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bstract

There is a lack of in vivo studies focusing on the effect of particle size of dry powder aerosols on lung deposition and distribution. We investigated
he dose and distribution of radiolabelled powder aerosols of mannitol in the lungs using single photon emission tomography (SPECT). Three
ifferent sized radiolabelled powders were produced by co-spray drying mannitol with 99mTc-DTPA. The primary particle size distribution of
he powders measured by laser diffraction showed a volume median diameter of 2, 3 and 4 �m with span 2.3, 2.0 and 2.1, respectively, which
orresponded to an aerodynamic diameter of 2.7, 3.6, 5.4 �m and geometric standard deviation of 2.6, 2.4 and 2.7 when the powders were dispersed
sing an Aeroliser® dry powder inhaler. Three capsules each containing approximately 20 mg (i.e. a total of 60 mg containing 60–90 MBq) of
ach of the radiolabelled powders were inhaled by eight healthy volunteers using the Aeroliser® inhaler. Images of aerosol deposition in the lungs
ere acquired using fast, multi-bed position SPECT. The lung dose markedly decreased with increasing aerosol particle size (mean ± S.E.M.:
4.8 ± 2.4, 38.9 ± 0.9, 20.6 ± 1.6% for 2.7, 3.6, 5.4 �m, respectively, p < 0.0001). The sites of deposition of the 2.7 and 3.6 �m aerosols were
imilar (penetration index, PI = 0.63 ± 0.05, 0.60 ± 0.03, respectively, p > 0.3), but different to the 5.4 �m aerosols (PI = 0.52 ± 0.04, p < 0.02). The

ung dose followed the in vitro powder dispersion performance, with the % lung dose being related to fine particle fraction by a slope of 0.8 for a
egression with intercepts forced through the origin. The SPECT results provide direct evidence that the lung deposition of dry powder aerosols
epends on the particle size. The lung dose of the 2.7 and 3.6 �m aerosols using the Aeroliser® was double compared to that of the 5.4 �m aerosols
nd the deposition of the smaller particles was more peripheral.

2007 Published by Elsevier B.V.
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. Introduction

Particle size is an important determinant of in vitro aerosol
erformance for dry powder aerosols (Louey et al., 2004). Stud-
es using mannitol and disodium cromoglycate have shown that
s the particle size of powders is decreased, the fine particle
raction (FPF, i.e. % mass of particles <5 �m in the aerosol) mea-
ured by cascade impaction is increased (Chew and Chan, 1999;

hew et al., 2000). While particles of small size are expected to
e more difficult to disperse into aerosols due to increased cohe-
ion (Zimon, 1969), increasing the inhaler dispersion efficiency

∗ Corresponding author. Tel.: +61 2 9351 3054; fax: +61 2 9351 4391.
E-mail address: kimc@pharm.usyd.edu.au (H.-K. Chan).
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nd air flow improves deagglomeration, leading to a larger FPF
Chew et al., 2000). Particle size is also known to affect depo-
ition of dry powder aerosols in the lungs as well as therapeutic
esponse (Zanen et al., 1994, 1995).

There have been many in vivo deposition studies using dry
owder inhalers (DPIs). The focus of these studies has been on
omparing DPI performance at different air flow rates (Newman
t al., 1994; Meyer et al., 2004) or comparison with other DPIs,
r with metered dose inhalers or nebulisers (Thorsson et al.,
998; Ball et al., 2002; Rohatagi et al., 2004). Most studies have
sed commercial DPI products where the particle size distri-

utions of the powders were already fixed. Few studies have
ddressed the relationship between the physical or aerodynamic
article size distribution (APSD) of pharmaceutical aerosols and
ung deposition. This is likely due to the need for using imaging

mailto:kimc@pharm.usyd.edu.au
dx.doi.org/10.1016/j.ijpharm.2007.08.013
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echniques to study lung deposition that are less readily avail-
ble (Chan et al., 2006). Thus, it remains unclear just how in
itro dispersion performance translates to in vivo deposition in
he lung (Newman, 1998).

