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Inhaled antibiotics are a common and valuable therapy for patients suffering from chronic lung infection, with this particularly well
demonstrated for patients with cystic fibrosis. However, in vitro tests to predict patient response to inhaled antibiotic therapy are
currently lacking. There are indications that antimicrobial susceptibility testing (AST) may have a role in guidance of therapy, but
which tests would correlate best still needs to be researched in clinical studies or animal models. Applying the principles of European
Committee on Antimicrobial Susceptibility Testing methodology, the analysis of relevant and reliable data correlating different AST
tests to patients’ outcomes may yield clinical breakpoints for susceptibility, but these data are currently unavailable. At present, we

believe that it is unlikely that standard determination of minimum inhibitory concentration will prove the best predictor.
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Inhaled antimicrobial therapy is a recommended option in the
treatment of chronic lung infection in a number of diseases, the
advantages of such topical therapy compared to systemic therapy
being 3-fold [1, 2]: (1) Higher concentrations are achieved at the
site of infection, which may overcome decreased antibiotic sus-
ceptibility of the infecting bacteria; (2) by specifically targeting the
lungs of the patient, a lower systemic exposure and toxicity can
be achieved; and (3) for antibiotics with low oral bioavailability,
inhalation therapy may replace intravenous administration [3, 4].

Antimicrobial susceptibility testing (AST) is predictive for
the outcome of antibiotic treatment in many bacterial infec-
tions [5, 6], and susceptibility testing is the basis for guidance
of most antibiotic therapies, both in establishing the optimal
therapy at the patient level and in guiding the preferred em-
pirical regimens at the population level. AST determines the
minimum inhibitory concentration (MIC) of an antibiotic for a
bacterial isolate, that is, the minimum concentration to inhibit
visible bacterial growth under standardized circumstances. To
interpret these laboratory results, breakpoints are set. From a
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clinical perspective, (clinical) breakpoints refer to those MICs
which separate strains into those where there is a high likeli-
hood of treatment success versus those where treatment is more
likely to fail. Additionally, microbiologists define epidemiolog-
ical cutoffs, which separate the wild-type populations of bac-
teria from bacteria with acquired resistance mechanisms [6].

AST is widely used to guide systemic antibiotic therapy.
However, evidence on the correlation between results of current
AST methods and response to inhaled antibiotics is scarce and the
role of AST is widely questioned. Patients infected with “resistant”
bacteria often still benefit from treatment with inhaled therapy
[7]. In practice, activity will be established by the assessment of the
clinical response to a chosen regimen. Presumed higher antibiotic
concentrations reached at the site of infection have been proposed
as explanation for the discrepancy between AST and response to
treatment [8]. It has been suggested that inhaled antibiotic therapy
may require separate (higher) susceptibility breakpoints or dif-
ferent AST methods [9]. Currently, standardized testing methods
and clinical breakpoints are largely unavailable for topical antibi-
otic therapy, and none exist for inhaled therapy.

This manuscript outlines a route to establish AST clinical
breakpoints, describes the issues likely to be encountered de-
fining these breakpoints for inhaled therapy, and signposts the
studies needed to develop standardized susceptibility tests and
breakpoints for inhaled antibiotic therapy.

INHALED ANTIBIOTICS: FORMULATIONS,
CHARACTERISTICS, AND DRUG CONCENTRATIONS

Antibiotics may be inhaled as nebulized solutions or as dry
powders [4]. Nebulizers disperse antibiotics in solution as a
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mist of aerosolized droplets, which the patient breathes in. The
technique is time-consuming, and the dispersal devices require
regular cleaning to avoid contamination [10]. With dry powder
inhalation (DPI), the patient actively inspires the antibiotic. DPI
requires a minimum inspiratory effort; it is therefore less suit-
able for patients with a limited residual lung function, during
acute exacerbations or for patients on mechanical ventilation.
DPI is more rapid, and the dispersal devices do not require a
power source or extensive cleaning.

