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 CURRENT
OPINION Nebulized antibiotics for ventilator-associated

pneumonia: methodological framework for future
multicenter randomized controlled trials

Antoine Monsela, Antoni Torresb, Yinggang Zhuc, Jerome Pugind,
Jordi Relloe,f,g, Jean-Jacques Roubya, on behalf of the European Investigators
Network for Nebulized Antibiotics in Ventilator-associated Pneumonia
(ENAVAP)�

Purpose of review

Although experimental evidence supports the use of nebulized antibiotics in ventilator-associated
pneumonia (VAP), two recent multicenter randomized controlled trials (RCTs) have failed to demonstrate
any benefit in VAP caused by Gram-negative bacteria (GNB). This review examines the methodological
requirements concerning future RCTs.

Recent findings

High doses of nebulized antibiotics are required to reach the infected lung parenchyma. Breath-
synchronized nebulizers do not allow delivery of high doses. Mesh nebulizers perform better than jet
nebulizers. Epithelial lining fluid concentrations do not reflect interstitial lung concentrations in patients
receiving nebulized antibiotics. Specific ventilator settings for optimizing lung deposition require sedation
to avoid patient’s asynchrony with the ventilator.

Summary

Future RCTs should compare a 3–5 day nebulization of amikacin or colistimethate sodium (CMS) to a
7-day intravenous administration of a new cephalosporine/ß-lactamase inhibitor. Inclusion criteria should
be a VAP or ventilator-associated tracheobronchitis caused by documented extensive-drug or pandrug
resistant GNB. If the GNB remains susceptible to aminoglycosides, nebulized amikacin should be
administered at a dose of 40 mg/kg/day. If resistant to aminoglycosides, nebulized CMS should be
administered at a dose of 15 millions international units (IU)/day. In VAP caused by pandrug-resistant
GNB, 15 millions IU/day nebulized CMS (substitution therapy) should be compared with a 9 millions
IU/day intravenous CMS.
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INTRODUCTION
Animal experiments demonstrate that nebulized
aminoglycosides and polymyxins produce high

lung tissue concentrations and provide rapid and
efficient bacterial killing in the lung parenchyma
infected by Gram-negative bacteria (GNB) [1]. These
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KEY POINTS

� To optimize lung deposition of nebulized antibiotic in
VAP, specific ventilator settings should be used during
nebulization to reduce inspiratory flow velocity;
humidification and warming of inspired gas should be
interrupted to avoid a rainout effect in the circuits and
airways, and sedation administered to avoid
dyssynchrony with the ventilator.

� In ventilated patients treated by nebulized antibiotics,
epithelial lining fluid antibiotic concentrations markedly
overestimate lung interstitial space fluid concentrations
due to the bronchial contamination of the fluid lavage.

� Future multicentre RCTs on nebulized amikacin and
colistimethate sodium should include patients with VAP
and ventilator-associated tracheobronchitis caused by
extensive-drug and pandrug resistant gram-negative
bacteria.

� Nebulization of amikacin or colistimethate sodium
alone should be compared with a 7-day intravenous
administration of new cephalosporine/ß-lactamase
inhibitors (monotherapy) or colistimethate sodium.

� High doses amikacin (40 mg/kg/day) and
colistimethate sodium (15 millions IU/day) should be
administered using continuous rather inspiration-
synchronized nebulization for 3–5 days.

� Expected benefits from nebulized antibiotics are a
shorter time to clinical cure, a decrease in
colistimethate sodium-induced renal toxicity, a shorter
duration of antibiotic administration and a reduction of
mechanical ventilation duration.

