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 Insulin resistance of adipose tissue lipolysis causes in-
creased release of fatty acids into the bloodstream and ex-
cessive delivery of free fatty acids (FFAs) to the liver and 
skeletal muscle, which leads to impaired insulin action in 
these organs ( 1 ). Therefore, the assessment of adipose tis-
sue insulin resistance is important because of its key role 
in the pathogenesis of insulin resistance. Reliable assess-
ment of adipose tissue insulin resistance requires perform-
ing a hyperinsulinemic-euglycemic clamp procedure in 
conjunction with a fatty acid tracer infusion to determine 
insulin-mediated suppression of adipose tissue lipolysis 
( 2 ). However, clamp procedures are most commonly per-
formed to assess skeletal muscle insulin sensitivity, which 
does not permit a reliable assessment of adipose tissue in-
sulin action, because the rate of insulin infusion needed to 
achieve submaximal suppression of adipose tissue lipolysis 
is much lower than that needed to adequately stimulate 
skeletal muscle glucose uptake ( 2 ). Therefore, a multi-stage 
insulin infusion has been used to assess multi-organ insu-
lin sensitivity ( 3 ), which can be a burden to both study 
participants and the investigator because it involves a pro-
longed (usually >9 h) procedure. 

 Here, we report a novel method for assessing adipose 
tissue insulin resistance that does not require insulin infu-
sion during a clamp procedure. Accordingly, we tested 
and validated a simple tracer infusion method to deter-
mine the Adipose Tissue Insulin Resistance Index (ATIRI), 
based on the principle of an index used to assess insulin 
sensitivity in the liver that is derived from basal glucose 
kinetics and plasma insulin concentration ( 4 ). 
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on ice and plasma was separated by centrifugation within 
30 min of collection. Plasma samples were stored at  � 80°C 
until fi nal analyses were performed. 

 Analyses of samples.   Plasma glucose concentration was 
measured by using an automated glucose analyzer (Yellow 
Spring Instruments Co, Yellow Springs, OH). Plasma insu-
lin concentration was measured by using a chemilumines-
cent immunoassay method (Immulite 1000, Diagnostic 
Products Corporation, Los Angeles, CA). Plasma FFA con-
centrations were determined by using gas chromatogra-
phy (5890-II; Hewlett-Packard, Palo Alto, CA) ( 9 ). Plasma 
glucose and palmitate tracer-to-tracee ratio were deter-
mined by using electron impact ionization gas chromatog-
raphy-mass spectrometry (MSD 5973 system with capillary 
column; Hewlett-Packard) ( 10 ). 

 Calculations.   Isotopic steady-state conditions were 
achieved for plasma palmitate and glucose during the fi -
nal 30 min of the basal period and for plasma palmitate 
during the fi nal 30 min of the insulin infusion, so Steele’s 
equation for steady-state conditions was used to calculate 
palmitate and glucose kinetics ( 11, 12 ). The ATIRI was cal-
culated as the product of palmitate rate of appearance 
(Ra) (in µmol/min to provide an index of whole body li-
polytic rate) ( 11, 12 ) and plasma insulin concentration (in 
mU/L) obtained during the basal period. Adipose tissue 
insulin resistance was also directly assessed as the relative 
decrease (from basal conditions) in palmitate Ra during 
insulin infusion, adjusted for the relative change in plasma 
insulin concentration (i.e., percent decrease in palmitate 
Ra divided by the percent increase in plasma insulin). The 
homeostasis model assessment of insulin resistance 
(HOMA-IR) was calculated as the product of fasting plasma 
insulin (in mU/l) and glucose (in mg/dl) concentrations 
divided by 22.5 ( 13 ). 

