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Summary 

The compendial approach to determine fine particle dose (FPD) for nebulisers during simulated tidal breathing is 
to determine delivered dose (DD) for tidal breathing, while fine particle fraction (FPF) is established separately 
using a cooled Next Generation Impactor (NGI) operated at 15 L/min. FPD is then calculated as the product of DD 
and FPF. An advance in mixing inlet lung simulation (MILS) methodology has made it possible for both 
measurements to be combined in a single configuration. A comparison of the MILS procedure against the 
combination of pharmacopeial methods using the eFlow

® 
Rapid vibrating membrane nebuliser as device 

representative of this class of orally inhaled products (OIPs) is reported as Part 2 of the overall investigation. 
However, a preliminary study was needed before this comparison could take place, since the operating flow rate 
for the NGI when used with the mixing inlet has to be greater than the peak inspiratory flow rate (PIFR) of 24 
L/min of the selected adult breathing pattern. The primary purpose of this pilot study was to establish and 
minimize the influence of a NGI flow rate change from 15 to 30 L/min. At the same time the investigation was 
extended to examine possible influences of the relative humidity of the pressurized air supply to the mixing inlet 
as well as whether or not the impactor needed to be cooled.  It was found that the best performing configuration is 
to operate the NGI cooled (5ºC) with humidified air (90-92%RH) supplied to the mixing inlet.       

Introduction 

Currently, nebulising systems when operated under simulated breathing conditions are evaluated in the laboratory 
by two separate procedures in order to determine the FPD, regarded as a critical quality attribute for performance 
of OIPs 

[1]
. DD is determined by connecting the nebuliser mouthpiece via a filter to a breathing simulator, usually 

set to deliver an age-appropriate standardized tidal breathing pattern; in the pharmacopeial method this 
corresponds to adult use 

[2,3]
.  FPF is established by the NGI in a parallel series of measurements; the 

recommended flow rate in the compendia is 15 L/min and the NGI should be cooled before use. FPD is 
subsequently calculated as the product of DD and FPF. A recent advance in MILS 

[4]
 methodology has made it 

possible for cascade impaction based assessments to be made at the required constant flow rate whilst operating 
an OIP using a continuously varying flow profile associated with breath simulation 

[5]
, or any inhalation profile. A 

comparison of the MILS procedure against the combination of pharmacopeial methods using the eFlow
® 

Rapid 
vibrating membrane nebuliser as device representative of this class of OIPs is reported as Part 2 of the overall 
investigation. However, a preliminary study was needed before this comparison could take place, since the 
operating flow rate for the NGI has to be greater than the PIFR of 24 L/min for the selected breathing pattern. The 
primary purpose of this pilot study was to establish and minimize the influence of a flow rate change from 15 to 30 
L/min. At the same time the investigation was extended to examine possible influences of the relative humidity of 
the air supply to the mixing inlet as well as whether or not the impactor needed to be cooled. The main study 
comparing the combination of compendial procedures with the optimised MILS-based methodology is described 
in Part 2.  

Materials and Methods 

Three nebulizer units (eFlow
®
 Rapid, PARI GmbH, Starnberg, Germany) were evaluated with a single power unit 

and evaluated salbutamol sulphate nebuliser solution (Ventolin
®
 5 mg/2.5 mL (GSK plc, Middlesex, UK) as test 

product. This pilot study compared the pharmacopeial method A (Table 1) for preparations for nebulisation, based 
on an NGI (MSP Corp., St. Paul, MN, USA), equipped with a USP/Ph.Eur. induction port and cooled to 5°C whilst 
operated at a flow rate of 15 L/min using ambient air with 4 different alternative approaches (test methods B to E 
in Table 1). Figure 1 illustrates the five test configurations investigated. Note that a “dummy” exhalation filter was 
added to all test configurations to mimic the set-up in Part 2. The aim was to determine which alternative best 
matched the data derived using the pharmacopeial approach (A). In these alternate procedures, the nebuliser-on-
test was connected to both pressurized air supply via a Nephele mixing inlet (RDD OnLine, Richmond, VA, USA). 
The NGI was operated at 30 L/min, comprising the sum of the 15 L/min flow rate withdrawn from the nebulizer 
and a further 15 L/min supplied as supplementary flow from the pressurized air supply to the Mixing Inlet (Table 

1). The impactor was either at room temperature (21-24C) or cooled in a refrigerator (5°C) for at least 90 minutes 
before testing when required. Following sampling, the mass of salbutamol sulphate deposited in the throat, on 
stages 1-7 and on the micro-orifice collector (MOC) was determined in each instance by a validated HPLC 
procedure.   
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Table 1 Pharmacopeial Test Method (A) and Alternative Procedures (B-E) Investigated in the Pilot Study 

Method 
NGI 

Temperature 
NGI Flow 

rate (L/min) 
Air  

A Cooled to 5C 15 Ambient (25-55% RH) 

B RT (21-24C) 30 Dry (2-5% RH) 

C RT(21-24C) 30 Humid (90-92% RH) 

D Cooled to 5C 30 Dry (2-5% RH) 

E Cooled to 5C 30 Humid (90-92% RH) 

 

 

 

 

Figure 1 Configurations for the Compendial Procedure (A) and for the Methods Using the NGI with Mixing 
Inlet (B-E) 

The measurements were performed by the same operator during a 4 day period to the design shown in Table 2.  

