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Summary, Two main methods are available for assessing insu-
lin sensitivity with the hyperinsulinaemic euglycaemic clamp
technique: one employs a glucose-controlled insulin infusion
system (the Biostator) with automatic feedback control; the
second depends on frequent glucose measurement and the
use of an algorithm and a pocket calculator (‘manual’) to de-
termine the glucose infusion rate. The amount of glucose in-
fused is a measure of insulin sensitivity. The efficiency of the
two methods was compared in nine normal subjects (seven
lean, two obese). After an overnight fast subjects were infused
with insulin at 50 mU-kg~'-h~1for 2 h; this rate was doubled
during the first 10 min for the manual technique. Blood glu-
cose averaged 4.7+0.1 and 4.8+0.1mmol/l1 from 0 to
120 min for Biostator and manual techniques and did not de-
viate significantly from the desired level. Variability of the
clamp was also similar over the same period (coefficient of

variation 5.1£0.6% and 6.4+0.7%, Biostator and manual).
Glucose infused to maintain steady state from 60 to 120 min
was higher, however, with the manual than the Biostator
method (5.7%0.6 versus 4.4+0.6mg-kg~'-min~', p<0.01)
even when the loading dose was omitted, although the two
methods correlated closely (p<0.05). Glucose infusion rate
varied more from minute to minute with the Biostator (coeffi-
cient of variation 28.8 3% versus 12.2£2.1%). Steady-state
serum insulin levels (30-120 min) were the same during both
methods. Thus both methods give effective clamping but the
manual method is simpler and shows less variability in glu-
cose insulin infusion rate.
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The euglycaemic hyperinsulinaemic clamp technique
allows insulin to be infused without alteration of blood
glucose levels [1-4]. In this situation endogenous insulin
production is largely suppressed and hepatic glucose
production is minimal [1, 5]. Thus the amount of glu-
cose needed to maintain blood glucose levels at the fast-
ing value equals the uptake of glucose by all tissues and
serves as a measure of insulin sensitivity. Two main
methods are available for performing the technique:
one employs the ‘artificial endocrine pancreas’ (Bio-
stator) with automatic feedback control [2, 3, 6]; the sec-
ond depends on frequent glucose measurement and the
use of an algorithm and a pocket calculator [1, 7] to de-
termine the glucose infusion rate. We have compared
the two methods with respect to efficiency of glucose
clamping, variability of glucose infusion rate and glu-
cose metabolized. Serum insulin levels, suppressibility
of endogenous insulin secretion and cortisol, glucagon
and intermediary metabolite responses were also as-
sessed.

Subjects and methods

Subjects

Nine healthy volunteers (six males, three females) ranging in age from
21 to 37 years (mean 29 £ 1 years) were studied. Seven were within
10% of desirable body weight [8] and the other two were 121% and
137%. They were asked to maintain their normal diet for 3 days before
the study and to fast for 10-12 h before study. No subject was taking
any medication. Each subject was studied on two separate occasions
with at least one week between them. The order of the studies was ran-
domized. Five subjects had a second manual clamp 4 weeks later,
omitting the priming dose.

The study was approved by the local Ethical Committee and in-
formed consent was obtained from all subjects.

Protocol

On the morning of the study, three polytetrafluoroethylene cannulae
(Venflon, Viggo, Helsingborg, Sweden) were inserted. One cannula, in
an antecubital vein, was used for intermittent blood sampling for hor-
mone and metabolite levels and was flushed with saline, 0.15 mol/1,
after use. A second cannula, inserted retrogradely with the tip posi-
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tioned in a dorsal hand vein, was used for continuous sampling and
blood glucose measurement of arterialised blood by the Biostator. Ar-
terialisation of venous blood was achieved by maintaining the hand at
approximately 55 °C in a thermoregulated Plexiglas box [9]. The third
cannula, in the contralateral antecubital vein, was used for all infu-
sions. A period of 1 h elapsed before starting the infusion in order to
complete calibration of the Biostator and to achieve stability of the
glucose sensor response. Thereafter (time 0 min) the subjects were in-
fused for 120 min with highly-purified porcine insulin (Actrapid, No-
vo) in polygeline (Haemaccel, Hoechst UK, Hounslow) at 0.05U.
kg~ h~! using a Harvard pump (Harvard Apparatus, South Natick,
Massachussetts, USA). This infusion rate was doubled from 0 to
10 min during the manual technique (primed).

