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Abstract
Aims/hypothesis Pharmacokinetics of s.c. administered in-
sulin preparations have been widely studied, mostly using
descriptive measures such as AUC, time to peak, or the
peak plasma concentration. Several compartmental model-
ling studies of single-bolus s.c. insulin pharmacokinetics
have also appeared, with contrasting results regarding the
feasibility of insulin pharmacokinetics modelling and the
appropriate level of detail for such models. In this paper, we
used compartmental models to study the pharmacokinetics
of biphasic insulin aspart administered by multiple s.c.
injections. The main objective was to assess the magnitude
of the inter-and intra-subject variation in the kinetics.
Materials and methods Analyses were performed on
24-h serum insulin concentrations measured in 20 type 1
diabetes subjects given three daily s.c. injections of
biphasic insulin aspart.
Results Preliminary analysis of the AUC:dose ratio showed
that the apparent kinetics are not constant throughout the
three daily injections of the compound. A simple and robust
compartmental model was shown to be appropriate for
interpreting the observations, provided that one of its

parameters (the first-order rate constant for transfer from
the s.c. depot to plasma) is allowed to vary between
injections.
Conclusions/interpretation Population estimates of the cho-
sen model show that intra-subject variations between
injections is of the same order of magnitude as inter-subject
variation, partially explaining the difficulties encountered
when individually tailoring intensified insulin therapy. We
conclude that the explicit consideration of a rather simple
kinetic model will allow better experimental designs in the
future study of s.c. insulin preparations.

Keywords Absorption rate . Between-subject variation .
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Abbreviations
Cmax maximum concentration
IAsp insulin aspart
LLoQ lower limit of quantification
Tmax time to Cmax

Introduction

In subjects with type 1 diabetes, exogenous insulin is
necessary for regulation of glycaemia. Patients achieve
better blood glucose control through intensified insulin
therapy designed to mimic the endogenous insulin secretion
of healthy subjects. Optimal control would reduce hyper-
glycaemia, which may cause long-term microvascular
damage, blindness, renal impairment and peripheral neu-
ropathy; it would also reduce the risk of life-threatening
hypoglycaemia. Large randomised long-term clinical trials
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such as the Diabetes Control and Complications Trial
(DCCT) [1] have shown that the incidence of severe late
complications can be reduced significantly by intensifying
treatment, an approach, however, which also carries an
increased risk of hypoglycaemic episodes. A better under-
standing of the pharmacokinetics of s.c. injected insulin is
instrumental for improving the design of intensified insulin
treatment. However, insulin pharmacokinetics shows con-
siderable variation not only between patients, but also
within the same patient over multiple injections. In order to
individualise and optimise insulin treatment, it is therefore
essential to assess the source of such variation.

In this paper, we studied the pharmacokinetics of a
biphasic pre-mixed insulin analogue after multiple meal-
time s.c. bolus injections in type 1 diabetes subjects. The
rationale behind the development of this insulin preparation
was that the soluble fraction of the biphasic mixture should
provide rapid increases in circulating insulin after meals,
while the protamine fraction should provide a basal level,
mimicking the insulin concentration time-course seen in
normal subjects [2].

Standard intensified insulin therapy for type 1 diabetes
patients requires daily multiple meal-time and daily basal
bolus s.c. insulin injections. The pre-mixed insulin
preparation aims to obviate the need for basal insulin
injections. Indeed, it is thought that administration of the
slow component in multiple doses along with the rapid
component might produce a more stable basal insulin
concentration.

Most published studies on insulin pharmacokinetics are
either based on descriptive characteristic measures such as
AUC, the maximum concentration (Cmax), and the time to
Cmax (Tmax), or on compartmental modelling of the mean
time-course of insulin concentration after a single s.c. bolus
injection of the hormone [3, 4].

