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Abstract 

Background The prolonged β-lactam antibiotics infusion has been an attractive strategy in severe infections, 
because it provides a more stable free drug concentration and a longer duration of free drug concentration 
above the minimum inhibitory concentration (MIC). We conducted this systematic review of randomized clinical trials 
(RCTs) with meta-analysis and trial sequential analysis (TSA) to compare the effects of prolonged vs intermittent intra-
venous infusion of β-lactam antibiotics for patients with sepsis.

Methods This study was prospectively registered on PROSPERO database (CRD42023447692). We searched EMBASE, 
PubMed, and Cochrane Library to identify eligible studies (up to July 6, 2023). Any study meeting the inclusion 
and exclusion criteria would be included. The primary outcome was all-cause mortality within 30 days. Two authors 
independently screened studies and extracted data. When the I2 values < 50%, we used fixed-effect mode. Otherwise, 
the random effects model was used. TSA was also performed to search for the possibility of false-positive (type I error) 
or false-negative (type II error) results.

Results A total of 4355 studies were identified in our search, and nine studies with 1762 patients were finally 
included. The pooled results showed that, compared with intermittent intravenous infusion, prolonged intravenous 
infusion of beta-lactam antibiotics resulted in a significant reduction in all-cause mortality within 30 days in patients 
with sepsis (RR 0.82; 95%CI 0.70–0.96; P = 0.01; TSA-adjusted CI 0.62–1.07). However, the certainty of the evidence 
was rated as low, and the TSA results suggested that more studies were needed to further confirm our conclusion. In 
addition, it is associated with lower hospital mortality, ICU mortality, and higher clinical cure. No significant reduction 
in 90-day mortality or the emergence of resistance bacteria was detected between the two groups.

Conclusions Prolonged intravenous infusion of beta-lactam antibiotics in patients with sepsis was associated 
with short-term survival benefits and higher clinical cure. However, the TSA results suggested that more studies are 
needed to reach a definitive conclusion. In terms of long-term survival benefits, we could not show an improvement.
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Introduction
Sepsis and septic shock remain an important global 
health problem and a leading cause of death in criti-
cally ill patients worldwide [1, 2]. According to the Sur-
viving Sepsis Campaign guidelines, the empirical use of 
broad-spectrum antibiotics against all possible patho-
gens immediately is recommended [3, 4]. The β-lactam 
antibiotics have sufficient antibacterial activity against 
most Gram-positive and Gram-negative bacteria, and 
are widely used as an important component of antibiotic 
therapy for patients with sepsis [5].

To our knowledge, the bactericidal activity of β-lactam 
antibiotics is typically time-dependent, and their clinical 
effectiveness is affected by the duration of the free drug 
concentration remains above the minimum inhibitory 
concentration (MIC) of the target pathogen [6]. In clinical 
practice, β-lactam antibiotics are typically administered 
via intermittent infusion. In critically ill patients, changes 
in renal clearance, protein binding, fluid balance and dis-
tribution volume cause large pharmacokinetic variability, 
leading to high variability in free drug concentration and 
an increased risk of underexposure to antibiotics [7, 8]. 
Theoretically, prolonged infusions (extended or contin-
ues infusion) can provide a more stable free drug concen-
tration and a longer duration of free drug concentration 
above the MIC. Many previous studies have shown phar-
macological rationale and potential clinical advantages 
in favor of prolonged intravenous infusion of β-lactam 
antibiotics in critically ill patients [9]. Therefore, based 
on “moderate-quality” evidence, the latest Surviving Sep-
sis Campaign guidelines suggest a “weak” recommenda-
tion for prolonged infusion of β-lactam antibiotics for 
patients with sepsis or septic shock, rather than conven-
tional bolus infusion [10].

