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Summary. Eleven brittle diabetics, mean duration
11.5 years, all treated with highly purified porcine
NPH insulin twice daily, were placed on highly
purified porcine regular insulin 4 times daily for 2
days. Thereafter pre-planned intravenous insulin in-
fusion was started. Insulin in an amount correspond-
ing to the daily insulin requirement was infused by a
mobile electric infusion pump at precalculated rates
between 30 and 7 ml/hour during 2 days. The patients
were ambulatory. Capillary blood glucose was taken
every 30 min after meals and every two hours during
the night. After an equilibration period of 7 hours,
blood glucose fluctuations were in the physiological
range in nearly all patients during the infusion period.
[Only 1.3% of the blood samples showed glucose
levels lower than 2.5 mmol/l and 2.9% levels exceed-
ing 10.0 mmol/1 during the infusion days]. Mean blood
glucose (MBG) was 6.0 £ 0.9 mmol/l (mean = s. d.),
the standard deviation of MBG was 1.8 = 0.5 mmol/l,
the mean amplitude of blood glucose excursions
(MAGE) 4.7 £ 1.4 mmol/l, and glucosuria 3.1 = 3.9
g/day. All these data of glucose homeostasis were
significantly lower during the infusion days. The in-
cidence of hypoglycaemic attacks was low
(0.32/patient/day) and not significantly higher than
during NPH treatment. It is concluded that near nor-
mal blood glucose fluctuations can be achieved in
brittle diabetics by preplanned insulin infusion with-
out blood glucose monitoring.

Key words: Insulin infusion, artificial pancreas, brittle
diabetics.

In spite of insulin treatment, diet, and medical control,
life expectancy and “quality of life” are reduced in
juvenile diabetics (diabetics who have to be treated

with insulin before the age of 30) [7]. The cause of the
poor prognosis is the development of nephropathy
and of cardiovascular disease which seems to be de-
pendent on the quality of metabolic control during the
preceding years [7, 8,12, 17, 24]. To reduce the risk of
severe Jate diabetic manifestations, diabetologists all
over the world are trying to achieve good metabolic
control in juvenile diabetics.

This often seems to be impossible and such pa-
tients are called brittle diabetics. In these cases the
basic daily insulin requirement can be met preventing
the development of ketoacidosis, severe hypo-
glycaemia, weight gain or loss and other diabetic
symptoms, but there remain wide and unphysiological
daily fluctuations in blood glucose and many other
metabolites and hormones [1, 4, 11, 21].

These fluctuations seem to be due to inadequate
variations of the plasma concentration of pancreatic
islet hormones (insulin, glucagon, and somatostatin),
since pancreatic transplantation is able to prevent
them entirely [14]. Nothing is known about the role of
pancreatic somatostatin in the metabolic regulation of
diabetes, whereas pancreatic glucagon seems to be of
importance [4.22]. The unphysiological variation of
plasma pancreatic glucagon in diabetic animals ap-
pears to be induced by lack of insulin, and this may be
the case in human diabetics [15]. Consequently, it
seems to be of the utmost importance to keep plasma
insulin concentration within the physiological range in
order to prevent fluctuations of metabolites and hor-
mones in brittle diabetics.

In non-diabetics the plasma insulin concentration
fluctuates as seen in Figure 1. These fluctuations of
plasma insulin are of importance for blood glucose
homeostasis, since intravenous infusion of insulin at a
constant rate to brittle diabetics lacking endogenous
insulin [9] results in marked elevations of blood glu-
cose after meals (Fig. 2).
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Fig. 1. Plasma insulin variation during one day in
nondiabetics. Mean + SEM of 4 volunteers. (We
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Fig. 2. Capillary blood glucose during intra-
8 venous insulin infusion at a constant rate (0.26—
/ 0.53, mean 0.39 mU/kg/min) in 4 insulin-
44 treated normal-weight diabetics. 3 patients were
Lﬁ . of the juvenile brittle type, one patient of the
—8 3y m oy 0 timeinhours more stable type. Mean = SEM of 11 infusion
0 8 10 12 14 16 18 20 22 20 2 4L 6 8 days

To keep the blood glucose concentration within
the physiological range in brittle diabetics we there-
fore developed a programme of infusing soluble insu-
lin intravenously at rates which would imitate
physiological plasma insulin variations in non-diabet-
ics in everyday life. This paper describes the method of
insulin infusion and the results in 11 consecutive brit-
tle diabetics given ambulatory insulin infusion for 2
days after unsuccessful regulation on NPH insulin
twice daily as well as soluble insulin 4 times daily.

