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To determine and formally compare the ability of simple
indexes of insulin resistance (IR) to predict type 2
diabetes, we used combined prospective data from the
San Antonio Heart Study, the Mexico City Diabetes
Study, and the Insulin Resistance Atherosclerosis
Study, which include well-characterized cohorts of non-
Hispanic white, African-American, Hispanic American,
and Mexican subjects with 5-8 years of follow-up. Pois-
son regression was used to assess the ability of each
candidate index to predict incident diabetes at the
follow-up examination (343 of 3,574 subjects developed
diabetes). The areas under the receiver operator char-
acteristic (AROC) curves for each index were calcu-
lated and statistically compared. In pooled analysis,
Gutt et al.’s insulin sensitivity index at 0 and 120 min
(ISI, 120) displayed the largest AROC (78.5%). This
index was significantly more predictive (P < 0.0001)
than a large group of indexes (including those by Bel-
fiore, Avignon, Katz, and Stumvoll) that had AROC
curves between 66 and 74%. These findings were essen-
tially similar both after adjustment for covariates and
when analyses were conducted separately by glucose
tolerance status and ethnicity/study subgroups. In con-
clusion, we found substantial differences between pub-
lished IR indexes in the prediction of diabetes, with
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ISI; 150 consistently showing the strongest prediction.
This index may reflect other aspects of diabetes patho-
genesis in addition to IR, which might explain its strong
predictive abilities despite its moderate correlation
with direct measures of IR. Diabetes 52:463-469, 2003

nsulin resistance (IR) is a central feature in the

natural history of type 2 diabetes (1,2). In addition,

there is increasing evidence suggesting that IR or

related pathophysiological mechanisms may be in-
volved in the etiology of cardiovascular disease (3,4). The
ability to accurately measure IR is therefore of substantial
importance for chronic disease researchers. IR can be
quantified using detailed physiological protocols, such as
the euglycemic-hyperinsulinemic clamp technique and the
frequently sampled intravenous glucose tolerance test
(FSIGT) (1). These methods, however, are excessively
complex, invasive, and costly for use in large observa-
tional epidemiological studies. Consequently, a number of
simple (surrogate) indexes have been proposed for
projects that require the estimation of IR in large numbers
of subjects (5-16). These indexes use either transforma-
tions or weighted combinations of insulin or insulin and
glucose concentrations in the fasted state and at various
times during the oral glucose tolerance test (OGTT). Some
have been developed using mathematical modeling of the
direct measures mentioned above. Over the past few
years, several new indexes of IR have been proposed,
including a limited number that use additional metabolic
or demographic variables, such as age, body mass, and
triglyceride concentration (17-21).

As pointed out by Hanson et al. (13), the usefulness of
these simple indexes for epidemiological studies depends
on the strength of their correlation with criterion mea-
sures and the degree to which they predict type 2 diabetes
in prospective analyses. Although several previous studies
have reported on the criterion validity of simple measures
in various populations (12,13,22), only Hanson et al. (13)
have presented prospective results in a study of Pima
Indian subjects. It would be of interest to extend these
findings to include multiple ethnic groups and more re-
cently proposed indexes, and to use formal statistical
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TABLE 1
Study features and baseline and follow-up characteristics of cohort members who were nondiabetic at the baseline examination,
SAHS, MCDS, and IRAS

MCDS
SAHS (6.5-years IRAS
(7.5-years follow-up)* follow-up)* (5-years follow-up)*

Variable NHW HA MX NHW AA HA

n 549 1039 1,336 277 224 149
M/F (%) 45.5/54.5 40.5/59.5 41.8/58.2 49.8/50.2 39.3/60.7 45.0/55.0
NGT/AGT (%) 91.6/8.4 84.4/15.6 90.0/10.0 67.5/32.5 66.5/33.5 68.5/31.5
Age (years) 43.8 + 10.6 43.1 = 10.7 46.0 + 8.1 55.3 + 8.4 54.2 + 8.7 53.8 + 8.7
Body weight (kg) 75.8 = 16.1 75.1 = 15.7 68.6 = 11.2 80.3 + 15.6 83.1 £ 17.0 72.8 + 14.7
BMI (kg/m?) 26.1 = 4.6 28.56 £ 5.6 279 £ 4.2 275 £ 5.0 29.0 = 5.6 273 £ 4.7
Fasting glucose (mg/dl) 84.8 + 11.0 86.1 +10.2 84.0 + 11.7 98.6 + 10.7 99.8 + 10.7 94.6 + 9.9
2-h glucose (mg/dl) 973 £31.1 1082 =322 101.3 = 29.0 1225 £330 1251 =332 1204 = 33.8
Fasting insulin (IU/ml) 11.3 = 12.6 14.5 = 14.7 15.2 £ 14.1 17.1 = 125 18.9 = 10.9 18.9 = 12.6
2-h insulin (1U/ml) 66.0 =+ 75.3  102.1 = 96.8 914 £ 77.6 76.9 = 73.6 97.2 + 78.1 99.4 + 82.2
Triglycerides (mg/dl) 1282+ 985 1464 +=97.6  203.0 = 140.7 136.0 £80.7 100.0 =535  151.7 = 94.9
Mean follow-up time (year) 7.6 =04 74 +04 64+ 0.5 53+ 0.3 53+ 04 52+ 0.3
Cumulative diabetes incidence (%) 6.6 13.0 4.8 16.6 16.5 16.8

