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ABSTRACT
Introduction: Septic shock necessitates timely antibiotic therapy, often with broad-spectrum beta-lactam antibiotics (ß-LA). To 
our knowledge, no previous study has examined antibiotic concentrations repeatedly during the initial phase of treatment. This 
observational study aimed to assess early-phase plasma concentrations of ß-LA in patients with septic shock.
Method: Prospective observational study of patients with septic shock, according to the SEPSIS-3 criteria, who received cefotax-
ime, piperacillin/tazobactam, or meropenem in accordance with Swedish practice. Demographic and clinical data were recorded 
for each patient. Consecutive blood samples were obtained during the first 24 h of treatment, and total antibiotic concentrations 
were measured using liquid chromatography mass spectrometry. Target concentrations were defined as 100% of the time that 
free (unbound) antibiotic concentrations remained above the minimal inhibitory concentration ( fT > MIC).
Results: Twenty-two patients were included, 15 (68%) were male and the median age was 65.5 years (IQR 46.3–65.5). In-hospital 
mortality was 7/22 (32%). Antibiotic exposure exceeding 100% fT > MIC was achieved in 16 (73%) of the patients. Four patients 
did not receive the recommended additional dose between the first and second doses of antibiotics; two of them still achieved 
100% fT > MIC, whereas the other two attained 66% and 33% fT > MIC, respectively. Among the patients who received the ad-
ditional dose, four did not achieve 100% fT > MIC. No relationship between mortality and fT > MIC was observed. Significant 
associations with achieving 100% fT > MIC were observed for older age (p = 0.045) and illness severity (SAPS3, p = 0.025).
Conclusion: Our findings demonstrate considerable variability in antibiotic exposure during the initial 24 h of septic shock 
treatment, highlighting a critical gap in understanding the clinical relevance of sub-optimal serum antibiotic concentrations and 
their potential impact on patient outcomes.
Editorial Comment: Therapeutic drug monitoring of antimicrobials is increasingly being used in research and clinical practice.

1   |   Introduction

Septic shock is a medical emergency where adequate and 
timely empirical antibiotic treatment is of paramount impor-
tance. Since the specific etiological agent is initially unknown, 

empirical antibiotic regimens usually include a broad-spectrum 
agent [1].

Beta-lactam antibiotics (ß-LA) (penicillins, cephalosporins, 
carbapenems, and monobactams) are the most used group of 
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antibiotics in bacterial infections, including sepsis, due to their 
broad spectrum of activity and wide therapeutic index [2]. The 
bactericidal pharmacodynamic effect of ß-LA is time-dependent, 
directly related to the time that the free (unbound) antibiotic 
concentration exceeds the minimum inhibitory concentration 
( fT > MIC) of the targeted bacteria [3]. For non-critical infec-
tions, there is evidence that the free antibiotic concentration 
needs to exceed the MIC for the targeted bacteria for up to 50%, 
70%, and 40% of the dosing interval for penicillins, cephalospo-
rins, and carbapenems, respectively. Increasing concentrations 
beyond 4 times MIC does not yield any additional bactericidal 
effect [4]. There is little data regarding optimal plasma concen-
trations of ß-LA in patients with septic shock; however, based 
on theoretical reasoning and previous research, fT > MIC 100% 
or even fT > 4 × MIC 100% has been suggested as target plasma 
concentrations [5–7].

The pathophysiology in septic shock, such as capillary leak with 
large fluid shifts to the extravascular compartments, and for some 
patients augmented renal clearance, tends to lower plasma con-
centrations of highly water-soluble substances, including ß-LA 
[8–10]. Hence, higher than normal doses of antibiotics are usually 
recommended to patients with septic shock, but the clinical ev-
idence is still sparse and there is no international consensus re-
garding dosage regimens. In Sweden, treatment for septic shock 
has traditionally included high-dose ß-LA administered at fre-
quent intervals, with an added dose between the initial two doses 
[11]. This regimen, with the added extra dose, intends to rapidly 
reach and sustain plasma antibiotic concentrations above the 
minimum inhibitory concentration for the yet unknown patho-
gens throughout the dosing interval ([AB] 100% fT > MIC).

Adequate plasma antibiotic concentration is vital during the 
early phase of infection when a high pathogen burden in the cir-
culation plays a central role as a driving force for the systemic 
inflammatory response and secondary organ failure. The aim 
of this study was to measure ß-LA concentrations in plasma at 
the very early phase of treatment in patients with septic shock 
treated with ß-LA in intermittent dosing in accordance with 
Swedish practice.

