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Abstract

Background

Observational and intervention evidence to date indicates that polyphenol- 

rich foods, in particular berries and dark chocolate, may have the potential to 

influence cardiovascular disease risk. However, there are very few 

polyphenol-specific dietary intervention studies, and none of sufficiently 

robust design that assess the effect polyphenol-rich foods on vascular 

function tests of known prognostic significance and a range of cardiovascular 

endpoints in hypertensive patients. The study described in this thesis was 

based on the hypothesis that increasing overall polyphenol dietary intake, 

through increasing fruit and vegetable intake, and specifically including 

berries, and dark chocolate, would improve microvascular function and would 

also have a beneficial effect on platelet function, heart rate variability and 
other markers of cardiovascular risk in patients with hypertension.

Methodology

The study was a twelve-week randomised controlled, single blinded dietary 

intervention design. The study commenced with a four week run-in phase for 

all participants, during which they were asked to consume two portions or 

less of fruit and vegetables, excluding berries and dark chocolate. At the end 
of this period, subjects were randomised to continue with the low polyphenol 

diet for a further eight weeks or to consume a high polyphenol diet of six 

portions F&V (including one portion of berries per day) and 50g of dark 

chocolate per day. The primary endpoint was endothelium-dependent 

arterial vasodilator responses, assessed by venous occlusion 

plethysmography pre- and post-intervention. This is an invasive marker of 

microvascular function of known prognostic significance. Compliance was 

assessed with four-day food diaries and biochemical markers of nutritional 

status, including vitamin C, carotenoids and epicatechin. Other measures of 

cardiovascular risk included biochemical markers, such as lipid profile, 

hsCRP, PAI-1, 11-dehydrothromboxane B2 and heart rate variability on 24 

hour ambulatory ECG monitor.



Results

A total of 99 volunteers completed the study, of whom a further six were 

excluded due to at least one hsCRP reading over the course of this 

intervention being >10mg/L The intervention was well tolerated by all 

participants and objective markers of compliance indicated significant 

between group change in self-reported polyphenol intake, and biochemical 

markers of nutritional status including vitamin C, a panel of carotenoids and 

epicatechin. Between group comparison of maximum % response to Ach 

(infusedmon-infused arm ratios) was significantly improved in the high 

polyphenol group (p=0.02) relative to the control group. Results were 
reanalysed with polyphenol-rich foods as a continuous variable, which 

revealed that an extra daily portion of fruit & vegetables was predicted to 

promote an absolute increase in the maximum response to acetylcholine of 

14.0% (95%CI: 3.82%, 24.1%, p=0.008). An extra daily portion of dark 
chocolate was predicted to stimulate an absolute increase in the maximum 
response to acetylcholine of 112.5% (95%CI: 44.5%, 180.5%, p=0.020). 

There was no significant difference in between group change in response to 
sodium nitroprusside.

There was a trend towards a larger reduction in systolic blood pressure 

(p=0.059) and 11-dehydrothromboxane B2 levels (p=0.066), as well as a 

significant decrease in total cholesterol (p=0.042), in the high polyphenol 

group compared to the low polyphenol group. Inflammatory markers did not 

improve following the intervention, although there was a significantly larger 

decrease in hsCRP in the low polyphenol group (p=0.026) compared to the 

high polyphenol group. No significant between group differences in heart 

rate variability indices were found, following the intervention, although there 

was a significantly larger change in average heart rate (p=0.037) and NN 

intervals (p=0.023) in the high polyphenol group than in the low polyphenol 

group.
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Conclusions

This current work has shown that increasing intake of polyphenol-rich foods, 

fruit and vegetables, berries and dark chocolate, results in a significant 

improvement in endothelium-dependent vasodilation following an eight-week 

intervention in hypertensive participants. This is the first time that a 

polyphenol-rich diet has achieved an improvement in a vascular function 

measure of known prognostic significance in a hypertensive cohort. These 

findings suggest that continuing to promote current general F&V guidelines, 

alongside advice to consume berries and dark chocolate could impact 

significantly on markers of cardiovascular risk, and may contribute to a 
reduced risk of cardiovascular disease.
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1.1 INTRODUCTiON
Despite recent observational data on the cardiovascular benefits of 

polyphenol-rich foods little is known about the optimum requirements to 

prevent cardiovascular disease (CVD) amongst hypertensive patients. Few 

whole food dietary intervention studies of sufficient duration or power have 

been performed to address this. This literature review will focus on the 

evidence linking polyphenol-rich food consumption and CVD, relevant risk 

factors and appropriate surrogate markers of arterial and cardiac autonomic 

function. Techniques for assessing nitric oxide production from the vascular 

endothelium, platelet function and heart rate variability are then described.
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1.2 CARDIOVASCULAR DISEASE

1.2.1 Introduction
CVD is defined as a spectrum of disorders of the heart and blood vessels, 

the most prevalent of which is coronary artery disease (CAD). CVD accounts 

for 30% of deaths globally, nearly half of which occur in people under 70 

years (WHO 2007). In 2010, CVD was the leading cause of mortality, 

accounting for 180,000 deaths, 45% of which were from CAD (BHF 2012b). 

Locally, in Northern Ireland premature CAD mortality rates are higher than 

England and Wales, and accounted for more than 2,000 deaths in 2010 

(BHF 2012a). Differences in prevalence of risk factors such as smoking, 
diet, physical activity, obesity, hypertension, hyperlipidaemia, and diabetes 

mellitus are thought to explain the regional and socioeconomic variations in 

incidence of CAD (BHF 2012a).

The cost of CVD to the UK economy alone is estimated at £29.1 billion 

annually, 60% of which was due to health care costs (Luengo-Fernandez et 

al. 2006). The high morbidity and mortality, coupled with the significant cost 

of managing such diseases, precipitated the development of targets such as 
the National Service Framework for Coronary Heart Disease, which provided 
a focus for reducing CAD, through primary and secondary prevention, 

against a target of a 40% reduction in mortality by 2010 in England 

(Department of Health 2006). By 2009 this target had been met, with the 
death rate falling by 44% in the past ten years. The rate of decline in the 

United Kingdom, however, is slowing for those under 55 years (BHF 2012b). 

Additionally, in the United States there are predicted future increases in the 

prevalence of CVD due to the dual pronged effect of an ageing population 

and increasing obesity epidemic (Roger, Go & Lloyd-Jones 2011).

1.2.2 Pathogenesis of Cardiovascular Disease
The fundamental pathological process of CVD is atherosclerosis, a chronic 

inflammatory disease of mainly large and medium-sized elastic and muscular 

arteries that can begin with fatty streaks in early childhood and result in
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thrombosis later in life (Ross 1999). It is generally agreed that the first step in 

atherosclerosis is dysfunction of the endothelial cells lining the inner arterial 

surface, which, if functioning normally, resist attachment of white blood cells, 

and assist in the regulation of thrombosis, inflammation, vascular tone and 

vascular remodeling (Lusis 2000).

Endothelial cells, when exposed to stimuli such as oxidized low-density 

lipoproteins (LDL), hypertension or pro-inflammatory cytokines, express 

adhesion molecules (for example, vascular cell adhesion molecule (VCAM- 

1), intercellular adhesion molecule (ICAM-1), P-selectin and E-selectin) that 

capture leucocytes, particularly monocytes, on their surfaces. These act in 

conjunction with pro-inflammatory' chemokines, such as monocyte 

chemoattractant protein-1 (MCP-1), osteopontin and tumour necrosis factor 

(TNF-a), to increase the permeability of the endothelial membrane and 
facilitate transport of oxidized lipoproteins and monocytes into the intimal 

layer of the arterial wall (Libby et al. 2010).

Once embedded in the tunica intima the monocytes are transformed into 
macrophages, which, by expressing scavenger receptors, are able to engulf 

modified lipoproteins (Libby et al. 2010). In these modified macrophages the 
uptake of LDL is no longer regulated by their cholesterol content, leading to a 

massive accumulation of cholesterol. This creates a foamy appearance to 
the cytoplasm and the formation of the fatty streak (Berliner et al. 1995).

Macrophages continue to proliferate in the intima due to the release of 

growth factors and cytokines such as metalloproteinase (MMP) and 

procoagulant tissue factor (TF) (Steinberg 1997). Amongst their many other 

properties they also produce smooth muscle growth factor and platelet 

derived growth factor, partly accounting for the migration of smooth muscle 

cells from the tunica media to intima (Ross 1993). Smooth muscle cells and 

foam cells consequently lead to the accumulation of extracellular lipids and 

the formation of a necrotic core at the centre of the plaque. Overlying this is 
a fragile fibrous cap (Tabas 2010).
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The resulting lesion begins to thicken the arterial wall, giving rise to 

compensatory vessel dilatation to maintain luminal dimensions. Once the 

artery is no longer able to compensate a potentially flow limiting stenosis 

occurs (Glagov et al. 1987) causing tissue ischaemia. The other clinical 

manifestation of plaque formation is due to disruption of the fibrous cap 

exposing procoagulant material in the core to coagulation proteins in the 

blood stream triggering thrombosis and vessel infarction (Libby, Ridker & 

Hansson 2011) . Figure 1.1 illustrates the progression of atherosclerosis.

‘Taken from Libby, P et al. Progress and challenges in translating the biology of atherosclerosis. Nature 
2011; 473: 317-325

A Normal artery containing three layers; tunica intima, media and adventitia. B Initial steps of atherosclerosis; 
adhesion of blood leukocytes to the activated endothelial monolayer, maturation of monocytes into macrophages, 
and their uptake of lipid, yielding foam cells. C Migration and proliferation of smooth muscle cells (SMC), and 
synthesis of extracellular matrix macromolecules eg collagen, elastin and proteoglycans. Extracellular lipid derived 
from dead cells can accumulate in the central region of a plaque which also contain cholesterol crystals and 
microvessels. D Fracture of the plaque’s fibrous cap, enabling blood coagulation components to come into contact 
with tissue factors in the plaque’s interior, triggering the thrombus extending into vessel lumen.

Figure 1.1. Stages of development of atherosclerotic lesions.

The endpoints in atherosclerosis of vessel ischaemia or infarction are the 

most common causes of coronary heart disease (CHD) and ischaemic 

stroke. Whilst it is thought to be a modern 'Western' disease, there have 

been studies demonstrating the presence of atherosclerosis in Egyptian 

mummies, perhaps indicating the possibility of other, as yet undiscovered, 

precipitants (Thompson et al. 2013).
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1.2.3 Modifiable risk factors for cardiovascular disease
Prevention of CVD is a lifelong undertaking, and should incorporate the 

whole population, not just high-risk individuals. It has proven to be effective 

with a 50% reduction in mortality resulting from change in risk factors, 

compared with a 40% reduction in mortality secondary to improved treatment 

(ESC 2012). There are many established modifiable risk factors and, whilst 

previously they were considered in isolation, modern strategies advocate the 

concept of total cardiovascular risk and that management of one factor 

should be related to the quantification of global risk. This is based on the 

theory that most people have several risk factors which, when co-existing, 

causes an amplification of their effect leading to greater total risk (Kannel 

2000). Risk factors for atheromatous vascular disease include hypertension, 

hyperlipidaemia, smoking, diabetes, obesity and elevated inflammatory 

markers. For the purposes of this review only hypertension, hyperlipidaemia 

and inflammatory markers are considered.

1.2.3.1 Hypertension
Elevated blood pressure (BP) is thought to cause seven million deaths per 

year world wide, accounts for 6% of the global disease burden, and is 
considered one of the most important preventable causes of CVD (Lopez et 

al. 2006). In the most recent Health Survey for England in 2010, the 
prevalence of hypertension in adults >16 years was 31.5% in men and 29.0% 

in women and previous studies have shown comparable figures for Northern 

Ireland (DoH 2010, NISRA 2001). Table 1.1 shows the definition and 
classification of hypertension (ESH/ESC 2013).

Table 1.1. Definitions and classifications of blood pressure levels.
Category Systolic BP

(mmHg)
Diastolic BP
(mmHg)

Optimal <120 and <80

Normal 120-129 and/or 80-84

High normal 130-139 and/or 85-89
Grade 1 hypertension 140-159 and/or 90-99
Grade 2 hypertension 160-179 and/or 100-109
Grade 3 hypertension >180 and/or >110
Isolated systolic hypertension >140 and <90
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Isolated systolic hypertension is a result of age-associated changes in 

vascular stiffening and reduced compliance (Libby, Ridker & Maseri 2002). 

Hypertension has also been classified as essential, the aetiology of which is 

unknown, and secondary in which an identifiable cause is found, accounting 

for 5% of cases (Lever, Swales 1994). Mean arterial pressure is determined 

by both peripheral vascular resistance, which is characteristically increased 

in essential hypertension, and cardiac output. This increase in resistance 

results mainly from changes in energy dissipation and luminal size in 

resistance arteries, which are defined as vessels measuring less than 400 

micrometers diameter (Schiffrin 1997). Chronically this leads to remodeling 

of the vessel due to extracellular matrix deposition and inflammation, and this 

pro-inflammatory response can stimulate progression of atherosclerosis 

(O'Rourke et al. 2002).

Accurate BP measurement is important for diagnosis and management of 
hypertension. BP is subject to considerable variation, depending on co
existing stressors such as temperature, circadian rhythm, exercise, recent 

meals and pain (O'Brien et al. 2005). As such, a single clinic-recorded BP 
correlates poorly with risk of CVD because of spontaneous variability in BP 
and the 20-30% incidence of white coat hypertension (Palatini 2000). NICE 
guidelines, therefore, recommend ambulatory BP monitoring (ABPM) with at 

least 14 measurements, on all patients whose clinic BP is greater than 

140/90, which should eliminate white coat hypertension (NICE 2011). ABPM 

values are generally lower than single clinic recorded values, with a reported 

difference of up to 20mmHg (Staessen et al. 2000). If, however, multiple 

clinic measures are undertaken in a controlled environment after the patient 

has rested for a sufficient period, this could be a valid method of assessment 

in clinical trials as there is evidence that these correlate well with APBM 

measurements (Jula, Puuka & Karanko 1999).

The decision to commence treatment is based on consideration of the BP 

measurement and the total cardiovascular risk. In patients with grade 1 

hypertension or moderate cardiovascular risk drug treatment may be delayed 

for several months to allow for lifestyle changes. These include weight
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reduction, reduction of alcohol intake, dietary change, smoking cessation and 

regular physical exercise. In patients in whom lifestyle interventions have 

failed, or who have grade 3 hypertension or grade 2 hypertension with high 

total cardiovascular risk, antihypertensive drugs should be commenced 

promptly (NICE 2011). Antihypertensives are one of the mostly commonly 

prescribed medications in primary care, and cost approximately £6 billion per 

annum in the UK (NICE 2011). Treating hypertension, however, is clinically 

effective, and cost-effective in the long-term, being associated with at least a 

16% reduction in myocardial infarction (Ml), and a reduction in lifetime risk of 

CVD by 22-41% (Allen 2012).

1.2.3.2 Hyperlipidaemia
Cholesterol and triglycerides in plasma are bound to various apoproteins to 
form lipoproteins, such as low-density lipoprotein (LDL), which has been 

discussed in section 1.2.2 because of its role in atherosclerosis, and high- 
density lipoprotein (HDL), which may have antiatherogenic properties (ESC 
2012). It has been shown that high levels of LDL cholesterol correlate 

positively with a risk of CVD (Neaton et al. 1992), and low concentrations of 
HDL are also associated with higher risk of CVD (Chapman, et al 2011). The 

incidence of elevated total cholesterol (>5mmol/l) in England is approximately 
57% for men and 61% for women (HSE 2008).

Few studies have examined the benefits of cholesterol lowering to different 

targets in relation to clinical outcomes (JBS 2005). Therefore, the current 

targets are a balance between the benefit indicated in trials and the risk and 

cost of long-term therapy (SIGN 2007). Current guidelines from the 

Department of Health recommend that patients with established CHD should 

aim for a total cholesterol <5mmol/l and LDL <3mmol/l. The ESC also states 

that HDL >1 mmol/I is desirable (ESC 2012). There are no current guidelines 

for primary prevention, though most practitioners adhere to the secondary 

prevention targets after assessing total CVD risk. First line therapy is statins 

(HMG-CoA reductase inhibitors), however, fibrates and selective cholesterol 

absorption inhibitors may be added in patients who are still above targets, or 

with hypertriglyceridaemia.
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The Cholesterol Treatment Trialists Collaboration performed a meta-analysis 
of 14 trials, involving 90,056 patients on statin therapy for both primary and 

secondary prevention (CTT Collaborators 2005). The results show that statin 

therapy can reduce the 5-year incidence of coronary events and stroke by 

20% per mmol/l reduction in LDL, irrespective of initial lipid profile or other 

baseline characteristics. Statin therapy has even been shown to have a 

survival benefit when given to patients with low LDL levels (Leeper et al. 

2007).

1.2.4 Novel biochemical markers of cardiovascular risk
In recent years understanding of the pathological mechanisms underlying 

CVD has greatly increased. This has led to the utilisation of several novel 
biomarkers in an attempt to identify individuals at greatest risk, to allow 

targeting of preventative measures. Biomarkers have been developed for all 

stages of the atherosclerotic and ischaemic cascade, particularly targeting 
inflammatory and thrombotic processes.

1.2.4.1 C-Reactive Protein.
C-reactive protein (CRP) was first identified by Tillet and Francis during acute 

phase studies of Streptococcous pneumonia infection (Tillet, Francis Jr 

1930). CRP is an acute phase reactant and an immune response pentraxin 
protein, secreted by the liver in response to interleukin 6 (IL-6), and produced 

in smooth muscle cells in arteries, particularly diseased vessels (Calabro, 

Willerson & Yeh 2003). CRP is a non-specific marker of inflammation, which 

is thought to be an important step in the atherosclerosis process. In humans, 

levels can increase by 1000 fold in response to acute inflammatory stimuli, 

hence a high sensitivity CRP (hsCRP) assay is preferred, with levels 

>10mg/L likely to be related to concurrent infection rather than 

atherosclerosis (Ridker 2003).

In comparison to other biomarkers, hsCRP is a relatively stable serum 

protein, which is not affected by food intake and inexpensive, and

n



Chapter 1

standardised assays are available (Ridker 2003, Grad, Danenberg 2013). 

Due to its half-life of 18-20 hours it was thought to have little circadian 

variation (Meier-Ewert et al. 2001). Long-term studies examining intra

person variability have shown a correlation coefficient of 0.6 between 

measurements similar to that of LDL (Ridker et al. 1999). In short-term 

studies looking at measurements taken 2.5 weeks apart, the Spearman rank 

correlation was 0.65, with one third of those patients with elevated levels 

being reclassified as normal on repeat testing (Bower et al. 2012). As such, it 

is recommended that two measures of hsCRP be taken, with the lower value 

being used to determine CVD risk (Ridker 2003).

The population distribution of hsCRP has been described in several studies 

as highly right-skewed, with higher values found in women, particularly those 

on Hormone Replacement Therapy and in older individuals (Woloshin, 

Schwartz 2005, Ridker, Rifai 2003). Gender differences may reflect sex- 
related difference in inflammatory response to obesity, possibly mediated by 
leptin levels (Abdullah et al. 2007). Obesity itself is also associated with 

elevated levels of hsCRP, due to the significant source of IL-6 in adipose 

tissue (Gupta et al. 2012).

Current biomarkers in standard risk scoring systems are LDL, HDL and 

triglycerides, however, more than half of vascular events occur in individuals 
without hyperlipidaemia. By adding in additional risk factors such as 

smoking, hypertension and diabetes, risk prediction can improve to between 

80-90%. hsCRP and LDL are independent biomarkers and, therefore, may 

contribute in an additive manner to assessment of CVD risk (Knot, Knot & 

Bajzer 2003, Yusef et al. 2004). Studies have shown that individuals with 

low LDL and high hsCRP actually had worse outcomes than those with high 

LDL and low hsCRP, which may represent a high risk group often missed in 

clinical practice (Ridker et al. 2002, Ridker 2003).

The value of hsCRP as a predictor of CVD risk has been examined in both 

primary and secondary prevention, with mixed results. Epidemiological 

studies have demonstrated a significant association between elevated
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hsCRP and prevalence of atherosclerotic disease or risk of cardiovascular 

events, independent of traditional risk factors (Grad, Danenberg 2013). 

Whilst early trials described a significant relative risk of >2 for upper versus 

lower quintile of CRP, subsequent studies have been more conservative, 

predicting a relative risk of 1.6 for upper versus lower fertile of CRP 

(Blankenberg, Yusuf 2006 (Wilson et al. 2005). In a large meta-analysis, the 

Emerging Risk Factors Collaboration (ERFC) has shown that hsCRP is 

linearly associated with risk of CVD, but that this association was dampened 

when adjusted for conventional risk factors and fibrinogen (ERFC 2010). In a 

later publication, ERFC looked at the value of adding hsCRP or fibrinogen to 

traditional risk factors, and found that this could prevent one additional event, 

over 10 years, per 400 to 500 people screened (ERFC 2012).

The role of hsCRP in secondary prevention has been examined in a number 

of settings including established but stable CAD, acute coronary syndromes 
(ACS) and percutaneous coronary intervention (PCI). In patients with 

established CHD elevated levels of hsCRP were associated with significantly 

reduced forearm blood flow (FBF) response to acetylcholine (Ach) 
(Fichtlscherer et al. 2000). However, the accompanying epidemiological 

evidence is inconsistent. The Heart Outcomes Prevention Evaluation study 
included patients with stable angina, and found only a moderate association 

with future risk of cardiovascular events (Blankenberg et al. 2006). Yet other 

studies have suggested a prognostic association between hsCRP and 

outcomes in ACS that was perhaps additive to that of troponin (Ridker et al. 

2002). The conflicting evidence is perhaps partially explained by the results 

of the Multi-Ethnic Study of Atherosclerosis, which found that elevated 

hsCRP was an independent predictor of risk only in patients with non- 

calcified plaques, which may cause plaque instability and ACS (Blaha et al. 

2011).

It is important to note that, as yet, there is limited evidence that reducing 

hsCRP levels will lower CVD risk. The largest trial to date was the JUPITER 

study, which investigated whether the addition of rosuvastatin would 

decrease first major cardiovascular events in those with low LDL and high

4 4



Chapter 1

hsCRP (Ridker et al. 2009). This statin reduced hsCRP levels by 37%, LDL 

levels by 50% and reduced the incidence of cardiovascular events by 55% 

compared with placebo (p<0.0001) (Ridker et al. 2009). Based on this, the 

American Heart Association (AHA) assigned lla class of evidence for 

assessing hsCRP in older stable patients with normal LDL, to aid selection of 

those who would most benefit from statin therapy. Levels of hsCRP can be 

stratified as low, moderate and high risk, (<1mg/L, 1-3mg/L and >3mg/L 

respectively) (ACCF/AHA 2010). In summary, whilst a moderate relationship 

exists between elevated hsCRP and CVD, it is still uncertain as to whether 

this represents a causal relationship and the value of targeting hsCRP levels 

in therapeutic decision-making remains to be determined.

1.2.4.2 Plasminogen Activator Inhibitor Type 1
Plasminogen Activator Inhibitor Type 1 (PAM) was first described in 1977 as 

the “fast acting plasmin inhibitor of plasma” (Wiman, Collen 1977) . PAI-1 is 
a member of the family of serine protease inhibitors and is derived from 
several sources, including the vascular endothelium, liver and adipose tissue, 

and can be secreted following platelet aggregation (Saksela, Rifkin 1988, De 

Taeye, Smith & Vaughan 2005). The role of PAI-1 is to bind to tissue 
plasminogen activator (tPA) and urinary-type plasminogen activator (u-PA), 

forming an inert complex with a 1:1 ratio that is excreted by the liver. This 
prevents plasminogen activation to plasmin by tPA and u-PA and, therefore, 

halts the pathway of fibrinolysis and the degradation of fibrin products in 

thrombus (Figure 1.2) (Kohler, Grant 2000). Normal PAI-1 concentrations in 

the blood are four times that of tPA. However, its active form has a half life 

of approximately 5 minutes; therefore, only a small portion will have the 

opportunity to inhibit tPA.

Several factors have been shown to influence PAI-1 levels, including male 

gender, glucose, insulin and the acute phase response (Ridker et al. 2004, 

Asselbergs et al. 2007). Lifestyle factors, such as low levels of exercise and 

high consumption of alcohol, are also associated with higher PAI-1 levels, 

(Yarnell et al. 2000, Eliasson, Asplind & Evrin 1996). When considering 

measuring levels of PAI-1 it is important to consider a number of variables.
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Firstly, there is significant diurnal variation, with a morning peak in PAI-1 

coinciding with the circadian peak incidence of acute myocardial infarctions, 

though several other factors including BP, heart rate and catecholamines are 

also elevated at this time (Angelton, Chandler & Schmer 1989). Secondly, 

when intra-individual variability was measured investigators found a 6% 

within day, and 12% between day, variation over a 6-month period, indicating 

that a single sample should be sufficient (de Maat et al. 1996).
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NEJM 2000; 342 (24): 1792-1799

Figure 1.2. Activation and Inhibition of the Fibrinolytic Pathway

In theory, higher levels of PAI-1 should result in a decrease in fibrinolysis 

and, therefore, promote deposition of fibrin and thrombus formation (Ha, Oh 

& Lee 2009). There is experimental evidence with transgenic mice, which 

overexpress a stable form of PAI-1, being found to have coronary arterial 

thrombosis and subendothelial infarction (Eren et al. 2002) and in vivo 

studies are currently assessing whether antagonists of PAI-1 are a plausible 

method of reducing cardiovascular risk (Simone, Higgins 2012). 

Epidemiological studies on humans in both healthy cohorts and groups with 

CVD have also demonstrated an association between CAD and high PAI-1
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concentrations. The Northwick Park Heart Study followed 1382 healthy men 

over an average of 16 years and found low levels of plasma fibrinolytic 

activity were predictive of subsequent CAD (Meade et al. 1993). Studies 

involving patients with established ischaemic heart disease have also shown 

an association between high PAI-1 levels and occurrence of coronary events, 

although this association was muted by adjustment for traditional risk factors 

or those reflecting insulin resistance (Thogersen et al. 1998, Juhan-Vague et 

al. 1996). In the setting of a recent myocardial infarction, high PAI-1 levels 

appeared to correlate with both a risk of poor vessel patency and recurrent 

events (Wiman et al. 2000, Paganelli et al. 1999).

There have been discordant data produced from studies evaluating response 

of PAI-1 to standard primary and secondary prevention therapies. Both 

statins and angiotensin converting enzyme inhibitors (ACEi) appeared to 
reduce PAI-1 expression. However, angiotensin receptor blockers (ARB) did 
not (Bourcier, Libby 2000, Brown, Vaughan 1999, Brenner et al. 2001). 

Nevertheless, despite several decades of research, there are no studies to 

date, which demonstrate that the addition of PAI-1 to standard risk scores 
would add substantially to their predictive value (Ridker et al. 2004, Wang et 

al. 2006).
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1.3 POLYPHENOLS

1.3.1 Introduction
The earliest work on polyphenols, then named “Vitamin P”, was by Szent- 

Gyorgyi and his colleagues, who demonstrated in 1936 that a substance 

derived from extracts of Hungarian red pepper and lemon juice acted 

beneficially in modifying the permeability of capillary walls (Bentsath, 

Rusznyak & Szent-Gyorgyi 1937) . Since then over 8,000 compounds with a 

polyphenol structure (i.e. several hydroxyl groups on aromatic rings) have 

been discovered, making them one of the most ubiquitous groups of plant 

metabolites (Manach et al. 2004). There is considerable diversity in their 

chemical structures, ranging from simple phenolic molecules to highly 

polymerized compounds greater than 30,000 Da (Bravo 1998).

For decades their role in plant physiology, including morphology, growth, 

reproduction and resistance to pathogens, has been known. In addition, they 
play an important part in industry, such as additives and preservatives, and in 

the production of paint, paper and cosmetics (Bravo 1998). However, the 

complexity of their differing structures is thought to have delayed research 
into their antioxidant properties and other health benefits until the mid-1990’s 
(Scalbert, Johnson & Saltmarsh 2005). Polyphenols are divided into different 

classifications according to their number of phenol rings and the structural 

elements that marry these rings together. The main classes are phenolic 

acids, flavonoids, stillbenes, lignans and phenolic alcohols, as illustrated in 

Figure 1.3 (D'Archivio et al. 2007).

Of these subclasses, phenolic acids and flavonoids are by far the most 

common compounds found in the human diet. Phenolic alcohols, stillbenes 

and lignans are also consumed, but are represented in small quantities in 

olive oil, red grapes and linseeds, respectively. Phenolic acids, as illustrated, 
are divided into two classes derived from either benzoic or cinnamic acid. 

The hydroxybenzoic acids are found in very few plants consumed by 

humans, except for raspberries, blackberries and tealeaves. Coumaric, 

caffeic, sinapic and ferulic acid chiefly comprise the hydroxycinnamic acids
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and can be found in most fruits, coffee and cereal grains (Manach et al. 

2004).

1.) Phenolic acids- (i) hydioxybenzolft and (ii) ijc acids

OH: Gallic acid R.=0H: Coumanc acid 
R,=:Rj=0H: Caflec acid

3.) Stillbenes2.) Flavonoids

Resverstrol

5.) Lignans 6.) Phenolic alcohols

R,=R,=OH: HydnutytyrcsolSecorsotanciresnoi

* Taken from DArchivio. M et al. Polyphenols, dietary sources and bioavailabilrty. Ann 1st Super Sa/lM 
2007^1(4):348-361

Figure 1.3- Chemical structures of polyphenols subclasses

Overall, flavonoids are by far the most abundant group of polyphenols 

identified to date. They consist of approximately 5,000 compounds, from 13 

subclasses, of which six subclasses are found commonly in the diet (Bravo 

1998). Their characteristic chemical structure is illustrated in Figure 1.4 and 

contains two or more aromatic rings (A&B), each bearing one aromatic 

hydroxyl and connected with a carbon bridge. This carbon bridge combines 

with oxygen and two carbons from the (A) aromatic ring to form a third ring 

(C). The different subclasses are derived from the connection of the B to C 

ring, as well as the oxidation state and functional groups of the C ring 

(Beecher 2003).
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Beecher G R Overview of dietary flavonoids nomenclature, occurrence and intake 
J Nutr 2003;133 3248S-3254S

Figure 1.4 General structure and numbering pattern for common food 
flavonoids

The six main subclasses are flavonols, flavones, flavanones, isoflavones, 

anthocyanins and flavanols (see Figure 1.5). Flavonols are the largest 

subgroup of flavonoids, the most common compound being quercetin. The 

richest dietary sources are leeks, broccoli and blueberries.

Flavonols Flavones

Flavanones

fiawgem

Flavanols

Cyanidin Catechins

* Taken from D^rchiviQ. M- Polyphenols, dietary sources and bioavailability. Ann 1st Super 
Smtii 2007^(4):338-361

Figure 1.5- Chemical structure of flavonoid subclasses
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Flavones are less commonly found in fruit and vegetables, except for in their 

skin, and their only edible forms are celery and parsley. Flavanones are 

abundant in citrus fruits, particularly in their albedo (white pith), and 

glycosylate with the disaccharide neohespridose to generate a bitter taste. 

Isoflavones have comparable structure to oestrogens that result in hormonal- 

like properties. The main sources are leguminous plants, such as soya 

bean. Anthocyanins are most abundant in fruit and red wines, where they 

exist as red, blue or purple pigmentation providing colour to the skin and, in 

some instances, the flesh of fruit and increasing in content as ripening 

occurs. Flavanols arise as both monomeric (catechins) and polymeric forms 

(proanthocyanidins or condensed tannins). Green tea and cocoa are the 

best source of dietary catechins, whereas the proanthocyanidins are the 

origin of the astringent and bitter taste in some fruits and chocolate (Manach 

et al. 2004, D'Archivio et al. 2007).

1.3.2 Food sources and dietary intake of polyphenols

1.3.2.1 Cocoa
The human consumption of cocoa or cacao beans dates back to at least 

1000BC in Mayan and Aztec cultures, where it was imbibed for ceremonial or 
medicinal purposes. In the United Kingdom, in the 1670’s, the Northern 

Ireland physician Sir Hans Sloane popularised cocoa, first marketing it in 
apothecaries before selling his recipe to the famous Cadbury brothers 

(Rusconi, Conti 2010). The cocoa tree is also known as Theobroma Cacao, 

or ‘food of the gods’, and is harvested biannually from a variety of countries 

within 20 degrees of the equator. Its pods contain up to 60 cocoa beans, 

comprising two cotyledons, or nibs, which contain polyphenols in their 

pigment cells, and a radicle, which are all encased by an outer shell (McShea 

et al. 2008). There are three varieties of cocoa plant; forastero which is the 

most common and has the highest flavonoid content though this varies with 

country of origin, criollo and trinitaro which is a hybrid of the first two 

(Rusconi, Conti 2010).
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In the United Kingdom an estimated 14% of the population’s polyphenol 

requirements are met by consuming dark chocolate (Rusconi, Conti 2010). 

Three main classes of flavonoids have been identified in cocoa: monomer 

flavonols (37%), such as epicatechin (35%), which is the most prevalent, and 

catechin, polymeric flavonols (58%), such as procyandins, and finally 

anthocyanins (4%) (Wollgast, Anklam 2000). Epicatechin content has been 

estimated at between 34.65 to 43.27mg/g of newly harvested cocoa beans. 

These beans are, however, inedible due to the bitter, astringent taste 

associated with high flavonoid content (Rusconi, Conti 2010).

In order for the cocoa bean to be palatable it is transformed through a 

lengthy manufacturing process into a chocolate bar. During the course of 

this the polyphenol content may be reduced to 10% of its original amount due 

to diffusion of phenols out of the cotyledons (Hannum, Erdman 2000). 
Manufacturing may take weeks and involves several steps, many of which 

require high temperatures, which denature polyphenols. Some companies 
also include an alkalisation stage to neutralise free acids and improve 

flavour, which again reduces flavonoid content (Rusconi, Conti 2010).

When analysing the flavonoid content of cocoa-related products, cocoa 
powder and dark chocolate, as expected, are superior to semi-sweet, milk 

and white chocolate, with dark chocolate containing 65.1-93.5mg of 
epicatechin/100mg compared to 40.6mg in milk chocolate (Langer et al. 

2011). Studies have found that there is a good correlation between the level 

of epicatechin and the percentage of non-cocoa fat solids in commercially 

available cocoa products, as opposed to the percentage of cocoa solids, the 

usual unit for measure on chocolate labels, which also includes cocoa butter 

(Miller et al. 2009). When comparing dark chocolate to other traditional 

antioxidant substances such as wine, it was found that 49g (a standard 

portion of five squares) of 71% dark chocolate provided an equivalent 

amount of flavonoids to 196ml of Tannat wine (Pimentel et al. 2010). This is 

the recommended daily intake of wine to reduce risk of atherosclerosis, 

determined by a study investigating the ‘French paradox’ of CHD incidence 

(Vinson, Teufel &Wu 2001).
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1.3.2.2. Berries, fruits and vegetables
Much like cocoa, polyphenol content in fruit and vegetables (F&V) varies 

considerably between different species and processing methodologies. 

Flavonols and phenolic acids represent the largest subclasses of flavonoids 

in F&V, although total knowledge of polyphenol composition of plant foods is 

still incomplete (Beecher 2003). Table 1.2 summarises the flavonoid content 

of common F&V.

All dietary polyphenols are unstable by nature, and, therefore, degrade in 

response to temperature during the cooking process (Cheynier 2005). A 

study comparing total catechin content of vegetables found that standard 

home preparation caused a 26-58% reduction (Arts, van de Putte & Holiman 

2000) . In addition, issues arise due to the distribution of polyphenols in plant 

tissue. For example, the flavonoid content in fruits, such as apples, is mainly 

found in the peel, and, therefore, eliminated by peeling (Burda, Oleszek & 
Lee 1990) . In berries, the polyphenol content can vary within a single 
cluster, as exposure to sunlight stimulates polyphenol biosynthesis, meaning 

that berries found on the shoulders and tips will have higher contents 
(Figueiredo-Gonzalez et al. 2012).

Estimating the F&V derived flavonoid intake of individuals has been limited 

by the lack of a comprehensive food composition database for each flavonoid 
subclasses. For UK specific data, the National Diet and Nutrition Survey 

provides the most robust assessment of F&V intake. This estimates UK 

male F&V intake at 234g/d and female at 253g/d, with 80g being equivalent 

to one portion size (Whitton et al. 2011). Traditionally, flavanoid specific data 

in the UK was derived from studies assessing the association between 

flavonoid intake and conditions such as ischaemic heart disease and cancer, 

and was, therefore, less applicable to the total UK population (Hertog et al. 

1997, Boffetta et al. 2010). However, recent standardised food composition 

databases for US and European populations have improved in utility by 
examining larger number of flavonoid subclasses (Peterson etal. 2012).
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Table 1.2- Flavonoid composition of fruit and vegetables

Fruit and vegetable sources Type of phenolic acid/ flavonols Polphenol content (mg/serving)

Apple Hydroxycinnamic acids 10-120
Flavonols 4-8
Monomeric flavanols 4-24

Apricot Flavonols 5-10
Monomeric flavanols 20-50

Artichoke Hydroxycinnamic acids 45

Aubergine Hydroxycinnamic acids 120-132
Anthrocyanins 1500

Beans (green or white) Flavonols 2-10
Monomeric flavanols 70-110

Blackberry Hydroxybenzoic acids 8-27
Anthocyanins 100-400
Monomeric flavanols 13

Blackcurrant Hydroxybenzoic acids 4-13
Anthocyanins 130-400
Flavonols 3-7

Black grape Anthocyanins 60-1500
Flavonols 3-8

Blueberry Hydroxycinnamic acids 200-220
Anthocyanins 25-500
Flavonols 3-16

Broccoli Flavonols 8-20

Celery Flavones 4-28

Cherry Hydroxycinnamic acids 36-230
Anthocyanins 70-900
Monomeric flavanols 10-44

Cherry Tomato Flavonols 3-40

Curly Kale Flavonols 60-120

Grape Monomeric flavanols 6-35

Grapefruit juice Flavanones 20-130

Kiwi Hydroxycinnamic acids 60-100

Leek Flavonols 6-45

Lemon juice Flavanones 10-60

Onion (yellow) Flavonols 35-120

Orange juice Flavanones 40-140

Peach Monomeric flavanols 10-28

Pear Hydroxycinnamic acids 3-120

Plum Hydroxycinnamic acids 28-230
Anthocyanins 4-50

Raspberry Hydroxybenzoic acids 6-10

Red cabbage Anthocyanins 50

Rhubarb Anthocyanins 200

Strawberry Hydroxybenzoic acids 4-18
Anthocyanins 30-150

Tomato Flavonols 0.4-3.0

Adapted from Mancah, C; Scalbert, A.; Morand, C.; Remesy, Jimenez, L. Polyphenols: food sources and bioavailability. The 
American Journal of Clinical Nutrition 2004:79:727-747
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1.3.3 Bioavailabiiity of polyphenols

1.3.3.1 Absorption
Any biological effect of dietary polyphenols is dependent not only on their 

pre-ingestion content, but also their ability to be absorbed and metabolised. 

Most polyphenols in food are too hydrophilic to be absorbed in the gut wall by 

passive diffusion and must, therefore, be hydrolysed (Manach et al. 2004). 

Those polyphenols that are glycosylated, which includes all flavonoids except 

flavanols, are resistant to acid hydrolysis in the stomach and, therefore, 

travel, unaltered to the small intestine (Gee et al. 1998). If hydrolysis does 

not occur in the small intestine, it will be performed by microflora in the colon, 

which is less efficient and potentially may degrade the polyphenols to simple 
aromatic acids. The maximum absorption time differs between compounds 

and is only 0.5h for quercetins (Manach et al. 2004). The concomitant 

consumption of other food types may impact on absorption possibly through 

an indirect effect due to alteration of gut physiology (Manach et al. 2004).

1.3.3.2 Metabolism
After absorption, conjugation occurs by methylation, sulfation or 

glucuronidation (Manach et al. 2004). The enzymes required for this are 
found in the small intestine, kidneys and liver (Tilgmann, Ulmanen 1996, 

Donovan et al. 2001, Piskula, Terao 1998). The method of conjugation that 

ensues appears to depend upon the type and dose of polyphenol, as well as 

individual characteristics, such as gender and recent food deprivation, which 

increases concentration of sulfate conjugates (Piskula 2000). Newly 

conjugated polyphenol compounds are bound to albumin in the plasma, 

although little is known about their tissue uptake (Manach et al. 1995).

1.3.3.3 Excretion
Large, conjugated polyphenol metabolites are mainly excreted through biliary 

tracts, whereas the opposite is true for urinary elimination (Manach et al. 
2004). Due to the easier obtainability of urine samples, this has been more 

frequently studied. If a urinary percentage excretion is very low, such as for
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anthocyanins, this may indicate preferred biliary elimination or extensive 

metabolism (Lapidot et al. 1998). Precise half-lives for polyphenols are 

challenging to calculate but vary between 2 h for anthrocyanins (Cao et al. 

2001), 2-3h for flavanols (Yang et al. 1998) and 11-28h for flavonols such as 

quercetin (Graefe et al. 2001, Hollman et al. 1997). This provides some 

guidance as to the required intervals between doses to achieve high plasma 

concentrations.

1.3.4 Mechanism of beneficial effects of polyphenols

1.3.4.1 Antioxidant effect
The beneficial effect that polyphenols are most commonly associated with is 

their antioxidant properties (Stoclet et al. 2004). It has been proposed that 
polyphenols have direct antioxidant actions, through their interaction with free 

radicals, such as reactive oxygen species (ROS). Epicatechin in cocoa is one 

of the strongest radical scavengers (Hanasaki, Ogawa & Fukui 1994) . The 
highly reactive hydroxyl group (OH) of flavonoid compounds reacts with a 

free radical (R») rendering it inactive, as shown by the equation below 
(Njiveldt et al. 2001). The result of this action is that LDL oxidization is 

inhibited, thereby protecting against atherosclerosis (Kerry, Abbey 1997).

Flavonoid(OH) + R» > Flavonoid(0*) + RH

Polyphenols have also been found to have indirect antioxidant properties by 

inhibiting endogenous enzymes that produce free radicals. Several 

flavonoids, such as quercetin, have been shown to interfere with inducible 

nitric oxide synthase (iNOS) in macrophages (Shoskes 1998). Unlike its 

isomer, endothelial nitric oxide synthase (eNOS), iNOS produces dangerous 

levels of nitric oxide. The simultaneous excessive production of nitric oxide 

and free radicals by macrophages creates peroxynitrate that consequently 

oxidises LDL, damaging the cell membrane (van Acker et al. 1995). Other 

enyzmes that can be limited by polyphenols include xanthine oxidase (Chang 

et al. 1993), and nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidase which both produce ROS (Schewe, Steffen & Sies 2008).
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1.3.4.2 Effect on endothelium
Endothelial function and the role of nitric oxide (NO) are described in more 

detail in Section 1.5. The first study to show that flavonoids, specifically 

quercetin and tannic acid in grape skins, had an influence on endothelium 

dependent vasodilation was in 1993 (Fitzpatrick, Hirschfield & Coffey 1993). 

Since then numerous trials have attempted to better understand this effect. 

Firstly, polyphenols increase the level of endothelium nitric oxide synthase 

(eNOS) activity through a number of methods. This can occur by both 

increasing intracellular calcium to stimulate NO release (Stoclet et al. 2004), 

and by inducing the PI3-kinase/Akt pathway, which phosphorylates the 

activator sites on eNOS, again increasing NO production (Ndiaye et al. 

2005). Black tea polyphenols have been shown to activate oestrogen 

receptors that, in turn, trigger eNOS production (Anter et al. 2005). In 

contrast, green tea polyphenols have been found to down-regulate caveolin- 
1 protein, which is a negative regulator of eNOS activity (Li et al. 2009).

The second mechanism for a vasodilatory effect of polyphenols is by 

increasing eNOS expression, at an mRNA and protein level. This has been 

demonstrated in studies of red wine, with and without ethanol (Wallerath et 
al. 2003, Leikert et al. 2002). Finally, polyphenols are also capable of 
inducing relaxation by increasing the production of other endogenous 

vasodilators, such as endothelium-dependent hyperpolarizing factor and 

prostacyclins, as well as inhibiting the production of the vasoconstrictor 

endothelin-1 (Ndiaye et al. 2003, Aldini et al. 2003, Corder et al. 2001).

