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The objectives of this study were to evaluate test characteristics,
such as normality of distribution, variation, and repeatability, of
simple fasting measures of insulin sensitivity and to use the
results to choose among these measures. Duplicate fasting sam-
ples of insulin and glucose were collected before 4 h of eugly-
cemic hyperinsulinemic clamping using insulin infusion rates
ranging from 40-600 mU/m?min. Currently recommended esti-
mates of insulin sensitivity, including the fasting insulin, 40/
insulin, the homeostasis model assessment, the logarithmic
transformation of the homeostasis model assessment, and the
Quantitative Insulin Sensitivity Check Index, were evaluated.
The normality of distribution and the variability of the tests
(coefficient of variation and discriminant ratio) were compared
between the measures and against the “gold standard” hyper-
insulinemic clamp. Data from 253 clamp studies in 152 subjects
were examined, including 79 repeated studies for repeatability
analysis. In subjects ranging from lean to diabetic, the log trans-
formed fasting measures combining insulin and glucose had
normal distributions and test characteristics superior to the

other simple indices (logarithmic transformation of the homeo-
stasis model assessment coefficient of variation, 0.55; discrimi-
nant ratio, 13; Quantitative Insulin Sensitivity Check Index
coefficient of variation, 0.05; discriminant ratio, 10) and statis-
tically comparable to euglycemic hyperinsulinemic clamps
(coefficient of variation, 0.10; discriminant ratio, 6.4). These fa-
vorable characteristics helped explain the superior correlations
of these measures with the hyperinsulinemic clamps among
insulin-resistant subjects. Furthermore, therapeutic changes in
insulin sensitivity were as readily demonstrated with these sim-
ple measures as with the hyperinsulinemic clamp. The test char-
acteristics of the logarithmic transformation of the homeostasis
model assessment and the Quantitative Insulin Sensitivity
Check Index are superior to other simple indices of insulin sen-
sitivity. This helps explain their excellent correlations with for-
mal measures both at baseline and with changes in insulin sen-
sitivity and supports their broader application in clinical
research. (J Clin Endocrinol Metab 86: 5457-5464, 2001)

HE PAST DECADE has seen a surge of interest in insulin
resistance, both as an etiological factor in the patho-
genesis of type 2 diabetes mellitus (1) and as a key component
of the dysmetabolic cardiovascular syndrome (also known as
the insulin resistance syndrome) (2). There is a need for
simple, accessible tools for the measurement of insulin sen-
sitivity. Classic steady state hyperinsulinemic clamps (3) ar-
guably represent the current “gold standard.” Both steady
state and dynamic tests are time intensive for both the subject
and the investigator, somewhat invasive, and incur signifi-
cant costs because they require multiple insulin level mea-
surements. These disadvantages have prevented the general
application of these tests in the both clinical and research
arenas.

Most large scale epidemiological studies have simply cor-
related fasting insulin levels with the outcomes of interest.
More than 15 yr ago, mathematical modeling of the normal
physiological balance of insulin and glucose produced the
homeostasis model assessment (HOMA), which provided

Abbreviations: CV, Coefficient(s) of variation; DR, discriminant ratio;
EH, euglycemic hyperinsulinemic; GDR, glucose disposal rate; HOMA-
IR, homeostasis model assessment of insulin resistance; 140, 1120, 1300,
and 1600, insulin doses of 40, 120, 300, and 600 mU /m?min; logHOMA-
IR, logarithmic transformation of HOMA-IR; logInsulin, logarithm of
fasting insulin; QUICKI, Quantitative Insulin-Sensitivity Check Index.

equations for estimating insulin resistance (HOMA-IR) and
B-cell function from simultaneous fasting measures of insu-
lin and glucose levels (4). Although this estimate of insulin
resistance has been used in some epidemiological studies
(5-11), few clinical studies have relied on this measure alone
because of reportedly poor accuracy compared with hyper-
insulinemic clamps and a reliance on notoriously variable
insulin measurements.