2   |   Method

An observational study was conducted at the Central Intensive 
Care Unit (ICU) at Sahlgrenska University Hospital/East be-
tween November 2018 and February 2020. Approval accord-
ing to the Declaration of Helsinki was obtained from the 
Regional Ethical Committee (No. 758–18). The study included 
adult patients with community-acquired septic shock accord-
ing to SEPSIS-3 criteria [12] who were admitted to the ICU di-
rectly from the emergency department (ED) and who received 
empiric antibiotic therapy with cefotaxime, piperacillin/tazo-
bactam, or meropenem. It was required that the patients had 
received no more than one dose of antibiotics in the ED or that 
the treatment was started in the ICU. All patients received the 
same antibiotic doses per administration: piperacillin 4 g, ce-
fotaxime 2 g, or meropenem 1 g. Piperacillin was administered 
as an infusion over 30 min, while the other antibiotics were 
given as intravenous bolus injections. The choice of antibiotics 
and dosing regimen was made by the attending intensive care 

physician. Preliminary informed consent was obtained ver-
bally from patients meeting the inclusion criteria, with writ-
ten consent subsequently obtained whenever feasible. In cases 
where the patient was unable to provide consent at inclusion, 
next of kin were consulted regarding the presumed wish of 
the patient. If the next of kin believed that the patient would 
consent to participation, the study proceeded in accordance 
with their input, and written informed consent was obtained 
from the patient when possible.

Blood samples for determination of antibiotic concentration 
in plasma were collected just before the second (i.e., the extra 
dose in 18 of 22 patients), third, and fourth given dose (trough 
concentrations) of the respective ß-LA. Following collection, 
samples were immediately stored away from light at +8°C to en-
sure minimal degradation [13] related to storage. The samples 
were subsequently centrifuged and frozen at −70°C as soon as 
possible after the last sample was collected, with a maximum 
refrigeration period of 24 h, as specified in the study protocol. 
The median storage duration for each sample at +8°C was 13 h. 
Samples remained frozen at −70°C until analysis. Sample analy-
ses were performed at the Department of Clinical Biochemistry, 
Sahlgrenska University Hospital, Gothenburg, using liquid 
chromatography coupled to tandem mass spectrometry, pro-
viding total antibiotic concentrations in plasma. Demographic 
and clinical data including sex, age, height, weight, Simplified 
Acute Physiology Score (SAPS3) as well as laboratory and cul-
ture results were retrieved from patient records. The Charlson 
Comorbidity Index (CCI) [14] was used to assess the overall bur-
den of comorbidities in the study population.

Based on published data, the approximate protein binding rates 
of the antibiotics were estimated; 30% for piperacillin, 2% for 
meropenem, and 40% for cefotaxime [15, 16]. The empirical 
treatment target was set at 100% fT > ECOFF, considering the 
‘worst-case scenario’ of potential causative organisms, based 
on epidemiological cut-off values (ECOFF). Specifically, the 
ECOFF values used were 16 mg/L for Pseudomonas aeruginosa 
with piperacillin/tazobactam, 2 mg/L for Pseudomonas aerugi-
nosa with meropenem, and 4 mg/L for Staphylococcus aureus 
with cefotaxime [17]. Data on toxic plasma concentrations are 
scarce; previously published thresholds were used as a reference 
for potentially toxic levels [7, 18].

2.1   |   Statistical Analysis

Fisher's Exact Test, Kruskal-Wallis H test, Chi-square test, and 
Mann–Whitney U-test were performed where appropriate using 
Prism v.10.4.0 (527).

3   |   Results

A total of 22 patients meeting the SEPSIS-3 criteria for septic 
shock were included in the study. Administered ß-LA were 
piperacillin/tazobactam (n = 11), meropenem (n = 7), and cefo-
taxime (n = 4). Most patients were male, 68% (15/22), with a me-
dian age of 65.5 years (IQR 46.3–65.5) (Table 1). The in-hospital 
mortality was 32% (7/22). The most common diagnosis was 
pneumonia (7 patients), followed by urogenital infection and 
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sepsis of unknown focus (5 patients each). Necrotizing soft tis-
sue infection was diagnosed in four patients, and two had an 
abdominal source of infection. Blood cultures were positive in 
11 patients (50%). Concomitant antibiotics were given in 59% 
(13/22) of the cases. All patients received the same standard dose 
of ß-LA per administration; however, the dosing intervals varied 
(Figure 1A–C). In accordance with Swedish guidelines for sep-
tic shock, the majority, 82% (18/22), received an additional dose 
between the first and second regular doses (Table 1).

In 73% (16/22) of the patients, all three antibiotic trough con-
centrations measured during the first 24 h resulted in calculated 
free drug concentrations exceeding the MIC (ECOFF), cor-
responding to 100% fT > MIC. Six patients 27%, (6/22), two in 
each group of antibiotics, did not reach the empirical treatment 
target of fT > MIC 100% of the dosing interval (Figure 1A–C). 
Among these six patients, four had received the recommended 
additional dose between the first and second regular doses. One 
patient treated with meropenem had concentrations associated 
with toxicity (Figure 1B).

