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Meta-Analysis: Efficacy and Safety of Inhaled Insulin Therapy in Adults

with Diabetes Mellitus
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Background: Injection insulin therapy is not readily accepted by
patients and many health care providers; therefore, less invasive
options for insulin therapy are desirable.

Purpose: To examine the efficacy, safety, and patient acceptability
of inhaled insulin therapy in nonpregnant adults with diabetes
mellitus.

Data Sources: English-language studies in MEDLINE, the Cochrane
Clinical Trials Register (through June 2006), and U.S. Food and
Drug Administration review documents of the first formulation of
inhaled insulin approved for clinical use.

Study Selection: Randomized, controlled trials of at least 12 weeks’
duration that compared inhaled insulin with another active therapy
and reported hemoglobin A,  levels in adults with type 1 or type 2
diabetes mellitus.

Data Extraction: Two reviewers independently assessed trials for
inclusion and extracted data. Differences were resolved by consen-
sus.

Data Synthesis: Sixteen open-label trials met the inclusion criteria
(4023 patients; age range, 18 to 80 years). Among patients with
type 1 or type 2 diabetes, there was a small decrease in hemoglo-
bin A,. level from baseline that favored subcutaneous insulin over
inhaled insulin (weighted mean difference, 0.08% [95% Cl, 0.03%
to 0.14%]), although there was no difference in the proportion of
participants achieving hemoglobin A, levels less than 7%. Inhaled

insulin lowered hemoglobin A,. levels more (weighted mean
difference favoring inhaled insulin, —1.45% [Cl, —1.80%
to — 1.10%]) compared with fixed doses of oral agents but much less
when compared with oral agents titrated to glycemic efficacy
(weighted mean difference favoring inhaled insulin, —0.20% [Cl,
—0.34% to — 0.07%]). Severe hypoglycemia was more likely to
occur with inhaled insulin than with oral agents (risk ratio, 3.1 [CI, 1.0
t0 9.11), but there was no increased risk compared with subcutaneous
insulin. There was an increased incidence of mild to moderate
nonprogressive dry cough in patients treated with inhaled insulin (risk
ratio, 3.5 [Cl, 2.2 to 5.6]) and a mild decrease in certain pulmonary
function testing variables, which did not progress over 2 years.
Patients preferred inhaled insulin over subcutaneous insulin.

Limitations: All trials were open label, which may introduce bias.
Most of the trials were of 24 weeks' duration or less, limiting
assessment of long-term safety.

Conclusions: Inhaled insulin offers an alternative noninvasive op-
tion for premeal insulin administration, with glycemic efficacy
slightly less than subcutaneous regular insulin and increased patient
acceptability. Until long-term safety data are available, inhaled in-
sulin should be reserved for nonpregnant adults with diabetes who
are opposed to injections and who would otherwise delay appro-
priate and timely therapy with insulin.
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Despite the availability of effective diabetes-specific
therapies, achievement of glycemic goals in patients
with diabetes is far from adequate in the United States:
Fewer than half of adults with diabetes attain a hemoglobin
A, level less than 7% (1, 2). Insulin is effective at lowering
hyperglycemia, but there is considerable resistance to its
use by patients and health care providers, primarily because
of the need for subcutaneous injection (3, 4); thus, patients
may defer initiating insulin therapy for prolonged periods.
Alternative and less invasive options for insulin therapy are
therefore desirable. On 27 January 2006, the U.S. Food
and Drug Administration (FDA) approved the first formu-
lation of inhaled insulin for clinical use in nonsmoking
adults with type 1 or type 2 diabetes and no pulmonary
disease (5), offering the first new delivery option for insulin
since its discovery in the 1920s.

Because of its pharmacokinetic profile (6), inhaled in-
sulin has been studied as a premeal noninvasive alternative
to subcutaneous regular insulin or rapid-acting insulin. A
previous systematic review of clinical trials comparing in-
haled insulin with subcutaneous insulin included 6 studies,
4 of which were published in abstract form; only 3 studies
provided sufficient data to allow meta-analysis (7). Since
this publication, additional trials have published data on

the efficacy and safety of inhaled insulin versus subcutane-
ous insulin in patients with type 1 or type 2 diabetes or
inhaled insulin versus oral hypoglycemic agents in patients
with type 2 diabetes. The objective of the present system-
atic review was to examine the efficacy, safety, and patient
acceptability of inhaled insulin therapy in nonpregnant
adults with diabetes.

METHODS
Data Sources and Searches

We conducted a systematic search of MEDLINE
(from 1966 through 22 June 2006) and the Cochrane
Controlled Clinical Trials Register (from the second quar-

See also:

Print
Editors' Notes. . . ... ... ... oo, 666

Web-Only

Appendix Figure

CME quiz

Conversion of figures and table into slides

© 2006 American College of Physicians | 665



REVIEW Efficacy and Safety of Inhaled Insulin Therapy in Adults with Diabetes Mellitus

Context

Is inhaled insulin therapy a reasonable alternative to other
hypoglycemic agents?

Contribution

This systematic review of 16 randomized trials in adult pa-
tients with type 1 or type 2 diabetes found that inhaled
insulin reduced hemoglobin A, levels slightly less than
subcutaneous insulin and more than fixed doses of oral
agents. Patients preferred inhaled insulin over subcutane-
ous insulin. Severe hypoglycemia was more likely with in-
haled insulin than with oral agents. Inhaled insulin caused
mild to moderate nonprogressive dry cough and mild de-
creases in pulmonary function in some patients.

Cautions

All trials were open label. Most were less than 6 months in
duration.

—The Editors

ter of 2006) to find English-language randomized, con-
trolled trials (parallel or crossover) of inhaled insulin in
nonpregnant adules with diabetes. We used the following
search terms: diabetes, blood sugar, hyperglycemia, glucose,
glycohemoglobin, hemoglobin A, inbaled, inbalation, aero-
sol, pulmonary, insulin, human, and clinical trial. We
searched for additional publications in personal reference
lists and citation sections of recovered articles. We ex-
cluded letters, abstracts, and conference proceedings that
were not published in full in peer-reviewed journals be-
cause discrepancies are common between meeting abstract
results and subsequent publication results (8). To find un-
published studies of inhaled insulin, we also reviewed the
briefing document on Exubera (recombinant DNA origin)
powder for oral inhalation (Pfizer Inc., New York, New
York) (9), which was released under public disclosure laws
for the FDA advisory committee meeting on 8 September
2005.

Study Selection

Two reviewers independently screened abstracts ac-
cording to the inclusion criteria. An abstract was judged
relevant if it reported original data from controlled trials in
patients with type 1 or type 2 diabetes and hemoglobin A, .
outcomes for patients receiving inhaled insulin therapy ver-
sus outcomes for a comparison group (subcutaneous insu-
lin or oral hypoglycemic agents). We excluded studies of
less than 12 weeks’ duration because they would provide
an inadequate assessment of change in glycemic efficacy;
hemoglobin A, levels reflect glycemia over the previous 3
months (10). Full-text articles were retrieved and reviewed
if a decision regarding inclusion could not be made solely
on the basis of the abstract. Any discrepancies were re-
solved by consensus between the 2 independent reviewers
or in group conference by referencing the original article.
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Both reviewers also screened for unpublished controlled
trials listed in the briefing document on Exubera (9).

