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a b s t r a c t 

The main objective of this study was to assess the effect of rich artificial cation-adjusted Mueller-Hinton 

broth (CAMHB) on the growth of three strains of Acinetobacter baumannii (ATCC 19606 and two clinical 

strains), either susceptible or resistant to polymyxin B (PMB), and on PMB bactericidal activity. A phar- 

macokinetic (PK)/pharmacodynamic (PD) modelling approach was used to characterize the effect of PMB 

in various conditions. 

Time-kill experiments were performed using undiluted CAMHB or CAMHB diluted to 50%, 25% and 

10%, with or without Ca2 + and Mg2 + compensation (known to affect PMB activity), and with PMB con- 

centrations ranging from 0.25 to 256 mg/L based on the strain’s MIC. For each strain, time-kill replicates 

were modelled using NONMEM. 

Unexpectedly, dilution of CAMHB by up to 10-fold did not affect the growth rate of any of the three 

strains in the absence of PMB. However, the bactericidal activity of PMB increased with medium dilution, 

resulting in a reduction in the apparent bacterial regrowth of the various strains observed after a few 

hours. Data for each strain were well characterized by a PK/PD model, with two bacterial subpopulations 

with different susceptibility to PMB (more susceptible and less susceptible). The impact of medium di- 

lution and cation compensation showed relatively high, unexplained between-strain variability. Further 

studies are needed to characterize the mechanism underlying the medium dilution effect. 

© 2024 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

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

The optimization of antibiotic dosing regimens often relies on 

harmacokinetic/ pharmacodynamic (PK/PD) indices, such as max- 

mal unbound drug concentration over minimum inhibitory con- 

entration ( f Cmax/MIC), percentage of time period that the drug 

oncentration is above the MIC (% f T > MIC), and area under the un-

ound drug concentration–time curve over MIC ( f AUC/MIC). How- 

ver, these indices suffer from several limitations [1] , and more 

ophisticated approaches to capture the complexity of antibiotic–

acteria interactions, such as semi-mechanistic or mechanistic 
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K/PD modelling [2] , have been reported increasingly in the litera- 

ure [3] . 

However, although these new approaches are highly interest- 

ng, they are often based on in vitro experiments such as time- 

ill (TK) experiments or the Hollow Fiber Infection Model (HFIM), 

hich may not translate directly to in vivo . Indeed, linking in vitro 

D models with in-vivo PK to predict in-vivo outcomes via Monte 

arlo simulations has been reported, but a lack of correlation be- 

ween bacterial count vs. time profiles predicted by in vitro PD 

odels and those actually observed in vivo in neutropenic rodents 

as been described on several occasions [4–9] . To predict in-vivo 

ata from in vitro PD models combined with in-vivo PK, some 

odel parameters related to antibiotic activity [7] , or to both an- 

ibiotic activity and bacterial growth [4–6] , or even model struc- 

ure [8 , 9] had to be refined. There are several reasons for the lack
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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f correlation between in vitro and in-vivo data, including specific 

n-vivo aspects such as host defences or the presence of biofilm; 

hese are not usually taken into account in vitro , with a few excep- 

ions [10 , 11] . On the other hand, among the various causes of dis-

repancy between in vitro and in-vivo PD, the composition of the 

ulture media used in vitro could play a significant role by not re- 

ecting the environment of the bacteria at the infection site. Bacte- 

ia evolve in different and complex micro-environments, where nu- 

rient availability can differ with pathophysiological conditions, as 

nflammation is known to increase the carbon source, amino acids, 

itamins and iron at the action site [12] or between different in- 

ection sites. For example, bacteria responsible for intracellular in- 

ections have access to an important source of nutrients [13] , as do 

hose in lung infections where biofilms are present [14] , whereas 

utrients are less abundant in cerebrospinal fluid (CSF) infections 

15] and urinary tract infections [16] . Although culture media are 

ccasionally selected to mimic body fluids such as CSF [17] or peri- 

oneal fluid [18] , rich artificial media are often used due to their 

bility to promote bacterial growth; these media do not necessarily 

eflect in-vivo conditions, where the bacterial growth rate has been 

ound to be higher in vitro compared with in vivo [5 , 19] . Among in

itro culture media, cation-adjusted Mueller-Hinton broth (CAMHB) 