1.3.4.3 Anti-thrombotic effect
A final theory for the cardiovascular benefits of polyphenols is their effect 

on platelets. In vivo studies have demonstrated a number of different 

processes in platelet function that can be influenced by a variety of 

flavonoid compounds. Studies with grapefruit juice and tea have shown an 

effect on levels of protein C and P selectin, which reduce platelet 

aggregation (Freedman et al. 2001b, Hodgson et al. 2001). Cocoa 

flavonoid intervention studies have demonstrated a reduction in shear- 

stress-dependent platelet adhesion (Flammer et al. 2007).
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1.4 THE EFFECT OF POLYPHENOL DIETS ON CARDIOVASCULAR 

HEALTH

Chapter 1

1.4.1 Introduction
Prevalence of CVD varies considerably between nations, and these 

differences cannot entirely be accounted for by traditional risk factors 

(Tundstall-Pedoe et al. 1994). Over the past thirty years research has 

progressed in the field of nutritional epidemiology to explain the 

aforementioned discrepancies. There has been a general consensus that 

F&V intake is beneficial to cardiovascular health, and the World Health 

Organization (WHO) estimates that 1.7 million deaths are attributable to low 

F&V intake (WHO 2006). The WHO advocates a minimum of five portions of 

F&V per day, which is endorsed in UK guidelines (NICE 2010, Williams et al. 
2004, WHO 2003). Recent reports suggest that average intake in the UK is 

three portions/day, although Northern Ireland appears to perform slightly 
better than other regions (Appleton, McGill & Woodside 2009, Whitton et al. 
2011).

The majority of analysis of the impact of F&V dietary intake on cardiovascular 
health has been through observational studies and is, therefore, prone to 

confounding variables. It is also difficult to ascertain the mechanism of effect 
and validate any recommended target for consumption. One hypothesis is 

that part of the beneficial effect of F&V might be due to their higher flavonoid 

content, and several epidemiological and interventional studies have 

examined this (Esmaillzadeh, Azadbakht 2008). The evidence from dietary 

observational and interventional studies for an association between CVD and 

polyphenols, derived from F&V, or cocoa is reviewed below.
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1.4.2 Observational evidence linking polyphenol consumptions and 

cardiovascular disease

1.4.2.1 Prospective studies of flavonoids derived from fruit and 

vegetables
Numerous large prospective cohort studies, mainly conducted in USA, 

Finland and The Netherlands, have examined the link between flavonoid 

consumption and CVD. Whilst most demonstrate an inverse relationship 

between flavonoid intake and CVD, CHD or stroke, not all reached statistical 

significance. In total, 22 studies from 14 cohorts exploring this association 

have been published (Table 1.3). Flavonoid intakes were assessed by food 

frequency questionnaires, diet histories and food diaries, and cohorts were 
then stratified for comparison with records of cardiovascular events 

(Peterson et al. 2012). The majority of studies sourced data for flavonoid 

content from databases by Hertog (Hertog, Hollman & Katan 1992) or US 
Department of Agriculture (Peterson et al. 2012). Most studies examined 
specific flavonoid subclasses, with flavonol and flavones the most commonly 

measured.

1.4.2.1.1 Coronary heart disease mortality
In total, thirteen of the studies shown in Table 1.3 examined CHD mortality 
and the relationship with flavonoid intake. Of these, six found a significant 

inverse association in at least one flavonoid subclass or compound (Hertog 

et al. 1993, Hertog, Feskens & Kromhout 1997, Arts et al. 2001b, Knekt et al. 

2002, Mink et al. 2007, Lin et al. 2007) , and a further three showed a trend 

towards significance (Knekt et al. 1996, Yochum et al. 1999, Geleijnse et al. 

2002). The largest study conducted was the Nurses Health Study, consisting 

of 66,360 American women followed up for 12 years (Lin et al. 2007). No 

association was observed between overall flavonol or flavone intake and 

CHD mortality. On specific analysis of individual flavonoids, a risk reduction 

for CHD mortality was found in those with higher intakes of the flavonol 

kaempferol, (relative risk (RR) 0.66, 95%CI (confidence interval): 0.48, 0.93) 

(Lin et al. 2007). This was attributed to high consumption of broccoli and tea.
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Conversely, another study showed only a borderline risk reduction with 

higher intakes of kaempferol, (RR 0.91, 95%CI: 0.80, 1.03) but a significant 

risk reduction between highest and lowest quartile for consumption of the 

flavonol quercetin, (RR 0.88, 95%CI: 0.78,1.00) (Knekt et al. 2002).

The only study conducted in the UK, the Caerphilly Study, suggested a non- 

significantly increased risk of CHD mortality in those with the highest quartile 

of flavonol consumption, (RR 1.6, 95%CI: 0.9, 2.9). The main source of 

flavonols in this study was tea (Hertog et al. 1997). It has been 

hypothesised, although subsequently disputed, that the addition of milk to tea 

impeded absorption due to binding of flavonoids with milk proteins (Hertog et 

al. 1997). A meta-analysis in 2003, which included six of these prospective 

studies, found that those in the highest tertile of flavonol intake had a 20% 

reduction in mortality (RR 0.80, 95%CI: 0.69, 0.93), after adjusting for 

traditional cardiovascular risk factors and social class (Huxley, Neil 2003). 
There was however, evidence of significant heterogeneity between the 

studies (x2=38.60, df=6, P<0.001) that decreased after removal of the 

Caerphilly Study from analysis (x2=11.31, df=5, P<0.1), without altering 

overall effect size (RR 0.77, 95%CI: 0.66-0.90) (Huxley, Neil 2003).

Recent prospective studies have examined a greater variety of flavonoid 

subclasses. Arts and colleagues examined flavan-3-ols intake in both the 
Zupthen Elderly Study, which showed a significant association between 

catechin intake and CHD mortality, and the Iowa Woman’s Health Study that 

did not (Arts et al. 2001a, Arts et al. 2001b). The most recent CHD mortality 

prospective study by Mink et al, examined seven subclasses of flavonoids 

and found an inverse association for all, but only anthocyanins for “any 

versus no intake” (RR 0.88, 95% Cl: 0.78, 0.99) and flavanones for “highest 

versus lowest quintile” reached statistical significance (RR 0.78, 95% Cl: 

0.65, 0.94) (Mink etal. 2007).

1.4.2.1.2 Coronary heart disease incidence
A similar number of studies (n=12) have investigated CHD incidence, again 

with mixed results. Significant associations were observed in only two
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studies. The first involved the Finnish Turku cohort that examined the dietary 

intake of several vitamins, flavonols and flavones in 755 elderly subjects 

(Marniemi et al. 2005). Only the highest tertile of the flavone luteolin, and 

middle tertile of the flavonol kaempferol intake had a reduced risk of acute 

myocardial infarction compared with lowest tertile of intake (RR 0.534, 

95%CI: 0.33, 0.86 and RR 0.481,95% Cl: 0.30, 0.77, respectively) (Marniemi 

et al. 2005). The second, larger, and more recent, study by Cassidy and 

colleagues followed 93,600 young to middle aged women from the Nurses’ 

Health Study (Cassidy et al. 2013). An inverse association between highest 

quintile of anthocyanin intake and risk of myocardial infarction was found (RR 

0.68, 95% Cl: 0.49, 0.96), with subjects who consumed blueberries and 

strawberries exhibiting the lowest risk (Cassidy et al. 2013). However, no 

association was demonstrated in four other studies both of individual flavonol 

compounds and total subclass analysis (Lin et al. 2007, Geleijnse et al. 2002, 

Rimm et al. 1996, Sesso et al. 2003).

1.4.2.1.3 Cardiovascular disease mortality and incidence
Only six studies have examined the association between flavonoid intake 

and overall CVD. The outcome in two of these trials was CVD incidence, 

and neither cohort demonstrated an association between flavonols, flavones 
or isoflavones and this endpoint (Sesso et al. 2003, van der Schouw et al. 

2005). The results for studies looking at CVD mortality are more evenly 

divided. No association was found between individual flavonols or flavones 

and CVD mortality by Sesso et al (Sesso et al. 2003). Mursu and colleagues 

were able to demonstrate a reduced risk of CVD mortality for flavanone 

intake only, out of five subclasses of flavonoids tested. The investigators 
were unable to explain a results anomaly that occurred whereby despite 95% 

CIs excluding one, statistical significance was not reached (RR 0.54, 95%CI: 

0.32, 0.92, p=0.266), (Mursu et al. 2008).

In the Iowa Women’s Health Study, 34,489 post-menopausal women 

completed food frequency questionnaires to ascertain total and seven 

subclasses of flavonoid intake (Mink et al. 2007). Of those, only 

anthocyanins, mainly from blueberries and strawberries showed a significant
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inverse association with CVD mortality, whilst flavanones demonstrated a 

strong trend towards significance (RR 0.91, 95%CI: 0.83, 0.99 and RR 0.88, 
95%CI: 0.77, 1.01, respectively) after adjusting for cardiovascular risk 

factors, social-economic status and oestrogen use (Mink et al. 2007).

The largest and most recent cohort examining CVD mortality was the Cancer 

Prevention Study II, containing 98,469 male and female participants 

(McCullough et al. 2012). Individuals with a history of CVD were excluded 

from analysis, as were pre-menopausal women. In total, five subclasses of 

flavonoid (anthocyanin, flavan-3-ols, flavones, flavonols and 

proanthocyanidins) were associated with a significantly decreased risk of 

CVD mortality, although when men were evaluated separately their results 

were not significant (McCullough et al. 2012).

1.4.2.1.4 Summary of prospective studies of flavonoids derived from 
fruit and vegetables on cardiovascular disease
In summary, increased intake of flavonoids was associated with a decrease 

in overall CVD and CHD incidence and mortality. Although the results are 
not consistent for any particular class of flavonoids, recent large prospective 
studies have shown a strong association with anthocyanin intake, particularly 

in berries (Cassidy et al. 2013). Contradictions in findings may be due to 

difficulty estimating the true flavonoid intake (Esmaillzadeh, Azadbakht 

2008). There was also considerable variation in the populations studied, 

including differences in country of origin, age, gender and baseline medical 

characteristics, such as, smoking status. This may have affected the 

strength of association. Perhaps due to an awareness of this heterogeneity, 

only one meta-analysis of seven studies, has been performed (Huxley, Neil 

2003). As discussed, this meta-analysis demonstrated a significant 20% 

reduction in CHD mortality from highest to lowest tertile of intake of 

flavonoids (RR 0.80, 95%CI: 0.69, 0.93) (Huxley, Neil 2003).
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Chapter 1

1.4.2.2 Prospective studies of cocoa consumption
The above epidemiological data regarding flavonoid intake refers to specific 

plant-derived polyphenol classes and associations that are demonstrated 

may not necessarily be extrapolated to all classes. It is, therefore, important 

to separately examine the evidence for a similar effect from cocoa 

consumption. The initial suggestion of a benefit of cocoa consumption came 

from a study of the native population of Kuna Indians living off the coast of 

Panama (Corti et al. 2009). It had been documented as early as the 1940’s 

that this population did not demonstrate an age-related increase in BP (Kean 

1944). This was thought to be genetic, but Kuna natives who migrated to 

Panama City developed hypertension, refuting this theory (McCullough et al. 

2006). Dietary surveys in the 1990’s revealed that the Kuna tribes consumed 
a 10-foid higher amount of cocoa-containing beverages than their urban- 

dwelling counterparts (McCullough et al. 2006).

Table 1.4 provides a summary of five prospective cohort studies examining 
an association between cocoa and cardiovascular health. Of these five, four 

showed an inverse association between CVD incidence or mortality and 

cocoa intake (Buijsse et al. 2006, Buijsse et al. 2010, Jansky et al. 2009, 
Gallus, Tavani & La Vecchia 2009) . The earliest cohort data published 

utilised a subset of the Zupthen Elderly Study (Buijsse et al. 2006). During 

15 years follow-up, those in the highest tertile of cocoa product consumption 

had a significantly lower incidence of CVD mortality (RR 0.50, 95% Cl: 0.32, 
0.78) after adjusting for classic risk factors and other dietary variables, such 

as F&V intake (Buijsse et al. 2006).

The largest positive study to date examined the Potsdam arm of the 

European Prospective Investigation into Cancer registry (Buijsse et al. 2010). 

Participants were free of CVD at baseline and followed up for eight years, 

stratified into quartiles by food frequency questionnaire (FFQ) assessment of 

chocolate bar consumption. The investigators did not distinguish between 

dark and milk chocolate and average consumption in the highest quartile was 

7.5g/day. Participants in the highest quartile had a significantly reduced risk
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of CVD (RR 0.61, (95% Cl: 0.44, 0.87), although this association was 

stronger for stroke (RR 0.52, 95% Cl: 0.30, 0.89) than incidence of 

myocardial infarction (RR 0.73, 95% Cl: 0.47, 1.15). The results may have 

been confounded by lower BP readings in the highest quartile that were not 

adjusted for (Buijsse et al. 2010).

The only study not to show an inverse association between CVD and the 

highest cocoa consumers was from the Swedish Mammography Cohort 

(Mostofosky et al. 2010). Again this population was free from diagnosed 

CVD at baseline, but was followed up for nine years to assess for incidence 

of heart failure, hospitalisation or death. Compared with no chocolate intake, 

those in the middle tertile of consumption of one to two servings per week 

had a significantly reduced incidence of the primary endpoint (RR 0.68, 95% 

Cl: 0.50, 0.93). In contrast, those in the highest tertile, consuming three to 

six portions per week, did not appear to be protected (RR 1.09, 95%CI: 0.74, 
1.62) (Mostofosky et al. 2010).

1.4.2.2.1 Summary of prospective studies of fiavonoids derived from 

cocoa on cardiovascular disease
In summary, these findings appear to suggest a benefit of cocoa 
consumption in CVD. However, due to the observational study design, 

possible confounding variables, which were not adjusted for, such as BP, 

and a lack of stringent assessment, specifically of polyphenol-rich dark 

chocolate, a causal relationship is difficult to establish. A dose-response 

relationship has not been determined and, therefore, an optimal amount of 

flavonoid consumption cannot be mandated. A robust randomised control 

trial would help address this issue.
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1.4.3 Observational evidence linking polyphenols and cardiovascular 
disease risk factors

1.4.3.1 Observational evidence linking hypertension and polyphenol 
intake
It is thought that polyphenols exert their cardiovascular protective effects by 

impacting on established risk factors. One large, prospective study of 

156,927 participants specifically examined total flavonoid intake and intake of 

six subclasses against the incidence of hypertension during 14 years of 

follow up (Cassidy et al. 2011). Only anthocyanins, predominantly from 

blueberries and strawberries, showed a significant reduction in risk of 
hypertension of 8% (RR 0.92, 95%CI: 0.86, 0.98, p<0.03). Subgroup 

analysis of participants under 60 years also demonstrated a significant 
reduction in risk of hypertension with the flavan-3-ol compound catechin 

(Cassidy et al. 2011). Two further polyphenol specific studies that have 
already been discussed in section 1.4.2.2 demonstrated no significant 
association between BP and cocoa consumption (Buijsse et al. 2010, Buijsse 
et al. 2006).

Prospective cohort studies examining F&V intake, but not flavonoid content, 

have also demonstrated an association between increased F&V intake and a 

reduced hypertension risk in some (Alonso et al. 2004, Miura et al. 2004), but 

not all, studies (Nuhez-Cordoba et al. 2009, Schulze et al. 2003).

1.4.3.2 Observational evidence linking hyperlipidaemia and polyphenol 
intake
There are few relevant observational studies specifically examining the 

association between flavonoid intake and cholesterol levels. Several cross- 

sectional studies have been performed assessing F&V intake, and an inverse 

association was found on multivariate analysis (Radhika et al. 2008, Fornes 

et al. 2000). The National Heart, Lung and Blood Institute Family Study of a 

cohort of 4,466 adults, is the largest study to date (Djousse et al. 2004). A

0/1
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significant reduction in LDL was reported (7.4% for women, 5.6% for men) 

when comparing those consuming >4 portions per day with the lowest 

quartile of intake (<2 portions per day) (Djousse et al. 2004).

1.4.3.3 Observational evidence linking C-reactive protein and 

polyphenol intake
Whilst several epidemiological studies have been performed with F&V, few 

have examined specifically the effect of flavonoid intake on markers of 

inflammation in adults. The largest study to date assessed CRP levels in 

8,335 US adults (Chun et al. 2008). Apples (RR 0.63, 95% Cl: 0.39, 1.04) 

and vegetables (RR 0.76, 95% Cl: 0.58, 0.98) but not citrus fruits (RR 1.04, 

95% Cl: 0.82, 1.31) were significantly inversely associated with serum CRP 

concentrations after adjusting for covariates. A similar study in 2011 of 1,194 
US adults found only grapefruit intake was significantly associated with CRP 

(p=0.039) (Landberg et al. 2011).

One study has assessed dark chocolate consumption and CRP 

concentrations (di Giuseppe et al. 2008). A cohort of 1,317 Italian 

consumers of dark chocolate and 824 non-consumers were selected. After 
adjusting for traditional risk factors, social status and energy intake, dark 

chocolate consumption was inversely associated with CRP concentrations 

(p=0.038). Dark chocolate consumption was not stratified, therefore, no dose 

related effect could be ascertained (di Giuseppe et al. 2008).

1.4.4 Dietary intervention trials examining polyphenol intake and risk 

factors for cardiovascular disease
The costs and difficulties of conducting randomised controlled trials (RCTs) 

long enough to detect hard endpoints such as CVD mean that none have 

been conducted with a polyphenol-rich diet. The recent PREDIMED study 

was the first study of its kind to demonstrate a significant effect of a dietary 

intervention on CVD incidence and mortality (Estruch et al. 2013). A 

Mediterranean diet intervention was used, the main difference between 

intervention and control groups being olive oil and nut intake, and all groups
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consumed >five portions F&V/day. Subjects were assessed for 4.8 years on 

a composite primary endpoint of myocardial infarction, stroke and CVD 

mortality. The hazard ratios for those in the two Mediterranean intervention 

groups were RR 0.70, (95%CI: 0.54, 0.92) and RR 0.72 (95%CI: 0.54, 0.96), 

compared with control group, after adjusting for traditional risk factors 

(Estruch et al. 2013).

The majority of studies, however, utilise surrogate endpoints, such as 

cardiovascular risk factors. The available RCT evidence for an effect of 

flavonoid containing F&V, berries and cocoa on hypertension, 

hyperlipidaemia and hsCRP is summarised below.

1.4.4.1 Dietary intervention trials examining the effect of polyphenol 
intake on hypertension
The Dietary Approaches to Stop Hypertension (DASH) study (Appel et al. 

1997) is perhaps the most cited dietary intervention study assessing a CVD 
risk factor. This was an eight-week RCT involving 459 patients with systolic 
blood pressures (SBP) of <160mmHg off medication. A comparison was 

made between a control ‘typical American’ diet (<3 portions F&V), a high 

F&V diet (similar to the control but with 8-10 portions F&V/day) or the DASH 
diet (8-10 portions F&V daily, rich in whole grains and low-fat dairy foods and 

encouraged fish and nuts). The high F&V diet demonstrated a significant 

decrease in SBP of all volunteers of 2.8 mmHg (p=0.002), although those in 

the DASH diet had a superior decrease of 5.5 mmHg (Appel et al. 1997).

Several RCTs involving flavonoid specific dietary interventions and 

hypertension have been conducted. As numbers are smaller than trials such 

as DASH it is more meaningful to examine a meta-analysis of results. A 

meta-analysis by Hooper and colleagues included 133 RCTs with flavonoid 

rich food dietary interventions (Hooper et al. 2008). Due to the different 

subclasses and doses of flavonoids involved there was considerable 

heterogeneity within the trials. The majority of studies included used soy, 
isoflavone, red wine, tea or cocoa, although five assessed anthocyanin 

(source not specified but likely from berries) intake. SBP was significantly
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reduced by dark chocolate consumption only (-5.88mmHg, 95%CI: -9.55, 

-2.21) in an analysis of five trials with 97 patients in total (Hooper et al. 2008).

A more recent systematic review of interventions with flavonoid rich foods 

derived solely from F&V did not perform a meta-analysis due to the 

significant heterogeneity between studies in terms of the dietary approach 

(whole foods, juices, supplements) and baseline population characteristics 

(Chong, Macdonald & Lovegrove 2010) . The authors concluded there was 

some evidence that high flavonoid fruits such as berries were particularly 

associated with anti-hypertensive, anti-platelet and endothelium enhancing 

properties. The authors also proposed that RCT dietary interventions 

involving a variety of fruits would help to investigate potential synergistic 

effects of polyphenols on a combination of CVD risk factors and establish 

dose response relationships (Chong, Macdonald & Lovegrove 2010).

Few studies have exclusively used whole berry interventions rather than 
anthocyanin supplements. One Finnish study of 72 unmedicated CVD risk 

patients found consuming two portions of fresh-frozen berry mix daily for 
eight weeks reduced SBP by 1.5mmHg (p=0.050), although greater effect 

was found in those with the highest tertile of baseline SBP (7.3mmHg, 
p=0.024) (Erlund et al. 2008). Another study, which administered freeze- 

dried blueberries to 48 patients with metabolic syndrome, achieved a 

significant 6% decrease in SBP compared to a control group (p<0.05) (Basu 

et al. 2010b).

Several cocoa specific meta-analyses have been published, including a 

Cochrane review of 20 studies involving 859 mainly healthy patients (Ried et 

al. 2012, Hooper et al. 2012). SBP was significantly reduced in trials of 2-18 

weeks duration (-2.77mmHg, 95%CI: -4.72, -0.82), although again findings 

were limited by heterogeneity between the trials (Ried et al. 2012).
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1.4.4.2 Dietary intervention trials examining the effect of polyphenol 
intake on hyperlipidaemia
The aforementioned meta-analysis by Hooper and colleagues also examined 

the effect of flavonoid or flavonoid containing foods, including five cocoa 

RCTs (totaling 104 participants) on cholesterol levels (Hooper et al. 2008). 

Only green tea had a significant impact on LDL (-0.23mmol/L, 95% Cl: -0.34, 

-0.12) and no flavonoid increased HDL concentrations (Hooper et al. 2008). 

A further meta-analysis of 21 cocoa-only trials with 986 participants by 

Hooper and colleagues in 2011 again concluded that no significant change 

was found on lipid levels during cocoa interventions, although there was a 
trend to a significant reduction in LDL (Hooper et al. 2012). This finding is in 

contrast to a cocoa specific meta-analysis by Tokede and colleague of ten 

RCTs, consisting of 320 participants assessing the impact of cocoa products 

on serum lipids over two to 12 weeks (Tokede, Gaziano & Djousse 2011) . 

Cocoa interventions significantly reduced LDL (-5.90mg/dL, 95% Cl: -10.47, - 
1.32) and total cholesterol levels (-6.23, 95% Cl: -11.60, -0.85). No 
significant effect was found for HDL or triglyceride levels (Tokede, Gaziano 

& Djousse 2011).

No specific meta-analysis of F&V has been performed, so evidence is 
derived from smaller intervention studies. Again conflicting results are found. 

In general, F&V interventions have not demonstrated an improvement in lipid 

levels (Obarazanek et al. 2001, McCall, McGartland & McKinley 2011) . Of 

five studies involving berry interventions, two involving blueberries and 

cranberry juice saw no effect (Basu et al. 2010b, Duthie et al. 2006), two 

involving cranberry juice and frozen mixed berries found a significant 

increase in HDL (Erlund et al. 2008, Ruel et al. 2006), and one using freeze- 

dried strawberries achieved a significant decrease in total cholesterol and 

LDL (Basu et al. 2010a).

1.4.4.3 Dietary intervention trials examining the effect of polyphenol 
intake on hsCRP
The positive findings of epidemiological studies have been difficult to 

replicate in intervention trials for inflammatory markers and not enough have
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been performed to conduct a meta-analysis. Cocoa has not shown a 

significant effect on hsCRP or CRP in recent small RCTs (Farouque et al. 

2006, Kurdlandsky, Stote 2006, Allen et al. 2008, Wang-Polagruto et al. 

2006). The results are more variable in F&V flavonoid interventions. A 

recent study by McCall et al did not demonstrate a significant impact of six or 

three portions F&V per day on hsCRP (McCall, McGartland & McKinley 

2011). The investigators hypothesised that the eight-week duration of study 

may have been too short to allow an effect (McCall, McGartland & McKinley 

2011). However, a significant decrease was shown in subjects consuming 

eight portions of F&V per day in a similar trial (Watzl et al. 2005). 

Interventions involving specific berries have also yielded mixed results, with 

two studies using bilberry juice and cherries reporting a significant decrease 

in hsCRP (Karlsen et al. 2010, Kelley et al. 2006) but subsequent 

investigators have not achieved this (Lehtonen et al. 2010, Paterson et al. 

2010, Stull et al. 2010).

1.4.4.4 Summary of intervention studies involving flavonoid-rich fruit, 
vegetables, berries and cocoa and cardiovascular risk factors
In summary, there is some intervention trial evidence to suggest that F&V, 

particularly berries that have high levels of the polyphenol anthocyanin, and 
cocoa can have an effect on CVD risk factors (Chong, Macdonald & 

Lovegrove 2010). There is, however, a lack of adequately powered, 

randomised controlled studies of sufficient duration. Most studies assessed 
the effect of a single food, often in a freeze-dried or juice form; therefore, 

there is a need for whole food studies consisting of a variety of polyphenol 

sources to investigate a possible synergistic effect.

on
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1.5 ENDOTHELIAL DYSFUNCTION AND CARDIOVASCULAR DISEASE

1.5.1 Introduction
There are approximately 1014 endothelial cells that line all blood vessels in 

the human body (Forstermann, Miinzel 2006). Dysfunction of this cellular 

monolayer is thought to produce an early pro-atherogenic state. The process 

of atherosclerosis has already been described in section 1.2.2 and is 

thought to be precipitated by a ‘response to injury’ in the endothelium (Dai et 

al. 2004). Under normal conditions the endothelium works to regulate 

vascular tone by balancing levels of vasoconstrictors and vasodilators, and 

coagulation by regulating platelet activation, the clotting and fibrinolytic 

cascade. However, after exposure to traditional and novel risk factors such 
as cholesterol, hypertension, and elevated CRP, an inflammatory response is 

produced with release of cytokines and increased expression of cell 

adhesion molecules. This creates a positive feedback loop promoting 
monocyte adhesion, foam cell formation, extra-cellular matrix digestion and 

vascular smooth muscle cell proliferation (Widlansky et al. 2003). Eventually, 
an atherosclerotic plaque is formed with concurrent loss of the vasodilatory 

and anti-thrombotic properties of the endothelium.

The seminal research into the endothelium’s role in vasodilatation was in 

1980 by Robert Furchgott. While researching the effect of Ach on smooth 

muscle cell relaxation he established that, in response to stimulation of the 

muscarinic receptors by the drug, the endothelium released a substance, 

termed ‘endothelial derived relaxant factor’ (EDRF) (Furchgott, Zawadzki 

1980). In parallel to this work, Ferid Murad had coined the term 

nitrovasodilators for pro drugs such as nitroglycerin and sodium 

nitroprusside, which he believed were converted to NO to produce their 

relaxant effects (Arnold et al. 1977). In 1987, Louis Ignarro recognised that 

EDRFs comprised a group of substances, which included NO, prostacyclin 

and endothelium-derived hyperpolarizing factors (Ignarro et al. 1987). Their 

work promoted NO from an air pollutant to “Molecule of the Year” in 1992
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(Koshland 1992), and earned all three men the Nobel Prize for Physiology 

and Medicine in 1998.

Subsequent to this, the mechanism by which NO is produced was elucidated 

with the discovery of the nitric oxide synthase enzyme (NOS). Three 

isoforms of the enzyme were characterised; neuronal NOS, inducible NOS 

and endothelial NOS which is the predominant form in the endothelium and 

heart and is responsible for most of the NO production in the vasculature 

(Fdrstermann, Munzel 2006). Shear stress from blood flow and agonists 

such as Ach can stimulate increased production of eNOS. A myriad of 

cofactors including oxygen, nicotinamide adenine dinucleotide phosphate 

(NADPH), flavin mononucleotide (FMN), flavin adenine dinucleotide (FAD), 

calmodulin and tetrahydrobiopterin (BFI4) are then required to generate nitric 

oxide and L-citrulline from L-arginine (Murad 2006).

NO mediates its vasodilatory effect by activating the soluble guanylyl cyclase 
(sGC) enzyme enabling it to convert guanosine triphosphate (GTP) into 

cyclic guanosine monophosphate (cGMP). Relaxation of smooth muscle is 

then initiated by cyclic GMP-dependent protein kinase 1 (PK1) by decreasing 
the sensitivity of myofilaments to Ca2+ and reducing levels of Ca2+ partly due 

to its ability to phosphorylate inositol receptor cyclic GMP kinase substrate 

(IRAQ), which inhibits Ca2+ release from the sarcoplasmic reticulum, (Gao 

2010). PK1 is also able to activate myosin light chain phosphatase enabling 
phosphorylation of the myosin light chain, which leads to smooth muscle 

relaxation and subsequent vasodilatation (Gao 2010). This process is 

illustrated in Figure 1.6. Flowever, NO is not just the mediator of 

endothelium dependent vasodilation, it also inhibits platelet aggregation (de 

Graaf et al. 1992), inflammation (Laroux et al. 2000) and smooth muscle cell 

proliferation (Cornwall et al. 1994). The development of eNOS inhibitors such 

as NG monomethyl-L-arginine (L-NMMA) further illustrates the role of NO. 

When administered intra-arterially, it has been shown to cause a 50% 

reduction in basal FBF, and attenuate the response to Ach, but not sodium 

nitroprusside, which, being endothelium-independent, directly donates NO to
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the vascular smooth muscle. This suggests that endothelium derived NO 

actively contributes to arterial tone (Vallance, Collier & Moncada 1989).

It has been observed that patients with risk factors for CVD often produce 

insufficient amounts of NO as a hallmark of endothelial dysfunction, thought 

to be due in part to oxidative stress. Cardiovascular risk factors increase the 

production of NAPDH oxidases (NOX), which produce reactive oxygen 

species (ROS), such as hydrogen peroxide, superoxide anion and hydroxyl 

radicals. These substances oxidise the required cofactors for eNOS and 

react with NO to form the toxic peroxynitrite, thus reducing the available NO 

and causing a vasoconstrictive effect, which further increases blood 

pressure. NOX is also responsible for uncoupling the ferrous-dioxygen 

complex in eNOS, leading it to generate 02' rather than NO and further 

potentiating oxidative stress (Forstermann, Munzel 2006). Better 

understanding of the mechanisms involved in impaired endothelium- 
dependent vasodilatation has enabled research to focus on methods of both 
assessing both endothelial dysfunction as a surrogate marker of 

cardiovascular health and its usefulness as a distinct therapeutic target 
(Johnston 1998).

/lO



Chapter 1

eNOS co-factors:-
02, NADPH, FMN, FAD, BH4, Calmodulin

Oxidised & non-functional

Superoxide + NO= Peroxynitrate (ROS)
eNOS

L-Arginine------------------------->. Nitric oxide + L-Citruilline
Inhibited by L-NMMA

GTP

Active sGCInactive sGC

BNP/ other NP

i
Phosphorylated sGC

Cation Channels

Cyclic GMP

Phosphodiesterases

Protein Kinase isoforms

Phototransduction

Myosin Phosphatases IRAQ VASP

V
cAMP

RELAXATION DIFFERENTIATION
Effects of oxidative stress shown in red.
eNOS=endothelial nitric oxide synthase, L-NMMA= NG monomethyl-L-arginine, NAPDH= nicotinamide adenine dinucleotide 
phosphate, FMN= flavin mononucleotide, FAD=flavin adenine dinucleotide, BH4= tetrahydrobiopterin, NO= nitric oxide, 
ROS=reactive oxygen species, sGC= soluble guanylyl cyclase, BNP= Brain natriuretic peptide, NP= natriuretic peptide, 
GTP= guanosine triphosphate, cyclic GMP= cyclic guanosine monophosphate, cAMP= cyclic adenosine monophosphate, 
IRAG= inositol receptor cyclic GMP kinase substrate, VASP= vasodilator-stimulated phosphoprotein. -____________________

Adapted from Murad, F. Nitric Oxide and Cyclic GMP in Cell Signalling and Drug Development. NEJM 
2006;355:2003-11

Figure 1.6 Cellular signaling with nitric oxide and cyclic GMP and effects of 
oxidative stress
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1.5.2 Mechanical provocation of endothelium dependent vasodilatation
As discussed in Section 1.5.1, a measure of how healthy the endothelium is 

can be found in its ability to produce NO and thereby mediate vasodilatation. 

This can be tested by either mechanical (flow mediated) or pharmacological 

methods (McCall et al. 2011). Flow mediated dilatation (FMD) is the 

response by arterial dilatation to increased intraluminal shear stress. It is 

conducted by inducing reactive hyperaemia of a conduit artery, such as 

brachial or radial, by releasing an upper arm blood pressure cuff at 

suprasystolic pressures. The diameter of the brachial artery before and after 

ischaemia is measured to quantify any induced vasodilation (Anderson, Mark 

1989).

In 1992, Celermajer and colleagues were the first to use reactive hyperaemia 

of the forearm to induce elevated blood flow and examine the ischaemia 
provoked vasodilatation in a group of patients with established CAD or 

cardiovascular risk factors. They found a blunted FMD response, and this 
was interpreted as evidence of a correlation between FMD and endothelial 

dysfunction (Celermajer et al. 1992). It had previously been established that 

shear stress in animals increased endothelial production of NO (Rubanyi, 
Romero & Vanhoutte 1986), and it was, therefore, concluded that the 

response in FMD was related to NO bioavailability in the endothelium. This 

conclusion was further supported by studies that demonstrated a reduced 

brachial artery FMD response, from 21 to 7% when L-NMMA, a NO 

antagonist was co-infused (Lieberman et al. 1996).

As counterargument to this, shear stress stimulates a number of vasodilators 

aside from NO, including prostacyclin and endothelium-derived 

hyperpolarizing factor. Therefore, it is perhaps incorrect to assume that 

FMD solely and specifically assesses NO-mediated endothelial 

vasodilatation. A study by Heiss et al highlighted this by finding that it 

required both L-NMMA to block NO and potassium channel inhibitors to 

antagonise prostacyclin to fully decrease FMD in rats (Heiss et al. 2007b). 

There are also other mechanisms to be considered, such as level of
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sympathetic nervous system activation and shear stress induced release of 

the vasoconstrictor endothelin (Tschakovsky, Pyke 2005). Technical 

methodological adjustments can help to reduce these issues, such as placing 

the upper cuff below the antecubital fossa, which appears to provoke NO- 

sensitive vasodilation, as opposed to an upper arm cuff which may be 

influenced more by tissue ischaemia around the brachial artery (Doshi et al. 

2001). It has also been shown that prolonged ischaemia initiates 

vasodilation by NO-independent mechanisms (Mullen et al. 2001). 

Guidelines were published in 2002 to try and clarify these technical 

variations, and to apply standards for training and auditing within centres 

using FMD. For completeness the guidelines recommend demonstrating 

normal brachial vasodilatation with direct NO donation by nitrate 
administration (Corretti et al. 2002).

The advantage of this technique is that it is safe and non-invasive, and, 
therefore, more attractive to potential study participants (Widlansky et al. 
2003). A number of studies have demonstrated that impaired FMD is an 

independent predictor of cardiovascular events in patients with risk factors 
but not known atherosclerosis (Gokce et al. 2002, Gokce et al. 2003, 
Modena et al. 2002). Not all studies agree with these findings, and a study 

by Frick et al found that in 398 consecutive patients undergoing coronary 

angiography, only intima-media thickness, and not FMD correlated with long

term incidence of cardiovascular events (Frick et al. 2005). Another 

disadvantage is that the technique relies on operator skill at acquiring and 

interpreting ultrasound images, and this has led to concern over the 

reproducibility and inter-observer variability. A small study by De Roos found 

the within subject variation to be as high as 50.3% in a healthy population 

(De Roos et al. 2003).

Despite these issues, FMD has been used in a large number of clinical trials, 

including dietary intervention studies (McCall et al. 2011). Table 1.5 

summarises RCTs that have used FMD to examine the effect of cocoa on 
vascular health. In 15 out of the 16 trials shown, cocoa was shown to 

improve brachial FMD. There was considerable variation in the amount of
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cocoa administered and the duration of study. The single trial that did not 

demonstrate an effect (Farouque et al. 2006) examined patients with 

established CAD, perhaps indicating that such interventions are better aimed 

at primary prevention populations.

The homeostatic purpose of reactive hyperaemia is that dilatation of the 

microvasculature (resistance vessels) increases oxygen delivery to tissues 

following ischaemia. This evokes a shear stress stimulus that increases flow 

in the conduit vessel, for example the brachial artery. Perhaps it is reduced 

reactive hyperaemia from an impaired microvascular reaction, rather than an 

attenuated conduit vessel response that is detected by FMD (Philpott, 

Anderson 2007). Therefore, a potentially more sensitive index of endothelial 

dysfunction is forearm ischaemia-induced hyperaemic flow. These 

measurements can utilise the same ultrasound equipment and add little to 
the overall procedural time (McCall et al. 2011). Alternatively, it could be 

performed using venous occlusion plethysmography to measure hyperaemic 
volume flow (Huang et al. 2007).

An analysis of 2045 participants with cardiovascular risk factors from the 
Framingham Offspring Study looked at both FMD and Doppler derived 

hyperaemia shear stress. It found that diastolic shear stress and hyperaemic 

velocity correlated better with cardiovascular risk factors than FMD 
(F?2=0.335 vs 0.189) (Mitchell et al. 2004). The first study to associate 

reactive hyperaemia with cardiovascular outcomes found that in 267 patients 

with peripheral vascular disease, reactive hyperaemia and FMD predicted 

cardiovascular events such as death, myocardial infarction and stroke. 

Interestingly, FMD remained a stronger measure of cardiovascular risk, 

possibly because conduit function is more important in this population with 

established atherosclerosis, whereas microvascular dysfunction measured 

by reactive hyperaemia may be a better detector of early atherosclerosis 

(Huang et al. 2007, Philpott, Anderson 2007).
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1.5.3 Pharmacological provocation of endothelium dependent 
vasodilatation.

1.5.3.1 Coronary circulation
FMD, which has been described in Section 1.5.2, uses mechanical shear 

stress to provoke endothelium dependent vasodilatation. However, utilising 

pharmacological agonists can elicit a similar response (McCall et al. 2011). 

This was first determined in vitro in rats by Furchgott and Zawadzki, and was 

soon extended to in vivo studies in humans (Furchgott, Zawadzki 1980, 

Ludmer et al. 1986). These early studies targeted the coronary circulation, 

given the critical consequences of atherosclerosis in this territory. Rather 
than directly quantify NO, its production after administration of an 

endothelium dependent agonist, Ach, was assessed (Barac, Campia & 

Panza 2007).

Ludmer and his colleagues injected Ach into the left anterior descending 
coronary artery and measured resultant changes in blood flow. In arteries 
with no obstructive coronary disease, Ach had a vasodilatory effect. 

However, in arteries with a greater than 50% stenosis, paradoxical 
vasoconstriction occurred (Ludmer et al. 1986). This may be due to impaired 

muscarinic cholinergic vasodilation in coronary atherosclerosis, and may only 

affect the larger epicardial vessels; subsequent studies have shown that 

smaller, resistance vessels will almost universally dilate in response to Ach 

(Hodgson, Marshall 1989). Regardless of the presence of atherosclerosis, 

responses to NO donation with intra-coronary nitroglycerine were uniform, 

owing to its direct relaxation of smooth muscle cells (Ludmer et al. 1986).

There have been several trials that have examined the relationship between 

poor coronary response to endothelium-dependent agonists and prognosis 

(Table 1.6). In these studies, which comprised a variety of populations, 
endothelial dysfunction predicted the occurrence of cardiovascular events, 

such as myocardial infarction or death, after adjusting for known risk factors.



The original studies by Ludmer have now been extrapolated into a useful 

functional, clinical test, for measuring fractional flow reserve in the coronary 

circulation. Recent studies have established that this is a superior guide for 

the need for percutaneous coronary intervention, and superior to 

angiography alone (Pijls et al. 2010, Ludmer et al. 1986). However, the use 

of coronary assessment of endothelial dysfunction for research purposes is 

limited by the need to directly access the coronary circulation, and the risk 

that entails. Studies have determined that the forearm vasculature produces 

endothelium-dependent responses equivocal to the coronary artery, and is, 

therefore, a useful, accessible surrogate for pharmacological challenges 
(Anderson et al. 1995).

Table 1.6- Longitudinal studies establishing correlation between abnormal 
response to endothelium-dependent agonists and prognostic endpoints.

Author, year Population n= Duration
(Schachinger, Britten & Zeiher 2000) Coronary disease 147 7.7 years

(Hollenberg et al. 2001) Cardiac transplant 73 2.8 years

(Al Suwaidi et al. 2001) Coronary disease 157 28 months

(Halcox et al. 2002) Coronary disease 308 46 months

(Targonski et al. 2003) Risk factors only 503 16 months

(Britten, Zeiher & Schachinger 2004) Risk factors only 120 6.5 years

1.5.3.2 Venous occlusion plethysmography and forearm blood flow 

studies
A more accessible method of pharmacological provocation of endothelium- 

dependent vasodilation is to employ plethysmography techniques on the 

forearm vasculature. The etymology of plethysmography is derived from the 

Greek for “plethynein” meaning to increase, and “graphein” meaning to 

record. Venous occlusion plethysmography was first performed in 1905, and 

has been established as a valuable and durable method of assessing arterial 

inflow into an organ (Brodie, Russell 1905). The procedure involves the 

application of pressure sufficient to prevent venous outflow, but not to fully 

distend the veins, as this results in too great a pressure increase and 

subsequent escape of blood under the cuff (Benjamin et al. 1995). Then any

An



increase in volume in the forearm is proportional to arterial inflow (Wilkins, 

Bradley 1946). To prevent rapid venous filling, occluding pressures are only 

applied for short bursts, and to encourage venous drainage the limb is placed 

above the level of the heart (Hewlett, van Zwaluwenberg 1909).

Initially this was performed using water displacement plethysmography that 

required large, cumbersome equipment, and a difficult to maintain watertight 

seal (Lewis, Grant 1925). These problems were overcome in 1953 when 

Whitney designed the first mercury-in-silastic strain gauge (Whitney 1953). 

The assumption underpinning strain gauge plethysmography is that the 

forearm is approximately cylindrical. The change in volume of a cylinder is 

approximately twice the change in circumference; therefore, by measuring 

this change, the change in volume can be indirectly calculated. Strain gauges 

were applied circumferentially around the forearm, and stretched with 
increasing tissue volume (Figure 1.7).

Arrows indicate upper arm and wrist cuffs applied (1), intra-brachial artery needle in situ (2), and mercury-in-silastic 
strain gauge (3) circumferentially wrapped around the forearm (D.E.Hokanson Inc, WA, USA).

Figure 1.7- Venous occlusion plethysmography

This resulted in a change in resistance to electrical current that can be 

measured using a Wheatstone bridge design. In this circuit the resistance of 

three limbs is kept constant, allowing the resistance of the fourth limb, the 

strain gauge, to be measured given that R=pL/A (R= resistance, p=resistivity 

of the wire, L=length, A=cross sectional area of the wire) (Whitney 1953). 

These gauges required manual calibration with a screw, until the 

development of an electrically calibrated system by Hokanson and



colleagues in 1975 facilitated objective, real-time plethysmography 

(Hokanson, Sumner & Strandess Jr 1975). The standardised unit of 

measure is a percentage change in volume or mis per 100mls of forearm 

volume per minute (McVeigh et al. 1992).

It should be remembered that, whilst it is the conduit brachial artery that is 

cannulated during venous occlusion plethysmography, this technique 

measures the influence of agents on total FBF by affecting small resistance 

vessel tone, and is, therefore, an assessment of microvascular function 

(McCall et al. 2011). Under resting conditions approximately 70% of FBF 

goes to skeletal muscle, whereas in the hands a complex network of 

temperature-controlled arteriovenous shunts direct blood to the skin 

(Cooper, Edholm & Mottram 1995, Benjamin et al. 1995) . Skin blood flow is 

distinctly more susceptible to variation with temperature or emotion, and may 
demonstrate different responses to drugs (Webb 1995). The Wilkinson and 

Webb protocol used by most investigators recommends intermittently 
eliminating the hand circulation during FBF measurements, by inflating wrist 

cuffs at suprasystolic pressures. It is also standard practice to apply cuffs 
and a strain gauge to the contra-lateral, non-infused limb, to act as a control 
(Wilkinson, Webb 2001).

Venous occlusion plethysmography is eminently suited to testing a drug’s 

pharmacodynamics effects, particularly in agents with vasomotor properties, 

on the vasculature. FBF can be measured at each drug concentration, 
allowing the construction of dose response curves. The dose required to 

produce an effect is 100 to 1000 times less than that required systemically 

because FBF is considerably lower than cardiac output (Benjamin et al. 

1995, Wilkinson, Webb 2001). To administer these drugs the brachial artery 

must be cannulated, usually with a fine, 27-gauge needle to reduce the risk 

of local trauma. Intra-brachial infusions are ideally administered at a fixed 

rate, with incremental increases in dose (Wilkinson, Webb 2001).