In this paper, we investigate the pharmacokinetics of
biphasic insulin mixture through compartmental modelling,

considering specifically the variation of the kinetics after
multiple s.c. injections, since this variation is an important
limiting factor in tailoring intensified insulin therapy. We
analyse observed insulin concentrations using a nonlinear
mixed effects compartment model with nested random
effects, including between- and within-subject variations
that affect the absorption rate of the insulin. A simplified
model, including between-subject variation only, was also
studied. Besides identifying an appropriate mathematical
representation for describing time–concentration insulin
data, the aim of the present work was to quantify intra-
subject variability in kinetics, and compare its magnitude
with that of inter-subject variability.

Materials and methods

Experimental procedure

The data came from a previously published study of a
biphasic insulin aspart (IAsp) preparation [5]. The complete
24-h serum insulin concentrations measured in the 20 type
1 diabetes subjects, who were given three daily s.c.
injections at different sites within the abdominal region,
are presented in Fig. 1. The biphasic IAsp is composed of
30% fast-acting (soluble) IAsp and 70% prolonged-acting
(protamine) IAsp crystals. The amino acid proline at
position 28 in the B-chain of human insulin is replaced by
aspartic acid in IAsp. This reduces its tendency to self-
association [6, 7] and increases the rate of absorption after
s.c. injection leading to shorter Tmax and higher Cmax than
achieved with human insulin [2]. Similar results are
observed when the pharmacokinetics of biphasic IAsp is
compared with biphasic human insulin [8].

The study was designed as a randomised, double-
blinded, two-period crossover protocol with a washout
period of 2 to 8 weeks. Insulin was administered s.c. in the
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Fig. 1 The 24-h serum concen-
tration of insulin aspart mea-
sured in 20 type 1 diabetes
subjects from a multiple s.c.
injection study with biphasic
insulin aspart 30
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abdominal region three times daily at 08.00, 13.00 and
18.00 h just before standardised meals, in ratios of
30:30:40% with respect to the total previous daily dose. A
conversion factor of 6 nmol to 1 U was applied throughout
[9]. The protocol’s endpoints did not include modelling of
the pharmacokinetics.

For each subject, 44 venous blood samples were collected
at 15-min intervals during the first 90 min after the injection,
followed by 30-min intervals for the next hour, and by
hourly intervals thereafter. Serum IAsp was assayed at Nova
Medical Medi-Lab (Copenhagen, Denmark), using a vali-
dated immunoassay specific for IAsp (Novo Nordisk,
Bagsvaerd, Denmark). The lower limit of quantification
(LLoQ) for the assay was 13 pmol/l. Of the 873 insulin
concentrations measured, 70 were reported to be below the
LLoQ and 16 came from haemolysed blood samples.

Modelling

The pharmacokinetics models considered are based on descrip-
tions of the absorption, distribution and elimination of injected
insulin. It is assumed that the soluble IAsp in the preparation is
immediately available for absorption, while the protamine IAsp
crystals must first dissolve before sharing the same pharmaco-
kinetics as the soluble IAsp component. Thus, it is the net
dissolution process that is modelled, since the backward
process is considered negligible. IAsp, absorbed into the blood
circulation from the injection site, is then eliminated from
plasma with a first-order kinetics. The models are illustrated in
Fig. 2 and are specified by the following equations:

dIcj
dt

¼ δ t � tj
� � � 1� αð ÞDj � KcIcj ð1Þ

dIsj
dt

¼ δ t � tj
� � � αDj � KajIsj þ KcIcj ð2Þ

dIp
dt

¼

P3
j¼1

KajIsj

V
� KxIp ð3Þ

where Icj is the amount of protamine IAsp crystals in the
s.c. depot injected at meal j=1, 2, 3, and Isj is the
corresponding amount of soluble IAsp, Ip is the plasma
insulin concentration, Kc is the net rate constant for the
dissolution of the IAsp crystals, Ka is the absorption rate
from the soluble IAsp to plasma, Kx is the elimination rate
from plasma, V is the volume of distribution, Dj is the
dose injected at meal j, tj is the time when injection at
meal j is administered, α is the fraction of fast-acting
insulin (0.3 in this case), and δ is the Dirac delta, making
it possible to represent a succession of insulin injections

within the framework of the differential equation associ-
ated with the receiving compartment. The general equa-
tions actually specify two different kinetic models
depending on whether we consider Ka1=Ka2=Ka3=Ka

(‘fixed kinetics model’, Model 1, Fig. 2a) or whether we
allow the three rate constants, associated with the
absorption of the soluble IAsp after the three injections,
to differ from one another (‘varying kinetics model’,
Model 2, Fig. 2b).

