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CHAPTER 2
Insulin resistance in obesity can be reliably identified 
from fasting plasma insulin
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ABSTRACT

Background/Objectives
Insulin resistance is the major contributor to cardiometabolic complications of obesity. 
We aimed to i) establish cutoff points for insulin resistance from hyperinsulinemic-eug-
lycemic clamps, ii) identify insulin-resistant obese subjects and iii) predict insulin resist-
ance from routinely measured variables.

Subjects/Methods
We assembled data from non-obese (n=112) and obese (n=100) men who underwent 
2-step hyperinsulinemic-euglycemic clamps using [6,6-2H2]glucose as tracer (insulin in-
fusion dose 20 and 60 mU·m−2·min−1, respectively). Reference ranges for hepatic and 
peripheral insulin sensitivity were calculated from healthy non-obese men. Based on 
these reference values, obese men with preserved insulin sensitivity or insulin resistance 
were identified.

Results
Cutoff points for insulin-mediated suppression of endogenous glucose production 
(EGP) and insulin-stimulated glucose disappearance rate (Rd) were 46.5% and 37.3 
μmol·kg−1·min−1, respectively. Most obese men (78%) had EGP suppression within the 
reference range, whereas only 12% of obese men had Rd within the reference range. 
Obese men with Rd <37.3 μmol·kg−1·min−1 did not differ from insulin-sensitive obese 
men in age, body mass index (BMI), body composition, fasting glucose or cholesterol, 
but did have higher fasting insulin (110±49 vs 63±29 pmol/l, p<0.001) and homeostasis 
model assessment of insulin resistance (HOMA-IR) (4.5±2.2 vs 2.7±1.4, p=0.004). Insu-
lin-resistant obese men could be identified with good sensitivity (80%) and specificity 
(75%) from fasting insulin >74 pmol/l.

Conclusions
Most obese men have hepatic insulin sensitivity within the range of non-obese controls, 
but below-normal peripheral insulin sensitivity, that is, insulin resistance. Fasting insulin 
(>74 pmol/l with current insulin immunoassay) may be used for identification of insu-
lin-resistant (or metabolically unhealthy) obese men in research and clinical settings.
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INTRODUCTION

Obesity and obesity-related metabolic abnormalities, including type 2 diabetes, are 
a public health threat of epidemic proportions [1]. Insulin is essential for whole-body 
glucose and lipid homeostasis, and resistance to insulin is the major contributor to the 
development of metabolic complications of obesity [32,125].

The hyperinsulinemic-euglycemic clamp technique has been the gold standard for as-
sessing insulin sensitivity in vivo for over 3 decades [39]. Both hepatic and peripheral 
insulin sensitivity can be reliably assessed during 2-step hyperinsulinemic-euglycemic 
clamps that are combined with infusion of tracers such as deuterated glucose [39,44]. 
Insulin-mediated suppression of EGP (that is, hepatic insulin sensitivity) is assessed dur-
ing the first step of mild hyperinsulinemia, and insulin-stimulated whole-body glucose 
uptake (that is, peripheral insulin sensitivity) can be measured during the second step 
of hyperinsulinemia.

Surprisingly, there is uncertainty with respect to which clamp results can be considered 
to represent normal insulin sensitivity [50,51]. Most studies identify insulin-sensitive or 
-resistant humans on the basis of surrogate markers of insulin resistance such as the HO-
MA-IR, but these show modest correlation with direct measurements of insulin sensitiv-
ity and there is no consensus regarding normal vs abnormal values [39,44]. A definition 
of normal hepatic insulin sensitivity has not been proposed.

Reference values for insulin sensitivity may be used to stratify study subjects, but also 
to identify patients with an increased risk of diabetes development and cardiovascular 
disease. In fact, insulin resistance is a major risk factor for cardiovascular disease even 
in the absence of diabetes and overt hyperglycemia [126]. Additionally, persons with 
the metabolic syndrome or prediabetes/insulin resistance benefit from lifestyle or phar-
maceutical interventions [127], and clinical use of agents that specifically target insulin 
resistance may require follow-up measurements of insulin sensitivity [50].

