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During recent years quantitative mathematical
procedures have been applied to glucose utiliza-
tion ! studies in an attempt to replace less exact
glucose tolerance tests. Examples of this type of
work have been reported by Greville (1), Ama-
tuzio, Stutzman, Vanderbilt, and Nesbitt (2), and
Jokipii and Turpeinen (3). The techniques em-
ployed by these investigators were somewhat dif-
ferent, but the results indicate that the disappear-
ance of glucose from the blood during glucose
infusion or subsequent to a single I1.V. glucose load
follows an exponential function with respect to
time. Greville (1) reported an empirical equation
describing the behavior of blood glucose following
a sudden glucose load. This equation contained a
constant term representing an eventual equilibrium
glucose level which was not necessarily equivalent
to the initial fasting level. Amatuzio, Stutzman,
Vanderbilt and Nesbitt (2) employed a similar
equation in which they used the initial fasting level
as the constant term. The latter’s experimental
results indicated that the specific rate constant 2
for glucose utilization was reproducible in the
same patient and remained constant for two dif-
ferent glucose loads.

In an effort to avoid the unphysiologic blood
glucose levels obtained with sudden glucose load-
ing, Jokipii and Turpeinen (3) used a continuous
infusion technique. Their results indicated that
various equilibrium levels of blood glucose could
be established with different infusion rates; the
specific rate constants extracted from their data
appeared to be independent of the infusion rate.
Furthermore, they implied that the rate constants
obtained in this manner may exceed those derived
by the single injection technique.

1 Glucose utilization is defined as the disappearance of
blood glucose.

2 The specific rate constant is a proportionality con-
stant defined as the rate of glucose utilization when the
concentration is equal to unity (see appendix).

The equations cited in the above work have been
either empirical or have been derived upon the as-
sumption that the disappearance of blood glucose
follows a first order chemical reaction. It is the
purpose of this paper to derive a kinetic theory of
glucose utilization not involving the above assump-
tion but based upon previous experimental work
on the relationship between the level of blood glu-
cose and its utilization (4-8). Experimental evi-
dence will be presented to support this theory
along with a study of the behavior of the specific
rate constant of glucose utilization.

METHODS AND MATERIALS

The subjects employed in this study were males be-
tween the ages of 21 and 47, normal with respect to car-
bohydrate metabolism. The group consisted of resident
physicians and hospitalized patients with uncomplicated,
non-metabolic illnesses. Each subject received at least
250 gm. of dietary carbohydrate daily for three days be-
fore the test, but was fasted 14 hours immediately pre-
ceding the test. All subjects were at rest in bed through-
out the test. The continuous infusion experiments were
not begun until the subject had been at bed rest for 30 to
60 minutes.

Venous blood specimens were obtained without stasis
from an indwelling venous cannula in the antecubital vein.
This vein carries mixed blood from the deep and super-
ficial tissues of the forearm and hand (9). Capillary
blood which contains the same glucose concentration as
arterial blood (4) was obtained by finger puncture. All
blood samples were obtained at 5 or 10-minute intervals
for total test periods ranging from 60 to 180 minutes.
Samples were analyzed for glucose by the method of
Somogyi-Nelson (10). Care was taken to minimize
glycolysis by the use of NaF and refrigeration. Venous
samples were analyzed in duplicate and capillary speci-
mens singly. Duplicate venous samples differed by 2.0 =
1.8 per cent (mean = std. dev.)

In the single injection studies, 25 gm. of glucose in 300
ml. of distilled water was injected in 3.5 = 0.5 minutes.
The continuous infusion experiments were performed us-
ing a Bowman constant infusion pump. Infusion rates
in different subjects varied from 1.5 to 6.0 ml. per min. of
10 per cent glucose solution. In 24 subjects 10 to 15 uc. of
Na™ was added to the glucose infusion solution. Na®
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Curve (A) represents actual experimental

data and is extrapolated to approach an equi-

librium level (C.q) defined here as the experimental fasting level.