Model 1 was extended to Model 2 as proposed,
because it is reasonable to suppose, and has been reported
[10], that the lack of homogeneity in injection site
characteristics (e.g. blood supply to site, thickness of
local adipose tissue layer, depth of injection, volume
injected, etc.) is responsible for variable absorption rates.
Since the net dissolution from protamine IAsp crystals to
soluble IAsp is a chemical process believed to be
relatively independent of injection site characteristics, it
is assumed that the coefficient Kc does not vary within the
same subject. It is also assumed that the kinetics is not
influenced by subsequent insulin injections into neigh-
bouring sites and that the insulin elimination rate does not
vary throughout the day within subjects. The model is
expressed in such a way that the transfer of the IAsp
crystals to plasma is restricted to be slower than the
transfer of soluble IAsp to plasma without any artificial
imposition of limits on Kc or Ka.

Statistical analysis

Data from haemolysed samples were excluded from the
analysis since the destruction of erythrocytes in the blood
sample may cause bias in the insulin assay [11]. All
parameters were log-transformed to ensure positive param-
eter values; the results were expressed in both the log-scale
and in the original scale.

Non-compartmental AUC analysis

The data were first analysed non-compartmentally to assess
the between-meal variation by ANOVA of the log (AUC:
dose). The AUC of serum IAsp concentration over the 5 h
after injection was calculated for each injection using the
trapezoidal rule. The 5-h AUCs corresponding to the
second and third injections were ‘corrected’ by subtracting
the estimated residual AUC from the previous injection.
This residual ‘tail’ was computed by first estimating the
exponential decay of the very last 11 h of data (presumed to
reflect the terminal disappearance), and then by applying
this exponential decay rate, starting from the last-measured
concentration relative to the previous injection. The data
were analysed using proc mixed in SAS for Windows,
version 8.2 [12] to compare the difference between meals.
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The model is as follows:

log
AUCij

doseij

� �
¼ μþMeali þ Subjectj þ "ij;

where AUCij is the AUC for meal i and subject j, μ is the
intercept, Meali is the fixed coefficient of meal i, Subjectj is
the between-subject random effect and ɛij is the residuals.

Compartmental modelling

For all the following model analyses, the problem of the
bias introduced by left-censoring when data below the
LLoQ are not reported was solved by applying a previously
described method [13].

Single-subject model estimation

Both Model 1 (‘fixed kinetics’, corresponding to Eqs.
(1), (2), (3) with Ka1=Ka2=Ka3=Ka) and Model 2 (‘varying

kinetics’, Eqs. (1), (2), (3)) were fitted individually on
single-patient observations by nonlinear ordinary least
squares. Starting values for the parameters were obtained
in each case by a preliminary round of genetic algorithm
generations [14]; the best value found was used as a
starting point for local optimisation, performed with the nls
(nonlinear least squares) procedure [15] from the R
package [16]. Individual parameter estimates were aver-
aged and their sample variance and standard deviation were
computed.

Population model estimation

The data from all 20 subjects were analysed together using
the original code written for the R package, when
population parameter estimation via nonlinear mixed effects
models was performed. A Laplacian approximated maxi-
mum likelihood estimation method was applied, as previ-
ously described [13].