*Indicates follow-up period of the individual cohorts (total n = 3,574, 343 events over 23,805 person-years of follow-up). Data are proportions
or mean + SD. AA, African American; HA, Hispanic American; MX, Mexican; NHW, non-Hispanic white.

comparisons of predictive abilities of the indexes. The
objective of the present study, therefore, was to determine
and formally compare the ability of simple indexes of IR to

type 2 diabetes.

predict type 2 diabetes using prospective data from the

San Antonio Heart Study (SAHS), the Mexico City Diabe-
tes Study (MCDS), and the Insulin Resistance Atheroscle-
rosis Study (IRAS). These studies include cohorts of
non-Hispanic white, African-American, Hispanic Ameri-

TABLE 2

can, and Mexican subjects that are well characterized in
terms of the anthropometric and metabolic risk factors for

RESEARCH DESIGN AND METHODS

Data sources and variables. For the present study, we used combined data
from the SAHS, the MCDS, and the IRAS. The methodological details of these
studies have been presented in previous publications (23-25). In each study,

Univariate Spearman correlation coefficients between simple measures of insulin resistance and directly measured insulin sensitivity
obtained from the FSIGT among nondiabetic subjects in the IRAS

Spearman r with S; from

FSIGT

Simple measure (abbreviation) All

[reference] Formula subjects HA NHW AA

n 981 342 392 247

Fasting only
Fasting insulin (I,) (FI) [5] I, -0.68 —0.72 —0.62 —0.59
BMI (BMI) weight (kg)/height (m)? -0.54 —-0.62 —0.52 —0.39
IST (ISD) [9] 10,000/(I, X Gy) 0.68 072 0.63 0.59
HOMA IR (HOMA-IR) [7] Iy X Gy)/22.5 —-0.68 —0.72 —0.63 —0.59
FIRI (FIRI) [8] I, X Gg)/25 -0.68 —0.72 —0.63 —0.59
Insulin/glucose (IGR) [13] Iy/Gy —-0.65 —0.71 —0.59 —0.57
McAuley index (McAuley) [18] [2:63 = 0.28 InCly — 0.31 In(Tg)] 0.67 072 0.61 0.8
Raynaud (Raynaud) [10] 40/1, 0.68 072 062 0.59
QUICKI (QUICKI) [11] 1/[log I, + log G] 0.68 071 0.63 0.59
Bennett’s S; (BFSI) [13] 1/(log I, X log Gy) 0.68 072 0.62 0.59
Belfiore (basal) (ISIgly_b) [15] 2/[(on X Gop) + 11 0.68 0.72 0.63 0.59

Fasting and/or 2 h
2-h insulin/2-h glucose (IGR2h) [13] /G, —-0.59 —0.60 —0.55 —0.52
2-h ISI (ISLy,) [9] 10,000/(I, X Gy) 0.69 0.68 0.68 0.66
Stumvoll (Stum_nodem) [20] 0.156 — 0.0000459 X I, — 0.0000321 X I, — 0.00541 X G, 0.71 070 0.71 0.67
Stumvoll-demographic (Stum_wdem) [20] 0.222 — 0.00333 X BMI — 0.0000779 X I, — 0.000422 X age 0.74 0.75 0.72  0.69
Gutt ISIy, ;5% (ISIy, 120) [19] (m/MPG) / log MSI 0.68 0.67 0.69 0.64
Avignon’s SiMt (SiM) [17] [(w X Sib) + Siy,] /2 0.77 0.79 0.75 0.70
Belfiore (area) (ISIgly_a) [15] 2/[I/ml, + G,/mG, + 1] 0.73 0.72  0.72 0.66

