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Abstract

Background: Inhaled atropine is being developed as a systemic and pulmonary treatment for the extended
recovery period after chemical weapons exposure. We performed a pharmacokinetics study comparing inhaled
atropine delivery using the MicroDose Therapeutx Dry Powder Inhaler (DPIA) with intramuscular (IM) atropine
delivery via auto-injector (AUTO).
Methods: The MicroDose DPIA utilizes a novel piezoelectric system to aerosolize drug and excipient from a foil
dosing blister. Subjects inhaled a 1.95-mg atropine sulfate dose from the dry powder inhaler on one study day [5
doses · 0.4 mg per dose (nominal) delivered over 12 min] and received a 2-mg IM injection via the AtroPen�

auto-injector on another. Pharmacokinetics, pharmacodynamic response, and safety were studied for 12 hr.
Results: A total of 17 subjects were enrolled. All subjects completed IM dosing. One subject did not perform
inhaled delivery due to a skin reaction from the IM dose. Pharmacokinetic results were as follows: area under the
curve concentration, DPIA¼20.1 – 5.8, AUTO¼23.7 – 4.9 ng hr/mL (means – SD); maximum concentration
reached, DPIA¼7.7 – 3.5, AUTO¼11.0 – 3.8 ng/mL; time to reach maximum concentration, DPIA¼0.25 – 0.47,
AUTO¼0.19 – 0.23 hr. Pharmacodynamic results were as follows: maximum increase in heart rate, DPIA¼18 –
12, AUTO¼23 – 13 beats/min; average change in 1-sec forced expiratory volume at 30 min, DPIA¼0.16 – 0.22 L,
AUTO¼0.11 – 0.29 L. The relative bioavailability for DPIA was 87% (based on output dose). Two subjects
demonstrated allergic responses: one to the first dose (AUTO), which was mild and transient, and one to the
second dose (DPIA), which was moderate in severity, required treatment with oral and intravenous (IV) di-
phenhydramine and IV steroids, and lasted more than 7 days.
Conclusions: Dry powder inhalation is a highly bioavailable route for attaining rapid and consistent systemic
concentrations of atropine.
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Introduction

Inhalation has long been recognized as a viable means
for delivering medications to the systemic circulation. Al-

though often described, this route has rarely been applied for
systemic delivery of medications. Efforts to develop inhaled
insulin have demonstrated the viability of systemic delivery
through inhalation and have furthered the technologies re-
quired to deliver medications efficiently through this route.

Here we consider a unique application of an inhaled drug
intended both to treat the lung and to provide systemic dosing
through inhalation. Specifically, we consider the inhaled de-
livery of atropine for treatment after exposure to organo-
phosphate chemical weapons and pesticides. Atropine acts as
an antidote in this condition, competitively blocking musca-
rinic receptors that would otherwise be affected by excessive
levels of acetylcholine present at the synaptic junctions.
Organophosphate poisons inhibit the normal enzymatic
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breakdown of acetylcholine that would occur after neural
signaling, resulting in a range of devastating symptoms af-
fecting multiple systems in the body.(1) Treatment with par-
enteral atropine and an oxime therapy (typically pralidoxime
chloride in the United States), which restores normal acetyl-
cholinesterase activity, is typical practice, and exposure is not
unusual in regions where organophosphate pesticides are in
use.(2) Atropine auto-injectors are available in 0.25–2.0-mg
doses (atropine sulfate, AtroPen�, King Pharmaceuticals,
Bristol, TN). Therapeutic requirements of 40–60 mg per day of
atropine have been reported for subjects with mild to mod-
erate organophosphate poisoning, with some subjects re-
quiring hundreds of milligrams.(1,3)

The need for an inhaled atropine product to complement
currently available parenteral forms stems from several sour-
ces. An inhaled product can be designed to deliver smaller
systemic atropine doses for the extended recovery period
after exposure in a form that allows for self-administration
without the discomfort that might be associated with mul-
tiple auto-injector applications. The inhaled product also
offers direct pulmonary treatment along with systemic dos-
ing. Bronchospasm and bronchorrhea are reported effects
of organophosphate poisoning.(1) Atropine is a bronchodi-
lator that also suppresses secretions in the airway. Nebulized
atropine has been used to suppress secretions ahead of
bronchoscopy(4) and has been used successfully to treat the
pulmonary manifestations of organophosphate poisoning.(3)

An inhaled product allows for the packaging of many atro-
pine doses in a small container, which may be a priority in
military medical use. Based on these factors, a chlorofluo-
rocarbon (CFC)-based atropine metered dose inhaler (MDI)
was developed by the US military and stocked through
2005.(5,6) This device delivered 0.43 mg of atropine sulfate per
inhalation and contained more than 240 doses. Eight inha-
lations from this atropine MDI provided systemic drug
concentrations similar to a 2-mg intramuscular (IM) injection
of atropine when compared through area under the curve
(AUC) measurements.(7) Based on this comparison, a single
inhaler contained the therapeutic equivalent of approxima-
tely 30 auto-injectors and consumed significantly less storage
space. The discontinuation of CFC propellants for use in
MDIs necessitated the design of a new delivery method for
inhaled atropine.(8)

Here we compare the pharmacokinetics of atropine de-
livery using a prototype dry powder inhaler to IM atropine
delivery by auto-injector (AUTO). These studies were per-
formed to help establish the dosing regimen for the final
form of an atropine dry powder inhaler (DPIA). They also
serve as an example of systemic drug delivery via inhalation
that may be useful for developing other similar applications.

