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OBJECTIVE — The aim of this study was to determine whether premeal pulmonary delivery
of rapid-acting, dry-powder insulin (Exubera) plus Ultralente could provide glycemic control
comparable to a conventional insulin regimen in type 1 diabetes.

RESEARCH DESIGN AND METHODS — Three hundred thirty-five subjects were
randomly assigned to receive either premeal inhaled insulin plus bedtime Ultralente or two to
three injections of regular and NPH insulin for 24 weeks. The primary end point was a change
in HbA1c.

RESULTS — Mean decreases in HbA1c values were comparable for inhaled (8.1–7.9%) and
conventional groups (8.1–7.7%) (adjusted treatment group difference 0.16% [95% CI �0.01 to
0.32]). There were greater reductions for inhaled versus conventional regimen in fasting and
postprandial plasma glucose (adjusted mean change differences �25.17 and �30.28 mg/dl,
respectively [95% CI �43.39 to �6.95 and �54.58 to �5.97, respectively]). Hypoglycemia
(events/subject month) was lower for the inhaled (8.6) versus the conventional (9.0) group (risk
ratio, 0.96 [95% CI 0.93–0.99]). In subjects receiving inhaled insulin, increased insulin anti-
body levels were observed, but there were no associated clinical or laboratory changes. Adverse
events were comparable between groups. Mild to moderate cough was more frequent in the
inhaled insulin group (27 vs. 5%) but decreased during the treatment. Pulmonary function tests
were not different between the groups except for a greater decrease in carbon monoxide diffusing
capacity in the inhaled insulin group. Treatment satisfaction was greater in the inhaled than in
the conventional group.

CONCLUSIONS — Inhaled insulin is effective, well tolerated, and well accepted in patients
with type 1 diabetes and provides glycemic control comparable to that with a conventional
insulin regimen.

Diabetes Care 27:2622–2627, 2004

The long-term benefits of tight meta-
bolic control in prevention and
reduction of microvascular compli-

cations of type 1 diabetes are well estab-
lished (1,2). In type 1 diabetes, lack of
acceptance of continuous subcutaneous
insulin delivery or multiple daily injec-
tions represents barriers to the achieve-
ment of optimal HbA1c values.

Pulmonary insulin delivery repre-
sents an alternative route of insulin ad-
ministration (3,4), eliminating the need
for preprandial injections. Inhaled insulin
is absorbed more rapidly and is cleared at
a faster rate than human regular insulin
injected subcutaneously (4). A novel dry-
powder insulin formulation and aerosol
delivery device have recently been devel-
oped. Pharmacodynamic data from a ran-
domized, open-label, comparative,
single-dose study using this system
showed that the onset of action of inhaled
insulin is similar to that observed with
insulin lispro, whereas duration of action
is slightly longer (5). A small phase two
study has also demonstrated that inhaled
insulin given 10 min before mealtimes,
combined with a long-acting insulin in-
jection at bedtime, is an effective and
well-tolerated alternative to preprandial
subcutaneous insulin injections in type 1
diabetes (6). Moreover, a potential for im-
proved compliance exists because inhaled
insulin is better accepted by patients com-
pared with subcutaneous injections (6,7).

This study enrolled patients with type
1 diabetes who were not pursuing inten-
sive diabetes management and was aimed
to determine whether pulmonary delivery
of rapid-acting insulin (Exubera) plus a
single subcutaneous injection of Ultra-
lente could provide glycemic control
comparable to a conventional subcutane-
ous insulin regimen (9) and to examine
the safety, tolerability, satisfaction, and
quality of life of the inhaled insulin regi-

● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ●

From 1The Women and Children’s Hospital of Buffalo, School of Medicine and Biochemical Sciences, State
University of New York at Buffalo, Buffalo, New York; the 2Cité de la Santé Hospital, Laval, Quebec, Canada;
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men compared with the conventional in-
sulin regimen.

