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ABSTRACT Analyses of the control of glucose
metabolism by insulin have been hampered by changes
in blood glucose concentration induced by insulin ad-
ministration with resultant activation of hypoglycemic
counterregulatory mechanisms. To eliminate such mecha-
nisms, we have employed the glucose clamp technique
which allows maintenance of fasting blood glucose con-
centration during and after the administration of insu-
lin. Analyses of six studies performed in young healthy
men in the postabsorptive state utilizing the concurrent
administration of [“C]glucose and 1 mU/kg per min
(40 mU/m® per min) porcine insulin led to the develop-
ment of kinetic models for insulin and for glucose. These
models account quantitatively for the control of insulin
on glucose utilization and on endogenous glucose pro-
duction during nonsteady states.

The glucose model, a parallel three-compartment
model, has a central compartment (mass=68%7 mg/
kg; space of distribution =blood water volume) in
rapid equilibrium with a smaller compartment (5017
mg/kg) and in slow equilibrium with a larger compart-
ment (9621 mg/kg). The total plasma equivalent space
for the glucose system averaged 15.8 liters or 20.3%
body weight. Two modes of glucose loss are introduced
in the model. One is a zero-order loss (insulin and glu-
cose independent) from blood to the central nervous
system; its magnitude was estimated from published
data. The other is an insulin-dependent loss, occurring
from the rapidly equilibrating compartment and, in the
basal period, is smaller than the insulin-independent
loss. Endogenous glucose production averaged 1.74 mg/
kg per min in the basal state and enters the central
compartment directly.

Received for publication 29 March 1974 and in revised
form 27 December 1974.

The Journal of Clinical Investigation Volume 55 May 1975-1057-1066

During the glucose clamp experiments plasma insulin

‘levels reached a plateau of 95+8 «U/ml. Over the entire

range of insulin levels studied, glucose losses were best
correlated with levels of insulin in a slowly equilibrating
insulin compartment of a three-compartment insulin
model. A proportional control by this compartment on
glucose utilization was adequate to satisfy the observed
data. Insulin also rapidly decreased the endogenous
glucose production to 339 of its basal level (0.58 mg/
kg per min), this suppression being maintained for at
least 40 min after exogenous insulin infusion was termi-
nated and after plasma insulin concentrations had re-
turned to basal levels.

The change in glucose utilization per unit change in
insulin in the slowly equilibrating insulin compartment
is proposed as a new measure for insulin sensitivity.
This defines insulin effects more precisely than previ-
ously used measures, such as plasma glucose/plasma
insulin concentration ratios.

Glucose clamp studies and the modeling of the coupled
kinetics of glucose and insulin offers a new and potenti-
ally valuable tool to the study of altered states of carbo-
hydrate metabolism.

INTRODUCTION

The maintenance of blood sugar in man is a complex
process involving feedback control of insulin on glucose
and of glucose on insulin. For example, insulin adminis-
tration to a person in a postabsorptive state produces
hypoglycemia which is followed by counterregulatory
mechanisms aimed at raising the decreased blood glu-
cose but which may also affect the secretion of insulin
itself. By use of the glucose clamp technique (1, 2),
the blood glucose concentration is maintained by a
feedback-controlled glucose infusion after administra-
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TaBLE I
Clinical Characteristics of Subjects

Glucose

tolerance
Lean test Carbo-
Surface body Body Obesity (percentile Caloric hydrate
Subject Age Height Weight area mass fat index* rank) intake intake
yr inches kg m? % body wt % cal/day g/day
R. B 18 73.4 85.4 2.09 69.3 18.9 1.12 21 4,700 490
R. D. 28 69.7 88.1 2.09 71.3 19.7 1.19 38 3,400 460
W. E. 32 68.0 79.2 1.92 62.8 20.7 1.19 32 2,400 240
W. H. 24 71.5 77.6 1.97 62.4 19.6 1.06 97 3,000 310
J. R. 28 69.4 72.4 1.88 59.8 17.3 1.06 30 3,400 300
W. S. 34 68.8 69.7 1.83 59.8 14.2 1.08 78 3,300 390
Mean 27.3 70.1 78.7 1.96 64.2 18.4 1.12 49.3 3,560 365
+SD +5.8 +2.0 +7.1 +0.11 +4.9 +2.3 +0.06 +30.7 +660 +98

* The middle of the weight range for male subjects of medium frame from the 1959 Metropolitan Life Insurance Company
table for desirable weight was used for all subjects except R. D. who obviously had a larger frame than the other subjects.

tion of physiologic amounts of insulin, thus preventing
the appearance of such counterregulatory variables. The
glucose infused to maintain a constant blood glucose is
a measure of glucose utilization under such conditions.

