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Abstract

Physical training increases skeletal muscle insulin sensitivity.
Since training also causes functional and structural changes in
the myocardium, we compared glucose uptake rates in the heart
and skeletal muscles of trained and untrained individuals.
Seven male endurance athletes (VO2max 72±2 ml/kg/min)
and seven sedentary subjects matched for characteristics other
than VO2max (43±2 ml/kg/min) were studied. Whole body
glucose uptake was determined with a 2-h euglycemic hyperin-
sulinemic clamp, and regional glucose uptake in femoral and
arm muscles, and myocardium using "F-fluoro-2-deoxy-D-glu-
cose and positron emission tomography. Glucose uptake in the
athletes was increased by 68%in whole body (P < 0.0001), by
99% in the femoral muscles (P < 0.01), and by 62% in arm
muscles (P = 0.06), but it was decreased by 33% in the heart
muscle (P < 0.05) as compared with the sedentary subjects.
The total glucose uptake rate in the heart was similar in the
athletes and control subjects. Left ventricular mass in the ath-
letes was 79% greater (P < 0.001) and the meridional wall
stress smaller (P < 0.001 ) as estimated by echocardiography.
VO2max correlated directly with left ventricular mass (r
= 0.87, P < 0.001) and inversely with left ventricular wall
stress (r = -0.86, P < 0.001). Myocardial glucose uptake
correlated directly with the rate-pressure product (r = 0.75, P
< 0.02) and inversely with left ventricular mass (r = -0.60, P
< 0.05) or with the whole body glucose disposal (r = -0.68, P
< 0.01). Thus, in athletes, (a) insulin-stimulated glucose up-
take is enhanced in the whole body and skeletal muscles, (b)
whereas myocardial glucose uptake per muscle mass is reduced
possibly due to decreased wall stress and energy requirements
or the use of alternative fuels, or both. (J. Clin. Invest. 1994.
2267-2274.) Key words: endurance training- heart * skeletal
muscle * glucose uptake - positron emission tomography

Introduction

The heart can derive its energy from a variety of fuels such as
fatty acids, glucose, lactate, and ketone bodies ( 1, 2). The heart
preferentially uses substrates that yield energy by mitochon-
drial metabolism such as free fatty acids (FFA) and lactate,

Address correspondence to Dr. Piro Nuutila, M.D., Department of
Medicine, University of Turku, SF-20520 Turku, Finland.

Receivedfor publication 13 July 1993 and in revisedform 17 No-
vember 1993.

while glycolysis normally produces only - 30% of energy for
the heart (3-7). However, the contribution of different fuels
vary depending on the substrate availability, myocardial blood
flow, oxygen supply, and energy needs of the heart. There is a
shift from fatty acid to glucose utilization during acute stress
such as tachycardia (8) and during a chronic increase in work-
load as in hypertensive individuals (9). During physical exer-
cise which increases blood lactate concentrations, lactate be-
comes the most important source of energy for the heart (5).
Endurance training increases myocardial workload and in-
duces functional changes, such as an increase in stroke volume,
maximal cardiac output and myocardial contractility during
maximal exercise (10). In individuals doing isotonic exercise
there is a rise in left ventricular end-diastolic volume, while
isometric exercise thickens the left ventricular free wall and
septum(ll, 12).

While an increase in skeletal muscle insulin sensitivity in
the athletes is well established ( 13, 14), it is not known whether
the functional and structural changes of the athlete heart lead
also to changes in fuel utilization under resting conditions. An-
imal studies have shown either no change ( 1 5) or an increase
(16) in myocardial glucose uptake in response to physical
training. In the absence of any change in total glucose uptake,
regional differences in the myocardial glucose uptake are al-
tered by training: while the majority of glucose is taken up by
the subendocardial layer in sedentary animals, this transmural
distribution of cardiac glucose uptake disappears by physical
training ( 17). In skeletal muscle, physical training increases
the total activity of mitochondrial enzymes involved in beta-
oxidation and respiratory chain. This is accounted for by the
increase in the mitochondrial size and number ( 18). However,
no changes occur in the heart mitochondrial size or enzyme
activity ( 18 ). Since the enzymatic responses to physical train-
ing are different in the skeletal muscle and the heart, one would
anticipate differences also in the metabolic adjustment of the
skeletal muscle and myocardium. However, we are not aware
of any studies addressing the influence of physical training on
myocardial glucose uptake in man.