Mortality was not significantly associated with plasma antibi-
otic concentrations below fT > MIC 100%. Significant associ-
ations with achieving 100% fT > MIC were found for older age 
(p = 0.045) and higher SAPS3 scores (p = 0.025). Borderline sig-
nificance was noted for the association between elevated creat-
inine (p = 0.051) and CCI (p = 0.062) with100% fT > MIC, while 
no associations were found for sex or lactate. No BMI-based 
comparisons were made due to missing data in two patients.

In 50% (11/22) of the patients, bacteria were detected in blood 
cultures, and based on species-specific EUCAST breakpoints, 
100% fT > MIC target fulfillment was achieved in all of these 
cases. Details on patient characteristics, culture results, total 
measured antibiotic concentrations, and concomitant antibiot-
ics are provided in the Table S1.

4   |   Discussion

To our knowledge, this is the first study that has measured an-
tibiotic concentrations repeatedly in the early treatment phase 
of septic shock. In our observational study of 22 patients, one-
quarter exhibited antibiotic concentrations below the target 
at the third sampling. The majority showed a trend toward 
decreasing concentrations despite an extra dose, suggesting 
increased volume of distribution and possibly, in some cases, 
increased renal elimination. Additionally, one patient exhibited 
concentrations associated with toxic levels, highlighting the po-
tential risks of excessive β-lactam exposure.

Clinical TDM studies on β-lactam toxicity remain limited, with 
proposed thresholds largely based on expert opinion rather than 
robust trials. While continuous infusion maintains prolonged 
fT > MIC, sustained high concentrations, particularly in pa-
tients with impaired renal function, may increase neurotoxic-
ity risk [19]. However, evidence on toxicity thresholds is scarce, 
underscoring the need for further research to define safe and 
effective concentration targets.

TABLE 1    |    Baseline patient characteristics, test results, and selected outcomes.

All (N = 22) Piperacillin (N = 11) Meropenem (N = 7) Cefotaxime (N = 4)

Age 65.5 (46.3–65.5) 69 (60–80) 68 (53–79) 41 (18.75–64)

Male (%) 15 (68) 8 (73) 6 (86) 1 (25)

BMI (kg/m2) 25.4 (23.1–28.1) 24.4 (21.9–27.1) 27.7 (24.4–29.4) 25.2 (21.8–28.5)

CCIa 4 (0.8–5) 4 (2–5) 4 (1–5) 2 (0–4)

Pl-Creatinine (μmol/L)g 134 (109–213) 180 (110–334) 115 (97–142) 119 (94.8–186.8)

SAPS3b 70.5 (56.5–76) 73 (66–76) 71 (50–79) 56.5 (48.5–75)

aB-Lactate (mmol/L)h 4.1 (2.8–6.3) 3.7 (2.5–6.7) 3.8 (2.7–7.1) 4.6 (4.4–5.8)

fT > MIC100%c (%) 16 (73) 9 (82) 5 (71) 2 (50)

In-hospital mortality (%) 7 (32) 3 (27) 3 (43) 1 (14)

Blood culture positive (%) 13 (59) 6 (55) 5 (71) 0

Total dosed (gram) — 16 (16–20) 4 (4–5) 8 (6.5–8)

Extra dose of antibioticse (%) 18/22 (82) 9/11 (82) 6/7 (86) 3/4 (75)

Concomitant antibioticsf (%) 13/22 (59) 6/11 (55) 5/7 (71) 2/4 (50)

Note: Median (IQR) unless other is written.
aCharslon comorbidity index.
bInitial creatinine.
cSimplified acute physiology score.
dPeak lactate the first 24 h of treatment.
eEmpirical treatment target 100%-ime above MIC (Minimal Inhibitory Concentration).
fTotal dose of antibiotics the first 24 h.
gExtra dose of antibiotics between first and second dose.
hAminoglycosides and/or clindamycin or erythromycin.
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While pharmacodynamic targets for ß-LA typically range be-
tween 40% and 70% fT > MIC, based largely on in  vitro stud-
ies, critically ill patients often exhibit altered drug distribution, 
elimination, and immune dysregulation, implying the need 
for higher exposure. Clinical trial data remain sparse, though 
a few multicenter studies suggest that 100% fT > MIC may im-
prove outcomes over 50% fT > MIC in septic ICU patients [5–7]. 

Despite these uncertainties, our findings still support optimiz-
ing β-lactam dosing strategies in patients with septic shock.