In the present study, we collected data from a large number of consecutive 2-step hy-
perinsulinemic-euglycemic clamps in non-obese and obese men, performed under 
standard operating procedures in our university hospital. We document that i) refer-
ence values for insulin sensitivity can be determined from healthy non-obese men, ii) 
the majority of obese men have hepatic insulin sensitivity within the reference range, iii) 
a small number of obese men have normal peripheral insulin sensitivity, and iv) insulin 
resistance in men can be estimated from simple clinical parameters with good sensitiv-
ity and specificity.

SUBJECTS AND METHODS

Subjects (n=243) participated in 8 metabolic studies at the Academic Medical Center 
(Amsterdam, The Netherlands) from September 2005 until August 2014 [128-135]. 
Consecutive adults who underwent a 2-step hyperinsulinemic-euglycemic clamp (insu-
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lin infusion 20 and 60 mU·m−2·min−1) were included in the analysis when the following 
data could be retrieved: sex, age, BMI, diabetes status, and either basal EGP, suppres-
sion of EGP, or glucose Rd. Additionally, we obtained data on body composition using 
bioimpedance analysis [130], resting energy expenditure (REE) using indirect calorim-
etry [130], fasting plasma glucose, insulin, and lipids as well as plasma glucoregulatory 
hormones during the clamp for most, but not all subjects. Self-reported body weight 
was stable (that is, <5% weight change) for at least 3 months before examinations. Sub-
jects who were studied after an intervention or during non-standard clamp protocols 
(for instance, different rate or duration of insulin infusion) were excluded. Other exclu-
sion criteria were insulin-dependent diabetes, substance abuse (alcohol >2 units/day, 
drugs), exercise >3 h/week, the use of antipsychotic or antidepressant medication, or 
any somatic disorder except for obesity-related conditions (that is, secondary dyslipi-
demia, secondary hypertension or impaired glucose tolerance). We distinguished be-
tween non-obese (BMI <30 kg/m2) and obese (BMI ≥30 kg/m2) subjects. All procedures 
were approved by the Academic Medical Center ethics committee, and all subjects pro-
vided written informed consent in accordance with the Declaration of Helsinki.

Two-step hyperinsulinemic-euglycemic clamp
Glucose clamp studies were performed as previously described [128-131]. After an 
overnight fast, catheters were inserted into peripheral veins of both arms for infusion 
of the glucose tracer, glucose, and insulin and sampling of arterialized blood using a 
heated-hand box (60 °C), respectively. We used [6,6-2H2]glucose (>99% enriched; Cam-
bridge Isotopes, Andover, MA, USA) as tracer.

At t=−2 h (0800 h), a primed continuous infusion of [6,6-2H2]glucose (prime 11 μmol/
kg; continuous 0.11 μmol·kg−1·min·−1) was started and continued until the end of the 
experiment. After 2 h of equilibration (t=0), infusion of insulin (Actrapid; Novo Nordisk 
Farma, Alphen aan de Rijn, The Netherlands) was started at a rate of 20 mU·m−2·min−1. 
Plasma glucose was measured every 10 min and 20% glucose enriched with 1% [6,6-
2H2]glucose (to approximate plasma enrichment) was infused at a variable rate to main-
tain plasma glucose at 5.0 mmol/l. After 2 h of insulin infusion (t=2 h), the rate was 
increased to 60 mU·m−2·min−1 for the second step. At t=−2 h, a blood sample was drawn 
for background glucose enrichment. At t=0, 2 and 4 h, 3 (t=0 h) or 5 (t=2 and 4 h) blood 
samples with a 5-min interval were drawn to assess glucose enrichments and glucoreg-
ulatory hormones.

