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BACKGROUND: Inhaled interferon, a potential treatment for idiopathic pulmonary fibrosis, must
be formulated with mannitol, which can cause bronchospasm and cough. Coughing during drug
inhalation can be affected by many factors, but some factors are fixed by the needs of the formu-
lation and inflammatory disease in the airways. A component of the cough response may be related
to sites of deposition, particularly upper and central airways. If deposition sites are important, then
manipulating the particle distribution of the aerosol may mitigate coughing. To design a therapeutic
formulation and delivery system for formulations that contain mannitol, we tested the effect of
particle distribution on cough during mannitol inhalation in volunteers with idiopathic pulmonary
fibrosis. METHODS: A solution of mannitol was formulated to match requirements for future
interferon formulations (40 mg/mL, 220 mOsm/L). Mannitol aerosols were generated by using
different nebulizers providing particle distributions that were expected to vary upper airway de-
position. The nebulizer fill volume was adjusted to correct for differences in nebulizer efficiency
with a target inhaled mass of 20 mg. Particle distributions were measured by cascade impaction
(mass median aerodynamic diameters, 1.2 and 6.5 �m). Seven subjects with idiopathic pulmonary
fibrosis participated in the study. To maximize deposition, the subjects were trained to inhale slowly
and deeply (6 s inspiration). Spirometry was measured before and after inhalation. The study was
carried out on separate days (day 1: 1.2 �m; day 2: 6.5 �m), and the pattern of coughing was
observed. RESULTS: Coughing was often spontaneous and provoked by spirometry. When inhal-
ing the 1.2-�m distribution, no subject coughed during inhalation. Six of the seven subjects coughed
when inhaling the 6.5-�m particles. Spirometry was unaffected. CONCLUSIONS: In subjects with
idiopathic pulmonary fibrosis, nebulized mannitol can cause coughing. Modifying the aerosol dis-
tribution prevents coughing during mannitol inhalation. Mannitol aerosols can be inhaled safely
without bronchospasm. These data serve to inform future formulation and/or device combinations
for planned interferon therapy. Key words: formulation; deposition; human; lung; breathing; particle
distribution. [Respir Care 0;0(0):1–•. © 0 Daedalus Enterprises]

Introduction

Cough frequently occurs during inhalation of aerosol-
ized drugs. When persistent, coughing can interfere with

drug delivery and affect sites and the quantity of deposi-
tion1 and can limit patient adherence, which results in
suboptimal therapy. Many factors potentially contribute to
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coughing, including underlying lung disease, the active
drug, formulation components, osmolarity, pH, particle
concentration in the gas phase of the aerosol, and sites of
deposition.2-4

Patients with idiopathic pulmonary fibrosis (IPF) fre-
quently mention a cough, and it is often the presenting
symptom of the disease. As a potential therapy for IPF,
Diaz et al5 studied the use of inhaled interferon gamma,
delivered by the I-neb adaptive aerosol delivery system
(Philips Respironics, Parsippany, New Jersey), in 10 sub-
jects with IPF. All the volunteers were tolerant of the drug
and continued treatment for at least 2 years; however,
during therapy, cough during inhalation was noted in 7 sub-
jects.5 Although the sum total of factors that cause cough
in any given individual is changeable and complex, anal-
ysis of that study revealed several identifiable variables
that may have affected cough during the actual delivery of
the drug.5

First, the formulation (Actimmune, Horizon Pharma,
Lake Forest, Illinois), originally cleared for parenteral de-
livery by subcutaneous injection, requires the presence of
mannitol (40 mg/mL) to ensure stability. Therefore, the
subjects in the study by Diaz et al5 inhaled approximately
20 mg of mannitol (the volume of the vial was 0.5 mL).
Mannitol, in dry powder form, has been cleared by the
FDA as a bronchoprovocating agent in asthma and as a
tussive-stimulating agent to promote airway clearance in
cystic fibrosis. Second, Diaz et al5 reported that, on aver-
age, 12.6% of the deposited particles were located in the
upper airways, sites of irritant receptors.2-4 These obser-
vations indicated that, among other potential causes, de-
position of mannitol in the upper airways might have sig-
nificantly contributed to coughing during inhalation.

