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The relationships between serum vascular endothelial growth factor (VEGF) concentrations and vessel wall ultrasonic
characteristics in type 1 diabetic and nondiabetic subjects were assessed. Serum VEGF concentration was measured, and
ultrasound imaging and blood pressure recordings were performed in 41 type 1 diabetic subjects (hemoglobin A, [HbA,_],
7.63 [1.17%]; duration of diabetes, 12 (0 to 23) years), and 50 nondiabetic subjects. Change in carotid artery luminal diameter
during the cardiac cycle was measured using M-mode ultrasound, from which percentage increase in carotid artery luminal
diameter was calculated; the carotid artery distensibility index was calculated as the ratio of percentage increase in carotid
artery luminal diameter and pulse pressure. Serum VEGF concentration was higher in the diabetic subjects (217 [135 to 336]
v 137 [80 to 237] pg/mL; P = .009). The percentage increase in carotid luminal diameter during the cardiac cycle was not
significantly different between the 2 groups (12.9 [10.2 to 15.7] v 13.0 [10.6 to 15.0%]; P = .270) despite significantly greater
pulse pressure in the type 1 diabetic group (55 [45 to 71] v 46 [41 to 51] mm Hg; P = .0003). The distensibility index was
therefore lower in the diabetic subjects (0.24 [0.10] v 0.28 [0.08%]/mm Hg; P = .031). There was a significant negative
correlation between serum VEGF concentrations and mean percentage increase in carotid luminal diameter during the cardiac
cycle in the diabetic group (r = -.36, P = .021) and in the nondiabetic group (r = -.28, P = .047). This negative correlation could
be strengthened by relating mean percentage increase in luminal diameter to pulse pressure to give the distensibility index.
Therefore, serum VEGF concentrations correlated strongly and inversely with the distensibility index in the diabetic group
(r =-.49, P =.001), in the nondiabetic group (r = -.29, P = .041), and in both groups analyzed together (r = -.42, P < .0001).
Vessel wall distensibility may be an important determinant of serum VEGF concentrations in both diabetic and nondiabetic
populations and may underlie the previously observed association between blood pressure and serum VEGF concentrations.

The pathophysiologic relevance of these findings remains to be elucidated.
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ANY STUDIES HAVE suggested a role for vascular
endothelial growth factor (VEGF) in the pathogenesis
of diabetic microvascular and macrovascular disease. Perhaps
the strongest case can be made for VEGF as the growth factor
responsible for new vessel formation in proliferative diabetic
retinopathy, with the observations that levels are increased in
the vitreous of eyes from diabetic subjects with proliferation.12
Furthermore, proliferation in an ischaemic mouse model can be
blocked by inhibitors of VEGF.34 The role of VEGF in the
etiology of large vessel disease is more speculative. Extensive
expression of VEGF has been demonstrated in arteries nar-
rowed by atherosclerotic plague,® in which it has been proposed
that the role of VEGF may involve maintenance and repair of
lumina endothelium, but it may also increase vessel perme-
ability, allowing access of inflammatory cells and atherogenic
lipoproteins to the subendothelial space.

VEGEF is readily measured in both serum and plasma, with
considerably lower levels found in the latter. It is not presently
known whether measured levels of circulating VEGF are of
biologic relevance, and the present work is a further step
towards answering that question. Our previous studies sug-
gested that blood pressure was the strongest correlate of serum
VEGF concentrations in both diabetic and nondiabetic sub-
jects,® and if this observation were to be confirmed, it would
open up new avenues of research into the relationship between
hypertension and vascular damage. We therefore sought to
extend our findings by examining the relationship between
serum VEGEF levels and ultrasonic measurements of vessel wall
characteristics. By directly examining the vessel wall during
the cardiac cycle, we hoped to relate the findings in our previ-
ous studies to recent observations that mechanical stretch of
vascular smooth muscle cells” and myocardium8 increases
VEGF expression. We therefore hypothesized that stretch of
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vascular smooth muscle cells in vivo caused by the pressure
changes resulting from the cardiac cycle determines serum
levels of VEGF. In this study, we have examined a group of
subjects with type 1 diabetes in view of the increased risk of
both vascular disease and hypertension in this group. We have
also examined a group of nondiabetic subjects.

