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Abstract

Purpose: Insufficient antimicrobial exposure is associated with worse outcomes in sepsis. We evaluated whether
therapeutic drug monitoring (TDM)-guided antibiotic therapy improves outcomes.

Methods: Randomized, multicenter, controlled trial from January 2017 to December 2019. Adult patients (n = 254)
with sepsis or septic shock were randomly assigned 1:1 to receive continuous infusion of piperacillin/tazobactam with
dosing guided by daily TDM of piperacillin or continuous infusion with a fixed dose (13.5 g/24 h if eGFR > 20 mL/min).
Target plasma concentration was four times the minimal inhibitory concentration (range 4= 20%) of the underlying
pathogen, respectively, of Pseudomonas aeruginosa in empiric situation. Primary outcome was the mean of daily total
Sequential Organ Failure Assessment (SOFA) score up to day 10.

Results: Among 249 evaluable patients (66.3 + 13.7 years; female, 30.9%), there was no significant difference in mean
SOFA score between patients with TDM (7.9 points; 95% Cl 7.1-8.7) and without TDM (8.2 points; 95% Cl 7.5-9.0)
(p=0.39). Patients with TDM-guided therapy showed a lower 28-day mortality (21.6% vs. 25.8%, RR 0.8, 95% Cl 0.5-1.3,
p=0.44) and a higher rate of clinical (OR 1.9;95% Cl 0.5-6.2, p=0.30) and microbiological cure (OR 2.4; 95% Cl 0.7-7 4,
p=0.12), but these differences did not reach statistical significance. Attainment of target concentration was more

| common in patients with TDM (37.3% vs. 14.6%, OR 4.5, Cl 95%, 2.9-6.9, p < 0.001).
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Conclusion: TDM-guided therapy showed no beneficial effect in patients with sepsis and continuous infusion of
piperacillin/tazobactam with regard to the mean SOFA score. Larger studies with strategies to ensure optimization of
antimicrobial exposure are needed to definitively answer the question.
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Introduction

Sepsis is a life-threatening organ dysfunction caused by
a dysregulated host response to infection [1, 2]. Emerg-
ing evidence suggests that in patients with sepsis, insuf-
ficient antibiotic exposure, defined as failure to meet the
pharmacokinetic/pharmacodynamic (PK/PD) target to
kill or inhibit the growth of a pathogen, is associated with
worse clinical outcomes [3-5]. Previous studies demon-
strated that up to 50% of critically ill patients receiving
a pB-lactam antibiotic with regimens based on the man-
ufacturers’ recommendations fail to reach the target [3,
6]. Reasons for insufficient antibiotic exposure include
both altered pharmacokinetics driven by the pathophysi-
ological changes associated with critical illness and/or
reduced antibiotic susceptibility of the pathogen [7]. One
approach to optimize exposure to -lactam antibiotics is
administration by prolonged (continuous or extended)
infusion [8]. Yet, even with this alternative dosing strat-
egy, not all patients achieve sufficient antibiotic exposure
[9, 10]. An additional intervention to further optimize
PK/PD target attainment of B-lactam antibiotics is ther-
apeutic drug monitoring (TDM)-guided therapy [11].
However, although there is a strong precedent for TDM
to optimize dosing for antibiotics with a narrow thera-
peutic index to minimize the likelihood of toxicity (e.g.,
aminoglycosides, glycopeptides) [12, 13] limited data are
available regarding the role of TDM of B-lactam antibiot-
ics. Available studies demonstrated an increased PK/PD
target attainment when TDM for piperacillin/tazobactam
was performed, however none of the studies reported a
difference on clinical outcomes [14-18]. Furthermore,
only two of the studies have been randomized controlled
trials. The study by De Waele et al. [14] enrolled 28 criti-
cally ill patients and the study by Sime et al. [18] enrolled
32 patients with febrile neutropenia and piperacillin/
tazobactam therapy. Both studies reported better target
attainment in patients with TDM-guided therapy, how-
ever the small sample size precluded to draw significant
conclusions on clinical outcomes. Given the abovemen-
tioned limitations of previous studies, we aimed to form a
more definitive conclusion on whether TDM of piperacil-
lin/tazobactam can improve clinical outcome in patients
with sepsis by means of a randomized clinical trial with
a large sample size. This trial tested the hypothesis that
a TDM-based dose optimization compared to fixed

