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Multiple-compartment disposition of insulin has been
demonstrated following intravenous administration; how-
ever, because of slow absorption and flip-flop kinetics,
meal-time insulin pharmacokinetics have been described
by a 1-compartment model. Technosphere insulin (TI) is
an inhaled human insulin with rapid absorption and a
distinct second compartment in its pharmacokinetics.
The aim of this analysis was to develop a pharmacoki-
netic model for insulin administered via the intravenous,
subcutaneous, and inhalation routes. A 2-compartment
pharmacokinetic model with 1 (inhaled) or 2 sequential
(subcutaneous) first-order absorption processes and first-
order elimination was developed using data from 2 stud-
ies with a total of 651 concentrations from 16 healthy
volunteers. Insulin was administered intravenously (5 U),
subcutaneously (10 U), and via inhalation (25, 50, and
100 U). The data were modeled simultaneously with
NONMEM VI, using ADVAN6 subroutine with FO.

Typical values were clearance, 43.4 L/h; volume of distri-
bution in the central compartment, 5.0 L; intercompart-
mental clearance, 23.9 L/h; volume of distribution in the
peripheral compartment 30.7 L; TI first-order absorption
rate constant, 2.35 h™'; and first-order absorption
rate constants associated with subcutaneously adminis-
tered insulin, 0.63 and 1.04 h™, respectively. Absorption
rate after subcutaneous dosing was found to decrease
with increasing body mass index. Insulin pharmacokinet-
ics were found to be consistent with 2-compartment
disposition, regardless of route of administration, with
insulin curve differences attributable to absorption
differences.
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nsulin disposition following subcutaneous or pul-

monary administration has been described by a
1-compartment pharmacokinetic model.™® Early work
also suggested a 1-compartment model following intra-
venous (IV) administration, but with advances in
sensitive and specific analytical methods, lower con-
centrations of insulin could be quantitated. This
increased sensitivity enabled the detection of insulin
concentrations in the elimination phase, revealing
multiple compartment disposition following IV admin-
istration.® However, the slow absorption characteristics
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of both subcutaneously administered insulin and early
formulations for delivery via the pulmonary route
obscured the distribution phase and the second com-
partment. Technosphere insulin (TI) is a novel, inhaled,
human insulin (recombinant DNA origin) (RHI) whose
administration by oral inhalation results in rapid
absorption and rapid clearance and makes it possible
to distinguish the second compartment of the insulin
pharmacokinetic profile.”

TI’s unique insulin pharmacokinetics are attrib-
uted to the combination of pulmonary delivery and
a novel insulin formulation. TI consists of insulin
adsorbed onto Technosphere microparticles, formed
when fumaryl diketopiperazine, a small organic
molecule, self-assembles into microspheres with a
large surface area and an average diameter of 2.5
pm.? Following oral inhalation, at the surface of the
lung, the microparticles are believed to dissolve
quickly, resulting in rapid absorption of insulin.
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The aim of this analysis was to develop a pharma-
cokinetic model for RHI administered by the IV, sub-
cutaneous, and inhalation routes and to demonstrate
that 2-compartment disposition is a characteristic of
insulin regardless of route of administration, with the
route-dependent concentration—time profile differ-
ences due primarily to differences in absorption rates.

METHODS
Study Population

Data for this analysis were combined from 2 separate
glucose clamp studies in healthy subjects. Study 1
was conducted at the Klinik fiir Stoffwechsel-
krankheiten und Erndhrung, Medizinische Klinik
und Poliklinik der Heinrich-Heine-Universitét
Diisseldorf, Diisseldorf, Germany. The protocol was
reviewed and approved by the local ethics commit-
tee, the Ethikkommission der Medizinischen Fakultat
der HeinrichHeineUniversitdt, Diisseldorf. Study 2
was conducted at Profil Institut fiir Stoffwechsel-
forschung GmbH, Neuss, Germany. The protocol was
reviewed and approved by the local ethics committee
of the Arztekammer Nordrhein.