Curve (B) is a graphical representation of

the analysis of these data according to equation

A-5 of the appendix. The ordinate in this case represents the difference between the arterial
blood glucose concentration (Ca) and Ceq, but has not been shown for reasons of clarity.
The initial fasting level (Cy) is the arterial blood glucose concentration measured just prior

to glucose loading.

radioassay on 2 ml. of plasma was accomplished with a
R. C. Scientific Scintillation Well Counter.

One hundred and five experiments were done. Of
these, 11 were omitted because of poor data. Urine was
collected at the end of each experiment and analyzed for
total reducing substance by the quantitative Benedict
method (11).

RESULTS
A. Single injection technique

Twenty-six glucose disappearance curves were
obtained from 18 subjects. These curves were
analyzed according to the method given in the
appendix. An example of this type of experiment
with corresponding analysis is shown in Figure 1
and the pertinent results of the analyses of all
such experiments are given in Table I. It should
be noted in Table I that the mean value of the

experimental fasting levels (62.2 = 26.6) is sig-
nificantly below (P = .001) the mean value of the
initial fasting levels (82.2+=7.6). Of the indi-
vidual cases only three values of Ceq® were well
above the corresponding Cg*; in three cases these
values were approximately equal; and in the re-
maining cases, Cyp exceeded C,. The specific rate
constant for glucose utilization (K) is exemplified
in Figure 1 as the slope of curve B. The mean
value of the specific rate constants (.0308 = .0120)
as determined here is significantly lower (P =
.001) than that reported by others (.0370 %=
.0054) (2). Also the dispersion of the data is
greater. Repeat studies were performed on six

8 The experimental fasting level (see appendix).
4 The initial fasting level (see appendix).



STUDIES ON THE KINETICS OF GLUCOSE UTILIZATION

subjects, and in none of these was the rate con-
stant reproducible. Urine was collected at the
end of each experiment and analyzed for total
reducing substance. The mean amount recovered
for these subjects was 579 mg.

B. Continuous infusion technique

Sixty-nine continuous infusion experiments
were done in 63 subjects. The data were analyzed
according to the method described in the appendix.
Curve A of Figure 2 represents an example of
this type of experiment and curve B exemplifies
the corresponding analysis. As in Figure 1, the
slope of curve B is the specific rate constant for
glucose utilization (K). Table II contains rele-
vant data from all continuous infusion experi-
ments. The mean value of the specific rate con-
stants (.0400 = .0126) obtained by this method
was significantly higher (P = .002) than that
computed from the data of the single injection
method (.0308 = .0120), although blood glucose
levels in the latter method far exceed those of the
former. In two subjects the infusion period was

TABLE I
The results of single glucose injection experiments *

Cr K
Subject Pl (mg. %) (mgc.%) (min.~Y)
H. H. 32 92 60 .0243
C.L. 30 80 70 0185
T.W. 39 84 55 .0199
T. W. 39 80 50 .0227
T.W. 39 92 70 .0290
E. H. 39 82 80 0221
B.G. 22 83 50 .0320
B.G. 22 86 60 .0482
C.G. 27 62 30 .0325
J. L. 36 85 50 0155
C.P. 36 71 85 .0248
G.C. 39 92 71 0511
G.C. 39 97 80 .0272
P.G. 32 72 150 .0370
C.K. 27 87 35 .0290
G.R. ' 35 93 50 .0194
L.T. 45 76 62 10493
C. A. 23 75 30 .0187
F. W. 26 73 102 .0400
F.W. 26 72 75 - .0321
L.R. 27 81 8 0175
L.R. 27 83 83 .0467
L.R. 27 88 55 .0281
P. M. 30 91 40 .0220
L.S. 28 79 65 .0309
L.S. 28 82 50 .0610
Mean values 82.2 62.2 .0308
Std. deviation 7.6 26.6 .0120

* Cy—Initial fasting level.

—Experimental fasting
level.

K—Specific rate constant for glucose utilization.
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extended to approximately 150 minutes and in
both the specific rate constant remained unchanged
over the entire period of the experiments. In five
subjects studies were repeated on different days
and with a single exception rate constant values
could not be reproduced.

