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Abstract

We tested the hypothesis that defects in insulin stimulation
of skeletal muscle blood flow, flow dispersion, and coupling
between flow and glucose uptake contribute to insulin resis-
tance of glucose uptake in non-insulin-dependent diabetes
mellitus (NIDDM). We used positron emission tomography
combined with ["*O]H,0 and ['®F]-2-deoxy-D-glucose and a
Bayesian iterative reconstruction algorithm to quantitate
mean muscle blood flow, flow heterogeneity, and their rela-
tionship to glucose uptake under normoglycemic hyper-
insulinemic conditions in 10 men with NIDDM (HbA,,
8.1+0.5%, age 43+2 yr, BMI 27.3+0.7 kg/m?) and in 7
matched normal men. In patients with NIDDM, rates of
whole body (35*3 vs. 44£3 pumol/kg body weight-min, P <
0.05) and femoral muscle (716 vs. 967 pmol/kg mus-
cle-min, P < 0.02) glucose uptake were significantly de-
creased. Insulin increased mean muscle blood flow similarly
in both groups, from 1.9+0.3 to 2.8=0.4 ml/100 g mus-
cle-min in the patients with NIDDM, P < 0.01, and from
2.3%+0.3 to 3.0+0.3 ml/100 g muscle-min in the normal sub-
jects, P < 0.02. Pixel-by-pixel analysis of flow images re-
vealed marked spatial heterogeneity of blood flow. In both
groups, insulin increased absolute but not relative disper-
sion of flow, and insulin-stimulated but not basal blood flow
colocalized with glucose uptake. These data provide the
first evidence for physiological flow heterogeneity in human
skeletal muscle, and demonstrate that insulin increases ab-
solute but not relative dispersion of flow. Furthermore, in-
sulin redirects flow to areas where it stimulates glucose up-
take. In patients with NIDDM, these novel actions of
insulin are intact, implying that muscle insulin resistance
can be attributed to impaired cellular glucose uptake. (J.
Clin. Invest. 1997. 100:777-785.) Key words: insulin resis-
tance « positron emission tomography - blood flow heteroge-
neity
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Introduction

Resistance to the effect of insulin to increase glucose uptake in
skeletal muscle characterizes patients with non—insulin-depen-
dent diabetes mellitus (NIDDM)! (1, 2). In limb catheteriza-
tion studies, reduced glucose uptake in NIDDM commonly
has been attributed to a defect in glucose extraction (2-5). On
the other hand, defects in insulin-induced vasodilation have
also been suggested to contribute to insulin resistance in
NIDDM (6). The latter studies have been performed under
intravenously maintained normoglycemic hyperinsulinemic
(clamp) conditions, where the insulin concentrations have
been either in the high physiological (2, 4, 5) or supraphysio-
logical (6) range. Under physiological hyperglycemic hyperin-
sulinemic conditions after an oral glucose load or a meal (7, 8),
as well as in the basal state (7, 9), the absolute rates of glucose
uptake (7-9) and blood flow are normal (9, 10), possibly be-
cause hyperglycemia compensates for defects in blood flow
(11, 12) or glucose extraction (13, 14). The reason for the dis-
crepant results regarding insulin stimulation of blood flow is
unclear.

In previous human studies, mean limb blood flows have
been measured using techniques such as plethysmography (4,
14-17), thermo- (6, 18) and dye- (2, 19) dilution, and more re-
cently, ["OJH,O and positron emission tomography (PET)
(20-22). Measurement of mean blood flow does not, however,
provide any information of functional or anatomical blood
flow heterogeneity, for which there is considerable evidence
from studies performed in experimental animals using the mi-
crosphere method (23-26). The possibility to distinguish be-
tween mean flow and flow distribution (flow heterogeneity) is
of importance since it is possible to alter capillary perfusion
heterogeneity while maintaining constant mean flow (27, 28).
Thus, the effect of vasoactive agents such as insulin on oxygen
and glucose uptake may depend on their effect on flow hetero-
geneity rather than total flow (28). Redistribution of blood
flow in the absence of any increase in mean flow in skeletal
muscle has been found to regulate oxygen delivery during
electrical stimulation (29). Interventions including exercise
(23), electrical nerve stimulation (26, 30, 31), and infusion of
papaverine (25) or adenosine (30) increase average blood flow
and its absolute dispersion (defined as the SD of blood flow),
while relative flow dispersion (coefficient of variation, i.e., SD/

1. Abbreviations used in this paper: FBP, filtered back-projection;
[BF]FDG, [**F]-2-fluoro-2-deoxy-D-glucose; MRP method, Bayesian
reconstruction algorithm that uses median root prior; NIDDM, non—
insulin-dependent diabetes mellitus; PET, positron emission tomog-
raphy; ROI, region of interest.
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mean flow), a measure that is independent of units and mean
flow, remains unchanged (27).