as been used preferentially for years, and is recognized nowa- 

ays as a standard by the Clinical and Laboratory Standards In- 

titute (CLSI) and the European Committee on Antimicrobial Sus- 

eptibility Testing (EUCAST) [20 , 21] . A previous study investigated 

he effect of nutrient concentration via CAMHB dilutions on the 

rowth of Pseudomonas aeruginosa ATCC 27853 and the antimicro- 

ial activity of meropenem [22] . The results showed a decrease 

n bacterial growth rate, an increase in kill rate, and a decrease 

n meropenem MIC with medium dilution. In addition to nutri- 

nts, cations present in CAMHB could affect the activity of an- 

ibiotics such as polymyxins by displacing them from binding to 

ipopolysaccharides on the outer membrane of bacteria [23] . 

The aim of this study was to investigate the effect of nutri- 

nt concentration and cations present in CAMHB on another bac- 

eria/antibiotic pair – Acinetobacter baumannii /polymyxin B (PMB) 

for which discrepancies between in vitro and in vivo have been 

bserved previously [9] , using a PK/PD modelling approach dis- 

inguishing the medium effect on bacterial growth, the initial de- 

rease in colony-forming unit (CFU) count, and apparent regrowth. 

. Materials and methods 

.1. Chemical and strains 

PMB was obtained from Sigma-Aldrich (Saint-Quentin Fallavier, 

rance), and used to prepare stock solutions of 10 mg/mL in ster- 

le water. A. baumannii ATCC 19606 and two clinical multi-drug- 

esistant strains of A. baumannii , isolated from a patient before 

AB121-D0) and 12 days after treatment with colistin (AB122-D12) 

24] , were used in this study. AB121-D0 was susceptible to PMB, 

hile AB122-D12 became resistant. 

.2. MIC determination 

The MICs of the three A. baumannii strains were deter- 

ined in duplicate, at least, by micro-dilution in accordance 

ith the EUCAST and CLSI recommendations [20 , 21] in com- 

ercial cation-adjusted Mueller-Hinton broth II (CAMHB-100%) 

bioMérieux, Marcy-l’Etoile, France) or diluted in water at 1:2 

CAMHB-50%), 1:4 (CAMHB-25%) or 1:10 (CAMHB-10%) with or 

ithout cation compensation to reach the CAMHB-100% level. 
2

.3. Time-kill experiments with various dilutions of CAMHB 

The three strains were cultured overnight in CAMHB-100% with 

haking (150–170 rpm) at 35 °C. These cultures were diluted to 

/50 in CAMHB-100%, and incubated at 35 °C with shaking until 

n optical density of 0.3 (corresponding to 1.108 CFU/mL of bacte- 

ia in exponential growth phase) was achieved. The bacterial pre- 

ultures were diluted to obtain a starting inoculum at 106 CFU/mL 

n CAMHB-100% or diluted at 50%, 25% and 10%. TK experiments 

ere performed with various PMB concentrations, including MIC 

alues, ranging from 0.125 to 256 mg/L. Drug-free CAMHB was 

sed as a bacterial growth control for each CAMHB dilution and 

train. These cultures were incubated at 35 °C, and bacterial sam- 

les were collected over time at 0, 1, 3, 6, 10, 24 and 30 h. Samples

ere serially diluted in NaCl 0.9% and plated on to Mueller-Hinton 

gar supplemented with 1% activated charcoal (to prevent PMB 

arry-over effect [25 , 26] ). Bacteria were counted after overnight in- 

ubation at 35 °C. The limit of quantification was 400 CFU/mL (i.e. 

.6 log10 CFU/mL). Experiments were conducted in triplicate for 

he three A. baumannii strains and each CAMHB dilution. 

.4. Time-kill experiments with CAMHB dilution and cation 

ompensation 

Additional TK experiments were performed in triplicate with 

he three A. baumannii strains, following the same protocol as de- 

cribed above but with cation (Ca2 + and Mg2 + ) compensation in 

iluted CAMHB in order to restore the concentrations found in 

AMHB-100% (i.e. 20 mg/L of calcium and 10 mg/L of magnesium) 

27] . PMB concentrations ranged between 0.25 and 64 mg/L de- 

ending on the strain’s MIC. 