From the derivation in the appendix it is pos-
sible to compute a theoretical initial fasting level
(Cy’) based upon all the individual measurements
of each experiment. A comparison (Table II)
between the mean Cy’ (89.8 =7.0) and the mean
Cr (88.3 =6.7) revealed no significant difference
(P = 42).

In another series of experiments, glucose was
infused at a constant rate for a 50-minute control
period followed by a 40-minute period with the
rate of infusion doubled. The latter type of ex-
periment was performed in 17 subjects and the
blood glucose level resulting from the doubled in-
fusion rate was approximately 50 per cent above
that of the control period. Pertinent data from
these experiments are given in Table III and an
example with analysis is shown in Figure 3. The
striking finding is that the specific rate constant
remains unaltered by this procedure; i.e., there is
no significant difference (P = .60) between the
control periods and those in which the rate of in-
fusion was doubled.

In all continuous infusion experiments, arterial
and venous glucose determinations were done.
These data have been summarized and the median
values are presented in graphic form in Figure 4.
It should be noted that although the Cy, — Cy?
values are reasonably constant during the control
period, there is a significant rise following an in-
crease in the infusion rate.

Urine was collected at the end of each experi-
ment and analyzed for total reducing substance.
The mean amount recovered was 314 mg. which
is negligible compared to the total amount of glu-
cose infused (30 to 40 grams).

C. Volume of distribution

From the theory given in the appendix it is
possible to compute the volume of distribution of
glucose. In 68 subjects the mean volume was

5 Ca—The arterial blood glucose concentration. Cy—
The venous blood glucose concentration (see the ap-
pendix).
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Curve (A) represents actual experimental data and is seen to approach an equilibrium level

(Ced').

Curve (B) is a graphical representation of the analysis of these data according to equation
B-5 of the appendix. The ordinate in this case represents the difference between the arterial

blood glucose concentration (Ca) and C.q'.

The initial fasting level (Cy) is the arterial blood glucose concentration measured just prior

to the beginning of glucose infusion.

23.3 £6.2 per cent of body weight (Table II).
By employing a similar analysis it was possible to
compute the value after the rate of glucose infu-
sion had been doubled. This was done in 17 sub-
jects (Table IIT) and the mean result was found
to be 30.8 = 5.9 per cent of body weight, which is
significantly higher (P = .003) than the control
value of 24.6 = 5.2 per cent. In other words, an

apparent expansion of the available space for glu-
cose distribution occurred subsequent to the in-
crease of the glucose infusion rate.

The above results may have been the result of an
increase in extracellular space due to fluid shifts
as a consequence of tonicity alteration. This pos-
sibility was tested by measuring sodium “space”
simultaneously with glucose “space.” Na??* was
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added to the infusion fluid and its space of distri-
bution computed according to a method to be de-
scribed elsewhere (12). Control spaces were
computed on 24 of the 68 subjects. In 11 sub-
jects measurements were obtained before and after
doubling the rate of the glucose-Na?? infusion.
Expressed as percentage of body weight, the mean
value of Na?? space during the control periods was
21.4 = 3.4 per cent. The mean value after the
increased infusion rate was 22.3 = 2.7 per cent.
There was no significant difference (P = .40)
between Na?? space before and after the glucose
infusion rate was doubled.

DISCUSSION

The equation described by Amatuzio, Stutzman,
Vanderbilt, and Nesbitt (2) is a close approxima-
tion of the empirical equation of Greville (1) and
the theoretical equation derived here. The data
reported in this paper for the single injection tech-
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nique fit the latter equation as well as that of
Greville. These equations are better satisfied
when the experimental fasting level is used rather
than the initial fasting level. This is evident from
(a) the constancy of K throughout the experi-
mental period in any given subject® and (b) the
significant difference between the initial and ex-
perimental fasting levels in the group of subjects.
It would appear that following a rapid glucose
load, blood sugar returns to a new level signifi-
cantly below the initial fasting level (Figute 1).
The experimental fasting level is a termm of the
continuous function (equation A-5, appendix)

¢ The data was also analyzed by plotting the logarithm
of the difference between the arterial glucose and the
initial fasting level vs. time (Amatuzio, Stutzman, Van-
derbilt, and Nesbitt, [2]) and by plotting the log of the
arterial glucose vs. time (Bastenie, Conard, and Franck-
son [13]). By either method a constant K may be ap-
proximated during the initial experimental period; how-
ever, the constancy of K cannot be maintained through-
out the complete experimental period.

