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Myocardial and skeletal muscle glucose uptake was examined
in 9 type 2 diabetic patients and 13 control subjects using PET
and the insulin clamp technique. All subjects had clinically stable
coronary heart disease. To simulate the clinical situation, dia-
betic patients were kept slightly hyperglycemic during the clamp
study. Consequently, there were no differences in skeletal mus-
cle or total body glucose disposal between the two groups. With
PET, myocardial glucose uptake was 12-20-fold greater than
that in skeletal muscle in both groups. However, in the diabetic
patients, myocardial glucose uptake was 39% lower (p < 0.05)
than in the control subjects. These data suggest a defect in
myocardial glucose utilization in type 2 diabetes and emphasize
the need for standardized metabolic conditions in diabetic pa-
tients during '®FDG PET imaging.
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Patients with type 2 diabetes are characterized by abnor-
malities in glucose metabolism in several organs: skeletal
muscle glucose disposal is reduced, hepatic glucose pro-
duction is increased and insulin-independent glucose up-
take into the lens and neural tissue are increased (1,2).
Although the actual mechanisms of insulin resistance in
type 2 diabetes remain unknown, several steps in the up-
take and intracellular handling of glucose are probably
affected (3,4).

There is evidence of a specific diabetic cardiomyopa-
thy—possibly of metabolic origin (5)—in the absence of
hypertension or coronary heart disease (6,7). Glucose
serves as an important fuel for the myocardium (8). We
have recently shown that during euglycemic hyperinsuline-
mic clamp, young subjects with type 1 diabetes have nor-
mal rates of myocardial glucose uptake despite insulin re-
sistance in skeletal muscle (9). Whether there are any
abnormalities in the myocardial glucose uptake in type 2
diabetes, a disease of older age and commonly associated
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with coronary artery disease (CAD), is not known. In the
present study, we determined myocardial and skeletal
muscle glucose uptake in patients with type 2 diabetes
noninvasively with the use of an insulin clamp, '®F-2-
fluoro-2-deoxy-D-glucose (**FDG) and PET.

METHODS

We studied 9 male type 2 diabetic patients (58 + 2 yr (mean +
s.e.m.), body mass index (BMI) 27 + 1 kg/m?, HbA,_ 8.2% =+
1.2%, reference value 4.0%-6.0%), and 13 nondiabetic control
subjects (10 men, 3 women, 53 + 2 yr, BMI 24 + 1 kg/m?). All
patients had clinically stable CAD and preserved global left ven-
tricular systolic function documented by cineangiography. All
antianginal medications except nitrates were withdrawn at least 24
hr before the study. Seven subjects in both groups were on long-
acting nitrates. However, only one diabetic patient had taken this
medication within 24 hr prior to the study. The protocol was
approved by the Ethical Committee of the Turku University Cen-
tral Hospital and written informed consent was obtained from all
subjects.

Design

The study was started after an overnight fast at 9 a.m. Three
intravenous catheters were inserted: one in an antecubital vein for
the infusion of glucose and insulin, one in a contralateral antecu-
bital vein for the injection of '®FDG and the third into a heated
(70°C) hand vein for sampling of arterialized venous blood. Serum
insulin was acutely raised and maintained for 120 min with the
constant rate of insulin infusion (15 pmole/kg - min~!) (10,11).
Plasma glucose was determined at 10-min intervals, and glucose
was infused to maintain fasting glycemia in all subjects. This
resulted in slightly, although not significantly, higher mean steady-
state plasma glucose concentrations in diabetic than control sub-
jects (7.0 = 0.7 versus 5.5 + 0.6 mmol/l, N.S.). Serum insulin and
free fatty acids (FFAs) were measured at 30-min intervals.

Whole-body glucose disposal was calculated based on the in-
sulin clamp technique (10, 12). Since the insulin infusion rate em-
ployed totally suppresses hepatic glucose production (12), the
glucose infusion rate, corrected with minor changes in plasma
glucose, equals the rate of total body glucose disposal.

Cardiac and skeletal muscle glucose uptake rates were deter-
mined using PET. Sixty minutes after the start of the insulin
clamp, 170-300 MBq of '®FDG were injected and dynamic 60-min
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PET emission scanning started simultaneously. Twenty-five arte-
rialized plasma samples were obtained for the input function as
previously described (13). Mean heart rate and systolic blood
pressure were recorded during the PET study to calculate the
double product.