Table 2 Design for Pilot Study 

Day Tests and Order* 

1 A1, D1, E1, B1, C1 

2 D2, E2, A2, C2, B2 

3 E3, A3, D3, B3, C3 

4 A1, A2, A3, E1, E2, E3 
(*) The notation “Xn” denotes nebuliser unit number n tested with method letter code X; X = A-E, n = 1-3 

In this arrangement, nebuliser unit number was confounded with day during days 1-3, as this part of the study 
was used to compare methods B-E to method A. On the other hand, the 4th day was used to assess possible 
differences between nebuliser units to ensure there were no drifts in performance with any device during the 
course of the study that might have prejudiced the selection of the optimum mixing inlet-based procedure. The 
data obtained with methods B-E collected during days 1-3 were used to assess the presence of significant effects 
by the two factors studied (NGI operating temperature and the relative humidity of the air supply to the mixing 
inlet). 

The degree of fit between each of methods B to E and the “reference” method A was investigated as follows: 

1. The match in the following 4 non-overlapping parameters was assessed:  

G1 = ISM - FPD<8µm 
G2 = FPD<8µm -FPD<5µm 
G3 = FPD<5µm -FPD<2µm 
G4 = FPD<2µm, 

 
where FPD<Xµm denotes the amount of drug contained in droplets with aerodynamic diameter < X 

m, and ISM is the impactor-sized mass (sum of depositions on stage 2 to MOC); 
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2. For each of methods B to E, each day and each parameter, the relation to method A was 
determined;  

3. The average relation was then calculated for each parameter and each of methods B-E; 

4. The relative standard deviation (RSD) associated with each parameter was calculated for method A 
to provide reference measures of variability; 

5. The fit between each method B to E and method A was determined, using the inverse RSD values 
as weightings (WG1, WG2, WG3 and WG4), scaled to sum in total to unity, by formula [1]: 
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     [1] 

where XGi denotes the mean result for the parameter Gi when using method X; i = 1-4. 

Results 

Figure 2 shows the mass of salbutamol sulphate recovered stage-by-stage from the NGI by each method and for 
each impactor run in accordance with the design shown in Table 2. Within each panel results from method A-E 
are shown from left to right and identified by colour as indicated in the legend. Since the data using method A 
were obtained operating the NGI at a flow rate of 15 L/min, while the NGI was operated at 30 L/min for methods 
B-E, the stage cut-off sizes differ for the two flow rates. For this reasons methods cannot be directly compared 
using stage groupings, and instead the non-overlapping parameters based on aerodynamic size ranges defined 
above are assessed as primary end-points. 

 

Figure 2: Individual Stage-by-Stage NGI Data Collected by Methods A-E in the Pilot Study 

The results for each method were quite reproducible, with the greatest range of data for stages where most of the 
drug containing droplets are deposited. The results clearly differed depending upon the mixing inlet-based method 
tested, see for example S5 where more salbutamol sulphate is found with method B.  The mean results for the 
non-overlapping parameters G1-G4 are summarized for each method in Table 3.  

Table 3 Key Measures (Mass Salbutamol Sulphate, g) Determined from the Pilot Study 

 

Method NGI DD 
Induction 

Port 

Size Range Parameter 

G1 G2 G3 G4 

A 1945 50 283 523 878 93 

B 1851 45 225 402 849 211 

C 1861 42 243 481 836 139 

D 1825 51 245 461 801 137 

E 1833 46 254 476 805 125 
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DD by the NGI for reference method A (1945 µg) was about 6% greater than this measure obtained using any of 
the MILS-based procedures, which taken together provided very similar outcomes for this metric in the range 
1825 to 1861 µg. As a consequence, the results for G1-G3 were also higher (17, 15 and 7%, respectively) for 
method A.  In contrast, the G4 deposition (finest sized droplets) was smaller for the reference method (93 µg) 
compared with any of the MILS-based procedures (125 to 211 µg). The mass of salbutamol sulphate recovered 
from the induction port was comparable with all methods (42 to 51 µg).  

Discussion:  

It is clear that none of the methods B to E involving the MILS perfectly matched method A, and that the results for 
methods C-E were broadly comparable. The question therefore becomes: Which approach provided the closest 
agreement? Table 4 contains significance outcomes from an analysis of variance (ANOVA) for the MILS-based 

procedures, as part of the answer.  

Table 4 Main Effect ANOVA Results (p-values) From Pilot Study (Based on Data From Methods B-E) 

Factor NGI DD Throat G1 G2 G3 G4 

Nebuliser Number 0.13 0.23 0.06 0.56 0.09 0.41 

Dry/Humidified Air 0.78 0.62 0.24 0.0331 0.92 0.0367 

NGI Cooled/Room Ambient 0.40 0.50 0.19 0.17 0.38 0.0292 

 

This statistical analysis showed no effect by nebuliser unit for any of the 6 parameters studied. The use of dry 
air/NGI at room temperature (method B) resulted in a significantly greater G4 (FPD<2µm), indicative of enhanced 
droplet evaporation. However, the influences of either operating the NGI with humidified air (methods C vs. E) or 
cooling the NGI with either dry or humidified air (methods D vs. E) were marginal.  

The alternate method with best match to the reference method A was determined by calculation of the fit factor 
fit(X,A) as described above by equation [1], with the outcomes that  are summarized in Table 5 

Table 5 Fit Analysis Between Reference Method A and the MILS-Based Procedures B to E 

Method A vs.  Fit Factor 

Method B 0.1568 

Method C 0.0276 

Method D 0.0267 

Method E 0.0169 

 

The smaller the fit factor, the better the agreement between methods, so on this basis, mixing inlet method E 
(cooled NGI using humid air) was found to be the best choice. This method was therefore selected for the main 
study described in Part 2. 

Conclusions 

The pilot study provided guidance as to the most appropriate procedure to be adopted for the main study 
comparing existing compendial methods for testing nebulisers with the new MILS-based approach. It was found 
that the best option of the four alternative procedures investigated was when the NGI is cooled before use and the 
mixing inlet air supply is humidified. This approach was therefore used in the main investigation (Part 2). 
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