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Abstract 

Background To perform a systematic review with meta-analysis with the dual intent of assessing the impact 
of attaining aggressive vs. conservative beta-lactams PK/PD target on the clinical efficacy for treating Gram-negative 
infections in critical patients, and of identifying predictive factors of failure in attaining aggressive PK/PD targets.

Methods Two authors independently searched PubMed-MEDLINE and Scopus database from inception to 23rd 
December 2023, to retrieve studies comparing the impact of attaining aggressive vs. conservative PK/PD targets 
on clinical efficacy of beta-lactams. Independent predictive factors of failure in attaining aggressive PK/PD targets 
were also assessed. Aggressive PK/PD target was considered a100%fT>4xMIC, and clinical cure rate was selected as pri-
mary outcome. Meta-analysis was performed by pooling odds ratios (ORs) extrapolated from studies providing adjust-
ment for confounders using a random-effects model with inverse variance method.

Results A total of 20,364 articles were screened, and 21 observational studies were included in the meta-analysis 
(N = 4833; 2193 aggressive vs. 2640 conservative PK/PD target). Attaining aggressive PK/PD target was significantly 
associated with higher clinical cure rate (OR 1.69; 95% CI 1.15–2.49) and lower risk of beta-lactam resistance develop-
ment (OR 0.06; 95% CI 0.01–0.29). Male gender, body mass index > 30 kg/m2, augmented renal clearance and MIC 
above the clinical breakpoint emerged as significant independent predictors of failure in attaining aggressive PK/PD 
targets, whereas prolonged/continuous infusion administration of beta-lactams resulted as protective factor. The risk 
of bias was moderate in 19 studies and severe in the other 2.

Conclusions Attaining aggressive beta-lactams PK/PD targets provided significant clinical benefits in critical patients. 
Our analysis could be useful to stratify patients at high-risk of failure in attaining aggressive PK/PD targets.
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Background
Sepsis and septic shock are two leading causes of 
patient’s admission in the intensive care unit (ICU) 
worldwide, and may cause remarkable morbidity and 
mortality [1]. Beta-lactams are considered mainstay of 
empirical and targeted therapy of septic patients, since 
they adequately cover the vast majority of Gram-nega-
tive bacteria responsible for these cases [2, 3].

Beta-lactams are time-dependent antibiotics whose 
efficacy depends on the time that the free (f) concen-
trations are maintained above the minimum inhibi-
tory concentration (MIC;  T>MIC) of the pathogen [4]. 
A conservative PK/PD target of 40–100% fT>MIC was 
traditionally considered as sufficient for granting clini-
cal efficacy [4]. However, recent preclinical and clinical 
studies showed that aggressive PK/PD targets defined 
as 100% fT>4x MIC were associated with better microbio-
logical eradication rates and less propensity of resist-
ance occurrence compared to the conservative ones 
[5–7].

Consequently, this is progressively leading to a para-
digm shift in the theoretical principles for optimizing 
treatment with beta-lactams [8], even if this issue is still a 
matter of debate [9].

Attaining aggressive PK/PD target of beta-lactams was 
shown to be more probable when adopting prolonged/
continuous infusion administration and/or a thera-
peutic drug monitoring (TDM)-guided dosing adapta-
tive approach [10, 11]. However, regardless of applying 
this, failure rate in attaining aggressive PK/PD target of 
beta-lactams may still be remarkable in the critically ill 
patients due to pathophysiological features causing wide 
inter- and intra- individual pharmacokinetic variability 
[12].

Based on this, we performed a systematic review with 
meta-analysis with the dual intent of assessing the impact 
of attaining aggressive vs. conservative PK/PD target in 
the clinical efficacy of beta-lactams for the treatment of 
Gram-negative infections among the critically ill patients, 
and of identifying the patient’s conditions associated with 
failure in attaining aggressive PK/PD targets.

Methods
A systematic review and meta-analysis was carried out 
for: (a) assessing the impact of attaining aggressive vs. 
conservative PK/PD target on the clinical efficacy of 
beta-lactams for the treatment of Gram-negative infec-
tions among the critically ill patients; (b) identifying the 
patient’s conditions associated with failure in attaining 
aggressive PK/PD targets.