Take-home message

In this multicenter, randomized, controlled trial we did not observe
a significant benefit for TDM-guided therapy in adult patients with
sepsis and continuous infusion of piperacillin/tazobactam with
regard to the primary endpoint, namely, the mean total SOFA score.
Further studies are necessary to identify patients which might bene-
fit most from a TDM-guided B-lactam antibiotic therapy and to con-
firm the observed benefit in 28-day mortality, as well as clinical and
microbiological cures, for which the current study was not powered.

dosing would improve clinical outcome in patients with
sepsis treated with piperacillin/tazobactam continuous
infusion.

Methods

Study design and inclusion criteria

We performed a randomized, multicenter, patient
blinded, controlled trial including adult patients with
severe sepsis or septic shock in whom therapy with
piperacillin/tazobactam was initiated by the treating
physician. Patients were eligible for study enrollment if
sepsis onset and start of piperacillin/tazobactam ther-
apy occurred no more than 24 h prior to randomization.
Sepsis was defined according to the criteria valid at the
time of initiation of the study (Sepsis-2 criteria) [19]. The
trial protocol has been published previously [20], and the
trial is registered at the German Clinical Trials Register
(DRKS00011159; 10th October 2016). Exclusion criteria
were contraindications to the study drug, impaired liver
function (Child—Pugh C), palliative care only, pregnancy/
lactation, participation in another clinical trial, and first
measurement of piperacillin concentration not possi-
ble within 24 h after randomization. Clinical, microbio-
logical, and laboratory data were recorded daily from day
before randomization until day 14, at the end of therapy,
at discharge from the intensive care unit (ICU) and at
day 28. Site investigators used standardized definitions
to determine the final clinical and microbiological out-
comes [20]. In addition, the Intensive Care Delirium
Screening Checklist (ICDSC) was performed regularly
[21]. Written informed consent was obtained from each
patient or his or her legal representative. Use of antimi-
crobial combination therapy, termination or (de-) escala-
tion of antimicrobial therapy was allowed at any time and
at the discretion of the treating physicians. Antimicrobial
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susceptibility testing was performed by the local micro-
biology laboratory. The current EUCAST breakpoints
for susceptibility were used to classify the susceptibility
of isolates. The institutional review board of each study
site and Germany’s Federal Institute for Drugs and Medi-
cal Devices (EudraCT: 2016-000136-17, ref: 4041358)
approved the protocol.

Study population, stratification and randomization
Patients were screened for enrollment at 13 sites in Ger-
many from January 2017 to December 2019 (eTable 1
electronic supplementary material). Patients were ran-
domly assigned (1:1) to the experimental therapy arm
(TDM) or to the control group (no-TDM). Randomiza-
tion was stratified by the participating centers and per-
formed by the investigators using an Internet-based
randomization tool [20].

Intervention

Experimental therapy arm

After randomization, a continuous infusion of piperacil-
lin/tazobactam, corresponding to a total daily dose of
13.5 g [9 g in patients with an estimated glomerular filtra-
tion rate (eGFR) <20 mL/min], was started immediately
after administration of a loading dose of 4.5 g piperacil-
lin/tazobactam. Beginning on day 1 after randomization
(optional on day 0, if steady state of piperacillin con-
centration was already reached), dosing of piperacillin/
tazobactam was guided by daily TDM of piperacillin.
The target plasma concentration of free piperacillin was
defined as four times (range £20%) the minimal inhibi-
tory concentration (MIC) of the pathogen causative of
sepsis. For empiric therapy, the epidemiological cut-
off (ECOFF) published by the European Committee
on Antimicrobial Susceptibility Testing (EUCAST) of
Pseudomonas aeruginosa (16 mg/L) was used (eTable 2a
electronic supplementary material). This cutoff value
represents a worst-case scenario for empirical dosing.
Piperacillin doses not in target were adjusted linearly
with taking account for other clinical parameters, e.g.,
recovering renal function. The maximum duration of the
intervention was 10 days.