The direct relationships between insulin levels or
HOMA-IR and clamp measures of insulin sensitivity are
hyperbolic rather than linear (12-15). Recently, a number of
groups have suggested that improved correlations of fasting
measures with glucose clamps might be obtained with lin-
earizing transformations. Both logarithmic (6, 15-18) and
reciprocal transformations (15, 19) have been proposed. We
hypothesized that the improved correlations reflected im-
provements in test characteristics and that examining these
characteristics would support a rational choice between the
various mathematical transformations. To this end, we eval-
uated the repeatability, variability, and discriminant power
(20) of various calculated indices of insulin sensitivity and
compared them to the hyperinsulinemic euglycemic clamp.
These findings form the basis for the correlations between the
clamps and the fasting indices, so these were compared as
well.
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Materials and Methods

Subjects were selected from a database of hyperinsulinemic eugly-
cemic clamp data collected at our institution. Three groups of subjects
existed in the database: lean, healthy controls (body mass index = 27);
obese nondiabetic (insulin-resistant) subjects (body mass index >27);
and subjects with type 2 diabetes mellitus (defined according to Amer-
ican Diabetes Association criteria). Extremes of blood pressure and lipid
measures are routinely considered exclusion criteria for our studies, so
these subjects differed principally in their degree of insulin resistance.
We excluded clamp studies performed before September 1993, at which
time a commercial supersensitive insulin assay was adopted for routine
use in our core laboratory. The data collected for these studies included
duplicate fasting insulin and glucose measurements (separated by 10
min) before the initiation of insulin infusions. Standard measures of
weight and height were performed, and percentage body fat was mea-
sured by dual energy x-ray absorptiometry or water displacement (for
subjects >122 kg, the upper limit for the dual energy x-ray absorpti-
ometry machine). Diabetic subjects receiving oral agents were with-
drawn from therapy 2-3 wk before clamp studies. Diabetic patients
treated with insulin discontinued long-acting insulin 5 d before and
short-acting insulin 24 h before studies.

We chose to divide subjects by clinical characteristics rather than with
a post hoc definition of insulin sensitivity based on clamp outcome.
Although this results in some overlap of degrees of insulin sensitivity
across groups, it provides a better match with the more general pro-
spective approach of classifying subjects on the basis of clinical char-
acteristics, and any statistical effects of this overlap can be accounted for
by examining continuous relationships within and across groups.

The database included euglycemic hyperinsulinemic (EH) clamp
studies performed at a range of insulin doses, and four levels were
included in the present analysis: 40, 120, 300, and 600 mU/m*min (140,
1120, 1300, and 1600). Except for insulin infusion rate, the design of clamp
studies was uniform. Subjects were studied after an overnight (10-14 h)
fast. At least 30 min after placement of vascular accesses, an ~20-min
baseline period took place during which fasting insulin and glucose
samples were taken 10 min apart. An unprimed 4-h insulin infusion was
then applied, with a variable infusion of 20% glucose in water to main-
tain euglycemia. The glucose disposal rate (GDR) was calculated as the
mean of the final two 20-min GDRs during the last 40 min of the 4-h
clamp. Lean and obese subjects were studied at all four clamp levels,
whereas clamp studies in diabetic subjects were available only at the
higher two infusion rates. Under these hyperinsulinemic conditions,
hepatic glucose output is assumed to be completely suppressed (21), so
tracer methods for the measurement of hepatic glucose output were not
used.

Insulin determinations were made using a dual-site RIA specific for
human insulin with cross-reactivity with proinsulin less than 0.2%. The
lower detection limit is 0.56 pmol/liter, and in our laboratory the in-
terassay and intraassay coefficients of variation (CV) are 4.1% and 2.6%,
respectively. Because the sensitive insulin assay is known to become
increasingly unreliable as measured values approach the lower detec-
tion limit, we retested all samples with reported values less than 50
pmol/liter using an ultrasensitive human double antibody insulin assay
(detection limit, 0.056 pmol/liter ; intratest and intertest CV, 12.4% and
9.0%), for a repeat correlation analysis.

Our data set included 13 young women with the polycystic ovarian
syndrome who had undergone 3 months treatment with oral troglita-
zone (600 mg daily) and who had undergone 1120 clamp studies as
described above before and after this treatment. Using these data, the
ability of the simple fasting measures to demonstrate the change in
insulin sensitivity was compared with the EH clamp.

Test characteristics

Repeat fasting insulin and glucose measures were available for all
subjects who had participated in more than one clamp study. The min-
imum interval for such repeat studies was 4 wk. Where subjects had
undergone treatment with identical clamp conditions on more than one
occasion, only those studies that had been repeated within 6 months
were included. Furthermore, if any significant change in body mass
index, drug therapy, or metabolic status (e.g. the new development of
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type 2 diabetes mellitus) had occurred, such repeat studies were ex-
cluded from the repeatability analysis.

