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Summary. Continuous infusion of glucose with model assess-
ment (CIGMA) is a new method of assessing glucose toler-
ance, insulin resistance and f-cell function. It consists of a
continuous glucose infusion 5mg glucose/kg ideal body
weight per min for 60 min, with measurement of plasma glu-
cose and insulin concentrations. These are similar to post-
prandial levels, change slowly, and depend on the dynamic in-
teraction between the insulin produced and its effect on glu-
cose turnover. The concentrations can be interpreted using a
mathematical model of glucose and insulin homeostasis to
assess insulin resistance and f-cell function. In 23 subjects (12
normal and 11 with Type 2 (non-insulin-dependent diabetes)
the insulin resistance measured by CIGMA correlated with
that measured independently by euglycaemic clamp
(Ry=0.87, p<0.0001). With normal insulin resistance defined

as 1, the median resistance in normal subjects was 1.35 by
CIGMA and 1.39 by clamp, and in diabetic patients 4.0 by
CIGMA and 3.96 by clamp. In 21 subjects (10 normal and 11
Type 2 diabetic) the f-cell function measured by CIGMA
correlated with steady-state plasma insulin levels during hy-
perglycaemic clamp at 10 mmol/1 (Ry=0.64, p<0.002). The
CIGMA coefficient of variability was 21% for resistance and
19% for f-cell function. CIGMA is a simple, non-labour-in-
tensive method for assessing insulin resistance and f-cell
function in normal and Type 2 diabetic subjects who do not
have glycosuria during the test.

Key words: Insulin resistance, f-cell function, mathematical
model, glucose infusion, Type 2 diabetes, plasma insulin, plas-
ma glucose.

Patients with Type 2 diabetes are usually characterised
by the severity of their hyperglycaemia, as assessed by
glucose tolerance tests or by fasting plasma glucose
measurements. The methods available for assessing the
extent to which both f-cell function and insulin resis-
tance contribute to this hyperglycaemia are not suitable
for routine use, and in most diabetic subjects pathophy-
siology is not assessed. If insulin resistance and defi-
cient f-cell function could be readily differentiated, it
might be possible to predict an individual patient’s re-
sponse to diet, sulphonylurea or insulin therapy.

The feed-back loop between the glucose stimulation
of f-cell secretion and insulin regulation of glucose
turnover in the liver, muscle and fat, plays a major role
in the regulation of fuel supply [1]. Although this is basi-
cally a very simple homeostatic system, the interactions
are sufficiently complex that the glucose and insulin re-
sponses to clinical tests are not easy to assess. Thus, in-
terpretations of the réles of insulin resistance and fS-cell
deficiency in maturity-onset diabetic subjects vary [2, 3].
With the aid of mathematical models, the effects of dif-
ferent combinations of insulin resistance and f-cell de-
ficiency can be predicted [4, 5].

We have investigated a new method which aims to
give a near-physiological stimulus and to interpret the
endogenous insulin and glucose responses. A standard,
constant, low-dose glucose infusion is given for 60 min.
After 30 min the concentrations of insulin and glucose
change slowly, and can be compared with reference val-
ues obtained from a computer-solved model of insulin/
glucose interaction, assuming different degrees of insu-
lin resistance and f-cell deficit. This method we call

Table 1. Variables of computer model

Variables Basal steady-state
values for a normal
70-kg man

G Plasma glucose concentration 4 mmol/1

I Plasma insulin concentration 5mU/1

Ie ‘Effective’ insulin ‘concentration’ S5mU/1

G, Hepatic glucose production rate 0.82 mmol/min

Gp Cerebral glucose uptake rate 0.42 mmol/min

Gy Muscle-fat glucose uptake rate 0.4 mmol/min

IDR Post hepatic insulin delivery rate 11.3 mU/min

Vg Glucose space 151

Vi Insulin space 131

B p-cell efficiency factor 1.0

R Resistance factor 1.0
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“continuous infusion of glucose with model assess-
ment” (CIGMA).

In order to examine whether CIGMA would be a
useful method for examining insulin resistance and f-
cell function, we compared CIGMA'’s prediction for in-
sulin resistance with estimates derived from (a) the eu-
glycaemic hyperinsulinaemic clamp [6], (b) the hyper-
glycaemic clamp [6], (c) percentage ideal body weight
[7], and (d) fasting plasma insulin concentrations. Simi-
larly, we compared CIGMA'’s prediction for -cell func-
tion with values derived from (a) the hyperglycaemic
clamp and (b) the intravenous glucose tolerance test.

Methods
The model

Derivation of computer model. The model [5, 8] is based on available
physiological data, with the aim of describing quantitatively the rela-
tionships between glucose and insulin. The functions used are drawn
from experimental physiological data and therefore do not have sim-
ple mathematical formulations. Because of this, the equations below
are descriptions rather than exact definitions of inter-relationships.
The response-curve formats have been published [5, 8]. The variables
are summarised in Table 1.

A single compartment (Vi) of distribution for glucose is used with
separate turnover for brain (Gg), liver (Gy), and insulin-sensitive pe-
riphery including muscle and fat (Gy). Glucose concentration (G)
changes as glucose is added by the liver or infusion and taken up by
the periphery and brain:

dG _ G, ~Gy—Gy
dt Vo

Brain glucose uptake depends only on glucose concentration and,
except at low glucose concentrations, hardly changes from its basal
value of 0.42 mmol/min [9]:

df,
Gp={x(G) where -2 >0
p=R(G) W eredG

(The term fy(G) is the function relating brain glucose uptake to the
variable G).

