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a b s t r a c t 

Introduction: The hollow-fibre infection model (HFIM) is an in vitro model used to study pharmacoki- 

netic/pharmacodynamic (PK/PD) interactions between antibiotics and bacteria. However, its external va- 

lidity remains poorly assessed. This study aimed to identify PK/PD targets and experimental variables 

associated with bacterial killing and prevention of resistance emergence during β-lactam treatment in 

HFIM. 

Methods: Systematic review of studies using HFIM and β-lactams, with literature search conducted in 

4 databases, following PRISMA guidelines. After a quality assessment (modified ToxRtools scale) of the 

included studies, univariate and multivariate analyses identified factors associated with the prevention of 

resistance emergence. CART analysis determined values of PK/PD indices best predicting this outcome. 

Results: Of the 497 screened studies, 41 were included. A total of 367 experiments were analysed, mainly 

involving Pseudomonas aeruginosa (51%) and carbapenems (46%). Antibiotic exposure through minimal or 

steady-state free concentrations ( f Cmin,ss /MIC) (OR 0.78, 95% CI [0.70–0.85], P < 0.001), the initial inocu- 

lum size (OR 1.48, 95% CI [1.08–2.06], P = 0.017) and the use of a combination therapy (OR 0.33, CI [0.17–

0.64], P = 0.001) remained significantly associated with resistance emergence in multivariate analysis. For 

carbapenems in monotherapy, the prevention of resistance emergence was likely with f Cmin,ss /MIC > 5.7. 

Conclusions: Stringent PK/PD indices thresholds were necessary to prevent resistance emergence in HFIM 

experiments. 

© 2025 The Authors. Published by Elsevier Ltd on behalf of International Society for Antimicrobial 

Chemotherapy. This is an open access article under the CC BY license 

( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Pharmacokinetic/pharmacodynamic (PK/PD) studies investigate 

he relationship between antibiotic exposure and its pharmacolog- 

cal effects. These studies have a wide range of applications, in- 

luding the preclinical drug evaluation, the determination of sus- 

eptibility breakpoints and the optimisation of doses and infusion 

egimens [ 1 ]. The efficacy of an antibiotic treatment is influenced 
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y various factors, with pharmacokinetics playing a crucial role. 

or time-dependent antibiotics, like β-lactams, bacterial killing is 

nhanced when the free drug concentration remains above the 

IC for an extended period of time (% f T > MIC) [ 2–4 ]. Conversely,

or concentration-dependent antibiotics, the area under the free 

oncentration-time curve ( f AUC0–24h /MIC) and the unbound peak 

oncentration divided by the MIC ( f Cmax /MIC) are the PK/PD in- 

ices most strongly associated with bactericidal activity [ 5 ]. Target- 

ng specific values of PK/PD indices has two objectives: improving 

atient outcomes and preventing the emergence of antibiotic re- 

istance [ 4 , 6 , 7 ]. Most PK/PD targets are derived from animal model

ata, which come with inherent limitations. Pharmacokinetic mod- 
ty for Antimicrobial Chemotherapy. This is an open access article under the CC BY 
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lling in animals may be inaccurate, and extrapolating findings to 

umans introduce uncertainty due to interspecies differences in 

arameters like elimination half-life and volume of distribution [ 8 ]. 

thical considerations further constrain animal model use, driving 

rowing interest in alternative approaches [ 9 ]. 

The hollow fibre infection model (HFIM) is a suitable alterna- 

ive to animal models. HFIM is an in vitro PK/PD model with two 

ompartments. Since its first description by Zinner et al. in 1981, 

he HFIM has been widely used to investigate bacteria-antibiotic 

nteractions [ 10 ]. Its main advantage is accurately simulating dy- 

amic antibiotic concentration changes to replicate realistic treat- 

ent conditions with various therapies, perfusion administration, 

nd treatment durations [ 11 ]. It is also possible to simulate pre- 

efined pharmacokinetic conditions. In contrast to animal models, 

he lack of an immune system and the immediate distribution of 

he antibiotic to the bacterial inoculum are key parameters to con- 

ider when interpreting results of HFIM studies [ 11 ]. Indeed, hol- 

ow fibre model evaluate the primary driver of bacterial killing that 

s the interaction of the antibiotic with its target, hereby reducing 

onfounding bias. However, its application remains not standard- 

sed, Sadouki et al. highlighting insufficient reporting of materials 

nd methods among HFIM studies in a recent systematic review 

 12 ]. 