Fig. 2 Illustration of the two compartmental models, Model 1 (a) and
Model 2 (b), with protamine IAsp crystals (Ic) and soluble IAsp (Is) in
the s.c. depot, and plasma IAsp (Ip). α is the fraction of Is (0.3 in this
case), D is the dose injected, Kc is the net dissolution rate, Ka is the
absorption rate of IAsp from the injection site to plasma insulin, Kx is

the elimination rate from plasma insulin and V is the apparent volume
of distribution of the plasma insulin. Model 1 is a simplified version of
Model 2, which allows different rates of absorption between the three
daily injections within patients
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For Model 1 (‘fixed kinetics’), all structural model
parameters (Kc, Ka, Kx, V) were considered to be the sum
of a fixed effect (population mean) and an individually
varying random effect, i.e. for a generic parameter θ,

logθi ¼ logbθþ bi;

where i=1, 2, ..., 20 refers to patient number i, logbθ
is the estimated population mean in log-scale, and
bi � N 0;σ2

logθ

� �
, assumed to be independent for different

i, is the corresponding random deviation of patient i from
the population mean in log-scale.

For Model 2 (‘varying kinetics’), parameters Kc, Kx and
V were treated as in Model 1, whereas for parameter Ka, a
second (nested) level of random effects was introduced to
account for intra-individual variation of its value, depend-
ing on the injection:

logKa ij ¼ log bKa þ bi þ bi;j;

where i=1, 2, ..., 20 refers to patient number i, log bKa
is the estimated population mean in log-scale,
bi � N 0;σ2

logKa;1

� �
, assumed to be independent for differ-

ent i, is the (between-individual) random variation of
patient i from the population mean in log-scale, and
bi � N 0;σ2

logKa;2

� �
,assumed to be independent for different

i or j and to be independent of bi, is the (within-individual)
deviation for injection j=1, 2, 3 from the patient’s mean
level in log-scale.

Results

The estimates for the non-compartmental data analysis,
based on the log (AUC:dose) for different injections are
presented in Table 1. The F-test shows that these ratios
were significantly different between injections (p<0.0001),
where the ratio from the third (dinner) injection is almost
twice the ratio from the first (breakfast) injection.

Table 2 reports the summary statistics for single-subject
fitting: both Model 1 (‘fixed kinetics’) and Model 2
(‘varying kinetics’) converged successfully for all subjects.
The estimated absorption rates Ka1, Ka2 and Ka3 from
Model 2 do not differ substantially from the absorption rate
Ka in Model 1. The estimates of the Kc differ markedly
between the two models, which means that with regard to
this parameter, model choice plays an important role. The
estimates of Kx and V are similar. The clearance is derived
from the product of the estimated Kx and V.

Table 3 reports the estimates of single-subject fitting for
subjects 104 and 106, given to illustrate the differences
between Models 1 and 2. While for subject 104 the three
values of Ka in Model 2 are markedly different (Ka2>2Ka1),
for subject 106 the corresponding three Ka values are rather
similar. This translates into a poor fitting for Model 1 and
subject 104 (Fig. 3a) and a better fitting for Model 1 and
subject 106 (Fig. 3b).

Tables 4 and 5 present the population parameter estimates
for Model 1 and Model 2, respectively. The extra column in

Table 1 Summary of estimates for non-compartment analysis

Injection 1 Injection 2 Injection 3 F-value

AUC (h pmol l−1) 474.7 695.2 1,013.6
Dose (nmol) 78.3 78.3 104.4
AUC:dose
(10−3 h l−1)

6.1 9.1 10.1

Log (AUC:dose) 1.6 2.1 2.2 36.2 p<0.0001

1 U=6 nmol

Table 2 Mean parameter estimation (log-scale mean±sd) for single-subject fitting

Model 1 Model 2

Ka1(min−1) (log Ka1±sd) 0.0126 (−4.3754±0.56) 0.0091 (−4.6981±1.33)
Ka2 (min−1) (log Ka2±sd) 0.0110 (−4.5111±1.11)
Ka3 (min−1) (log Ka3±sd) 0.0104 (−4.5695±0.66)
Kc (min−1) (log Kc±sd) 0.0004 (−7.9201±2.21) 0.0049 (−5.3148±2.52)
Kx (min−1) (log Kx±sd) 0.0110 (−4.4892±0.63) 0.0141 (−4.2646±0.89)
V (l/kg) (log V±sd) 1.0403 (0.0395±0.58) 1.1534 (0.1427±1.07)
Cl (l min−1 kg−1) 0.0114 0.0163