Biostator method

The following constants were used: BSD (selected glucose level) was
set at fasting glucose level minus 0.3 mmol/1to remove any influence
of endogenous insulin secretion; QD (inverse of the static gain for
glucose infusion) was 5 until the clamp glucose value was reached at
which time it was increased to 20; RD (glucose infusion rate at select-
ed glucose level BSD) was 50 mg/min until the clamp value was at-
tained, and afterwards increased to 100 mg/min or more as necessary.
The concentration of the glucose solution was 40 g/dl (2.22 mol/1).
An additional infusion of glucose between 75 and 150 mg/min was
given through the saline channel as glucose solutions of 20 or 40 g/dl
(1.11 or 2.22 mol/1). To conduct the glucose clamp, mode 7:1 of the
preprogrammed algorithm was used, according to the following equa-
tion:

(BSD—G+1)*

DR (glucose infusion rate)=RD
QD

G =last 4-min average glucose level

Manual method

Blood glucose values, obtained with the Biostator (used purely as a
glucose monitor), were read every Smin and fed into a prepro-
grammed Texas Instruments 57 Calculator (Dallas, USA). Glucose
40 g/dl (2.22 mol/1) was infused by a variable-infusion-rate, two-sy-
ringe pump (Vickers Treonic, Vickers Medical, Basingstoke, UK). A
continuous infusion of saline 0.15 mmol/1 at approximately 1 ml/min
was delivered through an intravenous infusion set connected with the
glucose infusion line. The glucose infusion rate was modified accord-
ing to the following equation, which is derived from that originally de-
scribed by DeFronzo et al. [1]:

Si=((Gd—Gi)x0.13+SM;_, x FM; x FM;_) x K,

where Gd is the desired glucose level, which is the basal glucose

value (Gb) in mg/dl;

Gi is the current blood glucose concentration at any time (mg/dl);

G inf=glucose concentration in the infusate (mg/ml);

SMi=SM;_; x FM; x FM,_{=current metabolic component (mg-

kg~t-h~7);

SM; ., = ‘metabolic’ component two iterations previously (10 min);

FM;=Gb/Gi; FM;_;=Gb/Gi one iteration previously (5 min);

Ke kg body weight x PF
G inf

from mg-kg~!-min~! to the corresponding infusion rate of the

pump in ml (PF=pump factor, converting the infusion rate from

ml/min to the setting of the pump).

, converting the infusion rate of glucose

The initial values selected were SM;_;=4mg-kg~'-min~! and
FM;_;=1 as described in the original method [1].

The glucose infusion was started at +4min at 2mg-kg~'-min~
and continued until +11 min. The 10-min blood glucose value was
the first one fed into the calculator and the estimated infusion rate was
initiated at +11 min. Subjects with higher insulin sensitivity, defined
as a decrease in the blood glucose value of more than 0.3 mmol/l in

1
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5min, were given an extra infusion of approximately 3 mg-kg~!-
min~ between +15 and +20 in addition to the amount estimated by
the algorithm. This was given as glucose (2.22 mol/l) by a Harvard
pump connected with the variable-infusion-pump line. This supple-
mentary infusion was maintained until + 120 min.

Blood for lactate, pyruvate, alanine, glycerol and 3-hydroxybu-
tyrate was taken into chilled perchloric acid (0.5 mol/l) and the ex-
tract stored at —20°C until analysis by fluorimetric methods [10]. Se-
rum insulin was measured by double-antibody radioimmunoassay
[11] (sensitivity 2 mU/1; intra-assay coefficient of variation 7%), using
human insulin as standard. C-peptide was measured by radioimmu-
noassay with ethanol precipitation [12] (sensitivity 0.02 nmol/1, within
assay coefficient of variation 3%). Serum cortisol and plasma gluca-
gon [13] were estimated by radioimmunoassay.

Calculations

The ‘M’ value represents the glucose metabolised during the steady-
state period from 60-120 min with corrections for changes in glucose
pool size as described previously [1].

Stability of the clamp was assessed by: (a) the coefficient of varia-
tion of blood glucose, and (b) the coefficient of variation of glucose
infusion rate. Results are expressed as mean £ SEM, and comparisons
have been made using Student’s t-test for paired samples unless other-
wise indicated.

