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RESEARCH DESIGN AND METHODS — A total of 14 patients with type 1 diabetes,
aged 35 ⫾ 13 years (mean ⫾ SD), participated in this single-blind, randomized crossover study.
After taking their usual injection of human intermediate-acting insulin the night before, they
were given insulin aspart or insulin lispro (10 units) before a standardized breakfast. The
contribution of continuing absorption of the human insulin was measured using a monoclonal
antibody not cross-reacting with insulin aspart or lispro, whereas the contribution of the analogs
was estimated by subtraction after measurement of all plasma free insulin using an antibody
cross-reacting equally with human insulin and both analogs.
RESULTS — The correlation coefficient of the fasting free insulin concentrations measured
with both insulin methods was 0.95. Fasting free insulin was 95 ⫾ 25 pmol/l before administration of insulin aspart, when determined with enzyme-linked immunosorbent assay detecting
only human insulin, and 71 ⫾ 20 pmol/l before administration of insulin lispro (NS). Both
insulin analogs gave marked peaks of free insulin concentrations, lispro at 40 ⫾ 3 min and aspart
at 55 ⫾ 6 min after injection (P ⫽ 0.01). The later part of the profiles, from 4.5 to 5.5 h after
injection, were similar and showed almost no contribution of the insulin analogs.
CONCLUSIONS — The combination of insulin assays that detect human insulin only or
both human insulin and analogs provides a new tool for studying insulin pharmacokinetics.
Using this technique, we showed that 4.5 h after administration of the rapid-acting insulin
analogs lispro and aspart, the free insulin levels are almost only attributable to the intermediateacting insulin given at bedtime.
Diabetes Care 25:1049 –1054, 2002

T

wo rapid-acting insulin analogs are
now available for treatment of patients with diabetes. Insulin lispro
has an inversion of the amino acids proline and lysine at positions 28 and 29 in
the B-chain of the insulin molecule (1),
and insulin aspart has a single amino acid

substitution in position 28 of the B-chain
(2). Lispro has a slightly increased affinity
for the IGF-I receptor, but regarding metabolic and mitogenic effects, lispro and
aspart are similar to human insulin (3).
Both analogs form less stable hexamers
than human regular insulin and, owing to
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RESEARCH DESIGN AND
METHODS
Subjects
A total of 14 patients with type 1 diabetes
attending our diabetes unit were recruited
for the study: 6 men and 8 women,
35.4 ⫾ 12.5 years of age (mean ⫾ SD;
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OBJECTIVE — To measure the contribution of bedtime intermediate-acting human insulin
on the morning plasma insulin profiles after injection of the rapid-acting insulin analogs lispro
and aspart in patients with type 1 diabetes.

this, have a faster absorption, more rapid
action, and shorter duration after subcutaneous injection (1,3–13). The short duration of these insulin analogs affects the
need for basal insulin substitution.
We have recently reported a comparison of the morning insulin profiles of insulin aspart and lispro after subcutaneous
injection in patients with type 1 diabetes
treated with preprandial insulin injections during the day and human intermediate-acting insulin at bedtime (14). The
insulin profiles of these analogs resembled each other, but there were small differences indicating a slightly faster uptake
of insulin lispro. Owing to the contribution of basal intermediate-acting insulin,
it was not possible to determine the end of
the duration of absorption of the insulin
analogs. When using insulin regimens
with preprandial injections of insulin analogs, a need for injection of basal intermediate-acting insulin together with the
insulin analogs has been advocated (15).
By using an insulin assay with monoclonal antibodies, which do not detect the
insulin analogs, it is now possible to determine the contribution of intermediateacting human insulin to the free insulin
profile during the day.
The aim of our study was to determine the contribution of the bedtime intermediate-acting insulin to the morning
insulin profile after injection of insulin
analogs at breakfast in patients with type
1 diabetes. A further aim was to determine
at what time after injection the contribution of the insulin analogs to the plasma
insulin levels had disappeared. Blood glucose profiles were also measured.

