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Resum

L’increment de la resistència als antibiòtics representa un greu problema de salut 
pública a escala global. Pseudomonas aeruginosa i Klebsiella pneumoniae són dues 

causades per soques multiresistents. Les combinacions d’antibiòtics són una de les 
opcions terapèutiques disponibles per a combatre infeccions causades per bacteris 
multiresistents. La corba de letalitat (time-kill in vitro que permet 
estudiar l’activitat de les combinacions d’antibiòtics al llarg d’un temps determinat. El 

de resultats en les TK. La possibilitat d’emprar una tècnica de bioluminescència basada 

convencional. Una de les combinacions d’antibiòtics utilitzades habitualment per tractar 

pràctica clínica. Els règims simultanis i esglaonats d’aquesta combinació podrien tenir 
diferents impactes clínics.

L’objectiu principal d’aquest estudi va ser 1) estandarditzar i avaluar una tècnica 
d’ATP com alternativa al mètode convencional de recompte de colònies en estudis 
de combinacions d’antibiòtics mitjançant TK i, 2) determinar el règim d’administració 
òptim de meropenem i amikacina contra P. aeruginosa extremadament resistents (XDR) 
i K. pneumoniae productores de carbapenemases (CP-KP) mitjançant experiments TK.

La tècnica d’ATP es va realitzar amb el GloMax®96 Microplate Luminometer (Promega), 
que mesura la bioluminescència en unitats relatives de llum (RLU). Per estandarditzar 
la tècnica, es va determinar el background, la linealitat i el límit de detecció. Es van dur 

es va utilitzar com a gold standard per establir els punts de tall en el mètode d’ATP. 
L’estandardització es va fer amb P. aeruginosa, K. pneumoniae i Enterococcus faecium.  
La solució salina neutra (NSS) es va establir com a medi de rentat i/o dilució ja que 

amb cations ajustats Mueller Hinton (CA-MH). Les RLU van correlacionar amb les UFC 
dins del rang lineal. La categorització dels paràmetres farmacodinàmics utilitzant la 
tècnica d’ATP va ser equivalent al mètode de recompte de colònies. Els punts de tall 

P. aeruginosa
K. pneumoniae, 

respectivament.

Diferents règims d’administració de meropenem (MEM) i amikacina (AK) es van evaluar 
en set soques clíniques de XDR P. aeruginosa i en cinc aïllats clínics de CP-KP mitjançant 

MEM32 (32 mg/L) en tots els aïllats de CP-KP i en quatre soques seleccionades de P. 
aeruginosa
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P. aeruginosa amb diferents concentracions 
mínimes inhibitòries (CMI) d’aquest antibiòtic i en dues CP-KP amb resistència d’alt 
nivell a AK. Ambdós antibiòtics es van administrar alhora a l’inici de la corba en els 
règims simultanis. En els règims esglaonats, el segon antibiòtic es va afegir 2 hores 

(log UFC/mL) es va analitzar a diferents temps al llarg de la corba. 

Els règims simultanis d’amikacina i meropenem van causar una reducció inicial de la 
càrrega bacteriana a la majoria dels aïllats de XDR P. aeruginosa i CP-KP. Els règims 
esglaonats van causar una reducció inicial de la càrrega bacteriana quan la concentració 
del primer antibiòtic va ser superior a la CMI d’aquell antibiòtic, independentment del 
mecanisme de resistència.

En conclusió, l’assaig d’ATP va ser útil per avaluar les combinacions d’antibiòtics 

recompte de colònies, podria ser fàcilment implementat en laboratoris de microbiologia 
clínica. Els nostres resultats suggereixen que l’administració simultània d’amikacina i 
meropenem hauria de ser la primera opció en els tractaments empírics per tal de buscar 
una major reducció inicial de la càrrega bacteriana quan es desconeix la sensibilitat de 
l’agent infecciós a aquells antibiòtics.
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Abstract

Antibiotic resistance has become a public health concern. Combining antibiotics is 
a strategy to overcome the limited therapeutic options against multidrug-resistant 
bacteria, including extensively-drug resistant (XDR) Pseudomonas aeruginosa and 
carbapenemase-producing Klebsiella pneumoniae (CP-KP). Time-kill curves (TK) are 
used to study antibiotic combinations, but the colony count method to obtain the results 
is time-consuming. A bioluminescent ATP assay to analyze the results of TKs would 
allow the implementation of studies of antibiotic combination in clinical microbiology 
laboratories. The combination of meropenem and amikacin is commonly used to 
empirically treat infections caused by Gram-negative bacilli, but the time of amikacin 
administration is not well stablished. Simultaneous and staggered schedules of this 

The main aims of this study were 1) to standardize and evaluate an ATP assay as 
an alternative to the conventional colony count method in TK studies of antibiotic 
combinations, and 2) to determine the optimal dosing schedule of meropenem plus 
amikacin against XDR P. aeruginosa and CP-KP by means of TK experiments.

The ATP assay was performed using the GloMax®96 Microplate Luminometer (Promega) 
that measures bioluminescence in relative light units (RLU). Background, linearity and 
detection limit were determined to standardize this assay. Twenty-four-hour TKs were 
performed, and results were analyzed in parallel using the conventional cell count 
method and the ATP assay. The conventional method was used as gold standard to 
establish the breakpoints in the ATP method. Standardization was performed with P. 
aeruginosa, K. pneumoniae and Enterococcus faecium. 

seven XDR P. aeruginosa

isolates. A higher dose of MEM32 (32 mg/L) was also assessed on all CP-KP isolates 
and four selected P. aeruginosa

P. aeruginosa with 

level amikacin-resistant CP-KP. Simultaneous schedules included both antibiotics at the 
start of the curve. In staggered schedules the second antibiotic was added two hours 

for each dosing schedule.

Neutral saline solution (NSS) showed wider linearity and a lower detection limit than 
Cation-adjusted Mueller Hinton (CA-MH) in the ATP assay. Therefore, NSS was 
established as washing/dilution medium. Relative light forming units (RLU) signal 
correlated with colony forming units (CFU) when the assay was performed within 
the linear range. Categorization of the pharmacodynamic parameters using the ATP 

P. aeruginosa,
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K. 
pneumoniae, respectively. 

Simultaneous schedules of amikacin and meropenem caused an initial bacterial load 
reduction in most of the XDR P. aeruginosa and CP-KP isolates. Staggered schedules 

was above the MIC, regardless of the mechanism of resistance.

combinations in TKs. This method, less laborious and faster than the colony count 
method, could be more easily performed in clinical microbiology laboratories. According 
to our results, simultaneous dosing schedules of amikacin and meropenem should be of 
choice in empirical treatments when the antibiotic susceptibility results of the infectious 
agent are unknown.
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MLST – Multilocus Sequence Typing
MLVA – Multilocus Variable-number Tandem-repeat Analysis
MPC – Mutant Prevention Concentration
NSS – Neutral Saline Solution
OMP – Outer Membrane Protein
ORWG – Outreach Working Group
PABA – Para-aminobenzoic Acid
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PAE – P
PAP – 
PBP – Penicillin Binding Protein
PCH – Pyochelin
PDR – Pandrug Resistant Microorganism
PFGE – 
PK/PD – Pharmacokinetic/pharmacodynamic
PVD – Pyoverdine
R – Resistant
RAPD – 
RLU – Relative Light Forming Units
RNAP – DNA-dependent RNA Polymerase
ROC – Receiver Operating Characteristic Curves
S – Susceptible
ST – Sequence Type
TLR4 – 
UA – Unweighted Accuracy
WHO – World Health Organization
WWTPS – Wastewater Treatment Plants
XDR – Extensively Drug-resistant Microorganism
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Introduction
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1. Introduction

th century.1 Infectious diseases 
were thought to be controlled during the antibiotic golden age, but the current situation is 
far from what was expected.2 Misuse and abuse of antibiotics have occurred since their 
deployment, not only in human medicine but also in veterinary medicine. This fact has 
led to the current increasing rates of antibiotic-resistant microorganisms in most clinical 

to treat, which causes higher mortality and morbidity rates and substantial economic 
burden.3  According to a group of experts chaired by Jim O’Neal, 10 million deaths 
worldwide could be attributed to antimicrobial resistance (AMR) every year by 2050 if 
no actions are taken to tackle this threat.  The success of modern medicine is linked to 
the capacity to treat infections. Medical achievements such as cancer chemotherapy 

concerning scenario, the World Health Organization (WHO) declared AMR as one of the 
top ten threats that global health is facing.5

AMR is a natural phenomenon that existed well before the antibiotic era. Microorganisms 
live in complex communities, in constant competition for space and resources.6 The 
production of antimicrobial compounds helps microorganisms mediate competition 
against other species and dominate an ecological niche. Bacteria also have strategies 
to protect themselves from these natural antibiotics in their environment.6 However, this 
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Figure 1. Timeline of antibiotic deployment and emergence of antibiotic resistance. Year 
of antibiotic deployment (above), and year of emergence of resistance (below)9.

natural equilibrium has been completely disrupted due to the anthropogenic impact of 
massive use of antibiotics.  

The deployment of every antimicrobial compound has been followed by emergence 
of resistance (Figure 1). Given this extraordinary capacity of bacteria to quickly evolve 
and adapt to changing environments, the discovery/development of new antibiotics has 
become a bottleneck and a nonstop race against increasing bacterial resistance7.

Antibiotic pressure is a key driver for AMR because susceptible bacteria are killed 
while antibiotic-resistant bacterial subpopulations are selected and enlarged (Figure 
2).  Misuse of antimicrobials in both human medicine and veterinary medicine causes 

Appropriate use of antibiotics is paramount to delay this race, and this is the goal of 
antibiotic stewardship programs in human medicine.

Antimicrobial resistance genes (ARGs) are either intrinsically present in bacteria, further 
developed through mutations, or acquired from nearby bacteria by horizontal gene 
transfer (HGT).10 The term antibiotic resistome includes not only all ARGs present in an 
ecological niche but also their precursors and other potential resistance mechanisms 

10 Interactions between 
microbial populations are complex drivers of AMR. The human gut microbiome 
harbours an assorted dynamic resistome that is potentially shaped by many facets, 
including geographical factors, biological factors (antibiotic selection pressure, HGT), 
health condition (co-morbidities, hospitalizations), and individual behaviour (nutrition, 
travels).11 
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environmental microbiomes are connected.  There is large exchange and dissemination 

facilities and farms but also environmental niches such as water and soil are hotspots 
for emerging AMR.13 River sediments near water waste sources and soils contaminated 
with manure have increased potential for selection and HGT.  The massive release of 
antimicrobials into the environment contributes to this process. A recent United Nations 

spread of AMR in the environment.

The concept of One Health (Figure 3) refers to the interconnection between human, 
animal and environmental health.15  Some worldwide-spread AMR determinants such 
as CTX-M extended-spectrum  emerged from environmental bacteria.16

Understanding the human resistome dynamics related to the other One-Health sectors 

to nosocomial pathogens.10 

global health problem must be tackled following a One-health approach, which requires 

1.1 Antibiotics and their mechanisms of action

Antimicrobial agents interfere in biological processes that are essential for bacterial 
17 Naturally produced by microorganisms in nature or of synthetic or 

semi-synthetic origin, antibiotics used to treat or prevent infectious diseases should 
be as harmless as possible to the patient. Bactericidal agents kill the target bacteria 

Figure 2. Antibiotic selection pressure. 
on bacterial populations. Susceptible cells (in blue) and resistance cells (brown). Created by 
Biorender.
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Figure 3. One Health Approach. Human health is connected to the health of animals, plants 
and our shared environment. The inner circle illustrates how antibiotic resistance is spread in a 
healthy and diverse bacterial population15. 

whereas bacteriostatic agents inhibit their growth. Bacteriostatic antimicrobials usually 
function via the inhibition of bacterial protein synthesis, and therefore they require a 
functioning host immune system to completely clear overgrowth.

of bacterial cell wall biosynthesis, 2) disruption of cell membrane, 3) inhibition of nucleic 

1.1.1 Inhibition of cell wall synthesis

glycopeptides. These antibiotics inhibit the cell wall biosynthesis by interfering in 
the polymerization of peptidoglycan, which is the major structural component of the 
bacterial cell wall. 
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proteins (PBPs), which are essential in the formation of cross-bridges between peptide 
chains of peptidoglycan to ensure cell wall stability.  Inhibition of PBPs leads to 
malfunction of the cell wall biosynthesis machinery, resulting in a futile cycle where the 
cell wall is continuously synthesized and degraded without assembly.19 This causes 

enzymes instead of binding to PBPs. These inhibitors are commonly used in combination 

Figure 4. Action mechanisms of antibiotics. 7.
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Carbapenems (e.g. imipenem, meropenem) are broad-spectrum antibiotics, having 

20

Glycopeptides are large and complex molecules that inhibit peptidoglycan biosynthesis 
in Gram-positive bacteria. They are composed of a cyclic glycosylated peptide structure 
with seven amino acids. This heptapeptide backbone binds to the C-terminal L-Lys-
D-Ala-D-Ala subunit of the peptidoglycan precursor lipid II, preventing the addition of 
new units.  The glycopeptide family of antibiotics includes vancomycin, teicoplanin, 
telavancin and the more recently deployed dalbavancin and oritavancin. Glycopeptides 

and the requirement of drug monitoring. The new lipoglycopeptides (dalbavancin and 

for hospitalization.21,22

1.1.2 Disruption of the cell membrane
The main bactericidal antibiotic classes that disrupt the integrity of the cell membrane 
are cyclic lipopeptides (daptomycin) and polymyxins (colistin and polymyxin B). 

Daptomycin is active against Gram-positive bacteria, and it has a unique structure with 
a 13-amino-acid peptide linked to a decanoyl side chain. Daptomycin requires calcium 
for activity. The insertion of the Ca2+-daptomycin complex into the cell membrane forms 
a channel that causes depolarization due to leakage of ions and loss of cell membrane 
integrity, leading to bacterial cell death.

Polymyxins are active against many Gram-negative bacteria. Polymyxin B was isolated 

other polymyxins.23 Polymyxin E (colistin) and polymyxin B were extensively used in 
human medicine until new safer antibiotics were introduced in the 1970s. Polymyxins 
are cationic polypeptides composed of a heptapeptide ring attached to an acylated 
fatty acid chain at the N-terminal end.  The hydrophilic cationic peptide ring and 
the hydrophobic fatty acids form a unique amphipathic structure. The cationic peptide 
binds electrostatically to the negatively charged lipopolysaccharide (LPS) molecules 
of the bacterial outer membrane (OM) and causes the displacement of membrane-
stabilizing cations (Ca2+ and Mg2+). This local disturbance allows the interaction of the 
fatty acid chain of polymyxin with the lipid A portion in LPS. This leads to an increase in 
the OM permeability and allows the entry of antibiotic molecules.25 Osmotic imbalance 
and loss of cell membrane integrity contribute to the cell disruption and bacterial death 
caused by polymyxins.25

1.1.3 Inhibition of the nucleic acid synthesis
Some antibiotic families directly inhibit nucleic acid synthesis. These antibiotics 
may interfere with DNA replication by targeting essential enzymes for bacterial DNA 
synthesis (i.e. quinolones, novobiocin), or with RNA synthesis by targeting bacterial 
RNA polymerase (i.e. rifamycins). 

Quinolones are bactericidal antibiotics that act on DNA synthesis. They target two type 
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spectrum of bactericidal activity and expanded pharmacological properties. Improved 

chain substitutions added to the nalidixic acid quinolone core. Several generations 

27

Rifamycins are bactericidal antibiotics that prevent RNA synthesis by binding to the 

The inhibition occurs by sterically blocking the path of the elongating RNA at its 5´ 

Consequently, transcriptional activity is inhibited, leading to bacterial death.29 Rifamycins 
are used usually in combination against Mycobacterium tuberculosis or some Gram-
positive bacteria.

1.1.4 Inhibition of protein synthesis
Antibiotics that inhibit protein synthesis target the ribosomal machinery in prokaryotic 
cells. The main families of antibiotics with this mechanism of action are tetracyclines, 
aminoglycosides, macrolides and oxazolidinones.30

Tetracyclines are considered bacteriostatic antibiotics. Members of this antibiotic family 

hydrocarbon rings.31 These antibiotics form complexes with magnesium in aqueous 
solutions. These tetracycline-metal complexes attach to the 30S subunit in the bacterial 
ribosome, blocking aminoacyl-tRNA binding to the A-site and inhibiting translation. 
Tetracyclines are active against a wide range of Gram-positive and Gram-negative 
bacteria, including some intracellular pathogens and spirochetes.

