
The development of diabetic microvascular complica-
tions may be the end result of longstanding functional
abnormalities in the microcirculation such as altered
capillary pressure, blood flow and permeability,
which are present from an early stage in the course
of diabetes mellitus [1–3]. There is now abundant evi-
dence in support of this concept in patients with insu-
lin-dependent diabetes (IDDM) [1–4] and also accu-
mulating evidence of early functional microvascu-
lar changes in patients with non-insulin-dependent

diabetes (NIDDM) [5]. The pattern of abnormalities,
however, appears to differ between the two main
types of diabetes, paralleling known differences in
the epidemiology of microvascular disease, e.g. the
higher prevalence of proliferative retinopathy in
IDDM patients and of maculopathy in NIDDM pa-
tients [5]. The major microvascular functional abnor-
mality found in the skin of normotensive patients
with NIDDM is a profound reduction in hyperaemic
responses [6, 7]; whereas capillary pressure [8] and
capillary filtration coefficient [9] (a measure of fluid
permeability) appear to be normal. Like established
microvascular disease, e.g. retinopathy [10], reduced
microvascular hyperaemia may already be present at
the time of diagnosis in NIDDM [7]. This does not
seem to relate to a long period of unrecognised diabe-
tes as a similar reduction in hyperaemic response has
been demonstrated in subjects with fasting hypergly-
caemia at high risk of developing NIDDM [11]. As
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Summary Microvascular hyperaemia is decreased in
subjects at risk of developing non-insulin-dependent
diabetes mellitus (NIDDM) who have fasting hyper-
glycaemia. Such microvascular abnormalities may be
involved in the pathogenesis of diabetic microangio-
pathy. To investigate the relationship of reduced mi-
crovascular hyperaemia to metabolic and blood pres-
sure abnormalities associated with the prediabetic
state, we studied 24 subjects with fasting hyperglycae-
mia and 24 age- and sex-matched control subjects.
The microvascular hyperaemic response to local
heating of the skin on the dorsum of the foot mea-
sured by laser Doppler fluximetry was reduced in
the subjects with fasting hyperglycaemia (1.18 [0.87–
1.83] volts vs 1.51 [1.30–2.14] volts normal subjects;
p = 0.0002) and was negatively correlated with fasting

plasma insulin concentration (Rs = −0.70; p = 0.001)
and positively related to insulin sensitivity deter-
mined by continuous infusion of glucose with model
assessment (CIGMA) (Rs = 0.52; p = 0.01), but
showed no association with fasting plasma glucose,
beta-cell function, 24 h ambulatory blood pressure
profiles or serum lipid concentrations. These results
suggest that hyperinsulinaemia, as a result of insulin
resistance, may have a detrimental effect on mi-
crovascular function in the prediabetic state. [Dia-
betologia (1997) 40: 238–243]
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these subjects only had minimal hyperglycaemia
(fasting plasma glucose level 5.5–7.8 mmol/l), this
suggests that other metabolic abnormalities associ-
ated with the prediabetic state, such as insulin resis-
tance, may play a role in the pathogenesis of mi-
crovascular dysfunction in subjects with impaired glu-
cose tolerance (IGT). This hypothesis is supported by
the results of in vitro studies showing proliferation of
microvascular cells in culture on exposure to insulin
[12]. Alternatively, microvascular dysfunction in
IGT subjects who are normotensive on clinic mea-
surements could relate to an abnormal 24-h blood
pressure profile: an altered diurnal rhythm in blood
pressure has been found on 24-h ambulatory monitor-
ing in some normotensive NIDDM patients and has
been related to the presence of microvascular compli-
cations [13].

The aim of this study, therefore, was to investigate
the relationship of reduced microvascular hyperae-
mia to metabolic and blood pressure abnormalities
associated with the prediabetic state.

Subjects and methods

Subjects. We studied 24 subjects with fasting hyperglycaemia
(Table 1) who were recruited consecutively on entry to the Ex-
eter cohort of the Fasting Hyperglycaemia Study, a multicen-
tre, prospective, randomised study comparing the effects on
IGT of diet and exercise, with or without sulphonylurea treat-
ment. This group had been recruited from a high-risk popula-
tion who all had one or more risk factors for the development
of NIDDM (affected first degree relative, previous gestational
diabetes, obesity, known IGT). All had a fasting venous plasma
glucose concentration between 5.5 and 7.8 mmol/l (i. e. greater
than the 95th centile for the normal population and lower than
the World Health Organisation (WHO) definition for diabetes
[14] ) on two occasions prior to entry to the study. We recruited
24 healthy age- and sex-matched control with no family history
of diabetes from hospital staff, patients’ friends and spouses,
and local advertisements (Table 1).