Control arm

After randomization continuous infusion of piperacillin/
tazobactam was administered precisely as in the inter-
vention group but without use of TDM. During pipera-
cillin/tazobactam therapy, daily dose adjustments were
performed according to current renal function, assessed
by eGFR, according to the recommendations of the Sum-
mary of Product Characteristics or use of renal replace-
ment therapy (eTable 2b electronic supplementary
material).

Sample analysis

Blood samples for measurement of piperacillin con-
centration were obtained daily in both study groups.
Analysis, reporting of the results and adjustments of
doses were performed on the same day only in the TDM
group. In the control group, analysis was performed on
the same day or later with samples stored at — 80 °C until
analysis. On-site measurements of the total piperacil-
lin concentration were performed in study centers with
either high-performance liquid chromatography (HPLC)
or liquid chromatography mass spectrometry (LC-MS/
MS) following the guidelines of the Bioanalytical Method
Validation of the European Medicines Agency [22]. An
external interlaboratory proficiency testing program was
performed regularly with participating laboratories.

Outcome measures and adverse events

The primary endpoint was sepsis-related organ dysfunc-
tion measured by the mean daily total sequential organ
failure assessment (SOFA) scores over 10 days, discharge
from the ICU or death, whichever occurred first. The
mean SOFA score was calculated as the mean of all daily
SOFA scores for each patient [23]. Secondary outcomes
were 28-day all-cause mortality; mean SOFA subscores;
duration of ICU and hospital stay; clinical and microbio-
logical treatment response; intervention-free days with
a ventilator, vasopressor, dialysis, or antibiotic; PK/PD
indices; ICDSC, and adverse events.

Sample size calculation

The study was planned to detect a difference of 1.4
points in the mean SOFA score between the 2 interven-
tion groups with a significance level of 0.05 and a power
level of 80%. Data from previous trials showed that such
an effect is clinically relevant [24]. Assuming an SD of
3.8 points, 234 patients were required (nQuery Advisor
7.0 Statistical Solutions). Accounting for an expected
dropout rate of 15%, 276 patients were planned to be
randomized. However, the dropout rate was lower than
expected, and study enrollment was stopped after rand-
omization of 254 patients.

Statistical analysis

A baseline-adjusted linear mixed model was fitted for
the primary endpoint, namely, the mean total SOFA
score with treatment and renal insufficiency/expected
renal replacement as fixed effects and the study center
as a random effect. The main effect of the intervention
was tested in a confirmatory analysis at the two-sided
significance level of 5% in the intention-to-treat popu-
lation. Additionally, the same model was applied for
the total SOFA score at day 10 (or at earlier discharge
from ICU) to explore the sensitivity regarding different
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1020 Patients assessed for eligibility

766 Excluded

194 TZP therapy >24h before randomization
129 Recelpt of palliative or supportive treatment

254 Randomized

Y

88 Partecipated in another clinical trial
76 Measurement of piperacillin within 24h after
randomization was not possible
Impaired liver function (CHILD-Pugh C)

41 Declined to participate

35 Sepsis onset >24h before randomization

9 Contraindication to study drug

152 Other reasons

42

127 Randomized to
control group

127 Randomized to
experimental group

(No-TDM) (TDM)
A v
2 Discharged from ICU 1 Was lost to follow up
before day 1
1 Was allergic to 1 Had missing informed
piperacillin/tazobactam consent

