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Abstract

Background: The amount of drug aerosol from an inhaler that can pass through an in vitro model of the mouth
and throat (MT) during a realistic breath or inhalation flow rate vs. time profile (IP) is designated the total lung
dose in vitro, or TLDin vitro. This article describes a clinical study that enabled us to recommend a general
method of selecting IPs for use with powder inhalers of known airflow resistance (R) provided subjects
followed written instructions either alone or in combination with formal training.
Methods: In a drug-free clinical trial, inhaler-naı̈ve, nonsmoking healthy adult human volunteers were screened
for normal pulmonary function. IPs were collected from each volunteer inhaling through different air flow
resistances after different levels of training. IPs were analyzed to determine the distribution of inhalation
variables across the population and their dependence on training and airflow resistance.
Results: Equations for IP simulation are presented that describe the data including confidence limits at each
resistance and training condition. Realistic IPs at upper (90%), median (50%), and lower (10%) confidence
limits were functions of R and training. Peak inspiratory flow rates (PIFR) were inversely proportional to R so
that if R was assigned, values for PIFR could be calculated. The time of PIFR, TPIFR, and the total inhaled
volume (V) were unrelated to R, but dependent on training. Once R was assigned for a powder inhaler to be
tested, a range of simulated IPs could be generated for the different training scenarios. Values for flow rate
acceleration and depth of inspiration could also be varied within the population limits of TPIFR and V.
Conclusions: The use of simulated IPs, in concert with realistic in vitro testing, should improve the DPI design
process and the confidence with which clinical testing may be initiated for a chosen device.

Key words: airflow resistance, dry powder inhaler, in vitro–in vivo correlations, inhalation profiles, patient
training, peak inhalation flow rate, realistic inhaler testing

Introduction

In this series of publications on realistic inhaler test-
ing, we sought to offer improved, clinically-relevant test

methods for aerosol drugs and possible in vitro–in vivo cor-
relations (IVIVC) for lung deposition.(1–3) The experimental
setup and brief description of the test method is shown in
Figure 1.

By assessing the aerosol drug dose exiting small, me-
dium, and large realistic mouth–throat (MT) models(4) while
using inhalation profiles (IPs) believed to simulate the
breathing maneuvers used during clinical testing, we found
that (a) the mean value for TLDin vitro, from several different
dry powder inhalers (DPIs) was consistent with literature
values for lung deposition following clinical testing(2) and
(b) the range of values from a single DPI agreed with the
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published range of values for TLDin vivo following gamma-
scintigraphic testing in a mixed-gender adult population.(1)

It is well known that performance of passive DPIs is air
flow rate dependent. Indeed the seminal work of Clark and
Hollingworth(5) led to compendial test methods requiring
that dose emissions and size distributions be determined at
flow rates that maintain an appropriate pressure drop across
each inhaler.(6) It is also well known that DPI performance
depends on the way that patients use these inhalers. While
this can be influenced by instruction leaflets, training and of
course, the subject’s lung capacity, present DPI develop-
ment is largely empirical and often retrospective because of
in vitro performance testing that fails to concern itself with
the way that patients actually inhale through a chosen de-
vice. Reports that a large proportion of patients fail to use
DPIs correctly are common; failure to exhale before inha-
lation, failure to inhale rapidly and deeply, as well as in-
correct mouthpiece positioning may all influence regional
drug deposition and clinical outcome.(7,8)

In this article we report the results of a clinical study that
enabled us to document the variability in the inhalation
profiles (IPs) of inhaler-naı̈ve normal adults inhaling
through a series of air flow resistances typical of those used
in commercial DPIs. The study enabled us to recommend a
range of IPs for testing DPIs with different airflow resis-
tances. The IPs may be simulated using sinusoidal equations
that adequately describe the flow rate vs time profiles
spanning the 10 through 90 percentile values for a mixed-
gender, lung-normal, adult population.

