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Absorption Rates of Subcutaneously Injected Insulin
in the Dog as Calculated from the Plasma Insulin Levels by Means

of a Simple Mathematical Model
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Summary. The appearance rate of insulin (calculated insulin
secretion rate) in the circulating blood after subcutaneous in-
jection was estimated in diabetic dogs from serial measure-
ments of immunoreactive insulin concentrations using a sim-
ple mathematical model based on the insulin half-life and the
distribution space. In the case of highly purified monocompo-
nent porcine insulin, maximum concentrations occurred after
30-60 min. The duration of insulin appearance was dose-
dependent and the rate of appearance could be described by a
bi-exponential function. It was linearly dose-dependent but
the effect on glvcaemia showed saturation kinetics. The action

of the injected dose on the fasting glycaemia diminished when
the appearance rate became <0.3mU-kg~'-min—". Fraction-
al dose recovery was between 70% and 90% and was not dif-
ferent between depot and regular insulin. Appearance kinetics
were not significantly affected by the initial glycaemia. The
model presented provides a means for quantitative characteri-
zation of different insulin preparations.

Key words: Dog, insulin therapy, mathematical model, soluble
insulin, depot insulin, absorption. subcutaneous.

Until artificial B cells and transplantation are available
for the routine long-term treatment of insulin-depend-
ent diabetes, therapeutic research will concentrate
mainly on improving the subcutaneous administration
of insulin. One approach to this problem is to determine
individual optimal insulin dose profiles by means of
glucose-controlled insulin infusions and to transpose
them into a pattern of separate subcutaneous injections
of a variety of preparations [19]. On the other hand, con-
tinuous subcutaneous insulin infusions by means of
open loop systems are becoming increasingly popular
[13, 22, 24].

For successful use, however, both methods require
not only carefully recorded blood glucose curves [21]
but also detailed knowledge regarding the kinetics of in-
sulin absorption from the subcutaneous injection depot
to the insulin distribution space [1, 12]. A large number
of detailed studies on the disappearance of insulin from
its injection depot and how it can be influenced have
been reported [2-6, 17, 18, 20, 23, 25]. Moreover Steven-
son et al. [26] reported an approach to quantify the ab-
sorbed amount of subcutaneously injected insulin by
matching the blood glucose response to a programmed
intravenous insulin infusion. For practical purposes, a
simple mathematical model based on the analysis of pe-

ripheral insulin concentrations and estimation of the
rate at which insulin appears in its distribution system
seems suitable for obtaining more detailed information
[10]. If an organism devoid of functioning B cells is tak-
en as the experimental subject, the rate of insulin ap-
pearance can be calculated for any therapeutic dose.

The purpose of this study was to use a model to de-
scribe the kinetics of insulin appearance after subcu-
taneous administration of a variety of insulin prepara-
tions. The tests were performed on dogs with experi-
mentally induced diabetes because with these animals
an initial state free of endogenous insulin can be most
easily reproduced for observation.

Materials and Methods

Model

The insulin concentration (IRI) in the peripheral blood plasma is de-
termined by two factors: a continuous loss (binding to receptors, me-
tabolism, excretion) and a possible supply (secretion or, in the diabet-
ic state, injection or infusion). The present model represents the first
of these two quantities by means of the plasma insulin half-life = In
normal subjects the change in plasma IRI during a given interval A t
depends on the calculated insulin secretion rate (CISR), which com-
pensates more or less for the insulin decline during A t, and, in addi-
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Table 1. Basic characteristics of the eight experimental dogs

Age [months} 34 + 5
Duration of diabetes [months] 9 + 2
Daily insulin dose [U/kg] 14 + 0.2
Body weight [kg] 238 = 1.77
239 + 1.9°
Insulin half-life [min] 29 + 022
27 £ 0.2°
Insulin space [ml/kg] 149 +228
141 +22b
Fasting plasma IRI [nmol/1]
Experimental dogs 0.062+ 0.009

Control dogs (n = 17) 0151+ 0.023¢

Results expressed as mean + SEM

2 at the beginning of the observation; ° at the end of the experimental
period which was between 2 and 4 weeks in the individual dogs;
¢ p<0.01 compared with the diabetic dogs. These animals were stud-
ied during the same period for other purposes

tion, accounts for any increase in concentration. According to Fischer
et al. [9], this gives the equation

CISR,, = F-IS[IRI,; 4, — IRL (e 02 47 @

where F denotes a constant for the first pass hepatic insulin loss and
IS is the distribution space which is regarded as a single compartment.
Equation (1) also applies for the calculated insulin inflow rate (CIIR)
into IS after post-hepatic administration (e.g. SC injection). In this
case, F equals 1.0 because there is obviously no first pass hepatic insu-
lin loss before distribution of the peripherally administered dose. In
addition, formula (1) has to be corrected for the difference between
the continuity of the biological process of insulin distribution and de-
gradation, and the calculation at discrete intervals. This correction de-
pends both on Tand on A t:

CIIR 4, = IS[IRL;-In2- At/7 + AIRI(1+1n 2- At/ 1)] 2)

A IRI is the change in plasma insulin concentration during A t.