The meta-analysis was registered in the PROSPERO 
database (CRD42023494380) and conducted according 

to the Preferred Reporting Items for Systematic Review 
and Meta-Analyses (PRISMA) guideline [13].

PICO 1 question
Population: critically ill patients with documented 
or suspected Gram-negative infections treated with 
beta-lactams
Intervention: attainment of aggressive beta-lactam PK/

PD targets
Comparator: attainment of conservative beta-lactam 

PK/PD targets
Outcome: clinical efficacy (i.e., clinical and microbio-

logical outcome)

PECO 2 question
Population: critically ill patients with documented 
or suspected Gram-negative infections treated with 
beta-lactams
Exposure: risk factors associated with failure in attain-

ing aggressive beta-lactam PK/PD targets
Comparator: no risk factor associated with failure in 

attaining aggressive beta-lactam PK/PD targets
Outcome: attainment of aggressive PK/PD targets for 

beta-lactams in critically ill patients having specific risk 
factors assessed

Search strategy
PubMed-MEDLINE and Scopus database were inde-
pendently searched by two authors (MG and PGC) from 
inception to 23 December 2023, by means of a specific 
search string: (“beta-lactam” OR “beta-lactams” OR 
“piperacillin” OR “ceftazidime” OR “cefepime” OR “mero-
penem” OR “imipenem”) AND (“predictor” OR “risk 
factor” OR “underexposure” OR “target attainment” OR 
“pharmacokinetic/pharmacodynamics” OR “PK/PD” OR 
“therapeutic drug monitoring” OR “drug monitoring” 
OR “therapeutic monitoring” OR “TDM”). No language 
limitation was established. Two authors (MG and PGC) 
independently assessed retrieved records for duplicate 
removal. Reference lists of included studies were also 
screened for identifying potential articles fulfilling inclu-
sion criteria.

Study selection
Selected studies included randomized controlled trials 
(RCTs) and/or observational studies assessing the impact 
of attaining aggressive vs. conservative PK/PD targets on 
clinical efficacy of beta-lactams in the treatment of criti-
cally ill patients with documented or suspected Gram-
negative infections and/or the risk factors associated 
with failure in attaining aggressive PK/PD targets. The 
PK/PD target of beta-lactam was considered aggres-
sive whenever the reported free beta-lactam trough 
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 (Cmin) or steady-state concentrations  (Css) to MIC ratio 
was > 4 (equivalent to 100%fT> 4xMIC), in agreement with 
both preclinical/clinical studies and international guid-
ance [4, 14]. In studies assessing beta-lactam/beta lacta-
mase inhibitor combinations (BL/BLIc), the definition of 
aggressive PK/PD target attainment was based on a joint 
PK/PD target attainment of both the BL and the BLI, in 
agreement with previous studies [15].

Exclusion criteria were the lack of quantitative data for 
the different selected outcomes, of comparator group, or 
of analysis providing adjustment for confounders. Case 
series, case reports, and conference abstracts were also 
excluded.

Clinical cure was selected as the primary outcome for 
dealing with PICO 1 question. Microbiological failure, 
resistance development, mortality rate, and survival rate 
were assessed as the secondary outcomes.

Studies assessing potential predictors independently 
associated with failure in attaining aggressive beta-lac-
tam PK/PD target after adjustment for confounders were 
included for dealing with PECO 2 question. Risk factors 
were categorized into four categories, namely demo-
graphics/clinical characteristics of the patients, patho-
physiological alterations, beta-lactam PK features, and 
beta-lactam PD features in terms of isolated pathogens 
and susceptibility, according to the principles of the so-
called “antimicrobial therapy puzzle” [16].

Screening of titles and abstracts of retrieved records 
was independently performed by two authors (MG and 
PGC). Potential discrepancies were resolved by means of 
discussion between the two authors.