Each was a prospective, single-center, open-label,
randomized, crossover euglycemic glucose-clamp
study in healthy, nonsmoking male and female vol-
unteers, 18 to 40 years of age, with a body mass
index (BMI) of 18 to 27 kg/m* and normal pulmo-
nary function. All subjects provided written
informed consent before initiation of any study-
related procedures. Before entry into either study, all
subjects underwent a physical examination, pulmo-
nary function tests, electrocardiography, and labora-
tory tests, including urinalysis and screening for
drugs of abuse.

Study Design and Drug Administration

Both studies used a euglycemic glucose clamp pro-
cedure performed with the Biostator glucose moni-
toring and infusion system (Biostator, Life Science
Instruments, Elkhart, Indiana) and a continuous insu-
lin infusion to suppress endogenous insulin produc-
tion. On each treatment day, after an overnight fast
and before test article administration, subjects were
started on a constant rate, IV RHI infusion, locked 2
hours before dose, to establish a serum insulin con-
centration between 10 and 15 pU/mL and to sup-
press endogenous insulin secretion. This infusion
was continued until the end of each treatment visit.
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Subjects received a single dose of the test treatment
on separate occasions.

Study 1 was a 3-way crossover euglycemic glu-
cose-clamp study in 5 subjects that compared the
pharmacokinetics and pharmacodynamics of single
doses of 100 U of inhaled TI Inhalation Powder
(MannKind Corporation, Paramus, New Jersey), 10 U
of RHI (Actrapid, Novo Nordisk A/S, Bagsvaerd,
Denmark) administered subcutaneously, and 5 U of
RHI administered IV. Study 2 was a 4-way, crossover,
euglycemic glucose clamp study in 12 subjects that
compared the pharmacokinetics and pharmacody-
namics of 3 different single doses of inhaled TI with
a single subcutaneous dose of 10 U of RHI.?

Blood glucose was kept constant at 90 mg/dL
throughout the procedure by a variable infusion of a
dextrose solution, controlled by the Biostator. An
additional external pump, controlled by study per-
sonnel, was used if the Biostator could not meet the
glucose infusion requirements to maintain euglyc-
emia. If any glucose was provided by the external
pump, the glucose infusion rate (GIR) from the
pump was added to the GIR from the Biostator.
Subjects fasted until the end of each treatment visit.
Treatment periods were separated by a washout
period of 3 to 28 days.

Drug Administration and Insulin Concentrations

TI was administered using a commercially available
inhaler (model M, Boehringer Ingelheim, Ingelheim,
Germany) in study 1 and using the MedTone dry pow-
der inhaler (model Alpha, MannKind Corporation,
Danbury, Connecticut) in study 2. Subcutaneous RHI
was administered by injection in the abdomen. All
blood samples were drawn through an IV catheter in
the antecubital vein of the arm contralateral to that
used for the continuous insulin infusion and glucose
administration. Samples for the determination of
insulin concentration were drawn at 120, 90, 60, and
30 minutes before dosing and at 0, 1, 3, 7, 12, 20, 30,
45, 60, 90, 120, 180, 240, 300, and 360 minutes after
dosing. Samples were analyzed for insulin concentra-
tion using radioimmunoassay (RIA) with an analytical
range of 1.2 to 400 pU/mL and double determinations.
A single C-peptide sample was collected between 120
and 60 minutes before dosing, and further samples
were collected at 0, 30, 60, 180, and 300 minutes after
dosing. The samples were cooled in an ice water bath
before centrifugation; afterwards the plasma samples
were immediately frozen and stored at —80°C until
analysis.
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Baseline Insulin Correction Methodology

Insulin concentrations collected at 120, 90, 60, and
30 minutes before dosing were averaged, and the
result was subtracted from all subsequently observed
insulin concentrations. This method adjusted the
serum insulin concentrations to account for the
ongoing insulin infusion. This correction was con-
ducted before the data were analyzed and used for
model development.