In addition to anatomical heterogeneity, skeletal muscle
blood flow appears to be functionally heterogenous (28). Al-
though anatomical arteriovenous shunts (allowing passage of
12-pm microspheres through the rat hindlimb) do not exist
(28), there is evidence for a bimodal distribution of capillary
diameters with modes at 5.5 and 7.5 wm in rat gastrocnemius
muscle, for existence of high- and low-flow capillaries in rabbit
vastus lateralis muscle (29), and for functional arteriovenous
shunting (32, 33). In the isolated perfused, but not in the iso-
lated incubated rat skeletal muscle, insulin resistance can be
induced by vasoactive agents, which have been proposed to in-
duce vasoconstriction at sites controlling perfusion to nutritive
capillaries, but not by equipotent vasoconstrictors that act at
sites controlling nonnutritive flow (33, 34). No data are pres-
ently available regarding the effect of insulin on skeletal mus-
cle blood flow distribution in humans or animals. It is there-
fore also unknown whether insulin resistance in patients with
NIDDM might affect the ability of insulin to change blood
flow distribution or its possible regional coupling to glucose
uptake in skeletal muscle. Such knowledge would help to es-
tablish whether design of pharmacological agents aimed at im-
proving glucose delivery to muscle in patients with NIDDM
has a pathophysiologic basis.

Recent refinements in the technique to measure blood flow
using [PO]H,O and PET in skeletal muscle (35) enabled us to
perform reliable pixel-by-pixel quantitation of regional muscle
blood flow and analysis of its absolute and relative dispersion.
In this study, we used this technique together with ['8F]-2-flu-
oro-2-deoxy-D-glucose ([!F]JFDG) for quantitation of regional
glucose uptake to determine (a) whether blood flow is hetero-
geneously distributed in normal subjects; (b) whether blood
flow distribution is altered in patients with NIDDM; (c)
whether insulin changes relative flow dispersion in normal sub-
jects; (d) whether this action of insulin is altered in NIDDM,;
and (e) whether insulin action on muscle blood flow and glu-
cose uptake are coupled regionally. Our results provide the
first evidence for physiological flow heterogeneity in human
skeletal muscle, and demonstrate an increase in absolute, but
not relative dispersion of flow by insulin, and regional coupling
of insulin-stimulated but not basal blood flow with glucose up-
take. In patients with NIDDM, impaired cellular glucose up-
take is responsible for insulin resistance since insulin’s effects
on mean muscle blood flow and flow dispersion, and redirec-
tion of flow to regions using glucose by insulin are intact.

Methods

Subjects

10 men with NIDDM and 7 normal men volunteered for the study.
All patients with NIDDM were normotensive, and had no clinical or
laboratory evidence of diseases other than NIDDM. Physical charac-
teristics of the subjects are shown in Table 1. The patients did not
have signs or symptoms of retinopathy, neuropathy, or macrovascular
disease. One patient with NIDDM had microalbuminuria. Four of
the patients were treated with diet alone, while six patients were
treated with sulfonylureas and/or metformin. Oral antidiabetic drugs
were discontinued for 2 d before the studies. The duration of
NIDDM averaged 3+1 yr. The normal subjects were healthy as
judged by history, physical examination, and routine laboratory tests,
and were not taking any medications. Written informed consent was
obtained after the purpose, nature, and potential risks were explained
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Table I. Characteristics of the Study Groups

NIDDM Normal subjects

n=10 n=7
Age (yr) 43+2 47+2
Weight (kg) 84.7+3.1 83.4*14
Height (cm) 1762 1802
Body mass index (kg/m?) 27.3+0.7 25.9*0.6
Fasting plasma glucose (mmol/liter) 8.3+0.5 5.4%0.1¢
Fasting serum insulin (pmol/liter) 7324 34+7%
Glycosylated hemoglobin A, (%) 8.1+0.5 5.4x0.3%
Systolic blood pressure (mmHg) 126+4 124+4
Diastolic blood pressure (mmHg) 84+4 83*2

*P < 0.05,*P < 0.001.

to the subjects. The experimental protocol was reviewed and approved
by the Ethical Committee of the Turku University Central Hospital.

