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Summary. The development of the artificial pancreas repre- 
sents an important step forward in modern diabetology. The 
practical and theoretical findings obtained by its application 
to Type I (insulin-dependent) diabetic patients has given new 
insights into modes of insulin secretion, pathophysiology of 
diabetes mellitus, and new forms of treatment, i.e. the devel- 
opment of portable insulin pumps and intensified convention- 
al insulin therapy. All of these therapies provided better re- 
sults than conventional insulin administration. However, 
there is no doubt that the restoration of normoglycaemia in a 
real sense is obtainable only by an implantable artificial pan- 

creas or pancreas transplantation. The development of the im- 
plantable artificial pancreas, on the other hand, is dependent 
upon the development of a reliably working permanently im- 
plantable glucose sensor. The first attempts in that direction 
have opened new vistas as to the differences between blood 
and interstitial tissue glucose measurements, displaying differ- 
ent modes of regulation under normal and pathologic condi- 
tions. A number of barriers have to be overcome until the final 
goal has been attained: to obtain, by automated blood glucose 
control, narrow glycaemic fluctuations of the normal subject, 
and to prevent, hopefully, relentless diabetic complications. 

According to Henri Bergson, the contribution of 
Claude Bernard to the philosophical sciences consisted 
of the development of the theory of experimental meth- 
odology per se. In a similar fashion as Descartes had 
elaborated, for the 17th and 18th century, the "Discours 
de la M6thode" for the abstract sciences, Claude Ber- 
nard laid for the 19th century, in his "Introduction/t la 
M6decine Exp6rimentale" the theoretical basis for all 
past, present, and future "biomedical", or in Bernard's 
style "Physiological Research". 

He was a man who made one important discovery 
after the other, and afterwards when asking how this 
new observation came about, went the way back from 
the single fact to the general explanation. Without that 
constant dialogue between experimental - or clinical - 
observation and theoretical explanation, neither fact 
nor theory alone are sufficient for providing further 
knowledge, be it as progress or regress in form of cor- 
rection. 

* This article represents a reproduction of the Claude Bernard Lec- 
ture 1985 of the European Association for the Study of Diabetes, 
[published in: Serrano-Rios M, Lef6bvre PJ (eds) (1986) Diabetes 
1985. Excerpta Medica International Congress Series No. 700. Ex- 
cerpta Medica, Amsterdam New York Oxford, pp 56-83 -with kind 
permission of the publisher and the editors]. The manuscript has not 
been subjected to the Diabetologia editorial process. The Editor 

This conclusion is best illustrated by Claude Ber- 
nard's position with respect to the role of blood glucose 
concentration and metabolism, both in the normal and 
in the diabetic condition. In his days, more than a hun- 
dred years ago, blood sugar measurements were ex- 
tremely complicated and time consuming, and were 
performed in the same experimental attitude as static 
glucose content of organ tissue, e.g. of the liver in ani- 
mals was determined. 

This may explain that, although arteries and veins 
were already known, and Claude Bernard was pointing 
vividly at the higher glucose content of hepatic veins rel- 
ative to arterial blood, as strong evidence of the primary 
role of the liver in glucose production, changes in blood 
glucose concentrations under normal and pathological 
conditions escaped his and his contemporaries' atten- 
tion. Hepatic glucose production, on the other hand, 
was not regarded in a static fashion. His drawing de- 
picting glucogenesis under normal and diabetic condi- 
tions, was well aware of the differences between the 
minimal and the fully developed diabetic state, brought 
hepatic glucose production in relation to food intake 
and digestion, saw the increases and decreases in a 
complete dynamic rhythm, and took the glucosurea, re- 
sulting from excess glucose production overflowing the 
renal threshold, as indicator of the glucose movements 
in the body fluids (Fig. 1). This figure he published in 



52 E.F. Pfeiffer: On the way to the automated (blood) glucose regulation in diabetes 

M' M q 

~f) 1 ~ ' ~ ~ ~ -  ~ ; : : ~ ' " ~ i ; -  

deux repay. ." ~. ~" ~ " -- 

Fig. 5. 

'(o) 

(b) 

n (e) 

X" 

(a) Prdsenee du sucre dens I'urine. [ (c)Ligne du minimum physi,logi,lue. 
(b) Ligne du maximum de la produc- [ (a) Courbe du diab~le conliml. 

lion du sucre: il n'y en a pas i (e)Courbo da diab~te intermillent. 
dens l'urine, mais le sucre appa- 
rait dans tout le sang. 1([) Courbe de l'dtat phy,,iologique. 

Fig, t. The dynamic rhythms of changes of sugar in 
different body provinces as seen by Claude Bernard 
in 1855, in relation to permanent and temporary dia- 
betic conditions (from Claude Bernard, 1854/55) 

1855 in his "Legons de Physiologie Exp6rimentale  Ap- 
pliqu6e /t la M6decine".  It  could be undoubted ly  ac- 
cepted for any  m o d e m  textbook.  

Moreover,  20 years later, shortly before  his death  in 
his "Legons sur le diab6te et la glycogen6se animale" ,  
he wrote this very m o d e m ,  advanced  and  appropr ia te ly  
sounding statement  which is not  only valid to be pre- 
sented to this international audience, but  also could be 
taken as some kind of  "mot to"  of  this lecture: 

Vous savez en effet que le sang, comme milieu int6rieur dans lequel vi- 
vent tous les 616ments anatomiques de l'organisme, pr6sente et dolt 
pr6senter normalement une composition ~ peu pros constante. Parmi 
ses 616ments de composition constante se trouve le sucre. D6s que 
cette substance y est surabondante, l'exc6s en est si sensible ~ l'organ- 
isme, que le filtre r6nal l'61imine aussit6t; mais si la source h6patique 
continue ~en produire plus que la dose normale, les tissus, malgr6 
cette ~limination incessante, sont toujours baignbs par un sang trop 
suet6. Or ce contact peut amener en eux des troubles et des 16sions 
mat6rielles, qui elles-m~mes peuvent constituer Fun des principaux 
dangers de l'hyperglyc6mie. Nous ne savons encore rien sur le m6ca- 
nisme pathologique de 1'action de cel exc6s de sucre dans le sang 
(from: Claude Bernard, Lecons sur le Diab6te, 18771). 

