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pects of FMD measurement.
A possible explanation for these observations might be that the bra-

chial artery is stiffer in patientswith frank atherosclerosis or greater car-
diovascular risk factor burden, which would pose a physical constraint
to its ability to dilate in response to the stimulus.

To get insights into this phenomenon, we analyzed the relationship
between FMD and cardiovascular risk in subjects recruited in the setting
of a primary prevention care unit, and stratified by different degrees of
arterial stiffness.

The 10-year risk of cardiovascular eventswas estimated according to
the Framingham risk score [5], while office pulse pressure was used as a
1. Introduction

Endothelial dysfunction is recognized as a pivotal factor in the
development of atherosclerosis [1]. Dilatation of the brachial artery in re-
sponse to an increase in flow (flow-mediated dilatation, FMD)
during post-ischemic reactive hyperemia currently represents the
most suitable approach for non-invasive assessment of endothelial func-
tion [1].

Although numerous studies have shown a prognostic relationship
between FMDand cardiovascular events [2], there are also data suggest-
ing that the association between endothelial function of the brachial ar-
tery and cardiovascular risk may be influenced by the baseline risk
profile of patients [3,4]. Indeed, a meta-analysis of 399 populations [3]
demonstrated that endothelial function, as measured by FMD, was re-
lated to cardiovascular risk in subjects with a low baseline risk profile,
whereas FMD was not significantly related to risk in medium- or high-
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risk subjects, independently of brachial artery diameter or technical as-

surrogate marker of arterial stiffness [6]. FMD was measured in the
morning after an overnight fast and under identical conditions [7]. A
high resolution ultrasound system (General Electric, Vingmed System
Five, Horten, Norway), with a 7.5 MHz linear array transducer posi-
tioned by a stereotactic manipulator was used to scan the brachial ar-
tery over a longitudinal section 5–10 cm above the elbow. After
optimal positioning of the transducer, baseline lumen diameter was re-
corded using an automatic edge detection system (FMD Studiosystem,
Institute of Clinical Physiology, National Research Council, Pisa) [8].
Flow-mediated vasodilatation was then assessed in response to in-
creased blood flow [7,8]. A sphygmomanometer blood pressure cuff
was positioned on the right forearm 2 cm below the elbow, inflated
for 5min at 250mmHg and then deflated to induce reactive hyperemia.
FMD was expressed as the percentage increase in brachial artery diam-
eter from baseline to maximal dilatation, which occurred 30–90 s after
release of the cuff. Brachial artery flow velocity, expressed as velocity
time integral (VTI), was alsomeasured by pulsedwave Doppler at base-
line, and throughout the post-ischemic phase. After allowing 30min for
vessel recovery, 25 μg of glyceryl-trinitrate (GTN) was administered
sublingually; this dose has been shown to directly dilate brachial artery,
without effects neither on distal microcirculation nor on blood pressure
[9]; brachial artery diameter was measured again to estimate
endothelium-independent vasodilatation. All exams were conducted
by experienced investigators with homogeneous intra- and inter-
coefficient of variation for FMD evaluation, as previously reported [8].

Data are presented as mean ± standard deviation (SD) for continu-
ous variables, and as proportions for categorical variables. Differences in
proportions between groups were analyzed using the χ2 test. Mean
values of variables were compared by analysis of variance (ANOVA).
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Table 1
Main characteristics of the total population and of subgroups identified by tertiles of office pulse pressure.

Variable Overall Pulse pressure tertiles

(n = 141) b45 mm Hg 45–53 mm Hg N53 mm Hg p

Age (years) 44.8 ± 14.8 43.1 ± 13.7 41.0 ± 14.0 50.2 ± 15.3⁎† 0.006
Sex (% men) 61.0 51.1 59.6 72.3 0.104
Current smokers (%) 14.9 12.8 8.5 23.4 0.113
Hypertension (%) 22.0 10.6 17.0 38.3 0.003
Diabetes (%) 2.8 4.3 2.1 2.1 0.773
Body mass index (kg/m2) 25.0 ± 4.8 24.1 ± 3.9 25.8 ± 4.7 25.2 ± 5.7 0.236
Office systolic BP (mm Hg) 127.9 ± 12.3 118.8 ± 9.2 127.0 ± 9.8⁎ 137.8 ± 9.6⁎† b0.0001
Office diastolic BP (mm Hg) 78.0 ± 8.9 79.9 ± 7.9 77.8 ± 9.6 76.5 ± 8.9 0.185
Serum glucose (mg/dl) 89.3 ± 24.7 85.8 ± 23.9 90.5 ± 19.9 91.4 ± 29.5 0.658
Total cholesterol (mg/dl) 204.0 ± 38.2 205.3 ± 37.8 193.8 ± 36.3 212.2 ± 30.1 0.148
HDL cholesterol (mg/dl) 53.2 ± 14.6 56.9 ± 15.5 49.4 ± 13.0 53.4 ± 14.7 0.174
Framingham risk score (%) 9.3 ± 10.0 6.7 ± 8.1 7.9 ± 10.5 13.4 ± 10.1⁎† 0.002
FMD (%) 5.9 ± 2.2 6.1 ± 2.0 6.2 ± 2.7 5.5 ± 1.8 0.243
Basal diameter of the brachial artery (mm) 4.1 ± 0.8 4.0 ± 0.9 4.0 ± 0.8 4.2 ± 0.8 0.464
Post-ischemic maximal diameter (mm) 4.3 ± 0.9 4.2 ± 0.9 4.3 ± 0.8 4.4 ± 0.8 0.551
Absolute change in diameter (mm) 0.23 ± 0.07 0.24 ± 0.06 0.24 ± 0.08 0.21 ± 0.07 0.215
Maximal diameter after GTN (mm) 4.4 ± 0.87 4.2 ± 0.86 4.3 ± 0.90 4.5 ± 0.86 0.306
Baseline VTI (cm) 21.6 ± 8.5 21.2 ± 8.6 21.8 ± 9.2 21.9 ± 8.1 0.935
Post-ischemic VTI (cm) 80.1 ± 28.1 80.6 ± 24.6 77.6 ± 29.9 81.7 ± 30.3 0.837
Absolute change in VTI (cm) 58.2 ± 25.5 59.0 ± 22.6 55.3 ± 27.6 59.8 ± 26.7 0.754

