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ABSTRACT
Insulin resistance plays an important role in the pathophysiology

of diabetes and is associated with obesity and other cardiovascular
risk factors. The “gold standard” glucose clamp and minimal model
analysis are two established methods for determining insulin sensi-
tivity in vivo, but neither is easily implemented in large studies. Thus,
it is of interest to develop a simple, accurate method for assessing
insulin sensitivity that is useful for clinical investigations. We per-
formed both hyperinsulinemic isoglycemic glucose clamp and insulin-
modified frequently sampled iv glucose tolerance tests on 28 non-
obese, 13 obese, and 15 type 2 diabetic subjects. We obtained
correlations between indexes of insulin sensitivity from glucose clamp
studies (SIClamp) and minimal model analysis (SIMM) that were com-

parable to previous reports (r 5 0.57). We performed a sensitivity
analysis on our data and discovered that physiological steady state
values [i.e. fasting insulin (I0) and glucose (G0)] contain critical in-
formation about insulin sensitivity. We defined a quantitative insulin
sensitivity check index (QUICKI 5 1/[log(I0) 1 log(G0)]) that has
substantially better correlation with SIClamp (r 5 0.78) than the cor-
relation we observed between SIMM and SIClamp. Moreover, we ob-
served a comparable overall correlation between QUICKI and SIClamp
in a totally independent group of 21 obese and 14 nonobese subjects
from another institution. We conclude that QUICKI is an index of
insulin sensitivity obtained from a fasting blood sample that may be
useful for clinical research. (J Clin Endocrinol Metab 85: 2402–2410,
2000)

INSULIN IS A key regulator of glucose homeostasis. In-
sulin resistance (decreased sensitivity or responsiveness

to the metabolic actions of insulin) is determined by both
genetic and environmental factors and plays an important
pathophysiological role in diabetes (1, 2). In addition, insulin
resistance is associated with a number of other diseases,
including obesity, hypertension, dyslipidemias, and coro-
nary artery disease (3–6). Therefore, the ability to easily
quantify insulin sensitivity in large numbers of subjects may
be useful for investigating the role of insulin resistance in the
pathophysiology of these major public health problems.

The hyperinsulinemic euglycemic glucose clamp tech-
nique is the “gold standard” for quantifying insulin sensi-
tivity in vivo because it directly measures the effects of insulin
to promote glucose utilization under steady state conditions
(7, 8). However, the glucose clamp is not easily applied in
large scale investigations because iv infusion of insulin, fre-
quent blood samples over a 3-h period, and continuous ad-
justment of a glucose infusion are required for each subject
studied. A well accepted alternative for estimating insulin
sensitivity involves minimal model analysis of a frequently
sampled iv glucose tolerance test (FSIVGTT) (9–11). Al-

though this approach is less labor intensive than the glucose
clamp, the FSIVGTT is still not ideal for large studies because
it requires obtaining approximately 30 blood samples over
3 h. Furthermore, although the minimal model index of in-
sulin sensitivity (SIMM) generally correlates with glucose
clamp measurements (Table 1), identification of SIMM in sub-
jects with impaired insulin secretion (e.g. patients with dia-
betes) is often problematic (12). Moreover, recent studies
have demonstrated systematic errors in minimal model es-
timates of glucose effectiveness and insulin sensitivity that
may be due to oversimplified model representations of phys-
iology (13–15).

In the present study we performed both glucose clamp and
FSIVGTT studies in 28 nonobese, 13 obese, and 15 diabetic
subjects. After performing a sensitivity analysis on data from
an initial subset of subjects, we derived a novel quantitative
insulin sensitivity check index (QUICKI) that can be deter-
mined from a fasting blood sample. Importantly, QUICKI
could be identified for all study subjects, and the correlation
of QUICKI with glucose clamp measures of insulin sensi-
tivity was significantly better than the correlation between
SIMM and the glucose clamp.

Subjects and Methods

This study was approved by the institutional review board of the
National Heart, Lung, and Blood Institute. Informed consent was ob-
tained from each subject. Each subject underwent a glucose clamp study
and an insulin-modified FSIVGTT. Studies in the same subject were
performed at least 1 week apart, and the order of the studies was
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randomized. All diabetic subjects were taken off of their antidiabetic
medications for 1 week before each test.

Subjects

Our study included 28 nonobese, 13 obese, and 15 diabetic subjects
whose clinical characteristics are listed in Table 2. Among these subjects
were 38 Caucasians, 11 African-Americans, 5 Asians, and 2 Hispanics.
Nonobese subjects were defined as having a body mass index (BMI) less
than 30 kg/m2, whereas subjects with a BMI of 30 or more were con-
sidered obese. Diabetic subjects met the American Diabetes Association
criteria for type 2 diabetes (16). Subjects with liver or pulmonary disease
as well as end-organ damage, such as renal insufficiency, coronary
artery disease, heart failure, peripheral vascular disease, proliferative
retinopathy, or diabetic neuropathy, were excluded from our study. In
addition, diabetic patients whose fasting blood glucose exceeded 300
mg/dL while not taking medication were excluded from our study. We
also obtained an independent dataset from the Division of Endocrinol-
ogy and Metabolism at Indiana University School of Medicine. This
comprised glucose clamp data obtained from 21 obese subjects (BMI,
37.3 6 1.1; age, 35 6 2 yr) and 14 nonobese subjects (BMI, 24.6 6 0.9; age,
36 6 2 yr) using an insulin infusion rate of 120 mU/m2zmin.

Hyperinsulinemic isoglycemic glucose clamp

At approximately 0800 h, after an overnight fast of at least 10 h,
subjects were admitted as out-patients to the Clinical Center at NIH and
placed in a recumbent position in an adjustable bed. An iv catheter was
placed in an antecubital vein for infusion of insulin, glucose, and po-
tassium phosphate. Another catheter was placed in the contralateral
hand for blood sampling. The hand used for sampling was warmed with
a heating pad to arterialize the blood. An insulin solution (regular
Humulin, Eli Lilly & Co., Indianapolis, IN) was prepared with normal
saline at a concentration ranging from 0.8–1.2 U/mL. The insulin so-
lution was allowed to dwell in the iv lines for at least 15 min, and the
lines were then flushed before the beginning of the insulin infusion.

