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It has been postulated that glucose transport is the
principal site of skeletal muscle insulin resistance in
obesity and type 2 diabetes, though a distribution of
control between glucose transport and phosphorylation
has also been proposed. The current study examined
whether the respective contributions of transport and
phosphorylation to insulin resistance are modulated
across a dose range of insulin stimulation. Rate con-
stants for transport and phosphorylation in skeletal
muscle were estimated using dynamic positron emission
tomography (PET) imaging of 2-deoxy-2[18F]fluoro-D-
glucose ([18F]FDG) during insulin infusions at three
rates (0, 40, and 120 mU/m2 per min) in lean glucose-
tolerant, obese glucose-tolerant, and obese type 2 dia-
betic subjects. Parallel studies of arteriovenous
fractional extraction across the leg of [18F]FDG and
[2-3H] glucose were performed to measure the “lumped
constant” (LC) (i.e., the analog effect) for [18F]FDG to
determine whether this value is affected by insulin dose
or insulin resistance. The value of the LC was similar
across insulin doses and groups. Leg glucose uptake
(LGU) also provided a measure of skeletal muscle glu-
cose metabolism independent of PET. [18F]FDG uptake
determined by PET imaging strongly correlated with LGU
across groups and across insulin doses (r 5 0.81, P <
0.001). Likewise, LGU correlated with PET parameters
of glucose transport (r 5 0.67, P < 0.001) and glucose
phosphorylation (r 5 0.86, P < 0.001). Glucose trans-
port increased in response to insulin in the lean and
obese groups (P < 0.05), but did not increase signifi-
cantly in the type 2 diabetic group. A dose-responsive
pattern of stimulation of glucose phosphorylation was
observed in all groups of subjects (P < 0.05); however,
glucose phosphorylation was lower in both the obese
and type 2 diabetic groups compared with the lean
group at the moderate insulin dose (P < 0.05). These

findings indicate an important interaction between
transport and phosphorylation in the insulin resistance
of obesity and type 2 diabetes. Diabetes 50:2069–2079,
2001

D
uring the past several years, several methodol-
ogies for in vivo studies in humans of insulin
regulation of glucose transport and phosphory-
lation in skeletal muscle have been developed.

These methods include a triple tracer forearm method
(1,2), magnetic resonance spectroscopy (MRS) imaging of
glucose-6-phosphate (G-6-P) (3,4) and, more recently, free
glucose (5), and dynamic positron emission tomography
(PET) imaging using the glucose analog 2-deoxy-2[18F]
fluoro-D-glucose ([18F]FDG) (6,7). A consistent finding from
these three methods has been to confirm the importance
of glucose transport (1,2,5–7), and this finding is consis-
tent with data from animal studies (8). However, in vivo
human studies also indicate that glucose phosphorylation
may mediate control of insulin-stimulated glucose metab-
olism in skeletal muscle and contribute to insulin resis-
tance (1,2,6,7). Formation of G-6-P, the reaction catalyzed
by hexokinase, traps glucose within myocytes, preventing
outward transport and sustaining a gradient for free glu-
cose flux across sarcolemma (9). In addition, utilization of
ATP in formation of G-6-P has a major role in ATP-ADP
exchange in mitochondria and thus in the regulation of
oxidative phosphorylation (9).

In skeletal muscle in lean healthy individuals, insulin
enhances the efficiency of glucose phosphorylation (1,6).
Dose-responsive studies in lean individuals suggest an
important contribution of glucose phosphorylation to the
control of glucose utilization (7). The distribution of con-
trol between glucose transport and phosphorylation sug-
gests that phosphorylation has an important regulatory
contribution during moderate insulin stimulation, whereas
transport may limit utilization at marked insulin stimula-
tion (7). This pattern of normal physiology raises the
question of the respective contributions of glucose trans-
port and phosphorylation to insulin resistance. In investi-
gations in patients with type 2 diabetes using either PET
imaging of [18F]FDG (6) or the forearm triple tracer meth-
od (2), insulin resistance in skeletal muscle appears to
involve impediments of both glucose transport and glucose
phosphorylation. Although these findings are consistent
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with a distribution of control between transport and
phosphorylation in mediating insulin resistance, it remains
unknown whether this is a dynamic or a fixed relationship
in the pathophysiology of insulin resistance. A recent study
using MRS to estimate intracellular free glucose concentra-
tion in skeletal muscle found no substantial accumulation
in type 2 diabetes during marked insulin concentrations
(5) and accordingly concluded that glucose transport is
the predominant site of insulin resistance in type 2
diabetes. However, it remains unclear whether this in-
terpretation is fully applicable across a range of insulin
concentration. For example, in the study by Cline et al. (5),
skeletal muscle in type 2 diabetic patients versus lean
control subjects had a lesser increment in G-6-P during
moderate insulin concentrations, yet showed somewhat
higher muscle free glucose concentrations (though not
significantly different). At marked insulin stimulation, the
deficit of G-6-P was partially corrected, whereas free
glucose was lower than in control subjects. Thus, although
these findings are consistent with glucose transport being
rate-limiting at marked insulin concentration, the question
persists of whether a redistribution of control might also be
effected by insulin even in the setting of insulin resistance.

The primary purpose of the current study was to exam-
ine dose-response effects of insulin (i.e., basal, moderate,
and high steady-state concentrations) on the regulation
of glucose transport and glucose phosphorylation with-
in skeletal muscle in obesity and type 2 diabetes, as
compared with lean healthy volunteers. A second purpose
of our study was to assess the analog effect of [18F]FDG
relative to glucose, an effect generally termed the lumped
constant (LC). Our laboratory (10) and others (11) re-
cently reported a value of ;1.2 for skeletal muscle in lean
healthy volunteers. The LC has not been evaluated with
respect to insulin resistance, and this is of importance in
comparing insulin-sensitive and insulin-resistant subjects.
To perform studies of the LC and to compare data from
PET imaging with an independently derived measure of
insulin-stimulated glucose metabolism by skeletal muscle,
arteriovenous limb balance studies across the leg were
carried out during steady-state metabolic conditions, si-
multaneously with PET imaging.