Concurrent measurement of insulin and insulin analogs

Study design
The study was designed as a single-blind,
randomized crossover study. Randomization with prefilled envelopes was used.
Seven of the patients were randomized to
insulin lispro (Humalog U-100; Lilly, Indianapolis, IN) on the first occasion, and
seven patients were randomized to insulin aspart (NovoRapid U-100; NovoNordisk, Bagsvaerd, Denmark). On the
second study day, 5–21 days later, the patients received the alternative insulin analog. Between the study days, the patients
continued their usual insulin treatment.
All patients arrived fasting at 0645 to
the clinic and had taken their ordinary
1050

mealtime insulin and intermediate-acting
insulin the previous day and evening.
They had taken their bedtime intermediateacting insulin at median 2220 (interquartile range 0.5 h). After initial blood samples were collected, all patients were
given 10 units of one of the insulins subcutaneously in the abdominal wall. The
study nurse gave the injection at 0730,
immediately before breakfast. The energy
content of the standardized breakfast was
418 kcal, and the nutrient content was
21 g protein (20 E%, percentage of the
total energy intake of the breakfast), 11 g
fat (23 E%), and 59 g carbohydrate (57
E%). The breakfast was finished in 15
min. No snack was given, and the patients
were not served lunch until 1300, when
the study was finished. Plasma free insulin (Iso-Insulin ELISA [enzyme-linked
immunosorbent assay]; Mercodia AB,
Uppsala, Sweden) and blood glucose concentrations were measured from samples
collected at 0729 and then every 5 min
from 0735 to 0750, every 10 min from
0750 to 0810, every 5 min from 0810 to
0820, every 10 min from 0810 to 0910,
and every 30 min after 0930. In the EDTA
samples collected at 0729, 0810, 0910,
1100, and 1300, free insulin concentrations were also determined with Insulin
ELISA, which detects human insulin but
not the insulin analogs. The concentrations of basal insulin lying between these
times were calculated by linear interpolation. If blood glucose was ⱕ3.5 mmol/l,
20 ml of glucose 30% was injected.
Biochemical analysis
Free insulin was determined after immediate polyethylene glycol precipitation, as
previously described (16). Insulin was measured by two different methods. Iso-Insulin
ELISA (Mercodia AB, Uppsala, Sweden) is a
two-site ELISA containing two monoclonal
antibodies against insulin. Human insulin
was used for the standard curve. When
equimolar concentrations of human insulin, insulin lispro, and insulin aspart were
tested, identical results were obtained, indicating 100% cross-reactivity between lispro, aspart, and human insulin in this assay
(Fig. 1A). Free insulin concentrations were
also determined with Insulin ELISA (Mercodia AB, Uppsala, Sweden), which detects
human insulin but do not cross-react with
insulin lispro or insulin aspart (Fig. 1B).
Even at concentrations up to 60,000 pmol/l,
there was no cross-reactivity with insulin
aspart or lispro (data not shown). Fasting

