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THE GLUCOSE TOLERANCE TEST
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Introduction
The rise and fall of the blood glucose concen-

tration following oral or intravenous administra-
tion of glucose--' the glucose tolerance curve '
has long been widely used both clinically and
experimentally in animals and man as an index of
the efficiency of the mechanisms regulating the
concentration of glucose in the blood. Many of
the published data are conflicting, and the varia-
tion in method95 employed by different workers
makes comparison of results impossible. Even
when the same procedure has been used in ap-
parently similar circumstances, different results
have often been obtained. Lack of general agree-
ment about either the evaluation or the interpreta-
tion of the different blood glucose curves resulting
from any of the various techniques employed in-
creases the confusion. Moreover, it is insuffi-
ciently recognized that glucose tolerance tests can
provide only limited information about carbo-
hydrate metabolism, and unwarranted deductions
have all too frequently been made from them.

This situation is due to several factors:

(I) Failure to standardize the conditions of the
test.
The diverse disorders in which alteration

of the glucose tolerance curve has been re-
ported emphasize the numerous factors which
may influence it. However, it has not been
generally appreciated that the configuration of
the curve may be modified by exogenous factors
unrelated to the endogenous control of carbo-
hydrate metabolism. These include: state of
nutrition,1, 28, 43 antecedent diet, particularly car-
bohydrate content, but possibly also protein
content,2, 51, 52, 53, 54, 64, 81, 83, 122, 123, 127, 128, 132
preceding exercise,8,29, 75 and prolonged in-
activity," fear or other emotion,55, 91, 109 posture
during the test,97 interference with the blood
supply to muscle masses by a simple mechanical
procedure such as elevation of the legs,s1 the
strength of the glucose solution, and the dose
administered,4 94 the site of sampling, i.e. the use
of capillary or venous blood,9 the use of a tourni-

quet in obtaining blood samples,78 the frequency
of blood sampling,39 fever, or even the mildest
infection such as a head cold,73' 109, 124, 128 the
method used for the blood glucose estimation,
and the accuracy of the procedure,93, 94 ingestion
of certain drugs, for example, large doses of
sedatives and hypnotics,60, 89 various anaes-
thetics,83 steroids62 and salicylates.l06

Glucose tolerance can be defined as 'the
capacity to dispose of administered glucose under
standard conditions.'l26 Although the influence
of the above factors on the glucose tolerance curve
is well-documented, they have usually been ig-
nored. This has led Soskin'21 to state, with some
exaggeration, that 'the oral dextrose tolerance test
as ordinarily used and interpreted is practically
worthless.' Standardization and control of all
these factors is essential, no matter what procedure
is used in carrying out the glucose tolerance test,
to obtain results of any value. It is possible that
other unknown factors may also influence the test.

(2) Inadequate control groups.
Subjects selected for control observations have

often been too few to establish the limits of normal
tolerance; have only rarely been matched for
age,116 sex, weight,99 parity,80 previous diet or
activity; have often been receiving drugs or have
been suffering from a condition which mayaffect carbohydrate metabolism, such as hepaticdisease,2' 120 fever, inflammation or any form of
stress,2' 25, 128 obvious endocrine disorders,l33 neo-
plastic disease,88 uraemia,2o101 hypertension,50
arthritis,100 schizophrenia, manic-depressive or
involutional psychoses,37,48, 49 disseminated scle-
rosis,48, 49 Paget's disease,92 phaeochromocytoma,36gout,15 chronic alcoholism,14 periodic paralysis,82
coronary thrombosis,112 gastric or duodenal ulcer,m
or steatorrhoea,37 a family history of diabetes
mellitus has only rarely been carefully excluded31
along with any features of the' prediabetic state.'65

(3) Faulty concepts ofglucose tolerance.
Claude Bernard'0 keenly appreciated the dy-namic balance involved in the maintenance of a
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constant ' milieu interior.' He stated clearly that
the normal blood glucose level represented a pre-
cise equilibrium between the rates of glucose
formation by the liver and of glucose assimilation
by the tissues.

Blumenthal,12 50 years ago, again emphasized
that the true concept of glucose tolerance is not
static but dynamic, when he defined it as ' the
maximum quantity which can be dealt with in
each unit of time without disturbing the homeo.
stasis of the body.' As Rossl09 points out, 'this
fundamental idea makes it necessary to control
the rate of entry into the circulation, and such
control obviously demands intravenous adminis-
tration.'