Aminoglycosides are potent antibiotics that act through inhibition of protein synthesis. 

to be discovered was streptomycin obtained from the soil bacterium Streptomyces 
griseus 32 This was followed by the discovery of new aminoglycosides (e.g. 
neomycin, gentamicin, tobramycin, kanamycin) obtained from other Actinomycetales 
throughout the next decades.33 Starting in the 1970s, semi-synthetic aminoglycosides 
such as amikacin were developed to improve their pharmacological properties and to 
overcome resistance issues.33 Development of new aminoglycosides continued in the 

 Aminoglycosides 
are broad-spectrum antibiotics, being active against many Gram-positive and Gram-
negative bacteria, but they have no inherent activity against anaerobes because active 
electron transport is required for their uptake.35 

Aminoglycosides have a core of amino sugars linked via a glycosidic bond to an 
aminocyclitol ring (streptamine, 2-deoxystreptamine, or streptidine). The position 

the 16S rRNA in the 30S ribosomal subunit and determines their mechanism of 
action.35 Aminoglycoside uptake occurs in distinct stages. Firstly, these polycationic 
molecules bind electrostatically to negatively charged membrane components such 
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as phospholipids and LPS, displacing magnesium ions and disrupting membrane 
integrity. This enhances permeability and facilitates energy-dependent transport into 
the cytoplasm where aminoglycosides bind to the A-site of 16S rRNA. This interaction 
causes mRNA misreading and mistranslation, which leads to faulty proteins that 
integrate into the cytoplasmic membrane, further compromising permeability, 

into the cell 36. Some aminoglycosides also inhibit polypeptide synthesis by blocking 
the formation of the initiation complex or the translocation of peptidyl-tRNA.36

Unlike bacteriostatic antibiotics that inhibit protein synthesis, aminoglycosides are 

(PAE), suppressing bacterial growth even after their concentration falls below the 
minimum inhibitory concentration (MIC) value.35

Macrolides and lincosamides bind to the large 50S ribosomal subunit, inhibiting 
translation. Macrolides are hydrophobic antibiotics that have a macrolactone ring with 
neutral or amino sugar groups. They inhibit peptide chain elongation by reversible 
binding to 23S rRNA at the peptidyl-tRNA binding region. This binding blocks the 
exiting channel for the nascent peptide, translocation is inhibited, and peptidyl-tRNA 

followed by 15-member azithromycin and 16-members (e.g. josamycin) with improved 
pharmacological properties. The basic structure of lincosamides consists of an amino 
acid derivative connected to a sugar moiety via an amide bond. Lincosamycin and 
clindamycin bind to the 23S rRNA in the central part of peptidyl transferase center 
blocking A-site tRNA positioning and thus inhibiting the peptide-bond formation in 
the initial phase of elongation. Both macrolides and lincosamides are bacteriostatic 
antibiotics, but they can exhibit bactericidal activity at high concentrations and against 
low bacterial inocula.37 Macrolides are being broadly used to treat respiratory, skin 
and soft tissue, and sexually-transmitted infections, as well as some gastrointestinal 
infections.

1.1.5 Interference in metabolic pathways
Some antibiotics act by disrupting metabolic pathways that are essential for 
bacteria. One of the best-known examples is the inhibition of folic acid synthesis in 
bacterial cells by sulfonamides alone or by synergistic combination with trimethoprim 
(cotrimoxazole).39 Sulfonamides compete with para-aminobenzoic acid for the active 
site of the dihydropteroate synthase in the folic acid synthesis pathway. Trimethoprim 
binds to the dihydrofolate reductase in the next step of this metabolic pathway. Folic 
acid is a cofactor in the synthesis of nucleotides and some amino acids, and therefore 
essential in DNA replication and protein synthesis. Bacterial growth is inhibited when 
folate stores in cells are depleted.39

1.2 Mechanisms of antibiotic resistance 

The diversity of mechanisms of antibiotic resistance can be summarized in few groups. 
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Bacterial species have their own natural antibiotic resistance. Traditionally termed 

and it is predictable. Recently EUCAST replaced the term intrinsic resistance with the 
concepts of expected resistant and expected susceptible phenotypes.  Expected 

resistance breakpoint, and therefore this agent should not be considered for either 

has MICs below or equal to the susceptible PK/PD breakpoint.

Figure 5. Mechanisms of antibiotic resistance. 17
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Acquired resistance to antimicrobials is an issue challenging the health system.  
AMR acquisition may occur through mutations in chromosomal genes or by HGT via 
plasmids or other mobile genetic elements.  Some bacteria may also present adaptive 
antibiotic resistance under certain environmental stimuli and reversion to the susceptible 
phenotype occurs when these stimuli disappear.
also contribute to resistance as it involves phenotypic changes that shield bacteria from 
many antibiotics.3  

Chromosomal mutations may have an impact in genes involved in mechanisms of 

or expression of antibiotic-modifying enzymes.
mutations in the quinolone resistance-determining region (QRDR) of gyrA and parC 
genes encoding DNA gyrase and topoisomerase IV, respectively, reduce antibiotic 

Chromosomal mutations may cause altered expression of porins in Gram-negative 

resistance mechanisms. 

the cell, lowering their intracellular concentration.  Many of these pumps can expel a 

horizontal gene transfer. Mutations in regulatory genes can lead to their overexpression, 
increasing antibiotic resistance.

in bacteria or acquired through mobile genetic elements.50

B, C, and D).51 Classes A, C, and D have a serine residue in their active site, whereas 

(ESBLs) and some carbapenemases. Class C comprises AmpC cephalosporinases 
whereas class D includes OXA-type enzymes (oxacillinases). In contrast, class-B, 

Group 1 includes serine cephalosporinases (AmpC enzymes), which are not inhibited by 
clavulanic acid.  Group 2 is the largest and most heterogeneous category, comprising 

hydrolytic activity and inhibited by clavulanic acid. Group 3 are all MBLs, which can 
52

modifying antibiotics or their targets.53 These include aminoglycoside-modifying enzymes 
(AMEs) such as acetyltransferases and phosphotransferases, rRNA methyltransferases 
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that methylate ribosomal targets and may conferring resistance to aminoglycosides 
or macrolides (Erm), and phosphoethanolamine transferases (mcr genes) that confer 
resistance to colistin by modifying bacterial membrane.

the past. Experts from the European Center for Disease Control (ECDC) and Prevention 

2012 (Figure 6).
at least one antibiotic from three or more categories of antimicrobials. An extensively 
resistant strain (XDR) has susceptibility to only one or two categories of antimicrobials 
and a pan-resistant strain (PDR) has resistance to all antimicrobial agents. This 
common terminology allowed to report comparable data and facilitated the exchange 

bacteria.55

55 However, the concept of DTR may evolve over 
time due to the introduction of new antibiotics, requiring further reassessment.56

Figure 6 Population structure in terms of antibiotic resistance within a bacterial species. 
This diagram shows the relationship of MDR, XDR and PDR to each other
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1.3 ESKAPE pathogens

The emergence of antibiotic resistance in bacteria involved in nosocomial infections is 
especially alarming because lives of critical and/or immunosuppressed patients may be 

bacteria with the ability of evading bactericidal activity of antibiotics and usually involved 
in nosocomial infections.57 The term ESKAPE was used thereafter to jointly refer to 
Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 
baumanni, Pseudomonas aeruginosa and Enterobacter spp

to the largest threat bacteria posed to human health, and ESKAPE pathogens were at 
the top.59 A. baumanni and MDR 
Enterobacterales in the group of critical pathogens whereas carbapenem-resistant P. 
aeruginosa and vancomycin-resistant Enterococcus faecium are considered as priority 
pathogens.60

The largest burden of AMR is due to the global spread of some successful AMR 
clones.  Since the early 2010s, the term high-risk clone has been used to refer to 

locations.61 Accordingly, high-risk clones are important reservoirs for the dissemination 
of AMR genetic components either by horizontal or vertical gene transmission.62,63

High-risk clones not only possess a combination of AMR determinants and enhanced 

out other isolates of the same species.  High-risk clones can compete against other 
bacteria and become the main part of a bacterial population. Initially as colonizers, 
they may eventually lead to infections.  P. aeruginosa and K. pneumoniae are the most 
frequent Gram-negative bacilli associated with nosocomial infections worldwide, and 
MDR/XDR high-risk clones of these species are often involved.62,65–67

1.3.1 Pseudomonas aeruginosa
P. aeruginosa is a motile non-fermenting Gram-negative rod. This environmental bacterium 

blue and green. This metabolically versatile bacterium can survive under a variety of 
environmental conditions, including soil, water and plants.63 P. aeruginosa pangenome 
(~5.5-7 Mbp) encodes for many regulatory enzymes that provide this bacterium with 
metabolic versatility and high adaptability to environmental changes.69 This bacterial 
species usually uses oxygen as the terminal electron acceptor, but it may adapt to 
hypoxic conditions in the environment. P. aeruginosa

70

P. aeruginosa has an arsenal of virulence factors that contribute to pathogenicity by 
promoting bacterial adhesion, colonization, invasion of host tissues, dissemination 
and/or evasion of host immune response.62 These factors are regulated by complex 
pathways and signaling systems that confer great plasticity to this bacterium. Some 
virulence factors are encoded by its core genome such as lipopolysaccharide (LPS), 
outer membrane proteins (OMPs) like porins, and exopolysaccharides, whereas many 
other factors related to pathogenicity are part of its accessory genome and may be 
found in pathogenicity islands.71 Many of these factors are encoded in the core-genome, 
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including lipopolysaccharide (LPS), OMPs, secretion systems, exopolysaccharides 
(EPS) and siderophores.71 The LPS is a component of the outer membrane of Gram-
negative bacilli.72

the outer membrane), the core oligosaccharide region, and the O-polysaccharide (more 
distally located).72 LPS has a key role in several biological functions, and it is a major 
virulence factor. It mediates interactions with host receptors and causes tissue damage 
due to its endotoxic activity.73 

P. aeruginosa
 The 

well-characterized OprD facilitates uptake of basic amino acids and small peptides, 
and it is the primary channel for the entry of carbapenem antibiotics.  Other surface 
structures of P. aeruginosa This bacterium has a single 

and basal body components across outer and inner membranes.
essential for swimming motility, which helps bacteria reach the surface to establish 

composed by monomeric pilin subunits (PilA). These pili provide twitching motility and 

75

P. aeruginosa.71 These secretion 
systems secrete a wide variety of toxins and hydrolytic enzymes to attack the host.
Type 3 secretion system (T3SS) is a major virulence determinant in this bacterium. T3SS 

membrane and inducing apoptosis.71 The distribution of genes encoding these proteins is 

potential. ExoU is a potent phospholipase causing rapid membrane damage that may 
be directed against phagocytes and epithelium to promote bacterial dissemination. 
Therefore, ExoU has been associated with high bacterial virulence, acute infections and 
disease severity.  In contrast, ExoS is a bifunctional toxin with GTPase activating and 
adenosine-diphosphate-ribosyl-transferase activities. ExoS targets a wide range of cell 
factors and pathways, and it is more frequently associated with chronic infections. 

P. aeruginosa secretes a variety of extracellular factors, including toxins, enzymes, 
exopolysaccharides, pigments and siderophores.71 Secreted by type 2 secretion system 
(T2SS), exotoxin A is an ADP-ribosyl transferase that inhibits protein synthesis, inducing 
cell death and reducing the host response to infection.75 Secreted enzymes (e.g. lipases, 
proteases, elastases) are involved in tissue destruction.   

P. aeruginosa secretes several exopolysaccharides (alginate, Pel and Psl) that contribute 
76 Alginate is the main exopolysaccharide produced by this bacterium, 

complex interplay of many genes and regulatory networks. This highly regulated process 

expression and Quorum Sensing molecules.75

by both inhibiting phagocytosis and hampering antibiotics treatments.
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P. aeruginosa produces several pigments with relevant biological properties such as iron 
acquisition and oxidative stress responses.63 Pyocyanin (blue) and pyoverdine (yellow-
green) are the most common pigments, whereas pyorubrin (reddish) and pyomelanin 
(brown) are minor pigments expressed by some strain under certain environmental 
conditions.63

P. aeruginosa.  Pyocyanin can generate reactive oxygen 
species (ROS) within host cells, which leads to oxidative stress and cell damage 
contributing to the severity of disease, particularly in chronic infections such as cystic 

Iron depletion during infection is an important feature in host defense.  Iron is essential 
for bacterial growth and virulence as it acts as redox catalyst in many proteins involved 
in oxygen and electron transport processes.  Secreted by bacteria to overcome this 

P. aeruginosa produces two siderophores as part of its 
arsenal of virulence factors, pyochelin and the fore mentioned yellow-green pigment 
pyoverdine.
is the major siderophore expressed in low-iron conditions usually in acute infections. 

Additionally, pyoverdine is a signal molecule for the expression of virulence factors 
such as exotoxin A.  Despite not being considered a siderophore, the redox activity of 

that is more easily available for bacteria.

P. aeruginosa is an opportunistic pathogen that is highly associated with nosocomial 
(hospital-acquired) infections79. This Gram-negative rod can easily be selected 
because of its natural resistance to many antibiotics commonly used in hospitals. This 
environmental bacterium can thrive in hospital settings, especially in wet areas (e.g. 
equipment such as nebulizers, dialysis, etc). This bacterium may also cause some 
community-acquired infections, usually associated with humid environments. Some 
examples of these community infections are folliculitis, keratitis and otitis, among others.62

Although this environmental bacterium is not part of the normal human microbiota, 
once in-patients become colonized, they may also act as endogenous reservoir and 
further contribute to nosocomial spread. P. aeruginosa is commonly involved in 
hospital-acquired pneumonia (including ventilator-associated pneumonia), urinary tract 
infections, bloodstream infections and surgical site infections. P. aeruginosa can easily 
invade and proliferate in nonviable tissues, becoming a major threat in patients with 
extensive burns.70 It is also a major pathogen involved in chronic respiratory infections in 

 Additionally, 
this bacterium may also be involved in some community infections, usually associated 
with wet environments (e.g. folliculitis, keratitis and otitis).62

1.3.1.1 Mechanisms of antibiotic resistance 
P. aeruginosa is bestowed with a large intrinsic resistome. The expression of the 
chromosomally encoded resistance mechanisms is highly regulated.  This bacterium 
has natural (intrinsic) resistance to many antibiotics commonly used (e.g amoxicillin-
clavulanic acid, ceftriaxone, ertapenem, tetracyclines, cotrimoxazole). This feature 
results in selection of this bacterium under certain antibiotic treatments.
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The mechanisms for natural antibiotic resistance in P. aeruginosa are mainly due to 
the low permeability of its outer membrane, expression of chromosomal enzymes and 

and it has a limited number of porins that are highly selective, contributing to this low 
permeability. P. aeruginosa

clavulanic acid), and to most of the older cephalosporins (including the third-generation 
cephalosporin cefotaxime).  These beta-lactam antibiotics are strong inducers of its 

P. aeruginosa
other toxic compounds out of the bacterial cell, allowing this bacterium to adapt and 

P. 
aeruginosa, being MexAB-OprM and MexXY-OprM the most relevant pumps in its natural 
antibiotic resistance.  Constitutive expression of MexAB-OprM contributes to the basal 

tetracyclines, macrolides, chloramphenicol and sulphonamides.  Inducible expression 
of MexXY-OprM plays a role in low-level resistance to aminoglycosides and other 
antibiotics.

Treatment of P. aeruginosa infections represents a therapeutic challenge due to its 
natural (intrinsic) resistance to many antibiotics commonly used. This characteristic 
contributes to the selection of this bacterium under antibiotic pressure backgrounds.
Additionally, P. aeruginosa can easily develop increased antibiotic resistance, mainly 
through chromosomal mutations.  Its high rate of spontaneous mutations contributes 
to this frequent antibiotic resistance development, especially in infections with high 

Acquired resistance in P. aeruginosa is mainly caused by chromosomal gene mutations.62

Chromosomal mutations can lead to the overproduction of chromosomal AmpC 

Acquired carbapenem resistance often occurs through the loss or downregulation of 
OprD due to mutations in its structural gene, in its promoter region or in regulatory genes 
controlling expression.69 

antimicrobial expelling.

and other classes of antibiotics.MexAB-OprM is crucial for developing carbapenem 
resistance in P. aeruginosa. 

