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ABSTRACT 

Background.  Patients receiving invasive mechanical ventilation with an endotracheal tube 

(ETT) can often benefit from pharmaceutical aerosols; however, drug delivery through the 

ventilation circuit is known to be very inefficient.  The objective of this study was to improve the 

delivery of aerosol through an invasive mechanical ventilation system by redesigning circuit 

components using a streamlining approach. 

Methods.  Redesigned components were the T-connector interface between the nebulizer and 

ventilator line and the Y-connector leading to the ETT.  The streamlining approach seeks to 

minimize aerosol deposition and loss by eliminating sharp changes in flow direction and tubing 

diameter that lead to flow disruption.  Both in vitro experiments and computational fluid 

dynamic (CFD) simulations were applied to analyze deposition and emitted dose of drug for 

multiple droplet size distributions, flow rates, and ETT sizes used in adults. 

Results.  The experimental results demonstrated that the streamlined components improved 

delivery through the circuit by factors ranging from 1.3-1.5 compared with a commercial system 

for adult ETT sizes of 8 and 9 mm.  The overall delivery efficiency was based on the bimodal 

aspect of the aerosol distributions and could not be predicted by median diameter alone.  CFD 

results indicated a 20-fold decrease in turbulence in the junction region for the streamlined Y 

resulting in a maximum 9-fold decrease in droplet deposition.  The relative effectiveness of the 

streamlined designs was found to increase with increasing particle size and increasing flow rate 

with a maximum improvement in emitted dose of 1.9-fold. 

Conclusions.  Streamlined components can significantly improve the delivery of pharmaceutical 

aerosols during mechanical ventilation based on an analysis of multiple aerosol generation 

devices, ETT sizes, and flow rates. 

Keywords:  pharmaceutical aerosols, respiratory drug delivery, mesh nebulizer, mechanical 

ventilation, T-connector, Y-connector, streamlined designs, endotracheal tube, improved aerosol 

delivery
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INTRODUCTION 

Respiratory drug delivery during mechanical ventilation with an endotracheal tube 

(invasive mechanical ventilation) is known to be inefficient based on in vitro and in vivo 

studies.
1-8

  Dhand
1
 reviews factors that can influence and limit aerosol delivery to the lungs 

during mechanical ventilation including ventilator settings, circuit design, and aerosol device 

selection.  In general, delivery efficiency for most common administration techniques during 

mechanical ventilation range from 6-10% in vivo; however, even at these low delivery 

efficiencies, some aerosolized medications are shown to be clinically effective at improving lung 

function.
2
  Dhand

3
 reviews newer delivery devices including ultrasonic and vibrating mesh 

nebulizers for use during mechanical ventilation, with actuation timed to coincide with inhalation.  

For all delivery devices, differences between in vitro predictions and measured in vivo lung 

deposition during mechanical ventilation are observed, with the inclusion of humidity reducing 

lung delivery efficiency by approximately 40%.
3
  Ari et al.

4
 provides an updated description of 

best practices for aerosol delivery during mechanical ventilation including advances in the timing 

of activation and device selection, as well as a review of drug efficacy. 

Considering specific devices, lung delivery efficiency values for pressurized metered dose 

inhalers and nebulizers are typically less than 10% during all forms of mechanical ventilation.
2-4, 

9, 10
  Vibrating mesh nebulizers have significantly increased aerosol delivery efficiencies to 

values in the range of 10-25% based on in vitro studies of invasive ventilation.
11, 12

  Inhalation 

triggering of a vibrating mesh nebulizer coupled with aerosol delivery during a portion of the 

inspiration flow further increased delivery efficiency to values as high as 60%.
3
  However, one 

disadvantage of breath activated mesh nebulizers is the relative cost and complexity of the 

system compared with other aerosol delivery technologies. 
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Previous studies have observed high aerosol losses during mechanical ventilation in the 

aerosol source adapter, connectors, and endotracheal tube (ETT).
3, 9

  Based on these high 

depositional losses, it can be concluded that current commercial ventilator circuits are not 

designed for the efficient delivery of aerosols.  A practical and cost effective method to improve 

aerosol delivery efficiency during mechanical ventilation is to redesign the ventilator circuit 

components responsible for high aerosol deposition in ways that do not have an adverse effect on 

gas delivery.  In a US Patent, Ivri et al.
13

 suggest that low angles at ventilator circuit transition 

points (< 15
o
) can be used to improve aerosol delivery during mechanical ventilation.  

Alternatively, the previous study of Longest et al.
14

 proposes a streamlining approach to 

ventilator circuit components that eliminates sudden expansions and contractions in the flow path 

and applies a radius of curvature to changes in flow direction.  This approach allows for large 

angle changes in the flow pathway that are often necessary for connections between the 

ventilator and patient.  The streamlined component approach results in significantly more 

uniform flow with less flow separation, detachment, recirculation, vorticity, turbulence, and 

decreased aerosol deposition by dispersion and inertial impaction.  The study of Longest et al.
14

 

demonstrated that the streamlining approach could reduce deposition within individual 

components of a high flow oxygen therapy system by factors as large as 4x.  Overall, delivery 

efficiency through the high flow oxygen system was improved by 40% for conventional-sized 

aerosols based on in vitro experiments by simply using the streamlined components.  However, 

previous studies have not considered redesigning ventilator circuit components using a 

streamlining approach to improve the delivery of aerosols during invasive mechanical ventilation.  

It is questioned if upstream improvements in aerosol delivery can be maintained through an ETT, 

which is known to be a region of high particle loss that is not likely to be modified.  Furthermore, 
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different endotracheal tube sizes will result in different delivery efficiencies to the lung for both 

commercial and streamlined ventilator components. 