Muscle glucose uptake increases as glucose and ‘effective’ insulin
concentrations (1) rise [10-12], and decreases as insulin resistance (R)
increases:

Gy=fu(G, Te, R) where 2-M >0 2L m>0 HEm<o
oG ole oR

Liver production of glucose, which is negative when there is net
hepatic uptake, decreases as glucose and ‘effective’ insulin concentra-
tions rise, and increases as resistance increases [13-15]. The concen-
tration of insulin to which the liver is exposed is higher than that to
which other tissues are exposed, but it is assumed that there is a con-
stant relationship between the two such that increases in pre-hepatic
insulin concentration are reflected by increases in post-hepatic insulin
concentration. The liver glucose production function is represented
thus:

GL=f(G, Te, R) where ML <0 &L o ¥ g
oG ole OR

For the purposes of the model, insulin is physically distributed in
one compartment (Vy) at plasma concentration (I), and first order dis-
appearance kinetics are assumed. Any effects of insulin, however, are
dependent on the ‘effective’ insulin ‘concentration’ in a remote ‘effec-
tor compartment’, which represents the amount of insulin being effec-
tive through processes, such as binding to receptors, internalization
and enzyme activation.

J.P.Hosker et al.: Continuously infused glucose with model assessment

Insulin is produced by the pancreas and taken up to a significant
extent in its first pass through the liver [16]. The model is based on the
post-hepatic insulin delivery rate (IDR) with a 4 min half-life for the
exponential disappearance of insulin [17]:

Q=I—]23—kl where k=l_r;2

d Vv

Because there are insufficient quantitative data to describe the
processes of the insulin effect from binding to receptor through to al-
terations in metabolism, we assigned the same value of (In 2)/4 to kg
and to ky, the velocity rate constants to and from the effector compart-
ment:
dle

— =kI -kl
dt 1 21C

Insulin delivery rate depends upon the glucose concentration pro-
file over the preceding 120 min and upon the pancreatic f-cell effi-
ciency factor. A sigmoidal, steadily increasing curve describes the re-
lationship between pancreatic activity and glucose concentration,
with activity one-sixteenth of maximal in a steady basal state, where
glucose concentration is 4 mmol/1 [18-20].

f1(G): pancreatic activity function.
fi(4) =113 mU/min (basal)
limfi(G) =16 x 11.3 (maximum)
G— oo

where df >0
dG

A biphasic time course function of insulin release, with a ‘first
phase’ and ‘second phase’ [21], represents output as a fraction of basal
versus time elapsed since stimulus. The first phase is maximal be-
tween 2 and 3 min, dying away by 5 min, and the second phase gradu-
ally builds up to 100% of steady state basal output:

PH (t): phase factor

This multiplies Afi(G), so that the actual output is dependent on
time as well as glucose.

The insulin delivery rate is the sum of the most recent increments
in pancreatic activity from zero to the value at the time of evaluation
multiplied by the corresponding phase magnification factor:

IDR(to) was evaluated by considering the glucose profile

G =G(ty—t) where 0<t <120

An ‘inverse’ T(G) is defined on the domain G =[0 <G < G(ty)] as fol-
lows:

min It: G(to—t)=G]
TG)=4 0<t<120
120 if Gty—t)# G for any t 0<t<120
G(to)

IDR(t)=B %((?PH(T(G))dG
0

P-cell efficiency is the ability of the pancreas to respond to glu-
cose. Insulin resistance represents any defect in responding to insulin.
There is no standard way of quantitating these two characteristics,
each of which has for simplicity been expressed as a ratio to the mean
of values of non-diabetic normal weight subjects aged <35years.
Since B multiplies insulin delivery rate (usually by a number <1 for
the diabetics [5, 8]), it is a measure of fS-cell efficiency and this has
been expressed in the CIGMA estimates as percentage of normal S-
cell function. R, the measure of insulin resistance, is the ratio given by
the actual level of insulin in a subject divided by the amount of insulin
which would achieve the same effect in a non-diabetic ‘standard’ sub-
ject. The accuracy of the derived values depends on the model’s as-
sumptions and revised parameters might give improved results.

Final adjustment of computer model. Information concerning f-cell
time responses in man is scanty. S-cell first and second-phase values
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derived from rats [21] were empirically adjusted to fit observations of
human insulin response to an intravenous bolus of glucose; these data
were independent of those used elsewhere in this study. The subjects
[20] were 10 women (ideal body weight 102-113%, mean age 32 years)
[7]. A bolus of glucose 0.2 g/kg (as a solution of 50 g/100 ml) was in-
fused over 2 min through an indwelling Teflon cannula (Venflon, Vig-
go B, Helsingborg, Sweden). The mean increments in glucose and in-
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Fig.1. A Adjustment of time course of f-cell response to glucose in
the model to fit plasma insulin and glucose concentrations during in-
travenous glucose tolerance test. — incremental plasma glucose and
insulin concentrations during an intravenous glucose tolerance test
(0.2 g glucose/kg ideal body weight over 2 min/in 10 normal-weight,
non-diabetic young women). ----- incremental plasma glucose and in-
sulin concentrations as predicted by the model, assuming normal in-
sulin resistance and fS-cell function, after the model’s insulin-release
time function had been adjusted to fit these experimental data. B The
predictions by the model of plasma glucose and insulin responses to a
continuous glucose infusion. — incremental plasma glucose and in-
sulin concentrations (= SEM) during a continuous infusion (5 mg glu-
cose/kg ideal body weight per min, in eight normal-weight, non-dia-
betic young men). ----- incremental plasma glucose and insulin con-
centrations predicted by the model for this infusion, with no further
adjustment made of any parameters

