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Summary. The subcutaneous tissue is generally considered as 
a potential site for the monitoring of intracorporal glucose 
concentration by means of implanted sensors. We studied the 
suitability of using the resulting signal from the interstitial 
glucose concentration as an input in a feedback-controlled 
system for insulin administration. Miniaturized glucose elec- 
trodes (amperometric glucose oxidase sensors for the 
measurement of hydrogen peroxide) were implanted in in- 
sulin-dependent diabetic dogs. The output of these sensors 
was fed into the controller of a bedside-type artificial B cell. 
Insulin was infused by the device intravenously on the basis of 
a proportional-differential algorithm. The glucose patterns 

were compared to identical experiments where feedback con- 
trol was accomplished on the basis of paracorporat blood glu- 
cose measurement using the same algorithm. Norrnogly- 
caemia was restored and maintained in both sets of 
experiments and ora]L glucose loads were well compensated 
for. It is concluded that the apparent subcutaneous glucose 
concentration is appropriate as an input signal for an artificial 
B cell. 
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Closed- loop devices for b lood  glucose control have 
been  shown to restore and  mainta in  normoglycaemia  in 
Type 1 (insulin-dependent) diabetes [1]. Since the use of  
these bedside-type machines  is limited to short-term 
studies, efforts are being directed at their  miniaturiza- 
tion. This may  be achieved by  the use of  implanted sen- 
sors [2]. However ,  presently available biomaterials  do 
not  allow intravascular sensors to function on a long- 
term basis. An at tempt  has been  made  to establish intra- 
corporal  glucose moni tor ing on the basis of  subcuta- 
neously implanted glucose sensors [1]. Such electrodes, 
using immobil ized glucose oxidase, were working in 
both  dogs and man  over  several days [3, 4] and,  in m a n  
as electron-mediated electrodes by  means  of  ferrocene, 
over  several hours [5]. Thus, implanted  subcutaneous 
glucose electrodes could be  employed  in combinat ion  
with telemetric devices to moni tor  the effectiveness of  
intracorporal  b lood  glucose control by  a portable  artifi- 
cial B cell [6]. 

Because of  the distinct delay between the circulating 
glucose concentrat ion and  the system " implanted  sen- 
sor plus subcutaneous glucose compar tmen t "  [7], the 
feasibility of  au tomated  glucose control on the basis of  
the output  o f  subcutaneous implanted  sensors ap- 
peared  questionable. Anecdotal  studies conducted by  
Shichiri in non-character ized diabetic patients have, 
however,  suggested the possibility of  such control [8]. 
On this basis therefore, a study was designed to com- 
pare  the feedback control o f  glucose concentrat ion in 

well-characterized chronic Type 1 diabetic dogs either 
in b lood  or in subcutaneous tissue under  steady and  
non-s teady state conditions. For  this, a s tandard algo- 
r i thm was used as developed for the i.v. appl icat ion of  
insulin on the basis o f  b lood  glucose measurement .  

Materials and methods 

Animals and experiments 

Glucose-controlled insulin infusions before, during and after oral glu- 
cose loads (OGTr, 1 g/kg) were repeatedly performed in four C-pep- 
tide negative diabetic dogs [9] of both sexes: age 3.5 + 0.3 years, dura- 
tion of diabetes 0.75 + 0.3 years, body weight 24.2 +_ 5.9 kg 
(means + SD). Induction of diabetes, animal keeping and experimen- 
tal handling have been detailed previously [10, 11]. For comparison, 
five non-diabetic control animals of both sexes were observed during 
OGTT: age 4.2 + 2.5 years, body weight 28.0 + 3.7 kg. 

The animals were studied 14 h after the last meal. After skin dis- 
infection, intracutaneous anaesthesia (2% Xyloeitin, VEB Jenapharm, 
Jena, GDR), small incision and blunt subcutaneous tunnelling, a glu- 
cose electrode was inserted in the neck [12]. Also, the animals were 
connected to a self-designed paracorporal blood glucose monitoring 
system, as usually employed in bedside-type artificial B cells. 

