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Introduction
The goal of this paper is to examine the relationship
between dietary factors and noninvasive measures of vascu-
lar resistance and vascular reactivity for use in controlled
clinical studies. I review recent evidence from clinical studies
that specific foods and nutritional supplements reduce
systemic vascular constriction and promote healthy endo-
thelial function. Although numerous methods have been
developed for studying vascular tone in vivo, two noninva-
sive measures have received the most widespread use and
recent attention. These are flow-mediated dilation (FMD) of
the brachial artery, a marker of endothelial health and
integrity, and, to a lesser extent, total peripheral vascular
resistance (TPR), a measure of systemic vascular constriction
and an index of myocardial workload (afterload). This
review focuses on the use of TPR and FMD as vascular end-
points in studies of dietary interventions.

The Importance of a Healthy Endothelium
Systemic vascular tone is complexly regulated by endocrine
and paracrine substances, sympathetic and parasympathetic
nervous system activity, and by the activity of the vascular
endothelium (Fig. 1). The endothelium is the single cell layer
on the surface of the vascular wall; consequently, these cells
are in close contact with the blood and blood-borne constit-
uents (platelets, lipids, immune cells, etc). When healthy, the
endothelium plays a critical role in regulating vascular tone
and in preventing or attenuating several steps in the develop-
ment of atherosclerotic plaques, including immune and
platelet activation, and lipid deposition. With an area of
approximately 700 m2, the vascular endothelium has been
called the body's largest endocrine organ [1]. 

In response to changes in the blood stream, such as
shear stress from surges in blood flow or changes in lipid
and hormone concentrations, the endothelium secretes
powerful vasodilators (eg, nitric oxide, prostacyclin) and
vasoconstrictors (eg, endothelin-1, angiotensin II) onto
vascular muscle, thereby regulating its contractile state. Of
these vasoactive autocrine factors, nitric oxide has received
the most recent attention. In 1980, Furchgott and
Zawadzki [2] showed that vascular dilation in response to
acetylcholine was critically dependent on the presence of a
healthy endothelium. Subsequent studies found that the
hypothesized "endothelium-derived relaxing factor" was,
in fact, nitric oxide, and that nitric oxide was synthesized
within endothelial cells from its precursor, L-arginine. The
complex molecular biology underlying endothelial release
of constricting and dilating substances has been elegantly
reviewed by Luscher and Noll [3] and more recently by
Vogel et al. [1]. Although great progress has been made in
understanding how the endothelium functions under opti-
mal conditions, much more work is needed to develop
interventions for restoring endothelial function in patients
at high risk for atherosclerosis.

It is now well established that most of the traditional
coronary risk factors are associated with impaired endo-
thelial function, and that reductions in the bioavailability
of nitric oxide may be a central feature of atherogenesis
[3,4]. For example, smoking, hypercholesterolemia,
consumption of saturated fat, obesity, diabetes, and
elevated homocysteine levels are all associated with
impaired endothelial function [1,5]. Perhaps even more

New technology for studying vascular activity in vivo has 
shown that the endothelium plays a critical role in the 
development of atherosclerosis. The healthy endothelium 
is a metabolically active tissue that exquisitely regulates 
vascular tone via release of the powerful vasodilator, nitric 
oxide. Endothelial integrity reduces cell adhesion, lipid 
deposition, and other early steps in atherogenesis. There 
is compelling evidence that endothelial function can be 
altered within hours of eating certain foods, further 
affirming the role of dietary factors in the prevention 
and progression of cardiovascular disease. This article 
reviews recent work on dietary factors (fatty acids, 
L-arginine, antioxidants, polyphenols, and folic acid) that 
alter vascular tone, and critically evaluates two noninvasive 
measures (flow-mediated dilation and total peripheral 
resistance) for use in dietary intervention trials.
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important are studies showing that endothelial dysfunc-
tion is reversible following successful treatment of high
cholesterol [6] and elevated homocysteine [7]. Whether
endothelial dysfunction is truly a prognostic indicator for
subsequent development of atherosclerosis is a question
that will be explored by Benjamin et al. in the Framingham
Heart Study (Benjamin, personal communication). In the
meantime, it is important to examine whether improve-
ment in endothelial function is a plausible mechanism
through which various dietary patterns achieve their bene-
ficial effects. The goal of this review is to critically evaluate
the progress to date in the use of nonpharmacologic thera-
pies for improving surrogate markers of vascular health.

Assessment of Endothelial Function In Vivo
In the past, the most common method for studying vascu-
lar function involved measuring responses to pharmaco-
logic agents (acetylcholine, angiotensin II, norepinephrine,
adrenergic antagonists, etc.) directly infused via an arterial
line, or by bathing arterial segments in vasoconstrictive
agents and noting their response. However, techniques
requiring arterial cannulation are associated with some
discomfort and risk, and limit one’s ability to study large
numbers of patients or assess serial changes in vascular
responsiveness. More recently, a noninvasive technique
using increased shear stress to stimulate release of nitric
oxide and dilation of the brachial artery has been devel-

oped to assess endothelial function [8•]. Typically, the
stimulus for increased blood flow and shear stress is a brief
period of ischemia (4 to 5 minutes) induced by inflation of
a blood pressure cuff on the upper or lower arm. The
resulting increase in blood flow, termed reactive hypere-
mia, increases arterial diameter in healthy arteries. Figure 2
shows the change in vessel diameter in a healthy individ-
ual, as determined by high-resolution ultrasound imaging.
Endothelium-dependent FMD of the brachial artery is
quantified as the maximum percent change in arterial
diameter (8.4% in this example).

Similar to a glucose tolerance test, measurement of
FMD examines dynamic change in a system that is tightly
regulated in healthy individuals. Others have reviewed the
considerable technical challenges involved in measuring
FMD reliably [8•,9]. Briefly, high-resolution ultrasound
imaging is used to measure the diameter of the brachial
artery before and after induction of reactive hyperemia.
Although conceptually simple, the inherent difficulty in
conducting these tests is revealed by examining the high
resolution and low variability required to detect a
response. In my laboratory, average brachial artery diame-
ter ranges from 3 to 6 mm. A large change in diameter dur-
ing FMD, indicating healthy vessels, is in the range of 8%
to 10%. Thus, one must reliably measure differences as
small as 0.2 to 0.6 mm. Recent technical advances that
improve reliability include 1) high-frequency ultrasound
transducers (10 to 15 MHz); 2) the use of automated edge-

Figure 1. A model of how various dietary factors alter vascular resistance. Vasoactive functional foods and nutrients are in shaded boxes. 
Potential mechanisms for their vascular effects are shown in white boxes. A plus sign indicates an increase, a minus sign indicates a decrease. 
(ADMA—asymmetric dimethylarginine; FMD—flow-mediated dilation; LDL—low-density lipoprotein; LV—left ventricular; 
TPR—total peripheral resistance; VLDL—very low-density lipoprotein.)
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detection software for calculating vessel diameter hundreds
of times within each image (eg, Brachial Tools Software,
Medical Imaging Applications, Iowa City, IA); and 3)
simultaneous measurement of blood flow following cuff
deflation, to ensure that the stimulus for vasodilation is
standardized across testing sessions. Despite the technical
challenges associated with this technique, there is tremen-
dous excitement about the sensitivity of FMD, and thus
endothelial function, to short-term dietary interventions
(Table 1).

Effects of Diet on Vascular Reactivity
Figure 1 shows the hypothesized links between various
macronutrients and dietary supplements and the impor-
tant physiologic systems that regulate vascular resistance.
Although controlled studies of single nutrients are impor-
tant for understanding physiologic mechanisms, it is of
great importance to study the effects of longer-term dietary
patterns. This model is proposed to encourage the study of
foods and nutrients within their dietary context, and to
define physiologic systems that may play a role in altering
vascular resistance. 

Effects of dietary fats on flow-mediated dilation
There is growing evidence that consumption of a single
high-fat meal (50 to 105 g of fat) impairs FMD by 45% to
80%. However, it is clear that the type of fat and the other
ingredients in the meal are critical determinants of this

effect. Ten separate investigations have observed impaired
FMD within 2 to 5 hours after a single high-fat meal [10–
19], although this effect is not found in all studies [20,21].
Several investigators [15,17] suggest that acute hypertrig-
lyceridemia is responsible for this effect. There is also
evidence that oxidative stress [11,16,22] and asymmetric
dimethylarginine (ADMA, an endogenous inhibitor of
nitric oxide production) [14] play a critical role in impair-
ing endothelial function after a meal (Fig. 1).