Because inhaler-naı̈ve volunteers were recruited for the
study, it was also possible to compare the effectiveness of
‘‘training by package insert’’ to formalized training from a
pharmacist in the use of passive DPIs; this by comparing the
different IPs elicited by the two procedures in the same sub-
jects. Use of the protocol described here should enable IPs to
be selected for inhaler testing to span those likely to be used
by normal human volunteers in clinical trials. While recog-
nizing that inhalation profiles may differ in patient groups
with different demographics and lung disease,(9–12) the ap-
proach to data analysis and IP simulation that is described

here can likely be generalized to cover different populations
so that product development scientists can select IPs for in-
haler testing in vitro that are realistic and representative of the
way new inhalers should eventually be used.

Materials and Methods

A protocol was designed to document the IPs commonly
used by healthy volunteers inhaling through powder inhal-
ers. Volunteers were trained first by reading the directions
for use provided in a typical package insert, and second, by
receiving a demonstration and direct oral instructions from a
pharmacist. The objectives were (a) to collect a range of
typical flow rate versus time profiles from normal adult
subjects inhaling through air flow resistances that mimicked
those seen in commercial DPIs, (b) curve-fit and analyze
those IPs before and after receipt of training, and thus, (c)
establish a data base and equations for simulation of typical
IPs used by normal subjects inhaling through different air
flow resistances.

We envisaged the use of these equations by inhaler de-
signers seeking to optimize product performance in vitro, in
advance of clinical trials. As it is well known that aerosol
drug delivery performance of passive DPIs is dependent on
air flow rate and air flow resistance,(5,6) a drug-free ‘‘inha-
lation flow cell (IFC)’’ with a disposable mouthpiece and
variable airflow resistances was constructed and in-
strumented with a digital volumetric flow meter, as shown in
Figure 2, to record the air flow rate vs. time profiles used by
each of the volunteers.

Each recorded flow rate value was converted to the vol-
umetric flow rate exiting the mouthpiece using an algorithm

FIG. 1. Experimental setup for realistic in vitro testing. A
passive powder inhaler with known airflow resistance (R) is
primed and inserted into small, medium, or large mouth-throat
(MT) model(s) that span 95% of the volumetric range seen in
human adults. Internal surfaces of MT are coated to retain
powder particles. A breath simulator with sufficient capacity is
programmed to withdraw a volume V through a low resistance
filter using a range of simulated IPs, as described in the text.
The mass of drug that reaches the filter, TLDin vitro, depends on
the product, and the MT-IP combination.(1–4,14–17)

FIG. 2. The inhalation flow cell (IFC) with top views of two
‘‘Resistance Tubes’’ with identical external, but different in-
ternal, dimensions. Six IFC resistances were chosen for IP
recordings in the clinic: 0.0179, 0.0200, 0.0241, 0.0344,
0.0432, and 0.0462 kPa0.5L-1 min. These values were deter-
mined experimentally from the slope of plots measured
pressure drop0.5 (flowmeter inlet to mouthpiece) vs. the vol-
umetric airflow rate exiting the mouthpiece (ASL 5000-XL,
Ingmar Medical, Pittsburgh, PA). In the clinic, flow rates en-
tering IFC were recorded every 50 msec using a calibrated
digital flow meter (EM1, Sensirion Inc., CA). All flow rates in
this article are expressed as the volumetric flow rate exiting the
mouthpiece and are identical to those used to program the
breath simulator (Fig. 1).
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to account for the change in the volumetric gas flow into and
out of the IFC with variations in pressure and resistance.(13)

All of the IPs and flowrates described in this article are
flowrates exiting the mouthpiece. Therefore, all IP data can
be used directly to program breath simulators in the ‘‘real-
istic’’ in vitro tests we described elsewhere.(1–3,14–17) Air
flow resistance values [kPa0.5L-1 min] for the IFC were
determined from the slope of experimental plots of (pressure
drop across IFC)0.5 vs. volumetric flow rate out of the
mouthpiece, by linear regression.

Clinical study: Collection of inhalation profiles (IPs)

Adult human volunteers were recruited from the general
population of Richmond, Virginia, via advertisements.
Healthy, nonpregnant, nonsmoking subjects were recruited
who were 18 to 65 years old, above 147cm in height, 50 to

120 kg in weight, without history of recent congestion, lung
disease, and/or inhaler use. Volunteers had never used, or
been trained to use, a DPI before admission to the study. The
study was approved by VCU’s Institutional Review Board
and entered on www.clinicaltrials.gov.