Although PK/PD targets identified through in vitro HFIM stud- 

es have provided valuable insights into antimicrobial efficacy, their 

irect applicability to clinical practice remains uncertain. This sys- 

ematic review aims to comprehensively evaluate the PK/PD in- 

ices associated with optimal bacterial killing and prevention of 

he antibiotic resistance emergence during β-lactam treatment in 

FIM studies. 

. Methods 

Practical aspects regarding tubing and setting of hollow fibre 

odel have been extensively described elsewhere [ 11 ]. This sys- 

ematic review, registered in PROSPERO (CRD420251042321), was 

onducted in agreement with PRISMA 2020 guidelines. 

.1. Search strategy 

A literature search was conducted on 2 September 2025, across 

our databases (PubMed, Web of Science, Lens.org, and Cochrane 

ibrary) by an expert librarian. The search strategies, including full 

uery details, are provided in Supplementary Material. Two au- 

hors (CB and KA) independently screened titles, abstracts, and 

ull texts for eligibility, including studies published in English or 

rench. 

.2. Inclusion and exclusion criteria 

To be considered for inclusion, the PK/PD studies in the HFIM 

eeded to be based on ß-lactams, have a minimal report of phar- 

acokinetic and PK/PD data (% f T > MIC and/or f Cmin), and main-

ain experimental conditions for a duration of 72 h or longer. 

Studies involving mycobacteria, viruses, fungi, parasites, intra- 

ellular bacteria, or B. anthracis were excluded. 

.3. Quality assessment 

A quality assessment procedure was conducted independently 

y two authors (CB and KA), using an adapted version of the 

oxRtools scale (Table S1). This procedure resulted in three levels 

f methodological robustness, depending on the mean attributed 

cores, as previously described [ 13 ]. Studies were classified as re- 

iable without restriction (15–18 points), reliable with restrictions 

11–14 points), or not reliable ( < 11 points). Studies with a mean 
221
core of ≥11 points were classified as reliable quality and included 

n the analysis. 

.4. Data extraction and definition of outcomes 

PK/PD indices included were the time during which the free an- 

ibiotic concentration exceeded the MIC (% f T > MIC) or 4 times the 

IC (% f T > 4MIC), the f Cmin,ss /MIC (minimal or steady-state con- 

entration, depending on the intermittent or continuous infusion, 

espectively), and f Cmax /MIC ratios, the area under the curve of the 

ree antibiotic concentrations during the first 24 h of the experi- 

ent ( f AUC0–24h ), and its ratio to the MIC ( f AUC0–24h /MIC). 

As a secondary objective of our study, other variables were col- 

ected to analyse their impact on the outcome of HFIM experi- 

ents. These included the mechanisms of resistance, the type of 

acteria studied (genus and species), and the simulated antibiotic 

reatment (infusion regimen, and combination therapy or not). The 

ntibiotic infusion regimen was defined as intermittent if the infu- 

ion duration was less than half the interval between two doses, 

xtended if it was longer, or continuous. When the antibiotics 

ere administered as a combination therapy, the PK/PD indices 

eported were those of the β-lactam. If authors did not mention 

K/PD indices, these were calculated with β-lactam dosages and 

rimary PK parameters mentioned in the manuscript, using a one- 

ompartment model in Monolix software (Monolix 2023R1, Lixoft 

AS, a Simulations Plus company, Antony, France). 

When precise bacterial counts were not available, the data were 

btained through formal requests to the authors or visual extrapo- 

ation of the figures. 

The threshold for optimal bacterial killing was chosen accord- 

ng to common definitions of bactericidal activity [ 14 ]. Based on 

he difference in bacterial population between the final day of the 

xperiment and the initial inoculum, each experiment resulted in 

ne of the three following outcomes: 

• Sustained bacterial suppression if the difference was ≤ −3 log10 

CFU/mL. 
• Regrowth without resistance emergence if the difference was > 

−3 log10 CFU/mL, without growth on antibiotic-enriched agar. 
• Regrowth with resistance emergence if the difference was > 

−3 log10 CFU/mL, with growth on both standard and antibiotic- 

enriched agar. 