Nebulized antibiotics for ventilator-associated pneumonia Monsel et al.
benefits were demonstrated using postmortem lung
tissue homogenates [2,3] and in-vivo microdialysis
[4

&&

]. Despite experimental evidence of efficacy,
clinical studies in ventilator-associated pneumonia
(VAP) have failed to provide convincing results.
Multicentre randomized controlled trials (RCTs)
are sparse, have used nonoptimized techniques of
nebulization, have enrolled heterogeneous popula-
tions of patients with hospital-acquired pneumonia
or VAP and failed to demonstrate superiority for the
nebulization route [5,6

&

,7]. As a consequence, Amer-
ican and European academic societies do not rec-
ommend the routine use of nebulized antibiotics to
treat VAP [8–12]. In 2016, American guidelines
suggested that VAP due to GNB that are susceptible
to only aminoglycosides or polymyxins could be
treated with both nebulized and intravenous agents
(adjunctive therapy) [8]. In 2017, the French guide-
lines suggested the use of nebulized colistimethate
sodium (CMS) and/or aminoglycosides in VAP
caused by GNB sensitive only to CMS and/or amino-
glycosides [11]. In this opinion article, reflecting the
0951-7375 Copyright � 2021 Wolters Kluwer Health, Inc. All rights rese
view of the European Investigators Network for
Nebulized Antibiotics in Ventilator-associated Pneu-
monia [13

&

], we analyse potential underlying rea-
sons that led multicenter RCTs to fail, and we
propose various insights to improve methods of
future RCTs on nebulized amikacin and CMS in
patients with VAP caused by GNB.

PATIENTS WITH VENTILATOR-
ASSOCIATED PNEUMONIA WHO MAY
BENEFIT FROM NEBULIZED AMIKACIN
AND COLISTIMETHATE SODIUM
In theory, VAP caused by microorganisms suscepti-
ble only to antibiotics with limited pulmonary pen-
etration, could benefit from the nebulization route.
Lung tissue penetration is excellent for quinolones,
variable for ß-lactams and weak for glycopeptides,
aminoglycosides and polymyxins [14]. As a conse-
quence, aminoglycosides and CMS are the main
antibiotics whose nebulization could provide clini-
cal benefit. Recently experimental data suggest that
such benefit could also be obtained by nebulized
vancomycin [15

&

].
Treatment of VAP by mono or dual combination

therapy is a key methodological issue for future
RCTs. Adding intravenous aminoglycosides or fluo-
roquinolones to b-lactams is not more efficient than
intravenous b-lactams alone to treat sepsis and VAP
[16,17]. For the initial empirical therapy, European
and American guidelines recommend an intrave-
nous bitherapy in patients at risk of VAP caused
by multidrug resistant GNB [8,10,11]. American
guidelines suggested to continue bitherapy in
patients with septic shock [18] and documented
multidrug resistant GNB [8]. European guidelines
suggested to continue bitherapy only in patients
with documented extensive-drug resistant (XDR)
GNB [10]. French recommendations suggested to
use monotherapy after the identification of the
causative microorganism, considering the lack of
evidence supporting the benefit of bitherapy [11].

Refering to the stratification of GNB resistance
(Fig. 1) [19], patients with VAP caused by XDR GNB
susceptible to aminoglycosides, could benefit from
nebulized amikacin whereas patients with VAP
caused by XDR GNB resistant to aminoglycosides
could benefit from nebulized CMS. Compared with
the intravenous administration of a new cephalo-
sporine/ß-lactamase inhibitor, the nebulization of
amikacin and CMS may have several advantages:
reduction of bacterial resistance in the ICU [20],
more efficient treatment of ventilator-associated
tracheobronchitis (VAT) due to the very high tra-
cheobronchial antibiotic concentrations [21], and
shorter duration of treatment allowing to reduce
antibiotic pressure in the ICU.
rved. www.co-infectiousdiseases.com 157