Results

Blood glucose

The mean basal blood glucose values were similar be-
fore the Biostator and manual techniques (5.0 + 0.1 ver-
sus 4.8 +0.1 mmol/i, NS), as were mean values from

Blood glucose L
(mmol/l)

Glucose
infusion rate

(mg. kg! min'1)

Serum insulin
(mu1)

Serum
C-peptide
(nmol/1)

1L
5 30 80 90 20
Time (min)

Fig.1. Blood glucose, glucose infusion rate, serum insulin and C-pep-
tide during euglycaemic clamping by the Biostator and primed manu-
al technique. @—® manual technique, O---O Biostator tech-~
nique. Results are shown as mean + SEM
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Table 1. Euglycaemic hyperinsulinaemic clamp: individual data (60-120 min)

Sub- Biostator

‘Primed’ manual technique

‘Unprimed’ manual technique

Ject Mean CV? Mean glucose Cv Mean CV  Mean glucose Ccv Mean CV  Mean glucose Cv
blood (%) infusion rate (%) blood (%) infusion rate (%) blood (%) infusion rate (%)
glucose (mg-kg~"'-min~%) glucose (mg-kg~"-min~1) glucose (mg-kg~!-min~")
(mmol/1) (mmol/1) (mmol/1)

1 4.5 82 5.0 44.8 4.8 44 8.6 59 - - - -

2 5.1 9.2 59 394 4.7 6.2 6.1 14.9 - - - -

3 4.9 3.8 59 36.9 5.4 32 59 115 43 34 59 5.3

4 4.8 6.3 6.4 36.0 49 39 7.2 6.8 4.0 6.8 7.8 © 216

5 4.8 4.0 2.6 15.5 4.6 9.2 5.3 27.3 4.2 3.8 37 221

6 441 37 3.7 18.1 42 441 6.3 11.6 - - - -

7 42 5.6 6.2 28.2 41 49 6.2 11.9 - - - -

8b 53 21 2.6 171 5.0 21 29 9.2 5.5 1.6 32 11.5

9b 47 2.0 2.5 231 4.4 14 2.5 10.3 4.8 41 43 11.7

2 CV=coefficient of variation; ° subjects 8 and 9 were the two overweight patients

Table 2. Comparison of the Biostator and manual primed hyperinsu-
linaemic euglycaemic clamp technique

Variable Time Biostator ~Manual P

(min) clamp clamp

(n=9) (n=9)

Blood glucose 0-120 47+041 48+0.1 NS
(mmol/1) 60-120 4.7+0.1 47+014 NS
Coefficient of varia- 0-120 51£0.6 6.4£0.7 NS
tion of blood glucose  60-120 5.0£0.8 44+0.8
()
Blood glucose 60-120 99.6+1.2 982+0.7 NS
(% of desired value)
Glucose infusion rate 0-120 34104 4805 <0.001
(mg-kg~!-min—")
Steady-state glucose 60-120 45106 57+£06 <005
infusion rate
(M value;
mg-kg~!-min~")
Coefficient of varia- 60-120 28.8x3.6 122+21 <0.01

tion of glucose
infusion rate (%)

Serum insulin (mU/) 30-120 52 +4 51 =5 NS

C-peptide suppression 60-120 35 £6 22 +6 NS
(% of basal value)

Results expressed as mean +£ SEM

0 to 120min (4.7+0.1 versus 4.8+0.1mmol/1l; NS)
(Fig.1, Tables 1 and 2). Expressed in percentage terms
they were 99.6 +1.2% and 98.2+0.7% of the intended
clamp values for Biostator and manual techniques
(NS). The stability of the blood glucose concentrations
during both techniques is shown in Figure 1 and is ex-
pressed as the coefficient of variation of blood glucose
in Tables 1 and 2 (5.1 £0.6% versus 6.4 +0.7% from 0 to
120 min and 5.0+0.8% versus 4.4£0.8% from 60 to
120 min for Biostator and manual techniques respec-
tively, NS).

Serum insulin

The mean basal serum insulin concentrations shown in
Figure 1 were similar before the Biostator (72 mU/1)
and the manual clamps (6 =1 mU/1, NS). There was an
overshoot of the serum insulin values from 5 to 30 min
during the manual technique, related to the priming
dose of insulin (Fig.1). The increase of insulin concen-
tration at the beginning of the Biostator technique was
smoother and slower reaching a plateau around 30 min,
simultaneously with the manual method. The mean
serum insulin concentrations were similar for both
methods from 30 to 120 min (52+4 and 51 +5mU/I1;
Table 2).

Serum C-peptide

Serum C-peptide levels are shown in Figure 1. The val-
ues were similar before the two insulin infusions and
showed a steady fall during both methods. At 120 min
the mean C-peptide suppression from basal values ex-
pressed as a percentage was 35+ 6% for the Biostator
and 22 +6% for the manual method (NS).

Glucose disposal (M value)

The glucose disposal from 60 to 120 min was signifi-
cantly higher for the manual technique: 4.5+ 0.6 versus
5.7+0.6mg-kg—!'-min~! (p<0.05), although the two
methods correlated closely (r;, 0.72; p<0.05) (Table 2).
The coefficient of variation of the average infusion rate
assessed each Smin was significantly higher with the
Biostator technique (28.8 +3.6% compared with 12.2 +
2.1%, p<0.01).