Insulin is also known to inhibit endogenous glucose
production in experimental animals and in man (3-13).
This effect supplements increased peripheral glucose
utilization in causing blood glucose concentration to
fall. Previous studies with insulin administration have
not always differentiated between these two insulin
effects.

Analysis of isotope kinetic data involving a combina-
tion of tracer and tracee (cold) glucose experiments
allows the development of a formal mathematical model
in which the various metabolic factors can be imbedded
and studied. A number of glucose models have previ-
ously been described, some of which include feedback
control of insulin on glucose (14-21). These studies did
not isolate the individual controls but rather combined
the entire system into a simplified glucose-insulin feed-
back system. By maintaining a constant blood glucose
concentration we have disrupted the feedback loop and
were thus able to study isolated subsystems.

In these studies, [*Clglucose was administered dur-
ing a glucose clamp experiment. The analysis permitted
us to define a three-compartment glucose model to de-
scribe the control of insulin on glucose utilization, to
quantify changes in endogenous glucose production in-
duced by changes in insulin, and to suggest a new mea-
sure of insulin effectiveness in man.

METHODS

Patient selection and preparation (Table I). Six healthy
male volunteers participated in servo-controlled euglycemic
studies in which [1-*Clglucose was used as a tracer. All
were young (18-34 yr) and ambulatory; they were taking
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no medications, and had negative family histories of dia-
betes. All subjects consumed weight-maintaining daily diets
of at least 2,400 cal, including at least 240 g of carbo-
hydrates (22, 23). All subjects were within 20% of desir-
able body weight. Anthropometric evaluation by the Behnke
method (24) yielded a percent body fat of 18.4*2.3 (mean
*SD) with a lean body mass of 64.2%+4.9 kg. All studies
were performed in the morning after an overnight fast.
Glucose tolerance was normal in each of the subjects as
determined by oral administration of 1.75 g of glucose/kg
body weight and by using age-adjusted criteria for the in-
terpretation of the test (25). All volunteers were advised of
the nature and effects of the study and informed consent
was obtained.

Experimental protocol. The basic procedure of the glu-
cose clamp experiment is described elsewhere (2). Ante-
cubital intravenous catheter(s) and a brachial artery cath-
eter were inserted for the intravenous infusion of solutions
described below and for the withdrawal of arterial blood
samples. A priming injection of 8-20 uCi of [1-“C]glucose
(New England Nuclear, Boston, Mass., and Amersham/
Searle Corp., Arlington Heights, Ill.) was injected in ap-
proximately 1 min followed by a continuous infusion of
radioactive glucose. The ratio of the priming dose (micro-
curies) to the continuous infusion rate (microcuries per
hour) was 2:1. Arterial plasma samples were analyzed
every 15-30 min to determine glucose concentration and
radioactivity during the preinsulin infusion period.

After the attainment of a plateau in the *C specific ac-
tivity, a priming insulin infusion was given in 10 min,
followed by a continuous infusion at a rate of 40 mU/m?
body surface area (or 1 mU/kg body weight) per min
for an additional 70 min in four subjects, for 110 min in
subject R. D., and for 170 min in subject R. B. (2). 4 min
after the priming insulin infusion began, a glucose infusion
was started to maintain the arterial glucose concentration at
or near each subject’s fasting level and was continued for 40
min after stopping the insulin infusion. In five of six studies,
the specific activity of this infusate was adjusted with [1-
“Clglucose to equal the plateau of plasma specific activity.
Thus, all subjects received a primed continuous infusion
of [1-*C]glucose and five of the six subjects received an
additional infusion of [1-*Clglucose with a glucose specific
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activity equal to the previously attained plasma plateau. The
sixth volunteer (R. B.) was given a pulse injection of
[1-*C]glucose followed by a continuous radioactive glucose
infusion, which was maintained for 120 min after the insulin
infusion was begun (insulin being given for a total of 180
min). He received no additional radioactivity in the glucose
infusion which was given to maintain glucose at fasting
level.

