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The hemodynamic concept of insulin resistance assumes that vasodilatory effects of insulin determine glucose uptake. Sickle

cell disease (SCD) is characterized by microangiopathy and microvascular occlusion. Therefore, we hypothesized that patients

with SCD have a reduced insulin-mediated glucose uptake. In 8 patients with SCD and 8 matched normal controls, we studied

the effects of a 4-hour insulin infusion (50 mU/kg/h) on glucose uptake and leg blood flow (LBF) using the euglycemic clamp

technique and venous occlusion plethysmography. Time-control experiments were performed in the same subjects. Insulin-

mediated glucose uptake (M value, mg/kg/min) did not differ between patients with SCD and control subjects during the

second (6.3 6 4.6 and 7.6 6 2.6, P 5 .5), third (7.5 6 4.6 and 9.3 6 3.4, P 5 .4) and fourth hour (8.6 6 4.7 and 11.0 6 2.9, P 5 .2)

of the clamp. At baseline, LBF was higher in the patients with SCD than in the controls (3.28 6 1.68 and 1.37 6 0.47

mL/min/dL, respectively; P 5 .005). Insulin-induced increases in LBF in patients with SCD and in normal subjects were not

different (P 5 .9). Respectively, 56% and 24% of the changes in glucose uptake could be explained from changes in LBF in the

course of the insulin infusion in the patients with SCD and controls. We suppose that the comparable insulin sensitivity

between both groups is due to a compensatory hemodynamic state in SCD characterized by vasodilation and increased flow.
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ALINK BETWEEN the hemodynamic, ie, vasodilatory, and
metabolic effects of insulin has been widely investigated,

but not conclusively demonstrated. A direct relationship be-
tween insulin-mediated changes in leg blood flow (LBF) and
glucose uptake has been shown during physiologic and supra-
physiologic hyperinsulinemia in healthy volunteers.1-4 Also, a
colocalization of insulin-mediated muscle blood flow with re-
gional glucose uptake using positron emission tomography has
been shown.5 However, it remains to be established whether
insulin itself or its metabolic effects determine its vascular
effects.

The hemodynamic concept of insulin resistance, originally
propagated by Baron,6 assumes that the hemodynamic effects
of insulin determine glucose uptake. This concept is supported
by previous observations that insulin itself rather than the rate
of carbohydrate metabolism determines the magnitude of insu-
lin-induced vasodilation.7,8 In contrast, this hemodynamic con-
cept has been questioned by the results of other studies that
assessed the effects of diverse pharmacologic interventions on
muscle blood flow and insulin-mediated glucose uptake.9 These
studies reported no or limited effects of changes in blood flow
on glucose uptake. However, as an important drawback of these
studies, it could not be excluded that the pharmacologic agents
used had flow-independent effects on glucose uptake.

An alternative model to assess the role of insulin’s hemody-
namic effect on glucose uptake is provided by the presence of
preexistent hemodynamic abnormalities, especially in the mi-
crocirculation. We have previously shown that microvascular
function relates to insulin sensitivity in normal subjects.10 Also,
a correlation has been shown between skeletal muscle capillary
density and insulin sensitivity in man.11 These previous studies
were not able to attribute causality to associations and, more-
over, illustrated that insulin sensitivity relates to other factors as
well, especially waist-to-hip ratio (WHR) as a measure of body
fat distribution. The causality of microcirculatory abnormalities
for insulin sensitivity could be studied further in two matched
groups of individuals who differ only by the presence or
absence of microvascular abnormalities.

In sickle cell disease (SCD), hemodynamic changes occur

early in life. Microcirculatory flow disturbances and microvas-
cular occlusion are hallmarks of SCD.12-14 We, therefore, hy-
pothesized that patients with SCD are insulin-resistant com-
pared with matched normal subjects. Because the effect of
insulin on muscle blood flow is time-dependent15 and because
we have previously found a correlation between insulin’s ef-
fects on blood flow and glucose uptake during prolonged hy-
perinsulinemia,2 we expected to find differences in insulin
sensitivity between both groups during sustained hyperinsulin-
emia. Therefore, we measured insulin sensitivity and leg mus-
cle blood flow during a 4-hour physiologic insulin infusion
period in patients with SCD and matched normal subjects.