B=200%
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sulin concentrations during the intravenous glucose tolerance test
were plotted as the solid lines in Figure 1 A. Without altering any of
the data in the model other than the f-cell time course, a good fit of
the model insulin responses was obtained (dashed line, Fig. 1 A).

The model, with its adjusted f-cell time course, was then used to
predict the incremental glucose and insulin values of a continuous in-
fusion of glucose for 60 min, for normal insulin resistance and S-cell
function (dashed line Fig.1B). This closely fitted the mean incremen-
tal glucose and insulin values during continuous infusion of glucose
performed in eight young men (aged 22-29 years, 96-107% ideal body
weight) (continuous line Fig. 1B).

Model prediction of responses for varying degrees of insulin resistance
and B-cell function. The model was used to predict a series of mean
plasma glucose and insulin responses from 45 to 60 min of continuous
infusion of glucose for differing degrees of insulin resistance and -
cell function. The concentrations achieved are plotted in Figure 2.

Investigation methods

The studies were approved by the Oxford District Ethics Committee
and all subjects gave informed consent.

Continuous infusion of glucose. In fasting subjects attending from
home, integrated 1 min samples were taken through a double-lumen
Teflon cannula, heparinised at the tip by infusion of heparin through
the outer concentric lumen of the cannula (1/100 of the volume of the
blood sample) to achieve a final concentration of 50 U heparin/ml in
the sample. The hand was kept warm with an electric heating pad so
that the blood samples, taken from the indwelling venous cannula on
the back of the hand, were similar to arterial blood. The fasting plas-
ma glucose and insulin values were assessed from the mean of the last
13 one-min samples of a 30-min run-in-period, to allow for the 14-min
periodicity of insulin secretion [22]. A continuous intravenous infu-
sion of 5 mg glucose/kg ideal body weight per min was then started
and continued for 60 min. Doses calculated by ideal body weight [7]
provide approximately equivalent plasma glucose concentrations,
whereas use of actual body weight gives higher plasma glucose con-
centrations in obese than in normal-weight subjects. Urine was tested
for glucose at the end of the infusion. The mean plasma glucose and
insulin values over the last 13 observations before the end of the infu-
sion were calculated. In clinical practice, virtually identical results can
be obtained by a mean of three samples taken at 50, 55 and 60 min.
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Comparison of insulin resistance measured by CIGMA
and the euglycaemic clamp

Twelve normal subjects (aged 23-67 years, 90-142% ideal body
weight) and 11 Type 2 diabetic patients treated by diet alone (aged
46-68 years, 100-176% ideal body weight) were studied (Table 2). All
were on a weight-maintaining diet containing more than 200 g carbo-
hydrate per day. The clinical characteristics of the diabetic subjects
are shown in Table 3. Each attended fasting on two occasions, once
for a CIGMA and once for euglycaemic hyperinsulinaemic clamp.
Hyperinsulinaemia was induced by an infusion of 50 mU insulin/min
per 70 kg ideal body weight through an intravenous cannula placed in
the antecubital vein. Maintenance of euglycaemia (plasma glucose
4.5mmol/] for all subjects) utilised an iterative learning computer
program [23] designed to estimate glucose requirements from samples
taken every 2 min by a rotary pump through a double-lumen cannula
from a distal arterialised forearm vein, as above for CIGMA. These
samples were analysed immediately by a glucose-oxidase method
(Beckman RIIC, High Wycombe, Bucks, UK, coefficient of variation
2.1%) and the result entered into a 380 Z microcomputer (Research
Machines, Oxford, UK) within 2 min of sampling. Adequate glucose
clamping was defined by the following criteria: (1) 20 consecutive
plasma glucose values all within the range 4.0-5.0 mmol/], and (2)
mean glucose infusion rates over the two preceding 20-min periods
within 90-110% of each other. The reciprocal of the glucose infusion
rate during the last 40 min normalised to the median of the normal
group (age <35 years, 90-110% ideal body weight), gives a value of
relative insulin resistance. Thus a glucose infusion rate of 0.59 g/min
for a 70 kg subject represents an insulin resistance of 1.