The objective of this study is to evaluate the effects of streamlined circuit components on 

the delivery of aerosols during invasive mechanical ventilation conditions in adults.  

Components considered are the T-connector interface between the nebulizer and ventilator line 

and the Y-connector leading to the ETT.  Multiple ETT sizes employed in adult ventilation 

setups are evaluated along with different representative steady state airflow rates.  In vitro 

experiments are used to evaluate the performance of two mesh nebulizers across a range of ETT 

sizes for commercial and streamlined components.  Computational fluid dynamic (CFD) 

simulations are used to explore differences in flow fields created by the streamlined components 

compared to the commercial counterparts. In vitro experiments with realistic polydisperse 

aerosols are used to validate CFD predictions in terms of drug mass deposition.  The CFD model 

is then used to further explore the effectiveness of the streamlined components for different flow 

rates with a series of hypothetical monodisperse aerosols and a monomodal polydisperse aerosol.  

Results are presented in terms of deposition fractions within individual system components, 

emitted dose, and improvements in deposition fraction and emitted dose associated with the 

streamlined designs.  While steady state airflow conditions are employed in the current study, it 

is expected that the improvement factors associated with the streamlined components can be 

applied to predict the relative performance achieved when these designs are applied to other 

more realistic conditions, such as with cyclic flow and in vivo aerosol delivery. 

 

METHODS 

Ventilation System Components 
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Aerosols were generated using two commercial vibrating mesh nebulizers.  This form of 

aerosol production was selected based on previously observed improved performance in 

mechanical ventilation systems as well as rapid nebulization, low residual volume, and minimum 

temperature change in the nebulizer solution.
11, 12

  The two mesh nebulizers considered were the 

Aeroneb Lab (Aerogen Limited, Galway, Ireland) and the Eflow Rapid (Pari Respiratory 

Equipment, Midlothian, VA).  The Aeroneb Lab device is known to produce a smaller aerosol 

than the other available Aeroneb mesh devices and was selected to maximize delivery 

performance in both the commercial and streamlined delivery systems.  The Eflow Rapid is not 

currently intended for aerosol delivery during mechanical ventilation, but was selected to provide 

a mesh generated aerosol from a second commercial source.  Based on reported variability in 

aerosol sizes produced by nebulizer devices of the same type and model,
4
 the polydisperse size 

distribution of both aerosol generation devices was determined in this study using cascade 

impaction. 

An overview of the ventilation circuit considered in this study is provided in Figure 1.  In 

the experiments, temperature controlled and humidified air was supplied to the circuit.  The 

Aeroneb nebulizer was connected to the 22 mm ventilator line using the commercially available 

adult (Aerogen Limited) or the newly designed streamlined T-connector.  Based on manufacturer 

recommendations for the Aeroneb mesh nebulizers, the T-connector was positioned immediately 

next to the Y-connector (Figure 1).  The Eflow device did not have a commercial device for 

connecting to ventilator tubing.  Therefore, the 2 cm circular outlet of the device was attached 

directly to the Y-connector as a second source of aerosol generation.  The Y-connector was 

either a commercial version (Teleflex Medical Adult Y-Connector, Hudson RCI, Research 

Triangle Park, NC) or a new streamlined design and lead to ETTs with internal diameters of 7, 8, 
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or 9 mm, which provides a range of tube sizes commonly implemented in adults.  To represent 

passage of the ETT through the oropharyngeal region, the tubes were curved through a 90
o
 bend 

with radii of curvatures equal to 5, 8, and 10 cm for the 7, 8, and 9 mm tubes, respectively.  

These radii of curvature values are based on small, medium, and larger oropharyngeal 

geometries previously reported by Delvadia et al.
15

  It is not clear if previous in vitro studies 

reporting ETT deposition implemented a full 90
o
 bend of the tube and what radius of curvature 

values were implemented.  The ETTs implemented in this study were manufactured by Hudson 

RCI/Teleflex Medical (Research Triangle Park, NC), and did not include an inflatable cuff. 

The commercial and streamlined T- and Y-connectors are illustrated in Figure 2.  The 

streamlined components were constructed to minimize flow disruption by avoiding sudden 

expansions and contractions in the flow stream and eliminating sharp changes in flow direction.  

With the streamlined designs, sigmoid curves are used for changes in flow pathway diameter and 

radii of curvatures are applied to smooth changes in flow direction.  The final streamlined 

designs shown in Figure 2 are the result of an iterative process that implements CFD to minimize 

aerosol deposition and drug loss.  Components are denoted as commercial (CM) or streamlined 

(SL), followed by the geometry type (T- or Y-connector), and the outlet size.  For example, CM-

Y-8mm represents the commercial Y-connector geometry with an outlet for connecting to an 8 

mm internal diameter ETT.  

For the T-connector, an expanded region of aerosol mixing was implemented to 

accommodate momentum from the aerosol stream and thereby reduce impaction on the lower 

wall below the nebulizer.  Streamlined connections were used to interface the 22 mm ventilator 

tubing with the expanded mixing region.  The overall design of the streamlined T-connector is 

similar to the previously proposed 10 mm tubing design proposed by Longest et al.
14

 for a high 
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flow oxygen system.  The outlet of the T-connector is positioned in the upper portion of the 

mixing region, which was found to minimize recirculation and deposition. 

The streamlined Y-connector removes a number of sudden expansions and contractions 

that the aerosol must navigate in the commercial system.  A radius of curvature is added to the 

90
o
 bend region of the Y-connector to minimize flow disruption and aerosol impaction.  Identical 

ETTs are implemented for comparison of the commercial and streamlined designs.  It is noted 

that the streamlined Y-connector does not increase the volume of the ventilator circuit.  The 

streamlined T-connector does increase the volume of the inspiratory line.  However, this is not a 

concern because only air from the ventilator (and not expired gas) is expected to be in the 

inspiratory tubing. 

