IMAGING DRUG DISTRIBUTION FROM
METERED-DOSE INHALERS

any patients suffering from respiratory problems such as

asthma experience quick and effective relief by inhaling med-

ication present in a mist or spray. The most popular type of de-
vice for delivering a measured amount of aerosolized medication is the
metered-dose inhaler (MDI). Although MDIs are compact, inexpensive, and
generally effective for delivering inhaled medications, many patients receive
less than the optimum drug dose. In order to improve device performance, op-
tical imaging and other techniques have been used to characterize how the
spray is distributed. However, these traditional techniques provide only limited
information about medication dispersion within the quickly-evolving spray
plume, and cannot directly visualize the concentration of the drug. Now these
limitations have been overcome by subjecting MDI sprays to x-ray fluores-
cence spectroscopy (XFS), carried out at the XSD 7-BM-B beamline of the
APS. In a series of experiments, the changing distribution of bromine (an ele-
ment found in some common inhaler drugs) within MDI sprays was determined
with millisecond precision. The team behind this research expects their ex-
perimental findings will lead to improvements in the drug-delivery performance
of metered-dose inhalers.

Drug delivery from MDls to the
lungs can vary widely, from 40% to
10% of the medication present in each
spray. Two factors are chiefly responsi-
ble for patients receiving low drug
doses: incorrect operation of the de-
vice, and less-than-optimum perform-
ance of the MDI device itself. Device
performance is directly related to how
the drug is distributed within the spray;
for instance, drug concentration may be
higher in one region of the spray plume
than another, potentially impeding drug
delivery to the lungs. Understanding
how the medication is precipitated, con-
centrated, and distributed within MDI

sprays is therefore essential to improv-
ing their performance.

Many techniques have been em-
ployed to characterize MDI sprays.
High-speed optical imaging methods,
e.g., Schlieren photography and shad-
owgraphs, measure the expansion of
the spray plume and its rapidly-chang-
ing density variations. However, these
methods cannot differentiate the med-
ication from the spray's propellant. Al-
though other diagnostic tools (e.g.,
particle filtration, various laser tech-
niques) can determine medication dis-
tribution within the spray plume, their
effectiveness is limited to areas far

downstream of the nozzle where the
spray becomes diluted. In contrast, the
dynamic phenomena of most interest,
such as precipitation of medication from
the vapor plume, occur largely in the
“near-field” region extending from just
inside the nozzle out to the first few mil-
limeters.

Fortunately, synchrotron-based
XFS is well suited for probing the near-
field spray region. By causing the drug
to fluoresce, its distribution and concen-
tration throughout the evolving spray
plume can be mapped with very high
spatial (5 ym) and time (1 ms) resolu-
tions. Moreover, XFS can measure the
drug's concentration within the multi-
tude of droplets that suddenly appear
and grow throughout the spray.

Figure 1 depicts the basic experi-
mental layout at 7-BM-B utilized by re-
searchers from Argonne, Monash
University (Australia), the University of
Sydney (Australia), and Chiesi Limited
(UK). The spray apparatus was con-
structed to mimic the spray from a real-
world inhaler, including incorporating an
actual MDI nozzle. The pressurized
spray was composed of ipratropium
bromide (the active drug) dissolved in
ethanol and mixed with a standard hy-
drofluoroalkane (HFA) propellant. At
spray initiation, focused synchrotron x-
rays (the red line in Fig. 1) ejected the
innermost (K level) electrons within the
bromine atoms. Higher-level (L and M)
electrons that replaced the missing
core electrons caused the bromine
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Fig. 1. Side view of the experimental spray chamber. The setup is designed
to simulate key parameters of an actual inhaler, including use of a genuine
MDI nozzle and a transparent polyimide 'mouthpiece’ that mimics a gen-

uine mouthpiece. The spray is controlled by a solenoid valve, while nitrogen
(N,) flow simulates patient inhalation. The x-ray beam (red line) causes the

ipratropium bromide in the spray to fluoresce, emitting x-rays represented

by the blue lines.
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Fig. 2. Panels (a) and (b) show bromine concentrations measured along the centerline of the mouth-
piece (dashed vertical line in Fig. 1). Vertical axes indicate drug concentration in nanograms (ng)
per square millimeter. Both panels show that within 140 ms, the drug concentration rises sharply
and peaks, then quickly dissipates. Note the difference in drug distribution with axial distance
from the nozzle (y) depending upon which propellant is used. Panels (c) and (d) are based on the
same propellant (HFA-134a) and show how drug concentration falls away rapidly from the center-
line of the mouthpiece in the transverse direction (x). The effect is very pronounced close to the

mouthpiece (5 mm), but less so further away (25 mm).

atoms to emit characteristic x-rays. By
measuring the emitted x-ray fluorescence,
bromine distribution and concentration were
determined. The energy of the x-rays se-
lected for the experiment (15 keV) is capa-
ble of exciting bromine, while the emitted
fluorescence is only weakly absorbed by the
spray's ethanol and propellant components.

Bromine concentration and distribution
is depicted in the three-axis graphs of Fig. 2.
Panels 2(a) and (b) show how bromine con-
centrations changed with distance using two
different propellants (HFA-134a and HFA-
227). Panels 2 (c) and (d) reveal that drug
concentration was highest around the cen-
terline of the mouthpiece.

While bromine appears in many com-
mon inhaler medications, other inhaler drugs
contain elements that also fluoresce for
properly-tuned x-rays. Besides examining
additional inhalant drugs, future experiments
will measure how variations in nozzle design
affect drug profiles in the critical near-field
spray region. Moreover, combining XFS with
laser excitation will aid in the measurement
of drug precipitation and vaporization rates.

The ultimate aim of these experiments
is improving MDI design to increase the frac-
tion of medication consistently delivered to
the lungs. — Philip Koth
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