Study design

All subjects fasted overnight for 10-12 h before the studies. Two cath-
eters were inserted; one in an antecubital vein for infusion of glucose
and insulin and injection of [SO]JH,O and [¥F]FDG, and one in the
opposite radial or brachial artery for blood sampling. The patients
with NIDDM were rendered normoglycemic before start of the study
by using a low-dose insulin infusion according to the algorithm de-
scribed by Mokan et al. (36). The study for each subject consisted of a
30-min basal period (=30 to 0 min), and a 160-min (0-160 min) hy-
perinsulinemic period. Whole body glucose uptake was determined
independently of the PET measurements using the euglycemic hyper-
insulinemic clamp technique. Muscle blood flow in the femoral region
was measured twice, once during the basal period, and once after 60
min of hyperinsulinemia using [*O]JH,O and PET. Femoral muscle
glucose uptake was measured immediately after the blood flow mea-
surement using ["*F]FDG and PET.

Whole body glucose uptake

Whole body glucose uptake was quantitated using the euglycemic hy-
perinsulinemic clamp technique (37). After the basal blood flow mea-
surement, serum insulin was increased for 160 min using a primed
continuous (5 mU/kg-min) insulin infusion (Velosulin; Novo Nordisk
A/S, Bagsvaerd, Denmark). Normoglycemia was maintained using an
infusion of 20% glucose. As hepatic glucose production is completely
suppressed during a 5 mU/kg-min insulin infusion (38, 39), whole
body glucose uptake was calculated from the glucose infusion rate
(during 60-160 min) after correction for changes in the glucose pool
size (37). Arterial blood samples were taken at 5-10-min intervals for
the determination of plasma glucose, and at 30-min intervals for mea-
surement of the serum free insulin concentrations.

Measurement of muscle blood flow and glucose uptake

with PET

For the flow studies, ~ 30 mCi (1.1 GBq) [OJH,O was injected in-
travenously, and a dynamic scan was performed for 6 min (6 X 5-,6 X
15-, and 8 X 30-s frames). To obtain the input function, arterial blood
was continuously withdrawn with a pump at a speed of 6 ml/min, and
the radioactivity concentration was measured using a two-channel
online detector system (Scanditronix, Uppsala, Sweden) that was
cross-calibrated with an automatic gamma counter (Wizard 1480 3';
Wallac, Turku, Finland) and the PET scanner.

For the ["*F]FDG study, ~ 5 mCi (185 MBq) of ["*F]FDG was in-
jected intravenously over 2 min, and a dynamic scan for 90 min was
started (12 X 15-,4 X 30-,3 X 60-, 1 X 120-, and 16 X 300-s frames).
Blood samples for measurement of plasma radioactivity were with-



drawn once during each time frame, and the radioactivity was mea-
sured with an automatic gamma counter (Wizard 1480 3'").

Production of [PO]H,0 and [*FJFDG. For production of [°O]
(t;, = 123 ), a low-energy deuteron accelerator Cyclone 3 was used
(Ton Beam Application Inc., Louvain-la-Neuve, Belgium). ["O]H,0
was produced using a dialysis technique in a continuously working
water module (40). ['*F]FDG (#,, = 109.8 min) was synthesized with
an automatic apparatus as described by Hamacher et al. (41). The
specific radioactivity at the end of the synthesis was 2 Ci/pmol, and
the radiochemical purity exceeded 98%.

