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Pulmonary function over 2 years in diabetic patients treated
with prandial inhaled Technosphere Insulin or usual
antidiabetes treatment: a randomized trial
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Aims: Development of inhaled insulin has increased the need to understand its pulmonary safety. This study evaluated pulmonary function
changes in diabetes patients receiving inhaled Technosphere Insulin (TI) or usual antidiabetes treatment (usual care).
Methods: This randomized, open-label study was conducted at 220 sites (25 July 2005 to 29 August 2008). Pulmonary function tests [forced
expiratory volume in 1 s (FEV1), forced vital capacity (FVC), total lung capacity (TLC) and lung diffusion capacity for carbon monoxide (DLCO)]
were prospectively followed over 2 years in patients with type 1 or type 2 diabetes receiving TI (n = 730) or usual care (n = 824), along with
a cohort without diabetes not receiving any specific therapy (n = 145).
Results: Baseline demographics and pulmonary function were similar between diabetes treatment groups. Lung function declined from
baseline in all groups. TI was non-inferior to usual care for mean change in FEV1 from baseline to month 24 [mean (s.e.m.) 0.037 (0.0119) l;
95% CI 0.014 to 0.060] using mixed-model repeated-measure with a pre-specified non-inferiority margin of 50 ml/year. After a greater initial
decline at month 3 with TI, rate of change (slope) in FEV1, FVC and DLCO (months 3–24) was not statistically different between treatment
groups. TI was well tolerated; no serious safety concerns emerged. The most common respiratory event associated with TI was mild, transient
cough, occurring within minutes of inhalation.
Conclusions: Observed changes in lung function with TI were small, occurred early after therapy initiation, remained non-progressive over
2 years and were unlikely to be clinically meaningful.
Keywords: diabetes, inhaled insulin, pulmonary function, Technosphere Insulin, usual antidiabetes treatment
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Introduction
Lung as a target organ for diabetes-related complications has
been recognized in recent years [1–6]. Development of inhaled
insulin as a promising alternative to subcutaneous insulin for
diabetes treatment has further increased the need to understand
its pulmonary safety. Chronic use of inhaled insulin may
affect long-term pulmonary function. Small changes in lung
function [e.g. forced expiratory volume in 1 s (FEV1), lung
diffusion capacity for carbon monoxide (DLCO)] have been
reported in patients with type 1 and type 2 diabetes treated
with other inhaled insulin formulations [7–10]. Observed
pulmonary function changes associated with other inhaled
insulins were small, noted within weeks of starting therapy, did
not progress for up to 2 years [7–10] and were reversible upon
discontinuation [7–12]. The mechanism for these pulmonary
function changes is unclear.
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Technosphere Insulin, or TI (MannKind Corporation,
Valencia, CA, USA), is a dry powder formulation of recom-
binant regular human insulin adsorbed onto Technosphere
particles for oral inhalation. The primary component of Tech-
nosphere particles is fumaryl diketopiperazine (FDKP), a novel
excipient. FDKP is highly soluble in water at neutral and
basic pH. Under acidic pH, FDKP undergoes intermolecu-
lar self-assembly and crystallizes into microparticles (median
diameter, approximately 2–2.5 μm) [13]. Technosphere par-
ticles demonstrate aerodynamic characteristics well suited for
deep lung delivery [13]. Upon inhalation, Technosphere par-
ticles carry insulin into the lung where, at the prevailing
physiological pH, the particles dissolve readily, allowing rapid
absorption of insulin and FDKP into the systemic circulation
with a time to maximum serum insulin and FDKP concentra-
tion of approximately 15 and 10 min, respectively [14]. Analysis
of the bronchoalveolar lavage fluid in healthy individuals after
inhalation showed that insulin and FDKP were cleared rapidly
from the lungs, with an estimated clearance half-life of approx-
imately 1 h [15]. The absorbed FDKP is not metabolized and is
excreted unchanged in the urine [16].
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The efficacy of inhaled TI has been demonstrated in patients
with diabetes [17,18]. However, long-term effects of inhaled
insulin on pulmonary function remain an area of interest. This
study compared lung function changes over 2 years in patients
with diabetes treated with inhaled TI or usual antidiabetes
treatment (usual care) without TI. A cohort of individuals
without diabetes was included for comparison.

