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OBJECTIVE — The goal of this study was to define the relationship between a quantitative
measure of the ability of physiological hyperinsulinemia to stimulate glucose disposal and sev-
eral surrogate measures of insulin resistance.

RESEARCH DESIGN AND METHODS — Insulin-mediated glucose disposal was
quantified in 490 healthy nondiabetic volunteers by determining the steady-state plasma glu-
cose (SSPG) concentration in response to a continuous infusion of somatostatin, insulin, and
glucose. Because the steady-state plasma insulin concentration was similar in all subjects dur-
ing the infusion (~60 pU/ml), the SSPG concentration provided a direct estimate of insulin-
mediated glucose disposal. Relationships between this specific measure of insulin resistance
and several surrogate estimates of insulin resistance based on plasma glucose and insulin con-
centrations were then defined.

RESULTS — The surrogate measure of insulin resistance most closely related to the direct
determination of insulin action was the total integrated insulin response to a 75-g oral glucose
challenge with correlation coefficients (r) varying from 0.67 to 0.79. Fasting plasma insulin
concentration was significantly correlated (r = 0.61, P < 0.001) to the specific estimate of
insulin action. Two other surrogate estimates of insulin action, the ratio of fasting glucose-to-
fasting insulin concentration and the homeostasis model assessment for insulin resistance, were
no more closely related to SSPG than the fasting plasma insulin concentration.

CONCLUSIONS — The total integrated insulin response to oral glucose is the best surro-
gate measure of insulin resistance, accounting for approximately two-thirds of the variability
in insulin-mediated glucose disposal. Fasting insulin concentration accounted for approxi-
mately one-third of the variability in insulin-mediated glucose disposal, and the use of fasting
plasma glucose and insulin concentrations to calculate more sophisticated estimates of insulin
resistance appears to offer little advantage over the fasting plasma insulin concentration. Given
the large number of nondiabetic individuals in this study, the results should have general appli-
cation in population-based studies, providing evidence for both the utility and limitation of the
use of these surrogate measures.
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that there was a cluster of abnormalities

associated with insulin resistance and
compensatory hyperinsulinemia in nondia-
betic individuals that greatly increased the
risk of coronary heart disease (CHD). The
abnormalities initially associated with
insulin resistance in nondiabetic individuals
included hyperinsulinemia, borderline glu-
cose tolerance, an increase in plasma triglyc-
erides, a decrease in plasma HDL cholesterol
concentration, and hypertension. The list of
the abnormalities associated with insulin
resistance has continued to grow and now
includes enhanced postprandial lipemia (2),
decreased LDL-particle diameter (3), higher
plasma uric acid concentrations (4),
enhanced renal sodium retention and
decreased urinary uric acid clearance (4-6),
higher resting heart rate (7), dysfibrinolysis
(8), and polycystic ovary syndrome (9).
Thus, in a little more than a decade, the
importance of insulin resistance has evolved
as a health-related issue that far transcends
the initial descriptions from almost 30 years
ago of its role in the pathogenesis of type 2
diabetes (10,11).

In parallel with the awareness of the
importance of insulin resistance in a variety
of clinical syndromes, there have been
increased efforts to define the pathophysio-
logical role of insulin resistance. To avoid the
need to directly quantify insulin-mediated
glucose disposal, many studies have been
and continue to be performed with insulin
concentration serving as a surrogate measure
of insulin resistance. This approach has
almost universally been used in large popu-
lation-based epidemiological studies in
which direct measures of insulin action have
been deemed impractical. In most instances
in which insulin action is not experimentally
determined, fasting plasma and/or postglu-
cose load plasma insulin concentrations
have been used as the surrogate measure of
insulin resistance. More recently, efforts have
been made to use both the fasting plasma
glucose and insulin concentration to arrive

I n 1988, Reaven (1) introduced the notion
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Figure 1—SSPG concentrations of the 490 volunteers divided into deciles. The mean (+ SEM) SSPG,
SSPI, and fasting (F) insulin concentration of each decile are shown below each bar.

at a more precise estimate of insulin-medi-
ated glucose disposal, and several such
indices have been proposed (12-14). Obvi-
ously, the utility of the surrogate estimates of
insulin action depends on the degree to
which they correlate with direct measures of
this variable. To the best of our knowledge,
results of five such studies have been pub-
lished, based on comparison of 22, 55, 50,
62, 78, and 15 nondiabetic volunteers,
respectively (12,13,15-18). Given the
importance of this issue, we have recently
defined the degree of correlation between a
quantitative assessment of insulin resistance
and various surrogate estimates in 490 non-
diabetic individuals.