Four assessments of test characteristics were undertaken. In addition
to assessing for a uniform distribution of the data itself, uniform dis-
tribution of the error on repeat testing across the measurement range
(homoscedasticity) was investigated using Altman-Bland plots. Vari-
ability and repeatability were assessed using the CV and a newly pro-
posed measure, the discriminant ratio (DR) (20). For the CV, the standard
formula was used:

CV = sp/mean.

In this case, however, the sp was arrived at using data from repeat tests
in a repeated measures ANOVA, taking the square root of the sum of
the mean square variations for the repeated test (within-subject error
term) and the residual error (22). The two tests results were averaged to
arrive at a single value for calculations of group means.

Unlike the CV, the interpretation of the DR is not dependent on the
absolute value of the population mean. Also, the DR includes both of the
principal sources of systematic error, i.e. between-subject and within-
subject error. It is easily calculated from a repeated measures ANOVA
using the error terms (MSg, between-subject error term; MS,, within-
subject error term across repeat studies) derived from a standard re-
peated measures ANOVA table for the repeated tests:

DR = V[(MSg — MSy)/MSy].

Because it is a measure of a test’s ability to distinguish individuals, data
from the entire range of subjects are included in this calculation. Stan-
dard 95% confidence intervals can be calculated, and a method of com-
paring these intervals is provided that allows statistical comparisons of
DRs between tests (20). The noncentral F table and y? calculations re-
quired for these comparisons were carried out using the UCLA online
statistical calculators (http://www.ucla.stat.edu). This measure also
provides a means for correcting an observed correlation between tests
for the known measurement error of each test (giving an improved
estimate of the true underlying correlation between the two tests) using
a correction factor incorporating the observed DRs of the two measures
being compared (20).

Estimates of insulin sensitivity

Test characteristics were determined for 1) the fasting insulin level
itself; 2) 40/insulin (wU/ml); 3) the logarithm of fasting insulin (logIn-
sulin); 4) the HOMA-IR; 5) the logarithm of the HOMA-IR (logHOMA-
IR); and 6) the Quantitative Insulin-Sensitivity Check Index (QUICKI) as
well as for the clamp-derived GDR.

The HOMA-IR was first put forward in 1985 by Matthews et al. (4).
The authors recommended using triplicate fasting measures of insulin
(reported in pU/ml, at the time measured with single-site antibody
assays) and glucose (in mmol/liter ). A constant was applied to correct
the value to unity in normal subjects, providing the following formula:

[insulin X glucose]/22.5.

The most recently proposed derivation using simple fasting measures is
the QUICKI (15), which incorporates both inversion and logarithmic
transformations. It is calculated as follows (insulin is expressed in mU/
ml, and glucose in mg/dl):

1/[log(insulin) + log(glucose)].

The logHOMA-IR and QUICKI are simply related by inversion and
otherwise differ only by the normalizing constant applied to the HOMA-
IR. The inclusion of the logarithm alone (loglnsulin) and the inversion
alone (40/insulin) allowed a comparison of the effects of the two math-
ematical transformations.

Correlations with GDR

Comparisons of the estimates of insulin sensitivity provided by each
of the above measures were performed relative to the gold standard
measure provided by the GDR. Although it is possible that the GDR is
underestimated in the 140 clamps as a result of an unmeasured contri-
bution from hepatic glucose production, this concern is minimized by
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the 3- to 4-h duration of the clamp procedure (21). This permits a reliance
on the GDR measures at all insulin infusion rates as the standard for
comparison. The GDR and fasting measurements were derived from
values measured in each individual on the same day. Pearson’s corre-
lation coefficients, and the r-to-z estimate of statistical significance, were
calculated using StatView 5.0 for Macintosh (SAS Institute, Inc., Chicago,
IL). The adjusted correlations, taking into account the measured vari-
ability of the tests themselves, were calculated according to the method
of Levy et al. (20).

Results
Subjects

We evaluated 253 clamp studies in 152 subjects. The char-
acteristics of the subjects are detailed in Table 1. Three of the
11 diabetic subjects were treated with insulin, 1 was treated
with a sulfonylurea medication, and the others were newly
diagnosed. The obese subjects and type 2 diabetic subjects
had lipid levels and blood pressure within the normal range,
but they had slightly higher low density cholesterol, lower
high density cholesterol, higher triglycerides, and higher
blood pressure than the lean subjects. This is consistent with
the known characteristics of the insulin resistance syndrome.
The racial distribution was 91 (59%) Caucasian, 61 (40%)
African American, and 3 (1%) Mexican American. The 48
women studied included 13 with a known diagnosis of the
polycystic ovarian syndrome.

