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Body composition analysis 

Total body fat and fat-free masses were determined by using dual energy X-ray 

absorptiometry (Lunar iDXA, GE Healthcare Lunar, Madison, WI). Muscle mass was calculated 

as 0.53 × lean soft tissue mass1. Intra-abdominal and subcutaneous abdominal adipose tissue 

volumes were assessed by using magnetic resonance imaging2-4. Approximately twenty-five 

(dependent on torso length) 10-mm thick transverse slices beginning at the S1–L5 vertebrae 

proceeding to the top of the liver were captured and analyzed for subcutaneous and intra-

abdominal adipose tissue by segmenting the bright fat intensities from other tissues using the 

Matlab software (MathWorks Inc., MA USA). Volumes of subcutaneous and intra-abdominal 

adipose tissue in each slice were obtained by multiplying the cross-sectional areas by the slice 

thickness; total subcutaneous and intra-abdominal adipose tissue volumes were determined as 

the sum of the volumes in each slice. Adipose tissue mass was derived by assuming a density 

of 0.9 g/ml5. 

 
Metabolic study protocols 

Participants completed a basal metabolic study, a two-stage hyperinsulinemic-euglycemic 

pancreatic clamp procedure, an intravenous glucose tolerance test, and an oral glucose 

tolerance test. The metabolic testing protocols were typically performed within one to four 

weeks. 

Basal metabolic study. At ~0600 h, after participants fasted overnight, a catheter was 

inserted into an antecubital vein to infuse [6,6-2H2]glucose (infusion rate: 0.22 µmol/kg body 
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mass/min, priming dose: 20 µmol/kg body mass) and [U-13C]palmitate (6.0 nmol/kg FFM/min), 

bound to human albumin, for 240 min. Another catheter was inserted into a hand vein, and 

arterialized blood samples (heated hand technique) were obtained between 210 min and 240 

min to determine plasma glucose and palmitate enrichments, and substrate and hormone 

concentrations. Adipose tissue oxygenation was evaluated by inserting a small fiber optic probe 

(Oxylite™, Oxford Optronix Ltd) into subcutaneous abdominal adipose tissue. 

Two-stage hyperinsulinemic-euglycemic pancreatic clamp. At ~0600 h, after participants 

fasted overnight, a catheter was inserted into an antecubital vein to infuse metabolic tracers, 

hormones, and dextrose; another catheter was inserted into a radial artery for blood sampling. 

Participants were then transferred to the Clinical Translational Imaging Unit (CTIU), where 

constant infusions of [6,6-2H2]glucose (infusion rate: 0.165 µmol/kg body mass/min, priming 

dose: 14.9 µmol/kg body mass) and [U-13C]palmitate (4.5 nmol/kg body mass/min) bound to 

human albumin, octreotide (45 ng/kg FFM/min), glucagon (1.5 ng/kg FFM/min), and growth 

hormone (6.0 ng/kg FFM/min) were started and maintained for 360 min. For the initial 120 min, 

insulin was infused at 10 mU/m2 body surface area (BSA) per min (initiated with a two-step 

priming dose of 40 mU/m2 BSA/min for 5 min followed by 20 mU/m2 BSA/min for 5 min); for the 

remaining 240 min, insulin was infused at 50 mU/m2 BSA/min (initiated with a two-step priming 

dose of 200 mU/m2 BSA/min for 5 min followed by 100 mU/m2 BSA/min for 5 min). The infusion 

rates of [6,6-2H2]glucose and [U-13C]palmitate were reduced to 0.11 µmol/kg body mass/min and 

3.0 nmol/kg FFM/min, respectively, at the start of the high dose insulin infusion to account for 

the decreases in endogenous glucose production and palmitate rate of appearance in plasma. 

Dextrose, enriched to 2.5% with [6,6-2H2]glucose, was infused at a variable rate to maintain 

plasma glucose concentration (monitored every 10 min) at ~6.0 mM during insulin infusion. 

Approximately 170 min after starting the hyperinsulinemic clamp procedure, participants were 

transferred to the PET/CT scanner (Siemens Biograph True Point/True View) where ~1.2 GBq 

[15O]H2O was administered as a bolus and 2 min of dynamic PET scanning of the torso was 
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performed; subjects were then quickly repositioned and a second dose of [15O]H2O was 

administered followed by 2 min of PET scanning of the thigh. Immediately thereafter, ~185 MBq 

[18F]FDG was administered intravenously and 40 min dynamic PET scanning of the torso, 

followed by 30 min dynamic PET scanning of the thigh was performed. Low dose CT scans (120 

kVp, 50 mAs effective) were performed for attenuation correction and to delineate the tissue 

regions of interest. Blood samples to determine plasma glucose and palmitate enrichments, and 

substrate and hormone concentrations were collected immediately before the start of the 

hormone infusions and then every 10 min from 80 min to 120 min (stage 1, low dose insulin 

infusion) and from 230 min to 320 min (stage 2, high dose insulin infusion). 