Comparison of f5-cell function and insulin resistance
values measured CIGMA with those measured using the
hyperglycaemic clamp

Ten normal subjects (aged 22-69 years, 90-113% ideal body weight)
and 11 Type2 diabetic patients on diet alone (aged 40-69years,
97-174% ideal body weight) were studied (Table 4). Each subject was
studied twice: once with a CIGMA test as described above, and once
with hyperglycaemic clamp lasting 2.5 h at a plasma glucose concen-
tration of 10 mmol/1. No exogenous insulin was infused since it was
wished to measure the endogenous insulin response. Otherwise the
method was as described for euglycaemic clamp. Each subject was as-
sessed for glycosuria at the end of the clamp. Plasma insulin levels
during the last 20min of the hyperglycaemic clamp were used to
assess f-cell function, expressed as percent of the median value in
normal subjects (33 mU/1). Insulin resistance was calculated by divid-
ing the mean plasma insulin over the last 20 min of the hyperglycae-
mic clamp by the mean glucose infusion rate over the same period,
and was normalised to the median for normal-weight, normal sub-
jects. Thus an insulin resistance of 1 represents 0.18 x [mean plasma
insulin (mU/1))/[mg glucose infused/kg body weight per min].

Comparison of -cell function measured by CIGMA
and the intravenous glucose tolerance test

Six of the normal subjects from Table 2 (aged 23-67 years, 90-142%
ideal body weight), and five of the diabetic subjects from Table 2
(aged 46-68 years, 100-134% ideal body weight) were also studied us-
ing the intravenous glucose tolerance test. Subjects were rested over-
night in hospital and the same blood sampling technique was used as
for the euglycaemic hyperinsulinaemic clamp. Samples were taken
each minute, and after a 5-min basal sampling period a glucose bolus
of 0.2 g/kg ideal body weight was given over 2 min through a second
Teflon cannula (Venflon) inserted into an antecubital vein. Sampling
was continued for 45 min after the bolus infusion. The mean plasma
insulin concentration from 10 to 30 min after the start of the bolus in-
fusion was used as the measure of f-cell function.
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Table 3. Characteristics of diabetic subjects in study

Features at time
of investigation

Sub- Presenting
ject symptom

Features at presentation

no- Fasting  Body Duration Fasting Body
plasma weight of plasma weight
glucose  (kg) symptoms glucose (kg)
(mmol/1) (years) (mmol/1)
51  Thirst 7.5 94 1 5.2 79
52 Thirst 14.5 77 3 71 71
53  Polyuria 16.0 76 4 6.4 71
54 Nocturia 79 85 3 6.1 78
55 Incidental 14.6 82 6 5.3 74
56  Thirst 8.9 87 6 7.6 87
57  Infection 7.5 62 2 4.8 57
58  Nocturia 9.6 67 5 6.0 67
59  Infection 74 733 5.0 63
60  Retinopathy 11.8 104 2 5.2 81
61  Incidental 8.1 89 4 83 83
62  Incidental 9.7 119 1 6.5 107
63  Weightloss 7.4 72 6 6.4 66
64  Thirst 18.4 93 4 4.4 80
65  Balanitis 6.9 72 3 5.6 60
66  Candidiasis 6.5 63 1 5.1 60
67 Incidental 114 86 3 9.5 83
68  Weightloss 9.8 34 5 6.4 83
69  Thirst 12.8 84 6 6.6 82
70 Thirst 6.8 63 3 6.6 60

Reproducibility of insulin resistance and p-cell function
as measured by CIGMA

Nine normal subjects (aged 22-29 years, 96-107% ideal body weight)
and nine Type2 diabetic subjects treated by diet only (aged
46-68 years, 106-188% ideal body weight) had two CIGMAs on sepa-
rate days within 3 weeks. The fasting plasma glucose was 4.2+
0.2 mmol/1 in normal subjects and 6.2 £0.9 mmol/1 in diabetic sub-
jects. Subjects were asked to adhere to the same diet over this time.
The values from CIGMA for insulin resistance and f-cell function
were compared on the two occasions and a coefficient of variation of
duplicates was calculated for each of these measures using the formu-
la:

J(difference)?
2n
mean

Assays and statistical analysis

Insulin and C-peptide levels were assayed by charcoal-phase separa-
tion radioimmunoassay [24], with a between-assay coefficient of vari-
ation of 11-16%. Glucose was measured by a glucose-oxidase method
(Boehringer GOD-Perid, Boehringer Corporation London, Lewes,
Sussex, UK). The results were analysed using non-parametric (Spear-
man rank correlation coefficient) and parametric statistical tests (Stu-
dent’s t-test).

Results

Plasma glucose responses to CIGMA

The mean plasma glucose level achieved over the last
15 min of the 60 min infusion correlated with the fasting
plasma glucose for the total of 72 CIGMAs performed
(38 normal and 34 diabetic subjects), and provided a