Test characteristics were derived from repeated fasting
blood samples in 45 lean and 34 obese subjects. Also, 27 lean
and 23 obese subjects had repeat measurements of GDR
under identical conditions. Correlation analyses included
every study in the data set. Except where noted, all results
pertain to the standard insulin assay.

Test characteristics

Logarithmic transformations but not inversions normal-
ized the distribution of the data based on fasting insulin
levels. The logarithmic transformations also served to nor-
malize the distribution of error across the range of measure-
ments (Fig. 1). The Altman-Bland plot for insulin alone (Fig.
1, top right) is clearly heteroscedastic (the variation in the
measurement increases across the range of measured val-
ues), and although the two-test correlation of insulin appears
satisfactory, it is heavily dependent on a minority of data
points at the upper end of the range. By contrast, the log-
HOMA-IR and QUICKI have much more uniform variability
across the range of values and good two-test correlations,

TABLE 1. Characteristics of the study subjects
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with more uniform distributions of measured values. GDR
(Fig. 1, top left) has these desirable attributes without math-
ematical transformations.

Variability was assessed using CV and the DR (Table 2).
The difficulties of depending on CV alone were apparent in
comparing logHOMA-IR and QUICKI, which had markedly
different CV despite their simple mathematical relationship.
This counterintuitive difference results from the effects of
logarithmic and inversion transformations on numbers near
one and zero. This makes the CV difficult to interpret, but
intuitively the inherent repeatability of these measures must
mirror each other. The DRs for these two tests were superior
to all of the other simple fasting measures and statistically
equivalent to each other and to the clamp-derived GDR (Ta-
ble 2).

The logInsulin improved the distribution of the results and
of the error in the measurement and provided improved CV
while maintaining a good DR. However, the DR remained
statistically inferior to that of the logHOMA-IR and QUICKI
(Table 2).

The alternative approaches of using the insulin concen-
tration alone, the inversion of insulin, or the untransformed
HOMA-IR suffered from the heteroscedasticity inherent in
the insulin measurement itself. The CV of these values sim-
ply reflected the variability of the insulin measurement (Ta-
ble 2). The DRs of these values were no better than that of
insulin alone. The ultrasensitive insulin assay made no sig-
nificant improvements to any of the above characteristics
(data not shown).

In summary, the best combinations of these characteristics
(a normal distribution, a favorable distribution of measure-
ment error across the range of values, a low CV, and a high
DR) was seen with the GDR derived from EH clamps. The
heteroscedasticity of insulin-based indices was improved by
both inversion and logarithmic transformations, although
only the latter produced a normal distribution of data. The
apparent effects of these transformations on the CV are in
part an artifact of the mathematics, and these divergent re-
sults in fact do not (and logically cannot) represent a signif-
icant alteration in this measure of variability. The trans-
formed HOMA and QUICKI values, however, both showed
improved DRs equivalent to that of the clamp-derived GDR.
This marks these two measures as superior to the other
fasting measures of insulin sensitivity.

Lean (n = 69) Obese (n = 72) Type 2 diabetes mellitus (n = 11)
Gender (male/female) 62/7 38/37 7/4
Age (yr) 38.6 (0.7) 36.3(0.8) 37.4 (2.5)
Weight (kg) 71.4(0.8) 99.9 (1.6) 89.5(7.8)
Body mass index (kg/m?) 22.8 [17.9-26.9] 33.8 [27.2-55.8] 32.0 [21.7-53.6]
Glucose (mmol/liter) 5.02 (0.03) 5.12(0.04) 10.43 (0.97)
Insulin (pmol/liter) 52.7 (3.4) 112.0 (9.4) 107.2 (20.4)
Cholesterol (mmol/liter) 3.23 (0.12) 3.83(0.11) 3.59 (0.28)
LDL cholesterol (mmol/liter) 1.93 (0.11) 2.42 (0.09) 2.08 (0.28)
HDL cholesterol (mmol/liter) 0.93 (0.05) 0.74 (0.03) 0.88 (0.14)
Triglycerides (mmol/liter) 0.99 (0.06) 1.72 (0.16) 1.59 (0.32)
Mean arterial pressure (mm Hg) 97.5(1.6) 104.9 (2.0) 104.5 (4.4)

Results are presented as mean (SEM) except, where appropriate, the [range] has been presented. LDL, Low density lipoprotein; HDL, high

density lipoprotein.
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Fic. 1. Altman-Bland plots comparing repeat test characteristics of GDR, fasting serum insulin, QUICKI, and logHOMA-IR. Main plots
demonstrate the distribution of variability across the range of values observed. Inset plots reveal inherent correlations between repeat
measurements on two separate occasions.