Inhalation therapy is aimed at to deliver antibiotics to the
small airways of the lungs, which are considered the main site
of infection [10]. However, only a fraction of the applied dose
will reach them: a part is retained in the inhalation device and
another part is deposited in the upper airways (mostly ending
up in the gastrointestinal tract). Under ideal circumstances, in
healthy volunteers, up to a third of the dose may be effectively
delivered to the lungs [11, 12], but this fraction has also been
reported as low as 5% [12]. Data on antibiotic concentrations in
the small airways after inhalation are limited. Methods to deter-
mine these concentrations have included direct measurements
in induced sputum, bronchoalveolar lavage (BAL) fluid, epithe-
lial lining fluid (ELF), and resected pulmonary tissue, as well as
measurements by gamma scintigraphy [13].

The concentrations measured in sputum are typically higher
than those in BAL. For instance, the maximum concentra-
tion (C_ ) of tobramycin after inhalation has been reported to
be between 3.6 and 5.5 mg/L in lung and ELF, and as high as
1048 mg/L in sputum. Colistin concentrations have been re-
ported to reach 6.7 mg/L in ELF and 40 mg/L in sputum [14,
15]. Large differences may be found between different inhala-
tion techniques, and between different formulations, on top of
the variability in patients and test subjects [13].

INHALED ANTIBIOTICS IN CYSTIC FIBROSIS AND
BRONCHIECTASIS

The use of inhaled antibiotics to suppress or eradicate respira-
tory pathogens in cystic fibrosis (CF) has been shown to reduce
infectious exacerbations, slow the deterioration in lung func-
tion, and increase quality of life; it has therefore become one
of the mainstays of therapy in the treatment of CF [2]. Inhaled
antibiotics are also widely used for bronchiectasis (BE) due to
other diseases, but the evidence in these patient groups is more
limited.

The main pathogen associated with acute infective exacer-
bations and deterioration of lung function in CF and BE is
Pseudomonas aeruginosa [16], and the antibiotics used in in-
halation therapy therefore all possess antipseudomonal activity.
A decrease in P aeruginosa density in airway secretions has, to
some extent, been correlated with clinical response in patients
using inhaled antibiotic therapy [17]. However, a clear corre-
lation between susceptibility of the cultured microorganisms

and the response to inhaled or intravenous antibiotic therapy
has not been demonstrated in CF chronic lung infection [18,
19]. The lack of understanding of the contribution of separate
pathogens to infections in CF and BE is a major issue encoun-
tered when attempting to use conventional AST to predict re-
sponse to therapy, and hence to apply clinical breakpoints.

The microenvironment in the CF lung adds to the complexity;
for example, the anaerobic conditions in sputum may diminish
or increase the effect of the antibiotics, as may components of
the mucus layer itself [20]. Furthermore, the bacteria in this mi-
croenvironment grow in biofilms, while reference standard AST
assesses the effect of antibiotics on planktonic bacterial growth.

INHALED ANTIBIOTICS IN ACUTE PULMONARY
INFECTION

Treatment of acute pulmonary infections with inhaled anti-
biotics has been attempted, in particular with patients on me-
chanical ventilation in the intensive care unit (ICU) [21]. ICU
patients are at a higher risk of infection with resistant micro-
organisms and are more likely to suffer from organ failure or
toxicity from their medication; treatment of an infected lung
with high localized antibiotic concentrations but with low sys-
temic exposure may therefore offer significant advantages.
Furthermore, mechanical ventilation enables administration
of nebulized antibiotics. Clinical studies have failed to demon-
strate efficacy of inhaled antibiotics for acute pulmonary infec-
tions [21]. One possible explanation may be found in the airway
obstruction occurring in diseased areas of the lungs, limiting
penetration of inhaled drugs into those areas [3].