.5. Statistical analysis 

The normality of the distribution was assessed using QQ-plots 

or each variable. Quantitative variables were presented as me- 

ian and interquartile range (IQR), and analysed using ANOVA 

r the Kruskal-Wallis test, depending on their normal or non- 

ormal distribution, respectively. Qualitative variables were pre- 

ented as number and percentages, and analysed using the χ2 test 

r Fisher’s exact test, as appropriate. 

Initially, a descriptive analysis was performed, based on the 

hree outcomes. Subsequently, a logistic regression was conducted, 

ith the binary dependent variable being the emergence of antibi- 

tic resistance. The candidate and independent variables were cho- 

en based on their association ( P < 0.20) with this binary outcome 

n univariate analysis (Table S2). Model selection was performed 

sing a backward elimination procedure, retaining the model with 

he best goodness-of-fit according to the Akaike Information Crite- 

ion (AIC). Collinearity was assessed, with a variance inflation fac- 

or < 2.5 considered acceptable [ 15 ]. 

We applied classification and regression tree analysis (CART) to 

he most common antibiotic-bacterial species combinations in our 

tudy to determine the PK/PD indices that effectively differentiate 

etween the emergence and the prevention of antibiotic resistance. 

nly results with the least root node error are displayed. 
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Fig. 1. PRISMA flowchart. 
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Finally, we conducted two subgroup univariate analyses to ad- 

ress treatment group heterogeneity: one for experiments using 

arbapenem monotherapy and another for those involving Pseu- 

omonadales. 

No approach was applied to handle missing data. The signifi- 

ance threshold was set at P < 0.05. Statistical analyses were con- 

ucted using R (R version 4.3.1, R Foundation for Statistical Com- 

uting, Vienna, Austria). Classification and regression trees were 

erformed with rpart package (version 4.1.19). 
222
. Results 

Our search retrieved 497 eligible records (PRISMA flowchart, 

ig. 1 ). Of these, 410 were excluded outright (287 were duplicates, 

nd 123 records were ineligible). The title/abstract and full text 

creening procedures resulted in the final inclusion of 41 studies. 

easons for exclusion mainly relied on the lack of pharmacoki- 

etic data, the use of antibiotics other than ß-lactams, or the study 

f pathogens out of the scope of this review. Using the modified 
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Table 1 

Microbiological characteristics of the HFIM experiments. 

Final outcome 

Overall N = 367 Sustained bacterial 

suppression N = 158 

Regrowth N = 27 Regrowth with 

resistance N = 182 

P -value 1 

General characteristics 

Experimental duration (h), Median 

(IQR) 

168 (167 to 240) 168 (168 to 240) 167 (120 to 192) 168 (168 to 240) 0.035 

Bacterial strains 

Bacterial order, n (%) < 0.001 

Bacillales 41 (11) 22 (14) 6 (22) 13 (7.1) 

Enterobacterales 109 (30) 64 (41) 5 (19) 40 (22) 

Pseudomonadales 217 (59) 72 (46) 16 (59) 129 (71) 

Bacterial species, n (%) 

A. baumanii 28 (7.6) 8 (5.1) 0 (0) 20 (11) 

E. coli 64 (17) 46 (29) 0 (0) 18 (9.9) 

K. pneumoniae 45 (12) 18 (11) 5 (19) 22 (12) 

P. aeruginosa 189 (51) 64 (41) 16 (59) 109 (60) 

S. aureus 41 (11) 22 (14) 6 (22) 13 (7.1) 

Initial inoculum (log10), Median (IQR) 7.00 (7.00 to 8.00) 7.00 (7.00 to 8.00) 7.00 (7.00 to 7.00) 7.20 (7.00 to 8.00) 0.002 

Bacterial count difference (log10), 

Median (IQR) 

−1.0 (−5.0 to 2.0) −5.2 (−6.2 to −4.5) −1.2 (−2.4 to 1.8) 2.0 (1.1 to 2.8) < 0.001 

