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Summary 
Background: A problem associated with the use of pressurised metered dose inhalers (pMDI) is the 

inappropriate seal between a patient’s lips and the inhaler mouthpiece. Such incorrect use of inhaler may affect 
its aerosol performance due to unpredicted changes of the flow dynamics in the inhaler. Methods: The current 
study investigates the in vitro aerosol performance of a Ventolin

®
 suspension pMDI using cascade impaction 

method, at different experimental setups to simulate conditions where the correct/incorrect use of inhalers occurs. 
In addition, effects of modified Ventolin

®
 actuators with high and low flow resistances on the pMDI aerosol 

performances with the above configurations were also evaluated. Results: This study demonstrated that different 

seal conditions with a normal Ventolin
®
 actuator did not significantly affect the aerosol performance of the 

formulation (p>0.05). No significant change (p>0.05) in fine particle dose was observed under different 
combinations of actuators and mouthpiece adaptors. The aerodynamic diameter and distribution of emitted 
particles from all experimental conditions did not show any significant change (p>0.05), probably due to the 
similar size of pre-engineered particles in the suspension formulation. Conclusion: It is hypothesized that the 

additional airflow induced by improper seals between patients’ lips and actuator mouthpiece may not influence 
the aerodynamic performance of suspension pMDIs. Resistance of air flowing through the actuator influences 
particle deposition in the actuator mouthpiece and USP induction port, possibly due to different degree of flow 
turbulence at the exit of the actuator mouthpiece. However the particle deposition profiles in the cascade 
impactor did not exhibit any significant changes.  
 
Introduction 

There are two recommended ways for patients to correctly use a pMDI
1
: (1) closed mouth technique – the inhaler 

is placed in a patient’s mouth and (2) open mouth technique – the inhaler is activated an inch or so in front of a 
patient’s mouth

1
. The common problem associated with the former is the ‘leaky mouth’ – inappropriate seal 

between a patient’s lips and the actuator mouthpiece
2
. Previous research has shown that up to ~30% of the 

asthmatic patients
3
 do not seal lips around the inhaler mouthpiece properly. Although the error percentage 

dropped to <10%
3 

 after proper patient training, the impact of the poor lip-sealing condition on the inhaler 
performance is not fully investigated. Such incorrect use of the inhaler may cause a reduction in aerosol 
deposition in the respiratory region due to an additional airflow introduced at the mouthpiece exit from the space 
created between lips and actuator mouthpiece

4
. The aim of the current study was to investigate the aerosol 

performances of a commercial suspension pMDI formulation (Ventolin
®
) using ‘leaky’ and ‘non-leaky’ mouthpiece 

adaptors (Figure 1) to simulate correct and improper inhaling techniques. In addition, the influence of modified 
Ventolin

®
 actuators with high and low resistances on pMDI aerosol performances was also investigated.  

 
Figure 1 Schematic overview of the used adapters 

Experimental methods 

The aerosol performances of Ventolin
®
 suspension pMDI formulation (100 µg/dose salbutamol sulphate) were 

evaluated with different combination of mouthpiece adaptors and actuators according to Table 1 using an 
Andersen Cascade Impactor (ACI, Copley Scientific, UK) at 28.3 L/min. 
 
In brief, 10 doses were actuated into the ACI at 28.3 L/min with a 5 second shaking in between each actuation. 
The impactor assembly was disassembled for chemical quantification using high performance liquid performance 
chromatography (HPLC). Prior to sample analysis, the HPLC method was validated using a C18 column (Luna, 
Phenomenex, US), mobile phase of 8% (v/v) buffered acetonitrile aqueous solution (0.05M K2HPO4, PH 4.5) at a 
flow rate 1mL/min, detection wavelength 270 nm and injection volume 100 µL. The actuator, mouthpiece adaptor 
and each stage of the ACI were rinsed with acetonitrile aqueous solution (8%, v/v) into proper volumetric flasks. 



 

The collected samples were quantified using freshly prepared standard solutions and linearity was confirmed in 
between the concentration range of 0.1-10 µg/ml (R

2
 > 0.999). 

 

Table 1 Combinations of different mouthpiece adaptors and actuator setups 

 

 
 
 
 
 

 
The airflow resistances of the different actuators under leaky and non-leaky conditions were determined using a 
TSI flowmeter (Model 4040, TSI instruments, USA) with a flow simulator (1120, Hans and Rudolph Inc., USA) at 
different air velocities (30, 60, 90,120 and 150 L/min). The airflow resistance was calculated as the square root of 
the difference in kPa at each flow rate divided by the flow rate.  
 
Analysis of variance (ANOVA) followed by Tukey’s multiple comparisons was performed to determine the 
significance. Differences were deemed significant for p value <0.05. Unless otherwise stated data are presented 
in terms of mean (n=3) ± standard deviation. 