Image acquisition and processing. An eight-ring ECAT 931/08-
tomograph (Siemens/CTI Corp., Knoxville, TN) was used. The scan-
ner has an axial resolution of 6.7 mm and an in-plane resolution of 6.5
mm (42). The observed final in-plane resolution was 8 mm. The sub-
ject was positioned in the tomograph with the femoral regions in the
gantry. Before the emission scan, a transmission scan for the correc-
tion of photon attenuation was performed for 15 min with a remov-
able ring source containing ®Ge (total counts 15-30 X 10°in a plane).
All data were corrected for deadtime, decay, and measured photon
attenuation. Dynamic FDG scans were reconstructed into a 128 X
128 matrix using a Hann filter with a cutoff frequency of 0.5. In the
flow studies we used a recently developed Bayesian iterative recon-
struction algorithm using median root prior (the MRP method) with
150 iterations and the Bayesian coefficient 0.3 (35). The pixel-by-pixel
inhomogeneity and reconstruction artifacts were defined with a cylin-
drical phantom in which the relative radioactivity concentrations
were chosen to represent the levels in muscle and blood vessels. In-
homogeneity as estimated from the coefficient of variation (%), av-
eraged ~ 10% using the former reconstruction method (filtered
back-projection, the FBP method [43]) and ~ 6% using the newly de-
veloped iterative algorithm (35). An example of a parametric flow
image reconstructed using the former algorithm and the iterative al-
gorithm used in the present study is shown in Fig. 1.

Calculation of regional muscle blood flow. The methods to mea-
sure blood flow with ['*OJH,O are based on the principle of inert
tracer kinetics between blood and tissues (44). It has been shown that
kinetics of [FO]JH,O can be modeled mathematically with a single
compartment model (45). The autoradiographic method (which has
been widely used to solve numerically the flow) was used as previ-
ously described in detail (20, 46). To obtain the actual input function
for the tissue element, internal dispersion from the arteries (5 s) and
external dispersion from the tubing in the blood sampling system (3 s)
were corrected for by using an exponential dispersion function time
constant. The delay between the input curve and the tissue curve was
solved by fitting. Blood flow was calculated pixel-by-pixel into flow im-
ages using a 250-s tissue integration time as previously described (20).

Calculation of regional glucose uptake. We used the three-com-
partment model of ['**F]JFDG kinetics (47) and graphical analysis as
previously described (48). Plasma and tissue time-activity curves
were analyzed graphically to quantitate the fractional rate of tracer
phosphorylation K. K; is equal to (K; X k3)/(k, + k3), where K; and
k, are the transfer coefficients from vascular space into the tissue and
back, respectively, and k; is the phosphorylation rate constant. The
rate of the glucose uptake (rGU) is obtained by multiplying K; by the
plasma glucose concentration [Glc], divided by a lumped constant
term (LC): rGU = K; X ([Glc],/LC). The lumped constant accounts
for differences in the transport and phosphorylation of ['*F]JFDG and
glucose. The lumped constant value was assumed to equal 1.0 for
skeletal muscle as previously described (48).

Regions of interest. Regions of interest (ROIs) were drawn in the
anterior, anterolateral, and posterior muscle compartments of the
femoral region in four consecutive cross-sectional slices in both legs,
carefully avoiding the great vessels. Localization of the muscle com-
partments was verified by comparison of the flow images with the
transmission image, which provides a topographical distribution of
tissue density. The ROIs outlined in the flow images were copied to
the ['®F]FDG radioactivity images to obtain quantitative data from
identical regions.

Figure 1. Example of a parametric flow image depicting a cross-sec-
tion of the femoral region reconstructed using the FBP method (A)
and using the MRP method (B).

Regional heterogeneity of blood flow. Blood flow values were ex-
tracted from the pixel-by-pixel flow image. A single large ROI drawn
onto the muscle area was used for analysis of flow distribution. On
the average this ROI consisted of 69927 pixels (62.9%2.4 cm?). The
standard deviation of the flow values was used as an index of absolute
flow dispersion. The distributions were normalized with average flow
within the ROI to obtain the relative flow distribution. The coeftfi-
cient of variation of blood flow was calculated by dividing the stan-
dard deviation of blood flow by average flow, and was used to charac-
terize relative flow dispersion or true flow heterogeneity (27, 49). It is
possible that the coefficient of variation remains constant in response
to an intervention, while the shape of the distribution changes. The
latter would also indicate redistribution of blood flow (27). This pos-
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sibility was evaluated by visually analyzing the shape of histograms
depicting the relative flow.

