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SUMMARY
In order to tailor the performance of pressurized metered dose inhalers (pMDIs) for a
desired particle size distribution, the physical processes inside the spray and the nozzle
must be understood in great detail. This necessitates non-invasive, in-situ particle and
droplet size measurements. This article describes several X-ray diagnostic tools
developed for this purpose. X-ray radiography measures the mass of liquid in the spray.
X-ray fluorescence measures the drug distribution in the spray, independently of the
propellant and any co-solvents. A new technique, ultra-small angle X-ray scattering, also
provides a quantitative measurement of total surface area of liquid in the spray. These
measurements are combined with traditional laser diffraction techniques to estimate
important parameters which are difficult to directly measure, such as droplet composition
and liquid volume distribution. Combining these measurement techniques allows us to
observe the effects of pMDI formulation on the spray in much greater detail than has
previously been possible. The measurements reveal the important role that nozzle exit
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conditions and near-nozzle evaporative effects have on pMDI sprays, as the composition
of the liquid droplets is found to vary significantly in the near nozzle region. A deeper
understanding of these phenomena opens up new possibilities for the tailored design of
pMDI devices for various drug and propellant combinations.

INTRODUCTION
The performance of pressurized metered dose inhalers (pMDIs) is dependent on the
underlying spray physics and droplet formation processes [1]. Understanding the complex
atomization mechanisms that occur in the actuator nozzle and determine droplet
properties (e.g. size and velocity) is essential to the development of improved devices [26].
One of the challenges posed by the pMDI is the complex flow inside the device
itself [6-7]. Figure 1 shows a series of false-color X-ray phase contrast images [7] of the
gas-liquid flow inside a pMDI comprising 85% HFA-134a propellant and 15% ethanol.
Color variations indicate the presence of complex gas-liquid structures that form as soon
as the propellant begins to vaporize, which results in a complex multi-phase flow exiting
the nozzle. Most diagnostic tools for evaluating pMDI performance are designed to
operate far away from the nozzle, and only provide information about the resulting
particles rather than the generation process. Given this constraint, empirical optimization
of pMDI formulations has been advocated [8].
However, more insight can be obtained if measurements can be made closer to the
nozzle, where it becomes possible to isolate phenomena and link design parameters to
pharmaceutically relevant outcomes. To this end, a range of optical tools have been
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applied to characterize aerosols generated by pMDIs [9-12], typically measuring velocity
and size. However, the droplet composition remains unknown.

Figure 1. False-color X-ray phase contrast images reveal the complexity of the internal
fluid flow in the stem, expansion chamber and nozzle region of an 85% HFA 134a, 15%
ethanol pMDI spray. Changes in color are indicative of complex multi-phase flow.
A range of X-ray diagnostics for sprays [13] have also been adapted recently to
the study of pMDIs [2,6,15]. X-ray radiography has been used to investigate density [2];
X-ray fluorescence has been used to characterize drug concentration [15], and phasecontrast imaging has been used to assess flow morphology [7; Figure 1].
This article introduces another X-ray technique, ultra-small angle X-ray scattering
(USAXS) [16] which has recently been used to characterize droplet size of dense fuel
sprays [17]. USAXS provides a quantitative measurement of total surface area of liquid
in a spray and when these measurements are coupled with those from laser diffraction,
X-ray fluorescence and X-ray radiography, can be used to estimate droplet composition
and liquid volume distribution, which are difficult to measure directly.
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ELECTRONIC METERED INHALER
Figure 2 illustrates the electronically metered inhaler (EMI) which was developed to
provide repeatable and controlled conditions for the various measurements [2]. A nylon
nozzle with an orifice diameter of 0.33 mm was cut from a Bespak inhaler actuator and
connected to a programmable, micro-solenoid valve, which was connected to an
unmetered canister that provided a continuous flow of formulation, whenever the valve
was activated. The electronic valve allowed the spray to be formed with accurate and
precise timing, with remote triggering. A 30 L/min flow of nitrogen was used to simulate
inhalation. The nozzle assembly was mounted on a cylindrical chamber fitted with
polyimide windows. The mouthpiece was also fitted with polyimide windows, so the flow
could be directly observed all the way to the nozzle exit. Two formulations manufactured
in house were investigated; 1 𝜇g/𝜇L ipratropium bromide (IPBr) and 15% v/v ethanol cosolvent in either HFA-134a or HFA-227 propellant. The main difference between these
two formulations is their vapor pressure; 5.7 bar for HFA-134a based formulation and 3.9
bar for HFA-227 based formulation at 20ºC.
Measurements were repeated along the centerline of the spray (vertical coordinate 𝑦 in Figure 2) from the nozzle exit plane (𝑦 = −11.6𝑚𝑚) up to approximately 70
mm downstream of the mouthpiece (see Table 1). All the experiments were timeaveraged over the steady-state period of the spray. The valve was opened for 50 ms,
producing a spray that lasted approximately 150 ms. The steady state period was
measured from X-ray radiography data relative to the valve timing. It was found to be 35
to 85 ms after start of injection for the HFA-134a formulation, and 70 to 90 ms for the
HFA-227 formulation.
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Figure 2. Schematic of electronic pMDI test facility. The various beam probe crosssections areas for laser and X-ray experiments are shown (positions are arbitrary).
Adapted from [2].
MEASUREMENT TECHNIQUES
Figure 3 illustrates the range of optical and X-ray measurement techniques used in this
study [2,6].