Methods

The MicroDose Therapeutx Dry Powder Inhaler

The MicroDose Therapeutx Dry Powder Inhaler (DPIA)
uses a novel piezoelectric system to aerosolize drug and
excipient from a foil dosing blister (see Fig. 1). The system
further causes the formation of synthetic jets that disperse
and transport the aerosol through pierced holes in the blister
into the inhalation channel of the device. The system is
triggered by detection of an inhalation flow signal and con-
trolled using electronics that can be used to control dosing

from the device. Dispersion of the aerosol is independent of
inhalation velocity and inhaler orientation.

The prototype inhaler used in these studies delivered a
nominal dose of 0.4 mg of atropine sulfate per inhalation. A
lactose excipient was used along with atropine in the dosing
blisters. Preclinical studies using cascade impaction demon-
strated that 57% of this nominal dose was in particle sizes
smaller than 5.8 lm and 25% was in sizes smaller than 3.3 lm
(mass aerodynamic diameters) (see Fig. 2). Mass median

FIG. 1. The atropine drug formulation is contained in a
sealed blister, which protects it from the environment until
delivery. Upon actuation, the blister is pierced and placed in
contact with a piezo vibrator. When the patient inhales, an
airflow sensor automatically turns on the piezo, which
deaggregates the particles of powder and aerosolizes them
into the user’s inhalation airstream. The electronic flow
sensor assures proper inspiratory airflow before activating
the piezo, eliminating the need for coordinated activities. The
piezo vibrator generates the energy needed to efficiently
deaggregate and deliver the dose, eliminating the need for
high inspiratory flow rates to assure good dose delivery.

FIG. 2. Aerosol performance of atropine sulfate delivered
from the MicroDose Inhaler (n = 19, Andersen Cascade Im-
pactor, 28.3 L/min).

SYSTEMIC DELIVERY OF ATROPINE SULFATE BY MDPI 47



aerosol diameter was 3.7 lm (geometric standard devia-
tion = 1.5). Deposition fraction in the lung is strongly de-
pendent on aerosol size as well as other factors related to the
patient (age, disease state) and delivery (inhalation rate,
breath hold).(9,10) Aerosol delivery via MDI often includes
significant oral deposition, which limits the efficiency of
delivery. We therefore anticipated similar efficacy with lower
nominal doses with the DPIA in comparison with the pre-
viously available atropine MDI. An attempt was made to
further increase the dose per inhalation from the DPIA to
accommodate the packaging of more total drug per device.
Comparisons of preclinical DPIA studies with available data
from the atropine MDI led us to hypothesize that five to six
DPIA inhalations would provide systemic exposure equiva-
lent to eight MDI inhalations or one IM delivery by auto-
injector (2 mg).

Study design

Nonsmoking male and female subjects between the ages
of 18 and 55, weighing more than 100 lb, were included.
Subjects performed a series of screening studies, including
blood tests, urinalysis, pulmonary function testing, an optical
exam, a history and physical, urine pregnancy testing, and
an electrocardiogram (EKG), to ensure they had no medical
conditions that might be adversely affected by atropine ad-
ministration. The study design included two testing sessions
that were separated by 5–8 days.

A two-period randomized crossover design was used. On
one study day, subjects inhaled five doses of atropine from
the DPIA. The doses were delivered every 3 min (t = 0, 3, 6, 9,
and 12 min) with the clock for pharmacokinetic measure-
ments being started immediately after the first dose. The
DPIA was set to deliver drug when inhalation flow rates
between 25 and 35 L/min were detected. Subjects used vi-
sual signals of inhalation flow rate from a modified spi-
rometer to maintain their inhalation rate within this range for
4 sec during each inhaled cycle. Subjects performed a full
exhalation prior to each dose and a 10-sec breath hold after
each dose. On the other study day, subjects received a 2-mg
IM injection of atropine sulfate (1.67 mg of atropine base)
using an AtroPen auto-injector delivered into the anterior
thigh by study personnel. The clock for pharmacokinetic
measurements was started 10 sec after injection. The order of
administration was randomized.