1 "You know that de facto the blood, as the "milieu intern" for all tis- 
sues of the organism, consists and should consist normally of a quite 
constant composition. Among those elements of constant composi- 
tion sugar is found, too. 

However, if its level exceeds a certain limit, the organism is sensi- 
tive to that excess, and therefore renal filter provides the elimination; 
however, if sugar continues to be overproduced (by the liver), in an ex- 
cessive way, the tissues, in spite of continuous elimination, will be 
constantly "bathed" in a hyperglycaemic (blood) medium. (It easily 
could be) that this contact (between elevated glucose concentrations 
and tissues) might produce functional troubles and morphological le- 
sions. That might represent one of the principal risks ofhyperglyeaemia 
per se. Up to now, we do not know anything regarding the pathogenet- 
ic action of sugar excess (elevation) in blood" (from Claude Bernard: 
Legons sur le diab6te, 1877). 

This he wrote 10 years before von  Met ing and Min- 
kowski demonst ra ted  the presence o f  a b lood  sugar 
lowering antidiabetic substance in the pancreas,  many  
years before the well-established and  pract iced insulin 
therapy did permit  diabetic patients and doctors to ex- 
perience the diabetic complicat ions!  

Hundred  of  years later, we still do not  know exactly 
how hyperglycaemia  effects the secondary complica-  
tions of  diabetes in certain tissues. But, eventually, we 
blame,  too, the excessive glucose concentrat ions (or 
fluctuations) in b lood  for  disturbing Claude Bernard 's  
"milieu interieur" and to be  causatively related some- 
how to the deve lopment  of  diabetic neuropathy,  
nephropa thy  and retinopathy, etc. Undoub ted ly  behind 
all o f  our  efforts to renormalize diabetic hyperglycae- 
mia  is encased the tacit unders tanding that  the uncon-  
trolled excess of  b lood  glucose concentrat ions is repre- 
senting the "causa  movens"  ensued by  all bad  sequelae, 
and vice versa, that  correction of  that  defect o f  the inter- 
nal "mil ieu" readily will prevent,  delay or improve,  the 
microvascular  lesions in the various pre-, prolatent  or 
overt  stages. 

In  the present  "Claude Bernard Lecture 1985"1 shall 
try to show the way f rom the dark past, when we were 
not  aware of  the significance of  b lood  sugar elevations, 
to the present grey, where we demonst ra te  and know our  
failures with only t empora ry  remedies,  to the most  
probably,  in our  opinion, rosy future, where au tomated  
glucose determinat ion is permitt ing constant  and feed- 
back-regulated control. 
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Fig.2. Parallelism between blood sugar and plasma insulin concen- 
trations in normal subjects (from [1]) 
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Fig.3. The basic elements for a feedback regulation of blood sugar 

The dark past 

As it frequently was the case in medicine, analysis pre- 
ceded therapy. In the sixties, continuous blood glucose 
monitoring was made available thanks to the pioneer- 
ing work of Ferrari, Bonnaf6, Weller and others, who 
combined the double lumen catheter, permitting extra- 
corporeal heparinization, with the modified Technicon 
Autoanalyzer. This new technique was used extensively 
by physicians like Molnar and Service in the United 
States, Mirouze in France and Kruse-Jarres [1] in Ger- 
many, to demonstrate the true quality of blood glucose 
control, attained in the individual patient by conven- 
tional insulin therapy. The insight gained was terrifying, 
especially when comparing the completely unrelated 
widely fluctuating chaotic blood sugar and blood insu- 
lin levels over 24 h with the perfect and almost aesthetic 
parallelism between the two parameters in the metaboli- 
cally healthy subject (Fig. 2). 

In the diabetic patient, fluctuations of blood glucose 
levels were not only extremely high after subcutaneous 
injection of an intermediate insulin once daily, they al- 
so, as we soon discovered, could not be prevented by 
two injections, the combination of intermediate and 
regular insulins, or multiple injections of the regular 
preparation (Pfeiffer et al. 1972). 

The obvious failure of also intensified conventional 
therapy - as we address that type of treatment today - 
to assess normoglycaemia in Type 1 diabetes was the 

last push into actively engaging ourselves in 1972 in the 
attempt at restoration of normal blood glucose levels 
via re-establishment of feedback control. That implied 
that glucose could be continuously determined in small 
quantities in peripheral venous blood, and insulin (and, 
if needed, glucose) should be pumped, too, in a periph- 
eral vein. By means of a microcomputer (which became 
available just for the first time in recent years), calculat- 
ing (on the basis of the continuously inflowing glucose 
concentrations) according to programmed algorithms 
the needed amounts of insulin on a minute per minute 
basis, the feedback between glucose and insulin should 
be re-established, i. e. the loop between substrate and re- 
gulator should be closed over the patient (Fig. 3). 

So three parts of this extracorporally working "Arti- 
ficial Endocrine Pancreas" (AEP) or "Beta-Cell" (Pfeif- 
fer, Thum and Clemens [3,4]), correctly described al- 
ready at that period as the "GCIIS" or "Glucose 
Controlled Insulin Infusion System": the sensor, the 
pump and the computer were, are, and most probably 
will be the irreplacable components of all similar de- 
vices; they were developed and presented also in 1974 
by Mike Albisser, Bernard Leibel, and their associates 
in Toronto, and later in various laboratories, as in Syd- 
ney, Montpellier, Osaka, Erlangen, and Paris. 