Methods
Patients

In this randomized, open-label study, individuals aged
18–80 years, with type 1 or type 2 diabetes for at least 2 years
and HbA1c ≥6.6% and ≤12.0%, participated at investigation
sites in Canada (n = 163), Czech Republic (n = 54), Poland
(n = 104), Russian Federation (n = 397), Spain (n = 15),
Ukraine (n = 251), United Kingdom (n = 45), and United
States (n = 1024) between 25 July 2005 and 29 August 2008
(see Supporting information).

Eligible patients had been non-smokers for at least the
preceding 6 months, had a body mass index <42 kg/m2,
had FEV1 [19] and DLCO[20] ≥70% and had TLC ≥80% of
predicted [21]. Exclusion criteria were significant pulmonary,
hepatic, renal or cardiac disease (grade III or IV congestive heart
failure, myocardial infarction within the past 12 months or
unstable angina, severe arrhythmias treated with amiodarone);
significant abnormalities on chest X-ray; history of malignancy
within the past 5 years; evidence of severe complications of
uncontrolled diabetes (e.g. nephropathy, retinopathy); two or
more severe hypoglycaemic episodes within the past 6 months;
current illicit drug or alcohol use; or past participation in an
inhaled insulin trial. Individuals without diabetes had normal
glucose tolerance tests.

This study was conducted in accordance with the Declaration
of Helsinki, approved by appropriate independent ethics
committees or institutional review boards at each participating
clinical site, and monitored by an independent Data Safety
Monitoring Board. All patients provided written informed
consent before study entry.

Randomization and Masking

The randomization sequence was generated by a centralized
independent party (Fisher Clinical Services, Allentown, PA,
USA) and stratified by diabetes type and site with a block size
of four. A fax-based randomization system was used to conceal
treatment allocation. No masking was used because of the study
design. Patients with type 1 or type 2 diabetes were randomized
1 : 1 to prandial inhaled TI or a usual care regimen without
TI for 24 months. A cohort of individuals without diabetes
(approximately 10 : 1 ratio of diabetes : non-diabetes) were
enrolled to examine relative changes in pulmonary function
over 2 years for comparison.

Procedures

Patients were randomized to prandial inhaled TI or usual care
(oral antidiabetes drugs alone or with insulin) without TI.

For the TI group, TI was administered at the beginning of
each meal or large snack and doses were adjusted based on
blood glucose readings in 15-U increments, up to a maximum
of 90 U/meal. Patients previously treated with subcutaneous
basal-bolus insulin replaced their prandial insulin with a
corresponding dose of TI based on the estimated bioavailability
of approximately 24–28%. Patients treated with other insulin
regimens replaced 50% of the total daily subcutaneous insulin
dose with a corresponding dose of TI, divided between meals,
while the remaining 50% was given as basal insulin. Oral
hypoglycaemic drugs were continued as required. Patients in
the usual care group continued their usual pre-enrollment
antidiabetes drugs, including insulin. All patients were treated
according to established guidelines [22,23], but no target goals
for HbA1c were pre-specified. Individuals without diabetes did
not receive any study-specific treatment.

Pulmonary function tests [PFTs (spirometry, lung volumes,
DLCO)] were obtained at baseline and at months 3, 6, 12, 18
and 24 according to American Thoracic Society and European
Respiratory Society (ATS/ERS) recommendations [24–26]
only at certified PFT laboratories. All certified PFT laboratories
received comprehensive on-site training and submitted at least
10 acceptable biological control tests to demonstrate quality
standards prior to any patient testing. To ensure test quality
throughout the study, each PFT laboratory was required
to submit weekly biological and mechanical quality control
tests and diffusion simulation tests every 2 months that met
the quality standards. All PFTs were reviewed by blinded,
independent, central reviewers. Tests not meeting ATS/ERS
performance criteria for acceptability or repeatability were
repeated within 7 days of notification.