insulin concentrations were measured with
both insulin methods, and the results were
correlated with each other. The adjusted R2
value was 0.89. The Insulin ELISA method
gave higher values than the Iso-Insulin
ELISA method. The values measured with
the Insulin ELISA assay, detecting only human insulin, were adjusted to the same level
as those of the Iso-Insulin ELISA assay, detecting both human insulin and the insulin
analogs by using the equation Iso-Insulin
ELISA ⫽ (1.39 ⫻ Insulin ELISA) ⫹ 22.6,
obtained by linear regression of the fasting
insulin values. The SE of the slope was 0.10
and the SE of the intercept was 7.2. The
interassay coefficient of variation for a control serum at the level of 80 pmol/l insulin
was ⬍9% for both methods. C-peptide was
measured with an ELISA from Dako Diagnostics (Cambridgeshire, U.K.) based on
two monoclonal antibodies against Cpeptide. Intra-assay and interassay coefficients were ⬍6%.
HbA1c was analyzed with our hospital
routine method (reference range 3.2–
5.4%). A comparison with other laboratories, including the Diabetes Control and
Complications Trial (DCCT), has been reported by our group (17).
Blood glucose was analyzed with the
Hemocue method (Hemocue, Mission
Viejo, CA).
Statistical analysis
Statistical analysis was made using StatView software (version 4.5; SAS Institute,
Cary, NC). Results are given as means ⫾
SE if not otherwise stated. Differences between groups were tested with Wilcoxon’s signed-rank test. A P value ⬍0.05
was considered statistically significant.
Areas under the curve (AUCs) were calculated with the trapezoidal method. Predefined end points according to the
protocol were the time for 50% increase,
time for the individual peaks, and time for
50% decrease of free insulin from the
peak and free insulin concentrations at
the end of the insulin profile.
RESULTS — All 14 patients completed
the study. One patient was excluded from
the analysis because he mistakenly took a
large extra dose of insulin the night before
the study.
With the Iso-Insulin ELISA method,
detecting both human insulin and the insulin analogs, fasting free insulin concentration was 56 ⫾ 16 pmol/l before
administration of insulin aspart and 30 ⫾
DIABETES CARE, VOLUME 25, NUMBER 6, JUNE 2002
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range 22–59), BMI 24.7 ⫾ 3.9 kg/m2, duration of diabetes 22.9 ⫾ 9.6 years. Except for two patients, who had low
C-peptide levels (0.04 and 0.11 nmol/l),
all patients were C-peptide negative. The
breakfast insulin dose was 11.1 ⫾ 0.7
units (mean ⫾ SE; a usual morning shortacting insulin dose between 6 and 14
units was required), whereas the lunch
and dinner doses were 10.2 ⫾ 0.8 units
and 11.4 ⫾ 0.7 units, respectively. Seven
of the patients were treated with human
regular insulin (Actrapid U-100; NovoNordisk, Bagsvaerd, Denmark), and five
patients were treated with insulin lispro
(Humalog U-100; Lilly, Indianapolis, IN).
One patient used Humalog Mix 50
(U-100; Lilly, Indianapolis, IN), and one
patient injected both Humalog and Actrapid. Human intermediate-acting insulin was used at bedtime (21.7 ⫾ 2.4
units). Ten patients used Insulatard (U-100;
Novo-Nordisk, Bagsvaerd, Denmark),
three patients used Monotard (U-100; Novo-Nordisk, Bagsvaerd, Denmark), and one
patient used Humulin NPH (U-100; Lilly,
Indianapolis, IN). The 10 patients treated
with NPH insulin took 22.1 ⫾ 2.4 units,
and the 3 patients treated with lente insulin took 20.3 ⫾ 1.5 units. None of the
participating patients were treated with
intermediate-acting insulin in the morning. The mean total insulin dose was 54 ⫾
4 units.
HbA1c at baseline was 7.3 ⫾ 0.3%
(reference range 3.2–5.4%). All patients
had normal serum creatinine levels, one
patient had microalbuminuria; none of
the patients had manifest nephropathy.
The study protocol was approved by the
local ethical committee and conducted
according to the declaration of Helsinki.
All patients gave informed consent.
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15 pmol/l before administration of insulin
lispro (NS). When determined with the Insulin ELISA method, detecting only human
insulin, fasting free insulin was 95 ⫾ 25
pmol/l before administration of insulin aspart and 71 ⫾ 20 pmol/l before administration of insulin lispro (NS) (Fig. 2). There
was a slight nonsignificant hump at 40 and
100 min after injection but then a slow decrease in the human insulin concentrations
attributed to the intermediate-acting insulin
during the morning profile (Fig. 2). The
concentration of human free insulin was
58 ⫾ 15 pmol/l after administration of insulin aspart and 49 ⫾ 8 pmol/l after insulin
lispro (NS) at 5.5 h (Fig. 2.), i.e., 61 and
69% of the fasting concentrations, respectively (both NS).
The fasting insulin concentrations
and insulin profiles of the patients treated
with NPH insulin and the three patients
treated with lente insulin were similar,
and their data are not separated.
All concentrations measured with the
Insulin ELISA method, detecting only human insulin, were adjusted to the same level
as those of the Iso-Insulin ELISA method,
detecting both human insulin and the insulin analogs. These adjusted concentrations
are shown as intermediate-acting insulin in
Fig. 3. This figure also depicts the insulin
peaks attributable to the insulin analogs.
Both insulin analogs gave marked
peaks of free insulin concentrations, lispro
DIABETES CARE, VOLUME 25, NUMBER 6, JUNE 2002

at 40 ⫾ 3 min and aspart at 55 ⫾ 6 min after
injection (P ⫽ 0.01; the latter slightly later
than the time observed when not adjusting
for basal insulin). Maximum insulin concentration after subtraction of adjusted
basal insulin concentration was 295 ⫾ 26
pmol/l on insulin lispro and 274 ⫾ 29

pmol/l on insulin aspart (NS), and both occurred at 40 min after the injection, in contrast to the mean of the individual peaks,
which differed in time as given above. From
fasting insulin levels, lispro reached 50% of
peak concentration at 21 ⫾ 1 min and aspart reached 50% of peak concentration at