RESEARCH DESIGN AND
METHODS — Male and female pa-
tients (n � 416) with type 1 diabetes were
screened at 41 centers across the U.S. and
Canada. Inclusion criteria were as fol-
lows: 1) diabetes duration for 1 year or
more; 2) age 12–65 years; 3) a regimen of
two or more injections of insulin (or in-
sulin analog) per day for at least the pre-
vious 2 months; 4) HbA1c 6–11%, fasting
plasma C-peptide �0.2 pmol/ml, and
BMI �30 kg/m2; 5) compliance with self-
monitored blood glucose measurement;
and 6) signed informed consent. Exclu-
sion criteria were as follows: 1) poorly
controlled asthma or clinically significant
chronic obstructive pulmonary disease,
or other significant respiratory disease; 2)
smoking during the previous 6 months;
3) significant abnormalities on a screen-
ing chest X-ray; 4) abnormal pulmonary
function at screening including carbon
monoxide diffusing capacity (DLCO)
�75%, total lung capacity (TLC) �80%
or �120%, forced expiratory volume in
1 s (FEV1) �70% of predicted; 5) clini-
cally significant major organ system dis-
ease with the exclusion of diabetes
microvascular complications; 6) abnor-
mal electrocardiogram; 7) abnormalities
on laboratory screening; 8) therapy with
systemic glucocorticoids; 9) drug or alco-
hol dependence; 10) history of two or
more severe episodes of hypoglycemia
within the previous 6 months; 11) any
hospitalization or emergency room visit
because of poor diabetes control within
the previous 6 months; 12) insulin
pump therapy in the 2 months before
screening or previous participation in
any inhaled insulin trial; 13) insulin re-
quirement �150 units/day; and 14)
pregnancy, lactation, or planned preg-
nancy.

The study was conducted in accor-
dance with the principles of the Declara-
tion of Helsinki, and the protocol was
approved by independent local institu-
tional review boards.

Study design
This was an open-label, 24-week, paral-
lel-group, multicenter study. After a
4-week run-in period, 335 patients were
randomly assigned to receive premeal in-
haled insulin plus bedtime subcutaneous
Ultralente insulin or to continue the reg-

imen received during the run-in period.
This consisted of a conventional regimen:
NPH and regular insulin before breakfast,
regular insulin before dinner, and the sec-
ond NPH insulin injection either before
dinner or at bedtime.

After randomization, the subjects
were seen weekly for the first 4 weeks and
subsequently monthly throughout the
treatment period. They met with a regis-
tered dietitian once during the run-in
period and at week 12 to review a stan-
dardized American Diabetes Association
meal plan. The importance of a meal plan
was reinforced throughout the study, and
the patients could consult the registered
dietitian any time they needed. Thirty
minutes of moderate exercise at least 3
days/week was also prescribed (8). The
importance of the diet and exercise regi-
men was reinforced at each visit.

Treatment
Inhaled insulin was administered within
10 min before meals in conjunction with a
single bedtime injection of Ultralente (Eli
Lilly, Indianapolis, IN). Inhaled insulin
was administered as a dry-powder formu-
lation via an aerosol delivery system
(Nektar Therapeutics, San Carlos, CA).
Subjects were trained in the appropriate
procedure for inhalation via verbal and
videotaped instruction. Inhaled insulin
was available in blister packs of 1- and
3-mg doses. Typically, one to three inha-
lations were administered for any given
dose. Guidelines for initial premeal in-
haled insulin doses were based on body
weight and response to known doses of
injected insulin (1 mg is equivalent to 2–3
units of subcutaneous insulin). The Ultra-
lente dose was based on glycemic control,
as well as the previous NPH insulin
requirement.

Inhaled and subcutaneous insulin
doses were adjusted based on the follow-
ing glycemic goals, which were consistent
with conventional treatment: fasting and
premeal 80–140 mg/dl (4.4–7.8 mmol/l)
and 100–160 mg/dl (5.6–8.9 mmol/l)
before bedtime. The self-monitored blood
glucose results were reviewed via tele-
phone daily for the first 5 days and at each
follow-up visit subsequently.