Since the discovery of insulin the concept of
dynamic balance has been virtually ignored, and
the general tendency, with few exceptions, has
been to interpret the results of glucose tolerance
tests almost exclusively in terms of tissue as-
similation of glucose, and to administer the
glucose load by mouth.

The Oral Glucose Tolerance Test
The Absorption of Glucose
Most workers have administered the glucose

load by mouth in the belief that the rate of
absorption of glucose was ' independent of both
the absolute amount and the concentration of
glucose present in the intestine,' and that sugars
were absorbed ' at a constant rate up to the point
of their disappearance from the intestine,' the
actual rate being determined by the structure of
the glucose molecule.22 However, this belief, that
the absorption of glucose was comparable to its
continuous infusion at a constant rate, was denied
in 1933 by Mackay and Bergman84 who reported
that absorption was markedly influenced by the
concentration of the administered solution.
Many papers are to be found supporting each

of these concepts, the conflicting data being due
to the variety of techniques used to study the
absorption of glucose, all of which have certain
limitations.

This problem has recently been investigated by
a technique allowing the simultaneous observation
of gastric emptying, intestinal transit, and absorp,
tion of test substances from the gastro-intestinal
tract in the intact, conscious animal,107 108 and it
has been shown conclusively that: (a) glucose is
absorbed from the stomach, the proportion varying
with the total glucose load. The absorptive
capacity of the stomach is, however, readily
saturated, and rarely exceeds Ioo mg. per hour,
so that at high-glucose loads the proportion of
glucose absorbed by the stomach will be small, and
gastric emptying is the most important single
determinant of total glucose absorption per unit

of time. (b) The rate of emptying variesgreatly
among normal animals38 and is affected markedly
by the concentration of .the administered solu7
tion.83,104 Gastric emptying becomes progres-
sively delayed as the concentration of the intro,
duced solutions is increased, so that the intestinal
glucose load does not increase in proportion to the
total glucose load, and glucose is delivered to the
small intestine at a rate which is less than its con-
siderable absorptive capacity. Thus, the tqtal
glucose absorption in one hour increases very
little in relation to the larger load but absorption
will continue for a longer, and individually variable
period.9 Beeler et al.9 showed that one hour after
giving ioo g. glucose orally to normal and diabetic
subjects, 22-68 g. of the administered glucose
could be recovered by washing the stomach,
without a consistent and significant variation of
the glucose' tolerance test, and Leonards and
Free74 found that in normal adult male subjects
undergoing the Exton-Rose30 test, 38-62 g. glucose
could be recovered from the gastric contents after
one hour.
The rate of gastric emptying, and thus intestinal

absorption of glucose, is, however, influenced by
many other factors some of which have already
been listed. Prolongation of the pre-experimental
fast to 48 hours,33 the nausea experienced by some
individuals after glucose ingestion,46 recumbency
or the introduction of gas into the stomach,98
pregnancy,80 and anticholinergic drugs, slow
gastric emptying so that a flat glucose tolerance
curve may result. In contrast, in conditions where
rapid gastric emptying occurs, for example in
patients deprived of pyloric control by gastro-
enterostomy or gastrectomy,29, 40,16 glucose de-
livery to, and absorption from the intestine is
unduly rapid, so that the blood glucose concentra-
tion very quickly rises to an abnormally high level.

Endocrine factors probably influence intestinal
glucose absorption, accounting for the flat glucose
tolerance curve seen in hypothyroidism and some-
times in hypoadrenocorticism, and the high curve
common in hyperthyroidism and adrenocortical
hyperplasia.1, 23,110 Intestinal hurry, excessive
mucus secretion, or diseases like sprue or idio-
pathic steatorrhoea interfere with glucose absorp-
tion so that the tolerance curve will be flat.863126
The response to intravenous glucose may be
normal in such cases,82 or the diminished absorp-
tion may actually lead to a diminished capacity to
deal with administered glucose,109 thereby confus-
ing the picture still further.

Reproducibility of the Oral Test
The many factors influencing glucose absorptionfrom the gut have gained wider recognition with

the publication from time to time of studies casting
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doubt on the reproducibility of the results of the
oral test, even after careful standardization of the
diet.l8' 41, 46, 67, ,68,76,9117, 129
Freeman et al.37 concluded that ' the variability

of the test was so great as to be of little diagnostic
value, except in established diabetes mellitus,
whether one takes identical points, maximum
values, or increases from the control values' even
on a standard diet.

