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Successful aerosol therapy in mechanically ventilated patients depends on multiple factors. Among
these, position of nebulizer in ventilator circuit and humidification of inhaled gases can strongly
influence the amount of drug deposited in airways. Indeed, the main objective was to preclinically
evaluate impact of gas humidification and nebulizer position during invasive mechanical ventilation
on whole lung and regional aerosol deposition and losses. Ex vivo porcine respiratory tracts were
ventilated in controlled volumetric mode. Two conditions of relative humidity and temperature

of inhaled gases were investigated. For each condition, four different positions of vibrating mesh
nebulizer were studied: (i) next to the ventilator, (ii) right before humidifier, (iii) 15 cm to the Y-piece
adapter and (iv) right after the Y-piece. Aerosol size distribution were calculated using cascade
impactor. Nebulized dose, lung regional deposition and losses were assessed by scintigraphy using
9%mtechnetium-labeled diethylene-triamine-penta-acetic acid. Mean nebulized dose was 95% + 6%.
For dry conditions, the mean respiratory tract deposited fractions reached 18% (+ 4%) next to
ventilator and 53% (+ 4%) for proximal position. For humidified conditions, it reached 25% (+ 3%) prior
humidifier, 57% (+ 8%) before Y-piece and 43% (+ 11%) after this latter. Optimal nebulizer position is
proximal before the Y-piece adapter showing a more than two-fold higher lung dose than positions
next to the ventilator. Dry conditions are more likely to cause peripheral deposition of aerosols

in the lungs. But gas humidification appears hard to interrupt efficiently and safely in clinical use.
Considering the impact of optimized positioning, this study argues to maintain humidification.

Abbreviations

ACI Andersen cascade impactor
ANOVA Analysis of variance

DTPA Diethylene-triamine-penta-acetic acid
ETT Endotracheal tube

HH Heated humidifier

HME Heat and moisture exchangers

ICU Intensive care units

LCP Low capacity pump

MMAD Mass median aerodynamic diameter
ROI Regions of interest

RT Respiratory tract
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SD Standard deviation
SPECT/CT  Single photon emission computed tomography/computed tomography
TISAB Total ionic strength adjustment buffers

Since more than 30 years, intensive care allowed to increase survival rate of patients in critical state. Despite this
tremendous success, some of clinical practices in intensive care units (ICU) are still led by empirical choices
instead of evidence-based decisions. Among these, nebulization practices in ICU rest on main data from old
in vitro studies' while it could be depicted as essential interest considering that 25% of ICU patients receive
nebulization of various drugs®*.

Different parameters affect lung deposition of therapeutic aerosol during invasive mechanical ventilation.
First, it can be related to the patient (disease, pulmonary mechanics etc.), but also to the couple drug-nebulizer
(physicochemical properties of drug, performances of nebulizer etc.), and lastly to the ventilator and its circuit
(tuning and triggering, heat and humidification of inhaled gas, position of nebulizer on inspiratory limb etc.)*°.
Influence of these parameters, in term of aerosol delivery to the patient, are mainly assessed by in vitro studies
widely performed by measure of the aerosol impaction on a filter at the end of the ventilator circuit. This point
could lack of relevance because it differs from administration in the desired location in the respiratory tract (RT).
Moreover, expiratory loss, cannot be assessed due to the use of filters to collect aerosol”®. Besides, clinical studies
are mainly focused on patients’ outcomes, such as the therapeutic efficacy of treatment”®-!*. Indeed, literature
is scarce concerning the impact of humidification and nebulizer position on the regional aerosol deposition in
patients under mechanical ventilation'*#!°. Moreover, these rare published data lack of systematic assessment
and should be cautiously extrapolated due to the wide range of clinical practices, for both ventilator tuning,
nebulization devices used and aerosolized drug delivery>!>-17,

Therefore, a data gap needs to be bridged regarding the specific knowledge devoted to regional aerosol depo-
sition in mechanically ventilated patients'. However, technical constraints and ethical restrictions limit clinical
research on ICU patients. Moreover, existing in vivo preclinical models sometimes lack of relevance (e.g. ventila-
tion physiology of rodents is very different from humans'®-??) or are difficult to compare with in vivo human data.

To overcome these limitations, we previously developed and validated an ex vivo preclinical model of porcine
RT for aerosol deposition studies in spontaneous®*** and mechanical ventilation conditions*. Considering repro-
ducibility, ethical, anatomical and physiological interests of this preclinical model, useful data can be produced
to implement aerosol therapy practices in ICUs. Consequently, the present study aims to assess the impact of gas
humidification and of the nebulizer position in the ventilator circuit on the regional aerosol deposition as well
as in the different elements composing the ventilation set up with this ex vivo model.

Methods

Study design. This aerosol deposition study is based on an ex vivo RT model previously validated for
mechanical ventilation applications® and allowing a scintigraphic regional aerosol deposition study of each part
of the ventilation set up. Reproducibility has been checked and consequently each experimental condition was
tested at least in 3 replicates with different porcine RT. This study is composed of two categories of experiments:
part D corresponds to dry and cold conditions i.e. no humidification nor heating of gases in the circuit. Part H
corresponds to humidified and heated conditions. This latter was achieved thanks to a heated humidifier (HH).
Figure 1 displays schematically the different experimental conditions. According to different recommendations
on nebulization and to manufacturer, 3 positions were chosen: first next to ventilator or previous HH. The sec-
ond position was 15 cm prior the Y piece adaptor and the third just after this latter, at the end of endotracheal
tube (ETT). Consequently, 5 different experimental conditions are compared in this work. The main endpoint is
the scintigraphic quantification of aerosol deposition in each component.