Participants developing a respiratory tract infection had
PFTs postponed for a minimum of 15 or 30 days post-symptom
resolution for upper or lower respiratory tract infection,
respectively.

For safety monitoring during the study, a decrease of ≥15%
from baseline in FEV1, FVC, TLC or DLCO was predefined
as a PFT finding. The 15% threshold was selected taking
into account the expected inherent variability associated with
technical and biological factors in such measurements. If there
was a PFT finding, investigators were asked to determine its
significance based on clinical evaluation.

The primary study objective was to compare the change from
baseline in pre-bronchodilator FEV1 at month 24 between the
diabetes treatment groups. Secondary objectives were treatment
group difference in the incidence of FEV1 findings (≥15%
decline) and change from baseline in FVC, TLC, DLCO and
HbA1c.

Safety was assessed by monitoring adverse events (AEs), clin-
ical laboratory testing, chest X-rays, 12-lead electrocardiograms
and physical examinations.

Statistical Analysis

Sample size was calculated for the change from baseline in FEV1

and incidence of a ≥15% decrease in FEV1. The null hypothesis
for change from baseline in FEV1 was to test that the FEV1

change at month 24 with TI was not >50 ml/year above the
change with usual care. Assuming a standard deviation of
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100 ml/year, 80% power and a 5% (one-tailed) significance
level, 50 patients were required for each diabetes treatment
arm. For the incidence of ≥15% decline from baseline in
FEV1, the null hypothesis to be tested was that the treatment
group difference in incidence was not >5% for TI compared
with usual care. Assuming an incidence rate of 15% for FEV1

and a non-inferiority margin of a 5% difference in incidence
between treatment groups and 28% dropouts, approximately
860 diabetes patients per group were required for 80% power
and an α of 5% (one-tailed). To achieve a 10 : 1 (diabetes : non-
diabetes) participant ratio, 170 individuals without diabetes
were recruited.

The safety population was defined as all randomized patients
with diabetes who received at least one dose of study drug.
Primary analyses were performed on the intention-to-treat
population, defined as all randomized patients with diabetes
who received the study drug and had a baseline and at least
one post-baseline FEV1 value. Mixed-model repeated-measure
(MMRM) analysis was used to evaluate treatment group
differences for change from baseline in FEV1 with treatment,
pooled site, visit, diabetes type and baseline FEV1 as fixed
terms and patient as random effect fitted in the model. TI
was considered non-inferior to usual care if the upper limit of
the two-sided 95% confidence interval (CI) for the treatment
group difference in the mean change in FEV1 from baseline to
month 24 was ≤100 ml (≤50 ml/year).

PFT findings were analysed using logistic regression with
treatment, site and diabetes type in the model. TI was
considered non-inferior to usual care if the lower limit of
95% CI for the treatment group difference in the incidence of
FEV1 finding did not exceed 5%.

Change in FVC, TLC, DLCO and HbA1c from baseline to
months 3, 6, 12, 18 and 24 was analysed by MMRM. Adjusted
(least squares) mean and mean differences along with the
95% CIs were calculated for the overall change from baseline.
Missing data were not imputed.

The treatment group difference in the rate of change (slope)
after the first post-baseline assessment visit (month 3) in FEV1,
FVC and DLCO and corresponding two-sided 95% CI were
calculated via a random coefficient analysis using the PFT data
collected from months 3–24. Terms of treatment, site, time
(years), baseline PFT value, age, gender and height were fitted
in the model. All analyses were performed using SAS, Version
8.2 or higher (SAS Institute, Cary, NC, USA). This trial is
registered at ClinicalTrials.gov (NCT00308737).

Results
Of the 2053 patients who were randomized in the trial, 1699
were included in the intention-to-treat population (figure 1).

Baseline characteristics were similar between diabetes
treatment groups (Table 1). Individuals without diabetes were
younger, weighed less and had a lower body mass index than
the patients with diabetes.