To further develop interferon gamma for therapy of IPF
and other lung diseases, the drug needs to be reformulated
specifically for inhalation. This affords the opportunity to
modify the product to reduce the potential for induced
cough. Mannitol is necessary for stability, and it cannot be
removed. However, formulations of inhaled medications
are often linked to the delivery system, that is, the drug is
connected to a specific device designed to control particle
delivery and deposition. Thus, a new interferon gamma
drug and device combination modified to deliver an aero-
sol with a particle distribution designed to minimize cough,
the only reported adverse effect in the study of Diaz et al,5

is possible. To the extent that mannitol and its pattern of
deposition contributed to the observations of Diaz et al,5

modifications to the aerosol delivery system may reduce
the tendency of the interferon formulation to cause cough-
ing during inhalation. Therefore, the purpose of the pres-
ent study was to define the behavior of different aerosols
of mannitol in subjects with IPF.

Many factors define coughing during aerosol inhalation,
and it is not possible to control all of them. Consequently,

we studied individuals who acted as their own controls to
minimize the effects of confounding variables. First, the
nebulizers were studied on the bench to define their par-
ticle distributions and were modified to produce aerosols
of mannitol with a wide range of particle distributions. The
devices were modified to generate 2 aerosols: one com-
posed of small particles, likely to avoid the upper airways,
and the other, with more large particles, likely to deposit in
the upper airways. Device efficiency was determined by
measuring the inhaled mass and, with that data, by adjust-
ing the volume fill of each nebulizer to equalize the quan-
tity of mannitol inhaled. A breathing pattern of slow and
deep breathing maximized total deposition. Therefore, sep-
arate drug inhalations with each aerosol provided similar
doses to the respiratory tract with the primary difference
being the sites of particle deposition.

It was our goal to deposit interferon aerosols (that con-
tained mannitol) in the distal airways and alveoli by du-
plicating the data for the deep lung (the site of disease in
IPF) from the study of Diaz et al.5 In spite of the reported
mass median aerosol diameters in that paper, some of the
particles in the paper by Diaz et al5 deposited in the upper
airways, which possibly contributed to the coughing re-
ported in that study. In the present study, we attempted to
remove those particles from the aerosol and test the hy-
pothesis that coughing would be reduced, which thus pre-

QUICK LOOK

Current knowledge

Coughing during aerosol inhalation can limit the effec-
tiveness of inhaled therapy, particularly in diseases as-
sociated with airway inflammation, such as idiopathic
pulmonary fibrosis. Formulating interferon gamma, a
protein with potential as an inhaled therapy for idio-
pathic pulmonary fibrosis, requires the addition of man-
nitol for protein stability. Mannitol can cause cough
and bronchospasm mediated by deposition at sites of
central airway and upper respiratory tract irritant recep-
tors. Particle deposition at these sites can be influenced
by the particle size distribution of the inhaled aerosol.

What this paper contributes to our knowledge

In subjects with idiopathic pulmonary fibrosis, cough-
ing during mannitol inhalation was affected by the par-
ticle distribution of mannitol aerosols. Modifying the
nebulizer to limit the inhaled distribution of mannitol to
small particles (mass median aerosol diameter, 1.2 �m)
prevented coughing during mannitol inhalation. This
observation will facilitate the design of well-tolerated
delivery systems suitable for future trials of interferon
therapy for this disease.
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serves alveolar delivery and reduces induced cough during
therapy. The components of the polydisperse distributions
in these aerosols are not well described by the mass me-
dian aerosol diameters alone. We related deposition to the
entire measured distributions, which included different pop-
ulations of larger particles that can deposit in central air-
ways. Before this study, the relationship to coughing and
these particles was not known.