Table 1 summarizes the key parameters of these techniques. Laser

diffraction (LD) experiments were performed using a Malvern Spraytec particle sizer
(Figure 3a) [18]. The Sauter mean diameter calculated from the droplet size distribution
is related to the total surface area 𝑆 and liquid volume 𝑉 in the beam by 𝑑$# = 6𝑉/ 𝑆.
X-ray radiography (Figure 3b) and fluorescence (Figure 3c) measurements were
performed at the 7-BM beamline of the Advanced Photon Source (APS), Argonne
National Laboratory [19]. Briefly, a monochromatic X-ray beam is focused to a small spot
at the mid plane of the spray. A time-series is recorded at a point and the spray is
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translated through the beam. This is repeated many times to provide an ensemble
average, spatially and temporally resolved measurement.
Laser
Diffraction (LD)

X-ray
Radiography

X-ray
Fluorescence

Ultra-Small Angle
X-ray Scattering

Quantity
Measured

Size Distribution,
Approx. Volume

Aerosol Mass
per Unit Area

Drug Mass
per Unit Area

Liquid Surface Area
per Unit Area

Light Source

670nm Laser

6 keV X-rays

15 keV X-rays

12 keV X-rays

Probe Area

1 cm Diameter

5 × 6 𝜇m

5 × 6 𝜇m

0.8 mm (transverse)
× 1.0 mm (axial)

Time Resolution

3.68 𝜇s

0.4 ms

1 ms

Time-average
during Steady State

Measurement
Locations (axial)

-11 to
+45 mm

-11 to
+50 mm

-15 to
+71.5 mm

-11, -10,
-5, +5 mm

Sample Size

10

16

200

240

Time Required per
Measurement

30 min

5 min

35 min

50 min

Table 1. Key parameters for the optical and X-ray measurement techniques.
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Figure 3. Simplified schematics of (a) Laser Diffraction (b) X-ray Radiography, (c) X-ray
Fluorescence and (d) Ultra-small Angle X-ray Scattering Techniques.
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For the radiography measurements [2], X-ray transmission is recorded by a
photodiode. By comparing the transmitted and incident intensities (𝐼/𝐼6 ) the projected
mass of all species 𝑖 along the beam path (z axis) is given by the Beer-Lambert Law:
8
89
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Equation 1

where 𝜇D are the species X-ray absorption coefficients and 𝜌D are the species densities.
Equation 1 is more complex than the approach used in previous work [2] as it separates
the constituent species in the formulation, rather than treating the fluid as a homogeneous
mixture. The total projected mass M used in previous studies [2,6] is related to Equation
1 by 𝑀 = ∫ ∑𝜌D 𝑑𝑧. The absorption coefficients for the constituents vary from 𝜇 ≈ 16 cm2/g
for pure ethanol to 𝜇 ≈ 30 cm2/g for pure propellant. For the radiography experiments an
incident beam energy of 6 keV was used, which provides sufficiently low energy for the
beam to be well absorbed but high enough to give sufficient total flux. For the fluorescence
measurements, the beam energy was increased to 15 keV to excite fluorescent emission
from the bromine atom in the drug (IPBr) [15]. A detector at right angles to the beam
(Figure 3c) detected this emission (𝐼KLMNO. ). The projected drug concentration along the line
of sight of the beam can be calculated;
R8STUVW.
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Equation 2