Other measurements

Blood pressure and heart rate were determined every 30 min
throughout the study using an automatic oscillometric blood pressure
analyzer (Omron HEM-705C; Omron Corp., Japan). The concentra-
tion of glycosylated hemoglobin in blood was measured by liquid
chromatography. Plasma glucose was measured using the glucose oxi-
dase method (Analox GM7 Analyzer; Analox Instruments Ltd.,
Hammersmith, London, England). Serum free insulin concentrations
were measured using a double antibody radioimmunoassay (Pharma-
cia Insulin RIA kit; Pharmacia Diagnostics AB, Uppsala, Sweden) af-
ter precipitation with polyethylene glycol.

Statistical methods

Differences in paired data were analyzed using the Student’s paired ¢
test, and group comparisons were performed with the unpaired Stu-
dent’s ¢ test for normally distributed data. The results are expressed
as mean=SEM. All statistical analyses were performed using the
SYSTAT software (Systat Inc., Evanston, IL).

Results

Glucose and insulin concentrations, whole body glucose up-
take. Fasting plasma glucose and serum free insulin concentra-
tions are given in Table I. During hyperinsulinemia, serum
free insulin concentrations averaged 2,434*+153 and 2,660=*
102 pmol/liter in the patients with NIDDM and normal sub-
jects (NS), and plasma glucose concentrations averaged
5.3%+0.1 and 5.3*0.1 mmol/liter, respectively (NS). Whole
body glucose uptake during hyperinsulinemia was significantly
lower in the patients with NIDDM (35%3 pmol/kg body
wt'min) than in the normal subjects (44+3 pwmol/kg body
wt-min, P < 0.05).

Muscle glucose uptake and blood flow. Insulin-stimulated
femoral muscle glucose uptake was significantly lower in the

patients with NIDDM (71£6 pmol/kg muscle-min) than in the
normal subjects (96+7 pmol/kg muscle-min, P < 0.02). Femo-
ral muscle blood flow increased during insulin infusion from
1.9%+0.3 to 2.8+0.4 ml/100 g muscle-min (P < 0.01) in the pa-
tients with NIDDM, and from 2.3+0.3 to 3.0£0.3 ml/100 g
muscle-min (P < 0.02) in the normal subjects. Neither basal
nor insulin-stimulated blood flow was significantly different
between groups.

Heterogeneity of blood flow in skeletal muscle. Muscle blood
flow showed considerable heterogeneity. Fig. 2 illustrates ex-
amples of flow distribution within a large muscle ROI in the
basal state and during insulin infusion. Insulin increased both
the mean blood flow (vide supra) and the absolute dispersion
of flow both in patients with NIDDM (0.55%0.10 vs. 0.91=0.15
ml/100 g muscle-min, basal vs. insulin, P < 0.05) and in normal
subjects (0.72+0.20 vs. 0.83x0.15 ml/100 g muscle'min, P <
0.05). The relative dispersion of blood flow averaged 0.30=
0.02 basally and 0.32+0.03 during hyperinsulinemia (NS) in
patients with NIDDM, and 0.30*=0.03 and 0.27%0.02, respec-
tively (NS), in normal subjects (NS for NIDDM vs. normal
subjects). The shape of the distribution of relative blood flow
did not change in response to insulin (Fig. 3). We also com-
pared the flow distributions within an ROI traced around the
total cross-section of the thigh and an ROI traced within mus-
cle tissue. The frequency of low-flow components was mark-
edly higher in the ROI representing the total cross-section of
the thigh as compared to the ROI traced within the muscle tis-
sue (Fig. 4). The low-flow components originated from tissues
such as the skin, subcutaneous fat, and bone.

Colocalization of glucose uptake and blood flow. To exam-
ine whether there was an association between regional glucose
uptake and blood flow, the six ROIs of each subject were first
ranked into descending order based on the rate of muscle glu-
cose uptake. Averages of blood flows in these ROIs were then
calculated. By definition, glucose uptake rates between these
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Figure 2. Individual examples of
muscle blood flow distributions in
the basal state (continuous line) and
during hyperinsulinemia (dashed
line). A and B depict two normal
subjects, and C and D depict two pa-

tients with NIDDM. A normal sub-
ject with a small change in muscle
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9 demonstrating large increases in
muscle blood flow are shown in
B and D.
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ranked ROIs were significantly different (P < 0.05-0.001 for
all comparisons between ranked ROIs). While the rates of
basal blood flow corresponding to these ROIs were evenly dis-
tributed between the six ROIs, a difference appeared during
insulin infusion (Fig. 5). Insulin-stimulated blood flows were
significantly higher in ROIs with high than in those with low
glucose uptake rates. The redistribution of blood flow to areas
with highest rates of glucose uptake was observed both in the
patients with NIDDM and in the normal subjects, although the
rate of glucose uptake was significantly lower in all ROIs in
the patients with NIDDM than in the normal subjects (Fig. 5).

