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Summary
Background Alternatives to carbapenems for the treatment of third-generation cephalosporin-resistant Enterobacterales 
(3GCR-E) are urgently needed to reduce the selection pressure posed by these drugs. Temocillin is a neglected narrow-
spectrum β-lactam. The aim of the trial was to investigate if temocillin is non-inferior to carbapenems for the targeted 
treatment of bacteraemia due to 3GCR-E.

Methods This multicentre, phase 3, open-label, non-inferiority, randomised, pragmatic, investigator-initiated clinical 
trial was conducted in 29 Spanish hospitals. We randomly assigned patients with bacteraemia caused by 3GCR-E to 
receive intravenous temocillin (2 g every 8 h) or meropenem (1 g every 8 h; or ertapenem [1 g per day] if appropriate). 
Patients aged 18 years or older were eligible if they had monomicrobial bacteraemia due to any 3GCR-E that was 
susceptible to meropenem and temocillin and treatment for at least 4 days with an active intravenous drug was 
considered necessary. Randomisation (1:1) was stratified according to previous active drug and to source of infection; 
no blocks were used. The primary endpoint was clinical success (clinical cure, no need to stop or change the study drug 
because of adverse event or clinical failure, absence of recurrence, and survival by day 28) in all randomly assigned 
patients who received at least one dose of a study drug (modified intention-to-treat population [mITT]). Adverse events 
were assessed in the mITT population. No missing data were reported. A 10% non-inferiority margin was established. 
The trial was registered in ClinicalTrials.gov (NCT04478721) and is complete and closed to new participants.

Findings 334 eligible patients were enrolled between Dec 15, 2020, and Nov 29, 2024, of whom 328 were included in the 
mITT population (163 assigned temocillin and 165 assigned carbapenems). In 328 participants, the median age was 
72 years (IQR 65–80), 106 (32%) were female, 222 (68%) were male, and the median Charlson Comorbidity Index 
was 2 (IQR 0–4). In the mITT population, clinical success occurred in 120 (74%) of 163 patients assigned temocillin 
and 121 (73%) of 165 patients assigned carbapenems (difference 0·3% [95% CI –7·7 to ∞]; non-inferiority p=0·017). 
Serious adverse events were reported in 31 (19%) of 163 patients assigned temocillin and 35 (24%) of 165 patients 
assigned carbapenems.

Interpretation In patients with bacteraemia caused by 3GCR-E, temocillin was non-inferior to carbapenems as 
targeted treatment. These findings support the use of temocillin as an effective and safe alternative to carbapenems in 
this setting.
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Introduction
The rise of multidrug-resistant bacteria has become 
a primary threat to global health. Third-generation 

cephalosporin-resistant Enterobacterales (3GCR-E) are a 
leading cause of mortality attributable to and associated 
with antimicrobial-resistant microorganisms,1 and are 
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considered of critical priority for drugs research by 
WHO.2 Carbapenems are recommended as the drugs of 
choice for the treatment of invasive infections caused 
by 3GCR-E,3,4 and, therefore, their consumption has 
increased, fuelling the spread of carbapenem-resistant 
organisms worldwide. Alternatives to carbapenems for 
3GCR-E are urgently needed to spare their use, but no 
drug has been shown to be non-inferior to carbapenems 
so far. As such, there is an increasing interest in old 
agents active against 3GCR-E.5,6

Temocillin is a semi-synthetic β-lactam antibiotic 
derivative of ticarcillin,7 which is only approved in a few 
countries. Temocillin is resistant to hydrolysis by different 
β-lactamases, and specifically by extended-spectrum 
β-lactamases (ESBLs) and AmpC enzymes;8 it might  retain 
some activity against class A carbapenemases (eg, 
Klebsiella pneumoniae carbapenemases), but it is generally 
inactive against class D and class B enzymes.6 No activity 
against Gram-positive bacteria, anaerobes, or non-
fermenting Gram-negative bacteria has been reported 
(except Burkholderia cepacia complex). Therefore, temocillin 
could be an attractive potential carbapenem-sparing 
alternative for 3GCR-E.5,6 However, no randomised trial has 
been performed for these infections. We conducted the 
ASTARTÉ trial to test the hypothesis that temocillin has 
non-inferior efficacy to carbapenems as targeted treatment 
for patients with bloodstream infection due to 3GCR-E.

Methods
Study design
ASTARTÉ is a multicentre, phase 3, open-label, non-
inferiority, randomised, pragmatic, investigator-initiated 
clinical trial in patients with bloodstream infection 
caused by 3GCR-E. The trial was performed in 

29 Spanish hospitals. The study was approved by the 
Seville province Ethic Committee on Clinical Research 
(reference 10/2020). The trial was registered in 
ClinicalTrials.gov (NCT04478721) and is complete and 
closed to new participants. Patients were not involved in 
the design, conduct, or reporting of the study. The study 
protocol was published previously,9 and is available 
together with the statistical analysis plan in appendix 1. 
Appendix 2 contains the summary study scheme (p 5). 
The results are reported in accordance with the updated 
CONSORT statement (appendix 2 pp 23–24).10