FIGURE 1. Resistance of Gram-negative bacteria causing ventilator-associated pneumonia. (a) Mechanisms of resistance for
Pseudomonas aeruginosa and Acinetobacter baumannii; (b) antibiotic sensitivity of two specimens of Pseudomonas aeruginosa
with multidrug resistance and extensive – drug resistance. (a) – Reproduced with permission from Eichenberger EM, Thaden JT.
Epidemiology and mechanisms of resistance of extensively drug resistant Gram-negative bacteria. Antibiotics 2019;8:pii: 37.
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The limited penetration of nebulized antibiotics
into consolidated pneumonic lung and the possible
long delay before they reach the sites of infection,
could justify the concomitant administration of
nebulized and intravenous antibiotics in VAP where
‘lobar’ consolidation is often present. Experimen-
tally, the alveolar deposition of nebulized antibiot-
ics decreases with obstruction of distal bronchioles
by purulent plugs, the histologic severity of pneu-
monia and the loss of lung aeration [1]. Severity of
lung aeration loss has opposite effects depending on
whether antibiotics are intravenously administered
or nebulized: tissue concentrations increase in case
of intravenous administration and decrease after
nebulization [2,3,22]. Very likely, the increased per-
meability of the alveolar–capillary barrier in VAP,
promotes intravenous amikacin penetration into
the lung, whereas the multiple purulent plugs in
distal bronchioles limit its alveolar deposition. How-
ever, within consolidated pneumonic lung regions,
amikacin and colistin nebulized lung tissue concen-
trations remain largely above minimal inhibitory
concentrations [3,22], raising the question how neb-
ulized antibiotics reach infected lung parenchyma
despite the lack of any pulmonary aeration. Intra-
parenchymal pseudocysts and bronchiolar disten-
sion frequently observed in consolidated lung areas
of ventilated animals (and patients) with VAP [23],
likely represent one of the routes by which nebu-
lized antibiotics reach infected lung regions devoid
of alveolar aeration. In addition, there is a contin-
uum between the bronchial and the interstitial
compartment. Any consolidation is contiguous
with the bronchi which opens the door for nebu-
lized antibiotics. According to these experimental
data, it seems reasonable to foster nebulization
alone.

Bacteremic VAP caused by XDR GNB is a clinical
situation where nebulization and intravenous
administration should be combined. Systemic dif-
fusion of nebulized aminoglycosides and CMS do
not achieve systemic bactericidal concentrations.
DETERMINATION OF THE OPTIMAL
NEBULIZED DOSE

The understanding of mechanisms determining
lung parenchymal deposition and the use of appro-
priate doses are key issues for therapeutic efficiency.
Extrapulmonary, bronchial and lung
parenchymal deposition

In spontaneously breathing patients with cystic
fibrosis, around 70% of nebulized antibiotics reach
the infected bronchial tree. In ventilated patients
0951-7375 Copyright � 2021 Wolters Kluwer Health, Inc. All rights rese
with VAP, less than 40% reach the infected lung
parenchyma (Fig. 2) [24].

Massive inertial impaction of the aerosol in the
ventilator circuits and tracheo-bronchial walls
explains the limited pulmonary deposition. The
retention in the nebulizer varies from 50%, with
jet nebulizers to less than 5% with mesh nebulizers
[24]. Heat and moisture exchangers significantly
reduce the inhaled mass by trapping aerosolized
particles in the filter [25]. Warming and humidify-
ing inspired gas, increases aerosol particle size and
induces a rainout effect in respiratory circuits and
conducting airways. Non humidified aerosol
increases inhaled mass delivery and lung deposition.
In VAP, dry nebulization increased gentamicin, ami-
kacin or vancomycin sputum levels by 3.63 com-
pared with humidified nebulization [26]. With dry
nebulization and optimized ventilator settings, cir-
cuit and bronchial deposition reach an average of 30
and 35%, respectively [24].
Bronchial contamination of the epithelial
lining fluid

The bronchial deposition of nebulized antibiotics
skews the epithelial lining fluid (ELF) concentra-
tions [27

&

]. In animals receiving a single aerosol
dose of CMS or tobramycin, the ELF antibiotic con-
centrations measured 1 h after nebulization ranged
between 700 and 4000 mg/ml [4

&&

,21,28,29]. In
healthy ewes receiving a 400-mg aerosol dose of
tobramycin, the ELF concentrations were 100-fold
higher than the interstitial space fluid concentra-
tions measured using microdialysis [4

&&

], clearly
suggesting a massive bronchial contamination dur-
ing the bronchoalveolar lavage procedure [27

&

]. In
critically ill patients with VAP treated by nebulized
CMS [30] or amikacin [31], bronchial concentra-
tions above 1000 mg/ml were found.

