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Summary 

Background: Particle time-of-flight (TOF) methods rapidly determine the number-weighted aerodynamic particle 

size distribution (APSD) of aerosols from 0.3 to >20 μm aerodynamic diameter from all classes of orally inhaled 
product (OIP).  Software is then used to calculate the mass-weighted APSD which should be equivalent to that 
obtained by the slower and substantially more complicated-to-use cascade impactor (CI) methods recommended 
in the pharmacopoeial compendia.   

Methods: We review this choice of techniques to obtain APSD-related information during the OIP life cycle, 

where there is regulatory freedom to do so.  We also examine considerations concerning TOF- versus CI-based 
APSD determination for the different classes of OIP.    

Results: A serious drawback to TOF analysis has been the lack of a chemical assay for the active 

pharmaceutical ingredient(s) in the size-characterized particles.  However, this limitation may be about to be 
overcome if TOF analysis is combined with single particle mass spectrometry, developed originally for bio-
aerosol detection and size-categorization.  The correlation of measures of  clinically important fine particle mass 
(FPM) by TOF- and CI-based analyses can be achieved by the simultaneous measurement of this metric using a 
single-stage abbreviated impactor add-on supplied by the manufacturer of the most frequently encountered TOF 
analyzer.   

Conclusions: Users need to consider several potential sources of bias with TOF analysis, in particular distortion 
of droplets > 5 μm diameter, deviations in particle density and shape from unit density microspheres, and 
increased statistical ‘noise’ associated with the number-to-mass weighting conversion. 
  
 
Introduction 

 
Particle time-of-flight (TOF) methods rapidly determine the number-weighted aerodynamic particle size 
distribution (APSD) of aerosols from about 0.3 to 30 μm aerodynamic diameter from all classes of orally inhaled 
product (OIP) [1, 2].  The basic principle of operation is illustrated in Figure 1.  
 

 
 
Figure 1: Schematic of TOF analyzer based on the APS

®
 Aerosol Spectrometer

®
 (TSI Corp., St Paul, MN) 

 



 

 

Methods:  

 
After passing through an inlet followed by a controlled dilution stage, incoming particles are accelerated singly 
through a well-defined flow field in the measurement zone of the analyzer, in which the particles experience ultra-
Stokesian acceleration [3]. The transit time of the particle between two well-defined locations in the 
measurement zone is a monotonic function of aerodynamic diameter; light scattering signals operates the timing 
process. Longer times are associated with larger-sized particles due to the enhanced drag they experience in the 
accelerating flow field [4].  The APS

®
 Aerosol Spectrometer

®
 (TSI Inc., St. Paul, MN, USA) is the most likely to 

be encountered TOF analyzer [5].  This equipment has been through several evolutions since it was introduced 
just under 30 years ago [6], with the current version being the model 3321.  The E-SPART TOF analyzer, 
developed at the University of Arkansas, has similar aerodynamic particle sizing characteristics [7], but is more of 
a research tool than a readily available commercial instrument.  The Aerosizer

®
 series of TOF analyzers is 

obsolete, but may still be encountered.   
 
Results 

 
Table 1 is a summary of the considerations that should be given when exploring the potential of this method is 
provided in Table 1, together with comparative information for the full resolution CI method. 
 
Table 1: Comparison between TOF and CI-Based Measurements for OIP Aerosol APSD Assessment 
 

Factor to Consider TOF Analysis CI Analysis 

1. Simplicity for the 
operator? 

Highly simple once a standard 
operating procedure has been 
established; complexity is built into the 
instrument itself 

Many steps that must be followed 
rigorously; easy to make mistakes; 
complexity is associated with the 
method rather than the apparatus 

2. Typical measurement 
range and size resolution? 

0.5 to 20 μm aerodynamic diameter, 
with resolution of 0.02 μm and 0.03 μm 
at 1.0 μm and 10 μm size limits 

0.4 to 10 μm aerodynamic 
diameter; resolution no more than 5 
sizes between 0.5 and 5.0 μm 
aerodynamic diameter 

3. Rapidity per 
measurement? 

Between 30 s and 60 s 
As much as 2 hours for full 
resolution CI; abbreviated impactor 
measurements increase rapidity  

4. Number-to-mass 
weighting conversion? 

Yes – may result in statistical noise at 
large end of APSD; sample time is 
important to assess a representative 
population of particles 

No – but sample time needs to be 
long enough to capture enough 
mass of API for meaningful assay 
on stages away from the mode of 
the APSD 

5. Corrections for more than 
one particle in 
measurement zone 
simultaneously and 
‘phantom particles  

Yes – current hardware and software 
for most widely available TOF system 
is designed to minimize bias from 
these causes 

No – impactors can sample aerosol 
concentrations much greater than 
encountered with OIPs without 
particle-particle interactions 

6. API assay? 
Not without additional technique such 
as single particle mass spectrometry 

Yes – requires development and 
validation of an appropriate method 
for each API present 

7. Suitability for aqueous 
droplet-based 
formulations? 

Questionable if droplet size exceeds 
about 5.0 μm, since some distortion 
can occur in the ultra-Stokesian motion 
at measurement  

Yes – as long as precautions are 
taken to control heat transfer from 
the CI to the aerosol 

