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Abstract: Non-invasive ventilation (NIV) is external support for respiration to assist breathing in case 
of respiratory failure (either hypercapnic or hypoxemic) without patient intubation. Nowadays, medicated 
aerosols are normally delivered to mechanically ventilated patients by nebulizers and pressurized metered-
dose inhaler (pMDI) attached to adapter or spacer that fit into the ventilated circuit. Studies with obstructive 
lung disease patients have shown that aerosol delivery during mechanical ventilation is possible and of 
benefit. There are several models for investigating the aerosol delivery and deposition during mechanical 
ventilation such as in vitro, in vivo, and ex vivo models, these models depend on the technique used for 
quantitative or qualitative measurement of the deposited aerosol. In vitro models could be used for calculating 
the total emitted doses from different aerosol-generating devices or for aerodynamic characterization of the 
deposited inhaled medications. In vivo models dependents of extracting drugs from biological samples for 
measuring its concentration and bioavailability (pharmacokinetic model) or be dependent on the imaging 
technique of the radioactive aerosol. Applying different methods to predict aerosol efficiency before starting 
NIV and to quantify aerosol delivery during NIV are promising approaches that guide clinicians to avoid 
treatment failure before and during patient therapy.
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Introduction

Pulmonary diseases are selectively treated by inhaled 
drugs which are considered a superior route of drug 
administration over parenteral routes due to rapid drug 
effect, higher local pulmonary drug delivery with minimal 
systemic adverse actions, and requiring lower drug doses 
(1,2). Non-invasive ventilation (NIV) is external support 
applying positive pressure ventilation to assist breathing in 
case of respiratory failure (either hypercapnic or hypoxemic) 
without a need for patient intubation (3). Interruption of 
NIV to administer aerosol therapy is associated with adverse 

effects for the patient. Introducing inhaled medication 
during mechanical ventilation can achieve effective lung 
levels of medication with clinical effects comparable to 
levels reported in spontaneously breathing patients. This is 
also the case when applied for critically ill patients receiving 
NIV. Several models with different analysis techniques are 
available for determination of the efficiency and efficacy 
of aerosol-generating devices through measuring aerosol 
deposition and aerodynamic characterization of the emitted 
drug. These models (in vitro, ex vivo, and in vivo) help 
determine the effect of different factors in aerosol delivery 
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and guiding to optimize aerosol therapy (4-6). Many factors 
influence the deposition of inhaled drugs in the lungs during 
NIV including; type and position of an aerosol generator, 
gas density, and humidity of the circuit, the characteristics 
of aerosolized particles, type of patient interface, ventilator 
parameters and some factors related to the patient (7). This 
review aims to introduce methods of testing aerosol delivery 
and the role of modeling and bioanalysis in addressing these 
factors and how they influence the efficiency of aerosol 
delivery, with a review of available in vitro and in vivo studies 
to optimize ongoing clinical benefits.

Methods used for aerosol delivery quantification 
during NIV

In vitro methods

These methods simulate aspects of aerosol delivery with 
conditions and characteristics designed to study specific 
discrete on the bench that cannot be directly observed with 
patients. They aim at characterizing aerosol produced by 
various devices with the aerodynamic characterization of 
an aerosolized particle with an evaluation of how those 
particles transit and deposit through various pathways under 
different conditions, besides determining the amount of 
delivered aerosol by certain aerosol devices.

Saeed et al. tested the effect of different nebulizer designs 
on the aerosol delivery from each design during NIV, 
using a breathing simulator to mimic the patient breathing  
pattern (8). This in vitro study showed that different 
nebulizer designs of jet nebulizers (3 designs) have a 
significant effect on the aerosol delivery, while all tested 
designs (3 designs) of VMN are similar in efficacy (8). In 
this study, the comparison between different nebulizers was 
judged through the total emitted dose and dead volume 
(amounts of the drug remaining inside the nebulizer 
chamber after the end of nebulization). 