Insulin was infused at 120 mU/m2zmin for 4 h using a calibrated syringe
pump (model A-99, Razel Industries, Stamford, CT). A solution of po-
tassium phosphate was infused at the same time (0.23 mEq/kgzh) to
prevent hypokalemia. Blood glucose concentrations were measured at
the bedside every 5–10 min using a glucose analyzer (YSI 2700 Select,
YSI, Inc., Yellow Springs, OH), and an infusion of 20% dextrose was
adjusted to maintain the blood glucose concentration at the fasting level.
Blood samples were also collected every 20–30 min for determination of
plasma insulin concentrations (IMX assay, Abbott Laboratories, North
Chicago, IL). The steady state period of the clamp was defined as a
60-min or longer period (at least 1 h after the beginning of the insulin
infusion) during which the coefficient of variations for blood glucose,
plasma insulin, and glucose infusion rate were less than 5%. The glucose
clamp-derived index of insulin sensitivity (SIClamp) was defined as
M/(G 3 DI) corrected for body weight (where M is the steady state
glucose infusion rate (milligrams per min), G is the steady state blood
glucose concentrations (milligrams per dL), and DI is the difference
between basal and steady state plasma insulin concentrations (mi-
crounits per mL)).

FSIVGTT and minimal model analysis

At approximately 0800 h, after an overnight fast of at least 10 h,
subjects were admitted as out-patients to the Clinical Center at NIH and
placed in a recumbent position in an adjustable bed. Intravenous cath-
eters were placed in the antecubital vein of each arm. An insulin-
modified FSIVGTT was performed as described previously (17). Briefly,
a bolus of glucose (0.3 g/kg) was infused iv over 2 min. Twenty minutes
after initiation of the glucose bolus, an iv infusion of insulin (4 mU/
kgzmin regular Humulin) was given for 5 min. Blood samples were
collected for blood glucose and plasma insulin determinations as pre-
viously described (17). Data were subjected to minimal model analysis
using the computer program MINMOD (gift from R. N. Bergman) to
generate predictions of glucose disappearance and insulin sensitivity
(SIMM) (10).

QUICKI

We performed a sensitivity analysis of glucose and insulin data from
the glucose clamp and the first 20 min of the FSIVGTT of an initial subset
of 14 normal, 5 obese, and 3 diabetic subjects to determine the time points
that contained the most critical information related to insulin sensitivity
as defined by SIClamp. We found that changes in fasting insulin and
glucose levels were the most related to changes in SIClamp. We subjected
the fasting data to various transformations and ultimately defined
QUICKI 5 1/[log(I0) 1 log(G0)], where I0 is the fasting insulin, and G0
is the fasting glucose. After QUICKI was derived from the initial subset

TABLE 1. Summary of previously published studies comparing estimates of insulin sensitivity derived from the glucose clamp technique
with minimal model analysis

Reference
no. Subjects Insulin dose

(mU/m2zmin)
Clamp period

(min)
Clamp

sensitivity
FSIVGTT
method r

32 12 N 2, 25 30 DRd /(DI 3 G) Standard 0.44
33 9 N, 3 IGT, 8 DM; 11 ?, 9/ 40 120 MCR Standard 0.53
34 10 N ? 8, 16 40 DRd /(DI 3 G) Standard 0.54
34 10 N ? 8, 16 40 DRd /(DI 3 G) Tolbutamide-modified 0.84
9 5 N, 5 Ob, 9 ?, 1/ 0, 15, 40 40 DRd /(DI 3 G) Tolbutamide-modified 0.89
35 6 N, 6 Ob, 8 ?, 4/ ;60 30 M/I Standard, Abbreviated 0.85
12 11 N, 20 IGT, 24 DM 40?, 15/ 0, 40 40 Rd/G Insulin-modified (bolus) 0.62
12 11 N, 8 ?, 3/ 0, 40 40 Rd/G Insulin-modified (bolus) 0.53
12 20 IGT, 14 ?, 6/ 0, 40 40 Rd/G Insulin-modified (bolus) 0.48
12 12 DM (24 attempted) 0, 40 40 Rd/G Insulin-modified (bolus) 0.41
36 10 N, 5 heart failure 14 ?, 1/ 40 20 DRd /(DI 3 G) Standard (500 mg/kg glucose) 0.92
37 12 DM ? 40 60 M/(DI 3 G) Insulin-modified (bolus) 0.73
38 14 N / 0 60, hyperglycemic M/I Tolbutamide-modified 0.88
39 11 N, 20 IGT, 24 DM 40 ?, 15/ 40 60 M/(DI 3 G) Insulin-modified (bolus) ?
11 35 N ? 40 40 M/(DI 3 G) Insulin-modified (bolus) 0.70
11 35 N ? 40 40 M/(DI 3 G) Tolbutamide-modified 0.71

N, Normal; Ob, obese; IGT, impaired glucose tolerance; DM, type 2 diabetes ?, male; / female; Rd, glucose disposal rate during clamp; I,
insulin; G, glucose; D, difference between baseline and steady state; M, glucose infusion rate during steady state; MCR of glucose (Rd 2 urinary
glucose/G); r, correlation coefficient between glucose clamp and minimal model studies.

TABLE 2. Clinical characteristics of study subjects

Group Gender Age
(yr)

BMI
(kg/m2)

Fasting
glucose
(mg/dL)

Fasting insulin
(mU/mL)

Nonobese 15?,13/ 31 6 2 24.2 6 0.5 83 6 2 6 6 1
Obese 5?, 8/ 41 6 3 38.6 6 1.7 88 6 2 16 6 3
DM 7?, 8/ 46 6 2 35.1 6 2.9 161 6 15 15 6 2

Data shown are the mean 6 SEM from the glucose clamp studies
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of data, comparisons between QUICKI and the other indexes of insulin
sensitivity were performed on the entire set of 28 nonobese, 13 obese, and
15 diabetic subjects. We also calculated QUICKI for the 21 obese and 14
nonobese subjects from Indiana University School of Medicine.