The use of positron emission tomography (PET) ' together
with the administration of '8F-fluoro-2-deoxy-D-glucose
( 18FDG) has made it possible to quantitate noninvasively re-
gional glucose uptake both in the heart and skeletal muscles in
man ( 19-23). In the present study, we used this technique to
quantitate the response of glucose uptake to insulin in the
heart, arm, and leg muscle in endurance athletes and sedentary
healthy subjects. Whole body glucose uptake was determined
simultaneously using the euglycemic insulin clamp technique.

1. Abbreviations used in this paper: I8FDG,18fluoro-2-deoxy-D-glucose;
LBM, lean body mass; PET, positron emission tomography; ROIs,
regions of interest; V02max, maximal aerobic power.
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Methods

Subjects
Seven male endurance athletes (age 28±1 yr, weight 77±2 kg, body
mass index 22.0±0.4 kg/m 2 ) and seven age and weight matched seden-
tary healthy subjects (age 29±1 yr, weight 78±4 kg, body mass index
23.2±0.8 kg/m2) participated in the study. Six of the athletes had com-
peted at world-class level (cross-country skiing, triathlon) and they had
engaged in regular running exercise consisting of more than 10 km per
day in 5-6 d per week for more than 5 yr before the study. The control
group did not exercise on a regular basis. The subjects were healthy as
judged by history and physical examination and routine laboratory
tests, and were not taking any medication. At least 3 d before the study,
the subjects consumed a weight-maintaining diet containing 250-300 g
carbohydrate, and at least one day before the study avoided to partici-
pate in any physical training. The nature, purpose, and potential risks
of the study were explained to all subjects before they gave their volun-
tary consent to participate. The study was approved by the Ethical
Committee of the Turku University Hospital.

Study design
The study consisted of a 120-min hyperinsulinemic period (Fig. 1).
Between 0 and 120 min, whole body glucose uptake was measured
under euglycemic hyperinsulinemia using the insulin clamp technique.
For the measurement of heart and skeletal muscle glucose uptake,
'8FDG was injected at 60 min, and dynamic scanning was started.
Blood samples for the measurement of plasma glucose, blood lactate,
serum insulin and FFA concentrations and '8FDG radioactivity were
taken as detailed below.

Whole body glucose uptake
Whole body glucose uptake was determined using the euglycemic insu-
lin clamp technique as previously described (22-24). All studies were
performed starting at 8 a.m. after a 10-12-h overnight fast. Two cath-
eters were inserted, one in an antecubital vein for infusion of glucose
and insulin, and injection of '8FDG, and one in a heated (70'C) hand
vein for sampling of arterialized venous blood.

At 0 min, serum insulin was increased for 120 min using a primed-
continuous infusion of insulin (Actrapid, Novo Nordisk A/S, Copen-
hagen, Denmark). The rate of the continuous insulin infusion was 1
mU(or 7.2 pmol)/kg per min. Normoglycemia was maintained using
a variable rate infusion of 20%glucose. The rate of the glucose infusion
was adjusted according to the plasma glucose concentration, which was
measured from arterialized venous blood. Hepatic glucose production
is completely suppressed under these conditions (25, 26). The rate of
whole body glucose uptake was calculated during the time of PET
scanning (60-120 min). Blood samples were taken at 5-10-min inter-
vals for determination of blood glucose (27) and other samples at 20-
30-min intervals for measurement of blood lactate (28), serum insulin
(29), and FFA (30).

Regional glucose uptake by heart and skeletal muscles
These measurements were performed using positron emission tomogra-
phy as previously described (22, 23). The method included the follow-
ing procedures.