Our findings align with those of other studies on antibiotic con-
centrations in patients with sepsis and septic shock [5, 20–23]. 
However, these studies typically measured antibiotic concen-
trations later in the treatment course, usually from the second 
day onward. It can be assumed that maintaining high antibi-
otic concentrations in plasma during the initial phase of septic 
shock is crucial for rapidly eradicating circulating bacteria and 
interrupting the inflammatory cascade that drives progressive 
organ dysfunction. Subsequently, antibacterial activity primar-
ily occurs in the parenchyma and supporting tissues of affected 
organs. These deeper compartments exhibit different pharma-
cokinetic properties compared to the bloodstream, which is why 
plasma trough concentrations may provide an incomplete and 
potentially misleading picture of the conditions at the infection 
site outside the bloodstream.

The additional antibiotic dose administered between the first and 
second regular doses, as recommended in Sweden and received 
by the majority of our study patients, aims to quickly achieve and 
maintain sufficiently high plasma concentrations during the criti-
cal first day of treatment in sepsis and septic shock.

These findings together highlight the pharmacokinetic variability 
in critically ill patients and suggest the potential benefit of individ-
ualized dosing, including therapeutic drug monitoring. The largest 
controlled clinical trial to date comparing intermittent versus con-
tinuous antibiotic infusion in intensive care patients with sepsis 
and septic shock did not demonstrate a significant difference in 
survival between the two groups [24]. That said, a recent meta-
analysis that included this study found higher survival rates with 
longer infusion times compared to intermittent administration. 
Although the difference in survival was of limited magnitude, it 
should still be considered clinically meaningful and a step towards 
improving survival in critical infections [25]. Given the large inter-
individual variation in plasma concentrations with intermittent 
dosing, as demonstrated by our and previous studies, continuous 
antibiotic infusion should potentially be supported with thera-
peutic drug monitoring (TDM). Patients with pharmacokinetics 
resulting in deviant trough concentrations with intermittent ad-
ministration may, with standard dosing of continuously admin-
istered antibiotics, experience constant suboptimal or, in some 
cases, toxic plasma concentrations, necessitating adjustment of the 
infusion rate. The clinical significance of this issue remains un-
certain, and investigations that evaluate current dosing regimens, 
as well as prolonged and continuous infusion with regards to an-
tibiotic concentrations in different patient categories, are needed 
to establish pharmacokinetic targets and to address the practical 
challenges associated with TDM in clinical settings.

4.1   |   Limitations

This was a single-centre observational study with a limited 
sample size, and inherent variability in adherence to recom-
mended dosing regimens. The limited sample size increases the 
risk of statistical error and represents a methodological limita-
tion that should be considered when interpreting the findings. 
Measurement of total concentration and not microbiologically 

FIGURE 1    |    (A) Piperacillin level, free unbound fraction calculated 
as 70% of total plasma concentration 15. Empirical treatment target; epi-
demiological cut-off value/ECOFF Pseudomonas: 16 mg/L. First dose of 
antibiotics given at T = 0. Sampling of trough values just before the next 
dose. Two patients did not receive an extra dose (P2, P11). Two patients 
did not reach the goal of 100%-time above MIC (P5, P6). (B) Meropenem, 
free unbound fraction calculated as 98% of total plasmaconcentration 
15. Empirical treatment target; epidemiological cut-off value/ECOFF P. 
aerguinosa: 2 mg/L. First dose of antibiotics given at T = 0. Sampling of 
trough value just before the next dose. One patient did not receive an 
extra dose (M5). Two patients did not reach the goal of 100%-time above 
MIC (M4, M5). One patient with possible toxic concentrations (M3). (C) 
Cefotaxime, free unbound fraction calculated as 60% of total plasma 
concentration 15. Empirical treatment target; epidemiological cut-off 
value/ECOFF: S. aureus: 4 mg/L. First dose of antibiotics given at T = 0. 
Sampling of trough value just before the next dose. One patient did not 
receive an extra dose (C4). Two patients did not reach the goal of 100%-
time above MIC (C1, C4).
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active free unbound fraction is not optimal but monitoring of 
free antibiotic fraction is not readily available in most clinical 
settings. Given the short half-life of ß-LA, even minor devia-
tions in sampling time could have influenced measured con-
centrations, introducing variability. Although strict adherence 
to the study protocol minimized this risk, it cannot be entirely 
eliminated.

5   |   Conclusion

In summary, the observed variability in antibiotic concentra-
tions during the very early phase of septic shock underscores 
the potential risk of inadequate plasma levels with intermittent 
dosing. While the threshold for underexposure remains uncer-
tain, these findings highlight the need for further research to 
identify key factors, ranging from pharmacological variability 
to logistical challenges, that influence antibiotic efficacy and to 
develop strategies that ensure sufficient antibiotic exposure in 
this critically ill population.
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