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RESEARCH DESIGN AND METHODSdBefore the clinical trial, insulin aspart was
injected ex vivo into explanted human abdominal skin ﬂaps. The surface-to-volume ratio of
the subcutaneous insulin depot was assessed by microfocus computed tomography that compared 1 bolus of 18 IU with 9 dispersed boluses of 2 IU. These two injection strategies were then
tested in vivo, in 12 C-peptide–negative type 1 diabetic patients in a euglycemic glucose clamp
(glucose target 5.5 6 1.1 mmol/L) for 8 h after the ﬁrst insulin administration.
RESULTSdThe ex vivo experiment showed a 1.8-fold higher mean surface-to-volume ratio
for the dispersed injection strategy. The maximum glucose infusion rates (GIR) were similar
for the two strategies (10 6 4 vs. 9 6 4; P = 0.5); however, times to reach maximum GIR and
50% and 10% of the maximum GIR were signiﬁcantly reduced by using the 9 3 2 IU strategy
(68 6 33 vs. 127 6 93 min; P = 0.01; 38 6 9 vs. 49 6 16 min; P , 0.01; 23 6 6 vs. 30 6 10 min;
P , 0.05). For 9 3 2 IU, the area under the GIR curve was greater during the ﬁrst 60 min (219 6
89 vs. 137 6 75; P , 0.01) and halved until maximum GIR (242 6 183 vs. 501 6 396; P ,
0.01); however, it was similar across the whole study period (1,361 6 469 vs. 1,565 6 527; P =
0.08).
CONCLUSIONSdA dispersed insulin injection strategy enhanced the effect of a fast-acting
insulin analog. The increased surface-to-volume ratio of the subcutaneous insulin depot can
facilitate insulin absorption into the vascular system.
Diabetes Care 36:780–785, 2013
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ast-acting insulin analogs have been
developed to avoid postprandial glucose peaks (1,2). Some studies suggest that postprandial hyperglycemia can
contribute to elevated levels of hemoglobin A1c (3,4) and lead to the development
of short- and long-term diabetes complications (5,6). Although currently available fast-acting insulin analogs have

been designed for a better match with
meal-induced glucose excursions, insulin
absorption and insulin action still lag behind (7,8). Even bolus administration of
fast-acting insulin analogs immediately
before meals does not completely avoid
postprandial glucose peaks. Modern
fast-acting insulin analogs still only insufﬁciently mimic physiological insulin
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RESEARCH DESIGN AND
METHODS
Insulin administration
The fast-acting insulin analog aspart (NovoRapid; Novo Nordisk A/S, Baegsvard,
Denmark) was administered with a
FlexPen with an 8-mm pen needle (NovoFine 30G; Novo Nordisk) ex vivo and
in vivo by a trained study nurse. Insulin
was administered either as a single bolus
of 18 IU or as nine boluses of 2 IU each
in a predeﬁned 10-mm grid pattern (Fig.
1A). To assess the dosing accuracy of each
care.diabetesjournals.org
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OBJECTIVEdWe investigated the impact of two different injection strategies on the pharmacokinetics and pharmacodynamics of insulin aspart in vivo in an open-label, two-period
crossover study and veriﬁed changes in the surface-to-volume ratio ex vivo.

proﬁles; however, their effect could be
further improved by accelerating insulin
absorption from the injection site into the
vascular system.
Accelerated insulin absorption in response to an increased blood ﬂow has
been described for heated injection sites
(9) or coadministered adjuvants such as
hyaluronidase (10–12) but also for a
larger distribution of the subcutaneous
insulin depot achieved with a modiﬁed
injection strategy. Human insulin absorption has been tested with a “sprinkler needle” that has 14 holes in its walls and a
sealed tip, thus dispersing the insulin bolus at the injection site. With the sprinkler
needle, insulin was absorbed more rapidly and glucose levels were less raised
relative to a regular injection needle
(13). A dispersed insulin bolus should
have an increased surface-to-volume ratio
and could further contribute to even
faster insulin absorption of modern already fast-acting insulin analogs.
The aim of our study was to test
whether the absorption rate of a fast-acting
insulin analog (insulin aspart) could be
further accelerated through the dispersion
of a single predeﬁned insulin bolus into nine
separate insulin injections. We compared
the two different injection strategies ex vivo
by using microfocus computed tomography
(micro-CT) to assess the increase in the
surface-to-volume ratio and in vivo by
assessing the pharmacokinetic and pharmacodynamic response in a clinical trial.