Eligible subjects were enrolled; twenty (10 M, 10 F) com-
pleted the study. None had evidence of acute medical or
psychiatric illness and all were found to have FEV1 > the
predicted lower limit of normal (LLN) after spirometric
screening performed during an initial visit.(18,19) On the sec-
ond visit, each volunteer was asked to inhale approximately
18 times through the IFC (Fig. 2). Individual IPs were
recorded digitally every 50 msec as the volumetric flow rate
vs. time profile of air exiting the mouthpiece of the calibrated
inhalation cell after Instruction A and B were provided,
sequentially, to each volunteer.

FIG. 3. Written instructions for inhalation. Instruction A (Artwork adapted from patient in-
formation leaflets).
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Instruction A. Each volunteer was asked to read the in-
structions shown in Figure 3. Those written instructions were
based on leaflets, supplied as package inserts with marketed
powder inhalers, showing patients how to inhale from a
primed DPI. After reading the instructions, volunteers were
asked to inhale through the drug-free IFC, as if they were
conforming to the written instructions. Inhalation profiles
were recorded for each of six different resistance tubes placed
in the IFC in random order. Subjects were allowed to rest
between inhalations to avoid fatigue.

Instruction B. Verbal instruction and a practical dem-
onstration of how to use a powder inhaler correctly was then
delivered individually to each volunteer by a pharmacist
trained and experienced in the use of powder inhalers. The
same pharmacist provided the same demonstration and in-
structions to each volunteer that emphasized: (Step 1)
breathe out completely, (Step 2) ensure good lip closure
around the IFC mouthpiece, (Step 3) inhale as fast and deep
as possible through the mouth; and to continue until replete,
(Step 4) hold breath and remove IFC from mouth.

Following this formal training, volunteers were again
asked to inhale through the IFC in the way they had been
instructed and, during each inhalation, they were encour-
aged to continue inhaling as they began to show signs of
reduced effort. IPs were recorded for each of the six dif-
ferent resistance tubes placed in the IFC in random order.
Each flow profile was repeated to give a second IP, or flow
rate exiting the mouthpiece vs. time, for each subject and
resistance. The results from these duplicate experiments
were designated ‘‘Instruction B1’’ and ‘‘Instruction B2’’.

Data analysis and statistics

Overall, the trial produced a series of 20 IPs per air flow
resistance (total = 120) for each of three instruction condi-
tions: A, B1, and B2. These IPs were analyzed to determine
their overall dependence on airflow resistance (R) and
training status. In order to do this, the parameters defined in
Figure 4 were extracted from each IP and tabulated. The

descriptive statistics: mean, median, standard deviation,
minimum and maximum values, coefficient of variation (CV
(%) = 100*standard deviation/mean) were estimated for
each of the inhalation variables (PIFR, TPIFR, V and T;
Fig. 4) by gender and across gender.

Further inferential statistics were estimated as follows: for
each individual dataset (Instruction A, B1, or B2) for a given
volunteer, the quantitative relationship between each inhalation
variable and air flow resistance (R) was assessed by linear
regression analysis. Four functions of R, [f(R)], were explored
in this way: R, 1/R, LogR and R0.5. Best f(R) was selected based
on the best fit (e.g., the coefficient of determination, r2, that was
largest). To assess the effects of training on IP statistically (e.g.
comparing instruction A, B1 or B2) it was necessary to pool the
results for each training condition. Accordingly, secondary
variables were derived that were resistance-independent: in
cases where significant relationships existed between the in-
halation variable and R (e.g., PIFR), the values of that variable
were normalized by resistance and averaged across all resis-
tances in order to obtain a secondary, resistance-independent,
normalized, inhalation variable.