To get samples representative of ELF, the fiber-
scope is advanced as far as possible in the bronchial
tree. Then, three to five aliquots of 20–60 ml saline
are instilled and the aspirate from the third aliquot is
used for ELF analysis. As shown in Fig. 3a, a 60 ml
aliquot lavages a large segmental area [32]. Follow-
ing nebulization, the tracheobronchial tree is coated
with aerosolized antibiotic. The fiberscope is con-
taminated during its passage and the ELF antibiotic
concentrations reflect more bronchial than intersti-
tial lung tissue concentrations. In sheep receiving
10 mg/kg nebulized amikacin, tracheobronchial
concentrations were measured more than
10,000 mg/ml at the end of nebulization (Fig. 3b)
[21]. In critically ill patients with VAP receiving
5 mg/kg of nebulized amikacin, tracheobronchial
and ELF amikacin concentrations ranged between
rved. www.co-infectiousdiseases.com 159



FIGURE 2. Extrapulmonary and pulmonary deposition of nebulized antibiotics. Reproduced with permission [50]. Copyright�

2020 Elsevier Masson SAS. All rights reserved.
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FIGURE 3. Bronchial contamination of the epithelial lining fluid during the fiberoptic bronchoalveolar lavage procedure. (a)
Distribution of bronchoalveolar lavage fluid as assessed by digital subtraction radiography. The aspirate from the third 60-ml
aliquot is issued from the entire volume of the medial segment of the middle lobe; (b) amikacin tracheal concentrations
measured before and 10 min, 2 h and 4 h after a single nebulization of amikacin 300 mg in five pigs with Pseudomonas
aeruginosa inoculation pneumonia; (c) distribution of tobramycin concentrations between proximal and lung parenchyma
immediately after the nebulization of 600 mg in patients with cystic fibrosis (colour scale indicates amikacin concentrations
ranging from 4,100,00 mg/ml to 512 mg/ml). Aerosol concentrations were computed using airway models reconstructed
from computed tomography scans of patients with cystic fibrosis, in combination with computational fluid dynamic simulations.
Proximal airways defined as bronchi with an internal diameter greater than 1 mm are represented as the tracheal bronchial
tree, whereas distal airways are represented as lung parenchyma. Nebulization was simulated using a PARI-LCR Plus nebulizer
(Midlothian, Texas, USA); (d) amikacin tracheal concentrations measured in 19 patients with ventilator-associated pneumonia
treated by two daily aerosol doses of 400 mg, in the 6 h after the first and second aerosol of day 3 (light red boxplots), and in
the 6 h preceding the second aerosol of day 3 and the first aerosol of day 4 (light blue boxplots); (e) epithelial lining fluid
amikacin concentrations measured on day 3 of treatment in 28 patients (f) and (g) contamination of the fibroscope by high
bronchial concentrations (red colour corresponding to the colour scale diplayed in c) immediately after the end of the
nebulization and by low bronchial concentrations (blue colour corresponding to the colour scale diplayed in c) immediately
before the next nebulization. Reproduced with permission [27&].
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500 and 16,000 mg/ml (Fig. 3d and e) [31]. Although
simulation indicates a concentration gradient
between proximal airways and lung parenchyma
(Fig. 3c), tracheobronchial and ELF amikacin con-
centrations were increased in the same proportions
(Fig. 3d and e), reinforcing the hypothesis of massive
bronchial contamination. To quantify lung tissue
concentrations and the ‘bronchial contamination’
over time, future experiments should compare bron-
chial, ELF using bronchoalveolar lavage and lung
interstitial concentrations using microdialysis [4

&&

]
after the single nebulization of a high dose of nebu-
lized aminoglycoside or CMS to large animals with
inoculation pneumonia.