Data Excluded From the Pharmacokinetic Analysis

Endogenous insulin secretion was assumed to be
completely suppressed after insulin administration.
However, to ensure that endogenous insulin was
suppressed for the entire sampling period, the serum
insulin and C-peptide concentration—time profile for
each dosing was examined visually. In subjects with
low exposure to the test treatment, endogenous insu-
lin appeared to be contributing to the later part of
the concentration—time curve. Given the small
number of samples collected for C-peptide assay, a
C-peptide correction method' could not be applied
to the insulin data, and visual inspection was used
to determine insulin concentrations influenced by
the endogenous component. As a result of the lower
doses administered in study 2, a higher incidence of
elevated C-peptide concentrations was observed in
the later time points following TI treatment, particu-
larly in the lower dose groups. All insulin concen-
trations after 180 minutes after dosing in the 25-U
dose group, 240 minutes in the 50-U dose group, and
300 minutes in the 100-U dose group were excluded.
A total of 51 quantifiable insulin concentrations was
excluded from the analysis.

Noncompartmental Pharmacokinetic Analysis
and Absolute Bioavailability

Insulin pharmacokinetics were analyzed using non-
compartmental methodology and baseline-corrected
insulin concentrations. The pharmacokinetic param-
eters, derived using WinNonlin 5.2 (Pharsight
Corporation, Mountain View, California), were
observed peak insulin concentration (C,, ), time to
peak insulin (t ), and total insulin exposure as
measured by the area under the insulin concentra-
tion—time curve from time 0 until the last time point
with nonzero insulin concentrations (AUC,, ), cal-
culated by the linear-trapezoidal method. The termi-
nal elimination half-life (t,,,) was calculated as
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In(2)/X, in accordance with pharmacokinetic theory,"
where A, was the terminal elimination rate constant
estimated from log-linear regression analysis of the
terminal elimination phase of the concentration—time
profile. Insulin AUC,_, was calculated as AUC,,,,, +
C,../\,, where C, was the last quantifiable insulin
concentration. Noncompartmental parameter values
were used to determine starting values for pharma-
cokinetic modeling and were compared with param-
eter values estimated by the final model as part of
the model fit assessment. Absolute bioavailability
(%F) was determined using the mean dose-normal-
ized insulin AUC,,, values, expressed as the group
average dose-normalized AUC,, /average dose-

normalized AUC,,, following IV administration.

Pharmacokinetic Model and Data Analysis

The software package NONMEM (version VI, level
1.2, NONMEM Project Group, ICON Development
Solutions, Ellicott City, Maryland) was used for the
population analysis. The ADVANG6 subroutine and
first-order (FO) estimation method were used. The
FOCE (first-order conditional estimation) method
was tested, but given the excessively long run times
associated with this model, the FO estimation
method was chosen. All sampling times were coded
relative to a dosing time of 0. The system was reset
following each crossover dose using the EVID vari-
able due to the complete washout of test treatment
during a minimum of 3 days.

NONMEM describes the observed concentration—
time data in terms of a number of fixed-effect param-
eters, 0, and 2 types of random-effect parameters.
The fixed-effect parameters include the population
values of the relevant base pharmacokinetic model
parameters and may include a number of parameters
that relate the base model parameters to demo-
graphic and other covariates. The random-effect
parameters are o the variances of the interindivid-
ual variability (n) within the population, and o?, the
variances of the residual intraindividual variability
(¢) due to random fluctuations in an individual’s
parameter values, measurement error, model mis-
specification, and all sources of error not accounted
for by the other parameters.

The population values of the parameters (0), the
interindividual variances (®?), and the residual vari-
ance (o?), were estimated by NONMEM. Subject-
specific parameters were calculated by NONMEM
using the POSTHOC option. These parameters are
empirical Bayesian estimates of the individual’s true
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Figure 1. Pharmacokinetic model diagram.

parameters based on the population parameters and
the individual’s observed concentrations.