In 30 non-obese and 10 obese subjects, a 1-step hyperinsulinemic-euglycemic clamp 
was performed with 4 h of insulin infusion at 60 mU·m−2·min−1. Suppression of EGP is not 
reported for these subjects.

Laboratory analyses
Glucose was determined with the glucose oxidase method using a Biosen C-line plus 
glucose analyzer (EKF Diagnostics, Barleben/Magdeburg, Germany) or a Beckman au-
toanalyzer (Beckman, Fullerton, CA, USA). Insulin, cortisol and glucagon were deter-
mined as previously described [130]. Plasma lipids were determined by automated 
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enzymatic colometric methods as previously described [133]. Plasma enrichment of 
[6,6-2H2]glucose (tracer-to-tracee ratio) was determined by gas chromatography–mass 
spectrometry as previously described [136].

Calculations
HOMA-IR and quantitative insulin sensitivity check index (QUICKI) were calculated as 
previously described [137,138]. EGP and Rd were calculated using modified versions 
of the Steele equations for the steady state (basal EGP) or non-steady state (during 
insulin infusion) as previously described, and expressed as μmol·[kg fat-free mass (FF-
M)]−1·min−1 and μmol·(kg body weight)−1·min−1, respectively [40,41]. Suppression of EGP 
during the first step of hyperinsulinemia is expressed as percentage suppression of 
basal EGP. Insulin clearance was calculated as insulin infusion rate/plasma insulin con-
centration during both steps of the clamp [130].

Determining reference values
Since the hyperinsulinemic-euglycemic clamp is the gold standard for measuring insu-
lin sensitivity, we used the distribution of clamp results obtained in healthy individuals 
to define normal insulin sensitivity and, by extension, insulin resistance. We selected 
non-obese subjects who had no history of a medical disorder, did not use medication 
and had no signs of renal, liver, thyroid and hematological disorders on screening, 
for inclusion in the reference population. Reference intervals may be estimated using 
parametric or nonparametric methods [139,140]. Non-parametric methods rely on 
fewer assumptions and may be more robust. We estimated reference intervals using 
the non-parametric method, defining the normal range as the central 0.95 fraction in 
the (non-obese) reference population. Values corresponding to rank 0.025·(n+1) and 
0.975·(n+1) were considered the lower and upper limit of the reference interval.

Statistical analysis
All non-obese subjects included in the reference population were men. Since we ob-
served differences in insulin sensitivity between obese men and women (not shown) 
and insulin sensitivity is known to be affected by sex in lean and obese individuals [141], 
we limited the primary analysis to obese men. Groups were compared by Mann–Whit-
ney U tests. Pearson’s coefficient was used to assess linear correlations. Predictors of 
suppression of EGP and Rd were determined using multiple linear regression. Here, 
independent variables had p>0.2 in univariate regression and did not show multicol-
linearity (for instance, for fasting insulin, HOMA-IR and QUICKI, only the strongest pre-
dictor was entered into the model). Receiver-operator characteristic (ROC) curves were 
used to determine optimal cutoff points for estimating insulin resistance from clinical 
variables. The optimal cutoff point provides the optimal balance between high sensitiv-
ity and high specificity (that is, maximizes sensitivity+specificity). Differences with a pre-
defined p<0.05 were considered as statistically significant. Analyses were performed 
using IBM SPSS Statistics v21 (Armonk, NY, USA).
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Table 2.1. Baseline characteristics of included subjects.