Corrections are made to account for detection efficiency (𝜓, 𝑓A ), absorption of the incident
beam (𝑓_ ), and loss due to reabsorption in the surrounds (𝜏) [15]. The advantage of the
fluorescence technique is that it is able to measure the projected drug concentration
independently of all other components in the formulation. The characteristic emissions
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from the Br atoms are X-rays which occur against a zero background [15]. The emission
mechanism is generally insensitive to temperature, pressure, and valence state [15].
Figure 3d provides a simplified schematic of the ultra-small angle X-ray scattering
(USAXS) technique. These measurements were performed at the 9-ID beamline of the
APS at Argonne National Laboratory [16]. The facility uses a Bonse-Hart configuration,
which is capable of reaching scattering angles an order of magnitude smaller than
conventional instruments. For our application, this is equivalent to being able to probe
length scales up to approximately 10 𝜇m. A monochromatic 12 keV beam is passed
through a pair of collimating crystals. When the beam passes through the spray, some Xrays are elastically scattered. The X-rays pass through a second set of crystals which act
as an angle filter [17]. By moving the crystals through a range of angles, repeating the
spray, and normalizing against the environment without the spray, a scattering intensity
profile is obtained. For our experiment, the droplet radii are larger than length scale range
probed by the instrument, and the measurements thus follow Porod’s law;
Aa
Ab