Of the 789 (38.4%) participants who withdrew from the
study, 463 (49.4%) received TI, 289 (30.4%) received usual
care and 37 (22.6%) did not have diabetes (figure 1). The
most common reason for discontinuation in both groups was

withdrawal of consent (23.2% with TI, 17.5% with usual care).
No association was found between safety parameters, such as
cough, hypoglycaemia and PFT findings, among completers
and patients who withdrew early.

Baseline PFTs (FEV1, FVC, TLC, DLCO) were comparable
between treatment groups (Table 2). As expected, individuals
without diabetes had better PFTs at study entry than did those
with diabetes.

Over 2 years, small declines from baseline in FEV1 were
observed in all groups, with the smallest change in those without
diabetes (figure 2). The adjusted mean (s.e.m.) treatment group
difference in change in FEV1 from baseline to month 24 was
0.037 (0.0119) l (95% CI, 0.014 to 0.060). The upper limit of
the 95% CI for the treatment group difference in FEV1 change
at month 24 was less than the pre-specified non-inferiority
margin of 100 ml (50 ml/year), demonstrating non-inferiority
with TI over usual care (Table 3). Results were similar in the
per-protocol population (see Supporting information).

At month 24, the adjusted treatment group difference in
mean FVC was small [0.034 l (s.e.m. 0.0135)]. TLC and DLCO

treatment group differences were not statistically significant
(Table 3, figure 2).

After the initial decline at the first post-baseline assessment
visit (month 3), annual rates of decline (slope) in FEV1, FVC
and DLCO from months 3–24 were not statistically different
between groups, indicating that after the early decline, PFT
changes associated with TI were non-progressive up to 2 years
(Table 4).

Overall, changes from baseline in FEV1, FVC, TLC and DLCO

were similar in patients with type 1 and type 2 diabetes. No
association was noted in changes in these PFT parameters and
the average daily dose of TI (<60 U, >60–120 U, >120–180
U, >180–240 U, >240–300 U and >300 U).

Distribution plots of mean percent change from baseline in
FEV1, FVC and DLCO at last measurement (figure 3) showed
that the percentage of patients with PFT declines was greater
with TI than with usual care, but the declines were driven by
a slight shift in population distribution of patients with small
changes and not by a few outliers with large declines.

In all, 42 of 730 (5.75%) patients receiving TI and 27 of 824
(3.28%) receiving usual care had protocol-predefined FEV1

findings (≥15% decrease from baseline) at last measurement
(Table 5). Treatment group difference (usual care—TI) in
the percentage of patients with FEV1 decline of ≥15% from
baseline was −2.48% (95% CI, −4.5578 to 0.3956). Lower
bound of 95% CI did not exceed −5%, thereby demonstrating
that TI was non-inferior to usual care. Only three patients (all
receiving TI) discontinued due to ≥15% decline in any PFT
parameter from baseline at anytime during the trial (FEV1, 1
of 81 patients; DLCO, 2 of 238 patients).

Mean (s.d.) change in HbA1c from baseline to month 24 was
comparable between treatment groups: TI −0.59% (1.40%),
type 1 diabetes −0.29% (1.31%) and type 2 diabetes −0.70%
(1.41%); usual care −0.50% (1.37%), type 1 diabetes −0.31%
(1.20%) and type 2 diabetes −0.59% (1.43%).

More treatment-emergent AEs (TEAEs) were reported in
patients receiving TI (n = 729 [79.0%]) than in patients
receiving usual care (n = 674 [71.0%]; Table 6). Without the
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Figure 1. Patient enrollment and disposition. *The intention-to-treat population included all patients who were in the safety population and had a
baseline value and at least one post-baseline value of the primary variable (FEV1).

cough TEAE, the incidence of TEAEs was 673 (72.9%) with TI
and 659 (69.4%) with usual care. The most common TEAE in
both treatment groups was hypoglycaemia. Cough, the second
most common TEAE, was more frequent with TI than with
usual care. Cough was predominantly mild, non-productive,
occurred ≤10 min of dry powder inhalation, was reported early
(within the first month of treatment initiation) and declined
over time (see Supporting information). The mean changes
from baseline in PFT variables were similar in patients who did
or did not experience cough.