Non-obese men Obese men p

n 112 100

Age (years) 24±7 53±9 <0.001

BMI (kg/m2) 22.7±2.3 35.7±3.8 <0.001

Body fat (%) 16.2±3.9 39.3±4.3 <0.001

Glucose (mmol/l) 4.9±0.3 5.5±0.8 <0.001

Insulin (pmol/l) 25±17 104±49 <0.001

HOMA-IR 0.9±0.7 4.3±2.2 <0.001

QUICKI 0.41±0.04 0.32±0.03 <0.001

Triglycerides (mmol/l) 0.7±0.4 1.6±0.9 <0.001

Total cholesterol (mmol/l)1 4.7±1.5

LDL (mmol/l) 2.2±0.7 3.2±0.9 <0.001

HDL (mmol/l) 1.4±0.3 1.0±0.2 <0.001

Data are mean ± SD. Groups were compared by Mann Whitney U. Obesity was defined as BMI ≥30 
kg/m2. 1 Total cholesterol data could not be retrieved for most non-obese subjects.

RESULTS

Participants
We included 112 non-obese and 100 obese men in the analysis (Table 2.1). All non-
obese men had normal fasting plasma glucose and no dyslipidemia. No participants 
had known preexisting diabetes, but 3 obese men had fasting plasma glucose >7.0 
mmol/l on the morning of the hyperinsulinemic-euglycemic clamp. Compared with non-
obese men, obese men had significantly higher age, BMI, body fat percentage, fasting 
glucose, insulin, triglycerides and low-density lipoprotein (LDL), and lower high-density 
lipoprotein (HDL).

Glucose metabolism
Surrogate indices of insulin resistance (HOMA-IR and QUICKI) reflected more resistance 
in obese subjects (Table 2.1). In the obese group, basal EGP was slightly increased 
(Figure 2.1A), and hepatic and peripheral insulin sensitivity were lower: insulin-medi-
ated suppression of EGP was decreased by 25%, whereas insulin-stimulated Rd was 
decreased by 58% compared with non-obese men (Figures 2.1B-C). In obese subjects, 
insulin levels during the second step of the hyperinsulinemic-euglycemic clamp were 
34% higher and, correspondingly, insulin clearance was decreased by 24% compared 
with non-obese subjects (Figure 2.1D). Detailed clamp data can be found in Supple-
mental Table S1.
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Figure 2.1. (A) Basal EGP, (B) hepatic insulin sensitivity (expressed as insulin-mediated suppres-
sion of EGP), (C) peripheral insulin sensitivity (expressed as insulin-stimulated glucose Rd) and (D) 
insulin clearance during step 2 of the clamp in non-obese (n=112) and obese men (n=100). Data 
are mean ± SD. * p<0.01.

Distribution and reference ranges
The non-parametric reference range for fasting EGP in healthy non-obese men was 
9.7–17.3 μmol·kgFFM−1·min−1 (Supplemental Table S2). The distribution of EGP sup-
pression in non-obese and obese men showed substantial overlap, whereas the distri-
bution of Rd was bimodal and showed minimal overlap between non-obese and obese 
men (Figures 2.2A-B). The reference ranges for EGP suppression and Rd in healthy 
non-obese men were 46.5–100% and 37.3–89.8 μmol·kg−1·min−1, respectively (Supple-
mental Table S2), indicating that EGP suppression >46.5%, assessed during the first 
step of our standardized 2-step hyperinsulinemic-euglycemic clamp, represents normal 
hepatic insulin sensitivity and Rd >37.3 μmol·kg−1·min−1 during the second step of the 
clamp represents normal peripheral insulin sensitivity.

Identifying insulin-sensitive and -resistant obese men
When we applied these cutoff values to our obese cohort, most obese men had normal 
hepatic insulin sensitivity: 78% of obese men had suppression of EGP within the range 
of non-obese controls (that is, >46.5%). In contrast, only 12% of obese men had Rd with-
in the reference range (that is, >37.3 μmol·kg−1·min−1) and, consequently, the majority of 
obese men (88%) can be considered as insulin resistant. Interestingly, 95% of subjects 
with hepatic insulin resistance also had peripheral insulin resistance, whereas 76% of 
the subjects with peripheral insulin resistance did not have hepatic insulin resistance. Al-
though the correlations between EGP suppression and Rd were statistically significant, 
variance in EGP suppression only predicted 15 and 14% of variance in Rd in non-obese 
and obese men, respectively (Supplemental Figure S1).
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Figure 2.2. Histograms of (A) hepatic and (B) peripheral insulin sensitivity in non-obese (white 
bars) and obese (black bars) men.