A

A

124 Included in
the analysis

125 Included in
the analysis

Fig. 1 Flowchart of patient recruitment, inclusion and randomization. TZP = piperacillin/tazobactam; ICU = intensive care unit

definitions (mean total SOFA score day 1-day 10, total
SOFA score at day 10) of the endpoint. 28 days all-cause
mortality were compared by means of Fisher’s exact test
(two sided), and relative risk with 95% confidence inter-
val as well as group-wise absolute and relative frequen-
cies are provided. Furthermore, Kaplan—Meier curves
are provided for this endpoint and the log rank test was
performed to compare the survival curves. SOFA sub-
scores, length of stay (ICU, hospital), intervention-free
days, total daily dose of piperacillin/tazobactam, dura-
tion of therapy with piperacillin/tazobactam, piperacillin
concentrations up to day 10, overall duration of antibiotic
therapy were compared by independent samples ¢ test in
case of normally distributed data or the Mann—Whitney
U test otherwise, and the mean & SD (standard deviation)
or median and interquartile range are reported for both
groups. Q—Q plots were used to check if the data are nor-
mally distributed. Generalized linear mixed models were
fitted for neurological outcome per ICDSC, clinical and
microbiological cure and attainment of target concen-
tration (fixed effects: treatment and visit including their
interaction; random effect: site) and odds ratios with 95%
confidence intervals are reported. To analyze the rela-
tionship of piperacillin exposure and 28-day mortality a
binary logistic regression model was fitted for mortality

with piperacillin concentration and treatment as inde-
pendent variables, adjusted for baseline SOFA score.
Odds ratios with 95% confidence intervals are reported
for different levels of piperacillin concentration. Analyses
were performed using SAS 9.4 (SAS Institute, Cary NC).

Results

A total of 1020 patients were screened during the trial
period. Of those, 254 (24.9%) patients were randomized
(Fig. 1). In the TDM group, one patient was excluded due
to a missing informed consent form, and one patient was
lost to follow-up. In the control group, two patients were
discharged from the ICU before day 1 and were therefore
excluded from the analysis, and piperacillin/tazobactam
was stopped after its first application in one patient due
to a possible allergic reaction. After these exclusions, 249
patients, including 124 patients in the control group and
125 patients in the TDM group, were included in the final
analysis.

Demographic and clinical characteristics of the patients

Mean age of patients was 66.3+13.7 years and 30.9%
of patients were female. Overall, 74.3% of patients were
diagnosed with septic shock (Sepsis-2 definition). When
applying ex post the currently valid Sepsis-3 definition
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[2], 52.2% of patients fulfilled the criteria for the diagno-
sis of septic shock and the remaining 47.8% the definition
for sepsis. Overall, the treatment groups were well bal-
anced with respect to baseline characteristics (Table 1).
Concerning antimicrobial combination therapy there was
also no difference between study groups. On day one,
38.5% of patients in the TDM group and 42.9% of patients
without TDM received an additional antibiotic agent. The
most common combination partner in both groups was a
fluoroquinolone (28.1% of patients), followed by vanco-
mycin (14.4%), macrolides (13.6%) and linezolid (10.8%).
In 166 of 253 study participants (65.6%), a causative
pathogen was identified. The most common pathogen
was Escherichia coli [n=86 (17.0%), followed by Kleb-
siella spp. (n=59 (11.7%)] and methicillin-susceptible
Staphylococcus aureus [n=34 (6.7%)] (eTable 3 electronic
supplementary material). The piperacillin/tazobactam
MIC of the five most commonly detected Gram-negative
pathogens, which represent 78% (228/290) of all detected
Gram-negative bacteria and 45% (228/505) of all detected
pathogens, was <4 mg/L in 79.8% (182/228) of isolates.
Only 6.1% (14/228) of isolates had a MIC of 8-16 mg/L
and 14.0% (32/228) of isolates were resistant to piperacil-
lin/tazobactam (MIC > 16 mg/L) (eTable 4 electronic sup-
plementary material). Median time to availability of MIC
values in patients with TDM-guided therapy was 2 days
(2-3).