Statistical analysis

Student’s t tests were used to compare differences between various
parameters when appropriate. Correlations (r) between pairs of indexes
of insulin sensitivity were calculated. To evaluate the significance of
differences in r values for various pairs of indexes, a percentile method
bootstrap technique was used to calculate P values (18). The bootstrap
was necessary because the r values were based on the same subjects, and
thus, pairs of r values are not statistically independent. P , 0.05 was
considered to indicate statistical significance.

Results
Study subjects

Mean BMI, fasting glucose, and fasting insulin values were
calculated for each group of subjects (Table 2). Both obese
and diabetic subjects had significantly greater BMIs and fast-
ing insulin levels than the nonobese subjects (P , 6 3 1026),
consistent with the presence of obesity and insulin resistance.
As expected, the fasting glucose levels for both nonobese and
obese groups were normal, whereas the diabetic group had
elevated levels.

Glucose clamp studies

To determine the insulin sensitivity of each subject using
the gold standard method, hyperinsulinemic isoglycemic
glucose clamps were performed using an insulin infusion
rate of 120 mU/m2zmin (Fig. 1). Steady state conditions were
generally achieved about 2 h after the initiation of each study
and were maintained for at least 60 min. During the steady
state period, the mean blood glucose levels were 85 6 2
mg/dL for nonobese subjects, 86 6 3 for obese subjects, and
158 6 15 for diabetic subjects. The steady state plasma insulin
levels were 272 6 24, 334 6 22, and 286 6 19 mU/mL for
nonobese, obese, and diabetic subjects, respectively, while
the glucose infusion rates were 870 6 50 (nonobese subjects),
802 6 64 (obese subjects), and 900 6 94 mg/min (diabetic
subjects). The mean values for SIClamp calculated from these
data were 6.19 6 0.43 (nonobese subjects), 2.94 6 0.42 (obese
subjects), and 2.39 6 0.26 (diabetic subjects). Thus, as ex-
pected, the obese and diabetic subjects were significantly
more insulin resistant than the nonobese subjects (P , 2 3
1025). For nine nonobese subjects, the glucose clamp studies
were repeated using a lower insulin infusion rate (40 mU/
m2zmin) that gave a mean steady state blood glucose level of
82 6 2 mg/dL, a mean plasma insulin level of 72 6 3 mU/mL,
and a mean glucose infusion rate of 621 6 81 mg/min. The
correlation between glucose clamps with high and low in-
sulin infusion rates for these nine subjects was very good (r 5
0.69; P , 0.04).

Insulin-modified FSIVGTT studies

To calculate an alternative insulin sensitivity index for
each subject based on minimal model analysis, insulin-
modified FSIVGTTs were performed (Fig. 2). Both nonobese
and obese subjects had normal basal glucose levels (83 6 2
and 88 6 2 mg/dL, respectively). The basal glucose levels in

the diabetic group were significantly elevated compared
with those in the other groups (166 6 15 mg/dL; P , 4 3
1025). The basal insulin levels were 7 6 1, 17 6 3, and 15 6
2 mU/mL for the nonobese, obese, and diabetic groups, re-
spectively. The basal insulin levels in both the obese and
diabetic groups were significantly higher than those in the
normal group (P , 0.02). In addition, endogenous insulin
secretion (0–20 min) in response to the iv glucose bolus in
obese subjects was greater than that in nonobese subjects
(mean insulin peak, 157 6 34 vs. 100 6 14 mU/mL; P , 0.04),
whereas the insulin response was markedly diminished in
the diabetic subjects. When glucose and insulin data from the
FSIVGTT were analyzed using the MINMOD program, min-
imal model predictions of glucose disappearance fit well
with the actual glucose disappearance data (Fig. 2). The min-
imal model index of insulin sensitivity (SIMM) was 5.3 6 0.6
for nonobese subjects, 3.5 6 1.2 for obese subjects, and 4.8 6
1.0 for diabetic subjects. Note that for 7 of the 15 diabetic
subjects, minimal model analysis generated large negative
values for SIMM (implying that rises in insulin somehow
cause glucose levels to increase in these subjects). This is a
well documented artifact of the minimal model that occurs
when data from subjects with poor insulin secretion are

FIG. 1. Hyperinsulinemic isoglycemic glucose clamp studies in 28
nonobese (top), 13 obese (middle), and 15 diabetic (bottom) subjects.
Data shown are the mean 6 SEM for blood glucose concentration (E),
plasma insulin concentration (f), and glucose infusion rate (Œ) plot-
ted as a function of time.
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analyzed (12). Therefore, the minimal model results for these
7 diabetic subjects were excluded from our analyses.

QUICKI

To derive a novel index of insulin sensitivity, we analyzed
data obtained from an initial subset of studies in 14 nonobese,
5 obese, and 3 diabetic subjects. We used a sensitivity anal-
ysis to determine which data points from the first 20 min of
the FSIVGTT contained the most information about insulin
sensitivity as determined by SIClamp. For nonobese and obese
subjects, we discovered that fasting insulin levels correlated
well with SIClamp. Moreover, because fasting insulin levels
had a skewed distribution, log transformation of these data
was even more highly correlated with SIClamp. This result is
consistent with the reasoning that fasted nondiabetic subjects
are in a steady state in which normal glucose levels are
maintained by appropriately adjusting insulin levels to
match the degree of insulin sensitivity. However, this rela-
tionship between fasting insulin and SIClamp is not main-
tained for diabetic subjects who have fasting hyperglycemia
and are unable to appropriately secrete insulin to fully com-
pensate for their insulin resistance. Interestingly, we found
that the product of fasting insulin and glucose yielded an
index of insulin sensitivity that was applicable to both dia-

betic and nondiabetic subjects. To obtain a positive correla-
tion with SIClamp and transform the data further, we took the
reciprocal of this product. Thus, we defined the QUICKI as:
QUICKI 5 1/[(log(I0) 1 log(G0)], where I0 is the fasting
plasma insulin level (microunits per mL), and G0 is the fast-
ing blood glucose level (milligrams per dL). Subsequent to
our initial sensitivity analysis of the first subset of subjects,
as described above, QUICKI was calculated for all study
subjects (mean, 0.382 6 0.007, 0.331 6 0.010, and 0.304 6
0.007 for nonobese, obese, and diabetic subjects, respec-
tively).