During and after the insulin infusion, arterial blood
samples were obtained at 5-min intervals for rapid deter-
mination of blood glucose concentration to adjust the
exogenous glucose infusion. Samples at 10-min intervals
were later assayed for plasma glucose concentration and
radioactivity. Plasma from samples drawn at 5-min intervals
was frozen and subsequently analyzed for insulin.

Five of the six volunteers also participated in a second
study in which a pulse injection of [1-**C]glucose was given
intravenously after an overnight fast. Arterial blood samples
were collected at frequent intervals thereafter. These studies
provided additional data for computer modeling.

Chemical analysis. Glucose concentrations were measured
by the Technicon AutoAnalyzer (Technicon Instruments
Corp., Tarrytown, N. Y.) (ferricyanide reduction) proce-
dure. Plasma was assayed for insulin in duplicate by a
modification of the semiautomated double antibody radio-
immunoassay technique (26). Plasma was deproteinized by
the method of Somogyi (27), and labeled anionic metabolic
intermediates were removed by passing the deproteinized
samples through columns containing Amberlite MB-3 ion
exchange resin, bicarbonate form (Mallinckrodt Chemical
Works, St. Louis, Mo.). Eluate radioactivity was deter-
mined by dissolving the sample in either Insta-gel (Packard
Instrument Co., Inc.,, Downers Grove, Ill.) or Agquasol
(New England Nuclear) and counting in a Packard model
3003 Tri-Carb liquid scintillation spectrometer (78-82%
efficiency) with internal quenching.

Column eluate was then analyzed for [6-*Clglucose by
the addition of carrier glucose followed by oxidation with
periodic acid. Addition of 5,5-dimethyl-1,3-cyclohexanedione
(dimedone) selectively precipitated formaldehyde (C6) as
the formaldemethone while leaving formic acid (C1-5) in
solution (28). The precipitate was counted in Insta-gel, in
which it was totally soluble. These [*C]glucose counts were
multiplied by 4 to correct the estimate of [1-*C]glucose for
recycled glucose.

The chemical purity of the [1-*Clglucose was established
by thin-layer chromatography in isopropanol: pyridine:
water (7:7:2) followed by staining and autoradiography;
no contaminants (either radioactive or nonradioactive) were
found. Isotopic uniformity of the [1-*C]glucose was deter-
mined by analysis for [6-*C]glucose as described above. Our
results indicate the New England Nuclear product contained
0.22% [6-*C]glucose and the Amersham/Searle product
contained 0.55%; these results were incorporated into the
analysis of the data.

DATA ANALYSIS

The data analysis and modeling was performed on a Univac
1108 digital computer (Univac Div., Sperry Rand Corp.,
Philadelphia, Pa.) using the SAAM25 program (29). All
tracer and tracee data (Table II) were employed in the
analysis and the method of least squares was used to fit
the data. This method permits the quantitative evaluation
of multiple parameter models. Although some of the param-
eters can be determined from specific or limited data (e.g.
the pool size of a substance frcm a dilution curve), most

ENDOGENOUS
GLUCOSE

0.072%£0.049 0.357%0.129

0051%0.029 0478%*0.139

0.018+0.017

0.016+0.002

Ficure 1 The three-compartment basal glucose model with
the mean population values for masses and exchange con-
stants (n=6). Rate constants are in units per minute;
mean*SD.

are derived from all the data considered jointly. This is an
automatic feature of the least squares method of data fitting
and protects against possible inconsistencies in the analysis.

In this analysis, the radioactivity of [1-*C]glucose was
corrected for recycled glucose as determined by the dime-
done procedure, and arterial glucose concentration in plasma
water was utilized for tracee glucose data.

The glucose subsystem for the basal state was determined
from the glucose tracer data. A minimal three-compart-
ment model was necessary to fit data for all subjects. A
parallel (mammillary) model similar to previously described
glucose models (15-18, 20, 21), was arbitrarily chosen
(Fig. 1). Tracer data from the early time period were
inadequate to define the initial space of distribution of glu-
cose. Since plasma glucose exchanges rapidly with erythro-
cytes (30), the estimated blood water volume (31) for each
patient was chosen as the initial space of distribution.