A range of endothelium-dependent vasodilators are available for assessing 

endothelial function using venous occlusion plethysmography. Currently, the



majority of studies utilise Ach, although some limitations have been noted. A 

study by Chowienczyk and colleagues found that both conduit vessel 

geometry and resting blood flow might influence the response to Ach, leading 

to excessive variability (Chowienczyk, Cockcroft & Ritter 1994). Newby 

and colleagues demonstrated that a greater proportion of forearm 

vasodilation was NO mediated with substance P than Ach, perhaps making it 

a superior tool for testing endothelial function (Newby, Boon & Webb 1997). 

Metacholine, another muscarinic receptor agonist, has also been used by 

some investigators, as has bradykinin, which acts by stimulating synthesis of 

prostaglandins (Cockcroft et al. 1994b, Lind, Sarabi & Millgard 1998). 

However, this agent can be prone to tachyphylaxis with prolonged or 

repeated doses (Benjamin et al. 1989). As when assessing coronary 

endothelial function in vivo, it is important to use both endothelium- 

dependent and endothelium-independent agonists (Panza et al. 1990a). It 

must be ensured that FBF rates return to baseline in between the 

administration of different drugs by adding an adequate saline ‘washout’ 
period to a study protocol (Wilkinson, Webb 2001).

Henry Barcroft and colleagues in Belfast conducted the original observations 
on the effect of the autonomic nervous system on blood flow in the 1930’s 
and 1940’s (Barcroft, Walker 1949). Since then multiple extrinsic factors 

such as mental stress and temperature have been shown to influence basal 
blood flow (Joyner, Dietz & Shepher 2001). Ensuring that measurements 

are performed in a quiet, temperature-controlled area is essential. It is 

difficult to completely control for environmental stimuli; however, one method 

of reducing their impact on results is to express findings as infused versus 

control ratios. This was found to decrease intra-individual variability during 
vasoconstrictor infusion (Petrie et al. 1998, Strachan et al. 2002). An 

assumption is made that flow in the infused and non-infused arms will be 

affected to a similar degree by changes in basal blood flow, for example, due 

to mental arousal. With drugs, such as vasoconstrictors or vasodilators that 

do not cause a large increase in FBF this assumption may be correct. In 

contrast, large Ach-induced changes in blood flow in the infused arm are 

unlikely to be influenced by basal flow to the same extent as the control arm
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(Walker et al. 2001). Ratios in this instance may increase the variability of 

results, compared to expressing results in absolute terms, and, therefore, 

expressing infused results only, with reference to control arm results to 

ensure no systemic drug effects occurred (Strachan et al. 2002). Basal flow 

is affected by circadian rhythm, which can be eliminated by performing 

assessments at the same time of day (Panza, Epstein & Quyyumi 1991) .

(Rees, Palmer & Moncada 1989). "^e effect that an intra-arterial drug
will have on FBF is also influenced by 

several factors. At extremely high rates of blood flow, a dilution effect can 

occur that reduces local drug concentration (Wilkinson, Webb 2001). 

However, paradoxically, basal blood flow rates have been associated with a 

greater absolute response to vasodilators (Chowienczyk, Cockcroft & Ritter 

1994). Expressing the intervention-induced alterations in blood flow as a 

percentage change from baseline appears to reduce this variability, 
particularly if the infusedmon-infused ratio is calculated (Deanfield et al. 
2005). Another variable is pre-study BP. This impacts resting smooth 

muscle tone and walklumen ratio, both of which affect the efficacy of 
vasodilators, particularly Ach. Enhanced responses may be seen amongst 
hypertensive individuals and, therefore, BP should be recorded prior to each 

assessment As highlighted previously, there are a number of different 

summary measures for analysing and expressing the results from venous 

occlusion plethysmography (Table 1.7& Figure 1.8).

Table 1.7- Summary measures for forearm blood flow studies.

Author, year Summary Measure

(Panza et al. 1990a) Maximum absolute flow rates

(Hingorani et al. 2000) Maximum % increase in infusedmon-infused ratios

(Perticone et al. 2001) Maximum % change in absolute flow rates

(Sarabi et al. 2001) Ratio of endothelium-dependent to independent responses (area under dose-
response curve)

(Fichtlscherer, Breuer & Area under the absolute flow dose-response curve
Zeiher 2004)

(Morgan et al. 2004) Ratio of maximum endothelium-dependent to endothelium-independent
responses

(McCall et al. 2009, Webb % change in absolute flow rates from ratios of infused: non-infused arms
1995, Pellegrini et al. 2004)



A Example of area under curve (AUC) for forearm blood flow responses to acetylcholine and sodium nitroprusside in patients 
with event (open bars) and patients without event (closed bars) post acute coronary syndrome. Taken from Fichtlscherer, S. 
Prognostic value of systemic endothelial dysfunction in patients with acute coronary syndromes- further evidence for existence of 
the "vulnerable patient." Circulation 2004;110 :1926-1932. B- Example of dose response curves of FBF (infused arm only) to 
acetylcholine concentrations in hypertensive patients (solid circles) and normal controls (open circles). Taken from Panza, J et al. 
Abnormal endothelium-dependent vascular relaxation in patients with essential hypertension. NEJM 1990; 323:2207.

Figure 1.8- Illustrations of summary measures for forearm blood flow 
studies.

Few studies have compared pharmacological and mechanical provocation of 
endothelium-vasodilation. A large study of more than 1000 subjects found 

that, whilst FMD following reactive hyperaemia and FBF following Ach 
infusion were both independently associated with the Framingham Risk 
Score, they had no relationship with each other (Lind et al. 2005). This may 

be because each technique assesses a different aspect of endothelial 

function by measuring either conduit or resistance vessel activity and, 

therefore, they should not be used as interchangeable surrogate measures 

(Eskurza et al. 2001). It is, therefore, important that investigators consider 

which method of endothelial function assessment will most likely capture the 

effect of their intervention prior to commencing a study (McCall et al. 2011). 

Figure 1.9 summarises the main considerations for each method.
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Adapted from McCall, DO; McKinley, MC; Noad, RL; McKeown, PP; McCance, DR; Young, IS; 
Woodside, JV. The assessment of vascular function during dietary intervention trials in human subjects. 
British Journal of Nutrition 2011;106:981-994

Figure 1.9 Considerations when deciding method of endothelial function 
assessment.

1.5.3.3 Relationship of strain gauge plethysmography with
cardiovascular disease and prognostic significance
To establish the utility of FBF responses to vasodilators, measured by strain 
gauge plethysmography as an assessment tool, the relationship between this 

method and cardiovascular risk has been examined. Several case control 

studies have examined FBF responses in a variety of patient groups from 

asymptomatic patients with risk factors to subjects with established disease. 

Table 1.8 lists studies that have observed the response to endothelium- 

dependent vasodilators.

Table 1.8 highlights that, in four out of five studies in patients with 

hypertension, an attenuated response to endothelium-dependent 

vasodilators, namely Ach, was observed. The exception was a study by 

Cockroft and colleagues, which failed to detect a difference between 58



patients with, treated and untreated hypertension and 37 normotensive 

controls. They postulate that this might be due to aforementioned sources of 

variation in responses, such as basal blood flow, gender and forearm length, 

or the result of only selective impairment of Ach responses in endothelial 

dysfunction in certain, as yet unidentified sub groups (Cockcroft et al. 1994a). 

Alternatively, their use of lower concentrations of Ach may explain the 

spurious results (Panza 1994).

Table 1.8- Relationship between cardiovascular risk factors and 
endothelium-dependent vasodilator response.

Author, year Cardiovascular 
risk factor

No. of 
subjects

Response to endothelium- 
dependent vasodilators 
compared with controls

(Panza et al. 1990b) Hypertension 18 *
(Linder et al. 1990) Hypertension 37 *

(Cockcroft et al. 1994a) Hypertension 58

(Taddei et al. 1995) Hypertension, aging 14 4>

(Schlaich et al. 2004) Hypertension 15 *
(Creager et al. 1990) Hypercholesterolaemia 13 *
(Chowienczyk et al. 1992) Hypercholesterolaemia 12

(Casino et al. 1994) Hypercholesterolaemia 12 *
(Heitzer et al. 1996) Hypercholesterolaemia,

smoking

15 *

(Chowienczyk et al. 1997) Hypertriglyceridaemia 17

(Calver, Collier & Vallance 1992) Type 1 diabetes 10
(Elliot et al. 1993) Type 1 diabetes 28 *
(Ting et al. 1996) Type 1 diabetes 10

(Johnstone et al. 1993) Type 2 diabetes 15

(Makimattila et al. 1999) Type 2 diabetes 30 *
(Newby et al. 1999) Smoking 12 *
(Heitzer et al. 2000) Smoking 8

(Gerhard et al. 1996) Aging 119

(Higashi et al. 2003) Obesity 21 *
(Perticone et al. 2004) Renal impairment 500 *
(Katz et al. 1993) Congestive cardiac

failure

31 *

(Oechslin et al. 2005) Congenital heart disease 11

(Hingorani et al. 2000) Inflammation 6 +
(Fichtlscherer et al. 2000) Inflammation 60 4>

Case control studies such as these help to establish pharmacological 
provoked FBF as a marker of endothelial function and cardiovascular risk, 

but they do not provide information on prognosis. A small number of trials 

have examined this in distinct cohorts. Fichtlscherer and colleagues



assessed FBF responses to Ach in 198 patients, five days after an acute 

coronary' syndrome (ACS) (Fichtlscherer, Breuer & Zeiher 2004) . After 

adjusting for traditional risk factors it was found that over a four year follow 

up period only response to Ach and troponin T levels predicted risk of events, 

such as cardiovascular death, myocardial infarction and stroke. A subgroup 

analysis of 78 patients who had a repeat FBF flow assessment eight weeks 

post-ACS found that recovery of endothelium-dependent vasoreactivity 

predicted further event-free survival. This demonstrated that not only is 

endothelial dysfunction a significant, independent risk factor for CVD in 

established atherosclerosis, but that it may be reversible (Fichtlscherer, 

Breuer & Zeiher 2004) . Perticone and colleagues performed a similar study 

on 225 patients with untreated hypertension (Perticone et al. 2001). The 

patients were then stratified into tertiles according to their response to Ach, 

summarised as a maximum % increase in absolute flow. After controlling for 

risk factors, including 24-hour ambulatory BP, there was still an excessive 
risk of cardiovascular events in the poorest response tertiles after 31.5 

months follow up (Perticone et al. 2001).

The effect of antihypertensives on endothelial dysfunction is more 
complicated, and results obtained in populations with atherosclerosis are not 

necessarily transferable (Taddei et al. 2002). Early studies established that 

simply targeting a reduction in BP level was insufficient to improve Ach 

responses (Panza et al. 1993). Therefore, antihypertensive drugs must 

possess specific beneficial mechanisms to affect change in endothelial 

function. The results of pharmacological therapy have been mixed and are 

dependent on factors such as duration of treatment and method and location 

of assessment of endothelial function (Taddei et al. 2002). FBF endothelium- 

dependent vasodilation responses have normalized following calcium 
channel blockers, but similar results have not been demonstrated with ACE 

inhibitors (Brunner et al. 2005).
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1.5.4 Brachial artery vasodilator function as an endpoint in dietary 

intervention trials

1.5.4.1 Introduction
The availability of evidence linking brachial artery vasodilator function to both 

cardiovascular risk and prognosis (Perticone et al. 2001, Fichtlscherer, 

Breuer & Zeiher 2004) has made it a popular marker of arterial health in 

intervention studies. Due to the invasive nature of intrabrachial drug 

administration these trials tend to be small and of short duration, or measure 

FBF provoked by reactive hyperaemia (RH). The majority of studies have 

utilised either a weight loss, Mediterranean or polyphenol derived diet. A 

systematic review of whole food dietary interventions using FBF as an 

endpoint was performed and is described in Chapter 2.

Studies that did not meet the criteria for the review were mainly of short 

duration or involving supplements. A number of studies have assessed the 
effect of a single high fat meal on FBF and universally found that either 

vasodilator or RH responses became transiently impaired (Steer et al. 2003, 

Bui et al. 2010, Schinkovitz, Dittrich & Wascher 2001, Shimabukuro et al. 
2007). A similar effect was found in two studies where sodium supplements 

were administered for five days (Tzemos et al. 2008, Eisenach et al. 2012), 
although a third noted no attenuation of metacholine response (Omland et al. 

2001).

As endothelium-dependent vasodilatation is dependent on NO production 

and, therefore, diminished by oxidative stress, a number of studies have 

administered anti-oxidant vitamins to counteract this. Results of oral vitamin 

C interventions in a number of cardiovascular risk populations including type 

2 diabetics (Chen et al. 2006, Darko et al. 2002), smokers (Pellegrini et al. 

2004), and hypercholesterolaemic patients (Hanratty et al. 2001) have, in the 

main, shown no improvement in FBF responses although one study in type 1 

diabetics found a benefit from three months of supplementation (Beckman et 

al. 2003). Other supplements such as fish oils have shown an improvement



in FBF responses following both acute (Fahs, Heffernan & Fernhall 2009) 

and chronic administration (Khan et al. 2003).

1.5.4.2 Polyphenol interventions
Polyphenol studies that did not meet the criteria for the systematic review in 

Chapter 2 are described below. The proposed beneficial mechanisms of 

action of polyphenols on the endothelium have been described in section 

1.3.4. In order to test these hypotheses in vivo there have been several 

intervention studies conducted using different dietary-derived polyphenols. 

These are detailed in Table 1.9. The results are conflicting, although 

comparison is difficult given the wide range of polyphenol interventions used, 
including whole food and supplement administration. Only two of these 

studies examined the effect, separately, of administering cocoa and red 

clover supplements to patients with cardiovascular risk factors (Fleiss et al. 

2003, Flowes et al. 2003). Whilst the Fleiss group did not demonstrate a 
significant improvement in endothelium-dependent vasodilatation after one 
dose of cocoa, they did show an improvement in FMD and increased NO 

bioactivity in plasma (Heiss et al. 2003). The acute duration of the study may 

have precluded any significant change in endothelial function.

The remaining studies were performed in healthy subjects, with likely normal 

baseline endothelial function, and are, therefore, less easily extrapolated to 
provide information on the effect of polyphenol intervention on those with 

established disease or risk factors. The only two studies that exhibited a 

positive improvement in FBF used extracts of pine bark, which contains the 

flavonoids catechin and taxifolin (Nishioka et al. 2007, Shand et al. 2003). 

However, both dosage and duration of treatment in addition to method of 

assessment were different and, therefore, it is unwise to group these studies 

together to examine a class effect of pine bark extract.
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Table 1.9- Polyphenol intervention studies and effect on endothelium 
dependent forearm blood flow

Author, year n= Population Intervention Duration FBF type Effect on
provoked
FBF

(Heiss et al. 
2003)

20 >1
cardiovascular 
risk factor

Cocoa drink, 176mg 
flavan-3-ols

1 dose RH

(Howes et al. 
2003)

16 Post
menopausal,
diabetes

Red clover 50mg/d 4 wks Ach/ SNR

(Shand et al. 
2003)

24 Healthy Enzogenol® (pine bark 
extract) 480mg & 240mg/d 
VitC

12 wks RH t

(Napoli et al. 
2004)

10 Healthy One glass red wine 1 dose Ach/SNP

(Nishioka et 
al. 2007)

8 Healthy men Pycnogenol® (pine bark 
extract) 180 mg/d

2 wks Ach/SNP t

(Wong et al. 
2012)

12 Menopausal
women

80 mg soy hypocotyl 
isoflavones

6 wks RH

FBF= forearm blood flow, RH= reactive hyperaemia, Ach= acetylcholine, SNP= sodium nitroprusside, d=day, 
wks=weeks.



1.6 PLATELET FUNCTION

1.6.1 Introduction
The discovery of platelets unsurprisingly coincided with the invention of a 

microscope powerful enough to appreciate particles of 2pm diameter in the 
early 19th century (Addison 1841). It would take several more years for the 

concepts of platelet biology to be established. Specialised precursor cells, 

megakaryocytes, form platelets as sub-cellular fragments mainly in the bone 

marrow, but also the circulation (Colman 1993, Italiano, Hartwig 2002). A 

resting platelet is a disc shaped, anucleate structure, consisting of a 

membrane, cytoskeleton and intracellular organelles and granules that 

contain enzymes and other factors for coagulation (Cramer et al. 1997, 

Israels et al. 2002). The average lifespan of a platelet is approximately ten 
days (Aster 1966).

A central physiological role of platelets is in the maintenance of haemostasis. 
The same sequence of events allows for the pathological formation of 

thrombus in atherosclerosis (Andrews, Berndt 2004). Damage to the 

vascular endothelium initiates adhesion of platelets to exposed sites, 
mediated by platelet membrane glycoproteins and their ligands (Becker 
2008). Under static conditions, collagen in the subendothelial matrix and the 

two platelet membrane receptors it binds to, glycoprotein (GP) la/lla and 

GPVI, is adequate for adhesion. However, under shear stress conditions in 

arterioles, von Willebrand Factor and its receptor GPIb/IX are also required 

for adhesion and subsequent platelet shape change and activation (Thijs et 

al. 2010).

Upon binding of platelet to collagen, tyrosine kinase activity is triggered, 

which induces a signaling cascade and activates phospholipase Cy2 
(PLCy2). PLCy2 hydrolyses phosphatidylinositol-4-5-biphosphate to form two 

secondary messengers inositol-1,4,5-triphosphate (IP3) and diacylglycerol 

(DAG) (Thijs et al. 2010). DAG activates protein kinase C, which results in 
protein phosphorylation, cytoskeleton rearrangements and granule secretion, 

causing the release of proteins such as fibrinogen, adenosine phosphate



(ADR), serotonin, Protein S and factor V (Habib et al. 1997). ADR promotes 

further recruitment and activation of platelets and accelerates thrombin 

generation by binding to P2Y12 receptors (van de Meijden et al. 2005). IP3 

stimulates calcium mobilisation into the cytoplasm which activates 

phospholipase A2to produce arachidonate from cell membranes (Thijs et al. 

2010). Arachidonic acid is consequently converted to the platelet agonist 

thromboxane A2 by cyclooxygenase (COX) and thromboxane synthase 

enzymes (Becker 2008).

Following activation, in order to ensure the formation of a stable haemostatic 

plug, platelet aggregation must occur. The integrin Onbps subunits on the 
GPIIbllla platelet membrane receptor are activated allowing binding with 

fibrinogen and the formation of a strong ‘bridge’ between platelets (Poncz et 

al. 1987).

1.6.2 Mechanism of effect of antiplatelet agents
Platelet physiology, briefly summarised in section 1.6.1, is a complex 

process involving overlapping receptors, ligands and signaling pathways 
(Jackson 2007). Based on this knowledge there are several theoretical 

therapeutic targets for antiplatelet agents, for example, inhibition of platelet 

agonists, receptors, glycoproteins or enzymatic cascades (Xiang et al. 2008). 
The most commonly used antiplatelet agent is aspirin or acetylsalicylic acid. 

By covalently acetylating the serine moiety serine 530 on COX-1 and serine 
516 on COX-II, rendering them incapable of transforming arachidonic acid 

required for thromboxane A2 production for the lifetime of a platelet (Awtry, 

Loscalzo 2000).

Other anti-platelet drugs target the ADP-receptor P2Y12 such as the 

thienopyridine pro-drugs clopidogrel and prasugrel which require conversion 

to the active metabolite by cytochrome P450. Newer versions, including 

cangrelor and ticagrelor, have a faster mechanism of action by directly 

inhibiting P2Yi2 (Cattaneo et al. 2003). Dipyridamole and cilostazol prevent 

activation by inhibiting phosphodiesterase (PDE5) (Xiang et al. 2008). 

Platelet aggregration can be limited by administering GPIIbllla antagonists.

CO



Three drugs have this action: abciximab, tirofiban and eptifibatide (Saltzman 

et al. 2010). Agents under development, such as vorapaxar, prevent platelet 

activation by impeding proteinase activator receptor 1 (PAR 1) (Siller- 

Matula, Krumphuber & Jilma 2010). These drugs and their targets are 

summarised in Table 1.10.

Table 1.10- Antiplatelet agents and targets.
Target Agent

cox Aspirin

P2Yi2 Clopidogrel, Prasugrel, Ticagrelor, Cangrelor
PDE5 Dipyridamole, Cilastazol

GPIIbllla Abciximab, Tirofiban, Eptifibatide

PAR 1 Vorapaxar

1.6.3 Platelet function testing
The oldest test of platelet function is measurement of bleeding time (Milian 
1901). This is easily performed with no blood processing required, but has a 
low sensitivity and poor reproducibility (Rand, Leung & Packham 2003) . A 

number of other tests have been subsequently developed, focusing on 
different aspects of platelet biology or the effect of anti-platelet agents 
(Michelson 2004). These are summarised in Table 1.11.

A useful marker of platelet function is measurement of activation-dependent 
release of metabolites of Thromboxane A2 (TXA2). As discussed previously, 

activated platelets produce TXA2, which then plays an important role in 

platelet recruitment and aggregation. TXA2 is rapidly hydrolyzed to 

thromboxane B2 (TXB2) that is, in turn, metabolised to 11-dehydro 

thomboxane B2(11dhTXB2) (Figure 1.9) (Grosser, Fries & Fitzgerald 2007). 

Direct measurement of TXA2 in the plasma is not possible due to its 

evanescence (Fitzgerald, Pedersen & Patrono 1983). However, the 

inactive thromboxane metabolites TXB2, 11dhTXB2and 2,3-dinor-TXB2 can 

be quantified. Interpretation of TXB2 results is tempered by artifact as 
platelets can generate TBX2 ex vivo. The enzymatic byproducts of this are 

mainly formed in the liver rather than the bloodstream and should therefore 

bypass the problem of ex vivo platelet activation (Catella et al. 1986).



11dhTXB2 has the longest half-life (approximately 60 minutes) and is the 

most abundant metabolite in urine, making it a stable, non-invasive, 

surrogate measure of platelet activation. Due to the action of aspirin on the 

thromboxane A2 pathway, measurement of TBX2 metabolites is a useful way 

of demonstrating the efficacy of the drug at inhibiting thrombogenesis (Tohgi 

et al. 1992).

Table 1.11- Summary of methods for assessing platelet function.
Test Basis of test Monitoring of 

antiplatelets
Bleeding time In vivo cessation of blood flow by 

platelet plug
No

PFA-100 (platelet function 
analyser)

In vitro cessation of high shear blood 
flow by platelet plug

Aspirin

Impact cone and plate(let) 
analyser

Shear-induced platelet adhesion No

Platelet surface P-selectin 
(flow cytometry)

GPIIbllla, leucocyte-platelet 
aggregates

Activation-dependent changes in 
platelet surface

Aspirin, thienopyridines

Vasodilator-stimulated 
phosphoprotein 
phosphorylation state

Activation-signalling dependent Thienopyridines

Serum thromboxane B2 Activation dependent release from 
platelets

Aspirin

Urinary 11-
dehydrothomboxane B2

Activation dependent release from 
platelets

Aspirin

Turbimetric aggregometry Platelet aggregation Aspirin, thienopyridines, 
GPIIbllla antagonists

Impedance aggregometry Platelet aggregation Aspirin, thienopyridines, 
GPIIbllla antagonists

VerifyNow Platelet aggregation Aspirin, thienopyridines, 
GPIIbllla antagonists

Plateletworks Platelet aggregation Thienopyridines,
GPIIbllla antagonists

Adapted from Michelson, A. Platelet function testinq in cardiovascular diseases. Circulation 2004;110:e489-e493

Another method of assessing platelet activation is to measure activation- 

dependent changes in platelet surface, such as expression of P selectin or 

the subsequently formed P-selectin positive platelet-leucocyte aggregates, 

by flow cytometry (Michelson et al. 2001) Several platelet function tests 

utilise assessment of integrin allb|33 (GP llb/lla)-dependent platelet 

aggregation. This can be performed on platelet-rich plasma, or whole blood 

and in a laboratory or point-of-care setting (Michelson 2009). A further



method of assessment is the Platelet Function Analyser-100, which analyses 

in vitro cessation of high shear blood flow by a platelet plug (Francis 2007).
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Adapted from Grosser, T.; Fries, S,; Fitzgerald, G.A. Thomboxane Generation, p 565-574, 
Platelets 2nd Ed, Michelson, A. 2007, Elsevier.

Figure 1.10- Synthesis and metabolism of thromboxane A2.

1.6.4 Relationship between platelet function and cardiovascular disease
The normal function of platelets is to adhere to a site of vessel injury and 

activate mechanisms resulting in haemostasis. Platelets are unable to 

differentiate between a normal vessel injury and a pathological disruption of 

the endothelium due to atherosclerotic plaque rupture (Goldschmidt, Lopes 

& Crawford 2002) The resultant non-physiological thrombosis can be 
uncontrollable and cause tissue infarction at the site of formation (Wu 1996). 

There is now also evidence that due to the release of chemokines and pro- 
inflammatory molecules and their interaction between endothelial cells and



leucocytes, platelets play an important role in the inflammatory response that 

expedites atherosclerosis (Kaplan, Jackson 2011).

Platelet function is also associated with cardiovascular risk factors. Elevated 

platelet activation, demonstrated by increased expression of P-selectin, has 

been found in subjects with hypercholesterolaemia (Garlichs et al. 2001). In 

patients with hypertension, with and without microalbuminuria, a significant 

rise in urinary 11dhTXB2has been shown. Platelet function normalised after 

one month of vitamin E supplementation (Guagnano et al. 2009). In patients 

taking aspirin, elevated 11dhTXB2 indicates a poor suppression of platelet 

activation, or “aspirin resistance”. In 5,529 patients from the Heart Outcomes 

Prevention Evaluation cohort, those in the upper quartile of 11dhTXB2had a 
significantly higher risk of cardiovascular incidence or mortality over five 

years (RR 1.8, 95%CI: 1.2, 2.7) (Eikelboom et al. 2002).

1.6.5 Polyphenol dietary intervention studies with platelet function as 
an endpoint

1.6.5.1 Polyphenols derived from fruit, vegetables and berries
A large body of evidence exists for the benefit of flavonoids using data 

derived from in vitro studies of platelet function (Natella et al. 2006). 
Whether this translates to a significant benefit from consumption of flavonoid 

rich whole foods and in vivo assessment is uncertain and may depend on the 

bioavailability of polyphenols used (Ostertag et al. 2010).

To date nine F&V studies have attempted to answer this question. A variety 

of design methodologies were used and mostly single F&V were 

administered. A summary of these is provided in Table 1.12. Janssen and 

colleagues performed the first of these in 1998 instructing volunteers to 

consume 220g of onions per day. Despite 14% inhibition of platelet 

aggregation statistical significance was not reached (Janssen et al. 1998). A 

comparison of grape, orange and grapefruit juice found that only grape juice 

reduced whole-blood platelet aggregation. Grape juice has similar vitamin C



contents to the other fruit juices but three times the polyphenolic content 

(Keevi! et al. 2000).

Polyphenol rich berries were utilised by a Finnish group in the largest study 

to date, of 72 healthy subjects (Erlund et al. 2008). Participants were asked 

to consume two portions of berries daily from fresh frozen crushed portions 

of bilberries, lingonberries, blackcurrents, strawberries, chokeberries and 

raspberry juice or control diet for eight weeks. The intervention group was 

found to have significantly improved values from PFA-100 measures using 

collagen and ADP (p=0.018) but not collagen and epinephrine (p=0.213) 

(Erlund et al. 2008). A number of the berries used are typically only 

consumed in Nordic or Eastern European countries and, therefore, the 
results may not be applicable to the UK population.

Table 1.12- Summary of platelet function studies with flavonoid rich fruit and 
vegetables.

Study & author Intervention n= Duration Platelet function test Effect on platelet function

(Erlund et al. 2008) Mixed berries 72 8 wks PFA-100 Significantly improved

(Keevil et al. 2000) Grape juice 10 10d Impedence

aggregometry

Significantly improved

(Albers et al. 2004) Purple grape juice 20 2 wks TBX2, light transmission
aggregometry, P

selectin

N/S change

(Freedman et al. 2001b) Purple grape juice 20 2 wks Impedence
aggregometry

Significantly improved

(Polagruto et al. 2007) Grape seed extract 23 Id PFA-100 Significantly improved

(Shenoy et al. 2007) Grape seed extract 17 8 wks PFA-100 Significantly improved

(Janssen et al. 1998) Onions 18 2 wks tbx2 N/S improvement

(Hubbard etal. 2004) Onions 18 8 wks TBX2, light transmission

aggregometry

N/S change

(Hubbard etal. 2006) Onions 6 1d Light transmission
aggregometry

N/S change

N/S= non-significant, d=day, wks= weeks, PFA= platelet function analyser, TBX2= thromboxane B2

1.6.5.2 Polyphenols derived from cocoa products
A large, almost accidental observational study on cocoa consumption and 

platelet function was conducted at Johns Hopkins University (Bordeaux et al. 

2007). Healthy participants were recruited for a study on aspirin resistance 

and asked to refrain from foods that may affect platelet function 48 hours 
prior to blood sampling for PFA-100 and urine testing for 11dhTXB2 testing.
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Of 1535 participants, 141 ignored this and consumed chocolate in various 

forms. This sub group was found to have significantly longer PFA closure 

times and significantly decreased 11dhTXB2 levels (Bordeaux et al. 2007).

A number of studies have performed intentional cocoa interventions to 

assess any effect on platelet function (Table 1.13). The most recent and 

largest included 50 healthy subjects who consumed 50g of dark chocolate 

containing 75.8mg of epicatechins for three weeks (Nanetti et al. 2012). 

Nitric oxide platelet production was assessed and was significantly increased 

in women (15.7%) and men (32.2%). Basal NO levels were higher in 

women, which may explain why there was less room for improvement in this 
group (Nanetti et al. 2012).

Table 1.13 Summary of platelet function studies with flavonoid rich cocoa 
products.

Study & author Intervention n= Duration Platelet function test Effect on platelet
function

(Wang-Polagruto et
al. 2006)

Cocoa beverage 32 6 wks PFA-100, P selectin N/S changes

(Nanetti et al. 2012) Dark chocolate 50 3 wks Nitric oxide platelet production Significantly improved
(Flammer et al.
2007)

Dark chocolate 22 Id Impact cone and platelet
analyser

Significantly improved

(Murphy et al. 2003) Cocoa
supplements

32 4 wks Impedence aggregometry Significantly improved

(Rein et al. 2000) Cocoa beverage 30 1d PFA-100, P selectin Significantly improved

(Holt, Schramm &
Keen 2002)

Semisweet cocoa

chips

18 1d PFA-100 Significantly improved

(Hermann et al.
2006)

Dark chocolate 25 1d Impact cone and platelet

analyser

Significantly improved

(Innes et al. 2003) Dark chocolate 30 1d Light transmission

aggregometry
N/S change

(Wan et al. 2001) Cocoa powder,

dark chocolate

23 Id txb2 N/S change

N/S= non-significant, d=day, wks= weeks, PFA= platelet function analyser, TBX2= thromboxane B2

1.6.5.3 Summary of polyphenol dietary intervention studies with platelet 
function as an endpoint
The majority of cocoa studies (six out of nine) demonstrated an improvement 

in platelet function (Flammer et al. 2007, Hermann et al. 2006, Murphy et al. 

2003, Holt, Schramm & Keen 2002, Nanetti et al. 2012, Rein et al. 2000). 

Results were more evenly split in F&V studies, with five out of nine showing a



significant improvement (Erlund et al. 2008, Keevil et al. 2000, Freedman et 

al. 2001a, Polagruto et al. 2007, Shenoy et al. 2007). There is obviously 

larger heterogeneity between F&V studies as a variety of single food 

interventions were used which makes definitive conclusion difficult. Only one 

berry intervention has been performed (Erlund et al. 2008) and in the 

remaining interventions, grape seed extract was only the only polyphenol that 

showed significant improvement in all studies it was utilised for (Shenoy et al. 

2007, Polagruto et al. 2007).

Comparison between studies is hampered by the different interventions used 

and the different methods of assessment for platelet function. Previous 

studies measuring platelet function by different laboratory methods have 
found a poor correlation between techniques (Lordkipanidze et al. 2007). 

The duration of study, and whether acute or chronic effects were assessed, 

may also contribute to variation in results. Polyphenols are metabolised 
quickly and, therefore, acute effects might be more easily detected (Ostertag 
et al. 2010). However, acute studies, particularly in cocoa consumption, still 

in some studies failed to demonstrate an improvement (Innes et al. 2003, 
Wan et al. 2001).

Antiplatelet agents will affect certain measures of platelet function. The 

above studies excluded patients who were currently taking antiplatelet 
agents as this was thought to prohibit further diet-related improvement in 

platelet function. However, one study has demonstrated that flavonol-rich 

cocoa can provide a similar but less profound effect to aspirin, and when 

given together may even produce an additive effect (Pearson et al. 2002).
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1.7 HEART RATE VARIABILITY

1.7.1 Introduction
Heart rate variability (HRV), the variation over time of the period between 

heart beats, is a non-invasive measure of cardiac electrophysiology. The 

clinical importance of this was first appreciated by Hon and Lee, who 

recognised that, prior to any change in heart rate associated with foetal 

distress, there was an alteration in inter-beat intervals (Hon, Lee 1965). 

Subsequently, there has been much research into techniques for measuring 

heart rate variability in numerous pathologies. For example, it has been 

shown to predict sudden cardiac death in patients with CAD (Acharya et al. 
2006, Kleiger, Stein & Bigger Jr 2005).

HRV reflects autonomic regulation related to respiratory, baroreflex and 

circadian fluctuations and the cardiac responses to this regulation (Kleiger, 
Stein & Bigger Jr 2005). It refers to the intervals between QRS complexes 
of normal heartbeats originating from the sinoatrial node (SA node) and not 

arrhythmias with known irregular inter-beat intervals such as atrial fibrillation. 

An understanding of the underlying physiological mechanisms, particularly of 
cardiac automaticity and autonomic innervation of the SA node, helps to 

appreciate the different indices of heart rate variability and their response to 
disease (Strauss 2007).

All cardiac cells have the ability to generate an action potential, and in most 

this process comprises of a depolarization phase (0), repolarization phase (1- 

3) and resting phase (4). In the SA node, and to a lesser extent the 

atrioventricular node, the resting phase is not quiescent due to exchange of 

ions sufficient to generate another action potential. This is the basis of 

cardiac automaticity, and how, in the absence of autonomic innervation such 

as post-cardiac transplantation, cardiac contractions occur (Sands et al. 

1989, Forgoros 2006). The opening and closing of various potassium, 

sodium and calcium currents to generate a transmembrane potential is 
illustrated in Figure 1.10
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PHASE 1 PHASE 2
Repolarization
• Ik open 

allowing K* 
efflux

• ICa close 
preventing

PHASE 0
PHASE 3Depolarization

at membrane 
potential 
threshold 
-40mV

• ICa open:
r's ^ i ■—i n 111—■

PHASE 4 PHASE 4

Slow depolarization to -
40mV
• I* open: Na* influx
• Ik close: preventing K*

lf= funny current, lk= potassium current, ICa= calcium current, mV= millivolts, Na*= sodium, Ca2*= calcium, K* = 
potassium
Adapted from Straus, H.M. Physiological mechanisms of heart rate variability. Rev Bras Hipertens 2007;14(1 ):8-15

Figure 1.11- Cardiac action potential at the sino-atrial node

Although cardiac automaticity is present, the majority of heart rate and 

rhythm control is influenced by the autonomic nervous system (Jalife, 

Michaels 1994). Stimulation of the sympathetic efferent nerve fibres releases 

epinephrine and norepinephrine that bind to adrenergic receptors and 

increase adenylyl cyclase activity. This increases the formation of cyclic 

adenosine monophosphate (cAMP) which in turn increases the If (funny or 

sodium current) and ICa (calcium current) and accelerates the depolarization 

of phase 4 of the action potential. In contrast, the parasympathetic influence 

of the vagus nerve releases Ach, which binds to M2 muscarinic receptors 

and inhibits adenylyl cyclase, decreasing cAMP formation. In addition, there 

is increased opening of Ach-operated potassium channels, increasing 

potassium efflux from the cell and leading to deeper repolarization and a 

longer duration of phase 4 (Strauss 2007). The SA node responds faster to



parasympathetic tone, as it does not solely require fluctuations in cAMP to 

exert an effect and under resting conditions it is primarily vagal tone that 

modulates heart rate (Strauss 2007).

A significant proportion of HRV is derived from fluctuations in heart rate 

derived from circadian rhythm (Malpas 2004), changes with respiration and 

baroreceptor response to BP alterations (Barbierei et al. 2002). However, 

given that in heart transplantation a patients’ HRV is almost entirely lost, 

autonomic function is likely the most dominant factor (Strauss 2007). Factors 

such as cardiac autonomic responsiveness, ion channel density and 

intracellular signaling also affect autonomic function and can, therefore, 

influence HRV indices (Strauss 2007).

1.7.2 Measurement of heart rate variability
HRV is traditionally measured either in short-term, laboratory controlled 
settings or over 24 hours with ambulatory monitoring. Measurements are 
classified as time domain, frequency or spectral domain, and non-linear. For 

‘real-world’ 24-hour ambulatory BCG’s, as in this study, the most accurate 

and comparable measurement to published, academic values are time 
domain indices (Stein 2002), which are the main focus of this review.

The basic principle for calculating time domain methods is to identify each 

QRS complex initiated from the SA node and calculate the ‘normal to normal’ 

(NN) intervals. Initial calculations could include mean heart rate and mean 

NN interval. More complex computations are statistical time domain 

formulae, which can derive from direct measurement of the NN intervals 
(ESC/NASPE 1998). The most common and validated of these is the 

standard deviation of all NN intervals (SDNN). This represents the square 

root of variance, which is equivalent to the total power of spectral analysis 

(Stein 2002). Approximately 30-40% of SDNN variability is contributed by 

day-night variation (Kleiger, Stein & Bigger Jr 2005). SDNN is relatively 

insensitive to scanning errors, but is influenced by duration of recording, 

which should, therefore, be standardised, for comparison (Stein 2002,
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ESC/NASPE 1998). For all time domain measures a longer duration has 

been shown to improve reproducibility (Schroeder et al. 2004).

The standard deviation of the 5-min average of NN intervals (SADNN) 

estimates changes in heart rate of cycles over 5 mins, and the SDNN index 

(SDNNIDX) estimates standard deviation of variability in cycles under 5 mins 

in length. One study found reasonable correlation between 2*lnSDANN and 

ultra low frequency power (ULF) which reflects circadian variation if 

additional spectral analysis was not being performed (Bilge et al. 1999). An 

alternate statistical time domain method of calculation can be derived from 

the difference between NN intervals. These tend to reflect short-term, 

vagally mediated changes in HRV and are most sensitive to poor scanning 

technique. The root mean square of successive NN intervals (RMSSD) and 

the percentage of differences between NN intervals greater than 50ms 
(pNN50) are most commonly used (Stein 2002).

To bypass difficulties encountered with ectopic beats, researchers at St 

George’s Hospital in London established geometric time domain methods 
that converted NN intervals into simple geometric patterns such as 
histograms (Farrell et al. 1991). The HRV triangular index measures the 
integral density of distribution by dividing the total number of NN intervals by 

the number of NN intervals in the modal frequency, meaning the group of 

beats with the highest peak in the histogram (Stein 2002). These require 

longer recordings and are inappropriate for assessing short term HRV 

(ESC/NASPE 1998). All time domain measurements are summarised in 
Table 1.14.

Techniques such as fast Fourier transformations can be used to convert NN 

time intervals into frequencies for spectral analysis. Traditionally, these are 

performed on short recordings under controlled conditions. This is useful for 

assessing the influence of parasympathetic and sympathetic tone on HRV. 

High frequency (HF) power (0.15-0.40Hz) reflects ventilatory impact on NN 

intervals, which is parasympathetically mediated. Conversely, low frequency 

(LF) power (0.04-0.15Hz) is modulated by baroreceptors that are both
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parasympathetically and sympathetically activated (Kleiger, Stein & Bigger 

Jr 2005). In an attempt to quantify the complexity of NN intervals, which are 

not estimated by time and frequency domain methods, non-linear measures 

were developed. They have not been found to be as useful clinically, but 

include power law slope, detrended fractal scaling exponent and The 

Poincare Plot (Kleiger, Stein & Bigger Jr 2005).

Table 1.14- Summary of time domain measures of heart rate variability.

Variable Units Descriptor Frequency domain 
correlate

STATISTICAL MEASURES
Derived from direct measurements of NN intervals
SDNN ms Standard deviation of all NN intervals Total power

SADNN ms Standard deviation of the averages of NN 
intervals in all 5 min segments of recording

ULF

SDNNIDX ms Mean of standard deviations of all NN Mean of 5 min total
intervals for all 5 min segments of recording power

Derived from differences between NN intervals
RMSSD ms Square root of the mean of successive NN 

intervals
HF

pNNSO % Percentage of differences between NN 
intervals >50ms

HF

GEOMETRICAL MEASURES
Derived from converting NN intervals Into a geometric pattern
Triangular Total number of NN intervals divided by the Total power
index number of beats in the modal frequency
Adapted from Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology. 
Heart rate variability. Standards of Measurement, physiological interpretation and clinical use. Circulation 1996;93:1043-1065.

1.7.3 Relationship with cardiovascular disease
Reduced HRV has been associated with a number of diseases. The earliest 

studies first linked impaired heart rate variability with diabetic autonomic 

neuropathy (Ewing et al. 1985), and subsequently showed that both 

metabolic syndrome and impaired fasting glucose tolerance may also 

attenuate HRV response (Singh et al. 2000, Stein et al. 2007). In patients 

with hypertension, with and without evidence of left ventricular dysfunction, 

abnormal HRV has been identified (Singh et al. 1998, Mandawat et al. 1993). 

Even in patients with new onset hypertension LF was reduced, indicating that



dysregulation of the autonomic system may aid in the pathogenesis of 

hypertension (Singh et al. 1998).

The majority of clinical research in HRV has been centred on patients after 

myocardial infarction. Depressed HRV in this setting, particularly a reduction 

of SDNN, has been found (Casolo et al. 1992, Malliani 1982). This has been 

thought to reflect a decrease in vagal activity and an abnormal increase in 

sympathetic afferent fibre stimulation (Casolo et al. 1992, Malliani 1982). 

Sympathetic activation is also hypothesised as the aetiology for attenuated 

HRV responses in patients with heart failure (Malliani et al. 1991). Elevated 

resting heart rates and levels of catecholamines further demonstrate this 

abnormal activation (Casolo et al. 1989). However, higher values of HRV are 

not universally superior, as short-term measures of HRV such as pNN50 can 

be influenced by disorganised sinoatrial variation (Stein et al. 2005).

The first study to demonstrate a prognostic value for HRV was the Multi- 
Center Post-Infarction Program (MPIP) in 1987, which found that reduced 

SDNN (<50ms) was an independent risk factor for mortality. A triangular 
index <15 was also associated with reduced survival up to three years follow 

up (Kleiger et al. 1987). GISSI 2 subsequently suggested a cut off point for 
RMSSD <17.5ms for post-myocardial infarction patients at higher risk of 

mortality (Zuanetti et al. 1996). These predictive values are summarised in 
Table 1.15. A recent meta-analysis of 3489 post-myocardial infarction 

patients concluded that studies were consistent in reporting the strongly 

positive relationship between SDNN and mortality, although did not establish 

a cut-off value for increased risk (Buccelletti et al. 2009).

Whilst the concordance of the data is undisputed, the question of why HRV is 

a predictor of sudden arrhythmic death, and death from non-arrhythmic 

cardiac events, such as myocardial infarction (Ml), heart failure and 

atherosclerosis progression, has been debated (Huikuri et al. 1999). Several 

theories have been postulated. Enhanced sympathetic activity post Ml 

decreases the fibrillation threshold increasing the risk of life-threatening 

arrhythmias (Acharya et al. 2006). Elevated heart rate secondary to
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unopposed sympathetic tone has been shown to have an effect on blood flow 

dynamics on the vessel wall, accelerating atherosclerosis (Beere, Glagov & 

Zarins 1984) . Finally, neurohormonal activation reflected by reduced HRV 

may influence left ventricular remodelling and, as a consequence, 

accelerating left ventricular dysfunction (Huikuri et al. 1999).

Table 1.15- Summary of normal and predictive values for time domain 
variables.
Variable Units Normal 

values 
(mean ± 

SD)

Values 
predictive of 

adverse 
outcome

Study Population

SDNN ms 141 ±39 <50 (Kleiger et al. Post myocardial
1987) infarction

SDANN ms 127 ±35 <55 (Binder et al. Cardiac
1992) transplant

SDNNIDX ms 54 ± 15 <30 (Takase et al. CHF
1992)

RMSSD ms 27 ± 12 <17.5 (Zuanetti et al. Post myocardial
1996) infarction

pNNSO % 9 ± 7

Triangular 37 ± 15 <15 (Kleiger et al. Post myocardial
index 1987) infarction

Normal values derived from Bigger Jr, JT; Fleiss, JL; Steinman, RC; Rolnitzky, LM; Schneider, WJ; Stein PK. RR variability in 
healthy, middle-age persons compared with patients with chronic coronary heart disease or recent acute myocardial infarction. 
Circulation 1995;91:1936-1943. (Bigger Jr et al. 1995)

In a real world, clinical setting the first application of HRV has been in risk 

stratification post Ml. Ideally this should be measured one-week post event, 
with a 24-hour recording (ESC/NASPE 1998). The second use is in 

assessment of diabetic neuropathy, where it has been shown to detect 
subclinical autonomic dysfunction, allowing early management to be 

commenced (Pagani et al. 1988).