Assessments
The primary efficacy end point was the
change in HbA1c from baseline to week
24. HbA1c was measured at screening and
at weeks �1, 0, 6, 12, and 24. Secondary

efficacy end points included changes in
fasting plasma glucose (FPG) and 2-h
postprandial glucose levels and percent-
age of subjects achieving HbA1c �7% at
week 24. FPG was measured at weeks �4,
�1, 0, 1, 12, and 24; postprandial glu-
cose was measured at baseline and end of
treatment after a 16-ounce Boost meal
(Mead Johnson Nutritionals, Evansville,
IN). A self-administered Diabetes Quality
of Life and Treatment Satisfaction Ques-
tionnaire (Phase V Technologies, Welles-
ley Hills, MA) was completed at weeks
�4, �1, 6, 12, 20, and 24. Hypoglycemia
was defined as characteristic symptoms
without glycemic measurement but
promptly resolved with food intake or
glucagon or intravenous glucose, or char-
acteristic symptoms with blood glucose
�60 mg/dl (3.3 mmol/l) or blood glucose
�50 mg/dl (2.8 mmol/l) with or without
symptoms. Hypoglycemia was defined as
“severe” if subjects were unable to treat
themselves, exhibited neurological symp-
toms, and had a measured blood glucose
�50 mg/dl (2.8 mmol/l) or, if not mea-
sured, the clinical manifestations were
reversed by oral carbohydrate, subcuta-
neous glucagon, or intravenous glucose.

Total, HDL, and LDL cholesterol and
triglycerides were measured at weeks 0
and 24. A complete blood count with dif-
ferential, urinalysis, and chemistries were
performed at screening and week 24. A
semiquantitative radioligand-binding as-
say was used to measure insulin antibod-
ies at weeks 0 and 24.

A complete physical examination was
conducted at screening, and a “brief” ex-
amination was conducted at weeks 0, 4, 8,
16, and 24 (weight, injection sites, phar-
ynx, chest, heart rate, and blood pres-
sure). Complete pulmonary function
testing, using American Thoracic Soci-
ety–certified methods, was performed at
weeks �3 and 24. Measurement of forced
vital capacity (FVC) and FEV1 was also
performed at week 12. Adverse events
were recorded in all treated subjects and
classified as mild, moderate, or severe.

Statistical analysis
This comparative trial was designed to
test the “noninferiority” of the inhaled in-
sulin regimen compared with the conven-
tional insulin regimen. Analysis was
performed for the per protocol (evalu-
able) population—a subset of the inten-
tion-to-treat population. The evaluable
population included subjects who had no
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major violations of the inclusion/
exclusion criteria, had received at least
half the protocol-required duration of the
treatments as assigned by the randomiza-
tion scheme (12 of 24 weeks), and had
one or more evaluable postbaseline
HbA1c assessments (defined as having a
treatment duration �75% of the elapsed
time since the previous assessment). If the
week 24 HbA1c value was not available,
the last evaluable postbaseline assessment
was carried forward (last observation car-
ried forward). Changes from baseline
HbA1c were assessed using an ANOVA
model with terms for baseline HbA1c,
center, and treatment group. The 95% CI
for the comparison of the inhaled insulin
regimen and subcutaneous insulin regi-
men was derived from this model. Non-
infer ior i ty of inhaled insul in to
subcutaneous insulin was concluded if
the upper limit of the 95% CI for the dif-
ference was �0.5% HbA1c, as specified in
the protocol. A similar analysis model was
used for all other continuous variables.

The percentages of subjects reaching
HbA1c �7% at week 24 were analyzed
using logistic regression. The hypoglyce-
mic event rate ratio was estimated using
the survival analysis counting process ap-
proach for recurrent events, which only
included a term for treatment. Multivari-
ate ANOVA was used to test the overall
null hypothesis of no treatment differ-
ences by analyzing the Quality of Life and
Treatment Satisfaction scale changes from
baseline to week 24. Safety analyses were
performed for any subject who received at
least one dose of study treatment.

Treatment group differences (in-

haled � subcutaneous) in the change
from baseline in FEV1 and FVC were es-
timated at each assessment time point
(weeks 12 and 24) using a repeated-
measures ANCOVA model. The treat-
ment group differences in change from
baseline in DLCO and TLC at week 24
were estimated using an ANCOVA model.
These models included terms for treat-
ment and center, and covariates known to
have a physiological relationship with
pulmonary function, including baseline
pulmonary function testing, age (years),
baseline height (meters), and sex.