Disagreement about the effects of acute fat loading on
FMD may arise from the variety of ways in which high-fat
meals are prepared. For example, Williams et al. [22]
reported that previously used cooking fat impaired FMD,
whereas the same amount of fresh fat had no effect. Several
recent studies have examined whether combinations of
foods and nutrients can alter the postprandial response. For
example, Vogel et al. [13] and Ong et al. [17] have shown that
olive oil acutely impairs FMD, a finding that seems at odds
with the demonstrated vascular benefit of a Mediterranean
diet. However, this dietary pattern also increases consump-
tion of antioxidant vitamins, lycopenes, and omega-3 (n-3)
fatty acids. The net effect of the Mediterranean diet may result
from their interactive effects. In support of this hypothesis,
one study showed that consuming the antioxidants vitamin
C (1 g) and vitamin E (800 IU) along with the olive oil
allowed the patient to retain normal vascular function [13].
Pretreatment with folic acid (10 mg/d for 2 weeks) has also
been shown to abolish the acute effects of 50 g of saturated
fat on FMD [19]. These findings are exciting because they

Figure 2. The flow-mediated dilation (FMD) response in a single patient from the Vascular Health Interventions Laboratory. The y-axis 
depicts change in brachial artery diameter following deflation of the ischemic cuff (↑). Asterisk indicates that FMD is measured as the 
percent change in arterial diameter at peak response.
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show that FMD is sensitive to dietary factors and that it can
be changed rapidly. However, the majority of these studies
employ modest sample sizes (n=10 to 50), and are restricted
in their focus on the immediate, short-term effects of a few
isolated nutrients.

There are few studies of complex dietary patterns that
include FMD as an endpoint. In a recent paper, Fuentes
et al. [23•] reported that 4 weeks of a Mediterranean diet
increased FMD by 42% relative to a high-fat control diet.
Ryan et al. [24] found a similar degree of improvement
(56%) in diabetic patients who consumed a high-oleic
acid diet for 2 months. Leighton et al. [25] and Cuevas et al.
[26] have shown a significant improvement in FMD with
Mediterranean and low-fat diets, and this effect is further
augmented when red wine is consumed. Thus, although
there is concern that dietary fat can impair vascular
function, this must be carefully studied in the context of
other foods that are typically consumed at the same time.
Because of inconsistent findings on the effects of oleic acid
and olive oil on vascular reactivity, it is not included in
the model.

There is also evidence that specific fatty acids, particu-
larly those from fish, may improve vascular reactivity.
Intense interest in the long chain n-3 fatty acids, docosa-
hexaenoic acid (DHA) and eicosapentaenoic acid (EPA),
resulted from controlled trials showing a substantial reduc-
tion in risk of cardiac death with their use [27••]. The larg-
est of these studies, the GISSI trial [28•], randomized over
5000 coronary patients to receive DHA and EPA (850 mg),
vitamin E (300 mg), a combination of the two supple-
ments, or placebo for 3.5 years. Risk of cardiovascular death
was reduced by 10% to 15% with the fish oil supplement.

Although the mechanisms for these effects are not known,
the weight of the recent evidence suggests that endothe-
lium-dependent dilation is improved with short-term
supplementation of n-3 fatty acids from fish (Table 2).

The majority of these studies [27••,28•,29–32,33•]
find improved endothelium-dependent dilation after treat-
ment with fish oil capsules (containing DHA, EPA, or a
combination). The two negative findings come from a
study of healthy patients [34] and one study that used a
very brief treatment period (24 hours) [35]. In one of the
few studies that measured brachial artery FMD, Goodfel-
low et al. [36] administered n-3 fatty acids (4 g/d for 4
months) and found that FMD increased from 5% to 12%
in their hypercholesterolemic patients. Only one study
[33•] has examined the separate contributions of DHA and
EPA to the vascular effects of combined fish oil supple-
ments. In a very recent study of hypercholesterolemic
adults, Mori et al. [33•] showed that 4 g/d of DHA, but not
EPA, significantly improved vasodilator response to acetyl-
choline. Thus, the relative concentrations of the two fatty
acids may be of critical importance to their effects on
endothelium-dependent dilation. Figure 1 shows three
potential mechanisms through which n-3 fatty acids could
impact vascular reactivity. These include 1) reductions in
atherogenic lipids; 2) improvements in oxidative status;
and 3) reductions in immune and platelet activation. It is
also likely that these fatty acids regulate endothelial cell
function directly, due to their incorporation into the lipid
bilayer of cell membranes [32]. There is evidence from
human [37] and in vitro studies [38–40] that n-3 fatty
acids improve several markers of endothelial dysfunction
(eg , von Willebrand factor, thrombomodulin, and

Table 1. Vasoactive food components, their sources in the diet, and net effect on endothelial function and 
vascular resistance 

Food component Source in diet
Net effect on endothelial function 
and vascular resistance

Fats/fatty acids
Saturated fat Fatty meats, full-fat dairy products, hydrogenated fat Impairment
Oleic acid Olive oil, avocados, peanuts, other oils Improvement / impairment
Omega-3 fatty acids Fish oil, flaxseed oil, canola oil, soybean oil Improvement

Antioxidants
Polyphenols Red wine, grape juice, chocolate, tea Improvement
Vitamin C Fruits and vegetables Improvement
Vitamin E Nuts, seeds, oil, fish Improvement

Other
Folate Leafy greens, supplements, fortified grains, orange juice Improvement
Methionine/homocysteine Red meat and other animal products, may be increased 

by alcohol and caffeine
Impairment

L-arginine Plant proteins (soybeans, legumes, nuts) Improvement
Isoflavones Soybeans, red clover, flax, alfalfa Improvement

Dietary patterns
High carbohydrate Breads, cereals, fruits, sugared cola Impairment*
Low-fat diet Breads, cereals, grains, fruits, vegetables, legumes Improvement
Mediterranean diet Olive oil, fish, fruits, vegetables, wine, nuts Improvement

*Increases total peripheral vascular resistance reactivity only in insulin-resistant adults.
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T ega-3 fatty acids on endothelium-dependent dilation

Duration
Vascular assessment 
method Results

4 wk Forearm VOP, infusions of
 ACh, norepinephrine, AgII

Lower constrictive response to AgII 
and norepinephrine after treatment; 
no improvement in EDD

3 wk Coronary artery infusion 
of ACh

Omega-3s restore the vasodilatory 
response to ACh.

6 and 18 wk Forearm VOP, infusion 
of ACh

Significant improvements in vasodilator 
response to ACh

12 wk Arterial biopsy, dilatory 
response to ACh

Significant improvements in vasodilator 
response to ACh in HC adults; largest 
benefit in patients with increased DHA 
and EPA in erythrocyte membranes.  

1 d Radial artery FMD No significant improvements

16 wk Brachial artery FMD FMD increases from 5.0% to 12.0% 
in treated patients

6 wk Forearm VOP, infusion 
of ACh, with and without 
NO blocker

DHA (but not EPA) significantly 
improves EDD and other measures 
of vasodilation 

ependent dilation; EPA—eicosapentaenoic acid;  
cclusion plethysmography.
able 2. Randomized, placebo-controlled trials on the effects of om

Study / year
Sample size, 

n
Patient 

characteristics
Fatty acid 

preparation

Chin et al. 
[34] / 1993 

22 Healthy males 10 g EPA/DHA, with 
or without 

indomethacin 
Fleischhauer et al. 

[29] / 1993
14 Cardiac transplant 

patients
5 g EPA/DHA

McVeigh et al. 
[30] / 1993

23 Type 2 diabetic 
patients

3 g EPA/DHA

Goode et al. 
[32] / 1997

28 HC vs healthy 
adults

5 g EPA/DHA

Kothny et al. 
[35] / 1998

18 Coronary patients 18 g EPA/DHA

Goodfellow et al. 
[36] / 2000

30 Healthy, HC adults 4 g EPA/DHA

Mori et al. 
[33•] / 2001

40 Overweight, mildly 
HC men

4g EPA or 4g DHA

ACh—acetylcholine; AgII—angiotensin II; DHA—docosahexaenoic acid; EDD—endothelium-d
FMD—flow-mediated dilation; HC—hypercholesterolemic; NO—nitric oxide; VOP—venous o
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impaired membrane transport) [27••].  Taken together, it
is clear that n-3 fatty acids can improve cardiovascular
health in at-risk adults, and that more work is needed to
understand their mechanism of action.

