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Low subcutaneous degradation and slow absorption 
of insulin in insulin-dependent diabetic patients 
during continuous subcutaneous insulin infusion at basal rate 
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Summary. As information on the absorption kinetics and local 
degradation of  infused insulin is relevant to programming 
strategies for continuous subcutaneous insulin infusion, we 
examined the time relationship of  systemic insulin appear- 
ance and quantitated subcutaneous degradation during a 
near-basal rate of continuous subcutaneous insulin infusion 
in five insulin-dependent diabetic patients. Plasma free insu- 
lin was monitored for 8 h during and 3 h after a subcutaneous 
(abdominal wall) infusion of  neutral insulin at 2.4 U/h.  An 
identical intravenous infusion (2-4 h) was given on a separate 
occasion. Plateau levels of  free insulin were not significantly 
different during the subcutaneous (37 + 8 mU/1) and intrave- 
nous (40 + 7 mU/1) infusions. Fitting of  the free insulin data to 
our two-pool model of  the subcutaneous space gave a mean 

estimate of  9.2 units insulin (=  3.8 h infusion) for the subcu- 
taneous depot after 8 h. Model estimates of systemic insulin 
appearance, as a percentage of  subcutaneous infusion rate, 
were 59% and 93% after 4 and 8 tl respectively, and 76% 2 h af- 
ter cessation of infusion. In insulin-dependent diabetic pat- 
ients subcutaneous degradation of  infused insulin is negligible 
but local accumulation in the subcutaneous space is consider- 
able. The delay in absorption has important clinical implica- 
tions for interruption and resumption of  continuous subcu- 
taneous insulin infusion and also for programming of  variable 
basal rates. 
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C o n t i n u o u s  subcu t aneous  insulin infus ion (CSII )  is 
n o w  widely  used for  the t rea tment  o f  insu l in -dependen t  
diabetes.  Meal  increments  are usual ly  given as a bolus  
or  square  wave and  the basal  rate m a y  be cons tan t  or  
var ied  dur ing  a 24-h pe r iod  [1]. We have pub l i shed  pre-  
v iously  da ta  indicat ing that  s imula t ion  o f  the n o r m a l  in- 
sulin response  to meals  requires very rap id  delivery o f  
the meal  increment  [2]. Wi th  regard  to the basal  del ivery 
rate, i n fo rma t ion  is requi red  as to loss o f  insulin b y  local  
subcu t aneous  degrada t ion ,  the a m o u n t  a c c u m u l a t e d  in 
the subcu t aneous  (SC) space  before  vascular  entry and  
the t ime delay  before  ent ry  to the vascular  system. 

We have previous ly  s tudied no rma l  subjects and  
have deve loped  a m o d e l  o f  SC abso rp t ion  kinetics [3]. 
In  this study, the invest igations have been  ex tended  to 
insu l in -dependen t  diabetes a nd  the prev ious ly-deve lop-  
ed kinet ic  mode l  has been  used  to interpret  the data.  

Subjects and methods 

Subjects 

Five insulin-dependent diabetic patients (three male, two female) 
were studied on two occasions. The duration of diabetes was 

0.5-42 years; age range 26-57 years; weight 82-130% of ideal body 
weight. Three of the subjects had no C-peptide response to stimu- 
lation and were being treated by CSII because of erratic blood glu- 
cose control on conventional therapy. Insulin dosage ranged from 
21-46 U/day (mean 37 U/day). Subjects sat quietly in an air-condi- 
tioned environment (22 ~ with an intravenous (IV) cannula inserted 
in an antecubital vein for blood sampling. Patients took neutral insu- 
lin during the preceding day and, except for one subject who had only 
an evening dose of neutral insulin, were infused with insulin over- 
night by the same route (IV or SC) as that used for the study. The two 
subjects with endogenous insulin were fasted for 8 h before the IV 
study. All studies had prior approval by the St Vincent's Hospital Re- 
search and Ethics Committee and all subjects studied gave informed 
consent after a detailed explanation of the study. 

Intravenous study 

An additional IV cannula was inserted in the contralateral arm for in- 
fusion of highly purified porcine insulin (Velosulin U100, Nordisk) 
for 120-240 min. Previous studies suggested that 120rain was suffi- 
cient to produce plateau insulin levels [4, 5]. However in three subjects 
the infusion was continued for 240 min to ensure that the free insulin 
levels at 2 h (43 _+ 12.7 mU/1) were not less than those during a more 
prolonged infusion (42 _+ 13.7 mU/1). Thus the free insulin level at 2 h 
has been taken as the plateau level for all subjects. The insulin was di- 
luted (54 U/500 ml) in polygeline solution (Haemaccel, Hoechst-Beh- 
ringwerke, Marburg, FRG) [6] to give a delivery rate of 2.4 U/h using 
a servo-controlled peristaltic pump (Model531, Ivac Corporation, 
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Fig.L Serum free-insu]in levels in response to SC infusion for 8 h 
(O)  or IV infusion for 2 h (0 ) .  The free-insulin levels at time 0 for SC 
infusion are extrapolated from samples taken on a separate day. The 
solid line ( - - )  represents the curve derived from the mathematical 
model. The lower panel indicates the calculated systemic appearance 
at 4, 8 and 10 h for the SC infusion. * The figure of 70% systemic ap- 
pearance would include some contribution from insulin infused prior 
to time 0. The figure of 59% is an estimate of the systemic appearance 
rate if this contribution is removed 

