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Abstract

of antibiotic resistance.

(MeSH)

Nebulized antibiotic therapy directly targets airways and lung parenchyma resulting in high local concentrations

and potentially lower systemic toxicities. Experimental and clinical studies have provided evidence for elevated lung
concentrations and rapid bacterial killing following the administration of nebulized antibiotics during mechanical
ventilation. Delivery of high concentrations of antibiotics to infected lung regions is the key to achieving efficient
nebulized antibiotic therapy. However, current non-standardized clinical practice, the difficulties with implementing
optimal nebulization techniques and the lack of robust clinical data have limited its widespread adoption. The present
review summarizes the techniques and clinical constraints for optimal delivery of nebulized antibiotics to lung paren-
chyma during invasive mechanical ventilation. Pulmonary pharmacokinetics and pharmacodynamics of nebulized
antibiotic therapy to treat ventilator-associated pneumonia are discussed and put into perspective. Experimental

and clinical pharmacokinetics and pharmacodynamics support the use of nebulized antibiotics. However, its clinical
benefits compared to intravenous therapy remain to be proved. Future investigations should focus on continuous
improvement of nebulization practices and techniques. Before expanding its clinical use, careful design of large phase
lIl randomized trials implementing adequate therapeutic strategies in targeted populations is required to demon-
strate the clinical effectiveness of nebulized antibiotics in terms of patient outcomes and reduction in the emergence
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Background

Effective antimicrobial therapy requires adequate drug
concentrations at the site of the infection. This is often
not possible when using intravenous therapy among
intensive care unit (ICU) patients who require mechani-
cal ventilation due to altered pharmacokinetics and poor
lung tissue penetration of many antimicrobial agents [1,
2]. Outcome is often suboptimal, with clinical response
rates of lower than 60%, even for antibiotic-susceptible
bacterial pneumonia [3]. The situation is particularly
challenging when bacteria with a minimum inhibitory
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and indicate if changes were made.

concentration (MIC) close to the resistance breakpoint
are involved [4]. Raising the systemic antibiotic dose
leads to increased toxicity. Nebulized antibiotic therapy
directly targets airways and lung parenchyma, thereby
resulting in increased local concentrations and hence
potentially improving efficacy and minimizing toxici-
ties [5, 6]. For patients suffering from cystic fibrosis, for
whom maintaining intravenous access can be challenging
and who frequently develop lung infections with bacteria
exhibiting reduced antibiotic sensitivity, these theoreti-
cal advantages have led to large-scale clinical implemen-
tation of nebulized antibiotic therapy and improved
patient-centered outcomes [7, 8]. In the setting of criti-
cally ill patients undergoing mechanical ventilation,
despite similar theoretical advantages to treat ventilator-
associated pneumonia (VAP), practical issues regarding
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the use of nebulized drugs and an overall lack of robust
clinical data have limited their widespread adoption.

The present review summarizes current practical
constraints for optimal delivery of nebulized antibiot-
ics to the lung parenchyma during invasive mechani-
cal ventilation, and the resulting pharmacokinetics and
pharmacodynamics. Current clinical practice is put into
perspective with evidence that has become available from
recent clinical studies so as to provide a better under-
standing of the relevance of future phase III trials.

Practical constraints to optimizing nebulized
antibiotic delivery during mechanical ventilation
Delivery of high concentrations of antibiotics to infected
lung regions is the key to achieving efficient nebulized
antibiotic therapy. The antibiotic dose placed in the nebu-
lizer should take into account the significant extrapulmo-
nary drug deposition (i.e., the residual antibiotic volume
remaining in the nebulizer chamber, ventilator circuit
and endotracheal tube deposition, and exhaled particles).
Poor implementation may result in extrapulmonary dep-
osition as high as 97% [9]. Key practical factors need to
be taken into account to optimize delivery.

Particle size

The optimal mass median aerodynamic diameter that
allows for distal lung deposition ranges from 0.5 to 3 pm
[10]. Particles larger than 5 um are subject to pronounced
deposition in the ventilator circuit and the large airways.

Nebulizer

Table 1 displays advantages and drawbacks of available
nebulizers. Jet nebulizers appear to be less efficient than
ultrasonic and vibrating mesh nebulizers for antibiotic
delivery [11, 12]. The large residual volume of medication
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remaining in the chamber at the end of nebulization, as
well as high-speed turbulent flow due to the gas driv-
ing the nebulizer, underlies these results. Vibrating
mesh nebulizers appear to be advantageous compared
to ultrasonic devices due to a smaller residual volume
and because the temperature of the medication does not
increase significantly during nebulization [13].