Undoubtedly, there had been already several at- 
tempts to achieve renormalization of blood glucose in 
diabetic patients by automated regulation of insulin be- 
fore. One of the first certainly was Kadish who in 1964 
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Table 1. Lag time and blood loss in continuous extracorporeal glu- 
cose measuring by electroenzymatic methods 

Detection Lag time Blood loss 
(rain) (ml/h) 

Kadish et al. (1965) OzElectrode 4 6 
Clemens et al. (1976) H2OzElectrode 1.5 2 
Layne et al. (1976) OzElectrode 6 1-3 
Schindler et al. (1977) O2Electrode 4 
Updike et al. (1979) O2Electrode < 1 6 
Abel et al. (1983) HzOzElectrode 1.5 5 

simply was too long for permitting close feedback regu- 
lation. The glucose to be regulated escaped its regulator. 

Eventually, the situation was changed to the better 
when A. H. Clemens, a German engineer, working with 
Miles/Ames, at Elkhart, Ind., joined our group, and in- 
troduced the then novel electroenzymatic technique, 
evaluating the conversion of glucose to peroxide and 
gluconic acid by means of the "Yellow-Springs-Mem- 
brane", utilizing glucose oxidase for blood glucose con- 
version. 

The lag time now was in the range of 1.5-1 rain 
(Table 1). Clemens also incorporated all four parts of 
the bulky machinery which was representing until then 
our AEP or GCIIS into one apparatus, which after- 
wards became the first ,of the so-called commercially 
available "Biostator" series. Two modified and simpli- 
fied versions exist as "glucose controller" as well as glu- 
cose "monitor" (Fig. 4). With those apparatuses we are 
leaving the darkpast and enter the still grey present of a 
variety of insulin infusion systems of different quality 
for blood sugar control. 

Fig.4. Our artificial endocrine pancreas (Ulm-Elkhart Version) and 
two simplified versions as glucose controller and glucose monitor 

already wrote that "this system is capable of continuous 
blood sugar monitoring and release of insulin, when- 
ever the blood sugar level exceeds 150 mg % and release 
of glucagon, whenever the recorded sugar curve drops 
to 50 mg% or lower" (Kadish, 1964). However, this "On- 
Off-System" did not reinstitute normoglycaemia. 

Happily enough, Kadish's papers were published 
exclusively in Medical Engineering Journals and es- 
caped ours and the attention of the other medical inves- 
tigators. The simple explanation he gave recently to me 
after having read one of our review papers in which we 
quoted his first attempts but did not include his later ef- 
forts, was: His papers between 1964 and 1977 were not 
accepted by the medical journals approached (Kadish, 
1985; personal communication). 

I said "happily", since, if we had known of the fail- 
ure of an experienced bioengineer, most probably we, 
as medical people, had not attempted to step into that 
bioengineering game reserve. However, we did and 
soon we were confronted with the problem that the time 
lag between withdrawal of blood, blood sugar determi- 
nation, communication to the ordinating computer, ac- 
tivation of the insulin pump, lasted about 6-9 min and 

The grey present 

The development of algorithms for the mathematical 
handling of the AEP had shown the importance of insu- 
lin infusion kinetics on actual blood glucose control. 
The attempt to simply relate the insulin delivery to the 
actual blood glucose value, the proportional control, 
[irrespective of which type of insulin profile was select- 
ed (tangens hyperbolicus, linear, square, double- 
square)] was just sufficient for the static control under 
fasting conditions. Reestablishment of normoglycaemia 
following food intake was not obtained until difference 
or differential factors were introduced, anticipating the 
blood sugar concentrations from the evaluations of the 
last series of determinations. Only the combination o f  
the two control modes produced not only control of the 
basal glucose in the fasting state, but also by calculating 
the insulin infusion rates in response to changing levels 
of glucose following food absorption (Fig. 5). When glu- 
cose rose steeply, more insulin had to be infused than 
was expected from the static control. As glucose fell, 
less insulin had to be given to avoid hypoglycaemia. 
The dextrose infusion part of the AEP, on the other 
hand, was always regulated solely by the proportional 
control. 

Kemer, Clemens and others in our laboratory also 
were engaging themselves with the question of calculat- 
ing the insulin requirement for conventional therapy on 
the basis of insulin delivery demanded automatically by 
the AEP. The algorithms for providing sufficient insulin 
supply during the first dynamic phase usually were de- 
manding insulin quantities 10 to 20% higher than 
needed in subcutaneous therapy (Kerner et al. 1976, 
Kerner et al. 1979). A certain practical information as to 
the insulin requirement in the individual patient, inde- 
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pendent from any immunological or non-immunologi- 
cal insulin resistance, will be provided, has also been 
found by others (Bayer et al. 1979; Lambert et al. 1979; 
Christiansen et al. 1979). On the other hand the quality 
of control as obtained by the "closed loop system" in re- 
lation to the conventional "open loop application" does 
not permit any direct comparison. ,, 

The finer tuning of blood sugar control also went 
hand in hand with a number of practical information: 
The normal situation when already at the early begin- ~, 
ning of food intake, insulin secretion starts because of 
some pre-information by the neuro-intestinal system, 
cannot be simulated by the automatically working de- 
vice. As shown by Kreagen et al. (1981) and Kerner et 
al. (1984) insulin infusion profiles from the AEP, ad- 
vanced by 15 to 20min, effectively improved the post- ,,*, 
prandial blood glucose control (Fig. 6). 