Mader and Associates

Micro-CT
The ex vivo micro-CT experiment was performed to compare the surface-to-volume

Clinical euglycemic clamp study
A monocentric, randomized, controlled,
two-period crossover euglycemic clamp

Figure 1dA: Individual injection sites for the
dispersed injection strategy (9 3 2 IU) were
separated by 10 mm. B: A 3D reconstruction of
the micro-CT measurements. C: Mean surfaceto-volume ratios comparing two injection
strategies (1 3 18 IU vs. 9 3 2 IU). **P ,
0.01.
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study was performed in 12 type 1 diabetic
patients at the Clinical Research Centre at
the Medical University of Graz between
April and June 2011. The study was
approved by the local ethics committee
and performed in accordance with the
Declaration of Helsinki and the principles
of Good Clinical Practice. Participants
gave written, informed consent after the
purpose, nature, and potential risks of the
study had been explained and before any
study-related activities were started. Participants had to fulﬁll all inclusion criteria
(fasting C-peptide ,0.3 nmol/L; BMI
20.0–28.0 kg/m 2 ; hemoglobin A 1c
,10%) and none of the exclusion criteria
(i.e., insulin aspart use, lipodystrophy,
smoking). The study consisted of four visits: one screening visit, two clamp visits
separated by a washout phase of 5–21
days, and one follow-up visit. To avoid
any residual action of their regular insulin
regimens, participants were instructed to
follow a speciﬁc regimen: participants on
multiple daily injections administered
their last dose of short-acting insulin at
least 5 h before the clamp visit. Participants on long-acting insulin analogs
were transferred to NPH insulin 2 days
before the clamp visit and received the
last injection of NPH insulin 20 h before
the clamp visit. Participants on continuous subcutaneous insulin infusion
stopped their insulin infusion at least 5 h
before the clamp visit. Participants abstained from strenuous exercise 24 h
before the clamp visits. Participants
attended the research facility under fasting
conditions and remained fasting
throughout each clamp visit. One 18gauge venous catheter was inserted in
each arm: one was used for insulin and
glucose infusion; the other was used for
blood sampling. The arm used for blood
sampling was put under a heating blanket
at 558C to obtain arterialized venous
blood. The euglycemic clamp procedure
was started by using a variable intravenous human insulin infusion (Actrapid;
Novo Nordisk) or glucose infusion to
obtain a stable plasma glucose (target
5.5 6 1.1 mmol/L) during the run-in period (3–7 h). During the last hour of the
run-in period, the insulin infusion was tapered and ﬁnally switched off. At time
0 (between 11 A.M. and 2 P.M.), a dose of
18 IU insulin aspart was injected into the
subcutaneous adipose tissue of the abdominal wall. The insulin dose was administered either as 1 3 18 IU or as 9 3
2 IU. On arrival, the participant number
was entered into the computer program
DIABETES CARE, VOLUME 36, APRIL 2013
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insulin pen used in the study, two insulin
doses were injected into vials with both
application strategies (1 3 18 IU and 9 3
2 IU), and then each dose was weighed
with a microbalance (Sartorius, Göttingen,
Germany). In total, 36 insulin pens were
used (3 per subject to allow insulin injection
within 1 min for the dispersed injection
strategy). Injected insulin weights were the
same for the two injection strategies
(18.3 6 0.4 mg for 1 3 18 IU vs. 18.3 6
0.3 mg for 9 3 2 IU).