 

In Vitro Methods:  Aerosol Size Measurement  

In vitro experiments were used to determine the initial size distribution of the aerosol 

produced by the two nebulizers (i.e. Aeroneb Lab and Eflow Rapid).  In all experiments, the drug 

formulation was aqueous-based with 0.2%
w
/v albuterol sulfate (AS) in deionized water.  The 

Aeroneb Lab and Eflow nebulizers were operated for 30 s in each experiment resulting in 

average nominal drug doses of approximately 379 µg (with the average value range of 357-408 

µg) and 986 µg (average value range of 922-1078 µg), respectively. 

To determine the aerodynamic droplet size distribution for both the Aeroneb Lab and 

Eflow nebulizers, the devices were activated directly into an Andersen Cascade Impactor (ACI; 

Graseby-Andersen Inc., Smyrna, GA).  The nebulizers and ACI were placed in an environmental 

cabinet (Espec, Hudsonville, MI) and maintained at 25 
o
C and 93% RH.  A gap distance of 

approximately 10 mm separated the Aeroneb outlet and the ACI inlet, allowing for the 
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entrainment of humidified air at a rate of 28.3±2 LPM, while the Eflow was connected directly to 

the ACI to allow for entrainment of humidified air through the nebulizer.  Constant temperature 

and near-saturated relative humidity conditions prevented size change of the aerosol arising from 

unwanted evaporation and condensation during measurement. 

Drug deposition on the ACI collection plates for the initial size experiments was 

determined following washings using appropriate volumes of deionized water (10-20 ml). The 

solutions were then assayed using a validated HPLC-UV method for AS. The mass of AS on 

each impaction plate was determined and used to calculate the aerodynamic particle size 

distribution of the drug.  The mass median aerodynamic diameter (MMAD) was defined as the 

particle size at the 50th percentile on a cumulative percent mass undersize distribution (D50) 

using linear interpolation. The mass of formulation nebulized was determined by weighing the 

nebulizer before and after each experiment.  The solution AS concentration and the mass of 

formulation nebulized were used to determine the nominal dose of AS delivered. 

 

In Vitro Methods: Deposition and Emitted Dose 

In vitro experiments were conducted to determine aerosol drug deposition within individual 

components of the delivery system as well as emitted dose exiting the ETT at a steady state flow 

rate of 30 LPM.  In the experimental system, a Vapotherm 2000i (Vapotherm Inc., Stevensville, 

MD) humidification unit was implemented to supply steady state airflow with a relative humidity 

>90% and temperature of 25 
o
C.  The in vitro model was tested under ambient room conditions 

(23-25
o
C).  The use of 25 

o
C air produced a thermally neutral system and prevented condensation 

of the high humidity airflow.  In the experiments, the expiratory side of the Y-connector was 
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closed to allow for only inspiratory airflow.  The dose emitted from the ETT was captured on a 

high efficiency filter (Pulmoguard II, Quest Medical, Brockton, MA). 

The streamlined components developed through CFD simulations were constructed using a 

rapid prototyping process.  Specifically, a Viper SLA system (3D Systems, Valencia, CA) was 

used to construct the streamlined T-connector and Y-connector designs using Accura 60 clear 

plastic resin.  The resolution of the prototyper was 0.1 mm and the final surface finish of the 

streamlined components was smooth. 

Drug deposition in the nebulizers, individual system components, and on the outlet filter 

was determined with a validated HPLC-UV assay method.  As with the particle sizing 

experiments, the mass of nebulized formulation was determined by weighing the nebulizers.  

Drug deposition in the Aeroneb Lab device was below 5%, whereas deposition in the Eflow 

device was variable and below approximately 30% of the nominal dose.  Due to these significant 

differences in nebulizer deposition and in order to present a clear picture of deposition in the 

system components (excluding the nebulizer), drug deposition and emitted dose were calculated 

as percentages of the mass of drug leaving the nebulizers.  At least four replications of each 

experiment were performed. One-way ANOVA, followed by a post hoc two-tailed student t-test 

was performed using JMP
®

 Pro 10.0.2, (Cary, NC), with a p-value of <0.05 as the indicator of 

significance. 

 

CFD Simulations: Flow Field Dynamics 

CFD simulations were conducted to guide the initial development of the streamlined 

designs, demonstrate the improved flow characteristics of the streamlined models, and predict 

aerosol deposition.  Based on low overall deposition in the T-connectors, described in the Results, 
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CFD simulations are only reported for the Y-connector geometries with 8 mm ETTs at the 

outlets (Figure 2c and d) in this study.  Isothermal, incompressible, and constant-property flow 

was assumed in all cases.  For inlet flow rates of 30 and 45 LPM and an 8 mm ETT, the 

maximum Reynolds numbers in the tubes are 5170 and 7760, respectively, which indicate 

turbulent flow and the potential for turbulent aerosol dispersion.  Turbulence in the components 

will be amplified in the presence of changes in flow direction and constrictions. 

The flow fields in the Y-connector geometries were solved using Fluent 12 (Ansys Inc., 

Canonsburg, PA) with a steady solution and the low Reynolds number (LRN) k-ω two-equation 

turbulence model.  This turbulence model was selected based on a combination of its accuracy 

and high efficiency, compared with more complex methods, such as large eddy simulation.  