Subsequently, we compared insulin-sensitive and –resistant obese subjects and did not 
find differences in age, BMI, body fat percentage, fasting plasma glucose, cholesterol 
and LDL (Table 2.2). However, insulin-sensitive obese men did have lower fasting plas-
ma insulin, HOMA-IR and triglycerides, and higher QUICKI and HDL (Table 2.2). Again, 
although significant, the difference in hepatic insulin sensitivity between insulin-sensi-
tive and -resistant obese men (relative difference 16%) was less pronounced compared 
with the difference in peripheral insulin sensitivity (relative difference 44%).

After adjustment for age, BMI, triglycerides and HDL, the strongest determinant of nor-
mal insulin sensitivity in obese men was fasting plasma insulin (OR 0.96 per unit (pmol/l) 
increase (95% CI 0.93–0.99, p=0.005); Supplemental Table S3). Using ROC curve 
analysis, we found that insulin resistance in obese men could be estimated with good 
sensitivity (79.6%) and specificity (75.0%) from fasting plasma insulin using a cutoff of 
>74 pmol/l [area under ROC curve (aROC)=0.797, p<0.001; Figure 2.3A]. Interesting-
ly, we could not discriminate between insulin sensitivity and resistance in obese men 
using fasting plasma glucose (aROC=0.553, p=0.549; Figure 2.3B), and discriminatory 
power of HOMA-IR (aROC=0.759, p=0.004; Figure 2.3C) and QUICKI (aROC=0.762, 
p=0.003; not shown) as diagnostic tools for insulin resistance were slightly lower than 
fasting plasma insulin alone. Using a cutoff point of HOMA-IR >3.2, insulin resistance in 
obese men could be identified with 75.0% sensitivity and 75.0% specificity. These find-
ings are further illustrated by the strong correlations between insulin sensitivity (Rd) and 
fasting plasma insulin or HOMA-IR, but not glucose (Figures 2.3D-F).
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Table 2.2. Obese men with preserved insulin sensitivity or insulin resistance.

Sensitive Resistant p

n (%) 12 (12) 88 (88)

Baseline

 Age (years) 50±12 53±9 0.521

 BMI (kg/m2) 34.2±2.7 35.9±3.9 0.173

 Body fat (%) 38.3±2.6 39.9±4.6 0.478

 Glucose (mmol/l) 5.5±0.7 5.5±0.8 0.549

 Insulin (pmol/l) 63±29 110±49 0.001

 HOMA-IR 2.7±1.4 4.5±2.2 0.004

 QUICKI 0.34±0.02 0.31±0.03 0.003

 Triglycerides (mmol/l) 1.1±0.4 1.7±0.9 0.014

 Total cholesterol (mmol/l) 4.2±1.8 4.7±1.4 0.464

 LDL (mmol/l) 3.3±0.8 3.2±0.9 0.780

 HDL (mmol/l) 1.3±0.3 1.0±0.2 0.008

Two-step clamp

 EGP, basal (µmol·kgFFM-1·min-1) 14.9±4.2 14.7±3.2 0.827

 Suppression of EGP (%) 69.0±18.7 58.2±14.9 0.021

 Rd (µmol·kg-1·min-1) 43.8±5.1 24.6±6.8 <0.0011

 Insulin, clamp step 2 (pmol/l) 645±176 726±168 0.035

Data are mean ± SD. Groups were compared by Mann Whitney U. Insulin-sensitive obesity 
was defined as Rd within the reference range of healthy non-obese controls (that is,  
Rd >37.3 µmol·kg-1·min-1). 1 By study design.