Correlations between indexes of insulin sensitivity

We first compared our glucose clamp-derived estimates of
insulin sensitivity with those obtained from minimal model
analysis (Fig. 3). The overall correlation coefficient (r) cal-
culated from a linear least squares regression was 0.57 (P ,
2 3 1025). When each group was analyzed separately, we
found that r 5 0.48 for nonobese subjects (P , 0.01), r 5 0.82
for obese subjects (P , 6 3 1024), and r 5 0.51 for diabetic
subjects (P , 0.2). In addition, linear regression analysis for
the subgroups showed regression lines that were parallel to
the overall regression line but shifted up for the nonobese
subgroup and shifted down for the obese and diabetic sub-
groups. However, the parallel relationship between regres-
sion lines may not be significant because of the large vari-
ability observed in the nonobese group. As expected,
correlations between our glucose clamp and FSIVGTT stud-
ies gave results comparable to those of previously published
studies (c.f. Table 1).

We next compared our novel index, QUICKI, with SIClamp
(Fig. 4). When QUICKI was calculated using the average data
from two fasting blood samples obtained at 210 and 0 min
of the glucose clamp study (i.e. before the administration of
insulin) we found that QUICKI and SIClamp were highly
correlated for all subjects (r 5 0.78; P , 2 3 10212). Similar
results were obtained when QUICKI was derived from a
single blood sample (r 5 0.71; P , 6 3 10210). Note that in
contrast to the minimal model-derived SIMM, we were able
to calculate meaningful values of QUICKI for all diabetic
subjects studied. More importantly, the overall correlation
between QUICKI and SIClamp was significantly better than
that between SIMM and SIClamp (P , 0.028). However, we
could only calculate the P value for the differences between
these two correlations for the 49 subjects for whom we had
complete information on all three methods. In this case, r 5
0.74 for the comparison between QUICKI and SIClamp. As r 5
0.78 when all 56 subjects are included for this comparison, the
significance of the difference between correlations of
QUICKI with SIClamp and of SIMM with SIClamp is even greater
than the value we calculated. We also assessed the interassay
reproducibility of QUICKI by comparing SIClamp to QUICKI
derived from baseline blood samples obtained during the
FSIVGTT (performed at least 1 week apart from the glucose
clamp). Reassuringly, in these independent studies, we
found that the overall correlation between QUICKI and
SIClamp was similar to that in our original analysis (r 5 0.77;
P , 2 3 10211). When correlations between QUICKI and
SIClamp were calculated for each group separately, we found

FIG. 2. Insulin-modified FSIVGTTs in 28 nonobese (top), 13 obese
(middle), and 15 diabetic (bottom) subjects. Data shown are the
mean 6 SEM for blood glucose concentration (E), plasma insulin con-
centration (f), and minimal model simulation of glucose concentra-
tion (Œ) plotted as a function of time.
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that r 5 0.49 for nonobese subjects (P , 0.01), r 5 0.89 for
obese subjects (P , 2 3 1025), and r 5 0.7 for diabetic subjects
(P , 4 3 1023). The linear regression lines for the subgroup
analysis followed the overall regression more closely than
when SIClamp was compared with SIMM. When QUICKI and
SIClamp were compared for the nine nonobese subjects who
were studied at the lower insulin infusion rate, r 5 0.30. To
validate QUICKI with a completely independent dataset, we
also correlated QUICKI with SIClamp using data from Indiana
University School of Medicine. This analysis yielded r 5 0.74
for obese subjects (n 5 21) and r 5 0.91 for nonobese subjects
(n 5 14), with an overall correlation coefficient of r 5 0.90

(n 5 35). Interestingly, among these nonobese subjects, one
individual had an extremely low BMI of 19.3 kg/m2 with a
fasting insulin level of 1.05 mU/mL. If the data from this
individual were excluded from the analysis, the overall cor-
relation between QUICKI and SIClamp would be r 5 0.77
(n 5 34).

When QUICKI was compared with SIMM, we found that
the overall correlation between these two indexes (r 5 0.52;
P , 2 31025) was comparable to the correlation obtained
between SIClamp and SIMM (Fig. 5). When correlations be-
tween QUICKI and SIMM were calculated for each group
separately, we found that r 5 0.36 for nonobese subjects (P ,

FIG. 3. Correlation between glucose
clamp and minimal model indexes of
insulin sensitivity. SIClamp and SIMM
were determined as described in Sub-
jects and Methods. Indexes are plotted
for 28 nonobese subjects (‚), 13 obese
subjects (E), and 8 diabetic subjects (f).
Note that nonsensical values for SIMM
were obtained in 7 of 15 diabetic sub-
jects; thus, their results were excluded
from this analysis. The dashed line rep-
resents the linear regression between
SIClamp and SIMM for all subjects (r 5
0.57; P , 2 3 1025). When each group
was analyzed separately, r 5 0.48 (P 5
0.01) for nonobese subjects, 0.82 (P ,
6 3 1024) for obese subjects, and 0.51
(P 5 0.03) for diabetic subjects. Linear
regression lines are also shown for the
subgroup analysis.