RESULTS — Of the 416 subjects
screened, 335 were randomly assigned to
receive treatment and one subject with-
drew; therefore, 334 subjects received
treatment (of whom 312 were evaluable
for efficacy) and 303 completed treat-
ment. Of the discontinuations in the in-
haled insulin group, 6 were related to
study treatment (3 adverse events—1
mild cough, 2 hypoglycemia—and 3 in-
sufficient clinical response) and 12 were
secondary to protocol violation or with-
drawn consent or loss to follow-up. In the
subcutaneous insulin group, 2 subjects
discontinued because of insufficient clin-
ical response and 11 for non–treatment-
related reasons. The characteristics at
study entry of the two study populations
(90% white) are detailed in Table 1. The
two treatment groups were well matched
with the exception of a slight sex imbal-
ance in the subcutaneous insulin group.

Efficacy
Baseline HbA1c values were 8.1 � 1.0% in
both groups. At week 24 (last observation
carried forward), HbA1c was 7.9 � 1.1%
in the inhaled insulin group and 7.7 �
0.9% in the subcutaneous insulin group
with comparable mean decreases from
baseline (adjusted treatment group differ-
ence: 0.16% [95% CI �0.01 to 0.32])
(Fig. 1A). The upper limit of the 95% CI
was �0.5 (the prespecified noninferiority
margin), indicating that the two treatment
regimens are statistically comparable.

The percentage of subjects achieving
HbA1c �7% at week 24 was comparable
for the inhaled and subcutaneous insulin
groups (15.9 and 15.5%, respectively)
(adjusted odds ratio 0.92 [95% CI 0.40–
2.10[). The inhaled and conventional in-
sulin treatment regimen groups had
similar baseline FPG values—194 mg/dl
(10.8 mmol/l) and 203 mg/dl (11.3
mmol/l), respectively. At week 24, there
was a greater reduction in the FPG in the
inhaled insulin group (adjusted mean
change from baseline �35 mg/dl [�1.9
mmol/l]) compared with the subcutane-
ous group (�10 mg/dl [�0.6 mmol/l])
(adjusted treatment group difference
�25.17 mg/dl [95% CI �43.39 to
�6.95]) (Fig. 1B). There was also a
greater decrease in 2-h postprandial glu-
cose in the inhaled group (adjusted mean
change from baseline �30 mg/dl [�1.7
mmol/l]) compared with the subcutane-
ous group (1 mg/dl [0.06 mmol/l]) (ad-
justed treatment group difference
�30.28 mg/dl [95% CI �54.6 to � 6.0]).

The adjusted mean increase in body
weight from baseline at week 24 was

Table 1—Characteristics at study entry of subjects receiving treatment with either inhaled or subcutaneous insulin

Inhaled insulin Subcutaneous insulin

Male patients Female patients Male patients Female patients

n 88 82 91 73
n aged �18 years 18 15 20 9
Age (years) 34.0 (12–63) 32.9 (11–63) 33.7 (11–61) 34.2 (12–64)
Weight (kg) 82.0 (49–131) 65.4 (35–91) 78.1 (38–110) 67.2 (40–93)
BMI (kg/m2) 25.7 (17–36) 24.7 (18–34) 25.0 (18–32) 24.9 (18–33)
Duration of diabetes (years) 16.2 (1.0–41.0) 16.5 (1.0–49.0)
n 164–169 159–162
HbA1c (%) 8.33 (6.00–11.10) 8.30 (6.0–10.80)
C-peptide (pmol/ml) 0.08 (0.07–0.26) 0.07 (0.07–0.23)
Mean daily insulin dose (units)

Short-acting insulin 21.00 (2.0–64.0) 21.28 (4.0–80.0)
Long-acting/intermediate-acting insulin 35.37 (6.0–94.0) 34.48 (5.0–116.0)

Data are means (range).

Efficacy and safety of inhaled insulin in type 1 diabetes
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slightly less in the inhaled insulin group
(0.9 kg) compared with that in the sub-
cutaneous insulin group (1.5 kg), but this
difference did not achieve statistical sig-
nificance. The week 24 median changes
from baseline in fasting lipid parameters
in the inhaled and subcutaneous insulin
groups, respectively, were as follows: total
cholesterol, 1.0 and �5.0 mg/dl (0.03
and �0.13 mmol/l); HDL cholesterol,
�1.5 and 1.0 mg/dl (�0.04 and 0.03
mmol/l); LDL cholesterol, 1.0 and �6.5
mg/dl (0.03 and �0.17 mmol/l); and trig-
lycerides, 12.0 and 1.0 mg/dl (0.14 and
0.01 mmol/l).