Blood samples (6 mL) for pharmacokinetic measurements
were drawn pre-study (single measurement) and then at 4, 8,
15, and 30 min and 1, 2, 4, 6, 8, and 12 hr. Blood samples for
clinical labs were drawn pre-study and at t = 10 hr after de-
livery. Urine pregnancy screening was performed before
dosing on all testing days. Vital signs were measured pre-
study and then immediately after all blood draws except the
4- and 8-min draws. Optical measurements were also per-
formed at these times. Atropine dilates the pupil and para-
lyzes accommodation.(11) Pupil diameter was measured
using a Neuroptics digital pupilometer (Neuroptics Inc.,
Irvine, CA). Near point of accommodation (NPA), which
represents the closest point to the face at which an object can
be seen in focus, was measured using an RAF gauge
(Clement Clark Int., Harlow, UK). Subjects performed pul-
monary function testing pre-study and then at 30 min and
12 hr after delivery. Collected values included 1-sec forced

expiratory volume (FEV1) and forced vial capacity (FVC).
EKGs (12 lead) were performed pre-study and at 12 hr.
Continuous cardiac monitoring was used for the first 5 hr of
testing. Subjects were asked to rate a series of known anti-
cholinergic effects on a 0–3 scale (none, mild, moderate, se-
vere) pre-study and at 15 and 30 min and 1, 2, 4, 6, 8, 10, and
12 hr.

Pharmacokinetic and pharmacodynamic methods

Blood samples were collected in heparinized tubes that
were placed on ice prior to being spun at 2,500 rpm for
15 min at 4�C, and then divided into aliquots in polypro-
pylene vials and frozen at - 70�C. The concentration of at-
ropine in plasma samples was analyzed by a validated
HPLC-MS-MS methodology.

Sample preparation. Stock solutions of atropine and the
internal standard were prepared in glassware that was pre-
treated with Sigmacote to prevent adsorption loss. Calibra-
tion curves, controls, and the clinical samples were thawed at
room temperature. Exactly 0.5 mL of plasma was transferred
to 12 · 75-mm glass tubes, and 0.5 mL of 0.05 M phosphate
buffer (pH 8) was added. Twenty-five microliters of the in-
ternal standard (100 ng/mL D3-atropine in 50% methanol)
was added, and the sample was subjected to solid-phase
extraction. The OASIS HLB Cartridges used for solid-phase
extraction were preconditioned with 1 mL · 2 of methanol
(Optima LCMS). One milliliter of water (HPLC) was added
twice and allowed to drip to waste. The entire treated sample
was then loaded onto the solid-phase extraction column. The
content of the column was washed with 1 mL of water. One
milliliter of 10% methanol in water was added and followed
up with vacuum drying of the column. Atropine and the
internal standard were eluted from the solid-phase extraction
column with 1 mL of methanol. The methanol was dried
under normal air. The residue was reconstituted in 100 lL of
mobile phase buffer A/mobile phase B (2/1). Ten microliters
of this was injected onto the analytical column.

HPLC-MS instrumentation. The analytical column con-
sisted of a 2.1 · 50 mm, 3.5 lm, Xbridge C18 column. The
mobile phase consisted of buffer A (2 mM ammonium ace-
tate, 0.1% formic acid, and 5% methanol in water) and buffer
B (2 mM ammonium acetate, 0.1% formic acid in methanol).
The initial composition of the mobile phase was 70% buffer
A and 30% buffer B, which was maintained for 1 min and
changed to 10% buffer A and 90% buffer B starting from
1.6 min to 2.0 min and was returned to the original condi-
tions in 5.9 min. The flow rate of the mobile phase was
maintained at 0.2 mL.

The HPLC-MS-MS instrument used was Waters Micro-
mass Quattro Micro Triple Quadrupole Mass Spectrometer
(Waters Corporation, MA, USA) running with Mass Lynx
Software. The following conditions were used in the mass
spectrometry: The capillary voltage was 2.0 kV; the source
temperature was 100�C; the desolvation temperature was
450�C; the desolvation gas flow was 550 L/hr; the cone gas
flow was 50 L/hr; the argon pressure was 20 – 10 psig; and
the nitrogen pressure was 100 – 20 psig. The following ions
were monitored: MRM transitions and condition for atro-
pine: 290.20 > 124.04 (ES + ), cone: 35 V, collision: 23 eV; and
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for D3-atropine: 293.23 > 127.01 (ES + ), cone: 35 V, collision:
23 eV.

Quality control data. The assay was linear in the con-
centration range of 0.5 ng/mL to 20 ng/mL. The lower limit
of quantitation of the assay was 0.5 ng/mL. Quality control
samples (1.5, 7.5, and 15 ng/mL) were run with every batch
of samples assayed, and the assay results were accepted
only if two of the three controls were within acceptable
limits.

The intraday bias in the concentration measurements was
below 9%. The intraday variation of the assay, expressed as
CV, was below 6%, and the intraday CVs were below 3% at
15 ng/mL, 7.5 ng/mL, and 1.5 ng/mL.

Six blank plasma samples from healthy volunteers and
every first blank sample collected from the subjects who
participated in the study were tested to make sure that there
was no assay interference. The relative recovery of atropine
was 80%. The long-term stability of the plasma samples was
investigated over a 6-month time period. All the samples
were within a range of 93–112% of the initial values over this
time period.