RESEARCH DESIGN AND METHODS

Subjects. A total of 42 research volunteers participated in this study. They
were categorized into three groups (lean glucose-tolerant subjects, n 5 14;
obese glucose-tolerant subjects, n 5 15; and obese subjects with type 2
diabetes, n 5 13). Subjects were recruited by advertisement. Before partici-
pating in this study, each volunteer had a medical examination. Participants
were of stable weight, in good general health, and with normal values for
hematological, renal, thyroid, and hepatic function. The University of Pitts-
burgh Institutional Review Board approved the investigation, and all volun-
teers gave written informed consent.

Characteristics of study subjects are shown in Table 1. Groups did not
differ in sex distribution. Overall, the three groups differed in age (lean 37 6
1 years, obese 42 6 2 years, and obese with type 2 diabetes 50 6 2 years,
mean 6 SE, P , 0.001). Obese subjects with and without type 2 diabetes had
similar BMIs. Fasting plasma glucose and HbA1c levels were higher in subjects
with type 2 diabetes (P , 0.001), and obese subjects and obese type 2 diabetic
subjects had fasting hyperinsulinemia as compared with lean volunteers.
Subjects with type 2 diabetes were under good glycemic control at entry to the
study and were treated with diet alone (n 5 2) or sulfonylureas (n 5 11), and
all diabetes medications were withdrawn at least 2 weeks before the studies.
The mean known duration of type 2 diabetes was 4.5 6 1.0 years. Four obese
subjects reported a family history of type 2 diabetes. The majority of subjects
were normotensive. Two obese subjects had diastolic blood pressure readings

between 90 and 100 mmHg and three subjects with type 2 diabetes were
receiving antihypertensive therapy.
Study design. The study protocol is shown in Fig. 1. All subjects were
randomly assigned to receive euglycemic insulin infusion at rates of 0, 40, or
120 mU/m2 per min. Within insulin dose assignment, the subjects did not differ
by baseline characteristics. Subjects were admitted to the University of
Pittsburgh General Clinical Research Center on the evening before studies in
order to standardize activity and the length of fast before studies. Subjects
were instructed to ingest a diet containing at least 200 g carbohydrate for at
least 3 days before admission and to refrain from exercise on the day
preceding a study. On the evening of admission, subjects received a dinner of
standardized composition (7 kcal/kg; 50% carbohydrate, 30% fat, and 20%
protein), then fasted overnight until completion of the study.
Euglycemic-hyperinsulinemic clamp. On the morning of the study, an
intravenous catheter was placed in an antecubital vein for infusion of insulin
and glucose and for later injection of [18F]FDG and [2-3H]glucose ([2-3H]G)
(high-performance liquid chromatography [HPLC] purified, New England
Nuclear, Boston, MA). Catheters were placed in a radial artery and a femoral
vein for blood sampling, which included the determination of the arterial
concentrations of [18F]FDG for use as an input function in PET modeling,
and for leg-balance studies. After basal measurements of arterial insulin
and arterial and femoral venous glucose, an insulin infusion (or saline for
basal dose of insulin) was initiated and continued for 270 min. During insulin
infusion, arterial glucose was measured at 5 per min intervals, using a YSI
Glucose Analyzer (Yellow Springs Instruments, Yellow Springs, OH). An
adjustable infusion of 20% dextrose maintained euglycemia for 3 h before
injection of [18F]FDG, so that steady-state metabolic conditions were attained.
Measurement of [18F]FDG uptake with PET. Subjects were positioned in
the PET scanner after 150 min of insulin infusion so that the midthigh corre-
sponded to the midpoint axial field of view to obtain a transmission scan (Fig.
1). The transmission scan was performed using rotating rods of 68Ge/68Ga to
correct the emission data for photon attenuation. This was followed by an
intravenous injection of 4 mCi of [18F]FDG, synthesized using a modification
of the method of Hamacher et al. (12) and [2-3H]G. A 90 per min dynamic PET
scan was simultaneously initiated (19 frames: 4 3 30 s, 4 3 2 min, 6 3 5 min,
and 5 3 10 min). Dynamic arterial sampling of [18F]FDG was also performed
as described below. The PET scans were acquired in two-dimensional (2D)
and three-dimensional (3D) imaging modes using a Siemens CTI 951 R/31 (n 5
15) scanner, an ECAT ART scanner (n 5 27). The imaging characteristics of
the two scanners were comparable. The Siemens 951R/31 scanner acquired 31
imaging planes simultaneously (2D, in-plane resolution 6.0 mm FWHM [ramp

FIG. 1. Study protocol. Bolus injections of [18F]FDG and [3H]G were
administered at 180 min. Arterial sampling was performed as described
in the text.

TABLE 1
Baseline characteristics of study subjects

Lean
subjects

Obese
subjects

Type 2
diabetic
patients

Sex (n) 12M/2F 11M/4F 8M/5F
Age (years) 37 6 1* 42 6 2* 50 6 2*
BMI (kg/m2) 24.9 6 0.4* 32.4 6 0.7* 32.3 6 0.8*
Fasting plasma glucose

(mmol/l) 4.5 6 0.1* 5.2 6 0.1* 9.5 6 3.7*
HbA1c (%) 5.0 6 0.1* 5.3 6 0.1* 7.2 6 0.3*
Fasting insulin (pmol/l) 30 6 5* 84 6 18* 96 6 12*