Hyperproduction of the chromosomal AmpC enzyme is the most common mutation-
driven mechanism of resistance to anti-pseudomonal penicillins (piperacillin), 
cephalosporins (ceftazidime or cefepime) and aztreonam.  Additionally, ampC

a conformational change in the transcriptional regulator AmpR.  Mutations leading to 

beta-lactams resistance, including the antibiotic combinations ceftolozane-tazobactam 
and ceftazidime-avibactam.
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P. aeruginosa can become more resistant by acquiring ARG through horizontal gene 
bla genes) are an important source of 

resistance.
NDM) have been frequently reported in P. aeruginosa clinical strains.90 Amynoglucoside-
modifying enzymes are also commonly acquired AMR determinants in P. aeruginosa.91

1.3.1.2 Pseudomonas aeruginosa high-risk clones
The population structure of this environmental bacterium is considered non-clonal.92

However, some clonal lineages in P. aeruginosa are associated with multidrug 
resistance, increased virulence and the ability to cause nosocomial outbreaks. These 
MDR/XDR high-risk clones are predominantly associated with hospital infections and 
their worldwide spread has become a public health issue due to limited therapeutics 
options (Figure 7). Recently the following top ten high-risk lineages were listed in order 
of relevance according to their prevalence, their global spread, and their association 

the presence of genes coding T3SS exotoxins ExoS and/or ExoU was also included.
Of these lineages, ST235, ST111 and ST175 are the most common high-risk clones in 
Europe.62 

ST235 is the most relevant and widespread high-risk clone.62 With an overwhelming 
presence of horizontally acquired determinants, this clone has been associated with over 

62 ST235 has 
a hypervirulent phenotype associated with high mortality, in part due to the production 
of ExoU cytotoxin.62,93 ST111 is the second most widespread high-risk clone after 
ST235, and it is found in Europe, Asia, and America.62,93

been associated with this clone, with VIM-2 being the most prevalent carbapenemase.62

ST175 is prevalent high-risk clone in Europe, especially in France and Spain.62 A recent 

ST175 is mainly due to a combination of mutations leading to the inactivation of the OprD 
porin, hyperproduction of chromosomal beta-lactamase AmpC, and overexpression of 

95 The characteristic beta-lactam mutational resistome of ST175 includes 

 MexZ (G195E) mutation that leads to MexXY overexpression, and 

acquired beta-lactamases Iike carbapenemases VIM and GES have also been found in 
this lineage.
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Figure 7 Geographic dissemination of the most frequently reported international high-risk 
clones of P. aeruginosa. Figure illustrates reported cases until 202096.

The capacity to cause severe infections and higher mortality in acute infections varies 
P. aeruginosa high-risk clones.96 The most virulent high-risk clone 

is the ST235 while ST175 seems to be less virulent. These high-risk clones were found 
to be defective in the three types of motilities and pigment (pyoverdine and pyocyanin) 

of either exoU or exoS.75,97 As previously mentioned, ST235 is a virulent lineage that 
produces the potent cytotoxin ExoU. In contrast, ST111 and ST175 commonly produce 
ExoS.75 However, ST175 has lower cytotoxicity, and it is less virulent than ST111, 
probably because the latter has other relevant factors contributing to its virulence.
Additionally, these three lineages were found to be defective in motility and pigment 

higher frequencies of spontaneous mutation.

1.3.2 Klebsiella pneumoniae    
K. pneumoniae

 This non-fastidious aerobic and 
facultative anaerobic bacterium is included in the order Enterobacterales and the family 
Enterobacteriaceae.99 K. pneumoniae ferments lactose and it has a distinctive mucoid 
phenotype when growing on agar plates due to the production of polysaccharide 
capsule.72 
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K. pneumoniae inhabits the gastrointestinal tract of healthy humans and animals.
K. pneumoniae is the second most frequent enterobacteria involved in opportunistic 
healthcare-associated infections after E. coli, including urinary tract infection, 
pneumonia, bacteremia, and wound site infections.101,102  The ability of this organism 
to spread rapidly often leads to nosocomial outbreaks. Outside hospital settings, some 
strains are involved in community-acquired infections such as pyogenic liver abscess.

K. pneumoniae genomes (~5–6 Mbp in size) encode ~5,000–6,000 genes. Of these, 
approximately 1,700 are core genes preserved in all members of this species, whereas 
the remainder are accessory genes that are variably present.103 K. pneumoniae clones 
can be distinguished from one another based on their accessory genome, which 
includes, among others, genes encoding acquired virulence factors and antimicrobial 
resistance determinants. 

All K. pneumoniae strains have a subset of core genes that code for basic pathogenicity 
factors required to establish opportunistic infections in mammalian hosts.103 Some of these 
virulence factors are adhesins, the variable capsular polysaccharide, lipopolysaccharide 
(LPS) and the siderophore enterobactin.  Adhesins are essential for mucosal 
colonization, which is an initial step that may lead later to infection. K. pneumoniae

epithelial cells and abiotic surfaces. The most well-characterized adhesins are type 1 
and type 3 pili, encoded by and mrkABCD clusters, respectively.105

Capsule polysaccharide (K antigen) and LPS (O antigen) are the two major bacterial 
K. pneumoniae pathogenesis. The 

diversity in these two antigens has been linked to the severity of disease in some cases. 
As previously mentioned, LPS is comprised of the O antigenic polysaccharide, the core 

106

The O-antigen provides resistance to complement-mediated killing and phagocytosis.107 

The main determinants of the O antigenic polysaccharide are located at the O locus 
(previously known as the rfb locus). Ten O-antigen have been serologically described in 
K. pneumoniae

 O1 and O2 serogroups are the most common.

A distinctive feature in K. pneumoniae is its encapsulated morphology. Capsule 
polysaccharide is an important virulence factor that gives protection from serum factors 
and phagocytosis.109 Genes involved in capsular polysaccharide synthesis (CPS) are 
found in a locus adjacent to O locus.110 The CPS locus has a mosaic structure, with a 
group of six conserved genes at 5’ (galF, orf2, wzi, wza, wzb, and wzc). Additionally, a set 

present.  Using the traditional K-typing, 79 capsular serotypes with diverse clinical 
implications and geographical distribution have been described.112 Currently genotyping 

wzi) are used to determine capsular 
types in K. pneumoniae  Recently 
an alternative typing approach based on Fourier transform infrared spectroscopy (FT-
IR) has been proposed to cover the gaps between K serotyping and genotyping in this 
species.113
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K. pneumoniae.

polysaccharide capsule, iron metabolism and quorum sensing, among others.

The presence of siderophores is essential in K. pneumoniae virulence given the role of 
iron uptake in bacterial growth during infection.110 Four types of iron-chelating systems 
have been found in this bacterial species, including the forementioned core siderophore 

and aerobactin (encoded by ybt, iuc and iro, respectively).103,110 The expression and 
contribution of each siderophore to virulence vary, and additionally they are irregularly 
distributed in K. pneumoniae clones.107 Present in all isolates, Ent is required for growth in 
most niches, but its iron-scavenging function is disrupted when bound by host lipocalin 
2 secreted by neutrophils and epithelial cells. Salmochelin is an acquired glycosylated 
Ent that evades this binding while remaining active in iron scavenging. Aerobactin and 

103

K. pneumoniae
116 First described in Taiwan in 

117

While opportunistic strains cause infections in patients with predisposing factors, 
hvKp strains have been related to community-acquired, aggressive, and metastatic 
infections in immunocompetent patients.  A combination of several determinants 
of virulence is required to achieve this hypervirulent pathotype. Its main feature is a 
hypermucoviscosus phenotype that is commonly detected using the string test.120

Although hvKp is mainly associated with capsular serotypes K1 and K2, other serotypes 

K. pneumoniae are dominated by the same subset of lineages.103 K1 serotype is strongly 

present K2 serotype and have been associated with hvKp strains. 

The hypermucoviscosus phenotype in K. pneumoniae is developed by the expression 
of the mucoviscosityassociated gene magA and gene rmpA enconding the regulator of 
the mucoid phenotype. An additional genetic marker is iucABCD operon that encodes 
aerobactin, a highly prevalent siderophore among hvKp. Enhanced siderophore activity 
has been demonstrated in hvKp strains compared to non-virulent strains.103 Another 
distinctive feature of hvKp isolates used to be their antibiotic susceptibility but there 
are recent reports about hvKP combining virulence and resistance genes on mobile 
genetic elements.121  Given the changing epidemiology in these strains, the European 
Centre for Disease Prevention and Control recently issued a warning about the increase 
in hypervirulent carbapenem-resistant K. pneumoniae.122

1.3.2.1 Mechanisms of antibiotic resistance
K. pneumoniae is naturally resistant to amino-penicillins and carboxy-penicillins. This 
resistance is due to its chromosomal penicillinase SHV-1, which is a short-spectrum class 

 Hyperproduction of this 
chromosomal enzyme may cause some degree of ceftazidime resistance, which might be 

123–125
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K. pneumoniae contributes to the dissemination of antimicrobial resistance genes from 
the environment to clinical settings.123 Many clinical strains have become highly resistant 
to antibiotics mainly due to horizontal acquisition of antibiotic resistance determinants 
especially through large self-conjugating plasmids.126  

K. pneumoniae is mainly mediated by the acquired 

(ESBL) are the most common cause of third-generation cephalosporin resistance in 
this species.52,127 These enzymes confer resistance to penicillins, cephalosporins 

in K. pneumoniae
TEM-1, TEM-2 and SHV-1 enzymes.   In the late years of that decade a new ESBL 
family was detected and named CTX-M because these enzymes conferred resistance 
predominantly to cefotaxime rather than ceftazidime.

The global spread of CTX-M ESBLs throughout the present century led to an increase in 
the use of carbapenems.129 More recently, the emergence and spread of carbapenemases 
in this nosocomial pathogen has become a major challenge worldwide.103

lactamases with carbapenem-hydrolyzing activity include class-A enzymes such as K. 
pneumoniae

100,123 However, carbapenemases show 
130 The highest burden of carbapenem-resistant 

K. pneumoniae in Europe is found in some southern countries, especially in Greece 
where KPC is the main problem.131

Mediterranean area, and it is the most prevalent carbapenemase in Spain.129 Currently 

carbapenemase.129,132

K. pneumoniae. OmpK35 and OmpK36 porins are critical for 
K. pneumoniae is the 

133

K. pneumoniae, 
126 Resembling other Gram-negative 

bacilli, the main resistance mechanism against aminoglycosides in this species is the 
acquisition of modifying enzymes (AMEs) with activities such as acetylation, adenylation 
or phosphorylation (aac, aad and aph genes).100 In contrast to AMEs, plasmid-mediated 
16S rRNA methyltransferases (ArmA, NpmA and Rmt) confer resistance to almost 
all aminoglycosides. Chromosomal mechanisms for aminoglycoside resistance in K. 
pneumoniae 100

Fluoroquinolone resistance is mainly due to point mutations in the quinolone resistance 
determining region (QRDR) of the genes that code for DNA gyrase (gyrA and gyrB) 
and topoisomerase IV (parC and parE).133

gyrA followed by parC. Several simultaneous mutations in these genes contribute to 
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are also involved in quinolone resistance.133 Additionally, quinolone resistance may be 

 These plasmid-mediated mechanisms of 
quinolone resistance have frequently been associated with ESBLs, mainly in IncF-like 
plasmids.

Colistin-resistance in K. pneumoniae emerged soon after the recovery of polymyxins 
to treat infections caused by XDR carbapenemase-producing isolates.100 Colistin-
resistance may emerge during treatments with this last-line drug due to chromosomal 

two-component regulator systems (PhoP-PhoQ, PmrA-PmrB or CrrAB), or inactivation 
of the regulator MgrB.135

several mcr genes encoding phosphoethanolamine transferases that modify lipid A 
K. pneumoniae

but they remain predominant in Escherichia coi.100,135

1.3.2.2 High-risk clones
K. pneumoniae has a clonal population structure where some global MDR high-risk 
clones are predominant in hospital settings.  Among them, the clonal group (CG) 

being predominantly associated with nosocomial outbreaks.100

are XDR due to their multiple ARGs and are noteworthy for their contribution to the 
global dissemination of CTX-M ESBL and several types of carbapenemases.100 Whole-

100

Other global MDR high-risk clones that contribute to the global expansion of resistance 
ST307 has 

and has become the dominant CR-KP lineage in South Africa.

Enterobacterales in Spain.136 A catalan 
study showed that K. pneumoniae

132 Changing epidemiological trends 
of CR-KP lineages in Spain have been recently reported, going from the predominance 

ST512/KPC-3.136

1.3.3 Enterococcus faecium
Enterocococcus spp are Gram-positive catalase-negative cocci that occur in pairs 
or short chains. Enterococci are facultative anaerobes with homofermentative 
metabolism.72 They are considered lactic acid bacteria because their metabolism results 
in the production of lactic acid as a major product of glucose fermentation. Enterococci 
are commonly found as commensals of the human and animal gastrointestinal tracts, 
but they can also survive in the environment.137 Enterococci often act as opportunistic 
pathogen in humans, being Enterococcus faecalis predominantly involved followed by 
Enterococcus faecium.

E. faecium is one of the six ESKAPE pathogens frequently involved in nosocomial 
infections.57 This bacterium usually infects the urinary tract, the biliary tract, surgical site 
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wounds, and bloodstream. E. faecium may cause endocarditis and infections related to 
catheters and other implanted medical devices, and it is often involved in polymicrobial 
infections (i.e. pelvic infections and intra-abdominal infections).

The genome size of E. faecium (2.7-3.2 Mb) varies among strains. This bacterial 

niches.  Pathogenicity islands (PAIs) are large chromosomal genetic elements that are 

in bacterial survival when environmental conditions are limiting.139

E. faecium
virulence factors that contribute to its pathogenicity by promoting colonization, tissue 
invasion, adhesion to inanimate surfaces and survival under stressful conditions. These 
factors include bacterial cell surface molecules (including capsule), stress response 

 Virulence factors 
associated with tissue colonization are enterococcal surface protein (Esp), endocarditis- 

E. faecium antigen 
A (Afm). Cytolysin and gelatinase contribute to tissue invasion.

E. faecium has natural resistance to a broad range of common antibiotics (e.g, 
cephalosporins, aminoglycosides, clindamycin, and trimethoprim-sulfamethoxazole).
Ampicillin resistance is an acquired trait in E. faecium, but it has become prevalent 
in clinical isolates due to clonal spread, especially in healthcare settings. Ampicillin 
resistance is mainly due to mutations in pbp5 gene or hyperproduction of PBP5, which 

 This bacterium may acquire further antibiotic 

The acquisition of multiple antimicrobial resistance in E. faecium has been associated 

hospital outbreaks and invasive infections.137 Characterized by ampicillin-resistance, 
CC17 has become a global high-risk clone, contributing to the spread of this antibiotic 
resistance. More recently horizontal acquisition of vancomycin resistance (VanA and 
VanB) has complicated the management and outcomes of E. faecium infections in many 
clinical settings.

1.4 Antibiotic susceptibility testing

Antibiotic susceptibility testing (AST) of microorganisms is essentially performed to guide 
antimicrobial treatments. Beyond this use, AST results have several other applications 
in healthcare. AST results are useful for epidemiological surveillance by monitoring 
the prevalence and spread of AMR within populations. Infection control relies on AST 
results, and so does antimicrobial stewardship. Guidelines for empirical antimicrobial 
therapy are usually settled based on local epidemiological data.

The Clinical and Laboratory Standards Institute (CLSI) and the European Committee 
on Antimicrobial Susceptibility Testing (EUCAST) are the two main organizations that 
provide standard methods and guidelines for AST to ensure reliable and consistent 

 The CLSI Subcommittee on AST is an American 
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volunteer-led, multidisciplinary consensus body that has been publishing AST standards 
 EUCAST is an international AST committee 

founded in 1997 with the initial goal of harmonizing European breakpoints.  Currently 
EUCAST guidelines have been adopted by all countries in Europe and in other parts of 
the world.