Preparation of '8FDG. 8FDGwas synthesized with an automatic
apparatus essentially as described by Hamacher et al. (31). The specific
radioactivity at the end of the synthesis was - 2 Ci/umol and the
radiochemical purity exceeded 98%.

Image acquisition. An eight-ring ECAT931/08-tomograph (Sie-
mens/CTI Corp., Knoxville, TN) was used. The device has a measured
axial resolution of 6.7 mmand resolution of 6.5 mmin plane (32). The
subject was positioned in the tomograph first with arms on sides so that
the heart and the proximal one third of the upper extremities was
within the gantry. Thereafter images were obtained from femoral re-
gions. Before emission scanning, a transmission scan for correction of
attenuation in the body was performed for 20-30 min. In each plane
15-30 x 106 counts were obtained.
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Figure 1. Design of the study.
The arrow indicates the time
of the injection of "8FDG. After
the injection, a dynamic PET
scan was obtained from the
thoracic and femoral regions.
Insulin was infused with a
primed constant manner and
20%glucose at a variable rate
to maintain euglycemia.

1 h after starting the insulin infusion, 7-8 mCi of 8FDGwas in-
jected intravenously over 10-20 s (Fig. 1). Dynamic scanning of the
thoracic region was started simultaneously and continued for 40 min
(8 X 15 s, 2 X 30 s, 2 X 120 s, 1 X 180 s, 6 X 300 s). Thereafter, five
dynamic scans of 300 s each were taken from the femoral region. Blood
samples for measurement of plasma radioactivity were drawn during
dynamic scanning. Radioactivity was measured with a well counter
and the value was converted to PET counts using a calibration factor
derived from phantom studies.

Image processing. All data were corrected for deadtime, decay, and
measured photon attenuation as previously described (22, 23) and re-
constructed into a 256 X 256 matrix. For determination of heart glu-
cose uptake, elliptical regions of interest (ROIs) were placed on four or
more mid-ventricular slices. The total number of ROIs was 25-30 (sep-
tum, free wall, apex) and they were 40-110 pixels/ROI in size. All
myocardial time-activity curves were corrected for partial-volume ef-
fect and spill-over effect from cavity (33). In the skeletal muscle, ROIs
were outlined in four slices on the anterior and posterior muscular
compartments in the arm opposite to the injection site of I"FDG. In the
legs we used posterior, anterolateral, and anteromedial muscular com-
partments of the femoral region (four slices in both legs). Their localiza-
tion was verified by comparison with the position in the transmission
images. The number of pixels per ROI in the arm was 80-120, and in
the femoral region 140-360.

Calculation of regional glucose uptake. The three compartment
model of '8FDG kinetics was employed as described previously (22,23,
34, 35). Plasma and tissue time-activity curves were analyzed graphi-
cally to quantitate the fractional rate of tracer phosphorylation Ki (20).

Ki = (k1 X k3/k2 + k3)

where k, is the transfer coefficient from vascular space into the tissue,
k2 is the initial clearance and efflux coefficient, and k3 is the phosphory-
lation rate constant. In this study, the whole fitted plasma time-activity
curve was used as the input function and a minimum of ten time points
were used to determine the slope by linear regression for the thoracic
study and a minimum of five points were used for femoral study. The
plots between the points were linear (for myocardium r = 0.97±0.02,
for skeletal muscle r = 0.90±0.04) and the residuals of the regression
lines were stocastically scattered.

The rate of the glucose uptake is obtained by multiplying K, by the
plasma glucose concentration [Glc]p divided by a lumped constant
term (LC):

rGU = ([Glc]p/LC) x K, (ref 19)

The lumped constant accounts for differences in the transport and
phosphorylation of '8FDG and glucose. Lumped constant values, 0.67
for the heart (22, 23, 36, 37) and 1.0 for the skeletal muscle (22, 23, 38)
were used as previously described.