As hypertension and large vessel disease may indepen-
dently affect microvascular flow measurements [15, 16], sub-
jects were only included if they were normotensive (brachial
blood pressure < 160/90 mm Hg), and if they had no evi-
dence of large vessel disease (as determined by a history
suggestive of ischaemic heart disease, peripheral vascular
disease or cerebral ischaemia; diminished lower limb pulses
or ankle to brachial systolic pressure index < 1.0). No sub-
jects were taking any potentially vasoactive medications
and all had a normal serum creatinine concentration. The
study protocol was approved by the local research ethics
committee and informed verbal consent was obtained from
all participants.

There were three cigarette smokers and four ex-smokers
among the subjects with hyperglycaemia, and three smokers
and one ex-smoker in the control group. None of the subjects
with fasting hyperglycaemia had retinopathy as determined
by a combination of ophthalmoscopy through dilated pupils
and retinal photography [10]; two had microalbuminuria
(urinary albumin [mg/l]: creatinine [mmol/l] ratio > 3.5 in an
early morning urine sample, in the absence of urinary tract
infection); and two had significant large-fibre neuropathy

(vibration perception threshold on the great toes greater than
the age-adjusted 95th centile for a normal population), deter-
mined using a Biothesiometer (Biomedical Instrument Co.,
Newbury, Ohio, USA) [17].

Methods

All measures were made in each subject within a 10-day pe-
riod.

Measurement of insulin sensitivity and beta-cell function. Insu-
lin sensitivity and beta-cell function were measured using the
technique of continuous infusion of glucose with model assess-
ment (CIGMA) [18] which employs a low-dose intravenous
glucose infusion with measurement of glucose, insulin and C-
peptide levels during the infusion, and mathematical model-
ling of the results. Derived values for insulin sensitivity and
beta-cell function are comparable to those obtained from the
more complex euglycaemic hyperinsulinaemic, and hypergly-
caemic clamp methods [18, 19].

The CIGMA study was carried out on each subject follow-
ing an overnight fast. Basal values for plasma glucose, C-pep-
tide and insulin were determined from the mean of three sam-
ples taken at 5-min intervals before an infusion of 10 % dex-
trose solution at a dose of 5 mg ⋅ kg ideal body weight−1 ⋅
min−1 over 60 min, with further blood samples taken during
the infusion for measurement of glucose, C-peptide and insu-
lin at 50, 55 and 60 min. Blood samples were collected from
an indwelling venous cannula in the forearm which was flu-
shed with 0.9 % NaCl between samples, a heating blanket
around the forearm ensuring arterialisation of venous blood
prior to sampling. Plasma insulin was measured using a sensi-
tive two-site ELISA method [20] and C-peptide by radioim-
munoassay [21]. CIGMA data for beta-cell function and insu-
lin sensitivity were then derived from the plasma glucose, C-
peptide and insulin concentrations using computer-based
mathematical modelling [18], with results expressed as a per-
centage of predicted normal values. Basal blood samples
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Table 1. Characteristics of subjects with fasting hyperglycae-
mia and control subjects

Fasting
hyperglycaemia

Control p values

n (male/female) 13/11 13/11

Age (years) 46.5 (36–64) 50.0 (32–66) 0.56

BMI (kg/m2) 28 (22–34) 26 (19–32) 0.08

Glucose (mmol/l) 5.8 (4.8–7.1) 4.4 (3.2–5.4) 0.0001

HbA1c (%) 5.7 (5.0–7.3)

Total cholesterol
(mmol/l) 4.98 (3.31–7.83) 4.35 (3.22–5.82) 0.42

HDL cholesterol
(mmol/l) 1.09 (0.77–1.98)

LDL cholesterol
(mmol/l) 3.10 (1.45–4.77)

Triglycerides
(mmol/l) 1.06 (0.46–5.48) 1.14 (0.53–2.89) 0.33

Systolic blood
pressure (mmHg) 123 (97–146) 129 (102–148) 0.10

Diastolic blood
pressure (mmHg) 70.5 (51–83) 72.0 (63–88) 0.33

Data are shown as median and (range)



were also collected to measure fasting serum lipids and HbA1c
(high performance liquid chromatography; normal range 4.3–
6.1 %) [21].