To focus more sharply on possible sites of control of
insulin on glucose transport and the functional form of
that control, we decided to separate losses of glucose that
are insulin independent. The major such loss is to the cen-
tral nervous system (CNS)?*' (32-34), which probably
takes place directly from the plasma compartment. Since
CNS loss remains relatively constant over small variations
of plasma glucose concentration, it was introduced as a zero-
order process. This could also have been modeled as a
first-order process since glucose was maintained close to
its basal level. The value assigned to this loss is based on
age-interpolated data for similar subjects in the literature
(35-37).

With the CNS loss fixed it is still not possible to deter-
mine from the basal tracer data alone the compartment
from which the remaining loss should take place. The data
during insulin infusion were utilized to assist in this de-
cision. The insulin subsystem adopted for these studies (Fig.
2) is the three-compartment model previously developed by
us (2). In that model changes in the mass of insulin in the
slowly equilibrating compartment 3 (I:) were temporally
associated with changes in the rate of glucose infusion for
the maintenance of a constant blood glucose. It was antici-
pated that I; would control glucose transport from the com-
parable slow glucose compartment (compartment 7). This,
however, proved impossible in subjects having large insulin
effects, because the required glucose could not be supplied
rapidly enough to this compartment. The loss was there-

L Abbreviations used in this paper: CNS, central nervous
system; EGP, endogenous glucose production; PEV plasma
water equivalent volume.
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TaBLE II
Typical Set of Data; Subject J. R.

Glucose clamp experiment

Plasma Single injection experiment||
water Plasma
glucose Exogenous glucose Exogenous Glucose
Plasma concen- glucose specific [14C]glucose radio-
Time insulin tration infusion activity infusion Time activity
min wU/ml mg/ml mg/min dpm/mg dpm/min X 105 min dpm/ml
0 1.170 276.68* 1 2,511
5 1.178 2,137 2.312 1.5 2,148
30 1.096 1,692 2.312 2 2,009
60 7 1.087 1,665 2.312 3 1,795
90 8 1.055 1,671 2.312 4 1,700
148} 8 1.039 0 1,687 2.312 5 1,549
153 84 144.8 4.837 6 1,550
158 102 1.058 205.0 1,776 5.887 8 1,618
163 87 10 1,232
168 87 0.995 258.8 1,877 6.825 12.5 1,200
173 87 15 1,151
178 91 0.915 348.2 1,923 8.385 20 1,006
183 93 25 893
188 81 0.899 411.1 1,976 9.482 30 866
193 84 35 833
198 102 0.917 510.7 1,997 11.219 40 761
203 87 50 696
208 84 1.016 469.8 1,985 10.505 60 644
213 96 90 475
218 84 0.932 523.8 11.447 120 251
223 90 150 289
228§ 93 1.049 517.4 2,007 11.335 180 222
233 39
238 25 0.998 461.7 2,059 10.469
243 17
248 15 1.015 533.0 2,031 11.608
253 17
258 13 1.106 444.3 2,022 10.061
263 13
268 12 1.154 444.3 2,039

* Prime injection value.

 Insulin infusion begun at 148 min.

§ Insulin infusion terminated at 228 min.

|| Prime injection value was 200.63 X 10% dpm.

fore assigned to the more rapidly exchanging glucose com-
partment (compartment 9), and is shown as Le in Fig. 3.
The value of Lo at basal levels (preinsulin infusion) could
be uniquely determined from the glucose tracer data.

To explain quantitatively the control of insulin on glucose,
the hypothesis was introduced that a change in glucose
loss was proportional to a change in insulin level in com-
partment 3 (linear control). The rate constant Le was
therefore defined as Lo =a + Bls. a is a first-order insulin-
independent glucose loss and can be viewed as a correction
of the estimated CNS loss (Lw) or an addition to it. gls
is the linear insulin control term. When the insulin sub-
system was coupled to the glucose subsystem, all infusions
and plasma levels (glucose tracer, glucose tracee, and in-
sulin) were matched simultaneously (Fig. 4). All studies

were found to be compatible with the Lo path and the linear
control function proposed.

Endogenously produced glucose is assumed to enter the
system into the blood compartment directly, although entry
into any (or all) of the three compartments is also possible.