Primary and secondary outcomes

The mean SOFA score was 7.9 points [95% confi-
dence interval (CI), 7.1-8.7] in the TDM group and
8.2 points (95% CI 7.5-9) in the control group, with
no significant difference (0.3 points, 95% CI — 0.4 to
1, p=0.39) (efigure 1 electronic supplementary mate-
rial). Likewise, there was no difference in delta SOFA
score, either measured as difference between score at
day 10 (or discharge from ICU) minus score at base-
line, nor if in patients deceased within 10 days after
randomization the last SOFA score was set to the maxi-
mum value of 24 points to account for a survivorship
bias (Table 2). All-cause mortality at 28 days was 21.6%
in the TDM group and 25.8% in patients in the con-
trol group (RR 0.8, 95% CI 0.5-1.3, p=0.44). Kaplan—
Meier survival curves showed no significant differences
between both treatment groups (log rank test p =0.49)
(Fig. 2). In addition, we observed no significant differ-
ence for any other secondary outcome, albeit patients
with TDM showed a higher rate of clinical (OR 1.9;
95% CI 0.5-6.2, p=0.30) and microbiological cure (OR
2.4; 95% CI 0.7-7.4, p=0.12) during therapy (Table 2).
Mean treatment duration with piperacillin/tazobac-
tam (TDM 4.8+3 days vs. no-TDM 4.8+£2.8 days,
p=0.81) and overall duration of antibiotic therapy

(TDM 6.8+ 10 days vs. no-TDM 6.6 + 8.7 days, p=0.7)
were similar between both treatment groups. In addi-
tion, there was no difference of the mean total daily
dose of piperacillin/tazobactam administered (TDM
10.3 g£5.6 vs. no-TDM 9.8 g£2.5, p=0.12) (eFigure 2
electronic supplementary material). Finally, no differ-
ence was observed in the neurological outcome per
Intensive Care Delirium Screening Checklist (ICDSC)
(OR 1.3; 95% CI 0.4—4.8, p = 0.68).

Study intervention

In the TDM group, 579 piperacillin concentration
measurements were required in total. Of those, 88.1%
(n=510) were performed on the same day, 10.0%
(n=58) were performed at a later date and 1.9%
(n=11) have never been performed. In the control
group, 600 measurements were required in total, of
those 2% (n=12) have never been performed. Overall,
in 53.9% (312/579) of days with piperacillin/tazobac-
tam therapy in patients with TDM-guided therapy a
dose adjustment was performed, in 51.2% an increase
and in 48.8% a decrease in dose was required (eTables 5
and 6 electronic supplementary material). In contrast,
in patients without TDM, a dose adjustment was per-
formed on only 5.5% (33/600) of days with piperacillin
therapy. No significant difference was observed in the
median piperacillin concentrations up to day 10 [TDM
74.9 mg/L (60.6-91) vs. no-TDM 79 mg/L (43.8—143.6),
p=0.38)] between the study groups (eFigure 3 elec-
tronic supplementary material).

In both study groups the most common target for
piperacillin concentration was 80 mg/L in 73.7%
(869/1179) of days with piperacillin/tazobactam therapy,
followed by a target of 20 mg/L for 22.2% (262/1179) of
days and 40 mg/L for 4.1% (48/1179) of days. Attain-
ment of target concentration on individual days was
more often achieved in the TDM group (37.3% vs. 14.6%,
OR 4.5, CI 95%, 2.9-6.9, p<0.001) (Fig. 3, eTable 7 elec-
tronic supplementary material). Consequently, the risk of
piperacillin concentrations below (OR 0.6, CI 95%, 0.3—
1.2, p<0.17) or above (OR 0.5, CI 95%, 0.2-0.9, p<0.02)
the target range was lower in patients with TDM-guided
therapy.