Since the non-obese reference population comprised only men, we limited the primary 
analysis to obese men. In a separate group of 31 obese women (Supplemental Ta-
ble S4), fasting plasma insulin >74 pmol/l predicted being in the lower 3 quartiles of 
peripheral insulin sensitivity with consistent sensitivity and specificity (91.3 and 75.0%, 
respectively; aROC=0.837, p=0.005; Figure 2.4). Finally, only 1 of the non-obese men 
had fasting plasma insulin >74 pmol/l, and this subject had the lowest Rd of all non-
obese subjects (that is, 33. μmol·kg−1·min−1).

Other determinants of insulin sensitivity
Multiple regression analysis showed that fasting plasma glucose, fasting plasma insulin 
and plasma insulin during the first step of the clamp were independent determinants 
of EGP suppression in obese men (Supplemental Table S5). In the obese group, Rd 
was independently associated with BMI, fasting plasma insulin, triglycerides and HDL 
(Supplemental Table S6). Age was not a determinant of hepatic or peripheral insulin 
sensitivity in both non-obese and obese men.
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DISCUSSION

In the present study, we describe reference ranges for hepatic and peripheral insulin 
sensitivity from glucose clamp studies in healthy non-obese men. We established cut-
off values for defining hepatic (suppression of EGP >46.5%) and peripheral (Rd >37.3 
μmol·kg−1·min−1) insulin resistance from 2-step hyperinsulinemic-euglycemic clamps 
with insulin infusion rates of 20 and 60 mU·m-2·min-1. We found that 22% of obese men 
in our cohort had reduced insulin-mediated suppression of EGP and that 88% had re-
duced insulin-stimulated Rd. In the group of obese men, peripheral insulin resistance 
could be identified with good sensitivity and specificity from a single fasting plasma 
insulin sample.

The bimodal distribution of glucose disposal has previously been used to determine 
a cutoff for insulin resistance [50], but this distribution likely reflects oversampling of 
insulin-resistant (obese) study participants (Figure 2.2B). Similarly, bimodality in the dis-
tribution of fasting or 2-h plasma glucose was not suitable for defining diagnostic cutoff 
points for diabetes [142]. In another study [51], the optimal cutoff was determined using 
diabetes status as a reference for the presence of ‘true’ insulin resistance. However, an 
estimated 25% of the non-diabetic population is as resistant to insulin as diabetes pa-
tients [143], reducing the specificity of cutoffs derived from this method.

Preferably, since the hyperinsulinemic-euglycemic clamp is the gold standard for meas-
uring insulin sensitivity, the distribution of clamp-derived data in healthy, normal-weight 
controls is used to define reference ranges. Moreover, the central 0.95 fraction as well 
as the calculation we used are in accordance with consensus guidelines for defining 
reference ranges in clinical chemistry [139,140]. Obese men who are identified as being 
insulin sensitive by our cutoff values have, by definition, Rd within the reference range of 
healthy, non-obese men. We thus provide rational cutoff points for distinguishing insulin 
sensitivity from insulin resistance.

There was a difference in age between the non-obese and obese groups, but it has 
been previously shown that chronological age per se has no effect on insulin sensitivity 
independent of age-related changes in adiposity and physical activity [141,144]. We 
also observed that age was no determinant of hepatic or peripheral insulin sensitivity 
in non-obese and obese men, indicating that, although non-obese men were younger 
and we could not establish age-specific reference values, our cutoff values for defining 
insulin resistance from clamps are applicable to all adult men studied under our stand-
ard operating procedures.
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Figure 2.3. (A-C) ROC curves for predicting insulin resistance in obese men (n=100) from fasting 
insulin, fasting glucose, and HOMA-IR. The arrow in (A) indicates an optimal cutoff point (that is, 
optimal balance between high sensitivity and high specificity) corresponding to fasting plasma 
insulin >74 pmol/l. (D-F) Relationship between clamp-derived measurements of insulin sensitivity 
(Rd) and fasting insulin, fasting glucose, or HOMA-IR.
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Figure 2.4. ROC curve for predicting insulin resistance from fasting plasma insulin in obese women 
(n=31). Since the reference ranges for insulin sensitivity were calculated from male controls, in this 
additional analysis we defined insulin resistance as the lower 3 quartiles of insulin sensitivity (Rd). 
The arrow indicates an optimal cutoff point corresponding to fasting insulin >74 pmol/l, consistent 
with the primary analysis in obese men.