Discussion

This study was undertaken to determine in normal subjects
and in patients with NIDDM whether blood flow heterogene-
ity exists in human skeletal muscle, and if so whether the flow
distribution changes in response to insulin. We also deter-
mined whether insulin redirects blood flow to areas using glu-
cose in normal subjects, and whether this action of insulin is
preserved in patients with NIDDM. These analyses were made
possible by recent improvements in the technique to measure
blood flow with [O]H,O and PET. Our results provide the
first evidence for flow heterogeneity in human skeletal muscle,
and show that insulin increases absolute, but not relative dis-
persion of flow. Insulin also redirects blood flow to areas
where it stimulates glucose uptake. In patients with NIDDM,

Figure 3. Mean relative muscle blood flow distributions in normal
subjects (A) and in patients with NIDDM (B) in the basal state (con-
tinuous line) and during hyperinsulinemia (dashed line).
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0.08 Figure 4. A comparison of the dis-
tribution of relative flow in an ROI

0.04 traced within femoral muscle (con-
tinuous line) and a region traced
around the entire thigh (dashed

Relative flow
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0 line) in the basal state (A) and dur-
1 15 2 ing hyperinsulinemia (B) in all nor-
mal subjects, and in all patients with

Relative flow NIDDM (C and D, respectively).
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Figure 5. For analysis of colocalization of glucose uptake and blood
flow, the six ROIs drawn in the femoral muscle area of each subject
were ranked on the basis of the rate of insulin-stimulated glucose up-
take. A shows the rates of muscle glucose uptake in descending order
(1 = region with highest and 6 = region with lowest rate of glucose
uptake) in the normal subjects (closed bars) and in the patients with
NIDDM (open bars). B shows insulin-stimulated muscle blood flows
in the same regions in the normal subjects (closed bars) and in the pa-
tients with NIDDM (open bars). Between groups comparisons: *P <
0.05. Within group comparisons are as follows: P < 0.01-0.05 vs.
previous region, P < 0.05 vs. region 1, 1P < 0.05 vs. regions 1, 3, and
4,%P < 0.05 vs. regions 1 and 2.

cellular glucose uptake is impaired despite normal insulin ef-
fects on muscle blood flow, flow dispersion, and redirection of
blood flow to glucose-using areas.

Unlike in high-flow regions, in low-flow (< 10 ml/100 g tis-
sue-min) regions such as resting skeletal muscle, the relation-
ship between tissue radioactivity after a bolus injection of
[OJH,O and blood flow is linear (20). Therefore, the calcu-
lated flow in a measurement volume represents the true aver-
age flow in this small area. In the present study, the statistical
noise associated with low-flow measurements was reduced
both using a long integration time (250 s) and using a recently
validated iterative reconstruction algorithm (20, 35). The MRP
method, unlike the FBP method, has been developed for emis-
sion studies where radioactivity originates inside the study ob-
ject. The FBP method, which is still commonly used in PET
studies, was originally developed for transmission studies (e.g.,
computed tomography) where the radioactivity originates out-
side the study object (43). We used the MRP method in this
study because this method allows good noise reduction with-
out compromising spatial resolution (Fig. 1) (35). Reconstruc-
tion artifacts were reduced by almost 50% compared to the
FBP method, and we were therefore able to analyze heteroge-
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neity in blood flow not only between but also within single
ROIs. The improved image quality might explain why we have
previously been unable to demonstrate colocalization of re-
gional blood flow and glucose uptake (50). Our estimates of
the relative dispersion of blood flow (0.27-0.32) are of the
same magnitude as previous estimates in studies where hetero-
geneity has been estimated in animals using labeled micro-
spheres (27, 31). For example, in rabbit and cat gastrocnemius
muscles, the relative dispersion of spatial blood flows ex-
pressed as coefficient of variation has been found to be 0.2-0.6
depending on the size and number of regions used for analysis
(26). The within region variation of flow in the present study is
markedly higher than could be expected if the variation was
only caused by technical factors such as pixel-by-pixel inhomo-
geneity (see Methods). Therefore, true spatial variation in per-
fusion exists within human skeletal muscles.