The purpose of the present study was to link changes in
he in vitro particle size of a DPI to the in vivo lung depo-
ition using SPECT and mannitol as the dry powder with
ifferent particle sizes. Mannitol is a sugar alcohol, and is
sed as a dry powder by inhalation for diagnosis of bronchial
yperresponsiveness (Anderson et al., 1997; Brannan et al.,
005). Being an osmotic agent, mannitol is also used for
nhancing clearance of mucus in people with bronchiectasis
nd cystic fibroses (Daviskas et al., 1997, 1999, 2001, 2005;
obinson et al., 1999). Mannitol was primarily chosen as a
odel in this study because its particle size can be readily

ontrolled by spray drying (Chew and Chan, 1999) and the spray-
ried powder is crystalline and physically stable (Rowe et al.,
001).

. Method

.1. Human subjects

Eight human subjects (three male, five female) aged between
0 and 29 (mean ± standard error of the mean: 22.3 ± 1.1) with
eight 156–180 cm (165.9 ± 3.1) were recruited for the study.
ll subjects were healthy, non-smokers and had a forced expi-

atory volume in 1 s (FEV1) > 98% predicted (110.6 ± 3.1). All
ubjects had no significant reactivity to mannitol in response
o inhaling increasing doses of mannitol up to 75 mg on the
creening visit (% fall in FEV1 was <3%).

The study was approved by the Ethics Committee of both the
niversity of Sydney and the Sydney South West Area Health
ervice. Mannitol was used under the clinical trial notification
cheme of the Therapeutic Goods Administration of Australia
CTN Trial No. 2003/49).

.2. Preparation of radiolabelled mannitol powder
Mannitol solutions at the required concentrations (Table 1)
ere prepared by dissolving the raw material (mannitol 99%,
allinckrodt, NJ, USA) in deionised water. A fresh 99mTc-

m
t
t
p

able 1
pray-drying conditions for mannitol powders and particle size data

owder Mannitol feed
concentration (g/mL)

Feed rate
(mL/min)

Atomising nozzle
air flow (NL/h)

�m 0.0075 0.7 700–800
�m 0.0133 0.7 650–750
�m 0.02 1.6 400–500

a This refers to the primary particle size distribution measured by laser diffraction b
b This refers to the particle size distribution of the aerosol when the powder was di
iameter and geometric standard deviation, respectively. GSD was obtained from th
og-normal.

c The numbers in brackets indicate the range of particle sizes for the radiolabelled
Pharmaceutics 349 (2008) 314–322 315

TPA complex was prepared by adding approximately 4 GBq
9mTc-pertechnetate in normal saline to a DTPA (Radpharm,
ustralia) vial and made up to 2 mL with water for injection. This

omplex was then added to an autoclaved mannitol feed solution
rior to spray drying. A spray dryer (Büchi Mini spray dryer,
-191, Switzerland) was employed to produce spray-dried par-

icles with volume median diameters of 2, 3 and 4 �m using the
perating conditions outlined in Table 1. To minimise environ-
ental microbial contamination, the spray dryer was modified

s follows: (1) the inlet air was filtered using a 0.2 �m partic-
late filter (Aervent Opticap XL2, Millipore, USA) and (2) the
ompressed air was filtered using a 0.65 �m Tuffryn membrane
lter (Pall Life Sciences, East Hills, NY, USA).

For validation purposes, powders were produced without
he radioactive marker 99mTc-DTPA. Bioburden analysis per-
ormed on validation samples showed that they comply with
ritish Pharmacopoeia standards for inhalation powders (total
iable aerobic count, TVAC < 102 cfu/g). Particle size was con-
rmed on the validation powders as well as the labelled powders
sing laser diffraction (Mastersizer S, Malvern, Worcs, UK).
he powders (20 mg) were dispersed by sonication for 1 min

n chloroform (30 mL) containing a drop (0.05 mL) of Tween
0 as the dispersion medium. A suitable amount of the suspen-
ion was then added into the dispersion cell of the equipment
tirring at 2000 rpm to circulate the particles through the mea-
uring zone while keeping the obscuration between 10 and 20%.
article size analysis was based on the refractive index (RI) of
annitol (1.520), RIimaginary of mannitol (0.100) and chloro-

orm (1.444). The particle size distribution was expressed as
he volume median diameter and span (defined as the difference
n particle diameters at 10 and 90% of the cumulative volume,
espectively, divided by the volume median diameter). Using
canning electron microscopy (JEOL 6000 field emission SEM)
ll particles were found to be smooth and spherical like those in
ur previous study (Chew and Chan, 1999). The physical stabil-
ty was confirmed by the minimal moisture sorption (0.62 wt%
t 90% RH). The amount of radioactivity per gram of mannitol
anged between 1 and 1.5 GBq/g. In addition, thin layer chro-

atography of 99mTc-DPTA in saline prior to spraying and in

he spray powders (after reconstitution in water) confirmed that
he 99mTc-DTPA complex was maintained after the spray-drying
rocess.