SUBJECTS AND METHODS
Subjects

Type 1 diabetic subjects were recruited consecutively from the
diabetic clinics at St Mary’s and St Charles Hospitals in London, UK;
subjects had required insulin treatment within 1 year of diagnosis of
diabetes and had undetectable fasting C-peptide concentrations (<100
pmol/L). Subjects with creatinine concentrations greater than 140
umol/L or with other significant medical conditions were not included.
Healthy nondiabetic control subjects were recruited from hospital staff.
Local Ethical Committee approval and informed consent were obtained
from all subjects.
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VEGF Measurements

Venous blood was taken from all subjectsinto plain tubes, and serum
was prepared by gentle centrifugation at 1,000 g for 30 minutes. The
serum was then frozen and stored at —70°C until assayed for VEGF.
VEGF s, the most abundant diffusible VEGF isoform in humans, was
assayed using a quantitative sandwich enzyme immunoassay technique
(R&D Systems Europe Ltd, Abingdon, UK). Mean intraassay coeffi-
cients of variation for serum VEGF are 4.5% at 235 pg/mL and 6.7%
at 54 pg/mL; mean interassay coefficients of variation for serum VEGF
are 7.0% at 250 pg/mL and 8.8% at 65 pg/mL.

Fasting blood was also taken for glucose concentrations and hemo-
globin A, (HbA,.). A single early morning urine sample was collected
for measurement of albumin to creatinine ratio; aratio of greater than
2.0 was taken to indicate the presence of microalbuminuria. Standard
laboratory assays were used.

Ultrasonic Measurement of Vascular Parameters

Technique. All type 1 diabetic and nondiabetic control subjects
attended for ultrasound scans. All examinations were performed using
an ATL 3000 HDI system (Advanced Technology Laboratories, high-
definition imaging, Sesttle, WA). A 7-4 MHz linear array transducer
with broad band technology was used to scan all subjects. Ultrasound
parameters (postprocessing map, dynamic range, persistence, power
output, and transmit gain control) were preset and kept constant
throughout the study. Magnification and depth could be adjusted de-
pending on patient anatomy and size.

Regular use of an RMI (model 415) (Gammex Radiation Measuring
Instruments, Nottingham, UK) test object ensured system accuracy in
sensitivity, distance measurements, and axial and lateral resolution
measurements. A single experienced ultrasonographer performed all
measurements, and images were stored on magneto-optical discs for
analyses.

Luminal Diameter Measurements

Time Motion mode (TM-mode or M-mode) ultrasound was used to
measure minimum and maximum carotid luminal diameters during the
cardiac cycle. M-mode provides time and motion echo information
derived from a stationary ultrasound beam placed on B-mode image
(the M-line). The M-line was positioned 2.0 cm proximal to the carotid
bifurcation. Two minimum and 2 maximum diameters were measured
at the same point of the cardiac cycle, using electrocardiographic
monitoring synchronized with ultrasound M-mode traces; the mean of
the 2 values for both minimum and maximum diameters was calcu-
lated. A cross-section through the carotid artery can be considered to
represent a ring of vascular smooth muscle cells. The percentage
increase in carotid luminal circumference, mathematically the same as
percentage increase in diameter, therefore represents the percentage
increase in length of the ring of vascular smooth muscle cells, that is,
the degree of stretch. Minimum and maximum carotid luminal diam-
eters were measured in both carotid arteries, from which percentage
increase in left and right carotid luminal diameters were calculated.
Mean percentage increase in diameter was cal cul ated as the mean of the
left- and right-sided values.

Blood Pressure Measurements

Blood pressure was measured at the right brachial artery using a
mercury sphygmomanometer. Blood pressure was taken as the mean of
2 readings taken immediately before (after resting supine for 10 min-
utes) and immediately after the ultrasound measurements.