(𝑞) = 2𝜋𝛥𝜌i# 𝑆𝑞 <%

Equation 3

The known parameters in Equation 3 are 𝑞 (the scattering vector) and 𝑑𝛴/𝑑𝛺, the
differential cross-section, which is calculated from the measurements [20]. The unknowns
are 𝑆, the surface area, and 𝛥𝜌i# , the scattering contrast of the droplets. Scattering
contrast is a function of droplet composition [19]; it varies from approximately 6 × 10#"
cm-4 in pure ethanol to 14 × 10#" cm-4 in pure propellant.
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RESULTS AND DISCUSSION
Figure 4 summarizes the results from the laser and X-ray techniques inside and outside
the mouthpiece of the electronically metered inhaler test facility for both HFA 134a and
HFA 227 based formulations. Data are shown up to 25 mm from the mouthpiece and the
data are time-average measurements across the duration of the spray (50 ms). The timeresolved LD data indicated that the droplet size distribution was steady during the spray.
Time resolved radiography also indicated that the injected mass per unit area was also
relatively steady (within 10% of the mean value). The error bars in Figure 4 represent the
uncertainty in the data due to both experimental error and fluctuation of the
measurements about the ensemble mean values during the steady state period.
The LD data (Figure 4a) indicate that the Sauter mean diameter is slightly higher
closer to the nozzle but remains relatively steady as the measurement moves
downstream. Due to the large size of the probe area relative to the size of the spray, the
LD data are subject to significant spatial averaging. The radiography data (Figure 4b)
shows that the projected mass drops with increasing distance from the nozzle as the
spray evaporates. However, the fluorescence data (Figure 4c) show the drug
concentration along the beam path remains relatively constant with distance from the
nozzle. This is expected, as conservation of total drug mass will give a constant projected
density once integrated along the line of sight at the mid-plane. The USAXS measurement
(Figure 4d) shows the surface area decreasing monotonically, similar to the radiography
measurements.
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Figure 4. Measurements obtained using (a) laser and (b-d) X-ray techniques in the
electronically metered inhaler facility for 1𝜇g/𝜇L IPBr, 15% ethanol, HFA 134a and 1𝜇g/𝜇L
IPBr, 15% ethanol, HFA 227 formulations. All data are measured along the centerline axis
of the spray with the horizontal co-ordinate indicating distance from the end of the
mouthpiece. The nozzle exit is located at the leftmost end of the horizontal axis.
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Figure 5. Calculated properties of metered-dose inhaler sprays derived from combined
laser diffraction (LD) and X-ray measurements, for both 1𝜇g/𝜇L IPBr, 15% ethanol and
HFA 134a and 227 formulations. All data are measured along the centerline axis of the
spray with the horizontal co-ordinate indicating distance from the mouthpiece.
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Figures 4 c-d are calculated assuming that the droplet composition (i.e. ratio of
propellant to ethanol remaining in the liquid phase) matches that of the fluid inside the
canister. However, the ethanol and propellant evaporate at different rates. Rather than
assuming a composition, we can combine our measurements into a unified model with
variable composition. The sensitivity of the X-ray techniques to the effects of composition
can be exploited in order to solve for it. The model estimates line of sight integrated
species volume fractions both in the droplets and the vapor phase which require the
surface area in Equation 3 and the volume from Equation 1 to agree with the measured
𝑑$# , while conserving mass. Equations 1-3 are combined into a nonlinear system which
is iteratively solved using non-linear least squares until it converges to within experimental
uncertainty.
Figure 5a shows the resulting liquid volume fraction loading as a function of distance from
the mouthpiece. Circles indicate an empirical estimate from the LD data alone. Squares
indicate the volume loading calculated from the model. The X-ray data is utilized where
the LD fails (around y=5 mm) due to excessive multiple scattering. Figures 5b and 5c
show the composition of the liquid phase estimated by the model. The error bars indicate
the sensitivity of the result to the uncertainty of the experimental data. Figure 5b suggests
that the droplets exiting the nozzle are composed primarily of ethanol. As they evaporate,
the relative ethanol concentration decreases. Species concentrations (Figure 5c) suggest
that this is due to preferential evaporation of ethanol. This is surprising, as it suggests
that the small amount of volatile propellant that still exists in the liquid phase upon exiting
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the nozzle remains trapped in the droplets for a considerable time while the ethanol
evaporates from the droplet surface. It should be noted that the USAXS measurement is
sensitive to the surface concentration of the droplets, but in this preliminary investigation
we have assumed the droplets are homogeneous. Both formulations exhibit comparable
behaviour, but Figure 5b shows that the effect is more pronounced for the HFA 134a
formulation. This is because fraction of liquid propellant at the nozzle exit is lower for HFA
134a (Figure 5c). The underlying reason for this lower liquid fraction is unclear and
requires further investigation.

CONCLUSION
The adaption of a suite of synchrotron X-ray techniques to the study of pMDIs has
revealed useful insights into the complex processes taking place in these devices. Each
technique measures a different physical quantity, making them complementary to
conventional approaches. These techniques can be combined to measure important
pharmaceutically relevant parameters governing the environment in which the drug
particles form. By combining a novel USAXS measurement with laser diffraction, X-ray
radiography and fluorescence, it is possible to non-invasively characterize properties
such as droplet composition, which cannot presently be obtained by other means.
Preliminary results reveal surprising behavior in the spray. Within millimeters of the
nozzle, ethanol co-solvent appears to be predominant in the liquid state and evaporates
preferentially to the propellant, some of which remains trapped inside the droplets. Since
the drug is soluble in the ethanol and not the propellant, this implies that the drug
distribution inside the droplets themselves may be heterogeneous and this may have
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significant implications for the formation of drug particles. However, these results depend
on a number of assumptions that require further testing. A preliminary understanding of
these complexities suggests that pMDI nozzles may be modified to exploit this behavior.
For example, changing the shape of the nozzle will alter the nozzle exit conditions.
Differences in near nozzle conditions between the formulations suggest that the
development of the spray and the rate of evaporation is sensitive to these conditions.
The insights gained through a combined X-ray and optical approach provide insight
on the underlying physics behind empirical models for pMDI performance. This deeper
understanding helps identify which parameters have the greatest impact on performance,
and could be used to guide the future development of more efficient pMDIs.
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