Considering aerosol transport, the LRN k-ω model was previously shown to accurately predict 

particle transport and deposition for both monodisperse and polydisperse aerosol distributions in 

airway models and delivery devices on a regional and highly localized basis.
16-19

 

Computational grids of the airflow passages were constructed based on previously 

established best practices.
20, 21

  The resulting meshes representing the Y-connectors with ETTs 

for the commercial and streamlined designs (Figures 2c and d) contained approximately 505,000 

and 425,000 cells, respectively.  Grid convergence of these meshes was established by 

comparing with meshes containing at least 30% fewer cells in each case.  These comparisons 

indicated that there were minimal differences (< 5% relative error) in the maximum velocity and 

particle deposition values between the grid initially established in this study and the one with 

30% fewer cells.  As a result, the finer meshes (more cells) were considered sufficient and used 

in all subsequent simulations. 
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CFD Simulations: Particle Dynamics 

Droplet trajectories and deposition were determined in the commercial and streamlined Y-

connectors using a previously developed Lagrangian tracking algorithm.
22, 23

  Factors affecting 

particle motion included in the transport equations were drag, gravity, and turbulent dispersion.  

Previously developed near-wall corrections for interpolating velocity and directionally-

dependent turbulence were included.
22, 24

  Due to the use of humidified airflow in the 

experiments, droplet evaporation was not included in the model resulting in the simulation of 

particle trajectories with unchanging diameters.  However, the overall MMAD of the 

polydisperse aerosol changes as the polydisperse particles move through the system and are 

selectively filtered by deposition. 

CFD simulations considered the polydisperse aerosol distribution determined for the 

Aeroneb Lab device at flow rates of 30 and 45 LPM.  To resolve this polydisperse aerosol 

distribution, 27,000 representative particles were simulated.  It was determined that increasing 

the number of representative particles had a negligible effect on the predicted particle deposition 

fractions. 

To determine an optimal particle size for maximum emitted dose through the streamlined 

system, CFD simulations were conducted with monodisperse aerosols ranging from 1-4 µm.  In 

addition, aerosols produced by most mesh nebulizers in a humidified system are known to be 

bimodal with a significant fraction of particles > 5 µm, which may limit the performance of the 

streamlined components.  CFD simulations were used to determine the effects of a hypothetical 

monomodal log-normal particle size distribution with an MMAD of 3 µm and a geometric 

standard deviation (GSD) of 1.5 in both the commercial and streamlined Y-connector geometries.  
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CFD predictions of deposition fraction are based on initial drug mass of the polydisperse or 

monodisperse aerosol entering the geometry, unless otherwise noted. 

 

RESULTS 

Flow Field Characteristics 

Velocity fields in the commercial and streamlined Y-connectors with an 8 mm ETT are 

compared in Figure 3a vs. 3b.  In the junction region, where a majority of deposition is expected 

to occur, velocities are significantly higher for the CM-Y-8mm model, due to the sharp change in 

flow direction, compared with the streamlined design.  In contrast, the junction region of the SL-

Y-8mm geometry is observed to provide a larger effective area for flow direction change, which 

eliminates detachment of the flow profile and reduces velocity values.  The reduction in velocity 

associated with the SL-Y-8mm geometry is expected to reduce deposition by inertial impaction.  

The velocity profiles in the ETTs appear similar, as expected. 

Figures 3c and 3d present the turbulent viscosity ratio, which is calculated as 

     Tν ν

ν

+
       (1) 

where υ and υT are the molecular and turbulent kinematic viscosities.  In turbulence modeling, 

the effects of turbulence are approximated as an additional viscosity, which acts on the flow field 

like a molecular viscosity in laminar flow.  The turbulent viscosity ratio physically approximates 

the level that turbulence influences drag and mixing in the flow.  Turbulence increases aerosol 

deposition based on particle dispersion in the multiscale eddies.  Figure 3c illustrates that 

turbulent flow dominates the junction region of the CM-Y-8mm design and continues into the 

ETT.  In contrast, the viscosity ratio indicates that very little turbulence occurs in the junction 

region of the streamlined design, with values over 20-fold lower than in the CM-Y-8mm model.  
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In the streamlined geometry, turbulent flow is initiated just upstream of the ETT bend and 

continues through the ETT at a level similar to the commercial case. 

 

Initial Particle Size Distribution 

Polydisperse size distributions for the Aeroneb Lab and Eflow Rapid nebulizers are 

displayed in Figure 4, based on measurements with the ACI.  Both nebulizers are observed to 

produce a bimodal droplet distribution in the presence of humidified air.  The larger droplets in 

these distributions are expected to deposit in both the commercial and streamlined Y-connector 

geometries.  The MMAD (and GSD) values for the Lab and Eflow nebulizers were 4.84 µm (5.7) 

and 5.30 µm (1.6), respectively.  A monomodal particle size distribution with an MMAD of 3.0 

µm and a GSD of 1.5 was also considered with the CFD model (Figure 4).  Evaluation of this 

monomodal distribution allows for evaluation of the streamlined geometry with a target 

polydisperse aerosol. 

 

In Vitro Deposition of Drug Mass 

Deposition fraction (DF) of drug in the individual system components is presented in Table 

1 based on in vitro experiments for the commercial system.  These values are presented as a 

percentage of dose emitted from the nebulizer at an airflow rate of 30 LPM.  Deposition fractions 

in the Aeroneb Lab and Eflow nebulizers were approximately 3-5% and 18-28% of nominal dose, 

respectively (not shown in Table 1).  Based on these large differences in nebulizer deposition 

fraction, values reported in the Table were based on the dose delivered from the nebulizer. 

Deposition in the Aeroneb T-connector is relatively low (<10%) for the applied steady state 

conditions (Table 1).  The Eflow device was connected directly in-line with the Y-connector 
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inlet and a T-connector was not present.  High deposition in the CM Y-connector (33-39%) and 

ETT (9-36%) resulted in overall device deposition of 58-72%.  The filter deposition fraction 

(DFfilter) represents emitted dose (ED) at the ETT outlet. The emitted dose was observed to 

increase with increasing ETT diameter for the CM devices. 