Preclinical respiratory model. Aerosol delivery during invasive mechanical ventilation using a preclini-
cal ex vivo respiratory model was previously fully validated®. It was composed of a porcine RT collected from
slaughterhouses as waste of food industry. Hence, they succeed all the sanitary controls in accordance with
French regulation with strict veterinarian controls of animal welfare and any animal was specifically sacrificed
for this work, in accordance with the 3R guidelines®. For sanitary reasons, each respiratory tract was used
within 24 h. Otherwise, they were frozen and thereafter thawed at ambient temperature few hours before the
experiment. Relevant sutures were realized on each significant cut and their number was recorded. A systematic
bronchoscopy allowed to ensure the absence of major obstruction in reachable bronchi. Respiratory tracts were
placed in a sealed enclosure. The latter allows both positive and negative pressure ventilations. A 7.5 mm inner
diameter ETT (Smiths Medical, Portex SACETT™ Plymouth Minnesota, United States) with a 34 cm length
was connected to the trachea with a standardized trachea length of 15 cm to avoid selective intubation. The
model was set in a 30° proclive position, as close as possible to the patient position for nebulization in ICU and
mechanically ventilated with positive airway pressure.

Ex vivo model and ventilation settings. The ex vivo model was used under controlled volumetric venti-
lation without triggering, thanks to a medical ventilator [ICU Evita 4 ventilator (Drager, Germany)]. Systematic
security tests were performed before experiments. An important data is the absence of bias flow for this ven-
tilator according to manufacturer. This ventilation mode was selected because it is currently recommended to
optimize RT deposition fraction of nebulization' and is widely used in ICUs?. The ventilation parameters were
identical for each condition and adapted to be comparable to Ehrmann et al.*® with a tidal volume of 540 mL,
respiratory rate of 20/min, inspiratory flow of 35 L/min with a constant flow pattern, inspiratory to expiratory
ratio of 1/2, positive end expiratory pressure of 9 cmH,O and inspired oxygen fraction of 21%. These param-
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Figure 1. Schematic representation of the different experimental conditions according to humidification and
nebulizer position. Panel (A) dry conditions (D); Panel (B) humidified conditions (H). Cm centimeters.

eters were chosen in accordance with data from a large cohort study in ICUs over the world”. For this work, no
spontaneous breathing was used. The ETT was set with an angulation of 90°, determined thanks to data from
CT scans of intubated patients.

The ventilator was connected to the endotracheal tube with a medical 2 limbs circuit (Evaqua 27,
Fischer&Paykel Healthcare, Auckland, New Zealand) with or without heated humidifier (HH, MR410,
Fischer&Paykel Healthcare, Auckland, New Zealand) in the inspiratory limb according to each experimental
condition studied. The first part of this study corresponds to dry and cold conditions (conditions D) i.e. with-
out HH. These were tested each time with a different circuit, without any humidifier in line. The second part
corresponds to humidified and heated conditions (conditions H) thanks to the HH placed on the circuit as
recommended by manufacturer. The humidifier was turned on at least 15 min before nebulization. An expira-
tory filter (DAR™ Heat and Moisture Exchangers (HME) Filter, ref. 354/5876, Covidien™, Dublin, Ireland) was
systematically placed on the expiratory limb, close to the expiratory valve to avoid damages and obstructions,
as recommended for nebulization?.

Nebulization procedure. A vibrating mesh nebulizer was used (Aerogen Solo’, Aerogen Limited, Gal-
way, Ireland) because among all nebulization devices; vibrating mesh are those leading to the best percentage
of nominal dose nebulized?**. The minimal duration of nebulization was standardized to 15 min based on
preliminary test run, in good accordance with previous study from Dugernier et al.'® showing an average 9 min
(3 min) nebulization. The ending of nebulization was checked systematically before acquisitions. According to
each experimental condition, the nebulizer was placed at four different positions on the respiratory circuit: next
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to the ventilator, right before HH, 15 cm from Y-piece adapter and right after the latter (Fig. 1). Each experi-
mental condition was tested at least in 3 replicates. The condition H-1 corresponds to experiments previously
published®, and was performed with 6 replicates to check reproducibility of the experiment.

Scintigraphic assessment of regional aerosol deposition. The nebulizer was filled with 3 mL of
9mtechnetium-labeled diethylene-triamine-penta-acetic acid (**™Tc-DTPA, 100 MBq commercial kit Technescan
DTPA, Curium, Netherlands) for acquisition of planar scintigraphic images. The latter (matrix 256 x 256) were
recorded with a variable angle dual detector Single Photon Emission Computed Tomography with a Computed
Tomography scan (SPECT/CT—SYMBIA T2; Siemens, Knoxville, United States) equipped with a low-energy,
high-resolution collimator (FWHM 8.3 mm at 10 cm); tested weekly for uniformity (UFOV 533 mm x 387 mm,
CFOV 400 mm x 290 mm). First, the initial radioactive dose filled in the nebulizer was quantified (scintigraphic
images, 180-s anterior/posterior, were acquired corresponding to the fully loaded minus the empty syringe).
Nominal dose stood for the total amount of radioactivity introduced into the nebulizer, allowing to determine
the nebulized fraction of nominal dose, i.e. the output of the nebulizer. Then, the nebulization procedure was
performed. Finally, 180-s anterior/posterior images of each part of the experimental setup were acquired for
each element: empty nebulizer, inspiratory limb, heated humidifier, endotracheal tube, Y-piece associated to
expiratory limb and RT. Regarding the latter element, two different regions of interest (ROIs) were identified on
scintigraphies within each lung to divide lungs into central and peripheral zones. A nuclear medicine physician
used a semi-automatic delineation method with a variable threshold based on adaptative signal to background
ratio and manual outlines the central region (trachea ad stem bronchi). This allowed to calculate the relative
uptake of central and peripheral regions for both left and right lung. ROIs were delimited on the images with a
correction considering the background radiation, the physical decay of radioactivity and tissue attenuation cor-
rection factors. Consequently, as stated by Newman et al.*!-**, some limitations of data quantification in planar
imaging are inherent to its two-dimensional nature. It is accepted that errors of no more than 10% in the quan-
tification of whole-lung deposition are tolerated and that mass balance close to 100% validate the method used
for attenuation and scatter correction. Hence, the results were expressed as a percentage of activity in relation to
the nebulized dose, adjusted to 100%.