Participants
Adult patients aged 18 years or older with monomicrobial 
bloodstream infection due to any Enterobacterales were 
eligible for enrolment if they fulfilled all the following 
criteria: the isolate was resistant to cefotaxime (minimum 
inhibitory concentration [MIC] >2 mg/L), ceftriaxone 
(MIC >2 mg/L), or ceftazidime (MIC >4 mg/L) and 
susceptible to meropenem (MIC ≤2 mg/L) and temocillin 
(MIC ≤8mg/L or MIC ≤16mg/L in case of bloodstream 
infection from urinary source); and treatment for at least 
4 days with an active intravenous drug was considered 
necessary. Exclusion criteria included: pregnancy or 
breastfeeding, patients under palliative care or life 
expectancy less than 30 days, allergy to β-lactam drugs, 
polymicrobial bloodstream infection, recruitment 
delayed for more than 48 h after susceptibility data were 
available, administration of in vitro active drugs for 96 h 
or more before randomisation, infections typically 
needing more than 14 days of therapy (eg, endocarditis), 
meningitis, and patients receiving peritoneal dialysis or 
continuous haemofiltration (appendix 2 p 2). Eligible 
participants were detected by daily review of blood 

Research in context

Evidence before this study
Global spread of third-generation cephalosporin-resistant 
Enterobacterales (3GCR-E) has led to a substantial increase in 
carbapenem consumption, as they are considered the drugs of 
choice, which is fuelling the spread of carbapenem-resistant 
organisms.  We searched PubMed from Jan 1, 1980, to 
July 31, 2025, for studies estimating temocillin efficacy in 
infections caused by 3GCR-E in humans. The search terms used 
were temocillin AND (ESBL OR cephalosporin-resistant OR 
AmpC OR cefotaxime-resistant OR ceftriaxone-resistant OR 
ceftazidime-resistant) AND (outcome OR cure OR failure OR 
mortality). No language limits were applied.  We identified 
several observational studies evaluating temocillin efficacy in 
different types of infections caused by 3GCR-E, but no 
randomised controlled trial for these pathogens. Two previous 
trials have investigated potential alternatives to carbapenems 
in invasive infections caused by 3GCR-E, including piperacillin–
tazobactam and fosfomycin; both did not show non-inferiority 
compared with meropenem. Therefore, high-level evidence 

supporting appropriate carbapenem-sparing alternatives for 
bacteraemia due to 3GCR-E are needed. Temocillin, due to its 
in vitro activity against these bacteria, is a potential candidate.

Added value of this study
This study is the first randomised controlled trial investigating 
the efficacy and safety of temocillin compared with 
carbapenems in bacteraemic infections caused by 3GCR-E. 
Temocillin was shown to be non-inferior in efficacy to 
carbapenems. No differences were observed in the rate of 
severe adverse events between the two treatment groups. 
Therefore, an alternative antibiotic to carbapenems has been 
shown for the first time in these infections.

Implications of all the available evidence
These results support the use of temocillin as an effective and 
safe alternative to carbapenems in bacteraemic infections 
caused by 3GCR-E. As temocillin is a narrow-spectrum agent, its 
use in these infections instead of carbapenems might 
contribute to reduce the spread of resistance to carbapenems.
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cultures results at the microbiology laboratory at each 
site. Written informed consent was obtained from all 
participants. Sex (male or female) and ethnicity data were 
reported by the local investigators by asking the patients.

Randomisation and masking
Recruited patients were randomly assigned 1:1 to receive 
temocillin or a carbapenem (meropenem or ertapenem if 
appropriate). Randomisation was stratified according to 
previous receipt of in vitro active drug and to source of 
bloodstream infection (urinary or other); no blocks were 
used. Randomisation was performed centrally by a 
web-based automated system integrated in the electronic 
case report form, which was activated by the local invest
igator once participant eligibility was confirmed and 
informed consent obtained. The randomisation sequence 
was generated by an independent statistician who had no 
further involvement in the trial and was not accessible to 
investigators. Endpoints were checked by 
two investigators (FCD and LBP) who were masked to 
allocation; otherwise, there was no masking.

Procedures
Patients in the experimental group received 2 g of 
temocillin intravenously every 8 h in a 30–40 min 
infusion, and patients in the control group received 1 g of 
meropenem intravenously every 8 h in a 15–30 min 
infusion delivered by the hospital pharmacy at each 
hospital. Ertapenem 1 g per day could be used instead of 
meropenem if deemed appropriate by the local 
investigator. Dosing was adjusted in patients with renal 
insufficiency according to drugs labels (appendix 2 p 3). 
Following usual clinical practice, switch to an in vitro 
active oral drug was allowed after 4 days of intravenous 
therapy from randomisation with one of the following 
regimens: ciprofloxacin, 500 mg every 12 h; 
trimethoprim–sulfamethoxazole, 160/800 mg every 12 h; 
amoxicillin–clavulanic acid, 875/125 mg every 8 h; and, 
in case of bloodstream infection from a urinary source, 
fosfomycin trometamol 3 g every 24 h the first 3 days, 
then 3 g every 48 h.11 Suggested duration of total active 
therapy was 7–14 days, with a strong recommendation for 
7 days in case of early clinical response and source 
control if needed. Outpatient parenteral antimicrobial 
therapy was allowed. Metronidazole, vancomycin, or 
linezolid could be added if deemed necessary for 
monomicrobial bacteraemia with a potentially 
polymicrobial source (eg, intra-abdominal infection). 
Patients were followed up for 28 days after randomisation; 
visits were performed on days 0 (randomisation), 1, 3, 
end of treatment, test of cure, and day 28). Full details of 
the assessments done during follow-up are in appendix 1 
(pp 32–34).