Data extraction
Relevant data were independently extracted by two 
authors (MG and PGC) from each of the included stud-
ies. Specifically, the following information were retrieved: 
study author and year of publication, study characteris-
tics (study design, country), funding sources, demograph-
ics and clinical features of patients, site of infections, 
Gram-negative clinical isolates, type of beta-lactam and 
administration mode, outcome data.

In the eventuality that unclear and/or missing data 
were found in the included studies, the corresponding 
authors would have been contacted for clarification.

Risk of bias assessment
Risk of bias for included studies was independently inves-
tigated by two authors (MG and PGC) according to the 
Cochrane Risk of Bias Tool (RoB 2.0) [17] and the Risk Of 
Bias In Non-randomized Studies of Interventions (ROB-
INS-I) [18] for RCTs and observational studies, respec-
tively. Any disagreement was discussed with a third 
reviewer (FP).

Data synthesis
For PICO 1, the impact of attaining aggressive vs. con-
servative beta-lactam PK/PD target on the primary and 
secondary outcomes of beta-lactam efficacy in the treat-
ment of critically ill patients having Gram-negative infec-
tions was meta-analyzed by pooling the adjusted odds 
ratios (aORs) deriving from propensity score, matched 
cohorts, or multivariate logistic regression analyses 
extrapolated from the included studies, after providing 
adjustment for confounders.

For PECO 2, the patient’s conditions potentially associ-
ated with failure in attaining aggressive PK/PD targets of 
beta-lactams were meta-analyzed by pooling the aORs of 
independent risk factors of failure in attaining aggressive 
PK/PD targets extrapolated from the included studies 
providing multivariate logistic regression analyses. Only 
those risk factors having aOR and 95% confidence inter-
val (CI) reported in at least two studies were included.

Treatment effects were calculated as OR with 95% CI 
for dichotomous data, by using a random-effect model 
with inverse variance method. Statistical significance was 
assessed by using a Z-test, and p values < 0.05 were con-
sidered statistically significant.

A predictive risk score of failure in attaining aggressive 
beta-lactam PK/PD targets in critically ill patients was 
developed by assigning to each of the meta-analyzed risk 
factor showing statistical significance a point value cor-
responding to the natural log of the estimate rounded 
to the nearest integer, as previously reported [19]. Posi-
tive point values were considered as increasing the risk, 
whereas the negative ones were considered as being pro-
tective against the risk. The specific patient’s individual 
total score may be obtained by summing the single point 
score of each of the significant variable.

Statistical heterogeneity among studies was assessed by 
χ2 test (p < 0.10 indicated significant heterogeneity) and 
I2 (> 50% indicated substantial heterogeneity). Publica-
tion bias was assessed by visual inspection of the funnel 
plot and Egger’s test. Sensitivity analysis was conducted 
according to the risk of bias, by excluding studies at high 
or serious/critical risk of bias.

Statistical analysis was performed by means of Med-
Calc for Windows (MedCalc statistical software, version 
19.6.1, Ostend, Belgium).

Results
Literature search
A total of 20,364 potential studies were retrieved, 
and 20,326 out of these were excluded after search-
ing for duplicates and after initial screening of titles 
and abstracts. Overall, 38 full-text articles were con-
sidered potentially eligible, and 21 out of these met the 
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final inclusion criteria [the remaining 17 were excluded 
because of lack of adjusted outcome data (ten studies); 
assessing only conservative beta-lactam PK/PD targets 
(six studies), or assessing only TDM-guided approach 
(one study)] (Additional file 2: Fig. 1).

Features of the included studies
The 21 observational studies included had a design 
that was prospective in 9 cases and retrospective in the 
other 12 (Table 1) [6, 7, 15, 20–37]. Five were multicen-
tric [22, 25, 32, 35, 36]. Overall, a total of 4833 patients 
was enrolled (2193 attaining aggressive beta-lactam PK/
PD targets vs. 2640 attaining conservative PK/PD tar-
gets). Since the patients extrapolated from two studies 
[21, 22] were meta-analyzed both in PICO 1 and PECO 
2, the total number of included patients resulted of 2296 
in PICO 1 and 2763 in PECO 2. Fourteen studies were 
conducted in Europe, three in the USA, and two each in 
Australia and Asia.