The total glucose utilization, R,, is expressed in the
model as

R0=R0+Rw=Ro+Lva, (1)

where R, is the constant rate of utilization by CNS and
Ly is the effective rate constant for glucose loss from
compartment 9, expressed as

Low=a + BIs, )
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where a is a constant (first order), g is the insulin control
coefficient, and Is is the amount of insulin in compartment 3.

The basal value of Le for each subject was computed
from [“C]glucose data obtained in the basal period of two
independently performed studies (primed continuous infusion
and pulse injection). One subject, R. B., did not have the
pulse injection. Letting the superscript B represent basal
levels,

Lo® = o + BI:5. (3)
Substituting the value of a from this expression into Eq. 2:
Log = Los® + B(I3 — I5B), 4

and further substitution into Eq. 1 yields
Ry = Rc + Loy® My + B(I5 — I5%) M. (s
Under steady-state conditions

LosMs Lo Mg

My = = . 6
? Leg + Log  Lgo + Loo® + B(I3s — I35) ©
Hence,
Ry = R + [Los®? + B(I3 — I5B)]
LosMs )

X Les + Los® + B(I3 — IsB)

Since R, and g are constants, the derivative of R, with
respect to Is (dR,/dls) for various steady states is a gen-
eral measure for insulin sensitivity or effectiveness. Because
we have not fully resolved the sites of insulin control in
the glucose subsystem, and because the actual value of
dR,/dIs at basal levels is nearly the same as the value of 8,
we presently prefer to use dR,/dIs as the measure of insulin
sensitivity.

To calculate the nonsteady-state rates of endogenous glu-
cose production, it was necessary to account for the tran-
sient changes in glucose utilization induced by insulin. En-
dogenous glucose production was the amount of glucose
input required, allowing for infusion and losses, to satisfy
the experimentally observed glucose specific activities.

RESULTS
The glucose clamp data for nonlabeled glucose and for
insulin and the insulin model for these subjects have

ENDOGENOUS
INSULIN

0.142+0.030 0.042%t0.011

3
11301540
uU/kg

1
520£200
uU/kg

0394+0.055 0.021£0.007

0.251%X0.041

Ficure 2 The three compartment basal insulin model with
the mean population values for masses and exchange con-
stants (#=16) (2). Rate constants are in units per min-
ute, mean*SD.

EXOGENOUS  ENDOGENOUS
INSULIN INSULIN
\\
\
\
\
\
EXOGENOUS ENDOGENOUS N
GLUCOSE GLUCOSE [N
1 \\
4 \
TRACEE ]
H
1
!
II
CONTINUGUS AND VARIABLE /
[14c]6LUCOSE /

+ /'
4
TRACER 0-—0—-6

Ficure 3 Combined insulin and glucose (tracee and trac-
er) models. The insulin mass in compartment 3 simultane-
ously controls the glucose loss from compartment 9 and 9%,
the tracee and tracer glucose systems, respectively. This
effect is shown by the dotted line and “+” signs on Le
and Le*.

been reported previously (2). In these subjects, during
the insulin infusion, the plasma insulin levels averaged
95+8 (SD) wU/ml. Basal arterial blood glucose con-
centrations, Gus, averaged 90 mg/100 ml (range = 82-
96). Glucose levels during and after insulin infusion,
Gs, were maintained close to each subject’s G as
shown by the ratio Gins/Gures which averaged 0.99 (range
=0.95-1.02). The stability of Gms is shown by the
individual coefficients of variation which averaged 4.19,
(range =2.7-5.7%).

A set of typical data on a subject and the model-
predicted values are given in Table II and Fig. 4. Fig. 1
presents the glucose model with the mean values for the
parameters for all six subjects. The ability of this
model to fit the mean *C data in single infusion and
primed continuous infusion studies (before insulin) is
demonstrated in Fig. 5. Individual data are given in
Table III. Compartment 6, as noted in the Data Analy-
sis section, was set equal to the blood water volume
(31). Compartment 6 is in rapid equilibrium with a
slightly smaller compartment 9 and in slower equilib-
rium with a larger compartment 7.