406

Table 4. Comparison of CIGMA with hyperglycaemic clamp
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Sub- Age  Body Fasting plasma values Hyperglycaemic clamp (last 20 min) CIGMA (last 15 min)
ject  (years) weight ; - -
1o. (% ideal) Glucose  Insulin Mean Mear} glucose Insplm Mean Mean Ins_uhn ﬁ-cell.
(mmol/1l) (mU/1) plasma  infusion rate resistance plasma  plasma  resistance function
insulin  (mg-kg-min—") glucose  insulin (%)
(mU/1) (mmol/1l) (mU/1)
Normal subjects
13 22 107 4.8 5.5 18.1 7.36 0.44 6.6 19.0 1.0 104
3 66 113 4.5 6.0 328 3.08 191 9.7 194 2.8 61
6 45 103 44 49 34.1 7.31 0.84 9.0 222 2.9 77
14 32 112 43 5.1 396 4.51 1.58 8.7 29.7 32 100
15 67 109 4.6 5.1 14.9 2.75 0.97 9.0 16.1 1.9 56
16 22 95 52 6.8 794 11.88 1.20 8.2 29.7 2.7 109
17 23 95 4.7 6.9 75.0 14.01 0.96 7.2 20.8 13 93
18 21 105 4.7 6.9 28.9 499 1.04 7.6 151 11 62
19 69 99 5.5 3.8 414 7.86 0.95 7.6 11.2 0.8 46
8 28 90 5.0 5.1 252 9.27 0.49 8.0 79 0.7 30
Diabetic subjects
52 69 98 71 7.6 71 0.37 3.45 129 109 29 20
60 40 111 52 89 15.6 294 0.95 9.0 15.5 1.9 53
69 52 158 6.5 4.0 8.4 1.03 1.46 11.0 13.3 2.8 36
62 57 174 6.5 12.0 354 1.66 3.83 9.1 328 441 112
59 49 131 5.0 11.4 2238 3.57 1.15 9.4 19.0 2.6 62
51 45 118 52 8.5 321 1.52 3.79 9.6 22.7 32 72
53 46 106 6.4 15.0 25.0 4.56 0.98 9.1 272 34 93
63 68 106 6.4 4.5 6.9 241 0.51 10.7 8.5 1.6 23
70 58 103 6.0 25 74 3.20 0.41 10.8 8.9 1.7 24
65 55 97 5.6 4.5 23.0 4.88 0.85 9.9 11.0 1.7 34
66 50 97 51 11.0 40.2 4.85 1.49 11.3 19.4 4.0 51

measure of glucose intolerance (Fig.3). The plasma glu-
cose of normal subjects rose from a fasting value of
4.4+ 0.4 mmol/]1 (mean=SD) to a 45-60 min value of
7.7+0.8 mmol/l. The plasma glucose of the diabetic
subjects rose from 6.2 £ 1.1 fasting to 10.4 = 1.3 mmol/1.
The bi-variate regression line for all subjects was: (plas-
ma glucose achieved at 45-60 min)=(fasting plasma
glucose x 1.46)+1.2.

Comparison of insulin resistance measured by CIGMA
with that measured by euglycaemic hyperinsulinaemic
clamp (Table 2)

Quality of euglycaemic hyperinsulinaemic clamps. The
median duration of the clamps in normal subjects was
130 min (range 110-164min) and in Type?2 diabetic
subjects was 132 min (range 100-210 min). The range of
mean plasma insulin values over the last 20 min of each
clamp was 26.4-84.2 mU/1 with a median of 38.3 mU/1.
Mean +SD fasting plasma C-peptide in normal sub-
jects was 0.36+0.13nmol/]l, and was suppressed to
0.09 = 0.07 nmol/1 over the last 20 min of each subject’s
clamp. In diabetic subjects, fasting C-peptide was
0.57£0.18 nmol/l, and suppressed to 0.16=
0.10 nmol/1 over the last 20 min.

The mean = SD of individual subjects’ mean plasma
glucose concentrations over the last 40 min of the eugly-
caemic clamp (20values for each subject) was 4.5+
0.1 mmol/1. The mean £ SD of individual subjects’ co-

efficients of variation of the plasma glucose over the
same period was 5.2 £2.0%.

Comparison of insulin resistance measurements. The in-
sulin resistance measured by CIGMA correlated with
that measured using the euglycaemic hyperinsulinae-
mic clamp, in normal subjects (Spearman rank correla-
tion coefficient R;=0.79, p<0.002), diabetic subjects
(Rs=091, p<0.002) and in both groups combined
(R,=0.87, p<0.0001) (Fig.4). The relationship between
the values by the two methods in diabetic subjects was
non-linear, with higher values in five subjects when
measured by the euglycaemic hyperinsulinaemic clamp.
These subjects had high fasting plasma insulin concen-
trations (9-37mU/1). The range of insulin resistance
measured by both methods in normal subjects was ap-
proximately 0.5-3.0. The median resistance in normal
subjects was 1.35 by CIGMA and 1.45 by euglycaemic
hyperinsulinaemic clamp, and in diabetic subjects was
3.9 by CIGMA and 4.1 by the clamp. No subject had
glycosuria exceeding S mmol/1 at the end of the CIG-
MA tests.

Comparison of insulin resistance measured by CIGMA
and that measured by hyperglycaemic clamp (Table 4)

Quality of hyperglycaemic clamps. The mean + SD of the
individual subjects’ mean plasma glucose concentra-
tions over the last 40 min of the clamp (20 values for
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each subject) was 9.9+ 0.2 mmol/1, with a mean coefti-
cient of variation of 3.6%. No subject had glycosuria ex-
ceeding 5 mmol/1.

Comparison of insulin resistance measurement. The
CIGMA estimate of insulin resistance correlated with
that measured by hyperglycaemic clamp in normal sub-
jects alone (R,=0.75, p<0.02), in diabetic subjects
alone (R,=0.82, p<0.005) and in both groups together
(R;=0.78, p<0.0001; Fig.4). The range of insulin resis-
tance values in normal subjects was 0.7-3.2 by CIGMA,
and 0.4-1.9 by hyperglycaemic clamp. The median re-
sistance in normal subjects was 1.6 by CIGMA and 0.97
by hyperglycaemic clamp, and in diabetic subjects it
was 2.8 by CIGMA and 1.1 by hyperglycaemic clamp.