Median and/or mean age ranged from 52 to 69 years, 
with a male preponderance (ranging from 55 to 81%) 
in all but one study. Meropenem (in 17/21 studies) and 
piperacillin/tazobactam (in 16/21 studies) were the two 
most frequently used beta-lactams. Beta-lactams were 
administered by continuous infusion (CI) in 11/21 stud-
ies, by prolonged infusion in 3/21 studies and by inter-
mittent infusion in 7/21 studies. The beta-lactam dosing 
regimens adopted in the different studies are reported in 
the Additional file  1: Table  1. Hospital-acquired pneu-
monia (HAP) and/or ventilator-associated pneumonia 
(VAP) accounted for most of the infection types (13/21 
studies).

The aggressive beta-lactam PK/PD target selected in 
the different studies was a 100%fT>4x MIC and/or  Css or 
 Cmin/MIC ratio > 4 in 18/21 studies [6, 15, 20–24, 26–36], 
and a 100%fT>5x MIC and/or  Css or  Cmin/MIC ratio > 5 in 
3/21 studies [7, 25, 37]. Joint PK/PD target was assessed 
in three studies evaluating BL/BLIc (namely piperacil-
lin-tazobactam, ceftazidime-avibactam, and merope-
nem-vaborbactam) [15, 28, 29]. In 11/21 studies, the 
assessment of aggressive PK/PD target attainment of 
beta-lactams was assessed first within 72 h from starting 
treatment.

Impact of attaining aggressive vs. conservative PK/PD 
targets on the clinical efficacy of beta‑lactams
A summary of outcome definition for each included 
study is reported in Table 2.

Results of meta-analysis for the primary and the sec-
ondary outcomes are summarized in Table 3.

Eight studies (1873 patients) provided data for assess-
ing clinical cure in critically ill patients treated with beta-
lactams [6, 20–22, 24–27]. Overall, attaining aggressive 

PK/PD targets was significantly associated with higher 
clinical cure rate (OR 1.69; 95% CI 1.15–2.49; p = 0.007; 
Fig.  1a). The degree of heterogeneity was substantial 
(I2 = 73.8%; p = 0.004), and no evidence of publication 
bias was found (p = 0.10).

Three studies (217 patients) provided data for assessing 
microbiological outcome [7, 28, 29]. Overall, failure in 
attaining aggressive beta-lactam PK/PD targets was sig-
nificantly associated with higher risk of microbiological 
failure (OR 26.08; 95% CI 8.72–77.95; p < 0.001; Fig. 1b). 
Substantial heterogeneity (I2 = 0.0%) and publication bias 
(p = 0.73) were not reported.

Three studies (365 patients) provided data for assess-
ing beta-lactam resistance occurrence [7, 23, 29]. Overall, 
attaining aggressive PK/PD targets was significantly asso-
ciated with lower risk of beta-lactam resistance devel-
opment (OR 0.06; 95%CI 0.01–0.29; p < 0.001; Fig.  1c). 
A substantial degree of heterogeneity was observed 
(I2 = 69.7%; p = 0.04), and no evidence of publication bias 
was found (p = 0.62).

Mortality and survival rate were assessable based on 
two [6, 23] and three studies [22, 25, 27], respectively, 
accounting for a total of 419 and 1,072 included critically 
ill patients, respectively. Overall, attaining aggressive PK/
PD targets was not significantly associated neither with 
lower risk of mortality rate (OR 0.82; 95% CI 0.36–1.85; 
p = 0.63; Fig. 1d), nor with higher survival rate (OR 1.15; 
95% CI 0.50–2.66; p = 0.75; Additional file 3: Fig. 2).

Predictors of failure in attaining aggressive PK/PD targets 
of beta‑lactams
Nine risk factors belonging to the four predefined cate-
gories met the inclusion criteria of being investigated in 
at least two studies and were meta-analyzed as potential 
predictors (Table 4).