Distensibility Index Measurements

The ratio of the percentage increase in carotid lumina diameter to
the pulse pressure provides ameasure of the distensibility of the carotid
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artery,® caled the distensibility index. Therefore, mean percentage
increase in carotid luminal diameter was divided by pulse pressure to
derive the distensibility index. Traditionally, measures of arterial dis-
tensibility have been analyzed as change in diameter during the cardiac
cycle, adjusted for lumen diameter and pulse pressure. The distensibil-
ity index is given by the equation:

(((d,-dy)/d,)* 100)/(SBP-DBP)

in which d, is the minimum carotid diameter, d, is the maximum
carotid diameter, SBP is systolic blood pressure, and DBP is diastolic
blood pressure.

Reproducibility

Eleven control subjects attended on 2 separate occasions for ultra-
sound measurements and measurements of blood pressure so that
reproducibility of percentage increase in carotid luminal diameter mea-
surements and of the distensibility index could be assessed. The coef-
ficient of variation for measurements of percentage increase in carotid
luminal diameter was 24%, pulse pressure was 13%, and the distensi-
bility index was 31%.

Satistics

To compare a continuous variable between the 2 groups, the un-
paired t test or the Mann-Whitney test was used for variables with
normal and skewed distributions, respectively. Continuous variables
with normal distributions are expressed as mean with standard devia-
tions; continuous variables with skewed distributions are expressed as
median with interquartile ranges. To compare categorical variables
between the 2 groups, Fisher's exact test was performed.

Linear regression was used to assess the relationship between con-
tinuous variables within a group. Backward stepwise multiple regres-
sion was used to assess the relationship between a continuous variable
and more than 1 continuous or categorical variables within a group.
Analysis of covariance was used to assess whether relationships be-
tween 2 continuous variables differed between type 1 diabetic and
nondiabetic subjects (diabetic status was the covariate). For all regres-
sion analyses, residual analyses were performed to assess the validity of
the model.

The Arcus Quickstat Biomedical package was used for the analyses
(Longman Software Publishing, Cambridge, UK).

RESULTS

Forty-one type 1 diabetic subjects and 50 nondiabetic sub-
jects were recruited. Table 1 shows the demographic and clin-
ical characteristics of both groups. While both groups had
similar sex distributions and body mass indices, the diabetic
subjects were significantly older (39 [29 to 52] v 32 [28 to 36]
years, P = .015). In the diabetic group, HbA . was 7.63%
(1.17), and duration of diabetes was 12 (0 to 23) years. Four
diabetic subjects (10%) were known to have coronary heart
disease, 22 (54%) had retinopathy (at least background), and 14
(34%) had microalbuminuria. Fasting blood for glucose and
HDA ;. were taken from all diabetic subjects, and fasting blood
for glucose was taken from 25 nondiabetic subjects. Table 1
also shows the biochemical and ultrasonic characteristics of
both groups.

Serum VEGF concentrations were significantly higher in the
type 1 diabetic subjects compared with nondiabetic subjects
(21713510 336] v 137 [80 to 237] pg/mL; P = .009). SBPwas
significantly higher in the type 1 diabetic compared with non-
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Table 1. Demographic, Clinical,

Biochemical, and Ultrasonic Characteristics of Subjects
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Type 1 Diabetic Subjects Nondiabetic Subjects P Value
No. M 50
Sex: no. male (%) 26 (63) 27 (54) .399
Body mass index (kg/m?) 24.9 (3.0) 24.7 (3.8) .827
Age (yr) 39 (29-52) 32 (28-36) .015*
Duration of diabetes (yr) 12 (0-23)
Retinopathy: no. (%) 22 (54)
Microalbuminuria: no. (%) 14 (34)
Coronary heart disease: no. (%) 4(10) 0(0) .052
SBP (mm Hg) 130 (120-148) 121 (114-128) .002*
DBP (mm Hg) 74 (9) 75 (8) .584
Pulse pressure (mm Hg) 55 (45-71) 46 (41-51) .0003*
HbA; . (%) 7.63(1.17)
Fasting glucose (mmol/L) 10.7 (8.4-15.5) 4.8 (4.4-5.3) <.0001*
VEGF (pg/mL) 217 (135-336) 137 (80-237) .009*
Mean carotid diameter (mm) 5.29 (0.59) 5.11 (0.66) .190
Mean increase in carotid luminal diameter (%) 12.9 (10.2-15.7) 13.0 (10.6-15.0) .864
Distensibility index (%/mm Hg) 0.2439 (0.1024) 0.2855 (0.0792) .031*

NOTE. Categorical variables (eg, sex) are expressed as number (and the percentage) in a category; continuous variables (eg, body mass index)
are expressed as mean (and the standard deviation) if the variable has a normal distribution or as median (and the interquartile range) if the

variable has a skewed distribution.
* P < .05.

diabetic subjects (130 [120 to 148] v 121 [114 to 128] mm Hg;
P = .002).