The same may apply to acute exacerbations of chronic lung
infections in CE Typically, these do not respond to inhalation
antibiotic therapy and are treated with systemic therapy [22].
It is unclear whether exacerbations originate from spontaneous
disturbances in the lung microbiome, from obstructions, or
from external triggers such as viral infections. Exacerbations
therefore do not necessarily reflect nonsusceptibility of the sup-
pressed bacteria in the lung.

BREAKPOINTS AND BREAKPOINT DEVELOPMENT
FOR AST

Breakpoint development for AST is a systematic process that
follows a predefined set of steps [6, 23]. First, the wild-type dis-
tribution of the MICs of an antibiotic against a bacterial species
is determined, that is, the MIC distribution of strains without
acquired resistance mechanisms. The MIC is the result of a
standardized test that determines the antibiotic concentration
required to inhibit growth of planktonic bacteria in exponential
growth phase. As a general rule, the wild-type MIC distribution
will be bell-shaped and will span 3-5 two-fold dilutions. Beyond
this bell-shaped distribution, strains with mechanisms causing
decreased susceptibility are found (Figure 1). The highest MIC
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A, Wild-type and | (susceptible with increased exposure) category coincide; no category for S (susceptible at standard dose) is defined. Strains with minimum

inhibitory concentrations (MICs) above the wild-type range are defined as R (resistant). Based on aggregated data from 32 276 observations in the European Committee on
Antimicrobial Susceptibility Testing (EUCAST) database (https://mic.eucast.org/search/). B, Activity of meropenem beyond the wild-type distribution is likely with higher
exposure. The wild-type category coincides with S (susceptible with standard dose). A non-wild-type | category (susceptible with increased exposure) is defined. Based on
aggregated data from 57 615 observations in the EUCAST database (https://mic.eucast.org/search/).

of the wild-type distribution is designated the epidemiological
cutoff (ECOFF) [24].

As a second step, the pharmacokinetic/pharmacodynamic
(PK/PD) target of the antibiotic against infections with the
microorganism is determined. Preferably, this target is estab-
lished based on outcome data from clinical studies; as an alter-
native, it can be based on data acquired from animal models
or from in vitro models. One of 2 main PK/PD targets may be
defined: either a percentage of time above MIC (%T > MIC)
for time-dependent antibiotics, or an area under the curve for
the unbound antibiotic divided by the MIC (fAUC_, /MIC)
for exposure-dependent antibiotics. Of note: the PK/PD rela-
tion for efficacy is usually based on the (free) plasma concen-
tration of antibiotics, not on the concentration in the infected
tissue, where the antimicrobial activity actually takes place.

Finally, using computer simulations for a diverse population,
the dosage that is required to achieve the PK/PD target for the
highest MIC value of the wild-type population in 95%-99% of
the patients is calculated—that is, to achieve a probability of
target attainment (PTA) of 95%-99% at the ECOFE. If this re-
quired dosage can be safely administered to patients, the ECOFF
is often set as the susceptibility breakpoint, although sometimes
a concentration 1 or 2 dilutions higher may be chosen. If such
as dosage is not deemed achievable, it is considered that the an-
tibiotic is not reliably effective and no susceptibility breakpoint
is defined [25].

For some drug/microorganism combinations, different
clinical breakpoints may be defined depending on the site
of infection, the dosage, or the route of drug administration.
Some of these situations have been addressed by the European
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Committee on Antimicrobial Susceptibility Testing (EUCAST)
with the “I” category, which is defined as “susceptible with in-
creased exposure” next to the “S” category, which is defined as
“susceptible with standard dose” [26]. Similarly, to some extent,
the Clinical and Laboratory Standards Institute (CLSI) uses the
category “susceptible dose-dependent” when alternative dosing
regimens may overcome higher MICs in the pathogens, and the
intermediate (I) category when successful treatment of uncom-
plicated urinary tract infections is still likely with antibiotics
that accumulate in urine [27].