The rate of regional glucose uptake (leg, arm, heart) was expressed
per muscle mass (,umol /kg muscle per min; see Fig. 2, lower panel).
We also wished to estimate the amount of glucose taken up by all
muscles in the body and the heart (see Fig. 2, upperpanel). The estima-
tion was done from the PETmeasurements of muscle glucose uptake in
the femoral, arm and the heart regions, and the estimations of the
skeletal muscle content and left ventricle mass of the subjects. The rate
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of total muscle glucose uptake was calculated by multiplying the re-
gional muscle glucose uptake, as determined directly in muscle com-
partments with PET (Amol/kg muscle per min), by the total amount
of muscle.

Body fat and muscle content. Body fat and muscle content was
estimated from four skinfolds (subscapular, triceps brachii, biceps bra-
chii, and crista iliaca) as measured with a calliper (39). The values of
the four skinfolds were summed up and divided by body weight to
obtain skinfold/body weight ratio (R). Percentage of fat was calcu-
lated as follows:

percent fat = 11.5453 X R - 0.2838

As shown in our previous study, body muscle percentage per lean body
mass was 43% both for runners and sedentary control subjects (40).

Left ventricularstructure. M-modeand two-dimensional echocardi-
ography (Acuson 128XP/5, Acuson Inc, CA) were performed in the
athletes and control subjects to determine end-diastolic and end-sys-
tolic left ventricular dimensions, and septal and posterior free-wall
thicknesses. Left ventricular mass was calculated according to ASE
method (41 ). Meridional left ventricular wall stress was estimated ac-
cording to equation:

WS=(p*r)/[2Wh*(1 + Wth/2r)]

in which WSis wall stress, p is systolic blood pressure, r is systolic
internal radius of left ventricle, and Wth is wall systolic thickness (42).

Maximal aerobic power. Maximal aerobic power (V02max) was
determined in all athletes and six control subjects using electrically
braked cycle ergometer (model 800 S; Ergoline, Mijnhardt, Nether-
lands) with a continuous incremental protocol. Direct respiratory mea-
surements were made using an automated system (model 202; Me-
dikro, Kuopio, Finland). Subjects breathed through Daniel's valve,
with expired gases directed to a mixing chamber for paramagnetic 02
and infrared CO2analysis (Datex Division, Instrumentarium Corpora-
tion, Helsinki, Finland). Outputs from these instruments were directed
to a laboratory computer for calculation of ventilation, 02 consump-
tion (VO2), CO2production (VCO2), and respiratory exchange ratio
(R) every 30 s. The VO2maxtest consisted of a short warm-up, after
which the load was increased from 100 Wby 30 W(sedentary) or from
200 Wby 25 W(athletes) every 2 min until exhaustion. The criteria
used to establish the VO2maxwere a plateau in V02 with increasing
exercise intensity and R > 1.10. Calibration against standard gases
(16% 02 and 4% C02), volume (3,000 ml), room temperature and
barometric pressure was performed before and immediately after each
test.

Statistical procedures
Statistical comparisons between athletes and controls were performed
using the unpaired t test and correlations were calculated using Pear-
son's or Spearman's correlation analysis and multiple linear regression
analysis where appropriate (43). Analysis of covariance was used to
study the influence of wall stress to glucose uptake rates in the heart.

Results

Subject characteristics. Maximal aerobic power in the athletes
(72±2 ml/kg/min) was 67% higher than in the sedentary con-
trol subjects (43±2 ml/kg/min, P < 0.001). The percentage
(8.6±0.6 vs 15.2±1.3%, P < 0.001) and total amount of fat
(6.6±0.3 kg vs 12.1±1.5 kg, P < 0.01 ) was smaller in the ath-
letes than in the sedentary subjects, whereas the total muscle
content was similar in the two groups (29.3±0.8 kg vs 27.8±1.6
kg), respectively.