Material and Methods

Material

The group of brittle diabetics consisted of 11 diabetics
— 7 males and 4 females — referred to the Steno Memo-
rial Hospital, one of the diabetic centres in Denmark.
The patients had been referred to the hospital by
practitioners or departments of internal medicine be-
cause of difficulties in achieving acceptable metabolic
control. The patients’ data are given in Table 1. In 8
the diagnosis of diabetes had been established before
the age of 20, in the other 3 after the age of 35 (mean
16.6 years of age). One patient was obese (+ 16% of
ideal body weight according to the tables of Natvig
[16]. The other patients were normal — or under-

weight. The duration of diabetes and insulin treatment
varied between 4 and 21 years (mean 11.5 years),
which means that any preservation of endogenous
insulin secreting capacity was unlikely [9]. 7 of the
patients had already developed late diabetic manifes-
tations (retinopathy and/or neuropathy), but none
had Albustix-positive proteinuria. All the patients
had been treated with highly purified porcine NPH
insulin (insulin Leo Retard RI®) twice daily for sev-
eral years; 8 patients mixed NPH with shortacting
insulin in the morning. In all cases the daily insulin
requirement (mean 48 units) exceeded 35 units, the
mean of the daily insulin requirement in adult Danish
insulin-requiring diabetics [6]. During the first 5 to 10
days in hospital (mean 6.7 days) the patients were
ambulatory with ordinary physical activities (long
walks, bicycle rides) and on a regular diet of
1500~2300 cal. (mean 1929) including about 200 g
carbohydrates a day (Table 1). The usual insulin was
given by the nurses twice daily, 30 min before break-
fast and supper in varying amounts based on capillary
blood glucose determination 5 times daily. All pa-
tients were without symptoms or complicating dis-
eases and without ketonuria after one day of treat-
ment.

Since after several days of hospital treatment the
patients were still difficult to regulate, the usual in-
sulin treatment was stopped and replaced with highly
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Table 1. Individual data of 11 brittle diabetics. For definition of a,, b, ¢,, and ¢,, see Fig. 3

No. Sex Age % of  Durati- Reti- Neuro-Diet Daily insulin dose Ins./kg Fasting blood
(years) ideal onof nopa- pathy Calories Carbo- given  (units) body weight glucose on 1. st
body- diab. thy hydra- (units) infusion day
weight (years) tes(g) a, b c c, (mmol/I)
1 m 24 98 4 0 0 2016 222 48 50 48 48 0.69 17.1
2 m 14 96 8 0 0 2243 255 48 53 48 48 0.84 16.1
3 m 21 92 8 0 0 2119 233 50 52 52 42 0.81 18.0
4 m 56 104 12 0 + 2158 249 32 43 36 36 - 0.50 14.0
5 m 18 107 14 + 0 1986 185 52 50 50 48 0.77 14.8
6 f 21 84 13 0 + 1510 148 46 48 46 44 0.89 16.0
7 f 19 88 13 + 0 1655 169 52 52 54 52 094 18.9
8 t 25 95 21 + 0 1588 145 42 39 36 36 0.65 17.8
9 m 44 93 4 0 0 2326 259 42 46 50 - 50 065 16.4
10 m 52 116 16 + + 1724 175 54 49 56 54 0.67 12.7
11 f 15 -90 14 0 + 1898 180 52 53 58 54 1.08 142
mean 4/7 28.1 96.6 11.5 4/11  4/11 1929 202 47.1 486 485 465 0772 16.0
+s.d 15.1 9.2 5.1 277 43 64 44 72 64 0.16 1.9

purified porcine regular insulin (insulin Leo Neutral
RI®) 4 times daily subcutaneously. The day before the
first day on regular insulin, capillary blood glucose was
determined, in all patients except the first one, every
30 min after meals, and every two hours during the
night (Fig. 4). Regular insulin was given in order to
achieve a more physiological plasma insulin concen-
tration during the 3 chief meals and in order to elimi-
nate all NPH insulin from the subcutaneous tissue
before starting intravenous insulin infusion. Of the
total daily insulin requirement, about 30% was given
at 7 a. m., about 25% at 12 noon, about 30% at 6
p. m. and 15% at midnight. Each insulin dose was
determined from blood glucose measurements. Capil-
lary blood glucose on these days was determined at
least 5 times daily. After 2 days on regular insulin,
intravenous insulin infusion was started. The whole
procedure is illustrated in Figure 3.