As previously mentioned, AST results are the basis for the selection of the most 
appropriate therapeutic option to treat bacterial infections.150 AST can be performed by 

methods can predict antimicrobial susceptibility and resistance, whereas genotypic 
methods predict resistance only.151

Figure 8. Current methods for antimicrobial susceptibility testing and turnaround time. 
PCR—polymerase chain reaction. qPCR—quantitative polymerase chain reaction. NGS—next-
generation sequencing. MALDI-TOF MS—matrix-assisted laser desorption/ionization time-of-

150

Conventional AST relies on phenotypic methods and assesses the bacterial response 
to antimicrobial agents, predicting susceptibility and resistance. AST results are usually 

used in clinical routine despite the delay of results. In contrast, molecular techniques 
entail a culture-independent AST approach with a shorter turnaround (circa 1-6h).

resistance.152 These molecular methods are expensive and can overestimate resistance 
as the detection of an ARG does not imply that it will always be expressed and lead to 
phenotypical resistance. Currently the combination of both genotypic and phenotypic 
methods is commonly used for AST in most Clinical Microbiology laboratories.
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1.4.1 Phenotypic AST
The basis of all antibiotic susceptibility testing is the MIC, which corresponds to the lowest 
antibiotic concentration that inhibits the growth of the studied pathogen. Commonly 
known as antibiogram, phenotypical AST can be performed by either quantitative or 
semiquantitative methods.

1.4.2 Quantitative methods
AST quantitative methods determine the antibiotic MIC value. Antibiotic concentrations 
are usually tested at two-fold dilutions and expressed in micrograms per milliliter (μg 
/mL) or milligrams per liter (mg/L). The range of concentrations tested depends on 
the antimicrobial agent, the pathogen, and the site of infection.152 This range should 

AST results.153

Dilution testing can be performed either in liquid (broth) or on solid media (agar). Broth 
AST methods (microdilution and macrodilution) use two-fold dilutions of antibiotics in 
liquid medium-containing tubes that are later inoculated with a standardized bacterial 
suspension of 1–5×105 CFU/mL.153 Broth microdilution (BMD) is currently considered 
the international reference standard AST.  BMD is usually performed using a dilution 
volume of 0.1mL in 96-well disposable plastic plates. BMD may be either in-house 
prepared, or most frequently performed using commercial panels that include dried 
antibiotic dilutions. Regarding macrodilution, this method is performed in test tubes 
usually containing a minimum dilution volume of 2mL. In contrast to broth dilution testing, 

followed by the application of a standardized bacterial inoculum onto the agar surface.155

strips containing a range of antibiotic concentrations.156 These plastic or high-quality 
paper strips are applied onto the agar plates previously inoculated with a standardized 

incubation, the MIC is determined by the intersection of the lower part of growth 
inhibition area with the printed gradient scale strip.156

of the most frequently used.  Both CLSI and EUCAST have similar standard 

breakpoints and the media used for fastidious bacteria.153

by applying antibiotic-containing disks onto an agar plate previously inoculated with a 
standardized bacterial suspension of 1–2 x 10  CFU/mL (McFarland 0.5 standard).

agar. The pathogen grows except in the areas where the antibiotic inhibits its growth, 

determine antimicrobial MICs but CLSI and EUCAST provide standardized charts that 
inversely correlate the inhibition zone diameters to MIC values. The diameter of the 
bacterial inhibition zone (measured in millimeters) is proportional to the antimicrobial 
susceptibility and it can be categorized following the breakpoint guidelines established 
by these committees.152
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1.5 Therapeutic options against MDR bacteria

the current limited therapeutic options. One of these strategies relies on the deployment 
of new antibiotics but the pharmaceutical pipeline has a slow turnaround for these drugs. 

regulatory and economic issues.157 Although some new antibiotics have been recently 

isolates occur more and more often.  

Another strategy against MDR bacteria relies on the reintroduction of old antibiotics that 

case of colistin use in human medicine.23 Due to its high toxicity, this antibiotic had been 
put aside from the clinical practice when cephalosporines were introduced. Currently 
considered a last-resort antibiotic, colistin was reintroduced in the early 2000s due to 
the increase in MDR Gram-negative bacilli and the scarcity of new antibiotics to treat 
infections caused by these bacteria.23 Given their ototoxicity and nephrotoxicity, the 
use of aminoglycosides also declined in parallel with the introduction of safer antibiotic 
classes.  However, a resurgent interest in this antibiotic class has emerged as MDR 
bacteria have spread worldwide. Moreover, aminoglycosides are recommended as part of 

155 Antibiotic combinations aim to 

159 The selection of an appropriate antibiotic, dose, and route of 
administration as well as potential associations with the other antibiotic are critical to 
achieve good clinical outcomes and reduce the risk of resistance and toxicity.160

mechanisms of action has been associated with better outcomes compared with 
monotherapy in bacterial septic shock.161 Many reports support the practice of combining 
antibiotics, especially in patients with high risk of MDR Gram-negative bacilli.162,163

Alternative therapies include the use of bacteriophages, antimicrobial peptides, 
nanoparticles, adjuvants and photodynamic light therapy.

1.5.1 In vitro evaluation of antibiotic combinations
in vitro 

to predict synergy in vivo.155 The microtiter checkerboard assay is a static microdilution 

concentrations of the two drugs are tested.155 Alternatively, a broth macrodilution method 
may also be used.  Synergy between two antibiotics can also be detected using disk 

antibiotic in relation to time.155
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times throughout the experiment, and the numbers of colony forming units (CFU) are 
determined by performing serial dilution and bacterial colony counts. This technique 
allows the analysis of each antibiotic alone as well as their combination to evaluate 
possible synergies. 

The whole performance of time-kill curves to evaluate antibiotic combinations is a 

as results are usually obtained by viable cell counting.155 All these technical issues have 
relegated time-kill curves mainly to research studies but a faster and less demanding 
methodology than the classical plate count method could make it easier for clinical 
laboratories to perform occasionally this type of studies.  

Based on the results obtained in time-kill curves, more advanced PK/PD dynamic 
techniques can be performed to evaluate antibiotic combinations in vitro. These 
techniques include the one-compartment chemostat and the two-compartment Hollow 

166 These complex models are continuous culture systems with a 

time as they would happen in vivo.166

1.5.2 Alternative methods for the evaluation of antibiotic combinations

as alternative means for the evaluation of antibiotic combinations. These methods 
correlate cell viability with metabolic activity by measuring nicotinamide adenine 
dinucleotide (NAD) or adenosine triphosphate (ATP). Detection of either of these 
molecules indicates the presence of living organisms.167

et al.

and relate it to the number of viable cells (Figure 9). The increase in bioluminescence 
is directly proportional to the amount of ATP, which in turn correlates with the living 
organisms present in the sample. These systems are widely used, especially in industry 

processes.169–171 The potential use of this technique to evaluate antibiotic activity has 
been also reported.170,172,173 These authors used the ATP assay to study the bactericidal 

been determined before using this technique in time-kill curves. The present thesis 
aimed to assess the role of this ATP assay as a surrogate for traditional cell counting in 

the possibility of quick and high-throughput assessment of antibiotic combinations in 
Clinical Microbiology laboratories.
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Figure 9. The luciferase reaction. Mono-oxygenation of luciferin is catalyzed by luciferase 
in the presence of Mg2+, ATP and molecular oxygen.174

1.6 Amikacin and meropenem in combination against Klebsiella pneumoniae

The acquisition of carbapenemases has complicated treatments of infections caused 
by K. pneumoniae
lactamase inhibitors (BLBLI) such as ceftazidime/avibactam have improved the guided 
treatment options in CP-KP infections.175 However, not long ago, the rise in infections 

antibiotics, led to the widespread use of antibiotic combinations aimed at achieving 
synergy. In this context, early empirical combined therapy with two antibiotics with 

monotherapy in septic shock.161 The retrospective study INCREMENT also showed 
that combined antibiotic therapy was associated to improved survival in bloodstream 
infections caused by carbapenemase-producing Enterobacterales in patients with high 
mortality score risk.175

D
oc

um
en

t s
ig

na
t d

ig
ita

lm
en

t p
er

: B
ER

TA
 P

U
IG

 C
O

LL
D

ER
RA

M



OPTIMIZATION OF THERAPEUTIC OPTIONS AGAINST MULTIDRUG RESISTANT MICROORGANISMS

amikacin.161 Aminoglycosides gained clinical interest with the emergence of MDR Gram-
negative bacilli.176,177 Aminoglycosides have been reported to bind to lipopolysaccharides 

 The 
AMINOLACTAM study showed that including an aminoglycoside to the initial empirical 

for Gram-negative bloodstream infections in haematological neutropenic patients.179

against some carbapenemase-producing K. pneumoniae (CP-KP) not only in vitro but 
also in murine models.  This antibiotic combination has been empirically used when 
a MDR Gram-negative infection is suspected.   However, the current guidelines 
of the Infectious Diseases Society of America (IDSA) do not recommend the use of 

 The European 
Society of Clinical Microbiology and Infectious Diseases (ESCMID) recommends 
avoiding carbapenem-based combination therapy for CRE infections unless the 

may be considered as part of combination therapy, but only if the newer BLBLIs cannot 
be used.

Both the choice of antibiotic and ensuring appropriate exposure at the site of infection 
are paramount in empirical treatments. The route of antibiotic administration and the 
dosing schedule may have an impact on clinical outcomes, especially in critically ill 
patients. The combination of meropenem plus amikacin is still commonly used for 
empirical treatment in patients with risk of severe infections by MDR Gram-negative 
bacilli although the newer BLBLI are currently preferred when available.  A recent 
systematic review analysed the evidence on the optimal duration of aminoglycoside 

 They concluded that a short duration of 

empirical treatments, and suggested that most of the synergistic bacterial killing in these 
combined regimens occurred during the initial phase of therapy. However, the timing of 

second part of this thesis was to evaluate the in vitro
schedules of the meropenem/amikacin combination on the initial bacterial burden of 
selected CP-KP isolates and determine their impact in initial empirical treatments. 
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2. Hypothesis and objectives

2.1 Hypothesis

The increase in antibiotic resistance has emerged as a global public health issue. 
Treating infections caused by multidrug-resistant (MDR) bacteria has become a clinical 
challenge. Combining antibiotics is one of the current strategies in the treatment of 
infections caused by MDR pathogens.

Antibiotic combinations can be evaluated by time-kill curves. The conventional colony 
count method in these experiments is laborious, which hampers their implementation 
in the routine of a clinical laboratory. The ATP bioluminescent measurement assay has 

This ATP assay may be useful for the evaluation of antibiotic combinations against Gram-
positive and Gram-negative bacteria. Faster than the conventional colony count, this 
method would facilitate the implementation of time-kill studies to determine bactericidal 

The combination of meropenem and amikacin has been empirically used against infections 
caused by Gram-negative bacilli, including extensively drug-resistant microorganism 
(XDR) P. aeruginosa and carbapenemase-producing Klebsiella pneumoniae (CP-KP). 
Regimens and dosages of this empirical antibiotic combination may be optimized 
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to achieve a better clinical outcome. The dosing schedule in the administration of 

administration schedule of amikacin and meropenem were analysed.

2.2 Objectives

1. To standardize the ATP assay to be further used in time-kill experiments. 
Standardization will be performed in two Gram-negative species (Pseudomonas 
aeruginosa and Klebsiella pneumoniae), and one Gram-positive species 
(Enterococcus faecium).

2. To evaluate the ATP assay as an alternative method for quantifying viable cells in 
time-kill experiments, in comparison to the conventional colony count technique, 
and using various antibiotic combinations against the two Gram-negative bacilli. 

assay, with values equivalent to those obtained using the conventional method. 

3. To assess the impact of simultaneous and staggered dosing regimens of the 
meropenem-amikacin combination on the initial bacterial load reduction in XDR P. 
aeruginosa and CP-KP, employing time-kill curves.
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3. Materials and Methods

3.1 Bacteria

 P. aeruginosa and K. pneumoniae.  E. 
faecium

Twelve clinical isolates of XDR P. aeruginosa were selected. Additionally, Psd2209 isolate 
was included as a non-XDR control (amikacin-susceptible and susceptible increased 
exposure to meropenem). These clinical isolates had been collected from multicentric 
study that included nine Spanish hospitals.  They had been previously characterized 
at a phenotypical and molecular level Table 1.

Five carbapenemase-producing K. pneumoniae

isolates had been previously isolated and characterized in Laboratori de Referència de 
Catalunya (El Prat de Llobregat, Barcelona) (Table 2). K. pneumoniae ATCC BAA-1706 
was included as a blaKPC-negative strain.
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Table 1. Pseudomonas aeruginosa isolates. The name of the isolate, the corresponding 
sequence type (ST) and the mechanisms of resistance are shown. Verona integron-encoded 

Adapted from Oliver A. et a.l62

P. aeruginosa ISOLATE

10-009

07-016

10-023

12-012

06-014

07-004

12-003

01-008

09-011

10-019

10-021

06-025

06-027

06-001

ST

111

175

175

175

179

235

244

253

274

2221

2533

2534

2535

2536

MECHANISMS OF RESISTANCE

AmpC hyperproduction
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Table 2. Mechanisms of resistance of Klebsiella pneumoniae clinical isolates. The pheno-
typic and/or genotypic characterization of these mechanisms of resistance was performed at 
the Laboratori de Referència de Catalunya. Klebsiella pneumoniae carbapenemase (KPC), New 

3.2 Culture media

The solid culture media used were Columbia blood agar (COS) and Mueller-Hinton Agar 

plates were used to routinely culture the isolates. MH is a non-selective nutrient culture 
medium that is mainly used for antimicrobial susceptibility testing. MH plates were used 

(TSA II) (Becton-Dickinson) was used for heteroresistance analysis. TSA II broth was 

Cation-adjusted Mueller-Hinton (CA-MH) broth (Becton-Dickinson) was the liquid culture 
medium used to perform time-kill curves. CA-MH broth is usually used in quantitative 
procedures for AST of rapidly growing aerobic and facultatively anaerobic bacteria. 
CA-MH broth is supplemented with divalent cations (Mg+2 and Ca+2) according to the 
concentrations recommended by CLSI.  This medium was prepared by adding 22g 

3.3 Antibiotics
The antibiotics used for the time-kill curve experiments were meropenem, aztreonam, 
colistin and amikacin (all from SIGMA-Aldrich®), and ceftolozane/tazobactam (Zerbaxa®, 
MSD). The antibiotic concentrations corresponded to the area under the concentration-

); the equivalent clinical dose is included in Table 

K. pneumoniae ISOLATE

KP1

KP4

KP10

KP13

K14

MECHANISMS OF RESISTANCE

KPC

KPC
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Table 3. Concentration of the antipseudomonal antibiotics used in time-kill curves. Area 
) concentrations and their equiva-

3.3.1 Preparation of the antibiotic stock
Antibiotic stocks were prepared according to Clinical and Laboratory Standards Institute 

 The pharmacological 
characteristics of these antibiotics were obtained from the manufacturer and the 
support of the Pharmacy Department of Hospital del Mar (Barcelona). The product and 
batch numbers, solvent/dissolvent, molecular weight, water percentage and purity were 

% Potency=(purity) · (1-water content)·  (active fraction)

Antibiotic stocks were prepared at a concentration of 2mg/mL, further aliquoted 

ceftolozane/tazobactam, for which clinical vials of Zerbaxa® (MSD) were used. The 

  Minimum inhibitory concentrations (MIC) of each antibiotic 
(and for every new batch) were assessed in E. coli ATCC 25922 to have an internal 
quality control.

Pure substance required for each antibiotic stock was calculated through the following 

Meropenem

Aztreonam

Ceftolozane/tazobactam

Colistin

Amikacin

2g q

2g q

3g q

UI q12H

1g q

1050

912/150

50

196

17.71

36 / 6.25

ANTIBIOTIC CLINICAL DOSE AUC24 (mg*h/L)
FLASK

CONCENTRATION 
(mg/L)

ATB (mg)= (total volume needed) · (stock concentration        ) · 
mg 1

ml antibiotic power
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Table 4. Characteristics of the pure antibiotics used in the time kill curves.