Drug concentration

Medication dilution and the nebulizer fill volume influ-
ence particle size and drug delivery. For a given dose,
a larger fill volume with a diluted solution can over-
come the residual volume issues mentioned above [14].
Nevertheless, dilution increases the duration of the
nebulization, and as a result, issues with antibiotic sta-
bility may arise. For example, solubilized colistimethate
sodium (CMS) is not stable and its antimicrobial effi-
cacy decreases over time [15]. Conversely, a highly con-
centrated or viscous solution increases the particle size,
potentially decreasing lung deposition [16]; it may also
induce obstruction or damage when used with a vibrating
mesh nebulizer.

Nebulizer position

A nebulizer operating continuously during both insuffla-
tion and expiration should be placed in the inspiratory
limb, 15-40 cm upstream of the Y-piece [11, 17]. The
optimal distance from the Y-piece depends on bias flow
and the circuit section. Indeed, the bias flow flushes aero-
sol into the expiratory limb during expiration, inducing
aerosol loss (Fig. 1) [11, 18]. Breath-actuated nebuliza-
tion, which occurs only during insufflation, offers theo-
retical advantages in light of the reduced expiratory loss.
A nebulizer placement closer to the Y-piece may hence be
an option [18]. Moreover, breath-actuated jet nebulizers

Table 1 Advantages and disadvantages of three types of nebulizers

Jet nebulizer

Ultrasonic nebulizer

Vibrating mesh nebulizer

Mechanism of aerosol generation

Residual volume
Medication restriction

Ergonomics

Compressed gas and Venturi effect

Large
None

Not portable, need of compressed
gas

Loud

Disposable

Potential interference with the
ventilator

High-frequency drug solution agita-
tion by a piezoelectric crystal

Medium

Degradation of heat-sensitive drugs

Bulky

Silent

Need for decontamination

No interference with the ventilator

High-frequency mesh vibrations
pumping the drug solution
trough tapered holes

Small

Highly concentrated or viscous
solutions may cause damage to
the nebulizer

Portable, small size

Silent

Disposable

No interference with the ventilator

The particle sizes generated depend on each individual nebulizer model rather than the nebulizer type, and they are substantially impacted by the measurement
conditions (e.g., temperature and humidity). For example, some specific jet nebulizers may deliver large particles (>5 um for proximal targeting), whereas others
deliver nanoparticles. All nebulizers available for clinical use produce sufficient droplets in the 1-5 um size range of for pulmonary delivery during mechanical

ventilation
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Fig. 1 Influence of the nebulizer position on aerosol losses during expiration. Nebulizer positioning upstream in the inspiratory limb enables the
latter to act as a spacer/reservoir, thereby storing aerosol during expiration for an aerosol bolus delivery at the next insufflation
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enable tidal volume control, as opposed to using driv-
ing gas external to the ventilator, which is a practice that
should be avoided [19]. Breath-synchronized vibrat-
ing mesh nebulizers are currently undergoing investiga-
tion, and they may overcome the poor synchronization
observed with current jet systems [19]. However, breath
synchronization comes at the cost of increased treatment
durations [20], and direct comparison with continu-
ous nebulization performed under optimal conditions
requires further studies.

Circuit humidification and filter

Humidified gas increases the size of the aerosol parti-
cles through hygroscopic water absorption. Decreased
efficiency has been demonstrated to occur in heated and
humidified as compared to dry ventilator circuits [21,
22]. As heat and moisture exchangers present a complete
barrier to aerosol delivery, they should be removed dur-
ing nebulization, thus interrupting passive humidifica-
tion. When using an active heated humidifier, switching
it off during nebulization may be an option. However,
the decrease in humidity and temperature may be slow
and the benefit on nebulization is questionable [23]. An
effective way to reduce humidity during nebulization is to
use a dedicated dry ventilator circuit during nebulization.

Although nebulization by itself exerts some form of
humidification, caution should be taken when nebuliza-
tion lasts more than 1 h to avoid damage to the ciliated
epithelium and endotracheal tube occlusion [24].