Prolonged infusion strategies have many advantages. 
However, compared with intermittent infusion strategies, 
prolonged infusion strategies require special infusion 
pumps and infusion bags that are costly. Moreover, some 
β-lactam antibiotics (e.g., meropenem) are not stable 
under prolonged exposure at room temperature and may 
produce and enhance degradation products that cause 
hypersensitivity reactions [11]. The true clinical benefits 
of prolonged infusion strategies are still debated. Most 
of prior studies have been limited due to low study qual-
ity. Kondo and colleagues performed a systematic review 
and meta-analysis included 13 studies showed that pro-
longed intravenous infusion of β-lactam antibiotics for 
patients with sepsis or septic shock did not reduce in-
hospital mortality compared to intermittent intravenous 
infusion [12]. Another systematic review and meta-anal-
ysis involving 22 studies reported prolonged intravenous 
infusion was associated with lower all-cause mortality 
[13]. Recently, Mirjalili and colleagues published a study 

reported prolonged intravenous infusion can significantly 
reduce hospital mortality, ICU mortality, and improve 
clinical cure [14]. However, the largest randomized clini-
cal trial (RCT) on this issue published in JAMA recently 
found prolonged intravenous infusion did not improve 
clinically relevant outcomes [15].

Based on published RCTs, we performed this sys-
tematic review of RCTs with meta-analysis and trial 
sequential analysis (TSA) to compare the clinical effi-
cacy of prolonged vs intermittent intravenous infusion of 
β-lactam antibiotics for patients with sepsis.

Methods
We performed this study following the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses 
(PRISMA statement) guidelines and using Review 
Manager (version 5.3) [16]. In addition, this study was 
prospectively registered on PROSPERO database (Regis-
tration number: CRD42023447692).

Search strategy and eligibility criteria
We searched EMBASE, PubMed, and the Cochrane 
Library from inception through to July 6, 2023. The 
search strategy was decided by our team, which the key-
words and free-text words related to sepsis, beta-lactam 
antibiotics, and drug administration schedule were used. 
The search strategy details for each database are shown in 
Additional file 1.

The inclusion criteria were as follows: (1) population: 
adult patients (≥ 18 years) diagnosed with sepsis received 
β-lactam antibiotics for infection; (2) intervention: the 
study group patients received β-lactam antibiotics by 
prolonged infusion strategy (extended or continuous); 
(3) comparison: the control group received β-lactam 
antibiotics by intermittent infusion strategy; (4) out-
come: all-cause mortality within 30 days or clinical cure 
were reported; (5) study design: RCT; and (6) language: 
published in English. The exclusion criteria were as fol-
lows: (1) study not focused on sepsis or septic shock; 
(2) the type of antibiotics was different between the two 
groups; and (3) study only reported pharmacodynamic 
or pharmacokinetic data, and neither all-cause mortality 
within 30 days nor clinical cure was available. All identi-
fied studies were evaluated by two authors (X.L and Y.L) 
independently. Any disagreements between two authors 
were resolved through discussion. In case of persistent 
disagreement, we consulted the third reviewer (Z.J) for 
arbitration.

Data extraction and outcomes
The following data were extracted by two authors (X.L 
and Y.L) in prespecified forms and checked by a third 
author (Z.J): the first author, year of publication, study 
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period, sample size (male/female), details of antibiotic 
infusion strategy (type, dose, and duration), and all 
clinical outcomes.

The primary outcome was all-cause mortality within 
30  days. If 28-day mortality or 30-day mortality was 
reported, it was used for analysis. If not, hospital mor-
tality or ICU mortality would be used. The secondary 
outcomes included clinical cure, duration of treatment, 
emergence of resistance bacteria, length of ICU stay, 
length of hospital stay, 90-day all-cause mortality, hos-
pital all-cause mortality, ICU all-cause mortality.

Statistical analysis
For binary outcomes, we reported the risk ratios (RRs) 
and 95% confidence intervals (CIs). Continuous out-
comes were pooled by calculating the mean differ-
ences (MDs) with a 95% CI. When necessary, median 
and interquartile range (IQR) were converted to means 
and standard deviation by methods described by Wan 
et  al. [17]. Heterogeneity among the included stud-
ies was assessed using the I2 statistic [18]. When the 
I2 values < 50%, we used the fixed-effect mode. Other-
wise, the random-effect model was used as appropriate. 
If the two-sided p value was less than 0.05, the results 
were considered statistically significant. We did sub-
group analyses for the primary outcome based on doses 
of antibiotic (equeal in two groups or not equal in two 
groups). We performed sensitivity analyses for the pri-
mary outcome by excluding one study without using of 
a loading dose in the prolonged infusion group. We did 
sensitivity analyses for duration of treatment, length of 
ICU stay and length of hospital stay by excluding stud-
ies that did not report the mean or standard deviation 
of these outcomes. Pubication bias was assessed by 
Funnel plots and Egger test.