SUBJECTS AND METHODS

Eight patients with SCD participated in the studies. Five of them had
sickle cell anemia, 2 were heterozygous for hemoglobin S and C, and
1 was heterozygous for hemoglobin S andb-thalassemia. All had
microvascular disease, as illustrated by a defective concentrating
capacity of urine: after 24 hours, thirsting maximal urine osmolality
amounted to 4351 51 mOsmol/kg water (mean6 SD). The healthy
volunteers were matched to the patients with SCD for age, sex, race,
and body mass index (Table 1). Blood pressure levels did not differ
between both groups. The normal subjects had a normal hemoglobin A
pattern as assessed by hemoglobin electrophoresis. All patients with
SCD and normal subjects had a normal 75-g oral glucose tolerance test
according to World Health Organization (WHO) criteria. Patients did
not use medication other than folic acid supplementation. Informed
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consent was obtained from all subjects. The protocol had been ap-
proved by the local ethical committee, and the study was performed in
accordance with the Declaration of Helsinki.

Study Design

Each subject underwent an insulin infusion and a time-control study
in a randomized order on 2 separate days at least 7 days apart. After an
overnight fast, all subjects came to the clinic at 8AM. Two polytetra-
fluoroethylene cannulae (Venflon; Viggo, Helsinborg, Sweden) were
inserted for intermittent blood sampling and infusions. Measurements
were performed during the second hour of a 120-minute basal period
and a subsequent 4-hour study period.

To achieve a similar degree of volume loading during both studies,
all subjects were given 300 mL of water each hour. This volume was
administered as tap water during the time-control studies. During
insulin infusion, water was given as 20%D-glucose infusion added with
tap water orally to 300 mL water each hour.

Insulin Infusion Study

The hyperinsulinemic euglycemic clamp technique was used for
insulin infusion and to assess sensitivity to insulin-mediated glucose
uptake, as described previously.16,17 Insulin (Velosulin; Novo Nordisk,
Bagsvaerd, Denmark), diluted to 50 mL with 45 mL of 0.9% saline and
5 mL of 20% human albumin, was infused in a primed, continuous
manner at a rate of 50 mU/kg/h for 4 hours. Normoglycemia was
maintained by adjusting the rate of a 20%D-glucose infusion based on
frequent plasma glucose measurements with an automated glucose
oxidase method (Yellow Springs Instruments, yellow Springs, OH). In
normal subjects, it has been shown that hepatic glucose production is
completely suppressed during the insulin infusion rate given.18 Presum-
ably, this also holds true for patients with SCD, because whole body
glucose utilization and endogenous glucose production under steady
state conditions are similar between patients with SCD and control
subjects.19 Therefore, whole body glucose uptake (M value) was cal-
culated from the glucose infusion rate during the second, third, and
fourth hour of insulin infusion.20 Blood samples for measurement of
plasma insulin were drawn 4 times during the second and fourth hour
of the clamp. Plasma insulin concentrations were measured by radio-
immunoassay (Immunoradiometric Assay; Medgenix Diagnostics,
Fleurus, Belgium).

Time-Control Study

Control experiments were performed in an identical fashion with
administration of the same amount of fluids and with sampling of the
same amount of blood. Control experiments enabled us to correct for
nonspecific changes in the variables under evaluation.