In vitro determination of emitted dose

The operation of these techniques depends on the presence 
of three essential components; inhaler device (aerosol-
generating device), ventilator, and breathing simulator (9). 
There are various ventilation modes and are differentially 
chosen to accommodate the patient condition where two 
inhaler types can be used for aerosol delivery within NIV 
circuits; nebulizers and pressurized metered-dose inhalers 
(pMDIs) (10). The existence of a breathing simulator 

machine within this model is intended to mimic the 
actions of the lung when an aerosol is being inhaled where 
this breathing machine can exhibit different inhalation/
exhalation ratios to suit the simulated patient population. 
Quantification of the delivered drug fraction is the target 
of these models which is achieved by collecting the inhaled 
dose emitted on a filter that should be directly placed before 
the simulator to estimate the inhaled aerosol (Figure 1). The 
exhaled aerosol can be estimated in a single limb circuit 
by placing a filter above the expiration port mounted on a 
pump that works to withdraw air at an estimated flow rate 
of 25 L/min while in dual limb circuit; its position is at the 
end of the exhalation limb (Figure 1). 

An in vitro study by Abdelrahim et al. was designed to 
compare the efficacy of different nebulizers for aerosol 
delivery, also the effect of nebulizer position during single 
limb NIV (11). Nebulizers were placed in 2 different 
positions; before and after the expiration port in a standard 
single limb NIV circuit with inspiratory-expiratory 
pressures of 20 and 5 cmH2O, 15 breaths/minute, and tidal 
volume of 500 mL (11). This in vitro model has been used 
in several other studies, e.g., to compare delivery from 
pMDI, VMN and Jet nebulizer (12), effect of fill volume 
placed in VMN and Jet nebulizer and humidity of the 
ventilation circuit while delivering (13), combining pMDI 
to a nebulizer in the same NIV, setting (14) and delivery in 
high flow nasal cannula setting (15). This model was also 
used to examine the influence of changing interfaces on 
aerosol delivery within high flow oxygen setting in adults (6). 

In vitro particle size characterization via inertial 
impaction

Among the particle size characteristics determined by 
these models are the mass median aerodynamic diameter 
(MMAD) and particle size distribution. where particles less 
than 5 µm are thought to reach deep pulmonary regions 
but those of 5 µm or more are preferably deposited in the 
oropharyngeal region, not the lungs. These in vitro models 
depend on the presence of a distinct device called cascade 
impactor to determine the particle characteristics and 
the aerosol particle size distribution like Next-generation 
impactor (NGI) and Anderson cascade impactor (ACI). 
Precisely, these devices can assess the particle size and define 
the range of aerosolized particles within the inhaled dosage 
form. The in vitro particle size characterization model 
simply contains an electrostatic filter in a holder, breathing 
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simulator to simulate the patient condition, two T-pieces 
connected in addition to the cascade impactor. The cascade 
impactor should be first placed in the refrigerator before use 
for one hour in case of the ACI while 1.5 hours is needed 
for the NGI (16,17). The exact arrangement of these parts 
in a single limb NIV circuit is shown in Figure 2A where 

Figure 2B shows that of a dual limb. As noted, the cascade 
impactor is connected to a vacuum pump to withdraw air at 
an estimated flow rate of 15 L/min which in turn stimulates 
the patient inspiratory flow rate (quiet breathing pattern) 
and at the same time allows the entry of an aerosol sample 
to the cascade impactor device to be analyzed. Particle 

Figure 1 Schematic design of the in vitro model mimicking (A) dual limb and (B) single limb ventilation.
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characterization is done only for the entered sample, not all 
the aerosol emitted which is considered the major drawback 
of the previously described setup. Hassan et al. determined 
the aerodynamic characteristics of aerosol droplets released 
from 4 different nebulizers during NIV using Anderson 
cascade impactor to measure MMAD, and fine particle 
fraction (12). The model consisted of a ventilator, breathing 
simulator, Anderson cascade impactor, and NIV breathing 
circuit which consisted of a 180 cm length of corrugated 
tubing (diameter of 22 mm) and a fixed leak expiration 
port. Although jet nebulizer exhibited a higher fine particle 
fraction the VMNs delivered the highest fine particle  
doses (12). 

One adjustment can be performed within the NIV 

circuit to allow the characterization of all delivered aerosol 
through the use of mixing inlet as shown in Figure 2C where 
a Y-tube is used to connect a supplementary air delivered at 
a flow rate of 15 L/min, breathing simulator and the mixing 
inlet to the cascade impactor (18). This adjustment was only 
tested with a dual limb NIV circuit with the possibility of 
applying it in a single limb. The presence of this mixing 
inlet allows additional air to be delivered at an equal flow 
rate to that withdrawn by the vacuum pump connected to 
the cascade impactor which in turn results in zero flow rate 
withdrawn from the ventilation circuit. Using this setup, 
when the inspiratory phase of the breathing simulator 
was withdrawn from the supplementary air, the inhalation 
profile is replayed within the ventilation circuit; and because 