Trial sequential analysis
TSA was performed to test if the meta-analysis had 
reached the required information size and to address 
potential issues in meta-analyses such as insufficient sta-
tistical power to detect intervention effects, which can 
lead to false-positive (type I error) or false-negative (type 
II error) results [19]. We used a random effects model to 
construct the cumulative Z curve. TSA was performed 
to maintain an overall 5% risk of a type I error. Based 
on previous high-quality RCTs on this topic [15, 20], we 
used an anticipated relative risk reduction (RRR) of 12.5% 
with a power of 80% to calculate the required informa-
tion size to detect or reject an intervention effect. And 
the control event rate was set as 30% according to previ-
ous review [1].

Risk of bias assessment and GRADE approach
We evaluated the risk of bias for each of these stud-
ies by the Cochrane risk of bias assessment tool, which 
included following items: the random sequence genera-
tion, allocation concealment, blinding of participants and 
personnel, blinding of outcome assessment, incomplete 
outcome data, selective reporting, and other bias [21]. In 
addition, we overall graded the evidence for each find-
ing in this study by the Grading of Recommendations 
Assessment, Development, and Evaluation (GRADE) 
tool, which classifies the body of evidence as high, mod-
erate, low, and very low four categories [22]. The above 
assessment was done independently by two authors (X.L 
and Y.L). Any disagreements were resolved by discussion, 
if no agreement could be reached, it would be decided by 
a third author (Z.J).

Results
Selection of included studies
A total of 4355 studies were identified in our search. 
According to the inclusion and exclusion criteria, only 
nine studies with 1762 patients were finally included in 
this meta-analysis [14, 15, 20, 23–28]. The process of 
study selection is presented in Fig. 1. Table 1 summarizes 
the characteristics of the included individual studies. The 
studies were published from 2006 to 2023. The number 
of participants ranged from 40 to 607. Three studies were 
multicenter studies [15, 24, 25], two were two-center 
studies [14, 20], and four were single-center studies [23, 
26–28]. The definition of sepsis or septic shock varied 

Fig. 1 Flow diagram for the identification of eligible studies
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from study to study. In most of studies, antibiotics were 
limited to just one type of β-lactam antibiotic, but 
three studies provided three types of β-lactam antibiot-
ics for doctor to choose [20, 24, 25]. The predominantly 
β-lactam antibiotic in the reviewed studies was merope-
nem, which was included in six studies [15, 20, 23–25, 
28]. For the prolonged infusion group, only one study 
adopted extended infusing strategy [14], and all other 
studies adopted continues infusion strategy. Five studies 
had a high risk of bias, four for performance bias and one 
for selection bias [20, 23, 24, 27, 28] (Fig. 2).

Mortality
All studies provided data for all-cause mortality within 
30 days at different endpoints (one reported 30-day mor-
tality, one reported 28-day mortality, six reported hos-
pital mortality, one reported ICU mortality). Overall, 
mortality in the prolonged group and the intermittent 
group were 23.5% (206 of 877 patients) and 28.7% (254 
of 885 patients), respectively. The pooled results showed 
that the prolonged intravenous infusion of β-lactam 
antibiotics for patients with sepsis could significantly 
decrease in all-cause mortality within 30 days compared 
with intermittent intravenous infusion (RR 0.82; 95%CI 
0.70–0.96; P = 0.01; Fig.  3a). No significant heterogene-
ity among studies was not detected (I2 = 0%; P = 0.66; 
Fig.  3a). No significant publication bias was detected 
by funnel plots and Egger test(P = 0.086; see Additional 
file  2). TSA result showed that the required informa-
tion size was 4514. The cumulative Z-curve crossed 
conventional test boundary; however, it did not cross 
Alpha-spending boundary, nor did it reach the required 

information size (Fig.  4). Due to the accrued informa-
tion size was too small compared to the required infor-
mation size, the TSA-adjusted CI becomes wider than 
the traditional 95% CI (TSA-adjusted CI 0.62–1.07). It is 
suggested that the result may have the possibility of false 
positive and more studies are required.