L-arginine
A number of studies have reported enhanced brachial artery
vasodilation after treatment with the nitric oxide precursor,
L-arginine [41•]. The average American consumes 4 to 5 g of
L-arginine per day, and red meat is the most frequently
consumed source. Clinical studies of L-arginine have shown
significant effects when intake is increased three- to fourfold
via supplements. For example, Clarkson et al. [42] showed
that 4 weeks of oral L-arginine supplements (21 g/d)
produced a twofold increase in FMD in hypercholester-
olemic patients. Doses of 14 to 21 g/d have been shown to
improve FMD, although we have observed significant
gastrointestinal side effects (eg, cramping, gas) at this dosage.
Furthermore, the vascular benefits may only be observed in
patients with impaired nitric oxide status, such as hyper-
cholesterolemic patients [43] and individuals with estab-
lished peripheral arterial disease [41•]. L-arginine has also
been shown to reduce systemic vascular constriction, perhaps
via an increase in insulin and growth hormone; these data
are described in the following text. Dietary sources of L-argin-
ine include walnuts, peanuts, soybeans, legumes, and fish
protein; L-arginine may be an important mechanism for
their demonstrated health benefits. However, no study to
date has examined the effects of a diet rich in high-arginine
foods on endothelial function.

Antioxidants
Vitamins and food compounds with antioxidant proper-
ties have shown great promise in enhancing vascular reac-
tivity and in limiting the effects of fat on blood vessels.
Antioxidants that have been shown to improve endothelial
function include vitamin E, vitamin C, polyphenolic com-
pounds, and isoflavones. They produce their effects, in
part, by reducing oxidation throughout the vascular
system. Oxidized lipids (particularly chylomicron
remnants, very low-density lipoprotein cholesterol, and
low-density lipoprotein cholesterol) are well known for
their adverse effects on endothelial function [1], and
dietary antioxidants reverse these effects (Fig. 1). In one
study, vitamin E (300 IU for 8 weeks) dramatically
improved FMD in hypercholesterolemic patients, whether
alone or in combination with statin therapy [44].
Chambers et al. [45] showed that vitamin C (1 g/d for 1
week) prevented the expected decrease in FMD induced by
homocysteine, and others have observed short-term
improvements with this antioxidant. However, several
investigators question whether these benefits last with
longer-term treatment [1,46]. Polyphenolic compounds in
red wine [25,26] and purple grape juice [47] have also
been shown to improve FMD and oxidative status.

Homocysteine
Of the naturally occurring substances that impair vascular
function, homocysteine is one of the most powerful [45]. It
is produced from dietary methionine and may be increased
by consumption of caffeine and alcohol. Homocysteine
has been shown to have pro-oxidant properties, to up-
regulate thrombotic function, and to attenuate nitric oxide
release. In a recent paper, Boger et al. [48•] showed that
acutely raising homocysteine also produces increases
ADMA, an endogenous substance that limits nitric oxide
production from L-arginine (Fig. 1). There is a large body
of evidence that folic acid supplements significantly reduce
homocysteine [49], and that folic acid improves FMD [7].

Although there has been progress in understanding the
mechanisms through which a few foods and supplements
alter endothelial function, a great deal remains to be learned
about the vascular effects of complex dietary patterns that
have been shown to reduce blood pressure (eg, the Mediter-
ranean diet, the Dietary Approaches to Stop Hypertension
diet). A dietary pattern that incorporates fruits and vegeta-
bles, fish, plant proteins, and polyphenols may have marked
effects on FMD due to the small additive or synergistic effects
of the nutrients consumed.

The Importance of Measuring Systemic 
Vascular Resistance
Flow-mediated dilation is primarily determined by the
ability of the endothelial cells to elaborate nitric oxide. In
contrast, systemic vascular resistance is determined by
multiple factors [50], including arteriolar smooth muscle
hypertrophy and the activity of sympathetic vasoconstric-
tor nerves, parasympathetic vasodilatory nerves, local auto-
crine factors, baroreceptor activation, and numerous
circulating substances produced by the kidneys, heart, and
adrenal glands. It has long been known that peripheral
vascular constriction is a central feature of established
hypertension [50], and that hypertensive patients show
exaggerated reactivity to vasoconstrictive tests such as the
cold pressor [51].  Total peripheral vascular resistance
(TPR) is a measure of systemic vascular constriction, and is
an important index of left ventricular afterload. Higher
levels of TPR are prospectively associated with adverse
changes in myocardial structure, such as increases in left
ventricular mass [52]. Individuals with exaggerated vascu-
lar responses to laboratory stressors also exhibit endothe-
lial dysfunction [53•] and have greater left ventricular mass
[52].  In contrast, FMD response is apparently not an inde-
pendent predictor of left ventricular mass. For example,
Muiesan et al. [54] measured FMD and left ventricular
geometry in 94 adults with a wide range of resting blood
pressure levels. They found no correlation between the
magnitude of FMD and the size of the left ventricle. Thus,
TPR and FMD provide complementary, but not identical,
information about the health of the cardiovascular system.
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Total peripheral vascular resistance can be measured
noninvasively through the use of impedance cardiography.
This technique is commonly used to study the hemody-
namic effects of drugs, particularly agents that act on the
sympathetic nervous system. We recently reported that 6
months of hormone replacement therapy with either oral
or transdermal estrogen lowered TPR by 15% [55]. Reduc-
tions in vascular resistance were accompanied by lower
levels of norepinephrine and significant reductions in left
ventricular mass [56]. New information that sympathetic
nervous system activity is attenuated by nitric oxide leaves
open the possibility that TPR could be reduced by the same
dietary interventions that improve FMD (Fig. 1).

Measurement of Total Peripheral 
Vascular Resistance
Impedance cardiography was developed in the 1960s for
the noninvasive measurement of cardiac output and TPR.
Recent interest in vascular resistance has resulted in
improved data collection systems and a wealth of data on
the effects of dietary changes, exercise training, and
pharmacologic treatment on TPR. There are several com-
mercially available impedance cardiographs and software
packages for the noninvasive measurement of changes in
stroke volume and cardiac output. Surface electrodes are
used to record changes in the resistance of the thoracic
cavity to a low-voltage current applied to the chest wall.
Large, pulsatile changes in resistance are observed across
the cardiac cycle. The amplitude and duration of these
events can be used to estimate stroke volume via validated
equations [57•].  Cardiac output (CO, l/min) is calculated
as the product of stroke volume and heart rate. Mean arte-
rial pressure (MAP, mm Hg) is measured simultaneously
via an automated device, and allows the calculation of TPR
as follows: TPR (dyne-sec x cm-5) = (MAP / CO) x 80.
Although some studies have shown very close agreement
between impedance-derived estimates of CO and those
derived from more invasive techniques [57], it is clear that
the greatest strength of impedance cardiography is for the
assessment of within-patient change in CO and TPR.
McFetridge and Sherwood [57] and Sherwood et al. [58]
have published excellent reviews on the validity, appropri-
ate use, and important limitations of this technique.

Effects of Diet on Systemic Hemodynamics
Although much recent attention has been focused on
dietary factors that alter endothelial function, it is
important to note that systemic hemodynamics are also
influenced by dietary interventions. In a recent, controlled
feeding study [59], we examined vascular and myocardial
responses to a high-salt diet (300 mEq of sodium per day)
in adults whose blood pressure increased during sodium
loading (salt sensitives) versus those who showed no
blood pressure response to a high-salt diet (salt resistants).

Figure 3 shows that both groups exhibited increases in
cardiac output during the high-salt diet. However, only the
salt-resistant group showed the appropriate compensatory
response (lower TPR). Consequently, their blood pressure
was unchanged or actually decreased during sodium load-
ing. When the high-salt diet was accompanied by high
potassium (175 mEq/d), the pressor effects of salt were no
longer evident [59]. Again, this highlights the importance
of studying dietary patterns, rather than single nutrients, in
determining the effect of diet on the vasculature.

Nelesen and Dimsdale [60] have shown that degree of
insulin resistance is an important moderator of TPR
reactivity, and that these effects are most evident during a
high-carbohydrate diet. For example, insulin-resistant
adults exhibited exaggerated TPR reactivity to behavioral
stress tasks, but only during high-carbohydrate intake [60].
Weight-loss programs have also been shown to reduce TPR
[61], although it is not clear whether this is an effect of
weight loss per se, or real effect of a more nutritious diet.
Others have measured TPR to document the acute vascular
effects of nutritional supplements. In a series of elegantly
designed studies, Bode-Boger et al. [62] have shown that
infusion of a high dose (30 g) of L-arginine, the precursor
for nitric oxide, rapidly reduces TPR, and that this effect is
reversed as plasma arginine levels decrease. However, it is
not clear whether supraphysiologic levels of L-arginine are
required to show this effect, and current studies in my lab-
oratory examine the effects of chronic supplementation
with more modest doses of oral arginine on TPR reactivity.