Figure 2 Schematic of breathing simulator and bi-level ventilator circuit for aerodynamic particle size characterization of the respirable 
dose, (A) single limb, (B) dual limb and (C) for determination of the whole aerosol emitted.
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of the constant flow (15 L/min) of air being withdrawn 
through the cascade impactor. Hence, the aerosolized drug 
can be withdrawn from the circuit which is then withdrawn 
into the cascade impactor. When the expiratory phase 
started, it added more airflow to the supplementary air. The 
inhalation profile again is replayed within the ventilation 
circuit, because of the constant flow of air being withdrawn 
through the cascade impactor. So, the aerosolized drug 
is kept within the circuit till the next inspiratory phase 
resampling what truly happens when delivering aerosol to 
the patient (18). This model has been used to determine the 
emitted dose in a study by Elhansy et al. They conducted 
an in vitro study comparing VMN and Jet nebulizer with 
a spacer (18). Similar to what was found in the previous 
study; Jet nebulizer showed the highest fine particle fraction 
compared with VMNs, while VMNs showed the highest 
fine particle doses. 

To simulate the human lung, the cascade impactor 
consists of several stages arranged in a descending manner 
according to the pore diameter of each stage where the 
stage with the largest pore diameter is placed first near the 
device mouth inlet followed by that of lower diameter and 
so on until reaching the last stage (19). The known cut-
off diameters for both ACI and NGI stages are displayed 
at 28.3, 60, and 90 L/min. However, other flow rates 
can be used with ACI but adjustment of the stages cut-
off diameters is needed at the newer flow rate which can 
be done by applying this equation: ECDF2 = ECD28.3 
(28.3/F2)0.5. ECDF2, ECD28.3, and F2 symbols stand 
for the effective cut off diameters at the newly applied 
flow, the effective cut off diameters at the standard flow  
(28.3 L/min), the newer flow in L/min, respectively (20). 
As particles pass through cascade impactor, particles with 
sufficient inertia will impact within a certain stage while 
the rest of particles pass through the stage pores to the 
following stages until settling of all emitted particles. The 
amount of drug deposited on each stage can be eluted by 
washing the stage with a specific solvent carefully chosen 
to match the solubility of the studied drug and then mass 
determination is performed by either high-performance 
liquid chromatography (HPLC) or ultra-violet (UV) 
spectrophotometer. Then, the mass values of the measured 
drug in each stage are entered into certain software supplied 
by the cascade impactor manufacturer to translate them into 
the aerodynamic characteristics of the administered aerosol; 
MMAD, fine particle dose (FPD), fine particle fraction 
(FPF), and geometric standard deviation (GSD). MMAD is 

a measure of central tendency and refers to the cutoff size 
where half particles are smaller than that referred particle 
size and the other half is higher. FPD refers to the fraction 
of the dose with particle size lower than 5 µm where FDF is 
simply the percentage of FPD. GSD is used to describe the 
range of distribution of inhaled particles where the highly 
destructed or distributed aerosol is indicated by a higher 
GSD number. As mentioned before, particles of 5 µm or 
more will impact on the oropharyngeal region and can 
participate in the systemic drug effects if orally absorbed 
besides increasing its adverse effects. However, particles 
smaller than 2 µm in diameter are mainly deposited in the 
alveolar region by sedimentation so the inhaled aerosol 
with smaller MMAD (<2 µm) is still preferred for many 
respiratory diseases. 

Ex vivo models

The ex vivo study can be considered as an intermediate 
phase between in vitro and in vivo studies where it 
introduces an additional perspective to the measurement of 
the total emitted dose over the in vitro model which is the 
presence of patient to exhibit a realistic breathing pattern 
and takes into consideration the individual differences. 
While in vitro models using mechanical breath simulator 
all runs are similar, the ex vivo model has a natural 
variability among participating subjects which reflect 
more representative results. A study demonstrating the 
effect of fill volume and humidification (in vitro model) 
on the emitted dose from nebulizer reported results that 
differed from the ex vivo model for the same factors (13,21). 
Also, such a study helps the researcher to set correlations 
between in vitro and in vivo studies (22). Ex vivo models 
use collecting filters between the aerosol device and 
patient airway, allowing the determination of inhaled dose 
to be collecting using actual patient breathing patterns  
(Figure 3A) (21,23).