Deposition fraction results for the streamlined components at 30 LPM based on in vitro 

experiments are presented in Table 2.  These experimental results are again based on the emitted 

dose from the nebulizer.  The streamlined T-connector is observed to significantly reduce 

deposition by a factor of 2-3x (t-test; p=0.019, p<0.001, and p<0.001 for 7, 8, and 9 mm ETTs, 

respectively).  However, deposition in the T-connector is low for both the commercial and 

streamlined models.  The largest improvement with the streamlined designs occurs for the Y-

connector, where deposition is reduced by a factor of approximately 4-9x (t-test; p<0.001 for all 

SL Y-connectors vs. their respective CM Y-connectors for Aeroneb and Eflow nebulizers).  As a 

result of reducing deposition in the streamlined Y-connector geometries, a larger aerosol enters 

the ETT, which increases deposition in this region.  The smallest ETT is observed to have the 

largest increase in depositional losses.   

Emitted dose (ED), which is equal to the filter deposition fraction (DFfilter), is compared 

between the two systems as an EDratio, calculated as  

    
filter

ratio

filter

Streamlined DF
ED

Commercial DF
=      (2) 

The improvements in ED associated with streamlining range from 1.1 to 1.5 with higher EDratio 

values associated with larger ETTs (Table 2). 

 

Validation of CFD Predictions 
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Comparisons of in vitro results and CFD predictions for the CM-Y-8mm and SL-Y-8mm 

geometries are illustrated in Figure 5 for a flow rate of 30 LPM and the Aeroneb Lab aerosol.  As 

the T-connector was not considered in the CFD simulations, predictions were corrected by the T-

connector DFs reported in Tables 1 and 2.  Overall, very good agreement is observed between 

the predictions and experiments for DF on an individual component and total drug loss basis.  

Small over predictions in the Y-connector and under predictions in the ETT may be the result of 

some of the deposited liquid droplets flowing from the Y-connector to the ETT region in the 

experiments.  General agreement between the CFD predictions and experiments instills 

confidence that the model can accurately predict deposition for both monodisperse and 

polydisperse aerosols. 

 

CFD Predictions for Monodisperse Aerosols 

Deposition fractions for monodisperse aerosols (1-4 µm) at flow rates of 30 and 45 LPM 

are presented in Table 3 for the CM-Y-8mm geometry as well as ED at the outlet based on CFD 

predictions.  Increasing the flow rate from 30 to 45 LPM is observed to largely increase the DFs 

in both the Y-connector and ETT.  Similar results are presented in Table 4 for the SL-Y-8mm 

geometry with EDratios.  It is observed that as particle size increases, the EDratio increases with a 

maximum value of 1.9 for 4 µm particles and a flow rate of 45 LPM.  The EDratio is also 

observed to increase with increasing flow rate.  As a result, the streamlined components become 

more effective at transmitting the aerosol as flow rate is increased compared to the commercial 

designs on a relative basis.  However, the ED value decreases as flow rate is increased due to 

increasing inertial impaction and turbulence. 
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Figure 6 illustrates local deposition patterns for a 4 µm particle and flow rate of 30 LPM 

based on CFD predictions.  As expected, particles are observed to collect in regions of sudden 

expansion, contraction, and sharp changes in direction for the commercial geometry.  The 

commercial and streamlined geometries demonstrate similar deposition in the ETT for this 

monodisperse aerosol. 

 

CFD Predictions for a Monomodal Aerosol 

For the monomodal aerosol with an MMAD of 3 µm and a GSD of 1.5, regional deposition 

and ED are presented in Figure 7 at a flow rate of 30 LPM.  As before, deposition in the Y-

connector geometry is significantly reduced with the streamlined model.  However, deposition in 

the ETT is relatively similar between the two cases.  The resulting EDratio based on CFD 

predictions is 1.2, which is consistent with values observed for the two bimodal commercial 

aerosols.  Based on the CFD calculations, the MMADs (and GSDs) exiting the ETT for the 

commercial and streamlined systems were 2.7 µm (GSD = 2.2) and 2.8 µm (GSD = 2.3), 

respectively, at a flow rate of 30 LPM.  As a result, the streamlined design is observed to only 

increase the MMAD (and GSD) of the aerosol entering the lungs by a marginal amount. 

 

DISCUSSION 

The primary outcome of the in vitro component of this study was that the streamlined 

approach can significantly improve aerosol drug delivery in the case of adult invasive 

mechanical ventilation.  Increases in delivery associated with the new designs depend on both 

ETT size and the aerosol device selected.  The experimental results indicated a delivery 

enhancement through the system (EDratio) of 1.3-1.5 fold for standard ETT adult sizes of 8 and 9 
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mm.  For the smaller 7 mm ETT, delivery enhancement was dependent on nebulizer device 

selection.  Specifically, an insignificant (t-test, p=0.07) enhancement was observed with the 

Aeroneb Lab aerosol and streamlined components with the 7 mm ETT (EDratio = 1.1).  However, 

a significantly larger change (t-test, p=0.001) was observed for streamlining and the Eflow 

device with the 7 mm tube (EDratio = 1.3).  Overall delivery of the aerosol was largely dependent 

on the size and polydispersity of the droplet distribution and could not be predicted based on 

MMAD alone.  For example, the Eflow device produced an aerosol with a larger MMAD and 

smaller GSD than the Aeroneb Lab; however, there was no significant difference in the ED (or 

filter deposition) for the Aeroneb Lab device compared to Eflow for similar ETT size (t-test).  

Based on the experiments and steady state flow conditions, the highest emitted dose was 

observed for the Eflow nebulizer, streamlined components, and a 9 mm ETT (DFfilter = 62.7%), 

which also displayed the greatest improvement compared with the commercial design (EDratio = 

1.5). 