1.7.4 Observational and interventional studies assessing lifestyle and 

other determinants of heart rate variability

1.7.4.1 Lifestyle changes
Given the predictive value for mortality of HRV, the next logical step was to 

undertake research on the effect of interventions on HRV. Stein and 

colleagues hypothesised that the rapid reduction in cardiovascular risk after 

smoking cessation implied involvement of mechanisms other than



atherosclerosis. They tested the effect of smoking cessation on 54 adults and 

found that after eight weeks HRV significantly increased though did not 

normalize (Stein, Rottman & Kleiger 1996).

Exercise and weight loss have also been shown to increase HRV, although 

these studies have not been of long enough duration or large enough size to 

examine cardiovascular risk (Hull Jr et al. 1994, Stein et al. 2012). A 

population-based cohort study of 5,415 adults examined the relationship 

between fish and u>-3 fatty acid consumption and HRV over a 10.8-year 

period. This showed that increasing fish intake was associated with 

improved SDNN, RMSSD and HF, and that, when stratified by these values, 

those in the highest tertile had the lowest risk of cardiac death (Mozaffarian 

et al. 2008). To date, most HRV prognostic information has been derived 

from baseline measurements in observational studies. There is a need for 
intervention studies of preventative strategies to determine if HRV can be 

improved, by what magnitude, and whether this affects clinical events (Nolan 
et al. 2008).

1.7.4.2 Polyphenol dietary studies
There is some observational data to suggest that increased F&V 
consumption is associated with improved HRV indices. One study of 35 

patients found that a vegetarian diet improves HF measurements, compared 

to a carnivorous diet (Fu et al. 2006). In the Twins Heart Study, a 
Mediterranean diet improved SDNN, SDNNIDX, RMSSD and pNN50, even 

after adjusting for known cardiovascular risk factors (Dai et al. 2010). A third 

observational trial found that intake of leafy green vegetables was positively 

associated with improved HF power, whilst other F&Vs showed only a trend 

towards a significant association (Park et al. 2009). There have been no 

F&V intervention studies assessing heart rate variability to date. One cocoa 

intervention trial has been conducted, examining the effects of daily cacao 

liquor on hypercholesterolaemic rabbits. This found that, whilst standard diet 

rabbits demonstrated an age-related decline in LF and HF power over 5 

months, cacao fed rabbits did not (Akita et al. 2008).
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1.8 GENERAL SUMMARY
!n summary, this literature search has examined several markers of 

cardiovascular risk and their methods of assessment, including traditional 

risk factors, such as hypertension and hyperlipidaemia, novel markers of 

inflammation, such as hsCRP and PAI-1, endothelial dysfunction specifically 

impaired endothelium-dependent vasodilatation, platelet function, and HRV. 

The effect of polyphenols in general, and those derived from F&V, berries 

and cocoa has been described within the context of each of these risk factors 

and CVD in general. Observational and intervention evidence to date 

indicates that polyphenol-rich foods, in particular berries and dark chocolate, 

have the potential to influence CVD risk.
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1.9 STUDY RATIONALE AND HYPOTHESIS
This Belfast-based research group has recently demonstrated a dose 

response relationship between F&V consumption and microvascular health in 

an eight-week F&V intervention in hypertensive patients (McCall et al. 2009). 

Each additional portion of F&V led to a 5-6% improvement in endothelium- 

dependent FBF responses. This links an achievable dietary modification with 

an improvement in vascular function of prognostic significance. Interestingly, 

when changes in individual classes of F&V intake were calculated, berries, 

which are known to be particularly polyphenol-rich fruits (Cassidy et al. 

2013), were most associated with improvement in microvascular function 

(Woodside 2009). This study also demonstrated that an eight-week 

intervention period is sufficient to affect change in measures of vascular 

function and micronutrient status (McCall et al. 2009).

To date there are no RCTs assessing the effect of whole food polyphenol- 
rich dietary interventions on free-living patients with hypertension. Therefore, 
it was proposed that increasing overall polyphenol dietary intake, through 

berries and dark chocolate consumption in addition to general F&V intake, 
will further improve microvascular function and will also have a beneficial 
effect on platelet function and HRV in those with hypertension. At present 

there is little evidence regarding the optimal daily dosage of dark chocolate 

for cardiovascular health. Previous cocoa intervention studies have used a 

wide range of doses of between 6.3g (Taubert et al. 2007) to 100g (Grassi 

et al. 2012) with most administering around 50g per day (Farouque et al. 

2006). A 50g portion of dark chocolate was chosen for this study to strike a 

balance between an amount that might reasonably be expected to effect a 

change in microvascular function, the additional calorie load, and what 

participants might consider palatable.

Participants with hypertension were chosen, in part because they represent a 

common cardiovascular risk cohort who would be able to modify their diet as 

part of a clinical trial without difficulty, unlike diabetic patients who have more 

rigid dietary requirements. As illustrated by Table 1.8 there are several 
studies linking hypertension with reduced response to endothelium



dependent vasodilators. In addition, given the recent ESC recommendation 

to increase F&V intake as part of hypertension management, it has become 

a relevant subject for a RCT (ESC 2013). The secondary endpoints of lipids, 

inflammatory markers, platelet function and HRV were chosen because there 

was previous evidence to suggest that polyphenols may have an effect on 

these indices, that warranted further investigation.

Ideally a factorial design comparing low polyphenol, high F&V (FAVRIT 

study) and high polyphenol (six portions F&V including berries and cocoa) 

would be used. However, this could not be achieved within funding and time 

restraints. The majority of previous polyphenol studies have used single food 

interventions. However, to encourage a synergistic effect between 

polyphenols a broad spectrum of fruit, vegetables, berries and cocoa was 

used. To avoid excessive confounding variables, and to account for 

differences in personal preferences, other polyphenol-rich foods such as tea 

and wine, were kept constant.

For the purposes of this thesis the null hypothesis states that there is no 
effect of a polyphenol-rich diet on microvascular function or other markers of 
cardiovascular risk.
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2.1 INTRODUCTION
Dysfunction of the endothelium is thought to be an early indicator of a pro- 

atherogenic state and, therefore, a potential risk factor for CVD. This has 

been previously discussed in section 1.5. The hallmark of a damaged 

endothelium is decreased production of nitric oxide and subsequent impaired 

meditation of vasodilatation. This can be assessed by non-invasive 

mechanical methods, which produce reactive hyperaemia and measure flow- 

mediated dilatation, or ischaemia-induced hyperaemic flow of the forearm 

(McCall et al. 2011). Alternatively, invasive pharmacological methods exist 

using intra-arterial vasodilators to provoke endothelium dependent and 

independent vasodilation and venous occlusion plethysmography to measure 
FBF (Wilkinson, Webb 2001).

Following evidence of the impact of lifestyle changes on CVD and risk 
factors, there has been an increase in the number of dietary intervention 
trials using vascular function as an endpoint. The majority of these have used 

flow-mediated dilation or biomarkers of endothelial dysfunction, and only a 

minority performed the gold standard measurement of FBF either by 
pharmacological or mechanical methods. To date, there are no systematic 

reviews on the impact of diet on this measure of vascular function, and there 
has been discord between individual trials as to the level of effect. The aim 

of this systematic review was to examine and estimate the potential effect, if 

any, of dietary intervention trials on endothelium-dependent vasodilation.

2.2 METHODS
Data sources and searches

The systematic review is presented in accordance with PRISMA (Preferred 

Reporting Items for Systematic Reviews and Meta-Analyses) guidelines 

(Moher et al. 2009). A search was conducted of Pubmed 

(http://www.nlm.nih.qov/pubmed) and EMBASE (http://www.embase.com) for 

clinical trials published at any time period. The following search terms were 

used: diet AND endothelium dependent vasodilation OR FBF OR strain
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gauge plethysmography. Reference lists of published studies were also 

checked.

Selection of trials

Abstracts and then potential full-text articles were obtained and 

independently assessed by three reviewers as to their suitability for inclusion. 

Due to the small number of available trials in this field, non-randomised, well- 

designed studies were included as well as randomised controlled trials with 

either parallel or crossover design. Studies had to be conducted on adults 

>18 years, and use whole foods, not supplements, that were consumed for 
>2 weeks. Data on FBF response to either intra-arterial vasodilator infusions 

or reactive hyperaemia had to be available from either the report or the 

authors.

Data extraction and quality assessment

The following data were extracted for each study; authors, location of trial, 
publication year, age, gender and baseline characteristics of participants, 

numbers enrolled and completed, numbers in active and control groups, the 
active and control intervention regimen, study duration and design. To 
assess study quality the Jadad score was calculated (Jadad et al. 1996). 

Trials scored one point for randomisation and a further point for an 

appropriate method of randomisation, one point for double blinding, with a 

further point if this was performed appropriately, and one point for a 

description of withdrawals for a maximum total of five. Double blinding is not 

possible in most whole food dietary interventions, and, therefore, a score of 

three was still considered a high quality trial in this setting, and no trial was 

excluded due to a low score. The studies were grouped according to type of 

dietary intervention for analysis. Two broad groups were found: weight loss 

regimens and polyphenol-rich Mediterranean diets.

Data analysis

Data regarding the effect of each diet on FBF were obtained, and the unit of 
measure utilised was recorded. As different summary measures were used 

between studies, these were converted to the standardised mean difference

QQ



Chapter 2

for comparison of FBF changes with diet. A meta-analysis of weight loss 

studies was conducted using the Cochrane Review Manager version 5 

(Cochrane Library Software, Oxford, England). One crossover trial was 

incorporated as a paired analysis. Cochrans Q test was performed to assess 

the heterogeneity of treatment effects between studies. The magnitude of 
heterogeneity was measured by the I2 statistic, to assess the proportion of 

study variation due to heterogeneity.

2.3 RESULTS
Results of literature search

The literature search initially yielded 366 citations (221 from EMBASE and 

145 from Pubmed) and three from the references of published articles, with 

17 duplicates immediately being removed. Preliminary screening of titles 

removed a further 285 citations that were not relevant to this systematic 

review. Abstracts were obtained for 67 titles, which allowed another 18 
studies to be eliminated, as they did not meet the inclusion criteria. In total, 
49 full text articles were collected. Of these, nine were excluded because 

vascular function was measured by FMD rather than FBF, 15 because they 

used intravenous administration of drugs or supplements rather than diet, 
and 13 because the duration of intervention was less than two weeks. 

Twelve trials were included in the final review; six used a low calorie, weight 
loss diet and six utilized a polyphenol rich or Mediterranean diet. These diets 

were considered separately for qualitative analysis. A summary of the 

literature search is presented in Figure 2.1.
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Articles excluded 
-Not FBF=9 
-Supplements=15 
-Duration=13

Records excluded 
because did not meet 

criteria 
(n=18)

Records excluded 
because not relevant 

(n=285)

Full text articles assessed for 
eligibility 
(n=49)

Abstracts screened 
(n=67)

Records after duplicates removed 
(n=352)

Studies included in qualitative 
synthesis 

(n=12)

Additional records identified 
through other sources 

(n=3)

Records identified through 
EMBASE= 221 and 

PUBMED=145. 
(n=366)

Figure 2.1 Summary of literature search and selection

Effect of weight loss on FBF

The primary characteristics of the six weight loss studies are shown in Table 
2.1. A total of 115 patients were enrolled in, and completed, the active arm 

of these trials, with a mean age range between 24.0 and 49.7 years, and 
mean baseline BMI between 22.8 and 34.3 kg/m2, from a range of European 

countries (Italy n=28, Czech Republic n=40, Germany n=10) in addition to 

Japan (n=11), USA (n=15) and Australia (n=11). As demonstrated by the BMI 

ranges, in all but one trial, the patients were recruited because they were 

obese, although the definition of obesity ranged between a BMI of >27 to >30 
kg/m2. Two trials recruited exclusively male patients (Watts, Herrman & 

Riches 2000, Hesse et al. 2005) and one recruited solely female patients 

(Haspicova et al. 2011). Participants were healthy except in one trial, which
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recruited hypertensive individuals (Sasaki et al. 2002). Jadad scores were 

generally low as only two studies were randomised (Watts, Herrman & 

Riches 2000, Hesse et al. 2005).

The methods of weight loss intervention were diverse. Two studies used a 

very low calorie protocol (800kcal/day) although they differed in how this was 

achieved. The first study used a low fat (10%), low protein (30%) diet 

administered as either liquid cocktails of chocolate, raspberry nougat or 

vegetable soups (600kcal/day) and vegetables (200kcal/day) for four weeks 

(Haspicova et al. 2011). In addition, subjects were instructed to maintain 

their usual physical habits and remained at home with nutritionist- 

administered telephone consultations. This resulted in a 7.0% reduction from 

initial body weight (IBW). The second study took place over two weeks 

during which time the subjects were inpatients in hospital and not allowed to 

exercise (Sasaki et al. 2002). An 800kcal/day diet was in the form of solid 
food, with a 15% fat and 50% protein content and resulted in a 4.3% 
reduction from IBW.

A low calorie intake diet (between 1200-1800kcal/day) was used for the 

remaining four studies. Fat content varied between 15-30%, and the duration 
of intervention was between 2-16 weeks. One study encouraged an extra 30 

minutes of walking three times a week (Sciaqua et al. 2003), two did not 
describe any change in physical activity (Watts, Herrman & Riches 2000, 

Pierce et al. 2008) , and the final trial compared the effect of complete bed 

rest versus ambulatory conditions in normoenergetic and hypoenergetic diets 

(Hesse et al. 2005). For purposes of analysis this study was considered as 

two separate studies in parallel. This study found greatest weight reduction 

(3.5% IBW) in those undertaking the bedrest, hypoenergetic (1800kcal/day) 

phase. Weight loss in the other three studies ranged from 4.3% to 10.5%. 

Watts and colleagues compared a low calorie diet plus placebo with a low 

calorie diet plus the serotonergic agonist dexfenfluramine and, for the 

purposes of this analysis, only the effects of the hypocaloric diet alone were 

examined (Watts, Herrman & Riches 2000).
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Four studies showed a positive effect of weight loss on FBF (Sciaqua et al. 

2003, Pierce et al. 2008, Hesse et al. 2005, Sasaki et al. 2002). These 

included both low and very low calories dietary regimes for varying durations 

(2-16 weeks). Vascular function was assessed using vasodilator provocation 

of endothelium dependent vasodilation. In the crossover trial by Hesse et al, 

only those in the ambulatory, hypoenergetic arm demonstrated an 

improvement in vascular function. Maximal FBF response to Ach improved 

from 15.5±4.8 to 17.0±8.0ml/100ml/min, p=0.044. Those in the bedrest, 

hypoenergetic intervention experienced a reduction in FBF (17.7±6.3 to 

15.5±9.5 ml/100ml/min) although no level of significance was quoted (Hesse 

et al. 2005). Two other studies did not show a significant improvement, 
including the largest by Haspicova (maximum post ischaemic FBF 31.1 ±9.7 

to 24.0±6.7ml/100ml/min, p=0.05) (Haspicova et al. 2011). A significant 

improvement was demonstrated in response to a glucose load. However, 
these results were not considered for the purposes of this review.

Meta-analysis of weight loss studies

The above studies summarised results with a variety of measures including 
maximum absolute flow rates, dose response curves of FBF response to 
increasing concentrations of Ach and area under curve. Due to the lack of 
control groups in the majority of studies, or lack of published results in those 

with a control group, the maximum FBF response at baseline and 

intervention in the active group only was examined. A random effects model 

meta-analysis was performed to analyse these continuous variables using 

standardised mean difference. In some studies only standard error of the 

mean was displayed and this was, therefore, converted to standard deviation 

for calculations. In one trial it was unclear which statistic was displayed, and, 

therefore, the study authors were contacted to confirm (Haspicova et al. 

2011).

The initial forest plot that was generated is displayed below (Figure 2.2). 
There was evidence of considerable heterogeneity, shown by an I2 value of 

88% which was considered substantial due to the Tau2 value>1 (1.01) and 

statistically significant x2 (p<0.00001) (Higgins, Green 2008). The study by
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Haspicova contributed by far the most to heterogeneity and when removed 
from analysis the I2 decreased to 73%, Tauz 0.45 and x2to 18.33 (p=0.003). 

No other single study impacted on measures of heterogeneity. The forest 

plot, excluding Haspicova, is displayed in Figure 2.3.

Study or Subgroup
Baseline 

Mean SD Total
Intervention 

Mean 5D Total Weight
Std. Mean Difference

IV, Random, 95% Cl
Std. Mean Difference
IV. Random, 95% Cl

Haspicova 24 9.7 40 31.1 9.7 40 15.7% -0.72 [-1.18, -0.27)
Hesse AH 17 B 10 15.5 4.8 10 13.8% 0.22 [-0.66, 1.10)
Hesse BH 15.5 9.5 10 17 6.3 10 13.8% -0.18 [-1.06, 0.70]
Pierce 21.1 4.6 15 16.8 5.4 15 14.5% 0.83 [0.08, 1.58] ——
Sasaki 15 4 11 9 3 11 13.2% 1.63 [0.64. 2.62]
Sciaqua 12.9 3.4 28 7.4 2.8 28 15.1% 1.74[1.12, 2.36] —
Wans 21.8 9.1 11 17.2 10.4 11 14.0% 0.45 [-0.40, 1.30]

Total (95% Cl) 125 125 100.0% 0.55 [-0.25, 1.36]
Heterogeneity: Tau2 = 1.01: Chi2 = 50.42, df = 6 (P < 0.00001); I2 = 88% —14-------3--- ]i—1—
Test for overall effect: Z = 1.35 (P = 0.18) Favours control Favours weight loss

Figure 2.2- Forest plot including all weight loss studies.
Baseline Intervention Std. Mean Difference

Study or Subgroup Mean SD Total Mean 5D Total Weight IV, Random, 95% Cl
Haspicova 24 9.7 40 31.1 9.7 40 0.0% -0.72 (-1.18, -0.27]
Hesse AH 17 8 10 15.5 4.8 10 16.1% 0.22 [-0.66, 1.10]
Hesse BH 15.5 9.5 10 17 6.3 10 16.1% -0.18 [-1.06, 0.70]
Pierce 21.1 4 6 15 16.8 5.4 15 17.5% 0.83 [0.08, 1.58]
Sasaki 15 4 11 9 3 11 14.9% 1.63 [0.64. 2.62]
Sciaqua 12.9 3.4 28 7.4 2.8 28 19.0% 1.74 [1.12, 2.36]
Watts 21.8 9.1 11 17.2 10.4 11 16.4% 0.45 [-0.40, 1.30]

Total (95% Cl) 85 85 100.0% 0.80 [0.16, 1.44]
Heterogeneity: Tau2 = 0.45: Chi2 = 18.33, df= 5 (P = 0.003); I2 = 73%
Test for overall effect: Z = 2.46 (P = 0.01)

Std. Mean Difference 
IV. Random, 95% Cl

-+-
-4 -2 6 2 4
Favours control Favours weight loss

Figure 2.3- Forest plot excluding study by Haspicova and colleagues.

Both forest plots demonstrate an overall effect estimate that favours weight 
loss diet. The effects are described as improvement in standard deviations. 

Using as a reference the standard deviation in one of the study populations 

this was transformed into a units statement (Sciaqua et al. 2003). The first 

(included all studies) estimates a non-significant effect at increase of FBF of 

1.87ml/100ml/min (p=0.18). The second forest plot demonstrates a 

significant effect in favour of weight loss studies, and against control with an 

increase of FBF of 2.72ml/100ml/min (p=0.01). These results are difficult to 

contextualize due to the high heterogeneity.
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Effect of polyphenol-rich or Mediterranean diet on FBF 

The primary characteristics of six trials containing either polyphenol-rich 

foods or a Mediterranean diet are detailed in Table 2.2. A total of 155 

patients from Europe (Northern Ireland n=40, England n=18, Sweden n=22), 

Japan (n=10) and Australia (n=19), were enrolled in and completed an active 

intervention arm. Only one trial did not have both male and female recruits 

(Oyama et al. 2010), and mean age ranged from 35 to 82 years. Participants 

included in individual studies included elderly nursing home residents with 

cardiovascular risk factors (de Berrzaueta et al. 2009), hypertensives (McCall 

et al. 2009), those with established CAD (Farouque et al. 2006) and smokers 

(Oyama et al. 2010). Only two trials recruited healthy individuals (Singh et al. 

2002, Ambring et al. 2004). A RCT design was not utilised by one study: 

Berrrazueta and colleagues used a non-randomised parallel design (de 

Berrzaueta et al. 2009). Three studies were double blinded as they 
administered green tea or cocoa (Oyama et al. 2010, Farouque et al. 2006), 
or additional vitamin C supplements (Singh et al. 2002) therefore scoring 
higher on the Jadad scale than the previous weight loss studies. Singh and 

colleagues compared the effect of a Mediterranean diet with additional 
vitamin C supplements, against a Mediterranean diet and placebo (Singh et 
al. 2002). For purposes of this review only the effect of the placebo arm was 

examined.

Several different dietary intervention methodologies were used. Two of the 

Mediterranean diets increased the participant F&V, oily fish, fibre and olive oil 

intake (Ambring et al. 2004, Singh et al. 2002), whereas McCall and 

colleagues allocated participants to groups consuming one, three or six 

portions of F&V/day (McCall et al. 2009). The remaining studies added one 

food type each including dark chocolate (Farouque et al. 2006), green tea 

(Oyama et al. 2010) and mackerel, to provide polyphenol rich and 

Mediterranean-style diets (de Berrzaueta et al. 2009). The study duration 

varied from four to 12 weeks, and one study also examined vascular function 

acutely at two hours post intervention (Oyama et al. 2010).

on



Chapter 2

The results of these studies were conflicting regarding their effect on FBF. 

Four trials showed a positive effect on FBF post intervention, although this 

was expressed by different methods including percentage change in flow 

rate, absolute maximum flow rates and maximum infused and non-infused 

arm ratio (Oyama et al. 2010, Singh et al. 2002, de Berrzaueta et al. 2009, 

McCall et al. 2009). There was no significant effect shown in the 

Mediterranean diet study by Ambring and colleagues, which was a similar 

intervention though shorter in duration than the larger Singh study that did 

demonstrate an improvement (Ambring et al. 2004, Singh et al. 2002). The 

second study that was non-significant was by Faroque and colleagues, 

involving dark chocolate flavanols. This study lasted for six weeks and was 

the only trial involving only patients with established CAD (Farouque et al. 
2006).

No meta-analysis was performed of these studies. A meta-analysis could 
have been possible by converting the different summary units used into 
standardised mean difference. However, whilst all are considered under the 

umbrella of a polyphenol-rich or Mediterranean diet, there was such 
heterogeneity between dietary interventions in individual studies it was 
considered that this would have rendered combining the data through meta
analysis difficult to interpret.
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2.4 DISCUSSION
Overall findings from review

This meta-analysis of six studies supports a beneficial effect of weight loss 

on FBF. Weight loss diets resulted in a increase FBF of 2.72ml/100ml/min 

(p=0.01). These results are difficult to contextualize due to the high 

heterogeneity. Given that an improvement in FBF has been shown by 

Perticone and colleagues to reduce risk of cardiovascular events, this 

demonstrates for the first time that a weight loss regimen could improve 

results in a vascular function test of known prognostic value (Perticone et al. 

2001). To date this is the first time studies examining the effect of weight 

loss on endothelium dependent vasodilation have been combined for meta

analysis. Quantitative synthesis was not performed for the six studies of 

polyphenol-rich/ Mediterranean-style diets due to the large diversity in dietary 

methods. Qualitative examination of these studies found that the majority 
(four out of six) demonstrated an improvement in FBF.

Weight loss studies

The meta-analysis of weight loss studies indicated a decrease in FBF 

response to vasodilators and RH. This conclusion reached statistical 
significance when a study by Haspicova and colleagues was removed 

(Flaspicova et al. 2011). A degree of heterogeneity is likely to arise in any 

meta-analysis, for example, due to differences in doses, duration of study 

and quality (Higgins et al. 2003). All of these factors are present in this 
current meta-analysis. Even with the removal of a single study, the I2 in this 

review remained high at 73%, although with the small number of studies the 
I2 test had very low power to detect such heterogeneity with certainty. A 

study by loannidis and colleagues found considerable variation in acceptable 

levels of heterogeneity, with an analysis of 22 published forest plots showing 
a median /2of 71% (loannidis, Patsopoulos & Evangelou 2007).

The study by Haspicova, although the largest, was one of two studies that 

did not find an improvement with weight loss (Haspicova et al. 2011, Watts, 

Herrman & Riches 2000) . There are several possible reasons for these
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conflicting results on examination of the Haspicova study methodology. 

Firstly this was the only study to include solely female patients. It has been 

long established that men and women have different body fat compositions 

(Durnin, Womersley 1974). There is also some evidence that equivalent 

amounts of weight loss may benefit men more than women (Wing, Jeffery 

1995). This may have influenced the degree to which vascular function was 

affected by weight loss in this study, as body fat distribution appears to 

correlate more strongly than lean body mass with both impaired endothelial 

function (Arcaro et al. 1999) and mortality (Allison et al. 1999). Participants in 

this study also had the highest mean BMI of all trials in the meta-analysis, 

and, therefore, may have required proportionally greater weight loss to 
achieve a comparable improvement in vascular function. The primary 

endpoint in the trial by Haspicova was an improvement in responses to 

glucose loading, rather than fasting FBF. Given that almost all patients had 

impaired responses at baseline this may indicate a degree of early glucose 
intolerance or metabolic syndrome, in which case perhaps a four-week 
duration of intervention was insufficient.

Both studies that did not find an improvement with weight loss measured 
endothelium-dependent vasodilatation provoked by reactive hyperaemia 
rather than intra-arterial vasodilators (Haspicova et al. 2011, Watts, Herrman 

& Riches 2000). Little research has been performed assessing the 

correlation between reactive hyperaemia and pharmacological methods for 
provoking FBF, and it is possible that they may elicit differing results. A 

comparison of the two techniques by Irace and colleagues found satisfactory 

correlation (r=0.739) (Irace et al. 2001). However, ultrasound measurement 

of brachial artery flow is highly operator dependent, and at best may be 

measured with an accuracy of 20-30% (Wilkinson, Webb 2001).

As discussed in the results section there was considerable variation in the 

type and duration of diets, providing a significant source of heterogeneity. 

There was also a discrepancy in method of administration of diet, with some 

participants free-living and others in-hospital (Hesse et al. 2005, Sasaki et al. 

2002) or with daily diets provided (Haspicova et al. 2011). Although all
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weight loss studies were hypocaloric they differed in their composition and 

calorie intake. A recent study by Sacks and colleagues examined the effect 

of four diets of different compositions of fat, carbohydrate and protein in 811 

obese patients and found no significant difference in weight loss (Sacks et al. 

2009). However, there is evidence that very low calorie diets can be harmful, 

particularly by increasing risk of cardiac arrhythmias due to prolongation of 

QT(c) intervals (Poirier et al. 2006).

It is generally agreed that obesity is a risk factor for CVD, and an 

accompanying decrease in production of NO may explain associated 

impairment of endothelial function (Lee 2001). No grouped analysis of 

vascular function by any measure and weight loss studies has been 

performed, and results of individual studies are conflicting, with Keough and 

colleagues concluding that weight loss without additional exercise was not 
sufficient to effect an improvement on endothelial function measured by FMD 
(Keough et al. 2008).

Overall it would appear that low, rather than very low, calorie diets produce 
an improvement in vascular function whilst being safer, practical and more 

sustainable for free-living individuals. The study by Hesse and colleagues, 
which compared low calorie diets in those that were ambulatory and those 

confined to bed for two weeks also demonstrates the beneficial role of 

moderate exercise as part of a weight loss regimen (Hesse et al. 2005).

Polyphenol-rich and Mediterranean-style studies

Comparison of polyphenol-rich, Mediterranean-style diets by systematic 

review revealed that the majority showed a beneficial effect on endothelium- 

dependent vasodilatation. As this is the first time these studies have been 

grouped little is established about the level of effect of diets in this context. 

Previous studies have been performed using alternate methods of 

assessment of endothelial dysfunction. Hooper and colleagues examined 

FMD and polyphenol dietary interventions and found that this was 

significantly increased in a meta-analysis of six cocoa trials (Hooper et al. 

2008). The significant differences between dietary interventions make it
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difficult to determine definitive conclusions about overall effect. Within this 

cohort there was a considerable greater variety of summary measures used, 

which made comparison of effect difficult. Perticone and colleagues 

advocate expressing results as a % change from baseline, as this is more 

accurate and lends itself to comparison between individuals better than 

absolute flow rates (Perticone et al. 2001). There is also debate regarding 

inclusion of non-infused arm data, to mitigate against the effect of external 

stimulus on sympathetic tone, which is discussed in greater detail in Section 

1.5.3.2 and Chapter 4 (Webb 1995, Benjamin et al. 1995).

An examination of polyphenol-rich diets that did not meet the criteria for this 

study was conducted in section 1.5.4.2. Due to the extreme differences in 

the nature of the dietary intervention and their duration it was difficult to draw 

any firm conclusions, which is why rigid inclusion and exclusion criteria were 
constructed for this review. From this work, and the current cohort of dietary 

intervention studies, it would appear that single food interventions are less 
likely to have a beneficial effect (Farouque et al. 2006), perhaps due to an 

insufficient change in circulating flavonoid levels, or poorer compliance by 
participants. Diets shorter than two weeks were excluded, mainly to avoid 
studies of only one meal duration. In the polyphenol/ Mediterranean group, 
studies ranging from two weeks (Oyama et al. 2010) to 12 weeks (de 

Berrzaueta et al. 2009) demonstrated a significant improvement in FBF 

responses. The mean duration of positive studies was seven weeks, 

providing some guidance as to the length of time required to demonstrate an 

improvement in future studies. This study by McCall and colleagues was one 

of few studies that included a power calculation in their methodology, and 

this indicates that approximately 50 participants would be required per group 

to detect a difference at the 5% significance level on two-tailed testing of 

between group changes of microvascular function with 90% power (McCall et 

al. 2009).
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Limitations- study level

A number of difficulties arise when artificially grouping small numbers of 

studies together. Due to the paucity of clinical research in this area, studies 

with low Jadad scores were accepted for analysis (Jadad et al. 1996). Due 

to the difficulty of double blinding in whole food interventions, a Jadad score 

of five is not achievable. However, the lack of control group within the study 

design or published control group hindered interpretation of results. Ideally 

results for baseline and intervention in both control and active groups would 

be compared. However, this was not possible for either set of studies. 

Therefore, to improve the strength of comparisons between studies and in 

light of the improbability of double-blinding, future studies should at least be 

of a randomised controlled design.

Baseline characteristics varied between these studies. In the weight loss 

studies most participants were obese but disease free, except for one trial 
that included hypertensive patients (Sasaki et al. 2002). In the polyphenol 
studies, the presence of CVD risk factors did not appear to attenuate the 

level of effect of diet. FBF measures derived from different study populations 
should be compared with caution. Baseline BP can influence results and will 

not be homogenous between participants of significantly different age and 
health (Benjamin et al. 1995). The single study that examined patients with 

established CVD did not demonstrate an improvement in resistance vessel 

function, and it is possible that secondary prevention interventions require a 
longer duration to evoke significant change (Farouque et al. 2006).

Strengths and limitations- review level

This review contains a small number of studies, most of which consisted of 

small participant numbers. No unpublished, non-English or conference 

studies were included which may have led to a degree of publication bias, 

although this was not assessed. It is, however, the first review of its kind to 

attempt to quantify, qualify and group the effect of specific dietary 
interventions on endothelium-dependent vasodilatation. Strict study criteria 

were used to aid selection of trials that were more applicable to the general 

population, by excluding supplement studies or those of very short duration.
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Future work

As discussed future studies should be randomised, controlled design and of 

sufficient size at least several weeks duration would help to confirm these 

findings. To further explore potential confounders in the above studies it 

would be useful to compare the effects of diet in those with established 

disease and cardiovascular risk factors, as opposed to healthy individuals. 

Gender differences, specifically in response to weight loss diets could also 

be examined to determine if any differences in level of change in vascular 

function exist and whether this relates to body fat composition or baseline 

cardiovascular risk factors. Given that there appears to be some evidence 

that exercise and weight loss is superior to weight loss alone from a single 

study (Hesse et al. 2005) it would be useful to investigate the additive effect 

of specific dietary interventions combined with physical activity on these 

vascular endpoints.

2.5 CONCLUSIONS
This is the first systematic review and meta-analysis to examine the effect of 
dietary intervention trials on endothelium-dependent vasodilation. A positive 

effect of weight loss on FBF was reported in four out of six studies. A meta

analysis of these studies indicated a significant mean improvement in FBF of 
2.72ml/100ml/min (p=0.01) in relation to weight loss in the region of 1.9- 

14.0% IBW. These results are difficult to contextualize due to the high 

heterogeneity. Four out of six studies examining polyphenol/ Mediterranean 
diet interventions also found a positive effect on FBF but a meta-analysis of 

these studies was not possible. Overall, this systematic review provides 
evidence that dietary change can have a positive effect on endothelium 

dependent vasodilation. However, a limited number of studies were 

identified and further research is required to elucidate and quantify the 

magnitude of the effect of individual dietary components or whole diets on 

this endpoint. Future studies should employ a robust design, be appropriately 

powered and researchers should strive to standardise methodology for 

expression of results.
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3.1 STUDY DESIGN

3.1.1 Overview of study design
The PolyPhenol Intervention Trial (PPhIT) was a 

randomised controlled dietary intervention trial 

designed to examine the effects of a polyphenol- 

rich diet on markers of cardiovascular health in 

subjects with hypertension. The study commenced with a four week run-in 

phase for all participants, during which they were asked to consume two 

portions or less of fruit and vegetables, excluding berries and dark chocolate. 

At the end of this period, subjects were randomised to continue with the low 
polyphenol diet for a further eight weeks, or to consume a high polyphenol 

diet of six portions F&V (including one portion of berries per day) and 50g of 
dark chocolate. No restriction was placed on the other five portions of F&V 

per day to allow for flexibility in terms of individual tastes to aid compliance. 
Study measurements were taken at participant visits at week 0, 4 and 12, 
with ongoing dietary assessment throughout. An overview of the study 
design is shown in Figure 3.1.

Ethical approval was received from The Office for Research Ethics 

Committees Northern Ireland (Ref: 10/NIR03/39) and the study protocol was 
registered on ClinicalTrials.gov (ID: NCT01319786). Belfast Health and 

Social Care Trust and Queen’s University Belfast jointly sponsored the study. 

A local supermarket delivered polyphenol-rich foods to the homes of 

participants in the high polyphenol dietary arm. All subjects received a £120 

payment plus travel expenses on completion of the study.
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Figure 3.1- Summary of PPhIT study design.

3.1.2 Power calculation
The power calculation was based on data collected as part of the Fruit and 

Vegetable Randomised Intervention Trial (FAVRIT) (McCall et al. 2009) . 

The primary endpoint of endothelium-dependent vasodilatation is an 

established index of microvascular health during short-term intervention 

studies. Analysis was based on between group comparisons of change; data 

from FAVRIT were used to estimate that the standard deviation of 

percentage change in maximum response to Ach was approximately 50%. 

To detect a 33% difference (the difference that was detected in FAVRIT)
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between groups in this change in this variable as statistically significant with 

90% power using a 2-tailed test at the 5% significance level would have 

required approximately 50 participants per group. Therefore the aim was to 

recruit 110 participants with mild hypertension, to allow 100 participants to 

complete the study.

3.1.3 Study population
Subjects aged 40-65 years were eligible for recruitment with documented 

grade I (140-159/90-99mmHg) or grade II (160-179/100-109mmHg) 

hypertension (Williams et al. 2004).

3.1.3.1. Exclusion criteria
To ensure a representative cohort was recruited exclusion criteria were kept 
to a minimum. Reasons for exclusion are listed below.

1. Diabetes mellitus: due to the inclusion of dark chocolate in the study’s 

dietary protocol it was felt that could potentially affect glycaemic control.
2. An acute coronary syndrome or transient ischaemic attack within the 

past 3 months: these individuals are likely to be prescribed new 

medications at fluctuating doses, and lifestyle measures.
3. Special dietary requirements, food sensitivities or vegetarian/vegan diet 

by choice: those with a significantly restricted diet who may have 
difficulty complying with the low polyphenol diet were excluded.

4. Oral anticoagulation therapy, due to the increased risk of excessive 

haematoma during brachial artery cannulation.
5. Body mass index greater than 35kg/m2 and clinically impalpable 

brachial artery: location and puncture of the brachial artery is more 

difficult in obese patients. However, if the artery was clinically palpable 

inclusion was still considered.

6. Excessive alcohol consumption (defined as >28 units/week in men and 

21 units/week in women): due to possible difficulty complying with both 

the dietary alteration and assessment participants with heavy alcohol 

consumption were excluded.
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7. Fasting triglyceride concentration >4mmol/l: due to the need for 

pharmacological intervention to prevent pancreatitis.

8. Pregnancy/ lactation: this may result in physiological haemodynamic 

changes that could confound an intervention-related effect.

9. Taking antioxidant supplements: this could affect micronutrient status.

3.1.4 Recruitment
Subjects were recruited from hypertension and hyperlipidaemia clinics in the 

Belfast Health and Social Care Trust (BHSCT). In conjunction with the 

Northern Ireland Primary Care Research Network, six GP practice databases 

were screened and letters of invitation sent to eligible patients. 

Advertisements were placed in public places, BHSCT and Queen’s 

University Belfast intranet and in local newspapers (Appendix 16).

3.1.5 Screening for eligibility
Potential participants were given a copy of the Participant Information Sheet 
(Appendix 7) and invited to attend for a screening visit after a minimum of 72 

hours to independently read the study information. The study design was 
explained in more detail and brachial BP was measured after at least 5 

minutes rest using an Omron M5-1 automatic BP monitor (Omron 

Healthcare, Hoofdorp, The Netherlands) from the dominant arm. Three 

consecutive measurements were recorded and a summary BP was 
calculated from the 2nd and 3rd readings. Participants were included if their 

BP was in the range stated in the inclusion criteria and did not fulfill the 

exclusion criteria. Participants screened who were found to be hypertensive 

and did not meet the study criteria had a letter sent to their General 

Practitioner and were advised to attend their practice nurse for further BP 

monitoring,
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3.1.6 Study duration

3.1.6.1 Washout phase
Any dietary intervention effect will be dependent on each participant’s prior 

nutritional status (Violi et al. 2004). The washout phase was aimed to 

standardise baseline polyphenol consumption to facilitate the interpretation of 

any subsequent intervention-related changes. It is doubtful that any washout 

period could correct for lifelong dietary habits. However, there is evidence 

from previous dietary trials that a few weeks may be sufficient to deplete 

circulating water-soluble nutrients such as vitamin C (Blanchard et al. 1990) 

and even certain lipid soluble carotenoids such as lutein, [3-cryptoxanthin, 

and a-carotene (Wallace et al. 2013).

After obtaining written informed consent (Appendix 8), all participants were 

asked to adhere to a ‘low polyphenol diet’ for four weeks, consisting 0-2 
portions of F&V per day and to avoid berries and dark chocolate. All other 

polyphenol-rich foods such as red wine or tea were kept at a constant 
throughout the study. A member of the research team (CR) provided verbal 

and written instructions on what constituted a portion and how to maintain 

this diet.

3.1.6.2 Intervention phase
An effect of F&V on micronutrient status and vascular function has been 

shown in the FAVRIT study (McCall et al. 2009). The proposed duration of 

the intervention period (eight weeks, based on McCall et al. 2009) was, 

therefore, sufficiently long to ensure that subjects will reach a steady state 

with regard to polyphenol and micronutrient status, was long enough to show 

a change in the measures of vascular and platelet function proposed and 

was also realistic from a manpower and compliance perspective.

Using the methods described above, participants were randomised to either 

continue the washout diet for a further eight weeks or consume a ‘high 

polyphenol’ diet consisting of six portions of F&V (including one portion of
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berries) and a 50g portion of dark chocolate per day. A portion was as 

defined by the Food Standards Agency, i.e. an 80g serving (one apple, 

orange or banana, 150ml fruit juice or 3 heaped tablespoons of vegetables). 

All participants were provided with written dietary advice specific to their 

allocated F&V group, which detailed portion sizes of common F&V items.

Those in the high polyphenol group were provided with a self-selected study 

diet on a weekly basis, organised by a member of the research team (CR) 

via a major retailer. Participants were advised to maintain their usual level of 

physical activity and keep other lifestyle factors including body weight, 

unchanged throughout the intervention. Over the course of the intervention, 

participants were asked to make a note of any recent infections or illness, 

and any newly prescribed medications and to minimise other changes to 

health and lifestyle behaviours. Participants were also asked not to 
commence any dietary supplements or vitamin supplements during the 12- 
week study period.

3.1.7 Randomisation
Eligible participants were block randomised using a random-number 
generator (www.randomization.com, block size n=6). Each participant was 

given an anonymised study number that was used throughout the case 
report form in order to ensure anonymity and confidentiality. The participant 

was not informed of their allocated F&V group until their baseline 

assessment appointment at week 4. The researcher and staff performing 

FBF samples and laboratory and heart monitor analysis were blinded to diet 
allocation.

To ensure that baseline polyphenol intake did not vary significantly between 

groups, participants were stratified into high or low polyphenol consumers on 

commencing the study. Each participant’s daily polyphenol intake was 

estimated using data from the FFQ completed at screening (Appendix 9). 
This was then compared with mean daily polyphenol consumption levels for 

healthy individuals determined using data collected from food frequency 

questionnaires in FAVRIT (McCall et al. 2009).

4 nc



Chapter 3

3.1.8 Optimising compliance with dietary intervention

Over the 12-week study, a number of strategies were used to optimize 

participant compliance with the dietary intervention. All participants received 

verbal and written advice on what constituted a portion. Those in the high 

polyphenol group also received booklets containing recipe ideas, cooking 

methods to preserve polyphenols and suggestions on incorporating the study 

diet into habitual consumption. By delivering the preferred fruit, vegetables 

and dark chocolate to those in the high polyphenol group this eliminated 

issues of cost and access.

3.2 STUDY ENDPOINTS
Several endpoints were considered in this study. These were classified a 
priori as either primary or secondary:

Primary

• Between group change in maximum FBF response to the endothelium- 

dependent vasodilator, Ach.

Secondary

• Between group change in self reported polyphenol-rich food intake.

• Between group change in biochemical markers of nutritional status.

• Between group change in biochemical markers of cardiovascular risk 

such as lipids, HsCRP and PAI-1.

• Between group change in platelet function.

• Between group change in heart rate variability.

3.3 DATA COLLECTION
An overview of the study assessments for the PPhIT study time-point is given 

in Table 3.1. All participants attended the Cardiology Research Facility in 

the Royal Victoria Hospital, Belfast for study measurements on three 

separate occasions: at week 0, 4 and 12. Each visit took between 114- 3h 

and took place between 7am to 11am. Participants were instructed to fast 

from the evening before.
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Table 3.1- PPhIT study assessments.

Assessments Week 0 Week 4 Week 12

Blood pressure

Anthropometric measurements S
Questionnaires y s s
Blood sample s s y
Urine samples s s y
Forearm blood flow by venous

occlusion plethysmography s y
Heart monitor (optional) •/ y

3.3.1. Anthropometric measurements
Standing height was measured to the nearest 0.1cm using a wall-mounted 

stadiometer. Body weight was measured using a calibrated digital weighing 
scale (Tanita HS-301, Tanita, Yiewsley, UK) to the nearest 0.1kg. Waist 

circumference was measured using a flexible tape and recorded to the 
nearest 0.1cm at the midpoint between the rib cage and the iliac crest. Hip 
circumference was measured to the nearest 0.1cm using a flexible tape at 

the widest point around the buttocks.

3.3.2 Measurement of blood pressure
After at least five minutes seated rest in a quiet room the brachial BP was 
measured using an oscillometric technique. An Omron M5-I automatic BP 

monitor (Omron Healthcare, Hoofddorp, The Netherlands) was used to 

collect readings from the dominant arm. Three consecutive measurements 

were recorded, 5 minutes apart, and a summary BP calculated from the 2nd 
and 3rd readings.
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3.3.3 Dietary and compliance assessment
Participants’ habitual dietary consumption was measured at the screening 

visit using a modified FFQ (Appendix 9) developed for the European 

Prospective Investigation of Cancer (EPIC) multi-centre cohort study (Kroke 

et al. 1999). The original FFQ consisted of 130 foods- in order to use the 

questionnaire as a ‘polyphenol screening’ tool within PPhIT, nine items were 

added.