The in-situ run-in period of the implanted electrodes was com- 
pleted between 2 and 4 h after implantation. Then, the sensor current 
was adjusted to the actual blood glucose concentration. No recalibra- 
tion of the sensor signal was performed during the experiment. In the 
diabetic animals, two sets of experiments were performed in random 
order at one-week intervals: (1) Feedback control of peripheral ve- 
nous blood glucose concentration by i.v. insulin infusion, with addi- 
tional observation of the apparent subcutaneous and plasma glucose 
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F!g. 1. Individual experimental protocol: feedback control of subcu- 
taneous glucose concentration in a diabetic dog. Arrows: (1) Subcuta- 
neous insertion of glucose sensor. (2) Beginning of glucose-controlled 
insulin infusion, the plasma glucose concentration (filled circles) is 
feedback-controlled using the "hand-entry" operating mode of artifi- 
cial B cell. (3) Adjustment sensor output (continuous line) = apparent 
subcutaneous glucose concentration to simultaneously measured 
plasma glucose concentration, continuation of feedback control using 
these numbers as an input to the controller. (4) Application of an oral 
glucose load. The insulin doses as summed up over intervals of 15 min 
are given in the hatched area 

levels. Here, the paracorporal blood glucose monitoring system was 
connected to the artificial B cell computer [10]. (2) Feedback control 
of subcutaneous glucose concentration by i.v. insulin infusion. The 
output of the subcutaneously implanted electrodes was fed into the 
artificial controller. Blood glucose was not monitored in these tests. 

The non-diabetic animals were studied under identical conditions 
with the exception that no insulin was infused. In all experiments the 
animals were observed over at least 1.5 h under basal conditions fol- 
lowing restoration of normoglycaemia, and for an interval of 4 h fol- 
lowing OGTT. Plasma glucose reference values and insulin concen- 
trations were measured according to established methods [8]. The 
latter were easily measurable in the diabetic animals also, since they 
had no anti-insulin antibodies [11]. For better representation, the data 
as printed out by the artificial B cell at intervals of one rain were aver- 
aged over 5 or 10 min respectively. 

The original protocol is shown in Figure 1, where feedback control 
of subcutaneous glucose concentration was applied. The glucose-con- 
trolled insulin infusion was initiated on the basis of plasma glucose 
measurements to restore near-normoglycaemia. These data were fed 
to the artificial B cell by means of a "hand-entry" operating mode. 
The subcutaneous glucose sensor was implanted simultaneously. 
From our experience we noted that it usually takes a run-in period of 
about 2 h until stable patterns in sensor output are reached [7, 13]. 
Therefore, according to experimental protocol, at this empirical time 
point the senor output was re-set to the numbers of measured plasma 
glucose concentration by means of adjusting the amplifier. From then 
on, the controller was fed with the sensor output. 

Artificial B cell 

Automated feedback control of glucose concentration was accom- 
plished by a self-designed, laboratory-made bedside-type device. A 
proportional-differential insulin dosage algorithm was used with the 
same control constants throughout. These had been previously vali- 
dated using feedback control by means of peripheral venous glucose 
measurements and of i.v. insulin administration [t0]. 

Glucose sensors 

Both in diluted blood (paracorporal) and in subcutaneous tissue 
measurements, Clark-type amperometric sensors for the measurement 
of hydrogen peroxide resulting from the glucose oxidase reaction (Pt 
anode, Ag/AgC1 cathode) were used. The electrodes were layered 
with immobilized glucose oxidase (GOD, VEB Arzneimittelwerk, 
Dresden, GDR), a perforated polyethylene membrane (VEB Baby- 
chic, Finsterwalde, GDR), and an outer covering membrane of re- 
generated cellulose (Cuprophane, VEB Geraetewerk, Medingen, 
GDR). In vitro- and in vivo handling of sensors have been extensive- 
ly described before [7, 13]. The glucose sensors had been prepared be- 
tween 2 and 16 days befot~e the 'eXperiments and were stored in 2% al- 
bumin-containing solution. Some of the sensor preparations were 
repeatedly used as long as there was no mechanical alteration of the 
sensor membranes. The iinear ritnge of ca!ibration slope was 
> 15 mmol/1. The in vitro 9hamcteristics of the sensors were practi- 
cally identical before arid after the implantation experiments 
(Table ~[). 