Five out of these resulted significantly associated with 
attaining aggressive PK/PD targets of beta-lactams, 
four by increasing the risk, and one as being protec-
tive against the risk. Specifically, male gender (N = 3; 
OR 0.34; 95% CI 0.25–0.48; I2 = 0.0%; Additional file 4: 
Fig.  3), body mass index (BMI) > 30  kg/m2 (N = 3; OR 
0.92; 95% CI 0.85–0.99; I2 = 0.0%; Additional file  5: 
Fig.  4), augmented renal clearance (ARC) (N = 2; OR 
9.02; 95% CI 2.97–27.39; I2 = 0.0%; Additional file  6: 
Fig.  5), and MIC values above the clinical breakpoint 
(N = 2; OR 18.47; 95% CI 1.22–278.86; I2 = 71.5%; Addi-
tional file 7: Fig. 6) emerged as significant independent 
predictors of failure in attaining aggressive beta-lac-
tams PK/PD targets. Conversely prolonged/continuous 
infusion administration of beta-lactams resulted sig-
nificantly protective against this risk (N = 2; OR 7.54; 
95% CI 4.49–12.68; I2 = 0.0%; Additional file  8: Fig.  7). 
No significant publication bias emerged for any of the 



Page 5 of 18Gatti et al. Critical Care          (2024) 28:123  

investigated predictors. Point assignment to these five 
independent predictors based on the natural log of the 
estimate resulted in a predictive risk score ranging from 
− 2 to 6 (Fig. 2).

Sensitivity analysis
After excluding studies at serious/critical risk of bias, 
aggressive beta-lactams PK/PD target attainment 
resulted still associated with higher clinical cure rate 
(N = 6; OR 1.64; 95% CI 1.21–2.24), and the heterogeneity 
consistently decreased in comparison with the primary 
analysis (I2 = 20.2%; p = 0.28). No significant difference in 
secondary outcomes for PICO 1 emerged in comparison 
with the primary analysis.

Since none of the studies included in the primary anal-
ysis for PECO 2 showed a serious/critical risk of bias, no 
difference emerged in the sensitivity analysis.

Quality of the included studies
The risk of bias in at least one domain was serious in 
2/21 studies (bias in measurement of outcome was 
mostly reported), and moderate 19/21 (Additional file 1: 
Table 2).

Discussion
To the best of our knowledge, this is the first study that 
meta-analyzed the clinical impact of attaining aggressive 
vs. conservative PK/PD target on the clinical efficacy of 
beta-lactams for the treatment of Gram-negative infec-
tions in the critically ill patients. Notably, attainment of 
aggressive PK/PD target of beta-lactams was significantly 
associated with both better clinical cure rate and lower 
risk of resistance development, whereas non-attainment 
significantly increased the risk of microbiological failure, 
although no clinical impact on mortality and/or survival 
rate emerged.

Indeed, the topic of which PK/PD target threshold 
could be the best for maximizing beta-lactam efficacy in 
the treatment of Gram-negative infections in the criti-
cally ill patients is a matter of ongoing debate [9]. Impor-
tantly, previous preclinical studies showed that PK/PD 
target attainment of  Cmin/MIC ratios ranging between 3.8 
and 6.2 with beta-lactams was effective in preventing the 
emergenge of breakthrough resistance to beta-lactams 
among Gram-negatives [38]. This represented a first 
rationale for starting the adoption of an aggressive PK/
PD target of 100%fT>4x MIC in clinical practice, as recently 
reported by several studies [6, 28, 29]. Scheduled tim-
ing for assessing aggressive PK/PD target attainment of 

Fig. 1 Forest plots of aOR showing clinical cure rate (a), microbiological failure rate (b), resistance occurrence (c), and mortality rate (d) in critically ill 
patients attaining aggressive vs. conservative PK/PD targets of beta-lactams
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Table 3 Results of meta-analysis for primary and secondary outcomes of attaining aggressive vs. conservative PK/PD targets of beta-
lactams in critically ill patients

CI confidence interval, Css steady-state concentration, MIC minimum inhibitory concentration, NA not applicable, PK/PD pharmacokinetic/pharmacodynamic