In the present study, insulin increased absolute dispersion
of blood flow while relative dispersion remained unchanged.
These data are consistent with previous data demonstrating in-
creases in blood flow by interventions such as exercise (26, 30,
31) or infusion of vasodilating agents such as papaverine (25)
or adenosine (30) with no change in relative flow dispersion.
Furthermore, in dogs, glucose-insulin-potassium infusions have
been shown to increase coronary blood flow, but not flow het-
erogeneity, as determined from regional blood flows normal-
ized for mean flow (51). It is of interest to note that vasodila-
tion induced by adenosine does not enhance insulin-stimulated
glucose uptake in human skeletal muscle (52). Given that insu-
lin appears to have a similar effect on blood flow heterogeneity
and distribution as adenosine (30), one might predict that insu-
lin-induced vasodilation does not per se enhance glucose up-
take. Such a conclusion is, however, premature at present.
First, although animal studies support the view that total flow
and flow distribution can be independently controlled (27, 28),
it is currently unknown how changes in blood flow distribution
relate to oxygen consumption and capillary exchange rates of
substrates such as glucose in human skeletal muscle. Studies
comparing effects of vasoactive agents, which change total
flow similarly but have opposite effects on oxygen uptake (28),
would need to be undertaken to resolve this issue. In the per-
fused rat hindlimb, out of 18 agents that change total blood
flow similarly, 13 have been found to increase oxygen uptake
(type A agents) while 5 (type B agents) had no effect on oxy-
gen uptake (28). Thus, the present study does not allow classi-
fication of insulin as a type A or type B agent, but provides the
first description of flow heterogeneity in human skeletal mus-
cle and its change in response to insulin.

Regarding previous data reporting mean blood flows in pa-
tients with NIDDM, it was believed for many years that a de-
fect in glucose extraction was responsible for insulin resistance
in patients with NIDDM (2). The study of Laakso et al. (6) led
to reassessment of the possible contribution of defects in blood
flow to insulin resistance in patients with NIDDM with nega-
tive results (3-5, 15). The method or limb used to measure
blood flow does not seem to explain the discrepant results, as
no defects in blood flow in patients with NIDDM have been
reported using dye dilution (2, 5), thermodilution (3, 18) or
venous occlusion plethysmography (4, 15) methods across
forearm and leg tissues. The effect of insulin on limb blood
flow is both time- and concentration-dependent (53, 54). The
insulin dose in the studies of DeFronzo et al. (2), Mandarino et
al. (4), Bak et al. (15), and Bonadonna et al. (5) (1-2 mU/



kg'min for 2-3 h) was lower than in the study of Laakso et al.
(6) (sequential infusions of 3, 7.5, 15, and 30 mU/kg'min for
over 6.5 h). One might argue that the duration of the insulin in-
fusion or the dose of insulin was insufficient to increase blood
flow in many of the previous studies (2, 4, 5, 15), and that de-
fects were therefore not detected. This seems not to be the
case since in normal subjects, Dela et al. (3, 18) found an~ 55%
increase in leg blood flow during 6-h sequential low- and high-
dose insulin infusions, and Tack et al. (17) found an ~ 30% in-
crease in blood flow after 90 min of a 1.5 mU/kg-min insulin in-
fusion. In keeping with these data, in the present study we
observed a 31% increase in muscle blood flow after 60 min of a
5 mU/kg'min insulin infusion. No defect in insulin stimulation
of blood flow was, however, observed in patients with NIDDM
in these studies. The NIDDM patients studied by Laakso et al.
(6) were slightly more obese (BMI 33 kg/m?) than the obese
nondiabetic control subjects (30 kg/m?), and more obese than
the patients studied by Dela et al. (BMI 29 kg/m?) (3, 18) and
Tack et al. (BMI 24 kg/m?) (17). This may contribute to the
discrepant findings, since obesity independently impairs insu-
lin-induced vasodilation (53, 55). The patients studied by
Laakso et al. also had worse glycemic control than those in the
other studies (3, 17, 18). Since insulin stimulates blood flow in
an endothelium-dependent manner (56, 57), and chronic hy-
perglycemia blunts endothelium-dependent vasodilation (58,
59), differences in glycemic control could explain the discrep-
ant findings. In keeping with this, the vasodilatory response to
high insulin concentrations is improved by intensive insulin
therapy in NIDDM (12).