In current clinical practice, fasting plasma glucose is frequently used in the diagnosis 
of (pre)diabetes and cardiovascular risk assessment [145,146]. However, in our study 
fasting plasma glucose could not distinguish between insulin sensitivity and resistance 
in obese men (Figure 2.3B). In other words, fasting plasma glucose does not provide 
adequate information on the degree of insulin resistance. In contrast, fasting plasma 
insulin identified insulin resistance in obese men with good sensitivity and specificity 
when a cutoff of 74 pmol/l was used. Previously, fasting plasma insulin was strongly cor-
related with insulin resistance in a large number of clamp experiments [147], and fasting 
plasma insulin >53.0 pmol/l predicted being in the upper quartile of insulin sensitivity 
estimated from an oral glucose tolerance test [148]. Moreover, in our additional analysis 
of 31 obese women, fasting plasma insulin had consistently good discriminatory power 
(Figure 2.4), supporting the ability of fasting plasma insulin to distinguish between in-
sulin sensitivity and resistance.

Although insulin resistance is an important contributor to the development of type 2 di-
abetes, insulin resistance and diabetes are not the same pathological entities [32,125]. 
Diagnostic criteria for type 2 diabetes are well established [145], and we do not pro-
pose any changes to the current criteria. Our study aimed to identify insulin resistance in 
non-diabetic obese patients, because obese patients who do not meet criteria for (pre)
diabetes may still be at risk for insulin resistance and cardiometabolic disease [32,126]. 
Addition of a measurement of insulin sensitivity to the diagnostic work up may help to 
identify these high-risk obese patients with insulin resistance, even if they do not meet 
criteria for (pre)diabetes. Fasting plasma insulin seems to be an early indicator of the 
presence of insulin resistance, making it a potential useful tool to identify patients at risk 
even in normoglycemic conditions.
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Clinically, simple recognition of insulin resistance is appealing, since early identifica-
tion and subsequent treatment of insulin-resistant humans may favorably influence or 
prevent the progression of cardiometabolic disease. Insulin-sensitizing therapies are in-
creasingly available [149,150], and high-risk patients previously benefitted from lifestyle 
interventions or metformin [127]. Although population-based prevalence data are not 
available, our results, in line with previous estimates [44,147], suggest that a large num-
ber of obese humans are insulin resistant and may profit from such interventions. These 
observations warrant large trials to fully assess the benefits of directly targeting insu-
lin resistance (in the absence of diabetes). Moreover, unraveling the mechanisms that 
protect some obese individuals against development of insulin resistance may reveal 
novel targets for prevention or treatment [44]. Thus, identification of insulin resistance 
is relevant both clinically and scientifically. Our cutoff value for estimating insulin resist-
ance from fasting plasma insulin (>74 pmol/l) may provide a tool in research and clinical 
settings, where feasibility of hyperinsulinemic-euglycemic clamps is limited. Note that 
impaired insulin secretion in long-term diabetes may reduce sensitivity of this test, and 
further studies are needed to validate our findings in diabetes patients.