Furthermore, a circadian variation in insulin re- 
quirement was established during 24 h (Kerner et al. 
1982). Utilization of breakfast and early meals required _~ 
an average of �89 more in,~ulin since consumption of the z 
same amount of carbohydrates at noon and in the even- 
ing (Fig. 7). This observation might be perhaps connect- z ~ 
ed with the so-called dawn-phenomenon, that means 
higher blood glucose and insulin concentrations in the 
early morning hours and during the first part of the 
night (Clark et al. 1980; Kerner et al. 1984). In our 
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hands, under glucose controlled insulin infusion, an in- 
crease of the insulin requirement from 8-50 mU/min  
was observed between 03.00 and 04.00 hours in the ma- 
jority of the patients examined. If the insulin was not 

/ \ 

TIME 
Fig.5. The three principal operational modes for insulin infusion. 
I static control mode; II dynamic control mode; III static + dynamic 
control mode (from [38]) 
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Fig. 7. Variation in insulin require- 
ment during 24h:  1A more insulin is 
required for the same amount of car- 
bohydrates in the morning (from: 
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regulated and only the constantly programmed insulin 
infusion was applied, remarkable increases in the blood 
glucose concentrations were seen. This already resulted 
in practical suggestions as to the programming of the 
open loop portable insulin infusion pumps. 

The better tuning of glucose regulation by automatic 
means also permitted to answer the classical question of 
whether complete blood glucose normalization is ac- 
companied by correction of the abnormalities in lipid 
and amino acid metabolism as well as in the secretion of 
the insulin antagonistic hormones, in other words, of 
whether or not these derangements are primarily related 
to the etiopathogenesis of  diabetes or whether they are 
purely secondary phenomena. If the latter were true, 
then reinstitution of normoglycaemia should not only 
correct metabolic and endocrine disturbances but also 
prevent, reverse, or at least, improve the diabetic micro- 
vascular complications. 

As for glucose, in the fasting state as well as after 
food intake blood glucose levels in any Type 1 diabetic 
patient are completely renormalized (Meissner et al. 
1975; Marliss et al. 1977). A complete parallelism be- 
tween blood glucose values and insulin secretion rates 
were established and also (not shown) to insulin in pe- 
ripheral blood. These euglycaemias also had been pre- 
served on the AEP under exercise conditions without 
requiring any additional control parameters (Schock et 
al. 1980). 

However, the free or not antibody-bound insulin 
values under feedback control effected by the AEP sys- 
tem, significantly exceeded the values measured in the 
normal subjects in both the fasting and the postprandial 
state (Hanna et al. 1980; Horwitz et al. 1980; Voss et al. 
1982; Kerner et al. 1984). Identical observations were 
made following successful pancreas transplantation 
(Pozza et al. ~985). 

In general, this relative hyperinsulinism is ascribed 
to the peripheral route of insulin administration, and 
the lack of primary insulin degradation in the liver tis- 
sues. On the other hand, the Toronto group repeatedly 
demonstrated identical insulin requirements demanded 
by the AEP irrespective of portal or peripheral route of 
insulin supply (Botz et al. 1976); and Christiansen and 
associates (1981) following treatment with the AEP 
measured normal peripheral insulin concentrations. As 
far as glucagon levels were concerned, the generally ob- 
served increased levels in Type 1 diabetic patients on 
conventional therapy were rapidly brought back to nor- 
mal and remained normal also after stimulations with 
arginine or exercise (Schock et al. 1978; Schock et al. 
1981 ; Kerner 1984). 

However, 3 days of treatment were not sufficient to 
renormalize the generally elevated growth hormone 
concentrations. In our hands bicycle ergometer tests 
(75 W for 45 min as an exercise) as well as arginine infu- 
sions revealed the same increases in growth hormone 
levels in diabetic patients as under conventional and 
under AEP treatment. The significance of these studies 
should not be overemphasized. Most probably, the time 
period in which normalization by feedback regulated 
automated blood glucose control was achieved, was not 
sufficiently long enough for complete restoration of the 
normal situation of all parameters concerned. The same 
was true when some intermediary metabolites, as the 
branch-chained amino-acids were measured. 

In conclusion, renormalization of the disturbed 
blood sugar regulation is possible and feasible in any 
insulin-dependent diabetic patient by means of the 
AEP, irrespective of how long the derangement persist- 
ed immediately after feedback regulation between glu- 
cose levels and insulin delivery was re-established. In 
consequence of restoration of normoglycaemia, even in 
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the short time experiment most of the deranged hor- 
monal and metabolic parameters were returning to nor- 
mal, too. The exceptions were the growth hormone and 
certain metabolites as branch-chained aminoacids, the 
beta-hydroxy-butyrate, lactate and pyruvate. Most 
probably prolongations of the periods of .normogly- 
caemia shall also correct these parameters to normal 
values. 

While the capacity of the system to restore normality 
of most secondary parameters of the hormonal and the 
metabolic system obviously required a very fine, if not 
ultrafine, tuning (obviously only provided by prolonged 
periods of complete restoration of the normal euglycae- 
mic situation) also the most extreme clinical situations 
of hyper- and hypoglycaemia were readily brought un- 
der control by the system, as shown for insulin in dia- 
betic ketoacidosis and for glucose delivery in severe ma- 
lignant insulinoma. 

The summary of the clinical applications is given in 
Table 2, while we have to refrain from discussion of all 
other applications of the AEP to clinical and pathophy- 
siological problems for the sake of dealing with the 
main subject of this lecture, i.e. the heading of this sec- 
tion, the grey present. Why do we call this period 
"grey"? It is well understood that the problem of the 

present AEP is not any lack in capacity but that it is still 
a bedside apparatus which cannot be worn by the pat- 
ient, and is requiring, because of the necessity of contin- 
uous blood sampling for measurements of glucose in di- 
luted blood in flow analysis, while the blood afterwards 
has to be discarded, at least 30 ml/24 h. Despite the fact 
that already in the first paper we foresaw the smaller 
portable instrument, if necessary only of temporary use, 
not much progress was made since then. We still lack a 
reliable working implantable glucose sensor. 