San Diego, California, USA) in combination with a microdrip set 
(60 drops/ml,  Metriset V1428, McGaw, New Zealand). The coeffi- 
cient of variation in volume flow using several drip sets was estimated 
to be 2.5%. Samples were taken for blood glucose, serum free insulin 
and serum C-peptide at 30-min intervals. 

Subcutaneous study 

A 25-gauge scalp-vein needle was inserted into the anterior abdomi- 
nal wall for a constant infusion of insulin (from the same batch as that 
used for the IV study) from a 2-ml syringe using an infusion pump 
(Harvard Instruments, Millis, Mass, USA). The rate of insulin deliv- 
ery was identical to that in the IV study at 2.4 U / h  with a nominal vol- 
ume flow of 60 ~l /h  (actual rate 59.3 a l /h ,  coefficient of variation 
6%). The duration of infusion was 8 h. As the insulin levels produced 
by the infusion in the first 2 h were not required for interpretation of 
the data, and to avoid prolonged fasting, subjects were instructed to 
commence the insulin infusion using a preloaded Auto Syringe AS6C 
pump (Auto Syringe, Hookset, New Hampshire, USA) and to have 
breakfast at 07.00h. The subjects came to the Institute at 08.30h 
where the AS6C pump was replaced by the Harvard pump (without 
displacing the scalp vein needle or interrupting the infusion) and 
blood sampling was commenced at 120 min from the start of the infu- 
sion. Samples were taken hourly for serum free insulin and C-peptide 
and half-hourly for blood glucose estimation. 

In the subjects with undetectable C-peptide, blood glucose was 
not precisely controlled, though a dextrose infusion was used to keep 
the blood glucose level > 3 mmol/1. In the two subjects with C-pep- 
tide, care was taken to ensure a relatively low blood glucose level (be- 
tween 3 and 5 mmol/1) at the time of plateau insulin determination so 
that this determination would not be significantly influenced by en- 
dogenous insulin; C-peptide levels were <0.2 ~g/1 in these subjects 
at cessation of the IV and SC infusions, and < 0.3 ~g/1 between the 
fourth and eighth hours of SC infusion. 

Laboratory assays 

Serum free-insulin levels were determined using a radioimmunoassay 
with second-antibody separation after initial treatment of the serum 

with polyethylene glycol to remove insulin antibodies [7]. In all cases 
serum was tested for specific P2<insulin-binding after polyethylene 
glycol treatment, and binding was not detected. Serum C-peptide was 
assayed by radioimmunoassay using the agents supplied by Novo Re- 
search Institute, Denmark [8], and blood glucose by an immobilised 
enzyme method (Model 23 AM glucose analyzer, Yellow Springs In- 
struments, Yellow Springs, Ohio). 

Mathematical model and statistical analysis 

A model including a two-pool SC compartment provides a good de- 
scription of the absorption process in normal subjects [3]. First-order 
rate constants describe the movement of insulin between the two SC 
pools (k12) and from the second pool into the plasma (k~p). A further 
rate constant describes degradation or irreversible binding of insulin 
in the two SC pools (kD). A single pool is assumed for the plasma 
space. The dynamics of the insulin in this pool are defined by the dis- 
tribution volume (VD) and the metabolic clearance rate which were 
determined by a least-squares fit to the IV infusion data. These pa- 
rameters were then held constant while a least-squares fit of the SC 
data was performed to determine the parameters k12, k~p and kD. The 
differential equations describing the model were solved numerically 
using a fourth order Runge-Kutta technique. Fits to experimental da- 
ta were obtained from a non-linear regression program MODFIT [9]. 
All calculations were performed on a PDP-11/]0 computei: A basal 
sample was not obtained before commencement of the SC study, so 
basal free insulin levels obtained on a separate day, after overnight in- 
fusion at the same rate, were used (Fig. 1). It should be noted that even 
substantial variations in this basal estimation have very little influence 
on the calculated systemic appearance rate at 8 h. 

Estimates of the rate of entry of insulin into the plasma and of the 
size of the SC depot of insulin were obtained directly from the model 
behaviour with "best-fit" model parameters. Estimates of the errors in 
these two functions were obtained from a sensitivity analysis of model 
behaviour to small changes in model parameters. The coefficients of 
variation in model parameters were calculated by the MODFIT pro- 
gram from the residual variance of the fitted model behaviour about 
the mean data. Thus the coefficient of variation represents the certain- 
ty with which mean behaviour can be predicted rather than indicating 
subject-to-subject variation. 