The EUCAST I category, with its corresponding dosage (or
corresponding infection site), may apply to all susceptible iso-
lates of a drug/species combination. In this case, an increased
exposure (also referred to as “high dose”) is required to achieve
a95%-99% PTA in the wild-type population, and only I and R
categories exist; this is, for instance, the case with the combina-
tion of ceftazidime and P aeruginosa (Figure 1A). In other cases,
a 95%-99% PTA is achieved with the “standard dose” in the
wild-type, but a part of the population that falls just above the
wild-type may be properly treated with an increased dose. These
drug/microorganism combinations have S, I, and R categories
defined, as is the case with the combination of meropenem and
P aeruginosa (Figure 1B).

A number of bottlenecks in breakpoint development for
inhaled therapy are evident when applying the previously de-
scribed process:

1. When there is not enough clear correlation of MIC values with
clinical outcomes, breakpoints are often set at the ECOFE, to
distinguish the wild-type population from bacteria with ac-
quired resistance mechanisms, while the intention of defining
separate clinical breakpoints for inhaled therapy is to iden-
tify those strains with MICs above the breakpoint for systemic
therapy (ie, the ECOFF) that may still be effectively treated.

2. In fact, since CF P aeruginosa strains are regularly exposed to
antibiotics, the shape of their MIC distribution usually does
not allow a wild-type population to be defined (Figure 2).

3. Data on antibiotic concentrations reached by inhalation at the
infection site are still scarce and the validity of some measure-
ments is at times questionable. Serum concentrations are not
suitable as proxy indicators (as they are in systemic therapy).

4. Although data are limited, it is clear that with inhalation
therapy, large variations in concentrations attained occur be-
tween different subjects, disease states, and technologies used.
Simulations to ensure effective concentrations for pathogens
at the highest “susceptible” MIC in 95%-99% of patients will
lead to either excessively high dosages or low MIC cutoffs.

5. The standardized circumstances under which AST is per-
formed, with planktonic bacteria in log-phase, are likely to
be more predictive of behavior of bacteria in acute infections
than in chronic biofilm infections.
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Figure 2. A, Data were obtained from the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) database (https://mic.eucast.org/search/, ac-
cessed 2 December 2020). B, Data were adapted from Ekkelenkamp et al [28].
Epidemiological cutoff (ECOFF), as determined in non—cystic fibrosis (CF) isolates
= 2 mg/L; Susceptible with standard dose (S) <2 mg/L; Resistant (R) >2 mg/L.
Comparison of A and B shows how the distribution of the minimum inhibitory con-
centrations (MICs) has been skewed toward higher MICs for the Pseudomonas
aeruginosa strains of persons with CF, likely due to adaptation of these strains
to antibiotic exposure; in B, it is therefore not possible to establish a clear ECOFF.

Additionally:

6. A mixed population of different bacteria is present in the CF
and BE lung. Conventional culture results may not accurately
reflect the microorganisms that need to be targeted. In par-
ticular, P aeruginosa may not be the (only) microorganism
that requires treatment [29]. Furthermore, the (in vitro)
antimicrobial susceptibility of a clonal bacterial population
can change when grown in the presence of other bacterial
species.

7. The endpoints used to determine clinical breakpoints for
AST are generally bimodal and short-term, whereas those
to assess effectivity of inhalation therapy are continuous and

long-term.
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EUCAST REPORT ONTOPICALTHERAPY

In a report in November 2019 [30], EUCAST noted the lack of
supporting data to set breakpoints for topical therapy, in partic-
ular the lack of pharmacokinetic data. The committee suggested
a set of screening breakpoints for phenotypic resistance, based
on the ECOFFs, but only for the treatment of superficial skin,
eye, and ear infections. Most of these breakpoints are identical
to those defined for systemic therapy with some differing by a
single 2-fold dilution. This EUCAST document explicitly ex-
cluded inhaled antibiotics. CLSI has defined breakpoints only for
inhaled amikacin in the treatment of Mycobacterium avium com-
plex (MAC) infections [31]. A CLSI working group established to
define breakpoints for aerosolized antimicrobials was disbanded
due to the lack of data to accurately determine these breakpoints.