The incidence of serious TEAEs was similar with TI (10.0%)
and usual care (9.6%; Table 7). No TEAE of lung malignancy
was reported in any group. More neoplasms were reported in
the TI group; however, the type and location of tumours were
not suggestive of any safety signal. Seven patients died during
the trial: four receiving TI (one each due to cardiac arrest,
circulatory collapse, cerebrovascular accident and stroke) and
three receiving usual care (cardiac arrest, cerebrovascular

accident and car accident injuries). None of the deaths were
attributed to study drugs.

Study discontinuations due to AEs were more common with
TI (n = 104 [11.1%]) than with usual care (n = 6 [0.6%];
see Supporting information). The most common AE leading
to discontinuation was cough [n = 43 (4.7%) with TI and
n = 0 with usual care]. See the table describing AEs leading to
discontinuation in the Supporting information.

Discussion
Using a highly standardized PFT program, we followed lung
function prospectively over 2 years in patients with diabetes
and a cohort of individuals without diabetes. The real-world
trial design provided a unique opportunity to evaluate the
pulmonary safety of inhaled TI in usual clinical practice.

Over 2 years, patients receiving TI or usual care and
individuals without diabetes experienced a decline from
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Table 1. Patient demographic and baseline characteristics (safety population).

Baseline characteristics
TI
(n = 923)

Usual care
(n = 949)

Non-diabetes
(n = 163)

Type 1 diabetes [n (%)] 267 (28.9) 271 (28.6) NA
Type 2 diabetes [n (%)] 656 (71.1) 678 (71.4) NA
Age (years) 50.8 ± 11.55 50.4 ± 11.62 38.2 ± 12.59
Age group (years) [n (%)]

18–30 73 (7.9) 84 (8.9) 54 (33.1)

31–49 276 (29.9) 287 (30.2) 71 (43.6)

50–64 492 (53.2) 503 (53.0) 35 (21.5)

65+ 82 (8.9) 75 (7.9) 3 (1.8)

Sex [n (%)]
Male 557 (60.3) 578 (60.9) 71 (43.6)

Female 366 (39.7) 371 (39.1) 92 (56.4)

Race [n (%)]
White 792 (85.8) 824 (86.8) 145 (89.0)

Black 35 (3.8) 32 (3.4) 4 (2.5)

Hispanic 59 (6.4) 56 (5.9) 11 (6.7)

Asian 30 (3.2) 28 (3.0) 3 (1.8)

Other 7 (0.8) 9 (0.9) 0
Weight (kg) [mean (s.d.)] 87.69 (18.628) 87.53 (17.638) 74.35 (16.204)

BMI (kg/m2) [mean (s.d.)] 29.87 (5.366) 29.76 (5.035) 25.27 (4.494)

Baseline HbA1c (%) [mean (s.d.)] 8.7 (1.39) 8.7 (1.38) NA
Duration of diabetes (years) [mean (s.d.)] 11.9 (8.47) 11.8 (8.04) NA
Past smoker [n (%)] 277 (30.0) 285 (30.0) 29 (17.8)

BMI, body mass index; s.d., standard deviation; TI, Technosphere Insulin; usual care, usual antidiabetes treatment.

Table 2. Baseline pulmonary function tests by randomized groups
(intention-to-treat population).

TI Usual care Non-diabetes

FEV1 (l)
n 730 824 145
Mean (s.d.) 3.213 (0.711) 3.299 (0.804) 3.666 (0.912)

% predicted 96.69 97.28 100.89
FVC (l)

n 730 824 145
Mean (s.d.) 4.084 (0.926) 4.205 (1.030) 4.608 (1.079)

% predicted 96.06 97.20 103.29
TLC (l)

n 726 821 145
Mean (s.d.) 5.928 (1.129) 6.043 (1.238) 6.218 (1.216)

% predicted 97.52 98.59 104.25
DLCO (ml/min/mm Hg)

n 728 821 145
Mean (s.d.) 26.73 (5.902) 27.23 (6.349) 28.70 (7.372)