Fig. 6 relates total glucose utilization to the amount
of insulin in compartment 3 in accordance with Eq. 7.
These are both model-derived values during the basal
state and after insulin administration. Thus, the model
allows direct quantification of the previously observed
close temporal association between these two variables
(2). The slopes of the curves (Table IV) are the sensi-
tivities of glucose utilization to insulin changes in com-
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Ficure 4 Typical set of data (subject J. R.) used for
computer modeling. The actual data are represented as
points and computer estimated values by the lines. The top
panel shows results of separate single injection study and
the lower three panels apply to the clamp experiment.
Glucose infusions (tracee and tracer) and the insulin in-
fusion were entered as known information as were the
changes in arterial plasma glucose concentration, thus yield-
ing exact computer fitting of these values.

pariment 3. The sensitivity at basal levels is very close
to the maximum sensitivity derived theoretically from
Eq. 7. It should be noted, however, that glucose and
insulin values only at and above basal levels were avail-
able to test the model. Therefore, the use of Eq. 7 for
levels below basal is only theoretical, thus the dotted
portions of the lines in Fig. 6. The basal slopes demon-
strate two negative correlations: (a) with the y inter-
cept (r=—0.85, P <0.05) and (b) with percent body
fat in these subjects (r = —0.95, P <0.01).

In the basal period endogenous glucose production
(EGP) averaged 140.1 mg/min or 1.74 mg/kg per
min (Table V). In the five subjects receiving glucose
infusions with specific activities matched to the pre-
insulin infusion values, specific activities rose during
the insulin infusions as illustrated by subject J. R. in
Table II and Fig. 4. This indicates that EGP fell under
the influence of the insulin infused. A diminution to
339 of the basal level occurred during the insulin in-
fusion (Table V). This level was reached within 10
min and persisted after cessation of the insulin infusion.
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Ficure 5 Simultaneous computer match of mean plasma
[“Clglucose data for single injection and primed continuous
infusion protocols during basal state. “X” are actual data
and solid lines represent computer estimated values. Primed
continuous infusion protocol demonstrates a falling curve
because ordinate expresses percent of the total administered
dose still present in plasma at each point in time.

In the basal period EGP matches glucose utilization,
since arterial glucose concentration is constant. During
insulin infusion, arterial glucose concentration is main-

RB.
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mU INSULIN IN COMPARTMENT 3

GLUCOSE UTILIZATION (mg/min)

FiGUure 6 Insulin effectiveness. Total glucose utilization
(milligrams per minute vs. mass (milliunits) insulin in
compartment 3 derived from Eq. 7 for six individuals. Val-
ues below basal are represented by dotted lines.
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TaBLE III
Glucose Model Parameters

Glucose rate constants

Glucose masses} Glucose spaces

Body
Subjects  weight Los Lo Los Leo Lez Lz Ms M My  Ve+Vi+Ve§ Ve+Vi+Vs
kg min~1 min~1 min~1 min~1 min~1 min~1 g g g liters liters/kg
R.B 85.4 0.014 0.052*% 0.224 0.591 0.102 0.152 5.96 8.87 2.06 15.2 0.178
(0.016) (0.071) (0.165) (0.012) (0.020)
R.D 88.1 0.015 0.012 0.230 0.304 0.048 0.065 5.51 7.53 4.00 16.1 0.184
(0.001) (0.014) (0.003) (0.004) (0.005)
W. E 79.2 0.014 0.019 0.282 0.536 0.043 0.042 5.80 5.64 2.94 13.4 0.170
(0.002) (0.014) (0.28) (0.004) (0.004)
W. H 71.6 0.016 0.012 0.509 0.662 0.057 0.078 5.56 7.63 4.20 15.0 0.194
(0.002) (0.077) (0.134) (0.009) (0.014)
J.R. 72.4 0.019 0.0063 0.493 0.376 0.012 0.025 4.64 9.78 6.00 19.0 0.262
(0.0021) (0.073) (0.080) (0.010) (0.006)
W. S, 69.7 0.017 0.0092 0.402 0.401 0.045 0.055 4.72 5.75 4.62 15.9 0.228
(0.0016) (0.016) (0.012) (0.003) (0.003)
Mean 78.7 0.016 0.0184 0.357 0.478 0.051 0.072 5.36 7.53 3.97 15.8 0.203
+SD +7.1 +0.002 =+0.0170 +0.129 +0.139 =+0.029 +0.049 =+0.56 +1.65 +1.36 +1.8 +0.039
* Mean +(SD).

1 M (j) = steady-state mass or total amount of glucose in the basal state in compartment j.
§ Total plasma equivalent volume (V) of compartments 6, 7, and 9.

tained at a constant level by supplementing the reduced
EGP with the exogenous glucose infusion (5.4 mg/kg
per min in these six subjects). Thus, endogenous pro-
duction (0.6 mg/kg per min) accounts for only 109
of total utilization during this phase of the study.