3.4 Antibiotic susceptibility testing

Antibiotic susceptibility testing (AST) was performed to determine the antibiotic 

microdilution using MicroScan panels in a WalkAway system (Beckman Coulter). MIC 
values correspond to the lowest antibiotic concentration that inhibits growth of a given 
bacterial isolate. AST results were categorized following the 2023 clinical breakpoints 
from EUCAST.  The mechanisms of resistance were phenotypically characterized 
according to EUCAST guidelines.176 Carbapenemase production was detected using 
immunochromatography CARBA (NG Biotech) and when necessary, molecularly 

®

following the recommendations of CLSI.  The broth microdilution procedure was 

to the corresponding well. Sterility and growth controls were included in all plates.

6

McFarland turbidity standard (10  CFU/mL) in 12.5 mL of CA-MH. From each starter 

performed. Ten-fold dilutions of the samples were prepared using normal isotonic 

incubation. Only plates with 30-300 colonies were considered.

SOLVENT

DISSOLVENT

MEROPENEM AZTREONAM COLISTIN AMIKACIN

PRESERVATION 
OF PURE 

SUBSTANCE (°C)
-30

Water Water Water Water

Water WaterWater Saturated solution 
sodium carbonate
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3.5 Amikacin heteroresistance

Amikacin heteroresistance refers to a phenomenon where a bacterial isolate contains an 
isogenic subpopulation that exhibits lower susceptibility to amikacin compared to the 
main population.  These subpopulations with reduced susceptibility may selectively 

its detection.190  Amikacin heteroresistance was studied in P. aeruginosa isolates with 

1. Plates preparation: 

studied in duplicate. The preparation of the plates was performed in a biosafety 

until use. The concentrations tested were chosen according to the MIC values for 
each isolate (Table 3).

2. Inoculum preparation and inoculation: 

culture on COS plate. 

CFU/mL) was prepared from this starter culture.

were inoculated to each well. 

plates without antibiotics. 

3. Heteroresistance analysis: 
The PAP value was calculated as the ratio of the CFU/mL on the plate with the 
highest amikacin concentration in relation to the control plate.190

An isolate was considered heteroresistant to amikacin when the following two parameters 

-7. 

3.6 Time-kill curves

antibiotic or a combination of antibiotics against a bacterial strain over time.155 The 

PAP value= 
(CFU on the antibiotic plate·Dilution factor)

(CFU on the control plate·Dilution factor)
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155

1. Inoculum preparation:

  inoculum and 30 mL CA-MH broth). This starter culture was incubated in a 

  and the bacterial density required as starting inoculum.

  bacterial inoculum was approximately 6 to 7 log10
191

2. Time-kill curve procedure:

corresponding volume of bacterial culture previously calculated to start the experiment 
with 106 CFU/mL.

  antibiotic from the medium. 

  same volume of neutral saline solution (NSS). 

These aliquots were used to quantify viable cells. Each aliquot was analyzed in parallel 

assay (RLU/mL) (3.6.1 and 3.7.2, respectively). 

3.6.1 Conventional viable cell count 
The conventional viable cell count was performed by the colony-forming unit count 

  colonies were considered.

3.6.2 Established pharmacodynamic parameters 
Pharmacodynamic parameters are important for understanding the relationship between 

192 These parameters are essential for 

These parameters are used to design drug regimens.  

The pharmacodynamic parameters evaluated in our time-kill experiments were the 
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kill curves.155

193

Viability Assay kit (Promega) and the GloMax®96 Microplate Luminometer (Promega). 

Following the lysis of bacterial cells, free ATP reacts with the Ultra-Glo Recombinant 
Luciferase enzyme, which induces a luminescent signal proportional to the quantity of 
viable cells. The luminometer results are given in relative light units (RLU).

method in time-kill curves where antibiotic combinations were tested against XDR P. 
aeruginosa and CP-KP isolates. The validation of this system was performed in parallel 
with the conventional viable cell count (section 3.6.1).

3.7.1 Reagent preparation

into the amber bottle containing BacTiter-GloTM Substrate to reconstitute the lyophilized 

maximum (Figure 10). Both components and the reagent were preserved from light. This 
reagent was left at room temperature for 15 minutes to temperate prior to its use.

3.7.2 ATP measurement
ATP measurement was performed using 96 opaque-walled multi-well plates (Costar). 
Each sample from time-kill curves was measured in triplicate, and samples from the 

  Bioluminescence results (RLU) were recorded.

Strict control of light and temperature was required during the preparation and 
measurement of bioluminescence.  The reagent and the plate were protected from light. 

did not interfere with reading of RLU results.
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Figure 10. Diagram of the BacTiter-Glo™ Microbial Cell Viability Assay protocol.174

3.7.3 Luminometer standardization
The standardization of a laboratory new technique is paramount to ensure reliability, 
reproducibility and validity of clinical research and medical diagnostics. The 

an alternative to the colony-count method in time-kill curves. Background, linearity and 
limit of detection were analyzed for standardization of the luminometer for the evaluation 
of antibiotic combinations.

3.7.3.1 Background
Background refers to any signal detected by the luminometer not caused by the

oscillation. 

for this calculation was collected from the linearity assays (section 3.7.3.2); these 
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corresponded to the values obtained with CA-MH broth and NSS alone. Average and 
standard deviation (SD) were calculated.

3.7.3.2 Linearity
Linearity corresponded to the correlation between the bioluminescence signal (RLU/mL) 

P. aeruginosa ST175 (10-023), K. pneumoniae ATCC BAA-
1705 and E. faecium

  and 30 mL CA-MH broth. This starter culture was incubated in a water bath 

  density required as starting inoculum.

  backgrounds (CA-MH and NSS).

   minutes. The supernatant was discarded, and bacterial cells were resuspended     
  with 1 mL NSS. This step was performed twice to follow the same 
  procedure as in time-kill assays.

performing cultures onto MH plates in duplicate for the colony count method (section 

3.7.3.3 Limit of detection
The limit of detection is the smallest quantity of microorganisms that can be reliably 
detected by the luminometer. This limit was calculated from the linearity assay (section 

195

Limit of detection = background average + 3 (background standard deviation)

3.7.4 Diagnostic performance
The diagnostic performance of a test is its ability to correctly categorize the analyzed 

threshold values that allow the discrimination between positive and negative results.196

performance of a test. Sensitivity determines the probability that a positive sample will 

measures the probability that a negative sample yields a negative result, quantifying the 

D
oc

um
en

t s
ig

na
t d

ig
ita

lm
en

t p
er

: B
ER

TA
 P

U
IG

 C
O

LL
D

ER
RA

M



OPTIMIZATION OF THERAPEUTIC OPTIONS AGAINST MULTIDRUG RESISTANT MICROORGANISMS

60

determined using the conventional colony-count method as the gold standard (sections 
3.6.1 and 3.6.2).

Receiver Operating Characteristic (ROC) curves and Youden Test were performed with 

curve.196

169

3.7.5 Comparative study: colony count method versus ATP assay
The comparative study between the conventional colony count method and the ATP 

the pharmacodynamic parameters.

with the values from the P. aeruginosa and K. pneumoniae growth controls (without 
antibiotic). A Shapiro-Wilk test for normal data was performed prior to calculating the 

Stata version 15. The pharmacodynamic parameters analyzed and compared between 

3.8 Experimental design

The experimental design of the studies included in this thesis are shown below. These 
studies include the evaluation of the ATP assay as a tool for antibiotic combination 

meropenem plus amikacin against CP-KP in time-kill curves.

3.8.1 Evaluation of the ATP measurement assay for antibiotic combination studies
The aim of the study was to validate the ATP assay GloMax 96 microplate (Promega) 
(section 3.7) as an alternative to the conventional colony count method (section 3.6.1) 
in studies of antibiotic combinations. Standardization of this assay was previously 
performed by determining the background, linearity, and the detection limit. These 
determinations were done for one strain of P. aeruginosa, K. pneumoniae and E. faecium 
(section 3.1)

Twenty-four-hour time-kill curves (section 3.6) were performed in parallel by both 
methods with 12 selected XDR P. aeruginosa 
isolates of K. pneumoniae. K. pneumoniae

P. aeruginosa were meropenem, aztreonam, 
colistin, and amikacin and ceftolozane-tazobactam. The antibiotic concentrations used 

UA= 
2
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of 
912/50197

K. 
pneumoniae 

Table 5. Combinations of antipseudomonal antibiotics tested in time-kill curves. The anti-

ANTIBIOTICS COMBINATIONS 

Amikacin + meropenem 

Aztreonam + ceftolozane/tazobactam 

Aztreonam + amikacina 

Aztreonam + colistin 

Aztreonam + meropenem 

Aztreonam + ceftolozane/tazobactam + colistin 

Aztreonam + meropenem + colistin 

Ceftolozane/tazobactam + colistin 

Ceftolozane/tazobactam + amikacin 

Ceftolozane/tazobactam + meropenem 

Colistin + meropenem 

Ceftolozane/tazobactam + colistin + meropenem 
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P. aeruginosa
at 5,000 rpm for 5 min. After the supernatants were discarded, bacterial cells were 
resuspended twice with saline solution to eliminate the antibiotic from the medium. K. 
pneumoniae
points for K. pneumoniae P. aeruginosa  due to the experimental 

species, elimination of antibiotic from the medium was optimized by centrifuging at 

(section 3.6.1) and 2) the ATP measurement assay (RLU/mL) (section 3.7).

Figure 11. Time-kill curves procedure. Created with Biorender.com.

the results of antibiotic combinations in time-kill curves by using this ATP assay. These 
parameters were determined in P. aeruginosa and K. pneumoniae 

3.8.2 Optimization of amikacin plus meropenem dosing schedules 
This study aimed to assess the optimal timing of amikacin (AK) when combined with 
meropenem (MEM) against XDR P. aeruginosa and CP-KP isolates by using time-kill 
curves. These experiments in P. aeruginosa were performed in seven clinical isolates 

K. pneumoniae ATCC BAA-1706 (blaKPC-negative strain) and a P. 
aeruginosa non-XDR isolate (Psd2209) were included as control. 

D
oc

um
en

t s
ig

na
t d

ig
ita

lm
en

t p
er

: B
ER

TA
 P

U
IG

 C
O

LL
D

ER
RA

M



OPTIMIZATION OF THERAPEUTIC OPTIONS AGAINST MULTIDRUG RESISTANT MICROORGANISMS

63

P. 
aeruginosa 

P. aeruginosa 

-
les of amikacin (AK) and meropenem (MEM) are shown. The antibiotics were administered 
simultaneously (AK=MEM) and staggered. For staggered schedules, amikacin was added 2h 
after meropenem (MEM+AK) or conversely (AK+MEM). The antibiotic concentrations were 

simulate the peak concentration. 

MEM17 

MEM32 

EXPERIMENTAL CONDITIONS
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Simultaneous schedules (AK=MEM) included both antibiotics at the start of the curve. In 

AK after meropenem (MEM+AK) or conversely (AK+MEM). 

  saline solution to eliminate the antibiotic from the medium. 

  The initial bacterial load reduction was evaluated for each dosing schedule.

3.8.2.1 Analysis of antibiotic degradation
Antibiotic degradation throughout the curves was analyzed by measuring antibiotic 
levels at the end of the curve. Antibiotics levels were assessed by High Performance 
Liquid Chromatography (HPLC) by the Pharmacy service of Hospital del Mar.

The relevance of antibiotic degradation in the optimization of dosing schedules was 
also evaluated by refreshment experiments. These time-kill curves with medium and 
antibiotic refreshment were performed in two P. aeruginosa

  CA-MH supplemented with the corresponding initial antibiotic concentration. 

  An additional 500 μL aliquot was taken from each experimental condition 
  to determine meropenem levels by HPLC.
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04
Results
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4. Results

hospital was performed by automatized microdilution. The MIC values of meropenem 
P. aeruginosa and K. pneumoniae isolates 

prior to the performance of the time-kill curves. The results are shown in Table 7 and 
P. aeruginosa isolates from the multicentric study were categorized as 

resistant to meropenem; three of them were resistant to amikacin. All CP-KP isolates 
were resistant to meropenem except for K10, which was susceptible, increased 
exposure. Three K. pneumoniae

-
sa strains. Minimum inhibitory concentration (MIC) is expressed in mg/L. EUCAST clinical 

-
ceptible, increased exposure) and S (Susceptible).  

Psd2209 
ST175 (12-012) 

ST2536 (06-011) 

1 
32 
16 

16 
16 

S 
R 
S
R 
S
S
R 
S 

32 
32 
32 

>256 
32 
32 

I 

R 

R 

R 

R 

R 

R 

R 

P. aeruginosa
ISOLATE

AMIKACIN  
MIC (mg/L) 

MEROPENEM 
MIC (mg/L) 

AMIKACIN  
SC

MEROPENEM 
SC
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Minimum inhibi-

increased exposure) and S (susceptible, standard dosing regimen). Amikacin (AK), amoxicillin/
clavulanate (AMC), aztreonam (AZT), cefotaxime (CTX), cefepime (FEP), ceftazidime (CAZ), 

-
penem (MEM), piperacillin-tazobactam (TZP), tigecycline (TGC), tobramycin (TOB) and trime-
thoprim/sulfamethoxazole (SXT).

AMC

TZP

AZT

CTX

CAZ

FEP

ETP

IPM

MEM

GEN

TOB

AK

CIP

TGC

CST

SXT

MIC

-

>16

>16

-

 -

<=2

32

>2

 -

-

MIC

>16

>32

>16

>16

>1

<=2

32

>2

<1

<=2

MIC

>16

>16

>1

>1

<=1

-

MIC

>32

>16

-

>32

>32

>1

<=2

<=2

1

>1

 -

-

MIC

>16

-

>32

16

>32

32

-

>2

-

-

>160

SC

R

R
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4.2 Heteroresistance

Amikacin heteroresistance was studied in P. aeruginosa

9). The amikacin MIC values of the corresponding subpopulations were one or two-
fold above the initial amikacin breakpoint. None of these isolates were considered 
heteroresistant by the PAP method. 

method. Amikacin (AK) minimum inhibitory concentrations (MIC), amikacin MIC values of the 

performed in those isolates with MIC£16 mg/L. The control strain Psd2209 was included.

4.3 Evaluation of the ATP measurement assay for antibiotic combination 
studies

The initial standardization of the luminometer was required before evaluating antibiotic 

combinations. A comparative analysis of the results from these experiments was done 
in parallel using the conventional method and the ATP measurement assay. 

4.3.1 ATP measurement assay standardization
Background, linearity and limit of detection were analyzed for the standardization of the 
luminometer.

4.3.1.1 Background
The overall data included for this calculation were 20 readings for each media. The 
background average values obtained for both CA-MH broth and NSS were 103 and 102

RLU/mL, respectively. Bacterial RLU readings below these values were confounded 
with the corresponding medium RLU reading. Background oscillation was considered 
relevant enough to be removed in further assays. The mean value of background 

PSD2209 

2536 (06-011) 
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was calculated for each reading time and subtracted from the corresponding ATP 
measurements.

4.3.1.2 Linearity and detection limit

the experiments with the two Gram-negative species (P. aeruginosa and K. pneumoniae). 
The detection limit was calculated from the values obtained in the linearity assay. 

Detection limits varied with the washing/dilution medium used. The calculated detection 
limits were 10  and 103 CFU/mL for CA-MH broth and NSS respectively. The range of 
linear relationship between log RLU/mL and log CFU/mL was 10 -10
1) in CA-MH and within of 103-109 CFU/mL in NSS (r=0.99-1). NSS was established as 
the washing and dilution medium in further studies due to its broader range. Once NSS 

bacterium (E. faecium
the three evaluated species.

Figure 12. Linearity study of Pseudomonas aeruginosa. Samples were collected at 0, 8, and 
24 h with cation-adjusted Mueller-Hinton broth (CA-MHB) (left) and normal saline solution 
(NSS) (right). 
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Figure 13. Linearity study of Klebsiella pneumoniae at 0, 8, and 24 h with cation-adjusted 
Mueller-Hinton broth (CA-MHB) (left) and normal saline solution (NSS) (right).