% predicted 98.72 99.41 99.68

DLCO, lung diffusion capacity for carbon monoxide; FEV1, forced
expiratory volume in 1 s; FVC, forced vital capacity; s.d., standard deviation;
TI, Technosphere Insulin; TLC, total lung capacity; usual care, usual
antidiabetes treatment.

baseline in lung function. At 24 months, TI was non-inferior
to usual care for mean FEV1change from baseline, with a pre-
specified non-inferiority margin of 100 ml/2 year (50 ml/year).
The CI around the mean FEV1 change at month 24 does
not encompass zero, as the sample size greatly exceeded the
necessary sample size for this endpoint (α error). Overall,
observed treatment group differences in mean change from

baseline in PFTs were small, were noted early (3 months)
and remained non-progressive for up to 2 years of continuous
therapy.

The pattern and magnitude of observed PFT changes with
TI were generally comparable to other long-term studies of
inhaled insulin formulations in patients with diabetes [8–12].
With Exubera inhaled insulin, declines in FEV1 and DLCO were
reversible and restored to the same level as subcutaneous insulin
within 1 week of treatment cessation [11,12]. Similarly, in a
follow-on study evaluating PFTs in patients with type 1 or type
2 diabetes after treatment duration of up to 2 years, differences
in FEV1, FVC and DLCO between TI and the comparator
resolved by 1 month after TI discontinuation [27].

The rate of pulmonary function decline (slope) observed
in patients in both diabetes treatment groups was similar
but exceeded the rate of decline in the non-diabetes cohort
and the expected age-related decline in non-smoking healthy
individuals without underlying lung disease [28]. This finding
adds to the growing literature showing an accelerated rate
of lung function decline in patients with diabetes [2,6,9].
Although the exact underlying mechanism for pulmonary
dysfunction in diabetes remains unclear, changes are ostensibly
related to complex interactions among diabetes-induced
chronic hyperglycaemia, oxidative stress, microangiopathy,
accumulation of glycosylated collagen in lung connective tissue
and systemic inflammation [3,29].

We do not consider the observed small, non-progressive
lung function changes to be clinically significant. Declines from
baseline in PFT of ≥15% were pre-specified solely for safety
monitoring. Investigators were instructed to correlate each
PFT decline with the patient’s clinical condition and determine
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Figure 2. Changes in pulmonary function over time in (A) FEV1, (B) FVC, (C) DLCO and (D) TLC (intention-to-treat population). Data are mean (s.e.).

its significance. However, in all but three patients with PFT
declines of ≥15%, physicians at the bedside considered the
finding clinically not meaningful and opted to continue TI.

When interpreting changes in lung function over time,
examination of the quality of PFT measurements is
critical. PFT measurements have inherent biological and
technical/mechanical variability. Additional variability can be
introduced by using different testing centres in a longitudinal,
large-scale, multicentre, global trial. To minimize inter-
and intra-laboratory variability, and ensure reliability in
measurements, a comprehensive, standardized PFT and quality
control program was implemented. PFTs were obtained only
at certified PFT laboratories by trained personnel according
to ATS/ERS recommendations. Individuals were tested at the
same PFT laboratory throughout the study. Adherence to the
quality standards throughout the study was monitored by on-
going centralized review of weekly biological and mechanical
quality control tests submitted by each laboratory. In our
experience, intersession coefficient of variation of biological
control tests for FEV1 (mean 3.4%) and DLCO (mean 6.6%) is
smaller or comparable to published values [25,26,30–33].

The exact mechanism of observed lung function changes
is unclear. In clinical trials of TI, non-progressive changes
in PFTs disappearing upon discontinuation suggest that such

changes are unlikely due to permanent structural alterations
in the lungs. Preclinical chronic inhalation studies of both TI
and Technosphere powder (FDKP) in Sprague Dawley rats
and beagle dogs showed no degenerative, cytotoxic, neoplastic
or proliferative changes in the lungs [34]. A trial examining
bronchoalveolar lavage fluid in patients with type 1 or type
2 diabetes after 12 weeks of Exubera showed no evidence
of pulmonary inflammation to explain the observed small,
non-progressive, reversible treatment effect on pulmonary
function [35]. One of the speculations was that mannitol,
an osmotic, in the Exubera� (Pfizer Inc, New York, NY,
USA) excipient caused subtle physiological fluid shifts within
the lungs, resulting in the observed pulmonary function
changes [35]. However, such a mechanism is unlikely for TI
because the excipient FDKP is metabolically inert.