*m = (75,000 mg + (fasting glucose — 2-h glucose) X 0.19 X body wt) / 120 min; MPG = mean of fasting and 2-h glucose concentrations
(mg/dl); MSI = mean of fasting and 2-h insulin concentrations (mU/I). w = mean Si2h / mean Sib, Sib = 108 / (fasting insulin (nU/ml) X
fasting glucose (mg/dl) X VD), Si2h = 108/ (2-h insulin (wU/ml) X 2-h glucose (mg/dl) X VD), where VD = 150 ml/kg body wt. AA, African
American; G, fasting glucose; G, 2-h glucose; G,, glucose area; HA, Hispanic American; I, insulin area; I, fasting insulin; I,, 2-h insulin; I,
insulin area; mG,,, mean fasting glucose; mG,, mean glucose area; ml,, mean fasting insulin; ml,, mean insulin area; NHW, non-Hispanic white.
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TABLE 3
Poisson regression analyses of the ability of candidate indexes of IR to predict incident diabetes, with combined analysis using data
from the SAHS, the MCDS, and the IRAS

Adjusted for age, sex, systolic blood

Unadjusted pressure, HDL cholesterol, and BMI
Top 10% vs. Top 10% vs.
AROC curve _ bottom 90% _ AROC curve _ bottom 90%
Index % Rank P* RR Rank % Rank RR Rank
-ISIy, 120 78.5 1 — 5.84 1 81.6 1 3.13 1
-ISIgly_a 74.0 2 <0.0001 3.40 3 79.6 2 1.79 9
-SiM 73.1 3 0.24 4.22 2 79.4 3 2.11 2
-ISIgly_b 71.5 4 0.081 3.29 6.5 78.0 6 1.85 4.5
-QUICKI 71.5 5 0.28 3.29 6.5 78.1 5 1.85 4.5
-Stum_nodem 71.0 6 0.79 3.17 10 77.8 7 1.71 11
-BFSI 69.6 7 0.27 3.05 11 77.3 9 1.75 10
-ISI-2h 68.0 8 0.25 3.38 4 78.7 4 1.82 8
-McAuley 67.8 9 0.91 2.56 13 77.1 10 1.53 12
In(FI) 67.8 10 0.99 2.55 16.5 77.0 11 1.53 13.5
-Stum_wdem 67.4 11 0.96 2.57 12 76.5 13 1.13 17
-ISI 67.2 12 0.72 3.29 6.5 77.5 8 1.85 45
BMI 66.4 13 0.61 2.56 14 75.3 19 0.70 19
-Raynaud 66.1 14 0.85 2.565 16.5 76.9 12 1.53 13.5
FIRI 63.6 15 0.0009 3.29 6.5 76.3 14 1.85 45
HOMA-IR 62.8 16 0.99 3.20 9 76.0 15 1.82 7
FI 59.7 17 <0.0001 2.565 15 75.9 16 1.53 15
IGR 55.7 18 <0.0001 1.81 18 75.5 18 1.17 16
IGR-2h 55.1 19 0.96 1.64 19 75.6 17 1.06 18

Ordering of indexes in this table were maintained based on ranking in the unadjusted AROC column. For consistency in the direction of the
associations in the tables, we have taken the negative of indices that estimate S; (versus insulin resistance). *P value from algorithm
developed by DeLong et al. (27), showing significance of difference in AROC for each index from one directly above it (i.e., having the next
highest AROC). BFSI, Bennett’s fasting insulin sensitivity index; FI, fasting insulin; IGR, insulin/glucose ratio; Stum_wdem, Stumvoll index

with demographic variables.

an OGTT was administered for the diagnosis of impaired glucose tolerance
(IGT) and diabetes at both the baseline and follow-up examinations (26). In
addition, IRAS subjects received a modified FSIGT, with insulin sensitivity (S;)
estimated using the minimal model (25). The analyses for the present article
included 3,574 subjects who were free of diabetes at baseline and for whom
information was available on follow-up glucose tolerance status (second
follow-up for MCDS) as well as metabolic and anthropometric variables of
interest (Table 1).

Simple indexes of insulin resistance. We conducted a literature review
using the Medline database to identify published articles that described simple
indexes of IR (Table 2). Additional articles were identified from the reference
lists of published articles. Although certain proposed simple indexes use
glucose and insulin values from multiple sampling time points during the
OGTT (e.g. 0, 30, 60, 90, and 120 min), we evaluated indexes that use only
fasting and/or 2-h glucose and insulin because these time points were
available from all three studies. Furthermore, intermediate sampling time
points (30, 60, and 90 min) are not commonly used in large epidemiological
studies. In addition, we also evaluated recently proposed indexes that include
age, body mass, and triglyceride concentration (17-21).