Ventilator settings

Theoretically, a laminar low inspiratory flow is required
to promote distal lung aerosol deposition [25]. Ventilator
settings that enhance nebulization efficacy include a low
respiratory frequency, low inspiratory flow and increased
inspiratory time [14, 26]. Volume-controlled ventila-
tion with constant low inspiratory flow increases efficacy
compared to pressure-controlled ventilation (high peak
flow followed by deceleration) [17, 27]. An end inspira-
tory pause may facilitate the settling of aerosol particles
in the lung [26]. Complete ventilator synchrony may
reduce turbulence and improve efficacy. Tolerance of
such specific ventilator settings in patients who are awake
may be poor and the benefit-to-risk ratio of temporary
sedation during nebulization should be evaluated on a
case-by-case basis.

These practical constraints present a substantial hurdle
in regard to performing clinical trials and ultimately for
the feasibility of large-scale nebulized antibiotic therapy
in daily clinical routine.
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Pharmacokinetics and pharmacodynamics

The efficacy of antibiotic therapy depends on pharma-
cokinetic and pharmacodynamic criteria. Antibiotics
with poor diffusion through biological membranes are
appropriate candidates for nebulization, as intravenous
infusion results in low lung concentrations. Indeed, low
concentrations of tobramycin were detected in lung epi-
thelial lining fluids (ELF) following intravenous infusion
of 7-10 mg/kg of this drug [28]. Even when the intrave-
nous amikacin dose is increased to 25—-30 mg/kg, the tar-
get level is rarely reached [2, 29]. Similarly, in regard to
polymyxins, several studies have shown a lack of lung tis-
sue penetration of colistin when CMS was administered
intravenously [30, 31]. This issue remains controversial,
however. Markou et al. [32] were able to detect colistin in
lung ELF in two patients after 4 and 12 days, respectively,
of intravenous CMS. The pharmacological complexity
of CMS and colistin should be pointed out. CMS under
in vivo physiological conditions is hydrolyzed into 32 dif-
ferent compounds, among which colistin A and colistin B
represent 85% of the mixture and exert most of the anti-
bacterial activity. CMS itself has no antibacterial activity.
It is hence difficult to characterize the kinetics of the for-
mation and absorption of colistin after CMS infusion or
nebulization.

From a pharmacodynamic point of view, aminoglyco-
sides and colistin are concentration-dependent antibi-
otics with a post-antibiotic effect. They are particularly
suitable for nebulization as high lung concentrations can
be expected and only 1 to 3 daily administrations are
required. Time-dependent antibiotics, such as -lactams
or glycopeptides, require drug concentrations to be
maintained above the MIC throughout the dosing inter-
val. Continuous or closely repeated administration is
hence required [33, 34], which could limit the clinical
feasibility of nebulized delivery of such drugs.

Nephrotoxicity associated with CMS and aminogly-
cosides after intravenous infusion represents an addi-
tional rationale for their nebulized delivery. Given the
lack of a proven benefit and increased nephrotoxicity,
a recent Cochrane systematic review discouraged the
use of intravenous aminoglycoside in combination with
B-lactam antibiotics for treating sepsis [35]. Conversely,
systemic uptake, albeit not negligible [36, 37], is limited
after nebulization. Therefore, nebulization of hydrophilic
drugs such as aminoglycosides, polymyxins and glyco-
peptides presents a favorable pharmacokinetic profile,
thus potentially limiting nephrotoxicity [1].

These theoretical favorable pharmacokinetic and phar-
macodynamic profiles, summarized in Fig. 2, have been
documented in experimental and clinical studies involv-
ing optimized nebulization techniques for amikacin and
colistin.
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Experimental evidence of favorable pulmonary
pharmacokinetics

The efficacy of 45 mg/kg/24 h nebulized amikacin has
been studied in ventilated piglets with pneumonia due to
Escherichia coli. The amikacin concentrations measured
in the infected lung parenchyma were significantly higher
than the MIC and 3-30 times higher than after intrave-
nous infusion [5]. No pulmonary or systemic accumula-
tion was observed over three days in piglets with normal
kidneys [5, 38]. The efficacy of 8 mg/kg/12 h nebulized
CMS has been studied in ventilated piglets with pneumo-
nia due to Pseudomonas aeruginosa. Peak concentrations
in the infected lung parenchyma were significantly higher
than the MIC [30]. In an experimental sheep model, no
colistin was quantifiable in the ELF after intravenous
infusion of CMS, whereas high ELF colistin concentra-
tions were measured after nebulization [39]. Improved
bacterial killing after nebulization was also observed in
these animal studies compared to intravenous adminis-
tration of the drug [5, 30, 39].