The study was performed on 2 widely separate study
days, several weeks apart. Two mannitol formulation and
device combinations were created, each delivered similar
quantities of mannitol but with different particle distribu-
tions designed to primarily affect upper airway deposition.
On day 1, the subjects inhaled the small-particle distribu-
tion, on day 2, they inhaled the large-particle distribution.
Coughing associated with each regimen was observed. To
assess for possible bronchospasm, spirometry was per-
formed before and after each inhalation.

Methods

Test Mannitol Formulation

A solution of mannitol (Osmitrol 20% Mannitol Injec-
tion USP; Baxter Healthcare, Deerfield, Illinois) was pre-
pared in the research pharmacy by mixing 20 mL Osmitrol
with 80 mL sterile water (40 mg/mL mannitol, Baxter
Healthcare). This mixture produced an osmolarity of
220 mOsm/L, which closely approximated the osmolarity
of the interferon solution of 235 mOsm/L used by Diaz et al.5

Nebulizers

On the bench, we tested 2 nebulizers by using an in vitro
technique commonly used in our laboratory6-8: (1) The
Modified AeroTech II (Fig. 1 Biodex Medical Systems,
Shirley, New York) is a jet nebulizer filled with 3.5 mL of
the mannitol formulation and runs at a flow of 10 L/min,
the manufacturer’s recommended flow; a one-way valve
(22F �22M, ref 160603139 – 000, INO Therapeutics,
Hampton, New Jersey) was added to the aerosol outflow
tract to remove particles on the larger side of the aerosol
distribution; and (2) Omron U22 (Omron Healthcare,
Kyoto, Japan) is a mesh nebulizer filled with 1 mL of the
mannitol formulation.

Nebulizers were run to dryness. A piston pump pro-
vided slow and deep breathing from the test nebulizer
(tidal volume, 1500 mL; frequency, 5 breaths/min; inspira-
tory time, 6 s), which duplicated the breathing pattern used
by Diaz et al.5 Technetium-99m was mixed with the man-
nitol solution to label the aerosol droplets generated by the
nebulizer. Low-flow cascade impaction at 2 L/min was used
to measure particle distributions (Marple 8-stage impactor,
ThermoFischer Scientific, Waltham, Massachusetts).

The particles were captured onto filters, and a mass
balance was performed to determine the inhaled mass for
each nebulizer. The mass balance was determined by mea-
suring radioactivity of various components: cascade im-
pactor, tubing, inhaled mass filter, expired mass filter, and
nebulizer. With this information, the nebulizer fill volume
was adjusted to correct for different nebulizer efficien-
cies. The goal for each device was 20 mg. The mean
data for the final nebulizer configurations are listed in Table
1. Delivered mannitol ranged from 19 to 24 mg. The particle
distributions of both nebulizers are illustrated in Figure 2.
The modified AeroTech II produced particles with a mass
median aerosol diameter of 1.2 �m, whereas the Omron par-
ticles were larger, with a mass median aerosol diameter of
6.5 �m.

Patient

Mouthpiece

One-way
valve

Neubulizer

Air at 10 L/min (50 psig)

One-way
valve

Fig. 1. Modified AeroTech II jet nebulizer. To reduce the number of
large particles, a one-way valve was added to the nebulizer out-
flow track. The other one-way valves in the branched tubing di-
rected inspiratory and expiratory airflow. psig � pounds per square
inch gauge.

Table 1. Inhaled Mass Measurements, Nebulizer Fill Volume, and
Inhaled Mannitol From Study Devices

Nebulizer
Inhaled

Mass (%)
No.