Several studies have examined whether intravenous
fatty acids alter TPR reactivity. Battilana et al. [63] reported
significant increases in blood pressure and TPR reactivity

Figure 3. Percentage change in mean arterial blood pressure (BP), 
cardiac output (CO), and total peripheral resistance (TPR) during a 
high-salt diet in salt-sensitive (n=34) and salt-resistant (n=33) 
adults. Although CO significantly increased in both groups, only 
the salt-resistant group shows the appropriate compensatory change 
(lower TPR). As a result, they showed no change in BP during 
sodium loading. (Adapted from West et al. [59].)
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to mental stress tasks after lipid infusion, and other studies
confirm these effects [64]. Although it is tempting to
speculate that a high-fat meal would cause a similar
increase in TPR reactivity, it is important to note that eating
a meal significantly increases cardiac output, while sys-
temic resistance generally drops [65]. This decrease in sys-
temic resistance after a meal (as a result of insulin release)
is necessary to supply the digestive organs with proper
blood flow. For this reason, we routinely instruct patients
to avoid eating from 2 to 4 hours prior to TPR testing.

Although there is promising evidence that systemic
vascular constriction is a modifiable coronary risk factor,
few studies of dietary interventions have used it. Its rela-
tively low cost, good reliability, and noninvasive method-
ology make it an attractive technique for studying the
effects of dietary changes on systemic vascular resistance.

Conclusions
Although observational studies are often the first source of
information about dietary patterns and types of foods that
promote vascular health, these findings must be validated
in controlled clinical trials to establish whether the food or
nutrient is causally involved in plaque development. To the
extent that FMD and TPR reactivity are correlated with
other markers of coronary disease burden, they provide
critical surrogate endpoints for the development of new
functional foods, dietary supplements, and dietary
patterns. The rapidity with which vascular function can be
altered by consumption of specific foods has provided a
new way of understanding the interaction of the vascular
and metabolic abnormalities that result in atherosclerosis.

Flow-mediated dilation is one candidate marker for mea-
suring endothelial health. Many others have been
proposed, including cell adhesion and platelet aggregation
factors, as well as general markers of immune activation
(cytokines, chemoattractants) and vascular damage (von
Willebrand Factor). Thus, the vasodilatory action of the
endothelium may be of central importance on its own, or
FMD may be a sentinel marker for the many regulatory
effects of a healthy endothelium. Blood tests for soluble
endothelial markers and indices of immune and platelet
activation may be more appropriate tests for endothelial
function in larger studies that lack the capability for intensive
assessments of each individual’s arterial response [8•]. A very
recent paper by Brown and Hu [27••] provides an excellent
review of the effects of various foods and macronutrients on
several blood-derived markers of vascular dysfunction.

Although there is tremendous interest in using FMD in
controlled trials, it is important that future investigators
understand the technical challenges involved. Given the
small magnitude of the response and the tremendous
variability in the measurement of FMD, future investiga-
tions should report coefficients of variation and test/re-test
reliability statistics for their own laboratories. Without this
information, it is difficult to know whether null findings

are due to the imprecision of the technique or the ineffec-
tiveness of the intervention. Several recent studies have
measured vasodilatory response to nitroglycerin, a drug
that provides nitric oxide directly to vascular smooth
muscle; its effects are not dependent on endothelial health.
This control procedure, used as a measure of endothelium-
independent dilation, provides additional information
about the health of the artery and the resolution of the
measurement technique. Regardless of the measurement
technique, careful attention must be paid to factors that are
known to influence vascular function, including phase
of menstrual cycle; use of exogenous hormones; fasting
status/levels of insulin; use of substances that reduce
cholesterol or act directly on the vessel wall; recent exer-
cise; and the use of alcohol, tobacco, over-the-counter
medications; and nutritional supplements.

In conclusion, assessment of vascular reactivity via
duplex sonography or impedance cardiography has
allowed us to measure changes in vascular function follow-
ing short-term dietary interventions. These techniques
provide complementary, but not identical, information
about the mechanisms through which various dietary
factors have their beneficial effects. Indeed, systemic vascu-
lar resistance is partly determined by the endothelium-
dependent dilation that produces the FMD response. TPR
may provide a sensitive assay for detecting foods that
reduce peripheral vascular constriction and allow regres-
sion of left ventricular hypertrophy, itself an important
marker of coronary risk. The challenge for future investiga-
tors is threefold: 1) to elaborate on the mechanisms
through which the dietary factors outlined here alter vascu-
lar resistance; 2) to identify other vasoactive foods and
supplements; and 3) to establish the requisite dose and
combination of foods to achieve vascular health.

Acknowledgements
The author thanks Laura Cousino Klein, Deborah Maddox,
Terryl Hartman, Alan Hinderliter, Penny M. Kris-Etherton,
Milan Sonka, Andrea Likos, and Stephanie Schoemer for
comments on an earlier draft of this article; and Paul
Wagner for technical assistance.

References and Recommended Reading
Papers of particular interest, published recently, 
have been highlighted as:
• Of importance
•• Of major importance

1. Vogel RA, Corretti MC, Gellman J: Cholesterol, cholesterol 
lowering, and endothelial function. Prog Cardiovasc Dis 
1998, 41:117–136.

2. Furchgott RF, Zawadzki JV: The obligatory role of endothelial 
cells in the relaxation of arterial smooth muscle by 
acetylcholine. Nature 1980, 288:373–376.

3. Luscher TF, Noll G: Endothelial function as an end-point 
in interventional trials: concepts, methods and current data. J 
Hypertens 1996, 14(suppl):S111–S119.



454 Nutrition
4. Sharma N, Andrews TC: Endothelial function as a therapeutic 
target in coronary artery disease. Curr Atheroscler Rep 2000, 
2:303–307.

5. Celermajer DS, Sorensen KE, Bull C, et al.: Endothelium-
dependent dilation in the systemic arteries of asymptomatic 
subjects relates to coronary risk factors and their interaction. 
J Am Coll Cardiol 1994, 24:1468–1474.

6. Dupuis J, Tardif JC, Cernacek P, Therooux P: Cholesterol 
reduction rapidly improves endothelial function after acute 
coronary syndromes: the RECIFE (Reduction of cholesterol 
in ischemia and function of endothelium) trial. Circulation 
1999, 99:3227–3233.

7. Woo KS, Chook P, Lolin YI, et al.: Folic acid improves arterial 
endothelial function in adults with hyperhomocystinemia. 
J Am Coll Cardiol 1999, 34:2002–2006.

8.• Raitakari OT, Celermajer DS: Testing for endothelial 
dysfunction. Ann Med 2000, 32:293–304.

This is an excellent, detailed review of several techniques for measuring 
endothelial function.  It describes invasive techniques (eg, direct 
infusion of vasoactive drugs), potential blood markers of endothelial 
dysfunction (nitric oxide metabolites, asymmetric dimethylarginine, 
endothelin, etc), and the flow-mediated dilation protocol first devel-
oped by Celermajer for use as a preclinical test of vascular function.

9. Sorensen KE, Celermajer DS, Spiegelhalter DJ, et al.: Non-inva-
sive measurement of human endothelium dependent arterial 
responses: accuracy and reproducibility. Br Heart J 1995, 
74:247–253.

10. Evans M, Anderson RA, Graham J, et al.: Ciprofibrate therapy 
improves endothelial function and reduces postprandial 
lipemia and oxidative stress in type 2 diabetes mellitus. 
Circulation 2000, 101:1773–1779.

11. Anderson RA, Evans ML, Ellis GR, et al.: The relationships 
between post-prandial lipaemia, endothelial function and 
oxidative stress in healthy individuals and patients with 
type 2 diabetes. Atherosclerosis 2001, 154:475–483.

12. Vogel RA, Corretti MC, Plotnick GD: Effect of a single high-fat 
meal on endothelial function in healthy subjects. Am J Cardiol 
1997, 79:350–354.

13. Vogel RA, Corretti MC, Plotnick GD: The postprandial effect 
of components of the Mediterranean diet on endothelial 
function. J Am Coll Cardiol 2000, 36:1455–1460.

14. Fard A, Tuck CH, Donis JA, et al.: Acute elevations of plasma 
asymmetric dimethylarginine and impaired endothelial 
function in response to a high-fat meal in patients with type 
2 diabetes. Arterioscler Thromb Vasc Biol 2000, 20:2039–2044.

15. Marchesi S, Lupattelli G, Schillaci G, et al.: Impaired flow-
mediated vasoactivity during post-prandial phase in young 
healthy men. Atherosclerosis 2000, 153:397–402.

16. Plotnick GD, Corretti MC, Vogel RA: Effect of antioxidant 
vitamins on the transient impairment of endothelium-
dependent brachial artery vasoactivity following a single 
high-fat meal. JAMA 1997, 278:1682–1686.

17. Ong PJ, Dean TS, Hayward CS, et al.: Effect of fat and 
carbohydrate consumption on endothelial function. 
Lancet 1999, 354:2134.

18. Shige H, Ishikawa T, Suzukawa M, et al.: Endothelium-depen-
dent flow-mediated vasodilation in the postprandial state in 
type 2 diabetes mellitus. Am J Cardiol 1999, 84:1272–1274.