Pharmacokinetic Base Model

Data from all 3 routes of administration were mod-
eled simultaneously. Insulin pharmacokinetics were
described by a 2-compartment model with 1 (inhaled)
or 2 sequential (subcutaneous) first-order absorption
processes and first-order elimination. A diagram of
the model is presented in Figure 1. The model was
described by the following differential equations:

L = ka4, )

%2 =ka,, A —ka,, A, (2)

% =—ka; - A, (3)
dcz"=kan-Aa+kascz'A2+k54~A5—k45~A4—k‘A4 (4)
d;:E Sk Ak, A (5)

where A, is the amount of insulin in compartment i,
ka,; is the TI first-order absorption rate constant,
ka,, and ka_, are the 2 first-order absorption rate
constants associated with subcutaneously adminis-
tered insulin, and the k;; values are the intercompart-
mental transfer rates between the central and
peripheral compartment (k,;) and peripheral and
central compartment (k,,).

The pharmacokinetic structural model was
parameterized in terms of clearance (CL); volume of
distribution in the central compartment (V,); inter-
compartmental clearance (QQ); volume of distribution
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in the peripheral compartment (V,); ka,, ka
ka

scl’ and
and the absolute bioavailability for subcutane-

sc2?

ous insulin and TI (F,, F,,), where
CL=k-V, (6)
Q=k; V,ork, V. (7)

Error Model

Fixed-effects parameters were used to describe the
typical population estimates, and an exponential
random-effect model was used to describe interindi-
vidual variability for each model parameter:

0, =0" (8)

where 6, was the estimated parameter value for the
ith individual, 6 was the fixed-effect typical param-
eter value in the population, and n, values were
individual-specific random effects for the ith indi-
vidual symmetrically distributed with 0 mean and
variance o’.

A combined proportional and additive error
model was used to model the residual unexplained
variability, as described by the following equation:

Cpij = épi}‘ 1+ 511;‘) +&y; (9)
where Cp;; was the observed value of the jth plasma
concentration of individual i; Cp; was the pre-
dicted jth plasma concentration of individual i;
and the ¢; are random variables that represent the
discrepancy between the observed and predicted
jth concentration.

Considerable interoccasion variability (I0V) was
observed within the TI groups. The variability was
attributed to natural variation in inhalation on dif-
ferent occasions, resulting in differences in relative
bioavailability at different visits, as described by

F. =@ rm+Noce OCC1+Nog, OCC2+M0ge;-OCC3 (10)
TI FTI

where OCC1, OCC2, and OCC3 were set to 1 at the
corresponding occasion and 0 otherwise. This IOV
error model was used in the base and full models.

Reparameterization and Individual Predicted
Values

Individual-specific values of each pharmacokinetic
parameter were obtained by Bayesian analysis with
the final model. The following pharmacokinetic
parameters could subsequently be calculated for
each individual according to the following equa-
tions based on compartment modeling theory:
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Figure 2. Mean (+SE) insulin concentration-time profiles for all
dose groups. Following IV treatment, data past 4 hours were
available from only 2 subjects; mean data not shown.

a:%[(k45+k54+k]+\/(k45+k54+]<)2—4](54k:| (]1)

B = %[(kﬁ iy + 1) = (ks + Ky + K —41<541<] (12)

o half - life = ? (13)
B half — life = %93 (14)

Model Fit Assessment

Goodness-of-fit was determined by the objective
function value (OFV) and visual inspection of scat-
ter plots of predicted versus observed concentra-
tions and weighted residuals. For nested models,
hypothesis tests were performed based on the likeli-
hood ratio test, in which the change in OFV approx-
imates the yx* distribution. A more complicated
model was preferred when the decrease in OFV was
more than 3.84 (the critical value for the ¥ distribu-
tion at P< .05 with 1 degree of freedom).

