14], this has limited clinical applicability.
Measured glomerular filtration rate based on 24-h urine creatine
clearance is not routinely undertaken in clinical practice [15].
When performed, results are unlikely to be available to clinicians
during empiric antibiotic dose selection. Hence, the ability to
rapidly predict the risk of target non-attainment using readily
available eGFR retains substantial clinical value. As such, our
novel finding that increasing eGFR is an independent marker for
low trough 3-lactam concentration without the need for addition-
al diagnostic interventions is highly pertinent.

Our study corroborates previously published findings that
younger age, male gender and lower overall illness severity in-
crease the odds of target non-attainment in ICU patients [16-18].
These characteristics are thought to offer an underlying physio-
logical reserve to critically ill patients [19] and contribute to target
non-attainment by facilitating enhanced/augmented renal clear-
ance (ARC). In our cohort, an eGFR >90 mL/min/1.73 m? in-
dependently associated with age <45 years (OR =2.94, 95% CI
1.59-5.43; p < 0.001) and a SOFA score <4 (OR =3.13,95% CI
1.74-5.65; p<0.001)). In light of this association, it remains
pertinent that predictions of ARC risk using eGFR still be made
within clinical context and consideration of additional patient
factors.

@ Springer
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Our findings also pertain to the empiric prescription of (3-
lactams and the targeting of TDM services. With target non-
attainment observed in > 25% of our study cohort, larger empiric
doses could be warranted in ICU, particularly when microbial
resistance rates are often higher [20]. We found a prescribed daily
dose >1.5 times the PI recommendations was associated with
better target attainment. Concerns about toxicity secondary to
drug accumulation are valid but less pertinent given that toxicity
thresholds are high for these agents [21]. In our cohort, only one
patient treated with piperacillin exceeded these thresholds at the
time of first drug assay. Additionally, identifying populations
which may benefit from {3-lactam TDM remains contentious as
clinical practice guidelines are not yet established [22]. As such,
if patients deemed to be at high-risk of target non-attainment
could be identified based on risk factors, daily TDM with adap-
tive feedback may be selectively applied during the early stages
of empiric therapy.

Our study has a number of limitations. First, it is a retrospec-
tive single-centre design which may hamper its generalisability
to all critical care settings. Second, although common across
most ICU populations and therefore realistic, actual MIC values
were only available for less than half of the studied cohort. As
true MIC is often substantially lower than epidemiological
breakpoints this method may potentially inflate the frequency
of target non-attainment [23]. To mitigate this, conservative
pharmacokinetic/pharmacodynamic targets were adopted even
though the efficacy of 3-lactams is considered optimised when
Ciuin >4 x MIC [24]. However, the ongoing effect of using epi-
demiologically derived breakpoints is evident in our finding that
positive microbiology results were associated with better target
attainment.
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Conclusion

Evaluating the risk of target non-attainment is possible at the
bedside for non-CRRT patients prior to antibiotic initiation
through interpretation of simple patient factors and clinical
findings. Although further large-scale and prospective studies
are required to validate our results, our study suggests that
current dosing guidelines should be revised with consideration
of high-risk patients.
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