19. Wilmink HW, Stroes ES, Erkelens WD, et al.: Influence of 
folic acid on postprandial endothelial dysfunction. 
Arterioscler Thromb Vasc Biol 2000, 20:185–188.

20. Djousse L, Ellison RC, McLennan CE, et al.: Acute effects of a 
high-fat meal with and without red wine on endothelial 
function in healthy subjects. Am J Cardiol 1999, 84:660–664.

21. Raitakari OT, Lai N, Griffiths K, et al.: Enhanced peripheral 
vasodilation in humans after a fatty meal. J Am Coll Cardiol 
2000, 36:417–422.

22. Williams MJ, Sutherland WH, McCormick MP, et al.: Impaired 
endothelial function following a meal rich in used cooking 
fat. J Am Coll Cardiol 1999, 33:1050–1055.

23.• Fuentes F, Lopez-Miranda J, Sanchez E, et al.: Mediterranean 
and low-fat diets improve endothelial function in hyper-
cholesterolemic men. Ann Intern Med 2001, 134:1115–1119.

One of the first studies using a controlled-feeding paradigm to show 
improvement in flow-mediated dilation (FMD) after an extended 
outpatient dietary intervention period (28 days).  A Mediterranean 
diet increased FMD by 36% relative to a high-fat control diet.  
In contrast, a low-fat diet achieved only a 12% increase.
24. Ryan M, McInerney D, Owens D, et al.: Diabetes and the Medi-

terranean diet: a beneficial effect of oleic acid on insulin 
sensitivity, adipocyte glucose transport and endothelium- 
dependent vasoreactivity. Quarterly J Med 2000, 93:85–91.

25. Leighton F, Cuevas A, Guasch V, et al.: Plasma polyphenols 
and antioxidants, oxidative DNA damage and endothelial 
function in a diet and wine intervention study in humans. 
Drugs Exp Clin Res 1999, 25:133–141.

26. Cuevas AM, Guasch V, Castillo O, et al.: A high fat diet induces 
and red wine counteracts endothelial dysfunction in human 
volunteers. Lipids 2000, 35:143–148.

27.•• Brown AA, Hu FB: Dietary modulation of endothelial 
function: implications for cardiovascular disease. 
Am J Clin Nutr 2001, 73:673–686.

This paper systematically reviews the evidence that various foods and 
nutritional supplements reduce cardiovascular risk in epidemiologic 
studies and controlled clinical trials. They critically examine whether 
improvements in endothelial function are a plausible mechanism 
for these cardioprotective effects.  Although flow-mediated dilation 
is discussed, the focus is on blood-derived, soluble markers of endo-
thelial function.
28.• GISSI-Prevenzione Investigators: Dietary supplementation 

with n-3 polyunsaturated fatty acids and vitamin E after 
myocardial infarction: results of the GISSI-Prevenzione trial. 
Gruppo Italiano per lo Studio della Sopravvivenza 
nell'Infarto miocardico. Lancet 1999, 354:447–455.

This study is the largest controlled trial to examine the cardiovascular 
benefits of omega-3 fatty acid supplements derived from fish on 
coronary morbidity and mortality.  Over 11,000 patients with a recent 
myocardial infarction were enrolled. After 3.5 years, sudden cardiac death 
was reduced by 45%, and total mortality by 20%, in patients who con-
sumed daily fish oil capsules (850 mg of omega-3 fatty acids).
29. Fleischhauer FJ, Yan WD, Fischell TA: Fish oil improves 

endothelium-dependent coronary vasodilation in heart 
transplant recipients. J Am Coll Cardiol 1993, 21:982–989.

30. McVeigh GE, Brennan GM, Hohnston GD, et al.: Dietary fish 
oil augments nitric oxide production or release in patients 
with type 2 (non-insulin-dependent) diabetes mellitus. 
Diabetologia 1993, 36:33–38.

31. Goodfellow J, Bellamy MF, Ramsey MW, et al.: Dietary supple-
mentation with marine omega-3 fatty acids improve systemic 
large artery endothelial function in subjects with hypercho-
lesterolemia. J Am Coll Cardiol 2000, 35:265–270.

32. Goode GK, Garcia S, Heagerty AM: Dietary supplementation 
with marine fish oil improves in vitro small artery 
endothelial function in hypercholesterolemic patients: 
a double- blind placebo-controlled study. Circulation 
1997, 96:2802–2807.

33.• Mori TA, Watts GF, Burke V, et al.: Differential effects of 
eicosapentaenoic acid and docosahexaenoic acid on vascular 
reactivity of the forearm microcirculation in hyperlipidemic, 
overweight men. Circulation 2000, 102:1264–1269.

This is the first human study to directly compare the vascular effec-
tiveness of two of the most common forms of omega-3 fatty acids 
in the diet. In overweight men with dyslipidemia, several measures of 
vascular reactivity were improved after 6 weeks of daily supplements 
containing 4 g of docosahexaenoic acid.
34. Chin JP, Gust AP, Dart AM: Indomethacin inhibits the effects 

of dietary supplementation with marine oils on vasoconstric-
tion of human forearm resistance vessels in vivo. J Hypertens 
1993, 11:1229–1234.

35. Kothny W, Angerer P, Stork S, von Schacky C: Short term effects 
of omega-3 fatty acids on the radial artery of patients with 
coronary artery disease. Atherosclerosis 1998, 140:181–186.



Effect of Diet on Vascular Reactivity: An Emerging Marker for Vascular Risk  •  West 455
36. Goodfellow J, Bellamy M, Ramsey M, et al.: Dietary 
supplements with marine omega-3 fatty acids improve 
systemic large artery endothelial function in subjects with 
hypercholesterolemia. J Am Coll Cardiol 2000, 35:265–270.

37. Johansen O, Seljeflot I, Hostmakr AT, Arnesen H: The effect of 
supplementation with omega-3 fatty acids on soluble mark-
ers of endothelial function in patients with coronary heart 
disease. Arterioscler Thromb Vasc Biol 1999, 19:1681–1686.

38. Hennig B, Meerarani P, Ramadass P, et al.: Fatty acid-mediated 
activation of vascular endothelial cells. Metabolism 2000, 
49:1006–1013.

39. De Caterina R, Cybulsky MA, Clinton SK, et al.: Omega-3 
fatty acids and endothelial leukocyte adhesion molecules. 
Prostaglandins Leukot Essent Fatty Acids 1995, 52:191–195.

40. De Caterina R, Liao JK, Libby P: Fatty acid modulation 
of endothelial activation. Am J Clin Nutr 2000, 
71(suppl 1):213S–223S.

41.• Cooke JP, Oka RK: Atherogenesis and the arginine 
hypothesis. Curr Atheroscler Rep 2001, 3:252–259.

An excellent review of recent work on the vascular effects of L-arginine.
42. Clarkson P, Adams MR, Powe AJ, et al.: Oral L-arginine 

improves endothelium-dependent dilation in hypercholes-
terolemic young adults. J Clin Invest 1996, 97:1989–1994.

43. Mullen MJ, Wright D, Donald AE, et al.: Atorvastatin but not 
L-arginine improves endothelial function in type I diabetes 
mellitus: a double-blind study. J Am Coll Cardiol 2000, 36:410–
416.

44. Neunteufl T, Kostner K, Katzenschlager R, et al.: Additional 
benefit of vitamin E supplementation to simvastatin therapy 
on vasoreactivity of the brachial artery of hypercholester-
olemic men. J Am Coll Cardiol 1998, 32:711–716.

45. Chambers JC, McGregor A, Jean-Marie J, et al.: Demonstration 
of rapid onset vascular endothelial dysfunction after 
hyperhomocysteinemia: an effect reversible with vitam
in C therapy. Circulation 1999, 99:1156–1160.

46. Duffy SJ, Gokce N, Holbrook M, et al.: Effect of ascorbic 
acid treatment on conduit vessel endothelial dysfunction 
in patients with hypertension. Am J Physiol Heart Circ Physiol 
2001, 280:H528–H534.

47. Stein JH, Keevil JG, Wiebe DA, et al.: Purple grape juice 
improves endothelial function and reduces the susceptibility 
of LDL cholesterol to oxidation in patients with coronary 
artery disease. Circulation 1999, 100:1050–1055.

48.• Boger RH, Lentz SR, Bode-Boger SM, et al.: Elevation of 
asymmetrical dimethylarginine may mediate endothelial 
dysfunction during experimental hyperhomocyst(e)inaemia 
in humans. Clin Sci (Colch) 2001, 100:161–167.

This paper suggests a novel mechanism for impaired vascular 
function associated with high homocycsteine levels.  Asymmetric 
dimethylarginine is an emerging marker of vascular risk and is 
primarily known for slowing the production of nitric oxide from 
its precursor, L-arginine.
49. Homocysteine Trialists' Collaboration: Lowering blood 

homocysteine with folic acid-based supplements: meta-
analysis of randomised trials. Indian Heart J 2000, 
52(suppl 7):S59–S64.