⁎ p b0.05 vs. first tertile.
† p b 0.05 vs. second tertile.
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The strength of the relations between variables was assessed by regres-
sion analyses. Statistical analysis was performed using STATA 12
(StataCorp, USA) and R software version 3 (R Foundation for Statistical
Computing, Vienna, Austria. URL http://www.R-project.org).

Overall, 160 consecutive patients were evaluated; 19 had poor qual-
ity exam; the remaining 141 (mean age 45 years, 61% men) were in-
cluded in the present analysis. The main characteristics of this entire
cohort, and of subgroups identified by tertiles of pulse pressure distribu-
tion, are shown in the table.

As expected, Framingham risk score was higher for patients in the
upper than in the middle and lowest tertiles of pulse pressure (all p
b 0.05; Table 1). In the whole cohort, the association of FMD with Fra-
mingham risk score was significant (r =−0.33, p b 0.0001). However,
when this associationwas examined across tertiles of pulse pressure, no
significant differences were seen in patients stratified by degree of arte-
rial stiffness (Table 1). Furthermore, all components of FMD (i.e., basal
and maximal diameter, and absolute change in diameter of brachial ar-
tery) did not show on the average significant differences across tertiles
of pulse pressure (Table 1). Interestingly, when the relationship be-
tween arterial stiffness and cardiovascular riskwas examined in further
details, as depicted in Fig. 1, a significant correlation could be appreciat-
ed between all FMD parameters and Framingham risk score for patients
in either the lowest or the middle tertile of pulse pressure; in contrast,
no correlation could be found when examining patients in the highest
tertile with respect to both FMD and maximal diameter (Fig. 1; Panels
A, C), and only a borderline significance was present with respect to
basal diameter of brachial artery (Fig. 1; Panel B).

Importantly, this loss of correlation for patients in the highest tertile
of pulse pressure also extended to non-endothelium dependent vasodi-
latation, as indicated by thefindingswithGTN-inducedmaximal brachi-
al artery diameter (Fig. 1; Panel D). Of note, also the maximal diameter
of the brachial artery measured after administration of GTN showed
similar mean values in the three tertiles of pulse pressure (Table 1).

Our analysis shows that endothelial function, as assessed by FMD, is
related to the estimated 10-year risk of cardiovascular events predomi-
nantly in subjects with lower values of pulse pressure (b53 mm Hg),
and hence of arterial stiffness. The absence of a clear relationship be-
tween FMD and cardiovascular risk in subjects with increased arterial
stiffness could recognize different mechanisms. One possibility could
be that in subjects with increased arterial stiffness, reactive hyperemia
following ischemia is reduced at the distal microcirculation level,
Please cite this article as: Cardona A, et al, Pulse pressure affects the relatio
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which in turn would reduce shear stress at the brachial artery level,
and hence induce less flow-mediated endothelial production of NO.
However, our data do not support this hypothesis, since directmeasure-
ment of post-ischemic VTI (i.e., flow across the brachial artery) showed
very similar values over the three tertiles of pulse pressure (Table 1),
and therefore shear stress should have been comparable. An alternative
explanation to invoke a role for NO in our observations is that as endo-
thelial damage is the initial step in atherosclerosis, in subjects with
stiffer arteries the intrinsic ability of endothelium to produce/release ni-
tric oxide (NO) in response to stimuli is impaired; thus, magnitude of
shear stress associated with reactive hyperemia may be similar, yet en-
dothelial response is hampered. We cannot entirely rule out this possi-
bility, as it would entail direct measurement of in vivo production of
NO at the brachial artery site, which would not be feasible. However,
in subjects with increased pulse pressure we demonstrated lack of
significant arterial dilatation also following the administration of a
direct, endothelium-independent vasodilator (i.e., nitroglycerine),
which would instead indicate that it is the smooth muscle cells of the
brachial artery that do not just relax as well in such subjects, consistent
with increased arterial stiffness.

In conclusion, our data suggest that arterial stiffness may limit the
ability of the brachial artery to dilate; as a consequence, accuracy of
FMD as a measure of arterial properties may be hampered in subjects
with stiffer arteries [10]. Further studies are needed to add new insights
on this scenario, and to ascertain if the association between FMD and
cardiovascular events is present only in subjects with preserved disten-
sibility of the brachial artery.
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Fig. 1. Associations between flow-mediated dilatation (and its components) and the 10-year risk of cardiovascular events (stratified by tertiles of pulse pressure, panels A, B, and C). The
relations between the maximal diameter in response to the administration of nitroglycerine and cardiovascular risk are also depicted (panel D).
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