Powdera Aerosolb

Volume median diameter
(VMD) (�m)c

Span MMAD
(�m)

GSD

2.1 (2.0–2.2) 2.3 2.7 2.6
2.9 (2.8–3.0) 2.0 3.6 2.4
4.0 (3.8–4.1) 2.1 5.4 2.7

y dispersing the powder in liquid (as described in Section 2.2).
spersed using an Aeroliser®; MMAD and GSD are mass median aerodynamic
e best fit line of the aerosol size distribution, which however is not perfectly

powders produced (n = 3).
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Table 2
Peak inhalation flow data of the eight subjects who participated in the study

Subject number Flow rate (L/min)

2 �m 3 �m 4 �m

1 116 121 123
2 114 111 110
3 109 109 107
4 126 132 128
5 117 123 117
6 142 135 141
7
8
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.3. In vitro powder dispersion

Each of the mannitol powders (∼20 mg) was loaded into
size 3 hydroxypropyl methyl cellulose (HPMC) capsule

Capsugel, NJ, USA) and was dispersed at 60 and 100 L/min
sing an Aeroliser® dry powder inhaler [device resistance
.06 cmH2O1/2/(L/min)] connected via an USP induction port
o a model 160 Marple Miller Impactor (MSP Corp., MN,
SA). Each run was performed in triplicates. The collecting

ups were coated with silicone grease (Dow Corning, Australia)
o reduce the effect of particle bounce. After each dispersion
he powder collected at each stage of the impactor, induction
ort, capsule and device was dissolved in a known amount of
eionised water. The amount of radioactivity in each sample
as measured on a CRC-5 radioisotope calibrator (Capintec,
amsey, NJ, USA). A previously validated high performance

iquid chromatography (HPLC) method (Chew and Chan, 2002)
nabled mannitol to be chemically assayed within an estab-
ished working range of 0.025–4 mg/mL using refractive index
etection. Fine particle fraction (FPF) is defined as the mass
raction of particles less than 5 �m in the aerosol, corre-
ponding to those collected on stages 3, 4, 5 and the filter.
PF is referenced against the recovery (i.e. dose in impactor

ncluding induction port + device and capsule retention) and
s expressed as the mean of triplicate runs. When altering
ir flow rate, the impaction stage cutoffs were re-calculated
ased on the inverse square root of the air flow (Feddah et al.,
000). Interpolation was used to determine the fine particle frac-
ion under 5 �m when the dispersion flow rate differed from
0 L/min.

.4. Administration of mannitol powder

Inhalation of the different particle size powders by the sub-
ects occurred on separate study days. On each study day the
ubject practiced their inhalation technique using an Aeroliser®

ry powder inhaler with empty capsules to obtain reproducible
ow profiles. A 20 mg dose of non-radioactive mannitol was
dministered to each subject to condition the airways to mannitol
n order to minimise potential coughing during the inhalation of
adiolabelled mannitol. Three capsules each containing 20 mg
f the radiolabelled mannitol were separately loaded into the
eroliser® DPI and subjects were requested to inhale with
aximum respiratory effort. After inhalation the subjects were

nstructed to hold their breath for 5 s before exhaling into a
Respirgard IITM’ particulate filter (type 303, Vital Signs, NJ,
SA). Imaging was commenced 5 min after the start of inhala-

ion of the first capsule.
Inhalation flow profiles were recorded during inhalation of

he radiolabelled powders by each subject. This was done using a
ow meter (TSI model 4040 E) connected to the analogue input
f an oscilloscope. Signals were saved as digital files for fur-
her data analysis. The inhalation volume was calculated using

he trapezium rule as the area under the flow vs. time profile.
cceleration of flow was calculated as the slope from baseline

o peak flow. The peak inhalation flow data of the subjects are
ummarised in Table 2.