Figure 14. Linearity study of Enterococcus faecium at 0, 8, and 24 h with normal saline 
solution (NSS)
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4.3.2 Comparative analysis
The comparative analysis between the conventional colony count method and the ATP 
assay aimed to study the correlation of units (CFU and RLU). This analysis was performed 
throughout the time-kill curves. The last part of this study included the establishment 
of the pharmacodynamic parameters in RLU so that the luminometer could be used to 

times, and analyzed using both systems in parallel. The comparative analysis was done 
with P. aeruginosa K. pneumoniae
time-kill curves of the two species obtained by both systems are shown in Figure 15 and 
Figure 16, respectively. The average of results (CFU and RLU) was represented in log.  

4.3.2.1 Growth curves
The growth curves study was performed from the values obtained in the experimental 

for P. aeruginosa 
K. pneumoniae 
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Figure 15. Time-kill curves for P. aeruginosa ST175 (07-016), ST235 (07-004), ST274 (09-
011), ST2221 (10-016), ST2534 (06-025), and ST2536 (06-001). Results for the conventional 
colony count method (CFU per milliliter) (left) and ATP measurement assay (RLU per milliliter) 

alone (yellow), colistin alone (green), and meropenem plus colistin (purple). The antibiotic 

lo
g

 1
0 

C
FU

/m
L

lo
g

 1
0 

C
FU

/m
L

lo
g

 1
0 

C
FU

/m
L

lo
g

 1
0 

C
FU

/m
L

lo
g

 1
0 

C
FU

/m
L

D
oc

um
en

t s
ig

na
t d

ig
ita

lm
en

t p
er

: B
ER

TA
 P

U
IG

 C
O

LL
D

ER
RA

M



OPTIMIZATION OF THERAPEUTIC OPTIONS AGAINST MULTIDRUG RESISTANT MICROORGANISMS

73

Figure 16. Time-kill curves for K. pneumoniae K4, K10 and K14. Results are shown for the 
conventional colony count method (CFU per milliliter) (left) and ATP measurement assay (RLU 

and in combination were tested. Simultaneous schedules (AK=MEM) included both antibiotics at 
the start of the curve. In staggered schedules the second antibiotic was added two hours after 

Klebsiella pneumoniae K4 Klebsiella pneumoniae K4

Klebsiella pneumoniae K10 Klebsiella pneumoniae K10

Klebsiella pneumoniae K14 Klebsiella pneumoniae K14
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species using paired data obtained in the time-kill curves. Each pair of data consisted of 
the values from the analysis of the same sample obtained in parallel by the conventional 
colony count method (CFU/mL) and the ATP assay (RLU/mL). Results obtained using 
the conventional colony-count method were used as a gold standard to determine 
the pharmacodynamic parameters in RLU/mL. ROC curves and the Youden Test were 

4.3.2.3 Pharmacodynamic parameters
The values obtained from the experimental conditions of each antibiotic alone and 

P. aeruginosa was 257 

established considering the values obtained from antibiotic combinations. The sample 

prioritized over sensitivity to avoid false positive results and maximize the therapeutic 

K. pneumoniae was 

Figure 17. Pseudomonas aeruginosa
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Figure 18. Klebsiella pneumoniae High areas 

4.4 Optimization of meropenem plus amikacin dosing schedules

The administration of meropenem plus amikacin may be optimized to improve the 
clinical outcome using this empirical combined therapy. These antibiotics given either 

means of time-kill experiments. 

P. aeruginosa 
and in K. pneumoniae
amikacin against XDR P. aeruginosa and CP-KP were studied. Samples were obtained 

4.4.1 Pseudomonas aeruginosa

seven XDR P. aeruginosa isolates and a non-XDR P. aeruginosa isolate (Psd2209). The 
bacterial load reduction (log10 CFU/mL) for each dosing schedule is shown in Table 10.
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CONDITIONS

GC

AK40

AK8

MEM17

AK40+MEM17

AK8+MEM17

MEM17+AK40

MEM17+AK8

AK40=MEM17

AK8=MEM17

CONDITIONS

GC

AK8

MEM32

MEM17

AK8+MEM32

0-2H

0.97

0.15

-3.01

-2.35

0.159

0.03

-2.95

-2.37

0-2H

0.33

0.21

-0.36

-0.03

0-8H

-1.96

-3.61

-2.96

-3.79

-3.72

0-8H

3.22

-0.36

-0.77

B

NA

+  

+

+

+

+

+

-

+

+

B

NA

-

-

-

0-4H

1.31

-3.1

-0.97

-2.79

-2.79

-3.22

-2.91

0-4H

1.26

1.09

-0.01

1.05

0-24H

-3.77

0-24H

3.71

S

NA

NA

NA

NA

-

-

-

-

-

-

S

NA

NA

NA

NA

+

PSD2209

ST175 (12-012)

Table 10 Bacterial load reduction (log10 CFU/mL) and bactericidal (B) and synergistic (S) 
Pseudomonas aeruginosa isolates caused by each dosing schedule of mero-

penem (MEM) and amikacin (AK). Bacterial load reduction was calculated by deducting the 
-

mental condition and isolate. Positive values correspond to an increase in the bacterial load, 
and negative values to a reduction. Bacterial load was considered stable when the reduction 

10 CFU/mL. Antibiotics were administered simultaneously (AK=MEM) and staggered. 
For staggered schedules, amikacin was added 2h after meropenem (MEM+AK) or conversely 

-
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AK8+MEM17

MEM32+AK8

MEM17+AK8

AK8=MEM32

AK8=MEM17

-0.26

-0.20

0.72

-1.72

-1.26

-1.16

-

-

-

-

-

0.50

-0.60

-0.57

0.67

3.63

-

+

-

+

-

CONDITIONS

GC

AK40

AK8

MEM32

MEM17

AK40+MEM32

AK40+MEM17

AK8+MEM32

AK8+MEM17

MEM32+AK40

MEM32+AK8

MEM17+AK40

0-2H

-2.59

0.21

-2.61

-0.79

-2.97

0.10

-0.97

0-8H

3.26

1.52

-3.60

-2.06

-1.72

-3.17

B

NA

-

-

-

-

-

-

-

-

-

-

-

0-4H

1.57

0.91

-2.37

-1.99

-3.76

-1.07

-0.66

0-24H

-1.92

2.99

3.39

-2.66

-1.90

0.07

-2.63

-1.25

S

NA

NA

NA

NA

NA

-

-

+

+

-

+

-

ST179 (06-014)

Table 10 Bacterial load reduction (log10 CFU/mL) and bactericidal (B) and synergistic (S) 
Pseudomonas aeruginosa isolates caused by each dosing schedule of mero-

penem (MEM) and amikacin (AK). Bacterial load reduction was calculated by deducting the 
-

mental condition and isolate. Positive values correspond to an increase in the bacterial load, and 
negative values to a reduction. Bacterial load was considered stable when the reduction was 

10 CFU/mL. Antibiotics were administered simultaneously (AK=MEM) and staggered. For 
staggered schedules, amikacin was added 2h after meropenem (MEM+AK) or conversely (AK+-
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MEM17+AK8

AK40=MEM32

AK40=MEM17

AK8=MEM32

AK8=MEM17

-1.33

-2.57

-5.62

-

-

-

-

-

-3.20

-6.12

-1.20

-2.72

-1.90

-1.36

+

-

-

+

+

CONDITIONS

GC

AK40

AK8

MEM32

MEM17

AK40+MEM32

AK40+MEM17

AK8+MEM32

AK8+MEM17

MEM32+AK40

MEM32+AK8

MEM17+AK40

0-2H

0

-1.12

-0.01

-0.37

-1.53

-1.59

0-8H

3.69

-2.65

-1.31

-1.29

-3.07

-2.13

-2.93

B

NA

-

-

-

-

-

-

-

-

-

-

-

0-4H

1.37

-1.71

-2.06

-2.62

-2.73

-1.59

-0.57

-2.79

-2.62

-2.60

0-24H

3.73

-1.71

-1.32

-0.97

S

NA

NA

NA

NA

NA

+

+

-

-

+

+

+

ST235 (07-004)

Table 10 Bacterial load reduction (log10 CFU/mL) and bactericidal (B) and synergistic (S) 
Pseudomonas aeruginosa isolates caused by each dosing schedule of mero-

penem (MEM) and amikacin (AK). Bacterial load reduction was calculated by deducting the 
-

mental condition and isolate. Positive values correspond to an increase in the bacterial load, and 
negative values to a reduction. Bacterial load was considered stable when the reduction was 

10 CFU/mL. Antibiotics were administered simultaneously (AK=MEM) and staggered. For 
staggered schedules, amikacin was added 2h after meropenem (MEM+AK) or conversely (AK+-
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CONDITIONS

GC

AK8

MEM32

MEM17

AK8+MEM32

AK8+MEM17

MEM32+AK8

MEM17+AK8

AK8=MEM32

AK8=MEM17

0-2H

0.13

1.32

0.10

-2.16

0-8H

3.92

2.60

-2.22

1.91

-1.29

B

NA

-

-

-

-

-

-

-

-

-

0-4H

3.16

1.05

-2.30

-1.61

-3.17

0-24H

3.92

3.56

-0.36

0.13

-0.37

-0.52

-1.62

S

NA

NA

NA

NA

+

+

+

+

+

+

ST244 (12-003)

MEM17+AK8

AK40=MEM32

AK40=MEM17

AK8=MEM32

AK8=MEM17

-1.60

-1.67

-2.92

-2.02

-3.39

-2.96

-

-

-

-

-

-2.39

-2.39

-2.70

-2.07

-1.99

1.76

-1.29

-2.63

-2.02

+

+

+

+

+

Table 10 Bacterial load reduction (log10 CFU/mL) and bactericidal (B) and synergistic (S) 
Pseudomonas aeruginosa isolates caused by each dosing schedule of mero-

penem (MEM) and amikacin (AK). Bacterial load reduction was calculated by deducting the 
-

mental condition and isolate. Positive values correspond to an increase in the bacterial load, and 
negative values to a reduction. Bacterial load was considered stable when the reduction was 

10 CFU/mL. Antibiotics were administered simultaneously (AK=MEM) and staggered. For 
staggered schedules, amikacin was added 2h after meropenem (MEM+AK) or conversely (AK+-
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CONDITIONS

GC

AK40

AK8

MEM17

AK40+MEM17

AK8+MEM17

MEM17+AK40

MEM17+AK8

AK40=MEM17

AK8=MEM17

CONDITIONS

GC

AK40

AK8

MEM17

AK40+MEM17

0-2H

0.53

-2.72

-3.26

0.70

-2.57

0-2H

0.71

0.26

1.05

-1.12

-0.02

0-8H

-2.00

-0.61

3.99

-3.50

-1.23

-0.61

-2.61

0-8H

-1.69

-1.30

B

NA

-

-

-

-

-

-

-

-

-

B

NA

-

-

-

-

0-4H

2.17

-0.16

1.92

-3.35

-0.59

-1.33

-1.37

0-4H

1.6

-1.70

-1

0-24H

0-24H

3.20

2.39

S

NA

NA

NA

NA

-

-

-

-

-

-

S

NA

NA

NA

NA

-

ST253 (01-008)

ST274 (09-011)

Table 10 Bacterial load reduction (log10 CFU/mL) and bactericidal (B) and synergistic (S) 
Pseudomonas aeruginosa isolates caused by each dosing schedule of mero-

penem (MEM) and amikacin (AK). Bacterial load reduction was calculated by deducting the 
-

mental condition and isolate. Positive values correspond to an increase in the bacterial load, and 
negative values to a reduction. Bacterial load was considered stable when the reduction was 

10 CFU/mL. Antibiotics were administered simultaneously (AK=MEM) and staggered. For 
staggered schedules, amikacin was added 2h after meropenem (MEM+AK) or conversely (AK+-
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AK8+MEM17

MEM17+AK40

MEM17+AK8

AK40=MEM17

AK8=MEM17

-1.31

-1.55

-2.95

-1.03

-2.69

-

-

-

-

-

-1.16

-3.69

-2.30

1.62

2.29

1.59

2.70

+

-

+

-

+

CONDITIONS

GC

AK40

AK8

MEM17

AK40+MEM17

AK8+MEM17

MEM17+AK40

MEM17+AK8

AK40=MEM17

AK8=MEM17

0-2H

0.31

-2.77

-2.71

-0.57

-2.52

0-8H

3.51

-2.12

-2.70

-3.69

-3.09

B

NA

-

-

-

-

-

-

-

-

-

0-4H

-3.22

-2.61

-3.69

0-24H

-2.36

-0.21

-0.92

-0.56

-1.66

S

NA

NA

NA

NA

-

+

-

+

-

+

ST2536 (06-001)

Table 10 Bacterial load reduction (log10 CFU/mL) and bactericidal (B) and synergistic (S) 
Pseudomonas aeruginosa isolates caused by each dosing schedule of mero-

penem (MEM) and amikacin (AK). Bacterial load reduction was calculated by deducting the 
-

mental condition and isolate. Positive values correspond to an increase in the bacterial load, and 
negative values to a reduction. Bacterial load was considered stable when the reduction was 

10 CFU/mL. Antibiotics were administered simultaneously (AK=MEM) and staggered. For 
staggered schedules, amikacin was added 2h after meropenem (MEM+AK) or conversely (AK+-
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4.4.1.1 Monotherapies
Both meropenem and amikacin were assessed alone iP. aeruginosa isolates. The results 
of MEM and AK monotherapies are shown in Figure 19.

10
regrowth. 

10 in 
10

10 

10

10 10
respectively.

Two meropenem concentrations were tested, 17.71 μg/mL (MEM17) and 32 μg/mL 
(MEM32). MEM17 alone was assessed against all XDR isolates. This concentration of 

showed an initial bacterial load reduction [1.7-2 log10

10 CFU/mL using MEM17 monotherapy.

The highest concentration of meropenem (MEM32) was assessed against four XDR 

MEM17 monotherapy. MEM32 caused an initial 1-log10 10

log10
growth control. 
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Figure 19 Time-kill curves with amikacin (AK) and meropenem (MEM) monotherapies 
against Pseudomonas aeruginosa clinical isolates. 

mg/L (MEM32). Data were expressed as the logarithm with the base 10 of CFU/mL (log10 CFU/
mL).

4.4.1.2 Simultaneous schedules of the antibiotic combination
Simultaneous schedules of amikacin and meropenem (AK=MEM) were studied against 
the P. aeruginosa isolates by adding both antibiotics at the beginning of time-kill curve 
(Figure 20). 

decrease in all the XDR P. aeruginosa isolates. The meropenem-resistant amikacin-

10

10 CFU/mL.

on the initial bacterial load reduction of the four XDR isolates tested [ST175 (12-012), 

10

3.69 log10
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Figure 20 Time-kill curves with simultaneous dosing schedules of meropenem (MEM) and 
amikacin (AK) against Pseudomonas aeruginosa isolates. Amikacin concentrations were 

and 32 mg/L (MEM32). Data were expressed as the logarithm with the base 10 of CFU/mL 
(log10 CFU/mL).

4.4.1.3 Staggered schedules of the antibiotic combination
The staggered schedules of this antibiotic combination against the P. aeruginosa 
isolates were performed by adding amikacin 2 hours after meropenem (MEM+AK) or 
coanversely (AK+MEM) (Figure 21). 
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load at the end of the curves.
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10 10 CFU/mL 
10 10 

A lag was observed in the remaining two XDR isolates [ST175 (12-012) and ST253 (01-

load of 2.29 and 1.76 log10 CFU/mL, respectively. 

log10 10

10 

The highest meropenem concentration (MEM32) in staggered schedules was tested 

the two isolates with the lowest amikacin MIC (16 mg/L) showed a larger bacterial load 

when MEM32 was used.

10 
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Figure 21. Time-kill curves with simultaneous dosing schedules of meropenem (MEM) 
and amikacin (AK) against Pseudomonas aeruginosa isolates. Amikacin concentrations 

(MEM17) and 32 mg/L (MEM32). Data were expressed as the logarithm with the base 10 of 
CFU/mL (log10 CFU/mL).
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XDR P. aeruginosa

ST175 using the three dosing schedules with MEM32. Synergy was detected in ST235 

4.4.1.5 Antibiotic refreshment
Antibiotic refreshment experiments assessed the role of antibiotic degradation in time-

and MEM17/32 and their combined dosing schedules were performed with antibiotic 
refresh against two XDR P. aeruginosa

compared to the results from the standard time-kill curves (Table 12).

in six out of nine experimental conditions compared to the standard curves. This 
improvement corresponded to a reduction exceeding 3 log10 CFU/mL in three of the 

when the refreshment of the antibiotics was performed at 12 hours (Table 13). ST235 

refreshment was not observed in this isolate when the refreshment was performed.