.5. Pharmacodynamic model 

Bacterial counts obtained from TK experiments without cation 

ompensation were modelled using NONMEM 7.4 (ICON plc, 

ublin, Ireland), with the Laplacian algorithm and the M3 method 

or handling observations below the limit of quantification [28] . 

or each strain, TK replicates obtained for all CAMHB dilutions 

without cation compensation) were modelled simultaneously. As 

hown previously [29] and after a quick experimental check of the 

tability of PMB (10 mg/L) in CAMHB and water at 35 °C for 96 

 (not shown), PMB was assumed to be stable over the course 

f the experiment. A previously described PD model with hetero- 

esistance [30] [i.e. two bacterial sub-populations differing in drug 

usceptibility, with S+ representing the more susceptible (and the 

ast majority of) bacteria at 0 h, and S− representing the less sus- 

eptible bacteria developing progressively over time] was used to 

escribe the time course of bacterial counts (CFU/mL) for the three 

. baumannii strains ( Fig. 1 ). Briefly, a logistic growth model with 

ne compartment for each bacterial sub-population was used to 

escribe self-limited bacterial growth in the absence of antibiotic 

 Eqs. 1 and 2 ): 

dS+ 

dt 
= knet ×

(
1 − S+ + S−

BMAX 

)
× S+ (1) 

dS−

dt 
= knet ×

(
1 − S+ + S−

BMAX 

)
× S− (2) 

here knet (/h) is the apparent growth rate constant, and BMAX 

CFU/mL) is the maximal capacity of the system. 

The effect of PMB on bacterial killing (kill rate) was character- 

zed by a sigmoidal Emax model ( Eq. 3 ), where Emax (/h) repre-

ents the maximum kill rate, EC50 (mg/L) represents the concen- 

ration of PMB needed to reach 50% of the maximum effect, C 

mg/L) represents the concentration of PMB, and γ represents the 
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Fig. 1. Pharmacokinetic/pharmacodynamic model structure for the three strains. Knet , apparent growth rate constant (/h); S+ , more susceptible bacterial sub-population; S− , 

less susceptible bacterial sub-population; C, polymyxin B concentration (mg/L); Emax, maximum kill-rate constant due to polymyxin B (PMB) (/h); EC50 , PMB concentration 

needed to reach 50% of Emax (mg/L); γ , Hill coefficient. Medium dilution affected EmaxS- for ATCC 19606, EmaxS- and EC50,S- for AB121-D0, and EC50 common to both 

bacterial subpopulations for AB121-D12. 

H

i

i

i

K

w

r

r

e

f

o

r

w

t

s

s

d

d

p

m

a

b

d

a

2

c

s

1

i

b

3

3

A

d

F

w

C

t

i

3

t

(

c

f

m

c

r

c

m

ill coefficient. PMB affected both sub-populations, but differences 

n Emax, EC50 or both were tested to characterize the difference 

n PMB susceptibility between S+ and S−. The PMB kill rate was 

ncorporated into Eqs. 1 and 2 , as described in Eqs. 4 and 5 : 

ill rate = Emax × Cγ

EC50 
γ + Cγ

(3) 

dS+ 

dt 
= knet ×

(
1 − S+ + S−

BMAX 

)
× S+ − Kill rateS+ × S+ (4) 

dS−

dt 
= knet ×

(
1 − S+ + S−

BMAX 

)
× S− − Kill rateS− × S− (5) 

here kill rateS + and kill rateS- (/h) are the kill rates of S+ and S−

espectively. 

For each strain, the impacts of CAMHB dilution on the bacte- 

ial growth rate and killing rate due to PMB were investigated by 

stimating separate parameters for each dilution. Parameters af- 

ected by CAMHB dilution were then re-estimated using TK data 

btained with cation compensation, while keeping the other pa- 

ameters fixed. In the final model, parameters for TK data with and 

ithout cation compensation were estimated simultaneously. 

Model selection was based on objective function value, rela- 

ive standard error of the parameter estimates obtained using the 

ampling importance resampling procedure implemented in Perl- 

peaks-NONMEM [31] , and goodness-of-fit (GOF) plots. Visual pre- 

ictive checks with stratification for PMB concentration, CAMHB 

ilution and cation compensation were drawn to evaluate the 

redictive performance of the model, and taken into account for 

odel selection. Observed bacterial counts were plotted vs. time, 

nd overlaid with the median and 90% prediction interval obtained 

y simulating 10 0 0 replicates of the original data set. The concor- 

ance between simulations and observations was inspected visu- 

lly. 
3

.6. Simulation of bacterial killing rate at different PMB 

oncentrations 

Simulations of expected PMB kill rate ( Eq. 3 ) for both S+ and S−

ub-populations at constant PMB concentrations ranging from 0 to 

0 0 0 mg/L were performed using R Version 4.1.3 to compare the 

mpact of CAMHB dilution with and without cation compensation 

etween the three A. baumannii strains. 