As further measures of dietary assessment, four-day food diaries were 

completed by participants on four occasions during the study; week 0, 4, 8 

and 12. Compliance was monitored using a combination of these food 

diaries, two unannounced 24-hour recalls, daily F&V records and 

biochemical assessment of nutritional status (section 3.6.1). Each 

participant was also contacted by telephone at weekly intervals to provide 
encouragement, reinforce dietary advice, monitor body weight and to 
determine if there were individual difficulties with study compliance.

3.3.4. Collection of Demographic and Lifestyle Characteristics 

3.3.4.1 Recent Physical Activity Questionnaire
Participant’s physical activity levels were recorded at each study visit to 

ensure habitual activity levels were not altered for the duration of the study. A 

validated ‘Recent Physical Activity Questionnaire’ (RPAQ) (Appendix 11) 
designed by the Medical Research Council (MRC Epidemiology Unit, 

Cambridge, UK) was used to measure physical activity. The questionnaire 

assesses physical activity within the preceding four weeks based on three 

primary areas; activity at home, work and recreation. The RPAQ has been 

shown to be a valid instrument for calculating total energy expenditure, 

physical activity energy expenditure and physical activity in healthy adults 

(Besson et al. 2010).
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3.3.4.2 Lifestyle and Medical Questionnaire
A ‘Lifestyle and Medical Questionnaire’ (Appendix 10) was distributed at 

week 0 to collect important data on the baseline characteristics, including 

lifestyle behaviours and socio-demographic details of study participants in 

PPhIT. The questionnaire assessed a number of aspects including: gender, 

height, weight, hip and waist circumference, BP, vitamin and mineral 

supplement usage, special dietary requirements, smoking and alcohol habits, 

history of education, current occupation, current medication, history of steroid 

use, and for females, history of HRT and details of menstrual cycle. This 

questionnaire has been used in various intervention studies conducted within 

the Centre for Public Health.

3.3.4.3 Change in Lifestyle Questionnaire
In order to ensure other aspects of participants’ lifestyles were not modified 
during the study, a ‘Change in Lifestyle Questionnaire’ (Appendix 12) was 

completed at weeks 4 and 12. The questionnaire focused on changes in 

medication use, smoking and alcohol patterns, physical activity and 
infections/illnesses.

3.3.5 Dietary Intake Analysis

3.3.5.1 Fruit and Vegetable Intake
F&V portions consumed by each participant at the three time points during 

the intervention (week 0, 4 and 12) were hand counted from the four-day 

food diaries. Portions were counted over the four-day period of the food diary 

and divided by four to give a daily FV portion count at each time point.

3.3.5.2 Nutrient intake
Completed four-day food diaries were analysed for nutrient intake using an 

extensive food data analysis program (WISP, Weighed Intake Software 

Program; Tinuviel Software, Warrington, U.K.). Each food diary was entered 

into the program as one record with four daily periods. Nutrient intake results 

were expressed as the mean of the four daily periods for each record.
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3.3.6 Blood sampling
A fasting blood sample was obtained from each participant, using standard 

phlebotomy procedures, at weeks 0, 4 and 12. Where possible, five 6ml 

serum samples (for the determination of blood lipids and carotenoids) and 

four 4ml plasma (EDTA) samples (for the determination of vitamin C, hsCRP 

and PAI-1) were collected at each study visit. Blood samples were 

processed within two hours of collection. Samples were centrifuged at 3000 

rpm for 15 minutes at 4°C and separated appropriately for the proposed 

assays and stored in aliquots at -80°C until analysis. The time of sampling 

was recorded for each case.

3.3.7 Urine sampling
Participants were given two 2 litre urine pots, cool bags and ice packs to 

enable them to collect and store ‘evening meal to midnight’ and ‘midnight to 

morning’ urine samples. From each pot six 2ml aliquots were stored for 
analysis of polyphenols and metabolomics profiling (not reported in this 
thesis). At each study visit participants were also asked to provide a spot 

urine sample for analysis of urinary 11-dehydrothomboxane B2.

3.4 ASSESSMENT OF ARTERIAL HEALTH
Volunteers attended for assessments of arterial health pre- and post
intervention. A dedicated Cardiology Research facility in the Royal Victoria 

Hospital, Belfast was used for testing. The temperature of this room was 

maintained at a constant 22-24°C. All testing was performed by a single 

investigator (RN) who remained blind to intervention phase dietary 

allocations throughout the collection and analyses of results.

On each occasion, participants attended between 7am-11am, having fasted 

for at least 12 hours. They were also asked to refrain from caffeine, alcohol 

and nicotine-containing products over the same period. Those prescribed 

long-acting nitrate preparations were advised to delay taking them until after 
the assessment.
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3.4.1 Forearm blood flow studies
Venous occlusion plethysmography was used to determine FBF during intra

arterial infusions of Ach and sodium nitroprusside, endothelium-dependent 

and -independent vasodilators, respectively. The principles and practice of 
‘endothelial function’ testing by quantifying local NO production are 

discussed in Section 1.5.

During blood flow estimation by venous occlusion plethysmography, limb 

volume changes are recorded during brief periods of isolated arterial inflow 

(Whitney 1953). Hokanson and colleagues developed a Wheatstone bridge- 

based electronic plethysmograph in which calibrated limb strain gauges act 
as the resistance component (Hokanson, Sumner & Strandess Jr 1975) . 

This system has been widely applied in determining FBF responses to intra- 

brachial infusions of various vasoactive agents (Wilkinson, Webb 2001). 

According to standard protocols, plethysmographic measurements are made 
in both the infused and non-infused limbs, thus accounting for confounding 
by unexpected systemic or environmental stimuli (Deanfield et al. 2005).

Figure 3.2- Measurement of forearm blood flow by venous occlusion 
plethysmography.
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Each FBF study was conducted according to the following standard

operating procedure:

1. The patient was allowed to sit up at an approximate 45° angle.

2. Pillows were used to support the outstretched arms. Both limbs were 

positioned above the right atrium thus ensuring rapid venous 

drainage.

3. Flokanson rapid deflate SC12D venous occlusion cuffs (PMS

Instruments, Maidenhead, UK) were placed around each upper arm. 

These were connected to a Flokanson E20 Rapid Cuff Inflator, which 

was in turn supplied by a Ftokanson AG-101 Air Source (both supplied 

by PMS Instruments, Maidenhead, UK).

4. Flokanson rapid deflate SC10D arterial occlusion cuffs (PMS

Instruments, Maidenhead, UK) were placed around each wrist. These 

were connected to an independent air source for manual inflation.

5. Flokanson mercury-in-silastic strain gauges (PMS Instruments,
Maidenhead, UK) were applied to the forearm at its widest point. A 
strain gauge approximately 2cms larger than maximum forearm girth 

was chosen in each case.
6. To complete the Wheatstone bridge, strain gauges from each limb 

were attached to two Flokanson EC6 Plethysmographs (PMS 
Instruments, Maidenhead, UK).

7. The E20 Rapid Cuff Inflator and EC6 Plethysmographs were attached 
via junction box connectors to a desktop personal computer on which 

Flokanson NIVP3 Dual Channel software (Version 5.40, PMS 

Instruments, Maidenhead, UK) had been installed. This software 

controls the E20 Rapid Cuff Inflator and generates real-time calibrated 

graphical inflow curves from online plethysmographic recordings.

8. Standardised venous occlusion pressure and timing protocols were 

employed for each test. The E20 Rapid Cuff Inflator and NIVP3 

software were set to ensure that during each isolated arterial inflow 

period the upper arm cuffs applied 40mmFlg of pressure for 7s. 

Readings were made in sets of 5 with a pre-programmed 15s interval 

between upper arm cuff inflations. The wrist cuffs were manually
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inflated to a suprasystolic pressure (200mmHg) for 1 minute before 

commencing sets of venous occlusion readings.

9. To ensure good quality plethysmographic inflow curves, a trial set of 

readings were viewed at this stage and necessary adjustments made.

10. A 27G needle (Cooper’s Needle Works, Birmingham, UK) was 

inserted into the non-dominant brachial artery under sterile conditions 

and local anaesthesia (1-2mls of 1% lignocaine). The needle was 

connected via three intravenous 80cm extension sets (Intraveno 

extension set, Intraveno Healthcare, Dublin) to two 3-way taps (BD- 

Connecta, Becton-Dickinson, Oxford, UK). This allowed for a syringe 

with 5ml of Heparin sodium 10 I.U./ml to be attached to the second 3- 

way tap for additional flushing, if required, without interrupting the 

circuit. Upon needle insertion and confirmation of sustained arterial 

‘flashback’ the 3-way taps were opened to a continuous 0.9% saline 
infusion delivered at 1ml/min by a syringe pump (IVAC P2000, 

Welmed Ltd, Hants, UK) via an IV-80 extension line (Intraveno 
Healthcare, Bangor, Northern Ireland).

11. The saline infusion was continued for 30 minutes after needle 

insertion, an interval adjudged sufficient to allow stabilisation of FBF 
and a set of baseline inflow readings was made.

12. Responses to intra-arterial Ach and sodium nitroprusside were then 

assessed in an order determined by a random numbers table. 

Vasoactive agents were also delivered via the 3-way tap by an 

identical syringe pump.
13. Three concentrations of each vasodilator were chosen according to 

previously published findings from this unit (McAllister et al. 1999). 

Ach chloride was reconstituted in 3% mannitol to give a 2mg/ml stock 

solution (Miochol-E, Novartis, Manchester, UK), which was then 

further diluted in 0.9% saline. Final infusion concentrations were 

50nmol/ml, 100nmol/ml and 200nmol/ml (equivalent to 7.5pg/ml, 

15pg/ml and 30ug/ml respectively). Sodium nitroprusside was 

supplied as a 50mg powder for reconstitution (David Bull Laboratories, 

Warwick, UK). Serial dilutions were made in 5% glucose to arrive at 

the following final infusion concentrations: 5nmol/ml, 10nmol/ml,
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20nmol/ml (equivalent to 1.3^g/ml, 2.6fig/ml, 5.2^g/ml respectively). 

Prior to infusion these solutions were protected from photo

degradation by foil sheeting. All solutions were made-up from stock on 

the morning of infusion

14. Each solution was infused for 5 minutes at a rate of 1ml/min. Arterial 

inflow readings were made during the final 2 minutes of this period. To 

allow adequate washout, saline was infused for at least 15 minutes 

between Ach and sodium nitroprusside. This period was prolonged as 

necessary to ensure blood flow had returned to baseline rates. At 

each change of drug concentration the needle was aspirated to 

ensure that no extravasation occurred.

15. Upon completion of all infusions, the arterial needle was removed and 

digital pressure applied for approximately 5 minutes. The puncture site 

was inspected for local haematoma and strong wrist pulsations 
confirmed. Specific enquiry was made about sensory or motor 

disturbances in the hand.
16. Mean inflow curve gradients for each concentration of both infusions 

were calculated using the NIVP3 software. This was performed for 
infused and control arms to yield flow rates in ml/100ml forearm 

volume (i.e. % change). Each patient’s responses were summarised 
by curves of % increase in infusedmon-infused ratio against 
vasodilator dose. A more in depth description of how results were 

calculated and analysed is found in Section 4.4.2.
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Green and red lines (with blue overlay) represent infused and non:infused arms respectively. 
Inflow curves during A-saline, B-acetylcholine 200nmol/min and C- sodium nitroprusside 
20nmol/min are shown.

Figure 3.3- Bilateral plethysmographic recordings from one subject as 
displayed by the NIVP3 software (Version 5.40).
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3.5 ASSESSMENT OF HEART RATE VARIABILITY
Two 24-hour ambulatory EGG recordings (Spacelabs Healthcare [Del Mar 

Reynolds], Hertford, UK) were obtained in each patient (week 4 and week 

12). The recordings were analysed using commercially available software 

(HRV Analysis version 8.701, Spacelabs Healthcare [Del Mar Reynolds], 

Hertford, UK) and the processing was undertaken without knowledge of the 

dietary intervention. The analysis included the indices below (Kleiger, Stein 

& Bigger Jr 2005, ESC/NASPE 1998).

Time Domain:

1. SDNN: standard deviation of all NN intervals in the 24-hr recording

2. RMSSD: the square root of the mean of the sum of the squares of 

the differences between adjacent NN intervals
3. pNN50: total number of pairs of adjacent NN intervals differing by 

>50ms, both positive and negative, expressed as a percentage of all 

intervals in that period
4. Mean RR interval: average NN interval in that period
5. SDANN: standard deviation of the averages of NN intervals in all 5 

min segments of recording. This measure can also be used to 
calculate ULF (2*lnSDANN).

6. SDNN Index: Mean of standard deviations of all NN intervals for all 5 

min segments of recording

7. Triangular Index (St George’s Index): total number of all NN 

intervals divided by the height of the histogram of all NN intervals 

measured on a discrete scale with bins of 1/128s

Participants were instructed to maintain similar levels of activity on both 

recordings. As returning ambulatory EGG monitors required additional trips 

to the Royal Victoria Hospital this was an optional test. Patients who 

experienced arrhythmias during recording were recontacted by the 

researcher (RN) and appropriate follow-up organised.
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3.6 LABORATORY PROCEDURES AND ANALYSIS

3.6.1 Markers of nutritional status and dietary compliance

3.6.1.1 Lipid soluble nutrients- carotenoids
Serum concentrations of six carotenoids (a-carotene, p-carotene, p- 

cryptoxanthin, lutein, lycopene, zeaxanthin) were measured by reverse 

phase high performance liquid chromatography (HPLC) as described by 

Craft (Craft 1992). A Finnigan Spectra automated HPLC system was used 

with a UV6000LP diode array detector (both from Thermo Fisher Scientific, 

Massachusetts, USA). The mobile phase (97% methanol, 3% 

tetrahydrofuran), which was filtered and degassed using an inline degasser, 

was pumped at 1ml/min across a Vydac 201 TP Ci8 reverse phase column (5 

(4.6 x 250 mm); Grace Vydac, California, USA). Results were analysed 

using Chromquest 4.2 software (Thermo Fisher Scientific, Massachusetts, 

USA). Standards were supplied by either Sigma (Sigma-Aldrich, Dorset, UK) 
or Chemos (Regensburg, Germany), and the assay was standardised 

against the National Institute of Standards and Technology (Gaithersburg, 
US) Standard Reference Material for lipid soluble antioxidants. Quality 

control samples were run daily, and intra- and inter-assay CVs for 
measurement of carotenoids were <15%.

3.6.1.2 Water soluble nutrients- vitamin C
Vitamin C (Ascorbic Acid) was measured on a BMG FLUOstar Optima plate 

reader according to a Standard Operating Procedure, which was developed 

by the Nutritional Biomarker Analysis Laboratory, MRC Human Nutrition 

Research Unit for analysis of the National Diet and Nutrition Survey (2012), 

and adapted from the method by Vuilleumier & Keck (Vuilleumier, Keck 

1989). Ascorbic acid was preserved in plasma (100pl) samples with a 5% 

metaphosphoric acid solution, which was stored at 4°C and prepared fresh 

every fortnight. Preserved samples can be stored at -70°C for over one year.
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A 2mol/L acetate buffer (pH 6.2) was prepared by adjusting a solution of 

sodium acetate (Sigma) with acetic acid (BDH) using a pH meter (pH 210 

Microprocessor, Hannah Instruments). A stock solution of ascorbate oxidase 

(1000 units, Sigma) was reconstituted with 3mls of this 2mol/L acetate buffer 

and stored at -TOC until required (maximum storage duration at -70°C 6 

weeks). The oxidising reagent was prepared by diluting 250pl of ascorbate 

oxidase stock solution with 24,750 pi of the 2mol/L acetate buffer pH 6.2 

before use.

The coupling reagent was prepared with 20mg of 1,2-Phenylenediamine 

dissolved in 20ml of deionised water. This was made up fresh for each run 

and protected from light. A range of standards was used containing 0, 20, 
40, 60, 80pmol/L ascorbic acid diluted with 5% metaphosphoric acid. Frozen 

preserved plasma samples were thawed and centrifuged. 50pl of standard 

and 100pl of clear sample supernatant was transferred into a black flat 

bottom 96 well plate (Greiner 655076). The 96 well plate and reagents are 
placed into the plate reader and the program for measuring vitamin C 
initiated.

The vitamin C assay is validated, at least annually, against the National 
Institute of Standards and Technology (NIST) Standard Reference Material 

970 for ascorbic acid in serum. The vitamin C assay is externally quality 

assured three times a year using samples supplied by the French Society for 

Vitamins and Biofactors. Quality control samples are also included in every 

run. Quality control samples are also included in every run. Intra- and inter

assay CVs for measurement of ascorbic acid were <10% and 5% 

respectively.

3.6.2 Markers of polyphenol intake

3.6.2.1 Epicatechin
Urine collected from the volunteers between evening meal and midnight at 

each study visit was analysed for epicatechin content. All chemicals,
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reagents and standards were purchased from Sigma-Aldrich (Dorset, UK). 

"lOOpI of each urine sample underwent enzymatic hydrolysis by adding -100 

units of sulfatase and -4000 units of R-glucuronidase (both from Helix 
pomatia, type H-1) suspended in 0.1mol/L acetate buffer and incubating (45 

mins; 37 °C). After a 3h freeze @ -80 °C (minimum), samples were freeze 

dried overnight for ~19h on a Thermo Savant ModulyoD-230 (Thermo 

Scientific, West Sussex, UK). They were reconstituted with 380pl methanol 

(MeOH) and spiked with 100ng/ml of fisetin for use as internal standard, 

vortexed for 1 min and centrifuged (16,000x g; 20 min). The supernatant 

was injected directly onto the HPLC.

Quality control (QC), standards and samples spiked for recovery underwent 

appropriate sample preparation as described above. QC urine samples were 

collected from seven anonymous volunteers between their evening meal and 
midnight and these samples were pooled to provide a high epicatechin 

sample for use as QC throughout the experiments. Intra-assay and 
interassay CVs were 16.3% and 21.5% respectively. A low epicatechin 

sample was collected from one anonymous volunteer who fasted for 18h 
prior to sample collection. This low sample was used as the matrix into 
which the epicatechin was spiked in order to produce a calibration curve 

ranging from 0 - 1000ng/ml. For each batch a fresh calibration curve was 

prepared and ran at the beginning and end of each run. Limit of 
quantification for the assay was 11.1ng/ml. Two samples per batch were 

randomly selected and spiked with 200ng/ml of epicatechin to assess 

recovery. Recovery was 85.6 ± 14.54%.

5pl injections were performed on an Agilent Technologies 1100 series HPLC 

(Agilent Technologies, Stockport, UK) directly linked to a Waters Micromass 

Quattro Ultima Platinum API triple quadrupole mass spectrometer (Waters, 

Dublin, Ireland). The HPLC was a binary system, with a 100 well auto 

sampler held at room temperature (21 °C). Chromatographic peaks were 
identified using a Synergi Max-RP C12 (150x2mmx4pm) column, with guard 

column (4x2.0mm) (Phenomenex, Cheshire, UK) attached. The mass 

spectrometer was fitted with an electrospray ion source, which was operated
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in negative ion mode. Optimal MS operating parameters were as follows; 

capillary voltage 2.75kV; source temperature 120°C; cone gas flow rate 

64L/hr; desolvation gas flow rate 506L/hr; desolvation temperature 350 °C. 

Mobile phase consisted of 95% acetonitrile, 5% water and 0.1% formic acid 

in channel A and 95% water, 5% acetonitrile and 0.1% formic acid in channel 

B at a flow rate of 0.2 ml/min. Run time for each sample was 38.2 min. The 

HPLC system was scheduled to hold 95% channel B for 1 min, ramping to 

5% channel B over a period of 8 mins. This 5% channel B was held for 7 

min, followed by an increase in gradient back to 95% channel B over 2 min, 

which was held for 20.2 min to equilibrate the system, prior to the next 

injection.

Data were standardised for urinary creatinine concentrations. Creatinine was 

measured by a colorimetric method using a commercially available kit 
(Randox Laboratories Ltd, Crumlin, UK) modified for the llab 600 
(Instrumentation Laboratory, Warrington, UK). The mean CV for the 

between-batch urine controls was 1.8%. Results are presented as nmol 

epicatechin per mg creatinine per litre (nmol/mg creatinine/L). Data are 
presented for a subset of patients (n=45 in Chapter 4 and n=39 in Chapter 5) 

due to time constraints.

3.6.3 Markers of cardiovascular risk

3.6.3.1 Lipids

Fasting serum lipid profiles (total cholesterol, high density lipoprotein (HDL) 

and triglycerides) were assessed using standard enzymatic colorimetric 

assays (Roche diagnostics Ltd, West Sussex, UK) on an automated Roche 

Cobas® 8000 Modular system biochemical analyser (Roche Diagnostics Ltd, 

West Sussex, UK). Low-density lipoprotein (LDL) cholesterol was calculated 

using a standard Friedwald formula (Friedewald, Levy & Fredrickson 1972) . 

Intra- and inter-assay CVs for measurement of total cholesterol, HDL and 

triglycerides were <5%.
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3.6.3.2 hsCRP
High sensitivity CRP levels were determined in serum using an 

immunoturbidimetric assay (Randox, Crumlin, Northern Ireland) on the ILab- 

600 biochemical analyser (Instrumentation Laboratories, Warrington, UK). 

Intra- and inter-assay CVs for measurement of hsCRP were <5%.

3.6.3.3 PAM
Plasminogen activator inhibitor-1 levels were determined in plasma using an 

enzyme-linked immunoassay (R&D Systems, Abingdon, UK) on the Triturus 

EIA Analyser (Grifols, Cambridge, UK). Intra- and inter-assay CVs for 

measurement of PAI-1 were <5% and 10% respectively.

3.6.4 Platelet function
A metabolite of thromboxane A2 was analysed to assess platelet function. 
Patients were included in the study if they were currently taking aspirin due to 

previous evidence that dietary interventions can have a concurrent and 
perhaps additive effect with anti-platelet therapy (Pearson et al. 2002). Other 

antiplatelet agents such as clopidogrel do not affect the thromboxane A2 
pathway.

3.6.4.1 Urinary 11-dehydrothomboxane B2
11-dehydrothromboxane B2were determined in urine using an enzyme-linked 

immunoassay (Corgenix, Colorado, USA) on the Triturus EIA Analyser 

(Grifols, Cambridge, UK). Intra- and inter-assay CVs for measurement of 11- 

dehydrothomboxane B2 were <10% and <15% respectively. Data was 

standardised for urinary creatinine concentrations. Creatinine was measured 

by a colorimetric method using a commercially available kit (Randox 

Laboratories Ltd, Crumlin, UK) modified for the llab 600 (Instrumentation 

Laboratory, Warrington, UK). The mean CV for the between-batch urine 

controls was 1.8%. Results were normalised for creatinine by dividing the 

11-dhTxB2 result (in pg/mL) by the creatinine result for the patient sample (in 

mg/dL) and multiplying by 100. The patient result was reported as pg 11- 

dhTxB2/mg creatinine.
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3.7 STATISTICAL CONSIDERATIONS
The principal analysis for each outcome variable was a between group 

comparison of change using independent sample t tests or chi squared test. 

Within group comparisons were performed using paired samples t tests. 

Results are expressed as mean ± standard deviation for normally distributed 

continuous variables. Skewed variables were log transformed and 

summarised as geometric mean and interquartile range (IQR) where 

appropriate. Each results section includes a description of the summary 

variables employed and statistical testing undertaken. Professor Chris 

Patterson and Dr Chris Cardwell, Medical Statisticians, Centre for Public 

Health, Queen’s University Belfast provided statistical advice. Analyses were 

performed using SPSS version 20, (SPSS. Inc, Chicago, IL).

1 OO



CHAPTER FOUR: EFFECT OF A
POLYPHENOL-RICH DIET ON
VASCULAR FUNCTION AND

MARKERS OF 
CARDIOVASCULAR RISK

1 OQ



Chapter 4

4.1 INTRODUCTION
The recently updated European Society of Cardiology Guideline for 

Hypertension 2013 describes lifestyle changes as the cornerstone for the 

prevention of hypertension (ESH/ESC 2013). A high consumption of F&V 

has been awarded as class/level of evidence 1A, based on two recent trials 

involving Mediterranean diets (Sofi et al. 2010, Estruch et al. 2013). The 

Mediterranean diet differs from a simple high F&V diet due to its fish, olive oil 

and nuts content but, nonetheless, from these studies the ESC has 

recommended a F&V intake of 300-400g/day (up to five portions) (ESH/ESC 

2013). These guidelines do not mention specific F&V or polyphenols, but do 

highlight the importance of diet in BP treatment, and, therefore, reduction in 

CVD. They are also supported by a wealth of evidence of the cardiovascular 
benefits of F&V intake from several large meta-analyses of prospective 

cohort studies (Dauchet et al. 2006, He et al. 2007) and the DASH 
intervention trial, on which US dietary guidelines are based (Appel et al. 
1997, Williams et al. 2004).

The evidence for cardiovascular benefits of polyphenol consumption is 
largely based on epidemiological studies. Several large observational 

studies, which have been discussed in Section 1.4.2, have demonstrated a 
reduction in both CVD incidence and mortality in association with increased 

polyphenol consumption (Cassidy et al. 2013, Lin et al. 2007, McCullough et 

al. 2012). The most recent of these found that anthocyanins, derived from 

berries, provided the greatest health benefits (Cassidy et al. 2013). Health 

care professionals were often over-represented in these large cohorts, 

making the results less applicable to the general population.

Due to the sample size and study duration required to adequately power an 

intervention trial examining cardiovascular hard endpoints such as mortality, 

none has been performed with polyphenol-rich diets. Therefore, the RCT 

evidence is derived from examination of traditional risk factors for CVD. 

Recent meta-analyses by Hooper and colleagues found that certain 

subclasses of flavonoids, especially those in cocoa, were associated with
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improved BP (Hooper et al. 2012, Hooper et al. 2008). A separate meta

analysis found an improvement in cholesterol levels with cocoa consumption, 

but this was not detected by Hooper et al (Tokede, Gaziano & Djousse 

2011) . Markers of inflammation such as hsCRP were not improved by 

polyphenols derived from cocoa or F&V in intervention studies (McCall, 

McGartland & McKinley 2011, Shrime et al. 2011) . This contradicts previous 

observational evidence (Chun et al. 2008). Abnormalities of platelet function 

have also been associated with cardiovascular risk (Eikelboom et al. 2002). 

A number of small intervention studies using polyphenols derived from fruit, 

vegetables or cocoa have been performed, with conflicting outcomes, as 

detailed in section 1.6.5.

FBF responses to endothelium dependent vasodilators have been 

independently associated with cardiovascular morbidity in hypertensive 

patients (Perticone et al. 2001). A F&V intervention by McCall and 
colleagues demonstrated a 6% improvement in this measure of vascular 

function for every portion increase (McCall et al. 2009). Post hoc analysis of 

this study revealed that berries were the class of F&V most strongly 
associated with an improvement in microvascular function, possibly due to 

their high polyphenol content (Cassidy et al. 2013, Woodside 2009). The 
systematic review in Chapter 2 examines the evidence for polyphenol-rich 

diets and this endpoint, and highlights a need for RCTs of sufficient size, 

duration and quality to be performed.

Due to a lack of appropriately robust polyphenol dietary intervention trials, 

the question of whether a therapeutic role exists for polyphenols in 

hypertensive patients, and in which form or quantity the polyphenols should 

be delivered has not been answered. Whether additional benefit can be 

achieved from polyphenol interventions in those already treated with 

antihypertensives or cholesterol-lowering drugs also demands consideration. 

To be relevant to the general population and potentially sustainable in the 

long-term such a study must be undertaken amongst free-living volunteers, 

with a palatable, whole-food diet.
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To address these issues an eight-week polyphenol dietary intervention trial 

amongst free-living, hypertensive volunteers was designed. Vascular 

function was measured by FBF response to Ach. A range of biochemical 
markers of cardiovascular risk, including lipids, hsCRP and PAI-1 were also 

assessed. Platelet function was examined by measuring the thromboxane 

A2 metabolite 11-dhTXB2.

In order to conduct a dietary intervention study on free-living individuals 

several logistic challenges must be addressed. Double blinding is not 

possible during this intervention. However, measures were taken to ensure 

the investigator performing vascular functions tests (RN) remained blinded to 

dietary allocations. Another issue is how to monitor compliance. This could 

be measured through self-reported, contemporaneous dietary records or 

selected micronutrient concentrations. Previous work with the FAVRIT study 

demonstrated a significant change in plasma/ serum concentrations of 

ascorbic acid (Vitamin C), lutein, zeaxanthin and p cryptoxanthin after eight 

weeks of F&V intervention (McCall et al. 2009).

To assess dark chocolate consumption, earlier studies have used plasma 

epicatechin level, which is one of the main polyphenols found in cocoa 

(Farouque et al. 2006, Engler et al. 2004). An alternative is to collect 24h 

urine samples, which may be more robust than a single plasma level and 
provide better indication of intake by measuring total output of polyphenol 

metabolites (Spencer et al. 2008). On comparison of both methods 

epicatechin levels have been found to peak in plasma at 2h whereas in urine 

epicatechin levels peaked between 6 and 12h post consumption (Baba et al. 

2000, Roura et al. 2007). Therefore, in the PPhIT study F&V consumption 

was assessed by measuring serum vitamin C and a panel of carotenoids. 

Dark chocolate consumption was measured by an evening meal to midnight 
urinary collection for epicatechin.
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4.2 METHODOLOGY
The design and conduct of this study are described in Chapter 3. Briefly, 

hypertensive, non-diabetic participants were recruited and all initially 
participated in a four-week wash out period where daily F&V consumption 

was limited to two portions and dark chocolate was excluded. Following this, 

participants were randomised to either continue this low-polyphenol diet, or 

consume a high-polyphenol diet containing six portions of F&V, including one 

portion of berries, and 50g daily of dark chocolate for eight weeks. Fasting 

blood and urine samples were collected from participants at weeks 0, 4 and 

12 (on entry, post-wash out and post-intervention). Lipids, PAI-1, hsCRP, 

and 11-dhTXB2, ascorbic acid, carotenoids and epicatechin were measured 

using the laboratory methodology previously described. Forearm venous 

occlusion plethymography was performed to determine endothelium- 

dependent vasodilation pre- and post-intervention.

4.3 STATISTICAL ANALYSIS
All statistical analysis was performed using SPSS for Mac version 20.0 

(SPSS Inc, Chicago, IL). Normally distributed variables were summarised 

using mean ± standard deviation (SD) and skewed variables were log 

transformed and expressed as geometric mean and interquartile range (IQR) 
for parametric analysis. For normally distributed or log transformed 

variables, within group pre vs post intervention comparisons were made 

using paired sample t tests, whilst between group comparisons of baseline 

values and change were made using independent sample t tests for 

continuous variables and Chi-Square test for categorical variables. Non- 

parametric tests were performed on variables that remained skewed despite 

log transformation. A Wilcoxon Signed Rank test was used for within group 

comparison and a Mann Whitney U test was performed for between group 

comparison. Change was summarised, where appropriate, with associated 

95% confidence intervals. Multiple regression analysis was performed to 

adjust for potential confounding variables and univariate linear regression 

analysis was used to further examine relationships between variables. All 

tests were 2-tailed, and a p value of <0.05 was considered statistically 
significant.
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4.4 RESULTS

4.4.1 Summary of volunteer recruitment
The CONSORT recruitment summary is illustrated in Figure 4.1. In total, 159 

individuals attended for screening to determine their eligibility to participate in 

the study. Of these 55 (35%) did not meet the inclusion or exclusion criteria 

detailed in Chapter 3. In total 104 participants commenced the study, with 

two dropping out during the wash out period due to family or work reasons. 

At randomisation, 102 patients (51 per group) were allocated to either a high 

or low polyphenol diet. There were three dropouts during the intervention 

phase, two from the high group due to personal reasons and a change in 

antihypertensive therapy, and one from the low group due to personal illness. 

Therefore 99 participants completed the study.

Of these, six had a recorded serum hsCRP>10mg/l at one or more time 
points during the study and were excluded from further analyses in line with 
American Heart Association guidelines (Pearson et al. 2003). Of the 
remaining 93 participants, there were missing post-intervention plasma 

samples for one participant, one patient did not return a complete set of food 
diaries and post-intervention FBF studies had to be abandoned in another 
patient due to computer issues on that visit.
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WEEK 12
Completed (n=50) 

Discontinued 
intervention (n=1) 

(for personal illness)

WEEK 12
Completed n=49 

Discontinued 
intervention (n=2) 

(for antihypertensives 
changed=1, personal 

reasons=1)

Excluded (n=2) 
Family illness 

(n=1)
Work pressure 

(n=1)

Excluded
(n=55)

Randomised
(n=102)

Screened for eligibility
(n=155)

WASHOUT PHASE
Week 0-4 
(n=104)

WEEK 4
6 portions F& V/ 
day (including 

berries) & 50g dark 
chocolate 

Allocated (n=51)

WEEK 4
2 portions F&V/day 
Allocated (n=51)

Figure 4.1 CONSORT diagram summarising volunteer recruitment
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4.4.2 Baseline Characteristics
Pre-intervention (week 4) general characteristics of 93 participants who 

completed the study are summarised in Table 4.1. There were no 

statistically significant differences between groups at baseline. Forearm 

length was calculated from height (Malnutrition Advisory Group 2012) as 

previous studies had identified this as a potential confounding variable for 

FBF measurements (Chowienczyk, Cockcroft & Ritter 1994). There was no 

significant difference between groups for forearm length (p=0.303). Those in 

the low polyphenol group were more likely to be former smokers. However, 

there were fewer current smokers. Neither characteristic reached statistical 

significance on Chi-square testing (p=0.523 and 0.300).

There was no difference in use of any antihypertensive medication between 

groups (p=0.999). This was examined in more detail by comparing the 

number of antihypertensives prescribed per patient between groups. No 
significant difference was found on Chi-square test (p=0.358). There was 
also no significant difference between frequency of prescription of 

angiotensin inhibitors, angiotensin receptor blockers, p blockers, thiazide 

diuretics and calcium channel antagonists between groups.

Pre-intervention (week 4) dietary intake of F&V, berries and chocolate from 

four-day food diaries, and plasma micronutrient concentrations are 
summarised in Table 4.2. Results for dietary records and ascorbic acid were 

available for 92 patients due to one non-returned food diary and one missing 

plasma sample, from separate patients in the high polyphenol group. Results 

for urinary epicatechin as a marker of dark chocolate consumption are 

presented for a subset of 45 patients, n=26 in high polyphenol group and 

n=19 in low polyphenol group, due to time constraints. There were no 

significant differences between groups in baseline micronutrient or 

epicatechin concentrations. Self-reported F&V intake was under two portions 

on average in both high and low polyphenol groups, and mean berries and 

dark chocolate intake was zero.
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Table 4.1- General pre-intervention 
according to diet allocation.

characteristics of 93 participants

Low polyphenol High polyphenol Between group
(n=47) (n=46) comparison P-value

Age (years)' 55.6 (6.8) 54.0 (6.7) 0.235
Males (%)" 28 (59.6) 22 (47.8) 0.301
Body Mass Index (kg/m^)1 29.8 (5.0) 31.6 (6.5) 0.148
Forearm length (cm)1 25.4 (2.9) 24.7 (3.0) 0.303
Systolic blood pressure 141 7 (9.3) 140.6 (8.9) 0.589
(mmHg)1

Diastolic blood pressure 85.5 (6.9) 84.5 (7.6) 0.460
(mmHg)1
Current smoker (%)* 4(8.5) 6 (13.0) 0.523
Former smoker (%)^ 24 (51.1) 18 (39.1) 0.300
Full-time education (years)1 14.2 (3.1) 13.8 (3.0) 0.489
Anti-hypertensive therapy (“/o)^ 37 (78.7) 36 (78.3) 0.999
Lipid-lowering therapy (VoY 21 (44.7) 19 (41.3) 0.835
Aspirin therapy (%)' 8 (17.0) 6 (13.0) 0.773
Continuous variables are summarised as mean (SD). Categorical variables are summarised as n(%). 
'Difference between groups assessed using independent samples t-test. 
difference between groups assessed using Chi-square test.

Table 4.2- Dietary intake of F&V, berries, dark chocolate and micronutrient 
status of 92 participants at baseline according to diet allocation.

Low polyphenol
(n=47)

High polyphenol
(n=46)

Between group
comparison P-value

F&V intake (portions/day)1 1.38 (0.80) 1.40 (0.71) 0.902
Berries (portions/day)'i 0.00 (0.00, 0.00) 0.00 (0.00, 0.00) 0.568
Dark Chocolate (g/day)J 0.00 (0.00, 0.00) 0.00 (0.00, 0.00) 0.975
Epicatechin (nmol/mg crt/L)1§ 0.74 (0.75) 0.49 (0.59) 0.244
Vitamin C (timol/l)2 25.1 (18.3, 52.3) 28.4 (18.6, 57.5) 0.575

Lutein (pmol/l)2 0.16 (0.12, 0.20) 0.15 (0.11, 0.19) 0.513

Zeaxanthin (pmol/l)2 0.04 (0.03, 0.05) 0.04 (0.03, 0.05) 0.727

P-cryptoxanthin (pmol/l)2 0.05 (0.04, 0.08) 0.05 (0.04, 0.07) 0.720

a-carotene (pmol/l)2 0.12 (0.09, 0.16) 0.12 (0.10, 0.15) 0.799

p-carotene (pmol/l)2 0.24 (0.15, 0.36) 0.26 (0.19, 0.36) 0.436

Lycopene (nmol/l)2 0.45 (0.33, 0.69) 0.47 (0.38, 0.66) 0.593

Total carotenoids (pmol/l)2 
—rz—r-----------—r:------------------ —

1.09 (0.84, 1.47) 1.13 (0.91, 1.36) 0.644

t test. Skewed variables were logarithmically transformed and summarised as geometric mean (IQR), between 
group p value calculated using independent samples t-test.3 Data presented as median (IQR) and between group p 
value calculated using Mann-Whitney U-test. *= results for 92 patients (n=45 in high polyphenol group). 5=results for 
45 patients (n=26 in high polyphenol group). Crt= creatinine.
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Pre-intervention (week 4) biochemical and vascular characteristics are 

summarised in Table 4.3. Those in the high polyphenol group had 

significantly higher total cholesterol (p=0.02) and LDL levels (p=0.038) as 

calculated by Friedewald’s equation (Friedewald, Levy & Fredrickson 1972) . 

Between group testing did not reveal any statistically significant difference in 

markers of inflammation at baseline. There was a trend towards higher 

levels of urinary 11-dehydrothromboxane B2in the high polyphenol group but 

this did not reach statistical significance (p=0.069).

The maximum % responses to Ach and sodium nitroprusside (SNP) were 

derived firstly using the NIVP3 software (version 5.40) to establish inflow 

curve gradients for each concentration of both infusions were calculated. 
This was performed for infused and control arms to yield flow rates in 

ml/100mi forearm volume (i.e. % change) (Figure 4.2).

4.00 -r

Baseline flow in infused 
arm (green arrow) and 
non-infused arm (blue 
arrow) ml/100ml forearm 
volume.2.00 -

Time (sec)

4.00 f
Maximum flow during Ach 
in infused arm (green 
arrow) and non-infused 
arm (blue arrow) ml/100ml 
forearm volume.

2.00 -

1.00 -

Time (sec)

Figure 4.2- Examples of mean inflow curve gradients for baseline (saline) 
and maximum response (Ach) using the NIVP3 software.
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At each concentration of vasodilator and each saline stage five inflow 

readings were taken. The mean of the infused and mean of control readings 

were used to calculate an infusedmon-infused ratio at baseline and for each 

concentration. The maximum infusedmon-infused ratio, regardless of 

concentration obtained at, was used with the baseline infusedmon-infused 

ratio to calculate a % change in blood flow for each visit, using the equation 

below.

% Change in blood flow= 100 x
(Im/NLMIb/NIb)

(lb/Nlb)
v. y

UNI m=maximum infused (l):non-infused (Nl) arms ratio of blood flow, regardless of concentration, 
lb/Nlb=baseline infused (l):non-infused (Nl) arms ratio of blood flow (Pellegrini et al. 2004, Webb 1995).

To allow comparison with a previous prognostic study by Perticone and 

colleagues, results were also displayed as % change in blood flow for infused 

arms data only. Participants were then allocated tertiles according to those 
used by Perticone et al (Perticone et al. 2001). At baseline, the majority of 
patients were in the 1st and 2nd tertile.

1 QQ
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Table 4.3- Biochemical and vascular pre-intervention characteristics of 93 
participants according to diet allocation

Low polyphenol High polyphenol Between group
(n=47) (n=46) comparison

P-value

Total cholesterol (mmol/L) 5.2 (1.2) 5.8 (1.3) 0.020
HDL (mmol/L) 1.4 (0.4) 1.4 (0.4) 0.568
LDL (mmol/L) 4.2 (1.3) 4.7 (1.4) 0.038
Triglycerides (mmol/L) 1.6 (1.0, 2.32) 1.6 (1.1, 2.1) 0.796
Total cholesterol/HDL ratio 3.9 (1.3) 4.2 (1.2) 0.267
HsCRP (mg/L)' 1.6 (0.8, 3.5) 1.4 (0.8, 3.1) 0.476
PAM (ng/ml) a 7.8 (5.6, 12.6) 8.9 (5.7, 13.7) 0.275
Max response acetylcholine 
(infusedmoninfused) (%)b

123.9 (99.6) 109.1 (84.7) 0.447

Max response sodium nitroprusside 
(infusedrnoninfused) (%)b

126.3 (120.4) 107.7(70.1) 0.369

Max response acetylcholine (infused only) 241.8 (114.3)

(%)b
Perticone tertile max response to 
acetylcholine, infused only) (%)b5

204.9 (73.5) 0.069

• Group 1 (30-184%) 20 (42.6) 21 (45.7) 0.306

• Group 2 (185-333%) 17 (36.3) 21 (45.7)

• Group 3 (339-760%) 9 (19.1) 4 (8.7)

Urinary 11-dehydrothromboxane B2
(pg/mg creatinine)0

3879.2 (2035.1) 4904.8 (3184.1) 0.069

HDL- high-density lipoprotein; LDL- low-density lipoprotein, HsCRP- high sensitive C-reactive protein, PAI-1= Plasminogen activator 
inhibitor 1
Continuous variables are summarised as mean (SD). Except where data were skewed (variables marked*), geometric mean (IQ 
range). §Categorical variables compared using Chi Square test, ‘based on 92 subjects due to missing plasma blood samples for one 
participant in high polyphenol group, ‘’based on 92 subjects due to missing data for one participant in low polyphenol group, 'based 
on 91 subjects due to missing data for two participants in low polyphenol group
Urinary 11-dehydrothomboxane B2 results are corrected for urinary creatinine concentration to give a result in pg/mg creatinine

4.4.3 Changes in micronutrient status and self-reported polyphenol 
intake during intervention phase
Results for self-reported polyphenol intake and micronutrients are 

summarised in Table 4.4. Results for dietary records and ascorbic acid were 

available for 92 patients due to one non-returned food diary and one missing 

plasma sample, from separate patients in the high polyphenol group. 
Results for urinary epicatechin as a marker of dark chocolate consumption 

are presented for a subset of 45 patients (n=26 in high polyphenol group and 

n=19 in low polyphenol group). Between group change showed a significant 

increase in self-reported polyphenol intake for F&V (Figure 4.3), berries and 

dark chocolate in the high polyphenol group compared with the low
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polyphenol group (p<0.001 for all). Self-reported intake of F&V, berries and 

chocolate all significantly increased in the high polyphenol group on within 

group testing (p<0.001 for all). No significant change was recorded on 

assessment of post intervention polyphenol intake within the low polyphenol 

group.

Independent samples t-test for change in epicatechin levels showed a 

significant difference between groups due to an increase in the high 

polyphenol group (p=0.008) (Figure 4.4). On paired samples analysis there 

was no significant change in the low polyphenol group, whilst the high 

polyphenol group demonstrated a significant increase in epicatechin levels 

post-intervention (0.49±0.59nmol/mg creatinine/L at week 4 vs 1.66±1.66 

nmol/mg creatinine/L at week 12).

Between group testing showed a significant increase in ascorbic acid in the 

high polyphenol group compared with the low polyphenol diet (Figure 4.5). 
Plasma ascorbic acid levels significantly increased during the intervention in 

the high polyphenol group (28.4umol/l (18.6, 57.5) at week 4 vs 51.7umol/l 

(43.9, 68.6) at week 12, p<0.001). Whereas, ascorbic acid levels 

significantly decreased in the low polyphenol group during the intervention 

period (25.1u,mol/l (18.3, 52.5) at week 4 \/s 19.6pmol/l (11.8, 48.9) at week 

12, p=0.021). Significant increases on between group testing were also found 

in the high polyphenol group for total carotenoids (Figure 4.6) and all 

individual carotenoids except for lycopene (p=0.098), whilst a significant 

decrease was found within the low polyphenol group for a carotene 

(p=0.037).
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Figure 4.3- Mean ± 95%CI change in fruit and vegetable portions pre- and 
post- intervention.
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Figure 4.4- Mean ± 95%CI change in epicatechin.