Data are means 6 SE, unless otherwise indicated. *P , 0.001 for
overall three-group comparisons.
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filter], axial slice width: 3.4 mm), whereas 47 imaging planes were acquired
using the ECAT ART scanner (3D, in-plane resolution 6.0 mm FWHM [ramp
filter], axial slice width 3.4 mm). The scatter fraction was low for the 2D
Siemens CTI 951 (13%) (13) and no scatter correction was performed
following conventional methods. The 3D ART had a scatter fraction that
was ;37% (14), and these emission data were corrected for scattered photons
using a model-based correction method (15,16). A total of seven subjects (one
obese and one with type 2 diabetes at the 40-unit dose and one lean, two
obese, and two with type 2 diabetes at the 120-unit dose) had their studies
limited to 60 min due to discomfort while lying on the scanning table.
Defining regions of interest in skeletal muscle. To more clearly define
skeletal muscle on PET images, three cross-sectional computed tomography
(CT) scans of 1-cm thickness were obtained at upper, middle, and lower
boundaries of the region of midthigh to be scanned during PET imaging. These
CT images were coregistered with the matching PET transmission images as
previously described (6). Regions of interest (ROIs) were drawn in medial and
lateral thigh muscle using Imagetool (CTI PET Systems) software (Fig. 2A)
and saved as template files for application to the PET images (Fig. 2B). The
ROIs were applied across multiple planes of the dynamic PET scans after
correction of the PET data for radioactive decay. The tissue time activity data
within the ROIs were converted to units of radioactivity concentration
(mCi/ml) using an empirical phantom-based calibration factor (mCi/ml/PET
counts per pixel).
Leg-balance studies. Arteriovenous balance studies of glucose, [18F]FDG,
and [2-3H]G were performed at the University of Pittsburgh PET Center
concurrent with PET scanning (Fig. 1), for the purpose of obtaining a measure
of glucose uptake by leg tissue, for comparison with PET imaging data, and to
assess the LC as described below. Blood flow to the leg was measured using
venous occlusion strain-gauge plethysmography. During steady-state condi-
tions, the rate of glucose uptake across the leg was calculated as the product
of arteriovenous differences for glucose and blood flow according to the Fick
principle. The mean of five determinations of blood flow and the mean of eight
determinations of arteriovenous differences for glucose were used in the
calculation. The arteriovenous extraction of glucose was determined under
steady-state conditions during the last 90 min of the clamp study.

To determine the LC for [18F]FDG, the fractional extractions of [18F]FDG
and [2-3H]G across the leg were measured. Injections of 4 mCi of [18F]FDG
(described above) and 20 mCi of [2-3H]G (HPLC purified, New England
Nuclear), dissolved in 5 ml of normal saline, were administered via an
antecubital venous catheter at the start of the PET study. Sampling of arterial
and femoral venous blood for plasma [18F]FDG and [2-3H]G radioactivity were
obtained at 6-s intervals for 2 min, 20-s intervals for 1 min, 30-s intervals for
1 min, and at 5, 7, 10, 15, 20, and 30 min, then every 15 min until 90 min
postinjection of [18F]FDG and [3H]G. Exact timing of each sample was
recorded. Blood was centrifuged and radioactivity in 0.2 ml of plasma was
counted using a Packard Canbarra well counter. For determination of [3H]G,
these plasma samples were stored, frozen at 280°C, then later deprotein-
ized, evaporated to dryness to remove tritiated water, reconstituted (scintil-
lation liquid), and counted with liquid scintillation, as previously described (17).
Calculations. A three-compartment model was used to analyze the [18F]FDG
kinetics of the PET data (18–20) as previously described (7). Compartmental
modeling, using the dynamically acquired PET data with the arterial plasma
time course of [18F]FDG activity (CP) as a model input function, used a
nonlinear least-squares method to iteratively derive values for the individual
rate constants: k1 (ml/min/ml), k2 (min21), and k3 (min21). The rate constants

represent inward transport (k1), outward transport (k2), and phosphorylation
(k3) of [18F]FDG as shown below:

k1 k3

[18F]FDG 3 [18F]FDG 3 [18F]FDG-6-P

In Plasma 4 In Tissue 4 In Tissue

(CP) k2 (CE) k4 (CM)

Dephosphorylation of [18F]FDG-6-P, represented by the parameter k4 (min21),
was assumed to be negligible during these emission studies, in accord with
prior data (21) and after preliminary estimates of this parameter revealed
extremely small values (,0.01 min21) in the current study.

Using the individual kinetic parameters, we calculated three additional
parameters. The first is overall uptake rate of [18F]FDG [K 5 (k1 3 k3)/(k2 1
k3), ml/min/ml]. The second, that of the ratio k1/k2, (ml/ml), corresponds to the
distribution volume of free (nonphosphorylated) [18F]FDG (DVCE) and reflects
glucose transport. The inward transport rate constant, k1, reflects movement
of tracer from plasma to a tissue compartment that includes both intracellular
and interstitial space. Conceptually, the k2 parameter represents movement of
free [18F]FDG from the “tissue” compartment back into plasma. However, it is
conceivable that, anatomically, the “tissue” compartment for free [18F]FDG
could represent both the interstitial space and the intracellular space. Thus, k2

might reflect [18F]FDG that is returning to plasma from 1) the interstitial
space, because it has not been transported into the myocyte and/or 2) the
myocyte, because it has been transported into the myocyte but not phosphor-
ylated. Because the amount of free glucose in the intracellular space is
regarded as very small with respect to interstitial space, an elevated value of
k2 may largely reflect free [18F]FDG that has entered interstitial space from
plasma but has not entered intracellular space. Thus, defects in glucose
transport may be reflected both as reduced k1 and increased k2. The
phosphorylation fraction (PF) of [18F]FDG [PF 5 k3/(k2 1 k3)] is a fraction
with a potential range of 0 to 1, reflecting the disposition for nonphosphory-
lated [18F]FDG within the tissue compartment to be phosphorylated (as k3 .
k2) or to egress to the plasma compartment (as k2 . k3). It has been
interpreted as an index of the extent to which glucose phosphorylation serves
as the rate-limiting step of glucose metabolism relative to glucose transport (22).

To assess the analog effect of [18F]FDG, we compared the extraction of this
analog with that of nonanalog glucose represented by [2-3H]G. Because
[18F]FDG is conventionally given as a bolus, the LC was determined based on
a bolus injection of [18F]FDG. To relate the extraction of a bolus injection
[18F]FDG to a bolus of a nonanalog of glucose, [2-3H]G was given simulta-
neously. The LC was calculated as the ratio between the fractional extraction
of [18F]FDG (E[18F]FDG) and that of [2-3H]G (E[2–3H]G). Representative bolus
curves of [18F]FDG and [2-3H]G are shown in Fig. 3. The non–steady-state
fractional extractions (E) of [18F]FDG and [2-3H]G were determined based on
the respective arterial (CA) and femoral venous (CV) plasma radioactivity
concentration differences over the study period (23). The fractional extrac-
tions (E) were calculated over the study duration (T) such that:

E[18F]FDG or [2-3H]G 5 O
i 5 1

T

(CA 2 CV)/O
i 5 1

T

CA

Because the arterial venous differences in extraction approximated zero by 60
min after bolus injection, the data were not extrapolated to infinity but were

FIG. 2. ROIs were identified on the medial and lateral thigh muscles on the coregistered CT-transmission scan (A) and then applied to dynamic
PET images (B).
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measured over a 90 per min period. Comparable values for the LC were
obtained regardless of whether the data were analyzed over 60 or 90 min.
Statistics. Data are expressed as means 6 SE. Analysis of variance, with
use of nonparametric analyses where appropriate, was used to examine the
effects of insulin dose on the various metabolic parameters (e.g., leg
glucose uptake [LGU]). Correlations and linear regression were used to
examine associations between variables. A P value of ,0.05 was consid-
ered significant.