Cl Clearance. Other abbreviations, see Materials and methods, Modelling section
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Table 5 contains the estimates of the nested standard
deviation of the within-subject variation of log Ka. A
likelihood ratio test between Model 1 and Model 2 was
highly significant (p<0.0001) and supports the improvement
in goodness of fit obtained by adding a further level of
random effects. For both population models, estimates of Ka

are close to those seen in tracer studies of the disappearance
of 125I-labelled IAsp from the injection site [2, 17].

It should be noted that the within-subject variation on Ka

in Table 5 is only slightly smaller than the corresponding
between-subject variation. This indicates that there is
substantial variability of entry of IAsp insulin into plasma
between different injections in the same subject.

The residuals plots, the normal Q–Q plot and the pairs
plot for the random effects of the population Model 2 are
shown in Fig. 4. The residuals plot does not show any
systematic pattern except for the subset of below LLoQ

observations. For data reported below LLoQ, pseudo-
residuals were calculated using a previously described
method [13]. When the predicted values were smaller than
the LLoQ, both positive and negative standardised pseudo-
residuals were plotted, since the sign of the difference
(observed–predicted) is unknown. When the predicted
values were larger than LLoQ, only the negative stan-
dardised pseudo-residuals were plotted. Apart from a few
outliers, the normal Q–Q plot shows a very good adaptation
of the measured residuals to a normal distribution.

The random effects were all assumed to be independent
of each other. Each pairs plot shows the scatter of the
random effects of one parameter versus the random effects
of another parameter. For most pairs of random effects,
there is no indication of correlation between the parameters,
even though the lack of correlation between Kc and Kx

could arguably be due to the presence of two outliers.

Table 3 Estimates (CV) for single-subject fitting of subject 104 and 106

Subject 104 Subject 106

Model 1 Model 2 Model 1 Model 2

Ka1 (min−1) 0.0166 (42%) 0.0036 (10%) 0.0130 (42%) 0.0090 (26%)
Ka2 (min−1) 0.0085 (11%) 0.0095 (31%)
Ka3 (min−1) 0.0072 (12%) 0.0076 (29%)
Kc (min−1) 0.0055 (23%) 0.0508 (64%) 2×10−4 (21%) 2×10−4 (24%)
Kx (min−1) 0.0233 (45%) 0.0288 (35%) 0.0098 (43%) 0.0151 (24%)
V (l/kg) 1.7942 (45%) 1.5771 (35%) 0.6739 (40%) 0.4261 (30%)
Cl (l min−1 kg−1) 0.0418 0.0454 0.0066 0.0064

Cl Clearance. Other abbreviations, see Materials and methods, Modelling section
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Fig. 3 Estimated curves from single-subject analysis for subject 104
(a, b) and subject 106 (c, d). Dashed lines, fixed Ka throughout the
three different meals; solid line, varied Ka. In subject 106, both models

fit the data well. Only Model 2 fits the data for subject 104. The
parameter estimates for these two subjects are presented in Table 3
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Discussion

In the past the most frequently used approach to the study
of the pharmacokinetics of s.c. insulin preparations has
been based on AUC, Tmax and Cmax [3, 4]. More recently,
compartmental models have also been used to interpret
time–serum concentration data [18–21]. Confidence in the
ability of such models to represent and explain observed
data varies. Thus after studying several models, it was
concluded [18] that the insulin absorption process from s.c.
depots depends to such a high degree on external factors
that no simple model may be employed to compare
different preparations. Conversely, the analysis of s.c.
injection and s.c. infusion data [19] supported a very
detailed model of insulin absorption, including delay,
saturation process and dimers–monomers equilibrium.
Previous modelling work, however, only considered a
single injection for each subject. Common clinical experi-
ence, however, is that multiple injections on the same
subject often exhibit varying effects (between-day as well
as within-day), possibly depending on the time of the day
or on the site of injection. The approach followed in the
present paper has been to hypothesise a single, robust
structural kinetic model, extended to allow the kinetic
parameters to vary with multiple injections within the same
subject.