b
d
O
3

108 104 111
94 95 100

.5. SPECT imaging and data analysis

Simultaneous emission and transmission fast SPECT stud-
es were acquired on a triple head gamma camera (Triad XLT,
rionix, USA) as previously described (Eberl et al., 2001).
wo of the three detectors were fitted with high resolution
arallel hole collimator for the emission measurements, while
he detector opposing the transmission line source was fitted
ith a fan-beam collimator with a focal length of 1140 mm

or transmission measurement. The transmission line was filled
ith approximately 1GBq of 99mTc. A two frame, 1 min/frame
ynamic SPECT study was performed at three-bed positions
o cover an extended axial length including the oropharynx,
ungs and abdomen with the limited axial field of view (FOV)
f 23 cm of the gamma camera. Between each dynamic SPECT,
he bed was moved, under computer control, to the next bed
osition and the image acquisition was repeated. This allowed
8 cm to be covered along the subject, with a slight over-
ap of bed positions. Three such passes were collected, the
rst two with the transmission source open, while the last one
ith the transmission source closed to allow estimation of the

ross talk from the activity in the subject into the transmission
mages. A transmission blank scan was performed on each study
ay.

.6. Image reconstruction and data analysis

Each set of 2 × 1 min frames was summed into a single
rame for the emission data and the projections from each
et of three-bed positions were assembled into a single vol-
me, taking into account the bed overlap to give a projection
ata set covering the full length of the acquisition. The four
rames of transmission data with the transmission source open
ere also summed into a single frame and rebinned from fan-
eam to parallel data. Cross talk correction factors of emission
ounts contributing to transmission counts were determined
rom the scan with the transmission source closed. Emission
mages simultaneously collected with the transmission images
ere multiplied by the cross talk correction factors before

eing subtracted from the transmission data. The transmission
ata were corrected by the blank scan and reconstructed with
SEM (ordered subset expectation maximisation, 1 iteration,
0 subsets) (Hudson and Larkin, 1994). The emission data were
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Fig. 1. Validation graphs of in vitro distribution of the powders as a function
of impactor stage for (A) 2 �m powder, (B) 3 �m powder and (C) 4 �m pow-
der (error bars showing standard deviation, n = 3). The graphs demonstrate that
W. Glover et al. / International Journ

econstructed with OSEM (2 iteration, 6 subsets) and attenu-
tion corrected using the reconstructed transmission data. A
hree-dimensional Gaussian post-reconstruction filter (11 mm
WHM, full width at half maximum) was applied to reduce
oise in the images.

Total activity in the subject and activity in the lungs, orophar-
nx and stomach and GI tract were then estimated from the
rst multi-bed position study using manually defined regions of

nterest (ROIs). The cross calibration factor to convert SPECT
ounts to activity concentration were determined from a phan-
om study containing known amounts of activity in “lung”,
stomach” and “oropharynx” compartments. The phantom stud-
es were acquired and processed in the same way as the subject
tudies.

The automatically defined right lung volume of interest (Eberl
t al., 2001) was divided into 10 concentric shells (Fleming
t al., 1995, 1996; Eberl et al., 2001). The central region
as defined as the five innermost shells, while the two out-

rmost shells comprised the peripheral region. The remaining
hree shells comprised the intermediate region. The penetra-
ion index (PI) was calculated from the ratio of the counts
er voxel in the peripheral region to the counts per voxel in
he central region. The peripheral region includes predomi-
antly the small airways as well as alveoli of the lung where
ctual oxygen-exchange occurs. Because of the thin barrier for
bsorption, this region is targeted for drugs with a systemic
ffect.

.7. Statistical analysis

Analysis of variance (ANOVA with repeated measures) was
erformed to compare the dose and distribution effect of the
ifferent particles sizes of powder mannitol (Statview 5, SAS
nstitute, Cary, North Carolina). Probability values less than 0.05
ere considered statistically significant. Results were reported

s mean ± standard error of the mean (S.E.M.) unless otherwise
tated.