RESULTS

Arteriovenous insulin-stimulated glucose uptake

across the leg. Steady-state rates of LGU in lean, obese,
and obese type 2 diabetic volunteers at basal, moderate,
and high levels of insulin stimulation are shown in Table 2.
Euglycemia was maintained during insulin infusions, ex-

FIG. 3. Representative arterial and femoral venous plasma time-activity curves for [18F]FDG and [3H]G at insulin infusion of 40 mU/min z m22 in
lean (A), obese (B), and type 2 diabetic (C) subjects. f, Arterial data; Œ, venous data. Data from later time points are shown in the inset graphs.
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cept that hyperglycemia (10.4 6 2.6 mmol/l) persisted in
subjects with type 2 diabetes who received a basal (zero
rate) insulin infusion. Plasma insulin levels attained during
the moderate and high rates of insulin infusion were
similar in obese and diabetic subjects and were higher
than in lean subjects (P , 0.05). The rate of steady-state
systemic glucose infusion needed to maintain euglycemia
(data not shown) differed by insulin dose (P , 0.05) and
correlated with respective values for LGU (r 5 0.76, P ,
0.001).

Rates of glucose uptake across the leg increased in a
dose-responsive manner across the three rates of insulin
infusion (Table 2). Basal rates of LGU and fractional
extraction of glucose were similar in all groups, but at the
moderate rate of insulin infusion, LGU and fractional
extraction of glucose were three- to fourfold greater in
lean volunteers than in obese and type 2 diabetic subjects.
At the high rate of insulin infusion, group differences were
less evident, as rates of LGU and fractional extraction of
glucose in obese and type 2 diabetic volunteers did not
differ significantly from lean volunteers.
Rate constants for glucose transport and phosphory-

lation. Table 3 shows the overall rate of [18F]FDG clearance

(K) and the rate constants for inward transport (k1),
outward transport (k2), and glucose phosphorylation (k3).
Basal. During basal conditions, the overall clearance of
[18F]FDG by thigh muscle did not differ significantly in
comparing obese and type 2 diabetic volunteers with lean
subjects, nor were there significant group differences for
the individual rate constants.
Moderate insulin infusion. In lean volunteers, the mod-
erate rate of insulin infusion stimulated approximately an
eight- to tenfold increase in the overall clearance of FDG
compared with basal values, reaching a significantly high-
er mean value than in obese or type 2 diabetic volunteers
(Table 3). In lean volunteers, values for k3 increased ap-
proximately fivefold above basal during moderate insulin,
whereas values for k2 decreased. There was a significant
group difference in values for k2, with higher values in the
obese and type 2 diabetic subjects. No significant changes
in any of the three rate constants were observed in obese
or type 2 diabetic compared with respective basal values.
The values for the DVCE of FDG (k1:k2 ratio) and the PF
[k3/(k2 1 k3)] were each significantly greater in lean
compared with obese or type 2 diabetic subjects (Figs. 4
and 5). The values for DVCE and PF were approximately

TABLE 2
Insulin-stimulated glucose metabolism obtained by leg balance methods

Insulin dose
(mU/m2 per min)

Subjects
(n)

Arterial
glucose
(mmol/l)

Plasma
insulin

(pmol/l)

Glucose
infusion rate

(mg/kg per min)

Arteriove-
nous glucose

difference
(mmol/l)

Blood flow
(ml/min/100 ml

leg tissue)

LGU (mg/
min/100 ml
leg tissue)

Fractional
extraction
of glucose

(%)

Basal (0)
Lean 4 4.9 6 0.1 53 6 12 0.0 6 0.0 0.1 6 0.0 2.1 6 0.4 0.04 6 0.01 2.3 6 0.4

Obese 4 5.5 6 0.2 90 6 14 0.0 6 0.0 0.1 6 0.0 2.4 6 0.5 0.04 6 0.01 1.9 6 0.5
Type 2 diabetic 4 10.4 6 2.6 92 6 27 0.0 6 0.0 0.2 6 0.0 1.9 6 0.3 0.05 6 0.004 1.7 6 0.3

Moderate (40)
Lean 6 5.3 6 0.3 448 6 11* 8.4 6 0.8* 1.6 6 0.3* 2.7 6 0.2 0.87 6 0.28* 30.9 6 6.2*

Obese 4 5.2 6 0.1 596 6 49* 2.9 6 0.3* 0.5 6 0.1* 2.6 6 0.6 0.24 6 0.06* 10.3 6 1.2*
Type 2 diabetic 4 5.5 6 0.1 587 6 23* 1.9 6 0.4* 0.4 6 0.0* 2.3 6 0.4 0.18 6 0.05* 7.9 6 0.9*

High (120)
Lean 4 5.1 6 0.1 1,270 6 64*† 8.3 6 0.4† 2.2 6 0.1† 2.9 6 0.3 1.13 6 0.14† 42.1 6 2.2†

Obese 7 5.1 6 0.1 1,979 6 154*† 7.7 6 0.9† 1.9 6 0.2† 3.9 6 0.6 1.30 6 0.24† 36.9 6 4.2†
Type 2 diabetic 5 5.3 6 0.1 2,097 6 356*† 4.8 6 1.2† 1.4 6 0.4† 3.6 6 0.7 0.83 6 0.16† 27.6 6 7.3†

Data are means 6 SE, unless otherwise indicated. *P , 0.05, analysis of variance between groups (lean, obese, type 2 diabetic) within insulin
dose; †P , 0.05, analysis of variance for significant change between insulin doses within group (lean, obese, type 2 diabetic).