28-day mortality based on piperacillin concentration

and clearance

To investigate a probable relationship between pipera-
cillin exposure in the early phase of sepsis and outcome,
we analyzed the piperacillin concentration on day 1 after
randomization and corresponding 28-day mortality.
After adjustments were made for disease severity accord-
ing to the baseline SOFA score, the 28-day mortality rate
of patients with a piperacillin concentration>96 mg/L
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Table 1 Demographics and baseline characteristics

Age, mean (SD), years
Male sex, no. (%)
Body mass index, mean (SD)*
APACHE Il score, mean (SD)°
SOFA score, mean (SD)“
SAPS Il score, mean (SD)°
Charlson comorbidity index score, median (IQR)
Septic shock, no. (%)
Required mechanical ventilation, no. (%)
Laboratory values, median (IQR)
White blood cell count, cells/ul
Plasma procalcitonin, ng/mL
Plasma lactate, mg/dL
Plasma creatinine, mg/dL
Creatinine clearance, mL/min
Plasma albumin, g/dL
Source of infection, no. (%)9
Pneumonia
Intra-abdominal infection
Urinary tract
Bone or soft tissue
Surgical site infection
Other
Unknown
Acquisition, no. (%)
Health care-associated
Community-associated
Time between onset of sepsis and randomization, mean (SD), h

TDM (n=125) No-TDM (n=124)
67.2(13.9) 653 (13.5)
80 (63.5) 92 (72.4)
283(7.9) 274 (74)
232 (6.7) 224(5.7)
12.1(2.8) 12.2 (2.6)
446 (12.4) 439(12.2)
2(1-3) 2(1-3)

96 (76.2) 92 (72.4)

100 (79.3) 92 (72.4)
17.0(11.7-22.2) 13.6 (10-23.5)
4.3(09-134) 4.2 (1.0-14.5)
22(1.5-35) 22(14-36)
1.3(0.84-2) 14 (0.9-23)
55.6 (34.5-90.3) 53 (32.7-95)
25(2.2-29) 24(2-3)

74 (62.7) 81 (65.8)
25(21.2) 24 (19.5)
15(12.7) 17 (13.8)
11(9.3) 15(6.2)
542 4(3.3)
20(16.9) 17 (13.8)
8(6.3) 4(3.1)
71(56.3) 72 (56.7)
55(43.7) 55 (43.3)
150+64 15.1£69

Sl conversion factors: To convert plasma albumin from g/dL to g/L, multiply by 1.0; plasma procalcitonin from ng/mL to pg/L, multiply by 1.0; plasma creatinine from
mg/dL to pmol/L, multiply by 88.4; creatinine clearance from mL/min to mL/s, multiply by 0.0167; plasma lactate from mg/dL to mmol/L, multiply by 0.111

APACHE Acute Physiology and Chronic Health Evaluation, IQR interquartile range, SOFA Sequential Organ Failure Assessment

@ Calculated as weight in kilograms divided by height in meters squared
b Missing subscores were counted as 0

¢ The scale score ranges from 0 to 24, with higher scores indicating a greater severity of organ failure

4 Multiple responses per patient possible

(35/104) was significantly higher than that of patients
with a concentration of 32-64 mg/L (4/48) (33.7% vs.
8.3%, OR 4.21, 95% CI 1.4-12.5, p=0.01) or 64—96 mg/L
(12/61) (33.7% vs. 19.7%, OR 2.5, 95% CI 1.1-5.8,
p=0.03) The piperacillin clearance rate was significantly
different among these groups, with the lowest clearance
rate observed for patients with a piperacillin concentra-
tion>96 mg/L (2.2 mL/min) and the highest clearance
rate observed for patients with a concentration <16 mg/L
(29.3 mL/min) (eFigure 4 electronic supplementary
material). When adjusting for APACHE II score, patients
achieving the individual piperacillin target within the first
two days showed a better resolution of organ dysfunction

compared to patients who did not achieve target attain-
ment (difference in mean total SOFA score of day 1 and
day 2: — 1.2,95% CI — 2.2 to — 0.1, p=0.02).