In the athletes, the left ventricular diastolic volume ( 121±3
cm3/m2) and left ventricular mass ( 127±4 g/m2) were 78 and
79% greater than the respective values in the control subjects
(68±6 cm3/m2, and 71±7 g/m2, P < 0.001 for both). There

was no overlapping in the left ventricular volume or the left
ventricular mass between the two groups. In the athletes both
the left ventricular wall (11 ±I mm) and septum (11 ± 1 mm)
were thicker than in the control subjects (8±1 mm, P < 0.001,
and 8±1 mm, P < 0.01, respectively). Left ventricular meri-
dional wall stress was smaller in the athletes (6.7±0.2 kPa/
cm2) than in the control subjects (9.8±0.5 kPa/cm2, P
< 0.001). As determined during the insulin infusion, both
blood pressure (126±3/78±5 mmHgvs 120±6 vs 77±3
mmHg)and heart rate (62±3/min vs 66±3/min) were similar
in the athletes and control subjects, respectively. Thus, the rate-
pressure products during the insulin clamp were similar in the
two groups (7830±380 vs 6940±1460 beats/min X mmHg,
respectively). The rate-pressure product correlated with myo-
cardial glucose uptake (r = 0.75, P < 0.02). VO2max corre-
lated directly with left ventricular mass (r = 0.87, P < 0.001)
and inversely with left ventricular wall stress (r = -0.86, P
<0.001).

Substrate and insulin concentrations. Plasma glucose con-
centrations both in the basal state (5.0±0.1 mMvs 4.9±0.2
mM)and during the insulin infusion (4.8±0.1 mMvs 5.0±0.1
mM) were similar in the athletes and control subjects. The
fasting serum insulin concentration in the athletes (35±7 pM)
was lower than in the controls (58±6 pM, P < 0.001), whereas
during the time when '8FDG uptake measurements were made
(60-120 min ), insulin concentrations were similar in the two
groups (485±52 pM vs 530±33 pM, respectively). Fasting
blood lactate concentrations were similar in athletes and seden-
tary subjects (1.12±0.08 vs 0.95±0.11 mM, respectively).
During the insulin infusion, blood lactate concentration in-
creased in both groups (P < 0.05) and at the end of the study it
was higher in the athletes (1.60±0.06 mM) than in the seden-
tary subjects (1.29±0.11 mM, P < 0.05). Serum fasting FFA
concentrations were not significantly different between the ath-
letes and control subjects, respectively (392±43 MMvs 559±76

MM), and they were virtually identical at the end of the insulin
infusion (84±9 MMvs 88± 13 AM).

Whole body, skeletal muscle, and heart glucose uptake.
Whole body glucose uptake was 74% greater in the athletes as
compared to control subjects (4893±315 vs 2818±226 Mmol/
min, P < 0.001, Fig. 2, upper panel). Whenexpressed per lean
body mass (LBM), glucose uptake in the athletes was increased
by 68% (70±4 vs 42±3 Amol/kgLBM/min, P < 0.0001, Fig. 2,
lower panel). The rate of whole body glucose disposal corre-
lated with the blood lactate concentration during hyperinsulin-
emia, r = 0.79, P < 0.01.

When individual PET derived images of 18FDG uptake
rates were scaled to the same counts/pixel level, in the athletes
18FDG uptake was increased in femoral muscles but decreased
in the heart (Fig. 3). Compared with the sedentary subjects,
glucose uptake in the athletes was 99% greater in the femoral
muscles (168±23 vs. 84±10,umol/kg muscle/min, P < 0.01)
and 62%greater in the arm muscles (130±17 vs. 81 ± 16 Mmol/
kg muscle/min, P = 0.06). In the athletes the rate of glucose
uptake in the femoral muscles was 29%greater than in the arm
muscles (P < 0.02), but this difference was not observed in the
sedentary subjects.