In conclusion, ELF antibiotic concentrations in
patients receiving nebulized antibiotics markedly
overestimate lung interstitial concentrations and are
not appropriate for assessing lung tissue concentra-
tions. As microdialysis catheters cannot be inserted
routinely in patients, microneedles and aptamer-
based probes could be an attractive option [33].
Toxicity risk and rationale to determine the
nebulized dose

Local and general toxicity of nebulized aminoglyco-
sides and CMS depend on the nebulized dose and
the systemic diffusion from the respiratory system.
Whereas systemic diffusion of nebulized aminogly-
cosides is limited in healthy lung, it markedly
increases when the alveolar-capillary barrier is dis-
rupted by the inflammatory process [13

&

]. In ani-
mals with inoculation pneumonia, trough amikacin
concentrations are not different between nebuliza-
tion and intravenous administration when the neb-
ulized dose is equal to the intravenous dose
augmented by extrapulmonary deposition [1,13

&

].
As a consequence, the risk of amikacin toxicity is not
reduced with nebulization. A possible rationale for
dosing is to provide equivalent doses to the respira-
tory system either by the endotracheal tube (nebu-
lization) or by the pulmonary artery (intravenous
administration). In other words: nebulization dose
¼ intravenous dose þ extrapulmonary deposition
dose (Fig. 4). High doses should therefore be admin-
istered, amounting 40 mg/kg/day. As aminoglyco-
sides are concentration dependant antibiotics with a
postantibiotic effect, a single nebulization per day
may be prefered [13

&

].
In contrast, systemic diffusion of nebulized CMS

is low, even in presence of extensive inoculation
pneumonia [3] or VAP [34]. As a consequence, the
rationale for dosing is different, mainly determined
by the bronchial tolerance of the aerosol. As nebu-
lized CMS has a good tracheobronchial tolerability,
doses can be increased far above the intravenous
162 www.co-infectiousdiseases.com
dose augmented by extrapulmonary deposition. To
increase the bactericidal activity (CMS is a concen-
tration dependant antibiotic), up to 5 million inter-
national units (IU) can be nebulized each 8 h and
compared with 3 million IU intravenously adminis-
tered each 8 h.
Substitution rather than adjunctive therapy

The rationale for adjunctive therapy (nebulization
and intravenous administration) appears limited
[1]. For aminoglycosides, adjunctive therapy
increases lung tissue and trough plasma concentra-
tions. Therefore, the risk of toxicity likely increases.
For CMS, adjunctive therapy increases lung tissue
but not plasma concentrations. Therefore, it likely
improves efficacy with a similar risk of toxicity. In
contrast, substitution therapy markedly reduces
colistin plasma concentrations and decreases the
risk of toxicity as shown in a recent meta-analysis
[35]. Therefore, the European Society of Clinical
Microbiology and Infectious Diseases recommended
to compare substitution therapy rather than adjunc-
tive therapy with intravenous administration in
future RCTs [36].
TECHNIQUE OF NEBULIZATION

To optimize lung deposition in ventilated patients, a
continuous rather than breath-actuated nebuliza-
tion should be provided using mesh nebulizers
together with specific ventilator settings to reduce
flow velocity and inertial impaction of aerosolized
particles.
Continuous rather than inspiration-
synchronized nebulization

Breath-synchronized mesh nebulizers are software-
driven devices that monitor inspiratory flow, respi-
ratory rate and inspiratory time. They increase the
respirable mass [26,37] but markedly lengthen the
time of nebulization by restricting aerosol genera-
tion to the inspiratory phase [38

&

]. With nebulizers
designed to synchronize aerosol generation to the
first 75% of the inspiratory phase, the time of neb-
ulization per minute is independent of the respira-
tory frequency and can be calculated as follows:

Nebulization time ðs=minÞ

¼ 60� 0:75� Ti=Ttot

Compared with a continuous mesh nebulizer,
an inspiration-synchronized mesh nebulizer
extends the time of nebulization by three to nine
fold. Nebulization of amikacin 25 mg/kg takes 30–
Volume 34 � Number 2 � April 2021



FIGURE 4. Rationale for determining equivalent dosing between nebulization and intravenous administration of
aminoglycosides. Ventilated piglets with inoculation pneumonia and patients with ventilator associated pneumonia receive the
same dose of aminoglycoside at the distal tip of the endotracheal tube (dark blue arrow, nebulization) and in the pulmonary
artery (light blue arrow, intravenous administration). The dose inserted into the chamber of the nebulizer is equal to the
intravenous dose and extrapulmonary deposition. Extrapulmonary deposition can be measured by washing out inspiratory and
expiratory circuits and the endotracheal tube by a know volume of saline and measuring the mean concentration of amikacin
in the collected liquid [39]. Reproduced and modified with permission [1].