Blood cultures at baseline were processed at local 
laboratories using standard microbiological procedures. 
Bacteria identified as Enterobacterales were subcultured 
on CHROMagar ESBL (BioMerieux, Marcy l’Étoile, 

France) for rapid phenotypic detection of resistance to 
third-generation cephalosporins. Isolates growing in this 
media were tested for temocillin susceptibility by 
gradient strip assay (E-test, BioMérieux, Marcy l’Étoile, 
France). Isolates with MIC value over 8 mg/L were 
considered resistant based on the breakpoint 
recommended by the British Society of Antimicrobial 
Chemotherapy (BSAC),12 the only one available when the 
study protocol was written; for a urinary tract source of 
infection, resistance was afterwards defined as MIC over 
16 mg/L based on the updated breakpoint established by 
European Committee on Antimicrobial Susceptibility 
Testing (EUCAST) for urinary tract infection (UTI) 
sources.13 The breakpoints for cephalosporin and 
carbapenems in the eligibility criteria were defined based 
on those established by EUCAST.13 Isolates from 
recruited patients were preserved and sent to Hospital 
Universitario Virgen Macarena, where identification was 
checked using matrix-assisted laser desorption ionisation 
time of flight and antimicrobial susceptibility testing by 
Microscan NMRD2 (Beckman Coulter, Barcelona, 
Spain), except for temocillin, which was studied by broth 
microdilution assay. All isolates were sequenced using 
an Illumina MiSeq platform (Illumina, Madrid, Spain) 
and a Nextera Flex DNA sample preparation kit (Illumina, 
Madrid, Spain).

Outcomes
The primary endpoint was clinical success, defined as all 
of the following: clinical cure (resolution of all new signs 
and symptoms related to infection at the test of cure 
[TOC]); no need to stop or change the study drug because 
of adverse event or clinical failure (not reaching clinical 
cure); no recurrence until day 28 (bacteraemia due to 
same organism with similar susceptibility profile); and 
survival at day 28. TOC was performed 7–10 days after 
the last day of antibiotic therapy. Classification of patients 
as clinically cured or not was checked in all patients by 
two masked investigators (FCD and LBP) against the 
individual assessment of disappearance of all specific 
new signs and symptoms present at baseline.

Secondary endpoints were individual components of 
the primary endpoint, reinfections until day 28 
(ie, bacteraemia caused by a different bacteria), 
microbiological cure, length of hospital stay, change in 
Sequential Organ Failure Assessment score (SOFA) 
score from baseline to TOC, and adverse events at day 28. 
Change in Barthel scale was also measured in patients 
older than 70 years (results not provided here). 
Investigators were instructed to report all adverse events 
according to standard criteria using a dedicated form in 
the electronic case report form. The potential relationship 
between adverse events and study drugs, as assessed by 
the investigators, was recorded, and their severity was 
classified as mild, moderate, or severe. Adverse events 
were considered serious if life-threatening, causing death 
or new hospitalisation, or lengthening hospital stay.
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Statistical analysis
Based on previous trials providing data for clinical 
success and mortality in Enterobacterales 
bacteraemia,14,15 we estimated an 85% success rate in 
both groups. Overall, 334 patients (167 per group) were 
needed to reject non-inferiority of temocillin with 
10% non-inferiority margin, 80% power, 5% one-sided 

significance level, and 5% of missing patients. The 
10% non-inferiority margin was chosen following 
previous trials in Gram-negative bacteraemia using 
composite outcomes,16 and is also recommended by the 
European Medicines Agency for the most common 
sources of bloodstream infection with similar 
endpoints.17

Differences in proportions were calculated with 
one-sided 95% CIs for the primary and secondary 
categorical endpoints using the Miettinen–Nurminen 
method; the Mann–Whitney U test was used for 
continuous variables. No missing data were reported for 
primary or secondary outcomes in patients who attended 
scheduled visits according to the protocol. As per 
intention-to-treat principles, patients not evaluated for 
whatever reason were classified as having a negative 
outcome.

The primary endpoint was analysed in the modified 
intention-to-treat population (mITT), formed of randomly 
assigned patients who received at least one dose of a study 
drug. It was also examined in the per-protocol population 
(patients who received at least 3 days of study drugs), 
clinically evaluable population (patients evaluated at 
TOC), and pre-determined specific subgroups, including 
bloodstream infection source, age groups, micro
organisms, temocillin MIC, appropriate empirical 
therapy, sepsis, immunosuppressive therapy, and use of 
sequential oral therapy. Adverse events and secondary 
outcomes were assessed in the mITT population.