Myocardial glucose uptake was 33% lower in the athletes
than in the sedentary subjects (562±65 vs. 843±91 Amol/kg
muscle/min, P < 0.05, Fig. 2, lower panel). In the athletes
glucose uptake in the heart per muscle weight was 3.7±0.5-fold
greater than in femoral muscle, and this ratio was much lower
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Figure 2. The rate of glucose uptake in the whole body, leg, arm, and
heart muscles. The values in the lower panel are expressed per kg
LBM for the whole body as determined with insulin clamp, and per
kg muscle for the skeletal or heart muscle as measured with PET.
The upper panel represents the rates of glucose uptake for the whole

body, all the skeletal muscles and the whole heart. These results are

calculated from insulin clamp (whole body) or from PET results

(femoral or arm muscles and the heart). Solid bars denote athletes
and open bars sedentary control subjects. *JP < 0.05, **JP < 0.01,
* * *P < 0.001 between athletes and sedentary subjects.

than in the control subjects (10.6±1.4 P < 0.001). Due to a

larger heart muscle mass in the athletes, total glucose uptake by
the heart was similar in the athletes and controls ( 145±13 vs

136±20 itmol/min, 73±7 vs 66±8 i4mol/m2/min, respec-
tively, Fig. 2, upper panel).

Correlations between glucose uptake rates and V02max.
There was a close positive correlation between the whole body
and leg (r = 0.87, P< 0.001 ) or arm glucose uptake (r = 0.81, P
< 0.001), and between rates of arm and femoral muscle glu-
cose uptake (r = 0.81, P< 0.001 ). In contrast, whole body and
heart glucose disposal were inversely related (r = -0.68, P
< 0.01, Fig. 4, A-C).

Correlations between glucose uptake, echocardiographic
findings, and FFA and lactate concentrations. There was an

inverse correlation between heart glucose uptake per muscle
weight and left ventricular mass (r = -0.60, P < 0.05). Heart
glucose uptake per volume unit correlated with left ventricular
wall stress (r = 0.58, P = 0.06). When left ventricular wall
stress was used as a covariate, glucose uptake per total heart
muscle in the athletes and controls was similar. Using multiple
linear regression analysis in the whole group, there was a signifi-
cant inverse correlation between heart glucose uptake, and the
mean FFA (0-120 min) and the blood lactate concentration at
the end of insulin infusion (r = -0.63, P < 0.05).

Discussion

In the current study we determined glucose uptake rates in
athletes and sedentary subjects in the whole body, in the skele-
tal muscles of leg and arm, and in the heart. Whole body glu-

cose disposal was determined using euglycemic insulin clamp,
and the uptake by the various muscle groups was measured
with positron emission tomography after the injection of
8FDG. In keeping with the previous observations, whole body
glucose disposal was greater in the athletes than sedentary sub-
jects and proportional to the maximal aerobic power ( 13, 14,
44). In contrast, myocardial glucose uptake per muscle volume
unit was lower in the athletes than in untrained subjects and
inversely related to both V02max and whole body insulin sensi-
tivity. Whenexpressed per total heart, however, heart glucose
uptake rates were similar in both groups.

Decreased fasting insulin concentrations in the athletes in
the present study were suggestive of increased insulin sensitiv-
ity and this was confirmed by the 74%greater whole body glu-
cose disposal as determined with the insulin clamp technique.
Although we did not measure residual hepatic glucose produc-
tion during hyperinsulinemia, it was probably close to zero
since, with insulin concentrations similar to those in this study,
we have previously demonstrated a complete suppression in
hepatic glucose production (26). Our results provide direct
evidence that increased insulin sensitivity in the athletes was
due to augmented skeletal muscle glucose disposal: in the femo-
ral muscles it was increased by 99%and in the arm muscles by
62%. A strenous bout of acute exercise may enhance insulin
sensitivity for more than 24 h (45). Our subjects had no such
exercise before the study. Thus, the observed increase in insulin
sensitivity was due to chronic aerobic training rather than a
consequence of acute exercise. Regarding the qualitative
changes in muscle tissue leading to enhanced insulin sensitiv-
ity, factors such as enhanced capillary density (46), increased
glycogen synthase activity (47, 48), increased mitochondrial
volume and activity of oxidative enzymes ( 18) have been sug-
gested to be involved. In the current study, we did not take
muscle biopsies to examine possible differences in the muscle
fiber composition or capillary density. However, in our recent
study we demonstrated in the skeletal muscle of the athletes
normal capillary density but increased blood flow and glucose
transport protein (GLUT-4) concentrations, which can ex-
plain enhanced insulin sensitivity (48).