The type 1 diabetic group had a significantly lower disten-
sibility index (0.2439 [0.1024] v 0.2855 [0.0792]%/mm Hg;
P = .031). Mean carotid diameter was similar in the 2 groups
(5.29 [0.59] v 5.11 [0.66] mm; P = .190). The percentage
increase in carotid luminal diameter during the cardiac cycle
was not significantly different in the 2 groups (12.9% [10.2 to
15.7] v 13.0% [10.6 to 15.0]; P = .270), despite significantly
greater pulse pressure in the type 1 diabetic group (55 [45 to
71] v 46 [41 to 51] mm Hg; P = .0003).

There was a significant negative correlation between serum
VEGF concentrations and mean percentage increase in carotid
luminal diameter during the cardiac cycle in the diabetic group
(r = -.36, P = .021) and in the nondiabetic group (r = -.28,
P = .047). Significant vertical separation of the regression lines
accounted for the higher serum VEGF concentrations in the
diabetic subjects (analysis of covariance, P = .023) (Fig 1).
This negative correlation could be strengthened by relating
mean percentage increase in carotid luminal diameter to pulse
pressure to give the distensibility index. Therefore, serum
VEGF concentrations correlated strongly and inversely with
the distensibility index in the diabetic group (r = -.49, P =
.001) (Fig 2A) and in the nondiabetic group (r = -.29, P =
.041) (Fig 2B) and in both groups analyzed together (r = -.42,
P < .0001). The slopes of the regression lines for the 2 groups
were not significantly different, and there was no significant
vertical separation of the regression lines.

In the type 1 diabetic subjects, serum VEGF concentrations
correlated significantly with SBP (r = .34, P = .028) and mean
arterial pressure (MAP) (r = .34, P = .030), but not with DBP
(r = .26, P = .10) or pulse pressure (r = .28, P = .08). There
were no correlations between serum VEGF concentrations and
any measures of blood pressure in the nondiabetic group. If
both groups were analyzed together, serum VEGF concentra-

tions correlated significantly with SBP (r = .28, P = .008),
MAP (r = .24, P = .022) and pulse pressure (r = .23, P =
.027), but not with DBP (r = .13, P = .216).

SBP correlated with distensibility index in the diabetic group
(r = -.64, P < .0001), in the nondiabetic group (r = -.62, P <
.0001) and in both groups analyzed together (r = -.62, P <
.0001).

Serum VEGF concentrations correlated significantly with
age in the nondiabetic group (r = .50; P = .0002) and in both
groups analyzed together (r = .36, P = .0004), but not in the
type 1 diabetic group (r = .21, P = .191). Age correlated with
distensibility index in the diabetic group (r = -.66, P < .0001),
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Fig 1. Serum VEGF concentration v percentage increase in carotid

luminal diameter in type 1 diabetic subjects (r = -.36, P = .021) and
nondiabetic subjects (r = -.28, P = .047). The vertical separation of
the regression lines is significant (analysis of covariance, P = .023).
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Fig 2. Serum VEGF concentration v carotid artery distensibility
index in type 1 diabetic subjects (A) and in nondiabetic subjects (B).
There was no significant difference in either the slopes or the vertical
separation of the regression lines for the 2 groups (analysis of co-
variance).

in the nondiabetic group (r = -.75, P < .0001), and in both
groups analyzed together (r = -.46, P = .0008).

Although serum VEGF concentrations were significantly
higher in the type 1 diabetic subjects, there were no significant
correlations between serum VEGF concentrations and HbA
fasting glucose concentrations or duration of diabetes. As the
type 1 diabetic subjects had higher SBPs, were older, and had
lower carotid artery distensibility indices, a backward stepwise
multiple regression model was constructed, considering both
groups together, with serum VEGF concentration as the depen-
dent variable, and diabetic status, age, SBP, and distensibility
index as the predictors. Distensibility index was the only sig-
nificant independent predictor of serum VEGF concentrations.