. Results 

.1. Medium effect on MIC 

Using CAMHB-100%, PMB MIC was estimated at 0.25 mg/L for 

TCC 19606 and 0.5 mg/L for AB121-D0, and the effect of CAMHB 

ilution without or with cation compensation was minor ( Table 1 ). 

or AB122-D12, the MIC was assessed at 128 mg/L in CAMHB-100%, 

ith a major reduction after medium dilution (MIC = 2 mg/L in 

AMHB-10%) as shown in Table 1 . Cation compensation decreased 

he MIC reduction observed with medium dilution (MIC = 32 mg/L 

n CAMHB-10% with cation compensation). 

.2. Time-kill results with CAMHB dilution 

No dilution effect on apparent bacterial growth was observed in 

he absence of antibiotic for the three A. baumannii strains [Fig. S1 

first column), see online supplementary material]. 

For ATCC 19606, regrowth was observed after an initial CFU de- 

ay for PMB concentrations up to 16 mg/L, corresponding to 64- 

old the MIC in CAMHB-100% (Fig. S1A, see online supplementary 

aterial). CAMHB dilution had a minimal impact for PMB con- 

entrations below and around the MIC, but above the MIC, bacte- 

ial regrowth became less apparent with dilution. The highest PMB 

oncentration for which regrowth was observed decreased from 16 

g/L in CAMHB-100% to 1 mg/L in CAMHB-10%. 
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Table 1 

Minimum inhibitory concentration (MIC) values in diluted cation-adjusted Mueller-Hinton broth (CAMHB) with (w/) and without (w/o) cation compensation 

MIC (mg/L) 

ATCC 19606 AB121-D0 AB122-D12 

w/ w/o w/ w/o w/ w/o 

CAMHB-100% 0.25 0.5 128 

CAMHB-50% 0.5 0.25 0.5 0.5 128 64 

CAMHB-25% 0.5 0.5 1 1 64 16 

CAMHB-10% 1 1 2 2 32 2 
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For AB121-D0, comparable results to ATCC 19606 were observed 

Fig. S1B, see online supplementary material). The highest PMB 

oncentration for which regrowth was observed decreased from 16 

g/L in CAMHB-100% to 2 mg/L in CAMHB-10%. 

For AB122-D12, bacterial regrowth was observed for concentra- 

ions up to 128 mg/L in CAMHB-100% and in the presence of PMB 

Fig. S1C, see online supplementary material). However, CAMHB di- 

ution had a more pronounced effect on this strain, with a 64-fold 

eduction in the highest concentration showing regrowth between 

AMHB-100% and CAMHB-10% (128 vs. 2 mg/L). 

For all strains, most variability between experiments was ob- 

erved at concentrations of 0.5–2 x MIC. 

.3. Time-kill experiments with CAMHB dilution and cation 

ompensation 

For ATCC 19606, TK experiments performed with cation com- 

ensation in diluted medium conditions (50%, 25% and 10%) re- 

ealed similar results compared with the data obtained without 

ation compensation (Fig. S2A, see online supplementary material). 

For AB121-D0, when cations were compensated, comparable re- 

ults were obtained for CAMHB-50%, CAMHB-25% and CAMHB- 

0%, suppressing the medium dilution effect. These combined re- 

ults were similar to CAMHB-100% despite important variability 

etween replicates (Fig. S2B, see online supplementary material). 

For AB122-D12, cation compensation reduced the medium di- 

ution effect but did not restore the CAMHB-100% results. For the 

ame concentration of PMB, a greater decrease in CFU count was 

bserved in diluted medium with cation compensation compared 

ith CAMHB-100% (Fig. S2-C, see online supplementary material). 

.4. PK/PD modelling of the medium dilution effect 

The selected PK/PD models gave a good description of the TK 

ata, as shown in the GOF plots available in Fig. S3 (see online 

upplementary material) and the visual predictive checks in Figs. 2 

nd S4 (see online supplementary material). For ATCC 19606 and 

B121-D0, the PMB effect parameters Emax and EC50 differed for 

ach bacterial sub-population, while only Emax differed between 

he sub-populations for AB122-D12 ( Fig. 1 ). 