Hemodynamic Measurement

Systolic blood pressure (SBP), diastolic blood pressure (DBP), and
heart rate were measured every 10 minutes with a semicontinuous
blood pressure measuring device (Nippon Colin BP 103 N Sphygmo-
manometer; Hayashi, Komaki-City, Japan). Six measurements were
performed during each 1-hour clearance period. LBF was measured in
the calf at baseline and during the second and fourth hour of the clamp.
Measurements were performed by venous occlusion plethysmography
using mercury-in-silastic strain gauges.2 Each result of measurement of
resting LBF (mL/min/dL) represents the average of 7 to 10 separate
recordings. In our hands, this technique has a coefficient of variation
(CV) of 14%.2

Power Calculation

Using data from previous studies in normal subjects,21,22 we have
calculated a CV for measurements of insulin-mediated glucose uptake
of 22%. Using these data, the present study had a power .80 at a
significance level of .05 to measure a difference in M value of 2.1
mg/kg/min between patients with SCD and control subjects.

Likewise, the present study had a power of .80 at a significance level
of .05 to measure an increase in LBF of 0.43 mL/min/dL in normal
subjects.

Statistics

Between-group differences were analyzed with the Student’st test.
To detect differences over time and between the studies and between
the groups, the variables were analyzed by 2-way analyses of variance
(ANOVA) for repeated measurements. To aid interpretation of the
relative magnitude of changes in LBF in the figures, the percentage
change from baseline during the time-control studies was subtracted
from the percentage change during insulin infusion. Correlation anal-
yses were used to investigate associations between insulin’s metabolic
and vasodilatory effects and were performed by standard methods. A
value ofP , .05 was considered to be significant. Data are expressed
as mean6 SD unless stated otherwise.

RESULTS

Baseline values of blood pressure, heart rate, and LBF did
not differ between the insulin infusion and the time-control
studies in both groups. Comparison of the averaged mean
baseline values of both groups showed that LBF was higher in
the patients with SCD than in the normal subjects (3.286 1.68
and 1.376 0.47 mL/min/dL, respectively;P 5 .005). Except
for the expected differences in hemoglobin levels, other char-
acteristics did not differ between both groups (Table 1).

Euglycemic Clamp Data

During the euglycemic clamp, glucose levels averaged 4.26
0.3 mmol/L in patients with SCD and 4.26 0.1 mmol/L in
control subjects. The results of insulin-mediated glucose uptake
(M value, mg/kg/min) in patients with SCD and controls are
shown in Fig 1.

Insulin-mediated glucose uptake increased during the course
of the insulin infusion in both groups. However, M values did
not differ between both groups during the second (P 5 .5),
third (P 5 .4), and fourth hour (P 5 .2) of the clamp. Values
at the third hour are not further discussed because they were
always intermediate between the second and fourth hour. The
CV of the blood glucose level during insulin infusion was
7.4 6 2.2 in the patients with SCD and 9.4%6 2.7% in the
controls. Measurement of plasma insulin levels in patients with

Table 1. Characteristics of Healthy Volunteers (n 5 8)

and Patients With SCD (n 5 8)

Characteristics
Healthy

Volunteers
Patients With

SCD P Value

Age (yr) 36 6 9 36 6 9 .7
Sex (male/female) 5/3 5/3 1.0
Height (cm) 175 6 13 170 6 10 .3
Body weight (kg) 73 6 13 69 6 15 .3
Body mass index (kg/m2) 23.9 6 3.6 23.7 6 4.5 .8
SBP (mm Hg) 126 6 13 122 6 16 .6
DBP (mm Hg) 70 6 10 65 6 12 .4
Hemoglobin (mmol/L) 7.6 6 1.0 5.4 6 1.4 .005
Fasting glucose (mmol/L) 4.2 6 0.1 4.2 6 0.3 .8

NOTE. Data are reported as mean 6 SD.
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SCD was hampered by chronic low-grade hemolysis. Plasma
insulin levels averaged 5136 103 and 5216 100 pmol/L
during the second and fourth hour of insulin infusion in the
normal subjects.