The concentration versus time profile was then analyzed
using WINNONLIN (version 5.0.1). A noncompartmental
analysis of the data was carried out. A minimum of at least
three concentration data points was used for calculation of
the terminal disposition rate constant. For each profile, var-
ious pharmacokinetic parameters were determined, includ-
ing disposition rate constant (kelim), plasma half-life (T1/2),
time to reach maximal concentration (Tmax), maximum con-
centration reached (Cmax), area under the plasma concentra-
tion versus time curve from time 0 to time infinity (AUC), and
apparent clearance (CL/F). Given that the drug will be cleared
exactly the same way once in the systemic circulation, differ-
ences in CL/F estimates essentially reflect a difference in
bioavailability between the two formulations tested.

Previous studies on atropine had used radioimmunoassay
(RIA) or GC-MS assay methods. Whereas RIA is a nonspe-
cific assay, GC-MS assays are expected to be specific to the
drug measured. The GC-MS and HPLC-MS-MS assays are
expected to provide similar concentration measurements
from the plasma. Although pharmacokinetic data using two
different assay methodologies cannot be directly compared,
they provide some initial preliminary comparison of the
data.

To assess pharmacodynamic response, we considered the
maximum increase from baseline of a series of measurements
known to demonstrate anticholinergic response. These in-
cluded heart rate, blood pressure, temperature, the ocular
measurements of pupil diameter and NPA, and pulmonary
function, specifically FEV1 and FVC. All study time points
after delivery were included when maximum increase was
assessed. If no increase from baseline occurred during the
testing day, a zero value was included in the average.

Statistics

Comparisons of pharmacokinetic values were performed
using the Wilcoxon sign rank test (paired, nonparametric)
based on the difference between values for the devices (DPIA
– AUTO) and including all subjects who tested with both
devices (n = 16). Linear mixed models were also used with

natural log transformed values of AUC and Cmax in order to
determine the effect of device, test day, and treatment se-
quence, along with subject factors including age and gender.
Least squares means were computed for each categorical
covariate. Differences of least squares means were ex-
ponentiated in order to express effect sizes as fold changes,
adjusted for the other covariates in the model. For age, we
report the fold change associated with a 5-year age differ-
ence. Maximum increases in pharmacodynamic variables
were compared by Wilcoxon based on the difference be-
tween values for the devices. Changes in heart rate from
baseline were compared between devices at individual study
time points also by Wilcoxon. Pulmonary function values
(specifically FEV1 and FVC) were compared at t = 30 min
versus baseline for each device. Pulmonary function testing
changes over that time period were also compared by device,
both by Wilcoxon. Comparisons of pharmacokinetic effects
by gender were performed using a Mann-Whitney test (un-
paired, nonparametric).

Results

A total of 29 subjects were enrolled and screened. Eight of
these subjects failed screening tests and were excluded from
the study. Four subjects withdrew from the study prior to
performing testing. Seventeen subjects participated in the
study. Table 1 includes demographic information for these
subjects, along with height and weight and pulmonary
function data. Sixteen of these subjects performed testing
with both devices. One subject was excluded from DPIA
testing after experiencing a slight allergic reaction to atropine

Table 1. Demographics and Characteristics

of Tested Subjects

(A)

n %

Sex
Female 6 35%
Male 11 65%

Ethnicity
Caucasian 9 53%
African American 6 35%
Asian/Pacific Islander 1 6%
Other 1 6%

(B)

Mean SD

Characteristic
Age (yr) 29.9 9.6
Height (in) 68.7 3.5
Weight (lb) 175.3 37.7
Body mass index (BMI) 25.1 5.5

Pulmonary function
FEV1%p 94.4 14.2
FVC%p 98.5 12.9

The demographics (A) and height, weight, and pulmonary
function values (B) of the tested subjects (n = 17) are presented. %p,
percent of predicted value.

SYSTEMIC DELIVERY OF ATROPINE SULFATE BY MDPI 49



delivered by AUTO. Instances of atropine allergy are dis-
cussed in detail below.

Table 2 includes the comparative pharmacokinetic data for
the devices. In Table 2A, comparisons are made through
paired nonparametric testing. In Table 2B, a linear mixed
model was used to compare log transformed values of Cmax

and AUC. Atropine peak concentrations (Cmax) and area
under the curve concentration (AUC) were significantly
higher with AUTO versus DPIA. Apparent clearance (CL/F)
was significantly higher with DPIA. Time to peak (Tmax) was
similar for both devices despite the extended interval used to
deliver the five inhaled doses (12 min). There were no effects
of sequence or test day demonstrated. Neither age nor gen-
der contributed significantly to the results of the linear mixed
model. Figure 3 shows average plasma atropine concentra-
tion versus time for DPIA and AUTO.

The relative bioavailability (Frel) of the two devices can be
calculated as: Frel = (dose AUTO/dose DPIA) · (AUC DPIA/
AUC AUTO). The nominal dose delivered from DPIA was
2.0 mg (5 inhalations · 0.4 mg/inhalation). The total output
dose, excluding losses in the device, was 1.95 mg as deter-
mined through dose uniformity testing of the drug/device
combination.(12) Calculations using DPIA nominal dose yield
Frel = 85%. Calculations using DPIA output dose yield Frel =
87%. The 90% confidence intervals for Cmax and AUC ratios
(DPIA/AUTO) were 50.1–79.7% and 73.7–92.4%, respec-
tively, and therefore the devices are not bioequivalent based
on FDA definitions, which require both of these intervals to
be within 80–125%.