D
oc

um
en

t s
ig

na
t d

ig
ita

lm
en

t p
er

: B
ER

TA
 P

U
IG

 C
O

LL
D

ER
RA

M



OPTIMIZATION OF THERAPEUTIC OPTIONS AGAINST MULTIDRUG RESISTANT MICROORGANISMS

Table 11 Bacterial load reduction (log10 CFU/mL) in Pseudomonas aeruginosa isolates 
caused by each dosing schedule of meropenem (MEM) and amikacin (AK) in the time-ki-
ll curves with refreshment of the antibiotics. Bacterial load reduction was calculated by 

time, experimental condition and isolate. Positive values correspond to an increase in the 
bacterial load, and negative values to a reduction. Bacterial load was considered stable when 

10 CFU/mL. Antibiotics were administered simultaneously (AK=MEM) 
and staggered. For staggered schedules, amikacin was added 2h after meropenem (MEM+AK) 

CONDITIONS

GC

AK8

MEM32

MEM17

AK8+MEM32

AK8+MEM17

MEM32+AK8

MEM17+AK8

AK8=MEM32

AK8=MEM17

CONDITIONS

GC

AK8

MEM32

MEM17

AK8+MEM32

0-2H

1.09

0.97

-1.23

0-2H

0.3

-1.52

-1.29

0-8H

-2.29

-1.71

-3.16

-0.79

0-8H

3.73

-2.79

-1.73

0-14H

2.63

-1.63

-0.20

-0.90

-1.07

0-14H

-3.23

-0.26

-2.55

0-4H

-2.52

-0.31

-0.52

-3.10

-1.21

0-4H

-0.76

0-12H

2.10

-1.26

-0.35

-1.92

-3.95

-3.95

-0.76

0-12H

-2.99

-1.05

-1.35

0-16H

3.06

-1.19

-3.66

-3.61

0-16H

-3.62

0-24H

4.86

4.46

2.41

4.19

-2.08

0.21

-1.47

-1.47

-1.71

0.12

0-24H

5.02

4.91

0.53

2.59

-1.03

ST179 (06-014) WITH REFRESHMENT OF ANTIBIOTICS AT 12H

ST235 (07-004) WITH REFRESHMENT OF ANTIBIOTICS AT 12H

D
oc

um
en

t s
ig

na
t d

ig
ita

lm
en

t p
er

: B
ER

TA
 P

U
IG

 C
O

LL
D

ER
RA

M



OPTIMIZATION OF THERAPEUTIC OPTIONS AGAINST MULTIDRUG RESISTANT MICROORGANISMS

Table 12. Final bacterial load decrease in 24h-time-kill curves with and without antibiotic 
refreshment. Dosing schedules of amikacin (AK) and meropenem (MEM) were simultaneous 
(AK=MEM) and staggered. For staggered schedules, AK was added 2h after MEM (MEM+AK) 

AK8+MEM17

MEM32+AK8

MEM17+AK8

AK8=MEM32

AK8=MEM17

0.26

-2.12

-1.69

-0.97

-2.77

-2.19

-3.15

-2.70-2.61

-2.70

-1.97

-0.93

-3.17

-2.07

-2.76

-1.70

-1.75

-2.55

0.67

-0.87

-0.26

-1.39

-0.12

ST179 

(06-

014) 

ST235 

(07-

004)

GC

5.02

AK8 MEM32

2.99

3.73

0.53

MEM17

3.39

2.59

-1.9

-1.03

-1.25

-0.97

-2.02

-1.71

-2.02

-1.39

0.07

0.21

0.67

-1.2

1.76

-0.26

1.82

0.12

1.82

-0.12

AK8+
MEM32

MEM32
+AK8

AK8 =
MEM32

AK8+
MEM17

MEM17
+AK8

AK8 =
MEM17

DOSING SCHEDULE

no refreshment

no refreshment

refreshment

refreshment

Table 11 Bacterial load reduction (log10 CFU/mL) in Pseudomonas aeruginosa isolates 
caused by each dosing schedule of meropenem (MEM) and amikacin (AK) in the time-ki-
ll curves with refreshment of the antibiotics. Bacterial load reduction was calculated by 

time, experimental condition and isolate. Positive values correspond to an increase in the 
bacterial load, and negative values to a reduction. Bacterial load was considered stable when 

10 CFU/mL. Antibiotics were administered simultaneously (AK=MEM) 
and staggered. For staggered schedules, amikacin was added 2h after meropenem (MEM+AK) 
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Table 13. PK/PD parameters in time-kill curves with antibiotic refreshment. Bactericidal 

meropenem in combination against XDR Pseudomonas aeruginosa isolates. Amikacin (AK) and 
meropenem (MEM) were administered simultaneously (AK=MEM) and staggered. For stagge-
red schedules, amikacin was added 2h after meropenem (MEM+AK) or conversely (AK+MEM). 

(MEM17) and 32 mg/L (MEM32). Antibiotic refreshment was performed at 12h.

AK8=MEM17

AK8+MEM17

MEM17+AK8

AK8=MEM32

AK8+MEM32

MEM32+AK8

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

YES

YES

YES

YES

YES

YES

YES

NO

YES

NO

NO

NO

TIME-KILL CURVES WITH REFRESHMENT OF ANTIBIOTICS AT 12H

CONDITION
BACTERICIDAL EFFECT

ST179 (06-014) ST179 (06-014)ST235 (07-004) ST235 (07-004)

SYNERGY AT 24H
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4.4.1.6 Analysis of antibiotic degradation 
Antibiotic concentration was assessed to evaluate the possible contribution of antibiotic 
degradation to bacterial regrowth at the end of time-kill curves. Samples were taken 
during the refreshed time-kill curves at 0h, twice at 12h (before and after refreshment) 

Table 14. Average degradation rate of meropenem in refreshed time-kill curves. Dosing 
schedules of amikacin (AK) and meropenem (MEM) were simultaneous (AK=MEM) and stag-
gered. For staggered schedules, AK was added 2h after MEM (MEM+AK) or conversely (AK+-

MEM AT 0H

MEM+AK AT 0H

MEM=AK AT 0H

MEM AT 12H

AK+MEM AT 12H

MEM+AK AT 12H

MEM=AK AT 12H

22

30

23.7

20.2

-

31.1

35

30.7

MEM AT 24H

AK+MEM AT 24H

MEM+AK AT 24H

MEAN VALUE AT 12H   

MEM AT 12H

AK+MEM AT 12H

MEM+AK AT 12H

MEM=AK AT 12H

(post-refreshment)

(post-refreshment)

(post-refreshment)

(post-refreshment)

CONDITION CONCENTRATION
(mg/L)

MEAN
(mg/L)

ANTIBIOTIC
RATE (%)

DEGRADATION
(%)

100 0

18.42

100 0

-

75.97 24.03

78.77 21.23
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4.4.2 Klebsiella pneumoniae

10 CFU/mL) for each dosing 
schedule is shown in Table 15.

AK8

AK40

MEM17

MEM32

AK8 + MEM17

AK8 + MEM32

AK40 + MEM17

AK40 + MEM32

MEM17 + AK8

MEM17 + AK40

MEM32 + AK8

MEM32 + AK40

AK8 = MEM17

AK8 = MEM32

1.37

-2.60

0.62

-0.65

1.30

1.29

-2.90

-3.12

0.21

-1.22

-0.96

3.09

2.96

2.56

-3.61

2.55

-2.06

1.90

-2.63

0.32

-

-

-

-

-

-

+

+

-

-

-

-

-

-

-3.17

1.22

0.05

-3.77

1.02

-1.99

-3.10

0.00

3.35

3.36

3.36

3.27

3.19

-5.75

-5.25

3.19

3.37

3.35

3.32

NA

NA

NA

NA

-

-

+

+

-

-

-

-

-

-

0-2H

1.50

0-8H

3.16

B

NA

0-4H 0-24H

3.36

S

NA

K1

GROWTH 
CONTROL

EXPERIMENTAL 
CONDITION

Table 15. Bacterial load reduction of Klebsiella pneumoniae isolates (log10 CFU/mL) and 
-

nem (MEM) and amikacin (AK). 
viable cell count from the initial viable cell count. It was calculated for each time, experimental 
condition and isolate. Positive values correspond to an increase in the bacterial load, and ne-

log10 CFU/mL. The antibiotics were administered simultaneously (AK=MEM) and staggered. For 
staggered schedules, amikacin was added 2h after meropenem (MEM+AK) or conversely (AK+-
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AK40 = MEM17

AK40 = MEM32

-1.96 -3.25

-3.07

-

--3.19

+

+

AK8

AK40

MEM17

MEM32

AK8 + MEM17

AK8 + MEM32

AK40 + MEM17

AK40 + MEM32

MEM17 + AK8

MEM17 + AK40

MEM32 + AK8

MEM32 + AK40

1.57

1.55

1.60

1.26

1.55

1.55

1.27

3.71

3.69

3.69

3.69

3.67

3.72

-

-

-

-

-

-

-

-

-

-

-

-

2.72

2.30

2.52

2.57

2.53

2.62

2.66

2.25

NA

NA

NA

NA

-

-

-

-

-

-

-

-

0-2H 0-8H B

NA

0-4H

2.76

0-24H S

NA

K4

GROWTH 
CONTROL

EXPERIMENTAL 
CONDITION

Table 15. Bacterial load reduction of Klebsiella pneumoniae isolates (log10 CFU/mL) and 

(MEM) and amikacin (AK). 
cell count from the initial viable cell count. It was calculated for each time, experimental condition 
and isolate. Positive values correspond to an increase in the bacterial load, and negative values 

10 CFU/mL. 
The antibiotics were administered simultaneously (AK=MEM) and staggered. For staggered sche-
dules, amikacin was added 2h after meropenem (MEM+AK) or conversely (AK+MEM). Antibiotic 

Growth control (GC); positive (+); negative (-), not applicable (NA). (Continued)
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AK8 = MEM17

AK8 = MEM32

AK40 = MEM17

AK40 = MEM32

1.37

1.52

1.03

3.76

3.50

3.56

3.17

-

-

-

-

2.07

2.56

1.55

3.93

-

-

-

-

AK8

MEM17

MEM32

AK8 + MEM17

AK8 + MEM32

MEM17 + AK8

MEM32 + AK8

AK8 = MEM17

AK8 = MEM32

1.39

-2.99

1.33

1.26

-2.56

-3.05

-3.09

3.35

-0.57

-1.09

0.11

-0.72

-

-

-

-

-

-

-

-

-

3.12

-3.00

-0.79

-2.97

-3.26

3.76

3.66

3.70

3.71

3.63

3.71

NA

NA

NA

NA

-

-

-

-

-

0-2H 0-8H

3.52

B

NA

0-4H

3.19

0-24H S

NA

K10

GROWTH 
CONTROL

EXPERIMENTAL 
CONDITION

Table 15. Bacterial load reduction of Klebsiella pneumoniae isolates (log10 CFU/mL) and 

(MEM) and amikacin (AK). 
cell count from the initial viable cell count. It was calculated for each time, experimental condition 
and isolate. Positive values correspond to an increase in the bacterial load, and negative values 

10 CFU/mL. 
The antibiotics were administered simultaneously (AK=MEM) and staggered. For staggered sche-
dules, amikacin was added 2h after meropenem (MEM+AK) or conversely (AK+MEM). Antibiotic 

Growth control (GC); positive (+); negative (-), not applicable (NA). (Continued)
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AK8

MEM17

MEM32

AK8 + MEM17

AK8 + MEM32

MEM17 + AK8

MEM32 + AK8

AK8 = MEM17

AK8 = MEM32

1.39

1.09

-3.77

-2.25

0.96

1.19

-3.59 -5.11

-

-

-

-

+

-

-

+

+

2.67

-3.96

-3.52

-1.62

-2.62

-2.93

-1.91

-2.71

-3.32

NA

NA

NA

NA

-

-

-

-

-

0-2H

1.56

0-8H

3.65

B

NA

0-4H

2.72

0-24H S

NA

K13

GROWTH 
CONTROL

EXPERIMENTAL 
CONDITION

Table 15. Bacterial load reduction of Klebsiella pneumoniae isolates (log10 CFU/mL) and 

(MEM) and amikacin (AK). 
cell count from the initial viable cell count. It was calculated for each time, experimental condition 
and isolate. Positive values correspond to an increase in the bacterial load, and negative values 

10 CFU/mL. 
The antibiotics were administered simultaneously (AK=MEM) and staggered. For staggered sche-
dules, amikacin was added 2h after meropenem (MEM+AK) or conversely (AK+MEM). Antibiotic 

Growth control (GC); positive (+); negative (-), not applicable (NA). (Continued)
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AK8

MEM17

MEM32

AK8 + MEM17

AK8 + MEM32

MEM17 + AK8

MEM32 + AK8

AK8 = MEM17

AK8 = MEM32

-1.15

-1.65

-1.17

-1.32

-1.23

-1.72

-1.36

-1.96

-1.71

1.57

0.02

-2.16

-2.37

-2.03

-2.71

-

-

-

+

+

+

-

-

+

-1.50

-2.06

-1.72

-2.31

-1.30

3.76

-3.56

-3.57

-2.05

-2.33

NA

NA

NA

-

-

-

-

-

-

0-2H 0-8H B

NA

0-4H

2.97

0-24H

3.77

S

NA

K14

GROWTH 
CONTROL

EXPERIMENTAL 
CONDITION

Table 15. Bacterial load reduction of Klebsiella pneumoniae isolates (log10 CFU/mL) and 

(MEM) and amikacin (AK). 
cell count from the initial viable cell count. It was calculated for each time, experimental condition 
and isolate. Positive values correspond to an increase in the bacterial load, and negative values 

10 CFU/mL. 
The antibiotics were administered simultaneously (AK=MEM) and staggered. For staggered sche-
dules, amikacin was added 2h after meropenem (MEM+AK) or conversely (AK+MEM). Antibiotic 

Growth control (GC); positive (+); negative (-), not applicable (NA). (Continued)
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4.4.2.1 Monotherapies
Both meropenem and amikacin were assessed alone in all K. pneumoniae isolates. The 
results of MEM and AK monotherapies are shown in Figure 22. 

10

10
log10 

10 CFU/

K. pneumoniae 
isolates. The meropenem concentration of 17.17 μg/mL (MEM17) did not cause any 

bacterial load like the growth control was reached both in the other meropenem-resistant 

10 CFU/mL and 2.99 log10 CFU/

10 

4.4.2.2 Simultaneous schedules of the antibiotic combination
Simultaneous schedules (AK=MEM) were studied by adding both meropenem and 
amikacin at the same time in the beginning of the time-kill experiments (Figure 23). 

was susceptible to meropenem with increased exposure, had an initial reduction in 

growth control value at the end of the experiment. The decrease in the bacterial load 

2.71 log10 

further decrease in the bacterial load of 2.39 log10 CFU/mL was achieved compared to 
10 CFU/mL. Despite the initial 

10
control.  
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Figure 22. Time-kill curves of Klebsiella pneumoniae isolates in amikacin (AK) and me-
ropenem (MEM) monotherapies. 

-
rithm with the base 10 of CFU/mL (log10 CFU/mL).