.4.1. Effect of CAMHB dilution on model parameters 

For all three A. baumannii strains, bacteria-specific parameters 

i.e. knet and BMAX) were not affected by medium dilution, unlike 

he model parameters characterizing the bactericidal effect of PMB. 

For ATCC 19606, the dilution effect was observed solely for 

he S− sub-population. CAMHB dilution had a moderate impact 

n EmaxS- , with a 2.15-fold increase between CAMHB-100% and 

AMHB-10% (Table S1A and Fig. S5, see online supplementary ma- 

erial). For this strain, similar EmaxS- values were estimated for 

K experiments with and without cation compensation, except 

or CAMHB-50% which exhibited a modest (1.15-fold) increase be- 

ween data with and without cation compensation. 

For AB121-D0, a dilution effect was observed solely for the 
− sub-population, as for ATCC 19606. However, in addition 

o an effect on EmaxS- , CAMHB dilution also impacted EC50,S- , 
4

or which a 3.8-fold increase was observed between CAMHB- 

00% and CAMHB-10% (Table S1B and Fig. S5, see online sup- 

lementary material). With cation compensation, EC50,S- still 

ncreased with medium dilution (EC50,S- in CAMHB-10% with 

ations ∼5-fold the value in CAMHB-100%), whereas EmaxS- re- 

ained similar to CAMHB-100% (less than 13% differences between 

alues). 

For AB122-D12, the CAMHB dilution effect was characterized in 

oth S+ and S− sub-populations by a 98% decrease in EC50 be- 

ween CAMHB-100% and CAMHB-10%, this parameter being com- 

on to both S+ and S− sub-populations (60.4 and 1.13 mg/L for 

AMHB-100% and CAMHB-10%, respectively) (Table S1C and Fig. 

5, see online supplementary material). No additional medium ef- 

ect on EmaxS- was noted, unlike ATCC 19606 and AB121-D0, or 

maxS + . After cation compensation, EC50 decreased with medium 

ilution but to a lesser extent (EC50 in CAMHB-100% 60.4 mg/L, 

n CAMHB-10% with cation compensation 7.2 mg/L, in CAMHB-10% 

ithout cation compensation 1.13 mg/L). 

.4.2. Dilution effect on PMB kill rate 

Simulations of the expected kill rates for various PMB concen- 

rations and different CAMHB dilutions with and without cation 

ompensation are shown in Figs. 3 , 4 and S6 (see online supple- 

entary material). 

For ATCC 19606, for the S+ sub-population, the kill rate in- 

reased with PMB concentration before reaching a plateau at 

2.1/h, and was not impacted by CAMHB dilution. For the S− sub- 

opulation, the kill rate increased with PMB concentration and 

lso with CAMHB dilution. The plateau value also increased with 

AMHB dilution, and reached EmaxS- values of 1.61 and 3.79/h for 

AMHB-100% and CAMHB-10%, respectively. Cation compensation 

id not impact kill-rate values ( Figs. 4 and S6, see online supple- 

entary material). 

For AB121-D0, the kill rate increased with PMB concentration 

ntil plateauing, and the S− sub-population alone was impacted 

y CAMHB dilution. However, for this strain, the dilution impact 

n kill rateS- varied with PMB concentration ( Fig. 3 ). For PMB 

oncentrations below approximately 3 mg/L, PMB kill rates were 

igher in CAMHB-100% and CAMHB-50% compared with CAMHB- 

5% and CAMHB-10% (e.g. at PMB 1 mg/L, kill rate100% ∼1.40/h 

nd kill rate10% ∼1.08/h) ( Figs. 4 and S6, see online supplemen- 

ary material). However, above 3 mg/L, kill rateS- was higher in di- 

uted medium, with plateau values equivalent to 1.87 and 3.04/h 

or CAMHB-100% and CAMHB-10% respectively. With cation com- 

ensation, maximum kill-rateS- values were reduced (at 10 mg/L, 

alues for CAMHB-50%, CAMHB-25% and CAMHB-10% were re- 

uced by approximately 38%, 21% and 20%, respectively, compared 

ith values without cation compensation), and kill-rateS- values 

or CAMHB-50%, CAMHB-25% and CAMHB-10% had values similar 

o CAMHB-100% ( Figs. 4 and S6, see online supplementary mate- 

ial). 