Additionally, multivariate analysis for the primary 
outcome was performed to control for residual 
confounding using logistic regression; the model was 
based on a previously published direct acyclic graph.18 
Also, a generalised linear mixed model was performed 
including sites as random effect to account for potential 
centre effect (appendix 2 p 4). Finally, we also performed 
a desirability of outcome ranking (DOOR) in the mITT 
population; patients’ outcomes were classified according 
to six mutually exclusive hierarchical levels in descending 
order of desirability (appendix 2 p 4). The ranks were 
derived from an appraisal of published literature followed 
by consensus among the ASTARTÉ coordination group 
during the protocol design phase. The probability of 
patients in the temocillin group having a better DOOR 
score than those in the control group was calculated 
(appendix 2 p 4). Data were analysed using SPSS 
Statistics version 29. All patients’ data collected were 
monitored and verified against the original data sources. 
An external independent data safety monitoring board 
reviewed three interim analyses, recommending 
continuing with recruitment in all of them 
(appendix 2 p 4).

Role of the funding source
The funder of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing of 
the report.

Figure 1: Profile of the ASTARTÉ trial
*More detailed data on exclusion criteria are in appendix 2 (p 2). †All were alive at day 28 but were lost to follow-
up because they did not attend at least two consecutive visits for any reason. mITT=modified intention-to-treat.  

2420 patients assessed for eligibility

334 enrolled

334 randomised

167 assigned to carbapenem

165 included in the mITT population

161 included in the per-protocol population

151 included in the clinically evaluable
 population

2 did not receive medication
 as randomised
 1 susceptible to
 third-generation
 cephalosporin
 1 resistant to temocillin

4 excluded
 2 prolonged treatment
 2 stopped study drug early
 (<3 days)

10 excluded
 3 adverse events
 4 lost to follow-up†
 3 therapy prolonged or 
 changed due to treatment 
 failure

167 assigned to temocillin

163 included in the mITT population

159 included in the per-protocol population

150 included in the clinically evaluable
 population

4 did not receive medication
 as randomised
 1 withdrew consent
 1 prolonged treatment
 1 susceptible to
 third-generation
 cephalosporin
 1 resistant to temocillin

4 excluded
 3 stopped study drug early
 (<3 days) 
 1 withdraw consent

9 excluded
 5 adverse events
 2 lost to follow-up†
 2 therapy prolonged or 
 changed due to treatment 
 failure

2086 excluded  
 1836 met at least one exclusion criteria or did
 not meet inclusion criteria*
 147 hospital discharge or transferred to another 
 facility
 56 declined to participate 
 43 discretion of the responsible physician
 4 unknown
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Results
Overall, 2420 patients with Enterobacterales bacteraemia 
were screened at participating sites, between Dec 15, 2020, 
and Nov 29, 2024, of whom 334 were eligible and 
randomly assigned (167 in each group). Among screened 
patients, 464 were excluded because of having a 
temocillin-resistant isolate. Six (2%) randomly assigned 
patients were not included in the mITT population: 
five because of wrong inclusion (two had a 

cephalosporins-susceptible Enterobacterales, two had 
a temocillin-resistant isolate, and one had an infection 
requiring prolonged treatment) and one who withdrew 
consent immediately after randomisation. Therefore, the 
mITT population included 163 patients in the temocillin 
group and 165 in the carbapenem group, of whom 
99 received meropenem and 66 received ertapenem 
(figure 1 and appendix 2 p 10).

Baseline characteristics of the patients were balanced 
between the two groups (table 1). In 328 participants, the 
median age was 72 years (IQR 65–80), 106 (32%) were 
female, 222 (68%) were male, and the median Charlson 
Comorbidity Index was 2 (IQR 0–4). The most frequent 
comorbidities were type 1 or type 2 diabetes 
(90 patients [27%]) and solid cancer (64 patients [20%]); 
77 (23%) patients were receiving immunosuppressive 
therapy. Barthel score, measured in patients older than 

Temocillin 
(n=163)

Carbapenem* 
(n=165)

Demographics

Age, years 74 (65–82) 71 (66–77)

Sex

Female 59 (36%) 47 (28%)

Male 104 (64%) 118 (72%)

Ethnicity

Western Europe 146 (90%) 144 (87%)

Latino 15 (9%) 17 (10%)

Other 2 (1%) 4 (2%)

Underlying conditions

Charlson Comorbidity Index 2 (1–4) 2 (0–3)

Type 1 or type 2 diabetes 55 (34%) 35 (21%)

Chronic heart failure 28 (17%) 30 (18%)

Chronic pulmonary disease 20 (12%) 21 (13%)

Solid cancer 34 (21%) 30 (18%)

Haematological cancer 6 (4%) 6 (4%)

Chronic renal disease, moderate–severe 30 (18%) 27 (16%)

Chronic liver disease, mild–severe 12 (7%) 11 (7%)

Immunosuppressive therapy 40 (25%) 37 (22%)

Fully or partial dependent for basic 
activities

59 (36%) 51 (31%)