Figure 2— Morning plasma concentrations of free insulin attributable to basal intermediateacting insulin administered at bedtime (⬃ 2200) in 13 patients with type 1 diabetes after a 10-unit
single subcutaneous injection of insulin lispro (E) and insulin aspart (F) at 0730, immediately
before breakfast. The concentrations are means ⫾ SE.
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Figure 1—A: Detection of insulin aspart and insulin lispro by the Iso-insulin ELISA method. Insulin aspart and lispro from commercial insulin vials
were diluted in phosphate buffer containing 0.1% albumin to 18, 60, and 600 pmol/l. As human insulin, the human standard of the kit was used. Data
shown are representative of three experiments. B: Detection of insulin aspart and insulin lispro by the Insulin ELISA method. Insulin aspart and lispro
from commercial insulin vials were diluted in phosphate buffer containing 0.1% albumin to 18, 60, 180, and 600 pmol/l. As human insulin, the human
standard of the kit was used. Data shown are representative of three experiments.

Concurrent measurement of insulin and insulin analogs

26 ⫾ 2 min (P ⫽ 0.03). The AUC of free
insulin for the first 40 min (from 0729 to
0810), after subtracting the fasting insulin
concentration, was 5,985 ⫾ 651 pmol/l ⫻
min during insulin lispro and 4,008 ⫾ 543
pmol/l ⫻ min during insulin aspart (P ⬍
0.03). The decrease of free insulin concentration from peak concentration to 50% of
the maximum concentration was found at
97 ⫾ 9 min during insulin lispro and 125 ⫾
15 min during insulin aspart (P ⬍ 0.04),
when adjusting for the effect of the human
intermediate-acting insulin. The later parts
of the profiles, from 4.5 to 5.5 h after injection, were very similar during both insulins
(Fig. 3), and adjustment for the insulin
concentrations caused by the intermediateacting insulin showed almost no contribution of the insulin analogs at this time.
Blood glucose concentrations are
shown in Fig. 4. The fasting blood glucose
concentration was 11.2 ⫾ 1.0 mmol/l before injection of insulin aspart and 13.7 ⫾
1.4 mmol/l before injection of insulin lispro (NS). The course of the blood glucose
profiles was similar, with peak concentrations 40 min after beginning of the standardized breakfast and no clear increase
at the end of the profile. The total AUC
was 2,970 ⫾ 321 mmol/l ⫻ min during
insulin aspart and 3,662 ⫾ 497 mmol/l ⫻
min during insulin lispro (NS).
1052

CONCLUSIONS — The present study
shows that by using an insulin assay with
monoclonal antibodies that do not detect
the insulin analogs lispro and aspart, both
analogs modified in the B-chain at the same
amino acid position (1,2), it is possible to

Figure 4— Blood glucose concentrations in 13 patients with type 1 diabetes after a 10-unit single
subcutaneous injection of insulin lispro (E) and insulin aspart (F) at 0730, immediately before
breakfast. The concentrations are means ⫾ SE.
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Figure 3— Morning plasma concentrations of free insulin in 13 patients with type 1 diabetes after
a 10-unit single subcutaneous injection of insulin lispro (E) and insulin aspart (F) at 0730,
immediately before breakfast. This figure also depicts the free insulin concentrations attributable
to the basal intermediate-acting insulin adjusted to the same level and attributable to the intermediate-acting insulin administered at bedtime the night before (⬃2200). The concentrations are
means ⫾ SE.