Data Extraction and Quality Assessment

From the included studies, we extracted participants’
baseline characteristics, including types of interventions.
For glycemic efficacy, we extracted data on change in he-
moglobin A,  level from baseline and the proportion of
patients achieving hemoglobin A, _ levels less than 7%. We
also gathered nonglycemic outcomes, such as change in
body weight and overall patient satisfaction. To evaluate
safety, we extracted data on severe hypoglycemia, pulmo-
nary symptoms, change in pulmonary function, and level
of circulating insulin antibodies. Because combining the
total number of hypoglycemic events does not account for
recurrent events in the same patient, we combined data on
the total number of patients per treatment group who re-
ported at least 1 episode of severe hypoglycemia. Because
of the varied methods of reporting hypoglycemia in indi-
vidual trials, we used the FDA definition (patient had a
blood glucose level =2 mmol/L [=36 mg/dL] or required
assistance) when available (9). We did not collect data on
fasting or postprandial glucose values, because they were
self-reported and therefore were less reliable than hemoglo-
bin A, levels. Moreover, fasting glucose values reflect the
effectiveness of the long-acting basal insulin regimen (11)
rather than inhaled insulin, which was given with meals.

All included studies were open label; therefore, we
used the following features to assess study quality: alloca-
tion generation (proper randomization), intention-to-treat
analysis, dropout rate, and whether the study was designed
for glycemic efficacy “noninferiority” or “superiority”) or
safety. For trials with duplicate publications, the most
complete or updated publication was eligible for consider-
ation. We contacted the first author of 1 study (12) to
confirm that it was an independent trial. Data extraction
from the published reports was supplemented by using
publicly available information (9).

Data Synthesis and Analysis

For glycemic efficacy, the primary measure was the
treatment group difference in the change in hemoglobin
A, level from baseline. The secondary outcome was the
proportion of participants achieving hemoglobin A, levels
less than 7%. For safety, we examined the number of par-
ticipants reporting severe hypoglycemia and cough and
treatment group difference in changes in pulmonary func-
tion variables (FEV, and diffusing capacity of carbon mon-
oxide [DL)).

For continuous variables (hemoglobin A, _level, FEV,,
and DLc), we calculated the weighted mean difference
and 95% CI for change from baseline in the inhaled insu-
lin group versus the comparison group (subcutaneous in-
sulin or oral hypoglycemic agent). For dichotomous vari-
ables (the proportion of patients achieving hemoglobin A,
levels <7%, the proportion with severe hypoglycemia, and
the proportion with cough), we calculated the risk ratio
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and CI for the inhaled insulin group versus the comparison
group (subcutaneous insulin or oral hypoglycemic agent).
When appropriate, we combined data from all studies in
patients with type 1 or type 2 diabetes and explored het-
erogeneity between comparable trials: Subgroup analysis
was done by using type of diabetes, type of treatment (sub-
cutaneous insulin or oral hypoglycemic agent), and dura-
tion of intervention.

For nonglycemic outcomes, such as change in weight,
insulin antibodies, and patient satisfaction, we did not per-
form meta-analyses because of insufficient reported data on
variance for a quantitative analysis. However, we per-
formed meta-analyses of weight change between patients
receiving inhaled insulin and those receiving oral hypogly-
cemic agents because data were available. For all meta-
analyses, we used a random-effects model that weighed
studies by the inverse of the within-study and between-
study variances (13). When available, we used data ob-
tained from intention-to-treat analyses as presented else-
where (9). Most studies reported the difference of the
mean change and the corresponding CI (or standard error)
between comparison groups. For studies that reported only
the mean changes and the corresponding standard errors of
the mean change, we calculated the difference and the stan-
dard errors of the difference between comparison groups using
these data. We used the /2 statistic to quantify the degree
of heterogeneity among trials in each meta-analysis (14).

Role of the Funding Sources

The funding sources, National Institutes of Health
and Friedman Foundation, had no role in the design, con-
duct, or reporting of the study or in the decision to submit
the manuscript for publication.

REsULTS
Search Results

The Appendix Figure (available at www.annals.org)
summarizes the search results, and the Table summarizes
the characteristics of the 16 trials (9, 12, 15-25) included
in the review.

Patient Characteristics and Description of Interventions
The 16 included trials involved 4023 participants
(42% women and 86% white) (Table). Baseline hemoglo-
bin A, levels ranged from 7% to 9.8%, and body mass
index ranged from 24 kg/ m” to 32 kg/ m?. Seven trials (9,
12, 15, 20, 23, 25) compared inhaled insulin with subcu-
taneous regular insulin, insulin lispro, or insulin aspart in
patients with type 1 diabetes (1534 participants; age range,
18 to 65 years). Eight trials with 9 treatment groups com-
pared inhaled insulin with subcutaneous regular insulin (9,
16, 18, 19) or oral hypoglycemic agents (9, 17, 21, 22, 24)
in patients with type 2 diabetes (2489 participants; age
range, 30 to 80 years). The subcutaneous insulin regimens
in the comparison groups included a combination of basal
(neutral protamine Hagedorn insulin, ultralente insulin, or
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insulin glargine given once or twice daily) and bolus (reg-
ular insulin or insulin lispro or insulin aspart given 2 or 3
times daily) insulin (Table). Oral hypoglycemic regimens
included all of the common classes (sulfonylureas, met-
formin, and thiazolidinediones) taken either alone or in
combination with 1 or 2 other oral medications (Table).
One study included medication-naive patients (21). In-
haled insulin was administered with meals and was titrated
according to study-specific glucose goals. Subcutaneous in-
sulin used as a control was also titrated to glucose goals
identical to those of inhaled insulin. Doses of oral hypo-
glycemic agents were not adjusted to glycemic targets, with
the exception of 2 trials that ttrated the oral medication
dose to achieve maximum glycemic efficacy (9, 24).

Methodologic Quality

All trials were open label, and none reported whether
the investigators involved in data collection or analyses
were blinded to participant information regarding treat-
ment assignment. No studies used the “double-dummy”
technique, in which all patients receive an inhaler and in-
jections (with only 1 of the 2 methods delivering active
study drug or placebo), because it was thought to be logis-
tically difficult and cumbersome. All trials comparing in-
haled insulin with subcutaneous insulin were designed for
“noninferiority” whereas those comparing inhaled insulin
with oral agents were designed to show “superiority” of
inhaled insulin. Seven of the 12 published studies (15, 17,
18, 21, 22, 24, 25) presented an intention-to-treat analysis,
whereas the remaining studies presented a per protocol
analysis. However, data were available from intention-to-
treat analyses of the Exubera studies (9) and were used in
the meta-analyses. Pharmaceutical companies funded all
studies; however, the role of the funding source was clearly
disclosed in only 1 study (22).

Glycemic Outcomes
Inhaled versus Subcutaneous Insulin

When we combined data from studies that compared
inhaled insulin and subcutaneous insulin in patients with
type 1 or type 2 diabetes, there was a small but statistically
significant difference in the decrease in hemoglobin A,
levels from baseline favoring subcutaneous insulin
(weighted mean difference, 0.08% [CI, 0.03% to 0.14%])
(Figure 1). The advantage of subcutaneous insulin over
inhaled insulin was evident in the 2 studies of 104 weeks’
duration (9) (weighted mean difference, 0.18% [CI,
0.09% to 0.27%]) (Figure 1) although there was no dif-
ference between subcutaneous insulin versus inhaled insu-
lin in studies of less than 24 weeks’ duration.