Barthel score (only participants aged 70 
years or older)†

65 (30–95) 90 (48–100)

Surgery in past month 26 (16%) 24 (15%)

Invasive procedure in past week 74 (45%) 80 (48%)

Dialysis 2 (1%) 9 (5%)

Infection features

Nosocomial acquisition 28 (17%) 38 (23%)

Health care-associated acquisition 72 (44%) 68 (41%)

Community acquisition 63 (39%) 59 (36%)

Source of bacteraemia

Urinary tract 123 (75%) 123 (75%)

Biliary tract 17 (10%) 15 (9%)

Intra-abdominal, no biliary 8 (5%) 9 (5%)

Catheter-related 8 (5%) 6 (4%)

Respiratory tract 2 (1%) 3 (2%)

Unknown 4 (2%) 5 (3%)

Other 1 (1%) 4 (2%)

Pitt score on day of blood culture 1 (0–2) 1 (0–2)

SOFA score on day of blood culture 2 (1–3) 2 (1–3)

Days from blood culture to 
randomisation‡

3 (2–3) 3 (2–3)

(Table 1 continues in next coloumn)

Temocillin 
(n=163)

Carbapenem* 
(n=165)

(Continued from previous column)

Cause of infection

Escherichia coli 118 (72%) 109 (66%)

Klebsiella pneumoniae 33 (20%) 42 (25%)

Other Enterobacterales 12 (7%) 14 (8%)

ESBL-producing bacteria§ 148/158 
(94%)

145/158 
(92%)

AmpC-producing bacteria§ 4/158 (3%) 6/158 (4%)

Treatment variables

First drug administered 103 (63%) 103 (62%)

Carbapenem as first drug 
administered

61 (37%) 60 (36%)

Any drug administered before 
randomisation¶

154 (94%) 153 (93%)

Carbapenem, at least one dose 137 (84%) 133 (81%)

Duration of therapy before 
randomisation, days

2 (1–3) 2 (1–3)

Duration of intravenous treatment with 
study drug, days

6 (4–8) 6 (4–8)

Duration of oral therapy in patients 
receiving oral drugs, days

4 (2–6) 4 (2–6)

Total therapy from randomisation, days 8 (6–10) 7 (6–11)

Switched to oral treatment 60 (37%) 64 (39%)

Ciprofloxacin 16 (10%) 17 (10%)

Cotrimoxazole 19 (12%) 22 (13%)

Amoxicillin–clavulanic acid 14 (9%) 22 (13%)

Fosfomycin 11 (7%) 3 (2%)

Data are median (IQR), n (%), or n/N (%). SOFA=Sequential Organ Failure 
Assessment score. ESBL=extended-spectrum β-lactamase. *99 patients received 
meropenem and 66 patients received ertapenem. †The limit for recruitment was 
2 days after susceptibility results were available; susceptibility results were 
typically available 1–2 days after blood cultures were drawn. ‡Subset of patients 
aged 70 years or older: temocillin n=92 and carbapenems n=103. §Five isolates 
were not available for the characterisation of the resistance mechanisms in the 
temocillin group and seven isolates were not available in the carbapenem group. 
¶Due to use of rapid phenotypic detection of cephalosporin resistance. 

Table 1: Baseline and general characteristics in the modified intention-
to-treat population
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70 years, was lower in the temocillin group than the 
carbapenem group (median 65 [IQR 30–95] vs 
90 [48–100]). The most frequent source of bloodstream 
infection in 328 total participants was urinary tract 
(226 patients [69%]), followed by biliary tract 
(32 patients [10%]). The most common Enterobacterales 
were Escherichia coli (227 patients [69%]) and 
K pneumoniae (75 patients [23%]); in total, 294 (90%) 
patients had infections caused by ESBL-producing 
bacteria (appendix 2 p 8). The first antibiotic treatment 
administered empirically was active against 3GCR-E in 
206 patients (63%), but an additional 101 patients (31%) 
received an active drug later based on rapid 
microbiological results. Overall, the first empirical drug 
was active against the 3CGR-E in 103 (63·2%) of 
163 participants in the temocillin group and 103 (62%) of 
165 participants in the carbapenems group. 154 (94%) 
of 163 participants in the temocillin group and 153 (93%) 
of 165 participants in the carbapenems group received at 
least one dose of an active drug following the results 
of rapid tests, before randomisation. Median duration of 
targeted treatment was 7 days (IQR 6–10), and 124 (38%) 
of 328 patients underwent sequential oral therapy.

In the mITT population, clinical success occurred in 
120 (74%) of 163 participants in the temocillin group and 
121 (73%) of 165 participants in the carbapenem group 
(absolute difference 0·3 percentage points [one-sided 
95% CI –7·7 to ∞], non-inferiority p=0·017; table 2, 
figure 2), demonstrating the non-inferiority of temocillin. 
The reasons for not reaching clinical success in both 
groups are listed in appendix 2 (p 9). No differences in 
terms of clinical success were observed between patients 
receiving meropenem and ertapenem in the carbapenem 
group (appendix 2 p 10). The results were similar in the 

per-protocol population (difference 1·0 [95% CI 
–7·0 to ∞], non-inferiority p=0·012) and in the clinically 
evaluable population (difference 0·5 [95% CI –8·5 to ∞], 
non-inferiority p=0·012; figure 2 and appendix 2 p 11).