Comparison of different measurements of insulin
resistance with body weight and fasting plasma insulin

Obesity, expressed as percent ideal body weight, was
correlated with insulin resistance measured by eugly-
caemic hyperinsulinaemic clamp in normal subjects
alone (Ry=0.87, p<0.0001), in diabetic subjects alone
(Ry=10.54, NS) and in both groups together (R;=0.73,
p<0.0001; Fig.5A). The relationship between insulin
resistance determined by CIGMA and body weight is
shown in the lower part of Figure 5A; in normal sub-
jects alone the correlation coefficient was R;=0.51
(p<0.05), in diabetic subjects alone R;=0.52 (NS), and
in both groups together R;=0.59 (p<0.002).

Fasting plasma insulin correlated with insulin resis-
tance measured by the euglycaemic hyperinsulinaemic
clamp in normal subjects alone (R;=10.83, p<0.0006),
in diabetic subjects alone (Ry=0.79, p<0.004) and in
both groups together (R,=0.81, p<0.0001; Fig.5B).
Fasting plasma insulin correlated with CIGMA resis-
tance in normal subjects (R, =0.75, p<0.003), in diabet-
ic subjects (Ry=10.80, p<0.004) and in both groups to-
gether (Ry=0.84, p<0.0001).

The relationships between CIGMA estimates of in-
sulin resistance and either ideal body weight or fasting
plasma insulin concentration were more linear than the
relationships between euglycaemic hyperinsulinaemic
clamp estimates of insulin resistance and these indices.

Reproducibility of estimate of insulin resistance
by CIGMA

The coefficients of variation of the CIGMA value for
insulin resistance, from paired tests in nine normal and
nine diabetic subjects, were 20% and 21%, respectively.

The repeat CIGMA profiles for the nine normal
subjects were segregated according to the member of
each pair that gave the highest achieved insulin value.
Throughout the infusion, the mean insulin and glucose
profiles were higher in the tests with higher achieved in-
sulin concentrations than in those with lower achieved
insulin concentrations (Fig.6). The difference in fasting
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Plasma glucose concentration achieved during last 15 min of CIGMA {mmol/))
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Fig.3. Comparison of plasma glucose concentration when fasting
with that of glucose after 60 min of continuous glucose infusion in 37
normal (@) and 34 diabetic (A) subjects. Correlation coefficient
r=0.83 (p<0.0001)

plasma glucose was statistically significant (Student’s
t-test, paired t=2.27, p<0.05).

Comparison of f-cell function measured by CIGMA
with that measured by hyperglycaemic clamp

P-cell function measured by CIGMA correlated signifi-
cantly with the f-cell function measured by the hyper-
glycaemic clamp in diabetic subjects (R;=0.80, p<
0.005) but not in normal subjects alone (Ry=0.45). For
both groups together, the correlation was Ry=0.64 (p<
0.002; Fig.7B). The ranges of values for f-cell function
in normal subjects were 30-109% by CIGMA and
45-240% by hyperglycaemic clamp (corresponding to
plasma insulin 14.9-79.4 mU/1). The median values for
P-cell function in normal subjects were 70% by CIGMA
and 100% by hyperglycaemic clamp, and in diabetic
patients were 51% by CIGMA and 69% by hyperglycae-
mic clamp.

Comparison of p-cell function measured by CIGMA with
that measured by intravenous ghicose tolerance test

The ranges of f-cell function measured by CIGMA in
six normal and six diabetic subjects were 35-145% (me-
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dian 67%) and 21-103% (median 71%), respectively.
The ranges of mean 10-30 min plasma insulin concen-
trations, calculated from the intravenous glucose toler-
ance test in the normal subjects and Type 2 diabetic pat-
ients, were 12.3-37mU/]1 (median 21.2mU/1) and
6.7-40.6 mU/1 (median 18.5mU/1), respectively. The
relationship between these two measures of S-cell func-
tion was approximately linear (normal and diabetic

: CIGMA
>
>

—
T
.

! L L ! —

0 1 5 10 15 240

Euglycaemic clamp

Insulin resistance :

Insulin resistance

L . L

0 1 5 10 15 240

insulin resistance : Hyperglycaemic clamp

Fig.4. Insulin resistance assessed by CIGMA compared with (A) val-
ues obtained by euglycaemic clamp in 12 normal (@) and 11 diabetic
(A) subjects; (B) values obtained by hyperglycaemic clamp (a differ-
ent cohort 10 normal and 11 diabetic subjects). The resistance values
for CIGMA and both the clamps are expressed as ratios of the medi-
an value (defined as 1) in normal-weight normal subjects aged <
35 years (see Methods)
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subjects taken separately correlated R;=0.71 (NS) and
0.98 (p<0.01), respectively and for both groups together
(R;) was 0.84, p<0.002; Fig.7 A).

Reproducibility of estimate of f-cell function by CIGMA

When f-cell function was estimated by CIGMA in the
nine normal men studied on two different days, one
subject on one occasion did not increase his plasma glu-
cose above 4mmol/1 and his data could not be read
from the graph. The duplicate values of the remaining
eight subjects correlated (R, =0.65, p<0.05), with a co-
efficient of variation of 19%. The coefficient of varia-
tion for f-cell function on duplicate DIGMA tests in
nine diabetic subjects was also 19%.