Baseline resistance mechanisms 

Altered target, n (%) 62 (17) 22 (14) 6 (22) 34 (19) 0.32 

β-lactamase, n (%) 152 (41) 67 (42) 9 (33) 76 (42) 0.68 

- Carbapenemase, n (%) 56 (15) 25 (16) 3 (11) 28 (15) 0.92 

- ESBL , n (%) 72 (20) 40 (25) 3 (11) 29 (16) 0.057 

- AmpC , n (%) 60 (16) 16 (10) 4 (15) 40 (22) 0.010 

Efflux pump, n (%) 31 (8.4) 4 (2.5) 1 (3.7) 26 (14) < 0.001 

Decreased permeability, n (%) 63 (17) 31 (20) 5 (19) 27 (15) 0.49 

Baseline MIC, Median (IQR) 3 (1 to 8) 2 (1 to 4) 4 (1 to 4) 4 (2 to 16) < 0.001 

Susceptibility, n (%) < 0.001 

Resistant 114 (31) 33 (21) 10 (37) 71 (39) 

Susceptible 253 (69) 125 (79) 17 (63) 111 (61) 

1 Kruskal-Wallis rank sum test; Fisher’s exact test.IQR = Interquartile range. 

Table 2 

Treatment characteristics and antibiotic exposure in HFIM experiments. 

Final outcome 

Overall N = 367 Sustained bacterial 

suppression N = 158 

Regrowth N = 27 Regrowth with 

resistance N = 182 

P -value 1 

Antibiotics 

Infusion regimen, n (%) 0.017 

Continuous 68 (19) 28 (18) 1 (3.7) 39 (21) 

Intermittent 281 (77) 126 (80) 22 (81) 133 (73) 

Prolonged 18 (4.9) 4 (2.5) 4 (15) 10 (5.5) 

Protocol, n (%) < 0.001 

Combination therapy 58 (16) 37 (23) 0 (0) 21 (12) 

Monotherapy 309 (84) 121 (77) 27 (100) 161 (88) 

β-lactam subtype, n (%) 

Carbapenem 170 (46) 62 (39) 4 (15) 104 (57) 

Cephalosporin 39 (11) 22 (14) 6 (22) 11 (6.0) 

Cephalosporin + BLi 84 (23) 42 (27) 6 (22) 36 (20) 

Penicillin 15 (4.1) 4 (2.5) 4 (15) 7 (3.8) 

Penicillin + BLi 59 (16) 28 (18) 7 (26) 24 (13) 

PK/PD indices 

% f Time > MIC, Median (IQR) 100 (64 to 100) 100 (100 to 100) 100 (85 to 100) 84 (52 to 100) < 0.001 

f Cmin,ss /MIC ratio, Median (IQR) 2 (1 to 5) 3 (1 to 10) 2 (1 to 4) 1 (0 to 2) < 0.001 

f Cmax /MIC ratio, Median (IQR) 10 (5 to 24) 14 (5 to 34) 71 (10 to 182) 7 (3 to 12) 0.022 

f AUC0–24h , Median (IQR) 458 (195 to 1,033) 620 (456 to 1,033) 1,831 (373 to 3,663) 375 (115 to 707) 0.009 

f AUC0–24h /MIC, Median (IQR) 177 (63 to 458) 317 (114 to 676) 125 (98 to 458) 114 (28 to 211) < 0.001 

1 Kruskal-Wallis rank sum test; Fisher’s exact test.BLi = Beta-lactamase inhibitor, IQR = Interquartile range. 
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oxRtools scale for quality assessment of the 41 included studies, 

7 were rated as reliable without restrictions, 4 as reliable with 

estrictions, and none were classified as unreliable (Table S1, Sup- 

lementary). 