TABLE II
The results of continuous glucose infusion experiments *

Glucose
Weight RiCr Cr Cr’ 4 K
Subject ess (k) (migmin)  m % e % ) (min.) o
G.N. 35 65.9 300 04 9% 155 10300 25.7
H.C. 33 71.8 295 81 81 112 10533 245
C.L. 29 65.9 284 81 82 127 10478 198
C.R. 31 69.1 300 90 90 168 10277 20.0
C.F. 15 74.1 317 101 102 185 10248 20.8
P. H. 30 60.0 270 9% 95 166 10260 244
R W. 27 56.4 250 84 83 115 10520 26.7
F.R. 32 99.6 330 87 87 135 10307 2256
J.D. 36 66.6 360 83 85 130 10310 38.8
H.R. 41 94.1 310 92 92 139 10336 21.2
AS. 22 67.3 280 86 86 130 10340 29.7
B. M. 47 717 300 - 89 93 139 10317 28.7
J.C. 28 64.4 340 95 98 145 10420 26.7
R. W. 35 83.6 250 81 80 112 10639 14.5
E.A. 27 69.3 310 84 83 128 10399 211
T.B. 35 711 300 84 83 116 10730 175
C.H. 35 773 305 81 89 144 10435 16.4
V.F. 37 65.0 290 80 81 130 10335 27.2
V.B. 31 70.4 285 87 08 150 10310 25.1
C.B. 37 58.9 345 83 80 191 10260 20.3
B.D. 40 56.7 300 89 85 120 10470 322
W. D. 27 85.4 350 85 85 155 10333 17.4
K.R. 21 87.7 360 7 89 143 10265 28.7
G.N. 35 674 205 110 113 170 0340 224
C.C. 6 71.9 192 920 89 128 10200 341
F.R. 32 100.0 260 79 80 103 10825 13.4
1. D. 36 66.6 300 82 85 112 10530 30.9
R.B. 47 69.8 320 93 87 130 10313 33.7
L.T. 31 60.4 310 89 90 133 10565 21.3
R.R. 29 76.8 270 05 100 135 10295 342
R.T. 30 60.4 275 o1 o1 129 10430 27.8
D. D. 36 777 300 87 87 135 10320 25.1
G. W. 32 78.2 320 79 77 130 10294 26.0
R.G. 36 69.7 360 89 89 136 10557 19.5
R.B. 29 81.6 360 38 93 145 10395 215




1144

C. J. HLAD, JR., H. ELRICK, AND T. A. WITTEN

TABLE II—Continued

Glucose
Age Weight R1C1 Cr Cy’ ’
Subject (vears) s migwin) MW me® (mew) (min. ) %
C.J. 26 70.7 370 86 86 165 .0238 27.8
E.J 25 79.0 © 360 86 89 132 .0404 26.2
J.P 31 65.0 360 80 86 154 .0303 26.7
W.Y. 22 77.8 344 88 923 140 .0390 23.9
G.M 22 60.0 365 87 86 173 .0333 21.0
W.F 32 53.2 325 75 86 144 .0263 33.7
H.C 33 71.8 370 86 98 140 .0330 30.0
L.S 24 64.6 360 86 90 135 0412 30.1
F.A 22 67.1 220 80 89 118 0475 23.8
L. M 22 60.9 330 83 79 149 .0470 16.5
V.0 29 65.0 290 81 82 133 .0495 17.7
H.E 29 65.5 320 99 98 185 .0331 17.0
L.D 33 63.1 300 88 92 145 .0395 22.5
R.S 32 711 300 92 93 165 .0394 14.8
P.W. 21 66.8 270 101 101 146 .0354 25.1
W.H 24 58.6 300 84 84 150 .0532 14.6
J.C 32 70.5 295 93 92 160 .0591 10.4
J.H 21 61.1 270 93 95 143 .0406 22.7
A. M 27 87.7 250 91 91 122 .0310 29.5
E.R 23 75.7 310 90 89 153 .0285 224
W.D 36 69.6 277 89 89 140 .0442 17.5
A. T 39 68.2 320 101 102 175 .0196 32.6
J.S 38 79.1 300 95 97 170 .0465 11.1
J. G 26 53.9 275 90 90 147 .0394 22.7
R.R 29 75.0 290 95 103 145 .0298 30.7
J.C 34 80.5 290 90 90 143 0447 15.2
E.H 37 73.3 270 92 93 132 .0604 15.5
T.D 37 68.4 265 106 105 160 .0532 13.2
A.O 43 73.6 320 89 87 140 .0266 30.8
M. A 34 67.8 390 97 98 180 .0372 18.9
C.R 23 711 310 82 80 145 .0366 18.3
F.R 29 60.5 275 87 91 132 .0688 16.1
C.G 30 60.5 270 83 84 115 .0526 27.6
R.B 47 69.8 300 84 88 132 0410 23.9
Mean values 88.3 89.8 0400 23.3
Std. deviation 6.7 7.0 0126 6.3