PET Imaging

The patient was positioned in an eight-ring ECAT 931/08-12
tomograph (CTI Inc., Knoxville, TN) with his arms at his sides.
Transmission scanning was performed as previously described
(13) with total counts of 15-30 x 10° per plane followed by the
60-min dynamic emission imaging. The data were corrected for
deadtime, randoms and measured photon attenuation. Transaxial
images of the heart were reconstructed in a 256 X 256 matrix (Fig.
1). Four to six elliptical regions of interest (ROIs; 40-120 pixels/
ROI) were drawn on at least three representative midventricular
slices avoiding myocardial borders. The regions were carefully
selected to represent normal myocardium as identified by the
following criteria: <50% diameter stenosis in the corresponding
epicardial coronary artery, normal wall motion by cineventricu-
lography and echocardiography and no historical evidence of
myocardial infarction in the corresponding territory. Myocardial
time-activity curves obtained in the normal segments were cor-
rected for partial volume according to wall thickness and left
ventricular diameter (from two-dimensional echocardiography)
and phantom studies as previously described (13). The magnitude
of correction did not exceed 15%.

Correspondingly, at least three spherical ROIs (80-120 pixels/
ROI) were placed in the anterior and posterior muscular compart-
ments of the arm contralateral to the '3FDG injection (9,11). The
localization of the ROIs was verified by comparison with the
position in the transmission images. During the later half of the
emission study, the average counts obtained in the arm muscles
were 60-80 x 107* cts/pixel per sec and in the myocardium
200-400 x 10~* cts/pixel per sec.

Regional glucose uptake was calculated with graphic analysis
of plasma and tissue time-activity curves according to Patlak et al.
(14). After the initial period of ®FDG uptake, the slope of the plot
is equal to the transfer constant (K;), representing the fractional
phosphorylation rate of FDG. The rate of glucose utilization is
calculated as K; x plasma glucose concentration/lumped constant
(LC). LC accounts for the differences in the transport and phos-
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FIGURE 1. Fluorine-18-FDG PET images of the heart in a diabetic
subject (left, heart glucose uptake 48 umole - min~') and a control
subject (right, heart glucose uptake 61 umole/100 g - min~") as
determined during insulin clamp. Both images are scaled to the same
maximum. S = septum, A = apex, LW = lateral wall of the left
ventricle.

phorylation of ®FDG and glucose. LC was assumed to be 0.67 for
myocardium (15) and 1.0 for skeletal muscle (9,11).

Analytical Procedures

Plasma glucose was determined with the glucose oxidase
method (Beckman Glucose Analyzer II, Beckman Instruments,
Fullerton, CA) and serum insulin by radioimmunoassay after pre-
cipitation with polyethylene glycol (16), and serum FFA with a
microfluorometric method (17).

Statistical Analysis
Statistical comparisons between the groups were performed
using the unpaired t-test. The results are given as mean * s.e.m.

RESULTS

During the steady-state (60-120 min) that coincided with
3FDG emission imaging, the mean plasma glucose concen-
tration was slightly higher in diabetics than in control sub-
jects (7.0 = 0.7 versus 5.5 = 0.6 mmol/liter, ns). Serum
insulin (1198 + 100 versus 1255 + 230 pmole/liter) and FFA
concentrations (264 + 54 versus 289 + 84 umole/liter), and
double products (9356 + 1901 versus 8468 + 2140 mmHg/
sec) were similar in the diabetic and control groups, re-
spectively.

Glucose disposal rates were similar in the diabetic and
control subjects, respectively, in the whole body (3.0 = 0.3
versus 3.4 + 0.5 umole/100 g - min~") and in the skeletal
muscle (5.6 = 0.6 versus 5.8 = 0.5 umole/100 g + min~?,
Fig. 2). However, myocardial glucose uptake was 39%
lower in the diabetic (60.3 + 8.2 umole/100 g - min~") than
in the nondiabetic subjects (97.1 + 12.8 pmole/100 g -
min~!, p < 0.05, Fig. 2). Compared to the uptake in the
skeletal muscle, the glucose uptake rate in the myocardium
was 11.7 + 1.7-fold greater in the diabetic group (p < 0.01)
and 19.7 + 4.4-fold greater in the control subjects (p <
0.01). The ratio was not significantly different between the
two groups.
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FIGURE 2. Insulin-stimulated glucose uptake by the heart, skel-
etal muscle and whole body in type 2 diabetic patients (shaded bars)
and control subjects (open bars). *p < 0.05 as compared to control
subjects.