TABLE 2. Measures of repeatability of tests of insulin sensitivity

CV (sp/mean)

DR (95% confidence

Test interval)
All Lean Obese All

GDR 0.10 (0.80/7.84) 0.09 (0.83/9.05) 0.12 (0.61/5.33) 6.4 (5.0-8.5)
Insulin 0.53 (4.51/8.43) 0.24 (1.39/5.73) 0.59 (8.96/15.18) 3.0 (2.5-3.7)*
40/Insulin 0.52 (3.87/7.44) 0.51 (4.62/9.05) 0.21 (0.81/3.88) 1.8 (1.4-2.3)*
logInsulin 0.17 (0.14/0.82) 0.24 (0.17/0.71) 0.09 (0.10/1.09) 3.5(2.9-4.3)*
HOMA-IR 0.51 (1.10/2.17) 0.24 (0.32/1.37) 0.58 (2.08/3.54) 3.4 (2.7-4.2)*
logHOMA-IR 0.55 (0.12/0.22) 1.6 (0.13/0.08) 0.23 (0.11/0.45) 13.4 (11.1-16.5)"
QUICKI 0.05 (0.02/0.36) 0.06 (0.02/0.37) 0.03 (0.01/0.33) 10.2 (8.4-12.5)

Results comparing duplicate measurements on two separate occasions. Numbers of subjects included are detailed in Results. x* statistic
reveals the seven tests to have different DRs.
* P < 0.05 compared with logHOMA-IR by pairwise comparison.

P < 0.05 compared with GDR by pairwise comparison.

Correlations to EH clamps

This theoretical grounding informs the assessment of the
relationships between these fasting indices and the EH
clamp. Simple correlations depend on a normal distribution
of the related variables and of their measurement error.
These characteristics were achieved by logarithmic transfor-
mation, validating correlation analysis with this subset of the

fasting measures. The correlations of these measures with

GDR, and the corrected correlations after adjustment for the
variability of the tests, are presented in Table 3. Untrans-
formed fasting insulin, 40/insulin, and HOMA-IR had only
moderately inferior correlation coefficients (data not shown),
but they exhibited nonlinear relationships with GDR. Al-
though the observed correlations differed markedly by de-
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TABLE 3. Correlations of GDR and simple fasting tests of insulin sensitivity

140 1120 1300 1600
Lean subjects n =69 n=12 n=3_§8 n = 33
logInsulin —0.41% [0.43] 0.34 [0.36] 0.31 [0.33] —0.22 [0.24]
logHOMA-IR —0.38" [—0.40] 0.40 [0.42] 0.37 [0.38] —0.20 [-0.21]
QUICKI 0.367 [0.42] —0.35[0.42] —0.32 [-0.33] 0.20 [0.20]
Obese subjects n = 28 n = 53 n =13 n = 17
logInsulin —0.66% [-0.69] —0.73* [-0.76] —0.55% [-0.59] —0.51* [-0.55]
logHOMA-IR —0.66* [0.67] —0.72* [-0.77] —0.66° [—0.67] —0.46% [—0.47]
QUICKI 0.65% [0.66] 0.73* [0.88] 0.57% [0.58] 0.50% [0.51]
Type 2 diabetes mellitus subjects n=>5 n==6
logInsulin —0.28" [-0.30] —0.87% [-0.94]
logHOMA-IR —0.57" [-0.58] —0.93* [-0.95]
QUICKI 0.577 [0.58] 0.94%* [0.96]

Data are presented as correlation coefficient [adjusted correlation], with adjustment for the measured test variability as detailed in Materials

and Methods. Negative values indicate inverse relationships.
* P < 0.0001.
TP <0.01.
*P < 0.05.
§ P < 0.001.