In order to clarify to what extent the initial priming -
dose of insulin of the manual technique could have de-
termined the higher glucose disposal observed with this
method, five of the nine original subjects underwent a
second euglycaemic clamp using the manual technique.
On this occasion, the priming dose of insulin was omit-
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Table 3. Comparison between Biostator and ‘unprimed’ manual eu-
glycaemic clamp. Five subjects were studied on two occasions

Variable Time Biostator  Unprimed p
(min) clamp manual
(n=5) clamp
(n=5)
Blood glucose 0-120 49+ 01 47£03 NS
(mmol/1) 60-120 49+ 01 46+03 NS
Coefficient of varia- 0-120 40+ 05 61£07 NS
tion of blood glucose  60-120 36+ 08 39+0.8 NS

(*e)

Blood glucose
(% desired) value

60-120 993+ 1.2 97.0+£06 NS

M value 60-120 40+ 09 50+08 <0.005

(mg-kg~!-min~")
60-120

Coefficient of varia- 257+ 46 144+32 NS

tion of glucose
infusion rate (%)

30-120 56 £ 6 S0 £6 NS
0-120 27 =11 29 %7 NS

Serum insulin (mU/1)

C-peptide suppression
(% of basal value)

Results expressed as mean = SEM

90(
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(ng/mi ) 60r
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800
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L |
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Fig.2. Plasma glucagon and serum cortisol concentrations during
euglycaemic clamping by the Biostator and primed manual tech-
nique. @—@ manual technique, O---O Biostator technique. Re-
sults are shown as mean = SEM

ted. The results are summarised in Table 3. Once again a
significantly higher M value was noticed during the
manual technique (5.0+£0.8 versus 40+09mg-kg~!.
min~!, p<0.05), despite similar values for mean blood
glucose percent of that desired, mean serum insulin and
mean percentage of C-peptide suppression.
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Fig.3. Blood lactate, glycerol, 3-hydroxybutyrate and alanine con-
centrations during euglycaemic clamping by the Biostator and primed
manual technique. @—@® manual technique, O---O Biostator
technique. Results are shown as mean+SEM

Serum cortisol

Figure 2 shows that there was no significant difference
at any time point between cortisol values using the two
methods.

Plasma glucagon

The blood samples of six of the subjects were assayed
for glucagon. Values decreased during the first 30 min,
plateauing at levels which were 23.2+9.6% and 25.5+
7.0% below basal for manual and Biostator techniques
respectively (Fig.2, NS).

Blood metabolite responses

The changes in metabolite concentration during both
techniques are shown in Figure3. Blood lactate and
pyruvate levels showed little change with either tech-
nique. Blood alanine decreased slightly and similarly in
both studies. The basal levels of glycerol and 3-hy-
droxybutyrate were slightly higher for the Biostator
technique but decreased to similar values with both
methods.
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Table 4. Blood intermediary metabolite levels before and after 2-h Biostator and manual euglycaemic clamps

Lactate Pyruvate Alanine Glycerol 3-hydroxybutyrate
(mmol/1) (mmol/1} {mmol/1) (mmol/1) (mmol/1)
Biostator
Basal 0.88£0.08 0.09+0.01 0.30+0.02 0.05+0.01 0.08+0.03
120 min 1.04+0.17 0.09+0.01 0.30+0.02 0.02+0.01 0.01+0.01
Difference 0.16+0.18 0.00x0.00 —0.02+0.02 —0.03£0.00 —0.06+0.02
Manual
Basal 0.70+0.08 0.08+0.01 0.30+0.02 0.05+0.00 0.06 +0.02
120 min 0.92+0.07 0.09+0.01 0.30+0.02 0.020.00 0.01+0.01
Difference 0.22+0.06 0.01£0.01 —0.01+0.02 —0.030.01

—0.06+0.01

Results expressed as mean + SEM. Nine subjects studied

Discussion

The results presented demonstrate that both the Bio-
stator and the manual techniques give effective glucose
clamping, but the manual method does not require
complex machines and shows less variability in glucose
infusion rate.

After pilot experiments, we found it necessary to in-
troduce modifications to the originally-published man-
val feedback technique [1]. Instead of an insulin infu-
sion rate of 40 mU/m? surface area per min we have
chosen a dose of 0.05 U/kg body weight per hour. At
this dose hepatic glucose production is almost com-
pletely suppressed according to previous studies [4, 14],
and thus under steady-state conditions of euglycaemia
the glucose infusion rate equals glucose uptake by the
body tissues and is a measurement of insulin sensitivity.
On the other hand, at this dose endogenous insulin pro-
duction is inhibited, as demonstrated by the significant
suppression of C-peptide basal levels in this and previ-
ous studies [2, 3].