Primary outcomes from the CFD simulations included good agreement with in vitro 

deposition and emitted dose results, as well as evaluating the effects of flow rate, aerosol size, 

and aerosol size distribution on the performance of the streamlined components.  As described in 

the Results, good agreement was observed between the CFD predictions and in vitro data.  Some 

differences in model and experimental results may be expected from the motion of deposited 

liquid droplets along the surface of the geometry, especially in the high shear environment of the 

commercial Y-connector.  In the previous study of Longest et al.,
14

 a monodisperse droplet 

approximation was implemented to predict the performance of streamlined components in a non-

invasive ventilation setup.  Improvements in CFD model performance compared with the in vitro 

results observed in the previous study of Longest et al.
14

 indicate that accounting for the 
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polydisperse aerosol size distribution, especially for a bimodal distribution, is important.  As 

expected, device deposition significantly increased with both particle size and flow rate.  The 

very low device depositions and high emitted doses observed for 1 and 2 µm monodisperse 

aerosols (Tables 3 and 4) are not practical because of the limitations of current nebulizer 

technology, and these particle sizes will be largely exhaled and not deposited in the lungs of 

adults during mechanical ventilation.  Interestingly, the CFD results indicate that the relative 

delivery enhancement associated with the streamlined components was also increased with 

increasing particle size and flow rate.  The greatest relative delivery enhancement observed with 

the streamlined components was for the maximum monodisperse particle size (4 µm) and flow 

rate (45 LPM) considered, with a value of EDratio = 1.9.  This observation implies that the 

streamlined components will continue to be effective compared with commercial devices for a 

range of particle sizes, which typically extends beyond 4 µm for commercial products, and for 

values of inspiratory flow that are higher than the average values considered in this study. 

Considering CFD predictions with the monomodal aerosol distribution, deposition in both 

the Y-connector and ETT for the commercial and streamlined designs were reduced (Figure 7) 

compared with the bimodal distributions generated using the commercial nebulizers (Tables 1 

and 2).  As a result, there may be some advantage to improving the nebulizer device aerosol 

output so that it can provide a monomodal distribution and an MMAD of approximately 3.0 µm 

for aerosol delivery during invasive mechanical ventilation.  In this scenario, delivery even with 

commercial components was within the range of values observed for streamlined components 

(EDratio = 1.24).  Due to the high steady state ED of the commercial case with the monomodal 

aerosol, the predicted EDratio is on the lower end of the spectrum of values for the 8 mm ETT, 

which ranged from 1.3-1.5 in the experiments. 
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From a clinical perspective, the commercial devices selected are very similar to those used 

in practice and the new streamlined components provide several practical advantages.  While not 

currently in clinical use for ventilation circuits, the two mesh nebulizers selected produce 

aerosols with sizes (MMAD = 4.84 - 5.30 µm) very similar to typically used vibrating mesh 

devices
3, 4, 25

 like the AeroNeb Pro (Aerogen Limited, Galway, Ireland), with a MMAD of 4.7 

µm.
26

  The Aeroneb Lab device was expected to produce aerosol sizes smaller than the 

commercial Pro version to maximize lung delivery,
26

 but a difference in aerosol size was not 

observed in this study.  Similarly, the output rate of drug mass was similar to clinical devices 

with approximately 380 µm of drug emitted from the Aeroneb Lab nebulizer in 30 s.  Typical 

doses of albuterol sulfate for ventilated patients are 400 µg from MDIs
2
 and on the order of 1 mg 

from nebulizers
4
 with nebulizer delivery periods of up to 15 minutes.  Based on the use of these 

clinically relevant devices, the streamlined components provide a potential reduction in both 

aerosol delivery time and medication cost.  The model drug selected in this study (albuterol 

sulfate) provides an easily quantifiable marker that is frequently administered as a bronchodilator 

during mechanical ventilation, but it is both inexpensive and administered in relatively low doses.  

In comparison, the advantages of the streamlined designs are better realized when considering 

medications with long delivery times and high costs.  For example, inhaled antibiotics, such as 

tobramycin, have doses on the order of 10-500 mg.
27, 28

  With these pharmaceuticals, reducing 

the delivery time by a factor of 1.3-1.5 can be advantageous.  Similarly, specialized medications 

such as inhaled iloprost for pulmonary artery hypertension
29

 typically have very high costs and 

require multiple administrations per day (6-9 times) where a cost savings of approximately 30-

50% would be substantial.  While these savings are not as large as can be achieved with more 

advanced techniques for efficient respiratory drug delivery, like controlled condensational 
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growth,
30-32

 it should be realized that they are easily achieved by simply replacing the ventilator 

circuit connectors with new redesigned streamlined components. 

It is not surprising that deposition increased in the ETT with the use of streamlined 

components.  However, this increase was less than the effective improvements gained in the T-

connector and Y-connector resulting in a consistent improvement in emitted dose with the 

streamlined system.  In the current study, the ETT size was considered to be a fixed parameter 

that was selected based on the anatomy of individual patients.  Emitted dose results across a 

range of ETT sizes provides valuable information regarding the effect of tube size selection on 

lung aerosol dose for both conventional and the new streamlined delivery systems with mesh 

nebulizers.  In comparison with the new streamlined approach, intracorporeal nebulization 

catheters provide an alternative approach for aerosol delivery during intubation that avoids 

aerosol loss in the ventilation circuit.
33, 34

  However, it should be realized that these devices may 

produce relatively large aerosols and have high deposition in the region of spray formation.  For 

example, Selting et al.
34

 report a spray with an MMAD of >10 µm and approximately 50% 

tracheal deposition in a rat lung model.  While these devices can provide near full lung delivery 

of the aerosol, they may not be ideal for treating the entire lungs or for targeting lower airway 

delivery. 