In case of insignificant relationships between a variable and
R, the inhalation variables were averaged across resistances,
without normalization, again to obtain a secondary,
resistance-independent, inhalation variable. The effect of
formal training (Instruction B1 and B2) on these secondary
inhalation variables was assessed using repeated-measures
ANOVA. The level of significance was preset at 0.05. Nor-
mality of the residuals was judged by normal quantile plots
and visual inspection of the distribution of residuals. JMP 8.0
(SAS Corp, RTP, NC) was used for all statistical analyses.

Results

Air flow resistances of the Inhalation Flow Cell (Fig. 2) were
0.0462, 0.0432, 0.0344, 0.0241, 0.0200, and 0.0179 kPa0.5L-1 min.
These were comparable with the values 0.0467, 0.0435,
0.0352, 0.0241, 0.0198, and 0.0176 kPa0.5L-1 min, deter-
mined from linear regression of pressure drop0.5 versus flow
rate data for Spiriva� HandiHaler�, Salbutamol Easyhaler�,
Pulmicort� Turbuhaler�, Budelin� Novolizer�, Relenza�

Diskhaler�, and Foradil� Aerolizer�, respectively. Twenty
(10 F, 10 M) of an initial 22 volunteers, with the demographics
and pulmonary function results shown in Table 1, completed
the study.

Each subject followed the instructions and inhaled through
the six, randomly-presented, airflow resistances that are typ-
ical of those in marketed DPIs, using the apparatus shown in
Figure 2. The resulting IPs are used in the discussion to pro-
vide data on the type and range of inspiratory maneuvers that
need to be catered for by powder inhaler designers seeking to
deliver aerosol drug clouds to the lungs of inhaler-naı̈ve hu-
man adults with essentially normal pulmonary function, and
where the subjects selected for product development trials
have either been given written instructions on how to inhale or
received formal training in DPI use by a professional.

Dependence of inhalation variables
on air flow resistance and training

A complete and detailed description of the analyses per-
formed on the inhalation variables collected clinically is
available in Delvadia;(13) the thesis included analyses of

FIG. 4. Idealized IP or flow rate (FR) versus time curve
and the primary variables: AUC, area under the curve; PIFR,
peak inspiratory flow rate; TPIFR, the time at which PIFR
occurs; V, inhaled volume. Total inhalation time (T) is a
secondary variable, dependent on PIFR and V.
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residual distributions, normal quantile plots, statistical evalu-
ation of gender effects, assessment of interactions between
training status, gender and data from pulmonary function tests,
and a complete compilation of all numerical data on which the
analyses in this article are based. While those results enable us

to present IP data, conclusions and equations for IP simulation
at each resistance and training condition, the material is too
lengthy to present in its entirety. Therefore, essential material
in Delvadia(13) is presented to justify our recommendations to
test dry powder inhalers in vitro, using the apparatus shown in
Figure 1, with a range of differently simulated IPs that describe
the pooled data including confidence limits at each resistance
and training condition.

The experimental values for PIFR, TPIFR, and V (Fig. 4)
were assessed for functional dependence on airflow resistance
(R). The results showed that 1/R gave the best fit for PIFR
from the four functions tested, while TPIFR and V showed
no detectable dependence on resistance. Accordingly, the sta-
tistics describing the mean, median, standard deviation, mini-
mum and maximum values, and coefficient of variation (CV
(%) = 100 * standard deviation/mean) for each ‘‘resistance-
normalized’’ variable (Fig. 4; R*PIFR, TPIFR, and V) are
presented in Table 2 by gender, across gender, and by training
status to show the effects of gender and training.

While the move from Instruction A to Instruction B1 or B2
showed the importance of formal training, the data from the
duplicate IPs designated ‘‘Instruction B1’’ or ‘‘Instruction B2’’
showed no statistical difference between the pooled first or
second measurement sets. Accordingly, data from B1 and B2
were pooled for further analysis and designated ‘‘Instruction B’’.