Saeed et al. conducted an ex vivo study on 2 types of 
nebulizers during NIV, 48 subjects were recruited in the 
study and they were divided into 4 groups which received 
aerosolized medication from nebulizers under different 
condition (fill volume and humidification), inhalation filters 
were placed before the subject facemask to collect the total 
emitted dose (21). The finding of the study showed a great 
significance of increasing fill volume on aerosol delivery 
from both nebulizers, however, there was no significant 
difference regarding humidification (21). 
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In vivo models

The human subject either a volunteer or a patient is an 
essential component of these studies where the subject 
inhales the prescribed drug dose and then biological samples 
are drawn for further investigations mainly to quantify 
the inhaled mass and determine the possible drug activity 

(Figure 3B). Moreover, certain in vivo models additionally 
allow the assessment of aerosol distribution within different 
lung regions. To ensure correct results of the delivered 
drug dose, temporarily stopping the drug under study to 
provide a washout period is crucial before the start of the 
study where the exact stopping period depends on the 

Figure 3 Schematic design of (A) ex vivo and (B) in vivo studies.
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studied drug itself. Of note, a drug alternative should be 
administered during this period to meet the clinical needs 
of the patient. 

Pharmacokinetics model 

The principle of pharmacokinetic models depends on 
the analysis of biological samples either plasma (24) or 
urine samples were taken from the patient after inhaling 
the prescribed medicine by certain inhaler device during 
its absorption lag time to quantify the inhaled amount. 
However, the analysis of blood samples drawn during the 
drug absorption lag time usually accounts for lower drug 
concentration because of the larger volume of distribution. 
Pharmacokinetic models depend on urine analysis, which 
can be carried out in two different pathways where the 
first one depends on oral charcoal co-administration with 
the inhaled drug to adsorb any swallowed fraction of the 
drug and therefore the drawn urine samples would contain 
only the delivered fraction to the lung. Unfortunately, 
the administered charcoal not only blocks the absorption 
of the drug of interest, but also other drugs are given to 
the patient which is often seen with ventilated patients. 
Furthermore, the second urine model pathway mainly 
relies on the drug absorption lag time where two urine 
samples are usually taken from the patient (21). In the case 
of salbutamol bronchodilator, this time is estimated to 
about 30 min where the first sample is taken 30 min post-
inhalation to indicate the pulmonary salbutamol delivery 
and the second sample is collected up to 24-hour post-
inhalation in containers to indicate the systemic delivery. 
The success of this in vivo determination pathway depends 
on the drug nebulization time which is preferred not to be 
more than 8 min to guarantee that all the lung delivered 
drug fraction will appear in 30 min post-inhalation urine 
sample (25). This estimated nebulization time of 8 min 
is considered suitable to nebulize approximately 2 mL of 
the drug with conventional JN even with its decreased 
efficiency compared to other nebulizer types, the higher the 
fill volume the longer the nebulization time. The volume of 
the collected samples is recorded, and the drug contained in 
these samples should be measured by the available analysis 
methods. HPLC is the most commonly used method with 
urinary pharmacokinetic models where urine samples are 
needed to be subjected to prior processing by solid-phase 
extraction (SPE) before injection into the HPLC device. 
SPE aims to get rid of unwanted endogenous substances 

and retains only the drug of interest on specifically chosen 
cartilage where the existence of these unwanted substances 
can destruct the HPLC device or eventually mask the 
desired drug peak. Of note, an additional step is needed 
when dealing with 24 h urine samples before SPE is a pre-
hydrolysis step to break down any drug conjugate; ester 
form or other possible forms into the free drug to be 
determined (26). 

Harb e t  a l .  conducted an in  v ivo  s tudy with  a 
pharmacokinetic model to demonstrate the effect of 
different connections (T-piece and Spacer) on aerosol 
delivery to 12 patients during NIV (27). A 1-mL solution 
of salbutamol was nebulized by VMN with 3 settings (I) 
T-piece, (II) large spacer, and (III) large spacer plus pMDI, 
2 urine samples were collected (0.5 and 24 h) and analyzed. 
Findings showed that the T-piece and the spacer were 
equally efficient for aerosol delivery from VMN in COPD 
subjects and on single-limb NIV. Also, the addition of 2 puffs  
of bronchodilators before the nebulization of drugs 
improved the drug delivery to the lung (27). Hassan et al.  
using a bi-level ventilator connected to dry single-
limb circuit with the fixed expiratory port were set in 
spontaneous mode with initial inspiratory to expiratory 
pressures equal to 20/5 cmH2O, 15 breath/minute, and 1:3 
inspiratory to the expiratory ratio (28). Aerosol generating 
devices were placed proximal to the facial mask of COPD 
subjects. 1 mL of salbutamol solution was nebulized using 
2 types of nebulizers (VMN and JN). In vivo amount of 
drug excreted in urine (0.5 and 24 h) was determined 
after extraction by solid-phase extraction. The finding of 
the study showed that VMN had higher aerosol delivery 
compared to the traditional JN (28). 