ratio of the two injection strategies before
their use in the in vivo clamp study. The
two injection strategies were applied to
explanted abdominal skin ﬂaps; surface
and volume of each resulting subcutaneous
liquid depot were measured with microCT. To enhance the contrast between the
liquid depots and the surrounding adipose
tissue, 10% (by weight) of the insulin
aspart solution in the FlexPen was replaced
with a contrast agent (Iopamiro, iodine 200
mg/mL; Bracco s.p.a., Milan, Italy). The
contrast agent was selected for its high
iodine content and low viscosity, providing
good contrast enhancement at minimal
viscosity changes of the insulin solution.
Twelve abdominal skin ﬂaps with a minimal size of 50 3 50 mm and at least 20 mm
of subcutaneous adipose tissue were collected from BioBank (Medical University
of Graz, Austria). All skin samples had
been explanted during pendulous abdomen resections after massive weight loss.
The time span between explantation and
injection of the insulin/contrast agent solution never exceeded 5 h. During this time,
skin ﬂaps were kept at room temperature.
Immediately after injection of the
insulin and contrast agent solution, skin
ﬂaps were scanned with a micro-CT
scanner (Inveon Multimodality System,
Siemens, Germany) with Siemens Inveon
Acquisition Workplace software (version
1.2.2.2). To optimize contrast, acquisition time, and resolution, the scanning
sequence was set to a voltage of 50 kV, a
current of 300 mA, and an exposure time
of 500 ms. A rotation of 2108 in 180 rotation steps led to a resolution with an
effective pixel size of 53 mm. For threedimensional (3D) image reconstruction, a
downsample factor of 1 was used. The
system supports a 3D reconstruction of
an acquired data set of two-dimensional
projections by using back projection of a
ﬁltered projection algorithm. Analysis
of the 3D model was performed with
Siemens Inveon Research Workplace.
The volume of interest was selected by a
region-growing algorithm, with a spot of
high intensity selected manually as a starting point. Regions with decreasing levels
of intensity were added to the volume of
interest until the predeﬁned injection volume (180 6 1.8 mL) was reached. The
surface of the selected volume of interest
was calculated for both injection strategies (1 3 18 IU and 9 3 2 IU) (Fig. 1B).

Insulin absorption with dispersed injection

Data analysis
Primary pharmacokinetic and secondary
pharmacodynamic study end points were
derived from insulin concentration proﬁle and exogenous glucose infusion rate
(GIR). Pharmacokinetic data included
time to maximum insulin concentration,
times to 10% and 50% of maximum
insulin concentration, and maximum insulin concentration. Pharmacodynamic
data included time to maximum GIR,
times to 10% and 50% of maximum
GIR, and maximum GIR. Area under the
curve (AUC) was calculated for insulin
concentration and GIR up to 480 min
after insulin administration and for the
time to reach maximum insulin concentration and maximum GIR.
782
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All data were tested for normal distribution with a Shapiro-Wilk test. The paired
measurements were analyzed with paired
t tests or Wilcoxon signed rank tests, depending on whether the paired differences
were normally distributed. The unpaired
measurements from the micro-CT experiment were analyzed with Mann-Whitney U
tests. AUCs were estimated with the trapezoidal rule for deﬁned time points. P ,
0.05 was considered to indicate a signiﬁcant difference. Bonferroni corrections
were used to correct for multiple testing
of the pharmacokinetic and pharmacodynamic results. Unless otherwise speciﬁed,
data are reported as mean 6 SD. All statistical analyses were performed with the software package R (v.2.10.1).
RESULTS
Ex vivo
To directly compare the calculated surface-to-volume ratios of the subcutaneous
insulin depots with each other, the two
injection strategies (1 3 18 IU and 9 3 2
IU) were applied with the same total volume. Although the measured mean volume of the dispersed injection strategy

was thus similar to that of the single
injection strategy (179.6 6 0.96 mm3
vs. 180.6 6 0.70 mm3), the mean surface
of the dispersed injection strategy was signiﬁcantly larger than the single injection
surface (703.6 6 83.8 mm2 vs. 396.6 6
101.1 mm2; P , 0.01). The dispersed
injection strategy thus enhanced the surface-to-volume ratio by a factor of 1.8
(3.9 6 0.48 vs. 2.2 6 0.57; P , 0.01),
which is in line with the expected increase
in surface calculated from geometric analysis according to the assumption of spherical liquid depots (Fig. 1C).
Clinical euglycemic clamp study
We included 12 C-peptide–negative type
1 diabetic patients (age 32 6 9 years; 6
females; BMI 23.9 6 2.5 kg/m2; hemoglobin A1c 7.3 6 0.6%; diabetes duration
19 6 10 years). All participants completed both clamp visits, no clinically relevant adverse events were observed, and
all collected data were used for subsequent statistical analysis.
Maximum insulin concentrations
were similar for both injection strategies
(Table 1). Time to reach maximum insulin concentration was shorter for 9 3 2