Adverse events

Twenty-five adverse events occurred in 20 patients
(15.7%) in the TDM group, and 33 adverse events
occurred in 27 patients (21.3%) in the control group
(p=0.24). The most often reported adverse event was
hypernatremia, with 12 reported episodes in the TDM
group and 13 episodes in the control group, followed by
gastrointestinal symptoms, with 6 events reported in the
control group and 3 events reported in the TDM group.
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Table 2 Study outcomes

lOutcome

SOFA score, mean (95% Cl)
28-Day mortality, no. (%)

ASOFA, mean score day 1-10 (or 24 points if death within 10 days) minus
score at baseline

ASOFA, score at day 10 (or 24 points if death within 10 days) minus score
at baseline

SOFA subscore, median (IQR)
Cardiovascular
Respiratory
Coagulation
Renal
Hepatic
Central nervous system

Length of stay (days), median (IQR)
InICU
In hospital

Intervention-free days, median (IQR)
Ventilator®
Renal replacement therapy®
Antibiotic®
Vasopressor®

Clinical cure, EQT®

Microbiological cure, EOT®

Total daily dose (grams) of piperacillin/tazobactam, mean (SD)

TDM (n=125) No-TDM (n=124) p value?
79(7.1-87) 8.2 (7.5-9) 0.39
27 (21.6) 32 (25.8) 044
2.1 (-0.2-4.3) 26(0.3-49) 0.59
1.6 (-1-4.2) 2.9 (0.2-5.6) 0.26
2(1-3) 2(1.2-32) 0.81
25(2-3) 25(2-29) 045
0.1 (0-1) 0(0-0.8) 0.54
0.5 (0-1.5) 0.8 (80-2) 04
32 (2.6-4) 3.3 (2.8-4) 0.68
0.1 (0-1.2) 0.3 (0-1.3) 031
9 (4-15) 11(7-17 0.24
24 (15-28) 25 (15-28) 0.52
20 (5-27) 18.5 (1-25) 0.06
28 (21-28) 28 (10-28) 0.33
8 (6-12) 8 (5-11) 0.19
11(2-13) 9(2-12) 0.14
21/59 (35.6) 12/69 (17.4)

27/48 (56.3) 23/50 (46)

103456 98+25 0.12

@ Calculated using the independent samples t test or Mann-Whitney test for continuous outcomes or Fisher’s exact test for categorical outcomes

b Until ICU discharge or day 28 (maximum)
€ Until ICU discharge or day 14 (maximum)

d EOT: end of therapy, no. of patients/total no. evaluable patients (%), No clinical cure was defined as “improvement or treatment failure”

€ EQT: end of therapy, no. of patients/total no. evaluable patients (%), Microbiological cure was defined as either “documented or suspected microbiological

eradication”

Overall, 7 serious adverse events occurred in the TDM
group, three of which were fatal. In the control group, 8
serious adverse events occurred, with 3 fatal outcomes.
None of the serious adverse events were judged to be
related to the study drug (eTable 8 electronic supplemen-
tary material).

Discussion

In this clinical trial with 249 patients with sepsis, we
observed no significant beneficial effect of TDM-
guided piperacillin/tazobactam therapy with regard to
the 10-day mean total SOFA score compared to fixed
dosing. However, in patients who underwent TDM-
guided therapy we observed a 4.2% lower 28-day mor-
tality and a higher rate of microbiological and clinical
cure during therapy, but these differences were not
statistically significant. Similarly, attainment of the tar-
get piperacillin concentration was significantly more
often achieved in patients with TDM-guided therapy,

and the risk of underdosing was higher in patients with
fixed dosing. Furthermore, we confirmed the previously
described high variability of piperacillin concentrations
in critically ill patients with sepsis [3]. Considering
all days with piperacillin/tazobactam therapy, a dose
adjustment was required in approximately half of the
days to reach the target concentration in patients with
TDM-guided therapy. Nevertheless, attainment of the
target concentration on individual days was achieved in
one-third of patients with TDM only. This reflects the
fact that critically ill patients with sepsis have highly
dynamic pharmacokinetics, and therefore, it is difficult
to hit the exact target range, even with daily TDM. In
a study from De Wale et al. [14], only just over half of
the patients achieved target attainment despite daily
TDM. However, in contrast to our study, with a lower
and upper threshold defining the piperacillin target
concentration, De Wale et al. defined target attainment
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as a concentration >4 times the MIC, irrespective of the
concentration.