Effect of Insulin on Systemic Hemodynamics

The hemodynamic data obtained in the normal subjects and in
the patients with SCD are listed in Table 2. SBP and DBP did not
change during the experiments. Heart rate increased significantly

during insulin infusion in the normal subjects, but not in the
patients with SCD. Comparison of changes in heart rate between
both groups showed that changes in heart rate in the normal
subjects exceeded the changes in the patients with SCD (ANOVA,
P 5 .001). The changes in LBF are shown in Fig 2. Insulin-
induced increases in LBF reached significance in normal subjects
(P 5 .004), but not in patients with SCD (P 5 .14). The increases
in LBF did not differ between both groups (P 5 .9).

Correlation Analysis

Because basal LBF was higher in the patients with SCD,
while insulin sensitivity tended to increase more in the normal
subjects, we performed additional regression analyses looking
for explanations of the changes observed.

First, we examined the correlation between LBF at baseline
and the changes in LBF during insulin infusion (Fig 3). We
found a significant positive correlation (r 5 .75,P 5 .03) in the
normal subjects as opposed to the patients with SCD (r 5
2.38, P 5 .3). These results suggested that the relationship
between changes in LBF and basal LBF was modified by the
the presence or absence of SCD. Indeed, effect-modification by
group was confirmed by additional regression analysis with
changes in LBF as dependent variable, and basal LBF, group
and product-term of basal LBF and group as independent
variables. The product-term appeared to be a significant (P 5
.04) determinant of changes in LBF in this model.

In addition, we investigated the correlation between changes
in glucose uptake and LBF during sustained insulin infusion, ie,
the changes that occurred from the second until the fourth hour
of the insulin infusion. This analysis showed similar regression
coefficients in the group of SCD patients and controls (Fig 4).

Fig 1. Insulin-mediated glucose uptake (M value, mg/kg/min) in

patients with SCD (h, n 5 8) and matched normal subjects ( , n 5

8) during hyperinsulinemic euglycemic clamp studies.

Table 2. Changes in Systemic Hemodynamics During Insulin Infusion and Time-Control Studies in Patients With SCD and Normal Subjects

Baseline 2 Hour P2 4 Hour P4

SBP (mm Hg)
Sickle cell

Insulin 123.9 6 22.9 122.4 6 16.3 NS 128.6 6 19.0 NS
Control 119.3 6 9.8 122.0 6 13.7 121.9 6 13.6

Normals
Insulin 123.2 6 12.2 126.7 6 12.0 NS 126.2 6 11.7 NS
Control 129.2 6 14.0 129.4 6 12.8 129.4 6 14.8

DBP (mm Hg)
Sickle cell

Insulin 65.7 6 13.0 64.8 6 11.0 NS 66.5 6 13.6 NS
Control 63.7 6 12.1 65.7 6 11.4 65.4 6 11.0

Normals
Insulin 67.9 6 9.0 67.8 6 10.4 NS 68.3 6 8.1 NS
Control 72.9 6 12.0 72.4 6 13.6 72.6 6 11.4

Heart rate (beats/min)
Sickle cell

Insulin 65.4 6 10.0 66.3 6 11.1 NS 65.8 6 10.9 NS
Control 60.1 6 11.4 61.6 6 12.1 62.7 6 11.5

Normals
Insulin 61.1 6 5.5 65.1 6 6.4 .002 66.6 6 6.8 .01
Control 63.0 6 8.3 62.3 6 6.0 62.7 6 9.4

NOTE. Data are expressed as mean 6 SD. The P 2 and P4 columns denote significant differences between the insulin infusion and time-control
studies at 2 hours and 4 hours, respectively.

Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; sickle cell, patients with sickle cell disease; normals, normal
subjects; insulin, insulin infusion study; control, time-control study.
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Using the latter data in a regression analysis, we found that
56% and 24% (adjustedR2 5 .56 and .24) of the changes in
glucose uptake from the second until the fourth hour of insulin
infusion could be explained by concomitant changes in LBF in
patients with SCD and controls, respectively.