A QV



C
ha

ng
e i

n l
og

 ca
ro

te
no

id
s

Chapter 4

polyphenol polyphenol
p<0.001 for independent samples t-test

Figure 4.5- Mean ± 95%CI change in log ascorbic acid.

Low polyphenol High polyphenol

■□□■□

Lutein
Zeaxanthin
Beta cryptoxanthin
Alpha carotene
Beta carotene
Lycopene
Total carotenoids

Figure 4.6- Mean ± 95%CI change in log carotenoids.
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4.4.4 Intervention associated changes in vascular function
Pre- and post-inten/ention values for BMI, BP and FBF for 93 participants 

who completed the intervention are summarised in Table 4.5. A between 

group comparison of change in response to Ach suggested greater benefit 

with the polyphenol rich diet (p=0.02) (see Figures 4.9 & 4.10). Maximum 

FBF response, using infusedmon-infused ratio, to the endothelium- 

dependent vasodilator Ach was significantly improved by eight weeks of 

polyphenol rich diet (109.1 ±84.7% at week 4 vs 225.0±180.4% at week 12, 

p<0.001). There was no significant difference on paired samples t test for 

those in the low polyphenol group (123.9±99.6% at week 4 vs 136.7±143.7% 

at week 12, p=0.590). No significant within group or between group change 

was found for FBF response to the endothelium-independent vasodilator, 

SNP (Figure 4.12). Dose response curves were plotted for mean saline and 

infusedmon-infused ratios for each Ach concentration per group pre- and 
post-intervention (Figure 4.8). These help to illustrate the improvement in 
high polyphenol FBF post-intervention.

When results were displayed using infused arm data only, as in Perticone 
and colleagues paper, there remained a significant between group difference 

in maximum % response to Ach (p<0.001). Comparison of patients by 
Perticone tertile distribution using Chi Square test also showed a significant 

improvement in tertile allocation in the high polyphenol group (p<0.001) 

(Figure 4.13). Overall 67.5% of participants in the high polyphenol group 
improved by one or more tertiles, compared with 19.6% in the low polyphenol 

group.

To determine the influence of possible confounding variables, which may 

have affected maximum response to Ach, a multiple regression analysis was 

performed. The dependent variable was maximum response to Ach pre

intervention, and independent variables (all measured pre-intervention) are 

listed in Table 4.6. This demonstrated that no variable significantly influenced 

Ach responses, although there was a slight trend towards significance for 

BMI and gender.

4 QH
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There was no significant change in BMI within either group during the study 

(paired samples t-test: low polyphenol group p=0.842; high polyphenol 

p=0.961). A between group independent samples t-test to assess change in 

SBP found that the high polyphenol group exhibited a greater improvement, 

though this did not quite reach significance (p=0.059) (Figure 4.7). SBP 

decreased significantly on within group testing in both the low polyphenol 

(141,7±9.3 mmHg at week 4 vs 136.9±10.6 mmHg at week 12, p<0.001) and 

high polyphenol group (140.6±8.9 mmHg at week 4 vs 131.6±12.5 mmHg at 

week 12, p=0.001). Between group analysis of diastolic BP (DBP) did not 

reach statistical significance (p=0.227) (Figure 4.11). Within group analysis 
demonstrated that DBP decreased significantly with both low polyphenol 

(85.5±6.9 mmHg at week 4 vs 82.0±6.1mmHg at week 12, p<0.001) and high 

polyphenol diets (84.5±7.6 mmHg at week 4 vs 79.1±8.2mmHg at week 12,
p<0.001).

'i ah



Ta
bl

e 
4.

5-
 P

re
- a

nd
 po

st
-in

te
rv

en
tio

n r
es

ul
ts

 of
 v

as
cu

la
r f

un
ct

io
n a

ss
es

sm
en

ts
 by

 di
et

 al
lo

ca
tio

n

co
'w
03a
Eo

0)(/)
03A

CO o CO cq b- O) __^
CN
d CO

■'fr
ib in

CO
CN 03 CO LO

03
CO CO

b^
CO cq LO

o o CO 1 ib T“
CN ib 'T 03

o 03 co' LO - b-' cq T— OCN
d CN CO d CO

o
00

CM

a>*oa.£o>
X

s ^

o
o

o
V

CO
LO
CO

CN

CO

03
CO

CN
CO

CO

o

03
X

0)
a
T3OOn

(/>
c/)

03

CO

O)
X
E
E

3</>(/)
<Da■ooono

d
o
uo

o
03
ID

CO CN CO t— 
CO ^ •_

cdco O'

b-
coo-

5 t: 
< S
O 3

Co
cd0)to

Q-Z(/)o

S E 5

cbO'

03

CO o
■'4'

■Oa>(/>
3

(/)

Coa

re

o
d

LO

O’O'

CO
CN

1 5
C_a> o

’€ ^ 3; </)
o w a -(/><D

Coor
CD0.

03 CN

CN
CL

d O O O

W)0)
CL
ETO
C/3
W30)
a.
E
CtJ /i\
M g)■O c 
CD TO - A TO O

C/3 3

a3 ^ 
0

TO0Oc£ d ^ =5 ft o^ O)
15 d

c
"O CD

3 ra
1 I3a.5 w 

0 03̂ C 
P TO

■5 .9- . o 
oo d
0 TO 

■ CL
0

c TO ^
™ g- 2
| w °
0 iB
TO CJ TO

CD^ 
C 03
’c/3 ,E

lu 3 0
E -o p

p £ £
^ g_2W Q-

E ^

TO O "3
C/3 (73 C/3
0 0 t3 
-Q -QTO TO £2 

3
TO TO C/3 
> > CN

^ TO 03
o .2 s
g ° °.£ o) 'a 
— <u 0) 
o re Sg 
O O jd 141

A
ch

- a
ce

ty
lc

ho
lin

e,
 S

N
P=

 so
di

um
 n

itr
op

ru
ss

id
e,

 95
%

C
I=

 95
%

 co
nf

id
en

ce
 in

te
rv

al
s.



Chapter 4

Table 4.6- Multiple regression analysis to examine the relationship between 
maximum response to Ach pre-intervention and possible independent 
variables

Independent variable
(pre-intervention values)

Beta (95% Cl) P-value

Age (years) 0.07 (-1.99,3.90) 0.509

Current smoker -0.13 (-109.3, 27.2) 0.235

Former smoker -0.02 (-46.5, 40.4) 0.888

Sex -0.25 (-91.2,4.74) 0.075
BMI (kg/m2) -0.22 (-7.40, 0.37) 0.075

Forearm 0.15 (-3.44, 12.9) 0.254

Systolic blood pressue (mmHg) -0.07 (-2.88, 1.58) 0.561

Total cholesterol (mmol/L) -0.11 (-25.5, 8.57) 0.342

Anti-hypertensive medication -0.15 (-85.7, 19.7) 0.217

Lipid lowering medication -0.20 (-46.5, 39.2) 0.866

Log HsCRP 0.12 (-3.45, 12.9) 0.325



Chapter 4

Low High
polyphenol polyphenol

p=0.059 for independent sample t-test

Figure 4.7- Mean ± 95%CI change in systolic blood pressure from baseline, 
by polyphenol group.
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at baseline and post-intervention.
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4.4.5 Intervention associated changes in lipids, hsCRP and PAM
Pre- and post-intervention results for lipid, hsCRP and PAI-1 levels are 

summarised in Table 4.7. When change in total cholesterol was examined 

between groups, high polyphenol diet showed a significantly greater 

improvement relative to the low polyphenol diet (p=0.042) (Figure 4.14). 
There were no significant differences for between group analysis in any of 

the remaining biochemical parameters, although there was a trend for 

improvement in LDL in the high polyphenol group (p=0.063). On within group 

testing of total cholesterol there was a trend towards a reduction in levels in 

those consuming a high polyphenol diet (5.8±1.0 mmol/L at week 4 vs 

5.6±1.3 mmol/L at week 12, p=0.097). In the low polyphenol group no 

significant change was detected on within group testing of total cholesterol 
(5.2±1.2 mmol/L at week 4 vs 5.3±1.1 mmol/L at week 12, p=0.250)

On independent samples t test between groups, those in the low polyphenol 
diet demonstrated a greater change in log hsCRP values (p=0.026) (Figure 
4.18). Participants in the low polyphenol group showed a trend towards a 

lower hsCRP, indicating a reduction in inflammation, on paired sample 
analysis (1.6 mg/L (0.6,2.5) at week 4 vs 1.3 mg/L (0.8,3.5) at week 12, 
p=0.068). Within group testing in the high polyphenol group showed no 

significant difference (1.4 mg/L (0.8, 3.1) at week 4 vs 1.5 mg/L (0.7, 3.5) at 

week 12, p=0.195). There were no significant differences found on between 

group (p=0.705) or within group testing of PAI-1 levels.
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polyphenol polyphenol
p=0.042 for independent samples t-test

Figure 4.14- Mean ± 95%CI change in total cholesterol from baseline, by 
polyphenol group

Low High
polyphenol polyphenol

p=0.753 for independent samples t-test

Figure 4.15- Mean ± 95%CI change in HDL from baseline, by polyphenol 
group.
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LOW High
polyphenol polyphenol

p=0.063 for independent samples t-test

Figure 4.16- Mean ± 95%CI change in LDL from baseline, by polyphenol 
group.
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Low High
polyphenol polyphenol

p=0.807 for independent samples t-test

Figure 4.17- Mean ± 95%CI change in log triglycerides from baseline, by 
polyphenol group.
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Low High
polyphenol polyphenol

p=0.026 for independent samples t-test

Figure 4.18- Mean ± 95%CI change in log HsCRP from baseline, by 
polyphenol group.
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p=0.705 for independent samples t-test

Figure 4.19- Mean ± 95%CI change in log PAI-1 from baseline, by 
polyphenol group.

4 C 4



Chapter 4

4.4.6 Intervention associated changes in platelet function
Pre- and post-intervention results for markers of platelet function by urinary 

11-dhTBX2 levels are summarised in Table 4.8. Whilst there were no 
between group changes in number of patients taking aspirin at baseline, a 

regression analysis was performed on baseline platelet function results to 

assess the effect of aspirin therapy on response. This showed that aspirin 

had a statistically significant effect on results (Beta coefficient= -3468 (95%CI 

-4864.2, -2072.5), p<0.001). Therefore, results were displayed as: overall for 

all patients regardless of medication history, for patients on aspirin, and for 

patients not on aspirin. Only 14 patients in total claimed to be taking aspirin 

regularly, eight in the low polyphenol group and six in the high polyphenol 

group. Total results for 11-dhTBX2 are displayed for 91 participants only, as 

two subjects in the low polyphenol group were unable to provide spot urine 

samples.

Between group changes for 11-dhTBX2 showed a trend to significance in 
favour of an improvement (ie a reduction in 11-dhTBX2) in the high 

polyphenol group when all subjects were analysed (p=0.066) (Figure 4.20), 
which almost reached significance when only those not taking aspirin were 
compared (p=0.055). In those prescribed aspirin there were no significant 

differences in between group change (p=0.439). Those in the high 

polyphenol group showed a significant decrease in 11-dhTBX2 on within 

group analysis when considered overall (4904.8 ±3184.1 pg/mg at week 4 vs

3776.6 ±2127.7pg/mg at week 12, p=0.002) and those not on aspirin 

(p=0.001). There was also a trend towards a decrease in 11-dhTBX2 levels in 

the low polyphenol group, which did not reach statistical significance for 

overall analysis (3870.2± 2035.1 pg/mg at week 4 vs 3490.2 ±1922.0pg/mg at 

week 12, p=0.068) and non-aspirin analysis (p=0.076). However, there 

were no within group changes for either diet in those taking aspirin (p=0.531 

and p=0.635 for high and low polyphenol group).
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-500.00-
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-2000.00-1

polyphenol polyphenol
p=0.066 for independent samples t-test

Figure 4.20- Mean ± 95%CI change in 11-dehydrothromboxane B2 from 
baseline, by polyphenol group, for all patients regardless of medication 
history.
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4.4.7 Reanalysis of vascular function using fruit and vegetables, berries 

and dark chocolate as a continuous variables
Thus far, all analyses have been performed according to the allocated high 

and low polyphenol groups. Using dietary record analysis during the 

intervention F&V, berries and dark chocolate could be considered as 

continuous variables. The relationships between F&V, berries and dark 

chocolate consumption and cardiovascular risk measures were examined 

using univariate linear regression analysis (Table 4.9).

This analysis appears to show a significant positive relationship between 

F&V and dark chocolate consumption and endothelium-dependent FBF 
responses, with a trend towards significance for berry consumption. An extra 

daily portion of F&V was associated with an absolute increase in the 

maximum response to Ach of 14.0%. Results for dark chocolate were 

examined by gram/day and therefore require multiplication by 50 to equate to 
a portion. An extra daily portion of dark chocolate was predicted to produce 
an absolute increase in the maximum response to Ach of 112.5%. With each 

portion of berries there was an absolute increase of 43.0% in FBF response, 
however, this did not reach significance (p=0.080). There was also a 
significant relationship between dark chocolate and hsCRP, with a 0.7% 

increase in hsCRP per gram of chocolate consumed.
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Table 4.9- Change in cardiovascular risk measures per extra daily portion of 
F&V and berries, and per extra daily gram of dark chocolate, as predicted 
from linear regression analysis.

Change per
daily extra

portion F&V
(95%Ci)

p value Change per
daily extra

portion
berries
(95%Ci)

p value Change per
daily extra
gram dark
chocolate
(95%CI)

p value

Change in maximum 14.0 0.008 43.0 0.080 2.25 0.020
response Ach (3.82, 24.1) (-5.27, 91.3) (0.89, 3.61)

Change in maximum 5.73 0.122 21.6 0.202 0.96 0.054

response SNP (-1.37, 12.8) (-11.8, 55.1) (-0.15, 1.93)

Systolic BP (mmHg) -0.23 0.504 -0.78 0.623 -0.06 0.196

(-0.90, 0.44) (-0.93, 2.37) (-0.15, 0.03)

Diastolic BP (mm/Hg) -0.27 0.234 0.210 0.845 -0.03 0.354

(-0.72, 0.18) (-1.92, 2.34) (-0.09, 0.03)

Total cholesterol -0.14 0.568 -0.11 0.336 -0.006 0.95

(mmol/L) (-0.06, 0.03) (-0.34, 0.12) (-0.01, 0.00)

HsCRP* (%) 103.5 0.143 120.2 0.062 100.7 0.021
(98.9, 107.6) (99.0, 145.8) (100.1, 101.2)

PAM* (%) 99.8 0.901 104.9 0.516 100.2 0.439

(96.7, 103.0) (90.6, 121.7) (99.7, 100.6)

11-dhTXB2 (pg/mg) -55.3 0.381 -211 0.477 -15.5 0.074

(-180.2,69.6) (-799.4,376.8) (-32.6, 1.51)

'indicates logarithmically transformed variables and therefore % change is expressed.
Ach=acetylcholine, SNP= sodium nitroprusside, BP= blood pressure, HsCRP= highly sensitive C-reactive protein, 
PAI-1= plasminogen activator 1, 11-dhTXB2= 11-dehydrothromboxane B?, 95%CI= 95% confidence intervals.
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4.5 DISCUSSION
Following the findings of the FAVRIT study, which suggested that 

polyphenol-rich berries were the most beneficial class of fruits for 

microvascular function (Woodside 2009), the PPhIT study was designed to 

assess the effect of a polyphenol-rich diet on this same vascular outcome. 

The PPhIT study aimed to adapt the current F&V guidelines to specifically 

increase flavonoid content by adding berries and also to include dark 

chocolate. Recent data have subsequently suggested a beneficial effect of 

dark chocolate on conduit vessel function measured by flow-mediated 

dilatation (Hooper et al. 2012). To date, little has been established about the 

ideal combination of polyphenol-rich foods for cardiovascular health. By 

creating a palatable, simple diet it was hoped that this would result in 

increased benefits to cardiovascular health over the previously tested fruit 

and vegetable-rich diet and, importantly, mean it could also be easily 
adopted by the general public. To ensure applicability for future primary 

prevention populations, the study was conducted on free-living hypertensive 
volunteers, many of whom were receiving anti-hypertensive or lipid lowering 

medication.

4.5.1 Changes in self-reported dietary intake and micronutrient 
concentrations
Although dietary records are self-reported, and, therefore, may not reflect 

true consumption, there was a significant change in F&V intake, as 
anticipated, between groups. Food records suggested mean daily intake of 

F&V as 1.25 and 6.8 portions per day during the intervention phase in the 

low and high polyphenol groups respectively, with no berries or dark 

chocolate consumed by the low group. This also confirms that dietary 

instructions to participants during the trial were understood. F&V 

consumption in the high polyphenol group was greater than the required five 

portions per day. This may reflect that it was impossible to supply exact 

portions from local supermarkets and, therefore, additional food may have 

been delivered, which participants then consumed.
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Self-reported dietary data from participants was supported by objective 

biomarkers of F&V intake, i.e. assessment of micronutrient status, namely 

vitamin C and a panel of carotenoids, which indicated excellent compliance 

with the protocol. Between group comparison of ascorbic acid 

concentrations showed a significant difference, with a significant increase in 

vitamin C status in the high polyphenol group relative to a significant 

decrease in vitamin C status in the low polyphenol group. This supports 

previous evidence from previous dietary trials that a matter of days may be 

sufficient to deplete circulating water-soluble nutrients such as vitamin C 

(Blanchard et al. 1990). The increase in lipid-soluble vitamins with a 

polyphenol-rich diet provides further evidence of compliance with the study 

intervention. Only one carotenoid, lycopene, did not show a significant 
change on between group testing post-intervention. In the low polyphenol 

group there was a significant decrease in a-carotene levels during the 

intervention, indicating that this may be one of the most sensitive carotenoids 
for assessing F&V intake. Whilst lycopene is found in tomatoes, and serum 
lycopene is a good biomarker of tomato consumption, previous F&V 

intervention studies have also failed to detect a change in levels, suggesting 
it may not be a useful marker of overall dietary F&V compliance (McCall et al. 

2009, Resnicow et al. 2000, Wallace et al. 2013).

Compliance with the dark chocolate element of the polyphenol-rich diet was 

demonstrated by a significant increase in evening meal to midnight urinary 
epicatechin levels detected on between group testing. There was a 

significant rise in levels in the high polyphenol group whilst those in the low 

polyphenol group remained static. This indicates good compliance with dark 

chocolate in addition to the F&V element of the intervention. This method has 

been found to be superior to plasma epicatechin measurement as peak 

levels are detected 6- 12h post consumption (Baba et al. 2000, Roura et al. 

2007). This ensures that participant dark chocolate consumption the day 

before a research visit is captured on evening meal until midnight sampling.
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4.5.2 Changes in endothelium-dependent forearm blood flow responses
The primary endpoint of the PPhIT study was between group change in 

maximum FBF response to the endothelium-dependent vasodilator, Ach, 

after an eight-week polyphenol dietary intervention. On between group 

comparison, those who received a high polyphenol diet had a significantly 

greater improvement in maximum % response to Ach, compared to the low 

polyphenol group (p=0.02). No changes were found in either group with 

reference to response to SNP.

This study also illustrated, after reanalysis of polyphenols as continuous 

variables, that a 14.0% absolute improvement in maximum endothelium 

dependent blood flow responses could be achieved for each additional 
portion of F&V daily, and a 112.5% absolute improvement for each 50g 

portion of dark chocolate. With each portion of berries there was an absolute 

increase of 43.0% in FBF response. However, this did not reach statistical 
significance (p=0.080). Mean consumption of F&V on recruitment to the 
study was 2.7 portions per day. Therefore, the present findings indicate that, 

by increasing F&V intake, and specifically including berries, alongside 
consumption of a moderate portion of dark chocolate, could result in a 
significant improvement in endothelium-dependent responses, and 
potentially a subsequent reduction in cardiovascular events. To put these 

results into context with other dietary interventions the systematic review in 

Chapter 2 found that a weight loss diet yielded a 2.72ml/100ml/min 

(equivalent to 2.72%) increase in FBF.

Few previous studies have examined polyphenol rich foods and resistance 

vessel responses (see Chapter 2). The aforementioned FAVRIT study 

demonstrated an improvement in vascular function during a F&V intervention 

(McCall et al. 2009). Baseline values for maximum % response to Ach were 

lower in the PPhIT study (109.1 and 123.9% for high and low groups 

respectively) compared with FAVRIT (348.0 and 277.0% for high and low 

groups respectively) (McCall et al. 2009). Comparison of absolute FBF 

values between cohorts is complicated by the influence of differing baseline 

characteristics (Benjamin et al. 1995), and those in the PPhIT study were on
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average older, and had higher levels of cardiovascular risk factors such as 

obesity, cholesterol and smoking, compared to the FAVRIT population. The 

percentage increase in forearm blood flow responses pre- and post

intervention in the FAVRIT study was 125.0%, compared with 206.2% in the 

PPhIT study. As already mentioned, it is hard to draw comparisons between 

different cohorts but this suggests that a polyphenol-rich diet may have had a 

greater magnitude of effect on vascular function than a high F&V diet only. 

However, to confirm this and determine the level, if any, of additional benefit 

of a polyphenol-rich diet in comparison to a high F&V diet would have 

required a factorial design with an additional high F&V intervention group, 

and, given the baseline differences in forearm blood flow between these two 

studies, further comparison of responses to dietary change is inappropriate.

In the only previous cocoa study, no benefit on forearm blood flow was found 

(Farouque et al. 2006). In that study a 48g dark chocolate bar and cocoa 
drink were given to 19 subjects with established CAD for six weeks, and 
compared with 19 subjects in a placebo control arm (Farouque et al. 2006). 

Lower concentrations of Ach for initial and middle readings were used (3.0& 

10.0ug/min) compared with the PPhIT study (7.5& 15.0^g/min), which, in 

combination with the established CVD rather than hypertensive cohort and 
shorter intervention period may explain why no improvement was noted. No 

specific berry and FBF study has been published to date. In contrast to the 

PPhIT study, most polyphenol studies have used single food interventions. 

Combining different polyphenol-rich foods may provide a cumulative increase 

in benefit due to the synergistic effect of several bioactive compounds. 

Potential mechanisms for the beneficial effects of polyphenols are discussed 

in section 1.3.4, and include their direct and indirect antioxidant properties 

and vasodilator capacity, by increasing the level and expression of eNOS in 

addition to increasing the production of other endogenous vasodilators 

(Ndiaye et al. 2003, Stoclet et al. 2004, Wallerath et al. 2003).

In the PPhIT study, several baseline characteristics between groups were 

compared and only levels of total cholesterol and LDL, which were greater in 

the high polyphenol group, were significantly different. In free-living
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individuals it is impossible to control for all variables during the course of a 

study. However, weight was monitored weekly and participants were asked 

not to make changes to their medications. Subjects were also asked to keep 

other lifestyle factors such as physical activity levels constant, and 

assessment of this by questionnaires (Appendix 10-12) showed no between 

group change in exercise levels.

Ach FBF responses were also examined by multiple regression analysis at 

baseline to determine if any other measured factor could affect response. No 

baseline associations were found between anti-hypertensive or lipid lowering 

medications. A previous study by Chowienczyk and colleagues had found 

that correcting for forearm length abolished gender differences in Ach 

responses (Chowienczyk, Cockcroft & Ritter 1994). There was no 

significant difference in genders between the groups. Forearm length was 

calculated from height and included in the regression model to confirm this 
variable did not have an effect, and was found to have no impact on FBF 
responses (Malnutrition Advisory Group 2012).

The assessment of endothelium-dependent vasodilation in the forearm using 
venous occlusion plethysmography is well established as a cardiovascular 

research tool (Deanfield et al. 2005). However, there is considerable 

variability in how findings of FBF are expressed between studies. It is 
recommended that data from both the infused and non-infused arm are 

utilised and presented as a ratio, to eliminate alterations caused by 

fluctuations in BP or sympathetic tone (Benjamin et al. 1995, Deanfield et al. 

2005, Webb 1995). The results in the PPhIT study were, therefore, 

displayed as a maximum % response to Ach and SNP, calculated from 

infusedmon-infused arm ratios. To further illustrate the findings, dose 

response curves of infusedmon-infused FBF during saline and increasing 

concentrations of Ach were constructed.

Perticone and colleagues assessed FBF responses of 225 hypertensive 

patients to Ach and SNP. These were expressed as maximum response to 

vasodilators in infused arms only. Patients were then divided into tertiles
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according to maximum response to Ach from baseline and followed-up for 

31.5 months for adverse events such as myocardial infarction, stroke or 

peripheral vascular disease (Perticone et al. 2001). The tertiles equated to 

30% to 184% for group 1, 185% to 333% for group 2 and 339% to 760% for 

group 3. In the PPhIT study, baseline mean maximum response to Ach for 

infused arm only was 241.8% in the low polyphenol group and 204.9% in the 

high polyphenol group, placing both groups in the second tertile. Post

intervention the mean in the low polyphenol group remained in the second 

tertile (236.7%), whilst the mean in the high polyphenol group was in the third 

tertile (350.7%). This has prognostic significance, as the event rate per 100 

years was found by Perticone to be 4.34 for patients in the second tertile, 

compared with 2.02 for those in the third (Perticone et al. 2001). This is the 

first time that established measures of prognostic significance have been 

calculated in patients undergoing a polyphenol dietary intervention.

4.5.3 Changes in blood pressure
On comparison of the change in SBP between groups, there was a greater 

decrease in SBP within the high polyphenol diet group compared to low 

polyphenol diet group and this difference almost reached statistical 
significance (-9.1±12.4mmHg vs -4.8±8.7mmHg, p=0.059). Both SBP and 

DBP decreased significantly on paired sample analysis of low and high 

polyphenol groups.

This decrease in both active and control groups could be considered an 
example of ‘regression to the mean’, a statistical phenomenon when a 

variable fluctuates within an individual due to physiological variation or 

measurement error (Tu, Gilthorpe 2007). This has been previously 

described in BP studies (McCall et al. 2009). The same calibrated BP 

monitor was used to measure each patient’s BP three times at each visit, 

after ten minutes of rest, in an attempt to reduce measurement errors; 

therefore, this change most likely represents physiological variation. It is 

possible that the 4.8mmHg decrease in SBP in the low polyphenol (control) 

group represented the amount of regression to the mean in this population,
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which when applied to the high polyphenol group could suggest 

approximately a 4.3mmHg decrease due to treatment effect.

This improvement in BP is in keeping with that found by previous meta

analysis of flavonoids, specifically cocoa consumption (Ried et al. 2012, 

Taubert et al. 2007, Hooper et al. 2008). There are substantial clinical 

implications from a BP reduction of this amount, as a 5mmHg decrease has 

been associated with a 20-25% reduction in CHD (Lewington et al. 2002). 

BP reduction was not an endpoint of the PPhIT study as it was 

underpowered to detect such a change. Previous calculations estimate that 

115 participants would be required per group to detect a 5mmHg change with 

90% power, therefore this study is also likely to have been underpowered to 

detect the estimated difference between groups, and a type I error may have 

occurred. However, these findings suggest that a larger study could observe 
significant findings.

4.5.4 Changes in lipid. hsCRP and PAI-1 parameters
In the PPhIT study population, 43% of participants were prescribed lipid

lowering therapy. An additional 56% of volunteers described themselves as 
current or previous smokers, meaning that a large proportion of the study 

cohort had two or more risk factors for CVD. The average total cholesterol 
and LDL were elevated in both groups. Between group testing demonstrated 

a significantly greater reduction in total cholesterol (p=0.042) and a trend for 

greater decrease in LDL (p=0.063) in the high polyphenol group compared to 

the low polyphenol group. To put this into a clinical context, the change post

intervention in LDL in high polyphenol group in the PPhIT study equated to a 

4.3% decrease in LDL concentrations, which would equate to a reduction in 

CVD mortality of approximately 4% (Grundy et al. 2004).

Several previous F&V interventions have not demonstrated an improvement 

in lipid levels (Obarazanek et al. 2001, McCall, McGartland & McKinley 

2011) . The results from berry interventions have been mixed with one, 

which administered freeze-dried strawberries, finding a significant 

improvement in LDL (Basu et al. 2010a) and two involving cranberry juice
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and mixed berries showing an increase in HDL (Erlund et al. 2008, Ruel et al. 

2006). This appears to suggest that berries have a greater influence on lipid 

parameters than F&V in general, which may explain why an improvement 

was found in total cholesterol response in the PPhIT study.

The results from cocoa trials have been mixed with a meta-analysis by 

Hooper and colleagues finding no improvement, conflicting with a separate, 

smaller meta-analysis by Tokede et al that found a 6.23 mg/dl reduction in 

total cholesterol and a 5.90mg/dl reduction in LDL (Hooper et al. 2008, 

Tokede, Gaziano & Djousse 2011) . As in the PPhIT study no significant 

changes in HDL or triglycerides were detected. Unlike Hooper et al, the 

meta-analysis by Tokede and colleagues excluded single dose trials and 
perhaps, therefore, better reflects the effect of habitual intake of cocoa, such 

as in the PPhIT study (Hooper et al. 2008, Tokede, Gaziano & Djousse 

2011).

Changes in serum and plasma markers of inflammation did not change 

significantly within groups. Between group comparison of hsCRP levels 

found that there was a significant reduction in the low polyphenol group 
relative to the high polyphenol group, which had a small, non-significant 
increase. One of the few previous intervention trials to find an improvement 

in hsCRP with F&V detected this only in their eight portions per day group, 

and those in their five portions per day arm demonstrated an increase in 

hsCRP levels (Watzl et al. 2005). When PPhIT study data was analysed with 

polyphenol-rich foods as continuous variables, it appeared that dark 

chocolate (135.0% increase per 50g portion, p=0.02) was significantly 

associated with an increase in hsCRP, but not F&V (103.5% increase per 

portion, p=0.14), or berries (120.2% increase per portion, p=0.52). The 

mechanism of this is uncertain. Previous cocoa meta-analyses and most 

F&V studies have not demonstrated a significant change in hsCRP, and this 

has led some investigators to hypothesise that a longer period of intervention 

may be required to detect changes in systemic inflammation in reponse to 

dietary intervention (McCall, McGartland & McKinley 2011, Shrime et al. 

2011).
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The second marker of inflammation used in this study was PAI-1. A previous 

observational study demonstrated lowest levels of PAI-1 in those consuming 

the highest amount of fruit and vegetables (Nilsson et al. 1990). However, 

these results have not been replicated in F&V intervention trials (McCall, 

McGartland & McKinley 2011). To our knowledge, no previous cocoa 

intervention has examined PAI-1; the only polyphenol specific intervention 

published to date utilised green tea and did not detect a significant 

improvement (de Maat et al. 2000).

4.5.5 Changes in platelet function
There was a strong trend towards a significant reduction, and therefore 

improvement, in urinary 11-dehydrothromboxane levels in the high 
polyphenol group on between group comparison (p=0.066). This almost 

became significant following the analysis of patients not on aspirin (p=0.055).

Due to the wide variety of platelet function tests and the paucity of 

polyphenol intervention trials, few have been performed using thromboxane 

A2 metabolites as an endpoint. After an association was noted for an 

improvement in urinary 11-dhTBX2 with chocolate intake during an 
observational study (Bordeaux et al. 2007), subsequent intervention trials of 

purple grape juice (Albers et al. 2004), onions (Hubbard et al. 2004, Janssen 

et al. 1998) and dark chocolate (Wan et al. 2001) failed to replicate this and 

did not detect a significant change. Therefore, the PPhIT study is the first to 

detect a trend towards an improvement in a thromboxane A2 metabolite 

following a polyphenol dietary intervention. The previous studies above used 

single food interventions, were on average of two weeks duration and 

consisted of 18-23 patients. Compared to these studies, the PPhIT study 

used a combination of polyphenol foods, including an increase in overall F&V 

intake, for a longer duration and with larger participant numbers, which may 

explain the difference in results.

There is a body of evidence regarding the salicylate content in fruit and 

vegetables. As early as 1985, Swain and colleagues determined the

4 CC



Chapter 4

salicylate content in 333 different foods, and found that fruit and vegetables, 

but especially berries, contained considerable amounts, ranging from 

0.76mg/100g for mulberries to 4.4mg/100g for raspberries (Swain, Dutton & 

Stewart Truswell 1985). Lawrence and colleagues assessed whether this 

equated to a significant increase in salicylate levels for those consuming F&V 

in an observational study (Lawrence et al. 2003). They observed that 

vegetarians excreted significantly more urinary salicyluric acid (the main 

urine metabolite of salicylate) than non-vegetarians, although still less than 

those taking aspirin (Lawrence et al. 2003). A subsequent intervention study 

found that after only two weeks of cranberry juice intake there was a 

significant increase in plasma salicyclic acid compared with placebo (Duthie 

et al. 2005). It is possible that dietary salicylates found in F&V contributed to 
the antiplatelet effect found in the polyphenol-rich diet, although on analysis 

of polyphenols as continuous variables it was dark chocolate, rather than 

F&V, which contributed more to a reduction in 11-dhTXB2 levels.

A small number of patients in the PPhIT study (n=14) were currently 

prescribed aspirin 75mg and were advised to continue this during the trial. 

Results for 11-dhTXB2 <1500pg/mg indicate an aspirin effect (Product 
Information Leaflet, Corgenix Inc, Colorado, USA). Mean baseline 11- 
dhTXB2of aspirin users was 1334.3pg/mg in the low polyphenol group and 

1253.1pg/mg in the high polyphenol group, indicating good compliance with 

aspirin therapy. No significant improvement was detected in platelet function 
in the high polyphenol group in those patients taking aspirin. The PPhIT 

study, therefore, does not support addition of polyphenols to aspirin therapy, 

although it was not designed nor powered to detect this change. One 

previous study was able to demonstrate an additional effect of dark chocolate 

to aspirin therapy, and it is possible that future, adequately powered studies 

may be able to replicate this finding (Pearson et al. 2002).

4.5.6 Tolerance of polyphenol-rich diet
Given the vascular benefits that have been demonstrated it is important to 

consider how well participants tolerated the diet as this will impact on how 

the findings of this study are communicated. CR has performed a detailed
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assessment of the psychological effects of this polyphenol-rich diet (Rooney 

2013) and data on tolerance and acceptability was collected as part of these 

investigations. In brief, when asked how tolerable they felt the overall 

polyphenol-rich diet was, 92% felt it was easy or very easy to adhere to. 

When asked specifically about dark chocolate, 75% stated they would 

continue consuming this daily (Rooney 2013). This implies that the diet was 

acceptable, at least in the short-term, which increases chances of adoption 

and compliance by the general public.

4.6 STUDY LIMITATIONS AND FUTURE WORK
Whilst this study was able to detect a significant improvement in vascular 

function when comparing a low and high polyphenol diet, it does not provide 

us with information about the specific benefits of polyphenol rich foods in 

addition to the current five per day F&V guidelines. To do this a further 

intervention group with a high F&V diet, without additional polyphenol-rich 

foods would be required. Unfortunately due to time and funding constraints 
this was not possible for the PPhIT study. Comparison of results achieved in 

both the PPhIT and FAVRIT studies appears to suggest that a greater 

improvement in FBF responses to Ach can be achieved with polyphenol-rich 
rather than high F&V diets. However, this comparison has limitations, and 

only a factorial design study could definitively assess this. This type of study 
design could also be used to help establish an optimal daily dosage of dark 

chocolate by comparing different dark chocolate doses.

As a trend towards a decrease in systolic BP was found between groups, a 

further study with larger numbers may be able to detect a significant 

improvement. Previous calculations from a previous study estimated that 

115 participants would be required per group to detect a 5mmHg change with 

90% power. The use of 24 hour ambulatory monitoring instead of seated BP 

measurements in future studies may reduce the incidence of ‘regression to 

the mean’ phenomenon and improve the robustness of results. To detect if 

any additional benefit could be derived from a polyphenol-rich diet in those 

already prescribed aspirin in future studies, a second intervention group 
would be required, or a larger study to allow stratified analysis. A longer
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duration of intervention could also help demonstrate an improvement in lipid 

parameters and markers of inflammation.

4.7 CONCLUSIONS
In a cohort of hypertensive participants a significant improvement in 

endothelium-dependent vasodilation was detected following an eight-week 

polyphenol-rich dietary intervention. A significant reduction in total 

cholesterol and a trend towards a reduction in SBP and 11-dhTXB2 was also 

found in the high polyphenol group, which warrants further investigation in 

the future. These findings suggest that a polyphenol-rich dietary intervention 

can impact significantly on markers of cardiovascular risk and potentially 

reduce the incidence of cardiovascular disease. Importantly, the polyphenol- 

rich diet was well tolerated and considered acceptable by the participants 
who were randomised to consume it, indicating good prospects for future 

uptake by the general public.
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POLYPHENOL-RICH DIET ON
HEART RATE VARIABILITY

4 cn



Chapter 5

5.1 INTRODUCTION
Heart rate variability (HRV) is a measure of autonomic regulation related to 

respiratory, baroreflex and circadian fluctuations and the cardiac responses 

to this regulation. It refers to the intervals between QRS complexes of normal 

heartbeats (Kleiger, Stein & Bigger Jr 2005). Measurements are classified 

as time domain, frequency domain or non- linear (see Section 1.7). In 24- 

hour ambulatory ECG monitors conducted in free-living patients, time domain 

measures are the most accurate, being less sensitive to scanning errors 

(Stein 2002). A good surrogate for ultra low frequency measures is to 

calculate 2*ln(SDANN), ensuring some assessment of frequency domain 

from a standard ambulatory monitor (Bilge et al. 1999).

The most recognised uses of HRV are for assessing prognosis after 

myocardial infarction, where lower values predict a poorer outcome, and for 

the early diagnosis of diabetic autonomic neuropathy (Kleiger et al. 1987). 

There have been several studies assessing heart rate variability in 
hypertensive patients (Singh et al. 1998, Huikuri et al. 1996, Schroeder et al. 

2003). Reduced measurements of both time domain (SDNN, RMSSD and 
pNN50%) and frequency domain have been demonstrated in patients with 

treated and untreated hypertension (Huikuri et al. 1996, Singh et al. 1998). 
HRV has also been shown to predict the development of hypertension in pre

hypertensive patients, although measurements within these patients showed 

little change in nine years of follow-up (Schroeder et al. 2003).

In any group of patients in which decreased HRV has been found the 

obvious question is: can this be increased and would this improve prognosis? 

Intervention studies have shown that HRV can be increased by lifestyle 

changes such as smoking cessation or betablockers, but few have been 

significantly powered to prove that this change affects outcomes (Stein, 

Rottman & Kleiger 1996, Stein, Kleiger 1999). In a smoking cessation 

study, 25 patients were commenced on nicotine replacement patches for four 

to six weeks, followed by a further four weeks without patches. A significant 

increase in all time and frequency domain indices was found, although 

results remained lower than those expected for healthy individuals of
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equivalent age (Stein, Rottman & Kleiger 1996). Most of these studies have 

been performed in healthy patients of various age ranges, or post myocardial 

infarction sufferers. There is a paucity of such studies conducted in 

hypertensive, primary prevention populations.

The evidence for F&V and heart rate variability is derived from observational 

studies only (Dai et al. 2010, Fu et al. 2006, Park et al. 2009). Both a 

Mediterranean and vegetarian diet have been associated with increased 

HRV (Dai et al. 2010, Fu et al. 2006). More specifically, in a study examining 

F&V consumption in older men only green leafy vegetable intake was 

associated with higher HRV measurements (Park et al. 2009). There have 

been no human observational or intervention studies examining heart rate 

variability and cocoa consumption.

To address these questions and the clear gap in current evidence, 
assessment of time domain measures of HRV on 24-hour ambulatory ECG 
monitors in free-living hypertensive volunteers was employed as a secondary 

outcome in the PPhIT study. Compliance with the dietary intervention was 
assessed using self-reported dietary records and measurement of 
plasma/serum micronutrients (vitamin C and a panel of carotenoids) and 

urinary polyphenols (epicatechin).

5.2 METHODOLOGY
The design and conduct of this study are described in Chapter 3. Briefly, 

hypertensive, non-diabetic volunteers initially participated in a four-week low 

polyphenol wash out period. Following this, participants were randomised to 

either continue this low-polyphenol diet to act as a control, or consume a 

high-polyphenol diet containing six portions of fruit and vegetables, including 

one portion of berries, and 50g daily of dark chocolate for eight weeks.

Due to the additional visits required to return the ambulatory ECG monitor, 

the HRV assessment was an optional aspect of the study. Participants had a 
24hr ambulatory ECG monitor fitted at the end of their week 4 and week 12 

visits and were instructed to maintain similar levels of activity during each
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ambulatory ECG recording. Time domain measurements of HRV were 

derived from HRV Analysis software version 8.701, (Spacelabs Healthcare 

[Del Mar Reynolds], Hertford, UK) and the processing was undertaken 

without knowledge of the dietary intervention.

5.3 STATISTICAL ANALYSIS
All statistical analysis was performed using SPSS for Mac version 20.0 

(SPSS Inc, Chicago, IL). Normally distributed variables were summarised 

using mean ± standard deviation (SD) and skewed variables were log 

transformed and expressed as geometric mean and interquartile range (IQR) 

for parametric analysis. For normally distributed or log transformed 

variables, within group pre vs post intervention comparisons were made 

using paired sample t tests, whilst between group comparisons of baseline 

values and change were made using independent sample t tests for 

continuous variables and Chi-Square test for categorical variables. Non- 

parametric tests were performed on variables that remained skewed despite 
log transformation. A Wilcoxon Signed Rank test was used for within group 

comparison and a Mann Whitney U test was performed for between group 

comparison. Change was summarised, where appropriate, with associated 
95% confidence intervals. Multiple regression analysis was performed to 
adjust for potential confounding variables and univariate linear regression 

analysis was used to further examine relationships between variables. All 

tests were 2-tailed, and a p value of <0.05 was considered statistically 

significant.

5.4 RESULTS
Of the 99 participants who completed the study, 79 wore an ambulatory ECG 

monitor at both week 4 and week 12. As a previous study had demonstrated 

an association between increased hsCRP and decreased heart rate 

variability those with hsCRP >10mg/L were excluded, and this resulted in a 

further three patients being removed from final analysis (Lampert et al. 

2008).
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5.4.1 Baseline Characteristics
Pre-intervention (week 4) characteristics of the 76 participants (81.4% of total 

analysed cohort) who underwent ambulatory ECG monitoring on two 

occasions are summarised in Table 5.1. There were 39 participants in the 

low polyphenol group and 37 in the high polyphenol group. Total cholesterol 

was significantly different between the two groups at baseline (5.2 in low 

polyphenol group vs 5.8 in high polyphenol group, p=0.042). There was no 

significant difference between all other baseline characteristics. Beta-blocker 

therapy was examined in more detail (Table 5.2) because of its documented 

effect on HRV, and whilst there were more cardiac specific (3-blockers in the 

low polyphenol group, there was no significant difference between groups on 

Chi-squared testing.

Pre-intervention (week 4) dietary intake of F&V, berries and chocolate from 

four-day food diaries, and plasma micronutrient concentrations are 
summarised in Table 5.3. Dietary records and ascorbic acid status were 
available for 75 participants due to one non-returned food diary and one 

missing plasma sample, from separate patients in the high polyphenol group. 
Results for urinary epicatechin as a marker of dark chocolate consumption 

are presented for a subset of 39 patients (n=22 in high polyphenol group and 
n=17 in low polyphenol group). There were no significant differences in 

baseline micronutrient or epicatechin concentrations. Self-reported F&V 

intake was under two portions on average in both high and low polyphenol 

groups, and mean berries and dark chocolate intake was zero.

Pre-intervention (week 4) HRV indices are displayed in Table 5.4. If total NN 

values are shown as less than 100,000 per 24-hour monitor this may indicate 

a recording that is unsuitable for analysis (Stein 2002). Total number of 

aberrant beats was also assessed, as greater than 20% (approximately 

20,000 aberrant beats per recording) renders HRV estimates inaccurate 

(Stein 2002). There was no significant difference in HRV indices between 

groups at baseline; there was a non-significant trend for average heart rate to 
be higher in the high polyphenol group. For reference, normal values from 

previous studies where available (see also Table 1.15), and values predictive
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of poor outcome are displayed. Mean values in both groups were below 

mean reference values for all indices, likely due to the effects of 

hypertension.

Table 5.1- General pre-intervention characteristics of 76 participants 
according to diet allocation.