The mortality rate at day 28 was 2% (four of 163 patients) 
in the temocillin group and 4% (six of 165 patients) in the 
carbapenems group (difference –1·2 [95% CI –∞ to 1·9]; 
table 2). The clinical cure rate was 80% (130 of 163 patients) 
with temocillin and 82% (135 of 165 patients) with 
carbapenems (difference –2·0 [95% CI –9·2 to ∞]). 
Recurrence at day 28 occurred in six (4%) of 163 patients 
assigned temocillin and ten (6%) of 165 patients assigned 
carbapenems (difference –2·4 [95% CI –∞ to 1·5]). The 
study drug had to be stopped or changed for any reason 
in ten (6%) of 163 patients assigned temocillin and 
eight (5%) of 165 patients assigned carbapenems 
(difference 1·3 [95% CI –∞ to 5·4]). No significant 
differences were found in microbiological cure in 
patients with urinary tract bloodstream infection 
(difference 1·9 [95% CI –10·9 to ∞]), change in SOFA 
score from baseline to TOC (mean difference 0·2 
[95% CI –9·1 to ∞]), and reinfection rates (difference 0·0 
[95% CI –∞ to 2·0]). Mean hospital stay was 8·9 (SD 8·5) 
in patients receiving temocillin and 9·7 (10·6) in patients 
receiving carbapenems (mean difference –0·8 [95% CI 
–∞ to 9·5]; table 2). Analysis of the secondary outcomes 
in the per-protocol and clinically evaluable populations 
was consistent with these results (appendix 2 p 11).

Results in prespecified subgroups were mostly 
consistent with those obtained in the whole mITT 
population (figure 2 and appendix 2 p 12). Multivariate 
analysis showed an adjusted odds ratio (OR) for clinical 
success in the temocillin group of 1·03 (95% CI 
0·62–1·72, p=0·186; appendix 2 p 13). A similar result 
was obtained with the mixed effects model analysis 
considering sites (adjusted OR 1·02 [95% CI 0·61–1·71], 
p=0·943; appendix 2 p 13). Kaplan–Meier curves for 
mortality are shown in appendix 2 (p 6); Cox regression 
analysis was not performed due to low number of events.

The definition of DOOR ranks is shown in 
appendix 2 (p 4). The probability that patients in the 
temocillin group had a better DOOR than those in the 
carbapenem group was 50·4% (95% CI 45·0–55·8; 
appendix 2 p 7). Individual components of the DOOR 
were similar between the two groups (appendix 2 p 14).

Overall, adverse events were reported in 83 (60%) of 
163 patients receiving temocillin and 68 (41%) of 
165 patients receiving carbapenems (p=0·078; table 3 and 
appendix 2 pp 15–16). Clostridioides difficile infection 
occurred in 10 (6%) of 163 patients assigned temocillin and 
four (2%) of 165 patients assigned carbapenems (p=0·10). 
Serious adverse events occurred in 31 (19%) of 163 patients 
assigned temocillin and 35 (24%) of 165 patients assigned 
carbapenems (p=0·62; table 3 and appendix 2 pp 17–18). 
Among serious adverse events, only five events were 
considered related to study drugs: four events in the 
temocillin group (two C difficile infection, one diffuse 

Temocillin 
(n=163)

Carbapenem 
(n=165)

Difference (one-
sided 95% CI)

One-sided 
p value*

Primary outcome

Clinical success 120 (74%) 121 (73%) 0·3 (–7·7 to ∞) 0·017

Components of the primary outcome and secondary outcomes

Clinical cure 130 (80%) 135 (82%) –2·0 (–9·2 to ∞) 0·032

Stop or change study drug for any 
reason

10 (6%) 8 (5%) 1·3 (–∞ to 5·4) 0·0016

Recurrence until day 28 6 (4%) 10 (6%) –2·4 (–∞ to 1·5) <0·0001

Death, any cause at day 28 4 (2%) 6 (4%) –1·2 (–∞ to 1·9) <0·0001

Other outcomes

Microbiological cure (only urinary tract 
infection) at TOC

37/82 (45%) 35/81 (43%) 1·9 (–10·9 to ∞) 0·063

Changes in SOFA score† –1·4 (–1·7) –1·2 (–1·5) 0·2 (–9·1 to ∞) <0·0001

Reinfection until day 28 2 (1%) 2 (1%) 0·0 (–∞ to 2·0) <0·0001

Length of hospital stay‡, days 8·9 (8·5) 9·7 (10·6) –0·8 (–∞ to 9·5) <0·0001

Data are n (%) or mean (SD), unless otherwise stated. TOC=test of cure. SOFA=Sequential Organ Failure Assessment 
score. *Non-inferiority p value. †Difference between SOFA score at blood culture day and SOFA score on TOC, data 
available for 146 patients receiving temocillin and 148 patients receiving carbapenem. ‡Time from inclusion to 
discharge, data available for 136 patients receiving temocillin and 132 patients receiving carbapenem.