DISCUSSION

The hypothesis that patients with SCD are insulin-resistant
compared with matched control subjects could not be con-
firmed by the results of our study. This observation does not yet
reject the concept that insulin’s hemodynamic effects deter-
mine glucose uptake, because basal LBF was higher in patients

with SCD. Moreover, 56% and 24% of the changes in glucose
uptake from the second until the fourth hour of insulin infusion
could be explained from changes in LBF in patients with SCD
and controls, respectively.

The outcome of this study rests on the assumption that
patients with SCD differ from their matched controls by mi-
crocirculatory abnormalities, but not by other factors known to
affect insulin-mediated glucose uptake. In general, capillary
blood flow in SCD is reduced due to increased blood viscosity
related to red blood cell deformity and increased adhesiveness
between sickle erythrocytes and endothelium.12-14 However,
little is known about microcirculatory blood flow in patients

Fig 3. Correlation between basal LBF and percentage changes in

LBF during hyperinsulinemic euglycemic clamp studies in patients with

SCD (F, r 5 2.38, P 5 .3) and normal subjects (E, r 5 .75, P 5 .03).

Fig 4. Correlation between percentage changes in LBF and glucose

uptake during the fourth v second hour of insulin infusion in patients

with SCD (F, r 5 .75, P 5 .03) and normal subjects (E, r 5 .59, P 5 .13).

Fig 2. LBF in patients with SCD and matched normal subjects during hyperinsulinemic euglycemic clamp (F) and time-control studies (E).

* P < .05 for the changes during insulin infusion compared with baseline. † P < .05 for the changes during insulin infusion compared with

time-control studies.
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with SCD. Perfusion of animal muscle with human sickle red
blood cells resulted in reduced microvascular flow and an
increase in microvascular resistance and compensatory vasodi-
lation with shunting of blood through pathways parallel to
capillaries occluded by red blood cells.23 In patients with
SCD, microvascular blood flow has been studied in skin and
nailfold capillaries.24-26These studies showed large oscillations
in local blood flow consistent with periodic flow at the arterio-
lar level.24,25 These observations have been attributed as com-
pensatory to intermittent vascular occlusion.25,26

Considering these abnormalities, we originally hypothesized
the following causes for a decreased insulin-mediated glucose
uptake in patients with SCD: (1) inhomogenity of muscle blood
flow and increased diffusion distance from capillary to tissue
due to intermittent capillary occlusion, (2) decreased time for
diffusion due to enhanced blood flow in the open capillaries,
and (3) lack of additional vasodilating effect of insulin.

Contrary to our expectations, insulin-mediated glucose up-
take did not differ between patients with SCD and matched
control subjects. Both groups were individually matched for
possible confounding factors relating to insulin sensitivity such
as age, sex, race, and body mass index, as well as physical
fitness. We did not not measure muscularity,15 but 24-hour
urinary excretion of creatinine did not differ between both
groups (data not shown). By matching for these factors, we
expected to have a specific and reliable model to study the role
of hemodynamics as a determinant of insulin sensitivity.

However, baseline values of LBF differed significantly be-
tween both groups. We had taken this possibility into account,
considering previous observations of an increased overall skel-
etal muscle blood flow in SCD,27 which as been attributed to
the presence of anemia.28 Nevertheless, we hypothesized that
the microcirculatory defects would decrease insulin sensitivity
despite an elevated basal muscle blood flow in SCD due to
arteriovenous shunting.