gree of obesity (Table 3), they were unchanged overall when
examined with the groups divided by age (younger or older
than 45 yr: 140, P = 0.19; 1120, P = 0.39; 1300, P = 0.86; 1600,
0.60; age <45 yr, r = —0.466, age >45yr,r = —0.878, P = 0.04)
or gender (140, P = 0.13; 1120, P = 0.20; I300, P = 0.39; 1600,
P = 0.32). Similarly, there was no apparent effect of race on
the correlation (140, P = 0.54; 1120, P = 0.69). The best cor-
relations overall were seen in the diabetic subjects when
compared with 600 mU/m*min insulin infusions, although
this includes a small number of subjects. Adjustment of these
correlations for the measured variability in the test, to better
estimate the true underlying correlation, produced small
improvements in the estimated correlation (Table 3).

In contrast to previous reports of such correlations, in lean
subjects the correlations of these simple fasting estimates of
insulin sensitivity with the measured GDRs under all clamp
conditions were comparatively weak (Table 3). The correla-
tions with logHOMA-IR and QUICKI were in the 0.35-0.40
range, achieving statistical significance only under 140 con-
ditions (n = 69). Obese subjects, in contrast, exhibited very
good correlations with fasting measures of insulin sensitivity
(Table 3). The correlations observed at different clamp levels
ranged from 0.46-0.73 (adjusted, 0.47-0.88; Table 3), al-
though where fewer subjects were studied these correlations
did not achieve statistical significance. Despite the relatively
small number of subjects with type 2 diabetes mellitus in-
cluded in the data set, excellent correlations of logHOMA-IR
and QUICKI with GDR were observed (Table 3), with r
values as high as 0.94. These subjects were all obese and had
increases in both fasting insulin and glucose levels (Table 1).

The use of the ultrasensitive insulin assay in subjects with
low insulin values produced a small leftward shift in the
reported insulin values, particularly in those samples in
which the originally reported value was less than 30 pmol/
liter. The logHOMA-IR and QUICKI derived using these
results gave only small improvements in the observed cor-
relations at less than 40 mU (lean subjects: logHOMA-IR,
—0.385 to —0.411; QUICKI, 0.359 to 0.389). Under 1120 con-
ditions, the correlations were not improved.

Tracking changes in insulin sensitivity

Pharmacological intervention to improve insulin sensitiv-
ity using troglitazone (n = 13) produced the changes in GDR
presented in Fig. 2. The concurrent changes in fasting insulin
and glucose resulted in changes in QUICKI and logHOMA-
IR. The GDR (I120 clamps) increased from 5.56 * 0.64 to
7.29 + 0.88 mg/kg-min (31% change; P = 0.005), whereas the
QUICKI increased from 0.308 + 0.007 to 0.325 = 0.007 mg/
kg'min (23% change; P < 0.001) and logHOMA-IR decreased
from 0.65 = 0.07 to 0.50 = 0.07 mg/kg:min (6% change; P <
0.001). As an expected extension of the comparable discrimi-
nant powers of these tests, in this small group of patients
these changes could be distinguished equally well with the
simple measures as with the hyperinsulinemic clamps.

Discussion

We have evaluated the test characteristics of various es-
timates of insulin sensitivity based on fasting plasma insulin
and glucose and compared them with those of the EH clamp.
The distribution of values and of measurement error across
the range of measured values was assessed, and measures of
repeatability, including the CV and the DR, were calculated
and compared. The logarithmic transformations achieved
the intended normalization of the insulin-dependent data.
The measures of variability suggested that the logarithmic
transformations (logHOMA-IR and QUICKI) were prefera-
ble to the other fasting measures, particularly with regard to
the DR.

These characteristics help explain and support the recent
favorable comparisons of logHOMA-IR with GDR (13), and
we were able to confirm this in our own data set by exam-
ining the correlations of the various fasting measures of
insulin sensitivity with GDR across a wide range of clamp
conditions. The untransformed estimates had the disadvan-
tage of nonlinear relationships in the correlations, in addition
to their worse repeatability characteristics. Remarkably good
correlations were observed for the logInsulin, logHOMA-IR,
and QUICKI with GDR in obese and type 2 diabetic subjects,
despite the small number of the latter. In contrast to previous
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reports, we found the correlations observed among lean sub-
jects to be inferior compared with those observed among
obese and diabetic subjects. This is in many ways an expected
statistical consequence of the greater variability of current
insulin assays in the lower end of the range, separate from
any physiological explanations. Unfortunately, the newer
ultrasensitive assay did little to improve this situation, as
might be expected if the variability was attributable to bio-
logical rather than test variation.