FIG. 4. Correlation between SIClamp
and QUICKI. Indexes are plotted for 28
nonobese subjects (‚), 13 obese subjects
(E), and 15 diabetic subjects (f).
QUICKI was calculated from fasting
glucose and insulin values obtained
from glucose clamp studies. The dashed
line represents the linear regression be-
tween SIClamp and QUICKI for all sub-
jects (r 5 0.78; P , 2 3 10212). When
each group was analyzed separately,
r 5 0.49 (P , 0.01) for nonobese sub-
jects, 0.89 (P , 2 3 1025) for obese sub-
jects, and 0.7 (P , 4 3 1023) for diabetic
subjects. Linear regression lines are
also shown for the subgroup analysis.
Comparable results were obtained
when QUICKI was calculated from data
obtained during the FSIVGTT (overall
r 5 0.77; P , 2 3 10211).
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0.07), r 5 0.75 for obese subjects (P , 4 31023), and r 5 0.67
for diabetic subjects (P , 0.07). However, linear regression
analysis for the subgroups revealed that the regression line
for the diabetic and obese subgroups had a very different
slope than that for the nonobese group. Because QUICKI
bears some similarities to a previously reported insulin sen-
sitivity index derived from the so-called homeostasis model
assessment (HOMA) (19, 20) we also compared SIClamp,
SIMM, and QUICKI with HOMA (calculated as (fasting in-
sulin 3 fasting glucose)/22.5) (Table 3). Interestingly, al-
though HOMA was highly correlated with QUICKI, the
overall correlation between the gold standard SIClamp and
QUICKI was still significantly better than the overall corre-
lation between SIClamp and HOMA (P , 0.004). As HOMA
becomes larger with decreased insulin sensitivity, we com-
pared SIClamp with HOMA to obtain a positive correlation
(Fig. 6). Strikingly, linear regression analysis of the sub-
groups showed that the nonobese group had a regression line
with a very steep slope, whereas the obese group had a more
moderate slope, and the diabetic group had a very shallow
slope. These results suggest that HOMA does not vary lin-
early across wide ranges of insulin sensitivity and patient

groups. Indeed, the correlation between log [HOMA] and
QUICKI was very high (r 5 0.98).

Discussion
Glucose clamp and minimal model estimates of
insulin sensitivity

We performed both hyperinsulinemic isoglycemic glucose
clamps and insulin-modified FSIVGTTs in nonobese, obese,
and diabetic subjects with a wide range of insulin sensitiv-
ities. As expected, when subjects were evaluated with the
gold standard glucose clamp method, obese subjects were
more insulin resistant, on the average, than nonobese sub-
jects, and diabetics were the most insulin-resistant group. In
contrast, when the same subjects underwent FSIVGTT and
minimal model analysis, the obese group seemed to have the
greatest level of insulin resistance. This is most likely due to
the fact that 7 of 15 diabetic subjects had to be excluded from
analysis because the minimal model was unable to identify
meaningful estimates of insulin sensitivity in these cases.
Indeed, these 7 excluded subjects had higher levels of insulin
resistance than the other diabetic subjects (as assessed by
glucose clamp). The inability of the minimal model to iden-
tify meaningful values for SIMM in a large fraction of our
diabetic subjects is consistent with the experience of others
and is most likely related to well described difficulties in
estimating SIMM under conditions of inadequate insulin se-
cretion (12). The overall correlation we obtained between
SIClamp and SIMM was comparable to previous reports whose
study subjects included diabetics, suggesting that our studies
were technically adequate. Nevertheless, the level of corre-
lation obtained between direct measures of insulin sensitiv-
ity (i.e. glucose clamp) and indirect measures, such as min-
imal model analysis, in both the present study and previous
studies suggests that investigators should be cautious in

FIG. 5. Correlation between SIMM and
QUICKI. Indexes are plotted for 28
nonobese subjects (‚), 13 obese subjects
(E), and 8 diabetic subjects (f). Note
that nonsensical values for SIMM were
obtained in 7 of 15 diabetic subjects;
thus, their results were excluded from
this analysis. QUICKI was calculated
from fasting glucose and insulin values
obtained from glucose clamp studies.
The dashed line represents the linear
regression between SIMM and QUICKI
for all subjects (r 5 0.52; P , 2 31024).
Linear regression lines are also shown
for the subgroup analysis. Comparable
results were obtained when QUICKI
was calculated from data obtained dur-
ing the FSIVGTT (overall r 5 0.59; P ,
2 3 1025).

TABLE 3. Overall correlation coefficients (r) between various
indexes of insulin sensitivity derived from our data obtained
during glucose clamp and FSIVGTT studies

SIclamp SIMM QUICKI HOMA

SIClamp 1
SIMM 0.57 1
QUICKI 0.78 0.52 1
HOMA 0.6 0.5 0.77 1

SIClamp, SIMM, and QUICKI were calculated as described in Ma-
terials and Methods. HOMA is defined as (fasting insulin 3 fasting
glucose)/22.5. Because HOMA is negatively correlated with insulin
sensitivity, the sign of HOMA was reversed when calculating corre-
lation coefficients between HOMA and SIClamp or QUICKI.
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applying minimal model analysis of insulin sensitivity to
population studies. This is further highlighted by recent
studies demonstrating particular inadequacies of the mini-
mal model approach that result in overestimation of glucose
effectiveness and underestimation of insulin sensitivity
(14, 17).