DATA FROM CLINICAL STUDIES/CORRELATION OF
MICS WITH CLINICAL OUTCOMES OF INHALED
ANTIBIOTICTHERAPY

Assessing the relation between in vitro susceptibility and clinical
outcome is complex for inhaled antibiotic therapy. The study
endpoints usually evaluated to determine AST breakpoints are
generally clear cut, short-term, and binomial: survival, clinical
cure, or microbiological cure. On the contrary, study endpoints
used to assess antibiotic inhalation therapy are continuous and
long-term: the time to first exacerbation or hospitalization, the
frequency of exacerbations or hospitalizations, and the change
in FEV, (forced expiratory volume in 1 second) or FVC (forced
vital capacity). Additionally, during such an extended treat-
ment period, the susceptibility of the pathogens may change.
Understandably, correlating AST results to outcome is complex
under these circumstances. However, there are some indica-
tions that in vitro tests may predict clinical outcome.

A recent meta-analysis concluded that long-term inhaled
suppressive antipseudomonal antibiotic therapy reduced hos-
pitalizations and improved lung function in CF [32]. Of the 11
randomized placebo-controlled trials conducted in this field, 10
had P aeruginosa colonization as an inclusion criterion, and a
relation between P aeruginosa MIC and response to therapy was
found in a limited set of analyses [17]. An additional argument
for a relationship between MIC and outcome is that the use of
inhaled antibiotics led to significant increase in resistance in
these studies; this was also found in observational data from the
CF registry [33]. Evidence for a relationship between suscep-
tibility and efficacy of treatment also comes from longitudinal
observational studies that correlate P aeruginosa resistance to
lower pulmonary function at baseline and more rapid decline
in FEV, [34, 35]. Finally, in 2 phase 3 trials in patients with BE,
inhaled ciprofloxacin resulted in a significant reduction in fre-
quency of exacerbations only in the subgroup of patients who
were free from ciprofloxacin-resistant microorganisms at base-
line [36, 37].

A quite different example where in vitro testing correlates
with clinical outcomes of inhaled therapy concerns the use
of the inhaled aminoglycoside amikacin for the treatment of
MAC. Amikacin is active against a variety of nontuberculous
mycobacteria, and the inhaled form of the drug is used in com-
bination regimens against infections by diverse species, in par-
ticular Mycobacterium abscessus and MAC. EUCAST has not
yet defined AST methods for mycobacteria, and has only estab-
lished breakpoints for new antimycobacterial drugs in the treat-
ment of Mycobacterium tuberculosis [38]. The CLSI breakpoints
for amikacin and M abscessus are <16 mg/L for susceptibility
and >32 mg/L for resistance, identical to those for P aeruginosa
and Enterobacterales. However, separate CLSI breakpoints have
been established for inhaled therapy against MAC: <64 mg/L
for susceptibility and >64 mg/L for resistance [31]. The break-
point of >64 mg/L for resistance correlates best with the pres-
ence or development of resistance mutations, and with efficacy
of both inhaled and systemic administration [39]; this cutoff
would also be the most congruent with the MIC,; of amikacin
against MAC, which was 32 mg/L in unexposed strains [40]. In
summary, the activity of inhaled amikacin may be predicted by
AST, but with breakpoints identical to those that predict the ef-
fect of systemic therapy.

DATA FROM BIOFILM MODELS

Current methods for AST use planktonic bacteria in pure cul-
ture and in exponential growth phase. This simplified model
may be less predictive for chronic infections, in particular for
those chronic infections where bacteria persist in biofilms
[41]. It has been suggested that susceptibility testing in biofilm
models could correlate more closely to efficacy of inhaled anti-
biotics, as they would constitute a closer approximation of the
in vivo situation in the lung.