Low polyphenol
(n=39)

High polyphenol
(n=37)

Between group
comparison P-value

Age (years)1 55.8 (7.2) 54.2 (6.8) 0.337

Males (%)z 23 (51.3) 17 (45.9) 0.358

Body Mass Index (kg/nd)1 29.6 (4.8) 30.9 (5.8) 0.298

Systolic blood pressure 141.5 (9.4) 141.3 (8.9) 0.909
(mmHg)1
Diastolic blood pressure 85.4 (7.0) 84.1 (7.7) 0.446
(mmHg)1
Current smoker (Vo)*1 4 (10.3) 5 (12.8) 0.733

Former smoker (%)/ 19 (48.7) 15 (40.5) 0.498

Full-time education (years)1 14.4 14.0 0.599
Anti-hypertensive therapy (%)^ 31 (79.5) 29 (78.3) >0.999

Beta-blocked 6 (15.4) 5 (13.5) >0.999

Calcium channel blocked 6 (15.4) 8(21.6) 0.561
Total cholesterol (mmol/L)1 5.2 (1.2) 5.8 (1.3) 0.042
HsCRP (mg/L)1 1.7 (1.0, 3.5) 1.3 (0.9, 2.6) 0.193
PAI-1 (ng/ml)1 7.7 (4.4, 12.2) 8.3 (5.8, 12.4) 0.614

Continuous variables are summarised as mean (SD). Categorical variables are summarised as n(%). 
* Except where data were skewed (variables marked*), geometric mean (IQ range) 
difference between groups assessed using independent samples t-test. 
difference between groups assessed using Chi-square test.

Table 5.2- Total daily doses for each patient prescribed beta blockers by 
group.

Low polyphenol (n=6) High polyphenol (n=5)

Atenolol lOOmg Atenolol 25mg

Bisoprolol 2.5mg Atenolol 50mg

Bisoprolol 5mg Atenolol 50mg

Bisoprolol 10mg Propanolol 80mg

Labetolol 200mg Propanolol 80mg

Nebivolol 5mg
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Table 5.3- Dietary intake of F&V, berries, dark chocolate and micronutrient 
status of 75 participants at baseline according to diet allocation.

Low polyphenol High polyphenol Between group
(n=39) (n=37) comparison P-value

F&V intake (portions/day)1' 1.43 (0.83) 1.47 (0.71) 0.821

Berries (portions/day)3 0.00 (0.00, 0.00) 0.00 (0.00, 0.00) 0.337

Dark Chocolate (grams/day)3' 0.00 (0.00, 0.00) 0.00 (0.00, 0.00) 0.585

Epicatechin (nmol/mg crt/L)1§ 0.77 (0.78) 0.51 (0.63) 0.272

Vitamin C (pmol/l)2’ 25.9(18.3, 53.7) 27.9(18.7, 58.0) 0.769

Lutein (pmol/l)2 0.16(0.11, 0.21) 0.15(0.12, 0.21) 0.675

Zeaxanthin (pmol/l)2 0.04 (0.03, 0.05) 0.04 (0.03, 0.05) 0.752

p-cryptoxanthin (pmol/l)2 0.05 (0.04, 0.08) 0.05 (0.04, 0.07) 0.797

a-carotene (pmol/l)2 0.12 (0.09, 0.16) 0.13(0.10, 0.18) 0.628

p-carotene (pmol/l)2 0.24 (0.15, 0.38) 0.27 (0.20, 0.38) 0.353

Lycopene (pmol/l)2 0.47 (0.31, 0.67) 0.48 (0.40, 0.66) 0.639

Total carotenoids (pmol/l)2 1.11 (0.80, 1.59) 1.17 (1.01, 1.37) 0.572

'Continuous variables are summarised as mean (SD), between group change assessed using independent samples 
t test. 2Skewed variables were logarithmically transformed and summarised as geometric mean (IQR), between 
group p value calculated using independent samples t-test.3 Data presented as median (IQR) and between group p 
value calculated using Mann-Whitney U-test. *=75 participants (n=36 for high polyphenol group). §= 39 participants 
(n=22 for high polyphenol group). Crt= creatinine.

Table 5.4- Baseline heart rate variability measurements for 76 participants 
according to diet allocation, and reference values

Low
polyphenol

(n=39)

High
polyphenol

(n=37)

Between group
comparison

P-value

Normal
values

(mean ± SD)

Values
predictive of

adverse
outcome

Total NN 105866(10807) 109004 (14622) 0.290

Total abberants 67.6 (212.2) 319.0(1727.6) 0.385

Maximum HR 119.9(17.5) 120.7(13.3) 0.816

Minimum HR 54.0 (6.4) 56.2 (7.0) 0.149

Average HR 73.1 (7.5) 76.1 (8.2) 0.096

Average NN 816.6(93.2) 786.8 (82.8) 0.142

SDNN (ms) 134.5(30.2) 126.2 (33.1) 0.261 141 ± 39 <50

SADNN (ms) 119.5(35.9) 115.6 (33.5) 0.621 127 ± 35 <55

SDNNIDX (ms) 48.9 (13.0) 47.3 (13.1) 0.584 54 ± 15 <30

RMSSD (ms) 21.6 (7.3) 22.6 (9.3) 0.585 27± 12 <17.5

pNN50(%) 4.2 (4.4) 5.7 (7.8) 0.308

Triangular Index 37.3 (10.7) 34.9 (11.0) 0.332 37± 15 <15
ULF 9.5 (0.8) 9.4 (0.6) 0.836 <7.4

Continuous variables are summarised as mean (SD) and difference between groups assessed using independent 
samples t-test.
Total NN= total no.of NN intervals, HR= heart rate, NN= interval between two successive N-N, SDNN=standard 
deviation of all NN intervals, SADNN= Standard deviation of the averages of NN intervals in all 5 min segments of 
recording, SDNNIDX= mean of all standard deviations of all NN intervals for all 5 min segments of recording, 
RMSSD= square root of mean of successive NN intervals, pNN50= percentage of differences between NN 
intervals>50ms, Triangular lndex= total number of NN intervals divided by no. of beats in modal frequency, ULF= 
ultra low frequency.
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5.4.2 Changes in micronutrient status and self-reported polyphenol 
intake during intervention phase
Results for self-reported F&V, berries and dark chocolate intake and 

circulating micronutrient and polyphenol status are summarised in Table 5.5. 
Dietary records and ascorbic acid status were available for 75 participants 

due to one non-returned food diary and one missing plasma sample, from 

separate patients in the high polyphenol group. Results for urinary 

epicatechin are presented for a subset of 39 patients (n=22 in high 

polyphenol group and n=17 in low polyphenol group). Between group 

change showed a significant increase in self-reported polyphenol intake for 

F&V, berries and dark chocolate in the high polyphenol group compared with 

the low polyphenol group (p<0.001 for all). Self-reported intake of F&V, 

berries and chocolate all significantly increased in the high polyphenol group 

(p<0.001 for all). No significant change was recorded on assessment of pre
post intervention polyphenol intake in the low polyphenol group.

Independent samples t-test for change in epicatechin levels showed a 

significant difference due to an increase in the high polyphenol group 
(p=0.016). Paired samples analysis showed no significant change in the low 
polyphenol group. The high polyphenol group demonstrated a significant 

increase in epicatechin levels post-intervention (0.51±0.63nmol/mg 

creatinine/L at week 4 vs 1.60±1.50 nmol/mg creatinine/L at week 12).

Between group testing showed a significant increase in ascorbic acid in the 

high polyphenol group compared with low polyphenol diet. Significant 

increases were also found on between group testing in the high polyphenol 

group for total carotenoids and all individual carotenoids except for lycopene, 

compared with the low polyphenol group. Plasma ascorbic acid levels 
significantly increased during the intervention in the high polyphenol group 

(27.9 pmol/l (18.7, 58.0) at week 4 vs 55.1iimol/l (46.1, 68.7) at week 12, 

p<0.001), whereas, ascorbic acid levels significantly decreased in the low 

polyphenol group during the intervention period (25.9pmol/l (18.3, 53.7) at 

week 4 vs 20.1umol/l (11.8, 51.2) at week 12, p=0.038).
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Chapter 5

5.4.3 intervention associated changes in heart rate variability
Pre- and post-intervention heart rate variability indices for the subgroup of 76 

participants of the PPhIT study are summarised in Table 5.6. On between 

group comparison using independent samples t test only change in average 

heart rate and average NN differed significantly between groups (Figure 

5.1), all other HRV indices showed no significant difference in change 

between groups (Figure 5.2). On within group comparison pre- and post

intervention, participants in the high polyphenol group showed significantly 

higher maximum heart rate (p=0.029) and average heart rate (p<0.001) and 

therefore significantly lower average NN intervals (p<0.001). There were no 

significant differences for within group paired samples t-test in any of the time 

or frequency domain indices.

Only three participants had documented arrhythmias during ambulatory ECG 
recording. In the high polyphenol group, one participant at baseline 
ambulatory ECG monitor showed non-sustained supra-ventricular 

tachycardia (SVT). In the low polyphenol group, again one patient 

experienced non-sustained SVT, and a second had six beats of ventricular 
tachycardia on each monitor.

To examine for potential confounding variables that might influence baseline 
HRV a multiple regression was performed. SDNN at baseline was used in 

the first model (Table 5.7) and no other baseline variable included in the 

model was significantly associated with baseline SDNN. The second model 

(Table 5.8) examined average heart rate at baseline against baseline values 

for potential confounders and found HsCRP and PAI-1 were both significantly 

associated with baseline heart rate (p=0.036 and p=0.003 respectively). 

These significant baseline characteristics were further assessed by 

performing independent samples t tests to test for difference in change 

between groups pre and post intervention. PAI-1 showed no significant 

difference (p=0.218). However, hsCRP significantly increased in the high 

polyphenol group (+0.18 mg/) compared to low polyphenol group (-0.31 mg/L, 

p=0.038).

4 7Q
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Chapter 5

Table 5.7- Multiple regression analysis to examine relationship between 
baseline SDNN values and possible confounding baseline variables.

Predictor variable Beta (95% Cl) P-value

Age -0.55 (-1.41, 0.90) 0.665

Current smoker 0.12 (-9.03, 24.4) 0.362
Former smoker -0.07 (-2.26, 1.47) 0.672

Sex -0.03 (-0.95, 0.76) 0.823

BMI (kg/m2) -0.12 (-38.4, 13.7) 0.347

Systolic blood pressure (mmHg) -0.19 (-29.2, 4.59) 0.150

Total cholesterol (mmol/L) -0.10 (-8.64, 3.68) 0.424

Beta blockers -0.14 (-8.13, 2.89) 0.346
HsCRP (mg/L) -0.11 (-2.20, 1.01) 0.463

PAI-1 (ng/ml) -0.04 (-18.8, 26.6) 0.731

Table 5.8- Multiple regression analysis to examine relationship between 
baseline average heart rate values and possible confounding baseline 
variables.

Predictor variable Beta (95% Cl) P-value

Age 0.01 (-0.25, 0.28) 0.911
Current smoker -0.10 (-5.45, 0.28) 0.396
Former smoker -0.17 (-0.67, 0.18) 0.249
Sex -0.06 (-0.25, 0.15) 0.615

BMI (kg/m2) -0.01 (-6.15, 5.74) 0.945

Systolic blood pressure (mmHg) -0.07 (-4.88, 2.84) 0.598

Total cholesterol (mmol/L) -0.13 (-0.61, 2.20) 0.264

Beta blockers 0.21 (-2.52, 2.27) 0.115
HsCRP (mg/L) 0.30 (0.03, 0.76) 0.036

PAI-1 (ng/ml) -0.36 (-13.1,-2.75) 0.003

-i on
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Figure 5.1- Mean change ±95%CI in heart rate parameters by diet allocation.
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Figure 5.2- Mean change±95%CI in HRV indices by diet allocation.
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5.4.4 Reanalysis of vascular function using fruit and vegetables as a 

continuous variable
Thus far, all analysis of HRV indices have been performed according to the 

allocated high and low polyphenol groups. Using dietary record analysis 

during the intervention F&V, berries and dark chocolate could be considered 

as continuous variables. The relationships between F&V, berries and dark 

chocolate consumption and FIRV were examined using univariate linear 

regression analysis (Table 5.9).

This analysis reveals a significant positive relationship between F&V and 

dark chocolate consumption and average heart rate and average NN interval, 

whilst there was a significant relationship between berry consumption and 

average NN interval and a trend toward significance only for average heart 

rate. An extra daily portion of F&V is predicted to provoke an absolute 
increase in heart rate of 0.49bpm. Results for dark chocolate were examined 

by gram/day and therefore require multiplication by 50 to equate to a portion. 
An extra daily portion of dark chocolate is predicted to stimulate an absolute 

increase heart rate of 3.5bpm. No other significant relationship was found 
between F&V, berries and dark chocolate and remaining HRV indices.

4 QO
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Table 5.9- Change in HRV indices per extra daily portion of F&V 
and per extra daily gram of dark chocolate, as predicted 
regression analysis.

and berries, 
from linear

Change per P Change per P Change per daily p
daily extra value daily extra value extra gram dark value

portion F&V portion berries chocolate
(95%Ci) (95%Ci) (95%CI)

Total aberrants -1.92 0.904 -6.35 0.929 -1.40 0.527
(-33.4, 29.5) (-150.3, 137.3) (-5.80, 3.00)

Maximum HR 0.466 0.302 2.29 0.262 0.08 0.178
(bpm) (-0.43, 1.36) (-1.75, 6.32) (-0.04, 0.21)
Minimum HR 0.23 0.191 1.25 0.122 0.01 0.719
(bpm) (-0.20, 0.59) (-0.34, 2.83) (-0.04, 0.06)
Average HR 0.49 0.027 1.85 0.065 0.07 0.017
(bpm) (0.06, 0.93) (-0.12, 3.82) (0.01, 0.13)
Average NN (ms) -5.04 0.021 -19.6 0.046 -0.73 0.015

(-9.30, -0.79) (-39.0, -0.33) (-1.32, -0.15)
SDNN (ms) -0.80 0.382 -3.30 0.423 -0.05 0.699

(-2.62, 1.10) (-11.4, 4.90) (-0.30, 0.20)
SADNN (ms) -1.10 0.344 -4.94 0.336 -0.09 0.590

(-3.34, 1.15) (-15.1, 5.23) (-0.40, 0.23)
SONNIOX (ms) -0.36 0.322 -1.50 0.374 -0.05 0.370

(-1.07, 0.36) (-4.71, 1.79) (-0.15, 0.06)
RMSSO (ms) -0.05 0.826 -0.14 0.879 -0.03 0.398

(-0.46, 0.37) (-2.03, 1.74) (-0.08, 0.03)
pNN50 (%) 0.03 0.818 0.40 0.522 -0.00 0.851

(-0.24, 0.30) (-0.83, 1.63) (-0.04, 0.03)
Triangular Index -0.28 0.355 -1.21 0.377 -0.03 0.492

(-0.88, 0.32) (-3.93, 1.51) (0.01, 0.06)
ULF -0.03 0.329 -0.12 0.311 -0.00 0.446

(-0.07, 0.03) (-0.34, 0.11) (-0.01,0.00)
Total NN= total no.of NN intervals, bpm= beats per minute, HR= heart rate, NN= interval between two successive 
N-N, SDNN=standard deviation of all NN intervals, SADNN= Standard deviation of the averages of NN intervals in 
all 5 min segments of recording, SDNNIDX= mean of all standard deviations of all NN intervals for all 5 min 
segments of recording, RMSSD= square root of mean of successive NN intervals, pNN50= percentage of 
differences between NN intervals>50ms, Triangular lndex= total number of NN intervals divided by no. of beats in 
modal frequency, ULF= ultra low frequency.

1 QQ
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5.5 Discussion
The PPhIT study is the first intervention study to examine the effects of a 

polyphenol-rich diet on heart rate variability in hypertensive patients. The 

results showed no significant improvement in a single frequency domain or 

multiple time domain indices on between group analyses. However, 

between group comparison revealed a significant increase in the high 

polyphenol group in average heart rate with an accompanying significant 

decrease in average NN intervals

As stated previously, only observational evidence existed for the effect of fruit 

and vegetables on HRV. A study of 35 healthy, Buddhist vegetarians found 

increased HRV indices compared with a control group of non-vegetarians (Fu 

et al. 2006). However, there may be other healthy lifestyle choices 

associated with vegetarianism and their religious beliefs that could confound 
this result. No data was provided on difference in F&V intake between the 
groups (Fu et al. 2006). A second study observational study examined HRV 
in 586 healthy, older men after measuring F&V and fish consumption from 

food frequency questionnaires (Park et al. 2009). After stratifying the cohort 
into quartiles for dietary intake and adjusting for confounding variables, it was 
found that only intake of leafy green vegetables was associated with 

improved HRV. Those in the highest quartile consumed on average 8.7 

portions of F&V/day, of which 0.46 servings were green leafy vegetables. In 

the lowest quartile subjects reported consuming 3.7 F&V portions/day, of 

which 0.12 servings were green leafy vegetables (Park et al. 2009). Mean 

consumption of F&V in the lowest quartile is higher than mean baseline 

consumption of F&V in the PPhIT study, whilst those in the highest quartile 

consumed significantly more F&V than the high polyphenol group in PPhIT 

recorded post-intervention. Further analysis of the PPhIT participants’ dietary 

records is currently ongoing to assess the proportion of each type of F&V 

consumed.

An increase in heart rate was an unexpected finding, and could potentially be 
undesirable in terms of overall cardiovascular health (Hjalmaron 2007). 

Analysis of polyphenols as continuous variables provided an insight into the
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relative impact of F&V, berries and dark chocolate on heart rate. When 

results were compared by effect per portion it was found that one portion of 

dark chocolate, F&V or berries increased heart rate by an absolute value of 

3.5bpm, 0.49bpm and 1.85bpm respectively, although berry consumption 

was only actually significant when average NN interval was examined.

One previous study of the effect of dark chocolate consumption on 

cardiovascular and neuropsychological health also demonstrated an increase 

in heart rate (Crews Jr, Harrison & Wright 2008). In those patients who 

consumed 37g of dark chocolate and one cup of cocoa per day for six weeks 

heart rate increased from 71.34 ± 9.19bpm to 76.09 ± 10.68bpm (p= 0.07), 

which is similar in effect proportion to the PPhIT study (Crews Jr, Harrison & 

Wright 2008). It is thought that increasing heart rate can be attributed to the 

methylxanthine (caffeine and theobromine) content of dark chocolate.

The half-lives of theobromine and caffeine have been found to be 
approximately 7-10 hours and 4-5 hours respectively (Lelo et al. 1986, 

Caudle, Gu & Bell 2001) . Using the equation by Cooper and colleagues that 
non-cocoa fat solids (NCFS)= 38 x % theobromine, it is possible to calculate 
approximately the amount of theobromine in each bar of chocolate (Cooper 

et al. 2008). In the PPhIT study this was approximately 1-2% of total weight 

and, therefore, 500mg-1000mg, although this was not formally tested. To put 

this into context a study by van de Bogaard and colleagues compared the 

effect of cocoa containing 106mg of theobromine with that containing 979mg 

theobromine (van den Bogaard et al. 2010). After three weeks of 

consumption those in the high theobromine group had a significantly higher 

average heart rate (70.8bpm (68.9, 72.7) vs 67.2bpm (65.3, 69.1), p<0.001) 

(van den Bogaard et al. 2010). The impact of methylxanthines may have 

been increased in the PPhIT study as a large proportion of the participants 

consumed their daily amount of dark chocolate in divided doses, thus 

extending the effect. Further work on the PPhIT study baseline food 

frequency questionnaires is being performed to ensure that consumption of 
other caffeine containing products was similar in both group, however,
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participants were advised not to increase their caffeine intake from other 

sources during the trial.

The slight effect on heart rate from F&V and berry consumption could 

potentially be attributed to fructose. The health properties of fructose have 

been a recent focus of debate, mainly due to the prevalence of high-fructose 

corn syrup in Western diets (Ludwig 2013). The metabolism rate of fructose 

can be between 3-6 hours, although this can decrease to 2-3 hours with 

exercise, which participants in the PPhIT study were encouraged not to do 

whilst wearing ambulatory ECG monitors (Sun, Empie 2012). Given that fruit 

may have been consumed every few hours in the high polyphenol diet, it is 

possible that fructose had an effect for a considerable duration of ambulatory 

ECG recording. A study in 2008 of 15 patients who consumed a drink 

containing 60g of fructose found that this increased heart rate by up to 8 bpm 

(Brown et al. 2008). However, this amount of fructose is considerably higher 
than that normally found in fruits. Calculating the amount of fructose in each 
portion of fruit is extremely difficult due to variations between different crops 

and levels of ripeness, but a previous study comparing 24 different types of 
fruit found highest levels in pears (9.03% fresh weight), with relatively lower 
levels in berries, such as strawberries (2.59% fresh weight) (Richmond et al. 
1981).

It is possible that the heart rate raising effect of cocoa attenuated any 

beneficial effect of fruit, vegetables and berries on HRV in this study. To 

study this a F&V only high polyphenol group would be required, in addition to 

the existing low polyphenol control group. As demonstrated during multiple 

regression analysis at baseline, markers of inflammation were significant 

confounders of average heart rate. One previous study has found increased 

hsCRP associated with decreased HRV (Lampert et al. 2008). To our 

knowledge, no study has examined the impact of PAI-1 on HRV. In the 

PPhIT study, participants were excluded from analysis if hsCRP was 

>10mg/L. No participant in the study had a PAI-1 above the normal range. 
Whilst at baseline markers for inflammation were similar between groups, 

those in the high polyphenol group developed a significant rise in hsCRP
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post intervention, compared with the low polyphenol group. This may also 

have limited the beneficial effect of the intervention.

Due to the lack of previous dietary intervention studies it was difficult to 

gauge the length of time required to effect a change in heart rate variability. 

A previous study examining the effect of smoking cessation in otherwise 

healthy subjects on HRV found that ten weeks was sufficient to improve 

HRV, but not normalise indices (Stein, Rottman & Kleiger 1996). This may 

provide some guidance that a time period longer than ten weeks is required 

to affect HRV outcomes. Previous studies analysing hypertensive patients 

with a baseline decreased HRV have found that it does not decrease further 

over a lengthy follow up of nine years (Schroeder et al. 2003). The slow rate 
of change of HRV in patients with cardiovascular risk factors or established 

pathology may suggest that a longer period of intervention would be 

required, and, therefore, the duration of intervention in the PPhIT study may 
have been inadequate.

The strengths of this study are that it is the first robustly designed, 
intervention study of dietary change on HRV in hypertensive patients. The 
values demonstrated are comparable to other population studies, but less 

than recommended reference ranges, which would be expected in the setting 

of established hypertension. Despite increases in caffeine and theobromine 

due to dark chocolate consumption, no difference in total aberrant count was 

found on between group comparison. This is in keeping with previous 

findings regarding the effect of caffeine on idiopathic ventricular premature 

beats (Newby et al. 1996). The incidence of arrhythmias was also small and 

no significant differences were found between groups. Therefore, whilst there 

was an increase in heart rate in the high polyphenol group there is no 

evidence that this diet may adversely affect HRV or heart rhythm.
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5.6. Study limitations and future work
This was a small study of eight weeks duration. It is likely that it was 

underpowered to evaluate the effect of a diet on cardiovascular health and 

therefore the possibility of a Type II error exists. Jong and colleagues have 

suggested that a sample size of approximately 1200 subjects would be 

required for an observational study to have adequate statistical power to 

detect an association between dietary intake and change in HRV indices 

(Jong, Floras & Nolan 2008). No such power calculation has been made for 

dietary intervention studies. However, variability data from the PPhIT study 

could be used to estimate the numbers required for future investigation. As 

discussed previously, it is also possible that future work should be of longer 
duration to demonstrate an effect; however an exact time to benefit is not 

established in dietary interventions for HRV. Potentially those patients with 

pre-hypertension and not established hypertension may have more malleable 
HRV and derive greater benefit from any intervention.

With regard to use of the monitor, it was ensured that baseline monitors in 

both groups were truly pre-intervention as no deliveries of food occurred until 
the monitor had been returned. The majority of post intervention monitors 
(92%) were attached on the day of final assessment, and, therefore, 

compliance was not formally assessed for the duration of the second 

ambulatory ECG monitor. Participants were advised to continue with their 

diet until the ambulatory ECG monitor was returned, and the significant 

change in heart rate between groups suggests that this was the case. 

However, in future, this could be more strictly assessed. It would also be 

helpful to have a record of the time each polyphenol-rich food was consumed 

so this could be equated with hourly measurements of HRV indices, 

particularly heart rate. A final amendment to this study design for future work 

would be to include as an additional control group participants taking five 

portions of F&V per day, but no cocoa, or a low-theobromine cocoa 

alternative. This may reveal an effect on HRV that was potentially attenuated 

by the caffeine/ theobromine content of cocoa.
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5.7 Conclusions
In a cohort of hypertensive participants no significant change in heart rate 

variability indices was detected following an eight-week polyphenol-rich 

dietary intervention. A significant increase in heart rate with a polyphenol- 

rich diet was found. Future study designs may require a larger patient sample 

size and longer duration of intervention to determine if an effect can be 

demonstrated and if, therefore, a type II error occurred in the PPhIT study.
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6.1 INTRODUCTION
The effect of polyphenol-rich foods in general and on cardiovascular risk 

factors, vascular function, platelet function and heart rate variability has been 

described in Chapter 1. Observational and intervention evidence to date 

indicates that polyphenol-rich foods, in particular berries and dark chocolate, 

may have the potential to influence CVD risk. The aim of the systematic 

review in Chapter 2 was to examine the effect, if any, of diet on endothelium- 

dependent vasodilation. The results of the review highlighted that dietary 

interventions with weight loss or polyphenol-rich/ Mediterranean-style 

regimens can effect change on endothelium-dependent vasodilation as a 

measure of microvascular health. It also illustrated that there are very few 

polyphenol-specific dietary intervention studies, and none of sufficiently 
robust design.

The aim of this thesis and the PPhIT study was to assess the effect of 
polyphenol dietary intake, through berries and dark chocolate consumption in 
addition to increased general F&V intake, on microvascular function, platelet 

function, heart rate variability and other markers of cardiovascular risk in 
those with hypertension. Microvascular function was chosen as the primary 

endpoint because unlike other markers of vascular function it has established 

prognostic evidence, with poor endothelium-dependent responses being 

associated with increased risk of cardiovascular events (Perticone et al. 

2001). In addition, a recent study demonstrated a dose response 
relationship between F&V consumption and microvascular health, linking an 

achievable dietary modification with an improvement in this measure (McCall 

et al. 2009).

This chapter will provide a general discussion of the main findings of the 

thesis as a whole.
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6.2 MAIN FINDINGS
One primary endpoint and five secondary endpoints were identified for 

incorporation in the PPhIT study design after a literature review. The main 

findings for each endpoint are summarised below.

6.2.1. Vascular function
The primary endpoint was detection of a between group change in maximum 

FBF response to the endothelium-dependent vasodilator, Ach. As described 

in Chapter 4 there was a significant between group difference in maximum 

response to Ach in favour of those who consumed the high polyphenol diet. 

On average, those in the high polyphenol group improved their response to 

Ach by 206.2% (of infusedmon-infused ratios), which appeared to be a 
greater magnitude of effect than that previously achieved with a high F&V 

intervention in the FAVRIT study, although the different cohort of patients 

limits formal comparisons (McCall et al. 2009). This was also a greater effect 
than that demonstrated by a weight loss diet in the meta-analysis performed 
in Chapter 2.

Results were reanalysed with the various polyphenol-rich foods as a 
continuous variable, which revealed that an extra daily portion of F&V could 

be predicted to produce an absolute increase in the maximum response to 
Ach of 14.0% (95%CI: 3.82%, 24.1%, p=0.008). An extra daily portion of 

dark chocolate could be predicted to produce an absolute increase in the 

maximum response to Ach of 112.5% (95%CI: 44.5%, 180.5%, p=0.020). 

This result also has prognostic significance, due to the previous work by 

Perticone and colleagues, which identified a reduced risk of cardiovascular 

events in those with the highest tertile of FBF Ach response (Perticone et al. 

2001). In the PPhIT study, 67.5% of those in the high polyphenol group 

improved by at least one tertile.

As such, the null hypothesis outlined in Chapter 1 is rejected with regards to 

microvascular function. There was no significant between group change in 

response to SNP. Blood pressure change was also assessed, although this 
was not a primary endpoint. Both groups experienced a decrease in SBP.
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However, on between group testing there was a trend for a significantly 

greater reduction in SBP in the high polyphenol group.

6.2.2 Markers of nutritional status
Two secondary endpoints in the PPhIT study were markers of compliance 

with the dietary intervention namely: between group change in biochemical 

markers of nutritional status (plasma vitamin C, a panel of serum carotenoids 

and urinary epicatechin) and; between group change in self-reported 

polyphenol-rich food intake, measured by four-day food diaries. A significant 

between group change in self-reported polyphenol intake was found. 

Obviously this may be prone to measurement error. However, a panel of 

biomarkers validated these results. There was a significant between group 
change in urinary epicatechin, and plasma concentrations of vitamin C and 

all carotenoids, except for lycopene. These results indicate good compliance 

with the dietary intervention in both groups, probably due to the personalised 
dietary advice received and home delivery of F&V and dark chocolate for the 

high polyphenol group and also reflecting the acceptability of the intervention.

6.2.3 Biochemical markers of cardiovascular risk
Between group change in the secondary endpoints lipids, HsCRP and PAI-1 

are described in Chapter 4. There was a significant between group change 

in total cholesterol, in favour of a decrease in the high polyphenol group. 

However, there was no significant change in other lipid parameters. 

Increased polyphenol-rich food consumption had no effect on markers of 

inflammation, although a significant decrease in hsCRP was shown within 

the low polyphenol group.

6.2.4 Platelet function
As presented in Chapter 4, there was a trend towards a significant 

improvement in urinary 11-dhTBX2 levels in the high polyphenol group, 

which almost became significant when only those not prescribed aspirin were 

analysed. No significant improvement was found in those already taking 

aspirin. However, the study was not designed to detect an additional benefit
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of polyphenols in those already consuming antiplatelet agents, and the 

numbers of patients taking aspirin were small.

6.2.5 Heart rate variability
Results for the final secondary endpoint, between group change in heart rate 

variability, are described in Chapter 5. This was an optional assessment for 

participants with an 81.4% uptake. There was no significant between group 

change in time or frequency domain measures of HRV. There was a 

significant increase in average heart rate, and a decrease in average NN 

intervals in the high polyphenol group, compared to the low polyphenol 

group. This was possibly attributable to the effects of caffeine and 

theobromine in dark chocolate. A previous study noted a 5bpm increase in 

heart rate following a cocoa intervention, which was thought to be a result of 

the theobromine and caffeine contents of the cocoa items (Crews Jr, 

Harrison & Wright 2008) . It is possible to obtain low-theobromine containing 

dark chocolate, and this was used in one study for comparison with a high- 
theobromine containing counterpart (van den Bogaard et al. 2010). 

Between group comparison found a 3bpm increase in heart rate in the high- 

theobromine chocolate group (van den Bogaard et al. 2010). Potentially to 

attenuate the heart-rate increase associated with the PPhlT diet a low- 
theobromine dark chocolate alternative could be used in future studies.

6.3 IMPLICATIONS OF STUDY FINDINGS
The findings of this study provide evidence that a significant improvement in 

vascular function can be effected by dietary modification. These findings are 

also extremely relevant from a general public health prospective because the 

adoption of such a diet could be effective in improving vascular function in 

those with hypertension, and thereby reduce their risk of future 

cardiovascular events. This has health economic implications, as the cost of 

CVD to the UK economy is estimated at £29.1 billion annually (Luengo- 

Fernandez et al. 2006), and these are predicted to rise due an aging and 
increasingly obese population (Roger, Go & Lloyd-Jones 2011).
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There was also evidence of a trend towards an improvement in BP and other 

markers of cardiovascular risk with this diet. Again due to the prevalence of 

hypertension in the UK population, this is also relevant to public health policy. 

Recent figures suggest that the prevalence of hypertension in the UK in 

adults >16 years is 31.5% in men and 29.0% in women (DoH 2010, NISRA 

2001). Elevated blood pressure (BP) is thought to account for 6% of the 

global disease burden, and is, therefore, considered one of the most 

important preventable causes of CVD (Lopez et al. 2006). Whilst many 

antihypertensives are now off-patent and may cost less per day than 

purchasing F&V, due mainly to the frequency of their prescription, the annual 

cost of antihypertensives to the UK is approximately £6 billion (NICE 2011).

The only negative effect of the study was a 3bpm increase in heart rate in 

those consuming the high polyphenol diet, likely secondary to the caffeine/ 

theobromine content of dark chocolate. The study was not actually powered 
to detect a between group difference in heart rate, and as such further work 
would be required to determine if this effect actually exists. No other adverse 

effect of daily dark chocolate consumption was detected, including no 
additional arrhythmias or weight gain in the high polyphenol group. As such 
the weight of evidence from the PPhIT study suggests that its findings 

should, if confirmed in future studies, guide a change in practice in terms of 

public health guidelines and lifestyle advice for hypertensive patients.

As discussed previously the current European Society of Cardiology 

guidelines for management of hypertension endorse increasing F&V intake to 

five portions per day (ESC 2013). This recommendation is referenced in 

these guidelines with studies of a Mediterranean diet only (Sofi et al. 2010, 

Estruch et al. 2013). Recommendations for dietary intake of F&V intake 
vary between countries, with Australia being the only nation to separate out 

F&V recommendations by advocating two portions of fruit and five of 

vegetables per day (Australian Dietary Guidelines 2011). The American 

Dietetic Association encourages a variety of F&V intake, by ‘eating right with 

color’ (American Dietetic Association 2011). The PPhIT study supports this 

recommendation by providing some indication of the merit of more specific
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advice about the type of F&V intake rather than just the quantity, given that 

there is considerable variety in the polyphenol content of F&V. It also 

highlights that further research is warranted in this area.

Given that recent reports suggest that average intake in the UK is three 

portions/day (Whitton et al. 2011), there is room for improving dietary habits 

of this population. The parallel analysis of the current study undertaken by 

another PhD student (CR), demonstrated a 92% approval rating of the PPhIT 

diet. This implies that the diet, including dark chocolate, is attractive in terms 

of possibly encouraging adoption by the general public. Dark chocolate 

currently represents 14% of polyphenol intake in the UK so there is again 

room for improvement in consumption (Rusconi, Conti 2010).

Despite providing evidence that a modification of current F&V guidelines 

would be beneficial, translating these findings into change in public 
consumption is challenging. In the PPhIT study several barriers to dietary 
change were identified. The main barriers to change were cost, a habit of 

eating less healthy foods and the perception that junk food was easier to 
prepare, tasted better and was cheaper (Rooney 2013). To overcome these 
barriers requires a multifactorial approach. At a government level there could 
be lobbying of the food industry to encourage lower prices of F&V and dark 

chocolate. In addition to this, strategies such as subsidising Farmer’s 

markets and providing ‘food stamps’ for use with purchasing healthy foods 

only may help to make purchasing of polyphenol-rich foods more accessible 

to all consumers. The cost of this could eventually be offset by the 

subsequent reduction in cardiovascular disease and its cost to the NHS.

As identified in the PPhIT study, cost of FV is only one factor affecting 

consumer purchasing decisions. This is supported by research showing that 

increases in income do not necessarily lead to increased F&V intake 

(Dibsdall et al. 2003). A recent systematic review of interventions to increase 
F&V consumption found that behavioural-based interventions, such as those 

based on the transtheoretical model of behavior change, had a moderate 
effect (Thomson, Ravia 2011). This could be coupled with increased
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education in schools about the importance of consuming a variety of 

polyphenol-rich foods and how to prepare these.

6.4 STUDY DESIGN CONSIDERATIONS

6.4.1 Study strengths
The PPhIT study is the first of its kind to assess the effect of a polyphenol- 

rich diet on microvascular function in a cohort at elevated cardiovascular risk. 

It is also the first multi-food polyphenol intervention study to investigate the 

effect on platelet function, and the first to examine the effects on HRV. The 

primary endpoint was assessed by a robust method of vascular function: 

measurement of forearm blood flow response to Ach venous occlusion 
plethysmography. This technique is well established as a marker of 

cardiovascular risk that is supported by clear prognostic evidence linking 
improved FBF responses to Ach with reduced incidence of cardiovascular 

events (Perticone et al. 2001). It is an invasive and labour intensive 
measurement, involving daily preparation of vasodilator infusions, 
percutaneous arterial puncture, and enforced ‘rest’ periods to allow drug 

wash-out, and so is suited to small-to-moderate scale clinical trials such as 

this one. Unlike several of the studies of FBF measures of vascular function 
described in Chapter 2, the PPhIT study was of moderate size, and was 

adequately powered to assess this primary endpoint in a RCT design.

The participants in the PPhIT study were free-living and allowed to make 

their own choices of type of F&V to be consumed. They were also all 

individuals with hypertension, and many had other risk factors such as 

smoking, increased BMI or hypercholesterolaemia. This means the results 

provide more clinically applicable data to those at risk of CVD, and are more 

relevant to ‘real-life’ than studies involving in-patient admission or supervised 
meals. There was a very low drop out rate in the study, with only five 

participants (4.8%) not completing the twelve-week trial. A concerted effort 

was made to keep other lifestyle variables constant during the study, and the 

lack of change in BMI reflects this. Self-reported polyphenol intake
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reinforced with data on biochemical markers of nutritional status both 

confirmed that good compliance with the dietary intervention was achieved 

and the diet was well tolerated by participants with no adverse effects 
reported.

6.4.2 Study weaknesses
Due to budget and time constraints the PPhIT study was unable to use a 

factorial design to allow examination of the specific effect of berries and dark 

chocolate over and above increasing F&V intake alone. Whilst inferences 

can be drawn about the magnitude of effect of a polyphenol-rich diet 

compared to a high F&V diet by examining results obtained from the FAVRIT 

study (which examined the dose-response effect of increasing F&V on FBF 

in a hypertensive group), to do this definitively would require an additional 

high F&V intervention group. This study was also underpowered to detect a 

change in blood pressure and FIRV indices. It would also have been helpful 
to have food diary records on the day of ambulatory monitor recording, to 
help better correlate the relationship between average heart rate and timing 

of dark chocolate consumption. An ambulatory blood pressure monitor 

would also have more robustly assessed change in blood pressure, and 
helped to identify the level of impact of ‘regression to the mean’ on results.

6.5 FUTURE WORK
As discussed above, future work could involve a factorial design, to better 

investigate the additional benefit of a polyphenol-rich diet compared to a high 

F&V intervention, however, such a trial would be very expensive. The same 

principle would apply for future studies of different doses of dark chocolate to 

help establish optimal daily dosage guidelines. This study could also be 

repeated with different cohorts such as those with a high and low total CVD 

risk, or established CVD disease, to assess if this impacted on the effect of 

intervention, and to improve the clinical applicability of results to a wider 
population.
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The trend noted for a greater decrease in SBP in the high polyphenol group 

warrants further study with larger numbers to ensure adequate power for 

detecting a change. Previous calculations estimate that 115 participants 

would be required per group to detect a 5mmHg change with 90% power. 

Similarly, the variability data from HRV indices could be examined to 

calculate the required number of participants to power a future intervention 

study. Larger numbers of patients with and without antiplatelet therapy could 

be compared in future studies to determine if any additional benefit could be 

derived in those already prescribed aspirin, and to assess the magnitude of 

effect of polyphenol-rich foods, relative to antiplatelet therapy. A longer 
duration of intervention may help demonstrate an improvement in lipid 

parameters and markers of inflammation. The systemic review in Chapter 2 
found some beneficial effect of physical activity in dietary interventions, this 

warrants further investigation in future polyphenol-rich dietary interventions.

To facilitate larger numbers of patients may be difficult with the current 
vascular assessment methodology. Figure 1.9 illustrated standard vascular 

methodogies and the considerations for their use. FMD or measuring FBF 
by reactive hyperaemia would allow for larger numbers to be recruited, or for 
a crossover design due to their non-invasive nature. There has also been 

progress in the use of computerised tomography and magnetic resonance 

imaging in quantitative coronary angiography for measurement of change in 

epicardical vessel diameter in response to vasodilators (Lekakis et al. 2011). 

This technology could be further examined for its usefulness in assessment 
of vascular function during dietary assessment of larger numbers of 

volunteers. Research would need to be performed to determine the 

correlation of these methods to venous occlusion plethysmography, and if 

similar prognostic results for cardiovascular events can be demonstrated.
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6.6 CONCLUSIONS
To conclude, this current work has shown that polyphenol-rich foods can 

effect a significant improvement in endothelium-dependent vasodilation 

following an eight-week intervention in hypertensive participants. This is the 

first time that a polyphenol-rich diet has effected change in a vascular 

measure of known prognostic significance in a hypertensive cohort. A 

significant reduction in total cholesterol and a trend towards a reduction in 

SBP and 11-dhTXB2 was also found in the high polyphenol group, which 

warrants further investigation in the future. These findings suggest that a 

well-tolerated, simple lifestyle modification can impact significantly on 

markers of cardiovascular risk, and therefore potentially reduce risk of 

cardiovascular disease. As a consequence of this research current 

guidelines on general F&V intake should be promoted, but with consideration 

also given to the inclusion of specific advice on consuming berries and dark 

chocolate.
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Abstract
The potential to reduce cardiovascular morbidity through dietary modification remains an area of intense clinical and scientific interest. 
Any putatively beneficial intervention should be tested within a randomised controlled trial which records appropriate endpoints, ideally 
incident CVD and death. However, the large sample sizes required for these endpoints and associated high costs mean that the majority 
of dietary intervention research is conducted over short periods among either healthy volunteers or those at only slightly increased risk, 
with investigators using a diverse range of surrogate measures to estimate arterial health in these studies. Tine present review identifies 
commonly employed techniques, discusses the relative merits of each and highlights emerging approaches.

Key words: Endothelium: PuLse wave velocity: Pulse wave analysis: Dietary intervention

Observational evidence linking particular dietary factors with 
a reduced incidence of cardiovascular morbidity and mortality 
has been used extensively to support various public health 
promotion strategies'1'2’. Increasingly, however, investigators 
are designing randomised controlled trials to confirm whether 
those diets or fcxxJ groups may offer vascular protection. 
While hard clinical endpoints such as myocardial infarction, 
stroke and death are the ideal in such work, their use would 
necessitate prohibitively large, prolonged studies. The Dietary 
Approaches to Stop Hypertension (DASH) trial typifies 
much of the research in this field in that it recruited mildly 
hypertensive, but otherwise healthy, volunteers to an 8-week 
intervention'3l. While DASH was large enough to successfully 
employ a clinically relevant endpoint (brachial blood pressure), 
most dietary intervention studies rely on surrogate measures 
that will sensitively detect much earlier changes in arterial 
physiology. To underline this point, a recent meta-analysis con
sidered randomised controlled trials which examined the link 
between flavonoids/flavonoid-rich foods and cardiovascular

risk . Of the 133 studies included, none had cardiovascular 
morbidity or mortality as endpoints.

A range of vascular function methodologies is available 
to clinical researchers, and the choice for any one study is 
usually governed by local expertise and experience. However, 
it is vital that nutrition researchers have a clear understanding 
of the metric which their chosen technique will generate, and 
how applicable this is to their overall research question.

Here we consider endothelial vasodilator function, pulse 
wave mechanic analysis and biomarker measurement in the 
evaluation of arterial health during nutrition intervention 
studies conducted among human volunteers.

Endothelial dysfunction

All blood vessels are lined by an active cellular monolayer, 
known as the endothelium, which is responsible for many 
vital aspects of vascular homeostasis'5. Endothelial cells 
produce a wide range of paracrine mediators, with multiple 
beneficial actions including anti-thrombotic, anti-platelet.

Abbreviatkm.s: CFPWV. carotid-femoral pulse wave velocity. CRP. C-reactive protein; DASH. Dietary Approaches to Stop Hypertension; EMI*, endothelial 
microparticles; F.PC. endothelial progenitor cells; FMD, flow-mediated dilatation; ICAM-1, intercellular adhesion molecule-1; PWV, pulse wave velocity; 
VCAM-1, vascular cell adhesion molecule-1.
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anti-inflammatory and vasodilatory effects*6'. Established 
cardiovascular risk factors are known to encourage the evol
ution of an atherosclerotic plaque by unfavourably altering 
endothelial cell physiology* \ Thus, assessing the status of 
endothelial cells in vivo through their ability to produce 
NO, and thus mediate arterial dilatation, is common in cardio
vascular research'8’. Provocation of NO production can be 
either mechanical (flow-mediated) or pharmacological.

Flow-mediated dilatation

Flow-mediated dilatation (FMD) describes arterial dilatation in 
response to increased intra-luminal shear stress. In humans, 
this phenomenon has been described using a forearm tech
nique, in which reactive hyperaemia following release of an 
arm cuff at suprasystolic pressures mediates increased brachial 
artery diameter'91. The vasodilatation can be quantified using 
B-mode ultrasound, and agreed protocols have been pub
lished to guide investigators using this procedure00,11'. Since 
the technique does not involve needles, it has proven popular 
with researchers and less daunting for potential volunteers.

A growing body of research has not only demonstrated 
impaired brachial anery FMD among patients with recognised 
cardiovascular risk factors'12-1'", but also suggests that the 
measure may serve as an independent prognostic indicator 
in both high-risk populations" -l ’ and healthy volunteers'18 .