Table 3 describes the pharmacodynamic response to DPIA
and AUTO based on a series of measurements likely to be
increased by atropine exposure. In all cases, the maximum
increases from baseline values are reported. There was a
trend toward increased heart rate response with AUTO
versus DPIA ( p = 0.07). All other indicators of response were
similar. Figure 4 compares changes in heart rate from base-
line with DPIA and AUTO over 12 hr. Values at t = 15, 30, 60,
and 120 min were significantly different for DPIA and
AUTO. Baseline heart rate was similar on both testing days.

FEV1 increased by 0.11 – 0.29 L with AUTO versus
0.16 – 0.22 L with DPIA on average when measured 30 min
after delivery and compared with baseline. The change from
baseline was significant with DPIA (n = 16; p = 0.02, Wilcox-
on) and approached significance with AUTO (n = 17;
p = 0.06). Changes were similar by device (n = 16; p = 0.91).
Changes in FVC were minimal and not statistically different
from baseline (AUTO = - 0.02 – 0.36 L, p = 0.93; DPIA =
- 0.06 – 0.20 L, p = 0.59). FVC changes by device were similar
( p = 0.93).

Table 4 reports gender-averaged results for AUC, Cmax,
Tmax, and maximum increase in heart rate. Previous studies
with the atropine MDI had included only male subjects, and
the label for AUTO discusses some pharmacokinetic differ-
ences by gender, specifically increased AUC and Cmax in
female subjects.(13) The linear mixed model did not indicate
any effect of gender on AUC or Cmax. Tmax was significantly
increased in female subjects using DPIA and approached
significance after use of AUTO.

Table 2. The Pharmacokinetics of Atropine Sulfate Delivery

(A)

DPIA (n = 16) AUTO (n = 17)
p value

Parameter (units) Mean SD Mean SD (n = 16)

AUC 0–inf (ng hr/mL) 20.1 5.8 23.7 4.9 0.002
Cmax (ng/mL) 7.7 3.5 11 3.8 0.001
Tmax (hr) 0.25 0.47 0.19 0.23 0.44
T1/2 (hr) 2.4 1.0 2.4 0.6 0.90
Kelim (L/hr) 0.33 0.12 0.31 0.08 0.62
CL/F (L/hr) 110 43 87 17 0.006
MRT inf (hr) 3.8 1.3 3.2 0.6 0.09

(B)

AUC Cmax

Variable (effect) Fold change p value Fold change p value

Treatment (AUTO:DPIA) 1.27 0.04 1.59 0.047
Test day (2:1) 1.07 0.73 1.12 0.70
Treatment sequence (AUTO-DPIA:DPIA-AUTO) 1.06 0.39 1.13 0.37
Gender (F:M) 1.24 0.11 0.71 0.18
Age ( + 5 years) 1.05 0.08 1.05 0.43

(A) Comparisons performed using the Wilcoxon signed rank test comparing differences between values (DPIA–AUTO). (B) Comparisons
performed using linear mixed models for log transformed AUC and Cmax, considering treatment, test day, sequence, and subject variables.
Fold change values represent exponentiated differences in least squares means for each variable. For age, the fold change is based on a 5-year
age difference. MicroDose Therapeutx dry powder inhaler (DPIA): nominal dose 2 mg, output dose 1.95 mg; the AtroPen Auto-Injector
(AUTO): 2 mg IM.

AUC, area under the curve of drug concentration vs. time; Cmax, maximum plasma drug concentration; Tmax, time of maximum
concentration; T1/2, plasma half-life; Kelim, elimination rate constant; F, bioavailability; CL, clearance; MRT, mean residence time.
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Table 5 shows the percentage of subjects reporting specific
anticholinergic symptoms associated with use of the two
devices, based on specific inquiries made throughout the
testing days. Severe symptoms were reported in the follow-
ing instances: aftertaste (2 subjects DPIA, 1 AUTO), difficulty
urinating (2 AUTO), dizziness (1 AUTO), dry mouth (1
AUTO), excessive thirst (1 AUTO), and fatigue (1 AUTO).
Figure 5 shows the average sum of anticholinergic symptom

scores for the subjects by time point. Subjects were asked to
rate the effects on a 0–3 scale (none, mild, moderate, severe).
This measure would increase with both the number of
symptoms reported and the severity of those symptoms.
Clinical lab values measured at t = 10 hr after atropine dosing
were compared with pre-study lab values. With DPIA, seven
of 42 measured values demonstrated significant changes on
average, including platelet volume ( + ), CO2 ( + ), blood urea
nitrogen (BUN) (–), albumin (–), alanine aminotransferase
(ALT) (–), aspartate aminotransferase (AST) (–), and phos-
phorus ( + ). With AUTO, seven values demonstrated sig-
nificant changes, specifically eosinophil count ( + ), Na (–), K
( + ), BUN (–), ALT (–), AST (–), and total bilirubin ( + ). These
changes do not indicate any consistent pattern and are likely
coincidental. The maximum increases in heart rate for both
DPIA and AUTO were both recorded from subject 4 at
t = 15 min (DHR = 46 and 57, respectively). No subject dem-
onstrated any clinically significant changes in EKG over the
study period.