50. Beevers G, Lip GY, O'Brien E: ABC of hypertension: the 
pathophysiology of hypertension. BMJ 2001, 322:912–916.

51. Julius S: Sympathetic hyperactivity and coronary risk in 
hypertension. Hypertension 1993, 21:886–893.

52. Kapuku GK, Treiber FA, Davis HC, et al.: Hemodynamic 
function at rest, during acute stress, and in the field: 
predictors of cardiac structure and function 2 years later 
in youth. Hypertension 1999, 34:1026–1031.

53.• Sherwood A, Johnson K, Blumenthal JA, Hinderliter AL: 
Endothelial function and hemodynamic responses during 
mental stress. Psychosomatic Med 1999, 61:365–370.

This is the first paper to examine whether total peripheral resistance 
reactivity (TPR) and flow-mediated dilation response are correlated.  
Individuals who show exaggerated TPR reactivity to mental stress 
exhibit impaired endothelium-dependent dilation.
54. Muiesan ML, Salvetti M, Monteduro C, et al.: Flow-mediated 

dilatation of the brachial artery and left ventricular 
geometry in hypertensive patients. J Hypertens 2001, 
19(3 pt 2):641–647.

55. West SG, Hinderliter AL, Wells EC, et al.: Transdermal estrogen 
reduces vascular resistance and serum cholesterol in post-
menopausal women. Am J Obstet Gynecol 2001, 184:926–933.

56. Light KC, Hinderliter AL, West SG, et al.: Hormone replace-
ment improves hemodynamic profile and left ventricular 
geometry in hypertensive and normotensive postmenopausal 
women. J Hypertens 2001, 19:269–278.

57.• McFetridge J, Sherwood A: Impedance cardiography for 
noninvasive measurement of cardiovascular hemodynamics. 
Nursing Res 1999, 48:109–113.

An excellent review of measurement issues in the use of impedance 
cardiography for assessment of systemic hemodynamics.
58. Sherwood A, Allen MT, Fahrenberg J, et al.: Committee report: 

methodological guidelines for impedance cardiography. 
Psychophysiology 1990, 27:1–23.

59. West SG, Light KC, Hinderliter AL, et al.: Potassium supple-
mentation induces beneficial cardiovacular changes during 
rest and stress in salt sensitive individuals. Health Psychol 
1999, 18:229–240.

60. Nelesen RA, Dimsdale JE: Relationship of hypertension and 
insulin sensitivity with hemodynamic reactivity to laboratory 
stressors. Am J Hypertens 2001, 14(4 part 2):230A.

61. Georgiades A, Sherwood A, Gullette EC, et al.: Effects of 
exercise and weight loss on mental stress-induced cardio-
vascular responses in individuals with high blood pressure. 
Hypertension 2000, 36:171–176.

62. Bode-Boger SM, Boger RH, Galland A, et al.: L-arginine-
induced vasodilation in healthy humans: pharmacokinetic-
pharmacodynamic relationship. Br J Clin Pharmacol 1998, 
46:489–497.

63. Battilana P, Seematter G, Schneiter P, et al.: Effects of free 
fatty acids on insulin sensitivity and hemodynamics during 
mental stress. J Clin Endocrinol Metab 2001, 86:124–128.

64. Stojiljkovic MP, Zhang D, Lopes HF, et al.: Hemodynamic 
effects of lipids in humans. Am J Physiol Regul Integr Comp 
Physiol 2001, 280:R1674–R1679.

65. Uijtdehaage SH, Shapiro D, Jaquet F: Effects of carbohydrate 
and protein meals on cardiovascular levels and reactivity. 
Biol Psychol 1994, 38:53–72.


	Effect of Diet on Vascular Reactivity: An Emerging Marker for Vascular Risk
	Effect of Diet on Vascular Reactivity: An Emerging Marker for Vascular Risk
	Sheila
	Sheila
	G.
	West,
	PhD

	Address
	Address
	Department of Biobehavioral Health
	Department of Biobehavioral Health

	Current Atherosclerosis Reports
	Current Atherosclerosis Reports
	2001

	Current Science Inc. ISSN
	Copyright © 2001 by Current Science Inc.

	<TABLE>
	<TABLE BODY>
	<TABLE ROW>
	New technology for studying vascular activity in vivo has shown that the endothelium plays a crit...



	Introduction
	Introduction
	The goal of this paper is to examine the relationship between dietary factors and noninvasive mea...

	The Importance of a Healthy Endothelium
	The Importance of a Healthy Endothelium
	Systemic vascular tone is complexly regulated by endocrine and paracrine substances, sympathetic ...
	<TABLE>
	<TABLE BODY>
	<TABLE ROW>
	<GRAPHIC>

	<TABLE ROW>
	<TABLE ROW>
	Figure 1.� A model of how various dietary factors alter vascular resistance. Vasoactive functiona...
	Figure 1.� A model of how various dietary factors alter vascular resistance. Vasoactive functiona...




	In response to changes in the blood stream, such as shear stress from surges in blood flow or cha...
	It is now well established that most of the traditional coronary risk factors are associated with...

	Assessment of Endothelial Function In Vivo
	Assessment of Endothelial Function In Vivo
	In the past, the most common method for studying vascular function involved measuring responses t...
	<TABLE>
	<TABLE BODY>
	<TABLE ROW>
	<GRAPHIC>

	<TABLE ROW>
	<TABLE ROW>
	Figure 2.� The flow-mediated dilation (FMD) response in a single patient from the Vascular Health...
	Figure 2.� The flow-mediated dilation (FMD) response in a single patient from the Vascular Health...




	Similar to a glucose tolerance test, measurement of FMD examines dynamic change in a system that ...

	Effects of Diet on Vascular Reactivity
	Effects of Diet on Vascular Reactivity
	Figure 1
	Figure 1

	<TABLE>
	Table 1.� Vasoactive food components, their sources in the diet, and net effect on endothelial fu...
	<TABLE HEADING>
	<TABLE ROW>
	Food component
	Source in diet
	Net effect on endothelial function and vascular resistance


	<TABLE BODY>
	<TABLE ROW>
	Fats/fatty acids

	<TABLE ROW>
	Saturated fat
	Fatty meats, full-fat dairy products, hydrogenated fat
	Impairment

	<TABLE ROW>
	Oleic acid
	Olive oil, avocados, peanuts, other oils
	Improvement / impairment

	<TABLE ROW>
	Omega-3 fatty acids
	Fish oil, flaxseed oil, canola oil, soybean oil
	Improvement

	<TABLE ROW>
	Antioxidants

	<TABLE ROW>
	Polyphenols
	Red wine, grape juice, chocolate, tea
	Improvement

	<TABLE ROW>
	Vitamin C
	Fruits and vegetables
	Improvement

	<TABLE ROW>
	Vitamin E
	Nuts, seeds, oil, fish
	Improvement

	<TABLE ROW>
	Other

	<TABLE ROW>
	Folate
	Leafy greens, supplements, fortified grains, orange juice
	Improvement

	<TABLE ROW>
	Methionine/homocysteine
	Red meat and other animal products, may be increased by alcohol and caffeine
	Impairment

	<TABLE ROW>
	L-arginine
	Plant proteins (soybeans, legumes, nuts)
	Improvement

	<TABLE ROW>
	Isoflavones
	Soybeans, red clover, flax, alfalfa
	Improvement

	<TABLE ROW>
	Dietary patterns

	<TABLE ROW>
	High carbohydrate
	Breads, cereals, fruits, sugared cola
	Impairment*

	<TABLE ROW>
	Low-fat diet
	Breads, cereals, grains, fruits, vegetables, legumes
	Improvement

	<TABLE ROW>
	Mediterranean diet
	Olive oil, fish, fruits, vegetables, wine, nuts
	Improvement


	<TABLE FOOTING>
	<TABLE ROW>
	*Increases total peripheral vascular resistance reactivity only in insulin-resistant adults.



	Effects of dietary fats on flow-mediated dilation
	Effects of dietary fats on flow-mediated dilation
	There is growing evidence that consumption of a single high-fat meal (50 to 105 g of fat) impairs...
	Disagreement about the effects of acute fat loading on FMD may arise from the variety of ways in ...
	There are few studies of complex dietary patterns that include FMD as an endpoint. In a recent pa...
	There is also evidence that specific fatty acids, particularly those from fish, may improve vascu...
	<TABLE>
	Table 2.� Randomized, placebo-controlled trials on the effects of omega-3 fatty acids on endothel...
	<TABLE HEADING>
	<TABLE ROW>
	Study / year
	Sample size, n
	Patient characteristics
	Fatty acid preparation
	Duration
	Vascular assessment method
	Results


	<TABLE BODY>
	<TABLE ROW>
	Chin et al. [34] / 1993
	22
	Healthy males
	10 g EPA/DHA, with or without indomethacin
	4 wk
	Forearm VOP, infusions of ACh, norepinephrine, AgII
	Lower constrictive response to AgII and norepinephrine after treatment; no improvement in EDD

	<TABLE ROW>
	Fleischhauer et al. [29] / 1993
	14
	Cardiac transplant patients
	5 g EPA/DHA
	3 wk
	Coronary artery infusion of ACh
	Omega-3s restore the vasodilatory response to ACh.