Among the 5 trials (1820, 23, 25) that provided data
on the number of patients with type 1 or type 2 diabetes
who achieved hemoglobin A;_ levels less than 7%, there
was no difference between the inhaled and subcutaneous
insulin groups in the proportion achieving this goal (risk
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Table. Characteristics of Randomized, Controlled Trials of Inhaled Insulin Included in the Systematic Review*

Study, Year (Reference) Study Participants, Mean Age Women, White, Duration of Baseline Hemoglobin
Duration, wk n (Range), y % % Diabetes, y A, Level, %
Type 1 diabetes (inhaled vs.
subcutaneous insulin)
Skyler et al., 2001 (15) 12 72 37 (18-55) 47 81 14.5 8.5
Quattrin et al., 2004 (20) 24 268t 33 (18-36) 46 90 16 8.3
Skyler et al., 2005 (23) 24 206t 29 (18-65) 47 20 13 8.2
Heise et al., 2005 (12) 24 45 36 (18-50) NR NR 17 7
Exubera study 1022, 2005 (9) 104 580 NR (18-65) NR NR NR 7.5
Exubera study 1027, 2005 (9) 24 226 NR (25-65) NR NR NR 7.6
Garg et al., 2006 (25) 12 137 39 (26-53) 53 88 >1 8.1
Type 2 diabetes (inhaled vs.
subcutaneous insulin)
Cappelleri et al., 2002 (16) 12 56 52 (35-65) 39 53 11 S
Hermansen et al., 2004 (18) 12 107 59 (30-75) 37 8 12 8.5
Hollander et al., 2004 (19) 24 298 57 (35-80) 33 76 14 8.5
Exubera study 1029, 2005 (9) 104 625 NR (35-75) NR NR NR 7.8
Type 2 diabetes (inhaled vs.
oral hypoglycemic agents)
Weiss et al., 2003 (17) 12 69 51 (35-65) 35 64 8 9.8
Rosenstock et al., 2005 (22)| 12 298 57 (35-80) 34 80 9 9.5
DeFronzo et al., 2005 (21) 12 143 54 (35-80) 45 74 4 9
Barnett et al., 2006 (24) 24 423 60 (35-80) 47 96 9 9.7
Exubera study 1002, 2005 (9) 24 470 55 (35-80) 43 94 8 95

* All studies were open label and all were parallel design except for that by Garg and colleagues (25), which was a crossover design. All studies were multicenter trials
conducted in the United States and Canada except for that by Barnett and colleagues (24) and Exubera study 1002 (9), which were conducted in multiple countries, and
Hermansen and colleagues (18), which was conducted in northern Europe. Heise and colleagues (12) did not report study site. The inhaled insulin device used in all trials
was Exubera (Pfizer Inc., New York, New York), except for the study by Garg and colleagues (25), which used a breath-actuated delivery device (AIR particle technology,
Alkermes, Inc., Cambridge, Massachusetts, and Eli Lilly, Inc., Indianapolis, Indiana), and the study by Hermansen and colleagues (18), which used an insulin liquid
formulation (AERx Insulin Diabetes Management System, Novo Nordisk, Inc., Princeton, New Jersey). ASP = insulin aspart; BID = twice a day before breakfast and either
before supper or bedtime; GLA = insulin glargine; GLIB = glibenclamide; LIS = insulin lispro; MET = metformin; NPH = neutral protamine Hagedorn insulin;
NR = not reported; OHA = oral hypoglycemic agents (individual agents not specified); REG = regular insulin; ROS = rosiglitazone 4 mg BID; SU = sulfonylurea

(glyburide or glipizide); TID = three times per day; TZD = thiazolidinedione; UL = ultralente insulin.

1 Only adult patients (>18 years) were included in the meta-analyses.

¥ The bascline hemoglobin A,_ level in the 2 groups was statistically different: 8.7% in the inhaled insulin group versus 7.9% in the subcutancous insulin group.

§ Hermansen and colleagues (18) reported a mostly Scandinavian sample presumed to be primarily white.

|| Rosenstock and colleagues” study (22) involved 2 treatment groups (study A [inhaled insulin TID with meals alone, » = 102] and study B [inhaled insulin TID with meals
added to MET/TZD and SU, » = 100]) versus 1 control group (MET/TZD and SU, » = 96).

ratio, 1.15 [CI, 0.96 to 1.38]; 27.1% with inhaled insulin
vs. 24.6% with subcutaneous insulin).

Inhaled Insulin versus Oral Hypoglycemic Agents

When we combined data from studies that compared
inhaled insulin with oral hypoglycemic agents in patients
with type 2 diabetes, inhaled insulin lowered hemoglobin
A, levels compared with oral agents (weighted mean dif-
ference, —1.04% [CI, —1.59% to — 0.49%]) (Figure 2)
but with some heterogeneity among the trials. Three stud-
ies with 4 treatment groups (17, 21, 22) showed a large
difference in hemoglobin A, levels favoring inhaled insu-
lin (weighted mean difference, —1.45% [CI, —1.80%
to —1.10%]), whereas 2 studies (9, 24) showed only a
small difference favoring inhaled insulin (weighted mean
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difference, —0.20% [CI, —0.34% to — 0.07%]) (Figure
2). The latter 2 trials differed from the former 3 trials by
including more participants, by having a longer duration
(24 vs. 12 weeks, respectively), and by titrating the dose of
therapy in both groups (inhaled insulin vs. oral hypoglyce-
mic agents) to achieve glycemic targets.

Patients with type 2 diabetes who were taking inhaled
insulin were more likely to achieve hemoglobin A,  levels
less than 7% than were those taking oral agents (risk ratio,
1.87% [CI, 1.07% to 3.25%]; 30.9% vs. 16.9%, respec-
tively).

Non-Glucose-Related Outcomes
Eleven trials (9, 15-17, 19-25) reported limited data
on changes in weight. In patients with type 1 or type 2
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Table—Continued

Treatment Group

Control Group

Study Quality

Inhaled Insulin

TID with meals
TID with meals
TID with meals
TID with meals
TID with meals

TID with meals

TID with meals

TID with meals
TID with meals
TID with meals

TID with meals

Inhaled Insulin

TID with meals
TID with meals
TID with meals
TID with meals
TID with meals
TID with meals