Moustafa et al. studied the effect of humidity on delivered 
dose in dual limb ventilation circuit and found no significant 
difference between delivering aerosol with heated humidity 
and dry conditions (29). This model has been also used to 
compare the performance of a large spacer versus nebulizer 
T-Piece in single-limb noninvasive ventilation (27) different 
vibrating mesh nebulizers in non-invasive ventilation 
circuit (30), pMDI with different spacers in non-invasive 
ventilation circuit (31), aerosol delivery during invasive 
mechanical ventilation (32), aerosol delivery through adult 
high-flow nasal cannula circuit using low-flow oxygen (33) 
and in most of the studies they were linked to in vitro, and 
ex vivo methods for comparison.

Michotte et al. compared continuous and breath-
synchronized nebulization of amikacin with a cross over 
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design in healthy adult volunteers, they found that the use 
of inspiratory synchronized vibrating mesh nebulization 
could enhance pulmonary aerosol delivery compared with 
the traditional continuous vibrating mesh nebulization (34). 
This study was an in vivo pharmacokinetic model depend on 
the collection of the whole urine samples. 

Imaging models

The need for determining regional aerosol deposition 
within the patient lungs which is mainly affected by its 
aerodynamic particle size distribution is the driving force 
for the application of such imaging models. These models 
can provide reliable data on both the total and the regional 
pulmonary drug deposition through the use of various 
imaging techniques such as gamma scintigraphy, single-
photon-emission computed tomography (SPECT), positron 
emission tomography (PET) and aerosol bolus methods 
(35,36). Co-administration of the inhaled drug understudy 
with a radioactive isotope such as Techtanium-99m is the 
main principle of 2D gamma scintigraphy where the added 
isotope is easily detected by the used imaging technique and 
hence the regional deposition of the inhaled drug can be 
visualized and assessed (37,38). Many studies used a two-
dimensional (2D) gamma camera because of its ability to 
visualize the regional aerosol deposition besides accurate 
measurement of pulmonary drug deposition through sub-
division of lungs into several zones based on the size of 
the airways (39,40). However, these images do not directly 
account for the distribution of the inhaled medications 
throughout the lung (41). Consequently, 3D imaging 
techniques such as SPECT and PET are greatly appreciated 
due to their ability to determine the exact mass of aerosol 
deposited within any pulmonary region and not the 
relative deposition compared to other regions (42). Their 
principle as other imaging techniques is based on the use 
of a radioactive atom administered with the studied drug 
but this time the gamma camera moves around the patient’s 
lung to collect images from all lung angles (43-45). These 
images can illustrate the distribution of aerosolized particles 
on the 3D level of the lungs and also can be used as a tool to 
differentiate between both peripheral and central deposition 
of inhaled drugs (43). 

França et al. compared radiolabeled aerosol deposition 
with a jet nebulizer in healthy adults with spontaneous 
breathing and noninvasive ventilation, reporting no 
difference in lung deposition, but higher tidal volumes with 
NIV (46).

Galindo-Filho and colleagues reported a crossover 
clinical trial involving 10 healthy subjects randomly assigned 
to received aerosol during NIV with VMN and JN (47).  
All subjects used naso-oro face masks while receiving positive 
inspiratory and expiratory pressures of 12 and 5 cmH2O,  
In a determination of mass balance, VMN showed a higher 
drug deposition of inhaled radio-aerosol compared with 
traditional JNs and higher percentages of radio-aerosol 
deposited into the lungs. The residual drug volume was 
higher with JNs compared with VMNs (47). In a similar 
study in subjects with moderate to severe COPD, the group 
reported inhaled and lung doses were lower with JN than 
VMN, also residual drug volume was higher in JN than 
VMN (48). The peripheral radio-aerosol deposition was 
significantly higher with VMN compared with JN. It should 
be noted that while the inhaled dose was similar, the lung 
deposition was higher with COPD subjects than healthy 
adults. 