Although the glucose clamp is considered to be the gold
standard method for directly measuring insulin sensitivity in
vivo, it can be implemented in a number of different ways. We
chose to use a single, relatively high, insulin infusion rate
(120 mU/m2zmin) because we anticipated that our diabetic
and obese subjects would have significant insulin resistance.
That is, achieving a high steady state insulin level in these
subjects may be required to measure a significant effect of
insulin on net glucose disposal. To help ensure that these
conditions were also appropriate for nonobese subjects, we
repeated studies in nine nonobese subjects using a lower
insulin infusion rate (40 mU/m2zmin). The good correlation
we obtained between studies performed at low and high
insulin infusion rates suggests that the higher insulin infu-
sion rate was also appropriate for the nonobese subjects. We
decided to clamp glucose levels at the fasting value (isogly-
cemic clamp) rather than at normal levels (euglycemic
clamp) because acute changes in insulin sensitivity related to
large changes in glycemia may complicate the interpretation
of glucose clamp results. In the case of nonobese and obese
subjects who had normal fasting glucose levels, the isogly-
cemic clamp is equivalent to a euglycemic clamp. Diabetic
subjects were taken off of antidiabetic medication for 1 week
before each study, and the glucose clamp was performed
under isoglycemic conditions to avoid difficulties in inter-
pretation of glucose clamp data that are acquired at levels of
glycemia acutely different from fasting levels.

QUICKI

Sensitivity analyses of an initial subset of data (40%) from
glucose clamp studies and the first 20 min of the FSIVGTT
revealed that fasting steady state values of insulin and glu-
cose contain sufficient information to accurately assess in-
sulin sensitivity. We only explored the first 20 min of the
FSIVGTT data because the insulin infusion initiated at 20 min
would necessitate the development of a test complicated by
iv infusion of insulin. After the QUICKI formula was derived
from the initial subset of subjects, we then analyzed our
entire study population. Similar to our results from glucose
clamp studies (and in contrast to minimal model results),
insulin sensitivity as assessed by QUICKI was highest in the
nonobese group, intermediate in the obese group, and lowest
in the diabetic group. More importantly, the overall corre-
lation between QUICKI and SIClamp was significantly better
than that obtained between SIMM and SIClamp. In addition, the
linear regression analysis of the subgroups corresponded
more closely to the overall regression line when comparing
QUICKI and SIClamp. Taken together with the fact that the
overall correlation between QUICKI and SIClamp was also
better than the correlation between QUICKI and SIMM, our
results suggest that QUICKI contains additional indepen-
dent information about insulin sensitivity that is not cap-
tured by the minimal model approach. Furthermore,
QUICKI provides a reproducible and robust estimate of in-
sulin sensitivity, because equally strong correlations with
SIClamp were obtained when fasting data from either the
glucose clamp or FSIVGTT studies were used to calculate
QUICKI. In addition, QUICKI derived from the average re-
sults of two fasting blood samples (over 10 min) was similar
to QUICKI calculated from a single sample. Finally, the good
correlation between QUICKI and SIClamp obtained from a

FIG. 6. Correlation between SIClamp
and HOMA. Indexes are plotted for 28
nonobese subjects (‚), 13 obese subjects
(E), and 15 diabetic subjects (f). HOMA
was calculated from fasting glucose and
insulin values obtained from glucose
clamp studies. The dashed line repre-
sents the linear regression between
SIClamp and HOMA for all subjects (r 5
0.60; P , 2 31024). Linear regression
lines are also shown for the subgroup
analysis.
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completely independent dataset acquired at a different in-
stitution provides further validation of the reliability of
QUICKI.

Interestingly, when we performed subgroup comparisons
between QUICKI and SIClamp, the correlations for the obese
and diabetic subjects (r 5 0.89 and 0.7, respectively) were
similar to the overall correlation. However, the correlation
coefficient for the nonobese subgroup was 0.49, and the
greatest variability in the correlation between QUICKI and
SIClamp was observed among the most insulin-sensitive sub-
jects. There are several potential explanations for the lower
correlation we observed within the nonobese subgroup. The
most likely explanation for this finding is that variability in
insulin determinations due to limitations in assay sensitivity
causes larger percentage of errors in QUICKI when insulin
levels are lowest (typical of the most insulin-sensitive sub-
jects). Alternatively, periodic oscillations in insulin secretion
(both ultradian and 10- to 15-min periods) have been re-
ported in healthy subjects and may also contribute to the
weaker correlation in this subgroup (21, 22). Interestingly,
these oscillations diminish with impaired glucose tolerance
and diabetes (23, 24). Therefore, in our nonobese subjects
there may be a sampling error that results in aliasing of the
data. However, this effect is unlikely to be occurring in our
studies, because fasting samples were obtained at the same
time in the morning for each subject, and calculating QUICKI
from the average of several blood samples (instead of a single
sample) did not significantly affect our correlations. Another
possible explanation for the lower correlation between
QUICKI and SIClamp in the nonobese subgroup is that the
insulin infusion rate used in our glucose clamp studies was
inappropriately high for individuals who are very insulin
sensitive. Nevertheless, as discussed above, the good corre-
lation between SIClamp derived from high and low insulin
infusion rates suggests that our choice of high insulin infu-
sion rate did not introduce significant error into SIClamp es-
timates in nonobese subjects. However, it is possible that
comparison of QUICKI with clamp data obtained with low
insulin infusion rates has additional variability, because he-
patic glucose production may not be completely suppressed
under these conditions.

Previous studies have suggested that fasting insulin per se
may provide a reasonable index of insulin sensitivity that has
positive predictive power with respect to the development of
diseases associated with insulin resistance, such as obesity,
hypertension, and diabetes (25–30). However, in diabetes,
where fasting hyperglycemia is accompanied by inadequate
insulin secretion, this relationship may not be maintained. To
account for this, the so-called HOMA approach uses a math-
ematical model to obtain an insulin sensitivity index that is
defined as the product of the fasting plasma insulin and
blood glucose values divided by a constant (19). Several
recent studies have demonstrated that the HOMA approach
to estimating insulin sensitivity is useful in large epidemi-
ological studies (28, 31). Interestingly, our novel index,
QUICKI, is similar to HOMA, except that QUICKI also trans-
forms the data by taking both the logarithm and the recip-
rocal of the glucose-insulin product. One rational for these
transformations is the fact that the distribution of fasting
insulin values is skewed. Thus, transformation of these data

might be predicted to generate a better fit to glucose clamp
measurements of insulin sensitivity. As expected, given the
similarities between QUICKI and HOMA, the two methods
correlate well. Nevertheless, the correlation between
QUICKI and SIClamp is significantly better than the correla-
tion between HOMA and SIClamp. Furthermore, it is clear that
HOMA is not linear over wide ranges of insulin sensitivity,
because the slopes of the linear regression lines for each
subgroup change and generally correlate with the insulin
sensitivity of each subgroup. From inspection of Fig. 6, one
might predict that the relationship between HOMA and
QUICKI would be described by log transformation. Indeed,
log [HOMA] correlates very highly with QUICKI. This sug-
gests that transformation of the data is beneficial for esti-
mating insulin sensitivity and that QUICKI may be a more
accurate index of insulin sensitivity than HOMA across a
broad range of insulin sensitivities.