Methods

Two days of continous intravenous insulin infusion
followed upon 7—-12 days (mean 8.7 days) of carefully
supervised subcutaneous insulin therapy in hospital.
The infusion was started at 8.00 a. m. and given by an
electric precision pump (Infusomat®) placed on a
mobile stand easily transported by the patient, who
followed the usual hospital routine (bedroom, sitting-
room, toilet etc.). The meals are shown in Figures 4
and 5. Physical exercise (E) was done on a bicycle 3
times daily for 30 min, from 10.30-11.00 a.m.,
3.00-3.30 p. m., 6.30-7.00 p. m.

In all patients the infusion rate was varied accord-
ing to the same programme. This programme was

developed on the basis of infusion experiments carried
out in other diabetics and indicated that physiologic
postprandial plasma insulin variations could be
achieved by increasing the basal insulin infusion rate
(resulting in a plasma insulin concentration of . g. 15
uU/ml) 4-5 times, followed by a gradual decrease of
the insulin infusion rate. According to these experi-
ments, the following infusion programme was used in
each of the 11 patients:

time infusion rate

8.00~ 9.30 30 mi/hour

9.30-12.00 15 ml/hour
12.00~-13.00 30 ml/hour
13.30-15.00 20 mi/hour
15.00-16.00 15 ml/hour
16.00-18.00 10 ml/hour
18.00-20.00 30 ml/hour
20.00-21.30 15 ml/hour
21.30-00.30 10 ml/hour
00.30-08.00 7 ml/hour
(see Fig. 5)

The infusion rate was easily changed by the patient
himself by turning a button on the pump. The infusion
programme was identical on both infusion days and
the infusion volume was 360.5 ml/day on all experi-
mental days.

Thus the only parameter which varied between the
individual patients was the insulin concentration of
the insulin solution. The individual insulin solution
was prepared after estimating the total daily insulin
requirement on the basis of the preceding days, obser-
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5-10days 2days | 2days Fig. 3. Procedure in regulation of brittle diabe-
tics. a: period of NPH-insulin treatment; b:
period of regular insulin treatment; c: period of
- insulin infusion treatment. During a, blood glu-
NP ':u {)f: Stu LIN Regular | Regular cose was determined at least 5 times daily. Dur-
o INSULIN| 1 NSU LIN ing a, blood glucose was determined at least 28
2 x daily 23 gc‘:‘lt . '2; ":‘ Ctlv. times daily. During b blood glucose was deter-
atty : mined at least 5 times daily. During ¢ blood
glucose was determined at least 28 times daily
1 blood glucose
2t m mol/l n+0
20 f meantSEM
161 Fig. 4. Capillary blood glucose during the last day
12 on NPH insulin treatment. Mean = SEM of 10
brittle diabetic patients. The black squares indi-
g4 cate meals, E = physical exercise. The mean
insulin dose was given at the arrows, /{3 = 15
4 R R units of highly purified porcine NPH insulin (In-
+9N A E> o sulin Leo Retard RI®), 9% = 9 units of highly
0 2 E By € E 1 ___ tmein hours purified porcine regular insulin (Insulin Leo
6 8 10 12 14 16 18 20 22 24 2 4 6 8 Neutral RI®)
blood glucose
20 J mmol/I|
n=1
16 { mean +SEM
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8 —
4 1 mi/hour
3 INSULIN INFUSION
104 2.day
6 - Fig. 5. Capillary blood glucose during the 2 infu-
sion days. Mean = SEM of 11 brittle diabetics.
2 ime inh The black squares indicate meals, E = physical
L. A ) £ @ 1 , Ihme ',n ours exercise. The insulin infusion rate is given in ml
8 10 12 % 16 18 20 22 2 2 4 6 8 solution/hours

vations at the outpatient clinic and earlier hospitaliza-
tions. Highly purified porcine regular insulin (insulin
Leo Neutral RI®) at an amount corresponding to 1.4
times the estimated daily insulin dose was dissolved in
500 ml isotonic phosphate-sodium chloride solution,
pH 7.4. 2': g of human albumin (Statens Serumin-
stitut) was added in order to prevent adsorption of
insulin to bottles and tubes [10]. Since every patient
only received 360.5 ml of the solution a day, of the
estimated daily insulin requirement was thus secured.