The explanation is simple: the cessation of the activ- 
ity of the electrochemical sensor after an unpredictable 
number of hours required the change of the membrane 
every 24 h. The explanation is given by a scanning elec- 

Table2. Some applications of the artificial endocrine pancreas in 
clinical therapy (from: Pfeiffer 1976) 

- Diabetic coma 
- Surgery in diabetic patients 
- Total pancreatectomy 
- Delivery (diabetic mothers) 
- Organic hyperinsulinism 
- Haemodialysis in diabetic patients 
- Induction of the remission phase (honeymoon period) 
- Evaluation of insulin doses for subcutaneous therapy 

Fig.8. Reaction of the body against foreign material of the glucose sensor membrane shown by scanning electronmicroscopy (from: Clemens 
et al. 1976) 
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Table 3. The development of different continuous insulin infusion 
systems [from Mirouze J (1983) Diabetologia 25: 212] 

Closed-loop system: artificial endocrine pancreas 
1974: Albisser et al. 
1974: Pfeiffer et al. 
1975: Mirouze et al. 

Open-loop system: Pumps 
Short-term: venous continuous insulin delivery 

1974: Slama et al., Type I diabetes 
1977: Genuth and Martin, Type 2 diabetes 
1976: Deckert et al., Brittle diabetes 
1976: Hepp et al., Type I diabetes 

Long-term: subcutaneous, venous or peritoneal routes of continuous 
insulin delivery 

1978: Pickup et al., Type 1 diabetes 
1979: Irsigler et al., Type 1 diabetes 
1979: Mirouze et al., Brittle diabetes 

Table 4. Frequency of complications of insulin pump therapy 

Unconscious- 
ness 
due to 
hypoglycaemia 

Ketoacidosis Infections 

All patients 
Absolute incidence a 31/208 47/212 50/203 
Incidence/100 days 

Mean_+ SEM 0.11+0.03 0.18_+0.04 0.27_+0.05 
Range 0 -3.9 0 -4.5 0 -5.0 
n ( f> 1) b 6 13 14 

a Number of patients affected / number of patients reported 
b n ( f > l )  Number of patients in whom incidence exceeded 
1/100 days 

tromicroscopical picture of the membrane: precipita- 
tion of blood cells, thrombocytes, fibrin, leucocytes and 
other materials on the membrane as part of the defence 
reactions of the body against foreign material prevented 
further sensor activity (Fig. 8). By that picture we were 
mentally blocked to such an extent that we stopped all 
further efforts. It was only the group of Shichiri from 
Osaka, who went on and ahead, undisturbed by all the- 
oretical reflections, converting the AEP technology as 
good as possible into a portable feedback controlled 
system. 

However, as everybody knows, one was not willing 
to wait until an implantable glucose sensor was created. 
Various groups used the profile elaborated by the AEP 
to start with the so-called "pre-programmed" insulin in- 
fusions via portable pumps. In other words, one was sa- 
tisfied with portable pumps delivering continuously a 
daily dose of 1-2 U of insulin/h, i. e. 24 U/day, support- 
ing this basal insulin infusion by additional insulin sup- 
ply, the so-called boluses, at the periods of meal intake 
for food utilization. In quite a strong competition, as to 
time, the various modifications of insulin supply were 
suggested, as Mirouze showed it in his Claude Bernard 
Lecture in 1983 (Table 3), and today more than 30 var- 
ious types of pumps are offered to the medical and non- 
medical public. 

Frequent self-determinations of blood glucose by 
the patient are required. The patient is acting as the sen- 
sor, after being introduced to the technique, as his own 
computer and calculator, and, eventually, at meal time, 
as his own pump performer. 

What were the results? Up to this congress disap- 
pointing: the continuously performed insulin infusions 
by the open-loop systems, and effected by portable 
pumps, over 1- and 2-year periods did not favourable 
influence the already present also not much progressed 
retinal micropathology as has been found more or less 
uniformly by the Steno Hospital in Denmark as well as 
established by the Kroc Foundation Study in the 
United States and in Great Britain. 

Only at this congress were there additional findings 
by Norwegian authors and again by the Steno Group, 
that when continuing the infusions, no further micro- 
aneurysms were formed. 

Of course, various explanations are possible to un- 
derstand that programmed insulin delivery is not as 
competent in optimizing insulin application as achieved 
by feedback-regulation, since a number of remarkable 
oscillations of the blood glucose concentrations certain- 
ly cannot be prevented. Of course, hyperglycaemic reac- 
tions are correctly observed only when continuous 
blood glucose monitoring is performed, and daily blood 
glucose profiles, as obtained by the feedback controlled 
AEP, are compared with the ones seen under pro- 
grammed insulin pump treatment. 

It is also not much help to be expected from the 
combinations of insulin infusion profiles obtained by 
the AEP, and the transfer of these profiles by means of 
magnetotapes the following day to the same patients, 
without automatic correction of the insulin delivery by 
continuously measured blood glucose concentrations. 
Uncontrolled hyperglycaemic reactions are registered 
during the nocturnal periods despite continuously on- 
going insulin supply (Pfeiffer and Kerner 1979; Koh- 
lendorf et al. 1979; Staflinic et al. 1979). 

This implies that constant adaptation of insulin de- 
livery to the changing pattern of the blood glucose, and 
vice versa, changing in the same individual under iden- 
tical conditions, as one of the features of normal biolo- 
gy, is necessary for providing the perfect feedback con- 
trol. 

So it easily could be that the quality of control ob- 
tained by the pumps was attaining a minor degree of re- 
normalization. The other possibility, of  course, were the 
time period when the insulin infusion treatment was 
started. Strict control perhaps is required much earlier 
in the life of the diabetic patient. 