Finally, the discriminant power and correlations of
logHOMA-IR and QUICKI with GDR among insulin-
resistant subjects allowed the tracking of changes in
insulin after treatment with troglitazone comparably to
the EH clamp.

Comparing the simple measures of insulin sensitivity

The logarithmic transformations produced the desired
normalization of the insulin-dependent data, including the
measurement error, and compressed the range of data to
reduce the effect of extreme values. This validates the ap-
plication of statistical comparisons that assume underlying
normal distributions. These effects in turn allowed improved
linear modeling of relationships to GDR with the log-trans-
formed measures.

Historically, the repeatability of a test has been expressed
as the CV. Although conceptually simple, this measure car-
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ries disadvantages; most notably, when the mean value is
close to zero, even a test with good precision may have a high
CV (20). This was observed in the present report. For lean
subjects, a comparatively large CV for logHOMA-IR results
from a sp of 0.13, with the numerically small mean of 0.08.
In fact, this measure is equally variable across the groups, as
is evident in the comparable sps (Table 2). Furthermore, the
QUICKI, which is related to the logHOMA-IR by inversion
and a constant term, appeared to have a superior CV, despite
the inherently linked variability of these two measures. The
DR, a new measure of variability that takes into account both
the between-subject and within-subject variations (20), was
comparable for the QUICKI and logHOMA-IR. Importantly,
the DRs of these two measures and the GDR were statistically
comparable. Therefore, the logHOMA-IR and QUICKI are as
powerful at discriminating differences in their estimates of
insulin sensitivity across the population as the GDR is at
discriminating the formally measured insulin sensitivity.

Of course, the utility of these measures in estimating in-
sulin sensitivity per se depends on the underlying correlation
of the estimate and the formal measure. These correlations
were excellent among the obese and diabetic subjects using
the logarithmically transformed variables, reflecting the
overall improvements in test characteristics. The compara-
tively poor correlations with GDR of all of these estimates in
lean nondiabetic subjects suggests that they are imperfect
surrogate measures in insulin-sensitive populations. Better
correlations (r = 0.47) have been reported in nonobese sub-
jects using QUICKI and the S, ,,,,, although with this tech-
nique the correlations among obese and diabetic subjects
were again superior (r = 0.89 and 0.7, respectively) (15). This
finding is also in contrast to a recent report (13) of equal
correlations between logHOMA-IR and GDR in lean and
obese as well as diabetic and nondiabetic subsets of subjects.
Importantly, the latter data set apparently includes lean di-
abetic subjects, who would bias toward a correlation among
lean subjects. Also, those subjects were studied at insulin
concentrations that did not completely suppress hepatic glu-
cose output in all cases; therefore, they provided a measure
of hepatic as well as peripheral insulin sensitivity. An anal-
ogous balance may have contributed to our finding of a
significant relationship in lean subjects only at the lowest
insulin infusion rate. Overall, the correlations among lean
subjects appear significant but less robust than those among
obese and diabetic insulin-resistant subjects.

It is tempting to argue that the logInsulin is a simpler
and more accessible correlate of insulin sensitivity than
either the QUICKI or the logHOMA-IR, in view of the
comparable correlations between these measures among
lean and obese subjects. Certainly, under any circum-
stances in which the glucose was completely normal, this
value in effect becomes a constant term added to the equa-
tion and therefore contributes little. However, the inclu-
sion of glucose makes the formulas more generalizable to
all circumstances with variable glucose levels, including
the range of subdiabetic glucose readings seen in some
obese subjects. Also, in accounting for this variation, the
repeatability characteristics of the test are improved, as is
evident in the superior DRs of QUICKI and logHOMA-IR
compared with logInsulin. These considerations support
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the selection of the QUICKI or logHOMA-IR over mea-
sures based on insulin alone when concurrent glucose
values are accessible.

The data set included a comparatively small number of
diabetic subjects, so conclusions regarding the compari-
sons of test characteristics and correlations in this group
must be weighted accordingly. However, these subjects
represent a natural extension of the range of insulin
resistance, and the results are consistent with the trend
suggested by the larger samples of lean and obese subjects.
Also, despite the small numbers, the correlations them-
selves were the strongest of all the groups, perhaps be-
cause the QUICKI and logHOMA-IR account for both the
insulin and glucose levels. The calculation of the DR of
necessity includes all subjects; therefore, it is strengthened
by the inclusion of even this small number of subjects at
one extreme of the range.