 Statistical analyses 
 All data sets were tested for normality according to the 

Shapiro-Wilk test, and nonnormally distributed variables 
(ATIRI, palmitate Ra percent suppression) were ranked 
for analyses. Pearson correlation analysis was used to assess 
the relationships between the ATIRI and insulin-mediated 
suppression of palmitate Ra during insulin infusion. Mul-

 METHODS 

 Study participants 
 A total of 47 obese subjects [body mass index (BMI): 40.1 ± 9.3 

kg/m 2 ; age: 42 ± 10 yrs; 10 men and 37 women] who underwent 
a hyperinsulinemic-euglycemic clamp procedure with low-dose 
insulin infusion participated in this study. Forty-three of the 47 
subjects had clamp procedures performed for other studies ( 3, 5, 
6 ). All subjects completed a comprehensive medical evaluation, 
including a 2 h oral glucose tolerance test (OGTT). Among the 
47 subjects, 20 had normal glucose tolerance, 14 had impaired 
fasting glucose, and 13 had impaired glucose tolerance. No sub-
jects had diabetes mellitus or any history or evidence of other 
serious chronic diseases or were taking any medications known to 
infl uence glucose or fatty acid metabolism. Subjects gave their 
written informed consent before participating in this study, 
which was approved by the Human Research Protection Offi ce of 
Washington University School of Medicine. 

 Experimental protocol 
 Body composition and adipose tissue insulin sensitivity mea-

surement.   Percent body fat mass was determined by using 
dual energy X-ray absorptiometry (Delphi-W densitome-
ter, Hologic, Waltham, MA) ( 3 ). Adipose tissue insulin 
sensitivity was measured by using the hyperinsulinemic-
euglycemic clamp procedure in conjunction with a stable 
isotopically labeled palmitate tracer infusion, and hepatic 
glucose production was measured by infusing a glucose 
tracer during the basal stage of the clamp ( 7 ). Subjects 
were admitted to the Clinical Research Unit at Washing-
ton University School of Medicine in the afternoon on the 
day before the clamp procedure. The following morning, 
after subjects fasted overnight, a catheter was inserted into 
a forearm vein to infuse stable isotopically labeled palmi-
tate and glucose (purchased from Cambridge Isotope 
Laboratories, Andover, MA), dextrose, and insulin. A sec-
ond catheter was inserted into the contralateral radial ar-
tery to obtain blood samples; if radial artery cannulation 
was not successful, a catheter was inserted into a hand 
vein, which was heated to 55°C by using a thermostatically 
controlled box to obtain arterialized blood samples ( 8 ). At 
0600 h, a primed, continuous infusion of [6,6- 2 H 2 ]glucose 
(priming dose 22.5  � mol/kg body weight; infusion rate 
0.25 µmol/kg body weight/min) was started and contin-
ued for 3.5 h (until the beginning of the insulin infusion). 
At 0800 h, a continuous infusion of [2,2- 2 H 2 ]palmitate (in-
fusion rate 0.035  � mol/kg body weight/min) bound to 
25% albumin was started and continued for 4.5 h. At 0930 
h, 1.5 h after starting the palmitate tracer infusion, a one-
stage hyperinsulinemic-euglycemic clamp procedure was 
started and continued for 3 h. Insulin was infused at low 
rates (7–20 mU/m 2 /min) to submaximally suppress lipol-
ysis of adipose tissue triglycerides. Euglycemia was main-
tained at a blood concentration of  � 5.6 mmol/l (100 mg/
dl) by infusing 20% dextrose at variable rates. 

 Blood samples were obtained before the start of the 
tracer infusion to determine background tracer-to-tracee 
ratio of plasma glucose and palmitate and every 10 min 
during the fi nal 30 min of the basal period and the insulin 
infusion to determine plasma glucose, FFA, and insulin 
concentrations and palmitate kinetics. Samples were placed 