Subcutaneous Basal
Insulin

UL at bedtime

UL at bedtime

NPH BID

NPH BID

NPH/UL BID or
GLA at bedtime

NPH/UL BID or
GLA at bedtime

GLA at bedtime

UL at bedtime
NPH at bedtime
UL at bedtime

NPH/UL BID or
GLA at bedtime

Oral Agents

1-2 OHA

None

MET/TZD and SU
None

SU

MET

Subcutaneous Meal Subcutaneous Basal Efficacy vs. Method of Intention- Dropout
Insulin Insulin Safety/Noninferiority Randomization to-Treat Rate, %
vs. Superiority Described
REG BID NPH BID Efficacy/noninferiority Yes Yes 3
REG BID NPH BID Efficacy/noninferiority No No 11
REG TID with meals ~ NPH BID Efficacy/noninferiority No No 7
REG TID with meals NPH BID Safety/NR Yes No 11
REG/LIS/ASP TID NPH/UL BID or Safety/NR No NR 22
with meals GLA at bedtime
REG/LIS TID with NPH/UL BID or Safety/NR No NR 13
meals GLA at bedtime
REG/LIS TID with GLA at bedtime Efficacy/noninferiority No Yes 13
meals
REG BID NPH BID Efficacy/noninferiority No No 9
REG BID NPH BID Efficacy/superiority No Yes 10
REG BID NPH BID Efficacy/ Yes No 9
noninferiority
REG/LIS/ASP TID NPH/UL BID or Safety/NR No NR 25
with meals GLA at bedtime
Oral Agents
1-2 OHA Efficacy/superiority Yes Yes 0
MET/TZD and SU Efficacy/superiority Yes Yes 6
MET/TZD and SU
ROS Efficacy/superiority Yes Yes 6
SU and MET Efficacy/superiority Yes Yes 9
MET and GLIB Efficacy/superiority Yes NR 10

diabetes, there was no difference in weight gain (range, 0.2
to 1.5 kg) in the inhaled insulin and subcutaneous insulin
groups except in 1 study (19), which reported a 1.3-kg
weight loss in the inhaled insulin group compared with the
subcutaneous insulin group in those with type 2 diabetes.
Inhaled insulin resulted in more weight gain than combi-
nation oral therapy (adjusted mean difference, 1.85 kg [CI,
0.98 kg to 2.73 kg]) (17, 22, 24), but there was no differ-
ence compared with rosiglitazone monotherapy (adjusted
mean difference, 0.95 kg [CI, —0.18 kg to 2.09 kg]) (21).

Safety
Severe Hypoglycemia

There was no difference between inhaled insulin and
subcutaneous insulin in the proportion of patients report-
ing at least 1 episode of severe hypoglycemia (risk ratio,
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1.00 [CI, 0.95 to 1.04]). There was no difference in the
risk ratio between inhaled insulin and subcutaneous insulin
among patients with type 1 or type 2 diabetes; however,
severe hypoglycemia was reported in a higher proportion of
patients with type 1 diabetes (75% in the inhaled insulin
group vs. 78% in the subcutaneous insulin group) than in
those with type 2 diabetes (16% vs. 18%, respectively). A
higher proportion of patients treated with inhaled insulin
reported at least 1 episode of severe hypoglycemia com-
pared with those taking oral agents (risk ratio, 3.06 [CI,
1.03 to 9.07]; 9.4% vs. 3.5%, respectively).

Pulmonary Safety
All trials selected participants without a recent history
of smoking (at least 6 months) or underlying pulmonary
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REVIEW Efficacy and Safety of Inhaled Insulin Therapy in Adults with Diabetes Mellitus

Figure 1. Weighted mean difference (error bars indicate 95% Cls) in change in hemoglobin A, level for inhaled (INH) versus

subcutaneous (SC) insulin in adults with type 1 or type 2 diabetes.

Study, Year
(Reference)

Study
Duration, wk

Weighted Mean Difference
(95% CI), %

Type 1 diabetes

Skyler et al., 2001 (15) 12 0.15 (-0.20 to 0.50)

Garg et al., 2006 (25) 12 B — -0.10 (-0.29 to 0.09)

Quattrin et al., 2004 (20) 24 —e————— 0.14 (-0.04 to 0.32)

Skyler et al., 2005 (23) 24 -0.11 (-0.30 to 0.08)

Heise et al., 2005 (12) 24 0.00 (-0.38 to 0.38)

Exubera study 1027, 2005 (9) 24 — 0.07 (-0.07 to 0.21)

Exubera study 1022, 2005 (9) 104 —— 0.25(0.13 to 0.37)
Type 2 diabetes

Cappelleri et al., 2002 (16) 12 0.17 (-0.23 to 0.57)

Hermansen et al., 2004 (18) 12 0.08 (-0.21 to 0.37)

Hollander et al., 2004 (19) 24 -0.07 (-0.31 to 0.17)

Exubera study 1029, 2005 (9) 104 —_———— 0.09 (-0.05 to 0.23)
All studies — 12=0% 0.08 (0.03 to 0.14)
Study duration: 12 wk - W 12=0% 0.01 (-0.13 to 0.14)
Study duration: 24 wk JR 12=0% 0.03 (-0.06 to 0.11)
Study duration: 104 wk [ — 12=0% 0.18 (0.09 to 0.27)
Type 1 diabetes — 12=0% 0.09 (0.03 to 0.16)
Type 2 diabetes — 12=0% 0.06 (-0.04 to 0.17)

f T T T T 1
-0.6 -0.4 -0.2 0 0.2 0.4 0.6
Favors INH Favors SC

Weighted Mean Difference (95% CI), %

The 77 statistic describes the percentage of total variation across studies, which is due to heterogeneity rather than chance (14).

disease, such as asthma, interstitial lung disease, or chronic
obstructive pulmonary disease. All participants had a nor-
mal chest radiograph and pulmonary function test results
at baseline. Pulmonary safety was assessed by self-reporting
of respiratory symptoms and by pulmonary function tests.

The most common pulmonary symptom associated
with inhaled insulin was a nonproductive cough, which
was reported more frequently in patients taking inhaled
insulin than in those in the comparison group receiving
subcutaneous insulin or oral agents (risk ratio, 3.52 [CI,
2.23 to 5.56]; 16.9% vs. 5.0%, respectively). There were
no differences between patients with type 1 or type 2 dia-
betes. Cough occurred within seconds to minutes after ad-
ministration of inhaled insulin; it was mild and was not
associated with changes in pulmonary function. Cough was
noted early in the treatment course (within the first
month) and diminished in frequency and severity over
time.

Patients receiving inhaled insulin had a greater de-
crease in FEV, from baseline than did those in the com-
parison group (weighted mean difference, —0.031 L [CI,
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—0.043 L to — 0.020 L]) (Figure 3). The small decrease in
FEV, seen with inhaled insulin was statistically significant
compared with subcutaneous insulin in patients with type
1 diabetes and compared with oral hypoglycemic agents in
patients with type 2 diabetes (Figure 3). The decrease in
FEV, was slowly progressive over the first 6 months but
stabilized in studies of up to 2 years” duration (9).

Among patients with type 1 diabetes, inhaled insulin
was associated with a greater decrease in DL, from base-
line than was subcutaneous insulin (weighted mean differ-
ence, —0.902 mL/min per mm Hg [CI, —1.546
to — 0.258 mL/min per mm Hg]) (Figure 4). The de-
crease in DL was evident in studies with durations of 24
weeks or less (9, 12, 15, 20, 23, 25), although there was no
difference in the 2-year study (9). In a 12-week crossover
trial, DL returned toward baseline levels after patients
were switched to subcutaneous insulin (25). Among pa-
tients with type 2 diabetes, there was no difference in
DLio from baseline between the inhaled insulin group
and the comparison group in studies up to 2 years in du-
ration (9) (Figure 4).
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When data were combined from all inhaled insulin
trials, 2% of patients with type 1 diabetes and 2.3% of
patients with type 2 diabetes receiving inhaled insulin dis-
continued treatment because of respiratory events, versus
0% and 0.1%, respectively, in the comparison group (sub-
cutaneous insulin or oral hypoglycemic agents).