Our findings extend previous studies by demonstrating that
insulin not only increases, but also redistributes blood flow
within muscle tissue to the same regions where it stimulates
glucose uptake. In rabbits, a positive association between re-
gional muscle glucose uptake and blood flow has been ob-
served during exercise, but not under resting conditions (60).
Similarly, insulin-stimulated but not basal blood flow was asso-
ciated with glucose uptake in the present study. Since it is not
technically feasible to perform pixel-by-pixel quantitation of
glucose uptake, colocalization of blood flow and glucose up-
take was analyzed in three ROIs per limb, which might miss
out on putative differences in the coupling efficiency between
insulin-stimulated blood flow and glucose uptake in normal
subjects as compared to patients with NIDDM. This seems un-
likely, however, since significant coupling was observed within
both groups, even though large ROIs were used for analysis
(Fig. 5), and since pixel analyses of blood flow were identical in
both groups. In rats, muscles with the highest proportion of ox-
idative type I muscle fibers have the highest rates of blood flow
(61). In rats, however, several muscles have distinct morphol-
ogy, i.e., fiber type and capillarization, whereas in humans all
femoral muscles consist of mixtures of various fiber types. For
example, the flexor and extensor muscles of the knee contain
roughly equal proportions of type I and type 11 fibers (62, 63).
It is therefore not possible to analyze ROIs within femoral
muscles with respect to the ability of different muscle fiber
types to use glucose. Oxidative type I fibers are more sensitive
to insulin, and are surrounded by more capillaries than type
IIb fibers (64-66). Muscle capillarization, as estimated from
the capillaries per fiber ratio, is positively correlated with insu-
lin-stimulated blood flow across the limb (67). Therefore,
modest differences in muscle morphology between the ROIs
may explain the colocalization of insulin-stimulated blood flow

and glucose uptake in the present study. Alternatively, the rate
of glucose metabolism could be the signal for the observed in-
crease in flow. This possibility seems unlikely for two reasons.
First, previous studies have shown that insulin rather than the
rate of glucose metabolism determines the magnitude of insu-
lin-induced vasodilation (14, 68). Second, in the present study
blood flow increased similarly in both normal subjects and pa-
tients with NIDDM, although the latter group had a reduced
rate of glucose metabolism.

Regarding the location of the defect in cellular glucose ex-
traction in patients with NIDDM, some investigators have
used a three-compartment model for [BF]JFDG tissue activity
to derive rate constants of [SF]JFDG transport and phosphory-
lation in skeletal muscle (69, 70). Such analysis could also be
performed on the present [¥F]JFDG activity data. However,
we chose not to do this for several reasons. Most importantly,
the rate constants for glucose transport and phosphorylation
have only been validated for use in the brain (47). As brain
glucose uptake differs from skeletal muscle glucose uptake in
many respects such as insulin dependency (71) and the enzy-
matic isoforms responsible for glucose transport and phosphor-
ylation (72, 73), we feel that the compartmental model provid-
ing transport and phosphorylation parameters needs to be
validated before its use in skeletal muscle. Furthermore,
quantitation of glucose fluxes using different tracers for
measurement of glucose transport (3-O-['*C]methyl-D-glu-
cose), phosphorylation and subsequent glucose metabolism
(D-[3-*H]glucose) and the extracellular space (D-mannitol),
have indicated that the intracellular glucose concentration
changes during insulin stimulation (5, 74). This implies that
even if the rate constants could be determined, the actual rates
of glucose transport and phosphorylation would still remain
unknown.

In conclusion, high insulin concentrations increase muscle
blood flow and the absolute, but not relative, dispersion of
flow. Insulin not only increases muscle blood flow, but also re-
distributes flow preferentially to areas with high rates of glu-
cose uptake. This suggests that at least regionally, the metabolic
and hemodynamic effects of insulin are coupled. Functional
coupling appears unlikely, however, since integrity of the he-
modynamic effects of insulin do not overcome cellular insulin
resistance in NIDDM.
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