 TABLE 1. Characteristics of the study subjects 

Minimum Maximum Mean ± SD

Weight (kg) 72 218 113 ± 28
BMI (kg/m 2 ) 30 70 40.1 ± 9.3
Body fat (%) 28 52 43 ± 7
Glucose (mg/dl) 83 117 97 ± 9
Insulin (mU/l) 7.1 36.6 17 ± 8
HOMA-IR score 1.6 10.3 4.1 ± 2.1
FFA (µmol/l) 278 816 532 ± 130
Total cholesterol (mg/dl) 63 245 173 ± 35
LDL-cholesterol (mg/dl) 50 151 99 ± 25
HDL-cholesterol (mg/dl) 28 103 46 ± 14
Triglyceride (mg/dl) 45 395 148 ± 72

BMI, body mass index; HOMA-IR, homeostasis model assessment 
of insulin resistance.
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predictor of palmitate Ra suppression, accounting for 73% 
of the total variance; insulin concentration during the 
clamp was the only other signifi cant independent predic-
tor, accounting for an additional 7% of the total variance. 

 DISCUSSION 

 Impaired insulin-mediated suppression of adipose tis-
sue triglyceride lipolysis and excessive release of FFA into 
plasma are likely involved in the pathogenesis of hepatic 
and skeletal muscle insulin resistance in obese people ( 1, 
14, 15 ). Therefore, assessment of adipose tissue insulin re-
sistance is important for understanding the metabolic 
complications associated with obesity. However, reliable 
evaluation of adipose tissue insulin sensitivity is diffi cult, 
because it requires performing a hyperinsulinemic-eugly-
cemic clamp procedure. In the present study, we evalu-
ated the use of a simplifi ed method to assess adipose tissue 
insulin action, obtained by measuring basal FFA kinetics 
and plasma insulin concentration. Our data demonstrate 
that our approach, which we have called the “Adipose Tis-
sue Insulin Resistance Index”, correlates closely with insu-
lin-mediated suppression of adipose tissue lipolytic activity, 
and, therefore, provides a reliable index of adipose tissue 
insulin resistance in obese nondiabetic subjects. 

 The ATIRI used in our study is based on the reciprocal 
of the Hepatic Insulin Sensitivity Index, proposed by Mat-
suda and DeFronzo ( 4 ), to assess hepatic insulin sensitivity. 
The Hepatic Insulin Sensitivity Index is derived from the 
reciprocal of the product of basal endogenous glucose pro-
duction rate and plasma insulin concentration. Accord-
ingly, we hypothesized that a similar principle could be 
used to assess adipose tissue insulin resistance by measur-
ing the product of basal palmitate Ra and plasma insulin 
concentration, because both basal hepatic glucose produc-
tion rate and adipose tissue lipolytic rate are primarily reg-
ulated by circulating insulin ( 2, 16 ). We enrolled obese 
subjects who had a large range in adipose tissue insulin 
sensitivity to enhance our ability to evaluate the reliability 
of this approach. The values for the ATIRI were compared 
with those obtained by using a low-dose insulin infusion 
hyperinsulinemic-euglycemic clamp procedure in the 
same subjects. Our data show that the ATIRI is negatively 
correlated with insulin-mediated suppression of lipolytic 

tiple stepwise linear regression analysis (with age, sex, 
BMI, percent body fat, insulin concentration during the 
clamp, and ATIRI as independent variables) was per-
formed to identify signifi cant independent predictors of 
adipose tissue insulin resistance measured during the 
clamp procedure (suppression of palmitate Ra). Results 
are presented as means ± SD for normally distributed vari-
ables and medians and quartiles for nonnormally distrib-
uted variables. A  P -value  �  0.05 was considered statistically 
signifi cant. Analyses were performed by using SPSS 17.0 
(SPSS Inc., Chicago, IL). 