differentiate between the contribution of
human insulin and insulin analogs to the
insulin profile. Even at very high concentrations (60,000 pmol/l), there was no crossreactivity of insulin lispro or insulin aspart
with Insulin ELISA. The difference in crossreactivity with insulin lispro and aspart between different insulin assays provides a
unique tool to study insulin pharmacokinetics. To our knowledge, this is the first
report applying this method in a clinical investigation.
The results obtained with Insulin
ELISA, detecting only human insulin,
were higher than the results obtained by
Iso-Insulin ELISA and had an adjusted R2
value of 0.89. It is well known that different insulin assays may give different results, and in a recent report of an insulin
assay not cross-reacting with insulin lispro, such a difference was also found
(18). Although the method determining
only human basal insulin gave higher values than the Iso-Insulin ELISA method,
this could be adjusted for, because fasting
insulin concentrations were determined
with both methods at a time when the
insulin analogs had not yet been administered. By using this combination of
methods, we could separate the contribution of intermediate-acting basal insulin
and of the insulin analogs to the morning
insulin profile. Our study shows that during the last part of the profile, 4.5 h after
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of free insulin after subcutaneous injection of these analogs are, thus, in the same
range, as previously reported. The variation in the time from injection to maximal
plasma concentration reported in the different studies may be due to different time
points chosen for blood sampling (1,3,5–
13), different doses of insulin injected
(20,21), and different properties of the
subcutaneous tissue (22). For insulin lispro, it has been stated that the pharmacokinetics is not influenced by the dose
(23), but this may be questioned. Comparing the insulin analogs in a crossover
design and using the same dose of insulin
as in our study eliminates most of this
variation and makes it possible to detect
small differences.
The insulin analogs lispro and aspart
have both been shown to give lower postprandial blood glucose rise than human
regular insulin (5–7,11,13). The somewhat more rapid increase of free insulin
levels after injection of insulin lispro
might therefore be beneficial compared
with insulin aspart, but we found no corresponding difference in the increase of
blood glucose concentration in the first
part of the profile. The overall blood glucose control was poor during the investigation. It should be noted that our
investigation was primarily designed to
study the plasma insulin profiles. To
study the blood glucose–lowering effect
under optimal conditions, it would be desirable to standardize the morning blood
glucose by an overnight insulin infusion
and to assess the effect on glucose metabolism by a glucose clamp (8,11).
The shorter duration of rapid-acting
insulin analogs compared with human
regular insulin (24) emphasizes the need
to provide sufficient basal insulin substitution. In a study by Jacobs et al. (7), investigating treatment with insulin lispro
before main meals and NPH insulin given
at bedtime, there was a slight increase in
glycerol levels before lunch, suggestive of
enhanced lipolytic activity and compatible with low insulin levels at this time.
This finding, together with our finding
that both insulin analogs had almost no
contribution to the insulin levels the hour
before lunch, supports the use of basal
insulin administration in the morning. An
argument against this view is that there
was a rather slow decrease of the insulin
levels ascribed to the human intermediateacting insulin with 61– 69% of fasting
concentrations remaining at 1300 and

also no apparent increase of blood glucose
concentrations during the later morning
profile in our study. The slightly slower
decrease of free insulin concentrations after the insulin peak with insulin aspart
might (although the later insulin profile
was similar as after insulin lispro) influence the need for daytime basal insulin. It
is also possible that some patients will
need basal insulin substitution in the
morning and some will not, owing to variation in meal intervals and to the variation
of insulin absorption not apparent in the
mean plasma concentrations. Previous
studies have given some support that
intermediate-acting insulin must be given
more than once daily for improvement of
glycemic control in type 1 diabetes during
treatment with insulin lispro (15,25),
whereas only an evening dose might be
sufficient when using insulin aspart (26).
With NPH insulins, more than once-daily
administration might be considered, because their effective duration has been
shown to be ⬃13–14 h (27,28). Another
alternative is to use a more long-acting
basal insulin substitution (28).
In summary, the combination of an
insulin assay that measures only human
insulin and an assay that also measures
insulin analogs provides a new tool when
studying insulin pharmacokinetics. The
insulin levels in the period 4.5–5.5 h after
injection of the rapid-acting insulin analogs lispro and aspart in the morning are
almost solely attributable to the intermediate-acting insulin given at bedtime the
night before.
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