Every day a freshly prepared insulin solution was
used in order to avoid bacterial growth. Only small
adjustments of the total insulin amount in the solution
were made before starting the second day infusion
(see Table 1).

No fall in insulin concentration was found in the
infusion bottles during 24 hours at room temperature.

Capillary blood was taken from the ear lobe 28
times a day for whole blood glucose determination by
the glucose oxidase method (Figures 4 and 5). Glu-
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Table 2. Mean blood glucose (MBG), standard deviation (s. d.) of MBG, mean amplitude of blood glucose excursions (MAGE), glucose
excretion in urine/day, and incidence of hypoglycaemic attacks/day in 11 brittle diabetics. Furthermore, maximum and minimum blood
glucose values during the NPH insulin day (a) and the insulin infusion period (c) are given. For definition of a,, b, ¢;, and c,, see Fig. 3. MBG:
a,vs.b:p < 0.01; bvs. ¢;:p < 0.001; b vs. c,:p < 0.001. 5. d. of MBG: 2, vs. b:n. s.;bvs. ¢, :p < 0.001; b vs. ¢,: p < 0.001. MAGE: a, vs.

b:n.s.; bvs. c:p < 0.01. Glucosuria: a, vs. c:p <-0.001

No. MBG s. d. of MBG Mage Glucosuria Hypoglycac- Maximum vs.
(mmol/T) (mmol/1) (mmol/1) (g/day) mic attacks minimum blood glu-
cose during period
a, b ¢ ¢ @ b ¢ ¢ @y b c b c a, b ¢ a(mmoll) c
20.0 11.6
1 108 87 7.5 52 62 44 18 15 6l 8.8 3.7 64 21 0 1 1.5 05 3.6 2.6
20.2 8.8
2 11,3 110 55 59 48 50 1.2 14 154 121 25 36 41 0 1 05 05 48 37
27.8 9.9
3 173 128 6.6 69 56 52 13 14 208 128 39 80 43 12 0 05 05 170 4.1
22.6 11.6
4 17.1 103 64 74 24 45 28 23 69 89 6.8 88 19 5 0 15 0 135 1.8
15.1 10.7
5 107 63 61 63 33 18 12 22 68 39 7.0 28 2 5 0 1 0.5 51 2.9
15.8 95
6 90 98 62 43 34 37 21 13 75 82 40 8 18 2 0 05 05 38 24
20.3 9.9,
7 123 112 58 55 42 26 20 21 114 57 51 27 17 0 1 0 0 4.5 2.7
21.4 11.9
8 128 6.6 64 7.0 43 41 13 31 141 6.9 53 57 5 7 0 1 0 7.1 3.0
: 22.0 12.0
9 137 116 7.0 59 43 47 25 18 6.2 101 5.7 48 50 3 0 o0 0 7.0 3.1
: 12.6 85
10 73 7.7 50 50 20 25 16 13 6.1 91 35 6 7 0 0 0 05 34 2.7
20.0 10.7
11 116 97 48 50 43 33 19 23 11.0 91 50 8 9 0 0 0 05 52 1.6
mean 122 96 6.1 59 41 3.8 1.8 19 102 87 47 409 210 31 3 6}3.5 198 4.1 10512
+s.d 30 21 08 10 13 1.1 05 06 49 26 14 289 165 3.9 11 711 711 59+29 28%0.7
cose in 24-hour urine samples was also determinedby ~ Results

the glucose oxidase method. On the basis of all capil-
lary blood glucose determinations on each day, the
mean blood glucose (MBG) =+ standard deviation
(s. d.) was calculated for each patient. Because of
highly elevated fasting blood glucose on the first infu-
sion day (Tab. 1 and Fig. 5), an equilibrium period of
7 hours was allowed before calculation was started on
that day. As ameasure of blood glucose fluctuations in
the individual patients, apart from the standard devia-
tion of MBG, the mean amplitude of glucose excur-
sions (MAGE) was calculated according to Molnar
[18]. Again an equilibrium period of 7 hours was
allowed before calculation started on the first infusion
day. Hypoglycaemic reactions were recorded when
the patients had appropriate symptoms and blood glu-
cose levels lower than 5.0 mmol/l. Immunologically
reactive insulin in the infusion bottles and in plasma
from non-diabetics was measured after adequate dilu-
tion by the solid phase technique of Wide [23].