The other problem consists of the side reactions. 
Out of about 200 diabetic patients, observed by 20 Eu- 
ropean centers collaborating in the Study Group on 
"Artificial Insulin Delivery Systems and Pancreas and 
Islet Transplantation" of the EASD, about 10% of the 
pump treated patients suffered from hypoglycaemic 
reactions, inducing unconsciousness (Table 4). 
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Fig. 9. The mobile version of a continuous glucose sensor (taken from 
the Ulm artificial pancreas) 
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postprandial free insulin. Patients became aware of 
hypoglycaemia only in 6 out of 23 (CSII) and 6 out of 
8 episodes (ICT). Some of these episodes lasted up to 
422 min ! 

Despite of similar quality of previous blood glucose 
control (HbA1 8.0 + 0.05% CSII versus 8.0 + 0.3% ICT), 
blood sugar profiles showed better regulation under 
CSII treatment, i.e. mean blood glucose amounted to 
99.6+10 versus 133A+7.4mg% (i.e. M-value of 
12.3+3.5 versus 26.2+4.1) or a Mage of 71.9 + 8.7 ver- 
sus more than 32.9 + 14.2 rag% (CSII versus ICT). 

To make a long story short, conventional home 
blood glucose monitoring is unable to detect these ex- 
tended periods of hypoglycaemia, reassessing the tradi- 
tional experience of closed correlation between agres- 
sive insulin therapy and enhanced hypoglycaemic risk. 

Summing up, we can offer today continuous insulin 
infusion therapy to the patient as alternative to conven- 
tional treatment by injections; we can aim, and some- 
times may obtain, nearly normal blood glucose concen- 
trations, and this type of therapy may compete with the 
intensified conventional treatment with the ICT of insu- 
lin by multiple injections, combining short and long act- 
ing insulin preparations. This new type of agressive in- 
sulin therapy is running higher risks than the conven- 
tional treatment with insulin injection. Hypoglycaemias 
are representing only one of those risks. The complica- 
tions are not overcome yet, and better permanent con- 
trol only can be achieved after a permanently working, 
implantable glucose sensor has been developed. On the 
other hand, we also have registered positive results as 
further improvements in diabetic neuropathy and pre- 
vention of malformations, miscarriages and early death 
of children of diabetic mothers are concerned, by the 
presently used continuous insulin infusion renouncing 
blood glucose control. 

To obtain unbiased information, we constructed a 
mobile glucose sensor; for that purpose, the glucose 
monitor part of the AEP was converted by our engineer 
in such a way that the energy production was provided 
by batteries and accumulators, i.e. independence from 
the usual current was obtained (Fig. 9). While continu- 
ous insulin infusion was effected by portable pumps, 
the glucose measurements were continuously per- 
formed likewise, i.e. the patients were moving freely in 
the hospital precinct (Arias et al. 1984). Hypoglycaemic 
periods with blood sugar values below 50 rag% were 
measured up for to 7 h duration within the 24 h of the 
day in several patients. These hypoglycaemic periods 
were clinically not always evident. 

In summary, the incidence of hypoglycaemic ep- 
isodes in diabetic patients following CSII and ICT, as- 
sessed by ambulatory 24 h continuous blood glucose 
monitoring, measured glucose values below 50 mg% in 
9 out of 10 under CSII, and 5 out of 9 patients under 
ICT. In both groups hypoglycaemia was most frequent 
at noon (Fig. 10), and was related to elevated pre- and 

The rosy future 

With that we are entering the last part of this lecture de- 
voted to the development of the implantable AEP and, 
as we hope, starting the rosy future, that will be dis- 
cussed in the remainder of this Lecture. 

Here the first problem consists of  the implantable 
glucose sensor. Two problems had to be overcome. On 
the one hand, neutralization of the sensor takes place at 
the resuk of the efforts of the body to eliminate foreign 
materials present in the peripheral circulation (precipi- 
tation of fibrin, platelets, leucocytes, formation of con- 
nective tissues, etc . . . .  ), as we have seen. On the other 
hand, the glucose measurement has to be improved in 
such a fashion that stability is provided. 

For glucose measurements electrochemical sensors 
were used preferentially after the optical methods had 
not succeeded until now. From the electroenzymatic 
method down to the "Chemfets" = "Chemically Sensi- 
tive Field Effect Transistors", everything was tried. 
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Fig. 11. The glucose sensor used in 
the artificial endocrine pancreas 
(from: Clemens et al. 1977) 

However, after quite some exploration we returned to 
the electroenzymatic, electrochemical technique which 
we already had used in the first Ulm-Elkhart version of 
the AEP, the "Biostator" (Fig.ll),  similar as Fischer 
and Shichiri had adopted in their attempts at glucose 
determinations in subcutaneous tissues. This method al- 
ways is based on an immobilized glucose oxidase 
(GOD), combined with amperometric detection of ei- 
ther peroxide, oxygen, changes in the pH, or a number 
of  other variations of indicator techniques. 

Glucose + O2---~ gluconic acid + H 2 0 2  

The important parts are the substrate, the immobilized 
enzyme, converting the substrate to products and reac- 
tants, and the detector. In the original work of Clark 
and Lyons, Hicks and Updike, a traditional cation-se- 
lective glass electrode was coated with the enzyme, and 

some polymerized acrylamide gel matrix was used for 
coverage. In the meantime, PVC and polyuretan based 
matrices more or less have taken over. If they have dif- 
ferent selective binding sites, lipophilic and lipophobe 
capacities for separation, these were preferential. 