TABLE 3
Rate constants from three-compartment modeling of dynamic PET of [18F]FDG metabolism in skeletal muscle

Insulin dose
(mU/m2 per min)

K 3 1023

(mg/ml per min) k1 (ml/min per ml) k2 (min21) k3 (min21)

Basal (0)
Lean 2.75 6 0.86 0.028 6 0.012 0.259 6 0.058 0.030 6 0.007
Obese 0.80 6 0.11 0.017 6 0.004 0.368 6 0.116 0.017 6 0.001
Type 2 diabetic 1.08 6 0.40 0.049 6 0.033 0.942 6 0.389 0.018 6 0.007

Moderate (40)
Lean 19.13 6 3.70* 0.032 6 0.006 0.105 6 0.034* 0.141 6 0.039
Obese 4.97 6 0.84* 0.043 6 0.006 0.463 6 0.134* 0.051 6 0.007
Type 2 diabetic 2.42 6 0.47* 0.022 6 0.004 0.389 6 0.090* 0.048 6 0.013

High (120)
Lean 11.72 6 0.78† 0.017 6 0.002 0.136 6 0.074 0.265 6 0.054†
Obese‡ 15.28 6 2.16† 0.028 6 0.006 0.139 6 0.061† 0.147 6 0.045
Type 2 diabetic 11.32 6 2.10† 0.035 6 0.010 0.350 6 0.133 0.208 6 0.087†

Data are means 6 SE. *P , 0.05, analysis of variance between groups (lean, obese, type 2 diabetic) within insulin dose; †P , 0.05, analysis
of variance for significant change between insulin doses within group (lean, obese, type 2 diabetic); ‡one subject failed PET scan.
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seven- to tenfold greater in lean compared with the other
two groups and did not differ in obese compared with type
2 diabetic subjects. Moreover, although the DVCE and PF
values were substantially increased compared with basal
values in lean volunteers, in the obese and type 2 diabetic
groups, these parameters of glucose transport and phos-
phorylation were only marginally and nonsignificantly
increased compared with basal conditions.
High insulin infusion. During high rates of insulin infu-
sion, group differences were far less evident. There was not
a significant group difference in rates of [18F]FDG clear-
ance (Table 3), PF (Fig. 5), or the rate constants of k1 or k3
(Table 3). The group differences noted for k2 at moderate
insulin were no longer significant. Within lean volunteers,
there was relatively little difference in the rate constants in
comparing results at moderate versus high ranges of insu-
lin infusion. However, for the obese subjects, values for K
and k3 (Table 3), DVCE (Fig. 4), and PF (Fig. 5) were strong-
ly increased at the high versus the moderate rate of insulin
infusion, and k2 was significantly decreased compared
with basal. In the type 2 diabetic subjects, the high rate of
insulin infusion also resulted in stimulation of K and k3
(Table 3) and PF (Fig. 5), though values for the rate con-
stant k2 remained elevated and DVCE (Fig. 4) remained
suppressed.
Relation of rate constants to LGU. Regression analysis
was used to assess the relation of rate constants derived
from dynamic PET imaging to glucose uptake determined
simultaneously with leg-balance techniques. The correla-
tion coefficients are shown in Table 4. LGU was signifi-
cantly and positively correlated with overall FDG uptake
(r 5 0.81, P , 0.001). The relationship between LGU and
k1 did not reach statistical significance (r 5 0.16, P . 0.10),

whereas there was significant negative relation to k2 (r 5
20.38, P , 0.05), the rate constant for outward transport
of [18F]FDG from skeletal muscle and positive correlation
with DVCE (r 5 0.64, P , 0.001, Fig. 6A), the parameter of
glucose transport. With respect to the kinetics of glucose
phosphorylation, LGU was significantly correlated with k3
(r 5 0.53, P , 0.01) and the PF (r 5 0.76, P , 0.001, Fig.
6B). Glucose fractional extraction, measured by arterio-
venous leg balance, is a physiological parameter of the ex-
tent to which plasma glucose is trapped by skeletal muscle.
This measure was strongly correlated with PF (r 5 0.87,
P , 0.001), which in turn represents a PET-derived index
of glucose trapping. Glucose fractional extraction across
the leg was also significantly related to several additional
PET-derived rate constants. The correlations between leg
blood flow and PET-derived rate constants were of lesser
magnitude (Table 4).

FIG. 4. Effect of insulin on the distribution volume (DVCE) of [18F]FDG
in lean (M), obese (f), and type 2 diabetic (p) subjects. *The DVCE was
reduced at the moderate (40 mU/m2 per min) insulin dose for obese and
type 2 diabetic subjects when compared with lean subjects (P < 0.05).
**The DVCE was increased compared with the basal state at the high
(120 mU/m2 per min) insulin dose for the lean and obese subjects (P <
0.05).

FIG. 5. Effect of insulin on the PF of [18F]FDG in lean (M), obese (f),
and type 2 diabetic (p) subjects. *The PF was reduced at the moderate
(40 mU/m2 per min) insulin dose for obese and type 2 diabetic subjects
when compared with lean subjects (P < 0.05). **The PF was increased
compared with the basal state at the high (120 mU/m2 per min) insulin
dose for the lean, obese, and type 2 diabetic subjects (P < 0.05).

TABLE 4
Correlations between rate constants for [18F]FDG transport and
phosphorylation, determined by dynamic PET, and assessments
from leg balance studies across all groups and all insulin levels

LGU
Glucose fractional

extraction Leg blood flow

K 0.81‡ 0.82‡ 0.44†
k1 0.16 0.05 0.16
k2 20.38* 20.48† 20.12
k3 0.53† 0.58‡ 0.28
Distribution volume 0.64‡ 0.51† 0.34*
Phosphorylation fraction 0.76‡ 0.87† 0.36*

*P , 0.05, †P , 0.01, ‡P , 0.001.
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Stepwise multivariate regression analysis was used to
further explore the relationship between PET-derived rate
constants and LGU. Using LGU as the dependent variable
and allowing the rate constants k1, k2, and k3 to enter as
the independent variables, the inclusion of k2 and k3 ex-
plained 46% (P , 0.001) of the variance in LGU with no
additional significant contribution from k1. When the DVCE
and PF were used as the independent variables, the PF
explained 63% (P , 0.001) of the variance in LGU with no
additional ability to predict LGU contributed from the
DVCE. These models suggest that the efficiency with which
[18F]FDG is phosphorylated within skeletal muscle has a
key role in determining the variance among insulin-sensi-
tive and insulin-resistant subjects for skeletal muscle
glucose metabolism.