Insulin Antibodies

Higher levels of insulin antibodies were seen after ad-
ministration of inhaled insulin versus subcutaneous insu-
lin, especially among patients with type 1 diabetes, in the 7
trials that reported such data (12, 18-20, 22, 23, 25).
However, the level of insulin antibodies was not associated
with any measured clinical outcomes, including dosing re-
quirements for inhaled insulin, glycemic control, or ad-
verse outcomes (allergic events, pulmonary side effects, or
hypoglycemia).
Patient-Reported Outcomes

Four trials in patients with type 1 (15, 20) or type 2
(16, 19) diabetes reported data on overall patient satisfac-
tion for inhaled insulin versus subcutaneous insulin. All
trials reported a statistically significant increase in overall
patient satisfaction with inhaled insulin over subcutaneous
insulin. Areas of improvement included ease of administra-
tion, comfort, convenience, mealtime flexibility, and ease
of taking insulin many times a day. Two studies reported
statistically significant improvements in overall quality of
life with inhaled insulin (19, 20). Patients randomly as-
signed to inhaled insulin were more likely to continue tak-
ing inhaled insulin than to switch back to subcutaneous
insulin (15, 16).

DiscussioN

Advances in medical technology have frequently im-
proved patient care, but the introduction of a new technol-
ogy also poses certain challenges. Most health care provid-
ers and patients place a high value on new technology and
quickly embrace it; however, there is considerable contro-
versy regarding which devices to use, when to use them,
and what value they bring to health care (26). As with new
medications, an evidence-based assessment of the new
technology should be performed with emphasis not only
on efficacy and safety from randomized, controlled trials
but also on patient preferences, including how the new
technology can enhance quality of life. Our analysis of
randomized, controlled trials designed for efficacy or safety
showed that inhaled insulin is comparable to subcutaneous
regular insulin in lowering glycemia in adults with type 1
or type 2 diabetes. Compared with oral hypoglycemic
agents, inhaled insulin yielded a greater reduction in gly-
cemia than did fixed doses of oral agents in patients with
type 2 diabetes. Inhaled insulin was associated with dry
cough and a mild nonprogressive decrease in pulmonary
function and was preferred by patients over subcutaneous
insulin.

The comparable glycemic efficacy between inhaled in-
sulin and subcutaneous insulin was consistent among the
reviewed studies. There was no heterogeneity among pa-
tients with type 1 or type 2 diabetes. There was also no
difference between the proportion of patients receiving in-
haled insulin or subcutaneous insulin who achieved the
hemoglobin A, target of less than 7% (27% vs. 24%,
respectively); however, these proportions are much lower

Figure 2. Weighted mean difference (error bars indicate 95% Cls) in change in hemoglobin A, level for inhaled (INH) versus oral

hypoglycemic agents (OHAs) in adults with type 2 diabetes.

Study, Year Study Weighted Mean Difference
(Reference) Duration, wk (95% Cl), %
Weiss et al., 2003 (17) 12 . — -2.20 (-2.70 to -1.70)
Rosenstock et al., 2005A (22) 12 —o— -1.20 (-1.43 to -0.97)
Rosenstock et al., 2005B (22) 12 —o— -1.67 (-1.90 to -1.44)
DeFronzo et al., 2005 (21) 12 — —-0.89 (-1.23 to -0.55)
Barnett et al., 2006 (24) 24 —@— —-0.20 (-0.38 to -0.02)
Exubera study 1002, 2005 (9) 24 —@— —-0.20 (-0.41 to 0.01)
All studies —a— 12=68.9% -1.04 (-1.59 to -0.49)
Study duration: 12 wk —— 12=39.3% -1.45 (-1.80 to -1.10)
Study duration: 24 wk - 12=0% -0.20 (-0.34 to -0.07)
f T T T 1
2.5 -0.5 05 15 2.5
Favors INH Favors OHA

Weighted Mean Difference (95% ClI), %

The 7 statistic describes the percentage of total variation across studies that is due to heterogeneity rather than chance (14). Rosenstock and colleagues
(22) had 2 intervention groups (study A [inhaled insulin alone] and study B [inhaled insulin added to oral hypoglycemic agents]) versus 1 control group

(oral hypoglycemic agents).
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Figure 3. Weighted mean difference (error bars indicate 95% Cls) in change in FEV, in liters for inhaled insulin (INH) versus
control (subcutaneous insulin [SC] or oral hypoglycemic agents [OHAs]) in adults with type 1 or type 2 diabetes.

Study, Year Study Weighted Mean Difference
(Reference) Duration, wk (95% Cl), L
Type 1 diabetes
INH vs. SC
Skyler et al., 2001 (15) 12 ® —0.031 (-0.134 to 0.072)
Quattrin et al., 2004 (20) 24 — e+ —0.030 (-0.087 to 0.027)
Skyler et al., 2005 (23) 24 ° —0.040 (-0.103 to 0.023)
Heise et al., 2005 (12) 24 * -0.088 (-0.178 to 0.003)
Exubera study 1027, 2005 (9) 24 —e— —0.010 (-0.042 to 0.022)
Exubera study 1022, 2005 (9) 104 e —0.034 (-0.056 to -0.012)
INH vs. OHA
Cappelleri et al., 2002 (16) 12 ° 0.010 (-0.102 to 0.122)
Hollander et al., 2004 (19) 24 ————— 0.000 (-0.048 to 0.048)
Exubera study 1029, 2005 (9) 104 —e— —0.023 (-0.048 to 0.002)
Type 2 diabetes 12
Weiss et al., 2003 (17) 12 — —— -0.113 (-0.214 to -0.011)
Rosenstock et al., 2005A (22) 12 — ¢ — —0.030 (-0.091 to 0.031)
Rosenstock et al., 2005B (22) 12 — o —— —-0.050 (-0.111 to 0.011)
DeFronzo et al., 2005 (21) 24 ———— —0.019 (-0.082 to 0.044)
Barnett et al., 2006 (24) 24 —_——— —0.088 (-0.134 to -0.041)
Exubera study 1002, 2005 (9) -0.038 (-0.084 to 0.009)
All studies (INH vs. SC or OHA) - 12=0% -0.031 (-0.043 to -0.020)
Type 1 diabetes (INH vs. SC) —m— 12=0% -0.030 (-0.046 to -0.014)
Type 2 diabetes (INH vs. SC) —m 12=0% -0.017 (-0.039 to 0.004)
Type 2 diabetes (INH vs. OHA) e 12=0% -0.040 (-0.064 to -0.017)
Study duration: 12-24 wk —a— 12=0% -0.028 (-0.044 to -0.013)
Study duration: 104 wk —a— 12=0% -0.029 (-0.045 to -0.013)
f T T 1
-0.2 -0.1 0 0.1 0.2
Favors INH Favors SC or OHA

Weighted Mean Difference (95% Cl), L

The 7 statistic describes the percentage of total variation across studies that is due to heterogeneity rather than chance (14). Rosenstock and colleagues
(22) had 2 intervention groups (study A [inhaled insulin alone] and study B [inhaled insulin added to oral hypoglycemic agents]) versus 1 control group

(oral hypoglycemic agents).

compared with those achieved with intensive subcutaneous
insulin therapy in the Diabetes Control and Complications
Trial (27) or in the U.K. Prospective Diabetes Study (28),
which were both published more than a decade earlier. The
decreased efficacy compared with older trials may be due to
the noninferiority design of the inhaled insulin trials; how-
ever, without having shown the superiority of inhaled in-
sulin, it is important to avoid having patients replace their
current subcutaneous insulin therapy with inhaled insulin
and expect the same degree of glycemic control.