Repeated, closely spaced IRI measurements and knowledge of the
values of Tand IS are necessary in order to calculate the insulin inflow
rates by this method. These formulae are valid for calculation of CIIR
from SC injection depots only if the animal’s B cells are not function-
ing.

Animals and Experiments

The observations were made on eight Alsatian dogs of both sexes
which had been rendered diabetic by subtotal pancreatectomy and in-
trasurgical streptozotocin application into the superior pancreatico-
duodenal artery (Table 1). The diabetes was treated with three injec-
tions daily of highly purified monocomponent porcine insulin. De-
tails of the experimental conditions have been described previously
[10]. The plasma insulin concentrations 12-14 h after the last SC insu-
lin injection were either below or near to the lower detection level.
There was no response to IV or oral glucose. The half-life 7 and dis-
tribution space IS of the exogenous insulin were determined from the
least-squares linear fit of the log IRI curves after I'V injection of highly
purified monocomponent porcine insulin 50 mU/kg (measuring in-
tervals 1 min, maximum concentration 1.8-2.5 nmol/1, Table 1). The
animals were examined 14 h after their last meal and insulin injection.
Blood was sampled from an upper leg vein through an indwelling
cannula. Plasma glucose and IRI concentrations (At = 5 or 10 min)
after SC injection of 0.16, 0.24, 0.40 or 0.64 U/kg of different insulin
preparations were measured for 6 h (soluble insulin) or up to 24 h (de-
pot insulin preparations, but with analyses only twice an hour after
14 h).

The insulin solutions injected were pH-neutral commercial prep-
arations (40 IU/mi) from different manufacturers. The insulin was
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taken from freshly opened ampoules and injected SC through shaved
skin in the middle of the neck under sterile conditions by means of
calibrated 0.5ml syringes and 26 gauge stainless steel cannulae
(15 mm long). The following insulin preparations were used: (a) solu-
ble insulin: highly purified monocomponent porcine insulin (Actrap-
id, Novo Industri, Copenhagen); (b) soluble insulin: single peak por-
cine insulin (SNC, VEB Berlin-Chemie, Berlin, GDR); (¢) depot insu-
lin formulation of a suspension of chromatographically purified, bo-
vine insulin crystals (75%) in a solution of highly purified monocom-
ponent porcine insulin (25%) (Rapitard, Novo); (d) depot insulin for-
mulation: mixture of 50% amorphous and 50% crystalline bovine in-
sulin (Berl L, Berlin-Chemie).

The individual animals were subjected to two to six tests in ran-
dom distribution and random order, at intervals of 5 days to 2 weeks.

Analyses and Evaluation

The plasma glucose (Beckman Instruments, Fullerton, California,
USA) and IRI concentrations (back-titration, alcohol precipitation)
were measured [14]. The detection range of the radioimmunoassay
was between 0.05 and 1.00 nmol/1 (0.05 nmol/1 = 2 SD range of the
zero control value), and the day-to-day coefficients of variation were
6.1% at 0.7 nmol/1 and 10.2% at 0.35 nmol/1. There were identical cal-
ibration curves for bovine, porcine, and canine insulins, and 100%
cross-reactivity at all concentrations.

The absence of anti-insulin antibodies was proved in all animals.
This was done by testing for displacement of '*I-insulin by
170 nmol/1 of unlabelled insulin from its binding on plasma proteins
in comparison with a mixed canine normal serum (rapid semi-quanti-
tative assay for high affinity antibodies). The insulin binding capacity
was estimated by highly purified, biologically fully active mono-'%1-
insulin at 7.0 and 0.07 nmol/1 after the samples had been incubated
with charcoal at pH 3.0, titrated with H;PO, (1 mol/1), and sub-
sequently neutralized using NaOH (1.0 mol/1).