Statistical analysis. SAS version 8.0 (SAS Institute, Cary, NC) was used for
all statistical analyses. Data from each study were pooled into a single dataset
with an additional variable identifying the study, and variable names and
measurement units were standardized. Hispanic American and non-Hispanic
white IRAS participants from the San Antonio field center were also partici-
pants in the SAHS, and thus were excluded from the prospective analysis
described below to avoid the use of duplicate measures on some subjects
(they were, however, included for the correlation analysis described below).
Therefore, Hispanic American IRAS participants in the prospective analysis
are drawn from the San Luis Valley Diabetes Study site exclusively.

Means and SDs or proportions (as appropriate) were calculated for
baseline and follow-up variables of interest stratified by study and ethnic
group (Table 1). Using data on the subset of subjects who were baseline IRAS
participants, the criterion validity of candidate simple indexes of IR was
assessed by examining their Spearman correlation coefficients against S;, a
direct measure of insulin sensitivity from the FSIGT (Table 2). Poisson
regression analysis (using PROC GENMOD) was used to assess the ability of
each candidate index of IR to predict incident diabetes at the follow-up
examination. Each model was offset by the natural log of the length of each
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subject’s incidence period to control for differing observation times in each
study. The magnitude of the association of each index with risk of diabetes
was calculated by comparing the risk among those in the top (most resistant)
10% versus those in the bottom 90%. In addition, area under the receiver
operator characteristic (AROC) curves for each model were calculated. The
AROC curve is a measure of how well a continuous variable is able to predict
the outcome of interest. The results of these individual models were ranked in
terms of the magnitude of the association with incident diabetes and the
AROC curve. Furthermore, the AROC curves for each model were formally
compared using the DeLong algorithm (27). Additional analyses included
comparisons of risk among those in the 2nd or 3rd tertile versus those in the
1st tertile as well as risk among those at or above the median compared with
those below (data not shown). Analyses were conducted comparing individual
IR measures in unadjusted and adjusted (for age, sex, systolic blood pressure,
HDL cholesterol, and BMI) models with all subjects pooled (Table 3) as well
as separately by glucose tolerance status (normal glucose tolerance [NGT]
versus IGT), study, and ethnic group (Tables 4-6, adjusted subgroup results
not shown). We tested for effect modification across these subgroups in the
AROC and 10 vs. 90% models by including interaction terms in our Poisson
regression models (both unadjusted and adjusted). We first conducted a
global test of interactions across subgroups. For those interactions that were
significant, we examined the individual subgroup parameters and P values.
Given the large number of statistical comparisons used in this interaction
analysis, P < 0.01 was considered statistically significant.

RESULTS

Study features and baseline and follow-up characteristics
of cohort members who were nondiabetic at the baseline
examination are presented in Table 1, by study and ethnic
group. Consistent with the design of IRAS (25), ethnic
subgroups from this study contained a higher proportion
of subjects with baseline IGT (31.5-33.56%) compared with
those from the other studies (8.4-15.6%). Within the SAHS,
Hispanic American subjects tended to have higher levels
of metabolic syndrome variables compared with non-
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TABLE 4
Poisson regression analyses of the ability of candidate indexes of IR to predict incident diabetes with combined analysis using data
from the SAHS, the MCDS, and the IRAS

AROC curve Top 10% vs. bottom 90%
IGT NGT IGT NGT

AROC rank AROC rank RR rank RR rank
ISl 150 67.3 1 70.8* 2 1.96 1 2.93 1
-ISIgly_a 58.8 13 68.8 3 1.47 13 2.88 2
-SiM 64.8 5 71.2% 1 1.77 2 2.76 3
-ISIgly_b 65.4 2 68.7 4 1.59 7.5 2.74 6.5
-QUICKI 65.4 3 68.6 5 1.59 7.5 2.74 6.5
-Stum_nodem 56.0 17 67.2 7 1.26 18 2.52 12
-BFSI 63.9 6 67.0 8 1.61 4 2.65 9
-ISI-2h 56.6 15 65.2 13 1.26 17 2.53 10
-McAuley 62.2 8 66.5 11 1.45 14 2.46 16
In(FD) 61.8 9 66.5 12 1.50 11 2.47 14.5
-Stum_wdem 56.0 16 68.4 6 1.27 16 2.40 17
-ISI 65.2 4 66.8 10 1.59 7.5 2.74 6.5
BMI 59.2 12 66.8 9 1.59 5 2.53 11
-Raynaud 62.2 7 64.6 14 1.50 11 2.47 14.5
FIRI 59.7 11 60.8 15 1.59 7.5 2.74 6.5
HOMA-IR 59.8 10 59.9 16 1.62 3 2.74 4
FI 58.1 14 59.9 17 1.50 11 2.47 13
IGR 55.8 18 55.2 19 1.32 15 1.80 19
IGR-2h 53.5 19 59.3 18 1.14 19 1.92 18