The biofilm model for AST most commonly used is the
Calgary biofilm model. The Calgary biofilm model allows the
determination of 2 measures of biofilm antibiotic susceptibility:
the minimum biofilm inhibitory concentration (MBIC) and the
minimum biofilm eradication concentration (MBEC). To deter-
mine the MBIC and MBEC, plastic pegs coated with hydroxy-
apatite are incubated in bacterial suspensions to allow biofilms
to form on the pegs. Subsequently, the pegs are suspended in
microtiter plate wells containing growth medium and 2-fold
dilutions of antibiotics. The MBIC is the minimum concentra-
tion required to inhibit the growth of the bacteria on the bio-
film formed on the peg; in technical terms this is defined as the
lowest concentration of an antibiotic that results in an optical
density at 650 nm difference at or below 10% of the positive
control (a 1-log,  difference in growth) after 6 hours of incuba-
tion. The MBEC is the lowest concentration of an antibiotic that
prevents visible growth in the recovery medium used to collect
biofilm cells [42].
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Figure 3 shows the relationship between MICs, MBICs,
and MBECs for 32 P aeruginosa strains recovered from per-
sons with CF [42]. As is apparent from the figure, the MBICs
are higher than the MICs, and the MBECs are even higher:
Antibiotic concentrations needed to inhibit bacteria are higher
when these are growing in a biofilm, and higher even if the bac-
teria in the biofilm are to be eradicated. In Figure 3B, it is also
apparent that this is not a fixed shift of the inhibitory concen-
tration, but that the relationship between the 3 parameters dif-
fers from strain to strain. Furthermore, this relationship differs
between antibiotics: Tobramycin MBICs are on average <2-fold
higher than the MICs, whereas colistin MBICs are generally
8-fold higher or more. Assuming that the MBIC and MBEC
values are true representations of the activity of antimicrobials
within the biofilm, ECOFFs could be determined for these
values, which would define the wild-type biofilm bacterial
population and the population with mechanisms that con-
tribute to antimicrobial tolerance in biofilm. A subsequent step
would be to validate whether these ECOFFs are predictive for
therapeutic response in inhalation therapy and whether they
are useful in guiding inhaled antibiotic therapy in chronic lung
infections [44].

DATA FROM ANIMAL MODELS

In preclinical antibiotic drug development, dose-fractionation
studies with animal infection models have been used to deter-
mine the PK/PD index and the PK/PD target for various infec-
tions [45], and to establish dosing regimens for clinical trials.

The most commonly applied model for PK/PD antimicrobial
efficacy studies is the thigh infection model with neutropenic
mice. Other animal models, usually involving rodents or rab-
bits—including those for acute bacterial pneumonia, skin and
soft tissue infection, sepsis, meningitis, urinary tract infection,
infectious endocarditis, and peritonitis—all assess acute infec-
tion. Chronic lung infection, such as in CF and BE, does not
occur naturally in rodents; lung infections are either rapidly
fatal or are cleared by the animals.

To establish chronic lung infection in rodents, the lungs and
airways of the animals need to be artificially damaged or ob-
structed to avoid clearance of the bacteria; this has commonly
been accomplished by installing colonized agarose or alginate
beads in the lungs. Animal CFTR-knockout models have been
developed with mice, rats, rabbits, ferrets, and pigs [46]. CFTR-
knockout ferrets and pigs have been found to spontaneously
develop chronic lung infection; these animals rapidly develop
bacterial colonization of the lungs, mostly with enteric micro-
organisms, and subsequent lung disease [47, 48]. In CFTR-
knockout ferrets, systemic antibiotic therapy has been shown to
slow disease progression and expand the life expectancy 10-fold
[48]. Another model of the CF lung currently in development is
that of f-ENaC mice. f-ENaC mice have been genetically mod-
ified to overexpress the epithelial Na" channel specifically in
the lungs, where overabsorption of Na* occurs, mimicking the
pathophysiology of the CF lung [49].