Statistical analysis 

The means 4- SEM of measured values are given. Since normal dis- 
tribution of these data could not be proved, the Kruskal-Walles test 
with multiple comparisons according to Conover [14] was employed 
as a distribution-free procedure to check differences for their signific- 
ance (p< 0.05). 

Table 1. In vitro calibration of subcutaneously implanted glucose 
sensors before and after the experiments (n= 25, the average duration 
of implantation was 8 h). No significant difference 

Implantation 

Before After 

T90 (min) a 1.50 _+: 1.10 1.42 4- 0.98 
Sensitivity (hA. mmol -  1.1) 0.70 4- 0.26 0.66 _+ 0.23 
Residual current (nA) b 1.49 +_ 0.84 1.39 + 0.93 

a time until 90% of the final steady state current is reached after 
switching the sensor from 5 to 10 mmol/1 glucose containing solu- 
tions; b glucose concentration = 0 retool/1 

Table 2. Applied insulin doses in diabetic dogs during glucose-con- 
trolled insulin infusion and plasma insulin concentration in diabetic 
and in normal animals 

Normal Feedback control of 
dogs 

Circulating Subcutaneous 
blood glucose tissue glucose 

Insulin doses 
basal a 
( m U . k g - l . m i n - 1 )  - 
OGTY 
(mU. kg -1.180 ra in- l )  _ 

Plasma insulin concentration 
basal b (nmol/1) 0.14 4- 0.07 
AUC OGTT e 
(nmol . l - l .180min-1)23.08+3.01 39.79+ 3.25 a 46.53+ 3.03 a 

a average over 60 min before oral glucose tolerance test (OGTT); 
b average of 6 measurements at intervals of 10 min; c Area under the 
curve (AUC): immunoreactive insulin response curves during OGTT 
0-180 min; a significant difference (p<0.05) vs normal control ani- 
mals 

0.60--+ 0.06 0.68-+ 0.08 

295.62 + 22.16 326.04 + 38.80 

0.20+ 0.01 0.224- 0.03 
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Fig.2. Concentrations of glucose in plasma (filled circles), blood 
(open circles), and in subcutaneous tissue (squares) in normal dogs 
(upper panel, n=9 experiments in 5 animals) and in diabetic dogs on 
feedback control either of glycaemia (middle panel, n = 9 experiments 
in 4 animals) or of the apparent subcutaneous glucose concentration 
(lower panel, n=7 experiments in the same 4 animals) before and 
after oral glucose tolerance test (OGTI). Means _+ SEM 
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Fig.3. Peripheral venous plasma insulin concentration in normal 
dogs (triangles) and in diabetic dogs on feedback control either of gly- 
caemia (open circles) or of the apparent subcutaneous glucose con- 
centration (filled circles). Means_+ SEM. Same experiments as in 
Figure 2 

Results 

In the feedback control tests of subcutaneous glucose 
concentration, stable conditions were achieved both in 
pre- and post-OGTT basal states, and the glucose load 
was compensated for without exaggerated hypergly- 
caemia or oscillations (Fig.2). Also, there were only 
minor differences in the tests with blood glucose con- 
trol. The integrated responses of the controlled vail- 

ables to the glucose loads (areas under the concentra- 
tion curves) were 262_+37 mmol/1-180 min -1 in con- 
trol of subcutaneous glucose and 270_+ 18 mmol/1. 
180 min -1 in control of blood glucose concentration 
(not significantly different). However, there were slight 
differences in the kinetics: maximum increases were 
seen after 58 -+ 5 min in tissue glucose control and after 
38 -+ 3 min in blood glucose control (p< 0.05). 

It should be noted that on the basis of the employed 
calibration regime, the apparent glucose concentrations 
were generally almost identical in plasma, circulating 
blood and subcutaneous tissue. However, there was 
sometimes a slight difference when glycaemia rose quick- 
ly but the slowly moving apparent tissue glucose concen- 
tration acted as a control (Fig. 2, bottom). Accordingly, 
both the infused insulin doses and the plasma insulin con- 
centrations were comparable between these two sets of 
experiments in the diabetic animals (Table 2, Fig. 3). 

There was, however, a remarkable difference between 
these tests and the observation in non-diabetic animals 
where glycaemia peaked distinctly later (63 -+ 5 min) and 
the restoration of normoglycaemia was slower (Fig.2, 
top). This resulted in a glycaemic response area of 
527 + 74 mmol/1 �9 180 min-a (p< 0.05). Again, it should 
be noted that the glucose concentrations were approxi- 
mately identical in all three compartments analysed. 