10

4.4.2.3  Staggered schedules of the antibiotic combination
For staggered schedules, amikacin was added 2h after meropenem (MEM+AK) or 

amikacin-resistant isolate K10, which was susceptible to meropenem with increased 
exposure, was followed by a 2-log decrease [2.12 log10 
added. Regarding the two meropenem-resistant amikacin-susceptible isolates, K13 
achieved a 3-log10 decrease [3.77 log10

10 CFU/mL 2h after adding MEM17. No regrowth 

load similar to the growth control. 
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from the beginning of the experiment when meropenem was given alone. The initial 
increase in the bacterial load of the meropenem-resistant K13, which had an amikacin 

10 CFU/mL decrease when amikacin was 

10 CFU/mL, whereas regrowth was observed using the 

10 

Figure 23. Time-kill curves of Klebsiella pneumoniae isolates performed using simulta-
neous administration (AK=MEM) of amikacin (AK) and meropenem (MEM). Antibiotic con-

Data were expressed as the logarithm with the base 10 of CFU/mL (log10 CFU/mL).
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Both staggered schedules with high concentrations caused an initial bacterial load 
reduction [>3 log10 

K. pneumoniae isolates (Table 16). No synergy was detected with 

These pharmacodynamic parameters were also assessed using dosing schedules with 

D
oc

um
en

t s
ig

na
t d

ig
ita

lm
en

t p
er

: B
ER

TA
 P

U
IG

 C
O

LL
D

ER
RA

M



OPTIMIZATION OF THERAPEUTIC OPTIONS AGAINST MULTIDRUG RESISTANT MICROORGANISMS

101

Figure 24. Time-kill curves of Klebsiella pneumoniae isolates performed using staggered 
regimen of amikacin (AK) and meropenem (MEM). Meropenem was added 2h after amikacin 

mg/L), MEM17(17.71 mg/L) and MEM32 (32 mg/L). Data were expressed as log10 CFU/mL.
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05
Discussion
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5. Discussion

antibiotic combinations. In this context, the present doctoral thesis aimed to both vali-
date an ATP measurement assay as an alternative to the colony count method for the 

-
rent dosing schedules of the antibiotic combination meropenem plus amikacin against 
XDR P. aeruginosa and MDR CP-KP.

5.1 ATP-Measurement assay

Antibiotic combinations are often administered to treat in infections caused by MDR 
microorganisms. However, the evaluation of antibiotic combinations is too laborious to 

ATP measurement assay to evaluate the performance of antibiotic combinations in time-
kill curves would avoid an additional overnight culture for viable cell count.

The standardization of the ATP assay was performed for the set-up of this equipment 
to evaluate antibiotic combinations. Background, linearity, and detection limit were stu-
died for the standardization of the ATP assay. These parameters were initially studied 

P. aeruginosa and K. pneumoniae) using two 
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cation-adjusted Mueller-Hinton (CA-MHB). The performance of NSS was compared to 
CA-MHB, which was the medium recommended by the manufacturer and used in pre-
vious studies.  Background oscillation for both media was considered relevant 
enough to be removed from the assay results. Therefore, the mean value of the back-
ground was calculated and subtracted at each reading time. Linearity showed similar 

detection limit and the broader range of linearity determined for NSS, this was establi-
shed as the optimal medium instead of CA-MH. The detection limit obtained using NSS 

The standardization was also performed using E. faecium. Background, linearity and 
detection limit were studied in this Gram-positive species using NSS given the wider 
linear range observed with this medium in the previous experiments with Gram-negative 
bacteria. The detection limit and the range of linearity obtained with this species were 

the performance of the ATP assay were observed between Gram-negative and Gram-
E. faecium relies strictly 

producing lower amounts of ATP than the two Gram-negative bacilli.72 Furthermore, 
high correlation between CFU and RLU was also observed in a recent study where the 
ATP assay was used to evaluate oral cleaning by quantifying levels of streptococci, 
which have the same type of metabolism as enterococci.199

composition of the reading medium is one of these variables. Several ions have been 
200

Cations should be strictly controlled while performing the assay, not only because of this 

this enzyme.  The cation concentration in CA-MHB medium may interfere with the 
RLU signal, consistent with our standardization results that support usingNSS instead. 

Cai et al.  These authors used enzymatic methods to remove extracellular ATP from the 
reading medium. In contrast, ATP removal in our study may have been achieved during 

the process compared to the enzymatical procedure.

Two methods for measuring viable bacterial cells in time-kill assays were compared.
The correlation between CFU using the conventional cell count and RLU using the ATP-

between growth phases.201 However, these authors included readings above the upper 
limit of their linearity range which may have contributed to this result. In contrast, in 

were always within the linearity range.
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using the ATP measurement assay were equivalent to those results obtained with the 

conventional method.

The evaluation of the ATP assay for the study of antibiotic combinations included only P. 
aeruginosa and K. pneumoniae. Other Gram-negative bacilli and Gram-positive bacteria 
should also be evaluated to validate its use in other species. One of the strengths of 

P. aeruginosa. Another strength was the 

clinical backgrounds. 

In conclusion, the ATP measurement assay used to determine the viable cell count in 
time-kill curves was a robust technique as the RLU signal correlated with CFU count 
when the assay was performed within the linear range. This easy-to-perform assay 
was adequate for antibiotic combination studies in P. aeruginosa and K. pneumoniae, 

5.2 Optimization of dosing schedules of meropenem plus amikacin

The combination of meropenem plus amikacin is commonly used for empirical treatment 
of severe infections to minimize the risk of inadequate initial therapy when Gram-negative 
bacilli are suspected.202 However, dosing schedules of this antibiotic combination are 
not clearly established in guidelines.  The timing of amikacin administration relative 
to the initiation of meropenem may have an impact on the initial reduction in the bacterial 
load, which in turn may be relevant in empirical treatments. The present work evaluated 
both simultaneous and staggered schedules of meropenem plus amikacin, mainly 
focusing on this initial impact.

5.2.1 Pseudomonas aeruginosa
Achieving an initial bacterial load decline is especially relevant in high inoculum infections 
caused by P. aeruginosa.  Current guidelines include aminoglycosides in combination 

local AST patterns for the most likely pathogens.  The combination of meropenem 
plus amikacin is one of the empirical options for serious P. aeruginosa infections, being 
its initial use reported to provide some bacterial killing against carbapenem-resistant 
isolates in dynamic models.  This combined therapeutic option may be optimized 
to achieve the best clinical outcome in these pseudomonal infections. 

Monotherapy with amikacin may be used as an alternative to treat low-inoculum DTR P. 
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aeruginosa infections like urinary tract infections.  In our study, an initial bacterial load 
reduction was observed in most of the XDR isolates when the antibiotic concentration 
(either amikacin or meropenem in monotherapy) was close to or above the MIC. However, 

was observed. The development of resistance using a single-agent therapy has been 
reported in pseudomonal isolates, especially highlighting amikacin.205,206 Antibiotic 
combinations have been considered to reduce the risk of resistance emerging during 
treatment.

Simultaneous and staggered conditions of amikacin and meropenem were compared to 
P. aeruginosa. Simultaneous 

administration achieved the highest initial reduction in the bacterial load of all strains, 
regardless of the antibiotic concentration tested and their MIC values. Our results are 

therapy to treat P. aeruginosa infections has been associated with increased mortality.209

According to our results, a simultaneous administration of meropenem and amikacin 

that AST results are not available yet.

evaluated. On one hand, aminoglycosides are known to have a concentration-
210 These pharmacodynamic properties may 

justify the use of a once-daily higher-dose to optimize bacterial killing without greater 
toxicity compared to its fractionated administration. A single dose of 15 mg/kg/day 
amikacin would often reach a peak concentration of 25-35 mg/L, although higher doses 
may be required in critically ill patients and other clinical situations, achieving higher 
peak concentrations.211 The PK/PD target for amikacin is the maximum concentration 

in vivo against our XDR 
P. aeruginosa isolates.212 In our time-kill curves, we found a larger initial reduction in 

a realistic scenario. On the other hand, meropenem is known to have a time-dependent 

antibiotic concentration is above the MIC value.213

were observed with the two meropenem concentrations (MEM17 and MEM32) in most 
isolates. Both concentrations were either below or equal to the MIC of the isolates 
and were considered suboptimal. Additionally, we found that the simultaneous dosing 
schedule with MEM32 achieved reduction in the bacterial load two hours earlier than 
with MEM17. As mentioned before, an early reduction in the bacterial load in XDR P. 
aeruginosa infections may result in better clinical outcomes, especially in high inoculum 
infections.207 Reiterated above, the simultaneous dosing schedule of this antibiotic 
combination might be more suitable than staggered schedules in the treatment of these 
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infections. However, this is an in vitro observation that should be further validated by 
means of dynamic studies and clinical studies.

 Synergy with 
the combination meropenem and amikacin has been reported in several MDR Gram-
negative bacilli, including P. aeruginosa.215–217

and MEM17 achieved synergy in isolates with meropenem MIC of 32 mg/L. The only 

resistant isolates could be partially explained by the presence of an aminoglycoside-
 When increasing the concentration of 

observed using the higher concentration of meropenem (MEM32) except for ST175 (12-
012), where there was synergy in all dosing schedules. Those isolates with a meropenem 
MIC of 32 mg/L achieved synergy using schedules with low concentrations, whereas 

lower the individual drug doses.219 Our results suggest that a meropenem concentration 

against these isolates although this should be further assessed in dynamic assays. 

Combination therapies should be bactericidal against the pathogen that causes 

emergence of resistant subpopulations.155 In our study, none of the schedules presented 

described due to the inherently static nature of time-kill curves.220 Bacterial regrowth 
could be attributable to antibiotic degradation, heteroresistance or the emergence of 
resistance via mutational or adaptive mechanisms.221,222

Amikacin remained stable throughout these curves, whereas the degradation of 

approach where time-kill curves refreshing antibiotics at 12 hours were performed in 

negatively impact in vitro results for this antibiotic combination. Further studies using 

in vivo.223

Heteroresistance has been previously contribute to treatment failure.  The analysis 
of this phenomenon is complex and cannot be detected by the routine antibiotic-
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susceptibility assays employed in clinical laboratories. Carbapenem heteroresistance 
has been previously described in P. aeruginosa but there is little information on this 
phenomenon for aminoglycosides. To our knowledge, amikacin heteroresitance in P. 
aeruginosa has only been described in one recent study.225 Out of a collection of 170 

heteroresistant subpopulations may have contributed to regrowth in our time-kill curve 
experiments. Heteroresistance testing was limited to amikacin considering the antibiotic 

amikacin according to PAP evaluation criteria.226 Nevertheless, all isolates but ST179 

could have been easily selected.

curve experiments. Resistant subpopulations are known to emerge due to spontaneous 
mutations after an exposition to suboptimal antibiotic concentrations.227 These resistant 
mutants can be selected within the range between the MIC and the mutant prevention 
concentration (MPC), which is the lowest antibiotic concentration that is able to prevent 
the emergence of these mutants.227 The antibiotic concentrations tested in our time-kill 
experiments were close to MIC values for each antibiotic in most of the pseudomonal 
isolates. Therefore, the use of suboptimal concentrations may have contributed to the 

5.2.2 Klebsiella pneumoniae
The combination of meropenem plus amikacin has been used for empirical treatment 
of infections caused by Enterobacterales, including K. pneumoniae.202 However, the 
current guidelines do not recommend the use of carbapenems when their susceptibility 

175 Before the 
deployment of the newer beta-lactam antibiotics, the administration of extended-
infusion meropenem in combination with a second agent like an aminoglycoside was 
considered a standard practice to treat infections caused by Enterobacterales isolates 

175 Previously reported time-kill experiments 
showed synergy and enhanced bactericidal activity of combining meropenem plus 
amikacin against K. pneumoniae with reduced susceptibility to carbapenems.  These 

antibiotic combinations. To our knowledge, there were no previous studies about the 

in the bacterial load of CP-KP isolates. 

The early killing dynamics of the combination meropenem plus amikacin against CP-KP 

caused an initial reduction in the bacterial load of the two amikacin-susceptible 

was susceptible increased exposure to meropenem (K10). Staggered administration of 
this combination also caused an initial decline in these three isolates, but the reduction 

schedules should be given at a concentration above the MIC to ensure a larger initial 
reduction in the bacterial load. These results in CP-KP isolates support our previous 

D
oc

um
en

t s
ig

na
t d

ig
ita

lm
en

t p
er

: B
ER

TA
 P

U
IG

 C
O

LL
D

ER
RA

M



OPTIMIZATION OF THERAPEUTIC OPTIONS AGAINST MULTIDRUG RESISTANT MICROORGANISMS

109

observation in XDR P. aeruginosa isolates, suggesting that simultaneous schedules of 

schedules when given empirically as AST results are still unknown. 

Suboptimal concentrations of antibiotics are associated with treatment failure.229 In 
vivo 
remains above the MIC during the dosing interval.230 The concentration MEM17 in the 
time-kill experiments was suboptimal for most CP-KP isolates based on their MIC.  
Considered suboptimal for most isolates as well, a higher concentration of meropenem 
(MEM32) that was closer to the toxicity limit was also evaluated in these experiments.230 

Compared to MEM17, an enhanced initial reduction in the bacterial load or a delay in 
growth was observed in some CP-KP isolates when MEM32 was used, either alone or 
in combination. Our results suggest that a high concentration of meropenem could have 

in vitro
assessed in vivo, and clinical toxicity should be monitored. 

Aminoglycosides are concentration-dependent antibiotics with short half-life and a 
narrow therapeutic index due to its nephrotoxicity.231 As mentioned before, a daily single 
high-dose of amikacin can be administered to ensure PK/PD targets, to decrease renal 

232

MIC values of meropenem and amikacin were more relevant in the initial bacterial 

value in the clinical outcome of patients infected by KPC-Klebsiella pneumoniae has 
been previously reported.233 This observational study showed that combining an 
aminoglycoside with a carbapenem was associated with lower mortality rates provided 

their respective MICs. Our results showed that a higher initial reduction in the bacterial 

When this was considered in the staggered schedule, the reduction in the bacterial load 

we observed in XDR P. aeruginosa. Therefore, simultaneous schedules of meropenem 
and amikacin rather than staggered should be used in empirical treatments given that 
MICs are unknown.

spectrum and expedite bacterial clearance.232 However, the impact of these schedules 
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but the data collected at that time may not always be clinically relevant for assessing 

regimens and some antibiotics may also degrade over time.  Therefore, we suggest 

in vivo conditions.

meropenem degradation, the emergence of antibiotic resistance or heteroresistance.235,236

Given the time-dependent nature of meropenem, an optimal concentration above the 
MIC should be maintained in vivo by extended or continuous perfusion to ensure PK/
PD targets. An increase in meropenem and amikacin MIC values has been reported in 
vivo in a mice model with an infection caused by a CP-KP isolate with heteroresistance 
to both drugs after the exposure to these antibiotics.237 Resistant subpopulations may 
become enriched during antibiotic treatment, driving a shift from heteroresistance 
to homogeneous resistance. Further studies employing a dynamic model should be 
conducted to assess the behavior of these resistant subpopulations under simulated 
clinical dosing. 

limitations. The study was performed only in P. aeruginosa and K. pneumoniae. A larger 

antibiotic, which were selected based on achievable plasma levels with clinical dosages. 

dynamic pharmacokinetics that occur in vivo following antibiotic administration. 

bacterial load in most XDR P. aeruginosa

more reliable approach for initial reduction in the bacterial load. This proposed empirical 
simultaneous strategy warrants further investigation using dynamic in vitro models and 
in vivo validation. 
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Conclusions
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6 Conclusions

1. The ATP measurement assay was a robust technique to determine the cell count 
in time-kill curves. The RLU signal correlated with CFU count when the assay was 
performed within the linear range in Pseudomonas aeruginosa, Klebsiella pneumoniae
and Enterococcus faecium. Neutral saline solution yielded a wider range of linearity than 
cation-adjusted Mueller-Hinton and was further established as washing and dilution 
medium.

2. The ATP assay was adequate for evaluating antibiotic combinations against P. 
aeruginosa and K. pneumoniae by means of time-kill curves. The categorization of 

conventional colony count method.

3. Time-kill results of antibiotic combinations can be obtained within the same day when 
using the ATP measurement assay as no overnight incubation is required. The simplicity 
of this technique may facilitate the implementation of antibiotic combinations studies 

4. The combination of meropenem plus amikacin achieved a reduction in the initial 
bacterial load of most extensively drug-resistant P. aeruginosa and carbapenemase-
producing Klebsiella pneumoniae isolates. 

5. 

the isolates. 

6. Simultaneous schedules of this antibiotic combination resulted in an initial bacterial 

Since MICs are unknown in empirical treatments, simultaneous administrationof 

staggered dosing schedules. 

7. The combined schedules with a higher concentration of meropenem caused similar 
reductions in the initial bacterial load the mean concentration derived from the AUC . An 
earlier bacterial load reduction was additionally observed using the highest concentration 

with meropenem achieved a larger initial reduction in the bacterial load than the lower 
concentration in most isolates.

8. 
from simultaneous administration should be further validated by means of an in vitro 
dynamic model or in vivo models.
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