Aerosol size distribution. To determine the aerodynamic size distribution of the aerosol, the European
Pharmacopoeia indicates to use the ACI (Andersen Cascade Impactor as described in the European Pharma-
copeia—Monograph 2.9.18%). The ACI holds 8 stages from 0.4 to>9 pum and is operated at 28.3 L/min with a
vacuum pump (Low Capacity Pump Model LCP5, Copley Scientific Limited, Nottingham, United Kingdom).
3 mL of Sodium Fluoride solution at 2.5% (m/V) were introduced into the tank of the nebulizer. The nebuliza-
tion process continues until the volume left in the nebulizer is over, which basically leads the nebulizer to cease
functioning continuously and begins to sputter. For D and H experimental conditions, the ACI was placed
after the Y piece, right before ETT. After nebulization, deposited fractions on each stage of the ACI were col-
lected and re-suspended in 5 mL of deionized water, then 250 uL of TISAB IV solution (Total ionic strength
adjustment buffers, Sigma- Aldrich, Saint-Louis, United States) were added. Concentrations of fluoride ions were
determined with a ionometer (SevenGo Pro apparutus and Perfection probe, Mettler Toledo, Columbus, United
States). Calibration of the apparatus was performed before each experiment. Mathematical determination of
MMAD (Mass Median Aerodynamic Diameter) was performed with Excel software (Microsoft Excel, Microsoft,
Redmond, United States).

Statistical analysis. Results are expressed as mean percentage (%) * standard deviation (SD) of the nebu-
lized dose of radioactivity. Statistical analyses were performed using GraphPad Prism’ v8.0.2 (San Diego, United
States).

Comparison of respiratory tracts used, in terms of mass and cuts, for each position was performed with a
Kruskall-Wallis’ test and post-hoc Dunn’s multiple comparison test.

To compare the deposited fractions on each part of the model, a 2-way analysis of variance (ANOVA) was
carried out with a post-hoc Tukey’s multiple comparison test. Comparison of central and peripheral deposited
fractions were carried out with a 2-way ANOVA with post-hoc Tukey’s multiple comparison tests. Comparison
of MMAD were performed with 1-way ANOVA with post-hoc Tukey’s multiple comparison test.

Ethical approval. Ethical approval is not applicable according to French regulation as RT were collected
from slaughterhouses as waste of food industry. Hence, any animal was specifically sacrificed for this work and
they succeed all the sanitary controls in accordance with French regulation with strict veterinarian controls of
animal welfare.

Results

Nebulization. The model was set up 18 times with different RT achieving successful ventilation and nebu-
lization. 6 experiments were realized for Position D-1, and 3 experiments for conditions (i.e. D-2, H-1, H-2 and
H-3). Nebulization ended successfully before acquisitions for all experiments.

The nebulized fraction of nominal dose was 94 + 7% for position D-1, 98 £ 1% for position D-2, 91+ 12% for
position H-1, 97 +3% for position H-2, 96 +4% for position H-3. Comparisons showed no significant difference
in nebulizer output (i.e., in amount of radiotracer nebulized) according to the condition. Nebulized dose for
experimental condition are displayed in Table 1.
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Condition Nebulized dose
D-1 94% (+7%)

D-2 98% (+2%)

H-1 91% (+12%)
H-2 97% (+3%)
H-3 96% (+4%)

Table 1. Nebulized fractions of nominal dose for each condition. Nominal dose is the dose loaded in the
nebulizer. Comparisons showed no significant difference.

Deposited fractions. The scintigraphic images performed allowed to calculate the deposited fractions for
each component of the setting, leading to comparative results as shown in Fig. 2 and in supplementary data
Fig. S1. For D-1 and D-2 experiments in dry and cold conditions, deposited fractions significantly varied accord-
ing to the nebulizer positions. They reached for D-1 (respectively for D-2) 45+ 10% (respectively 14+5%) for
inspiratory limb, 4 £2% (respectively 10+ 1%) for endotracheal tube, 18 +4%) (respectively 53 £4%) for the RT,
and finally 34+ 9%) (respectively 26 +2%) for expiratory limb.

For heated and humidified conditions, i.e. positions H-1, H-2 and H-3, deposited fractions were respec-
tively 46% (+6%), 23% (+16%) and 5% (£ 1%) for inspiratory limb, 2% (+0%), 2% (£ 0%) and 3% (+ 1%) for
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Figure 2. Deposited fractions (%) of the nebulized dose in each component of the setting. Panel (A) dry and
cold conditions; Panel (B) heated and humidified conditions. Results expressed as mean + standard deviation.
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endotracheal tube. For the RT they reached respectively 25% (+3%), 57% (+8%) and 43% (+ 11%). Finally, for
expiratory limb values were respectively 15% (+1%), 18% (+ 8%) and 49% (+ 10%).

For H-1, H-2 and H-3 experiments in the heated and humidified condition, deposited fractions were respec-
tively 46 + 6%, 23 £ 16% and 5+ 1% for inspiratory limb, 2+ 0%, 2 + 0% and 3 + 1% for endotracheal tube. For the
RT they reached respectively 25 £ 3%, 57 + 8% and 43 + 11%. Finally, for expiratory limb values were respectively
15+1%, 18+ 8% and 49 + 10%.