 RESULTS 

 The metabolic characteristics of the study subjects are 
shown in   Table 1  .  Although all subjects were obese, they 
had a wide range in BMI and percent body fat. There was 
also a large range in fasting plasma glucose, insulin, and 
lipid concentrations. Plasma insulin concentration during 
the clamp procedure (when adipose tissue insulin sensitiv-
ity was evaluated) ranged from 32 to 52 mU/L (mean 
value: 43.0 ± 6.3 mU/L). Insulin infusion resulted in a 
7-fold range in percent suppression of palmitate Ra and 
there was more than a 10-fold range in ATIRI values 
(  Table 2  ),  which enhanced our ability to evaluate the rela-
tionship between the ATIRI and adipose tissue insulin re-
sistance derived from the clamp procedure. There was a 
negative correlation between the ATIRI and the percent 
suppression of palmitate Ra during insulin infusion adjusted 
for the percent change in insulin concentration during 
the clamp ( r  =  � 0.854,  P  < 0.001) (  Fig. 1  ).  A similar strong 
negative correlation between percent palmitate suppres-
sion and ATIRI was also observed in men and women ana-
lyzed separately (men:  r  =  � 0.940,  P  < 0.001, women:  r  = 
 � 0.828,  P  < 0.001). To evaluate the validity of the ATIRI 
across different levels of insulin sensitivity, we divided the 
subjects into tertiles based on hepatic glucose production. 
The correlation between the ATIRI and percent suppres-
sion of palmitate Ra was very strong in each group (1st 
tertile:  r  =  � 0.868; 2nd tertile:  r  =  � 0.782; 3rd tertile:  r  = 
 � 0.841,  p  < 0.001 for all). Multivariate linear regression 
analyses, which included age, sex, BMI, percent body fat, 
insulin concentration during the clamp, and ATIRI as in-
dependent variables, indicated that the ATIRI was the best 

 TABLE 2. Adipose tissue fatty acid kinetics and insulin resistance 

Minimum Maximum Mean ± SD

Fatty acid kinetics during basal conditions:
 Palmitate Ra (µmol/min) 56 246 142 ± 42
 Palmitate Ra (µmol/kgBW/min) 0.7 2.0 1.3 ± 0.3
Fatty acid kinetics during insulin infusion:
 Palmitate Ra (µmol/min) 17 155 55 ± 30
 Palmitate Ra (µmol/kgBW/min) 0.2 1.1 0.5 ± 0.2
 Palmitate Ra suppression (%) 37 85 64 (54,71)  a  
 Palmitate Ra suppression (% decrease in 

 palmitate Ra/% increase in plasma insulin)
0.2 1.5 0.3 (0.2, 0.6)  a  

 Adipose Tissue Insulin Resistance Index (ATIRI) 595 6816 2123 (1138, 3652)  a  

Ra, rate of appearance; BW, body weight. ATIRI is calculated as palmitate Ra × insulin concentration 
[µmol/ min × mU/l]).

  a   Median and quartiles.
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rate in obese subjects. Moreover, multiple stepwise linear 
regression analysis (with age, sex, BMI, percent body fat, 
insulin concentration during the clamp, and ATIRI as in-
dependent variables) found the ATIRI was the best pre-
dictor of insulin-mediated suppression of lipolysis, 
accounting for 73% of the variability in palmitate Ra 
suppression. 

 In conclusion, the ATIRI provides a reliable index of 
adipose tissue insulin resistance in obese subjects and 
correlates with results obtained from a low-dose insulin 
infusion hyperinsulinemic-euglycemic clamp procedure. 
However, the ATIRI is not a direct measure of adipose 
tissue insulin resistance, and should not be used to re-
place the low-dose insulin infusion hyperinsulinemic-
euglycemic clamp procedure when a precise measure of 
insulin action in adipose tissue is needed. In addition, 
our study was conducted in nondiabetic obese adults, so 
our fi ndings cannot be extrapolated to other patient 
populations.  
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  Fig.   1.  Relationship between the Adipose Tissue Insulin Resistance 
Index (ATIRI) and adipose tissue insulin sensitivity, evaluated as the 
percent suppression of palmitate rate of appearance (Ra) in plasma 
during insulin infusion adjusted for changes in insulin concentra-
tion. The lines represent the linear correlation and 95th percentile 
confi dence interval. Data were ranked for analysis.   