Determination of the LC. Values for the arteriovenous
fractional extraction of [18F]FDG and [3H]G across the leg
are shown in Table 5. The fractional extraction of [18F]
FDG and [3H]G both increased in response to insulin dose
(P , 0.001), and there was strong correlation between
these parameters and the fractional extraction of glucose
(E[18F]FDG: r 5 0.91, P , 0.001; E[3H]G: r 5 0.90, P , 0.001).

Values for the LC, calculated from the quotient of the
fractional extraction for [18F]FDG across the leg to that of
[3H]G, are also shown in Table 5. The arithmetic mean for
the entire sample, across the three rates of insulin infu-
sion, was 1.28 6 0.08. Values for the LC did not change
significantly in relation to insulin infusion rate within or
between groups. Shown in Fig. 7 is a regression plot of
fractional extraction of [18F]FDG and fractional extraction
of [3H]G. A highly significant correlation was observed
(r 5 0.95; P , 0.001), and the slope of this plot represents
the value for the LC and is 1.22 6 0.08 (P , 0.001) when
forcing the y intercept through zero.

DISCUSSION

Classic dose-response studies of in vivo insulin action,
performed using the glucose clamp method, demonstrate a
rightward shift in obesity and type 2 diabetes (24). How-
ever, while these patterns indicate that the mechanisms of
insulin resistance are malleable to insulin dose, it remains
unclear which defects are mitigated by increased insulin
concentration and whether some impairments remain
fixed. Development of several in vivo methods for inves-
tigation of glucose transport and phosphorylation in skel-
etal muscle creates an opportunity to address the question
of how proximal steps of glucose metabolism contribute
to dose-response patterns of glucose metabolism (1–4,
6,7). The current study was undertaken with this purpose.
Our laboratory, in a recent study using dynamic PET
imaging of [18F]FDG, found that in lean healthy individu-

FIG. 6. Scatter plot of LGU, determined by leg-balance techniques, and distribution volume (A) and phosphorylation fraction (B), determined by
dynamic PET imaging for lean (E), obese (F), and type 2 diabetic (M) subjects.

TABLE 5
Fractional extraction of glucose, [18F]FDG, [3H]G, and the calcu-
lated LC

Insulin dose
(mU/min per m2) [18F]FDG (%) [3H]G (%)

LC ([18F]FDG/
[3H]G)

Basal (0)
Lean 11.4 6 4.4 10.5 6 4.3 1.03 6 0.28
Obese 14.6 6 2.8 12.2 6 2.7 1.34 6 0.21
Type 2 diabetic 8.2 6 1.4 6.9 6 0.4 1.18 6 0.13

Moderate (40)
Lean 49.5 6 10.0* 37.1 6 7.5* 1.34 6 0.04
Obese 11.8 6 3.3* 10.2 6 3.0* 1.23 6 0.19
Type 2 diabetic 14.3 6 2.8* 11.3 6 3.2* 1.40 6 0.21

High (120)
Lean 46.5 6 3.4† 40.9 6 4.1† 1.15 6 0.74
Obese 39.8 6 3.7† 30.8 6 3.4† 1.31 6 0.49
Type 2 diabetic 37.5 6 7.5† 27.8 6 6.6† 1.41 6 0.07

Data are means 6 SE. *P , 0.05, analysis of variance between groups
(lean, obese, type 2 diabetic) within insulin dose; †P , 0.05, analysis
of variance for significant change between insulin doses within group
(lean, obese, type 2 diabetic).
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als, insulin not only modulates the kinetics of both glucose
transport and glucose phosphorylation, but also modu-
lates the interaction, or distribution of control, between
these steps (7). In the current study, a rightward shift in
the regulation of glucose transport and phosphorylation
was found in type 2 diabetes and obesity. At a moderate
level of insulin stimulation, there was insulin resistance of
both glucose phosphorylation and glucose transport. The
impairments were of similar severity in obesity and type 2
diabetes. However, these impairments were not fixed in
severity. At a marked level of insulin stimulation, achieved
with an infusion rate of 120 mU/m2 per min, the impedi-
ment of glucose phosphorylation in skeletal muscle was
substantially corrected in both type 2 diabetes and obesity.
However, the parameters of glucose transport remained
reduced in type 2 diabetes, whereas in obesity without
type 2 diabetes, the impairment of glucose transport was
alleviated. These dose-response findings suggest that in
insulin resistance, as also found in insulin sensitivity, there
is important dose-related insulin regulation of glucose
transport and phosphorylation. The findings point not only
to an impaired capacity for glucose transport, but also to
an impairment in the efficiency of glucose phosphorylation
in the pathogenesis of insulin resistance of skeletal muscle
in obesity and type 2 diabetes. However, the contribution
of impaired glucose phosphorylation appears to be chiefly
evident at low to moderate levels of insulin stimulation.
Thus, although this study confirms that glucose transport
serves as a rate-limiting step for rates of glucose uptake
during marked insulin concentrations, the data also pro-
vide fresh insight into the modulation of insulin resistance
and the potential importance of the distribution of control
between transport and phosphorylation in modulating
insulin action.