This study demonstrated that glycaemic control was
sustained and comparable between treatment groups over
2 years. Inhaled TI was well tolerated and no serious
safety concerns emerged. The most common TEAEs were
hypoglycaemia and transient, mild, dry cough. The pattern
and characteristics of cough associated with TI are similar
to the cough reported with other inhaled insulin dry
powder formulations and probably represents transient airway
irritation during dry powder inhalation.
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Table 3. Change from baseline to month 24 in FEV1, FVC, TLC and
DLCO for all patients and by type 1 and type 2 diabetes (intention-to-treat
populations).

Parameter (unit)

Difference between
treatment groups
[LS mean (s.e.)]∗ 95% CI∗

All patients, usual care—TI
FEV1 (l) 0.037 (0.0119) 0.014 to 0.060
FVC (l) 0.034 (0.0135) 0.008 to 0.061
TLC (l) 0.005 (0.0185) −0.042 to 0.031
DLCO (ml/min/mm Hg) 0.269 (0.1560) −0.037 to 0.574

Patients with type 1 diabetes, usual care—TI
FEV1 (l) 0.045 (0.0220) 0.002 to 0.088
FVC (l) 0.008 (0.0235) −0.038 to 0.054
TLC (l) 0.000 (0.0342) −0.067 to 0.067
DLCO (ml/min/mm Hg) 0.398 (0.3026) −0.195 to 0.992

Patients with type 2 diabetes, usual care—TI
FEV1 (l) 0.037 (0.0142) 0.009 to 0.064
FVC (l) 0.047 (0.0165) 0.015 to 0.079
TLC (l) −0.006 (0.0222) −0.050 to 0.037
DLCO (ml/min/mm Hg) 0.188 (0.1826) −0.170 to 0.546

CI, confidence interval; DLCO, lung diffusion capacity for carbon
monoxide; FEV1, forced expiratory volume in 1 s; FVC, forced vital
capacity; LS, least squares; s.e., standard error; TI, Technosphere Insulin;
TLC, total lung capacity; usual care, usual antidiabetes treatment.
∗The LS mean (s.e.) and 95% CI are based on MMRM analysis with trial
group, visit, baseline PFT value, pooled site and diabetes type (for analysis
of combined type 1 and type 2 populations) as fixed effect and patient as
random effect.

More patients receiving TI than usual care discontinued
early, with more of these discontinuations due to AEs. The
higher number of discontinuations due to AEs may have
been influenced by the unique design of this open-label
study. Unlike the TI group, where prandial TI was either
added or substituted for a prandial subcutaneous insulin,
patients in the usual care group continued their usual pre-
enrollment antidiabetes regimen and were allowed to adjust
the regimen at the investigator’s discretion. This may have
obviated the need for discontinuation. TI, with its inhaled
mode of administration, may have created bias as patients with

Table 5. Percentage of patients with a decrease of ≥15% in FEV1, FVC,
TLC and DLCO from baseline (intention-to-treat population).

Pulmonary function test finding at the last
measurement

TI [n/N (%)] Usual care [n/N (%)]

FEV1 42/730 (5.75) 27/824 (3.28)

FVC 23/730 (3.15) 17/824 (2.06)

TLC 7/717 (0.98) 6/817 (0.73)

DLCO 105/723 (14.52) 108/818 (13.2)

DLCO, lung diffusion capacity for carbon monoxide; FEV1, forced
expiratory volume in 1 s; FVC, forced vital capacity; TI, Technosphere
Insulin; TLC, total lung capacity; usual care, usual antidiabetes treatment.

respiratory AEs would be more likely to discontinue treatment if
they were receiving inhaled therapy than subcutaneous insulin
or an oral agent. Indeed, respiratory AEs, such as cough, were
the most common AEs leading to discontinuation. Cough after
inhalation of a dry powder was not unexpected, and mean
change from baseline in lung function was similar in patients
who did or did not experience cough.