Nebulized antibiotics for ventilator-associated pneumonia Monsel et al.
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45 min using continuous mesh nebulizers [39],
whereas nebulization of 12 mg/kg takes 60 min
using inspiration-synchronized mesh nebulizers
[31]. As a consequence, nebulization of amikacin
40 mg/kg/day, the dose recommended in XDR GNB
VAP, is unfeasible using inspiration-synchronized
mesh nebulizers as it would require two 3–5 h neb-
ulizations per day [38

&

].
Continuous mesh nebulizers generate the anti-

biotic aerosol throughout the respiratory cycle. Dur-
ing expiration, the aerosol accumulates in the
inspiratory limb and is propelled into the airways
during the next inspiration (bolus effect). The ‘bolus
effect’ contributes to the delivery of highly concen-
trated aerosol to the tracheobronchial tree and the
distal lung and justifies the use of continuous mesh
nebulizers in VAP.
Optimization of ventilator settings during the
nebulization phase

Limiting inspiratory flow velocity reduces inertial
impaction of the aerosol in the airways and optimizes
lung deposition. To achieve that goal, it is recom-
mended to use specifically designed smooth angles
and inner surface tubings [36,39] and to select spe-
cific ventilator settings during the nebulization [36]:
volume-controlled ventilation with a constant inspi-
ratory flow, Inspiratory/Expiratory ratio at 1 : 1, respi-
ratory rate at 12–15 bpm, tidal volume at 8 ml/kg,
and absence or minimum bias flow (2 l/min). In
patients with acute respiratory distress syndrome,
such ventilator settings generate asynchronies which
should be controlled by increasing sedation level
transitorily. A plateau end-inspiratory pause of 20%
should be set to promote aerosol deposition on alve-
olar walls. Pressure support should be discouraged
because the decelerating inspiratory flow produces
turbulences [40]. The heat and moisture exchanger
should be removed and heated humidifiers stopped
to avoid hygroscopic growth of the aerosolized par-
ticles and a rainout effect in the endotracheal tube
and airways. To avoid aerosol waste in the expiratory
limb, the nebulizer should be positioned 15 cm
before the Y piece, on the inspiratory limb [36,39].
Advantages of mesh nebulizers over jet
nebulizers

In-vitro and in-vivo studies suggest the superiority
of mesh over jet nebulizers for nebulizing antibiotics
and bronchodilators [41–45]. With both types, mass
median aerodynamic diameters remain below 5 mm
[41–43], the threshold above which the majority of
aerosolized particles cannot reach the deep lung.
Fluorescence lung imaging [42] and scintigraphic
studies [40,44], demonstrate that mesh nebulizers
164 www.co-infectiousdiseases.com
provide a higher respirable inhaled mass than jet
nebulizers. Another advantage is a much smaller
residual volume (46% with jet nebulizers versus
4% with mesh nebulizers) that allows the adminis-
tration of high doses in a shorter duration of time. In
addition there is no interference with inhaled gas
delivered by the ventilator. In spontaneously
breathing anaesthetised mice inhaling salbutamol
in an exposure chamber, postmortem tissue and
serum concentrations were 60% higher with mesh
compared with jet nebulizers [42], whereas residual
volume was significantly reduced. In moderate to
severe chronic obstructive pulmonary disease
patients on noninvasive ventilation, mesh nebuliz-
ers deposited more than three-fold more radioaer-
osol into the lungs than jet nebulizers [44]. The
technical advantages of mesh nebulizers may affect
outcome. In a series of 1594 patients with asthma
and chronic obstructive pulmonary disease admit-
ted to a US Emergency Department and treated by
bronchodilators, the use of mesh nebulizers
(n¼715) was associated with fewer admissions to
the hospital, shorter length of stay in the emergency
department and a reduction in albuterol dose [45].