An important issue in ventilation gas delivery is the re-breathing of expired gas.  In a two 

limb ventilator circuit, there is an overlap region starting in the Y-connector and continuing 

through the ETT that receives both inspired and expired gas.  The portion of expired CO2-rich air 

that is in the overlap region at the end of exhalation is subsequently re-breathed during the next 

inspiratory phase.  Increasing the volume of this overlap region will increase the volume of re-

breathed CO2-rich air potentially decreasing the ventilation efficiency.  Therefore, it is important 
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that a new Y-connector design does not increase the overlap region.  Comparing estimates of 

overlap regions within the Y-connector geometries, values for the commercial and streamlined 

devices were observed to be similar and around 16 cm
3
, not including the ETT.  As a result, the 

proposed streamlined design is not expected to increase the amount of CO2-rich air that is re-

breathed.  In contrast, some current nebulizers recommend positioning the device between the Y-

connector and ETT to reduce deposition in the Y and improve delivery efficiency.  These devices 

include a T-connector that will increase the volume of the overlap region.  It is not clear if 

prolonged use of this T-connector placement will reduce ventilator efficiency due to increased 

re-breathing of expired gas.  A more comprehensive analysis of this topic is needed including a 

CFD estimate of flow in the overlap region for both the commercial and streamlined Y-connector 

designs. 

A primary limitation of this study is the use of approximate steady state flow compared 

with more realistic cyclic flow. It is expected that cyclic flow will significantly reduce the total 

delivery efficiency observed for both the commercial and streamlined systems.  Sources of 

enhanced deposition during cyclic flow include impaction of the aerosol from the nebulizer onto 

the T-connector walls in the period of exhalation flow, increased inertia and turbulence 

associated with flow acceleration and deceleration, and increased time for gravitational settling.  

The portion of the aerosol left in the overlap region at the end of inspiration is also lost during 

exhalation.  Furthermore, delivery efficiency is typically overestimated in all in vitro 

experiments because the exhaled aerosol fraction is neglected.  The estimates in this study are 

intended to represent the relative improvement that can be achieved with streamlined designs for 

different characteristic aerosol distributions, droplet sizes, and flow rates.  The steady state 

estimate ED values are clearly higher than with cyclic flow.  However, it is expected that the 
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relative improvement provided by the streamlined components and reported by the EDratio are a 

reasonable estimate for cyclic flow conditions.  With cyclic flow, deposition in the T-connector 

is expected to increase due to deposition during the period of exhalation.  With the use of the 

streamlined geometry and cyclic flow, deposition in this region may be decreased based on an 

expanded volume that is better able to accommodate the incoming aerosol and streamlined 

design to allow for entrainment when the inspiratory phase begins. 

Additional limitations of this study include operation at room temperature conditions, one 

configuration of the Y-connector and ETT tubing, and the use of non-clinically-approved 

nebulizers.  Humid airflow was implemented in the current study, which is known to reduce 

delivery efficiency in ventilation circuits by approximately 40%.
3
  However, the Y-connector 

and ETT were at room temperature.  To maintain thermodynamic equilibrium, 25 
o
C humid air 

was used.  In practice, the ventilator tubing is typically maintained at 37 
o
C, either through 

airflow or a heated wire, and the ETT is at body temperature.  Additional configurations of the 

Y-connector may have the inspiratory and expiratory lines turned at 90
o
 or even 180

o
 to the ETT.  

Additional simulations with the inspiratory line and ETT both flowing in the same direction 

(180
o
 turn of the ETT tube compared with Figure 1) for the streamlined components resulted in 

no change in performance.  Finally, the mesh nebulizers were selected to produce two different 

polydisperse size distributions along with a hypothetical monomodal distribution.  While these 

size distributions are not available in an approved product for use with mechanical ventilation in 

humans, they are consistent with typical mesh nebulizers and intended to provide a range of 

expected performance for in vitro testing and CFD simulations. 

In conclusion, a streamlining approach applied to components of invasive mechanical 

ventilation in adults was observed to reduce device deposition and improve ED.  The 
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effectiveness of the streamlined components depended on both the aerosol device and size of the 

ETT selected.  For a range of potential polydisperse size distributions and ETTs, a 1.1-1.5 fold 

increase in ED was observed.  The effect of ETT size on aerosol ED was considered for 

commercial as well as streamlined designs in a mechanical ventilation system.  CFD results 

highlighted reduced flow disruption and turbulence in the junction region of the streamlined Y, 

which are expected to be responsible for reduced droplet depositional loss in the system.  The 

relative effectiveness of the streamlined designs compared with the commercial devices 

improved for both increasing particle size and increasing flow rate.  Future studies are needed to 

better evaluate the effect of the streamlined components in gas delivery, evaluate the effect of 

cyclic flow, evaluate an expanded aerosol generation device base, and apply the streamlining 

concept to in vivo ventilation circuits. 
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ABBREVIATIONS 

ACI Andersen cascade impactor 

AS albuterol sulfate 

CFD Computational fluid dynamics 

CM commercial 

DF deposition fraction 

ED emitted dose 

EDratio emitted dose ratio 

ETT endotracheal tube 

GSD geometric standard deviation 

HPLC high-performance liquid chromatography 

LPM liters per minute 

LRN low Reynolds number 

MMAD mass median aerodynamic diameter 

RH relative humidity 

SD standard deviation 

SL streamlined 

UV ultraviolet 
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Figure 1. Experimental setup illustrating the commercial T-connector coupled with a 

commercial Y-connector and 8 mm endotracheal tube (ETT).  Curvature of the ETT 

simulates passing through the mouth and throat during invasive mechanical 

ventilation.   