. Results

.1. Radiolabelling validation and chemical assay

Initially the spray-drying techniques used to radiolabel the
annitol powders were validated by performing in vitro pow-

er dispersions and chemical assays. The chemical assay results
ollowed the radioactivity distribution for the mannitol powders
f all three-particle sizes (Fig. 1). The aerosol particle size dis-
ributions of the radiolabelled and control (non-radiolabelled)
owders were also similar, indicating that the radiolabelling
ethod did not alter the aerosol performance of the mannitol

owder. The homogeneity of the radiolabel in the powder, shown
y the close match of the mannitol with the radioactivity in Fig. 1,
as expected since the powders were produced from solutions
ontaining both mannitol and the radiolabel which distributed
niformly in the water. The results thus confirmed the validity
f quantifying the mass of mannitol in the lung by measuring
he radioactivity.

the activity of the radiolabelled powder (activity assay—radiolabel) and the
chemical assay of the radiolabelled powder (chemical assay—radiolabel) closely
follow the chemical assay of the unlabelled powder (chemical assay—control).
Thus, the radiolabelling does not change the in vitro distribution of the powder
and the radioactivity distribution can be used as a surrogate for chemical assay.
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Fig. 2. Lung dose (percent of loaded dose) plotted as a function of fine particle
fraction (<5 �m) for the three powders. The regression line shown (for 24 data
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oints) has been fitted with the intercept forced through the origin to allow direct
stimate of % FPF deposited in the lungs from the slope. Thus, the slope of 0.81
ndicates that 81% of the FPF deposits in the lungs for these powders.

.2. In vitro dispersions

The in vitro dispersion data generated at 60 L/min showed that
he 2, 3 and 4 �m powders (with span 2.3, 2.0 and 2.1, respec-
ively) had a fine particle fraction (FPF) under 5 �m of 55.8%
range 53–57), 46.0% (range 45–48) and 28.3% (range 26–29)
f the loaded dose, respectively. While there is a strong depen-
ence of the FPF on the particle size, FPF was not affected by
he air flow between 60 and 100 L/min (55.1 ± 1.5, 46.0 ± 1.4,
8.1 ± 1.6 at 60L/min vs. 57.1 ± 3.0, 49.1 ± 2.0, 29.1 ± 1.6 at
00 L/min for the 2, 3 and 4 �m powders, respectively).

. Mannitol deposition
.1. Lung dose

Overall the lung dose (i.e. radioactivity in the lungs) of
he dry powder mannitol, inhaled using the low resistance

p
P
0
t

ig. 3. Coronal slices from the SPECT images obtained after inhalation of the radiola
Pharmaceutics 349 (2008) 314–322

PI (Aeroliser®), increased as the primary particle size of the
annitol powder was decreased (Fig. 2). Fig. 3 illustrates the

esults showing coronal slices of SPECT images of a subject
no. 7). The mean ± S.E.M. doses expressed as a percentage of
he loaded dose were 44.7 ± 2.4, 38.9 ± 0.9 and 20.6 ± 1.6%
or the 2.7, 3.6 and 5.4 �m aerosols, respectively (p < 0.0001).
hese percentages corresponded to a range of 21.2–34, 21.2–25
nd 9.2–18.5 mg of the initial 60 mg loaded dose for each
article size. The lung dose of the 5.4 �m aerosols was
istinctly different from and approximately only half of that of
he 2.7 and 3.6 �m aerosols (p < 0.0001). The difference in the
ung dose between the 2.7 and 3.6 �m aerosols was significant
p < 0.02) but small. Further, the lung dose for each particle
ize was consistently lower than the in vitro FPF (<5 �m) of
he mannitol powders. A linear regression line fitted to the
ata shows a slope of 0.81 (r2 = 0.81, p < 0.0001) with the fit
ntercepts forced through the origin (which results in the slope
roviding a direct measure of % FPF deposited in the lungs),
ndicating that the lung dose is only 81% of the in vitro FPF
Fig. 2). The regression equation without forcing the intercepts
hrough the origin is y = 0.899x − 4.246 (r2 = 0.82, p < 0.0001)
here y is the lung dose (as % loaded dose in the inhaler) and
the % FPF under 5 �m.