	<TABLE ROW>
	McVeigh et al. [30] / 1993
	23
	Type 2 diabetic patients
	3 g EPA/DHA
	6 and 18 wk
	Forearm VOP, infusion of ACh
	Significant improvements in vasodilator response to ACh

	<TABLE ROW>
	Goode et al. [32] / 1997
	28
	HC vs healthy adults
	5 g EPA/DHA
	12 wk
	Arterial biopsy, dilatory response to ACh
	Significant improvements in vasodilator response to ACh in HC adults; largest benefit in patients...

	<TABLE ROW>
	Kothny et al. [35] / 1998
	18
	Coronary patients
	18 g EPA/DHA
	1 d
	Radial artery FMD
	No significant improvements

	<TABLE ROW>
	Goodfellow et al. [36] / 2000
	30
	Healthy, HC adults
	4 g EPA/DHA
	16 wk
	Brachial artery FMD
	FMD increases from 5.0% to 12.0% in treated patients

	<TABLE ROW>
	Mori et al. [33•] / 2001
	40
	Overweight, mildly HC men
	4g EPA or 4g DHA
	6 wk
	Forearm VOP, infusion of ACh, with and without NO blocker
	DHA (but not EPA) significantly improves EDD and other measures of vasodilation


	<TABLE FOOTING>
	<TABLE ROW>
	ACh—acetylcholine; AgII—angiotensin II; DHA—docosahexaenoic acid; EDD—endothelium-dependent dilat...



	The majority of these studies [

	L-arginine
	L-arginine
	A number of studies have reported enhanced brachial artery vasodilation after treatment with the ...

	Antioxidants
	Antioxidants
	Vitamins and food compounds with antioxidant properties have shown great promise in enhancing vas...

	Homocysteine
	Homocysteine
	Of the naturally occurring substances that impair vascular function, homocysteine is one of the m...
	Although there has been progress in understanding the mechanisms through which a few foods and su...


	The Importance of Measuring Systemic Vascular Resistance
	The Importance of Measuring Systemic Vascular Resistance
	Flow-mediated dilation is primarily determined by the ability of the endothelial cells to elabora...
	Total peripheral vascular resistance can be measured noninvasively through the use of impedance c...

	Measurement of Total Peripheral Vascular Resistance
	Measurement of Total Peripheral Vascular Resistance
	Impedance cardiography was developed in the 1960s for the noninvasive measurement of cardiac outp...
	<TABLE>
	<TABLE BODY>
	<TABLE ROW>
	<GRAPHIC>

	<TABLE ROW>
	<TABLE ROW>
	Figure 3.� Percentage change in mean arterial blood pressure (BP), cardiac output (CO), and total...
	Figure 3.� Percentage change in mean arterial blood pressure (BP), cardiac output (CO), and total...





	Effects of Diet on Systemic Hemodynamics
	Effects of Diet on Systemic Hemodynamics
	Although much recent attention has been focused on dietary factors that alter endothelial functio...
	Nelesen and Dimsdale [
	Several studies have examined whether intravenous fatty acids alter TPR reactivity. Battilana
	Although there is promising evidence that systemic vascular�constriction is a modifiable coronary...

	Conclusions
	Conclusions
	Although observational studies are often the first source of information about dietary patterns a...
	Flow-mediated dilation is one candidate marker for measuring endothelial health. Many others have...
	Although there is tremendous interest in using FMD in controlled trials, it is important that fut...
	In conclusion, assessment of vascular reactivity via duplex sonography or impedance cardiography ...

	Acknowledgements
	Acknowledgements
	The author thanks Laura Cousino Klein, Deborah Maddox, Terryl Hartman, Alan Hinderliter, Penny M....

	References and Recommended Reading
	References and Recommended Reading
	Papers of particular interest, published recently, have been highlighted as:
	Papers of particular interest, published recently, have been highlighted as:
	• Of importance
	•• Of major importance

	1. Vogel
	1. Vogel
	1. Vogel
	RA,
	Corretti
	MC,
	Gellman
	J:
	Cholesterol, cholesterol lowering, and endothelial function.
	Prog Cardiovasc Dis
	1998,
	41:
	117–
	136.


	2. Furchgott
	2. Furchgott
	2. Furchgott
	RF,
	Zawadzki
	JV:
	The obligatory role of endothelial cells in the relaxation of arterial smooth muscle by acetylcho...
	Nature
	1980,
	288:
	373–
	376.


	3. Luscher
	3. Luscher
	3. Luscher
	TF,
	Noll
	G:
	Endothelial function as an end-point in interventional trials: concepts, methods and current data.
	J Hypertens
	1996,
	14(suppl):
	S111–
	S119.


	4. Sharma
	4. Sharma
	4. Sharma
	N,
	Andrews
	TC:
	Endothelial function as a therapeutic target in coronary artery disease.
	Curr Atheroscler Rep
	2000,
	2:
	303–
	307.


	5. Celermajer
	5. Celermajer
	5. Celermajer
	DS,
	Sorensen
	KE,
	Bull
	C,
	et al.


	6. Dupuis
	6. Dupuis
	6. Dupuis
	J,
	Tardif
	JC,
	Cernacek
	P,
	Therooux
	P:
	Cholesterol reduction rapidly improves endothelial function after acute coronary syndromes: the R...
	Circulation
	1999,
	99:
	3227–
	3233.


	7. Woo
	7. Woo
	7. Woo
	KS,
	Chook
	P,
	Lolin
	YI,
	et al.


	8. • Raitakari
	8. • Raitakari
	8. • Raitakari
	OT,
	Celermajer
	DS:
	Testing for endothelial dysfunction.
	Ann Med
	2000,
	32:
	293–
	304.


	This is an excellent, detailed review of several techniques for measuring endothelial function. I...
	9. Sorensen
	9. Sorensen
	9. Sorensen
	KE,
	Celermajer
	DS,
	Spiegelhalter
	DJ,
	et al.


	10. Evans
	10. Evans
	10. Evans
	M,
	Anderson
	RA,
	Graham
	J,
	et al.


	11. Anderson
	11. Anderson
	11. Anderson
	RA,
	Evans
	ML,
	Ellis
	GR,
	et al.


	12. Vogel
	12. Vogel
	12. Vogel
	RA,
	Corretti
	MC,
	Plotnick
	GD:
	Effect of a single high-fat meal on endothelial function in healthy subjects.
	Am J Cardiol
	1997,
	79:
	350–
	354.


	13. Vogel
	13. Vogel
	13. Vogel
	RA,
	Corretti
	MC,
	Plotnick
	GD:
	The postprandial effect of components of the Mediterranean diet on endothelial function.
	J Am Coll Cardiol
	2000,
	36:
	1455–
	1460.


	14. Fard
	14. Fard
	14. Fard
	A,
	Tuck
	CH,
	Donis
	JA,
	et al.


	15. Marchesi
	15. Marchesi
	15. Marchesi
	S,
	Lupattelli
	G,
	Schillaci
	G,
	et al.


	16. Plotnick
	16. Plotnick
	16. Plotnick
	GD,
	Corretti
	MC,
	Vogel
	RA:
	Effect of antioxidant vitamins on the transient impairment of endothelium- dependent brachial art...
	JAMA
	1997,
	278:
	1682–
	1686.


	17. Ong
	17. Ong
	17. Ong
	PJ,
	Dean
	TS,
	Hayward
	CS,
	et al.


	18. Shige
	18. Shige
	18. Shige
	H,
	Ishikawa
	T,
	Suzukawa
	M,
	et al.


	19. Wilmink
	19. Wilmink
	19. Wilmink
	HW,
	Stroes
	ES,
	Erkelens
	WD,
	et al.


	20. Djousse
	20. Djousse
	20. Djousse
	L,
	Ellison
	RC,
	McLennan
	CE,
	et al.


	21. Raitakari
	21. Raitakari
	21. Raitakari
	OT,
	Lai
	N,
	Griffiths
	K,
	et al.


	22. Williams
	22. Williams
	22. Williams
	MJ,
	Sutherland
	WH,
	McCormick
	MP,
	et al.


	23. • Fuentes
	23. • Fuentes
	23. • Fuentes
	F,
	Lopez-Miranda
	J,
	Sanchez
	E,
	et al.