It is difficult to directly compare the efficacy of inhaled
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insulin versus individual oral agents because most studies
comparing these therapies were heterogeneous in relation
to baseline hemoglobin A,_ levels and the type of oral
agents used. Yet, the finding that inhaled insulin improves
glycemia more than fixed doses of oral agents is consistent
with previous observations that have reported a higher ef-
ficacy of insulin versus oral therapy in achieving long-term
glycemic targets (28). Of note, however, the superior gly-
cemic outcome of inhaled insulin was seen in short (12-
week) trials that titrated inhaled insulin to a glucose target
but did not titrate oral medication doses. In the two 24-
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week studies (9, 24), in which the dose of the oral agents
was titrated to glucose goals, there was only a small differ-
ence between inhaled and oral agents in glycemic efficacy
even though the studies were designed to show the superi-
ority of inhaled insulin.

The 3-fold increased risk for severe hypoglycemia for
patients in the inhaled insulin group compared with those
receiving oral agents is not surprising because of improved
glycemic control and previous observations with subcuta-

neous insulin therapy (29). The rate of severe hypoglyce-
mia in clinical practice is difficult to predict and may be
initially high because of the novelty of using a new delivery
device, but the risk should diminish with more training
and practice. Furthermore, dose adjustments with available
inhaled insulin devices have yet to be perfected for the finer
small-increment dosing needed to avoid hypoglycemia, es-
pecially in insulin-sensitive patients.

A major concern with inhaled insulin is the potential

Figure 4. Weighted mean difference (error bars indicate 95% Cls) in change in diffusing capacity of carbon monoxide (DL, in
mL/min per mm Hg) for inhaled insulin (INH) versus control (subcutaneous insulin [SC] or oral hypoglycemic agents [OHAs]) in

adults with type 1 or type 2 diabetes.

Weighted Mean Difference

Study, Year Study (95% ClI),
(Reference) Duration, wk mL/min per mm Hg
Type 1 diabetes
INH vs. SC
Skyler et al., 2001 (15) 12 ° -1.125 (-2.802 to 0.502)
Quattrin et al., 2004 (20) 24 ———— —1.000 (-1.774 to -0.226)
Skyler et al., 2005 (23) 24 ——— -1.450 (-2.363 to -0.537)
Heise et al., 2005 (12) 24 B — -2.335 (-3.611 to -1.059)
Exubera study 1027, 2005 (9) 24 e -0.597 (-1.032 to -0.162)
Exubera study 1022, 2005 (9) 104 R 0.111 (-0.070 to 0.292)
INH vs. OHA
Cappelleri et al., 2002 (16) 12 ° 0.550 (-1.645 to 2.740)
Hollander et al., 2004 (19) 24 ——— —0.403 (-1.165 to 0.359)
Exubera study 1029, 2005 (9) 104 - 0.100 (-0.072 to 0.272)
Type 2 diabetes
Weiss et al., 2003 (17) 12 o -0.250 (-1.487 to 0.987)
Rosenstock et al., 2005A (22) 12 —— —-0.730 (-1.594 to 0.134)
Rosenstock et al., 2005B (22) 12 —e— -0.700 (-1.560 to 0.160)
DeFronzo et al., 2005 (21) 12 — -0.200 (-1.137 t0 0.737)
Barnett et al., 2006 (24) 24 — —-0.550 (-1.275 to 0.175)
Exubera study 1002, 2005 (9) 24 —1T—— 0.375 (-0.230 to 0.980)
All studies (INH vs. SC or OHA) —- 12=23.9% -0.387 (-0.635 to —-0.139)
Type 1 diabetes (INH vs. SC) —a 12=59.2% -0.902 (-1.546 to -0.258)
Type 2 diabetes (INH vs. SC) S 12=0% 0.078 (-0.089 to 0.246)
Type 2 diabetes (INH vs. OHA) —=— 12=0% -0.256 (-0.587 to 0.075)
Study duration: 12-24 wk - 12=0% —-0.561 (-0.784 to —-0.338)
Study duration: 104 wk - 12=0% 0.105 (-0.020 to 0.230)
f T T T T T T 1
-4 -3 -2 -1 0 1 2 3 4
Favors INH Favors SC or OHA

Weighted Mean Difference (95% Cl), mL/min per mm Hg

The 7 statistic describes the percentage of total variation across studies that is due to heterogeneity rather than chance (14). Rosenstock and colleagues
(22) had 2 intervention groups (study A [inhaled insulin alone] and study B [inhaled insulin added to oral hypoglycemic agents]) versus 1 control group

(oral hypoglycemic agents).
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for pulmonary toxicity because of the immunogenic and
growth-promoting properties of insulin. Because of its tim-
ing immediately after inhalation, the mild to moderate
cough seen with inhaled insulin seems to be directly related
to the delivery method, including potential irritation from
excipients. Small decreases in FEV; and DL, occurred
early in the treatment and did not progress over 2 years.
Because patients with diabetes have reduced baseline pul-
monary function and more rapid decreases in pulmonary
function over time compared with healthy controls (30—
33), small decreases in FEV, and DL, induced by in-
haled insulin may have potential clinical significance. Al-
though there were no clinically significant pulmonary
sequelae during the 2-year safety trials, the potential for
pulmonary toxicity with long-term administration of in-
haled insulin is of concern, and studies of longer duration
(>2 years) and careful postmarketing surveillance in clini-
cal practice are needed to fully evaluate the effects of in-
haled insulin on lung function.

All trials excluded patients with a recent history of
tobacco use because smoking increases the rate of absorp-
tion and the bioavailability of inhaled insulin in healthy
volunteers (34), and changes in smoking habits greatly and
rapidly alter the pharmacokinetics of inhaled insulin (35).
Because of unpredictable absorption with changes in smok-
ing behavior, inhaled insulin is contraindicated in patients
who smoke, including those who have quit smoking re-
cently. Patients who smoke may represent up to a quarter
of the diabetes population in the United States (36).

All trials included patients with normal baseline lung
function, and there are only limited data for patients with
asthma and chronic obstructive pulmonary disease (9). Af-
ter a single dose of inhaled insulin, nondiabetic patients
with asthma absorbed less insulin than did healthy partic-
ipants, resulting in less glucose reduction without a change
in airway reactivity (37). However, nondiabetic former
smokers with chronic obstructive pulmonary disease ab-
sorbed more insulin than did controls (9). Efficacy and
safety studies are ongoing in insulin-requiring patients with
diabetes and asthma or chronic obstructive pulmonary dis-
ease (9). Finally, the pharmacokinetics of inhaled insulin
did not differ during the acute or recovery phase of an
upper respiratory infection in patients without diabetes
(38), but there are no data on the pharmacokinetics of
inhaled insulin during infections of the lower respiratory
tract. Because patients with diabetes are at greater risk for
chronic lung conditions and acute respiratory infections
(39), a better characterization of the efficacy and safety of
inhaled insulin is warranted in patients with diabetes and
pulmonary disease.