RESEARCH DESIGN AND

METHODS — The study population of
490 subjects, which includes 230 men and
260 women, was selected from our data-
base of individuals who have participated in
various research studies over the past
7 years. To be included in the study; subjects
must have had a normal medical history, a
physical examination, and routine clinical
laboratory tests, completed a 75-g oral glu-
cose tolerance test (OGTT) and an insulin
suppression test, and been determined to be
nondiabetic by the criteria of both the
American Diabetes Association (19) and the
World Health Organization (20). The par-
ticipants had a mean (z SD) age of 48 + 13
years (range 19-79) and BMI of 26.3 £ 4.4
kg/m? (18.0-42.2). The majority of the vol-
unteers were Caucasian (77%) with smaller
percentages of individuals of Asian (12%),
Hispanic (10%), and African (1%) ances-

tries. The OGTT was normal in 86% of the
population with 14% classified (19) as hav-
ing impaired glucose tolerance (IGT).

All subjects were tested at the Stanford
General Clinical Research Center. Fasting
plasma glucose (21) and insulin (22) con-
centrations were measured before and 30,
60, 120, and 180 min after the ingestion of
a 75-g oral glucose challenge. The total inte-
grated insulin response was quantified by
calculating the insulin area under the curve
by use of the trapezoidal method. The ana-
lytical methods used for determining plasma
glucose and insulin concentrations were
identical over the duration of the study.

On a separate admission, insulin-medi-
ated glucose disposal was estimated by a
modification (23) of the insulin suppres-
sion test as introduced and validated by our
research group (10,25). After an overnight
fast, an intravenous catheter was placed in
each of the patients’ arms. One arm was
used for the administration of a 180-min
infusion of somatostatin (250 pg/h), insulin
(25 mU - m~2 - min™Y), and glucose (240
mg - m~2 - min~1), and the other arm was
used for collecting blood samples. Blood
was sampled every 30 min initially and
then at 10-min intervals from 150 to 180-
min of the infusion to determine the
steady-state plasma insulin (SSPI) and glu-
cose (SSPG) concentrations for each indi-
vidual. Because SSPI concentrations are
similar for all subjects, the SSPG concen-
tration provides a direct measure of the
ability of insulin to mediate disposal of an
infused glucose load; the higher the SSPG,
the more insulin resistant the individual.

All calculations of fasting insulin and
glucose were performed with values
obtained on the day of the OGTT. Different
units are used in the calculations to match
the units used by the group that proposed
the surrogate measure. Homeostasis model
assessment for insulin resistance (HOMA-
IR) was calculated using the formula, as
described by Matthews et al. (12): (fasting
insulin [pU/mI] X fasting glucose
[mmol/])/22.5.

All data are expressed as means + SEM
or means  SD, and all analyses were per-
formed using the Systat 7.0.1 package for
Windows (SPSS, Chicago). All of the sur-
rogate measures of insulin resistance were
correlated to SSPG initially and then fasting
insulin, insulin at 120 min in the OGTT,
insulin area under the curve during the
OGTT, the ratio of fasting glucose to fasting
insulin concentration and HOMA-IR were
log-transformed to improve skewness and
kurtosis for another calculation of correla-
tion. SSPG had a normal distribution.
Spearman’s rank correlation coefficients
were also calculated on the unadjusted
data.