To our best knowledge, this is the largest collection of 2-step hyperinsulinemic-eugly-
cemic clamps to date, providing valuable insight into hepatic and peripheral insulin re-
sistance in an obese cohort. Hepatic responsiveness to insulin (suppression of EGP) was 
highly variable even in healthy non-obese men. Although obese men on average had 
lower hepatic insulin sensitivity, distribution of insulin-mediated suppression of EGP in 
both groups showed substantial overlap, and a large number of obese men had hepatic 
insulin sensitivity within the normal range. This is in contrast to peripheral insulin sen-
sitivity, where overlap between non-obese and obese men was minimal. Our findings 
clearly show that the severity of peripheral insulin resistance is more pronounced than 
the severity of hepatic insulin resistance in obese men. In fact, multiple lines of evidence 
suggest that development of peripheral insulin resistance precedes hepatic insulin re-
sistance. Glucose-tolerant offspring of parents with type 2 diabetes have normal hepat-
ic insulin sensitivity, but reduced insulin-stimulated glucose disposal [35]. In addition, 
obese non-diabetic subjects have better hepatic, but similar peripheral insulin sensitiv-
ity compared with diabetic peers [151], suggesting that hepatic insulin resistance is not 
an early feature of the metabolic complications of obesity. This would also explain that 
almost all subjects with hepatic insulin resistance showed peripheral insulin resistance 
too, but not vice versa.

Ten of the obese and 30 of the non-obese men were studied during a 4-h single step of 
high-dose insulin infusion. Models of insulin kinetics in humans show that insulin levels 
should be close to steady state after 2 h of infusion at 1 dose [152]. However, during 
prolonged clamp experiments at insulin infusion rates of 43 mU·m-2·min-1, glucose dis-
posal continued to increase beyond 2 h, and steady-state conditions were not reached 
until after 4 h [153]. In our sample, subjects that were studied after 4 h of insulin infusion 
at 60 mU·m-2·min-1, or during 2 times 2 h of insulin infusion at respectively 20 and 60 
mU·m-2·min-1 had similar Rd at t=4 h (non-obese 67.1±9.6 vs 63.2±11.1 μmol·kg−1·min−1, 
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p=0.090; obese 26.3±9.3 vs 26.9±9.3 μmol·kg−1·min−1, p=0.797; Supplemental Figure 
S2), suggesting that a plateau may be reached after 2 h at insulin infusion rates of 60 
mU·m-2·min-1. For this reason, we believe it was justified to include these subjects in the 
analysis.

We acknowledge that insulin assays may vary across laboratories. The immunoassay 
that we used to determine plasma insulin concentrations [130] had ≥95% of results 
within the total error allowance (based on biological variability) compared with isotope 
dilution–liquid chromatography/tandem mass spectrometry across the range of clini-
cally relevant concentrations [154]. Nevertheless, although the data clearly support the 
ability of fasting plasma insulin to distinguish between insulin sensitivity and resistance 
as well as improved performance of fasting plasma insulin alone vs HOMA-IR (which is 
based on the same laboratory measurements), the specific fasting plasma insulin cutoff 
presented here may only be applicable to the assay used in this study. Further standard-
ization of insulin assays will greatly help universal clinical application of insulin sensitivity 
(or secretion) cutoff values. We encourage the ADA/EASD/IFCC Insulin Standardization 
Workgroup in its ongoing standardization efforts [155].

In conclusion, we established cutoff points for defining hepatic and peripheral insulin 
resistance in adult men from 2-step hyperinsulinemic-euglycemic clamps with insulin 
infusion rates of 20 and 60 mU·m-2·min-1. Using these cutoffs, only 12% of obese men 
in our cohort had normal peripheral insulin sensitivity. Prevalence of hepatic insulin re-
sistance is lower and may reflect more progressed metabolic disease. Insulin-resistant 
obese subjects can be identified from fasting plasma insulin (>74 pmol/l with current 
insulin immunoassay) with good sensitivity and specificity, and fasting plasma insulin 
may be a tool for scientific and clinical identification of insulin resistance. Further studies 
are needed to externally validate these findings.

Supplemental information to this chapter is available online (http://www.nature.com/ijo).