As presented in Table 2 and on Fig. 2A, RT fraction of nebulized dose varied significantly according to the
experimental condition. No significant difference arose for RT deposition fractions between the two condi-
tions next to Y-piece adapter (Conditions H-2 and H-3) and between dry and humidified conditions for a
same position. By contrast, a great impact of the nebulizer position was noticed. Indeed, we showed significant
differences for quantitative RT deposition with significantly around two times lower RT deposited fraction at
proximal nebulizer position on inspiratory limb (conditions D-1 and H-1) comparatively at distal nebulizer
positions on inspiratory limb (conditions D-2, H-2, and H-3). All p values for these comparisons are available
as Supplementary Table S1.

Regional aerosol deposition. Results of regional aerosol distribution are displayed in Table 2 and Fig. 3A,
expressed as fractions of nebulized dose. As previously described the RT deposited dose vary widely according
to the condition. Consequently, it is of importance to consider the regional aerosol deposition as percentages
of RT deposited activity to compare results. These results are resented for each condition on Fig. 3B. Briefly, for
dry conditions D-1 and D-2, the central part of RT deposited fractions were respectively 16 +11% and 55 +6%.
For humidified conditions H-1, H-2 and H-3, the central part of RT fractions were respectively 55+ 6%, 68 £ 4%
and 62 +2%. The comparisons performed showed, again, no significant difference between dry and humidified
conditions. However, the interaction of nebulizer position and gas humidification lead to a significant difference
in RT distribution for condition D-1 compared to the other experimental conditions (p<0.001). In fact, the
regional distribution of aerosol for condition D-1 was significantly more peripheral than all other. All p values
for these data are available as Supplementary Table S2.

Aerosol size distribution. MMAD for each experimental condition are displayed in Table 3. The MMAD
measured for the nebulizer used in this work was 1.94 +0.34 um. For dry conditions D-1 and D-2 the MMAD
reached respectively 1.69+0.00 um and 1.92+0.09 um. For humidified conditions H-1, H-2 and H-3 the cal-
culated MMAD were significantly higher with respectively 4.12+0.04 pm, 4.79 +0.34 um and 4.94 £ 0.27 pm.

The comparison of MMAD for the nebulizer alone and both dry conditions (D-1 and D-2) showed no sig-
nificant statistical differences. In contrast, each humidified condition had a MMAD significantly greater from
nebulizer alone and dry conditions. Moreover, the condition H-1 showed a MMAD significantly lower from
H-2 and H-3, although no significant statistical difference was observed between conditions H-2 and H-3. The
Supplementary Table S3 presents all the p value for these results.

Discussion

To the best of our knowledge, this is the first study comparing the impact of nebulizer position and gas humidi-
fication on the regional aerosol deposition using an innovative and reproducible preclinical respiratory model.
This work showed with comparative conditions that these two experimental parameters can greatly change the
mean deposited fractions in the RT from 18 to 55%, leading to potential wide differences in drug delivery to
mechanically ventilated patients. This finding raises a major concern about practices in ICU as some international
epidemiological studies highlighted disparate clinical practices®. Moreover, this study was performed with a new
generation vibrating mesh nebulizer showing a mean aerosol output higher than 90%. This point agrees with
previous data®. This is of high relevance because epidemiological studies show a majority use in ICU of less
efficient jet nebulizers®*. For example Ehrmann et al. observed 10% of vibrating mesh nebulizer and 56% of jet
nebulizers use in an international study® Despite economic considerations, their output is largely lower, ranging
from 30 to 55% according to different studies*>*”. Consequently, considering wide differences in aerosol output
depending on nebulizer technologies and the great impact of the aerosol device position on the ventilator circuit
and gas humidification, the potential cumulative differences could lead to clinical treatment failure independently
of drug efliciency. Finally, the type of nebulizer has been suspected to impact ICU patients outcome as a trends
to shorter length of stay for asthmatic patients!®.

Condition RT Central Peripheral
D-1 18% (+4%) 3% (£2%) 15% (£4%)
D-2 53% (+4%) 29% (+2%) 24% (+5%)
H-1 25% (+3%) 13% (+0%) 11% (+3%)
H-2 57% (+8%) 39% (+7%) 18% (+£3%)
H-3 43% (+11%) 26% (+6%) 17% (£5%)

Table 2. Fraction of the nebulized dose deposited in the respiratory tract (RT) and its repartition. Conditions
D: dry conditions; Conditions H: humidified conditions. Results are displayed as mean and standard deviation
(SD). All data are expressed as percentages of nebulized dose.
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Figure 3. Bar graph of deposited activity in respiratory tract (RT), central and peripheral regions of interest.
Panel (A) comparison for each condition of RT, central and peripheral fractions of nebulized dose. Panel (B)
comparison of central and peripheral activities expressed as percentages of RT deposited activity. Conditions
D in red colors: dry conditions; Conditions H with blue colors: humidified conditions. Results expressed as
mean + standard deviation. *p <0.05; **p <0.01; **p <0.001. ns non-significant.

Condition MMAD +SD

Nebulizer 1.94+0.34 um
D-1 1.69+0.00 um
D-2 1.92+0.09 um
H-1 4.12+0.04 pm
H-2 4.79+0.34 pm
H-3 4.94+0.27 um

Table 3. Mass median aerodynamic diameter (MMAD) of the nebulizer and for each experimental condition.
Conditions D: dry conditions; Conditions H: humidified conditions. Results are displayed as mean and
standard deviation (SD).