Covariate Analysis

After determination of the base population model,
potential covariates were examined to determine
whether they improved the overall fit and reduced
variability in the model. These covariates included
age, body weight, body height, and BMI. Covariates
were initially evaluated for possible relationships with
the model estimated pharmacokinetic parameters

PHARMACOKINETICS

using the generalized additive model (GAM) proce-
dure in Xpose,” which incorporates the Akaike
information criterion (AIC) for covariate identifica-
tion. Covariates associated with a reduction in the
AIC were evaluated using NONMEM in a stepwise
manner. Each covariate added to the base model,
and the resulting univariate model was then com-
pared with the reduced model for significant
improvement in fit. Covariates were included in the
model if the nested model criterion (a 3.84 point
drop in the OFV) was observed (P < .05). Backward
elimination was then performed whereby each cov-
ariate was independently removed from the model
to confirm its relevance. An increase in the OFV of
6.7 (P < .01) was necessary to confirm that the cov-
ariate was significant.

RESULTS
Study Population

Fourteen men and 2 women were enrolled; 15 sub-
jects were Caucasian and 1 was Asian. Demographic
characteristics were mean (standard deviation) age,
28 (4) years; weight, 76 (11) kg, BMI, 24 (2) kg/m?
and height, 179 (9) cm. All subjects completed the
studies and received all scheduled doses. In study 1,
a subject in the 5-U IV dose group had an insulin
concentration—time profile that did not match the
dosing and sampling times, indicating that errors may
have been made when dosing or sampling times were
recorded. Because the elapsed time since dose could
not be determined with certainty, the subject was
excluded from the analysis. In study 2, a subject was
excluded from analysis in the 10-U subcutaneous
treatment group because 3 consecutive BLQ) values
were observed in the pharmacokinetic profile below
the limit of quantification, suggesting a possible ana-
lytical error. Furthermore, on visual inspection of the
insulin concentration—time profiles, data from 1 sub-
ject appeared to differ markedly from the other sub-
jects, with almost no insulin exposure within the first
few hours after dosing, suggesting that the subject
may have had difficulty with inhalation. Statistical
analysis determined the subject was an outlier with
respect to at least 1 pharmacokinetic parameter for
each dose group (P < .05); consequently, the subject
was excluded from both the noncompartmental anal-
ysis (NCA) and population analysis. Dixon’s test was
used on all log-transformed pharmacokinetic param-
eters, except t_., which was tested using nontrans-
formed values and Tukey’s test.
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Table I Mean (% Coefficient of Variation) Noncompartmental Pharmacokinetic Parameter Estimates

AUC, .. AUC,_, Dose-normalized
Treatment n to.h C,...o BU/mL pU/mL-h Bt Half-life, (h) pU/mL-h AUC,,,
50 IV 4 NA NA 100.0 (21) 4.5 1.7 (23) 103.2 (19) 20.1
10 IU SC 15 1.5 30.7 (34) 107.0 (26) 6 NA NA 10.7
25 UTI 11 0.2 54.6 (72) 50.0 (61) 3 1.1 (61) 57.4 (62) 2.0
50 U TI 11 0.2 105.3 (38) 101.5 (39) 4 1.3 (31) 111.2 (39) 2.0
100 U TI 16 0.33 240.9 (52) 218.6 (43) 5 1.4 (57) 230.6 (41) 2.2

AUCG,_,, area under the concentration—time curve from zero to infinity; C ., peak insulin concentration; IV, intravenous; NA, not applicable; SC, subcu-

taneous; TI, Technosphere Insulin Inhalation Powder; t
a. Median.

last?
A total of 651 insulin concentrations from 16 sub-
jects and 57 profiles were included in the analysis.

Noncompartmental Pharmacokinetic Analysis

The highest average insulin concentration—time pro-

last observed insulin concentration; t_ ., time to peak insulin.