* Ri—Rate of infusion (ml./min.). Cr—Concentration of infused fluid (mg./ml.).
Ceq'—Blood glucose level at
Glucose space—The volume of distribution

Cy'—Theoretical initial fasting level.
for glucose utilization.

describing ‘glucose disappearance from a loaded
system. This level serves as reference level for a
new physiologic state following the glucose load.
It should be noted that this new state is apparently
steady throughout the disappearance phase of
blood glucose, but that it is different from the basal
state. The fact that the new level was usually be-
low the initial level is compatible with the hypo-
glycemia commonly observed following rapid glu-
cose loading. It is also common knowledge that
blood sugar will eventually return to the initial
fasting level following the hypoglycemic phase.
Thus it is apparent that the new state created by
the glucose load is not persistent. It should be
emphasized that although equation 4-5 describes
blood glucose to the minimum hypoglycemia, it is
not intended to describe the return phase which
represents a change in the state of the system.

Cr—Initial fasting level.
ec}uilibrium (t = «). K—Specific rate constant
of glucose expressed as per cent of body weight.

In contrast to the sudden elevation of blood
glucose resulting from a single glucose injection,
blood glucose levels were increased gradually with
the continuous infusion method. The equation
(B-5) given here is well satisfied by the experi-
mental data. In the continuous infusion experi-
ments there was no significant difference between
the initial fasting level and the computed initial
fasting level. This computed level is derived from
all the measurements of each experiment. Since
these levels are statistically identical a more stable
state is apparently maintained throughout continu-
ous glucose infusion, resulting in less disturbance
to the glucose regulation mechanisms. It is prob-
able that the rate constant derived by the continu-
ous infusion method is more characteristic of the
basal physiologic state.

There is considerable evidence in animals that
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hyperglycemia resulting from glucose loading, it has been shown in humans by direct insulin as-
stimulates endogenous insulin release (14-16). say that alimentary hyperglycemia results in a
However, it is difficult to compare these experi- mean increase of 600 per cent in plasma-insulin
ments to the present ones since the former were activity one hour after the ingestion of 50 gm. of
done at much higher blood sugar levels. Recently, glucose (17). Using the same authors’ data, this

BLOOD GLUCOSE DURING TWO DIFFERENT
GLUCOSE INFUSION RATES
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Curves A and A’ represent actual experimental data with their respective equilibrium levels
at Ceq’ and Ceq”-

Cu.rves B and B’ represent the analysis of these data according to equation B-5 of the ap-
pendix. The ordinate in this case represents the difference between the arterial blood glucose

concentration (Ca) and the respective equilibrium level.