Impact of nebulizer position in the ventilator circuit. Thelocation of the nebulizer in ventilator circuit
is a major determinant for the drug dose reaching the RT*. Indeed, despite a manufacturer reccommendation®,
position upstream the heated humidifier (HH), (conditions D-1 and H-1) led in this study, to a mean RT depos-
ited fraction ranging from 18 to 25% while a position right before the Y-piece adapter (conditions D-2 and H-2)
produced a mean RT deposited fraction ranging from 53 to 57%. Obviously, this difference is largely significant
and can lead to wide differences in the treatment efficacy. However, Moraine et al. failed to find a clinical differ-
ence while measuring ipratropium in urine after nebulization in mechanically ventilated patients®. According
to our results, evaluating separately the impact of gas humidification and of nebulizer position on a standardized
preclinical respiratory model, the lake of significant difference for Moraine et al. could be due to the interaction
of both factors. Indeed, they compared whether nebulizer prior the HH or nebulizer right before the Y-piece
adapter in dry conditions, leading to potential interaction of these factors. Even if the difference is not signifi-
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cant, the nebulizer position beyond the Y-piece adapter tend to a higher loss in expiratory limb and lower RT
deposited fraction than the position 15 cm before Y-piece adapter (p=0.0508). These data are in accordance with
the in vitro study from Ari et al.” which compared the three same positions with and without gas humidification
on an in vitro model. Nevertheless, due to a design with deposition on a filter instead of a RT, the expiratory
loss and regional deposition could not be evaluated on their model. The expiratory loss is described as the major
drawback for positions closed to expiratory limb?® this is consequently an important interrogation. On the other
hand, position 2 is characterized by the 15 cm before the Y-piece, serving as a reservoir for aerosol continuously
generated during expiration. This position is often recommended for this effect*!>***!~4¢, Finally, this study finds
an optimal position at 15 cm before the Y-piece adapter for the vibrating mesh nebulizer independently from
humidification, and this result is confirmed even considering the expiratory loss. As this is different from manu-
facturer recommendations® for this specific nebulizer, the intensivists have to be aware of this point.

Impact of gas humidification. No difference was shown for humidification in terms of absolute RT
deposited dose. This point differs from previous data on the humidification impact on aerosol delivery, as an
important decrease, around 40%, is widely described. This could be due to a difference between nebulizer
types, as vibrating mesh nebulizers are relatively new technologies. Moreover, Ari et al., using the same nebu-
lizer than us, found a significant decrease with humidification for the positions before the Y-piece adapter but
no difference after this latter”. More recently, Ashraf et al., comparing conditions very similar to D-1 and H-1 in
our study, i.e. the same vibrating mesh nebulizer close to the ventilator with or without humidification, found
very similar results with inhalable doses around 20% equally®. Nevertheless, a difference arose in our results for
RT distribution when the position upstream HH and dry condition interacts. Indeed, these parameters (condi-
tion D-1) allowed a more peripheral deposition compared to each other condition, as previously described®.
However, this finding must be first balanced with an absolute RT deposited fraction lower than other conditions
and then with the risks for patients when interrupting the humidification for nebulization. Indeed, there are
two principal ways of humidification for patients under mechanical ventilation: heat and moisture exchangers
needing to be removed for the duration of nebulization to allow the passing of aerosol* and HH. The cessation
of HH just before nebulization showed an important residual humidity in limbs, being consequently ineffec-
tive to obtain “dry conditions”® and the removal of humidification was reported as dangerous for patients if
prolonged*>*. The humidification question has consequently to be seen as security factor for patients mechani-
cally ventilated. Our finding is in accordance with a clinical study on asthmatic patients showing no significant
difference for clinical endpoints according to humidification or not'’. This point raises questions about evidence
to interrupt humidification during nebulization with this vibrating mesh nebulizer.

Aerosol size distribution. Interestingly, the findings in this study differ in terms of aerosol size distribu-
tion from Ashraf et al. data®. Indeed, they found no significant difference in MMAD between dry and humid
conditions with the same type of vibrating mesh nebulizer (MMAD ranging from 1.90+0.14 um for humid
condition to 1.57+0.05 um). These discrepancies, while puzzling at first, could be explained by the sampling
choices made that differ from our own sampling method. Indeed, as Ashraf et al. chose to sample at the distal
extremity of the endotracheal tube, we decided to sample the aerosol at the extremity of the Y-piece. However,
this is not sufficient to explain these discrepancies. Another point that differs between the studies is the vacuum
parameters applied to sample the aerosol. To determine the size distribution, Ashraf et al. decided to apply
physiological-like sampling of the aerosol with a vacuum parameter similar to standard breathing pattern found
in humans. In this study, we decided to follow our bench protocol for aerosol size distribution according to Euro-
pean Pharmacopeia monography, with flows less based on physiology than in optimized conditions for physical
bench comparisons. Therefore, these discrepancies are explained by the fact that we did not measure the same
aerosol distribution. On one hand, Ashraf et al. presented granulometry data more focused on the granulometry
of droplets that would efficiently reach out the distal extremities of the endotracheal tube. This method is likely
to exclude the droplets which would be sedimented during the expiratory phase of the breathing-like sampling
pattern, which would decrease aerosol size distribution as the biggest droplets would be excluded from the
analysis. On the other hand, the data presented in this study are more focused on assessment of aerosol size dis-
tribution on bench with standardized parameters allowing the robust comparison of different nebulizers without
exclusion of the biggest droplets composing the aerosol. One could argue on the advantages of one method over
the other. Such assertion should be made with caution as the two sampling methods differ on the focus of the
analysis. Ashraf et al. method is more patient-based, as measuring fraction reaching the respiratory tract while
the method presented in the study is more device-based, not considering deposition in the ETT.