Other workers5,129 have found that in multiple
tests performed on a single individual every type
of curve from 'flat' to ' diabetic' was obtained.
Mirsky90 has stated that anyone can be labelled
' diabetic' if a sufficient number of oral glucose
tolerance tests are performed.
On the other hand, Hosters59 stated that he ob-

tained consistent results in cases of diabetes mel-
litus on a fixed diet, and this agrees.with our ex-
perience5 with diabetic patients under rigidly
controlled hospital conditions.
The value of any test in making comparative

observations depends on its reproducibility, and it
should, therefore, not be influenced by factors
unknown, unpredictable, and uncontrollable. The
oral glucose tolerance test falls short of these re-
quirements. The use of the intravenous route for
administration of the glucose load avoids at least
some unknown, as well as many known, factors
difficult to control adequately in normal clinical
practice, or even under experimental conditions.
Such tests are, therefore, being increasingly em-
ployed in clinical practice in spite of the larger
number of blood samples involved and the diffi-
culties experienced following the intravenous
administration of concentrated glucose solu-
tions.26, 128

The Intravenous Glucose Tolerance Test
Method and Interpretation
Two methods have been mainly employed: the

continuous infusion of a weak solution of glu-
cose,56, 70 or the rapid injection of more concen-
trated solutions. Although possibly more physio-
logical, the former is too cumbersome for routine
clinical practice, and the latter has been used by
the majority of workers.
Although the rapid intravenous method has

been widely studied over the past three decades,
there is still no uniformity of procedure, par-
ticularly as regards the 'loading dose' of glucose
given, and there is considerable disagreement as
to the best method of evaluating the results.
The area under the observed curve,7' 109 the

time taken to reach a definite predetermined
value,23 and for the blood glucose to regain the
fasting value,28 and the concentration of the blood
glucose at a given interval after the end of the

injection,79 have all been used to evaluate intra-
venous glucose tolerance curves.

Several attempts have been made to express the
rate of disposal of intravenously administered
glucose as a constant by mathematical analysis of
the rate of fall of the blood glucose level, and the
'glucose assimilation coefficient' (or 'total in-
dex )8, 19 and the 'increment index'4,26 have
been suggested as reasonably accurate measures
of glucose disposal rate. Other workers have pro-
posed evaluation of results in terms of a clearance
of glucose.57, 85
With one exception56 there is general agreement

that under controlled conditions the results ob-
tained by any one of these techniques are re-
producible and hence can be used for comparative
studies. Nevertheless, there is some doubt as to
what is actually occurring, and what is in fact
being measured at different times in the tests, and
the many and varying methods of evaluation reflect
the lack of knowledge of the precise mechanisms
involved in the disposal of an intravenous glucose
load.

Several workers have adjusted the loading dose
of glucose to the subject's weight. This is, how-
ever, probably unnecessary since no variation has
been observed in the maximum value, the form of
the curve, or the time taken for it to return to the
fasting value, which could be correlated with
variation in weight.79, 128

Following the rapid intravenous injection of a
concentrated glucose solution the blood glucose
almost immediately rises to a peak. The maximum
height which it attains varies considerably in
different subjects, and even in the same subject,
when other parts of the curve have not varied.'28
Since no correlation has been demonstrated be-
tween the height of the peak and any of the various
indices of evaluation, it may be disregarded, and
methods of evaluation71 109 where the area under
the curve is measured are unlikely to have ' any
real scientific or even comparative significance.'28
From the maximum value the blood glucose

concentration falls rapidly and smoothly in a
concave curve, since the absolute fall is progres-
sively retarded. Urinary loss of glucose does not
contribute significantly to the fall in blood glucose
concentration in normal individuals. Using a
loading dose of 25 g. the range is approximately
0-2.8 g.2, 76, 102, 128 It may, however, be of some
significance in diabetics, but in them the problem
of accurately defining absolute values is less im-
portant. The variation in the curve of the intra-
venous glucose tolerance test from one individual
to another, and in the different parts of the same
curve, is due to a variation in pancreatic and
hepatic reaction.