The initial fasting level (Cr) is the arterial blood glucose concentration measured just prior
to glucose infusion.
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TABLE III
The resulls of continuous glucose infusion experiments with elevated infusion rates *

Glucose space
KON} Cuf Cu? K k- )

Subject (mg./min.) (mg./min.) (mgfq%) (mg. %) (min."1) (min.™) '73 %
G.N. 300 580 155 240 .0300 .0297 25.7 29.3
H.C. 295 500 112 164 .0533 .0510 24.5 24.6
C.L. 284 567 127 196 .0478 .0405 19.8 28.9
C.R. 300 593 168 255 0277 .0284 20.0 28.2
R.W. 250 500 115 165 .0520 .0510 26.7 344
F.R. 330 590 135 200 .0307 .0288 22.6 274
J.D. 360 620 130 187 .0310 .0344 38.8 40.7
H.R. 310 610 138 195 .0336 .0360 21.2 28.6
A.S. 280 550 129 203 .0340 .0279 29.7 36.2
B. M. 300 560 139 216 .0317 .0323 28.7 28.5
J.C. 340 630 145 220 .0420 .0425 26.7 29.0
E.A. 310 600 130 185 .0399 .0363 24.1 37.9
C. H. 305 600 144 222 .0435 10425 16.4 22.2
V.F. 290 600 130 190 .0335 .0355 27.2 40.0
V. B. 285 600 150 228 .0310 .0313 25.1 30.4
R.B. 300 595 132 185 .0410 .0410 23.9 36.2
T.B. 300 590 116 180 .0730 .0550 17.5 20.8
Mean values .0397 .0379 24.6 30.8
Std. deviation .0117 .0086 5.2 5.9

* R;C1 (1)—Initial rate of glucose infusion. R;Cr (2)—Final rate of glucose infusion. Ceq'—Blood glucose level
at equilibrium (t = «) associated with the initial infusion rate. C.q’—Blood glucose level at equilibrium (t = «)
associated with the final infusion rate. K—Specific rate constant for glucose utilization associated with initial infusion
rate. '—Specific rate constant for glucose utilization associated with final infusion rate. Glucose Space—Volume of
distribution of glucose associated with the initial (1) and final (2) infusion rates. These values are expressed as per cent
of body weight. Ages and weights of this group may be found in Table II.

THE EFFECT OF TWO DIFFERENT
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The ordinate (Ca— Cv/Ca) is shown in the appendix to be a measure of the specific rate
constant (k,) for peripheral glucose utilization and represents the arterio-venous glucose dif-
ference divided by the arterial blood glucose concentration. The plotted data represent median
values determined from 17 experiments.
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is equivalent to the addition of 4.8 units of insulin
in an average man. It has been reported (18) and
substantiated by work in this laboratory (19)
that small amounts (2.5 to 4 units) of exogenous
insulin will cause a striking increase in the specific
rate constant. It was, therefore, surprising to ob-
serve that the mean specific rate constant ob-
tained from the sudden loading technique is sig-
nificantly lower than that obtained from the con-
tinuous infusion technique. It would appear that
of the two methods for adding glucose to the sys-
tem, the sudden loading technique with its result-
ing higher blood sugars is more likely to stimulate
insulin release and thus more likely to increase
the specific rate constants.

With the constant infusion technique it was pos-
sible to determine whether or not an elevated blood
sugar alters the specific rate constant in the same
patient. The results of the experiments in which
the glucose infusion rate was doubled following
the control period showed that no significant dif-
ference exists between the specific rate constants
of the control and experimental periods (Table
IIT). Furthermore, K remained constant through-
out each phase of these experiments. If insulin
secretion is a function of blood glucose, one might
expect an ever increasing K value with rising glu-
cose levels. '

Thus, under the conditions of these experiments,
by either single injection or continuous infusion
of glucose, no evidence was obtained to support
the concept that intravenous hyperglycemia stimu-
lates the secretion of extra insulin. These find-
ings suggest that the liver rather than the pan-
creas is responsible for the minute-to-minute regu-
lation of blood sugar level. They are in agreement
with previous evidence that extra insulin is not
required for the adequate disposal of an intra-
venous glucose load in the depancreatized dog (20,
21).