Gray profiles in Figures 5 and 6 show the IP results from
all subjects (M and F) following Instructions A and B, re-
spectively. The profiles shown in red at each resistance and

Table 1. Summary of Subject Demographics

and Pulmonary Function Tests (Mean – SD)

Males Females Overall

Total 10 10 20
Caucasian 6 3 9
African 1 3 4
Asian 1 2 3
Hispanic 0 1 1
Others 2 1 3
Age [yrs] 31.1 – 10.31 34.0 – 8.81 32.6 – 9.23
Height [cm] 176.6 – 5.64 161.8 – 6.49 169.2 – 9.40
Weight [kg] 81.7 – 16.75 60.7 – 7.29 71.2 – 16.16

PFTa

FVC [L] 5.02 – 0.60 3.31 – 0.35 4.15 – 0.98
FEV1 [L] 4.23 – 0.41 2.81 – 0.32 3.51 – 0.80
FEV1/FVC 0.84 – 0.04 0.85 – 0.06 0.85 – 0.05
FEF 25%–75%

[L/s]
4.72 – 0.70 3.29 – 0.87 3.99 – 1.03

PEF [L/s] 10.08 – 1.28 7.12 – 0.77 9.15 – 1.92
FET [s] 6.46 – 1.01 6.91 – 3.77 6.69 – 2.63

aPulmonary function tests.

Table 2. Descriptive Result Summary of IP Data for ‘‘Resistance-Normalized’’, R*PIFR (kPa
0.5

),

Mean Volume, V (L), and Mean T
PIFR

(sec), by Training status and Gender

Female Male Overall

Instr. A Instr. B1 Instr. B2 Instr. A Instr. B1 Instr. B2 Instr. A Instr. B1 Instr. B2
Mean

(R*PIFR)
Mean

(R*PIFR)
Mean

(R*PIFR)
Mean

(R*PIFR)
Mean

(R*PIFR)
Mean

(R*PIFR)
Mean

(R*PIFR)
Mean

(R*PIFR)
Mean

(R*PIFR)

Mean 1.895 2.402 2.381 2.619 3.029 2.920 2.257 2.715 2.650
SD 0.432 0.287 0.316 0.589 0.259 0.235 0.625 0.417 0.387
Min 0.893 2.012 1.900 1.291 2.529 2.510 0.893 2.012 1.900
Max 2.507 3.009 3.033 3.391 3.376 3.287 3.391 3.376 3.287
CV 22.8 11.9 13.3 22.5 8.5 8.1 27.7 15.4 14.6
Median 1.879 2.375 2.372 2.654 3.053 2.920 2.244 2.661 2.583

Mean
V (L)

Mean
V (L)

Mean
V (L)

Mean
V (L)

Mean
V (L)

Mean
V (L)

Mean
V (L)

Mean
V (L)

Mean
V (L)

Mean 1.562 2.025 2.100 3.009 3.781 3.793 2.285 2.903 2.947
SD 0.532 0.410 0.370 0.925 0.758 0.814 1.044 1.078 1.064
Min 1.065 1.393 1.486 2.366 2.982 2.713 1.065 1.393 1.486
Max 2.484 2.687 2.679 5.349 5.595 5.488 5.349 5.595 5.488
CV 34.0 20.2 17.6 30.7 20.0 21.5 45.7 37.2 36.1
Median 1.384 2.031 2.167 2.620 3.688 3.799 2.384 2.834 2.696

Mean
TPIFR

Mean
TPIFR

Mean
TPIFR

Mean
TPIFR

Mean
TPIFR

Mean
TPIFR

Mean
TPIFR

Mean
TPIFR

Mean
TPIFR

Mean 0.803 0.497 0.529 0.914 0.614 0.582 0.858 0.555 0.555
SD 0.447 0.153 0.210 0.456 0.192 0.275 0.443 0.179 0.240
Min 0.453 0.222 0.255 0.540 0.225 0.250 0.453 0.222 0.250
Max 1.893 0.734 0.978 1.944 0.872 1.179 1.944 0.872 1.179
CV 55.7 30.8 39.6 49.9 31.3 47.3 51.7 32.3 43.2
Median 0.667 0.473 0.491 0.744 0.619 0.520 0.683 0.550 0.495
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training condition are taken from the gray profiles after
processing to show the 10th, 50th, and 90th percentile flow
rate for the population at each 50 msec sampling time.