Ordering of indexes in this table were maintained based on ranking in the unadjusted AROC column in the pooled analysis (Table 3).
Unadjusted analysis was by glucose tolerance status. For consistency in the direction of the associations in the tables, we have taken the
negative of indices that estimate S; (versus insulin resistance). *AROCs for IS ;5, and SiM are not significantly different (P = 0.68). BFSI,
Bennett’s fasting insulin sensitivity index; FI, fasting insulin; IGR, insulin/glucose ratio; Stum_wdem, Stumvoll index without demographic
variables.

Hispanic white subjects, including glucose, insulin, and apparent in IRAS. African-American subjects in IRAS had
measures of adiposity. This difference between Hispanic higher BMI and glucose concentrations but lower triglyc-
American and non-Hispanic white subjects was not as eride concentrations compared with Hispanic American

TABLE 5
Poisson regression analyses of the ability of candidate indices of IR to predict incident diabetes, with combined analysis using data
from the SAHS, the MCDS, and the IRAS

AROC curve

IRAS AA IRAS HA IRAS NHW MCDS MX SAHS HA SAHS NHW
Index % Rank % Rank % Rank % Rank % Rank % Rank
ISl 150 80.8 1 67.2 6 80.7 1 70.8 1 79.7 1 84.3 2
-ISIgly_a 73.7 3 64.5 15 77.1 3 68.4 3 74.6 3 83.9 5
-SiM 67.1 7 67.2 5 76.9 5 70.7 2 76.5 2 85.7 1
-ISIgly_b 67.5 5 67.6 2 72.5 7.5 65.5 6 73.3 6 81.6 7
-QUICKI 67.2 6 67.6 3 72.5 7.5 65.2 7 73.3 7 81.5 8
-Stum_nodem 76.3 2 64.6 14 78.1 2 67.4 5 74.4 5 84.2 3
-BFSI 65.4 11 67.1 7 71.0 12 64.2 10 72.1 10 80.5 10
-ISI-2h 717 4 60.9 18 76.9 4 67.9 4 74.5 4 82.3 6
-McAuley 62.8 15 66.0 13 69.4 15 63.8 15 70.8 15 79.1 14
In(FI) 63.3 13 66.0 12 69.6 13 64.3 13 70.9 13 79.4 12
-Stum_wdem 65.4 12 64.1 17 75.6 6 65.8 9 72.9 9 84.1 4
-ISI 66.8 10 67.5 4 72.2 9 65.1 8 73.3 8 81.1 9
BMI 55.9 18 66.5 10 69.0 17 67.4 16 69.0 16 78.2 16
-Raynaud 63.0 14 66.4 11 69.4 14 63.4 11 71.3 11 79.7 11
FIRI 66.9 8.5 68.1 1.5 72.2 10.5 59.8 12 71.2 12 79.3 13
HOMA-IR 66.9 8.5 68.1 1.5 72.2 10.5 59.0 14 70.8 14 78.8 15
FI 60.9 16 66.9 8 69.0 16 59.3 17 68.8 17 78.2 17
IGR 58.9 17 64.2 16 64.5 18 54.2 18 63.7 18 75.9 19
IGR-2h 52.6 19 56.6 19 62.2 19 59.1 19 59.5 19 77.0 18

Ordering of indexes in this table were maintained based on ranking in the unadjusted AROC column in the pooled analysis (Table 3).
Unadjusted areas under the ROC curve by subgroups of study and ethnicity. For consistency in the direction of the associations in the tables,
we have taken the negative of indices that estimate S; (versus insulin resistance). AA, African American; BFSI, Bennett’s fasting insulin
sensitivity index; FI, fasting insulin; HA, Hispanic American; IGR, insulin/glucose ratio; MX, Mexican, NHW, non-Hispanic white; Stum_wdem,
Stumvoll’s index with demographic variables.
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TABLE 6