Table 1dPharmacokinetic and pharmacodynamic parameters for the two injection strategies

Pharmacokinetics
Insulin tmax10 (min)
Insulin tmax50 (min)
Insulin tmax (min)
C-INSmax (mU/L)
AUC-INStmax
AUC-INSt30
AUC-INSt60
AUC-INSt120
AUC-INSt240
AUC-INSt360
AUC-INSt480
Pharmacodynamics
GIR tmax10 (min)
GIR tmax50 (min)
GIR tmax (min)
C-GIRmax (mg z kg21z min21)
AUC-GIRtmax
AUC-GIRt30
AUC-GIRt60
AUC-GIRt120
AUC-GIRt240
AUC-GIRt360
AUC-GIRt480

1 3 18 IU

9 3 2 IU

P value

14.2 6 5.6
35.0 6 8.3
66.3 6 38
526.0 6 275
13,279 6 7,220
3,044 6 1,982
13,042 6 7,635
31,817 6 16,759
52,288 6 27,458
61,024 6 33,138
66,202 6 36,516

9.2 6 4.2
24.6 6 7.5
56.3 6 14
546.0 6 243
16,507 6 8,575
5,595 6 4,432
18,866 6 11,476
37,443 6 9,843
51,824 6 27,240
57,417 6 30,145
60,312 6 31,699

0.03
0.001
0.3
0.7
0.2
0.04
0.01
0.1
0.9
0.4
0.2

29.6 6 9.9
48.8 6 15.7
126.7 6 92.8
8.8 6 3.5
501 6 396
10 6 10
137 6 75
571 6 249
1,275 6 510
1,494 6 524
1,565 6 527

22.5 6 6.2
37.5 6 8.7
68.3 6 33.3
10.0 6 3.9
242 6 183
21 6 15
219 6 89
678 6 216
1,258 6 394
1,351 6 448
1,361 6 469

0.05
0.001
0.01
0.5
0.007
0.07
0.001
0.1
0.9
0.2
0.08

AUC-GIR, area under the curve for GIR; AUC-INS, area under the curve for insulin; C-GIRmax, maximum GIR
value; C-INSmax, maximum insulin concentration; t130–t480, times 130–480 min; tmax, time to reach
maximum concentration or rate; tmax10, time to reach 10% of maximum concentration or rate; tmax50, time to
reach 50% of maximum concentration or rate.
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Randomizer, which assigned the participant randomly to one of the injection
strategies. The other injection strategy
was then administered on the second
clamp visit. The dosing sequence was
also randomly assigned by using Randomizer according to parameters provided by the Institute for Medical
Informatics, Statistics and Documentation (Medical University of Graz). For
the 9 3 2 IU injection strategy, where
administration took ,1 min, a transparent grid was used that separated the individual injection sites from each other by
exactly 10 mm (Fig. 1A). The euglycemic
glucose clamp was continued at a level of
5.5 6 1.1 mmol/L for 8 h after the insulin
bolus administration or until plasma glucose rose above 200 mg/dL. Euglycemia
was maintained by variable glucose infusion (glucose 10%; Fresenius Kabi, Bad
Homburg, Germany), which was administered with a perfusion pump (B. Braun,
Melsungen, Germany). Arterialized venous blood samples were drawn in 5- to
10-min intervals throughout the euglycemic clamp. Plasma glucose was measured
in duplicate on site with a Super GL 2
Glucose Analyzer (M€
uller Gerätebau,
Freital, Germany). Plasma samples for insulin determination were taken at baseline (0 min), every 5 min up to 120 min,
every 15 min from 120 to 180 min, every
30 min from 180 to 240 min, and then at
60-min intervals until study end (480
min). Plasma samples for insulin determination were deep frozen on site, and insulin measurements were subsequently
performed at the laboratories of Novo
Nordisk A/S (Maaloev, Denmark) by
means of a homogenous immunoassay
with analog-speciﬁc antibody for aspart
determination.