Importantly, differential dropouts between the treatment
groups had no influence on the results and primary non-
inferiority conclusions. Patients dropping out early were noted
to have smaller decreases in FEV1, FVC and DLCO than those
who completed the study. More TI patients with the largest
drops in lung function completed the study than usual care
patients, suggesting that patients did not drop out due to
decreases in lung function. Additional examination of the data
using various populations, models and imputation techniques
showed that the dropouts did not influence the results. In all
cases, the primary objective of non-inferiority at the 100-ml
margin was met (see Supporting information).

In conclusion, pulmonary function changes associated with
TI were small, noted early at treatment initiation and remained
non-progressive over 2 years of continuous therapy. The
magnitude and pattern of PFT changes are reassuring in that
the observed changes are unlikely due to permanent structural
changes in lungs.

Table 4. Annual rate of change from months 3–24 (type 1 and type 2 diabetes mellitus analysis*).

Treatment group FEV1 (l/year) FVC (l/year)
DLCO

(ml/min/mm Hg/year)

Non-diabetes
[mean (s.e.m.)]

n = 141
−0.024 (0.010)

n = 141
−0.021 (0.013)

n = 140
−0.466 (0.139)

TI
[mean (s.e.m.)]

n = 718
−0.047 (0.005)

n = 718
−0.045 (0.006)

n = 715
−0.507 (0.067)

Usual care
[mean (s.e.m.)]

n = 795
−0.036 (0.004)

n = 795
−0.033 (0.005)

n = 791
−0.455 (0.055)

Difference between usual care and TI
[mean (95% CI)]

0.010
(−0.003 to 0.022)

0.014
(−0.002 to 0.029)

0.117
(−0.058 to 0.292)

CI, confidence interval; DLCO, lung diffusion capacity for carbon monoxide; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; s.e.m.,
standard error of the mean; TI, Technosphere Insulin; usual care, usual antidiabetes treatment.
∗Random coefficient analysis. The model included treatment, region, time (in years), baseline, age, height and sex fitted to the observed data to estimate
annual change.
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Figure 3. Percentage of patients with change in (A) FEV1, (B) FVC, (C) DLCO and (D) TLC from baseline at the last measurement (intention-to-treat
population).

Table 6. Treatment-emergent adverse events (TEAEs) of any severity reported in ≥5% of patients by preferred term in any treatment group (safety
population).

All patients Type 1 diabetes Type 2 diabetes Non-diabetes

Adverse events

TI
(n = 923)
[n (%)]

Usual care
(n = 949)
[n (%)]

TI
(n = 267)
[n (%)]

Usual care
(n = 271)
[n (%)]

TI
(n = 656)
[n (%)]

Usual care
(n = 678)
[n (%)]

(n = 163)
[n (%)]

Any TEAE 729 (79.0) 674 (71.0) 217 (81.3) 223 (82.3) 512 (78.0) 451 (66.5) 86 (52.8)

Hypoglycaemia 365 (39.5) 371 (39.1) 165 (61.8) 179 (66.1) 200 (30.5) 192 (28.3) 0
Cough 257 (27.8) 42 (4.4) 67 (25.1) 13 (4.8) 190 (29.0) 29 (4.3) 5 (3.1)

Upper respiratory
tract infection

119 (12.9) 143 (15.1) 36 (13.5) 47 (17.3) 83 (12.7) 96 (14.2) 35 (21.5)

Nasopharyngitis 67 (7.3) 69 (7.3) 19 (7.1) 28 (10.3) 48 (7.3) 41 (6.0) 14 (8.6)

Influenza 38 (4.1) 41 (4.3) 11 (4.1) 18 (6.6) 27 (4.1) 23 (3.4) 2 (1.2)

Hypertension 39 (4.2) 45 (4.7) 8 (3.0) 9 (3.3) 31 (4.7) 36 (5.3) 3 (1.8)

TI, Technosphere Insulin; usual care, usual antidiabetes treatment.
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