There were two adverse events reported during the study.
In one instance, a female subject experienced an allergic re-
action (urticaria) that began approximately 4 hr after the

Table 3. Pharmacodynamic Response to Atropine Sulfate Delivery

DPIA (n = 16) AUTO (n = 17)

Mean SD Mean SD
p value
(n = 16)

Heart rate (bpm) 18 12 23 13 0.07
Systolic BP (mm Hg) 9.3 7.8 10.5 12.4 0.92
Diastolic BP (mm Hg) 6.1 5.7 9.1 7.0 0.25
Temperature (�C) 1.0 0.5 0.7 0.5 0.11
Pupil diameter R (mm) 0.8 0.6 1.0 0.4 0.63
Pupil diameter L (mm) 0.8 0.7 0.8 0.4 0.99
NPA (cm) 5.9 5.7 8.9 8.4 0.18
FEV1 (L) 0.2 0.2 0.2 0.2 0.98
FVC (L) 0.1 0.1 0.1 0.2 0.83

MicroDose Therapeutx dry powder inhaler (DPIA): nominal dose 2 mg, output dose 1.95 mg; and AtroPen Auto-Injector (AUTO): 2 mg IM.
Maximum increases from baseline are reported and compared. Comparisons were performed using the Wilcoxon signed rank test comparing
differences between values (DPIA–AUTO). NPA, near point of accommodation.

FIG. 3. Average plasma atropine concentration after de-
livery using the MicroDose Therapeutx dry powder inhaler
(DPIA: nominal dose 2 mg, output dose 1.95 mg; n = 16) and
the AtroPen Auto-Injector (AUTO: 2 mg IM; n = 17). (A) Va-
lues over 12 hr. (B) Values over the first 2 hr. *The DPIA dose
was delivered in five inhalations over 12 min.

FIG. 4. Change in heart rate after atropine sulfate delivery
using the MicroDose Therapeutx dry powder inhaler (DPIA:
nominal dose 2 mg, output dose 1.95 mg; n = 16) and the
AtroPen Auto-Injector (AUTO: 2 mg IM; n = 17). Values are
means – SD. The DPIA dose was delivered in five inhalations
over 12 min.
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delivery of inhaled atropine via DPIA. This reaction was
experienced on the second testing day. The subject had re-
ceived IM atropine by AUTO 1 week prior without incident.
The reaction was treated with oral and intravenous (IV) di-
phenhydramine and IV steroids, and resolved by the end of
the testing day. However, the subject experienced multiple
recurrences of urticaria in the days after discharge that re-
quired multiple oral doses of diphenhydramine. Symptoms
persisted for more than 8 days before resolving. A second
subject experienced minor urticaria around the injection site
after IM injection of atropine via AUTO on testing day 1.
Symptoms in this case resolved without treatment, and the
subject was discharged at the end of the testing day without
recurrence. This subject was withdrawn from further testing
and did not receive an inhaled dose.

Discussion

The primary purpose of this study was to compare the
pharmacokinetics of atropine delivery by inhalation and IM
injection. Inhalational delivery was performed using a pro-
totype dry powder inhaler (DPIA), whereas IM injection was
performed using the AtroPen auto-injector (AUTO). This
comparison will allow for the establishment of a dosing
regimen for the new inhaler. Pharmacokinetic measurements
provide the best means of comparative evaluation of these
systemic delivery systems, because no clinical methods are
available to directly evaluate their efficacy in the treatment of
organophosphate poisoning—the primary indication for
both devices. Pharmacodynamic measurements of systemic
response were also performed. DPIA is intended as a sec-
ondary therapy for organophosphate poisoning for use
during the extended recovery period after initial application
of parenteral atropine and pralidoxime chloride. Individual

inhaled doses are intended to deliver drug in smaller incre-
ments, allowing systemic concentrations to be developed
that are sufficient to relieve symptoms without causing ex-
cessive side effects. More generally, DPIA provides an ex-
ample of systemic drug delivery via inhalation and provides
a means of evaluating this route for the delivery of small-
molecule pharmaceuticals.