The higher integrated blood glucose responses in the 
control animals were accompanied by a significantly 
(p < 0.05) smaller increase in the peripheral venous plas- 
ma insulin concentration (Fig. 3, Table 2). 

Finally, the relatively high failure rate of subcuta- 
neous glucose monitoring needs to be mentioned. 
Beside the data demonstrated, we performed another 
set of 10 experiments where no stable normoglycaemic 
intracorporal glucose control was achieved using sub- 
cutaneous monitoring. In 4 of these tests the setting of 
sensor output at the assumed end of the in-situ run-in 
period proved incorrect, thus causing a permanently in- 
sufficient insulin dosage which resulted in hypergly- 
caemia. In the remaining 6 experiments there was a con- 
tinuous loss in sensitivity of the implanted sensor until 
zero current was reached between 4 and 6 h later caus- 
ing termination of the experiment. Our major concern is 
how to reduce the failure rate of implanted sensors. Re- 
markably, in none ,of these cases was any difference ob- 
served in the in vitro calibration characteristics which 
were obtained both before and after in vivo residence of 
the sensor. Also, each of the sensor preparations could 
be re-used in situ as long as the membrane covering was 
not mechanically damaged. This points strongly to the 
problem of tissue reaction to bioincompatible material 
at the sensor surface. 

Discussion 

In a previous study, it was shown that under steady state 
conditions the overall glucose concentrations in circu- 
lating blood and subcutaneous interstitial fluid are ap- 
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proximately identical [7]. Therefore, the current output 
of the implanted sensors was adjusted according to the 
simultaneous plasma glucose estimates. It remained 
stable throughout the experiments reported here, no in- 
situ recalibration was necessary. In vitro calibrations of 
the removed sensors revealed essentially the same cha- 
racteristics (Table 1) as before implantation. 

There is a total delay between glycaemia and appar- 
ent sensor-recorded subcutaneous glucose concentra- 
tion of approximately 5 min which includes the time 
constants of both sensor function and subcutaneous 
fluid [71. It has, however, been predicted from the com- 
parison between blood glucose control data by means 
of a miniaturized artificial B cell and simultaneous sub- 
cutaneous tissue glucose recordings by means of im- 
planted electrodes [3, 4, 6] that reasonable automated 
feedback control might be possible on the basis of such 
sensor outputs. Thus, our data show that in fact stable 
patterns are achieved both in tissue and in blood when 
in diabetic animals automated feedback control is 
utilized in this way. This applies both to basal condi- 
tions and to alterations in glycaemia as during an 
OGTT. 

It should be noted, however, that this observation 
made in diabetic dogs is accompanied by a distinct pe- 
ripheral hyperinsulinaemia as compared to the non- 
diabetic dogs. Obviously, this is not only due to the 
post-hepatic route of insulin administration [15], but 
also to the fact that the proportional-differential insulin 
dosage algorithm used was elaborated using venous 
blood glucose data of an average diabetic dog popula- 
tion [101. Since an oral glucose load is metabolized to a 
large extent in extrahepatic tissues [16], it is assumed 
that the degree of peripheral hyperinsulinaemia ob- 
tained with this algorithm was able to reduce the overall 
glycaemic response to OGTF in these diabetic animals 
in relation to the non-diabetic control animals. Also, it 
is known that due to the time delay of the glucose sen- 
sor there is a delay in the initial response of insulin dos- 
age to the elevated blood glucose concentration. Thus, a 
higher rate of insulin infusion is necessary to compen- 
sate for the fast-rising glucose level in this situation [17]. 

Therefore, the adaptation of the algorithm both to 
the needs of an individual patient and to the kinetic 
properties of the controlled glucose compartment in- 
cluding the sensing system appears necessary. The 
feasability of such adaptive steps has previously been 
shown [18]. 

Taken together, the data demonstrated show the 
principle effectiveness of feedback control of intracor- 
poral glucose metabolism using the signal of subcuta- 
neously implanted electrochemical glucose sensors as 
an input into the artificial B cell. Future work is to be di- 
rected at improving the biostability of such sensors. 
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