 
Results 

Table 2 summarizes the aerodynamic performance of different experimental combinations according to Table 1. 
Aerosol performance for suspension pMDIs is mainly determined by the initial size of pre-engineered particles 
suspended in the liquefied propellant

5
. Therefore, the mass median aerodynamic diameter (MMAD) and 

geometric standard deviation (GSD) under different experimental configurations did not exhibit any significant 
change (p<0.05). This was consistent to previously published results

6
. Using the high resistance actuator (C and 

D, Table 3), the emitted dose was significantly lower than the other actuators (A, B, E and F), due to a high 
actuator deposition caused by a change in the ex-orifice plume geometry, presumably due to a higher degree of 
airflow turbulence.   
Table 2 Emitted aerosol results with different actuators and mouthpiece adaptors conditions (n=3 ± Standard deviation) 

Condition MMAD (µm) GSD Total dose (mg) Emitted Dose (mg) FPD (mg) 

A 3.11 (±0.24) 1.76 (±0.11) 1.23 (±0.08) 1.08 (±0.07) 0.40 (±0.03) 

B 3.24 (±0.09) 1.80 (±0.17) 1.27 (±0.02) 1.13 (±0.09) 0.40 (±0.03) 

C 2.94 (±0.11) 1.69 (±0.02) 1.12 (±0.08) 0.85 (±0.02)* 0.33 (±0.02) 

D 3.09 (±0.12) 1.69 (±0.03) 1.07 (±0.06) 0.81 (±0.03)* 0.36 (±0.04) 

E 3.38 (±0.33) 1.63 (±0.10) 1.27 (±0.07) 1.09 (±0.05) 0.37 (±0.03) 

F 3.10 (±0.07) 1.67 (±0.02) 1.17 (±0.08) 1.02 (±0.01) 0.45 (±0.04) 

* Significantly different from condition A, B, E and F (p<0.05) 

 
Table 3 shows the airflow resistance and pressured drop for different actuators and mouthpiece adaptors 
combinations at 28.3 L/min. The airflow resistances of standard and low-resistance actuators (A and B, E, Table 
3) were similar with identical values of pressure drop, indicating similar flow conditions at the mouthpiece exit. 
The pressure drop of condition F (low-resistance adaptor and leaky mouthpiece) was below the detection limit, 
suggesting that such combination may have minimal effect on the airflow. A significant increase in the flow 
resistance and pressure drop for the high-resistance actuator (C and D, Table 3) was noticed, possibly resulting 
in different flow patterns in the mouthpiece. 
 
Figure 2 shows the particle mass deposition profiles of the different experimental configurations. The stage 
deposition profiles showed similar patterns for all the experimental conditions, which is reflected in the MMAD 
and GSD having no statistical differences. However, condition C and D showed different actuator and throat 
deposition profiles (p<0.05), causing a decrease in emitted dose (Table 2) and thus reduction in the mass of 
particles impacted on the ACI stages. This observation supports the hypothesis that airflow with high-degree of 
turbulence may be introduced at this condition, leading to a distinct deposition pattern. In addition a reduction in 
the total ACI stage deposition under such conditions (p<0.05) was observed. However, a lower degree of throat 
deposition was observed for condition D (leaky mouthpiece adaptor) compared to that of condition C, possibly 
due to “shielding” laminar flows along the walls of the USP induction port introduced by the leaky mouthpiece 
adaptor. No significant differences in stage mass deposition (p<0.05), as well as the actuator and throat 
deposition (p<0.05) among other conditions were observed. 

Condition Actuator Mouthpiece adapter 

A Standard Non-leaky 

B Standard Leaky 

C High resistance (custom made) Non-leaky 

D High resistance (custom made) Leaky 

E Low resistance (custom made) Non-leaky 

F Low resistance (custom made) Leaky 



 

 
Table 3 Air resistances of the different conditions (n=5) 

* Below limit of detection 

 

 

Figure 2 Mass deposition profiles of emitted particles from Ventolin
®
 suspension formulation with different actuators 

and mouthpiece adaptors combinations (results on the left axis). Due to low mass deposition results from 1.1- 0.4 µm 
(at the right of the dotted line, results on the right Y-axis (n=3, ± standard deviation). 

 
Discussion and conclusion 

This study demonstrated that the improper seal between patients’ lips and actuator mouthpiece did not 
significantly influence the aerosol performance of Ventolin

®
 suspension pMDI formulation, when a standard or 

low-resistance actuator was used. Using a high-resistance actuator may reduce the FPD, due to the high-degree 
of flow turbulence at the mouthpiece exit; however, additional flows introduced by the leaky mouthpiece adaptor 
may serve as ‘protective’ flow sheets to contain the ex-valve plume geometry in the USP induction port, resulting 
in a low throat deposition profile.  
 
All the experimental conditions did not show significant difference in the MMAD and GSD of emitted particles. 
The major momentum in a pMDI formulation is from propellant evaporation once a formulation is actuated

3
; 

therefore, the airflow resistance and pressure drop of actuator and mouthpiece adaptor combination may not be 
the main determinants in influencing the aerosol performance of a given suspension formulation. The ex-valve 
plume characteristics may also not be greatly affected when a mild change in flow dynamics is applied, resulting 
in almost identical aerosol performance among the different conditions studied.  

Condition Air resistance (mmH2O
0.5

 * L/min
-1

) Pressure drop at 28.3 L/min (mmH2O
0.5

 * L/min
-1

) 

A 4.94 10.20 

B 4.51 10.20 

C 10.26 30.59 

D 6.50 10.20 

E 4.71 10.20 

F 4.78 N/A* 



 

 
However, the modified actuators, in either non-leaky or leaky adapters conditions, introduced significant 
variations (~32%) between the triplicate experiments performed for the mass deposition profile of the actuator 
and up to ~11% in the cumulative deposition in the throat and actuator.  
 
In conclusion, the aerosol performance of a suspension pMDI formulation is mainly determined by the formulation 
composition. Difference in actuator resistance may introduce increased variability between individual 
experiments; however, the aerosol performance may not be significantly affected. The inappropriate seal 
between patients’ lips and actuator mouthpiece may also have limited influences on the aerosol performance. It 
would be of interest to investigate the effects of abovementioned variables on the aerodynamic performance of 
solution-based pMDIs. In addition, since for breath actuated pMDIs a leak increases the flow rate necessary for 
triggering quite significantly, probably imparting more velocity on those particles, also this aspect should be 
investigated in the future. 
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