A note of caution, however, should be added
concerning the viability of vibrating mesh technol-
ogy. An unexpected 30% rate of premature cessation
of aerosol production has been reported with the
Aerogen mesh nebulizer [46]. Failure was associated
with a wide range of residual volume averaging
21.3% of the charge compared with 1.5% of the
charge when the nebulization was successful. In
contrast, older jet nebulizers have been shown to
be reliable with repeated use [47].
FUTURE RANDOMIZED CONTROLLED
TRIALS

The reasons why the IASIS [5] and INHALE [6
&

] mul-
ticenter RCTs failed, have been extensively analysed
[38

&

,48–50]: first, inclusion of patients with VAP
caused by susceptible GNB; second, adjunctive ther-
apy combining two even three antibiotics to treat
VAP without shock and/or not caused by multiresist-
ant GNB; third, use of inspiration-synchronized
mesh nebulizers imposing the administration of
low-dose amikacin; fourth, lack of optimization of
mechanical ventilation during the nebulization
phase; fifth, low-dose of nebulized amikacin based
on high ELF concentrations reflecting rather bron-
chial than lung interstitial concentrations.

Future RCTs should compare the nebulization of
amikacin and CMS with the parenteral administra-
tion of new cephalosporines/ß-lactamase inhibitors
in patients with VAP or VAT caused by XDR GNB.
Ceftazidime avibactam and ceftolozane tazobactam
Volume 34 � Number 2 � April 2021
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are active against Enterobacterales, Pseudomonas aer-
uginosa and Klebsiella pneumoniae producing carba-
penemase and oxacillinase (a main challenge in
Mediterranean countries), and cefiderocol or erava-
cycline are active against carbapenem-resistant Aci-
netobacter baumannii. If the GNB remains susceptible
to aminoglycosides, nebulized amikacin should be
compared with the intravenous cephalosporine/ß-
lactamase inhibitor. If the GNB is resistant to amino-
glycosides, nebulized CMS should be compared with
the intravenous cephalosporine/ß-lactamase inhib-
itor. In VAP caused by documented pandrug resis-
tant GNB, nebulized CMS should be compared with
intravenous CMS (subsitution therapy). Benefits
that can be expected are a more rapid clinical cure,
a reduction of duration of mechanical ventilation, a
reduction of renal toxicity in case of subsitution
therapy using CMS, and a shorter duration of anti-
biotic administration. As lung deposition of nebu-
lized amikacin decreases with lung aeration and
severe forms of pneumonia [2,22], future RCTs
should include patients at an early stage of VAP,
which is often preceded by VAT. To design future
RCTs, investigators should kept in mind that the
European Medicines Evaluation Agency and the
Food and Drug Administration approve drugs for
new indications based on noninferiority and no
more adverse events.
CONCLUSION

In future RCTs, high dose of nebulized amikacin
(40 mg/kg/day) and nebulized colistimethate (three
nebulizations of 5 million IU/day) should be deliv-
ered by nonsynchronized mesh nebulizers using
volume controlled ventilation, optimized ventilator
settings to limit inspiratory flow turbulences and
appropriate sedation to avoid patient’s asynchrony
with the ventilator. Humidification and warming
of inspired gas should be avoided during aerosol
generation and therefore nebulization should not
exceed 60 min. Monitoring of interstitial lung con-
centrations in patients treated with nebulized anti-
biotics is difficult as ELF concentrations are not
reliable due to bronchial contamination. Main
objective of future RCTs performed in patients with
VAP and VAT caused by XDR and pandrug resistant
GNB, should be the time to obtain clinical cure rate,
the duration of mechanical ventilation and the
duration of antibiotic administration. Short admin-
istration of high-dose nebulized amikacin or CMS
(3–5 days) should be compared with 7-day admin-
istration of new cephalosporines/betalactamase
inhibitors in patients with VAP or VAT caused by
XDR GNB and to intravenous CMS in patients with
VAP or VAT caused by pandrug resistant GNB.
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