Ambulatory blood pressure monitoring. We carried out 24-h
ambulatory blood pressure monitoring on a separate occasion.
Recordings were made on the left arm using a Takeda TM-
2420 device (A & D Engineering Inc., Milpitas, Calif., USA).
After careful positioning and taping of the blood pressure cuff
and tubing, three test readings were taken using the TM-2420
and compared with three simultaneous readings from the right
arm using an automated device (Takeda UA-751, A & D Engi-
neering Inc). The positioning was deemed satisfactory if both
systolic and diastolic blood pressure differed by less than
5 mm Hg between the two devices [22]. This procedure was re-
peated at the end of the 24-h recording to check the reliability
of the data, which was only accepted if the difference between
the two devices remained less than 5 mm Hg. Subjects kept a
diary in which they recorded their daily activities including
time of going to sleep and wakening. Mean 24-h blood pressure
and mean daytime (i. e. during waking hours) and nocturnal
(i. e. during sleep) blood pressures were calculated for each
subject.

Microvascular hyperaemia. At a final visit microvascular hy-
peraemia was measured using the following protocol. Subjects
were asked to refrain from smoking and taking caffeine-con-
taining drinks on the day of the study. Prior to blood flow mea-
surements, subjects were allowed to acclimatise for 30 min at
22 ± 0.5 °C in a controlled temperature laboratory. During this
time an area of skin on the dorsum of the right foot was heated
to 44 °C with a small brass heater attached to the skin surface
[23]. Heating the skin to this temperature has been shown to
induce maximum vasodilation [23, 24]. The maximum mi-
crovascular hyperaemic response was determined by laser
Doppler fluximetry (Periflux Pf2; Perimed, Stockholm, Swe-
den) and taken as the mean flow (expressed arbitrarily in volts
[V] ) in eight equidistant sites in the heated area [23]. We have
previously found this technique to be reproducible with a
mean intra-subject coefficient of variation of 8.9 % [25].

Statistical analysis. Data are presented as median and range as
they were not normally distributed. Comparisons between
groups were made using the Mann-Whitney U test and associ-
ations between variables by determination of Spearman Rank
correlation coefficients (Rs). The independent contribution of
different variables to maximum hyperaemia was assessed by
multiple logistic regression analysis. All statistics were per-
formed on a microcomputer using the SPSS/PC+ statistical
package (SPSS Inc., Chicago, Ill., USA).

Results

There was a significant reduction in maximum mi-
crovascular hyperaemia in the subjects with fasting
hyperglycaemia (1.18 [0.87–1.83] V vs 1.51 [1.30–
2.14] V normal subjects; p = 0.0002) (Fig. 1), confirm-
ing the results of our previous study [11]. Awide spec-
trum of values was observed for insulin sensitivity
and beta-cell function in the fasting hyperglycaemia
group (Table 2), with microvascular hyperaemia be-
ing negatively correlated with fasting plasma insulin
concentration (Rs = −0.70; p = 0.001) (Fig. 2), and

positively correlated with insulin sensitivity
(Rs = 0.52; p = 0.01) (Fig. 3). In contrast, there was
no association of maximum hyperaemia with beta-
cell function (p = 0.50), HbA1c (p = 0.11), or fasting
plasma glucose concentration (p = 0.83). Multiple re-
gression analysis with maximum hyperaemia as the
dependent variable confirmed a significant relation-
ship between limited vasodilation and fasting insulin
level (t = −4.53, p = 0.0002), whereas insulin sensitiv-
ity no longer showed a significant association
(t = 1.02, p = 0.32), probably as a result of the rela-
tionship between fasting plasma insulin and insulin
sensitivity (Rs = −0.56, p = 0.03).

There was no association between maximum hyper-
aemia and age (p = 0.31) or markers of abdominal
obesity (waist-hip ratio [p = 0.91] and body mass index
[p = 0.95]). The majority of subjects with fasting hy-
perglycaemia had normal lipid profiles (Table 1) and
there was no correlation between maximum hyperae-
mia and serum lipid concentrations (p = 0.11 for total
cholesterol; p = 0.51 for HDL cholesterol; p = 0.12
for LDL cholesterol; and p = 0.78 for triglycerides).
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Fig. 1. Maximum microvascular hyperaemia in subjects with
fasting hyperglycaemia and control subjects (horizontal bars
represent median values)

Table 2. Insulin sensitivity, beta-cell function and 24-h ambula-
tory blood pressure in subjects with fasting hyperglycaemia

Fasting plasma insulin (pmol/l) 55.8 (27.6–115.8)
Insulin sensitivity (%) 80.7 (19.5–178.8)
Beta-cell function (%) 87.1 (38.5–169.4)

Mean daytime blood pressure (mmHg) 97.3 (81.6–110.2)
Mean nocturnal blood pressure (mmHg) 77.1 (67.2–97.3)

Data are shown as median and (range)



None of the group with fasting hyperglycaemia had
undetected hypertension on 24-h ambulatory moni-
toring and all had a normal diurnal rhythm for arte-
rial pressure, with lower values during sleep (Ta-
ble 2). There was no association between these blood
pressure parameters and maximum hyperaemia.