RESULTS — Although all 490 subjects
were nondiabetic, their values for SSPG var-
ied widely. Figure 1 shows the distribution
of SSPG concentrations across the study
population divided into deciles. In addition,
mean (£ SEM) values for SSPG, SSPI, and
fasting insulin concentrations of each decile
are given below each SSPG bar. It can be
seen that the mean SSPG of the upper 10%
of this nondiabetic population was more
than sixfold the value of the 10% with the
lowest SSPG concentrations. The SSPI con-
centrations were similar in each decile, indi-
cating that the dramatic variation in SSPG
concentration was independent of differ-
ences in SSPI concentration. The fasting
plasma insulin concentrations increased
progressively in parallel with the SSPG con-
centrations, but, in contrast to the sixfold
variation in SSPG concentration, they
increased only threefold. It should also be
noted that 35 of the 69 individuals with IGT
were in the upper two SSPG deciles.
Values of various surrogate measures of
insulin resistance for the 490 participants
are shown in Table 1. Several variations of
a formula that involves multiplying the fast-
ing insulin by the fasting glucose concen-
trations have been suggested as a useful
surrogate measure (12,13), but because
correlations did not change with these vari-
ations, we chose to present only the most
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Table 1—Values of surrogate measures of insulin resistance in 490 individuals

Fasting insulin (pU/ml)
Insulin at 120 min of OGTT (pU/ml)

Insulin area under the curve (MU - mI~t - 180 min™?)

Fasting glucose/fasting insulin (mg/10~* U)
HOMA-IR (LU - mol~1 - 1-3)

12+0.3 (1-58)

66+ 3 (3-533)
178+ 6 (20-1,227)
10.7+0.34 (1.8-85.0)

2.7+0.1(0.2-14.6)

Data are means + SEM (range).

commonly used measure, HOMA-IR (12).

The correlation coefficients and confi-
dence limits between SSPG concentration
and the various surrogate measures of
insulin resistance are shown in Table 2.
These results demonstrated that simple
Pearson’s correlation coefficients between
SSPG and all five of the surrogate measures
of insulin resistance were statistically sig-
nificant (P < 0.001). The integrated insulin
response during the OGTT was most
closely correlated with SSPG concentra-
tion, accounting for 45% of the variability
of SSPG. At the other extreme, the ratio of
fasting glucose to fasting insulin accounted
for only 17% of the variability in SSPG.

When the glucose and insulin values
were logarithmically transformed, the level
of the correlation with SSPG increased
somewhat and reached the highest level
when Spearman’s rank correlation coeffi-
cients were calculated. When this was
done, the insulin response during the
OGTT accounted for 62% of the variability
in SSPG with the ratio of fasting glucose to
insulin predicting only 30% of the vari-
ability in SSPG.

CONCLUSIONS — In 1973, we pub-
lished the first article defining the relation-
ship between a specific method for
measuring insulin resistance and insulin
concentration (15). The study was per-
formed in 50 individuals with normal fasting
glucose concentrations (<110 mg/dl) by
using the insulin suppression test to quantify
insulin resistance. The results demonstrated
a highly significant correlation (r = 0.69, P <
0.001) between SSPG and fasting insulin
concentration. We next addressed this ques-
tion in 1984 (16), and on this occasion
demonstrated that insulin resistance (as
measured with the euglycemic-hyperinsu-
linemic clamp) and the integrated insulin
response during an OGTT were highly cor-
related (r = 0.61, P < 0.001) in 62 subjects
with normal oral glucose tolerance. The fact
that the results of these two earlier studies
were so comparable, despite the use of two
different methods for assessing insulin resis-

tance, was not surprising, given the evi-
dence (24) that the two methods themselves
are highly correlated (r > 0.9).

Based on the results of these two stud-
ies, we concluded that measures of plasma
insulin can account for no more than 50%
of the total variance in insulin action seen
in nondiabetic subjects. As such, we sug-
gested that determination of plasma insulin
concentration can only provide a qualita-
tive estimate of insulin resistance. The
results of the present study of 490 subjects
provide overwhelming support for our ear-
lier conclusions. This is particularly true if
fasting insulin concentrations are to be
used as surrogate measures of insulin
action. The situation is somewhat better
when plasma insulin concentrations in
response to an oral glucose challenge are
used as a surrogate measure of insulin resis-
tance. However, even in this instance, the
insulin response accounts only for ~50%
of the variability in insulin action. It should
also be noted that the only other publica-
tion reporting results of a similar study in
which a substantial number of nondiabetic
subjects (n = 78) were studied resulted in
very similar relationships (17).