At first sight, the lack of difference in insulin sensitivity be-
tween both groups argues against a causal role of insulin’s hemo-
dynamic effects for determining insulin sensitivity. At a closer
look, our results may even support the hemodynamic concept of
insulin resistance taking into account the elevated LBF at baseline
in patients with SCD. This elevated basal LBF presumably reflects
a compensatory state characterized by vasodilation and increased
microcirculatory flow to compensate for intermittent capillary
occlusion in SCD and attendant anemia. As a result of this con-
cept, muscle blood flow reserve should be limited in SCD, espe-
cially in the patients with the highest basal levels of LBF. Indeed,
a limited muscle blood flow reserve in SCD was suggested by the
outcome of correlation analysis between basal LBF and insulin-
induced changes therein. Insulin-mediated changes in LBF
showed a positive correlation with baseline values in normal
subjects, whereas we did not find such a correlation in the patients
with SCD. This apparent difference between the 2 groups showed
to be statistically significant on testing for effect-modification of
the associations by group (P 5 .04 for the product-term of basal
LBF and group).

Thus, the elevated basal LBF in SCD presumably prevented
the demonstration of a difference in insulin sensitivity between
both groups. Alternatively, the possibility of a type 2 error
cannot be excluded, because mean values of insulin-mediated

glucose uptake in the normal subjects exceeded mean values in
patients with SCD at all points of measurement, albeit not
significantly. According to our power calculation, the size of
our study population was sufficient to detect significant differ-
ences. We calculated that our study had a power of 80% to
detect a difference in M value of 2.1 mg/kg/min between
patients with SCD and controls. Differences in M value
amounted to 1.30, 1.79, and 2.45 mg/kg/min during the second,
third, and fourth hour of the insulin infusion, respectively. In
addition, we calculated that our study had a power of 80% to
detect an increase in LBF of 0.43 mL/min/dL. As expected, we
observed a significant increase in LBF in the normal subjects.
In patients with SCD, increases in LBF were similar, but varied
widely, not reaching statistical significance.

We assumed that differences in insulin-mediated glucose
uptake between both groups would become especially apparent
during sustained hyperinsulinemia considering a time-depen-
dent effect of insulin on muscle blood flow and glucose up-
take.2,15 As expected, insulin-mediated glucose uptake in-
creased in the normal subjects, but also in the SCD patients.
Insulin sensitivity tended to dissociate between both groups in
the course of the insulin infusion, albeit not significantly. By
correlation analysis, remarkably similar relationships were ob-
served between changes in glucose uptake and changes in LBF
during prolonged hyperinsulinemia in both groups. Regression
analysis showed that 56% and 24% of the changes in glucose
uptake could be explained by changes in LBF in patients with
SCD and controls, respectively. However, causality cannot be
attributed to associations. Thus, as an alternative possibility,
insulin-induced glucose metabolism could explain 56% and
24% of changes in LBF in SCD patients and controls.

A primary role for insulin’s metabolic effects in determining
blood flow gains support from a recent in vitro observation. In
a study of endothelial cell cultures, it was shown that wortman-
nin, an inhibitor of phosphatidylinositol 3-kinase, inhibited
insulin-stimulated nitric oxide production.29 Because phospha-
tidylinositol 3-kinase is necessary for insulin-stimulated glu-
cose transport, these results indicate that nitric oxide as an
effector of insulin signalling pathways that are also involved
with glucose metabolism.29

Finally, heart rate increased only in the normal subjects. This
increase in heart rate is possibly secondary to insulin-induced
vasodilation. Alternatively, the lack of increase in heart rate in
SCD patients could reflect an impairment of sympathetic ner-
vous system activation, in analogy to previous observations that
cold-induced sympathetic stimulation did not affect forearm
vascular resistance in SCD.27

To conclude, insulin-mediated glucose uptake did not differ
between normal subjects and patients with SCD presumed to be
characterized by intermittent microvascular occlusion. We sup-
pose that the lack of difference in insulin sensitivity between
both groups has been confounded by a compensatory hemody-
namic state in SCD displaying vasodilation and increased mi-
crovascular flow. Therefore, our observations do not refute the
hemodynamic concept of insulin resistance. Rather, during
sustained hyperinsulinemia, respectively, 56% and 24% of the
changes in glucose uptake could be explained from changes in
LBF in patients with SCD and controls.
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