8. Suitability for highly 
porous particles? 

Questionable, as deviations below the 
reference condition for the 
aerodynamic size scale (1.0

3
 kg/m

3
) 

may cause underestimation of 
aerodynamic diameter  

Yes – no correction is necessary as 
particle motion is in the Stokesian 
regime 

9. Suitability for non-
spherical particles 

Questionable, as increases in dynamic 
shape factor from unity (spherical) can 
result in an underestimation of 
aerodynamic diameter 

Yes – no correction is necessary as 
particle motion is in the Stokesian 
regime 

 
 
 



 

 

Discussion 
 

At first sight, TOF analysis of OIP-generated aerosols is a highly attractive prospect, given the rapidity and high 
resolution of this measurement method.  Indeed, there have been many studies involving each of the major 
classes of OIPs, from pressurized metered dose inhalers (pMDIs) without [8, 9] and with holding chamber add-on 
devices [10]; dry powder inhalers (DPIs) [11, 12] and less frequently with nebulizing systems [14].  TOF-based 
APSD analysis has clear advantages compared with the CI method, considering ease of use for the operator, 
measurement range, size resolution and measurement duration. However, the following six considerations 
demonstrate the potential drawbacks associated with the TOF-based approach. The following observations are 
pertinent, taking each of these considerations in turn: 
 

A. Number-to-mass weighting conversion: Transformation of the TOF instrument-measured APSD from 

its native number- to a mass-weighted basis for direct comparison with CI/MSLI-based measurements 
will amplify random variability arising from the few particles always present with polydisperse aerosols 
typically produced by OIPs at the large extreme of the APSD [1].  Extending the sampling time to 
minimize such variability should therefore be considered as part of method development. 

B. Correction for more than one particle in measurement zone simultaneously (particle 
coincidence) and ‘phantom’ particles: The ‘double-crest’ light scattering detection and tracking 

technology associated with the current APS
®
 aerosol spectrometer

®
 [14] has greatly improved the 

problem of particle coincidence and ‘phantom’ particle creation in the measurement zone [15] that 
restricted the use of earlier TOF analyzers with the concentrated aerosols frequently encountered with 
OIPs.  Nevertheless, it is prudent to check the shape of the APSD for anomalies that might be indicative 
of an excessively high particle concentration during method development.  As many as two additional 
dilution stages for use with the APS

®
 aerosol spectrometer

®
 and operated in tandem are capable of 

reducing the aerosol concentration by as much as 10,000:1.  
C. API assay: The lack of a direct assay for API is a significant limitation.  However, two possibilities exist 

having potential to overcome the problem: (1) if working with an APS
®
 aerosol spectrometer

®
, utilize the 

single-stage impactor with USP/Ph.Eur. option to obtain measures of fine particle mass fraction that can 
in turn be compared with full resolution CI-generated data in order to validate the TOF-generated APSD 
[16, 17]; (2) investigate the use of tandem single particle mass spectrometry (SPAMS), in which the 
particles are assayed immediately after passing through the TOF measurement zone [18, 19]. 

D. Suitability for aqueous droplet-based formulations: In principle, TOF analysis should be suitable as 

long as precautions are taken to control evaporation- or condensation-related bias.  However, there is 
evidence from studies with monodisperse oil droplets that distortion from sphericity can occur for sizes 
larger than about 5 μm aerodynamic diameter [20].  Again, comparison of TOF- and CI-determined 
APSDs for the same product should resolve any concerns. 

E. Suitability for highly porous particles:  Experiments sampling monodisperse aerosols have shown 

particle density-related bias results in an overestimation of aerodynamic diameter by TOF analyzer by 
10-15% in the range from 1.05 to 2.30 x 10

3
 kg m

-3
 [21].  It is likely that this bias persists for densities < 

10
3
 kg m

-3
 (the reference density for the aerodynamic size scale), so that care is needed when working 

with highly porous particles, that are becoming of increasing importance for the delivery of APIs by dry 
powder inhaler platform [22].  

F. Suitability for non-spherical particles: Studies with monodisperse single crystals of different sizes 

having controlled dynamic shape factors (χ) close to 1.18  (χ = 1.00 for a perfect sphere) have shown 
that the APS

®
 aerosol spectrometer

®
-measured aerodynamic diameter can be undersized by between 

20 to 27% [23].  Most particles emitted by pMDI and DPI products are non-spherical, so comparison of 
TOF- and CI-determined APSDs for the product of interest should be considered as a key component of 
method development.  

 
Conclusions 
 

Measurement of OIP aerosol APSD by TOF analysis is an attractive proposition, especially with the advent of 
combined TOF-SPAMS systems that have the potential to link the size distribution unambiguously to API 
content.  However, users also need to consider several potential sources of bias with these system; in particular 
particle coincidence in the measurement zone, deviations in particle density and shape from unit density 
microspheres, and increased statistical ‘noise’ associated with the number-to-mass weighting conversion.  A 
comprehensive method development strategy is therefore advocated, in which TOF-based measurements are 
compared with those derived from CI-analysis.  The single stage impactor add-on for the APS

®
 aerosol 

spectrometer
®
 can provide a useful way to bridge these measurements in terms of the clinically important fine 

particle mass fraction. 
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