All patients felt well. In 3 cases the infusion had to be
interrupted — after 34, 35, and 38.5 hours—~ because of
paravenous infusion, phlebitis, and break-down of the
pump respectively. In all the other cases the cubital
vein infusion was continued for 48 hours. )
Figure 4 demonstrates the high blood glucose
levels, the huge SEM (1.2-2.2 mmol/1), and the wide
fluctuations (8—19 mmol/l) of blood glucose during
the last day on NPH insulin. This is in contrast to
Figure 5, which demonstrated the mean blood glucose
variation during the 2 days on insulin infusion during
which — after the equilibrium period — the level is in
the physiological range, the fluctuations much less
marked (4.2-8.4 mmol/l), and the SEM halved. Only
1.3% of the blood glucose determinations were less
than 2.5 mmol/l on the infusion days after the equilib-
rium period of 7 hours, and 2.9% of the samples
exceeded 10.0 mmol/l. The maximum and minimum
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glucose levels are given in Table 2. The incidence of
hypoglycaemic reactions during the infusion days was
about the same as on the NPH day, but lower than on
the days on which regular insulin was given subcutanc-
ouslv 4 times daily. The daily insulin dose was not
significantly different on the NPH day, days with regu-
lar insulin, and infusion days (see Table 1). Table 2
also demonstrates MBG = standard deviation,
MAGE, and glucosuria. Itis seen that the mean MBG,
standard deviation, MAGE, and glucosuria were
greatly, and significantly, reduced on the infusion days
(Table 2).

Discussion

Normal blood glucose homeostasis in brittle diabetics
may be established by pancreas- [14] or islet trans-
plantation [13] or by using an artificial pancreas [2].
Since the technical, immunological and ethical prob-
lems concerning pancreas- or islet transplantation
may be difficult or impossible to solve [3], it cannot be
excluded that diabetic treatment by an artificial pan-
creas may be a possibility in the future. So far, how-
ever, an artificial pancreas is too complicated and too
large for ambulatory clinical use, since a glucose-sen-
sor has to be implanted, blood has to be withdrawn,
and insulin has to be infused continously, periodically
together with considerable amounts of glucose. If
automatic glucose analysis can be avoided, the techni-
cal problems would be greatly reduced. Slama et al.
[20} have tested a portable insulin infusion pump in 7
diabetics. Insulin was given intravenously at two diffe-
rent rates. However, blood glucose control during the
infusion days was not superior to that on subcutaneous
treatment with short-acting insulin 3 times daily. This
was presumably because these patients were stable
insulin-dependent diabetics, already very well regu-
lated on subcutaneous insulin therapy with short act-
ing insulin 3 times daily.

The infusion programme described in this paper
gave a significantly better blood glucose control than
treatment with NPH-insulin or short-acting insulin 4
times daily, although the infusion programme was not
altered from patient to patient. This amelioration of
blood glucose homeostasis was presumably achieved
because the plasma insulin concentration varied in a
more physiological manner. In normals and diabetics
without insulin antibodies the plasma concentration of
insulin will rapidly change after the insulin infusion
rate has been changed, because insulin has a rather
high turnover rate [19].

By giving insulin intravenously, unpredictable ab-
sorption from the subcutaneous insulin depots can be
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avoided [5] and so can dermatological and probably
also immunological side effects [6].

The only important prerequisite for successful in-
sulin infusion treatment — besides a reasonable pro-
gramme — is a fairly good estimate of the daily insulin
requirement. It was interesting that not infrequently
the blood glucose concentration was lower than on the
NPH days without causing hypoglycaemic sensations
and/or counter-regulation. It was also interesting to
see that blood glucose rises significantly in the early
morning during constant insulin infusion (Fig. 5), pre-
sumably because the plasma cortisol concentration
rises, resulting in increasing insulin need. Further
work, using a more convenient pump, is in progress.
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