The species studied were mainly Pseudomonas aeruginosa in 189 

f 367 experiments (51%) ( Table 1 ). A substantial proportion of 

acterial strains (31%) exhibited baseline resistance to the studied 

-lactam. Combination therapy (16%) and continuous infusion of 

-lactams (19%) were not frequently employed ( Table 2 ). 
223
Several factors were linked to the final outcome in univariate 

nalysis. HFIM experiments were significantly more likely to re- 

ult in regrowth with resistance, compared to regrowth without 

esistance or sustained bacterial suppression, when involving Pseu- 

omonadales (129 (71%) vs. 16 (59%) vs. 72 (46%), P < 0.001), 

acterial strains harbouring efflux pump as a baseline resistance 

echanism (26 (14%) vs. 1 (3.7%) vs. 4 (2.5%), P < 0.001), or in 

resence of high initial inoculum size (7.20 (7.0 0–8.0 0) vs. 7.0 0 

7.00–7.00) vs. 7.00 (7.00–8.00) log10 CFU/mL, P = 0.002) ( Table 1 ). 
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Fig. 2. Bacterial count difference between end and start of all HFIM experiments (log10 UFC/mL) with β-lactam monotherapy, according to % f T > CMI (A), f Cmin,ss /MIC (B, 

log2 scale) and f AUC0–24h /MIC (C). Regression line (blue) and 80% confidence interval (grey shaded area) represent the relationship between bacterial count and the respective 

PK/PD indices. Horizontal, dashed lines for y = 0, and -3log of bacterial killing are also displayed. 
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onversely, sustained bacterial suppression was significantly asso- 

iated with combination therapy (37 (23%) vs. 0 (0%) vs. 21 (12%), 

 < 0.001) ( Table 2 ). 

Continuous infusion yielded significantly higher β-lactam ex- 

osure compared with intermittent or extended regimens (median 

 Cmin,ss /MIC 4.3 vs. 1.1, P < 0.001). However, when resistance sup- 

ression was analysed as a binary outcome, the association be- 

ween infusion mode and resistance suppression did not reach sta- 

istical significance (Table S2, Supplementary). 

Higher antibiotic exposure was strongly associated with both 

esistance suppression and enhanced bacterial killing ( Fig. 2 ). Me- 
224
ian f Cmin,ss /MIC values progressively increased across outcomes 

ategories: 1 (0–2) for regrowth with resistance, 2 (1–4) for re- 

rowth without resistance, and 3 (1–10) for sustained bacterial 

uppression ( P < 0.001) ( Table 2 ). These findings were confirmed 

n subgroup analyses of carbapenem monotherapy (1 (0–2) vs. 1 

0–1) vs. 6 (2–17), P < 0.001) and Pseudomonadales (0.9 (0.2–2.1) 

s. 1.9 (0.3–7.6) vs. 3.8 (1–8.7), P < 0.001) (Tables S3 and S4, Sup- 

lementary). 

Multivariate analysis confirmed the key determinants of re- 

istance emergence ( Table 3 ). Higher f Cmin,ss /MIC (OR 0.78, 

5% CI [0.70–0.85], P < 0.001) and combination therapy (OR 
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Table 3 

Generalised linear model for the emergence of antibiotic resistance. 

Characteristic OR (95% CI) P -value 

(Intercept) 0.05 (0.00-0.51) 0.014 

f Cmin/MIC 0.78 (0.70-0.85) < 0.001 

Initial inoculum (log10) 1.48 (1.08-2.06) 0.017 

Protocol 

Monotherapy —

Combination therapy 0.33 (0.17-0.64) 0.001 

Bacterial order 

Other —

Pseudomonadales 3.24 (1.74-6.18) < 0.001 

ESBL 2.99 (1.39-6.58) 0.006 

Efflux pump 3.43 (1.30-10.8) 0.020 

CI = confidence interval, OR = odds ratio. 
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.33, 95% CI [0.17–0.64], P = 0.001) were independently as- 

ociated with reduced resistance emergence. Conversely, resis- 

ance emerged more frequently with Pseudomonadales and ef- 

ux pump-harbouring strains or ESBL producers. Each ten- 

old increase in the initial inoculum size ( + 1log10 ) increased 

he odds of resistance emergence by approximately 50% (OR 

.48, 95% CI [1.08–2.06], P = 0.017). Multicollinearity pre- 

luded inclusion of multiple PK/PD indices in the logistic 

odel. 