Although some of these glucose electrodes are al- 
ready built in for flow-through determination, and com- 
mercially available in some laboratory instruments (Yel- 
low Springs Industr., Model 23, Solea Tacussel, Mod- 
el ENSL1, etc.), for the work with the implantable 
sensors, you still have to construct your own sensor. 

By doing so, you are entering the fascinating field of 
Analytical Chemistry represented by the ion-selective 
electrodes, as vital part of modem electrochemical sen- 
sors. 

The whole field is not entirely new. It is based on 
very old recognition of physical chemistry, i.e. that a 
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chemical reaction is generating an electrical potential, 
measured in relation to the so-called inert reference 
electrode, also in contact with the sample. The trick 
consists of the fact that you have to find the fight ion se- 
lective electrode, and by saying ion I understand that al- 
so anions can be measured that way, and to separate the 
substrate from the product. The advantage consists of 
the fact that undiluted samples can be evaluated and so 
not blood had to be withdrawn. In case of the enzyme 
electrodes, the question is represented by the big ques- 
tion mark, whether or not these electrodes are continu- 
ously to be reusable. 

It is not generally known, that the so-called ion se- 
lective electrodes were already used in clinical chemis- 
try on various occasions. One of the first examples was 
the glass electrode which founded the basis of a simple 
pH meter, developed and sold by Beckman. One of the 
more modern developments appeared at the end of the 
1960s, and this was the potassium electrode using valin- 
omycin as the so-called neutral carrier. Flame photome- 
try today practically can completely be substituted. The 
first so-called enzyme electrode did not appear before 
1975. It was designed for urea measurements by Cam- 
mann in Ulm in the same year. At the same period the 
first application of the oxidase reaction was evaluating 
diluted blood for glucose measurements and this was 
incorporated into our AEP here in Ulm by our associate 
Clemens. 

The electric energy generated by the chemical reac- 
tion with the specific selected anion can be measured in 
two ways, either by potentiometric means of by amper- 
ometry. In the first technique a membrane of sensing 
surface acts as a battery which generates the potential, 
proportional to the logarithms of the analyte concentra- 
tion, the so-called activity. This is the type which was 
followed, as far as glucose is concerned, for years by 
Siemens and by Soeldner in the United States. 

The other one is the amperometric electrode sensor. 
Here, a potential is applied between the reference elec- 
trode. The potential generated encourages the electron 
transfer resulting from the chemical reaction and causes 
a current flow proportional to the concentration of the 
analyte. The first one was the polarographic sensor for 
the measurement of the oxygen. 

Because of the sensitivity needed in our case and for 
our electrode, which we had used already in these early 
years, we preferred the amperometric technique (Cle- 
mens et al. 1977; Pfeiffer et al. 1976), also in the implan- 
table electrode for measuring interstitial or tissue glu- 
cose. A potential of 700 mV is applied between the 
silver and the platin electrode, and the peroxide pro- 
duced by the GOD-reaction is oxidized and measured 
in nA. The 10-100 nA measured are proportional to the 
glucose content of the solution, in the tissue interstitial 
fluid the presence of sufficient oxygen provided. After 
overcoming the temperature and pressure, out of the 
various variations of shapes of electrodes used for elec- 
trochemical sensing, we selected the following types 

Fig. 12, The "new" glucose sensor 

(Fig. 12). The electrodes were covered with silicon, var- 
ious polymers, and tested for permeability of oxygen 
and glucose, for separation and for oxidase immobiliza- 
tion. Afterwards, in vitro and in vivo tests were per- 
formed. 

Out of the many tests and many materials tested by 
our Dr. Kerner and Mr.Zier emerged a few construc- 
tions, suited for animal experimentation. The results ob- 
tained until now will be shown to you in the spirit of 
Claude Bernard, i.e. how he did in his lectures when 
presenting and discussing the results directly coming 
out of the laboratory, with his students. 

Considering always the three problems of continu- 
ous glucose monitoring in circulation and in tissues 
stability (temperature, drift etc.), specificity, and bio- 
compatibility, the electrode was put in a glucose con- 
taining fluid or diluted blood, conventional glucose 
measurement was likewise performed for control, and 
perhaps calibration, and then the experiment was con- 
tinued for hours, days, weeks and months. 

In contrast to the beliefs of our physico-chemical 
advisors, who were predicting electrode intoxication by 
electrons, and rapid decrease in capacity of glucose 
sensing, with the right mixture after some experimenta- 
tion in the in vitro tests no drift was seen, and even after 
two weeks of continuous measurement increases in the 
glucose were readily registered in the long-term experi- 
ment as well as over the following weeks and months 
(Fig.13). The same holds true for rapid changes of 
blood glucose concentration in the medium. 

The glucose sensor was placed subcutaneously in 
rats and the glucose content in the circulating blood was 
continuously monitored likewise with the miniaturized 
version of our "Biostator Endocrine Pancreas". When 
glucose was injected for increasing blood sugar concen- 
trations, or on the contrary, insulin was given for pro- 
ducing hypoglycaemic reactions, a delay in the intersti- 
tial glucose concentration was seen as far as compari-  
son with blood sugar changes were concerned. 

In the  other animal, the sheep, again, when compar- 
ing continuously blood sugar levels in the circulation 
and in the subcutaneous tissue, no drift was seen after 
the primary adjusting period. Again, when glucose was 
rapidly elevated by intravenous glucose injection a 
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clear-cut delay between 5 and 15rain, more often 
10-15 min between the maximum increases, was regis- 
tered, irrespective of the day of experimentation 
(Fig. 14). 

I should like to draw your attention to the fact that 
the tissue glucose content we are not indicating as mg%, 
i.e. not evaluating the value measured in the fluid for 
some kind of calibration. We rather prefer to plot direct- 
ly the electric energy in nA, since the measurement of 
the current is reflecting in the present moment the actu- 
al situation, and identification of that electric current 
with the glucose concentration, measured in vitro, 
seems not justified, until direct glucose extraction out of 
the tissues has been performed in any individual case. 