These experimental studies, documenting high lung
parenchymal antibiotic concentrations after nebulization
of high doses and implementing optimized techniques,
laid the foundations for clinical pharmacokinetic studies.

Clinical evidence of favorable pulmonary
pharmacokinetics

It was recently shown that in patients with healthy lungs,
10-15% of the nebulizer charge is deposited in the lungs
[17]. Such a level of delivery is compatible with high drug
concentrations in the lung, although a substantial level of
heterogeneity within the lung and a predominantly proxi-
mal deposition pattern were observed.

In patients with VAP, nebulized amikacin (400 mg/12 h)
achieved median lung ELF concentrations 100 times
higher than the maximum serum concentration [40]. Sim-
ilarly, Niederman et al. [41] measured very high amikacin
concentrations in the tracheal aspirate of patients suffer-
ing from VAP after nebulized amikacin (400 mg/12 h).
In both studies [40, 41], a vibrating mesh nebulizer syn-
chronized with inspiration was used [42]; patients were
ventilated in pressure-controlled or volume-controlled
mode, and heated humidification was performed during
the nebulization. Despite the use of an only partially opti-
mized nebulization technique and a relatively low amika-
cin dose compared to experimental data, it is likely that
high amounts of amikacin were delivered to the lungs
given the specific synchronized device that was used [42].
Systemic absorption remained low. Another group tested
a combination nebulization of low-dose amikacin (100—
500 mg) and fosfomycin (40-200 mg) in patients with
VAP [43]. Although the continuously operating vibrat-
ing mesh nebulizer was optimally placed in the ventilator
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circuit, the ventilator settings were not controlled. Again,
very high antibiotic concentrations were measured in
bronchial secretions, even in patients receiving the low-
est amikacin doses (concentrations above 5000 pg/mL,
amounting to 40 times the serum peak concentration).
Using higher amikacin doses with a different nebulizer in
patients with VAP, Peticollin et al. [37] showed that nebu-
lized doses of up to 60 mg/kg may be safe as they were
associated with serum concentrations that were lower
than those observed after intravenous infusion of a stand-
ard dose. Inter- and intra-patient pharmacokinetic vari-
abilities of serum concentrations were very high in this
study. Similarly, high inter-patient variations of amikacin
concentrations were observed at the lung level with a fac-
tor of 100 in ELF and bronchial secretions [40].

In patients with VAP or ventilator-associated tracheo-
bronchitis (VAT) who were administered 1 million inter-
national units (MIU, i.e., 80 mg) of CMS via a vibrating
mesh nebulizer under optimal conditions every 8 h, peak
ELF concentrations were high but then dropped below
the sensitivity breakpoint at 4 h, thus indicating that this
dose may not be optimal for treating pneumonia [44]
(Table 2). Nebulization of CMS at a single dose of 2 MIU,
implementing the same optimal nebulization technique,
has been reported to yield significantly higher ELF colis-
tin concentrations than after intravenous administration
[45]. Steady-state plasma concentrations of colistin, indi-
rectly reflecting alveolar deposition, were significantly
higher in studies evaluating high doses of nebulized CMS
(4-5 MIU/8 h) [46, 47] compared to 2 MIU/8 h [45].
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Table 2 Colistin ELF and plasma concentrations after nebulization with different doses

Study Athanassa [44] (n = 20)? Boisson [45] (n = 12)? Bihan [46] (n = 1)° Lu[6] (n=16)"
Nebulized dose 1 MIU 2 MIU 4 MIU 5MIU

Nebulizer Vibrating mesh nebulizer, continuous delivery, optimized conditions

Colistin assay HPLC LC-MS/MS LC-MS/MS HPLC

VAP/VAT VAT VAP VAP VAP

Lung ELFmax (mg/L) 6.73 (4.8-10.1) 1137 NA NA

Lung ELFmin (mg/L) 2.0(1.0-3.8) 9.53 NA NA

Plasma Cmax (mg/L) 16(1.5-1.9) 0.73 29 224+13
Plasma Cmin (mg/L) 0.3(0.3-0.5) 0.15 24 14409