Table II Population Pharmacokinetic

Parameters of Insulin

Base Model

Full Model

Estimate (%RSE) Estimate (%RSE)

files were observed following IV dosing, the lowest ~ CL, L/h 43.70 (8.6) 43.4 (8.6)
were observed following subcutaneous administra- V.. L 5.11 (10.0) 5.02 (9.6)
tion, and average insulin concentration—time profiles =~ Q L/h 24.5 (15.4) 23.9 (13.3)
appeared to increase with increasing TI dose (Figure Vs L 31.6 (18.5) 30.7 (15.4)
2). Insulin bioavailability, based on mean dose-nor- ka,, h'i 0.52 (17.3) 2.37 (14.4)
malized AUC,,,,, was approximately 53% after sub- ka,;, hl 1.28 (25.4) 1.04 (22.8)
cutaneous administration, was between 10% and kaTl,oh 2.34 (8.7) 2.35 (8.9)
11% following TT administration, and did not appear Fo 0/ 7 53 (13.4) 52 (13.0)
to depend on TI dose (Table I). Because this calcula- BiI;II/:): ovariate effect 11\11A(12'7) 0 ;}1 8336;)]
tion was based on AUC,,,,, which was truncated at 6 . - -
hours following subcutaneous RHI, absolute bioavail- ~ Estimates of
ability may have been underestimated for this treat- Eﬂe.rmdlmdu'al and o
ment. but because the 6-hour subcutaneous RHI esidual Variability (%) Base Model Full Model
samples were at or nearing baseline, no appreciable zCL 3352; 323
difference was expected. Terminal insulin half-life " 315 30.7
and AUGC,_, could not be calculated following subcu- (DQ 29: 5 27:7
taneous dosing because the prolonged absorption 0):5 57 4 50.1
from the tissue and the flip-flop kinetics associated (Dk:f;l 19.1 19.6
with this route of insulin administration. O, 23.2 24.1

Oppy 24.0 23.7
Pharmacokinetic Model Oy FI 30.7 30.2

G, 26.1 25.1

c 1.3% 1.51¢

A 2-compartment open model with 1 (inhaled) or 2
sequential (subcutaneous) first-order absorption
processes and first-order elimination described
the insulin concentration data well. The popula-
tion typical parameter values (Table II) in the
structural model were clearance, 43.7 L/h; volume
of distribution in the central compartment, 5.11 L;
volume of distribution in the peripheral compart-
ment, 31.6 L.
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2

BMI, body mass index; CL, clearance; F_, absolute bioavailability for

subcutaneous insulin; F.;;, absolute bioavailability for TI; ka,

scl and kaacz’

first-order absorption rate constants associated with subcutaneously
administered insulin; ka;, TI first-order absorption rate constant; Q,
intercompartmental clearance; RSE, root square error; V,, volume of
distribution in the central compartment; V;, volume of distribution in

the peripheral compartment interindividual error.

a. o, (additive residual error) is expressed in pU/mL; The magnitude of
interindividual and residual variability was approximated by the
square root of the variance estimate.
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Table IIT Covariate Selection

Covariate Model Tested OFV Change in OFV
Base model 3695.551

BMI on ka__, 3686.141 9.410
Body weight on V, 3694.240 1.311
Age on V, 3691.658 3.893
BMI on ka_, and age on V, 3682.352 3.789

BMI, body mass index: ka,, first-order absorption rate constant associated

with subcutaneously administered insulin; OFV, objective function
value; V,, volume of distribution in the central compartment; V,, volume
of distribution in the peripheral compartment.

Covariate Analysis

A GAM analysis identified BMI as a potential cov-
ariate for absorption rate constant associated with
subcutaneous insulin and body weight as a poten-
tial covariate for volume of distribution in the
central compartment; to a lesser extent, age was
identified as a potential covariate for the periph-
eral volume of distribution (Table III). Visual
inspection of covariate versus parameter scatter
plots and graphs of weighted residuals versus
covariates confirmed these findings. Because dif-
ferent inhalers were used in the 2 studies, a pos-
sible effect on TI bioavailability was examined by
adding the effect into the univariate analysis. The
lack of inhaler effect seen visually was confirmed
by a lack of change in OFV when the covariate
was tested.