The insulin distribution time within the circulation was 1.20+
0.20 min (n = 10, diabetic dogs) and 1.23 +0.13 min (n = 22, control
animals) respectively as estimated from IV injection tests with
50 mU/kg highly purified monocomponent porcine insulin. Accord-
ingly in the experiments reported on here the insulin inflow rates
(CIIR) after SC injection were calculated at intervals of 1min by
means of formula (2), based upon the plasma IRI levels after the in-
itial levels had been subtracted. For this the measured values were lin-
early interpolated at 1-min intervals and the 5-point moving average
was taken from these numbers. For curve plotting the mean CIIR over
intervals of 10 or 30 min was taken (Figs. 1 and 3). Based upon the as-
sumption that the plasma IRI increase after the SC injection is pro-
duced exclusively by the insulin absorbed from the injection site, the
dose recovery was calculated. This is the CIIR sum over all 1 min in-
tervals during the period for which (IRI; - IRIj ;,i,) >0, expressed as
percentage of the dose administered. The mean + SEM of the mea-
sured and calculated data are given and statistical significance at the
1% significance level was proved using the t-test.

Results

The appearance of insulin from a depot of highly puri-
fied monocomponent porcine insulin (a) was already
significant during the first 10 min-interval. Maximal ap-
pearance rates were reached after about 30 min (Fig.1);
their magnitude and duration depended on the dose.
The maximum concentrations obtained were 0.37 +
0.08 nmol/1 (dose: 0.161U/kg), 0.61+0.04nmol/1
(0.241U/kg), 0.48+0.08nmol/l (040 IU/kg) and
0.82+0.22 nmol/1 (0.64 TU/kg). No appreciable quanti-
ties appeared after the fifth hour. In order of increasing
doses, the recovery was 87 5%, 83 +36%, 73 £26%
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Fig. 1. Subcutaneous injection of highly purified monocomponent porcine insulin (a, see Methods) in fasting diabetic dogs. Observations in five
animals which were randomly selected for the individual tests: Left: calculated rates of insulin inflow into the circulating pool (CIIR). Right: de-
crease in plasma glucose concentration during the same tests. Key:..... = CIIR, and «——= = glucose decrement for insulin dose 0.16 [U/kg
(nine experiments); = CIIR, and 00 = glucose decrement for insulin dose 0.24 TU/kg (three experiments), O = CIIR, &—@® = glu-
cose decrement for insulin dose 0.40 IU/kg (five experiments), B = CIIR and A A = glucose decrement for insulin dose 0.64 IU/kg (three
experiments). The mean initial plasma glucose levels in the order of increasing doses were 20.92+1.54, 17.37+£3.79, 21.82+1.86, and 21.81
+3.05 mmol/1

and 71+ 6% of the applied quantity of insulin and thus Table 2. Simulation of the insulin appearance curves after subcutane-

appears not to depend on the dose. To test the intra-in- ous injection of regular insulin by a double exponential function (for-
dividual reproducibility one animal was subjected to ™42 )

five tests with 0.16 IU/kg at weekly intervals. In chrono- Insulin dose Number of tomax Vinax

logical order the recovery rates were 96, 106, 76, 101,  (U’kg) experiments (min) (mU-kg~"-min~")

and 86%. Initial glycaemia in these experiments Was  goiation (a)

21.9,22.4,27.6,22.6, and 26.2 mmol/1, and insulinaemia 016 9 34 148
amounted to 0.015, 0.000, 0.013, 0.016, and 0.24 3 34 2.1
0.037 nmol/1, respectively. 8-22 g 4613 g;g
The time-related appearance of soluble insulin in Formulation ®) :
the circulating pool can be described by a double ex- 4 2 27 0.64
ponential function {23]: 0.40 2 44 1.96
y=A-e*+B- et 4+ C 3) Maximum appearance rates yy,, and time of maximum tp,, as calcu-

. . R lated from the fitting parameters. t,,,, was estimated from the deriva-
The parameters of this function were estimated from  tive of the double exponential fit according to tre = In (— Aa/Bf)/

the least-squares fit of the experimental data, giving es-  (-@). Ymax Was calculated from equation (3) using the estimated tras.
timates of the time t,,, of maximum insulin appearance Al correlation coefficients are >0.99

in plasma and the maximum appearance rates Ypjax

(Table 2).