Figure 2. Commercial and streamlined components for invasive gas and aerosol delivery 

including the (a) commercial and (b) streamlined T-connectors for 22 mm ventilation 

tubing as well as (c) commercial and (d) streamlined Y-connectors coupled to an ETT 

with an internal diameter of 8 mm. 

Figure 3. Contours of flow field properties during steady inspiratory flow at 30 LPM including 

velocity for the (a) commercial and (b) streamlined Y-connectors as well as turbulent 

viscosity ratio for the (c) commercial and (d) streamlined Y-connectors coupled with 

8 mm endotracheal tubes. 

Figure 4. Polydisperse particle size distributions generated by the Aeroneb Lab and Pari Eflow 

nebulizers, as well as a hypothetical monomodal log-normal particle distribution. 

Figure 5. Comparison of experimental and CFD predicted deposition fractions in the invasive 

delivery system based on dose emitted from the nebulizer at a flow rate of 30 LPM 

for the Aeroneb Lab aerosol.  Error bars indicate +/- one SD of the experimental data. 

Figure 6. Predictions of local deposition based on CFD simulations for a flow rate of 30 LPM 

and 4 µm monodisperse particles for the (a) CM-Y-8mm and (b) SL-Y-8mm 

connectors. 

Figure 7. Predictions of local deposition based on CFD simulations for a flow rate of 30 LPM 

with the polydisperse monomodal particle distribution for the (a) CM-Y-8mm and (b) 

SL-Y-8mm connectors. 
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Table 1.  Mean (SD) deposition fraction (DF) as a percentage of dose emitted from the nebulizer 

at a flow rate of 30 LPM for the commercial components based on in vitro experiments. 

   

  

Components T-connector Y-connector ETT Device Filter 

Aeroneb Lab 

CM-Y-7mm 7.8 (2.3) 36.4 (2.3) 24.9 (2.5) 69.2 (2.7) 30.8 (2.7) 

CM-Y-8mm 7.1 (1.8) 39.9 (2.4) 16.6 (1.6) 63.6 (1.5) 36.4 (1.5) 

CM-Y-9mm 9.1 (1.3) 39.0 (2.6) 9.4 (2.6) 57.6 (4.3) 42.4 (4.3) 

Eflow 

CM-Y-7mm  37.0 (5.8) 35.5 (6.6) 72.4 (0.8) 27.6 (0.8) 

CM-Y-8mm  32.6 (3.2) 31.0 (2.3) 63.6 (4.9) 36.4 (4.9) 

CM-Y-9mm  33.9 (4.6) 26.7 (9.0) 60.6 (4.6) 39.4 (4.6) 
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Table 2.  Mean (SD) deposition fraction (DF) as a percentage of dose emitted from the nebulizer 

at a flow rate of 30 LPM for the streamlined components based on in vitro experiments and 

emitted dose (ED) ratio. 

a
  Emitted dose ratio (EDratio) calculated as (Streamlined DFfilter)/(Commercial DFfilter) 

 

 

 

  

Components T-

connector 

Y-

connector 

ETT Device Filter EDratio
a 

Aeroneb Lab 

SL-Y-7mm 4.8 (0.6) 5.6 (0.8) 55.9 (1.6) 66.3 (2.0) 33.7 (2.0) 1.1 

SL-Y-8mm 3.1 (0.6) 5.4 (1.3) 40.1 (8.5) 48.6 (9.9) 51.4 (9.9) 1.4 

SL-Y-9mm 2.0  (1.2) 4.3 (1.2) 31.6 (4.7) 37.9 (6.7) 62.1 (6.7) 1.5 

Eflow 

SL-Y-7mm  6.5 (2.1) 58.5 (3.4) 65.0 (2.5) 35.0 (2.5) 1.3 

SL-Y-8mm  8.6 (1.0) 43.9 (4.7) 52.4 (5.3) 47.6 (5.1) 1.3 

SL-Y-9mm  5.2 (1.6) 37.2 (9.2) 42.4 (8.1) 57.6 (8.1) 1.5 

RESPIRATORY CARE Paper in Press. Published on October 08, 2013 as DOI: 10.4187/respcare.02782

 
Epub ahead of print papers have been peer-reviewed and accepted for publication but are posted before being copy edited 
and proofread, and as a result, may differ substantially when published in final version in the online and print editions of RESPIRATORY CARE.

Copyright (C) 2013 Daedalus Enterprises 



Table 3.  Deposition fraction (DF) and emitted dose (ED) as a percentage of mass entering the Y-

connector for monodisperse aerosols in the commercial system based on CFD predictions. 

Particle size (µm) Airflow rate (LPM) Y-connector (%) ETT (%) ED (%) 

1 30 3.2 1.5 95.3 

45 4.7 1.5 93.8 

2 30 9.5 4.5 86.0 

45 12.8 11.2 76.0 

3 30 20.1 10.9 69.0 

45 32.5 20.5 47.0 

4 30 36.0 17.2 46.8 

45 51.1 25.2 23.7 
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Table 4.  Deposition fraction (DF) and emitted dose (ED) as a percentage of mass entering the Y-

connector for monodisperse aerosols in the streamlined system based on CFD predictions. 

Particle size 

(µm) 

Airflow rate 

(LPM) 

Y-connector 

(%) 

ETT (%) ED (%) EDratio
a
 

1 30 1.0 0.7 98.3 1.0 

45 3.2 1.1 95.7 1.0 

2 30 1.6 4.5 93.9 1.1 

45 6.2 10.8 83.0 1.1 

3 30 2.1 12.6 85.3 1.2 

45 7.7 27.3 65.0 1.4 

4 30 3.6 26.0 70.4 1.5 

45 11.9 43.1 45.0 1.9 

a
  Emitted dose ratio (EDratio) calculated as (Streamlined ED)/(Commercial ED) 
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