Data are presented as mean + SD, medians (25-75% interquartile) or maximum and minimum values

HPLC High-performance liquid chromatography, VAP ventilator-associated pneumonia; VAT ventilator-associated tracheobronchitis, ELF epithelial lining fluid, LC-MS/
MS liquid chromatography-tandem mass spectrometry, Cmax maximum plasma concentration, Cmin minimum plasma concentration

2 Blood sampled after the first dose; ® blood sample performed at steady-state

Systemic exposure of CMS and colistin was significantly
lower after nebulization compared to intravenous infu-
sion [6, 45], indicating a reduced risk of nephrotoxicity
[47]. The various methods used to measure deposition
and the concentration of nebulized antibiotics at the
site of infection have several technical limitations. The
measurement of ELF concentrations of antibiotics could
be skewed by contamination as a result of lysis of ELF
cells and technical constraints of bronchoalveolar lav-
age [48], as well as reliable assessment of the unbound
drug concentration in the lung. Further development and
research, including use of micro-dialysis, are required to
better characterize local antibiotic concentrations [49].
Lastly, the inter-subject variability of pharmacokinetics
may not have been fully captured given the limited sam-
ple size of currently available studies.

Clinical efficacy

One randomized controlled trial studied the efficacy of
nebulized antibiotic therapy only to treat VAP caused by
P aeruginosa as compared to intravenous therapy [34].
Forty patients were allocated to receive either nebulized
ceftazidime (15 mg/kg every 3 h) and amikacin (25 mg/
kg once per day) or intravenous ceftazidime (90 mg/kg
daily continuous infusion) and amikacin (15 mg/kg once
per day). Antibiotics were delivered implementing strict
optimized nebulization practice via a vibrating mesh
nebulizer (a continuous delivery system), ventilator set-
tings were optimized and the humidifier was switched off
during the nebulization. In this phase II study, patients
who only received nebulized antibiotics had a 70% cure
rate compared to 55% for those receiving only intra-
venous antibiotics. The difference was not statistically
significant, however. Interestingly, effective therapy
was also observed in patients infected by bacteria with
intermediate susceptibility to the nebulized antibiotics.

Furthermore, in patients for whom the treatment failed,
new or persistent bacterial growth was caused exclusively
by susceptible strains in the nebulized group, whereas
50% of the recurrent strains had become intermediately
or fully resistant in the intravenous group. High antibi-
otic lung concentrations well above the MIC and higher
than the concentration preventing the emergence of
resistance may explain these results (Fig. 2). The median
peak plasma concentration after amikacin nebulization
was 8.9 mg/L, thus reflecting significant systemic diffu-
sion, with 25% of patients presenting a trough amikacin
concentration above 5.9 pg/mL. It is difficult, however, to
translate this exclusively nebulized antibiotic therapy into
routine practice, as ceftazidime nebulization every 3 h
may be considered cumbersome and outweigh potential
benefits.

Testing another clinical strategy, Palmer et al. [50]
assessed the effects of nebulized antibiotics as an adjunc-
tive therapy to intravenous antibiotics in patients with
VAT and/or VAP [51]. Patients with Gram-positive bac-
teria were treated with vancomycin at 120 mg/8 h and
those with Gram-negative organisms were treated with
gentamicin at 80 mg/8 h or amikacin at 400 mg/8 h. Anti-
biotics were delivered via a breath-actuated jet nebulizer
with active humidification turned off. Adjunction of
nebulized antibiotics to systemic therapy rapidly steri-
lized bronchial secretions and decreased the VAT/VAP
incidence, thus revealing a favorable prophylactic effect
on the transition from VAT to VAP and a curative effect
for patients with VAP. Nebulization was associated with
a faster resolution of signs of infection and weaning, as
well as reduced use of systemic antibiotics. Similar to the
work by Lu et al. [34], the emergence of drug-resistant
bacteria was reduced for patients receiving nebulized
antibiotics [51]. Kollef et al. [52] tested a strategy of low-
dose nebulized amikacin (300 mg/12 h) combined with
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fosfomycin (120 mg/12 h) as adjuncts to intravenous
antibiotics in patients with VAP. Whereas no signifi-
cant effect on clinical outcomes was observed, nebulized
antibiotics were associated with a faster sterilization of
bronchial secretions and again a significantly reduced
emergence of drug-resistant bacteria.