At the relatively high initial plasma glucose levels  ence of CIIR on the doses applied, the overall effects of
observed in this study, the time at which they were af-  these doses — and therefore of the absorbed amount of
fected was not related to the doses or inflow rates of in- insulin as well — showed saturation kinetics (Fig.2). The
sulin (Fig.1). The slope of the linear part of the decrease  glycaemia increased again when the IRI inflow rate fell
(i.e. 10-60 min for 0.16 IU/kg, 10-70 min for 0.241U/  to <0.5-0.3mU-kg~'-min~".

kg, 20-90min for 0.401U/kg, and 10-70min for The appearance of the depot insulin formulation (c)
0.641U/kg) was 0.15mmol-1-!-min~! for all doses, in the circulation (Fig.3) could also be detected imme-
with correlation coefficients between 0.84 and 0.99. diately after SC injection, but the rate was lower than

However, the amount and the duration of the insulin ef- that observed for the same dose of soluble insulin.
fect were clearly related to the doses and, therefore,to ~ There was a CIIR peak during hour 1, and insulin in-
the absorption rates. In contrast to the linear depend- flow into circulation was detectable for 18 h.
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Fig. 2. Relationship of the dose of subcutaneously injected highly pu-
rified monocomponent porcine insulin to the amount of insulin ap-
pearing in the circulation (CIIR, s——=) and to the overall glycaemic
responses (plasma glucose response area, o——o). Evaluation of the
data from Figure 1

The depot insulin formulation (d) was absorbed
even more slowly. The peak was smaller and delayed by
2-4 h. The duration of insulin absorption was, however,
also restricted to about 18 h. The recovery of these two
depot insulins was 91 +13% and 80+ 11%, respectively.
Their effect on the glycaemia was also reflected in the
appearance rate which began more slowly after the ad-
ministration of insulin (d) although the nadir was simi-
lar after the injection of both preparations. In the ani-
mals examined while still fasting, glycaemia started to
increase again after 8-10h when CIIR dropped below
about 0.3 mU-kg~!-min~". It is interesting that in these
fasting animals the overall effect was considerably high-
er than that of the same dose of soluble insulin, but the
total dose recovery as CIIR did not differ between these
preparations. In this respect the tests in which food was
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given permit no clear conclusion. It was, however, evi-
dent that the absorption of these depot insulins at a rate
that was effective in the fasting animal did not prevent
post-prandial hyperglycaemia.

Seven comparable pairs of experiments were iden-
tified retrospectively so that within the pairs there were
considerable differences only in initial blood glucose
levels (25.2£0.9 versus 15.6£0.9mmol/]l, p<0.01),
with no significant difference between the basal IRI
levels (0.08 £0.03 versus 0.11£0.03 mmol/1). Analysis
showed that insulin absorption was unaffected by plas-
ma glucose concentration, being 31+ 4 and 29 7%, re-
spectively, during the first hour and 80+ 9 and 82+8%
of the total dose. These estimates were based on experi-
ments with the soluble insulin (a).

Discussion

The model presented gives an approximate estimate of
the amount of insulin that enters the peripheral circula-
tion during a given interval. Its applicability requires
the following assumptions, which Schlichtkrull [23] has
suggested to be probably valid. First, the low endoge-
nous insulin level (if any) must be regarded as constant
during the test. Secondly, after absorption into the
bloodstream [5] the insulin is assumed to be distributed
immediately and uniformly in a single pool which in-
cludes the blood plasma. This pool can be determined
for the individual with sufficient accuracy (Table1).
Thirdly, insulin is considered to disappear from the
pool at a rate characterized by the half-life 7. In the ani-
mals in this study all peripheral plasma IRI curves after
IV insulin injection clearly showed single-exponential
characteristics. This disappearance rate includes insulin

Fig. 3. Plasma glucose concentration
(upper panel) and insulin appearance
rates CIIR (lower panel) in diabetic
dogs after subcutaneous injection of
0.4 TU/kg depot insulin. The same
four animals were studied in each
group, two of them receiving an
intervenient meal (}, 1) after 3 or 4h
respectively. Closed symbols:
formulation (c), open symbols:
formulation (d) (see Materials and
Methods). ©-0 = plasma glucose
when the values were not different
between the fed an the fasted animals;
oo = plasma glucose in fed animals,
oo = plasma glucose in fasted
animals, when results were different
after the meals. There was no
difference in insulin appearance
between the tests with and without

01

Ts c. insulin

o
w}
~
(52
(o))
[0 4}

meals. SEM is not given when smaller
than the symbols or when two
experiments or less



200

catabolism, receptor binding, and renal excretion. In
these experiments the latter can probably be disre-
garded because it only reaches significant amounts at
higher plasma insulin concentrations [11].