Discussion

Principles of CIGMA

The steady-state mathematical model [5, 8] has been ex-
tended in this study to assess the glucose and insulin re-
sponses to a glucose infusion. A model incorporating
the best available physiological data is used to interpret
the observed responses. This incorporates more infor-
mation on the body’s metabolism than the minimal
modelling approach using an intravenous glucose bolus
[4]. In addition, a near-physiological glucose load is giv-
en, and the slowly changing homeostasis is more easily
assessed. Both these modelling methods and the hyper-
glycaemic clamp examine the response to a patient’s en-
dogenous insulin secretion, and this approach may be
superior to the euglycaemic hyperinsulinaemic clamp
or insulin suppression test methods [6, 25], which use
supraphysiological doses of insulin into the peripheral
rather than the portal circulation. The model includes
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Fig.6. CIGMA profiles performed on two occasions in nine young
men, segregated on the basis of higher plasma insulin achieved at the
end of the glucose infusion (5 mg glucose/kg body weight per min).
@—@ glucose and insulin profiles on the day with higher achieved
plasma 1nsulin (mean +SEM); @--—---@ similarly, day with lower
achieved plasma insulin
140 - A .
120
100 a
80 -

60

g

40 1
20 1 4

20 30 40
IVGTT: mean insulin {10-30 min) (mU/)

: CIGMA (%)
(=1
=t

B-cet! function
-
ro
f==]
@

80 4

60 4 A LAY

40 1

20 1

T T T

6 20 40 60 80 100 120 140

Hyperglycaemic clamp : B-cell function (%)

Fig.7A and B. f-cell function assessed by CIGMA compared with
the values derived from A an intravenous glucose test (IVGTT) in six
normal (@) and five diabetic (A ) subjects and B an hyperglycaemic
clamp in a different cohort of 10 normal and 11 diabetic subjects. The
b-cell function in the hyperglycaemic clamp is expressed relative to
the median achieved plasma insulin of normal-weight, normal sub-
jects aged <35 years (see Methods)

response curves for different levels of glycaemia, so the-
oretically the insulin resistance and f-cell function val-
ues derived from CIGMA are independent of the glu-
cose levels achieved. However, the model assessment
assumes that the parameters of the model are relevant
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to the subjects studied. These assumptions include
equality of insulin resistance at the liver and the periph-
ery [26, 27] and that the reduction in f-cell function in
diabetes is a quantitative decrease (i.e., decrease in
Vimax) [20]. Thus, the model may not be relevant in cer-
tain special situations; e.g. if there were a change of
shape of the f-cell dose response curve. The use of the
model assumes that the insulin assay used is accurate,
giving a normal mean fasting plasma insulin of 5mU/1.

CIGMA as a test of glucose tolerance

Without any modelling of its results, the simple infusion
of glucose can be considered as a test of glucose toler-
ance, analogous to the oral glucose tolerance test. The
relationship between the fasting plasma glucose and the
plasma glucose achieved between 45 and 60 min of
CIGMA appears to be similar to that between the fast-
ing plasma glucose and 2-h glucose value after an oral
glucose tolerance test. Thus, a fasting plasma glucose of
7 mmol/1 corresponds to a mean 45-60 min plasma glu-
cose of 11.4 mmol/1 during CIGMA. For comparison,
the World Health Organisation diagnostic criteria for
diabetes mellitus require a fasting capillary blood glu-
cose more than 7mmol/] or a value more than
11 mmol/1, 2 h after a 75-g glucose load [28].

Validation of assessment of insulin resistance by CIGMA

Insulin resistance as measured by CIGMA correlated
with that measured by euglycaemic hyperinsulinaemic
clamp. This relationship appeared to be non-linear in
the diabetic subjects with the most marked insulin resis-
tance (Fig. 4). This is probably due to an over-estimation
by the clamp method, as we used a near-physiological
dose of infused insulin, providing a median peripheral
insulin concentration of 38 mU/1, and this may have
been insufficient to suppress hepatic glucose produc-
tion in insulin-resistant patients who had high fasting
insulin concentrations. By contrast, the insulin resis-
tance values obtained by CIGMA correlated in a near-
linear manner with insulin resistance measured by the
hyperglycaemic clamp. This may have reflected more
complete suppression of hepatic glucose production by
endogenous portal insulin during the hyperglycaemic
clamp than during the euglycaemic hyperinsulinaemic
clamp. The latter showed non-linearity with indepen-
dent correlates of insulin resistance (fasting plasma in-
sulin and body weight), whereas CIGMA resistance
values correlated in a linear manner with these indices.
A higher insulin dose in the euglycaemic clamp would
probably have given more concordance [6], but there is
a theoretical risk that pharmacological rather than
physiological actions of insulin would then be assessed.
Euglycaemic hyperinsulinaemic clamps may have other
disadvantages as compared with CIGMA, including the

_ fact that different subjects achieve different plasma in-

sulin concentrations despite the same insulin infusion
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rate. In CIGMA, allowance is made for different insulin
concentrations, and for separate hepatic and peripheral
effects of insulin. This is more physiological than the
euglycaemic clamp and insulin suppression tests [6, 29]
which deliver insulin to the periphery.