Outcome Studies PK/PD target assessed No. of patients 
(Aggressive vs. 
conservative PK/PD 
targets)

Odds ratio (95% CI) Heterogeneity 
(I2; p value)

Publication bias (p 
value Egger’s test)

Clinical cure 8 100%fT>4–5 x MIC
fCss/MIC > 4–5

701 vs. 1172 1.69
(1.15–2.49)
p = 0.007

73.8%
p = 0.004

0.10

Microbiological failure 3 fCss/MIC < 4–5 175 vs. 42 26.08
(8.72–77.95)
p < 0.001

0.0%
p = 0.66

0.73

Resistance occurrence 3 100%fT>4–5 x MIC
fCss/MIC > 4–5

269 vs. 96 0.06
(0.01–0.29)
p < 0.001

69.7%
p = 0.04

0.62

Mortality rate 2 100%fT>4 x MIC 269 vs. 150 0.82
(0.36–1.85)
p = 0.63

58.9%
p = 0.12

NA

Survival rate 3 100%fT>4–5 x MIC 313 vs. 759 1.15
(0.50–2.66)
p = 0.75

66.2%
p = 0.05

0.33

Table 4 Predictive factors of failure in attaining aggressive beta-lactam PK/PD targets in critically ill patients

BMI body mass index, CI confidence interval, eGFR estimated glomerular filtration rate, MIC minimum inhibitory concentration, NA not applicable, PK/PD 
pharmacokinetic/pharmacodynamics, SOFA sequential organ failure assessment

Risk factor Studies No. of patients 
(aggressive vs. 
conservative PK/PD 
targets)

Odds ratio (95% CI) Heterogeneity 
(I2; p value)

Publication bias (p 
value Egger’s test)

Log estimate Point score

Age 4 598 vs. 1001 1.00
(0.98–1.02)
p = 0.95

49.8%
p = 0.11

0.63 NA 0

Male gender 3 582 vs. 965 0.34
(0.25–0.48)
p < 0.001

0.0%
p = 0.38

0.06 -1.08 1

BMI > 30 kg/m2 3 582 vs. 965 0.92
(0.85–0.99)
p = 0.032

0.0%
p = 0.76

0.18 -0.08 1

eGFR 4 224 vs. 298 0.98
(0.95–1.00)
p = 0.07

79.8%
p = 0.002

0.05 NA 0

Prolonged infusion 2 331 vs. 220 7.54
(4.49–12.68)
p < 0.001

0.0%
p = 0.56

NA 2.02 − 2

Daily dose 3 590 vs. 880 1.09
(0.92–1.30)
p = 0.32

54.6%
p = 0.11

0.50 NA 0

Augmented renal 
clearance

2 151 vs. 28 9.02
(2.97–27.39)
p < 0.001

0.0%
p = 0.81

NA 2.20 2

SOFA 2 193 vs. 205 0.82
(0.43–1.59)
p = 0.56

34.7%
p = 0.22

NA NA 0

MIC value 
above the clinical 
breakpoint

2 151 vs. 28 18.47
(1.22–278.86)
p = 0.035

71.5%
p = 0.06

NA 2.92 2
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beta-lactams may be crucial, especially in case of severe 
infections. Some guidance recommended that aggressive 
PK/PD target attainment should be assessed promptly 
when dealing with patients having sepsis and/or sep-
tic shock [14, 39]. In this regard, it should be noticed 
that almost two-thirds of the studies included in PICO 
1 fully fulfilled with this recommendation by assessing 
first aggressive PK/PD target attainment of beta-lactams 
within 72 h from starting treatment.

It should also be recognized that the need of attaining 
aggressive PK/PD target of beta-lactams may be affected 
by some underlying conditions, namely the infection site 
and/or the magnitude of the bacterial load. This approach 
should be recommended especially when dealing with 
deep-seated infections having high-bacterial load, namely 
HAP and/or VAP, and could be less needed in case of uri-
nary tract infections having low bacterial load [40, 41]. 
Our meta-analysis first, by providing strong evidence 
that aggressive PK/PD target attainment may increase 
clinical efficacy of beta-lactams in terms of both clinical 
and microbiological outcome, may support the defini-
tive adoption of this aggressive PK/PD target in routine 
clinical practice when treating Gram-negative infections 
among the critically ill patients, as recently proposed by 
some guidance [4, 8, 14].