Efforts to use both fasting glucose and
insulin concentrations to create indices that
would improve the relationship to specific
measures of insulin resistance did not seem
to be particularly useful. Specifically, the
data in Table 2 suggest that neither HOMA-
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IR nor the ratio of fasting glucose-to-insulin
concentration resulted in a greater correla-
tion with the specific measure of insulin
resistance in the 490 volunteers we studied
than did the simple measurement of insulin
concentration. This result was somewhat
surprising, until we discovered that the cor-
relation between fasting plasma insulin con-
centration and HOMA-IR was almost equal
(r = 0.98) with almost no scatter. The rela-
tively poor correlation between these two
indices and insulin resistance observed in
our study is somewhat disparate from the
published results achieved through these
methods. Thus, Matthews et al. (12)
reported that estimates of insulin resistance
using HOMA were highly correlated with
results of either the euglycemic (r =0.83) or
hyperglycemic (r = 0.55) clamp technique.
On the other hand, these comparisons were
made in only 12 and 10 nondiabetic sub-
jects, respectively. Furthermore, those data
were normalized to take into account dif-
ferences in body weight. In light of the
above, we think it is reasonable to conclude
that our results in 490 subjects are likely to
be more representative of the nature of the
relationship among HOMA estimates of
insulin resistance, using values for fasting
glucose and insulin concentrations, and
specific estimates of insulin action.

Our data were also somewhat disparate
from those of Legro et al. (13), who defined
the relationship between the ratio of fasting
glucose to insulin concentrations to values
of insulin resistance using the frequently
sampled intravenous glucose tolerance test
(FSIGT) in 55 women, 40 of whom had
polycystic ovary syndrome. They described
a correlation coefficient (r = 0.73) between
the glucose-to-insulin ratio and the esti-
mate of insulin sensitivity with the FSIGT
(S)- This degree of relationship between
the surrogate and specific measures of

Table 2—Caorrelation of SSPG to surrogate measures of insulin resistance

Pearson's Pearson$ correlation Spearman$
correlation (r) log transformation (r) correlation (rho)
Fasting insulin 0.61 (0.55 to 0.66) 0.61 (0.56 to 0.66) 0.61 (0.56 t0 0.67)
Insulin at 120 min 0.62 (0.53t0 0.70) 0.71 (0.66 to 0.75) 0.73 (0.68 10 0.77)
of OGTT
Insulin area under 0.67 (0.57 t0 0.75) 0.77 (0.73 t0 0.80) 0.79 (0.75t0 0.81)
the curve
Fasting glucose/  —0.42 (—0.48 to —0.36) —0.56 (—0.61to —0.50) —0.55 (—0.61to —0.48)
fasting insulin
HOMA-IR 0.62 (0.56 to 0.67) 0.64 (0.58 t0 0.68) 0.64 (0.58 to 0.69)

Confidence intervals are given in parentheses. All correlations were statistically significant (P < 0.001).
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insulin resistance is obviously closer than
the one we observed (Table 2). However,
the results of Legro et al. (13) are based on
a study of only 40 women, all of whom
have a syndrome associated with insulin
resistance. Indeed, the mean S, of the 40
womenwas 1.81 X 10~* min - uU - ml—2,
Furthermore, 5 of the 40 women in the
study group had an S, value >3.0 X 10~*
min - pU=t - mI~, and the values in these
women seem to have a disproportionate
impact on the relationship between §, and
the ratio of fasting glucose-to-fasting
insulin.

Although not the central point of this
article, the data shown in Fig. 1 are worthy
of comment concerning the relationship
between degree of insulin resistance and
glucose tolerance status. As indicated pre-
viously, 69 individuals (14% of the total
study population) had IGT, and 60 of those
patients with this diagnosis (87%) were in
the last four SSPG deciles. These results fur-
ther emphasize earlier observations that
the vast majority of individuals with IGT
are insulin resistant (26). However, it
should also be noted that 70% of individ-
uals in the last four SSPG deciles were still
normal glucose tolerant. Thus, although
the majority of patients with IGT are
insulin resistant, insulin resistance is also
quite common; in those with normal glu-
cose tolerance, this finding is also consis-
tent with results of earlier studies (1,27,28).