Poisson regression analyses of the ability of candidate indices of IR to predict incident diabetes: combined analysis using data from

the SAHS, the MCDS, and the IRAS

Risk in top 10% (most resistant) versus the bottom 90%

IRAS AA IRAS HA IRAS NHW MCDS MX SAHS HA SAHS NHW
Index RR Rank RR Rank RR Rank RR Rank RR Rank RR Rank
-ISIj 120 4.42 1 1.30 15 4.05 2 2.35 1 5.99 1 11.97 1
-ISIgly_a 3.02 4 1.29 16 4.91 1 1.70 8 3.17 9 9.61 4
-SiM 2.97 6 2.35 12 3.65 5 1.50 17 3.93 2 9.66 2
-ISIgly_b 2.92 9 3.67 6.5 2.93 10 1.85 4.5 3.31 4.5 7.72 9.5
-QUICKI 2.92 9 3.67 6.5 2.93 10 1.85 4.5 3.31 4.5 7.72 9.5
-Stum_nodem 3.49 2.5 0.82 18 4.04 3 1.91 2 2.82 11 9.63 3
-BFSI 2.62 16 3.67 6.5 2.94 7 1.65 10 3.21 7 7.71 12
-ISI-2h 3.49 2.5 1.20 17 4.03 4 1.70 7 3.17 10 9.54 5
-McAuley 2.69 15 3.65 10 2.62 16 1.64 12.5 2.50 15 7.71 13
In(FI) 2.88 13 3.68 2.5 2.63 14 1.64 12.5 2.52 13 7.54 15
-Stum_wdem 3.00 7 0.77 19 3.24 6 1.51 16 2.48 16 8.67 6
-ISI 2.92 9 3.67 6.5 2.93 10 1.85 4.5 3.31 4.5 7.72 9.5
BMI 2.08 18 1.70 14 2.28 17 1.66 9 2.17 18 5.18 19
-Raynaud 2.88 13 3.68 2.5 2.63 14 1.64 12.5 2.52 13 7.54 15
FIRI 2.92 9 3.67 6.5 2.93 10 1.85 4.5 3.31 4.5 7.72 9.5
HOMA-IR 2.92 9 3.67 6.5 2.93 10 1.64 15 3.21 8 7.74 7
FI 2.88 13 3.71 1 2.63 14 1.64 12.5 2.52 13 7.54 15
IGR 2.20 17 2.99 11 1.71 18 1.10 19 2.18 17 5.41 17
IGR-2h 1.13 19 1.71 13 1.67 19 1.32 18 1.77 19 5.39 18

Ordering of indexes in this table were maintained based on ranking in the unadjusted AROC column in the pooled analysis (Table 3).
Unadjusted risk in top 10% vs. bottom 90% by subgroups of study and ethnicity. For consistency in the direction of the associations in the
tables, we have taken the negative of indices that estimate S; (versus insulin resistance). AA, African American; BFSI, Bennett’s fasting insulin
sensitivity index; FI, fasting insulin; HA, Hispanic American; IGR, insulin/glucose ratio; MX, Mexican; NHW, non-Hispanic white; Stum_wdem,

Stumvoll’s index with demographic variables.

and non-Hispanic white subjects. The mean follow-up time
across studies ranged from 5.2 to 7.6 years, and the
cumulative incidence of diabetes ranged from 4.8 to 16.5%,
with the highest conversion proportion in the IRAS sub-
groups. In total, 343 of 3,574 subjects developed diabetes
over the follow-up period.

The criterion validity of simple indexes of IR was
examined against S; in the subgroup of the pooled cohort
who were IRAS participants (Table 2). Correlation coeffi-
cients were generally similar among indexes that use only
fasting glucose and insulin, with the insulin-to-glucose
ratio displaying a slightly weaker coefficient (]0.65| vs.
|0.67-0.68|). Indexes that included body weight or triglyc-
eride concentration (14-18) did not display stronger cor-
relations with S; compared with those using only fasting
glucose and insulin. Coefficients were slightly stronger and
spread over a wider range among indexes that use fasting
and 2-h glucose and insulin concentrations, with the 2-h
insulin—to—2-h glucose ratio showing the weakest correla-
tion (]0.59]) and Avignon’s insulin sensitivity index (SiM)
index the strongest (|0.77|). Three other indexes had cor-
relation coefficients >|0.70|, including ISIgly_a (15), and
Stumvoll (20) (both with and without demographics).
These findings were essentially similar when the analyses
were conducted separately by ethnicity (Table 2).