The intersubject coefficient of variation (CV%) in the lung
ose was 15.3, 6.6 and 22.5% for the 2.7, 3.6 and 5.4 �m
erosols, respectively. No dependence of the in vivo lung dose
n the subjects inhalation flow rate (range 94–142 L/min) was
ound (Fig. 4).

.2. Lung distribution

The lung distribution of mannitol was calculated from the
PECT imaging data and expressed as the penetration index
PI). Mannitol was deposited diffusely in the lung for all three-

article sizes. The 2.7 and 3.6 �m aerosols gave an average
I of 0.63 ± 0.05 (range: 0.37–0.78) and 0.60 ± 0.04 (range:
.45–0.68), compared with 0.52 ± 0.04 (range: 0.31–0.66) for
he 5.4 �m aerosols (Fig. 5). There was a significant differ-

belled mannitol powders in one of the subjects (no. 7). (a) 2, (b) 3 and (c) 4 �m.
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4.8 (0.021) 6.9 (0.011) 3.6 (0.008) 3.3 (0.025) 4.8 (0.011) 2.7 (0.008)
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Table 3
Mass (mg) of mannitol deposited in the central, intermediate and peripheral

Subject Mass of powder deposited in the lungs (mg)

2 �m

Central Intermediate Peripheral

1 4.8 (0.019) 8.2 (0.012) 4.1 (0.008)
2 2.7 (0.028) 6.8 (0.023) 4.4 (0.017)
3 3.4 (0.025) 7.4 (0.019) 4.6 (0.015)
4 3.7 (0.029) 8.1 (0.023) 5.1 (0.018)
319

5 2.5 (0.016) 5.6 (0.013) 2.9 (0.009) 2.8 (0.021) 6.3 (0.017) 3.6 (0.012) 2.3 (0.022) 5.1 (0.017) 3.3 (0.013)
6 3.4 (0.016) 8.3 (0.013) 4.3 (0.009) 2.9 (0.010) 6.2 (0.008) 3.2 (0.006) 1.7 (0.010) 3.4 (0.008) 2.3 (0.006)
7 2.5 (0.024) 6.4 (0.024) 3.8 (0.017) 2.9 (0.040) 6.0 (0.032) 4.0 (0.025) 1.4 (0.023) 3.4 (0.019) 2.2 (0.014)
8 2.3 (0.022) 5.2 (0.019) 3.6 (0.016) 2.0 (0.019) 5.2 (0.018) 4.0 (0.016) 1.4 (0.013) 2.7 (0.009) 1.7 (0.007)

Mean ± S.E.M. 3.2 ± 0.3
(0.022 ± 0.002)

7.0 ± 0.4
(0.018 ± 0.002)

4.1 ± 0.2
(0.014 ± 0.002)

3.0 ± 0.3
(0.023 ± 0.003)

6.1 ± 0.2
(0.018 ± 0.002)

3.8 ± 0.1
(0.014 ± 0.002)

1.8 ± 0.2
(0.016 ± 0.002)

3.5 ± 0.3
(0.011 ± 0.002)

2.2 ± 0.2
(0.008 ± 0.001)

Data in parentheses represent the mass of mannitol per volume (mg/mL) of the lung regions.
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Fig. 6. Percent throat deposition as a function of particle size for the subjects.
Throat deposition with the 4 �m powder (VMD) (MMAD 5.4 �m) was almost
twice the deposition observed with the smaller particle size powders. A small,
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ut significant reduction in throat deposition is also observed with the 2 �m
owder (VMD) (MMAD 2.7 �m) when compared with the 3 �m powder (VMD)
MMAD 3.6 �m).

ndicated by the low levels (less than 0.5%) of activity detected
n the exhalation filter.

. Discussion

Mannitol powders with primary particle size 2.1, 2.9 and
.0 �m (VMD) and similar polydispersity (span: 2.3, 2.0 and
.1 respectively), corresponding to 2.7, 3.6 and 5.4 �m MMAD
GSD: 2.5, 2.2 and 2.7 respectively), when dispersed by the dry
owder inhaler Aeroliser® were used in the study. The unimodal
ize distributions with a similar polydispersity, but different only
n the median particle size for the powders made it feasible to use
he median size for comparing the deposition behaviour. Differ-
nt polydispersities would have affected the contact area (hence
ohesion) between particles and confounded the comparison
Fuchs, 1964).