Mader and Associates

CONCLUSIONSdAlthough fast-acting
insulin analogs are designed for a more
rapid absorption into the vascular system,
it is still difﬁcult to achieve a physiological
insulin proﬁle. To accelerate insulin absorption of the fast-acting insulin aspart,
we tested whether a dispersed injection
strategy would affect insulin absorption in
comparison with a regular single-bolus
insulin injection by using ex vivo microCT in explanted abdominal skin ﬂaps and
by assessing pharmacokinetic and pharmacodynamic parameters in vivo in a
euglycemic clamp study in type 1 diabetic
patients.
After injection, insulin aspart solutions form liquid depots in the tissue.
Liquid depots with a higher surface-tovolume ratio can be absorbed faster,
because a larger depot surface involves
more capillaries and enhances absorption into the vascular system. Enhanced
drug absorption with increased surfaceto-volume ratio has been demonstrated
in a canine model (14), and in humans
an increased volume slowed the speed of
pharmacokinetics in large versus small
skin blisters (15). By using micro-CT, a
nondestructive 3D imaging technique,
we were able to compare quantitatively
the surface-to-volume ratio of subcutaneous insulin depots of a dispersed injection strategy (9 3 2 IU) with that of a
single insulin injection (1 3 18 IU). For
the dispersed injection strategy, we
found a 1.8-fold higher surface-to-volume
ratio, which is in line with theoretical calculations from spherical liquid depots.
care.diabetesjournals.org
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IU, although the differences were only
signiﬁcant for the time to reach 10%
(P , 0.03) and 50% (P , 0.001) of the
maximum insulin concentrations (Fig.
2A).
The time to reach maximum GIR was
almost 50% shorter for 9 3 2 IU than for
1 3 18 IU (Table 1). The times taken to
reach 10% and 50% of maximum GIR
were still signiﬁcantly lower for the dispersed injection strategy (Fig. 2B),
whereas the concentrations at maximum
insulin action were similar for both injection strategies. Individual GIR data for
times to reach 10% of maximum GIR,
50% of maximum GIR, and maximum
GIR are indicated in Fig. 3A–C. The
AUC for glucose was signiﬁcantly larger
for 9 3 2 IU during the ﬁrst 60 min,
whereas the AUC until time of maximum
GIR was smaller for 9 3 2 IU (Table 1).
After 120 min, all AUCs for GIR were similar for both injection strategies.

Figure 2dA: Mean insulin curve for 9 3 2 IU (C) and 1 3 18 IU (○) injections of insulin
aspart. Values represent mean 6 SD (only one direction shown for clarity). B: Mean glucose
infusion rate curve for 9 3 2 IU (solid line) and 1 3 18 IU (dashed line) injections of insulin
aspart.

A recently developed technology for morphometric tissue analysis, micro-CT is
mainly used in bone and dental structure
analysis (16–18). In combination with a
CT contrast agent, micro-CT provided excellent resolution, fast analysis, and exact
semiautomated volume and surface calculations for each individual insulin depot.
Because micro-CT measurements require
no tissue ﬁxation and only minimal tissue

manipulation, we were able to assess unaltered samples that closely matched in
vivo conditions immediately after insulin
injection.
Insulin pharmacokinetic and pharmacodynamic data collected during the
clinical trial in type 1 diabetic patients
supported the micro-CT ﬁndings. The lag
time between insulin injection and insulin appearance in blood plasma was
DIABETES CARE, VOLUME 36, APRIL 2013
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Insulin absorption with dispersed injection