Statistical comparisons were performed using a paired Student's 
t-test. Data are expressed as mean +_ SEM, except where otherwise in- 
dicated. 

Results 

During IV infusion, free-insulin levels rose rapidly in 
the first 30 min and reached a plateau between 60 and 
120 min (40 + 8 mU/1 at 120 min). Following cessation 
of IV infusion mean free-insulin levels declined rapidly 
to 48% of the plateau level within 30rain (Fig. l). In 
contrast, SC insulin caused a gradual elevation of serum 
free insulin levels until a plateau was approached be- 
tween 6 and 8 h. The plateau free-insulin level during 
the SC infusion (37 + 8 mU/1) was 93% of, and not sig- 
nificantly different from, that achieved by the IV infu- 
sion (40 _+ 7 mU/1). In no subject did plateau insulin lev- 
els for IV and SC infusion differ by > 5 mU/1. Stopping 
the SC infusion resulted in a gradual decline so that the 
mean free-insulin level 3 h later was still 62% of the pla- 
teau level. 

Figure 1 includes a curve derived from the mathe- 
matical model compared with the recorded free-insulin 
data (see Methods and [3]) and estimates of the systemic 
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appearance rate during the SC infusion. The model in- 
dicates a substantial accumulation of insulin in the SC 
space, i.e. 9.2 units (coefficient of variation 7%), the 
amount of infusion over 3.8 h, at the end of the 8 h SC 
infusion. After 4 h of SC infusion the systemic appear- 
ance rate of insulin was 70% (coefficient of variation 
8%) of the infusion rate and after 8 h it was 93% (coeffi- 
cient of variation 10%). In keeping with substantial SC 
accumulation the systemic appearance rate fell by only 
24% (to 71% of the infusion rate, coefficient of variation 
10%) 2 h after cessation of the SC infusion. It should be 
noted that the systemic appearance rate of 70% at 4 h in- 
cludes a contribution from the SC infusion before the 
start of the study. To correct for this, a simulation was 
performed of the systemic appearance resulting from 
the same model constants derived from the experimen- 
tal data, but assuming no previous insulin infusion and 
zero free-insulin levels at time 0. This resulted in an esti- 
mated systemic appearance rate of 59% at 4 h but did 
not influence estimated systemic appearance at 8 or 
10 h. The result at 4 h is more in keeping with the esti- 
mation (50%) in normal subjects [31. 

Discussion 

of a general phenomenon in insulin-dependent diabe- 
tes. 

The slow kinetics shown by these studies have sever- 
al important clinical implications. First, interruption of 
CSII will not usually result in a rapid decline in free in- 
sulin levels; thus there would be a 'safety margin' of 
2-3 h [21, 22] though a rapid deterioration in the meta- 
bolic state may then occur [22]. Secondly, CSII should 
be initiated or resumed with a bolus dose (or temporari- 
ly augmented basal rate) to prevent a period of insulin 
deficiency, such as may have contributed to episodes of 
ketoacidosis reported in diabetic patients on CSII [23, 
24]. Thirdly, some manufacturers of pumps for CSII are 
incorporating sophisticated programming capabilities 
for basal delivery; it must be noted that a change in the 
pump delivery rate will take several hours to cause a 
substantial alteration of systemic insulin delivery. 

CSII is a valuable new option in insulin therapy. 
However, its intelligent and appropriate use obviously 
depends on an understanding of the kinetics of insulin 
delivery to the systemic circulation. 
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There is very little information on the pharmacokinetics 
of insulin infused SC [10, 11], in contrast to SC injection 
[12-18]. Furthermore studies performed by examining 
disappearance of radioactivity (from labelled insulin) 
from a SC injection site [121 do not allow distinction be- 
tween absorption into the systemic circulation and local 
degradation. 

We have compared the kinetics of systemic appear- 
ance of insulin during SC and during IV infusions. Re- 
sults from the IV study allowed calculation for each 
subject of the metabolic clearance rate of insulin and 
hence of the systemic delivery rate during SC infusion 
[3]. The infusion rate of 2.4 U/h,  approximately double 
the usual basal rate during CSII (0.5-1.5 U/h), was 
used to reduce the effect of errors in insulin assay; the 
model and our previous studies indicate that the results 
would have been very similar had a lower infusion rate 
been used. 

The results indicate that the kinetics of absorption 
of SC-infused insulin in insulin-dependent diabetic 
subjects do not differ substantially from those in normal 
subjects [3, 5]. The finding that the plateau free-insulin 
level after prolonged SC infusion is 93% of that from IV 
infusion indicates that local SC degradation is very 
small. The opposite conclusion was reached in a similar 
study of SC and IV infusions [19], but it is now clear that 
the low plasma insulin levels observed after SC infusion 
for only 2 h were related to delayed absorption rather 
than reduction in bioavailability. While individual dia- 
betic subjects with insulin resistance due to SC degrada- 
tion have been described [20], this is probably a rare 
idiosyncratic response and not simply an exaggeration 
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