The preliminary analysis of AUC:dose ratios indicated
that they were different between injections. If the pharma-
cokinetics of s.c. injected insulin were approximately

constant for multiple injections within each subject, the
log (AUC:dose) would also be relatively constant. It is to
be noticed that bioavailability does not appear to be
inversely proportional to the dose, since AUC from the
third (evening) injection is more than twice the AUC from
the first (morning) injection, while the ratio between the
doses is 4:3. It is therefore appropriate that modelling of
multiple injections should take this variability into account.

As a reference model, we studied Model 1 as detailed in
Eqs. (1), (2), (3). Since Kc expresses a chemical process at
the site of injection, and Kx expresses whole-body insulin
elimination rate, the transfer rate constant that we hypoth-
esised to be most likely to vary was Ka, the absorption rate
of soluble insulin from the s.c. depot. In order to express
intra-subject variability in the kinetics that was due to
changes in Ka, two alternative representations could be
used. Firstly, it could be supposed that, due to life-style
(physical activity or other) changes throughout the day or to
other circadian influences, Ka actually depends merely on
the time of the day, irrespective of injection site. Secondly,
it could be supposed that the determining factor for the
differences in kinetics is the site of injection, irrespective of
time. The difference between these two approaches lies
essentially in the Ka attributed to the ‘tail’ of insulin
absorption from previous injections: in the first case, at any
given time, all insulin from all remaining depots is
absorbed at the same (time-dependent) rate; in the second,
insulin coming from a given s.c. depot is absorbed at a rate
depending on the site of injection, irrespective of time.

Table 4 Population parameter estimates for Model 1, in original scale (CV) and in log scale

Fixed effects,
original scale

Fixed effects,
log-scale

Between-subject
random effects, SD

SD of the
residual

Ka (min−1) 0.0120 (5.4%) −4.4201 0.3463 (0.8%)
Kc (min−1) 0.0006 (18.5%) −7.4180 1.4599 (1.0%)
Kx (min−1) 0.0140 (7.0%) −4.2699 0.2752 (3.3%)
V (l/kg) 0.9488 (0.1%) −0.0526 0.4571 (2.7%)
Cl (l min−1 kg−1) 0.0133

32.3197 (2.6%)

Cl Clearance. Other abbreviations, see Materials and methods, Modelling section

Table 5 Population parameter estimates for Model 2, in original scale (CV) and in log scale

Fixed effects,
original scale

Fixed effects,
log-scale

Between-subject
random effects, SD

Within-subject random
effects, SD

SD of the
residuals

Ka (min−1) 0.0087 (0.6%) −4.7496 0.5966 (1.4%) 0.3948 (4.7%)
Kc (min−1) 0.0056 (20.1%) −5.1916 2.1094 (2.5%)
Kx (min−1) 0.0190 (0.6%) −3.9610 0.5726 (1.7%)
V (l/kg) 0.9584 (0.1%) −0.0425 0.4522 (1.9%)
Cl (l min−1 kg−1) 0.0182

25.1830 (0.4%)

Cl Clearance. Other abbreviations, see Materials and methods, Modelling section
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Clearly, a very substantial confounding effect is present,
since each site is, for most of the insulin it delivers,
associated with a given time of injection (morning,
afternoon or evening). Both representations above were
actually implemented and fitted to data for single subjects.
A comparison of the residual sums of squares using the
Wilcoxon sign-rank test revealed no significant difference.
Although it cannot be ruled out that the variation is due to
the time of the day, many investigations of the disappear-
ance of insulin at the injection site have shown that it is
affected by factors such as the thickness of the adipose
tissue at the injection site, volume injected, blood flow,
depth of the injection, etc [10]. In theory, plasma clearance
could vary, but this is considered less likely than variations
in absorption.