Table 2: Primary and secondary outcomes in the modified intention-to-treat population
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itching, and one hypertransaminasaemia) and one event 
in the carbapenem group (C difficile infection; 
appendix 2 p 18). Adverse events of specific interest are 
shown in table 3. Non-serious adverse events considered 
related to the study drug are shown in appendix 2 (p 19).

Discussion
In this study, temocillin was non-inferior to carbapenems 
as targeted treatment in patients with bacteraemia due to 
3GCR-E. The results were consistent in the per-protocol 
and clinically evaluable populations, secondary end
points, subgroups, and DOOR analyses.

Overall, there is a scarcity of trials of temocillin. 
A Swedish randomised trial on the empirical treatment 
of patients with febrile UTI compared temocillin with 
cefotaxime.19 Because of the comparator, patients with 
cephalosporin-resistant bacteria were not investigated. In 
that trial, temocillin was non-inferior in secondary 
endpoints, including clinical and bacteriological efficacy. 
Notably in the primary outcome, temocillin showed less 
gut microbiota disturbance. Previous uncontrolled case 
series and cohort studies in different types of infections 
caused by ESBL or AmpC-producing Enterobacterales 
showed cure rates between 72% and 94% with 
temocillin.20–24 A retrospective matched cohort study of 

treatments of UTI caused by ESBL producers found 
clinical cure rates of 94% in those who received temocillin 
versus 99% in those who received carbapenems.22

Figure 2: Forest plot of study populations and subgroups for clinical success
Oral therapy subgroups were not pre-planned and were added in the review process. More detailed data is in appendix 2 (p 12). E coli=Escherichia coli. ESBL=extended-
spectrum β-lactamase. mITT=modified intention-to-treat. MIC=minimum inhibitory concentration. *Data on inappropriate empirical therapy is not reported due to 
the low number of this subgroup; full data are shown in appendix 2 (p 12). 
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Favours carbapenem Favours temocillin

Temocillin 
(n=163)

Carbapenem 
(n=165)

Patients with at least one adverse event 83 (51%) 68 (41%)

Patients with at least one serious adverse 
event

31 (19%) 35 (21%)

Patients with a treatment-related serious 
adverse event

4 (2%) 1 (1%)

Patients with adverse events of special interest*

Clostridioides difficile infection 10 (6%) 4 (2%)

Diarrhoea 12 (7%) 9 (5%)

Aspartate aminotransferase or alanine 
aminotransferase elevation

1 (1%) 1 (1%)

Leukopenia 1 (1%) 0

Vaginal candidiasis 0 1 (1%)

Nausea or vomiting 3 (2%) 2 (1%)

Acute renal failure 2 (1%) 1 (1%)

Rash or pruritus 4 (2%) 2 (1%)

*Individual patients who had at least one occurrence of the event. 

Table 3: Adverse events occurring until day 28 of follow-up (modified 
intention-to-treat population)



Articles

www.thelancet.com   Published online July 9, 2026   https://doi.org/10.1016/S0140-6736(26)00760-98

We found no previous randomised trials of temocillin 
for 3GCR-E infections. Two previous trials studied 
potential alternatives to carbapenems in invasive infections 
caused by 3GCR-E. In the MERINO trial, piperacillin–
tazobactam was not non-inferior to meropenem, which 
could have been partly due to the inclusion of patients with 
isolates with false susceptibility to piperacillin–
tazobactam.25,26 The FOREST trial compared fosfomycin 
with ceftriaxone or meropenem for multidrug-resistant 
E coli causing UTI bacteraemia; overall and in the 
subgroup of ceftriaxone-resistant cases, fosfomycin was 
not non-inferior despite being highly efficacious, mostly 
due to patients who were withdrawn because of adverse 
events.15 Therefore, our results provide the first high-level 
evidence for a suitable alternative to carbapenems as 
targeted treatment in these infections, which would 
contribute to reducing the large worldwide overuse of 
carbapenems, eventually helping to limit the dramatic 
spread of carbapenem-resistant Gram-negatives.

In our study, we used a composite primary endpoint to 
increase sensitivity in detecting any sign of temocillin 
inferiority than if only mortality or cure were considered. 
The MERINO trial used 30-day mortality as the primary 
endpoint, which was a secondary endpoint in ASTARTÉ; 
the 95% CI for the difference in mortality in our study 
was also within the 5% non-inferiority margin established 
in MERINO. Interestingly, 28-day mortality in our 
study (3·0%) was low, but similar to the 30-day mortality 
rate with meropenem in MERINO (3·7%) and identical 
to the FOREST trial (3·0%).15,25 The low mortality in these 
trials is explained by some of the exclusion criteria 
(ie, palliative care, life expectancy less than 30 days, 
polymicrobial bloodstream infection, endocarditis, 
meningitis, peritoneal dialysis, and continuous 
haemofiltration).