For AB122-D12, kill rates for both S+ and S− sub-populations 

ere impacted by medium dilution, and followed sigmoidal pro- 

les ( Fig. 3 ). For the S+ sub-population, medium dilution did not 

odify the maximum value (equivalent to 21.90/h), but decreased 

he concentration needed to reach it, which translated to a shift 
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Fig. 2. Visual predictive checks for the final model. Circles (top panels) represent experimental time-kill data obtained in undiluted (purple) or 50% (blue), 25% (green) and 

10% (red) diluted cation-adjusted Mueller-Hinton broth (CAMHB) without cation (Ca2 + and Mg2 + ) compensation, and crosses (bottom panels) represent those obtained in 

diluted CAMHB with cation compensation. The coloured areas depict the 90% prediction interval based on 10 0 0 simulations under the final model for a selection of tested 

concentrations of polymyxin B. Solid lines represent the 5th , 50th and 95th percentiles of those simulations. 
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o the left related to the degree of CAMHB dilution, correspond- 

ng to the decrease in EC50 between CAMHB-100% and CAMHB- 

0% (Table S1, see online supplementary material). Similar results 

ere observed for the S− sub-population with a maximum kill-rate 

alue of 2.99/h. When cations were compensated in the medium, 

he observed shift to the left of the kill-rate curves for both the 
+ and S− sub-populations was reduced ( Figs. 4 and S6, see online 

upplementary material). 

. Discussion 

Although artificial in vitro culture media have been developed 

o promote bacterial growth, this study found that dilution of 

AMHB by up to 10-fold did not affect the growth rate of the three

tudied strains of A. baumannii in the absence of antibiotic, con- 

rming previous results for this species [32] . Another study found 

hat medium dilution led to an increase in the initial reduction in 

. aeruginosa CFU count with time in the presence of meropenem, 

nd regrowth was observed but not characterized [22] . However, in 

he present study, the initial CFU decrease with time was too rapid 

or precise characterization and assessment of the medium dilution 

ffect, except for AB122-D12. On the other hand medium dilution 

educed the apparent bacterial regrowth of the various strains pro- 
5

ressively. For ATCC 19606 and AB121-D0, no medium dilution ef- 

ect was observed for the S+ sub-population, and only a modest 

mpact on the kill rate was observed for the S− sub-population, 

ith an increase of less than a factor of 2 between the values 

t CAMHB-100% and CAMHB-10% ( Fig. 2 ). In contrast, for AB122- 

12, the kill rates for both the S+ and S− sub-populations were 

ncreased by up to almost 100-fold in CAMHB-10% (Table S1, see 

nline supplementary material). 

As cations are known to interfere with PMB activity by dis- 

lacing the antibiotic from its binding sites [23] , complementary 

xperiments with adjusted Ca2 + and Mg2 + concentrations were 

onducted; these showed wide variability between the strains. No 

ffect of cation compensation was observed for ATCC 19606. For 

B121-D0, cation compensation tended to suppress the medium 

ilution effect, with im portant variability between experiments. Fi- 

ally, for AB122-D12, cation compensation attenuated the medium 

ilution effect, indicating that cation dilution explains only part 

f the increase in kill rate with CAMHB dilution ( Fig. 4 ). How-

ver, other cations (Mn2 + , Zn2 + , etc.) could bind to lipid A and 

ontribute to the medium dilution effect. An effect of Fe2 + seems 

ess likely, as the effect of changing Fe2 + concentrations on A. bau- 

annii growth reported previously [33] was not observed in the 

resent study. 
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Fig. 3. Simulation of polymyxin B (PMB) kill rate vs. PMB concentrations for various cation-adjusted Mueller-Hinton broth (CAMHB) dilutions. Black lines correspond to kill 

rate unaffected by CAMHB dilution. 
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The mechanistic explanation of the medium dilution effect re- 