Slightly more complicated models have also been
considered, with elimination rates from the protamine
insulin crystals and/or the soluble insulin compartments.
These models allow less than 100% relative bioavailability
of the crystallised versus the soluble component, but their
parameters are not simultaneously identifiable due to over-
parameterisation with respect to the available data set. Data
from experiments including both s.c. and intravenous
injections are needed to quantify absolute bioavailability,
including local degradation.

In the end, therefore, Model 2, which considers
variability between sites, was applied. The model fit for
all subjects was good, with acceptably low coefficients of
variation of the estimates for all parameters for all subjects.
Individual graphs for individuals 104 and 106 (Fig. 3)
illustrate the difference between the models. Population
parameter estimates were obtained for Model 1 (Table 4)
and Model 2 (Table 5), and the latter resulted in a
significantly better fit to the observations. Moreover, the
very small estimate of Kc with Model 1 (∼T1/2=20–30 h)
indicates model misspecification.

The disappearance rates for IAsp (Kx) presented in
Tables 2, 4 and 5 are very low, but these estimates should
be judged together with the very large estimates for the

apparent volume of distribution. The clearance rates (VKx)
reported are close to those reported for human insulin and
IAsp [3, 22]. The reason for the poor separate estimation of
Kx and V is probably due to the relatively slow variation in
insulin appearance, compared to the well-known short half-
life of insulin in plasma.

Insulin antibodies will presumably be present in the
majority of patients treated with human insulin or IAsp [23].
However, the antibody-bound fraction appears to be rela-
tively small (10–20%), and it is an open question how this
binding influences the ELISA measurements of IAsp. The
modelling describes the kinetics of the IAsp measured by the
assay, which, in addition to free IAsp, may also include a
variable fraction of the bound IAsp. Thus part of the
variability in the kinetics between patients might be due to
the variability in antibody binding. This would also cover
possible effects on absorption due to insulin antibodies.

The population parameter estimates are consistent with
what was observed in other published series [3, 24], e.g. Ka

in Table 5 is of the same magnitude as the disappearance
rate of 125I-labelled IAsp after s.c. injection in normal
volunteers in [17]. The importance of the present study is
that the within-subject variability of the absorption rate (Ka)
was quantified and appears to be of the same order of
magnitude as the between-subject variability (σlogKa;1

[between]=0.6; σlogKa;2 [within]=0.4; see Table 5).
An exploratory analysis, which considered fixed effects

for the injection and random effects for subjects, showed
population estimates (Ka1=0.0065; Ka2=0.0083;
Ka3=0.0087) that are consistent with the observed disparity
in log (AUC:dose). These results, if confirmed by a suitably
designed experiment, could explain the widespread clinical
impression of a relatively high level of insulin resistance in
the morning [25, 26] as (partly) due to a reduced absorption
rate. Also, it is to be noted that such a phenomenon does
not appear to be due to reduced clearance, since a smaller
AUC is observed in the morning.

In comparison with the usual basal/bolus insulin regi-
men, where a single evening injection of long-acting insulin
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is given together with meal-time injection of fast-acting
insulin, it is conceivable that meal-time injections of
biphasic insulin may exhibit less variability due to the
smoothing of absorption of the long-acting component from
the different sites. A disadvantage might be that the ratio
between slow-acting and fast-acting insulin is fixed to the
mixture ratio. However, simulation studies [2] have shown
that meal-time injection of the 30/70 mixture of IAsp was
able to mimic the insulin profiles seen in normal subjects.

The novel result of this study is that within-subject
variation in the kinetics of s.c. administered insulin is far
more substantial than hitherto thought, and may not simply
be explained as measurement error. It is important to
quantify the variation within patients in order to assess the
(unavoidable) variability associated with various intensified
injection regimens. This could be one explanation for the
difficulty of tailoring intensified insulin therapy to the
individual patient. Once this effect has been accounted for,
it will be possible to design more powerful experiments for
the future study of insulin preparations and injection
regimens in order to achieve better blood glucose control.
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