Myocardial glucose disposal rate per muscle volume unit
was decreased by 33% in the athletes and correlated directly
with myocardial work load as estimated with the rate-pressure
product and inversely with whole body insulin sensitivity and
left ventricular mass. Regarding the mechanisms of decreased
glucose uptake by the athlete heart, possible effects of previous
acute exercise, myocardial energy stores, utilization of alterna-
tive substrates, and heart work load should be considered. In
experimental normo- or hypertensive animals, acute vigorous
exercise decreases myocardial glucose uptake by 64 and 33%,
respectively, as determined immediately after exercise (49).
The duration of the acute effect of exercise on myocardial glu-
cose uptake is not known. Our subjects had not done any exer-
cise for more than 24 h before the study. Thus, although the
contribution of acute exercise can not totally be excluded, a
reduced glucose uptake by the athlete's heart is more likely a
consequence of regular training rather than acute exercise. In
skeletal muscle, glucose disposal is increased in the presence of
glycogen depletion (45). Wewere not able to measure myocar-
dial glycogen content in the present study. In experimental
animals physical training does not alter heart glycogen (50) or
water content ( 18). If the same is true in man, changes in
myocardial glycogen content in the athlete's heart were not
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Figure 3. Examples of '8FDG images as determined with positron emission tomography of an athlete and a control subject scaled to the same
counts per pixel level. Femoral region in the upper panel and thoracic region in the lower panel.

responsible for the decreased glucose uptake. Wall stress was
smaller in the athletes than control subjects, suggesting also a
decreased need of energy per contractile unit. Since glucose
uptake by PET is determined per volume of the heart muscle,
reduced glucose uptake may reflect decreased need of energy
per the volume of heart muscle. The left ventricular mass was
substantially increased in the athletes as previously described
(51, 52), and it was increased in proportion to the physical

fitness. Due to differences in heart size, total myocardial glu-
cose uptake was similar in the two groups. In addition, the
rate-pressure products were similar during the insulin clamp in
the athletes and controls suggesting a similar work load for the
whole heart. Thus, when the whole heart is taken into consider-
ation, there was no difference in the external work or glucose
uptake. These data suggest that myocardial hypertrophy asso-
ciated with endurance training contributed to the reduced
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Figure 4. The correlation between whole body glucose uptake and
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Open circles denote sedentary control subjects and solid triangles
athletes.

myocardial glucose uptake per heart muscle volume at rest in
the athletes. Regarding the course of structural and metabolic
changes in the athlete heart, endurance training leads to myo-
cardial hypertrophy and enlargement of left ventricular mass
via wall thickening. The thickening of the wall reduces wall
stress and thus the external work per contractile unit. In con-
cert with the reduction of external work, also glucose uptake
per contractile unit decreases. This hypothesis is supported by a
correlation of borderline significance (P = 0.06) between wall
stress and heart glucose uptake.

Regarding alternative fuels, circulating FFA are the major
determinants of myocardial glucose uptake under a variety of
circumstances. Three decades ago Randle and co-workers dem-
onstrated in the isolated rat heart that both glucose uptake and
oxidation are inhibited by high FFA concentrations (53). By
increasing serum FFA concentrations in manwith the infusion

0

of Intralipid and heparin, we have recently demonstrated with
PETa 30% fall in myocardial glucose uptake under hyperinsu-
linemic conditions (22). In studies using normo-and hypergly-
cemic insulin clamp technique over a wide range of serum FFA
concentrations, Wisneski et al. (6) demonstrated a close in-
verse relationship between heart glucose uptake and arterial
FFA concentration in healthy man. Wehave recently demon-
strated that physiologic changes in serum FFA concentrations
can cause even fivefold alterations in myocardial glucose up-
take in the face of unaltered insulin concentrations (54). Al-
though serum FFA concentration in the athletes was not ele-
vated, a possibility remains that they are more prone than sed-
entary subjects to partly substitute free fatty acids for glucose as
an alternative fuel for the heart. Since we did not measure FFA
kinetics, this hypothesis remains unproven.