Atropine was previously available for inhalation in an
FDA-approved CFC-based MDI. Eight inhalations from this
MDI provided the pharmacokinetic equivalent of a single
dose from a 2-mg auto-injector, based on AUC comparisons.
The nominal dose per inhalation for the MDI was 0.43 mg.
Similar nominal dosing is provided by DPIA (nominal:
0.40 mg/inhalation); however, significantly higher pulmo-
nary dosing efficiency was anticipated based on the tech-
nologies applied in the device. MDI technologies typically
emit drug in high-velocity aerosols that can deposit in large
amounts in the mouth and throat. With the atropine MDI,
such oral deposition might have limited the dose available
for absorption in the lungs, but contributed to the pharma-
cokinetic result through buccal or gastrointestinal (GI) ab-
sorption. Dry powder devices generally emit aerosols
without any propulsion. Also, the DPIA incorporates specific
technologies to detect inhalation and time drug delivery to
improve device efficiency. Based on preclinical studies, we
hypothesized that five to six inhalations from DPIA would
provide the AUC equivalent to a single 2-mg IM dose de-
livered by auto-injector. We used five inhalations in the
study to ensure subject safety and to minimize the chance of
overdosing. Our studies indicated that the five DPIA inha-
lations provided 85% of the AUC associated with the auto-
injector. Simple scaling would imply that six inhalations
would provide equivalent AUC values. Although we believe
that oral and/or GI absorption was limited with DPIA, we

Table 4. The Effect of Gender on the Pharmacokinetics of Atropine Sulfate Delivery

(A)

DPIA

Male (n = 11) Female (n = 5)

Mean SD Mean SD p value

AUC 0–inf (ng hr/ml) 18.7 4.7 23.2 7.4 0.53
Cmax (ng/ml) 8.1 3.7 6.8 3.0 0.57
Tmax (hr) 0.10 0.03 0.56 0.81 0.02
Max. increase in heart rate 16 9 21 17 0.49

(B)

AUTO

Male (n = 11) Female (n = 6)

Mean SD Mean SD p value

AUC 0–inf (ng hr/ml) 21.7 3.1 27.4 5.8 0.07
Cmax (ng/ml) 12.2 4.0 8.8 2.5 0.12
Tmax (hr) 0.13 0.13 0.30 0.35 0.07
Max. increase in heart rate 19 9 30 16 0.14

(A) MicroDose Therapeutx dry powder inhaler (DPIA): nominal dose 2 mg, output dose 1.95 mg. (B) AtroPen Auto-Injector (AUTO): 2 mg
IM. Comparisons were performed using the Mann-Whitney test (nonparametric, unpaired).
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cannot exclude the possibility of GI contribution to the ob-
served results (charcoal block was not used in these studies).
Time to peak concentration (Tmax) occurred on average at
15 min after the first inhalation with DPIA and at 11.5 min
after injection with AUTO, with no statistical difference be-
tween the devices. DPIA doses were delivered over a 12-min
period during testing, however (one dose every 3 min). A
more rapid delivery sequence might have resulted in a more
rapid time to peak for DPIA. Although the nominal doses for
DPIA and AUTO were similar (5 · 0.4 mg versus 2 mg), the
actual dose delivered from DPIA was slightly less—1.95 mg.

The higher apparent clearance for the DPIA is a reflection of
the lower bioavailability of atropine from DPIA and does not
indicate differences in systemic disposition of atropine. Re-
lative bioavailability can be calculated as 85% or 87% based
on nominal or output dose, respectively. Although the de-
vices do not meet criteria for bioequivalence based on com-
parisons with five inhalations, it seems likely that they
would if a sixth inhalation was added within the same time
sequence of delivery (one inhalation every 3 min). Both the
number of doses and the time sequence of delivery will affect
the pharmacokinetic outcomes. The time period between
inhalations in this study was designed to accommodate re-
loading of the prototype inhaler. Information from this study
will be used to design the dosing regimen or regimens to be
tested when the final form of the device is available. The
relative bioavailability calculated assumes linear pharmaco-
kinetics of atropine at dose used and concentrations ob-
served. Given the similar range of concentrations observed
(low ng/ml) after AUTO and MDI in this study, assumption
of linear pharmacokinetics appears reasonable.

Previous studies performed in the 1980s to gain FDA ap-
proval for MDI atropine did not include any female subjects,
based on labeling for military use and the profile of military
personnel in that era. Studies reported on the AtroPen label
indicate that both AUC and Cmax were increased in female
subjects.(13) Although the utility and statistical significance of
our results is ultimately limited by the small number of fe-
male subjects included (n = 6), our studies do indicate an
extended period to Tmax in female subjects. These studies do
not allow us to draw specific conclusions about the effects of
gender, but they do suggest a need to stratify the enrollment
of future studies by gender to ensure that the results are
applicable to current military populations.

Our studies demonstrated a few instances of allergy. In
one instance, the allergic reaction occurred on the first testing
day at the site of injection and was mild and transient. In the
second instance, the reaction occurred on the second testing
day (inhalation), had a delayed onset (approximately 4 hr),
and resulted in urticaria over the surface of the entire upper
body. This was treated successfully with diphenhydramine
and corticosteroids, but recurred multiple times over a

Table 5. The Percentage of Subjects Reporting

Anticholinergic Symptoms After Atropine

Sulfate Delivery

(A)

Anticholinergic effect % reporting

Aftertaste 94
Dry mouth 88
Fatigue 44
Dizziness 38
Excessive thirst 38
Headache 38
Sore throat 38
Coughing 25
Blurred vision 19
Decreased sweating 19
Difficulty urinating 19
Difficulty swallowing 13
Eye pain 13
Nausea 13
Palpitations 13
Difficulty walking 6
Excessive warmth 6
Facial flushing 0
Shortness of breath 0
Pain at injection site NR

(B)

Dry mouth 100
Excessive thirst 47
Headache 41
Aftertaste 35
Dizziness 35
Fatigue 35
Blurred vision 29
Difficulty swallowing 29
Difficulty urinating 29
Pain at injection site 24
Sore throat 24
Coughing 18
Decreased sweating 18
Nausea 18
Excessive warmth 12
Eye pain 12
Palpitations 12
Difficulty walking 6
Facial flushing 0
Shortness of breath 0

(A) MicroDose Therapeutx dry powder inhaler (DPIA): nominal
dose 2 mg, output dose 1.95 mg. (B) AtroPen Auto-Injector (AUTO):
2 mg IM.