The functional dependence of the 10, 50 (median), and 90
percentile PIFR values (Figs. 5 and 6) on reciprocal resistance
is plotted in Figure 7 for this population. Figure 7 is valid for
values of R in the range 0.018–0.046 kPa0.5L-1 min, although
beyond this range, curvature of PIFR vs. 1/R is expected (in
order to meet a zero intercept as R tends to infinity). There was

no need to explore curvature at impractically large resistance
values, however, as the selected linear functions were clearly
appropriate for resistances that are encountered practically.

Inhalation profiles were less erratic after subjects received
professional training (Instruction B) and values for PIFR
appeared to increase. Equations 1–3 and Figure 7(a) de-
scribe the 90, 50, and 10 percentile values for PIFR in this
population due to Instruction A; Equations 4–6 and Figure
7(b) apply to Instruction B.

FIG. 5. Individual flow profiles (gray) or volumetric flow rates exiting the mouthpiece of
IFC vs. time from 20 volunteers (10 M, 10 F; 20 gray profiles per panel) after reading written
instruction A (Fig. 3). IFC airflow resistance (R) is shown in each panel. Red profiles show the
10, 50, and 90 percentile IP in each case.

FIG. 6. Individual flow profiles (gray) or volumetric flow rates exiting the mouthpiece of
IFC vs. time from 20 volunteers (10 M, 10 F) after Instruction B (40 gray profiles, from B1
and B2, per panel). IFC airflow resistance (R) is shown in each panel. Red profiles show the
10, 50, and 90 percentile IP in each case.
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Instruction A:

PIFR90%¼ 2:48 (1=R)þ 19:1 Equation 1

PIFR50%¼ 1:52 (1=R)þ 21:1 Equation 2

PIFR10%¼ 0:58 (1=R)þ 18:6 Equation 3

Instruction B:

PIFR90%¼ 2:56 (1=R)þ 19:3 Equation 4

PIFR50%¼ 1:82 (1=R)þ 21:0 Equation 5

PIFR10%¼ 1:44 (1=R)þ 17:7 Equation 6

where R < 0.046 > 0.018 kPa0.5 L-1 min and PIFR and R have
units of L min-1 and kPa0.5L-1 min, respectively. Overall
(Table 2), males had higher mean PIFR compared to females,
and volunteers inhaled at larger flow rates with lower inter-
subject variability when formally trained (Instruction B; there
was no significant difference between normalized PIFR values
for Instruction B1 and B2). Residuals from plots of PIFR vs. 1/R
were randomly distributed and the observed positive linear re-
lationship between PIFR and 1/R was consistent with the
physiological literature where the slope of the regression line of
PIFR vs. 1/R has been reported to give the square root of the
‘‘maximum’’ pressure drop across an inhaler for a given vol-
unteer; this pressure drop reportedly stays approximately con-
stant across the air flow resistances seen in marketed DPIs.(20)

Values for inhaled volume (V) and the time to the
peak inspiratory flow rate, TPIFR, (Table 2) were resistance-
independent. As expected however, V was clearly influenced
by gender. Consistent with their larger total lung capacity(21)

males had a mean value for V = 3.009 L after Instruction A.
This was 1.45 L more than females (mean V = 1.562 L). After
Instruction B, these values increased to 3.787 and 2.063 L,
respectively. Formal training (Instruction B), caused a sta-
tistically significant improvement in V across gender (n = 20);
mean V overall was 0.64 L greater than that seen after In-
struction A ( p < 0.0001). There was no apparent effect of
gender on TPIFR but training once again was influential.
A significant reduction of 0.3 seconds in mean TPIFR was
observed after formal training [p < 0.0001].