CART analysis identified specific f Cmin,ss /MIC thresholds associ- 

ted with microbiological outcomes for carbapenem monotherapy. 

uppression of resistance emergence was most likely achieved with 

 Cmin,ss /MIC > 5.7, while bacteriostasis (0 log1 n CFU/mL change) 

nd 3-log1 n bacterial killing were best predicted with f Cmin,ss /MIC 

 1.0 and > 4.8, respectively. CART analyses performed with other 

-lactam classes or bacterial strain subsets demonstrated poor dis- 

riminatory accuracy (Supplementary, Table S5). 

. Discussion 

This systematic review and meta-analysis evaluated 367 exper- 

mental results from 41 HFIM studies investigating the activity of 

-lactams. Our analysis revealed that the PK/PD indices required to 

chieve bacterial suppression and prevent resistance emergence in 

FIM are consistently higher than those reported in other preclin- 

cal models. These findings may underscore the relevance of HFIM 

s a robust preclinical tool for optimizing PK/PD parameters in the 

anagement of severe infections. 

Animal models have traditionally guided PK/PD target selection 

or ß-lactams, with bactericidal activity typically associated with 

 f T > MIC values of 40% to 50%, and resistance suppression requir-

ng 50% to 75% [ 16–23 ]. However, our meta-analysis of HFIM stud- 

es identifies significantly higher thresholds. Maintaining 100% f T 

 MIC alone was insufficient to distinguish between resistance 

mergence and suppression ( Fig. 2 A). Instead, resistance suppres- 

ion was more likely achieved with f Cmin,ss /MIC ratio between 4 

nd 8 ( Fig. 2 B), findings corroborated by CART analysis. Notably, 

hese HFIM-derived targets align closely with clinical observations 

n critically ill patients [ 18–24 ], where improved clinical cure and 

acterial eradication rates have been reported when fCmin /MIC ex- 

eeds five [ 6 , 24 ]. A recent meta-analysis by Gatti et al. demon-

trated that achieving aggressive PK/PD targets (100%T > 4xMIC 

r Cmin /MIC > 4–5) improved clinical cure rates while reducing 

icrobiological failure and resistance in ICU patients [ 25 ]. Conse- 

uently, current guidelines recommend maintaining free β-lactam 

rough concentration at 4- to 8-fold the MIC throughout the dosing 

nterval in critically ill patients [ 5 , 26 ]. A translational case report

y Lopez-Martesinos et al. further illustrates this concordance: in 

 patient with a ventilator-associated pneumonia (VAP) caused by 

xtensively drug-resistant P. aeruginosa, bacterial suppression and 
225
esistance prevention were achieved at f Cmin,ss /MIC ratio of 5–8 in 

oth the clinical management (guided by therapeutic drug moni- 

oring) and HFIM experiments using the same bacterial isolate [ 27 ]. 

Interestingly, our multivariate analysis identified two additional 

actors significantly associated with prevention of resistance emer- 

ence: combination therapy and initial inoculum size. 

The beneficial effects of combination therapy in preventing 

esistance emergence are well-established in preclinical models 

 28 ], with synergistic interactions often incorporated into phar- 

acodynamic models [ 29 ]. For β-lactams, cell wall disruption 

nhances penetration of companion agents, such as aminoglyco- 

ides. However, meta-analyses have failed to demonstrate signifi- 

ant mortality or treatment success benefits for combination ther- 

py compared to monotherapy, while consistently reporting in- 

reased nephrotoxicity with ß-lactam-aminoglycosides combina- 

ions [ 30–32 ]. This preclinical-clinical discrepancy highlights the 

hallenge of translating combination therapy findings into routine 

linical practice and warrants cautious interpretation of our results. 

Our analyses demonstrated that inoculum size was a key de- 

erminant influencing both bacterial killing and resistance emer- 

ence in HFIM studies. The inoculum effect – an increase in MIC 

alues observed at bacterial densities exceeding those specified in 

ntimicrobial susceptibility testing guidelines [ 33 ] – is consistently 

bserved in animal models, and can be driven by increased β- 

actamase production, enhanced quorum sensing, and a bacterial 

ransition into stationary growth phase [ 34 ]. Similarly, HFIM ex- 

eriments are susceptible to inoculum effect; high bacterial loads 

ithin the extracapillary space have been associated with reduced 

-lactam concentrations in the central compartment [ 35 ]. While 

he clinical implications of the inoculum effect remain uncertain, 

igh bacterial burden, such as in VAP, has been linked to an 

ncreased risk of resistance development during therapy [ 36 , 37 ]. 

onversely, infections characterised by lower bacterial loads, such 

s urosepsis with approximately 5 log10 CFU/mL, are often associ- 

ted with more favourable clinical outcomes [ 38 ]. 