Also in the rabbit, the third animal in which the 
same experiment with the same experimental protocol 
was performed, the delays in the increase in the glucose 
concentrations behind the changes in blood sugar per se 
were observed, too. In the respective Figure 15 the elec- 
tric current, ensured in the subcutaneous tissue is given 
in nA above the blood sugar changings, in response to 
the glucose injected i.v. Again, the delay between the 
nadir of the blood sugar increases were recorded in the 
range of  15-20 rain. 

All of the animals, were, of course, completely con- 
scious, and after a few days were completely used to 
eating, responding, caressing and speaking. They were 
only limited to the extent of the experimental setting. 
Telemetric recording of the glucose generated energy is 
already attacked for the next experimental period. Up 
to now, the life-time of the sensor implanted was never 
less than 4 days. 

If specificity, and, to a certain extent, stability is so 
much better than thought before, the problem of bio- 
compatibility also looks better than we had expected at 
earlier periods. With some other new material which 
had not been tried before, even 3 months implantation 
s.c. in rats did not result in any major reaction (Fig. 16). 

Conclusions 

When we started more than 10 years ago by developing 
a "closed loop" glucose controlled insulin infusion sys- 
tem it was clear that certain inborn limitations will not 
be overcome: The regulation was based exclusively on 
the changes in the blood sugar concentrations, and the 
insulin supply was completely confined to peripheral, 
i.e. not to intraportal administration. 
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Fig.15. The "new" glucose sensor implanted subcutaneously in a rabbit: parallelism between blood sugar concentrations (columns) and the 
current of the glucose sensor (line) with a lag time of about 15 rain shown in an IVGTI" (left ordinate: current of the glucose sensor in nA; right 
ordinate: blood sugar concentrations in mg/dl) 

Fig. 16. A biocompatible material im- 
planted in rats 3 months s. c. showed no 
major tissue reaction 025-fold magnifica- 
tion of a haematoxylin-eosin stained 
slide) 
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Table 5. Seven phases in planning and realization of a project 

1. Excitement 
2. Confusion 
3. Disappointment 
4. Resignation 
5. Search of the culprit 
6. Punishment of the innocent 
7. Distinction and honouring of the unconcerned 

Table 6. Associates and participants in the work on the artificial en- 
docrine pancreas (on the left: physicians and engineers; on the right: 
candidates for a doctor's degree and medical assistants) 

P. Arias C. Meissner 
W. Beischer H. Moll 
A. H. Clemens M. Schmidt 
A. de la Fuente D. Schock 
M. Dolderer T.v. Schrenck 
W. Keruer M. Schultz 
L Navascues H. Babli 
E. F. Pfeiffer H. Hilbig 
S. Raptis C. Rudtke 
G. Steinbach 1L Schrnke 
G. Y. Tamas I. Wollmann 
C. Thum 
A. A. Tortes 
H. Zier 

Congress, i.e. nature is providing for the "glucose sen- 
sor" of the B cell also a faster information than could be 
attained by the certainly not linear flux of the glucose 
through the capillary membranes. 

As a maximum expectation, complete renormaliza- 
tion of blood glucose levels over 24 h, and postprandial- 
ly and following exercise, might be provided when over- 
coming the problem consisting at present of  measuring 
interstitial tissue glucose contents. As a minimum, also 
with this limitation, constant blood sugar values below 
200 mg% during daily life and also after food intake, 
might be automatically effected by glucose sensing s. c., 
and the development of special algorithms for that situ- 
ation, as well as blood sugar response tests similar to the 
Type 2 (non-insulin-dependent) diabetic patient with- 
out hypoglycaemic reactions. In other words, the Type 1 
diabetic patient might be changed by proceeding in 
such a fashion to a Type 2 diabetic patient, i.e. with mi- 
nor risks of developing microangiopathic changes. 

When predicting the rosy future of automated blood 
sugar control, I am still not beyond the scepticism of the 
famous 7 phases in planning and realization of a project 
(Table 5) where I would like to see us placed just below 
the number 4-phase, before expecting the unpredict- 
able last 3. 

In comparison to the many regulatory factors influ- 
encing blood glucose regulation in the normal organ- 
ism, this already was a major disadvantage of the tech- 
nical systems, in comparison to the natural regulation. 

As discussed above, a number of certain manipula- 
tions, as advanced administration of insulin, in connec- 
tion with the meals, was permitting to keep up with 
some of these inborn limitations. Hyperinsulinism still 
had not been completely overcome, in general. 

With a delay in the changes in the tissue glucose lev- 
els, which have to be added to the delay in the insulin 
delivery via s. c. or i. p. routes - as long we are not devel- 
oping techniques for infusing the insulin on a long-term 
basis directly into a peripheral vein - we are, reliable tis- 
sue glucose measurements provided, still 20 to 25 rain 
behind the rapid blood sugar fluctuations. This will not 
permit the development of algorithms for automated 
blood sugar regulations by continuous glucose monitor- 
ing as we had done successfully in the presently avail- 
able AEP in clinical use. We shall have to find the tis- 
sues where the constant interplay between blood flow, 
transport across the capillaries, and the cellular half life, 
is different from the s. c. or the i.p. area. An entirely new 
field lies ahead. Hopefully, a certain niche will be found 
where the information delivered by the tissue glucose 
content to the sensor comes earlier than in the s.c. and 
i.p. region. Here, we have to remember the situation 
around the Langerhans islet, where a special capillary 
network around the B cell is providing the information 
of changes in the blood sugar content 45 s after injec- 
tion, i.e. earlier than in other regions of the circulation, 
as beautifully shown by Dr. Rooth from Sweden at this 
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