The results of a stepwise forward addition
showed that following the addition of BMI (P <
.01) as a covariate to the subcutaneous absorption
rate constant, the further addition of weight or
subject age on any of the identified parameters did
not significantly contribute to the model. BMI
effect was described by the following equation:

kascl = ekascl(l - eBMI,kascl) : (BMI / 237) (1 5)

where BMI was centered around the population
median value (23.7 kg/m?). The addition of this
covariate decreased the OFV by 9.41 points and
also reduced the interindividual CV% on ka_,
from 57% to 50% (Tables II and III).

Final Model
The overall model fit was good, with individual pre-

dicted versus observed values distributed along the
line of unity and no significant trends in the weighted
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Figure 3. (A) Individual predicted vs observed insulin concentra-
tions; (B) weighted residuals vs predicted insulin concentrations.

residuals (Figure 3). Thus, the structural and error
models appeared to adequately describe insulin
pharmacokinetics and explain the variability in the
data.

In the final model, the population typical parameter
values were CL, 43.4 L/h; V,, 5.0 L; and V,, 30.7 L. The
%F for subcutaneous insulin and TI was 52% and
11%, respectively, matching both results reported with
TI" and subcutaneous RHI'"* and the results of the non-
compartmental analysis (Table I). Based on the median
BMI value, ka,, was 0.63 h™. The pharmacokinetic
parameter estimates are summarized in Table II.

The o and B half-lives of 5 minutes and 93 min-
utes, respectively, were calculated from the indi-
vidual predicted parameters and were in close
agreement with both the insulin half-life estimates
after IV administration reported previously® and the
terminal half-life approximated following noncom-
partmental analysis (Table III). The population pre-
dicted concentration—time profiles (Figure 4) showed
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Figure 4. Population predicted concentration-time profiles and observed data by dose group: (A) TI 25-U dose; (B) TI 50-U dose; (C) TI
100-U dose; (D) subcutaneous RHI, 10-U dose; (E) intravenous RHI, 5-U dose.

that following IV dosing, the distribution phase was
approximately 30 minutes. The apparent distribu-
tion phase was longer after TI administration and
was indistinguishable from the elimination phase
after subcutaneous dosing due to prolonged absorp-
tion from the injection site.

Interoccasion variability following TI administra-
tion was approximately 30%. The interindividual

1022 ¢ ] Clin Pharmacol 2011;51:1015-1024

variability for all pharmacokinetic parameter esti-
mates ranged from 10% to 52%. The residual error
was described by a combined proportional (25.1%)
and additive (1.51 pU/mL) model, with the additive
component close in value to the lower limit of quan-
tification of the insulin assay (1.2 pU/mL). Example
observed and predicted concentration—time profiles
are shown in Figure 5.
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Figure 5. Example observed and predicted concentration-time
profiles: (A) subject A and (B) subject B.

DISCUSSION

Insulin pharmacokinetics have been described by a
2-compartment disposition after IV administration,
and the o half-life has been previously reported as
approximately 5 to 6 minutes.® Because the o phase
is short compared with the duration of absorption
following subcutaneous administration, the absorp-
tion phase obscures the initial distribution, render-
ingit difficult to distinguish the second compartment.
Furthermore, slow absorption dominates the phar-
macokinetics of subcutaneously administered insu-
lin in a phenomenon commonly termed flip-flop
kinetics.* As a result, the differences in insulin pro-
files, especially the terminal phase, observed among
the various non-IV routes of administration reflect
the differences in absorption, not elimination.

PHARMACOKINETICS

Most available assessments of insulin pharma-
cokinetics use the pharmacokinetic profiles of sub-
cutaneously administered formulations, as this route
of administration has been the dominant route since
insulin’s initiation as a therapeutic agent. Hence, the
pharmacokinetic profiles following non-IV routes of
insulin administration have been described using a
1-compartment model.>**®

TIis a novel inhaled insulin with unique delivery
characteristics that result in rapid absorption and
systemic clearance, making it possible to clearly dis-
tinguish a second compartment in its pharmacoki-
netic profile. Thisisunique for an insulin formulation
and may be due to the combination of the quick dis-
solution of the delivery microparticles upon contact
with the lung surface’ and delivery of TI to the lung
as an insulin monomer,® the most readily absorbed
form of insulin."”