The volume of distribution of glucose is obvi-
ously complex. Possibly the best definition of this
“space” as measured here is that which is oc-
cupied by “exchangeable” glucose. The apparent
increase in glucose “space” with elevated blood
glucose is not explained by a simple fluid shift,
since Na*? space remained constant. One might
speculate that since the specific rate constant is
unaltered, and Na?? space remains constant, the
observed increase in glucose “space” is a change
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associated with increased cellular metabolism of
glucose.

A derivation is given in the appendix which
shows that (Ca — Cy/C,) is proportional to the
specific rate constant of peripheral glucose utiliza-
tion (kp) under certain conditions. An examina-
tion of Figure 4 shows that elevation of the glu-
cose infusion rate results in an elevation of this
variable (C, — Cy/C,). It has been shown that
the total disappearance rate constant (k) remains
unaltered throughout this procedure and that the
volume of distribution increases. This would be
the predicted behavior of these variables to ac-
count for the rise in the (C, — Cy/C,) values.

SUMMARY

Some theoretical aspects of the kinetics of glu-
cose utilization and a method for computation of
glucose “space” are described. One hundred five
studies were performed in 81 normal men using
either a single injection or continuous infusion
technique. Data are presented which support the
derived equations. No evidence was obtained to
indicate that excess insulin is released in response
to the intravenous administration of glucose. The
volume of distribution of glucose is discussed and
evidence is presented which suggests an expansion
of this “space” with increased blood sugar levels.

APPENDIX

Lang, Goldstein, and Levine reported that peripheral
glucose utilization in the normal dog is a linear function of
arterial blood glucose over a wide range (79 to 645 mg.
per cent) of blood glucose values (6). The data were
obtained in what may be considered as a steady physio-
logical state (constant infusion of glucose). Prior to this,
Soskin and Levine had established a proportionality be-
tween peripheral glucose utilization and blood sugar which
was linear between blood sugar levels of 100 and 400 mg.
per cent (5). The latter data were obtained in the evis-
cerated dog in a steady state. Somogyi obtained careful
measurements of arterial blood sugars and corresponding
arteriovenous differences in man before and after the oral
ingestion of 100 gm. of glucose (4). Although blood flow
was not measured, there was a linear correlation between
A -V difference and arterial blood level during the dis-
appearance phase of blood glucose.

This evidence indicates that in both steady and quasi-
steady states, glucose utilization is a linear function of
arterial blood glucose over a wide range of blood glucose
levels. The range of blood glucose values in the present
study is within the range over which linearity has been
demonstrated. The linear function described above may
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be expressed as follows:
Up = kp+Ga, (0))

where Up represents the rate of peripheral utilization of
glucose; k, the specific rate constant associated with
peripheral utilization; and G, the total glucose presented
to the peripheral cells for metabolism at any time.
The rate of peripheral utilization of glucose may also be
expressed as:
Up = R(Cs — Cy). @)

where R is the arterial blood flow rate and Ca and Cy are
the arterial and venous glucose concentrations, respec-
tively. Combining equations f and 2 and solving for k,
results in:

_Ci-GR

- CA V ’ (3)

where V is the volume of distribution of Ga. It should
be noted that if R and V remain constant, k, is propor-
tional to -——-—CA -G .
Ca

Soskin, Essex, Herrick, and Mann (7) showed that liver
uptake or output of glucose is related to the arterial glucose
level. This work was done in the dog using both a single
injection and a continuous infusion of glucose. By re-
plotting their data it is possible to show that liver uptake
or output of glucose is a linear function of arterial blood
glucose.- Bondy, James, and Farrar reported similar re-
sults in man (8). Analysis of their data reveals that a
linear correlation exists between the mean values of A—V
difference across the liver and mean values of arterial blood
glucose. Thus it appears that in the dog and the human
the liver uptake or output of glucose can be considered to

kp

be a linear function of arterial glucose level. This function
may be expressed as follows:
UL = — mGa + b, “4)

where Uy, represents the rate of uptake or output of glucose
by the liver (UL > 0; output UL < 0; uptake); and m and
b are constants characteristic of the state of the system.
With these two equations it is possible to derive ideal
relationships which govern the behavior of blood glucose
either subsequent to sudden glucose loading or during the
continuous infusion of glucose.