The initial validation of the formula showed that it
was necessary to introduce a factor for the first pass in-
sulin extraction by the liver [10]. This factor might well
vary, but, corresponding to an average loss of 50% of
the insulin reaching the liver via the portal vein [8, 16],
this factor would be 2.0 for insulin secreted or adminis-
tered into the splanchnic system. In these experiments,
however, F = 1.0 because the insulin was administered
peripherally so that there was no primary (hepatic)
drain of the whole dose.

Some knowledge of the amount of insulin actually
available in the circulating pool is necessary to improve
the current technique of subcutaneous insulin therapy.
Individual reproducibility of the results obtained using
this model is fairly good; e.g. after injection of soluble
insulin (0.16 U/kg) the coefficient of variation for ty.,
was 21% when the animal was studied once a week (un-
published observations). Similar figures were obtained
in evaluating dose recovery rates as shown in this study.
The inter-individual variation is, however, distinctly
greater. Part of the variation in the data presented may
result from the use of individually constant values of in-
sulin distribution space and half life. This seems indeed
to be justified from the reproducible results in the re-
peated intra-individual estimations of insulin distribu-
tion space and half time (Table 1). It does not, however,
consider any effect on IS and 7 of the maximum insulin
concentrations differing between the studies, i. e. subcu-
taneous administration of different doses or intrave-
nous injection for estimating insulin distribution space
and half time. Our observations reveal that soluble insu-
lin appears in the circulating blood at a dose-dependent
maximum rate 0.5-1h after subcutaneous application
and that absorption after 4-6h produces no further
quantities worth mentioning. According to Schlicht-
krull [23], the absorption curve can be fitted to a biex-
ponential function. In the present study it was shown
that this approach is useful for describing the character-
istics of the insulin preparation and dose concerned.

The magnitude of the initial insulin effect on the gly-
caemia (around 20 mmol/1) is independent of the ab-
sorption rate at the doses we investigated, probably be-
cause a saturation dose was exceeded. Nevertheless,
both the effect on glycaemia and its duration were clear-
ly related to the dose and absorption rate, as also point-
ed out by Koivisto and Felig [18] for the post-prandial
state. Under these conditions the saturation kinetics in
dose effectiveness are clearly not due to any limitations
of insulin absorption. This is shown by the linear dose/
CIIR relationship in Figure2. It seems possible that
there is a limit of 0.3-0.5mU -kg~"-min~" below which
the effect of insulin on the fasting glycaemia can no
longer be discerned. This limit is within the range of the
quantity known as the basal insulin dose in automated
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treatment [9). Similarly it was shown in diabetic patients
that a post-hypoglycaemic increase in glycaemia occurs
only when the plasma free insulin levels drop below a
certain limit, e.g. 20 mU/1[12].

Since insulin is continuously metabolized during the
interval A t used for calculation, the formula (1) would
slightly underestimate the amount of insulin that really
appears in the circulating pool. It has been corrected for
this systematic error by using the modified formula (2)
of the original model. Since there are intervals both with
continuously increasing or decreasing plasma IRI levels
during one experiment, no significant error from inte-
gration needs to be considered. Thus the dose recovery
from these experiments gives an estimate of the loss of
insulin at the subcutaneous injection site. Berger et al.
[2, 3] and Stevenson et al. [26] reported a fractional de-
composition of between 10 and 50% of subcutaneously
injected insulin in rats and pigs respectively. Our obser-
vation showed a loss of only 0%-30% of the dose given,
with considerable variation and with no clear difference
between soluble and depot insulins. On the other hand,
in a limited study we found a lowered CIIR recovery af-
ter subcutaneous injection when a depot preparation
(d) was given together with soluble insulin (b) in one
syringe in relation to a two-syringe trial. This lowered
recovery rate correlated with a reduced action of these
doses on glycaemia (unpublished data), showing that
there might be a physiologically important degree of in-
sulin catabolism at the subcutaneous injection site.
Home et al. [15] observed in brittle diabetic patients
both more reproducible and higher plasma insulin con-
centrations after intramuscular than after subcutaneous
insulin administration. They ascribed this difference to
varying subcutaneous insulin catabolism and therefore
recommended that the intramuscular route be chosen
for continuous infusion in treating labile insulin-
dependent diabetic patients.

The present studies provide a possible means of
characterizing commercial insulin preparations quanti-
tatively for subcutaneous therapy. The method can also
be applied in man [7] if there is no endogenous B cell
function and no anti-insulin antibodies, but individual
differences [5, 20] as well as additional factors influ-
encing the action of the insulin actually available [13,
27] must be taken into account. Problems of reproducib-
ility with particular respect to the action of the insulin
applied on post-prandial glycaemia still remain to be in-
vestigated.
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