It is unclear to what extent the overall results in our
study were influenced by the low rate of target attain-
ment. For example, in nearly one-third of patients, the
commonly suggested target concentration in empiric sit-
uations, namely, four times the ECOFF of P. aeruginosa,
was not reached on the first day after randomization.
However, this was not associated with a worse clini-
cal outcome. This finding might reflect the fact that the
majority of bacteria identified within the study displayed
a low MIC within the susceptible range; therefore, sup-
posedly insufficient piperacillin concentrations, desig-
nated as “underdosed’, were still adequate for successful
antimicrobial therapy.

In contrast, patients with a piperacillin concentration
above the maximum target had the highest 28-day mor-
tality in our study. The same was observed in a retrospec-
tive study by Richter et al. [16] that included 484 patients
with sepsis who received TDM-guided continuous infu-
sion of piperacillin/tazobactam. In this study, patients
with a piperacillin concentration of > 64 mg/L within the
first 24 h exhibited a higher mortality than patients with a
concentration of 33—64 mg/L (29.4% vs. 13.9%, p <0.005).
This increase in mortality observed among patients with
higher piperacillin concentrations is most likely a conse-
quence of pronounced sepsis-associated organ dysfunc-
tion—most importantly, loss of renal function—which
leads to a decreased piperacillin clearance and hence
piperacillin accumulation, as shown in our study.

Interestingly, when adjusting for APACHE II score,
patients achieving the individual piperacillin target con-
centration within the first two days showed a better reso-
lution of organ dysfunction compared to patients who did
not achieve target attainment. Above all, an independent
increase in mortality or otherwise associated toxicity of
excessive piperacillin exposure cannot be excluded.

Limitations

This study has several limitations. First, no dosage algo-
rithm or dosing software was used to support consist-
ent dosing adjustments in patients with TDM-guided
therapy. With such tools, there might have been further
optimization for target attainment. Second, the car-
egivers were not blinded to the study groups, which in
turn might have influenced the treatment of patients in
the control group, e.g., escalation of antibiotic therapy
more often. However, we did not observe a significant
difference in the duration of therapy with piperacillin/
tazobactam in either study group; therefore, this might
constitute a rather small bias. Third, as the methodology
can vary according to the laboratory, as well as because

of biological variability, it is important to acknowledge
the limitations of MIC values, which can range between 1
and 2 dilutions [25]. Fourth, only serum piperacillin con-
centrations were obtained, and these concentrations do
not always reflect concentrations at the site of infection
[26]. Furthermore, the study was performed in a single
country with a low prevalence of resistant gram-negative
bacteria, which limits the generalizability of our results.
Finally, antibiotic combination therapy was allowed
at any time, which might have biased the study results.
However, excluding patients with concomitant fluoroqui-
nolone therapy did not show any difference in outcome
between patients with TDM and fixed doses (data not
shown).

Conclusions

In conclusion, we did not observe a significant ben-
efit for TDM-guided therapy in patients with sepsis and
continuous infusion of piperacillin/tazobactam with
regard to the primary endpoint, namely, the mean total
SOFA score. Studies with a higher number of patients
are necessary to confirm the observed benefit in 28-day
mortality, as well as clinical and microbiological cures,
for which the current study was not powered. In addi-
tion, further studies are necessary to identify patients
who might benefit most from TDM-guided therapy with
B-lactam antibiotics, such as patients with an augmented
renal clearance or patients with bacterial infections that
demonstrate higher MICs.

Data sharing

With publication, deidentified, individual participant
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