The systemic antibiotic sparing effect of nebulized anti-
biotics was also observed in the earlier mentioned work
by Niederman et al. [41]. For 69 patients with VAP, nebu-
lized amikacin (400 mg/12 h or/24 h) reduced the num-
ber of systemic antibiotics per patient per day at the end
of the 14-day therapy. However, no benefit in terms of
clinical responses was observed, and this may have been
due to a very high cure rate in the control group.

In these studies, various doses of nebulized amikacin
were used (twice as many high-dose versus low-dose stud-
ies) and aerosols were delivered with different nebulizers
although close attention was often paid to optimize the
nebulization technique. Nebulized amikacin allowed for
effective treatment of bronchial and parenchymal infec-
tions, even when involving bacteria with high MIC, and
it consistently reduced the emergence of resistant bacte-
ria. Clinical cure, evaluated as a secondary endpoint in
these trials, depends in part on the therapeutic efficacy
in the control group. Further clinical phase III studies are
required to prove the clinical benefit of nebulized amikacin.

As colistin is the most frequently nebulized antibiotic
in ICUs, there is some information in regard to clinical
bedside safety and efficacy as well as large retrospective
databases. However, only a small number of prospec-
tive controlled studies have evaluated nebulized colistin
in mechanically ventilated patients implementing opti-
mized technique. High-dose nebulized CMS (5 MIU/8 h
with strict optimized technique) has been evaluated in
patients with VAP caused by multidrug-resistant (MDR)
P aeruginosa and Acinetobacter baumannii [6]. Patients
with VAP caused by sensitive strains and treated with
standard intravenous antibiotics served as controls. The
clinical cure rate was 66% in the sensitive strain group
and 67% in MDR strain group. By testing a nearly exclu-
sively nebulized therapy strategy (a minority of patients
received an intravenous aminoglycoside complement),
this study very much indicates that nebulization of high-
dose CMS may be effective to treat MDR bacterial VAP.
Conversely, in patients suffering from VAP primarily due
to sensitive bacteria, a randomized trial testing nebulized
colistin as an adjunctive therapy to intravenous antibiot-
ics appeared to yield negative results [53]. A recent ran-
domized trial evaluated high doses of nebulized colistin
using an optimized technique either as adjunct to intra-
venous antibiotics for VAP due to sensitive bacteria or as
an exclusively nebulized therapy in case of MDR bacteria.
Patients in the nebulized group had a significantly lower
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incidence of acute renal failure, a higher level of oxygena-
tion and a shortened time to bacterial eradication than
those in the control group receiving intravenous colistin
[54], although the overall clinical cure rate was not sig-
nificantly different. The fact that patients infected with
MDR bacteria and treated exclusively with nebulized
colistin had similar outcomes as patients infected with
sensitive bacteria who were treated with intravenous
antibiotics in addition to nebulized colistin can be con-
sidered to be an encouraging result [54].

Three groups of investigators used databases with infor-
mation regarding patients suffering from colistin-only
susceptible bacterial VAP to evaluate whether nebulized
CMS as adjunct to intravenous CMS is beneficial. One
study observed no additional benefit of combined nebu-
lized and intravenous CMS therapy [55], whereas the two
others observed a higher cure rate compared to intrave-
nous therapy alone [56, 57]. Furthermore, clinical use of
intravenous colistin is still a matter of debate [58, 59].

Meta-analyses of the clinical studies have yielded con-
flicting results and further clinical evidence from rand-
omized trials is required, while more extensive evaluation
of renal toxicity related to the administration of high dose
of CMS or amikacin intravenously or by nebulization is also
needed [60—65]. The currently available evidence cannot be
considered to be sufficient for implementation of nebulized
antibiotics as a straightforward therapeutic option.

Aside from investigating curative nebulized antibiotics
to treat patients suffering from VAT and/or VAP, some
authors have also tested nebulized colistin, ceftazidime
or aminoglycosides for prophylaxis in intubated patients.
Two small-sized studies obtained positive results with
such a preemptive nebulized therapy in terms of the VAP
frequency, and they also observed no significant change
in the bacterial antibiotic sensitivity pattern [66, 67]. Fur-
ther studies are required to assess this benefit as well as
the risk of antibiotic resistance selection pressure.