 

Data modeling

Meaningful data obtained from both in vitro and in vivo 
models can be gathered and correlated by data modeling 
technologies for further analysis and optimization. These 
technologies mainly utilize advanced mathematical 
and statistical models enabling them to deal with very 
complex data and multivariate parameters. One of the 
powerful examples of data mining technologies is artificial 
neural networks (ANNs), mostly applied in the field of 
pharmaceutics and pharmaceutical development where their 
use ensures the ease and speed of results interpretation. 
Data modeling depends on inputting data into the modeling 
software which projects and predicts how the experimental 
results would extend to a greater range of parameters and 
optimizes the results as shown in Figure 4. ANNs were 
applied to in vitro data obtained from studies of different 
drug formulations and medical devices and proved their 
success in the modeling of these data and predicting the 
in vivo behavior (12,31,49-51). In noninvasively ventilated 
patients, this modeling technology was very valuable in 
comparing aerosol delivery by different inhalers besides the 
well-known in vitro and in vivo studies (28,31). 

Several modeling studies reflected the beneficial 
application of modeling on merging the data from two or 
three previously performed studies (in vitro, ex vivo, and 
in vivo). A study by Saeed et al. demonstrated the effect of 
nebulizer fill volume on aerosol delivery and deposition in 
the lung (22). 
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The artificial neural networks model showed that 
VMN increased pulmonary-bioavailability and systemic-
absorption compared to the Jet nebulizer. VMN was less 
affected by fill-volume change compared to Jet nebulizer 
which should be diluted to increase delivery as shown 
in Figure 5. The best finding of the modeling was that 
the model suggested a solution with a nebulizer of the 
VMN and a fill volume of 2 mL to achieve the desired 
lung deposition and systemic absorption which was not 
significantly found by conventional statistics of the in vitro 
or the in vivo studies as shown in Figure 6 (22). In Figure 6A 
the contour lines for the in vitro model demonstrated that 
higher amount of the dose collected in the inhalation filter 
were obtained with the VMN between 1–2 mL fill volumes. 
In Figure 6B, the ex vivo collected dose was higher at 2 mL 
fill volume with the VMN. Figure 6C and D shows that the 
in vivo model demonstrated high collected doses in urine 
after 30 min and 24 h from the VMN at 2 mL fill volumes. 
The data of the ex vivo and in vivo models also suggest that 
increasing the fill volume with the VMN higher than 2 mL 
will bring no additional value. Also, the results indicate the 

presence of differences between the JN and VMN with the 
favor of the VMN which was less affected by the fill volume 
changes. In the in vitro, ex vivo, and in vivo studies, they 
used 3 fill volumes of saline combined with a fixed volume 
of salbutamol, hence the optimum value should be one of 
the included 3 volumes, while during the modeling study 
the required optimum amount of salbutamol was entered 
to the software to produce a fill volume differ from that was 
used during the study. The modeling provided better results 
compared to the traditional statistical models. Hence the 
main advantage of data modeling is to get more accurate 
predictions with a small sample size.

Another study by Rabea et al. compared three types of 
VMNs, which were found equivalent by the conventional 
statistical method; however, by modeling the in vitro, ex vivo  
and in vivo data together one of the VMNs was found a 
bit better than the other two with a suggestion that they 
are still interchangeable (30). The same was found when 
modeling the in vitro, ex vivo, and in vivo data of the pMDI 
with different spacers within the noninvasive ventilation 
circuit (31).

Figure 4 Schematic design of the whole modeling procedure.
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So, the modeling was successful in predicting the 
optimum values of certain factors effectively extending the 
connection of data points collected from the original studies 
without performing further experiments (22). 

Conclusions 

The methods used to quantify aerosol delivery during NIV 
are simply in vitro, ex vivo, and in vivo (pharmacokinetic 

and imaging) methodologies. The in vitro model could 
be used for the determination of aerosol deposition and 
aerodynamic characterization, while the in vivo model 
could be used to reflect the aerosol distribution inside the 
lung in addition to quantification of the inhaled amount 
of the drug. Ex vivo studies could provide more realistic 
results for certain conditions. Modeling of data facilitates 
the optimization and prediction of more accurate results 
without further lab studies.

Figure 5 Response surface plots showing effects of nebulizer type and fill volume on (A) amount of drug collected on the inhalation filter, 
(B) ex vivo results; (C) The amount of drug collected in urine after 30 min and (D) the amount of drug collected in urine after 24 h (C & D) 
[reproduced from (22)].
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