The pooled results showed that the prolonged intra-
venous infusion of β-lactam antibiotics for patients with 
sepsis could also significantly decrease in hospital mor-
tality [14, 23–27] (RR 0.76; 95% CI 0.60–0.96; P = 0.02; 
I2 = 0%; 965 participants, six studies, Fig.  3b) and ICU 
mortality [14, 20, 23–25, 28] (RR 0.74; 95% CI 0.57–0.95; 
P = 0.02; I2 = 0%; 1058 participants, six studies, Fig.  3c) 
compared with intermittent intravenous infusion. How-
ever, only two studies reported 90-day mortality and 
the result showed no significant difference between the 
two groups [15, 25] (RR 0.98; 95% CI 0.84–1.15; P = 0.82; 
I2 = 0%; 1039 participants, Fig. 3d).

Clinical cure and duration of treatment
Seven studies involving 1115 patients reported the clini-
cal cure [14, 20, 23–25, 27, 28]. The clinical cure was 
mainly defined as complete disappearance of all signs and 
symptoms related to infection. In four studies [14, 23, 27, 
28], the time for evaluation was at completion of treat-
ment. However, in the other three studies, one was at 
7–14 days after study drug cessation [24], and two was at 
14 days [20, 25]. The result indicated that the prolonged 
infusion strategy could significantly improve clinical cure 
(RR 1.26; 95% CI 1.11–1.43; P = 0.0005; I2 = 32%; Fig. 3e). 
Data of duration of treatment were available in six studies 
involving 1505 patients [14, 15, 23, 25, 26, 28]. The result 
indicated that the prolonged infusion strategy was not 
associated with shorter duration of treatment compared 
with the intermittent infusion strategy (MD -0.39; 95% CI 
-1.04–0.27; P = 0.24; I2 = 55%; Fig. 5a).

Length of ICU stay and length of hospital stay
Seven studies involving 1582 patients reported the length 
of ICU stay [14, 15, 23–25, 27, 28] and five studies involv-
ing 1472 patients reported the length of hospital stay 
[14, 15, 23, 25, 27]. The pooled results showed that the 
prolonged infusion strategy did not shorten the length 
of ICU stay (MD -0.01; 95% CI -0.85–0.82; P = 0.97; 
 I2 = 35%; Fig. 5b), nor did it shorten the length of hospi-
tal stay (MD 1.05; 95% CI -0.65–2.76; P = 0.23;  I2 = 35%; 
Fig. 5c).

Emergence of resistance bacteria
Only two studies had available data on emergence of 
resistance bacteria [15, 23]. In the study conducted 
by Chytra et  al. [23], the time frame for assessing the 
emergence of resistant bacteria was from treatment Fig. 2 a Risk of bias graph; b Risk of bias summary graph
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initiation to the end of therapy. In the study conducted 
by Monti et al. [15], the emergence of resistant bacteria 
was assessed at 28 days after randomization. There were 
70 patients (18.2%) who were detected with resistance 
bacteria among 384 patients in the prolonged infusion 

group and 74 patients (19.4%) who were detected with 
resistance bacteria among 382 patients in the intermit-
tent infusion group. No significant difference was found 
(RR 0.92; 95% CI 0.69–1.23; P = 0.58;  I2 = 0%; Fig. 3f ).

Fig. 3 Forest plot of comparison: prolonged infusion group vs intermittent infusion group. a All-causes mortality within 30 days; b Hospital 
mortality; c ICU mortality; d 90-day mortality; e Clinical cure; f Emergence of resistance bacteria
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Subgroup analyses and sensitivity analyses
From the subgroup analyses of the primary outcome, 
we found that when the total daily antibiotic dose was 
consistent between the two groups, the prolonged infu-
sion strategy was superior to the intermittent infusion 
strategy [14, 15, 20, 25, 27, 28] (RR 0.84; 95% CI 0.71–
0.99; P = 0.04; I2 = 3%; Additional file  3a). However, 
when the total daily antibiotic dose was inconsistent 
between the two groups, there was no significant dif-
ference [23, 26] (RR 0.76; 95% CI 0.49–1.20; P = 0.25; 
I2 = 0%; Additional file  3b). We conducted sensitivity 
analyses for primary outcome by excluding one study 
without using of a loading dose in the prolonged infu-
sion group [24], and the conclusion was consistent with 
the main analysis (RR 0.83; 95% CI 0.71–0.97; P = 0.02; 
I2 = 0%; Additional file 3c). The conclusions of sensitiv-
ity analyses for duration of treatment (MD − 0.29; 95% 
CI −  1.16–0.58; P = 0.51;  I2 = 0%; Additional file  3d), 
length of ICU stay (MD 0.53; 95% CI −  2.58–3.63; 
P = 0.74;  I2 = 21%; Additional file 3e) and length of hos-
pital stay (MD −  0.03; 95% CI −  3.54–3.47; P = 0.98; 
 I2 = 47%; Additional file  3f ) were also consistent with 
the main analyses.