ains unclear, and further studies are needed to understand the 

mpact of the depleted media on bacterial metabolism and/or on 

ompound activity. An increase in the sensitivity of several strains 

o colistin was observed previously when the pH of the culture 

edium was alkaline [34] . In the present study, an increase in 

H after medium dilution cannot be ruled out, which could have 

ffected the activity of PMB and explain the reduction in appar- 

nt bacterial regrowth in this case. The resistant strain AB122- 

12 carries a 10 amino acid insertion in pmrB, which is absent 

n ATCC 19606 and AB121-D0, and known to confer polymyxin re- 

istance through constitutive eptA expression, reducing the over- 

ll net-negative charge of the membrane by lipid A modification 

35] . If a direct link between mutation and the reinforced medium 

ffect observed for AB122-D12 remains difficult to establish, this 

annot be excluded completely as it remains the main difference 

etween the strains. Testing other A. baumannii strains with other 

henotypes, such as strains carrying mcr-1 plasmid associated with 

olymyxin resistance, is warranted [35] . 

The PK/PD modelling approach based on TK experiments al- 

owed differentiation between the impact of dilution on bacterial 

rowth and the antibiotic effect in the presence of initial CFU de- 

ay followed by regrowth; this cannot be achieved by traditional 

K/PD indices based on MIC. However, the impact of medium dilu- 

ion on model parameters was described by a discrete function due 

o the small number of experimental conditions tested, which pre- 

ents the extrapolation of model predictions for other dilution fac- 

ors, and therefore other nutrient and cation concentrations than 
6

ested in this study. In addition, major between-strain variability 

as observed in this study, with no obvious explanation preclud- 

ng predictions for any other strain, which strongly limits the scope 

f this work. It should be remembered that the PK/PD model with 

etero-resistance used in this study is a mathematical tool to char- 

cterize an observed reduction in bacterial sensitivity with time 

n the presence of an antibiotic, and is probably too simplistic to 

onsider two homogenous sub-populations, with an initial majority 

f more susceptible bacteria (S+ ) leading to the initial CFU decay 

bserved during TK experiments, followed by the development of 

ess susceptible bacteria (S−) which become dominant over time 

nd responsible for bacterial regrowth. Moreover, although the PD 

odel structure with adaptation was not able to fit the data, it 

annot be excluded that adaptation mechanisms could be respon- 

ible for bacterial regrowth, as assessed previously with transcrip- 

omics studies [36] . There is a need for more mechanistic informa- 

ion in order to better characterize in vitro data. 

While in vitro experiments allow more experimental freedom 

o understand biological mechanisms, it is worth considering if the 

echanisms will subsequently translate to in vivo . First, while the 

tandardized commercial culture media used cannot be directly re- 

ated to in-vivo environments regarding nutrient composition, this 

tudy has shown that the medium has a considerable impact on 

ompound bactericidal activity, even for PMB concentrations that 

an be found in patients ( < 10 mg/L [37] ). Moreover, in this study,

a2 + and Mg2 + compensation was shown to be partially respon- 

ible for the medium dilution effect observed, but the compensa- 

ion was done in order to restore the cation concentrations of the 
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Fig. 4. Simulations of polymyxin B (PMB) kill rate vs. PMB concentrations in cation-adjusted Mueller-Hinton broth (CAMHB)-100% and CAMHB-10% with (dashed lines) and 

without (solid lines) cation compensation. Black lines correspond to kill rates unaffected by CAMHB dilution. 
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ommercial CAMHB-100%, which remained 2- to 3-fold lower than 

he concentrations found in plasma or in the extracellular space 

38 , 39] . It is also relevant to highlight that in-vivo results cannot

e systematically reproduced during in vitro experiments. For ex- 

mple, the mutation of pmrB in AB122-D12 obtained in vivo may 

e observed, but not systematically, during in vitro experiments, so 

B122-D12 cannot be considered a direct representative of the S−

ub-population of AB121-D0. Furthermore, although relatively pop- 

lar, the PK/PD model structure used in this study remains a sim- 

lification of biological reality, and the significance given to bac- 

erial sub-populations as well as the interpretation of modelling 

esults must be made with caution. In addition, the static TK ex- 

eriments carried out in more or less rich culture media consti- 

ute a first step, and should be completed by dynamic HFIM ex- 

eriments conducted over a longer period [40] , possibly in condi- 

ions closer to the environment at the infection site, allowing, for 

xample, biofilm formation [10] . 

The results of this study indicate that, to some extent, it is 

ossible to adjust the in vitro medium to better capture in-vivo 

fficacy, but questions remain, including the reasons for isolate- 

pecific differences in in vitro –in-vivo translation. Further studies 

re warranted. 
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