Previously, during a study using dynamic PET imaging,

comparing fasting versus a single rate of insulin infusion,
given at 40 mU/m2 per min that achieved concentrations in
the upper physiological range, individuals with type 2
diabetes were also found to have insulin resistance at both
glucose transport and phosphorylation (6). Obese non-
diabetic subjects in that study manifested an impairment
of insulin-stimulated glucose transport that was of similar
severity to that observed in type 2 diabetes, but they did
not manifest a significant impairment of glucose phosphor-
ylation. In the current study, the defect in glucose phos-
phorylation was evident in obesity as well as in type 2
diabetes. One reason for the difference may be that the
subjects in the current study had more severe insulin
resistance than the obese subjects of the prior investiga-
tion. Bonadonna et al. (2), using a forearm triple tracer
method to study glucose transport and phosphorylation,
also found impairment of both insulin-stimulated glucose
transport and insulin-stimulated glucose phosphorylation
in type 2 diabetes during moderate insulin stimulation.
Therefore, like the data derived from dynamic PET imag-
ing, the findings from the forearm triple tracer method
indicate a major role for the two proximal steps of glucose
metabolism in the pathophysiology of insulin resistance.
However, to our knowledge, the studies using the forearm
method have not examined dose-response modulation of
these steps in relation to healthy volunteers or those with
insulin resistance. Another method applied to assess the
role of glucose transport and phosphorylation has been to
ascertain muscle concentration of G-6-P using MRS (3,4).
This approach is based on the postulate that an elevated
level of G-6-P implicates a cause of insulin resistance
beyond these initial steps, whereas a depressed level
indicates an impediment at either or both glucose trans-
port and phosphorylation. In lean healthy volunteers,
insulin stimulates an increment in muscle concentration of
G-6-P, whereas in keeping with a key role for these steps
in the pathogenesis of skeletal muscle insulin resistance in
type 2 diabetes, less increase of G-6-P is found (3,4).

One goal of the current study was to quantify the analog
effect of [18F]FDG within skeletal muscles and to deter-
mine whether this is affected by either insulin concentra-
tion or insulin resistance. The analog effect was determined
by comparing the arteriovenous uptake of [18F]FDG and
[2-3H]G across the leg, each given as a bolus injection. The
effect of insulin on the uptake of the analog and nonanalog
glucose was very similar, as reflected by the plots of
arteriovenous differences and by the strong overall corre-
lation between fractional extractions of these two com-
pounds. The respective ratio of uptakes, which is a
determination of the LC for [18F]FDG, was 1.2. This
indicates a modest, preferential uptake of [18F]FDG. Im-
portantly, the LC was not different in obesity or type 2
diabetes, nor did it change significantly in response to
insulin concentration. Thus, group differences with re-
spect to rates of [18F]FDG uptake or the kinetics of
transport and phosphorylation are not attributable to
differences in analog effects of [18F]FDG.

In the current study, the leg-balance (product of arterio-
venous differences and blood flow) method was also used
to determine rates of actual glucose uptake during steady-
state conditions that prevailed during PET imaging. These
measurements therefore provided simultaneous and inde-

FIG. 7. Regression plot of fractional extraction of [18F]FDG and
fractional extraction of [3H]G under basal (E), 40 mU/m2 per min
insulin (F), and 120 mU/m2 per min insulin (M). The slope of this line
is 1.22 6 0.08 and represents the LC.
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pendent measures of glucose metabolism by the same
tissue imaged using PET. Overall, across groups and insu-
lin doses, there was strong correlation between rates of
glucose uptake across the leg and rates of [18F]FDG up-
take into skeletal muscle. With regard to the respective
contributions of glucose transport and phosphorylation in
relation to LGU, both parameters had significant correla-
tion. There was very strong correlation (r 5 0.87) between
the fractional extraction of glucose, which measures the
extent of glucose trapping, and the kinetic parameter of
glucose phosphorylation derived from modeling of dy-
namic PET imaging, which also reflects the efficiency of
glucose trapped within muscle.

In the present data, the findings of a reduced value for
transport parameter DVCE are strong and are clear evi-
dence that impaired glucose transport contributes to insu-
lin resistance during both moderate and marked insulin
stimulation. The current findings also indicate that effi-
ciency of insulin stimulation of glucose phosphorylation is
an additional determinant of glucose metabolism by skel-
etal muscle, with the important qualification that the
dose-response patterns suggest that this effect is most
important at low to moderate levels of insulin stimulation.
Arguably, these are the conditions that are most pertinent
to daily living. These findings in regard to redistribution of
control by glucose transport and phosphorylation in insu-
lin resistance of obesity and type 2 diabetes are consistent
with patterns of redistribution of control observed in lean
healthy volunteers during dose-response insulin infusion
studies (7). In lean subjects, at the three doses used in the
current study and with an additional low rate of insulin
infusion (20 mU/m2 per min), a dose-dependent insulin
stimulation of glucose phosphorylation was observed in
a pattern indicative of a key role in controlling glucose
uptake during relatively low levels of insulin stimulation
(7). However, in those data, as in the current study in
obesity and type 2 diabetes, marked insulin stimulation
appears to achieve near-maximal stimulation of glucose
phosphorylation, and this shifts the locus of control to-
ward glucose transport. Therefore, insulin not only acts to
modulate activity at proximal steps of glucose metabo-
lism, but also appears to further modulate the distribution
of control that these steps exert over rates of glucose
utilization in both lean and insulin-resistant subjects.

The observed changes in DVCE and PF in lean subjects
and at higher insulin doses in obese and type 2 diabetic
subjects were in part driven by significant changes in k2.
Moreover, the lack of change in DVCE and PF at moderate
insulin in obesity and type 2 diabetes was based largely on
a lack of suppression of k2. The DVCE is a classic PET
parameter (19), whereas use of the PF as a PET parameter
has been reported (22) but not as widely used. As noted in
RESEARCH DESIGN AND METHODS, k2 can represent [18F]FDG
that enters the interstitial space but is not transported into
the tissue and [18F]FDG that is transported into the tissue
but not phosphorylated. Therefore, one might question
whether group differences in the PF reflect primarily trans-
port rather than phosphorylation impairments. Limiting
analyses to the k3 values alone revealed an ;10-fold in-
crease from basal to maximal insulin stimulation in lean,
obese, and type 2 diabetic subjects, with a more blunted
effect at moderate insulin. Moreover, k3 was the rate con-

stant with the strongest association with LGU. Thus,
although both DVCE and PF values are affected by k2 and
it is plausible that even the PF parameter could contain
influences of impaired transport, the observed effects on
the k3 parameter indicate an independent contribution of
impaired glucose phosphorylation.