Of note, approximately 20% of screened patients were 
excluded due to having a temocillin-resistant isolate, and, 
therefore, checking susceptibility to temocillin (as also 
happens with carbapenems) is vital when considering 
therapy. Dosing and susceptibility breakpoint are 
important considerations for the use of temocillin. 
When the study protocol was developed, there was no 
breakpoint established by EUCAST; later, the committee 
recommended a breakpoint but only for UTIs (susceptible 
with increased exposure ≤16 mg/L).13 In our protocol, we 
considered isolates with MIC of 8 mg/L or lower as 
susceptible based on the breakpoint established by the 
BSAC,12 and 16 mg/L or lower for bloodstream infection 
originating from the urinary tract. We decided to use 2 g 
every 8 h based on pharmacokinetic studies,27 which is 
also the EUCAST high dosage recommendation for a 
MIC of 16 mg/L or lower in temocillin.13 The results of 
this study support these susceptibility breakpoints.

The overall median duration of active therapy in our 
trial was 9 days (6 days of intravenous therapy with study 
drugs), which is reasonable considering that this trial was 
performed before the BALANCE trial results and that 

some of our patients would have been excluded from 
BALANCE due to exclusion criteria (eg, patients who are 
neutropenic, receiving immunosuppresive therapy after 
transplantation, or have a prosthetic valve or synthetic 
endovascular graft). The BALANCE trial showed that 
7 days of antibiotic therapy was non-inferior to 14 days in 
bloodstream infection caused by different bacteria, 
including Enterobacterales.28 This finding means that 
temocillin might save an average of 5–6 days of 
carbapenem exposure per patient. Because ASTARTÉ 
was a pragmatic trial, switching to oral therapy was 
permitted after 4 days of active intravenous treatment. 
However, the availability of effective oral agents for 
3GCR-E is limited, which explains why only about a third 
of patients were transitioned to oral therapy. The results 
of the subgroup analysis, together with the fact that only a 
third of patients transitioned to oral therapy, suggest that 
the oral switch did not have a significant effect on the 
outcomes.

The number of adverse events reported was higher for 
patients assigned to temocillin than for patients assigned 
carbapenems, without significant differences in serious 
adverse events or in study drug-related adverse events 
between the groups. Also, there were more C difficile 
infections in patients assigned to temocillin than those 
assigned to carbapenems. C difficile infections being 
more frequent in the temocillin group is contradictory 
with previous reports including the results of the 
Swedish trial, in which none of the 77 patients assigned 
temocillin developed C difficile infection.19 Low C difficile 
infection rates or absence of such episodes were reported 
in previous case series and cohort studies.20–24,29

Despite empirical therapy being appropriate only in 
63% of patients, most could have received at least 
one dose of an active drug (mostly carbapenems) before 
randomisation due to the use of a rapid test for the 
detection of cephalosporin resistance, which is now 
standard practice in Spanish hospitals. In any case, 
median duration of active therapy until randomisation 
was only 2 days. Randomisation was stratified by 
appropriateness of empirical therapy and, therefore, this 
was balanced between groups. Although most patients 
receiving at least one dose of an active drug before 
randomisation could have also contributed to the overall 
low mortality rate, our pragmatic trial answers the 
question of whether temocillin can be used as target 
therapy instead of a carbapenem once a temocillin-
susceptible 3GCR-E is isolated from blood cultures. In 
any case, the results in the subgroup of patients receiving 
inappropriate empirical therapy, although limited by low 
numbers, do not suggest a differential effect.

This study has several limitations. We could not perform 
a masked trial because the control groups included 
two optional drugs with different dosing schemes. To 
mitigate the potential effect of an open design in evaluation 
of clinical cure, individual signs and symptoms included 
in this endpoint were double-checked by masked 
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investigators. Although we cannot report the number of 
patients admitted to intensive care unit  as we did not 
collect that information, median SOFA score was 2, 
indicating that no less than 50% of patients had sepsis 
(according to SEPSIS-3 criteria);30 therefore, we think the 
results would be applicable to critically ill patients. The 
overall median duration of therapy was slightly longer 
than is recommended by the most recent evidence in 
the management of bacteraemia. The most frequent 
bacteria in our study were ESBL-producing E coli and 
K pneumoniae, and, therefore, our results mostly apply to 
them; however, there is no reason to suspect that AmpC-
producing Enterobacterales would respond differently if 
they are susceptible to temocillin. Also, UTIs were 
predominant. Although subgroup analyses did not suggest 
different outcomes for other infection sources, the 
evidence is less strong. Finally, the study was performed in 
only one country, and the majority of patients were of 
western Europe ethnicity, but management of patients was 
according to standard protocols. Some strengths include 
its randomised, multicentre, and pragmatic design; the 
inclusion of patients who are immunocompromised or 
have cancer; the use of a comprehensive composite 
endpoint and DOOR analysis; high adherence to study 
protocol; and high consistency of results in all populations 
and subgroup analyses.

In conclusion, we found that temocillin is non-inferior 
to carbapenems as targeted therapy for hospitalised 
patients with bloodstream infection caused by 3GCR-E. 
These findings support the use of temocillin as an 
effective, suitable, and safe alternative to carbapenems in 
this setting.
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