Relative merits of QUICKI

Of the three alternatives to the glucose clamp method for
estimating insulin sensitivity in vivo that we examined in this
study, QUICKI had the best overall linear correlation with
the gold standard clamp measurement. In contrast to the
multiple frequent blood samples and the lengthy time course
required for both the glucose clamp and the minimal model
approach, QUICKI can be obtained from a fasting blood
sample. In addition, the ability to calculate QUICKI does not
depend on a robust insulin secretory capacity, and we were
able to use this method to estimate insulin sensitivity for all
of our diabetic subjects (as opposed to the minimal model
approach). Furthermore, in our study population, QUICKI
was more accurate than either SIMM or HOMA and displayed
excellent reproducibility. Potential limitations to QUICKI
include difficulty in applying it to subjects with type 1 dia-
betes who lack endogenous insulin secretion. In addition, we
were unable to determine whether QUICKI is applicable to
subjects with severe diabetes who could not be safely taken
off of their antidiabetic medications. Nevertheless, it is also
problematic to determine insulin sensitivity in subjects with
type 1 diabetes and uncontrolled type 2 diabetes using other
methods. Furthermore, the determination of relative insulin
sensitivity and resistance in these types of subjects may be of
less interest in large epidemiological studies. As QUICKI was
derived from an initial subset of subjects (40%) that we then
applied to our entire study population, it is possible that the
correlation between QUICKI and SIClamp obtained in future
studies may by slightly less than that obtained here. How-
ever, in analyzing an independent dataset, we observed very
similar correlations between QUICKI and SIClamp, strongly
suggesting that QUICKI is a robust index of insulin sensitivity.

We conclude that fasting glucose and insulin levels contain
sufficient information to accurately assess insulin sensitivity
in vivo over a wide range in a diverse population. QUICKI is
a novel, simple, accurate, and reproducible method for de-
termining insulin sensitivity in humans that may be a useful
tool in large epidemiological investigations that study the
role of insulin resistance in the pathophysiology of important
public health problems such as obesity, cardiovascular dis-
eases, and diabetes.

QUICKI: A NOVEL INDEX OF INSULIN SENSITIVITY 2409

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/85/7/2402/2851441 by guest on 10 April 2024



Acknowledgments

We thank Dr. Anne E. Sumner for technical assistance with some of
the studies and Dr. Paul Albert for help with some of the statistical
analyses. We also thank Drs. Simeon I. Taylor and Derek LeRoith for
critical reading of the manuscript and helpful suggestions.

References

1. DeFronzo RA. 1988 Lilly lecture 1987. The triumvirate: b-cell, muscle, liver. A
collusion responsible for NIDDM. Diabetes. 37:667–687.

2. DeFronzo RA, Bonadonna RC, Ferrannini E. 1992 Pathogenesis of NIDDM.
A balanced overview. Diabetes Care. 15:318–368.

3. Serrano Rios M. 1998 Relationship between obesity and the increased risk of
major complications in non-insulin-dependent diabetes mellitus. Eur J Clin
Invest. 28(Suppl 2):14–18.

4. Scherrer U, Sartori C. 1997 Insulin as a vascular and sympathoexcitatory
hormone: implications for blood pressure regulation, insulin sensitivity, and
cardiovascular morbidity. Circulation. 96:4104–4113.

5. Reaven GM, Lithell H, Landsberg L. 1996 Hypertension and associated met-
abolic abnormalities–the role of insulin resistance and the sympathoadrenal
system. N Engl J Med. 334:374–381.

6. Stern MP. 1996 Do non-insulin-dependent diabetes mellitus and cardiovas-
cular disease share common antecedents? Ann Intern Med. 124:110–116.

7. DeFronzo RA, Tobin JD, Andres R. 1979 Glucose clamp technique: a method
for quantifying insulin secretion and resistance. Am J Physiol. 237:E214–E223.

8. Andres R, Swerdloff R, Pozefski T, Coleman D. 1966 Manual feedback
technique for the control of blood glucose concentration. In: Skeggs Jr LT, ed.
Automation in analytical chemistry. New York: Mediad; 486.

9. Bergman RN, Prager R, Volund A, Olefsky JM. 1987 Equivalence of the
insulin sensitivity index in man derived by the minimal model method and the
euglycemic glucose clamp. J Clin Invest. 79:790–800.

10. Bergman RN. 1989 Lilly lecture 1989. Toward physiological understanding of
glucose tolerance. Minimal-model approach. Diabetes. 38:1512–1527.

11. Saad MF, Steil GM, Kades WW, et al. 1997 Differences between the tolbut-
amide-boosted and the insulin-modified minimal model protocols. Diabetes.
46:1167–1171.

12. Saad MF, Anderson RL, Laws A, et al. 1994 A comparison between the
minimal model and the glucose clamp in the assessment of insulin sensitivity
across the spectrum of glucose tolerance. Insulin Resistance Atherosclerosis
Study. Diabetes. 43:1114–1121.

13. Quon MJ, Cochran C, Taylor SI, Eastman RC. 1994 Non-insulin-mediated
glucose disappearance in subjects with IDDM. Discordance between experi-
mental results and minimal model analysis. Diabetes. 43:890–896.