Patients with diabetes were more satisfied with inhaled
insulin and preferred it to subcutaneous insulin. In 1 study
in which patients received educational information, the
availability of inhaled insulin as a treatment option sub-
stantially increased the proportion of patients who would
theoretically choose insulin overall (40). Furthermore, pa-
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tients with poorly controlled type 2 diabetes were more
likely to choose and accept insulin therapy if inhaled insu-
lin was offered (40). The enhanced willingness to embrace
inhaled insulin increases the potential for improving glyce-
mic control in the diabetes population. However, increased
patient acceptability of inhaled insulin may be related to
the novelty of the new delivery method, and it remains to
be seen whether patients will prefer and adhere to the new
delivery method in clinical practice. Of importance, adher-
ence also depends on the characteristics of the delivery device
and cost that will become evident in the clinical setting.

Our review has limitations related to the included
studies. First, all trials were open label and none used in-
haler or injection placebos (“double-dummy” technique).
Historically, insulin trials have not been double-blind be-
cause of logistic, ethical, and safety concerns. In the case of
inhaled insulin, the use of a “double-dummy” technique
would have added to the complexity of conducting the
trials. Nevertheless, open-label trials have the potential for
bias in conducting the intervention and ascertaining sub-
jective outcomes, such as cough and patient preference.
Next, because most patients were white, differential effects
of inhaled insulin by race or ethnicity could not be assessed
in these trials. In addition, only 2 trials were long term (2
years) (9), thus limiting assessment of long-term safety.
Finally, we included data from unpublished studies found
only in the FDA briefing documents. Although these stud-
ies have not undergone traditional peer review, we consid-
ered FDA review equivalent to peer review.

In conclusion, inhaled insulin offers an alternative
noninvasive option for premeal insulin administration with
glycemic efficacy comparable to subcutaneous regular insu-
lin and increased patient acceptability. Because of concerns
for long-term pulmonary toxicity; unpredictable variability
in patients with acute respiratory conditions; the lack of
cost-effectiveness studies; and the availability of an effec-
tive, safe, and familiar alternative in subcutaneous insulin,
inhaled insulin should be reserved for patients without pul-
monary conditions who are needle-phobic and would oth-
erwise experience delays in appropriate and timely therapy
with insulin. This new insulin technology will need con-
tinued evaluation in long-term efficacy and safety trials and
in clinical practice to measure its effectiveness and to de-
termine its place in the armamentarium of diabetes therapies.

From Tufts-New England Medical Center, Boston, Massachusetts.

Grant Support: By the National Institutes of Health research grant K23
DK61506 (Dr. Pittas) and by the Dr. Gerald J. and Dorothy R. Fried-
man New York Foundation for Medical Research Grant (Dr. Ceglia).

Potential Financial Conflicts of Interest: None disclosed.

Requests for Single Reprints: Anastassios G. Pittas, MD, MSc, Divi-
sion of Endocrinology, Diabetes and Metabolism, Tufts-New England
Medical Center, 750 Washington Street, 268, Boston, MA 02111; e-
mail, apittas@tufts-nemc.org.

www.annals.org



Efficacy and Safety of Inhaled Insulin Therapy in Adults with Diabetes Mellitus REVIEW

Current author addresses are available at www.annals.org.

References

1. Saydah SH, Fradkin J, Cowie CC. Poor control of risk factors for vascular
disease among adults with previously diagnosed diabetes. JAMA. 2004;291:335-
42. [PMID: 14734596

2. Resnick HE, Foster GL, Bardsley J, Ratner RE. Achievement of American
Diabetes Association clinical practice recommendations among U.S. adults with
diabetes, 1999-2002: the National Health and Nutrition Examination Survey.
Diabetes Care. 2006;29:531-7. [PMID: 16505501]

3. Pittas AG, Greenberg AS. Contemporary Diagnosis and Management of
Diabetes. Newtown, PA: Handbooks in Health Care; 2003.

4. Peyrot M, Rubin RR, Lauritzen T, Skovlund SE, Snoek FJ, Matthews DR,
et al. Resistance to insulin therapy among patients and providers: results of the
cross-national Diabetes Attitudes, Wishes, and Needs (DAWN) study. Diabetes
Care. 2005;28:2673-9. [PMID: 16249538]

5. Food and Drug Administration. FDA approves first ever inhaled insulin com-
bination product for treatment of diabetes. Accessed at www.fda.gov/bbs/topics
/news/2006/NEW01304.html on 26 June 2006.

6. Rave K, Bott S, Heinemann L, Sha S, Becker RH, Willavize SA, et al.
Time-action profile of inhaled insulin in comparison with subcutaneously in-
jected insulin lispro and regular human insulin. Diabetes Care. 2005;28:1077-82.
[PMID: 15855570]

7. Royle P, Waugh N, McAuley L, Mclntyre L, Thomas S. Inhaled insulin in
diabetes mellitus. Cochrane Database Syst Rev. 2003:CD003890. [PMID:
12917994]

8. Toma M, McAlister FA, Bialy L, Adams D, Vandermeer B, Armstrong PW.
Transition from meeting abstract to full-length journal article for randomized
controlled trials. JAMA. 2006;295:1281-7. [PMID: 16537738]

9. Advisory Committee Briefing Document: Exubera (insulin [rDNA origin]
powder for oral inhalation). Accessed at www.fda.gov/ohrms/dockets/ac/05
/briefing/2005-4169B1_01_01-Pfizer-Exubera.pdf on 22 June 2006.

10. Goldstein DE, Little RR, Lorenz RA, Malone JI, Nathan D, Peterson CM,
et al. Tests of glycemia in diabetes. Diabetes Care. 2004;27:1761-73. [PMID:
15220264]

11. Monnier L, Lapinski H, Colette C. Contributions of fasting and postpran-
dial plasma glucose increments to the overall diurnal hyperglycemia of type 2
diabetic patients: variations with increasing levels of HbA(Ic). Diabetes Care.
2003;26:881-5. [PMID: 12610053]

12. Heise T, Bott S, Tusek C, Stephan JA, Kawabata T, Finco-Kent D, et al.
The effect of insulin antibodies on the metabolic action of inhaled and subcuta-
neous insulin: a prospective randomized pharmacodynamic study. Diabetes Care.
2005;28:2161-9. [PMID: 16123484]

13. DerSimonian R, Laird N. Meta-analysis in clinical trials. Control Clin Trials.
1986;7:177-88. [PMID: 3802833]

14. Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency
in meta-analyses. BMJ. 2003;327:557-60. [PMID: 12958120]

15. Skyler JS, Cefalu WT, Kourides IA, Landschulz WH, Balagtas CC, Cheng
SL, et al. Efficacy of inhaled human insulin in type 1 diabetes mellitus: a ran-
domised proof-of-concept study. Lancet. 2001;357:331-5. [PMID: 11210993]
16. Cappelleri JC, Cefalu WT, Rosenstock J, Kourides IA, Gerber RA. Treat-
ment satisfaction in type 2 diabetes: a comparison between an inhaled insulin
regimen and a subcutaneous insulin regimen. Clin Ther. 2002;24:552-64.
[PMID: 12017400]

17. Weiss SR, Cheng SL, Kourides IA, Gelfand RA, Landschulz WH. Inhaled
insulin provides improved glycemic control in patients with type 2 diabetes mel-
litus inadequately controlled with oral agents: a randomized controlled trial. Arch
Intern Med. 2003;163:2277-82. [PMID: 14581245]

18. Hermansen K, Ronnemaa T, Petersen AH, Bellaire S, Adamson U. Inten-
sive therapy with inhaled insulin via the AERx insulin diabetes management
system: a 12-week proof-of-concept trial in patients with type 2 diabetes. Diabetes
Care. 2004;27:162-7. [PMID: 14693983]