signiﬁcantly reduced when the fast-acting
insulin aspart was administered with a
dispersed injection strategy. Other approaches to accelerate insulin absorption,
such as the use of hyaluronidase to
facilitate the dissociation of insulin hexamers into more easily absorbed monomers and dimers, have also been
associated with faster insulin absorption
and an earlier onset of insulin action
(12,19). Adding hyaluronidase to a fastacting insulin analog reduced time to
reach maximum insulin concentration
by 51% (19) and resulted in an even
more pronounced effect in comparison
with our dispersed injection strategy
(15%). The decrease in the time to reach
50% of maximum insulin concentrations
with the dispersed injection strategy
(29%) was comparable with the hastening of the onset of insulin action by adding hyaluronidase (34%). Application of
local heating to the injection site, which
locally increases the blood ﬂow, has also
been demonstrated to result in an
784
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with the sprinkler needle relative to a
regular injection needle (13).
Although the lag time between insulin injection and insulin appearance is
already reduced in fast-acting insulin
analogs, an earlier onset of insulin action
would enable diabetic patients to inject
insulin regularly after meals without having to take into account the delayed action
of currently available insulins. This would
be of considerable beneﬁt for glycemic
control in pediatric diabetic patients, in
whom the consumed carbohydrates and
the resulting blood glucose are difﬁcult to
predict because of highly variable eating
habits and activity levels (23) and in geriatric patients with varying levels of appetite depending on their health status.
These patient populations always bear
an increased risk of postprandial hypoglycemic events when applying premeal
insulin boluses without complete consumption of the planned meal.
Maintenance of good glucose control
in diabetic pregnancy is also essential to
avoid adverse fetal outcomes, such as fetal
growth acceleration (24,25). Glucose uptake, endogenous glucose production,
and insulin requirements strongly vary
throughout pregnancy. Especially in late
gestation of type 1 diabetic pregnancies,
postprandial glucose control is difﬁcult
to manage because of slower glucose disposal (26). Postprandial insulin dosing
could contribute to a better glycemic control in this patient group.
Faster insulin absorption can also promote the development of closed-loop
artiﬁcial pancreas systems that use subcutaneous insulin administration and continuous glucose measurement. The
substantial lag time between insulin administration and the onset of insulin
action is a major obstacle for the development of algorithms that control closedloop systems (27). A shortened absorption
time of fast-acting insulin analogs can lead
to faster control algorithms, and a clinically feasible dispersed injection strategy
would be a major step toward the successful implementation of fully closed-loop
systems, which do not require a meal announcement followed by a priming bolus.
In summary, this study conﬁrmed
acceleration of insulin absorption of a
fast-acting insulin analog by using a dispersed insulin bolus. A clinically feasible
dispersed injection strategy might better
mimic physiological insulin proﬁles and
contribute to improvements in glycemic
control. To evaluate the implications
for clinical outcomes, such as a reduction
care.diabetesjournals.org
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Figure 3dIndividual GIR proﬁle data showing time to 10% of maximum GIR (A), time to
50% of maximum GIR (B), time to maximum
GIR (C). Horizontal bars indicate means for
the 1 3 18 IU and 9 3 2 IU injection strategies.

accelerated insulin absorption and more
rapid onset of insulin action (9). Heating
the injection site reduced time to maximum insulin concentration by 42% and
time to 50% of maximum insulin concentration by 29%. The very similar twice as
fast onset of insulin action of a dispersed
insulin bolus is most likely caused by an
increase in the number of capillaries involved in the absorption of insulin into
the vascular system, comparable with the
effect of intradermal injections with microneedles that access a more dense capillary network (20). In a study that
compared insulin injection of a fast-acting
insulin analog using a jet injector, time to
maximum insulin concentration and insulin action were halved in comparison to
an insulin pen (21). This was attributed
to a cone-like dispersion pattern with a
large surface area caused by the jet injector, as described earlier by Mitragotri
et al. (22).
Use of the dispersed injection strategy
not only reduced the lag time but also
improved all other pharmacokinetic parameters during the ﬁrst 60 min after
insulin injection. Additionally, duration
of insulin action was shorter for the
dispersed injection strategy. The shorter
duration of insulin action can contribute
to reduced late postprandial hypoglycemia, which occurs when the carbohydrate
content of a meal is already consumed but
insulin action is still present. Although
pharmacokinetic data are important for
the development of new insulin analogs,
pharmacodynamic results from glucose
infusion rates provide relevant data for
more efﬁcient glycemic control. In our in
vivo clamp study in type 1 diabetic
patients, the time to reach maximum
GIR was almost halved when the insulin
bolus was evenly dispersed among nine
injection sites compared with a single
injection site, indicating a much faster
onset of insulin action. In combination
with fast-acting insulin analogs, the effect
of a dispersed injection strategy can lead
to a clinically relevant improvement of
glycemic control. Although we have
shown that multiple injection sites significantly accelerate the absorption of a fastacting insulin analog, the simultaneous
injection of multiple small boluses is not
feasible for routine diabetes care. The use
of a sprinkler needle concept is one way to
translate our ﬁndings into a technology
acceptable for patients. Enhanced absorption of human insulin with ﬂatter blood
glucose proﬁles and less pronounced
blood glucose peaks has been found

Mader and Associates
of late postprandial hypoglycemia, both
reduction of glucose ﬂuctuations and improvement in glycemic control need to be
addressed in further clinical trials.
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