Strength and limitations. Despite its interesting results, this work presents some limitations. First, as all
studies using models, our ex vivo RT will never be able to mimic the complexity of a whole organism. There-
fore, as preclinical data, they need to be confirmed by clinical studies. To date, results from this study seem in
good agreement with the clinical study on ICU patients of Klockare et al.'* where with an ultrasound nebulizer
(MMAD 4.0 um) and gas humidification, the central fraction of RT deposited fraction had a median of 62.8%.
Moreover, considering that a vast majority of data for aerosol therapy provide from in vitro studies, this work
adds important new information. Indeed, by the adjunction of a RT with an anatomy very close to human’s,
data on regional deposition in the RT and exhaled particles are considered. Second, the model used is based on
porcine RT collected from slaughterhouses and any animal was specifically sacrificed for this study. This point is
equally a limitation because they presented cuts that generated leakage. This particular point was discussed on
the previously published data and did not influence the homogeneity of the ventilation?®. Moreover, improve-
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ments were realized to minimize the potential leakage using cyanoacrylate glue and stitches and by a better
sealing of the enclosure.

As previously stated, there is a lack of published clinical literature concerning the impact of the inhaled gas
humidification and the nebulizer position on the deposition pattern of an aerosol when administered during
mechanical ventilation. Among the few clinical studies, the endpoints mainly concern patients’ outcomes, such as
improvement of the general state, weaning of mechanical ventilation, etc. or have difficulties to show differences,
probably because of the multiplicity of influencing factors*®*!. Moreover, most of the studies were conducted
on patients under non-invasive ventilation, which is a different condition. Hence, more than 30 years after the
development of ICU and aerosoltherapy, the nebulizer position in the ventilation circuit is mainly driven by
empirical practices, as well as the practices concerning the humidification during nebulization. Moreover, nebu-
lizer technologies have changed as well as ventilators and ventilation parameters. Therefore, there is a need for
preclinical studies with a good reproducibility as observed here, allowing to compare humidification and posi-
tion as isolated factors but equally with their interaction. Finally, these comparisons are quantitative but equally
qualitative on the repartition in the RT. To our knowledge, this is the first study allowing all these comparisons.

Conclusions

Inhaled gas humidification and nebulizer position in the ventilator circuit are two major determinants to optimize
aerosol deposition by nebulization under mechanical ventilation. The position 15 cm before the Y-piece adapter
allows a more than two-fold higher dose reaching the RT. This result, even needing additional clinical data, is of
importance to standardize practices for aerosol delivery in ICU with optimal conditions.

Gas humidification tends to a more central aerosol deposition in the RT but as the interruption can be
dangerous for patients and considering the low impact compared to the nebulizer positioning, the removal of
HH has to be examined carefully before considering its recommendation. Moreover, considering the impact of
nebulizer technology and this optimized position in the ventilator circuit, this study leads to think about pursuit
of humidification as a security recommendation.

To conclude, these data are preclinical and consequently need clinical confirmation. Yet, the standardized
ex vivo respiratory model used with comparative data of each parameter i.e. humidification and nebulizer posi-
tion, leads to consider these results for further works on aerosol therapy in ICU and need to be acknowledged
by ICU clinicians.

Data availability
All main data are available in the main text or the supplementary materials. Complementary information upon
data used in the analysis are available on reasonable request to corresponding author.

Received: 24 February 2023; Accepted: 6 July 2023
Published online: 08 July 2023

References
1. Dugernier, J. et al. Aerosol delivery during invasive mechanical ventilation: A systematic review. Crit. Care 21, 264 (2017).
2. Ehrmann, S. et al. Reva Research Network, AT@ICU Study Group, Aerosol therapy in intensive and intermediate care units:
Prospective observation of 2808 critically ill patients. Intensive Care Med. 42, 192-201 (2016).
3. Kallet, R. H. Adjunct therapies during mechanical ventilation: Airway clearance techniques, therapeutic aerosols, and gases discus-
sion. Respir. Care 58, 1053-1073 (2013).
4. Maccari, J. G. et al. Inhalation therapy in mechanical ventilation. J. Bras. Pneumol. 41, 467-472 (2015).
5. Dhand, R. Special problems in aerosol delivery: Artificial airways. Respir. Care 45, 636-645 (2000).
6. Dhand, R. Aerosol delivery during mechanical ventilation: From basic techniques to new devices. J. Aerosol Med. Pulm. Drug Deliv.
21, 45-60 (2008).
7. Ari, A., Areabi, H. & Fink, J. B. Evaluation of aerosol generator devices at 3 locations in humidified and non-humidified circuits
during adult mechanical ventilation. Respir. Care 55, 837-844 (2010).
8. Berlinski, A. & Willis, J. R. Albuterol delivery by 4 different nebulizers placed in 4 different positions in a pediatric ventilator
in vitro model. Respir. Care 58, 1124-1133 (2013).
9. Ari, A. Effect of nebulizer type, delivery interface, and flow rate on aerosol drug delivery to spontaneously breathing pediatric and
infant lung models. Pediatr. Pulmonol. https://doi.org/10.1002/ppul.24449 (2019).
10. Moustafa, I. O. E. et al. Clinical outcome associated with the use of different inhalation method with and without humidification
in asthmatic mechanically ventilated patients. Pulm. Pharmacol. Ther. 45, 40-46 (2017).
11. Sutherasan, Y. et al. Effects of ventilator settings, nebulizer and exhalation port position on albuterol delivery during non-invasive
ventilation: An in-vitro study. BMC Pulm. Med. 17, 9 (2017).
12. Guerin, C,, Fassier, T., Bayle, F, Lemasson, S. & Richard, J.-C. Inhaled bronchodilator administration during mechanical ventila-
tion: How to optimize it, and for which clinical benefit?. J. Aerosol Med. Pulm. Drug Deliv. 21, 85-96 (2008).
13. Zampieri, E G. et al. Nebulized antibiotics for ventilator-associated pneumonia: A systematic review and meta-analysis. Crit. Care
19, 150 (2015).
14. Klockare, M. et al. Comparison between direct humidification and nebulization of the respiratory tract at mechanical ventilation:
Distribution of saline solution studied by gamma camera. J. Clin. Nurs. 15, 301-307 (2006).
15. Dugernier, J. et al. Aerosol delivery with two ventilation modes during mechanical ventilation: A randomized study. Ann. Intensive
Care 6,73 (2016).
16. Ehrmann, S. et al. For the REVA research network, Aerosol therapy during mechanical ventilation: An international survey.
Intensive Care Med. 39, 1048-1056 (2013).
17. Bellani, G. et al. Epidemiology, patterns of care, and mortality for patients with acute respiratory distress syndrome in intensive
care units in 50 countries. JAMA 315, 788-800 (2016).
18. Macintyre, N. R. In Murray and Nadel’s Textbook of Respiratory Medicine (Sixth Edition) 1761-1777.e4 (eds. Broaddus, V. C., Mason,
R.J., Ernst, ]. D,, King, T. E., Lazarus, S. C., Murray, J. E, Nadel, J. A., Slutsky, A. S., Gotway, M. B.) (W.B. Saunders, 2016).
19. Patra, A. L. Comparative anatomy of mammalian respiratory tracts: The nasopharyngeal region and the tracheobronchial region.
J. Toxicol. Environ. Health 17, 163-174 (1986).