The results of Poisson regression analyses of the ability
of each candidate index of IR to predict incident diabetes
at the follow-up examination are presented in Table 3. The
table shows pooled results from the three studies sorted
by decreasing unadjusted AROC curves. A test of the null
hypothesis that the AROCs of all the simple indexes were
equal was rejected (P < 0.0001). The insulin sensitivity
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index at 0 and 120 minutes (IS, ;50) displayed the largest
AROC (78.5%) and was significantly more predictive (P <
0.0001) than the other candidate indexes. A group of six
indexes also had AROCs >70%, including ISIgly_a, SiM,
ISIgly_b, Quantitative Insulin Sensitivity Check Index
(QUICKI), and Stumvoll index without demographic vari-
ables (Stum_nodem). Fasting insulin and the insulin-
to-glucose ratio (using either fasting or 2-h glucose
concentrations) had AROCs <60% (P < 0.0001 compared
with homeostasis model assessment [HOMA], AROC =
62.8%). The ranking of the indexes based on the magnitude
of the risk for the top 10% versus the bottom 90% was
generally similar, although the ranking of ISI, HOMA, and
Duncan’s fasting insulin resistance index (FIRI) slightly
improved, whereas th ranking of the log of fasting insulin
slightly declined, compared with the AROC analysis (Table
3). Furthermore, the results were consistent using ranking
of the indexes based on risk among those in the 3rd tertile
versus those in the 1st tertile as well as risk among those
at or above the median compared with those below (data
not shown).

The findings were essentially unchanged after the mod-
els were adjusted for age, sex, systolic blood pressure,
HDL cholesterol, and BMI, although the relative ranking of
ISI (both fasting and 2 h) improved in AROC analysis. In
addition, the relative rankings of FIRI and HOMA im-
proved under models comparing the risk in the top 10%
versus the bottom 90%, whereas the relative ranking of
ISIgly_a and Stum_nodem declined (Table 3).

The predictive abilities of the indexes were generally
similar in unadjusted analyses conducted separately by
glucose tolerance, ethnicity, and study subgroups (Tables
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4-6). Among subjects with NGT, the results were very
similar to those from the pooled analysis (Table 4). The
five indexes that were the most predictive in the pooled
analysis were also the most predictive among NGT sub-
jects. Among subjects with IGT, the results were also
similar to those from the pooled analysis, with four of the
five most predictive indexes from the pooled analysis also
among the five most predictive in the IGT subjects. There
were some minor differences in the IGT group, however,
including notably lower AROC values and top 10% vs.
bottom 90% RRs for ISIgly_a and the indexes of Stumvoll
and colleagues (20).

ISI, ;50 had the highest or second highest AROC ranking
in five of the six ethnicity/study subgroups. Four of the top
five predictors in terms of AROC ranking in the pooled
analysis (IS 150, ISIgly_a, SiM, and QUICKI) tended to be
within or near the top five predictors in each of the
subgroups. The IRAS Hispanic American subgroup was an
exception to this pattern, with results that were notably
inconsistent with those from the pooled analysis as well as
other individual subgroups, although the range of AROC
curve values was narrower in this subgroup compared
with the others (Table 5). Most high-ranking indexes from
the pooled analysis were not highly ranked (ranks 10-18)
in this subgroup, particularly for the comparison in risk
for the top 10% versus the bottom 90% (Table 6). For the
other subgroups, however, IS, 15, (and to a lesser degree
ISIgly_a and SiM) consistently demonstrated moderate-to-
high rankings for the 10% versus bottom 90% comparison
(Table 6). These subgroup patterns were very similar when
the analyses were adjusted for age, sex, systolic blood
pressure, HDL cholesterol, and BMI (data not shown).

In unadjusted analyses, a number of the global interac-
tion terms for both AROC and top 10% vs. bottom 90% RRs
were significant at the P < 0.01 level, including fasting
insulin, FIRI, HOMA, IGT, and Raynaud (data not shown).
However, after models were adjusted for age, sex, systolic
blood pressure, HDL cholesterol, and BMI, the vast major-
ity of these interaction terms were no longer statistically
significant.

DISCUSSION

Insulin resistance (IR), a central feature in the natural
history of type 2 diabetes (1,2), is emerging as a possibly
important metabolic disorder in the etiology of a number
of other highly prevalent chronic diseases, including cor-
onary heart disease and stroke (3,4). Given the cost and
complexity of direct measures of IR, there has been
considerable interest for many years in simple indexes of
IR for use in large clinical or epidemiological studies. The
last few years, in particular, have witnessed the publica-
tion of several new indexes (10,11,14,15,17-21). The crite-
rion validity of these new indexes has usually been
demonstrated against direct measures in small groups of
subjects. The criterion validity of a spectrum of these
indexes in large numbers of subjects has been presented
infrequently (12,13,22), and only once has the predictive
ability of these indexes been examined (13). In the present
study, we found that Gutt et al.’s (19) ISI,, ;5, demonstrated
the best overall ability to predict diabetes in a large
multiethnic cohort. This was the case in both pooled and
subgroup analysis. Other indexes, including ISIgly_a, SiM,
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and QUICK]I, also displayed strong and consistent predic-
tion of diabetes, although there were some subgroup differ-
ences, especially among IRAS Hispanic American subjects.
An explanation for the differences in index ranking among
IRAS Hispanic American subjects is not immediately ap-
parent, although this is the smallest of the subgroups (n =
149), and the findings might therefore be the result of
random variation. In addition, the range of AROC curve
values was substantially narrower in this subgroup when
compared with the others. Finally, it is conceivable that
the finding is the result of genuine variation in the etiology
of diabetes between the ethnic groups, with the possibility
of a relative preponderance of IR in Hispanic American
subjects.