In summary, the logHOMA-IR and QUICKI were the
superior simple measures of insulin sensitivity with re-
gard to test characteristics, and this was reflected in very
good correlations across a range of EH clamps among
insulin-resistant obese and diabetic subjects.

Limitations of insulin assays

All of these simple fasting estimates of insulin sensitivity
are highly dependent on the fasting insulin level. The orig-
inal description of the HOMA included significant caveats in
this regard (4). Although assays have improved, these re-
main imperfect tests with regard to test-to-test variability (23,
24). Furthermore, the underlying biological variability in
insulin levels, arising from the combination of its short serum
half-life, the known cyclicity of insulin secretion (25), and the
rapid responsiveness to changes in hormonal and metabolic
milieu, will remain a source of variation regardless of im-
provements in insulin assays. The use of a newer, ultrasen-
sitive insulin assay did not improve any of the characteristics
of the tests, presumably because it did not improve any of
these sources of variability. To account for some of this vari-
ability, Matthews et al. (4) recommended the mean of three
insulin samples, taken over a 15-min period, be used. Our
data include two rather than three values, taken 10 min apart,
and this produced acceptable results. Cost savings can be
obtained by pooling multiple samples before measurement,
but the use of at least two samples over a 10- to 15-min period
remains prudent. These efforts to reduce the variability of the
measurement are necessary to achieve the test characteristics
described herein.

Applications

Three main categories of studies are candidates for the use
of measures of insulin sensitivity: metabolic studies, inter-
vention studies, and epidemiological studies. With metabolic
studies, insulin sensitivity will most likely be a primary end
point, and the use of simplified estimates is probably not
worthwhile given the availability of expertise in formal EH
clamp measurements, which remain the gold standard. In-
tervention studies targeting insulin resistance or the insulin
resistance syndrome are becoming increasingly common,
with the advent of PPAR-y agonists and renewed interest in
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other interventions such as metformin and changes in diet
and exercise. Many such studies will be primarily interested
in the changes in insulin sensitivity per se, and again the EH
clamp should be the preferred method for these studies.

The time and cost of formal clamp testing is prohibitive in
large scale epidemiological studies, and to date these studies
have largely chosen serum insulin as a surrogate measure of
insulin sensitivity. For these studies, the logHOMA-IR or
QUICKI would be appropriate surrogate measures of insulin
sensitivity, as has been suggested (26). Importantly, large
prospective databases already exist with sufficient data to
examine associations between these simple indices of insulin
resistance and cardiovascular outcomes. However, one im-
portant caveat is suggested by our findings: the superior
estimate of insulin sensitivity provided among an insulin-
resistant subset could systematically affect any apparent cor-
relations with other measures in the population. This will
potentially need to be accounted for in statistical analyses of
such data sets.

In most interventional studies, changes in insulin sensi-
tivity will be a secondary interest, with the effects on (for
example) cardiovascular parameters being the primary end
points. In these situations, the logHOMA-IR or QUICKI (us-
ing sensitive insulin-specific assays, with at least duplicate
samples) would provide a useful, minimally invasive, rela-
tively inexpensive surrogate for the EH clamp. This is further
supported by the demonstrated ability of these measures to
reveal clinically relevant changes in insulin sensitivity in
comparatively small numbers of subjects.

Conclusion

Simple mathematical combinations of fasting insulin and
glucose measures (logHOMA-IR or QUICKI) provide esti-
mates of insulin sensitivity with variability and discriminant
power comparable to those of EH clamps and superior to
measures based on insulin alone. In accounting for both the
glucose and insulin levels, these measures are more gener-
alizable to the full range of metabolic conditions associated
with insulin resistance. This underlies the excellent correla-
tions of these measures with clamps seen in obese and di-
abetic insulin-resistant subjects. Furthermore, changes in in-
sulin sensitivity can be demonstrated using these tools in
comparatively small groups of subjects. Our results suggest
that caution needs to be exercised in applying these estimates
to groups including insulin-sensitive subjects. With this
caveat, the current report provides the statistical underpin-
nings for the broader application of these inexpensive,
accessible estimates of insulin sensitivity in clinical investi-
gations and large scale epidemiological studies.
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