Experiments

Fill
Volume

(mL)

Inhaled
Mannitol

(mg)

AeroTech II 17.7 � 1.6 6 3.5 24.8 � 2.3
Omron 47.5 � 4.8 5 1.0 19.0 � 1.9
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Clinical Protocol

The study was carried out over 2 days between March
and June 2017. Seven subjects with the diagnosis of IPF
(diagnosed in our interstitial lung disease clinic) signed an
institutional review board approved consent form. As listed
in Table 2, all subjects were former smokers, and none
were on oxygen. On the first day, the subjects were inter-
viewed and examined. Spirometry was performed by a
team member trained in spirometry with flow-volume loops
that met American Thoracic Society/European Respiratory
Society acceptability and repeatability guidelines before
and after inhalation of the test aerosol. The subjects often
coughed during spirometry and frequently could not com-
plete 3 maneuvers. Most of the time, however, they were
able to perform at least 2 reproducible spirograms. Only
attempts during which subjects did not cough during the
first second were recorded.

For aerosol inhalation, each volunteer was coached to
inhale slowly and deeply from the test nebulizer, with
inspiration timed to approximately 6 s to total lung capac-
ity (similar to I-neb from the study of Diaz et al5) and
exhalation to residual volume, which resulted in a fre-
quency of approximately 8 breaths/min. Then, the subject
inhaled a full “dose” of mannitol solution, which ran the
nebulizer to dryness. Cough events during treatment were
recorded. The nebulizers used in the study were all pre-
tested on the bench. Run time for the AeroTech II device
was approximately 10 min. Run time for the Omron neb-
ulizer was device-dependent and ranged from 2.5 to 8.5 min.
On the first day, all the subjects inhaled from the Aero-
Tech II nebulizer, several weeks later, on the study’s sec-
ond day, they used the Omron device.

Analysis

Cough data were analyzed qualitatively. Each subject
had a unique pattern of coughing triggered by a deep breath
or by talking. The subjects were able to suppress coughing
to some extent if asked to do a given maneuver such as
having a spirogram. In spite of these difficulties, it was
relatively easy to do an aerosol inhalation largely because
the breathing maneuver used a very slow inhalation. It was
not possible to count coughs, but it was possible to note
coughing specifically related to aerosol inhalation. If man-
nitol aerosols provoked coughing, then it was obvious.
Spirometry before and after mannitol inhalation was com-
pared by non-parametric paired analysis.

Results

Results are listed in Table 3. Shown are spirometry data
before and after inhalation of the test aerosols, listed as the
percent of predicted. Subject 1 was not able to perform
spirometry on day 2 due to coordination issues. All data
were best efforts because most of the subjects could not
complete all 3 spirograms due to coughing. In spite of the
clinical evidence of increased airway irritability, with
coughing during spirometry, all the subjects were able to
perform at least one test. Also listed in Table 3 are the cough
data indicated by a “yes” or “no.” There was a marked dif-
ference in the cough pattern. None of the subjects coughed
when inhaling the small particle aerosol, whereas 6 of
7 coughed during inhalation of the large particles.

Discussion

This study demonstrated that, in subjects with IPF, par-
ticle distribution was an important factor that influenced
cough during inhalation of mannitol aerosols. It is well
known that the aerosol distribution is a key factor in de-
termining regional deposition of inhaled particles, but the
importance of the distribution related specifically to cough
was not previously well defined. To show this effect, we
used 2 devices in the same individual and standardized
delivery of the drug. In addition, in spite of increased
airway irritability, the subjects with IPF inhaled aerosol-
ized mannitol without bronchospasm. Aerosol no. 1, with
a mass median aerosol diameter of 1.2 �m, did not pro-
voke increased coughing.

The data from the present study may have important
implications for future therapeutic trials in this population
of patients. Diaz et al5 demonstrated that inhaled inter-
feron formulated with mannitol was safe and possibly ef-
fective in the test subjects with IPF. However, most of
their volunteers coughed during therapy. Diaz et al5

reported that 5 of the 10 coughed. Careful review of their
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Fig. 2. Aerosol distributions of test aerosols of mannitol made with
different nebulizers. Data from cascade impaction plotted as log
particle diameter vs probability. Distribution from modified AeroTech
II device (test aerosol no. 1, mass median aerosol diameter, 1.2 �m),
Omron device (test aerosol no. 2, mass median aerosol diameter, 6.5
�m).
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files revealed that, actually, 7 of 10 coughed during inha-
lation of interferon. In general, the particle distributions
from the I-neb mesh device reported from their study were
larger than the AeroTech distribution used in the present
study. Future formulations of interferon/device combina-
tions containing mannitol will be guided by the AeroTech
distribution shown in Figure 2 which did not induce cough.