As a consequence of this, non-attaining aggressive PK/
PD target of beta-lactams, by being resulted significantly 
associated with an increased risk of microbiological fail-
ure, should be prevented as much as possible. Previous 
studies included in a recent narrative review showed 
that several factors may favor non-attaining of both con-
servative and aggressive PK/PD targets of beta-lactams 
[12]. Our meta-analysis is in agreement with most of 
these [12], as it showed that male gender, morbid obesity 
(namely BMI > 30  kg/m2), ARC and in  vitro resistance 
of the bacterial pathogen (namely MIC values above the 
clinical breakpoint) emerged as significant independ-
ent predictors of non-attaining aggressive PK/PD tar-
gets of beta-lactams. Conversely, prolonged/continuous 
infusion administration of beta-lactams resulted signifi-
cantly protective against this risk. The added-value of our 
meta-analysis in this regard is that we first proposed a 
predictive risk score as helpful tool for supporting clini-
cians in promptly identifying which critically ill patients 
receiving standard beta-lactams dosing regimens could 
be at high-risk of non-attaining aggressive PK/PD tar-
get. The patient profile at the highest risk resulted that 
of a morbidly obese critically ill male with ARC having 
a Gram-negative related infection caused by an in  vitro 
non-susceptible pathogen treated with a beta-lactam 

Fig. 2 Significant independent predictors of failure in attaining aggressive PK/PD targets of beta-lactams. A risk score ranging from − 2 to 6 
points was developed and proposed. ARC: augmented renal clearance; BMI: body mass index; CB: clinical breakpoint; MIC: minimum inhibitory 
concentration; OR: odds ratio; PK/PD: pharmacokinetic/pharmacodynamic
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administered by intermittent infusion. In this scenario, 
implementing a real-time TDM-guided dosing adapta-
tive strategy may provide valuable support in increasing 
the likelihood of early attaining and subsequently main-
taining over time the aggressive PK/PD target, as recently 
shown [11].

Limitations of our meta-analysis should be recog-
nized. No RCT was found in the literature search to be 
included neither for PICO 1 nor for PECO 2. The meta-
analysis was based on observational studies, often with 
a retrospective design. This contributed to a moderate 
risk of bias in most cases, so that the findings should 
be interpreted cautiously. The choice of including only 
predictive factors being assessed in at least two stud-
ies could not rule out the possibility that some other 
relevant predictors of failure in attaining aggressive 
beta-lactams PK/PD targets might have been inadvert-
ently excluded from our score. No subgroup analysis 
based on clinical feature differences (e.g., type of beta-
lactam, infection site, specific pathogens) was feasible 
due to unavailability of data. The impact of an effective 
source control on clinical outcome could not be ruled 
out due to lacking data. The reliability of the predictive 
risk score should be necessarily prospectively validated 
in a large cohort of critically ill patients. Assessing risk 
of bias in the results of observational studies that com-
pared the effects of different PK/PD targets by means 
of the ROBINS-I tool could have been less accurate 
than using dedicated tools for this purpose. Conversely, 
including only studies providing adjusted outcome data 
and investigating independent predictive factors of fail-
ure in attaining aggressive beta-lactams PK/PD targets 
represent a strength of our analysis, possibly minimiz-
ing the risk of confounding bias.

In conclusion, our meta-analysis showed that, after 
applying appropriate adjustments for confounders, 
aggressive PK/PD target attainment was significantly 
associated with higher clinical cure rate, lower microbio-
logical failure rate, and lower risk of resistance develop-
ment in critically ill patients receiving beta-lactams for 
documented or suspected Gram-negative infections. 
The developed predictive risk score of failure in attaining 
aggressive beta-lactams PK/PD targets should hopefully 
help clinicians in identifying patients at high-risk. Fur-
ther analyses are warranted for confirming the findings 
and validating the proposed risk score.
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