14. Cobelli C, Bettini F, Caumo A, Quon MJ. 1998 Overestimation of minimal
model glucose effectiveness in presence of insulin response is due to under-
modeling. Am J Physiol 275:E1031–E1036.

15. Finegood DT, Tzur D. 1996 Reduced glucose effectiveness associated with
reduced insulin release: an artifact of the minimal-model method. Am J Physiol
271:E485–E495.

16. Expert Committee on the Diagnosis and Classification of Diabetes Mellitus.
1997 Report of the Expert Committee on the Diagnosis and Classification of
Diabetes Mellitus. Diabetes Care. 20:1183–1197.

17. Quon MJ, Cochran C, Taylor SI, Eastman RC. 1994 Direct comparison of
standard and insulin modified protocols for minimal model estimation of
insulin sensitivity in normal subjects. Diabetes Res. 25:139–149.

18. Efron B, Tibshirani RJ. 1993 An introduction to the bootstrap. New York:
Chapman & Hall.

19. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC.
1985 Homeostasis model assessment: insulin resistance and b-cell function
from fasting plasma glucose and insulin concentrations in man. Diabetologia.
28:412–419.

20. Haffner SM, Kennedy E, Gonzalez C, Stern MP, Miettinen H. 1996 A pro-
spective analysis of the HOMA model. The Mexico City Diabetes Study.
Diabetes Care. 19:1138–1141.

21. Polonsky KS, Sturis J, Van Cauter E. 1998 Temporal profiles and clinical
significance of pulsatile insulin secretion. Horm Res. 49:178–184.

22. Polonsky KS, Given BD, Van Cauter E. 1988 Twenty-four-hour profiles and
pulsatile patterns of insulin secretion in normal and obese subjects. J Clin
Invest. 81:442–448.

23. Gumbiner B, Van Cauter E, Beltz WF, et al. 1996 Abnormalities of insulin
pulsatility and glucose oscillations during meals in obese noninsulin-depen-
dent diabetic patients: effects of weight reduction. J Clin Endocrinol Metab.
81:2061–2068.

24. Polonsky KS, Given BD, Hirsch LJ, et al. 1988 Abnormal patterns of insulin
secretion in non-insulin-dependent diabetes mellitus. N Engl J Med.
318:1231–1239.

25. Laakso M. 1993 How good a marker is insulin level for insulin resistance? Am J
Epidemiol. 137:959–965.

26. Mykkanen L, Haffner SM, Ronnemaa T, Watanabe RM, Laakso M. 1996
Relationship of plasma insulin concentration and insulin sensitivity to blood
pressure. Is it modified by obesity? J Hypertens. 14:399–405.

27. Haffner SM. 1998 Epidemiology of type 2 diabetes: risk factors. Diabetes Care
21(Suppl 3):C3–C6.

28. Haffner SM, Miettinen H, Stern MP. 1997 The homeostasis model in the San
Antonio Heart Study. Diabetes Care. 20:1087–1092.

29. Boyko EJ, Leonetti DL, Bergstrom RW, Newell-Morris L, Fujimoto WY. 1996
Low insulin secretion and high fasting insulin and C-peptide levels predict
increased visceral adiposity. 5-year follow-up among initially nondiabetic
Japanese-American men. Diabetes. 45:1010–1015.

30. Odeleye OE, de Courten M, Pettitt DJ, Ravussin E. 1997 Fasting hyperinsu-
linemia is a predictor of increased body weight gain and obesity in Pima Indian
children. Diabetes. 46:1341–1345.

31. Haffner SM, Miettinen H, Stern MP. 1996 Nondiabetic Mexican-Americans
do not have reduced insulin responses relative to nondiabetic non-Hispanic
whites. Diabetes Care. 19:67–69.

32. Donner CC, Fraze E, Chen YD, Hollenbeck CB, Foley JE, Reaven GM. 1985
Presentation of a new method for specific measurement of in vivo insulin-
stimulated glucose disposal in humans: comparison of this approach with the
insulin clamp and minimal model techniques. J Clin Endocrinol Metab.
60:723–726.

33. Foley JE, Chen YD, Lardinois CK, Hollenbeck CB, Liu GC, Reaven GM. 1985
Estimates of in vivo insulin action in humans: comparison of the insulin clamp
and the minimal model techniques. Horm Metab Res. 17:406–409.

34. Beard JC, Bergman RN, Ward WK, Porte Jr D. 1986 The insulin sensitivity
index in nondiabetic man. Correlation between clamp-derived and IVGTT-
derived values. Diabetes. 35:362–369.

35. Galvin P, Ward G, Walters J, et al. 1992 A simple method for quantitation of
insulin sensitivity and insulin release from an intravenous glucose tolerance
test. Diabet Med. 9:921–928.

36. Swan JW, Walton C, Godsland IF. 1994 Assessment of insulin sensitivity in
man: a comparison of minimal model- and euglycaemic clamp-derived mea-
sures in health and heart failure. Clin Sci. 86:317–322.

37. Coates PA, Luzio SD, Brunel P, Owens DR. 1995 Comparison of estimates of
insulin sensitivity from minimal model analysis of the insulin-modified fre-
quently sampled intravenous glucose tolerance test and the isoglycemic hy-
perinsulinemic clamp in subjects with NIDDM. Diabetes. 44:631–635.

38. Korytkowski MT, Berga SL, Horwitz MJ. 1995 Comparison of the minimal
model and the hyperglycemic clamp for measuring insulin sensitivity and
acute insulin response to glucose. Metabolism. 44:1121–1125.

39. Anderson RL, Hamman RF, Savage PJ, et al. 1995 Exploration of simple
insulin sensitivity measures derived from frequently sampled intravenous
glucose tolerance (FSIGT) tests. The Insulin Resistance Atherosclerosis Study.
Am J Epidemiol. 142:724–732.

2410 KATZ ET AL. JCE & M • 2000
Vol 85 • No 7

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/85/7/2402/2851441 by guest on 10 April 2024