Soskin et al.u9 have shown (a) that a decreased
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hepatic output of glucose is an important factor
in glucose tolerance, and have suggested that the
effect of insulin is to determine the blood glucose
level at which this hepatic reaction occurs, and
(b) that the presence of the normal liver is probably
essential also for efficient glucose assimilation,
since in hepatectomized animals the intact pan-
creas and musculature are unable to give a normal
response. Moreover the pancreas itself may not
be absolutely necessary in certain circumstances
for normal glucose tolerance, since depancreatized-
hypophysectomized animals have a normal toler-
ance in terms of their ability to dispose of a
glucose load.

Despite the fact that several metabolic processes
are thus involved, it has been shown that the
curve obtained by plotting the concentration of
blood glucose against time approximates to a simple
exponential form,45 although this relationship may
only apply to a limited part of the curve.47 Re-
cently it has been suggested that removal of blood
glucose occurs in two phases, and that' the changes
in blood glucose have the characteristics of a
double exponential function of time: one con-
nected with the equilibration of glucose in the
extracellular fluid, and the other with the removal
of glucose by the cells.'61 Opinions vary very
much regarding the'time taken for equilibration,
and the exponential relationship of the subsequent
part of the curve, which is considered to represent
the disposal of glucose by the body.

Mathematical analysis of the data provided by
the intravenous tolerance test have been based on
two mutually exclusive physiological concepts. It
has been assumed that the glucose disposal,
measured by the rate of fall of blood glucose con-
centration, is related to the total blood glucose
level,8, 19, 85 and that it is related to the ' excess '

blood glucose level, i.e. to the difference between
the total blood glucose level and the previous
fasting value.4, 26, 57, 87, 113

Apparently valid evidence exists in support of
each of these concepts. If, in fact, glucose dis-
posal is related to total blood glucose level, then
the total index should not change with variation,
either in the loading dose or in the fasting blood
glucose level, but an increase has, in fact, been
shown to result from both.4, 5, 15, 26, a On the
other hand, use of the 'excess' blood glucose
values involves the assumption that the 'fasting
blood glucose is a constant baseline during the
rapid intravenous glucose tolerance test.'4 There
is, however, much evidence that in normal
animals, at least, the hepatic output of glucose
ceases almost immediately following the admin-
istration of intravenous glucose,10, 114'118 and that
this is an important factor in determining the
characteristic fall of the Mood glucose curve

after administered glucose in the intact animal.
When the blood glucose level is decreased below
the fasting value, the liberation of glucose by the
liver is resumed, and the rate of fall ceases to be
exponential.26

It has been pointed out that 'the difference
between the two views may arise from different
assumptions concerning the time needed for in-
jected glucose to diffuse through the glucose
space.'103 Although Duncan26 noted that 'there
is a variable interval between the injection of
glucose and the establishment of an exponential
relationship between the fall in blood glucose and
time,' he considered that it was generally complete
in Io-I5 minutes. Ikkos and Luft61 claim, how-
ever, that diffusion is an important distorting
factor for 25-30 minutes from the beginning of
the injection.

Prycel03 has calculated regression coefficients for
log mean values of Duncan's,26 and Baird and
Duncan's5 data after 27 minutes from the start of
the injection, and has stated that in his view there
is considerable doubt as to whether a significant
increase in the total index occurred with the
larger glucose load: and that the reduction in the
fasting blood glucose level as a result of treatment
with carbutamide was accompanied by a signifi-
cant increase in both the increment and the
total index.

Several other groups of workers have demon-
strated that diabetics treated with sulphonylurea
compounds show improved glucose tolerance if
the data are interpreted in terms of the total
index,6, 15, 6 but no change in tolerance if the
increment index is used.15, 63 However, the evi-
dence seems conclusiye on other counts that
glucose assimilation is not improved by carbuta-
mide,27 which suggests that the increment index
is a more accurate measure of glucose assimilation.
The rates of disappearance from the blood of

various sugars administered intravenously have
been related to their chemical structure. The
value for the' increment index' for glucose agrees
well with that which would have been expected
from its chemical structure, whereas the 'total
index' value is too low.13
The same factors may not be responsible for

the changes in blood glucose concentration in
normal and diabetic subjects-at least not quan-
titatively, e.g. the liberation of glucose by the liver
may be less influenced by a single injection of
glucose in some diabetic patients, and urinary loss
is greater than in normal subjects and varies
widely. 'Diabetic subjects do not, however,
differ from non-diabetic ones with regard to the
size of the true volume of distribution of glu-
cose.'61 It is possible that different mathematical
equations should be applied to diabetic and nonw
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diabetic patients if a true index of glucose as-
similation, as distinct from glucose tolerance, is
desired.