FIG. 5. Average sum of the anticholinergic symptom scores
by time point for DPIA and AUTO. Subjects were asked to
rate a series of known anticholinergic effects on a 0–3 scale
(none, mild, moderate, severe) at different time points during
the study. These scores were summed for each subject time
point and then averaged across all subjects.
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period of more than a week. Oral diphenhydramine was
successful in suppressing these recurrences. Cases of atro-
pine allergy have been previously reported rarely after oc-
ular use,(14) but we are not aware of previous reports of such
persistence. Cases of extreme sensitivity to atropine have
been reported.(15) Our study presents a less investigated
scenario, because it includes two atropine administrations
separated by a period of days to weeks. An immunogenic
response to the first dose may have set the stage for the
systemic reaction that occurred after the second. It is difficult
to speculate on whether allergy might be a significant factor
in a mass-casualty setting involving organophosphate poi-
soning where repeated atropine doses are being given to
many patients over the course of days. Although organo-
phosphate poisoning is common in parts of the world where
these chemicals are still in use as pesticides, the literature
describing atropine use in this role is still limited. We are not
aware of any reports of allergy after the use of oral atropine
preparations. Although these preparations would likely be
administered multiple times, the atropine dose included in
them is very small. Mast cell degranulation has been de-
scribed as the mechanism for atropine-induced urticaria.(16)

There were no excipients common to DPIA (lactose) and
AUTO (glycerin, phenol, citrate buffer, and water for injec-
tion)(13); however, we cannot rule out the possibility that
unrelated reactions to different components from the indi-
vidual preparations occurred in this study.

Our studies demonstrated the typical symptoms associated
with atropine delivery after both inhaled and IM delivery. For
DPIA, the most common symptoms reported ( ‡ 30% of sub-
jects) included aftertaste, dry mouth, fatigue, dizziness, ex-
cessive thirst, headache, and sore throat. For AUTO, the
symptoms included dry mouth, excessive thirst, headache,
aftertaste, dizziness, and fatigue. No subjects experienced the
excessive manifestation of anticholinergic symptoms associ-
ated with atropine toxicity. Symptoms, when they did occur,
resolved quickly in all cases, and no subjects were exhibiting
symptoms that prevented their discharge at the end of the
study day. No subject demonstrated any clinically significant
EKG changes in response to the drug.

Limitations of the current study include a small number of
total subjects and, specifically, a small number of female
subjects. Also, dry powder atropine delivery was performed
using a prototype delivery device and not the final form of
DPIA. This prototype incorporated visual guidance to main-
tain an inhalation flow rate within the ideal range for the
device, which will not be available in the final commercial
design. The intent of this study was to inform the design of the
final device, and such steps are necessary and appropriate for
pilot studies. As previously described, a substantial period of
time was required to deliver the total inhaled dose (12 min),
and future studies using a more rapid delivery sequence may
demonstrate more rapid development of systemic concentra-
tions. Additional pharmacokinetic studies will play an im-
portant role in the future development of DPIA. Based on the
results of the current study, we anticipate that six inhalations
from DPIA will provide pharmacokinetic equivalency to
AUTO. Other dry powder atropine formulations are being
developed by other investigators.(17)

This study demonstrates the utility of inhaled medications
as systemic therapies, especially when the current generation
of precision dosing technologies is applied. The use of the

lung as a route to the systemic circulation has been long
discussed but rarely utilized. Only a few inhaled systemic
therapies have been developed, most notably inhaled insu-
lin.(18) Many of the technologies developed to deliver inhaled
insulin have now been applied to other systemic therapies.
Products intended for the treatment of conditions such as
migraine headaches(19,20) and chronic pain are under devel-
opment. Here the MicroDose DPIA provided consistent
systemic dosing (AUC coefficient of variation for DPIA = 0.29
versus 0.21 for AUTO), and these concentrations were de-
veloped rapidly after inhalation (Tmax DPIA = 15 min). In-
haled delivery provides a needleless alternative for systemic
therapy and may be particularly useful when rapid onset is
needed (e.g., pain control) or when the GI route is undesir-
able. Here we have demonstrated that dry powder atropine
inhalation provides an effective and efficient means of self-
administered systemic delivery. This delivery route also
provides the advantage of simultaneous pulmonary treat-
ment and logistical advantages in terms of packaging large
amounts of drug in small device volumes.
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