The results of this study, as obtained in
490 nondiabetic volunteers by using two
different techniques, have validated our pre-
vious findings as to the relationship between
specific estimates of insulin resistance and
plasma insulin concentrations. Both of the
infusion techniques used previously pro-
vide estimates of glucose disposal by muscle.
The clamp technique provides a measure of
the amount of glucose disposed in the basal
state plus the amount disposed because of
the hyperinsulinemia. The insulin suppres-
sion test provides an estimate of both
insulin- and glucose-mediated glucose dis-
posal. Although the two techniques differ
somewhat as described above, their mea-
sures of insulin-mediated glucose disposal
they provide are almost identical
(r > 0.9) (24). Furthermore, it should be
emphasized that it was not the goal of our
earlier studies (15,16) or of this one to eval-
uate the effect of lifestyle variables (i.e.,
degree of obesity, level of physical activity,
etc.) on degree of insulin resistance. Rather,
the purpose of this communication was to
provide only a quantitative estimate of the

degree to which the simple measures of
insulin action used in epidemiological stud-
ies to evaluate insulin resistance reflect the
physiological variable in question. With this
goal in mind, we can conclude that the total
insulin response during an OGTT provides
the best surrogate measure of insulin resis-
tance. Simply measuring the fasting insulin
concentrations provides an estimate that
accounts for approximately one-third of the
variance in insulin action in 490 nondiabetic
volunteers. Finally, the use of the fasting
glucose and insulin concentrations to calcu-
late indices of insulin resistance appear to
offer little advantage over the fasting insulin
concentration itself as a surrogate marker of
insulin resistance. On the other hand, 77%
of our population was of European ancestry,
and the conclusions we have drawn may not
apply to other ethnic groups.

Acknowledgments — This research was sup-
ported by grants from the National Institutes of
Health (RR-00070 and HL-80506).

References

1. Reaven GM: Role of insulin resistance in
human disease. Diabetes 37:1595-1607,
1988

2. Jeppesen J, Hollenbeck CB, Zhou M-Y,
Coulston AM, Jones C, Chen Y-DI, Reaven
GM: Relation between insulin resistance,
hyperinsulinemia, postheparin plasma
lipoprotein lipase activity, and postpran-
dial lipemia. Arterioscler Thromb Vasc Biol
15:320-324, 1995

3. Reaven GM, Chen Y-DI, Jeppesen J,
Maheux P, Krauss RM: Insulin resistance
and hyperinsulinemia in individuals with
small, dense, low density lipoprotein parti-
cles. J Clin Invest 92:141-146, 1993

4. Facchini FE Chen YD-I, Hollenbeck C,
Reaven GM: Relationship between resis-
tance to insulin-mediated glucose uptake,
urinary uric acid clearance, and plasma
uric acid concentration. JAMA 266:3008—
3011, 1991

5. Quinones-Galvan AQ, Natali A, Baldi S,
Frascerra S, Sanna G, Ciociaro D, Ferran-
nini E: Effect of insulin on uric acid excre-
tion in humans. Am J Physiol 268:E1-E5,
1995

6. Muscelli E, Natali A, Bianchi S, Bigazzi R,
Galvan AQ, Sironi AM, Frascerra S, Ciociaro
D, Ferrannini E: Effect of insulin on renal
sodium and uric acid handling in essential
hypertension. Am J Hypertens 9:746-752,
1996

7. Facchini FS, Riccardo A, Stoohs A, Reaven
GM: Enhanced sympathetic nervous sys-
tem activity: the linchpin between insulin
resistance, hyperinsulinemia, and heart

rate. AmJ Hypertens 9:1013-1017, 1996
8. Juhan-Vague I, Thompson SG, Jespersen J,
on behalf of the ECAT Angina Pectoris
Study Group: Involvement of the hemosta-
tic system in the insulin resistance syn-
drome. Arterioscler Thromb 13:1865-1873,
1993
9. Barbieri RI, Ryan KJ: Hyperandrogenism,

insulin resistance and acanthosis nigricans
syndrome: acommon endocrinopathy with
distinct pathophysiology features. Am J
Obstet Gynecol 147:90-101, 1983

10. Shen SW, Reaven GM, Farquhar JW: Com-
parison of impedance to insulin-mediated
glucose uptake in normal and diabetic
subjects. J Clin Invest 49:2151-2160, 1970