DISCUSSION

Any definitive compartmental analysis of a tracer sub-
stance depends on the frequency of sampling, the num-
ber of compartments sampled, and the adequacy of mix-
ing. Glucose, which distributes rapidly and crosses

multiple membranes easily, offers fundamental problems
in separating a mixing phase from compartmental dis-
tribution. These studies were performed using intra-
venous glucose administration together with arterial
glucose sampling. Nevertheless, early glucose distribu-
tion was too rapid to permit the resolution of an initial
distribution space and an assumption that it was equal
to blood volume (water) was made. Waterhouse and
Keilson (38) have studied in detail the initial spaces
of distribution of glucose and report a somewhat larger
space. The aspect of the model which is of primary
interest in this paper is glucose utilization and fortu-

TABLE IV
Insulin Effectiveness
Basal insulin Extrapolated Estimated Saturation

compartment 3 Basal slope Rgat 0 CNS value

Subject Body fat I8 (dRy/dIsB) insulin utilization (Les X Me)*
% Body wt mU mg/min/uU mg/min mg/min g/min

X104

R.B 18.9 128.0 11.5 53.8 82.8 1.29
R.D 19.7 122.0 8.5 34.9 81.4 1.26
W. E 20.7 45.8 2.7 120.0 78.7 1.55
W. H 19.6 53.4 5.3 104.8 83.6 2.69
J. R 17.3 47.7 15.1 46.7 81.4 2.13
W. S 14.2 49.0 18.2 34.8 76.7 1.78
Mean 18.4 73.8 10.2 65.8 80.8 1.77
+SD +2.3 +40.0 +5.9 +37.1 +2.6 +0.54

* The values for M, used in this calculation were the mean plasma glucose concentration during
the clamp study and are slightly different from those in Table IV.
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TaBLE V

Endogenous Glucose Production

Subject* Basal Insulin period Postinsulin period

mg/min mg/ke/min mg/min mg/kg/min % basal mg/min mg/kg/min % basal
R. B.1 187.4 2.19 75.7 0.89 40.4 26.9 0.31 14.4
R.D.§ 130.5 1.48 45.9 0.52 35.2 25.7 0.29 19.7
W. E 131.2 1.66 26.3 0.33 20.0 33.4 0.42 25.5
W. H. 133.8 1.72 474 0.61 35.6 <1 <1 0
J. R. 117.8 1.63 40.7 0.56 34.6 28.9 0.40 24.5
Mean 140.1 1.74 47.2 0.58 33.2 23.1 0.28 16.8
+SD +27.1 +0.27 +18.0 +0.20 £7.7 +13.0 +0.17 +10.4

* Subject W. S. had a 75-min insulin period with no postinsulin period and was therefore not included.

1 180-min insulin period.
§ 120-min insulin period.

nately this is relatively invariant with respect to this
assumption.

Our rapidly equilibrating glucose compartment 9 is
somewhat smaller than compartment 6 and the slowly
equilibrating compartment 7 is somewhat larger. Identi-
fication of these compartments with anatomical or physi-
ological entities is not possible at present. The total
plasma water equivalent volume (PEV) is 15.8 liters
or 20.39% body weight. Since a correction was made
in our studies for recycled glucose the glucose model
does not reflect equilibration with lactate or other re-
cycled glucose precursors.

The model incorporates insulin-dependent and insulin-
independent glucose production and loss sites. This model
fits data for both insulin under varying conditions (2)
and glucose (tracer and tracee infusions and plasma
levels) so as to mathematically describe insulin control
on glucose utilization (Eq. 7). This control is exerted
by the large slowly equilibrating insulin compartment 3
(mean PEV =929, body weight) on the smaller
rapidly equilibrating glucose compartment 9 (mean
PEV =4.959 body weight). Physiologically this im-
plies that certain tissues must have selective perme-
abilities or affinities for insulin vis-a-vis glucose. In
some subjects control of the slower glucose compart-
ment by the slower insulin compartment also fits the
data. It is likely that insulin controls glucose transport
from both rapid and slow compartments. Our data are
only adequate to reject the notion that all control takes
place at the slowly exchanging glucose compartment.