Discussion

This study describes the data resulting from a clinical
study of the breath profiles produced by differently trained,
inhaler-naı̈ve, normal human adults inhaling through vari-
able resistances typical of those seen in marketed DPIs.(1,2)

Because the leaflets supplied with different powder inhalers
use different phrases to describe the actual inhalation ma-
neuver, we adopted a standardized phrase for Step 3 of our
written Instruction A: ‘‘breathe in as quickly and as deeply
as you can’’ (Fig. 3). Our choice of phrase may have
influenced the profiles shown in Figure 5, given that the
respective phrases in leaflets for Aerolizer�, Diskhaler�,
Novolizer�, Turbuhaler�, Easyhaler� and HandiHaler�

were: ‘‘breathe in quickly and deeply,’’ ‘‘breathe in through
your mouth steadily and as deeply as you can,’’ ‘‘inhale the
powder with a deep breath,’’ ‘‘breathe in as deeply and as
hard as you can,’’ ‘‘take a strong and deep breath,’’ and
‘‘breathe in deeply until your lungs are full.’’ Nevertheless,
volunteers inhaled faster and deeper when they were trained
using written instructions in combination with formal
training from a pharmacist skilled in the use of inhalers,
compared to the use of written instructions alone.

a

b

FIG. 7. PIFR versus I/R from pooled data collected after (a)
Instruction A (reading only) and (b) Instruction B (training by
professional; r2 > 0.995). 10, 50, and 90 percentile values can
be predicted based on a pre-selected value for R in the range
0.018–0.046 kPa0.5 L-1 min.
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The study showed that formal training helped to reduce
inter-subject variability in inhalation flow rate vs. time
profiles; an observation that may translate into reduced
variability in aerosol drug deposition in the lung. IP analysis
showed that decreased air flow resistance produced in-
creases in PIFR while V was unchanged. The results also
showed that males inhaled faster and more deeply than fe-
males, although no significant relationships were observed
between the spirometric results (Table 1) of volunteers and
their observed inhalation variables (Fig. 4).

Because the scope of the present study was limited to 20
healthy volunteers, most of whom were in their prime, the
reported IPs probably do not reflect those for subjects with
significant reductions in lung capacity. While the time of
PIFR, TPIFR, and the total inhaled volume V were unrelated
to R in this study, the findings may not hold in all subjects.
Sarinas et al., for example, showed that in CF, COPD, and
asthma, V fell as resistance was increased.(9)

Gender and age, which influence mouth inspiratory pressure
(MIP), have also been shown to influence inspiratory flow.(10–12)

In spite of this limitation, the analysis below shows a general
way of selecting standard IPs for use in realistic in vitro tests
of inhalers during development. Indeed, because many drug
and device development efforts, including aerosol deposition
studies used for bridging purposes, begin with normal vol-
unteers or largely asymptomatic patients, the present study
was designed to ensure that the equations and general pro-
cedures for IP simulation that were developed could span the
likely range of ‘‘normal’’ IPs needed to program a breath
simulator for use with a realistic in vitro test method (Fig. 1).
In addition we sought to offer IP ranges for volunteers who
were representative of patients who had to teach themselves
how to inhale after reading an instruction leaflet.

Simulating inhalation profiles for DPIs with different
airflow resistances

Even though it is possible to program breath simulators
with IPs that are almost identical to the individual breath
profiles of volunteers, or the 10, 50, and 90 percentile IPs
shown in red in Figures 5 and 6, and this is practiced by
some scientists,16 profiles that are statistically representative
of groups of subjects, that can be selected a priori, seem
preferable for testing and development purposes.

To program a breath simulator to mimic IPs that were
representative of those shown in Figures 5 and 6, we sought
suitable equations and functions able to adequately describe
the red profiles representing the 10, 50, and 90 percentile
flow rate vs time curves shown in each panel. Ideally, pa-
rameters in the resulting equations should have physiologic
meanings that relate to the variables shown in Figure 4.
While we and others have described and used alternate
methods previously,(1–3,22,23) we sought a simplified ap-
proach for use in future research with DPIs, in which it was
only necessary to select the inhaler resistance (R) in order
then to be able to define ranges of PIFR, TPIFR, and V;
whence to generate a fan of appropriate IPs with which to
test a new DPI. Because the approach and algorithm is
simple, we hope that the method proposed here can be
generalized to include realistic tests that extend to treatment
of different patient groups with differently designed inhalers
and use instructions.