At baseline, the daily short-acting and
long-acting/intermediate-acting subcuta-
neous insulin doses were similar between

the two groups (mean 18.4 and 39.3
units, respectively, in the inhaled group;
17.8 and 38.7 units in the subcutaneous
group). The mean daily use of inhaled in-
sulin changed only slightly during the
study (from 12.4 to 14.2 mg). Mean insu-
lin daily dose in the subcutaneous group
remained relatively constant throughout
the study

Safety and tolerability
The risk of overall hypoglycemia was
lower in the inhaled insulin group com-
pared with the subcutaneous insulin
group (8.6 vs. 9.0 events/subject month;
risk ratio 0.96 [95% CI 0.93–0.99]). In
each group 155 patients reported a total
of 7,536 (inhaled) and 7,806 events (sub-

cutaneous insulin). There was no differ-
ence in severe events (5.5 vs. 4.7 events/
100 subject-months, respectively; risk
ratio 1.16 [95% CI 0.76–1.76]), with 29
(inhaled) and 21 (subcutaneous) patients
experiencing a total of 48 and 41 events,
respectively.

In both treatment groups, 99.4% of
subjects experienced an adverse event
during the study, with the most com-
monly reported being hypoglycemia. A
greater number of subjects in the inhaled
insulin group experienced cough (27 vs.
5%); however, these events were judged
as mild to moderate and decreased in se-
verity, incidence, and prevalence over the
treatment period. With the exception of
cough and overall hypoglycemia, the fre-

Figure 1—A: HbA1c levels in the inhaled and sub-
cutaneous (SC) insulin groups, respectively, at
screening (n � 156/153), baseline (n � 157/155),
and weeks 6 (n � 153/147), 12 (n � 154/149), and
24 (n � 153/148). B: Mean change in FPG concen-
tration in the inhaled and subcutaneous insulin
groups, respectively, at screening (n � 154/152),
baseline (n � 155/154), and weeks 12 (n � 148/
149) and 24 (n � 147/144). LOCF, last observa-
tion carried forward.
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quency and nature of all-causality adverse
events were comparable between treat-
ment groups. All-causality adverse events
were generally mild to moderate. Six ad-
verse events in the inhaled insulin group
and 11 in the subcutaneous group were
reported as serious: 3 in each group were
considered treatment-related and all in-
volved hypoglycemia.

Pulmonary function test results are
shown in Table 2. Mean changes in FVC,
FEV1, and TLC were comparable between
the two groups. A greater mean decrease in
DLCO was observed for the inhaled insu-
lin group without any clinical correlates.

Median insulin antibody percent
binding was 29 and 3% in the inhaled
insulin group and subcutaneous insulin
group, respectively. This increase in anti-
body levels was not associated with any
clinically significant findings (hypoglyce-
mia or hyperglycemia, insulin dose,
HbA1c, pulmonary function testing, etc.).
Vital signs, electrocardiogram, chest X-
ray, and safety laboratory parameters
were comparable in the two groups.

Patient-reported outcomes
The Overall Satisfaction Summary score
improved significantly for the inhaled
group (P � 0.001) and decreased signifi-
cantly for the subcutaneous group (P �
0.05). All satisfaction subscales (advo-
cacy, burden, convenience, efficacy, flex-
ibility, general satisfaction, hassle,
interference, pain, preference, side ef-
fects, and social) showed similar favorable
effects associated with inhaled insulin
treatment (all P � 0.0001). The overall
quality-of-life scale and subscales of
health perceptions, symptom interfer-
ence, depression, positive affect, life sat-
isfaction, psychological well-being, and
cognitive function also showed more fa-
vorable improvements for the inhaled in-
sulin group versus the subcutaneous
insulin group (P � 0.05) (9).