The curves relating glucose utilization (R,) to in-
sulin levels (Is) contain three main features (Fig. 5):
(a) The slope of the curve is a measure of glucose sen-
sitivity to insulin. (b) As insulin levels increase the
curves flatten, suggesting that “saturation” occurs. This
is due to the limitation in the rate of delivery of glucose
from compartment 6 to compartment 9 (L«xMs) (Table
IIT). (¢) The extrapolated intercept for ls=0 is a
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hypothetical measure of glucose utilization “indepen-
dent” of insulin (Eq. 1). This includes CNS and other
tissues.

Considerable variation exists in the values of the
basal slope of Ry, vs. Is (Table IV). In view of the
multiple variables involved in this relationship (Eq. 7),
such variation is not too surprising. The amount of
insulin bound to receptors has not been measured in
this study, and that value presumably would be the more
basic quantity to relate to glucose utilization. In any
event it is reasonable to suggest that some quantitative
relation exists between the mass of insulin in compart-
ment 3 of the model and the amount of insulin on mem-
brane receptors.

It is interesting to note that a negative correlation
exists between the basal slopes and the intercepts in
the curves of Fig. 6. If glucose utilization takes place
at insulin-dependent and insulin-independent sites an
increase in the number of insulin-dependent sites at the
expense of insulin-independent sites could result in an
increase in the slope with a corresponding decrease in
the intercept.

The observed high correlation of the basal slopes
with percent body fat reflects the well-known decrease
in insulin sensitivity with increase in adiposity. The
correlation is all the more remarkable since gross obesity
was not being studied; these subjects had amounts of
body fat (Table I) which, although variable, are gen-
erally considered to be within the limits of normality.
More subjects with a wider variability in body fat
should be studied to extend this observation.

EGP under basal conditions has been estimated by
tracer techniques and by transhepatic catheterization
studies (4, 5, 813, 39-41). Studies on the effect of
insulin on glucose production have been complicated
(a) by hypoglycemia and release of counterregulatory
hormones when exogenous insulin has been adminis-
tered or (b) by hyperglycemia when glucose has been

Insel, Liljenquist, Tobin, Sherwin, Watkins, Andres, and Berman



administered as a stimulus to endogenous insulin re-
lease. This study then is the first to examine the effect
of insulin in man without these complicating factors.

The rapidity of the fall in EGP with insulin ad-
ministration suggests that this effect is mediated by
insulin in the plasma, compartment 1, or in the rapidly
equilibrating compartment 2. The fact that suppression
of glucose production was not complete (Table IV)
suggests either the existence of an insulin-independent
fraction of glucose production or that the dose of in-
sulin in these studies was too low to achieve maximum
effect. The persistence of the suppression after discon-
tinuing the insulin infusion may be due to persistence
of induced enzymes (42-44) or of membrane-bound in-
sulin (45-48).

Tissue sensitivity to insulin can be estimated by sev-
eral methods. The traditional clinical test has been
the single pulse intravenous insulin tolerance test. Since
the induced hypoglycemia of this test leads to complex
counterregulatory processes, the resultant falling glu-
cose curve is a reflection of the interactions among mul-
tiple hormones. A new approach for estimating insulin
sensitivity (“glucose impedance”) has recently been
introduced (49). It requires the simultaneous adminis-
tration of glucose, insulin, epinephrine, and propranolol.
The resultant hyperglycemia at the end of the infusion
period is the variable which is used as the measure of
sensitivity to the infused insulin. In contrast, the clamp
technique with kinetic modeling takes into account in-
dividual variability in insulin distribution and metabolism
and the temporal relationships of insulin (both plasma
and extravascular) to glucose over a range of insulin
concentrations.

We have previously (2) discussed the limitation of
the use of plasma glucose and insulin concentrations
(G/I ratio) to explain hormone-substrate interaction.
These studies extend that view by introducing a mea-
sure of insulin sensitivity (dR,/dls) which temporally
relates insulin level in an “active” compartment directly
to glucose utilization as opposed to plasma glucose levels.

However, to examine the broader interactions be-
tween insulin and glucose a quantification of the control
of glucose on insulin secretion is required. Hypergly-
cemic glucose clamp experiments offer a unique tool for
such studies. Such data should permit the description
of the complete glucose-insulin feedback loop.
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