The black curves in Figure 8 are the simulated flow rate
vs time profiles that resulted from the following routine.
They are clearly good descriptions of the real profiles (re-
produced from Fig. 6) that represent the 10, 50, and 90
percentile IPs (Instruction B). The same approach can be
used to generate curves that follow the red profiles in Figure
5 (Instruction A; not shown), while intermediate curves, for
testing inhalers with different resistances can also be gen-
erated. Each panel of IPs (black curves; Fig. 8) was gener-
ated as follows from Equations 7–10

FR(t)¼PIFR · sin
p
2

t

TPIFR

� �
0� t< TPIFR Equation 7

FR(t)¼PIFR · cos
p
2

(t� TPIFR)

(T �TPIFR)

� �
TPIFR� t� T

Equation 8

Because AUC = V (Fig. 4) is given by integrating and add-
ing Equations 7 and 8,

V[L]¼ PIFR[L �min� 1 ] · T[s]

30p
Equation 9

Therefore,

T[s]¼ 30p · V[L]

PIFR[L �min� 1 ]
Equation 10

First, PIFR90%, PIFR50%, PIFR10% was calculated based
on the DPI resistance, R (quoted in panel of Fig. 8) using
Equations 4, 5, and 6, respectively. Second, a median value
for TPIFR50% = 0.49 sec was selected and held constant; if
required however, alternate values for TPIFR50% may be
employed to produce different values for airflow accelera-
tion (see distribution and legend in Figure 9). Notably, TPIFR

was independent of R and log-normally distributed across
the 240 IPs from this population. In spite of that observation,
because the rising slope d(FR)/dt falls with decreasing PIFR
(Fig. 6) and PIFR decreases with increasing R (Fig. 7), de
Boer et al.’s reported relationship between the ‘‘flow in-
crease rate (FIR)’’ and device resistance(24) still holds.

Third, V90%, V50%, and V10% values were assigned (4.6,
2.7, and 1.4 L, respectively), based on ‘‘across gender’’ data
for V (Table 2; because values for V in males and females
differ significantly, IPs simulated for single gender studies
should be adjusted). Fourth, values were calculated for the
inhalation time T90%, T50%, and T10% from Equation 10.
Coupling the calculated and assigned values for PIFR,
TPIFR, V, and T at their chosen percentiles, enables the
calculation of flowrates leaving the mouthpiece at each
value of time, t, from Equations 7 (t<TPIFR) and 8 (t>TPIFR).

These simulated profiles were plotted as the large, me-
dium, and small profiles shown in black on Figure 8. In
practice, breath simulators, such as the ASL 5000-XL, can
be programmed directly using these sine wave equations, or
data may be supplied directly in the form of a spreadsheet of
simulated flow rates over time. An example of the use of
these IPs to test a DPI with known resistance was described
previously.(25)
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FIG. 8. Simulated inhalation profiles (black curves) generated using Equations 7–10 for
resistances shown in each panel and the algorithm described in the text. PIFR was calculated
from Equations 4–6 (Instruction B); TPIFR = TPIFR50% = 0.49 s for all black curves, while
values for V10%, V50%, and V90% were 1.4, 2.7, and 4.6 L. Gray (non-smooth) profiles shown
for comparison are the 10, 50, and 90 percentile IPs from Figure 6.

FIG. 9. Distribution of values for TPIFR (seconds) across genders after Instruction B. The
10, 50, and 90 percentile values were 0.28, 0.49, and 0.88 seconds, respectively. Instruction A
yielded a similar distribution with 10, 50, and 90 percentile values of 0.43, 0.66, and 1.68
seconds, respectively. Selection of the values for TPIFR and PIFR permits the study of device
behavior at different flow accelerations according to Equation 7.
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Conclusion

A general method of selecting and simulating a range of
inhaled flow rate versus time profiles for use in the realistic
testing of powder inhalers has been described. Equations and
an algorithm are presented that enable simulation of the range
of inhalation flow rate vs. time curves used by normal human
adult volunteers of both genders both before and after formal
training in the use of powder inhalers. The approach enables
the product designer to select breath profiles with which to
study aerosol device performance across the likely inter-
subject variability seen with DPIs of different resistances
following either leaflet training alone, or formal training from
a professional in addition to leaflet training.
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