In the initial experiments a priming dose of insulin
was given over the first 10 min. This resulted in an over-
shoot of insulin levels as mentioned by the original au-
thors [1], despite a complicated minute-to-minute loga-
rithmically-decreasing rate of insulin infusion. The
plateau of hyperinsulinaemia was reached at the same
time (30 min) in the five unprimed manual studies and
using the Biostator when no priming dose was used and
no overshoot of serum insulin levels was produced.
Thus the priming dose of insulin is unnecessarily com-
plicated and is not required.

We have also simplified the original glucose infu-
sion equation given by DeFronzo [1] to one in which we
first calculate the infusion rate in mg-kg~!-min~?! and
then convert this to the appropriate pump setting. This
allows the investigator to have a much better idea of
what requirements of glucose are needed at that partic-
ular moment. This algorithm was not capable of coping
with the rapidly increasing glucose requirements in the
first half hour after starting the insulin infusion in the
more insulin sensitive subjects. This problem was over-
come by giving an extra glucose infusion of approxi-
mately 3 mg-kg~!-min~1, in addition to the amount in-

dicated by the equation. This infusion rate was arbitrari-
ly chosen and was only initiated when a decline in the
glucose levels of more than 0.3 mmol/I was seen within
5 min during the first 20 min. It was then continued un-
til 120 min.

For calculation of glucose disposal (M value) the
period from 60 to 120 min was selected because this was
the period in which the variability of the glucose infu-
sion rate and blood glucose levels was least.

Two striking features emerged: first, infusion rates
were more variable with the Biostator clamps; and sec-
ond, M values were consistently higher with the manual
technique. The significantly higher variability of infu-
sion rates by the Biostator compared with the manual
clamp technique can be explained by the characteristics
of the Biostator feedback mechanism. The infusion rate
of glucose is changed each minute according to the
average blood glucose value of the last 4 min, and the
algorithm contains a term raised to the fourth power,
resulting in marked changes in infusion rates with mini-
mal alterations in blood glucose levels.

One possible cause of the higher glucose disposal
rate during the manual clamp was the priming dose of
insulin. This was excluded by the second series of
clamps in which the priming dose was omitted, and the
M value remained unaltered. A possible explanation
might be the static algorithm of the Biostator which is
not capable of changing the glucose infusion rate ade-
quately in a non-steady-state situation as in the first
hour of a glucose clamp. For this the RD has to be ad-
justed arbitrarily, which interrupts the feedback system
and glucose delivery each time. This causes a delay in
reaching a steady state in the glucose delivery rate,
whereas during the manual clamp a steady state was
achieved in the first hour after starting the insulin infu-
sion (Fig.1). The difference in glucose disposal rate
tended to decrease during the 2-h glucose clamp. De-
spite this difference both methods correlated closely.

The Biostator method [2, 3, 6] has some disadvan-
tages over the manual technique: more expensive
equipment is needed; continuous blood sampling is
subject to error and there is drift of the immobilised glu-
cose oxidase membrane [6]. More recently we have used
a glucose analyser (model 26 AM; Yellow Springs In-
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struments, Yellow Springs, Ohio, USA) for measuring
whole blood glucose. This provides results in 40 s and
the instrument can be calibrated before reading each
5-min sample. This overcomes the problem of sampling
obstructions and changes in the glucose analyser mem-
brane sensitivity. The Biostator technique is not entirely
automated and requires the development of expertise.
After simplifying the manual technique, the manpower
requirements are similar for both techniques: one
trained operator.

Previous studies have used empirical adjustments in
glucose infusion rate in order to perform the euglycae-
mic clamp technique [4]. We agree that this could be
done but requires the development of greater expertise
and hence a long period of training.

The results show an absence of counter-regulatory
response of cortisol and glucagon (Fig.2). This clearly
demonstrates the advantage over the earlier hypogly-
caemic insulin sensitivity techniques [5]. The latter
procedure elicits the secretion of glucagon, cortisol,
growth hormone and catecholamines, which vary from
individual to individual and according to the rate of fall
of glucose, hence making the interpretation of results
difficult.

As expected, the response of the intermediary me-
tabolites was similar during both techniques and fol-
lowed the patterns described in previous studies {2, 3].
Glycerol and 3-hydroxybutyrate levels decreased, re-
flecting suppression of lipolysis and ketogenesis by in-
sulin as reported previously [2, 3, 17].
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