Certainty of the evidence
Due to the definition of sepsis or septic shock existed 
inconsistency among studies, we downgraded the qual-
ity of evidence for all results by one level. For the pri-
mary outcome, if 28-day mortality or 30-day mortality 
was not reported, we used hospital mortality or ICU 
mortality for analysis. Therefore, we downgraded the 
quality of evidence by one level due to indirectness. 
For the length of ICU stay, length of hospital stay, and 
duration of treatment, data from some studies were 
expressed in terms of median and IQR. Therefore, we 
downgraded the quality of evidence for these results 
by one level due to imprecision. Although the risk of 
bias was existed in some studies, most information is 
from studies at low or unclear risk of bias. In addition, 
we thought potential limitations are unlikely to lower 
confidence in the estimate of effect. Therefore, the final 
assessment of risk of bias was not serious and we did 
not downgrade the certainty of the evidence in the 
GRADE assessment due to the risk of bias. Finally, the 
certainty of the evidence of the primary outcome, the 
length of ICU stay, the length of hospital stay, and dura-
tion of treatment was rated as low, and the certainty of 

Fig. 4 Trial sequential analysis. The cumulative Z-curve (complete blue line) was constructed using a random effect model. Etched red line shows 
conventional test boundary. Complete red line represents the trial sequential monitoring boundary. A diversity-adjusted information size of 4514 
patients were calculated based on using alfa = 0.05 (two sided), beta = 0.20 (power 80%), an anticipated relative risk reduction (RRR) of 12.5%, 
and a control event rate of 30.0%. The cumulative Z-curve crossed conventional test boundary; however, it did not cross Alpha-spending boundary, 
nor did it reach the required information size
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the evidence of other outcomes was rated as moderate 
(Table 2).

Discussion
This meta-analysis showed that, compared with intermit-
tent intravenous infusion, prolonged intravenous infu-
sion of beta-lactam antibiotics resulted in a significant 
reduction in all-cause mortality within 30 days in patients 
with sepsis. However, the certainty of the evidence was 
rated as low, and the TSA results suggested that more 
studies were needed to further confirm our conclusion. 
In addition, it is associated with lower hospital mortal-
ity, ICU mortality, and higher clinical cure. No signifi-
cant reduction in 90-day mortality or the emergence of 
resistance bacteria was detected between the two groups, 
which may be due to fewer studies providing data on 
90-day mortality and emergence of resistance bacteria.

We updated systematic review and meta-analysis on 
this issue with the addition of two recently published 
high-quality RCTs [14, 15]. To avoid the obvious het-
erogeneity caused by the large difference of the study 

population, we only included studies focusing on sepsis 
or septic shock. The results of this study are consistent 
with most previous similar studies showing that pro-
longed intravenous infusion of beta-lactam antibiot-
ics in patients with severe infection are associated with 
improved clinical outcomes [12, 13, 29–31]. In a meta-
analysis of individual patient data from RCTs, it seemed 
that patients with an Acute Physiology and Chronic 
Health Evaluation II (APACHE II) score of 22 or higher 
benefited more from prolonged infusion than patients 
with an APACHE II score of less than 22, including hos-
pital mortality, ICU mortality, and clinical cure [31]. This 
can be explained by the fact that the more severe the 
disease, the more obvious changes in pharmacokinetic/
pharmacodynamic parameters are due to various rea-
sons [32, 33]. In addition, in theory, prolonged infusion 
is more likely to achieve pharmacokinetic/pharmacody-
namic targets than intermittent infusion [8].