CONCLUSIONS — This is the first
large-scale study to compare the glycemic
control provided by inhaled insulin plus a
single injection of a long-acting subcuta-
neous insulin with that of a conventional
subcutaneous insulin regimen in type 1
diabetes. Inhaled insulin provided glyce-
mic control comparable with that of sub-
cutaneous insulin, as assessed by the
changes in HbA1c from baseline to week
24 and the percentage of subjects achiev-
ing HbA1c level �7% (10). The minimal

decrease in HbA1c in both treatment
groups is expected, given that the target
glucose levels were set in keeping with
conventional treatment. Nevertheless, in-
haled insulin did lead to better control of
FPG than subcutaneous insulin; however,
the different baseline insulin used in the
two groups could be a confounding factor.

These results are consistent with a
previous small 12-week phase two study
(6), and similar results have been ob-
tained in subjects with type 2 diabetes
(11). Data from an ongoing investigation
also suggest that glycemic control is main-
tained during 24 months of inhaled insu-
lin therapy (12). In the study by Skyler et
al. (6), inhaled insulin had a comparable
incidence of hypoglycemia to subcutane-
ous insulin. However, in the present
study, the overall risk of a hypoglycemic
event was lower in the inhaled insulin
group. Cough of mild-to-moderate sever-
ity was observed with a greater frequency
in the inhaled insulin group, although the
incidence and prevalence of this de-
creased as the study progressed. Of notice
is the fact that the subjects experiencing
the cough did not have any symptom
suggestive of respiratory distress at rest
or during exercise. The nature and fre-
quency of all other adverse events were
comparable between the two treatment
groups. FEV1, FVC, and TLC were com-
parable over the treatment period in both
treatment groups. Although a greater de-
crease in DLCO was observed in the in-
haled insulin group, this was not
associated with any clinical or laboratory
significant change. A possible mechanis-
tic or methodologic basis for this differ-
ence and known variability of this
measure may have played a role (13,14).
In a long-term extension study of the Exu-
bera Phase III program, changes in lung
function initially observed remained
small and nonprogressive. In a subset of
patients in that study, controlled discon-
tinuation of Exubera resulted in lung func-
tion gains similar in magnitude to the small
decline observed in this study initially.

Insulin antibodies increased to higher
levels in patients treated with inhaled in-
sulin. In long-term extension studies,
these levels tended to stabilize after the
initial increase. There was no correlation
of levels of antibody binding with param-
eters of metabolic control or safety, such
as hypoglycemia, lung function, or insu-
lin dose. Intraperitoneal insulin infusion
is also known to increase insulin antibody T
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binding (15,16); whether this phenome-
non is a general result of insulin exposure
to large mucosal surfaces or formulation
specific remains unclear. More recent
data suggest that young age and insulin
presensitization may play a role (17).

Similar to previous studies (6,11), a
trend toward less weight gain was ob-
served in the inhaled insulin group com-
pared with the subcutaneous insulin
group. This observation may lead to im-
proved patient satisfaction if inhaled in-
sulin were to be used in an intensive
insulin regimen.

A questionnaire has recently been de-
veloped to allow assessment of patient
satisfaction with alternative routes of in-
sulin administration (18). Using this tool,
previous investigators have reported
greater overall satisfaction with inhaled
insulin compared with subcutaneous in-
sulin in patients with type 1 diabetes
(6,7). This stemmed primarily from as-
pects relating to convenience and ease of
use of inhaled insulin. Using a different
questionnaire, the present study obtained
similar findings: a higher acceptance
among those administering insulin pre-
dominantly by inhalation compared with
those on the conventional subcutaneous
insulin injection regimen.

In conclusion, the results from this
24-week study suggest that inhaled insu-
lin is effective and well tolerated in pa-
tients with type 1 diabetes. Combined
with a single nighttime injection of long-
acting insulin, preprandial inhaled insu-
lin provided glycemic control comparable
to that with a conventional subcutaneous
insulin regimen with improved postpran-
dial control. Thus, the use of inhaled in-
sulin allowed the number of insulin
injections to be minimized to just a single
daily injection without compromising
glycemic control, while adding increased
flexibility of meal-related dosing. As a
consequence, inhaled insulin was associ-
ated with improved patient satisfaction
and quality of life—this may have impor-
tant implications for therapeutic strate-
gies aimed at increasing acceptance of
intensive insulin regimens. Inhaled insu-
lin may, therefore, be a valuable noninva-
sive component of therapy for patients
with type 1 diabetes.
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