19. Hollander PA, Blonde L, Rowe R, Mehta AE, Milburn JL, Hershon KS, et
al. Efficacy and safety of inhaled insulin (Exubera) compared with subcutaneous
insulin therapy in patients with type 2 diabetes: results of a 6-month, randomized,
comparative trial. Diabetes Care. 2004;27:2356-62. [PMID: 15451900]

20. Quattrin T, Bélanger A, Bohannon NJ, Schwartz SL. Efficacy and safety of
inhaled insulin (Exubera) compared with subcutaneous insulin therapy in pa-
tients with type 1 diabetes: results of a 6-month, randomized, comparative trial.

www.annals.org

Diabetes Care. 2004;27:2622-7. [PMID: 15504996]

21. DeFronzo RA, Bergenstal RM, Cefalu WT, Pullman J, Lerman S, Bode
BW, et al. Efficacy of inhaled insulin in patients with type 2 diabetes not con-
trolled with diet and exercise: a 12-week, randomized, comparative trial. Diabetes
Care. 2005;28:1922-8. [PMID: 16043733]

22. Rosenstock J, Zinman B, Murphy L], Clement SC, Moore P, Bowering
CK, et al. Inhaled insulin improves glycemic control when substituted for or
added to oral combination therapy in type 2 diabetes: a randomized, controlled
trial. Ann Intern Med. 2005;143:549-58. [PMID: 16230721]

23. Skyler JS, Weinstock RS, Raskin P, Yale JF, Barrett E, Gerich JE, et al. Use
of inhaled insulin in a basal/bolus insulin regimen in type 1 diabetic subjects:
a 6-month, randomized, comparative trial. Diabetes Care. 2005;28:1630-5.
[PMID: 15983312]

24. Barnett AH, Dreyer M, Lange P, Serdarevic-Pehar M. An open, random-
ized, parallel-group study to compare the efficacy and safety profile of inhaled
human insulin (Exubera) with metformin as adjunctive therapy in patients with
type 2 diabetes poorly controlled on a sulfonylurea. Diabetes Care. 2006;29:
1282-7. [PMID: 16732009]

25. Garg S, Rosenstock J, Silverman BL, Sun B, Konkoy CS, de la Pena A, et
al. Efficacy and safety of preprandial human insulin inhalation powder versus
injectable insulin in patients with type 1 diabetes. Diabetologia. 2006;49:891-9.
[PMID: 16506054]

26. Eisenberg JM. Ten lessons for evidence-based technology assessment. JAMA.
1999;282:1865-9. [PMID: 10573279]

27. The effect of intensive treatment of diabetes on the development and pro-
gression of long-term complications in insulin-dependent diabetes mellitus. The
Diabetes Control and Complications Trial Research Group. N Engl ] Med.
1993;329:977-86. [PMID: 8366922]

28. Turner RC, Cull CA, Frighi V, Holman RR. Glycemic control with diet,
sulfonylurea, metformin, or insulin in patients with type 2 diabetes mellitus:
progressive requirement for multiple therapies (UKPDS 49). UK Prospective
Diabetes Study (UKPDS) Group. JAMA. 1999;281:2005-12. [PMID:
10359389]

29. Intensive blood-glucose control with sulphonylureas or insulin compared
with conventional treatment and risk of complications in patients with type 2
diabetes (UKPDS 33). UK Prospective Diabetes Study (UKPDS) Group. Lancet.
1998;352:837-53. [PMID: 9742976]

30. Sreeja CK, Samuel E, Kesavachandran C, Shashidhar S. Pulmonary func-
tion in patients with diabetes mellitus. Indian ] Physiol Pharmacol. 2003;47:87-
93. [PMID: 12708129]

31. Innocenti F, Fabbri A, Anichini R, Tuci S, Pettina G, Vannucci F, et al.
Indications of reduced pulmonary function in type 1 (insulin-dependent) diabe-
tes mellitus. Diabetes Res Clin Pract. 1994;25:161-8. [PMID: 7851270]

32. Goldman MD. Lung dysfunction in diabetes. Diabetes Care.
2003;26:1915-8. [PMID: 12766133]

33. Davis WA, Knuiman M, Kendall P, Grange V, Davis TM. Glycemic ex-
posure is associated with reduced pulmonary function in type 2 diabetes: the
Fremantle Diabetes Study. Diabetes Care. 2004;27:752-7. [PMID: 14988297]
34. Himmelmann A, Jendle J, Mellén A, Petersen AH, Dahl UL, Wollmer P.
The impact of smoking on inhaled insulin. Diabetes Care. 2003;26:677-82.
[PMID: 12610021]

35. Becker RH, Sha S, Frick AD, Fountaine R]. The effect of smoking cessation
and subsequent resumption on absorption of inhaled insulin. Diabetes Care.
2006;29:277-82. [PMID: 16443873]

36. Haire-Joshu D, Glasgow RE, Tibbs TL. Smoking and diabetes. Diabetes
Care. 1999;22:1887-98. [PMID: 10546025]

37. Henry RR, Mudaliar SR, Howland WC 3rd, Chu N, Kim D, An B, et al.
Inhaled insulin using the AERx Insulin Diabetes Management System in healthy
and asthmatic subjects. Diabetes Care. 2003;26:764-9. [PMID: 12610035]

38. McElduff A, Mather LE, Kam PC, Clauson P. Influence of acute upper
respiratory tract infection on the absorption of inhaled insulin using the AERx
Insulin Diabetes Management System. Br J Clin Pharmacol. 2005;59:546-51.
[PMID: 15842553]

39. Smith SA, Poland GA. Use of influenza and pneumococcal vaccines in
people with diabetes. Diabetes Care. 2000;23:95-108. [PMID: 10857977]

40. Freemantle N, Blonde L, Duhot D, Hompesch M, Eggertsen R, Hobbs
FD, et al. Availability of inhaled insulin promotes greater perceived acceptance of
insulin therapy in patients with type 2 diabetes. Diabetes Care. 2005;28:427-8.
[PMID: 15677807]

7 November 2006 | Annals of Internal Medicine | Volume 145 * Number 9|675



Annals of Internal Medicine

Current Author Addresses: Drs. Ceglia and Pittas: Division of Endo-
crinology, Diabetes and Metabolism, Tufts-New England Medical Cen-
ter, 750 Washington Street, 268, Boston, MA 02111.

Dr. Lau: Institute for Clinical Research and Health Policy Studies,
Tufts-New England Medical Center, 750 Washington Street, 063, Bos-
ton, MA 02111.

Appendix Figure. Search results.

Potentially relevant titles identified (n = 160)
Electronic search: 153
FDA Briefing Document: 7

Excluded based on review of abstract
(no inhaled insulin) (n = 110)

Full-text manuscripts retrieved for
detailed evaluation (n = 43)
Studies reviewed in FDA Briefing
Document (n = 7)

Manuscripts excluded based on detailed evaluation (n = 31)
Not a controlled trial: 2
No diabetes: 13
Single dose of inhaled insulin: 10
Continuation of previously reported studies: 4
Review: 1
Preference data only: 1
Studies in FDA Briefing Document excluded (n = 3)
Pediatric patients only: 1
Ongoing studies in patients with pulmonary disease: 2

Randomized, controlled trials
included in the systematic review (n = 16)

FDA = U.S. Food and Drug Administration.
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