In a recent investigation, Cline et al. (5) used microdi-
alysis and MRS to estimate muscle concentrations of free
glucose and MRS to estimate muscle G-6-P in order to
better determine the respective roles of glucose transport
and phosphorylation in the pathogenesis of insulin resis-
tance in type 2 diabetes. Intracellular concentration of free
glucose was estimated as the difference between intersti-
tial glucose, determined by microdialysis, and free glucose
in tissue and interstitium, determined by MRS. In type 2 di-
abetes, at a moderate insulin concentration, muscle G-6-P
in type 2 diabetes was reduced compared with levels
in nondiabetic subjects, whereas muscle free glucose
was twofold greater, though this difference was not signif-
icant. During marked insulin concentrations, muscle G-6-P
increased in muscle of type 2 diabetic subjects, albeit not
to the level found in nondiabetic subjects during moderate
dose insulin infusion, whereas free glucose concentrations
were reduced. The findings of Cline et al. (5) during marked
insulin concentration were interpreted as consistent with
a rate-limiting impediment at glucose transport. The find-
ings of the current study, during marked insulin concen-
trations, are also consistent with this interpretation. Yet, it
should also be considered that the patterns found in the
study by Cline et al., in the transition from moderate to
marked insulin concentrations, that of intracellular free
glucose declining and G-6-P increasing in type 2 diabetes,
are consistent with an effect of insulin to modulate the
distribution of control between transport and phosphory-
lation, and with insulin resistance at both glucose trans-
port and glucose phosphorylation during moderate levels
of insulin stimulation. The current findings, though consis-
tent with rate-limiting control by glucose transport at
marked insulin stimulation, indicate that at moderate
insulin concentrations, defects of both glucose transport
and phosphorylation are evident in type 2 diabetes.

Assessment of the relative importance of glucose trans-
port and phosphorylation in skeletal muscle glucose up-
take is currently an area of active research (1–7). A major
limitation of any study that attempts to address the rela-
tive roles of glucose transport and phosphorylation is that
the intracellular concentration of free glucose is exceed-
ingly small, necessitating modeling techniques (1,2,6,7) or
other innovative approaches of assessment, such as MRS
(3–5). Thus, in the absence of directly measurable concen-
trations of intracellular free glucose, optimal validation of
any technique is difficult. Moreover, if intracellular free
glucose could be reliably measured, modeling techniques
would not necessarily be required. The quantification of
glucose transport and phosphorylation in human skeletal
muscle using [18F]FDG PET has shown that a three-
compartment model similar to the one used in this report
can be used to characterize the first two steps of glucose
metabolism in skeletal muscle (25).

Modeling techniques have the advantage of being able to
make the maximum use of complex experimental data
from biological systems to determine fractional transfer-
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rate constants. However, as is often the case, modeling
does not necessarily provide definitive answers to the
questions raised but rather emphasizes the perhaps previ-
ously unrecognized importance of component parts of the
system, thus highlighting untested assumptions and re-
vealing the need for improved experimental design (27).
One assumption of modeling techniques is that the mate-
rial in individual pools is uniformly distributed. With the
potential for an arterial to venous gradient of [18F]FDG,
this assumption of uniform distribution of material may
not be appropriate and result in interstitial concentrations
of [18F]FDG that differ from arterial concentrations of
[18F]FDG. To test this hypothesis, modeling was repeated
using varying weighting for the arterial and venous data as
an input function. The input functions we chose to exam-
ine to address this question ranged from 100% arterial to
0% venous, 75% arterial to 25% venous, 50% arterial to 50%
venous, and 25% arterial to 75% venous. This reexamina-
tion of input function, using the various weighted arterial/
venous input functions, did not change the fundamental
group differences reported. A similar issue occurs with the
intracellular distribution of hexokinase, which has been
proposed by some authors to be nonuniform throughout
the cell (27), which may result in nonuniform distribution
of [18F]FDG-6-P. The potential effects of this nonuniform
distribution cannot be determined from the current data.
Further optimization of the current study could be ob-
tained with measures of flow rates. Blood flow was mea-
sured in this study using plethysmography, and rates did
not differ between subjects. Incorporation of better mea-
sures of flow may be indicated to further elucidate the
rate-limiting steps.

Another issue in the interpretation of these data is that
[18F]FDG is an analog of glucose. Prior in vitro studies
have shown that the affinity of [18F]FDG for the glucose
transporter when compared with glucose is similar in rat
heart (28) and up to 70% higher in rat brain (29). In both
the rat heart and brain, the phosphorylation rate constant
of [18F]FDG is 60% that of glucose (28,29). If [18F]FDG is
preferentially transported in comparison to glucose and
glucose is preferentially phosphorylated in comparison to
[18F]FDG, this would suggest that use of [18F]FDG would
theoretically underestimate the role of transport and over-
estimate the role of phosphorylation found in our results
(30). However, the affinity of [18F]FDG relative to glucose
for glucose transporters and hexokinase in humans is less
clear and has not been well studied in human skeletal
muscle or insulin-resistant states. The LC value of 1.2,
which is dependent on relative rates of both transport and
phosphorylation of [18F]FDG, suggests a slight overall
preferential uptake of [18F]FDG over glucose (10,11,31),
and this ratio was not altered under varying degrees of
insulin stimulation or insulin resistance. Thus, although
the absolute rates of glucose transport and phosphoryla-
tion may not be predicted with 100% accuracy, we feel that
group comparisons are valid.

In summary, physiological modeling of the kinetics of
data on insulin-stimulated dynamic PET imaging of [18F]
FDG uptake into skeletal muscle suggests that across
the range of insulin stimulation there is a distribution of
control between the steps of glucose transport and phos-
phorylation. The efficiency of glucose phosphorylation has

an important influence over glucose metabolism that is
particularly evident at low to moderate rates of insulin
stimulation. In the setting of insulin resistance of obesity
and obesity complicated by type 2 diabetes, there is im-
paired efficiency of glucose phosphorylation and this is
especially severe within the range of insulin stimulation
occurring in daily living. These findings reemphasize the
importance of proximal steps of glucose metabolism, and
perhaps especially of glucose phosphorylation, as a deter-
minant of insulin resistance.
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