Probably none of the methods used at the
moment to interpret and evaluate the rapid intra-
venous tolerance test are entirely satisfactory.17
No further advance can be made in this respect
until a routine method is available which can
differentiate between glucose movement in and
out of the glucose 'pool,' i.e. until it can be
determined what exactly is being measured at
different times in the course of the test.

In addition, it is likely that the intravenous
introduction of glucose into the body is less
physiological than is its absorption into the portal
system. There is some evidence that glucose
tolerance may be less following intravenous glucose
than following oral glucose,19 22, 85 and that the
role of the liver and peripheral tissues may be
quantitatively different in the two circum-
stances.48, 49,115 It has also been shown that the
Staub-Traugott phenomenon does not occur if
the two glucose doses are given intravenously.
However, if glucose is given by mouth between
the first and second intravenous glucose tolerance
test, the second curve will be steeper than the
first one.l9

Application of the Rapid Intravenous Test
The rate of disappearance of intravenously ad-

ministered glucose-whether the results are
analysed on the basis of total or increment blood
glucose concentration-gives a good differentiation
between the normal and diabetic group. There is
very little overlap, and thus the borderline group
may be distinguished more accurately. The tests
are reproducible, and there is a wide measure of
agreement between various groups of workers as
regards the values for normal people.

Incre-
Total ment

Author Index S.D. Index S.D.
r (man) (mean)(men)
Lozner et al., 1941 1.96 0.30 3.57 0.37
Amatuzio et al., 1.34 0.27 3.71 0.40

1953

Bastenie et al., 1.54 0.17 -
1953, 1954

Duncan, 1956 1.37 0.22 3.68 0.40

Provided adequate control groups are used, and
the tests performed under rigidly standardized
'conditions (particularly with regard to previous
diet),: intravenous tests may be valid in detecting

alterations in glucose tolerance. Like other glucose
tolerance tests, however, the intravenous test in no
way distinguishes between blood glucose flow in
and out of the 'glucose pool'; it may miss ab-
normalities in glucose tolerance altogether if two
antagonistic processes are simultaneously deficient,
e.g. in the Houssay animal; where it does detect
an abnormality, it gives little information per se
about the mechanism or site of the defect, and
may only indicate the need for further investiga-
tion. In certain circumstances it may give more
useful information in conjunction with ad-
ministered insulin,130 cortisone26 or with other
simultaneous estimations such as serum inorganic
phosphate, plasma citric acid, lactic acid, a-keto-
glutaric acid, etc.,48,49 or, after special dietary
preparation, in the diagnosis of hypoglycaemic
states.20
Using intravenous tests decreased glucose toler-

ance has been demonstrated in cancer,88 increasing
age,n6 hepatic disease,2,120,131 inflammation,2,128
uraemia,2 101 fever,25 128 obesity,4 after the ad-
ministration of epinephrine3 or the stress of
surgical operations.25

In normal pregnancy intravenous glucose
tolerance is normal or even increased.69

In hyperthyroidism the intravenous glucose
tolerance is usually high or normal, and only very
occasionally low.3, 42, 79, 86

In Addison's disease intravenous glucose toler-
ance is very high.7

In Cushing's syndrome it is usually impaired
but may be normal of even high.42 131

In acromegaly there is no consistent pattern.42
The Use of Glucose Tolerance Tests
The oral glucose tolerance test may be used

usefully under three circumstances: (a) in the
diagnosis of established diabetes mellitus; (b) in
the differentiation of pancreatic from idiopathic
steatorrhoea; (c) possibly in the investigation of a
case of spontaneous hypoglycaemia.20 The over-
lap which occurs with the oral test between
normal and diabetic groups makes the intravenous
test preferable for the detection of latent diabetes,
and since the intravenous test gives reproducible
results it is the test of choice for comparative
studies.
The important principles to be observed in

using the glucose tolerance test, whether oral or
intravenous, are that each worker should use one
test consistently, and thus gain experience in
interpreting the data from it, and that the condi-
tions of the test should be standardized.
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