The key findings of the study are (i) the aerosol dose in the
ungs increased as the aerosol particle size decreased from 5.4
o 2.7 �m; (ii) the distribution of the mannitol within the lungs

easured by the penetration index was similar between the 2.7
nd 3.6 �m aerosols but different to the 5.4 �m aerosol. Thus,
oth the dose and distribution of the aerosol within the lung
epend on the particle size of the powder used. The throat depo-
ition in the subjects was also dependent on the particle size, with
he throat deposition of the 5.4 �m aerosol being roughly dou-
le of the values for the 2.7 and 3.6 �m aerosols. These results
ere obtained using pure mannitol powders without any lactose

arrier, hence the findings may not necessarily be applicable to
lend formulations containing more than one component.

Full characterisation of aerosol deposition not only in the
ungs but also in extra thoracic areas such as the oropharynx

nd stomach requires the ability to estimate activities in diverse
egions with heterogeneous attenuation. This mandates trans-
ission based attenuation correction and the diverse regions

ose a considerable challenge to accurate estimation of activ-

a
m
m
w
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ty with planar imaging. The fast dynamic SPECT imaging
reviously implemented (Eberl et al., 2001) was adapted to
over the required axial extent in a sufficiently short time to
void appreciable redistribution of activity over the duration
f the study. Absolute activity quantitation from the SPECT
ata allows “mass” or activity balance calculations to be per-
ormed. The total recovery of radioactivity calculated from the
otal activity in the subject estimated from the SPECT study
lus the residual left in the capsule and inhalation device for
ach subject was in the range of 90–100% of the loaded dose
data not shown). This provides confirmation and reassurance
hat an accuracy of around 10% is achieved with the SPECT
erosol activity distribution estimates.

The increase in lung dose with the smaller particles was con-
istent with the in vitro dispersions of the mannitol powders
hich showed a significant increase in FPF as the primary par-

icle size of the powder was decreased. The present in vitro–in
ivo correlation with a slope of 0.81 provides a reasonable pre-
ictor of lung deposition from the FPF. The over-estimation
f lung dose by the FPF data was commonly found in MDI
nd DPI studies, and is due to the inadequacy of using a sin-
le particle cutoff to account for the complex deposition of
erosol particles in the lungs (Clark and Borgstrom, 2002). The
resent slope value of 0.81 is consistent with earlier results
sing the CyclohalerTM DPI coupled with a human cast throat
Olsson et al., 1996). The variation of the lung dose between sub-
ects in the present study was low (CV = 7–23%) and compares
avourably with other studies performed using other inhalers
here of the CV was between 14 and 49% (Pitcairn et al.,
000). It has been reported that the inhaler resistance would
ffect the geometry of the upper airway (hence aerosol depo-
ition) during inhalation (Mcrobbie and Pritchard, 2005). It is
orth noting that when the 3 �m powder was dispersed from

he high resistance inhaler, InhalatorTM (Glover et al., 2006),
he lung dose was much lower (24.7 ± 5.2%) compared with
8.9 ± 0.9% in the present study. The difference in the results
an readily be attributed to the different FPF, MMAD, air
ow rates and device resistance (InhalatorTM: 25–42%, 4.1 �m,
3–63 L/min and 0.18 cmH2O1/2/(L/min) vs. Aeroliser: 45%,
.6 �m, 95–140 L/min and 0.06 cmH2O1/2/(L/min)) (Clark and
ollingworth, 1993; Glover et al., 2006). The results thus high-

ight the important role of the inhaler device in deposition of
PI aerosols in the lungs.
The influence of individual subject flow patterns was inves-

igated to see if it could explain the inter-subject variation in
ung dose. No dependence of the in vivo lung deposition on the
ubject’s inhalation flow rate was found, although the deposi-
ion of the 2 �m powder appeared to be more variable. This
s in contrast with the earlier findings using the 3 �m manni-
ol powder dispersed with the high resistance DPI, InhalatorTM,
here the lung dose was increased with higher peak inhalation
ows (which produced a higher FPF) (Glover et al., 2006). A
light, but significant correlation between the inhalation flow