Current practice

The spread of MDR associated with the favorable data
outlined above led to implementation of nebulized anti-
biotic therapy in the clinical setting despite the lack of
large-scale patient-centered evidence. Among 816 inter-
national intensivists surveyed electronically, one-third
reported that they usually or frequently nebulize colis-
tin [68]. In an observational study in 80 ICUs, every fifth
intubated patient received an aerosol, and 5% involved
nebulized antibiotics [69]. Nebulized antibiotics (80%
colistin) were delivered to 1% of the ICU patients in 17%
of the study centers. A subsequent international survey
that specifically investigated the use of nebulized anti-
biotics in ICUs highlighted very heterogeneous indica-
tions ranging from prophylactic or empirical therapy to
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documented lung infections in immunocompetent and
immunocompromised patients, for VAT and VAP [70].
The use of jet nebulizers appears to be predominant, and
practical implementations were far from the optimized
efficacy conditions described above. Overall practice was
considered to be adequate in only one-third of the ICUs,
with no effect of longer experience in using nebulized
antibiotics on the rate of adequate practice [71].

This practice pattern challenges the conclusions
drawn from some prospective and retrospective stud-
ies without standardized nebulization procedures. In
many patients, the amount of drug delivered beyond the
tip of the endotracheal tube may be negligible, and low
drug pulmonary concentrations may enhance the selec-
tion of drug-resistant bacteria. The observed practices
illustrate the difficulties of implementing optimal nebu-
lization techniques in patients outside of controlled clini-
cal research settings, and this may have implications for
future trial designs and the dissemination of knowledge.

Safety and good practices

In order to guarantee adequate safety and aerosol ther-
apy efficiency during mechanical ventilation, standard
operating procedures should be implemented including
a checklist for physicians and nurses [34, 72]. Adequate
staff training is essential. Key points for good practice
with nebulization during mechanical ventilation are sum-
marized in Table 3. Antibiotic nebulization in mechani-
cally ventilated patients is generally well tolerated [6, 34,
69]. Aside from potential toxicities related to systemic
absorption, specific nebulization-related side effects need
to be considered, however.

Ventilator dysfunction and circuit obstructions

A filter needs to be positioned between the expiratory
limb and the ventilator to protect the latter from expired
particles and to prevent dysfunction (Fig. 2). A new fil-
ter should be used before each nebulization to prevent
progressive obstruction. Mechanical filters appear to be
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the most effective [73—75]. Obstruction of the expiratory
filter is the most serious complication that can arise as it
can lead to cardiac arrest [34]. In case of interruption of
humidification during the nebulization, its resumption is
an important safety condition in order to avoid tracheal
tube obstruction.

Direct mucosal toxicity

Long-term bronchial toxicity and alveolar damage that
can result from high local antibiotic concentrations have
received scant attention. Whereas a transient benign
cough is common, bronchospasm is a more severe,
albeit infrequent, side effect that has been reported to
occur during antibiotic nebulization [6, 34, 40]. Preven-
tive bronchodilation appears to be unnecessary, although
the occurrence of bronchospasm imposes aerosol inter-
ruption and bronchodilator nebulization. Tobramycin,
colistin and aztreonam are commercially available as
solutions for inhalation, whereas amikacin solutions for
inhalation, including liposomal forms, are still undergo-
ing investigation [76]. Medications for inhalation should
be pyrogen-free, isotonic and sterile, and their pH should
be adjusted to that of the airway epithelium (pH 6).
Importantly, preservatives and sulfites should be avoided,
as they have been specifically associated with adverse
effects when inhaled.

Circuit manipulation and oxygenation

Circuit manipulation for nebulization must follow the
usual hygiene standards; the availability of single-patient-
use nebulizers contributes to hygiene control. Desatu-
ration and hypoxemia have been reported in patients
receiving frequent repeated nebulization [34] due to
alveolar derecruitment induced by disconnection of the
patient from the ventilator.

Monitoring
Bronchospasm and obstruction of expiratory filters are
first detected as an increase in the peak airway pressure.