There was a significant correlation between insulin
resistance (measured either by CIGMA or by euglycae-
mic clamp) and body weight when the whole group of
normal and diabetic subjects was considered, but not
among diabetic subjects alone. Although the more
obese diabetic subjects tended to be more insulin resis-
tant, there was not a close correlation between the two
variables. There may be inherent differences between
subjects in respect of insulin resistance, as well as addi-
tional insulin resistance associated with hyperglycaemia
[30, 31]. CIGMA might have a role in screening diabetic
subjects to identify those who are most insulin resistant
and perhaps have more to gain by weight reduction.

CIGMA estimate of -cell function

There was a significant correlation between the CIG-
MA and hypergiycaemic clamp estimates of -cell func-
tion in diabetic but not in normal subjects. This differ-
ence contrasts with the ability of CIGMA to correlate
with the insulin resistance values found in the clamp
studies for normal and diabetic subjects alike. There
may be important differences between normal and dia-
betic subjects in the glucose-insulin stimulus-response
relationship of the f-cell, such that the model assump-
tions apply more to diabetic than to normal subjects.
The correlation between CIGMA and hyperglycaemic
clamp estimates of f-cell function in diabetic subjects
was linear.

Comparison of the CIGMA estimate for f-cell func-
tion with the 10-30 min second phase response in the
intravenous glucose tolerance tests also revealed a sig-
nificant correlation, which appeared to be linear.

CIGMA could be used with C-peptide instead of in-
sulin measurements. This may be advantageous as it as-
sesses pancreatic secretion rather than the post-hepatic
delivery rate and plasma proinsulin usually cross-reacts
less with C-peptide than insulin assays. On the other
hand, direct measurement of plasma insulin levels, the
bio-active principle in the periphery, may have some ad-
vantages in assessing insulin resistance.

Insulin secretion is usually assessed by oral glucose
tolerance tests. These are complex to analyse, partly be-
cause of variable gastric emptying, unquantified neural
and enteric stimuli and a non-standard glycaemic stim-
ulus to the S cells. Although an intravenous glucose tol-
erance test is simpler, its value in assessing f-cell func-
tion and especially insulin resistance is uncertain.
Mathematical models have been used to assess first and
second phase S-cell responses [4]. These are rarely used
in practice, and the intravenous glucose tolerance test
has the theoretical problems of providing a rapid onset,
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supra-physiological stimulus, where mixing transients,
rate of infusion, and timing of samples may all be criti-
cal.

Reproducibility of CIGMA estimate of insulin resistance
and f-cell function

The variability of CIGMA could at best be as small as
the inter-assay coefficient of variation of the insulin ra-
dioimmunoassay (which is 11-16% in this laboratory),
as the plasma insulin value is used directly in the assess-
ment. This is in contrast to the euglycaemic clamp [5]
and the insulin suppression tests [25, 29] where the same
amount of exogenous insulin is infused into each sub-
ject and the calculation of insulin resistance is made
from glucose infusion data only. The euglycaemic
clamp method can be subject to subtle bias from differ-
ent experimenters’ intentions, as shown by Greenfield
et al. [32] who obtained a coefficient of variation of 17%
for the difference in metabolic clearance rate between
pairs of clamps. This is similar to our value for the coef-
ficient of variation of 20% for insulin resistance mea-
sured by CIGMA in pairs of tests on nine normal sub-
jects, and 21% in nine diabetic subjects.

The day-to-day variation in the value given to insu-
lin resistance assessed by any method is dependent on
two factors: changes in the body’s insulin resistance
from day-to-day, and the precision of the method used.
For an individual, insulin resistance is not at a constant
level but varies according to factors, such as preceding
exercise and food intake. The comparison of paired
mean CIGMA profiles in the nine normal subjects,
segregated by the day with the higher achieved insulin
concentrations, showed how fasting glucose and insulin
concentrations on the one hand, and stimulated con-
centrations on the other, varied similarly from day-to-
day. This suggests that these patients were really more
insulin resistant on the day of the higher achieved insu-
lin level test, whether assessed by fasting or by stimulat-
ed glucose-insulin results.

p-cell function is also likely to vary from day-to-day,
especially under the influence of diet [33]. This will simi-
larly decrease the apparent precision of the CIGMA
measure of f-cell function. The variation of insulin re-
sistance is also likely to influence f-cell function and
vice versa.

Practical aspects

In its most simple form, CIGMA entails a 60-min infu-
sion of glucose with glucose and insulin assay of three
plasma samples taken during the last 15 min to take into
account the pulsatility of insulin secretion [22]. The in-
sulin resistance and f-cell function are then read from a
chart using the mean glucose and insulin levels. It is al-
so possible to obtain estimates of f-cell function and in-
sulin resistance from model assessment of basal plasma
insulin and glucose concentrations [5, 8, 34], but the re-
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sults are less precise than by CIGMA. Clamp tech-
niques are widely used, but are extremely labour-inten-
sive and, if a closed loop feedback system is used, re-
quire expensive equipment.

The CIGMA test has potential as a routine test for
glucose tolerance and for assessing the pathophysiology
of Type 2 diabetic patients, provided they do not have
glycosuria during the test.
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