Unfortunately, because some related data were not 
available, we were not able to further validate these 
results with subgroup analyses based on disease severity 

Fig. 5 Forest plot of comparison: prolonged infusion group vs intermittent infusion group. a Duration of treatment; b The length of ICU stays, c The 
length of hospital stays
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scores, such as APACHE II scores and Sequential Organ 
Failure Assessment (SOFA) scores.

The conclusion of our study appears to be inconsistent 
with those of the Continuous Infusion vs Intermittent 
Administration of Meropenem in Critically Ill Patients 
(MERCY) trial [15], the biggest RCT on this issue to 
date. In the MERCY trial, 91 of 303 patients (30%) in the 
continuous administration group died within 28  days, 
compared with 99 of 304 patients (33%) in the intermit-
tent administration group. Although no significant dif-
ference was found between two groups (RR 0.92; 95% CI 
0.73–1.17; P = 0.50), the absolute 28-day mortality in the 
continuous administration group was lower than that in 
the intermittent administration group. Thus, adding data 
from the MERCY trial to our meta-analysis would sup-
port rather than refute the previously reported mortality 
benefits [34]. Currently, many studies have shown short-
term survival benefits with prolonged infusion, but only 
two studies have reported 90-day mortality and found 

no long-term survival benefits [15, 25]. In the study con-
ducted by Monti et al., the 90-day mortality was 42% in 
both groups, while in the study of Dulhunty et  al., the 
90-day mortality were 26% in the continuous group and 
28% in the intermittent group, which was significantly 
lower than the results of Monti et al. This may be due to 
differences in the definition of sepsis and disease sever-
ity between studies. In our study, the 90-day mortality 
was 35.5% (183 of 515 patients) in the prolonged infu-
sion group and 36.1% (189 of 524 patients) in the inter-
mittent infusion group. No significant difference was 
found between two groups (RR 0.98; 95% CI 0.84–1.15; 
P = 0.82), which is consistent with previous RCTs. The 
ongoing study aimed at comparing the effects of con-
tinuous infusion of β-lactam antibiotics (piperacillin–
tazobactam or meropenem) vs intermittent infusion on 
90-day mortality in critically ill patients with sepsis will 
shed light on long-term survival benefits [35].

Table 2 Summary of findings table

GRADE Working Group grades of evidence

High certainty: we are very confident that the true effect lies close to that of the estimate of the effect

Moderate certainty: we are moderately confident in the effect estimate: the true effect is likely to be close to the estimate of the effect, but there is a possibility that it 
is substantially different

Low certainty: our confidence in the effect estimate is limited: the true effect may be substantially different from the estimate of the effect

Very low certainty: we have very little confidence in the effect estimate: the true effect is likely to be substantially different from the estimate of effect
* The risk in the intervention group (and its 95% confidence interval) is based on the assumed risk in the comparison group and the relative effect of the intervention 
(and its 95% CI)

CI confidence interval; RR risk ratio; MD mean difference; ICU intensive care unit
a Downgraded the quality of evidence one level for inconsistency
b Downgraded the quality of evidence one level for indirectness
c Downgraded the quality of evidence one level for imprecision

Outcomes Anticipated absolute effects* (95% CI) Relative effect (95% CI) No. of 
participants 
(studies)

Certainty of 
the evidence 
(GRADE)Risk with 

intermittent 
infusion

Risk with Prolonged infusion

All-cause mortality within 30 days 287 per 1,000 235 per 1000 (201 to 276) RR 0.82 (0.70 to 0.96) 1762 (9 RCTs) ⨁⨁◯◯ Low a,b

Hospital mortality 249 per 1,000 189 per 1000 (149 to 239) RR 0.76 (0.60 to 0.96) 965 (6 RCTs) ⨁⨁⨁◯ Moder-
ate a

ICU mortality 216 per 1,000 160 per 1000 (123 to 205) RR 0.74 (0.57 to 0.95) 1058 (6 RCTs) ⨁⨁⨁◯ Moder-
ate a

90-day mortality 361 per 1,000 353 per 1000 (303 to 415) RR 0.98 (0.84 to 1.15) 1039 (2 RCTs) ⨁⨁⨁◯ Moder-
ate a