A third major substrate for myocardium is lactate. Already
four decades ago Bing et al. (3) demonstrated an increase in
myocardial lactate extraction in response to a rise in arterial
lactate concentration. More recently, studies in healthy men
have shown that the contribution of lactate oxidation to myo-
cardial ATP production is - 13% in the fasting state. This is
doubled with a twofold elevation of blood lactate concentra-
tion (6). In the current study, blood lactate concentration in-
creased during both groups by glucose and insulin infusion, but
to a higher level in the athletes than control subjects. The differ-
ence in blood lactate concentration can be accounted for by a
greater rate of glucose utilization and lactate production by the
skeletal muscle of the athletes (45). Blood lactate can contrib-
ute as a fuel for myocardium via two mechanisms. First, lactate
as such is used as an alternative fuel for glucose. Second, lactate
may facilitate the turnover of triacylglycerols by enhancing
both FFA uptake and incorporation into the triacylglycerol
pool, and FFA release as a fuel for myocardium (55, 56). The
possibility of alternative fuels (FFA, lactate) substitution for
glucose in the current study is supported by the inverse associa-
tion in the multivariate analysis between heart glucose disposal
and circulating FFA and lactate concentrations. In our pre-
vious studies both in healthy subjects (22) and in type 1 dia-
betic patients (23), we observed an approximately 10-fold
greater glucose uptake in the heart as compared to femoral
muscles. Our current data in the sedentary subjects are in keep-
ing with the earlier observations. However, due to increased
femoral and a decreased myocardial glucose uptake, the ratio
of heart/leg glucose uptake in the athletes was only 3.7. The
nearly threefold greater ratio in the sedentary subjects further
emphasizes the magnitude of the different adaptations in the
skeletal muscle and heart glucose uptake in the endurance ath-
letes.

Regarding the use of' 8FDGas a tracer in the glucose uptake
studies, it has more similarities (mass, electronaffinity, and hy-
drogen bond acceptance of F- and OH-) with cold glucose
than tritiated 2-deoxyglucose has. The lumped constant, ad-
justing for differences between the tracer and tracee, has varied
from 0.8 to 1.2 for tritiated 2-deoxyglucose in skeletal muscle
(57-59). Consequently, the lumped constant for 2- [ '8F]-FDG
in skeletal muscle should be closer to unity than that of 2-DG
(38). As a lumped constant of 18FDG for the heart, 0.67 is
commonly used (36, 37). For these reasons in our current and
previous studies (22, 23) we assumed the lumped constant of
'8FDG to be 1.0 in the skeletal muscle, and 0.67 for the heart.

The design of our study was cross-sectional. Therefore it is
not possible to estimate, whether the differences in the skeletal
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muscle and heart glucose uptake are entirely due to the effects
of physical training, or whether a genetic endowment also con-
tributes to these differences (60). Our athletes, who were in-
volved in running exercise had greater glucose uptake rates in
the leg than in the arm. In sedentary subjects this difference did
not exist. However, even in the arms the athletes had glucose
disposal greater than in the control subjects. It is possible that at
least part of the augmented glucose uptake in the untrained
arm muscles reflects genetic endowment rather than the effect
of physical training, although systemic effects of training can
not be excluded (60).

Taken together, our data suggest two possible mechanisms
for reduced glucose uptake by the athlete heart as determined
with PET. First, it is related to myocardial hypertrophy and
reduced wall stress. In the face of comparable work loads as
judged from the rate-pressure products, energy requirement
may be lower in the athletic heart per myocardial mass. A possi-
bility of differences in myocardial energy stores between ath-
letes and sedentary subjects is neither excluded. Second, alter-
native fuels such as FFA or lactate may be used more by the
athlete heart than the myocardium of the sedentary subjects. A
third possibility is the contribution of both these mechanisms.
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