Only one previous study has examined the predictive
ability of simple indexes of IR. Hanson et al. (13) consid-
ered a number of indexes in the prediction of diabetes
among Pima Indians, but their article appeared before the
publication of several new indexes over the past 2 years.
We have extended this work by including the use of
receiver operator characteristic curves and formal statis-
tical comparisons, and by including a number of ethnic
groups and a full spectrum of indexes. Hanson et al. (13)
reported that fasting insulin and ISI (both fasting and 2 h)
most strongly predicted the incidence of diabetes among
the IR indexes tested. We found that these particular
indexes showed moderate abilities to predict diabetes
compared with more recently proposed indexes (Table 3).

Although several previous studies have examined the
criterion validity of simple indexes of IR against gold
standard measures, the majority compared a newly pro-
posed index to a few others in small datasets. A limited
number of studies have compared several indexes using
larger datasets (12,13,22). It is difficult, however, to make
comparisons because ours is the first study to have
evaluated the full spectrum of indexes available to date,
including the newly proposed indexes. In the present
study, we found that SiM, ISIgly_a, ISL,,, and the Stumvoll
index demonstrated the strongest correlation with S;.

The differences in the findings between the criterion
validity and prediction analyses are of interest. Although
ISI, 150 was most predictive of diabetes, it showed only
moderate correlation with S; (7 = 0.68), with other indexes
being more strongly correlated (see Table 2). It is possible
that this difference reflects the fact that IS, ;5, may more
completely capture other important domains of diabetes
pathogenesis, including (-cell dysfunction and increased
hepatic glucose production, whereas other indexes are
more customized measures of IR itself. In this respect it is
important to recall that IR and diabetes are not equivalent
end points, and that IR and B-cell dysfunction indepen-
dently predict diabetes (2). In addition, many of the simple
IR indexes considered here were developed using mathe-
matical modeling of criterion (direct) measures of IR,
rather than “diabetes.”

The findings of this analysis yielded no strikingly appar-
ent patterns regarding the benefits of using indexes that
use both fasting and 2-h measures of insulin and glucose,
versus those that use fasting measures alone. Although a
number of fasting and 2-h indexes ranked among the top
five in the AROC and top 10% vs. bottom 90% analyses, two
indexes that use only fasting and glucose and insulin

DIABETES, VOL. 52, FEBRUARY 2003



A.J.G. HANLEY AND ASSOCIATES

concentrations (including QUICKI and ISIgly_b) also
ranked within the top five. In a recent article examining
the repeatability of simple indexes of IR, Mather et al. (28)
found that indexes that used natural logarithmic trans-
formations of insulin and glucose concentrations had
superior test characteristics, which helped explain their
stronger correlation with direct measures. However, the
use of log transformations does not appear to explain the
current findings. Although ISI 5, does use the log trans-
formation of the mean of fasting and 2-h insulin, other
indexes that were consistently predictive of diabetes do
not (e.g., ISIgly_a, SiM, ISIgly_b).

The HOMA-IR and the FIRI indexes are linear transfor-
mations of each other and should therefore produce iden-
tical findings. Although this was generally the case, the
two indexes differed in ranking in a few instances. The
results differ because HOMA-IR cannot be calculated when
fasting glucose is <3.5 mmol/l (7), whereas there are no
such instructions for calculation of FIRI (8). We confirmed
this by rerunning our analysis, excluding subjects with
fasting glucose <3.5 mmol/l in the calculation of FIRI,
and we found that the HOMA-IR and FIRI results were
identical.

In conclusion, we found substantial differences between
published IR indexes, with ISI, ;,, consistently showing
greater association with the incidence of diabetes. This
index may reflect other aspects of diabetes pathogenesis
in addition to IR, which might explain its strong predictive
abilities despite its moderate correlation with direct mea-
sures of IR.
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