Intravenous glucose tolerance test. At ~0700 h, after participants fasted overnight, a bolus of 

0.55 g glucose per kg body mass was administered intravenously. Blood samples to determine 

plasma glucose, insulin, and C-peptide concentrations were obtained from a hand vein 

immediately before administering the glucose and at 2, 3, 4, 5, 6, 8 and 10 minutes afterwards. 

Oral glucose tolerance test. After an overnight fast, participants ingested 75 grams of 

glucose. Plasma glucose, insulin, C-peptide, fatty acid, and glucagon concentrations were 

determined immediately before and at 30, 60, 90, and 120 min after ingesting the glucose. 

 

Sample processing and analysis 

Blood samples were collected in chilled tubes containing heparin or EDTA and placed on wet 

ice; plasma was separated by centrifugation within 30 min of collection and then stored at -80 

°C until final analyses. Plasma glucose concentration was determined by using the glucose 

oxidase method (YSI 2300 STAT, YSI Inc, Yellow Springs, OH); insulin and C-peptide 

concentrations were determined by using an automated immunoassay (Elecsys®, Roche 

Diagnostics). Plasma fatty acid concentration during the OGTT was measured by using a 

spectrophotometric assay (FUJIFILM Wako Diagnostics USA, CA). Plasma glucagon 

concentration was determined by using an enzyme-linked immunosorbent assay (Mercodia Inc, 
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NC). Plasma glucose and palmitate tracer-to-tracee ratios and plasma fatty acid concentrations 

during the basal study and the hyperinsulinemic euglycemic clamp were determined by using 

gas-chromatography coupled with mass spectrometry6, 7.  

 

Calculations 

Palmitate rate of appearance in plasma was calculated by dividing the [U-13C]palmitate 

infusion rate by the average plasma palmitate tracer-to-tracee ratio7. Glucose rate of 

appearance in plasma was calculated by dividing the [2H2]glucose infusion rate by the average 

plasma glucose tracer-to-tracee ratio6, 7. During basal conditions, this value represents 

endogenous (hepatic) glucose production rate; during the hyperinsulinemic clamp procedure, 

the amount of glucose that was infused was subtracted from this value to obtain the 

endogenous glucose production rate6, 7. Whole body glucose disposal rate was calculated as 

the sum of endogenous glucose production and glucose infusion (both labeled and unlabeled) 

rates. The fractional glucose uptake rates in the erector spinae, obliques, rectus abdominus, 

quadriceps, and hamstring muscles, and abdominal and thigh subcutaneous adipose tissue 

were calculated by using Patlak graphical analysis of the tissue and arterial blood specific 

activity time curves8. Absolute rates of muscle and adipose tissue glucose uptake (µmol/kg 

tissue/min) were derived by dividing the product of fractional [18F]FDG uptake rate and plasma 

glucose concentration by 1.2 (lumped constant for muscle) or 1.14 (adipose tissue)9. Values 

from different muscles and subcutaneous adipose tissue depots, respectively, were averaged 

for presentation. Total glucose uptake rates into muscle and subcutaneous adipose tissue were 

derived by multiplying averaged glucose uptake rates in the different muscle groups and 

adipose tissue depots with total muscle mass and total subcutaneous adipose tissue mass 

(whole-body fat mass minus intra-abdominal adipose tissue mass), respectively. Muscle and 

adipose tissue blood flow (ml/kg tissue/min) was determined by using a one-compartment 

model to fit the arterial blood (corrected for spillover and partial volume) and tissue-specific 
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activity time courses after [15O]H2O injection10. Values from different muscles and subcutaneous 

adipose tissue depots, respectively, were averaged for presentation. Basal insulin secretion rate 

was calculated as the product of basal C-peptide concentration, C-peptide volume of 

distribution, and irreversible fractional clearance rate according to van Cauter11. Insulin 

secretion rate after oral and intravenous glucose administration was obtained by stochastic 

deconvolution12. Hepatic sinusoidal insulin concentration was calculated as described 

previously, assuming hepatic plasma flow is 0.567 liters per m2 of body surface area (composed 

of 80% portal vein and 20% hepatic artery plasma flow) and insulin is secreted into the portal 

vein where it mixes with insulin in the portal vein that is returned from the systemic circulation 

and later with insulin in the hepatic artery that is returned from the systemic circulation13. 
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