Thus far, animal models of chronic CF-like lung infec-
tions have been used primarily to study disease pathogen-
esis. However, as development and understanding progress,
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Figure 3.  Comparison of the minimum inhibitory concentration (MIC), minimum biofilm inhibitory concentration (MBIC), and minimum biofilm eradication concentration
(MBEC) for 53 Pseudomonas aeruginosa strains isolated from persons with cystic fibrosis. A, The relation between MIC, MBIC, and MBEC varies between the different
inhaled antibiotics; for tobramycin, the relative difference between these values is smaller than for colistin and aztreonam. B, Superimposed strains are represented by
darker shades or lines. This figure shows that the differences between antimicrobial susceptibility testing parameters are isolate-specific; 1 isolate may have both a higher
MIC and a lower MBEC than another isolate. Both figures were originally published by Diez-Aguilar et al [43].
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they may become available to study pathogen-antibiotic rela-
tions and aid in determining PK/PD parameters and targets.
However, P aeruginosa has not been found to form part of the
microbiome of CFTR-knockout pigs and ferrets [47, 50], and
such differences with the human CF/BE lung will need to be
addressed or compensated.

INHALED ANTIBIOTICS TARGETING ONLY P
AERUGINOSA

Antibiotics currently used for inhalation therapy do not only
target P aeruginosa, but have activity against most aerobic
gram-negative bacteria, and often also against some gram-pos-
itive bacteria. Uncertainty about which microorganisms
are targeted interferes in establishing a PK/PD relation be-
tween the drug and the pathogens. Currently, murepavadin, a
peptidomimetic antibiotic that targets only P aeruginosa, is in
clinical development for inhalation therapy in CF and BE. If the
development of this drug proceeds to phase 3, it would offer
the possibility to explore the role of P aeruginosa in chronic in-
fections and to investigate whether treatment of this pathogen
alone suffices. Furthermore, establishing PK/PD relations and
breakpoints with a single pathogen-antibiotic combination is
far more straightforward than in the context of a collection of
potential pathogens.

FUTURE DIRECTIONS AND SCIENCE AGENDA

To provide supportive clinical data for breakpoint development,
appropriately designed new studies are essential. The main
characteristics of such studies would be (1) the proper drawing
of samples and culture methods prior to initiation of therapy,
(2) reliable estimates of the local pharmacokinetics of the drugs
in the patients—if possible based on measurements, and (3) the
inclusion of novel AST methods, as a minimum to determine
MBIC and MBEC.

Furthermore, (4) valid endpoints to define treatment suc-
cess will be required, preferably bimodal. These may be either
microbiological (eg, reduction in bacterial counts, bacterial
eradication) or clinical (eg, short-term improvement of FEV ).
Data may be acquired in both randomized and nonrandomized
studies. Preferably, various inhalation regimens and dosages
would be used within a single study, to establish exposition-re-
sponse curves for different PK/PD relations.

With these data, the main pharmacokinetic and pharmaco-
dynamic parameters can be combined to examine which, if any,
correlates best with the defined outcome, and what the corre-
sponding PK/PD target values would be. These could be fAUC/
MIC, fAUC/MBIC, fAUC/MBEC, T > MIC, T > MBIC, or T >
MBEC, or perhaps a novel parameter yet to be explored. The
ratio between AUC and mutant prevention concentration has,
for instance, been proposed to establish PK/PD targets [51].
Still, it must be noted that a major hurdle in this process will

be to identify the contribution of the different bacteria within
the lung microbiome. It needs to be determined to what extend
such analysis may be limited to the treatment of P aeruginosa.

In summary: At present, standardized AST methods are
very limited in their prediction of therapeutic success of in-
halation therapy. To establish the optimal laboratory methods,
different AST modalities will need to be validated with patho-
gens obtained from well-documented infections. Furthermore,
robust criteria for treatment failure and success will need to be
defined. Though certainly feasible, this will require a major ef-
fort from the respiratory, microbiological, and pharmacological
scientific community.
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