Our study was limited by several factors. First, we stud-
ied a small number of subjects, and we can not conclude
that all patients with IPF would behave as these 7 subjects
did. However, we had a strong signal for a particle size
effect, very similar to that seen by Diaz et al5 in a similar
number of individuals. Second, we did not measure actual
deposition of aerosol in the lungs of our subjects as
Diaz et al5 did. It was possible that some of the smaller
particles were exhaled, and the larger particle distribution
deposited more mannitol. This possibility was unlikely
because we ensured that our subjects inhaled slowly and

deeply to maximize deposition of all the particles. There-
fore, except for increased upper airway deposition, we
expected similar overall deposition in the respiratory tract.
Also, it was possible that the other components of Actim-
mune, such as the interferon itself, used by Diaz et al,5

were responsible for the coughing. Data in humans are
limited, but Jaffe et al9 used the same formulation as
Diaz et al5 in normal volunteers. Jaffe et al9 used an Ul-
travent nebulizer (Mallinckrodt, St. Louis, Missouri) re-
ported to generate an aerosol with droplets in a size range
of 0.2–3 �m. They treated their subjects over 3 d and
measured drug levels and interferon activity in lung lavage
fluid; cough was not reported in their study.9

Conclusion

Modifying the nebulizer resulted in a particle distribu-
tion of inhaled mannitol designed to bypass upper and

Table 2. Subject Information

Subject No. Sex Age (y)

Smoking History Physical Examination
DLCO

(% predicted)Year Quit Pack-Years
Pulse Oximetry
(room air) (%)

Frequency
(breaths/min)

1 F 73 1985 25 97 16 55
2 M 71 1984 30 98 16 49
3 F 64 1990 18 97 14 63
4 F 70 2010 25 94 18 76
5 M 76 1990 — 98 16 54
6 F 73 1997 35 95 16 44
7 F 78 1973 35 91 20 31

Dash represents pipes and cigars for 31 years.
DLCO � diffusing capacity of the lung for carbon monoxide

Table 3. Spirometry Pre and Post Mannitol Inhalation and Cough Observations

Subject No.

Day 1 Day 2

FVC
(% predicted)

FEV1

(% predicted) Cough
Yes or No

FVC
(% predicted)

FEV1

(% predicted) Cough
Yes or No

Pre Post Pre Post Pre Post Pre Post

1* 77 69 79 69 No ND ND ND ND Yes
2 49 51 49 54 No 58 55 54 59 Yes
3 107 97 106 98 No 101 102 116 116 Yes
4 53 56 61 61 No 71 73 70 72 No
5 52 51 53 53 No 54 52 56 53 Yes
6 52 51 53 57 No 64 59 60 61 Yes
7 98 98 113 108 No 105 104 113 112 Yes
Mean � SD 69.7 � 24.4 67.6 � 21.4 73.4 � 26.6 71.4 � 22.4 75.5 � 22.1 74.2 � 23.5 78.2 � 28.7 78.8 � 28.0
P† .53 .38 .34 .69

* The subject was unable to perform spirometry and could not coordinate her breathing, and the machine would not register expiration.
† Wilcoxon matched-pairs signed-rank test.
ND � no data
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central airways. Subjects with IPF inhaled this aerosol
without coughing ensuring controlled deposition in the
deep lung at sites of fibrosis. This observation is important
in formulating aerosols of interferon containing mannitol,
which may be effective in treating this serious disease.
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