Scientific Reports |

(2023) 13:11056 | https://doi.org/10.1038/s41598-023-38281-9 nature portfolio


https://doi.org/10.1002/ppul.24449

www.nature.com/scientificreports/

20. Swindle, M. M., Smith, A. C., Smith, A. C. Swine in the Laboratory: Surgery, Anesthesia, Imaging, and Experimental Techniques,
3rd ed (CRC Press, 2015) https://www.taylorfrancis.com/books/9780429098017.

21. Harkema, J. R. In Comparative Biology of the Normal Lung, 2nd ed 7-19 (ed. Parent, R. A.) (Academic Press, 2015).

22. Bates, . H. T. In Comparative Biology of the Normal Lung, 2nd ed. (ed. Parent, R. A.) 289-304 (Academic Press, 2015).

23. Perinel, S. et al. Development of an ex vivo human-porcine respiratory model for preclinical studies. Sci. Rep. https://doi.org/10.
1038/srep43121 (2017).

24. Perinel, S. et al. Micron-sized and submicron-sized aerosol deposition in a new ex vivo preclinical model. Respir. Res. https://doi.
0rg/10.1186/s12931-016-0395-7 (2016).

25. Montigaud, Y. et al. Aerosol delivery during invasive mechanical ventilation: Development of a preclinical ex vivo respiratory
model for aerosol regional deposition. Sci. Rep. 9, 17930 (2019).

26. Richmond, J. The 3Rs-past, present and future. Scand. J. Lab. Anim. Sci. 84-92 (2000).

27. Esteban, A. et al. Evolution of mortality over time in patients receiving mechanical ventilation. Am. J. Respir. Crit. Care Med. 188,
220-230 (2013).

28. Ehrmann, S., Guillon, A., Mercier, E., Vecellio, L. & Dequin, P--E Administration d’aérosols médicamenteux au cours de la ventila-
tion mécanique. Réanimation 21, 42-54 (2012).

29. Dhand, R. How should aerosols be delivered during invasive mechanical ventilation?. Respir. Care 62, 1343-1367 (2017).

30. ElHansy, M. H. E. et al. Inhaled salbutamol dose delivered by jet nebulizer, vibrating mesh nebulizer and metered dose inhaler
with spacer during invasive mechanical ventilation. Pulm. Pharmacol. Ther. 45, 159-163 (2017).

31. Newman, S. et al. Standardization of techniques for using planar (2D) imaging for aerosol deposition assessment of orally inhaled
products. J. Aerosol. Med. Pulm. Drug Deliv. 25, S-10 (2012).

32. Gonda, I. Scintigraphic techniques for measuring in vivo deposition. J. Aerosol Med. 9, S-59 (1996).

33. Lee, Z., Berridge, M. S., Nelson, A. D. & Heald, D. L. The effect of scatter and attenuation on aerosol deposition as determined by
gamma scintigraphy. J. Aerosol Med. 14, 167-183 (2001).

34. European Pharmacopoeia Online. https://pheur.edgm.eu/home.

35. Ashraf, S., McPeck, M., Cuccia, A. D. & Smaldone, G. C. Comparison of vibrating mesh, jet, and breath-enhanced nebulizers
during mechanical ventilation. Respir. Care 65, 1419-1426 (2020).

36. McCarthy, S. D., Gonzalez, H. E. & Higgins, B. D. Future trends in nebulized therapies for pulmonary disease. J. Pers. Med. 10, 37
(2020).

37. Galindo-Filho, V. C. et al. A mesh nebulizer is more effective than jet nebulizer to nebulize bronchodilators during non-invasive
ventilation of subjects with COPD: A randomized controlled trial with radiolabeled aerosols. Respir. Med. 153, 60-67 (2019).

38. Peng, Y. et al. Which nebulizer position should be avoided? An extended study of aerosol delivery and ventilator performance
during noninvasive positive pressure ventilation. RES 95, 145-153 (2018).