	One of the first studies using a controlled-feeding paradigm to show improvement in flow-mediated...
	24. Ryan
	24. Ryan
	24. Ryan
	M,
	McInerney
	D,
	Owens
	D,
	et al.


	25. Leighton
	25. Leighton
	25. Leighton
	F,
	Cuevas
	A,
	Guasch
	V,
	et al.


	26. Cuevas
	26. Cuevas
	26. Cuevas
	AM,
	Guasch
	V,
	Castillo
	O,
	et al.


	27. •• Brown
	27. •• Brown
	27. •• Brown
	AA,
	Hu
	FB:
	Dietary modulation of endothelial function: implications for cardiovascular disease.
	Am J Clin Nutr
	2001,
	73:
	673–
	686.


	This paper systematically reviews the evidence that various foods and nutritional supplements red...
	28. • GISSI-Prevenzione Investigators:
	28. • GISSI-Prevenzione Investigators:
	28. • GISSI-Prevenzione Investigators:
	Dietary supplementation with n-3 polyunsaturated fatty acids and vitamin E after myocardial infar...
	Lancet
	1999,
	354:
	447–
	455.


	This study is the largest controlled trial to examine the cardiovascular benefits of omega-3 fatt...
	29. Fleischhauer
	29. Fleischhauer
	29. Fleischhauer
	FJ,
	Yan
	WD,
	Fischell
	TA:
	Fish oil improves endothelium-dependent coronary vasodilation in heart transplant recipients.
	J Am Coll Cardiol
	1993,
	21:
	982–
	989.


	30. McVeigh
	30. McVeigh
	30. McVeigh
	GE,
	Brennan
	GM,
	Hohnston
	GD,
	et al.


	31. Goodfellow
	31. Goodfellow
	31. Goodfellow
	J,
	Bellamy
	MF,
	Ramsey
	MW,
	et al.


	32. Goode
	32. Goode
	32. Goode
	GK,
	Garcia
	S,
	Heagerty
	AM:
	Dietary supplementation with marine fish oil improves in vitro small artery endothelial function ...
	Circulation
	1997,
	96:
	2802–
	2807.


	33. • Mori
	33. • Mori
	33. • Mori
	TA,
	Watts
	GF,
	Burke
	V,
	et al.


	This is the first human study to directly compare the vascular effectiveness of two of the most c...
	34. Chin
	34. Chin
	34. Chin
	JP,
	Gust
	AP,
	Dart
	AM:
	Indomethacin inhibits the effects of dietary supplementation with marine oils on vasoconstriction...
	J Hypertens
	1993,
	11:
	1229–
	1234.


	35. Kothny
	35. Kothny
	35. Kothny
	W,
	Angerer
	P,
	Stork
	S,
	von Schacky
	C:
	Short term effects of omega-3 fatty acids on the radial artery of patients with coronary artery d...
	Atherosclerosis
	1998,
	140:
	181–
	186.


	36. Goodfellow
	36. Goodfellow
	36. Goodfellow
	J,
	Bellamy
	M,
	Ramsey
	M,
	et al.


	37. Johansen
	37. Johansen
	37. Johansen
	O,
	Seljeflot
	I,
	Hostmakr
	AT,
	Arnesen
	H:
	The effect of supplementation with omega-3 fatty acids on soluble markers of endothelial function...
	Arterioscler Thromb Vasc Biol
	1999,
	19:
	1681–
	1686.


	38. Hennig
	38. Hennig
	38. Hennig
	B,
	Meerarani
	P,
	Ramadass
	P,
	et al.


	39. De Caterina
	39. De Caterina
	39. De Caterina
	R,
	Cybulsky
	MA,
	Clinton
	SK,
	et al.


	40. De Caterina
	40. De Caterina
	40. De Caterina
	R,
	Liao
	JK,
	Libby
	P:
	Fatty acid modulation of endothelial activation.
	Am J Clin Nutr
	2000,
	71(suppl 1):
	213S–
	223S.


	41. • Cooke
	41. • Cooke
	41. • Cooke
	JP,
	Oka
	RK:
	Atherogenesis and the arginine hypothesis.
	Curr Atheroscler Rep
	2001,
	3:
	252–
	259.


	An excellent review of recent work on the vascular effects of L-arginine.
	42. Clarkson
	42. Clarkson
	42. Clarkson
	P,
	Adams
	MR,
	Powe
	AJ,
	et al.


	43. Mullen
	43. Mullen
	43. Mullen
	MJ,
	Wright
	D,
	Donald
	AE,
	et al.


	44. Neunteufl
	44. Neunteufl
	44. Neunteufl
	T,
	Kostner
	K,
	Katzenschlager
	R,
	et al.


	45. Chambers
	45. Chambers
	45. Chambers
	JC,
	McGregor
	A,
	Jean-Marie
	J,
	et al.


	46. Duffy
	46. Duffy
	46. Duffy
	SJ,
	Gokce
	N,
	Holbrook
	M,
	et al.


	47. Stein
	47. Stein
	47. Stein
	JH,
	Keevil
	JG,
	Wiebe
	DA,
	et al.


	48. • Boger
	48. • Boger
	48. • Boger
	RH,
	Lentz
	SR,
	Bode-Boger
	SM,
	et al.


	This paper suggests a novel mechanism for impaired vascular function associated with high homocyc...
	49. Homocysteine Trialists' Collaboration:
	49. Homocysteine Trialists' Collaboration:
	49. Homocysteine Trialists' Collaboration:
	Lowering blood homocysteine with folic acid-based supplements: meta- analysis of randomised trials.
	Indian Heart J
	2000,
	52(suppl 7):
	S59–
	S64.


	50. Beevers
	50. Beevers
	50. Beevers
	G,
	Lip
	GY,
	O'Brien
	E:
	ABC of hypertension: the pathophysiology of hypertension.
	BMJ
	2001,
	322:
	912–
	916.


	51. Julius
	51. Julius
	51. Julius
	S:
	Sympathetic hyperactivity and coronary risk in hypertension.
	Hypertension
	1993,
	21:
	886–
	893.


	52. Kapuku
	52. Kapuku
	52. Kapuku
	GK,
	Treiber
	FA,
	Davis
	HC,
	et al.


	53. • Sherwood
	53. • Sherwood
	53. • Sherwood
	A,
	Johnson
	K,
	Blumenthal
	JA,
	Hinderliter
	AL:
	Endothelial function and hemodynamic responses during mental stress.
	Psychosomatic Med
	1999,
	61:
	365–
	370.


	This is the first paper to examine whether total peripheral resistance reactivity (TPR) and flow-...
	54. Muiesan
	54. Muiesan
	54. Muiesan
	ML,
	Salvetti
	M,
	Monteduro
	C,
	et al.


	55. West
	55. West
	55. West
	SG,
	Hinderliter
	AL,
	Wells
	EC,
	et al.


	56. Light
	56. Light
	56. Light
	KC,
	Hinderliter
	AL,
	West
	SG,
	et al.


	57. • McFetridge
	57. • McFetridge
	57. • McFetridge
	J,
	Sherwood
	A:
	Impedance cardiography for noninvasive measurement of cardiovascular hemodynamics.
	Nursing Res
	1999,
	48:
	109–
	113.


	An excellent review of measurement issues in the use of impedance cardiography for assessment of ...
	58. Sherwood
	58. Sherwood
	58. Sherwood
	A,
	Allen
	MT,
	Fahrenberg
	J,
	et al.


	59. West
	59. West
	59. West
	SG,
	Light
	KC,
	Hinderliter
	AL,
	et al.


	60. Nelesen
	60. Nelesen
	60. Nelesen
	RA,
	Dimsdale
	JE:
	Relationship of hypertension and insulin sensitivity with hemodynamic reactivity to laboratory st...
	Am J Hypertens
	2001,
	14(4 part 2):
	230A.


	61. Georgiades
	61. Georgiades
	61. Georgiades
	A,
	Sherwood
	A,
	Gullette
	EC,
	et al.


	62. Bode-Boger
	62. Bode-Boger
	62. Bode-Boger
	SM,
	Boger
	RH,
	Galland
	A,
	et al.


	63. Battilana
	63. Battilana
	63. Battilana
	P,
	Seematter
	G,
	Schneiter
	P,
	et al.


	64. Stojiljkovic
	64. Stojiljkovic
	64. Stojiljkovic
	MP,
	Zhang
	D,
	Lopes
	HF,
	et al.


	65. Uijtdehaage
	65. Uijtdehaage
	65. Uijtdehaage
	SH,
	Shapiro
	D,
	Jaquet
	F:
	Effects of carbohydrate and protein meals on cardiovascular levels and reactivity.
	Biol Psychol
	1994,
	38:
	53–
	72.