11. Ginsberg H, Kimmerling G, Olefsky JM,
Reaven GM: Demonstration of insulin resis-
tance in untreated adult onset diabetic sub-
jects with fasting hyperglycemia. J Clin
Invest 55:454-461, 1975

12. Matthews DR, Hosker JP Rudenski AS, Nay-
lor BA, Treacher DF, Turner RC: Homeosta-
sis model assessment: insulin resistance and
b-cell function from fasting plasma glucose
and insulin concentrations in man. Dia -
betologia 28:412-419, 1985

13. Legro RS, Finegood D, Dunaif A: A fasting
glucose to insulin ratio is a useful measure of
insulin sensitivity in women with polycystic
ovary syndrome. J Clin Endocrinol Metab 83:
2694-2698, 1998

14. Duncan MH, Singh BM, Wise PH, Carter
G, Alaghband-Zadeh J: A simple measure
of insulin resistance. Lancet 346:120-121,
1995

15. Olefsky J, Farquhar JW, Reaven GM: Rela-
tionship between fasting plasma insulin
level and resistance to insulin-mediated
glucose uptake in normal and diabetic sub-
jects. Diabetes 22:507-513, 1973

16. Hollenbeck CB, Chen N, Chen Y-DlI,
Reaven GM: Relationship between the
plasma insulin response to oral glucose and
insulin-stimulated glucose utilization in
normal subjects. Diabetes 33:460-463,
1984

17. Laakso M: How good a marker is insulin
level for insulin resistance? Am J Epidemiol
137:959-965, 1992

18. Hermans MP, Levy JC, Morris RJ, Turner
RC: Comparison of insulin sensitivity tests
across a range of glucose tolerance from nor-
mal to diabetes. Diabetologia 42:678-697,
1999

19. The Expert Committee on the Diagnosis
and Classification of Diabetes Mellitus:
Report of the Expert Committee on the
Diagnosis and Classification of Diabetes
Mellitus. Diabetes Care 21 (Suppl. 1):
S5-S19, 1998

20. World Health Organization: Diabetes Melli -
tus: Report of a WHO Expert Study Group.
Geneva, World Health Org., 1985 (Tech.
Rep. Ser., no. 727)

21. Kadish AH, Litle RH, Sternberg JC: A new

174

DiaBeTes CARE, VOLUME 23, NUMBER 2, FEBRUARY 2000



22.

23.

and rapid method for determination of glu-
cose by measurement of rate of oxygen con-
sumption. Clin Chem 14:116-131, 1968
Hales CH, Randle PJ: Immunoassay of
insulin with insulin-antibody precipitate.
Biochem J 88:137-146, 1963

Harano Y, Hidaka H, Takatsuki K, Ohgaku
S, Haneda M, Motoi S, Kawagoe K, Shigeta
Y, Abe H: Glucose, insulin, and somato-
statin infusion for the determination of
insulin sensitivity in vivo. Metabolism 27
(Suppl. 1):1449-1452, 1978

24.

25.

26.

Greenfield MS, Doberne L, Kraemer F
Tobey T, Reaven G: Assessment of insulin
resistance with the insulin suppression test
and euglycemic clamp. Diabetes 30:387—
392, 1981

Reaven GM, Olefsky JM: Relationship
between heterogeneity of insulin responses
and insulin resistance in normal subjects
and patients with chemical diabetes. Dia -
betologia 13:201-206, 1977

Reaven GM: Insulin secretion and insulin
action in non-insulin dependent diabetes

27.

28.

Yeni-Komshian and Associates

mellitus: which defect is primary? Diabetes
Care 7 (Suppl. 1):17-24, 1984
Hollenbeck C, Reaven GM: Variations in
insulin-stimulated glucose uptake in
healthy individuals with normal glucose
tolerance. J Clin Endocrinol Metab 64:1169—
1173, 1987

Reaven GM, Brand RJ, Chen Y-DI, Mathur
AK, Goldfine I: Insulin resistance and insulin
secretion are determinants of oral glucose
tolerance in normal individuals. Diabetes
42:1324-1332, 1993

DiaBeTes CARE, VOLUME 23, NUMBER 2, FEBRUARY 2000

175