39. Aerogen Solo System Instruction Manual. Galway, Ireland: H. Aerogen, Ltd (2017) https://www.aerogen.com/wp-content/uploa
ds/2018/08/30-674-Rev-H-Aerogen-Solo-System-IM-US-WEB.pdf.

40. Moraine, J.-J. et al. Placement of the nebulizer before the humidifier during mechanical ventilation: Effect on aerosol delivery.
Heart Lung 38, 435-439 (2009).

41. Fuller, H. D., Dolovich, M. B., Posmituck, G., Pack, W. W. & Newhouse, M. T. Pressurized aerosol versus jet aerosol delivery to
mechanically ventilated patients comparison of dose to the lungs. Am Rev Respir Dis 141, 440-444 (1990).

42. Mercier, E., Dequin, P.-F. & Vecellio, L. Aérosols en ventilation mécanique chez l'adulte. Rev. Mal. Respir. 25, 731-741 (2008).

43. van der Hoeven, S. M. et al. Preventive nebulization of mucolytic agents and bronchodilating drugs in invasively ventilated intensive
care unit patients (NEBULAE): study protocol for a randomized controlled trial. Trials 16, 389 (2015).

44. Moustafa, I. O. F et al. Lung deposition and systemic bioavailability of different aerosol devices with and without humidification
in mechanically ventilated patients. Heart Lung 46, 464-467 (2017).

45. Edge, R., Butcher, R. Vibrating Mesh Nebulizers for Patients with Respiratory Conditions: Clinical Effectiveness, Cost-Effectiveness,
and Guidelines (Canadian Agency for Drugs and Technologies in Health, 2019) http://www.ncbi.nlm.nih.gov/books/NBK546785/.

46. Wong, E. ], Dudney, T. & Dhand, R. Aerosolized antibiotics for treatment of pneumonia in mechanically ventilated subjects. Respir.
Care 64, 962-979 (2019).

47. Ari, A. & Fink, J. B. Factors affecting bronchodilator delivery in mechanically ventilated adults. Nurs. Crit. Care 15, 192-203 (2010).

48. Ari, A. et al. Effect of heat moisture exchanger on aerosol drug delivery and airway resistance in simulated ventilator-dependent
adults using jet and mesh nebulizers. J. Aerosol Med. Pulm. Drug Deliv. 31, 42-48 (2018).

49. Tucci, M. R. & Costa, E. L. Humidification during invasive mechanical ventilation: Less lung inflammation with optimal gas
conditioning. Respir. Care 60, 1854-1855 (2015).

50. Plotnikow, G. A., Accoce, M., Navarro, E. & Tiribelli, N. Humidification and heating of inhaled gas in patients with artificial airway.
A narrative review. Rev. Bras. Ter. Intensiva 30, 86-97 (2018).

51. Dhanani, J. et al. Fundamentals of aerosol therapy in critical care. Crit. Care 20, 269 (2016).

Acknowledgements
We would like to thank both societies who provided graciously materials for this study: AFFRAIS for the porcine
respiratory tracts, Aerogen Ltd" for the nebulizers and Driger’ for the medical ventilator.

Author contributions

Conceptualization: Y.M., L.L,, ].P,, N.P,, S.PR. Methodology: YM,, L.L, ].P,, N.P,, S.PR. Investigation: A.L.D.,
Y.M., QG., A.C,, N.P. Visualization: A.L.D., YM., Q.G., A.C,, N.P. Funding acquisition: A.L.D., YM.,, QG., A.C,
N.P. Project administration: J.P,, N.P,, S.P.R. Supervision: J.P,, N.P,, S.P.R. Writing—original draft: Y.M., S.P. Writ-
ing—review and editing: YM., Q.G., A.LD.,A.C,L.L., J.P, N.P, S.PR.

Funding
None. Aerogen Ltd graciously provided the nebulizers but was not implicated in the study. Drager” graciously
loaned the medical ventilator for this study but was no further implicated.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-023-38281-9.

Scientific Reports |

(2023) 13:11056 | https://doi.org/10.1038/s41598-023-38281-9 nature portfolio


https://www.taylorfrancis.com/books/9780429098017
https://doi.org/10.1038/srep43121
https://doi.org/10.1038/srep43121
https://doi.org/10.1186/s12931-016-0395-7
https://doi.org/10.1186/s12931-016-0395-7
https://pheur.edqm.eu/home
https://www.aerogen.com/wp-content/uploads/2018/08/30-674-Rev-H-Aerogen-Solo-System-IM-US-WEB.pdf
https://www.aerogen.com/wp-content/uploads/2018/08/30-674-Rev-H-Aerogen-Solo-System-IM-US-WEB.pdf
http://www.ncbi.nlm.nih.gov/books/NBK546785/
https://doi.org/10.1038/s41598-023-38281-9
https://doi.org/10.1038/s41598-023-38281-9

www.nature.com/scientificreports/

Correspondence and requests for materials should be addressed to S.P.--R.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:11056 | https://doi.org/10.1038/s41598-023-38281-9 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Impact of gas humidification and nebulizer position under invasive ventilation: preclinical comparative study of regional aerosol deposition
	Methods
	Study design. 
	Preclinical respiratory model. 
	Ex vivo model and ventilation settings. 
	Nebulization procedure. 
	Scintigraphic assessment of regional aerosol deposition. 
	Aerosol size distribution. 
	Statistical analysis. 
	Ethical approval. 

	Results
	Nebulization. 
	Deposited fractions. 
	Regional aerosol deposition. 
	Aerosol size distribution. 

	Discussion
	Impact of nebulizer position in the ventilator circuit. 
	Impact of gas humidification. 
	Aerosol size distribution. 
	Strength and limitations. 

	Conclusions
	References
	Acknowledgements