Clinical cure 396 per 1,000 499 per 1000(439 to 566) RR 1.26 (1.11 to 1.43) 1115 (7 RCTs) ⨁⨁⨁◯ Moder-
ate a

Emergence of resistance 194 per 1,000 178 per 1000 (134 to 238) RR 0.92 (0.69 to 1.23) 766 (2 RCTs) ⨁⨁⨁◯ Moder-
ate a

Duration of treatment MD 0.39 lower (1.04 lower to 0.27 
higher)

1505 (6 RCTs) ⨁⨁◯◯ Low a,c

Length of ICU stay MD 0.01 lower (0.85 lower to 0.82 
higher)

1582 (7 RCTs) ⨁⨁◯◯ Low a,c

Length of hospital stay MD 1.05 higher (0.65 lower 
to 2.76 higher)

1472 (5 RCTs) ⨁⨁◯◯ Low a,c
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The β-lactam antibiotics are the most commonly used 
antibacterial agents, accounting for more than half of 
global antibiotic use. However, with the emergence of 
β-lactam resistant bacteria, the clinical therapeutic 
application of β-lactam antibiotics is threatened [5]. 
Prevention of resistance is also an important goal in our 
treatment process [36]. In critically ill patients, unpre-
dictable pharmacokinetics are often caused by organ 
perfusion changes and dysfunction, which often results 
in inadequate antibiotic exposure, potentially reduc-
ing efficacy and promoting the emergence of resist-
ance bacteria [7, 37]. In general, prolonged infusion of 
β-lactam antibiotics can provide stable serum levels, 
improve their efficacy, and to some extent decrease 
the emergence of antimicrobial resistance. Our study 
shows that the prolonged intravenous infusion strategy 
can significantly improve clinical cure, but do not with 
significantly reduce the emergence of resistance bacte-
ria. Only two studies reported the emergence of resist-
ant bacteria in this meta-analysis [15, 23]. However, the 
incidence of resistant bacteria was significant differ-
ence. That may be due to the time frame for assessing 
the emergence of resistant bacteria and the definition 
of emergence of resistant bacteria existed difference 
between studies. More studies and uniform evaluation 
criteria are required to test whether prolonged intra-
venous infusion strategy could decrease the emergence 
of antimicrobial resistance. According to the subgroup 
analysis, we found that although the total dose of anti-
biotics in the intermittent infusion group was higher 
than that in the prolonged infusion group, it did not 
reduce mortality (RR 0.76; 95% CI 0.49–1.20; P = 0.25), 
suggesting that prolonged infusion may avoid unneces-
sary excessive antibiotic exposure.

Notwithstanding the TSA results suggested that 
more studies were needed to further confirm our con-
clusion, clinical practice may favor prolonged infusion 
strategies given the ongoing possibility of benefit and 
absence of harm. For future research, we have the fol-
lowing considerations: first, we should combine phar-
macokinetic and pharmacodynamic results with clinical 
outcomes, which can further elucidate the potential 
mechanism of the influence of different infusion strat-
egies on clinical outcomes; second, subgroup analyses 
should be performed based on the disease severity, 
which may identify which populations are likely to ben-
efit more from prolonged infusion strategies; and third, 
a cost-effectiveness analysis is necessary, which is also 
an important aspect we need to consider when choos-
ing different infusion strategies.

Our meta-analysis has several limitations. The main 
limitation was the inconsistent of definition of sepsis 
in the included studies. Therefore, we downgraded the 

quality of evidence for all results by one level. Second, to 
avoid the obvious heterogeneity caused by the large dif-
ference of the study population, we only included studies 
focusing on sepsis or septic shock. The results applied to 
other situations should be cautious. Third, due to limited 
data, we did note perform subgroup analysis by sever-
ity of disease, types of antibiotics, etc. Finally, long-term 
survival benefits require additional studies to further 
evaluate.

Conclusions
Prolonged intravenous infusion of beta-lactam anti-
biotics in patients with sepsis was associated with 
short-term survival benefits and higher clinical cure. 
However, the TSA results suggested more studies are 
needed to reach a definitive conclusion. In terms of 
long-term survival benefits, we could not show an 
improvement.
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