DISCUSSION

PET is a unique tracer technique which allows noninva-
sive, quantitative determination of glucose transport and
phosphorylation (I8). When this is combined with high
physiologic steady-state hyperinsulinemia, our previous
studies (9,11) and the current one indicate that sufficient
tracer uptake is achieved both in the myocardium and
skeletal muscle to examine glucose uptake in these tissues.

In the present study, myocardial glucose uptake during
insulin stimulus was found to be reduced by 39% in pa-
tients with type 2 diabetes. As reported previously in
healthy subjects (11) and type 1 diabetic patients (9), in
type 2 diabetes glucose uptake was also several-fold faster
in myocardial than skeletal muscle. However, in contrast
to type 1 diabetic subjects (9), myocardial glucose uptake
was reduced as compared to a nondiabetic group.

This study was designed to reflect the usual clinical
situation in type 2 diabetes: plasma glucose was clamped
on a fasting level and consequently it was slightly higher in
diabetic patients than in control subjects. In this respect,
the present study differs from the euglycemic hyperinsu-
linemic design (9-13). Under the conditions of the present
study, peripheral glucose disposal is increased due to the
mass action of glucose (19). Mild hyperglycemia may have
overcome insulin resistance often reported in type 2 dia-
betic patients (I), and insulin-stimulated total body and
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skeletal muscle glucose uptake were similar in diabetic and
nondiabetic subjects.

Myocardial glucose utilization during normoxia is
mainly determined by cardiac work load (20,21) and the
availability of preferred substrates such as fatty acids (11),
lactate and ketone bodies (20,21). Thus, insulin as well as
glucose per se appear to be less prominent regulators of
glucose uptake in the heart than in skeletal muscle. The
observed lower myocardial glucose uptake in type 2 dia-
betic patients probably cannot be accounted for by a
greater myocardial fatty acid utilization by the glucose-
FFA cycle (11,22) since steady-state serum FFA concen-
trations were not elevated in diabetic patients. However,
we cannot exclude substrate competition as a possible
explanation of this finding since type 2 diabetic patients
have recently been shown to have higher plasma lactate
levels during insulin clamp (4).

Fluorine-18-FDG is transported and phosphorylated but
not further metabolized (18). The LC accounts for differ-
ences in the transport and phosphorylation of *FDG and
glucose. There are no directly measured data of the '*FDG
LC in humans. We assumed the LC to be unaltered in type
2 diabetes. Recent whole-body studies (3,4) have sug-
gested that glucose handling in type 2 diabetes is probably
disturbed on multiple intracellular levels far beyond the
first two steps (18,23,24) that govern the LC of '*FDG. In
the heart, experimental studies have shown that physiolog-
ical glucose levels are unlikely to affect the LC (23), but
insulin may do so (24). Serum insulin levels were compa-
rable in the diabetic and nondiabetic subjects during this
study. Thus, although it is possible that type 2 diabetes
affects the LC, we suggest that differential LC in the dia-
betic versus nondiabetic heart is an unlikely explanation of
our observations in the myocardium of type 2 diabetic
patients.

Whether the reduced myocardial glucose uptake in type
2 diabetes is a metabolic defect alone, or whether alter-
ations in myocardial microcirculation or other factors also
contribute to it, is not known. Regardless of the mecha-
nisms, it is possible that reduced glucose uptake contrib-
utes to the myocardial dysfunction observed in patients
with type 2 diabetes (5-7).

CONCLUSION

Our data suggest a defect in myocardial glucose uptake
during insulin stimulus in type 2 diabetes. Reduced glucose
uptake may contribute to the development of myocardial
dysfunction in these patients. It also explains in part the
poor ®FDG image quality often seen diabetic subjects (25)
and emphasizes the need for careful metabolic standard-
ization in PET imaging of patients with type 2 diabetes and
coronary artery disease.
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