Table 3 Key good practices for optimal antibiotic nebulization during mechanical ventilation

Organization

Nebulizer Use nebulizers with a small residual volume

Use standard operating procedures and a checklist. Ensure adequate staff training

Do not operate jet nebulizers with gas external to the ventilator

Medication solution  Use solutions for inhalation
Nebulizer position

Humidification

dry circuit
Ventilator settings
Safety

Position the nebulizer (continuous delivery) upstream in the inspiratory limb at 15-40 cm of the Y-piece
Remove the heat and moisture exchanger during nebulization; if using a heated humidifier, consider switching it off or use of a

Volume-controlled constant flow ventilation. Use low respiratory rate, low inspiratory flow and a long inspiratory time
Place a new filter between the expiratory limb and the ventilator for each nebulization

Monitor patients closely during the nebulization, particularly in regard to airway pressure, arterial pressure and oxygen saturation
Check for resumption of humidification at the end of the nebulization
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These complications emphasize the need for close moni-
toring of the peak airway pressure and oxygenation dur-
ing nebulization [77]. Systemic absorption of antibiotics
may be substantial in patients with renal failure, and drug
monitoring is recommended when aminoglycosides are
used [36, 37].

Perspectives

Since 2007, six meta-analyses have been published in
regard to nebulized antibiotics as a treatment for lung
infections among ventilated patients [60-65], and two
meta-analyses evaluated prophylactic nebulized antibiotics
[78, 79]. None of them have allowed a definitive conclusion
to be reached in regard to possible benefits. As a result, a
recent review recommended that use of nebulized antibi-
otics should be avoided in clinical practice, due to a low
level of evidence for their efficacy and the risks of adverse
events [80]. Despite this low-quality evidence, recent VAP
management guidelines recommend adjunctive nebulized
antibiotic therapy for bacteria that are only susceptible to
antibiotics when there is evidence for limited efficacy of
the intravenous route, i.e., aminoglycosides and colistin.
Adjunctive nebulized antibiotic therapy as a treatment
of last resort is also recommended [4]. Careful design of
future large randomized trials to turn the favorable phar-
macokinetic/pharmacodynamic profile of nebulized
antibiotics into improved clinical outcomes and reduced
toxicity in patients with VAP is needed (Fig. 2). The follow-
ing considerations should be taken into account in order to
comprehensively integrate both technical issues and clini-
cal complexity in a translational research effort.

Target population

Patients with a high rate of intravenous treatment failure
are most susceptible to benefit from this approach. Thus,
patients and/or ICUs at high risk of the emergence of
MDR bacteria represent target populations for nebulized
antibiotics. Defining populations at high risk of toxicity
(mainly patients with acute kidney injury) may also be a
worthwhile challenge.

Therapeutic strategy

Intravenous therapy is effective and well tolerated in
most patients with VAP caused by [-lactam-susceptible
bacteria. The benefit of withholding this therapy is elu-
sive. In patients with late-onset VAP caused by difficult-
to-treat bacteria with frequent recurrence, in the light
of the questionable benefit of intravenous aminoglyco-
sides, nebulized aminoglycosides as adjunct to systemic
therapy may be considered [4, 81]. For the most severely
affected patients, who are at very high risk of death, and
who are afflicted with pneumonia due to MDR bacteria
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for which intravenous antibiotics are likely to fail [4, 81],
adjunctive high-dose nebulized antibiotics may be ben-
eficial. In patients with VAP due to MDR bacteria that are
only susceptible to aminoglycosides or colistin, an exclu-
sive nebulized strategy may be considered. At the other
end of the severity spectrum, in patients at risk of devel-
oping pneumonia, but who do not yet exhibit parenchy-
mal infection, the benefits of intravenous preemptive
antibiotic therapy remain debatable [82-85]. An exclu-
sively nebulized therapeutic strategy may thus warrant
evaluation.

Continuous improvement of nebulization technique

This is urgently needed to implement easy, safe and
reproducible techniques as well as to standardize nebuli-
zation practices for clinical trials and to thereafter trans-
late the results into clinical practice. A paradigm change
may occur in the future with the development of inhaled
anti-infective nanoparticle antibody or phage therapies.

Conclusions

Experimental and clinical pharmacokinetics and pharma-
codynamics support the feasibility and possible benefits
of nebulized antibiotic therapy to treat VAP in mechani-
cally ventilated patients. Before expanding its clinical use,
optimization of nebulization techniques and standardi-
zation of nebulization procedures are urgently needed.
Large phase III randomized trials are required to dem-
onstrate the clinical effectiveness and benefits in terms of
improvements in patient outcomes and reduction in the
emergence of antibiotic resistance.
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