The concordance between HFIM-derived PK/PD targets and clin- 

cal outcomes in critically ill patients could be related to shared 

athophysiological features. Sepsis, a life-threatening condition 

ith a global mortality rate exceeding 30% [ 39 ], is characterised 

y both highly variable and unfavourable PK profiles – resulting in 

uboptimal antibiotic exposure [ 4 , 40 ] – and a profound immuno- 

uppression affecting both innate and adaptive responses [ 41 ]. This 

mpaired immune function, even in previously immunocompetent 

ndividuals, may necessitate higher antibiotic exposure to com- 

ensate for reduced host bacterial clearance. Additionally, criti- 

ally ill patients frequently harbour MDR pathogens or susceptible 

trains with borderline MIC [ 42 ], necessitating PK/PD optimisation. 

FIM replicates these challenging conditions by lacking immune- 

ediated bacterial clearance, thereby demanding higher antibiotic 

oncentration for bacterial suppression. This feature could explain 

hy HFIM may serve as a relevant preclinical model for severe in- 

ections [ 5 ]. Conversely, the applicability of these stringent PK/PD 

argets to less severe infections require careful consideration. In 

hese cases, clinical and microbiological cure may be achieved with 

ower PK/PD thresholds [ 9 ]. 

This systematic review is the first, to our knowledge, to crit- 

cally evaluate the external validity of HFIM as a preclinical 

K/PD model. However, some limitations should be acknowledged. 

irst, methodological heterogeneity and incomplete reporting lim- 

ted our analyses. Several studies lacked bacterial counts and did 

ot report fAUC0–24h /MIC, consistent with a prior systematic re- 

iew highlighting the inadequate of reporting of materials and 

ethods in HFIM studies [ 12 ]. Imputation strategies for missing 

 AUC0–24h /MIC values failed to improve classification, so we re- 

tricted our CART analysis to f Cmin,ss /MIC. Similarly, the % f T > MIC 

ndex was not retained, as values were consistently censored be- 
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ond 100%, preventing discrimination between outcomes, as illus- 

rated in Fig. 2 . Second, combination therapy may have underesti- 

ated the antibiotic exposure required for resistance suppression. 

owever, our CART analysis was restricted to monotherapies, and 

 Cmin,ss /MIC remained an independent predictor of this outcome af- 

er adjustment for combination regimens. Finally, the complex in- 

eraction between antibiotic exposure, bacterial killing, and resis- 

ance suppression likely varies across bacterial strains (e.g., Gram- 

ositive vs. Gram-negative, Pseudomonadales vs. Enterobacterales), 

he β-lactam used, and ultimately the specific β-lactam–bacterium 

air. While we performed subgroup analyses, limited sample sizes 

revented CART from defining such pair-specific thresholds. Our 

ndings should therefore be interpreted with caution, given the 

ubstantial heterogeneity in bacterial species, β-lactam infusion 

egimen, experiments duration, and a high prevalence of baseline 

esistant phenotypes. Our global approach therefore provides pre- 

iminary insights, but further targeted studies are needed to ac- 

ount for heterogeneity across antibiotic–bacterium combinations 

n the HFIM. Nonetheless, the consistency between HFIM-derived 

K/PD targets and clinical data from ICU patients supports the clin- 

cal relevance of our results and suggests that these findings may 

nform antibiotic dosing strategies in critically ill patients. 

. Conclusion 

This systematic review addresses the external validity of the 

FIM compared to other preclinical models and clinical data. HFIM 

ay replicate PK/PD interactions observed in patients, particularly 

nder critical conditions like sepsis or septic shock. However, the 

esulting PK/PD targets are consistently higher than those derived 

rom animal models, as referenced in EUCAST rationale documents. 

uture research should aim to determine the most appropriate pre- 

linical model for specific clinical context, while improved stan- 

ardisation of methodological reporting is necessary to enhance 

eproducibility and reliability. 
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