DISCUSSION

This study has demonstrated a strong inverse association
between serum VEGF concentrations and carotid artery disten-
sibility in both type 1 diabetic subjects and nondiabetic control
subjects. Although the study also demonstrated associations
between serum V EGF concentrations and diabetic status, blood
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pressure and age, these associations were lost when controlled
for arterial distensibility.

Although easily measured, there have been remarkably few
studies of the value of blood measurements of VEGF in dia-
betic subjects. One of the earliest studies was in a small group
of children.20 In this group, there was no difference in VEGF
concentrations between diabetic and nondiabetic subjects. The
value of the study was, however, limited by the small humber
of subjects involved. In a larger group of adults, a greater
proportion of diabetic subjects than nondiabetic subjects were
found to have detectable plasma VEGF concentrations, al-
though this failed to achieve statistical significance (50% v
26%; P = .084).11 In a more recent study, again in children,
diabetic subjects had significantly higher serum VEGF concen-
trations than nondiabetic subjects.12 In this study, there was an
apparent relationship between the degree of glycemic control
and serum VEGF concentrations. A subgroup of children fol-
lowed prospectively for 2 years subsequently demonstrated a
reduction in serum VEGF concentrations with improved gly-
cemic control. There was no relationship between VEGF and
blood pressure in the children. In an adult population, the
situation islikely to be more complicated. In our previous study
of a mixed population of diabetic adults, there was no differ-
ence between serum VEGF concentrations in diabetic and
nondiabetic subjects.6 Although we were able to find a positive
association between HbA,. and VEGF, when blood pressure
was taken into account, the association was lost, so that mea-
sures of blood pressure were the major determinants of VEGF
in this group.

In the present study, we have found a difference between
serum VEGF concentrations in the type 1 diabetic subjects and
the nondiabetic control subjects. The diabetic subjects had a
high prevalence of microvascular complications, and this factor
may have contributed to the higher VEGF concentrationsin the
diabetic group. Asin our previous work, there was no relation-
ship with glycemic control, but the relationship with blood
pressure was again apparent in the diabetic group. The rela-
tionship between serum VEGF concentrations and blood pres-
sure had formed the basis of the study. If there is indeed a
relationship between serum VEGF and blood pressure, by what
mechanism is it mediated? By examining ultrasonic character-
istics of the study population, we hoped to gain some insight
into the mechanisms.

The fact that reduced carotid artery distensibility is associ-
ated with higher serum VEGF concentrations suggests that
mechanical stretch of vessel wallsis not an important determi-
nant of serum VEGF concentrations, because reduced vessel
distensibility implies less mechanical stretch per heart beat. In
vitro exposure of human vascular smooth muscle cells to cy-
clical mechanical stretch significantly increases VEGF messen-
ger RNA and peptide production,” and myocardial stretch in an
isolated perfused rat heart has been shown to increase VEGF
expression.8 These in vitro findings cannot explain our obser-
vations, so that in vivo, other factors may override the influence
of vascular smooth muscle stretch. Therefore, although we had
hypothesized that greater vascular stretch would be associated
with higher serum VEGF concentrations, we, in fact, demon-
strated the opposite.

Decreased arterial distensibility is associated with greater
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vessel wall shear stress and greater flow velocity. This suggests
that shear stress and flow velocity may be major determinants
of serum VEGF concentrations. The source of the circulating
VEGF is not clear, but potential sources are vessel wall constitu-
ents, such as endothelid or smoooth muscle cdllst® or cdlular
components of blood, such as leukocytes'4 or platel ets.15

The current literature suggests that glycemic control may
be an influence on circulating VEGF levels in diabetic
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subjects. We would suggest based on the present study that,
at least in adult populations, vessel wall distensibility, and
so shear stress and flow velocity, may be more important
factors in both diabetic and nondiabetic popul ations and may
underlie the association between blood pressure and serum
VEGF concentrations that we have previously observed. The
pathophysiologic relevance of such factors remains to be
elucidated.
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