Because insulin pharmacokinetic properties are
expected to be consistent once insulin is available
systemically,” the inclusion of data from TI and IV
dosing, both of which have distinct a and B phases,
made it possible to demonstrate the 2-compartment
disposition of all 3 routes of insulin administration.
Furthermore, the differences in absorption rate
between TI and subcutaneously administered insulin
could be estimated. A model incorporating 2 sequen-
tial absorption rates and a transit compartment was
used to describe the slower absorption seen with the
subcutaneously administered insulin. This model
was described by Puckett et al'® and was based on
the physiology of subcutaneous insulin administra-
tion, where the depot compartment represents the
subcutaneous tissue, and the second compartment
represents the interstitial space.

Interoccasion inhalation variability can result in dif-
ferences in the bioavailability of treatments adminis-
tered through the lung. Although this variability may
be reduced with repeated dosing, treatment-naive or
inexperienced subjects may exhibit significant inte-
roccasion differences in exposure. In this analysis,
subjects in 1 of the studies received 3 different doses
of TI on 3 different occasions. The interoccasion
variability was successfully modeled to reflect inha-
lation differences that resulted in a difference in
insulin bioavailability, with no difference in other
pharmacokinetic parameters. For this group of sub-
jects, the interoccasion variability was estimated by
the model to be approximately 30%. The overall
interindividual variability estimate associated with
TI absorption rate (19.6 %) was considerably lower
compared with subcutaneously administered insulin
(50.1 %).

1023

85U0 | SUOWILIOD BAITER1D) 3[edt|dde aLy) Aq pausench a1e s piie O ‘SN Jo Sa|ni o} Aig1T8UIIUO A1 UO (SUORIPUOD-PUE-SWLBH LD A8 |IMATe.d 1 BUI|UO//SANY) SUORIPUOD PUe SR | 3U} 89S *[202/€0/7T] Uo ARigiTauliuo /B1IM ‘Stelpy JO AisAIN Ad 0258260T00L2T600/LLTT OT/10p/w00 A | i Areiqijpul|uo Tdode//sdny Wwoly papeojumod 2 ‘TTOZ ‘#09v2SST



POTOCKA ET AL

Covariate analysis was not expected to result in
many findings because the number of subjects was
small and the subjects were young, healthy volun-
teers. However, even in this population, increases in
BMI were associated with a decreased absorption
rate when insulin was administered subcutaneously.
Although the small number of patients in the analy-
sis may inflate type I error with forward stepwise
covariate addition* and the significance of this find-
ing should be treated with caution, it is consistent
with results reported previously?' and may be attrib-
uted to the increased thickness of the subcutaneous
tissue slowing absorption from the depot compart-
ment. Because this relationship was detected in the
healthy population with BMI within the normal
range, it is expected that a greater impact would be
observed in patients taking subcutaneous insulin
who have higher BMI, as is often the case in subjects
with type 2 diabetes. However, a larger number of
subjects, with preferably a greater range of BMI val-
ues, are needed to better define a dependency
between this covariate and absorption rate following
subcutaneous insulin administration.

CONCLUSIONS

Insulin pharmacokinetics were consistent with a
2-compartment model, with a distribution phase fol-
lowing IV dosing of approximately 30 minutes. The
apparent distribution phase was longer after TI
administration and was indistinguishable after sub-
cutaneous dosing given the prolonged duration of
absorption. BMI was a significant covariate on insulin
absorption rate after subcutaneous dosing, with an
associated decrease in the rate of absorption with
increasing BMI. In the model presented here, differ-
ences in the shape of the insulin curve after different
routes of administration were successfully attrib-
uted to differences in absorption.
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