A. Sudden glucose injection

Previous work in man indicates that blood glucose dis-
appearance after a single intravenous glucose load follows
an exponential function shortly after the peak blood glu-
cose level (1, 2,9). In these experiments adequate mixing
is apparently obtained within 10 minutes after the glucose
injection. This function also implies that the system does
not deviate too far from a steady state during glucose
disappearance. At fasting equilibrium when the blood
sugar level is constant, it may be stated that:

UL20, Up20 and UL = Up.

But following a sudden glucose load this equilibrium is
upset and the liver responds in such a manner that:

UL <0 and Us}>0
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then, subsequent to adequate mixing:

(&A=UL"UP=—mGA+b—kpGA

dt

= —KGa+b, (4-1)
where K represents the specific rate constant for glucose
disappearance from the blood and is associated with the

total utilization of glucose. Upon integration:
[n (b — KG)I = [ Kt];, (4-2)
where Gy is the value of Ga at t = 0 which is defined at
the point where mixing is complete. Evaluation of 4-2:

b — KGa = (b — KGy) ekt (4-3)
Att = ©, Ga = Ge, and %=G...

Geq represents the theoretical glucose content at t = «.
Upon substitution 4-3 becomes:

Ga — Geq = (Go - G.q) e K¢, (A'4)

" In concentration form for a constant volume of distribu-

tion, A-4 becomes:
Ca — Coq = (Co — Cog) X, (4-5)

where C, is the arterial blood glucose concentration at any
time (t); Ceq is equilibrium blood glucose level and should
be equivalent to the initial fasting level (Cy) providing the
state of the system remains stable as a consequence of
glucose loading; and C, is the concentration associated
with Go. It should be noted that a plot of Cax — Ceq
versus t on semilogarithmic paper results in a straight line
with a zero intercept of Co — Ceq. This is exemplified by
curve B of Figure 1.

B. Continuous glucose infusion

In the non-equilibrium state during continuous glucose
infusion,
RiCi + UL > Up,

where R is the rate of infusion and C; is the infused

glucose concentration. Then:
-d—th—A = RiCt — mGa + b — k;Ga
= RiCi +b — KGa. (B-1)
Upon integration:
[in (RiC1 +b — KGA)]gg, =[- Kt];r (B-2)

where Gy’ is the value of Ga at t = 0 and is theoretically
equivalent to the glucose content at fasting equilibrium
preceding glucose infusion. Evaluating B-2: .
RiCi +b — KGa = (RiCt + b — KG's) e Kt (B-3)
Att = o, Gao =G'sq and b = KG'eq — RiCy,
where G'oq is the equilibrium glucose content at t = =
and after substitution, B-3 becomes:

G'eq = Ga = (G'eq — G'r) e7E (B-4)
In concentration form, B-4 becomes:
Cleq — Ca = (C'eq — C'p) 7%, (B-5)

where C’s is the eventual equilibrium glucose level at
t = » and C’r is the theoretical initial fasting level. It
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should be noted that a plot of C’eq — Ca versus t on semi-
logarithmic paper results in a straight line with a zero
intercept of C’eq — C’s. This is exemplified by curve B
of Figure 2. Furthermore, Cy¢’ is observable after the zero
intercept is established.

C. Volume of distribution

Within the limits defined here, the slope of equation

B-5 is a maximum at t = 0 and a minimum at t = .
The maximum slope (Smax) may be evaluated as:

Smax = K(Cleq — C'p). (C-1)

If a negligible volume of glucose is infused into a system
of constant volume and no process takes place other than
distribution of the infused glucose, the concentration
within the constant volume will increase as a linear func-
tion of time. The slope of this function is equivalent to
R—{;:-!. Since the infused glucose is the only exogenous
glucose added to the system and since Ur > O only at
fasting equilibrium, it may be assumed that the maximum
change in blood glucose results from the infused glucose.
Thus the slope due to infusion alone is the limiting value
of the slope of equation B-5. Therefore:

R :
1 _ KRG — Cr)

()]

and solving for V:

V= Ri1Ct ’
K(Cd' — CF)°
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