nd deposition was previously seen for the deposition of efor-
oterol using the Aeroliser® (Meyer et al., 2004). However, a
uch larger flow range of 30–130 L/min with lower flow rates
as employed in that study. The lack of a definite trend in lung
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eposition vs. inhalation flow rate can be partially explained
y the in vitro dispersion data, which showed no difference in
he FPF between 60 and 100 L/min indicating that a maximum
PF occurs at ≥60 L/min. We attribute this to the critical turbu-

ence concept introduced by Coates et al using the Aeroliser®

PI, i.e. the fine particle fraction will plateau once a critical
evel of turbulence is generated within the device (Coates et al.,
005).

The distribution of the deposited aerosols in the lung follows
he expectation that smaller particles deposit more peripherally
han larger particles, as reflected by an increase in the PI val-
es as the aerosol particle size is reduced from 5.4 to 2.7 �m.
he clinical relevance of these findings is that increased lung
oses can be achieved using powders of smaller particle size.
t is generally believed that powders with larger particle size
eposit more centrally which could be more suitable for target-
ng the large airways. Our results showed that smaller particles
an actually give a higher dose (both absolute mass and mass per
ung volume) in all regions of the lungs (Table 3). The results
o not support the use of mannitol powder of primary particle
ize greater than 3 �m as clinically suitable, since 76% of the
oaded dose of 4 �m diameter particles was deposited in the
hroat. In contrast, effective doses of powders of mannitol of
�m or less could be delivered for clinical use and their success

s supported by multiple studies (Anderson et al., 1997; Daviskas
t al., 1997, 1999, 2001; Robinson et al., 1999; Brannan et al.,
005). However, it is essential to ensure that the powder can be
ufficiently dispersed in vitro when a smaller particle size such
s 2 �m is chosen as the powder will become more cohesive
ith reduced particle size. Particle size reduction will increase

he specific surface area of the powder, and since the particles
f the three powders were spherical with smooth surface mor-
hology, size reduction is thus likely to increase contact area
nd cohesion between particles. Furthermore, since mannitol
s crystalline and non-hygroscopic, the results may not neces-
arily be directly applicable to powders which are amorphous
nd/or undergo hygroscopic growth in the airways. The present
esults on powders of pure mannitol as drug also would have
imited applicability for binary mixtures involving both drug
nd carrier.

Finally, it is worth to consider a potential implication of the
esults on the formulation and manufacturing of DPI products.

hile the reduction of the aerosol MMAD from 5.4 to 3.6 �m
mproves the lung dose significantly, further aerosol particle size
eduction from 3.6 to 2.7 �m has only a marginal improve-
ent. Due to the low collection efficiency of the cyclone, the

ield of the 2 �m powder by spray drying is quite poor (30%).
f mechanical milling were employed instead of spray drying,
t would have been highly energy demanding to reduce the
�m powder further down to 2 �m, accompanied by amorphous
aterials generated during the processing. Either way, it is not

ost-effective, hence it would not be worth the extra effort to pro-
uce a DPI product with the smaller 2.7 �m aerosols unless the

arginal improvement of the lung dose can be justified by pos-

tive clinical outcomes in terms of efficacy and unwanted side
ffects. The situation may be different for a higher resistance
nhaler with the same dispersion efficiency (i.e. same FPF) as

C
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he lower inhalation air flow is likely to reduce the extrathoracic
eposition and hence increase the lung dose.

. Conclusion

In conclusion, SPECT has been used to establish the par-
icle size dependence of in vivo lung deposition of mannitol
erosols. The dose delivered to the lung with the 2.7 and 3.6 �m
erosols was double compared to the dose with the 5.4 �m
erosol delivered using the low resistance device Aeroliser®.
his increase in lung dose also follows the increase in cascade

mpactor-measured aerosol performance with decreasing parti-
le size. Deposition of the inhaled powder was increased in the
ung periphery as the particle size was decreased. The results
ndicate that both the dose and site of deposition of dry pow-
er mannitol aerosols within the lung depend significantly on
he particle size of the powder dispersed with the low resistance
PI Aeroliser®. The findings of the present study may apply to
ther powders that are pure, stable, crystalline and polydisperse
hen dispersed with a low resistance DPI.
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