Discussion

This study has confirmed, in a different population,
our previous observation of reduced microvascular
hyperaemia in subjects at risk of developing NIDDM
who have fasting hyperglycaemia [11], and further ex-
plored the interactions of features of the insulin resis-
tance syndrome with microvascular function. Fasting
plasma insulin concentration and insulin sensitivity
were associated with reduced microvascular hyperae-
mia. In contrast there was no relationship between
beta-cell function and limited vasodilation.

It seems unlikely that the limited microvascular
hyperaemia is due to undetected atherosclerosis in
upstream larger vessels as all subjects included in the
study had normal foot pulses and ankle: brachial
pressure index. There was little evidence that other

features associated with the insulin resistance state
had any relationship to impaired microvascular func-
tion. There was no evidence of undetected hyperten-
sion or loss of diurnal rhythm of arterial pressure on
24-h ambulatory monitoring, and no association be-
tween parameters relating to the 24-h recording and
limited vasodilation. Plasma glucose concentration
was only slightly elevated in the subjects with IGT,
and was below optimal treatment levels proposed
for both IDDM [26] and NIDDM [27]; levels which
have been shown to significantly reduce microvascu-
lar complications, at least in IDDM patients [26]. In
view of this and also the lack of association with re-
duced microvascular hyperaemia in the current study,
plasma glucose concentration would not seem to be a
major determinant of limited vasodilation in predia-
betic subjects with fasting hyperglycaemia. Similarly,
there was no association between serum lipid levels
and reduced hyperaemia, although as only a few sub-
jects had elevated cholesterol or triglyceride levels,
this would not preclude a role for hyperlipidaemia in
other insulin resistant groups. Indeed, there is evi-
dence of impaired endothelium-dependent vasodila-
tion in larger vessels in patients with hypercholester-
olaemia, which is reversed by a reduction in LDL-
cholesterol levels [28], and similar abnormalities are
found in the presence of raised non-esterified fatty
acid levels [29].

The subjects with IGT tended to be overweight;
however, in this study there was no association of lim-
ited vasodilation with body mass index or waist-hip
ratio. It is interesting to note that more marked obe-
sity has been associated with endothelial dysfunction
in other studies and that this has been linked to insu-
lin resistance [30]. In healthy control subjects insulin
has a physiological vasodilator action in skeletal mus-
cle [31], which appears to be important both for the
maintenance of vascular tone and modulation of glu-
cose uptake. The vasodilator effect of insulin is medi-
ated by endothelium-derived nitric oxide through in-
creases in cyclic nucleotides [31, 32]. Insulin resistant
states have been associated with both defective insu-
lin-mediated vasodilation [33] and endothelium-de-
pendent vasodilation [34], suggesting the presence of
‘vascular insulin resistance’. This effect seems to be
independent of associated hypertension, hyperlipida-
emia and hyperglycaemia [30].

Our results suggest that insulin resistance or asso-
ciated metabolic effects such as hyperinsulinaemia
may have a similar detrimental effect on microvascu-
lar cell function in subjects at risk of diabetes, al-
though unfortunately we did not assess insulin sensi-
tivity in the control group. Any effect of insulin on
microvascular vasodilation would appear to require
chronic exposure, as preliminary work has shown
hyperaemic responses to remain unchanged during
euglycaemic hyperinsulinaemic clamp studies in
healthy volunteers (unpublished observations). The
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Fig. 2. Correlation between maximum hyperaemia and fasting
plasma insulin concentration in subjects with fasting hypergly-
caemia

Fig. 3. Correlation between maximum hyperaemia and insulin
sensitivity in subjects with fasting hyperglycaemia



mechanisms of this ‘microvascular insulin resistance’
remain to be elucidated. Defective endothelium-de-
pendent and independent microvascular vasodilation
has been found in patients with NIDDM [35]. Hyper-
insulinaemia has also been associated with increased
circulating levels of endothelin-1 [36], although vas-
cular responses to this vasoconstrictor may be re-
duced in NIDDM patients [37]. Finally, it is possible
that limited vasodilation may relate to insulin-in-
duced microvascular smooth muscle cell prolifera-
tion, possibly related to reduced levels of endothe-
lium-derived nitric oxide, paralleling the effects ob-
served in cell culture experiments [12, 38].

In conclusion, the reduced microvascular vasodila-
tion found in subjects at risk of developing diabetes,
who have IGT is associated with fasting hyperinsulin-
aemia and insulin resistance.
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