Brachial FMD has been employed by several groups as an 
endpoint during diet-related intervention trials. The effect of 
«-3 fatty acids on endothelial function has recently been 
reviewed'l9>, as has the effect of fruit polyphenols' , berries'21 ’ 
and green tea'22'2'’ on vascular health, and these reviews 
include studies using FMD endpoints. In Table 1 the
intervention studies that have examined the effect of chocolate 
or cocoa on FMD are shown. Consumption of dark chocolate 
has been shown to improve brachial FMD. both acutely (six 
out of seven studies), and chronically (five out of six studies).

While it provides a minimally invasive option for vascular 
function assessment, the measurement of brachial FMD does 
rely on considerable skill in ultrasound image acquisition and 
concerns about this technique s reproducibility have been 
expressed13'5'. De Roos et al. report substantial within-subject 
variability for FMD among healthy volunteers, with a CV 
estimated at approximately 50%(. Although much better CV 
figures (7-10%) have been published by Deanfield's 
group'37, , there remains a concern that, when employed in 
smaller, less experienced centres, the technique's inherent 
variability precludes adequate study power. In addition, the 
NO dependency of FMD has been questioned.'39', such that 
this response is letter considered a consequence of interplay 
between competing dilator and constrictor influences'‘,").

Another potential concern is that not all prospective studies 
have identified brachial FMD as an independent predictor of 
cardiovascular morbidity. Fathi el al. report no relationship 
between FMD and the risk of death, acute coronary syndrome 
or stroke among patients with established risk factors"1'. 
Austrian investigators note similar findings among patients 
undergoing coronary angiography" ' while in almost 3000 
older adults, brachial artery diameter and FMD proved equally

effective predictors of vascular outcome"8’. However, 
although not always shown to be an independent predictor 
of cardiovascular events, this does not preclude its use as an 
endpoint in dietary intervention studies, as long as interpret
ation of the result is appropriate.

Despite these reservations, brachial FMD is widely regarded 
as the gold standard' technique by which to assess conduit 
vessel function in cardiovascular research"3'. However, 
before adopting FMD as the endpoint of choice, trial investi
gators should consider whether conduit vessel function is the 
best metric with which to detect any intervention-related 
effect. The response quantified in standard FMD protocols 
depends upon forearm ischaemia-induced hyperaemic flow, 
which is itself a function of reduced vascular resistance. The 
latter is determined largely by endothelium-dependent micro- 
vascular tone and thus measures of reactive hyperaemia have 
been suggested as novel arterial descriptors'-"’. Analysis of 
brachial ultrasound recordings from over 2000 Framingham vol
unteers showed that Doppler-derived indices of hyperaemic 
shear stress correlated better with established cardiovascular 
risk factors than did FMD" '. Huang et al. have shown that 
lower hyperaemic flow velocities in the brachial artery 
following a standard period of forearm ischaemia indepen
dently predicted postoperative morbidity and mortality 
among patients with peripheral arterial disease undergoing 
elective vascular surgery" '.

It has been speculated that the microvascular dysfunction 
implied by reduced hyperaemic flow responses may be 
more sensitive to early atherosclerotic change than are disturb
ances in conduit anery vasomotion as quantified by FMD"7'. 
This has particular relevance for the design of dietary interven
tion trials which often seek to detect subtle changes in healthy 
volunteers. It would therefore be considered best practice to 
record FMD and reactive hyperaemia concurrently, as reactive 
hyperaemia can be measured simultaneously with FMD. using 
the same equipment.

Pharmacological provocation of endothelium-dependent 
vasomotion

Where FMD uses mechanical shear stress to provoke 
arterial endothelial vasodilator production, the local infusion 
of appropriate agonists can produce a similar effect. While 
based on well-established physiological and pharmacological 
principles, this approach does rely on successful arterial 
puncture.

Furchgott & Zawadzkis description of acetylcholine- 
mediated endothelium-dependent vasodilatation using isolated 
arterial segments in vitro was soon extended to in vivo human 
work"8’. Within the coronary circulation, direct intra-arterial 
injection of acetylcholine mediated vasoconstriction among 
patients with significant atherosclerotic lesions but dilated 
angiographically normal vessels". Several prospective studies 
among patients with clinical indications for cardiac cathe
terisation have established an abnormal coronary response to 
endothelium-dependent agonists as a powerful independent 
predictor of cardiovascular morbidity'"50-53’. The potential 
risks associated with invasive cardiac assessment limit this
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Table 1. Effect of cocoa or chocolate interventions on flow-mediated dilatation (FMD): evidence from randomised controlled trials

Study and year Population Intervention Duration Effect on FMD’ Effect size

Balzer elal. (2008)M Diabetic patients Acute (cocoa containing 371 Acute and chronic (30 d) Acute I Acute+1-8%
or 963 mg flavanols) (at both doses) (at 2 h; 963 mg flavanols)

Berry et al. (2010)1251
Chronic (cocoa 963 mg flavanols/d) Chronic f Chronic +10%

Overweight or obese men and Cocoa containing 701 mg flavanols Acute ! 6-1% (at 2h). No baseline
postmenopausal women measure taken. Significantly 

different from low-flavanol group
Damson a al(2008)M Overweight and obese adults High-flavanol cocoa Acute and chronic Acute t Acute+2-4% (at 2 h)

(902 mg flavanols/d) (12 weeks)
Chronic ! Chronic +1-6%

Englerefal. (2004)b7) Healthy adults High-flavonoid dark chocolate bar 2 weeks f +1-3%

Fandi elal. (2008)1281

(213 mg procyanidins, 46 mg 
epicatechin)

Healthy adults Dark chocolate (22 g cocoa powder) Acute Dark chocolate t Dark chocolate 4-3% (at 2h)

Farouque elal. (2006)IM)
Sugar-free cocoa (22 g cocoa powder) Sugar-free cocoa ! Sugar-free cocoa 5-7% (at 2h)

CAD patients Flavanol-nch chocolate bar and cocoa Acute and chronic (6 weeks) Acute — Acute -
beverage (total flavanols 444 mg/d)

Chronic ~ Chronic -
Grass! elal. (2005)1301 Essential hypertension patients lOOg dark chocolate/d 15d I + 1-5%

1 letss e! al.
(containing 88 mg flavanols)

Out-patients with at least one Cocoa drink containing Acute and after 2d Single dose ! Single dose +2-7% (at 2h)
cardiovascular isk factor 176mgflavan-3-ols supplementation

After 2d ! After 2d+2-9%
Heiss et al. (2007)1331 Healthy male smokers Flavanol-nch cocoa dnnk (918 mg/d) Acute and chronic (7 d) Acute f Acute +2-4%, dose-dependent

magnitude of 2 h response 
also demonstrated

Chronic t Chronic -i-2'9%
Hetss elal. (2010)1331 CAD patients High-flavanol cocoa dnnk 30d r +3-8%

Hermann et al. (2006)13*1
containing 750 mg/d

Male smokers 40 g dark chocolate Acute I +2-6%

f. Significant increase; CAD. coronary artery disease; -, no signrticani change
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technique's applicability to trials conducted in healthy volun
teers. However, the forearm is an accessible and relatively 
safe vascular bed, in which pharmacological challenges analo
gous to those described for epicardial vessels can be performed.

While coronary procedures have relied upon quantitative 
angiography, forearm studies mainly employ venous occlu
sion plethysmography to measure the efficacy of intra-brachial 
vasodilators. Concordant, proportionate responses to acetyl
choline have been descril>ed in synchronously infused coron
ary and brachial arteriest54’55). Poor forearm dilator responses 
to acetylcholine have been shown to predict increased rates of 
cardiovascular morbidity among hypertensive volunteers<%) 
and patients with coronary artery disease*'57',’8>.

It is important to appreciate that, when infused into the bra
chial artery, vasoactive agents exert their influence on forearm 
blood flow by modulating small vessel tone and this technique 
is thus an assessment of microvascular function*S9>.

Forearm blood flow response to locally infused endothelium- 
dependent vasodilators has been used as an endpoint in several 
dietary intervention trials. Healthy adults who consumed a 
Mediterranean-style diet for 6 weeks showed significant 
improvements in endothelium-dependent forearm hyperae- 
mia'*’0'61’; however. Ambring et al. subsequently reported 
negative findings for a similar 4-week intervention conducted 
among younger volunteers using the same endpoint160. Inves
tigators have also employed this technique to dcxument 
the deleterious effects of increasing salt consumption. It was 
shown that 5d of salt loading significantly reduced forearm 
blood flow responses to intra-brachial acetylcholine*62*. 
Our group recently reported a significant dose-dependent 
relationship between increased dietary fruit and vegetable 
consumption and improved microvascular endothelial 
function, as quantified using this method*63*.

However, the applicability of forearm blood flow manipu
lation through local vasodilator infusion to large, multi-centre 
clinical trials is limited by its reliance on arterial puncture, and 
the prospect of needle insertion is likely to prove inherently 
unattractive to many.

The most serious risks of brachial artery cannulation include 
occlusion of the artery leading to limb ischaemia, and median 
nerve damage due to direct trauma or compression by haema- 
toma or infection. In reality, complications are rare, and 
usually involve minor bruising or local discomfort that resolve 
quickly, without intervention. It is, however, essential that this 
procedure is performed by an experienced researcher (with a 
background in vascular access and aseptic techniques) such as 
an intensivist, cardiologist or surgeon. This therefore restricts 
the use of this methodology to research centres with access 
to the aforementioned skilled operators, and also limits its 
use to smaller studies. The requirement for needle insertion 
may also deter participants, and those on oral anticoagulation 
or with significantly increased BMI must lie excluded*S9'6*’6S*.

An alternative, less invasive, approach to pharmacological 
manipulation of the microvascular endothelium involves 
transdermal drug delivery by iontophoresis*66’. A small electri
cal current is applied to the forearm and mediates movement 
of polar drugs such as acetylcholine into cutaneous vessels. 
Changes in skin blood flow are then quantified using laser

Doppler flowmetry*67’. In a recent study, a strong correlation 
between this measure of skin microvasculature and FMD of 
the brachial artery was reported*<>8’. Therefore, this may offer 
an alternative endpoint for future intervention trials, although 
the clinical relevance is, as yet, less established than for other 
methods.

A small number of trials have already used this endpoint, 
including a trial of fruit and vegetable puree-based drinks (a 
trend towards an effect shown on this endpoint in both acute 
and chronic settings)*69’, a trial of a green tea polyphenol extract 
(no effect in the tested chronic setting)*70*, a study of acute fish 
oil consumption (effect on endpoint demonstrated)*71* and a 
chronic study of weight reduction and exercise (no effect 
demonstrated)*72’. A recent study of orange juice demonstrated 
an acute postprandial effect of orange juice or hesperidin con
sumption on microvascular reactivity, but no effect on fasting 
reactivity after 4 weeks of consumption*73’.

Non-invasive assessment using pulse wave mechanics 
and pulse contour analysis

A range of commercially available devices offers clinical inves
tigators the opportunity to rapidly acquire arterial descriptors, 
usually by non-invasively recording pulse pressure tracings 
through a device, which then computes one or more output 
variables. While user friendly and therefore popular, these 
techniques rely on important biomechanical assumptions 
which often complicate their applicability and interpretation.

Translating intermittent ejection of blcx>d from the heart to 
smooth end-organ perfusion is a complex biomechanical pro
cess that relies on optimal ventricular-vascular coupling. 
A variety of mechanical arterial descriptors has lx?en used to 
quantify unfavourable disease-related changes in this inter
action*7"1*. Since these parameters are derived largely from 
non-invasive techniques, they have proved popular surrogate 
endpoints during intervention trials in cardiovascular medi- 
cine*33’. Popular methods include measuring pressure pulse 
wave velocity (PWV) across a particular arterial segment and 
calculating indices of vascular compliance by mathematical 
pulse contour analysis. The effects of dietary and nutrient 
interventions on these endpoints have recently been systema
tically reviewed* Sl.

Pulse wave velocity

The velocity with which pressure pulse waves travel along an 
arterial segment can be mathematically related to that vessel’s 
mechanical properties, by either the Moens-Kortweg or 
Bramwell—Hill equations'7 *. These formulae predict that 
pressure pulse waves will travel faster in less distensible 
arteries and thus PWV is a commonly cited descriptor of arter
ial stiffness'*77*. A pressure transducer or tonometer is used to 
detect passage of the pulse wave between two anatomical 
locations. This can lie done sequentially* 81 or simul
taneously* with gating to a contemporaneously recorded 
electrocardiogram. The carotid and femoral arteries are com
monly chosen tonometry sites, as this allows estimation of 
aortic PWV.

0/17



Br
iti

sh
 jo

ur
na

l of
 N

ut
rit

io
n

Appendices

Vascular function assessment

Prospective data are now available to suggest that 
carotid-femoral PWV (CFPWV) is an independent predictor 
of cardiovascular morbidity among healthy individuals*80 8I’. 
While tonometry at the radial site is much more convenient 
for both volunteer and investigator, carotid-radial PWV did 
not predict coronary events or strokes among a group of 
patients with end-stage renal failure in whom CFPWV did 
have independent prognostic value182’. This finding reflects 
structural distinctions between muscular forearm arteries and 
larger elastic vessels such as the aorta where medial cells 
have ectodermal rather than mesodermal origins*83’.

As the intra-luminal pressure within an artery increases, pro
gressively more collagen fibres are recruited and thus its mech
anical characteristics change**”. An intervention which reduces 
blood pressure is, therefore, also likely to reduce PWV indepen
dent of any pleiotropic effect on the arterial wall*8”. This is an 
important caveat to the interpretation of any trial which 
employs PWV as an endpoint. Several recent trials have 
reported significant reductions in CFPWV following interven
tions including weight reduction*86’, DASH*87’, low carbo
hydrate*88' and low-glycaemic index*89’ diets. However, in 
each case, significant blood pressure reductions are also 
recorded. Similarly, in a Na-loading study among hypertensive 
volunteers, changes in CFPWV were positively correlated with 
changes in brachial blood pressure*90’, whilst 6 months' sup
plementation with conjugated linoleic acid*91’ or 2 weeks of 
dietary salt restriction*92’ failed to alter either blood pressure 
or CFPWV. However, an isoflavone intervention over 6 weeks 
did mediate significantly slower CFPWV in healthy volunteers 
without 24 h ambulatory blood pressure reduction*93’.

In summary, if an intervention mediates a significant effect on 
arterial blood pressure, a concordant effect on PWV will be 
observed. This does not imply an alteration of vascular structure 
or function and can lx? predicted from arterial physiology.

Before choosing it as endpoint, investigators should postu
late a mechanism by which their proposed intervention could 
change CFPWV. Through an in vitro model, impairment of 
l<x:al endothelial NO production has been shown to increase 
PWV across predefined arterial segments'9-*'9*1 ’ Furthermore, 
brachial artery FMD has been independently associated with 
CFPWV in cross-sectional technique comparison studies 
among healthy volunteers'9*” and patients with isolated systo
lic hypertension'97’. A significant, positive correlation between 
carotid-radial PWV and microvascular function in the forearm 
has also been described'98’.

However, during the relatively brief trials that typify much 
human dietary intervention work it is questionable whether 
subtle alterations in levels of an endothelium-derived paracrine 
mediator could significantly change CFPWV which principally 
reflects aortic medial elastinxollagen ratios. Thus, this par
ameter is not ideal for use in short-term studies which aim to 
evaluate the possible endothelial effects of an intervention.

Pulse contour analysis

Palpation and analysis of the radial pulse as a means by 
which to assess systemic arterial health is a long-established 
practice in cardiovascular medicine'99’. Algorithm-based

985

reconstruction of the aortic pressure pulse from tonometer- 
derived radial waveforms has fuelled renewed interest in 
this approach*8,1’. A commercially available device has been 
widely used in cardiovascular research to estimate the aortic 
augmentation index, a measure of arterial wave reflec
tion* 100',°1’. Since it is non-invasive, requires minimal training 
and generates an easily interpretable numeric output, this 
technique has proved popular in cardiovascular research.

Among patients undergoing cardiac catheterisation, those in 
the highest quartile of augmentation index had significantly 
more coronary disease'102’. Similarly, patients with end-stage 
renal failure who had higher augmentation indices were 
more likely to die during an 8-year follow-up period*103’. 
However, a recent review of arterial stiffness by The Framing
ham Heart Study found that whilst a higher aortic PWV was 
associated with a 48% increase in cardiovascular events, the 
aortic augmentation index, central pulse pressure and pulse 
pressure amplification showed no such correlation*1<M’. Like 
PWV. the aortic augmentation index is dependent on distend
ing arterial blood pressure005’1 ’, but additional variables, 
including height*107’ and heart rate'1*’8’, must be factored in 
to its interpretation.

A number of nutrition intervention studies have used pulse 
contour analysis as an intermediate measure of vascular func
tion. In an acute feeding study, food and water, but not water 
alone, reduced the aortic augmentation index 2h after con
sumption'109’. This finding is confounded by concomitant 
decreases in arterial blood pressure and could be argued to 
reflect mean blood pressure change and therefore altered 
vessel haemodynamics, rather than an intrinsic alteration 
of vascular function. After 8 weeks, both low-fat and 
low-carbohydrate hypoenergetic diets significantly decreased 
brachial blood pressure among overweight volunteers, but 
only the former mediated a significant reduction in aortic 
augmentation'11*”.

Again, investigators should have a clear hypothesis about the 
mechanism through which their intervention is likely to alter 
pulse wave morphology before choosing aortic augmentation 
as the endpoint. It has been shown that pharmacological 
manipulation of systemic endothelial NO production signifi
cantly changes aortic pressure pulse wave morphology and 
thus the augmentation index'*’*”. In a situation analogous 
to the intra-brachial infusion of vasodilators and subsequent 
forearm blood flow measurement, systemic salbutamol 
(endothelium-dependent) and nitroglycerine (endothelium- 
independent) are administered with resulting changes in 
tonometry-derived aortic augmentation quantified to arrive at 
a global endothelial function index*96’. Such an approach 
may prove more sensitive to altered vascular health than resting 
measurements of aortic augmentation.

Biomarkers of vascular function

Biomarker measurement remains a popular endpoint in clinical 
research, as it is minimally invasive and samples can be stored 
for future analysis. A wide variety of biochemical species has 
been employed to quantify inflammation, oxidative stress, 
endothelial activation and arterial injury. Since no single gold
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standard measure has emerged, it is common practice during 
dietary research trials to employ a panel of such markers.

Biochemical measures

Since atherosclerosis is characterised by ongoing vascular 
inflammation, the acute-phase reactant C-reactive protein 
(CRP) has been proposed as a useful tool for improving dis
ease prediction models01 n A high-sensitivity assay is used 
to accurately measure the lower CRP concentrations encoun
tered among healthy individuals. Recent data suggest that 
statin-mediated reductions in CRP are associated with lower 
rates of cardiovascular morbidity0121.

The evidence regarding dietary interventions and CRP is 
equivocal. For example, as summarised in Table 2 013-1 ,
only five out of sixteen fruit and vegetable randomised con
trolled trials (including Mediterranean diet and DASH trials, 
as fruit and vegetables are key components of these diets) 
have demonstrated a lowering in CRP levels. The duration 
of these five studies varied from 4 weeks in three studies, to 
3 months in one study and 2 years in another. Of the studies, 
two were juice-based, one was a carotenoid-rich FV interven
tion and two were Mediterranean diet interventions. We refer 
the reader to a review by Giugliano el al.{ ,29> for a broader dis
cussion of the association between diet and inflammation.

In mediating leucocytic infiltration of the arterial intima. 
glycoprotein membrane components such as intercellular 
adhesion molecule-1 (ICAM-1) and vascular cell adhesion mol
ecule-1 (VCAM-1) promote oxidative stress and ongoing arterial 
inflammation030’. Activated endothelial cells are thought to 
shed these molecules into the circulation, allowing levels of 
their soluble form to lx? quantified as an estimate of ongoing 
arterial injury031’. Adipocytes also express ICAM-1. and the 
soluble form of ICAM-1 is elevated in obese patients, being 
expressed in the stromal-vascular fraction of adipose 
tissue'132). This is likely to contribute to the link between obesity 
and inflammatory complications such as atherosclerosis.

Supplementation with isoflavones for 6 weeks has been 
reported to significantly reduce serum levels of VCAM-1 in 
healthy subjects'93’, while additional dietary ot-iinolenic acid 
had a similar effect among dyslipidaemic male patients"33’. 
Over a 24-month period, daily consumption of the phyto- 
oestrogen genistein significantly reduced circulating levels 
of both ICAM-1 and VCAM-103'1’. While additional cherry 
consumption for 4 weeks lowered CRP levels among healthy 
volunteers, it had no effect on ICAM-1 concentrations'135’ 
and similar negative results have been noted for brief fruit 
and vegetable interventions'125’.

Oxidation lx>th contributes to and follows on from the con
tinuous cycle of low-grade vascular inflammation which 
characterises atherosclerotic arterial degeneration" ’. Markers 
of systemic oxidative stress in biological fluids have long 
been suggested as surrogates for vascular injury, and the 
isoprostanes, derived from non-enzymic arachidonic acid 
peroxidation, are commonly measured'13 ’. A dietary inter
vention study has reported that urinary levels of S-iso-POF^ 
were significantly reduced among healthy women consuming 
nine or ten portions of fruit and vegetables daily for

8 weeks'138). However, investigators have largely reported 
negative findings when this endpoint has been employed to 
study the effects of black tea'139’, a Mediterranean diet'61’, 
five or six portions of fruit and vegetables daily'98 138’ and 
pure dietary flavonoids'l3(”.

Other potential biomarkers of the atherosclerotic process 
include the enzyme lipoprotein-associated phospholipase 
a^(hi.h2» tjssue plasminogen activator"33'1 and plasmino
gen activator inhibitor-10 5).

Novel biochemical approaches

The array of biomarkers available and lack of an agreed gold 
standard' often prohibits rational study design. To quantify the 
biological effects of an anti-inflammatory mix' dietary sup
plement among obese volunteers, Bakker et al. employed a 
novel nutrigenomics' approach'136’. This involved measure
ment and integrated analysis of 120 plasma proteins, 274 
plasma metabolites and peripheral blood cell transcriptomes. 
While such a comprehensive approach is labour intensive 
and statistically complex, it may represent a valuable means 
by which to define more subtle intervention-related changes.

More recently, circulating endothelial microparticles (EMP), 
endothelial progenitor cells and endothelial cells have also 
been used as indices of vascular health.

Endothelial microparticles. The endothelium is respon
sible for a diverse range of functions, including regulation of 
vascular vasomotor activity, coagulation activity, anti-inflam
matory' status, and therefore a comprehensive assessment of 
endothelial function or dysfunction is difficult, with available 
methods usually only providing information on one separate 
aspect of endothelial function. It has been proposed recently 
that EMP may fulfil the role of a more universal marker of vas
cular health"37’. EMP are small non-nucleated phospholipid 
vesicles shed from injured endothelial cells in response to 
pro-inflammatory stimuli and vascular injury. They affect 
endothelial NO synthesis"38139’, diminishing acetylcholine- 
induced vasorelaxation and NO production by endothelial 
cells in rt/ro"50’, correlate with markers of inflammation"37’, 
and have procoagulant potential"47,151-153’.

A number of studies have examined EMP in relation to vas
cular damage and CVD risk. A significant increase in EMP has 
been shown in patients with CHD. the metabolic syndrome, 
diabetes and heart failure"54-158’. A recent study by Wang 
et al. has shown that EMP count is associated with systolic 
blood pressure, being elevated even in patients with 
mild hypertension, and was also associated with arterial 
stiffness"59’. Wang et al. suggest that EMP may be a useful 
parameter for monitoring the process of vascular repair in 
hypertensive subjects, whilst the accompanying Editorial 
calls for further studies to determine whether EMP quantifi
cation might be a useful marker of endothelial dysfunc
tion' l37). Their use in dietary intervention research has been 
limited to date, but circulating microparticle concentrations 
are known to increase after ingestion of a fatty meal" ’, 
whilst a recent paper has shown that following a Mediterra
nean diet for 4 weeks in older subjects significantly decreased 
total microparticle. EMP and apoptotic EMP concentrations
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Table 2. Effecl of fruit and vegetable (FV) interventions on C-reactive protein (CRP): evidence from randomised controlled trials

Study and year Population Intervention Duration Effect on CRP

Berry el al. (2010)1"31 Pre-hypertension Cross-over- control level FV containing 15 mmol K per d 
or an additional 20 or 40 mmol K per d provided as FV 
or 40 mmol K per d as potassium citrate capsules

6 weeks (5-week washout)

Blum el al. (2007)" Ml Healthy adults 300 g tomatoes v usual diet with tomatoes prohibited 4 weeks —
Dalgard el al. (2009)"'51 Penpheral arterial disease Cross-over orange and blackcurrant juice (500 ml pier d) 

and vitamin E (15 mg); juice i placebo sugar 
drink i vitamin E; sugar drink t placebo

4 weeks (4-week washout) r
Ertinger el al (2003)1""1 Hypertension Control v DASH diet (rich in FV. about nine servings per d) 12 weeks —
Esposito elal. (2004)' Metabolic syndrome Mediterranean diet v prudent diet 2 years 1
Freese elal (2004)1"81 Healthy adults 810g VBA i rich linoleic acid; 196g VBA i rich linoleic aad;

810g VBA i nch oleic acid; 196 g VBA * rich oleic acid
6 weeks “

Jin elal. (2010)"",1 Healthy adults Placebo; FV juice powder concentrate; FV powder concentrate 
with added berry pwwders

60 d

Kartsen elal (2010)"”1 2 One nsk (actor tor CVD Bilberry juice v. water 4 weeks 1
Lehtonen el al. (2010)"2" Healthy adults (female) Lifestyle intervention v lifestyle intervention with berry products 

(equalling 1138g berries per week t 3 5g berry oils per week)
20 weeks “

McCall elal (2010)"”, Hypertension Dose-respxxise 1 v. 3 v. 6 portions FV per d 8 weeks —
Mena el al. (2009)"?31 High-nsk CVD Low-fat diet v Mediterranean diet with olive oil v. Mediterranean 

diet with nuts
3 months It

Micfialsen el al (2006)' ,2‘l CAD Mediterranean diet v written advice-only group 1 year —
Paterson elal (2006) I2V Healthy adults Cross-over carotenoid nch or control vegetable soups and beverages 4 weeks (10-week washout) —
Rallid.s elal (2009)"28’ Abdominal obesity Mediterranean diet v Mediterranean diet with dietetic supervision 2 months —
Stull elal (2010)"2'’ Obese non-diabetic Smooth* containing 22 5 g blueberry bioactives twice daily v smoothie 

of equal nutritional value without added blueberry actives
6”“l“

Watzl elal. (2005)" Non-smoking men Dose-response; 2 v. 5 v 8 servings per d carotenoid-rich FV 4 weeks l

— No significant crange . significant decrease. DASH. Dietary Apo'oacnes to Slop Hypertension. VBA. vegelaoies. tanas and apples: CAD. coronary artery disease 
• Orange and olacKcunant juice reduced CRP relative to sugar dmk 
tCRP decreased only atlei Mediterranean dal vein olive oil
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when compared with a SFA-rich diet or a low-fat, high-carbo
hydrate diet(1 n. They therefore potentially offer a novel and 
informative endpoint.

Endothelial progenitor cells. Asahara et al. isolated and 
characterised a circulating angioblast which had the potential 
to form endothelial cells in vitro, thus allowing subsequent 
quantitative flow cytometry in samples of peripheral 
blood'K,2). Endothelial progenitor cells (EPC) have a constitu
tive vasoreparative function, but after acute vascular damage, 
such as stroke or myocardial infarction, these cells are mobilised 
into peripheral blood where they participate in endothelial 
repair, regenerative processes and neovascularisation' 163•16'^, 
It has been proposed that assessment of endothelial progenitor 
cells offers a dynamic, integrated index of systemic vascular 
damage and, as such, will offer more insight than any currently 
available biochemical markers' l65\ While a wide range of EPC 
subsets have been identified, most clinical studies have concen
trated on CD34+ populations isolated from peripheral blood. 
An inverse relationship between circulating CD34+ EPC and 
cardiovascular risk factors has been demonstrated in both 
healthy subjects and patients with CVD<166167), whilst circulat
ing EPC count may also act as a prognostic biomarker, being 
associated with worse outcome in patients with suspected or 
confirmed coronary artery disease' ,68\ A recent study has 
shown that circulating CD34+ cells are inversely associated 
with obesity, and that weight loss results in an increase in circu
lating progenitor cells, including EPC(1 .

Among healthy volunteers, short-term dietary interventions 
with green tea',70,, vegetables'1711, red wine‘172) and the 
Mediterranean diet'1 1 have all been shown to significantly 
increase circulating concentrations of endothelial progenitor 
cells. Assessing EPC numbers and function may also be infor
mative, as increasing red wine consumption in healthy volun
teers has recently l>een shown to increase endothelial 
progenitor cell migration and proliferation and to decrease 
the extent of apoptosis'1731, whilst a high-flavanol intervention 
has been shown to increase EPC number, but had no effect on 
their function (measured as ability to survive, differentiate, 
proliferate and to migrate)'331.

Circulating endothelial cells. Circulating endothelial cells 
are also recognised as markers of endothelial damage, and 
have been shown to be increased in acute coronary syn
dromes, heart failure, stroke and diabetes mellitus'17 . 
Although no dietary intervention studies have examined 
effects on numbers of circulating endothelial cells, they may 
be an informative target in future studies.

Considerations when choosing a method

Investigators should first consider the mechanism through 
which they propose that the intervention will act, alongside 
the locally available resources and skills. A decision tree 
outlining the main considerations and choices is shown in 
Fig. 1. A panel of approaches, assessing both conduit vessels 
and the microvasculature, would be most appropriate where

Consider mechanism by which dietary intervention may act

Flow mediated 
dilatation

Pharmacological 
provocation of 
endothelium dependent 
vasomotion

Pulse wave 
velocity

Vasomotor
tone?

analysis

Pulse

mechanics?

Invasive
technique?

dysfunction?

Biomarkers (panel 
recommended)

Conduit vessel/ 
macrovascular 
function?

Flow mediated 
dilatation + reactive 
hyperaemia

Vascular inflammation, 
oxidative stress, endothelial 
activation, or arterial injury?

by blood pressure 
change

Adequate
reproducibility

volume of patients.

skilled operator 
required; may be

of patients.

skilled operator 
required; may be 
confounded by 
blood pressure 
change

Adequate
reproducibility

possible

Reproducibility 
good; possible u

skilled operator 
required; may be 
confounded by 
blood pressure 
change

Reproducibility 
good; possible ir 
a large volume c

(except for blood 
sample); skilled 
laboratory 
operator required

skilled operator 
required; may bi 
confounded by 
blood pressure 
change

Adequate
reproducibility

possible in a small 
volume of patients;

Adequate
reproducibility

of patients;

skilled operator 
required; may be 
confounded by 
blood piessure 
change

Fig. 1. Decision tree when considering method of vascular function assessment.
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possible. Recent studies using different vascular function 
methodologies, although also with variation in study designs 
and populations, have demonstrated contrasting results, despite 
similar interventions*63'1I3), and such a panel of endpoints 
may well have been informative in explaining these differing 
results. The choice of method may depend on whether investi
gators propose and are testing an acute or chronic effect of the 
dietary intervention. Investigators should also consider whether 
effects of the intervention are likely to be demonstrated in the 
fasting or postprandial state, as a recent study of «-3 fatty 
acids has demonstrated effects on postprandial macro- and 
microvascular function, but no effect on fasting measures'|7'”.

The confounding effects of blood pressure must be con
sidered when interpreting study results. Changes in blood 
pressure, and therefore blood flow, will also cause changes 
in the FMD of a conduit artery, and which do not necessarily 
reflect a change in the endothelial function of that vessel'1 \ 
Forearm blood flow and PWV will also lie affected by changes 
in blood pressure. In summary, if an intervention mediates 
a significant change in arterial blood pressure, a concordant 
effect on other vascular assessments will lie observed. This 
does not imply an alteration of vascular structure or function 
and can be predicted from arterial physiology.

Conclusions

A wide variety of techniques are employed to provide surrogate 
vascular endpoints for short-term dietary trials in human 
subjects. FMD of the brachial artery and aortic PWV examine 
conduit and large elastic vessel properties respectively, and 
therefore do not estimate arterial function at a microvascular 
level where the bulk of endothelial cells are found.

The mechanism through which an investigator believes 
their intervention will act, combined with the resources and 
skill set of the investigating team, will most probably influence 
the choice of assessment method. At present no single, all- 
encompassing vascular function test exists, and perhaps a 
more useful approach would be to combine several methods 
to comprehensively assess arterial function and mechanics at 
multiple sites.

Potentially useful emerging techniques include the analysis 
of post-ischaemic arterial waveforms during FMD determi
nation. quantifying pulse contour changes in response to 
vasodilator challenges and measuring circulating endothelial 
progenitor cell and microparticle concentrations.
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Appendix 2- Letter from Northern Ireland Research and Development 
Office confirming funding

Public Health 
Agency

Dr Rebecca Noad 
Apartment 5 Beech House 
28 Beech Heights 
Wellington Square 
Belfast 
BT7 3LQ

HSC Research & Development Division
Public Health Agency
12-22 Linen hall Street
BELFAST
BT2 8BS

Tel: 028 9055 3617
Fax : 028 9055 3674
Web Site: www.publichealth.hscni.net
Email: michael.neely@hscni.net

04 February 2010 Our Ref: EAT/4195/09

Dear Dr Noad

Application for 2010 Doctoral Fellowship Award

Thank you for your application for the above awards and your attendance at interview 
this week. After careful consideration your application has been judged successful 
against the pre-determined criteria. In the interest of providing feedback, anonymised 
referee reports are available upon written request to the HSC R&D.

In order to meet its obligations under the Freedom of Information Act 2000, the HSC 
R&D is required to publish details of all awards made. Therefore, as per paragraph 
7.18 of the Doctoral Fellowship Guidance Notes, your name, project title, abstract and 
total award value are published on the HSC R&D Division website.

The Office will be in touch in the near future regarding detailed administrative and 
funding arrangements and the terms and conditions of the award. In the meantime, if 
you need any further information please do not hesitate to contact the Office.

Finally, may I offer my congratulations on your success.

Yours sincerely

Improving Your Health and Wellbeing

The HSC Research & Development Division of the Pubfic Health Agency
= '@eafDockxal Fefcwships\20 «G\3 !nter^-ews\Duicome\SoCcess\C!ln*caf\letRNcsd 04 02.10 doc
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Appendix 3- Letter from Northern Ireland Chest, Heart and Stroke 

confirming funding

22 March 2010 Northern Ireland
CHEST HEART & STROKE

Dr Pascal McKeown 
Institute of Clinical Science 
Queen’s University Belfast 
Grosvenor Road 
BT12 6BJ

Ref: 201017 Effect of a polyphenol-rich diet on vascular and platelet function: a 
randomised controlled trial.

I am pleased to inform you that the project has been approved by the Scientific Research 
Grants Committee (SRGC) and Governance Board of NI Chest Heart & Stroke (NICHS) for 
funding totalling £31,821. 1 enclose a start certificate which should be completed and 
returned no later than 3 months from the date of this letter. I also enclose terms and 
conditions and a declaration indicating that these terms and conditions are accepted. This 
should be signed and returned within 3 weeks of the date of this letter. Both items should be 
returned to the Research Assistant, NICHS, 21 Dublin Road, Belfast BT2 7HB or by email to 
cdevlin@nichsa.com.

Any changes to the project, in whatever respect, must be notified in writing to NICHS at the 
earliest time. Such changes are subject to the written approval of the SRGC of NICHS.
Grant money should be reclaimed retrospectively by your Accounts Department 3 months in 
arrears. Please quote your reference number on all correspondence.

1 want to congratulate you on your successful application. The response to the call for 
applications this year was very high. Even after short-listing, the total amount requested was 
over £1.3m. NICHS had £500,000 available for allocation.

NICHS is committed to the principle of peer review and is confident that this process and the 
work of the SRGC lead to an objective assessment of the projects.

I wish you all the very best with your research.

Yours sincerely.

Anne Madden
Director of Research & Advocacy 

Enc.

Northern Ireland Chest Heart & Stroke, 21 Dublin Road, Belfast BT2 7HB. Tel: 028 9032 0184 Fax: 028 9033 3487 
NICHS North West, 9-10 Spencer House. 14-22 Spencer Road, Waterside, L'Deny BT47 6QA. Tel:028 7131 1114 Fax: 028 7134 3279 

Email: mail@nichsa.com Advice Helpline: 084 5769 7299 (All calls at local rate) Web: www.nichsa.com

Chanty Reg No XN 47333 Company No NI 13BS9 A Charity Company limited by Gueantw

At the heart of care in Northern Ireland for over 60 years
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Appendix 4- Letter from Office for Research Ethics Committee Northern 

Ireland confirming ethical approval

Business Services 
Organisation

•o MmMi trtl Socm Cot

Office for Research Ethics Committees 
Northern Ireland (ORECNI)

HSC REC 3

07 October 2010

Customer Care & Performance Directorate
Office Suite 3 

Lisburn Square House 
Haslem's Lane

Dr Pascal McKeown
Consultant / Senior Lecturer in Cardiology
Belfast Health and Social Care Trust/ Queen's University Belfast
Block B, Institute of Clinical Science
Grosvenor Road
Belfast

Lisburn
Co. Antrim BT28 1TW 

Tel: + 44 (0) 28 9260 3107 
Fax: + 44 (0) 28 9260 3619 

www. orecni. hscni. net

BT12 6BJ

Dear Dr McKeown

Study Title: Effect of a polyphenol-rich diet on vascular and platelet
function: a randomised controlled trial 

REC reference number 10/NIR03/39
Protocol number: 10093PMcK-SS

Thank you for your letter of 21 September 2010, responding to the Committee’s request for 
further information on the above research and submitting revised documentation.

The further information was considered by a sub-committee of the REC at a meeting held 
on 05 October 2010. A list of the sub-committee members is attached.

Confirmation of ethical opinion

On behalf of the Committee, I am pleased to confirm a favourable ethical opinion for the 
above research on the basis described in the application form, protocol and supporting 
documentation as revised, subject to the conditions specified below.

Ethical review of research sites

The favourable opinion applies to all NHS sites taking part in the study, subject to 
management permission being obtained from the NHS/HSC R&D office prior to the start of 
the study (see "Conditions of the favourable opinion" below).

The Committee has not yet been notified of the outcome of any site-specific assessment 
(SSA) for the non-NHS research site(s) taking part in this study. The favourable opinion 
does not therefore apply to any non-NHS site at present. I will write to you again as soon as 
one Research Ethics Committee has notified the outcome of a SSA. In the meantime no 
study procedures should be initiated at non-NHS sites.

Conditions of the favourable opinion

The favourable opinion is subject to the following conditions being met prior to the start of 
the study.

Management permission or approval must be obtained from each host organisation prior to
the start of the study at the site concerned.

Providing Support to Health and Social Care

ocn
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Appendix 5- Letter from the Belfast Health and Social Care Trust 
confirming sponsorship

Belfast Health and 
Social Care Trust

16 July 2010

Dr P McKeown 
1” Floor 
West Wing
Royal Victoria Hospital 
Grosvenor Road 
Belfast BT12 6BA

Dear Dr McKeown

Re: Effect of a polyphenol-rich diet on vascular and platelet function: a randomised controlled trial 
BHSCT Reference No 10093PMcK-SS

The Belfast Health and Social Care Trust are pleased to inform you that the Trust will act as Lead in 
the Co Sponsorship agreement with QUB for the above project according to the requirements of the 
Research Governance Framework and subject to the project gaining ethical approval and, where 
necessary, MHRA Clinical Trial Authorisation.

The Belfast Health and Social Care Trust provides indemnity for negligent harm that may arise as a 
result of this study, according to the regulations given by the Department of Health in Northern 
Ireland. In relation to non-negligent harm, in NHS Indemnity: 'Arrangements for Clinical Negligence 
Claims in the NHS' (DoH, 1996), paragraph 16 in Annex A states "Apart from liability for defective 
products, legal liability does not arise where a person is harmed but no one has acted negligently.
An example of this would be unexpected side-effects of drugs during clinical trials. In exceptional 
circumstances (and within the delegated limit of £50,000) NHS bodies may consider whether an ex- 
gratia payment could be offered. NHS bodies may not offer advance indemnities or take out 
commercial insurance for non-negligent harm". It is therefore, only on this basis that indemnity for 
this research project will be provided by the Belfast Health and Social Care Trust.

You should now apply for Research Ethics Committee approval for your project and, if necessary, 
seek approval from MHRA. You can NOT start your research until you receive a 'Start Certificate' 
from the Trust. Should you require further clarification or advice, please do not hesitate to contact 
me.

Senior Research Manager'

Copy to: Dr R Noad
Mrs L Dunlop
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Appendix 6- Letter from Queen’s University Belfast confirming 

sponsorship

Research & Regional Services

Queen’s University Belfast 
Lanyon North 

University Road 
Belfast 

BT7 1NN 
Tel 028 9097 2568 
Fax 028 9097 2570 

rrs@qub.ac.uk 
www.qub.ac.uk/rrs

Ref: BIO/43

20 July 2010

Study: Effect of polyphenol-rich diet on vascular and platelet function: a
randomised controlled trial

Chief Investigator: Dr Pascal McKeown
Investigator: Dr Rebecca Noad

I confirm that, subject to the appropriate ethical approval, Queen’s University Belfast will act as co
sponsor in accordance with the Research Governance Framework for Health and Social Care. It has 
been agreed that the Belfast Health and Social Care Trust take the role of lead Sponsor.

The University will not give approval for any research to proceed which involves contact with research 
participants until a favourable ethical opinion has been obtained.

The provision for indemnity is as follows:

Negligent harm: Claims for negligent harm against researchers employed by the University will
be covered by the University’s indemnity provisions.

Non-negligent harm: Claims for non-negiigent harm against researchers employed by the
University is currently covered by the University’s indemnity provisions.

All projects involving human participants or their data must be recorded in the University's Human 
Subject Projects Database otherwise they will not be covered by the University indemnity insurance 
policy.

All human tissue and organs held by staff for research purposes must be recorded on the University’s 
Human Tissue Database and there must be adherence to the current approved University policy to 
ensure compliance with Human Tissue Act 2004.

0{

Yours sincerely 

fUiiWiOL

Louise Dunlop
Research Governance Officer

Cc File
Ms Alison Murphy, BHSCT
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Appendix 7- Participant Information Sheet

Belfast Health and 
Social Care TrustVj

The ROYAL 
HOSPITALS

V
Belfast Heart Centre

PARTICIPANT INFORMATION SHEET
Effect of a polyphenol rich diet on vascular and platelet function: a

randomised controlled trial

Version 5.0 (21st November 2011)
REC Ref: 10/NIR03/39 BHSCT No:
10093PMcK-SS

You are being invited to take part in a research study. Before you decide it is 
important for you to understand why the research is being done and what it will 
involve. Please take time to read the following information carefully and discuss it 
with others if you wish. Ask us if there is anything that is not clear or if you would 
like more information. Take time to decide whether or not you wish to take part. 
Thank you for reading this.

1. What is the purpose of the study?
This study aims to assess whether a polyphenol-rich diet in people with high 
blood pressure has any effects on tests of blood vessel health. For this study we 
have defined 'high' blood pressure as a systolic blood pressure between 140-179 
mmHg or diastolic blood pressure between 90-109 mmHg.

2. Why have I been chosen?
You were chosen because you have high blood pressure and were approached by 
one of the researchers. There will be 109 other volunteers in the study.

3. Do I have to take part?
It is up to you to decide whether or not to take part. If you do decide to take part 
you will be given this information sheet to keep and be asked to sign a consent 
form. If you decide to take part you are still free to withdraw at any time and 
without giving a reason.

4a. What will happen to me if I take part?
The study has two parts. During the first part all volunteers will be asked to 
consume low amounts of fruit and vegetables (2 portions maximum) daily and to 
avoid berries and dark chocolate for 4 weeks, and a small blood sample will be 
required prior to commencing the study. After this 4-week period volunteers will be 
randomly assigned to one of two groups: either to continue with the low fruit and 
vegetable diet, or to consume 6 portions of fruit and vegetables daily, one portion of 
which must be berries, plus a portion of dark chocolate. Sometimes because we do 
not know which way of treating patients is best, we need to make comparisons.
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People will be placed into these two groups and then compared. The groups are 
selected by a computer which has no information about the individual - i.e. by 
chance. Subjects in each group then have a different treatment and these are 
compared. The second part (also known as the intervention period) will last 8 
weeks. Therefore, the study as a whole will last 12 weeks. The fruit and vegetables 
and dark chocolate will be provided for the volunteers consuming 6 portions daily, 
and dietary advice including recipes and sample diet plans will be provided by the 
researchers. For those allocated to the low fruit and vegetable diet, food will not be 
provided as this is similar to the average daily intake.

At the start and end of the 8 week intervention period you will be asked to attend the 
Royal Victoria Hospital after an overnight fast for a number of tests of vascular 
function. You will be asked to give a small blood sample (50 ml - around 10 
teaspoons) and you will be asked to provide a sample of urine. At the beginning of 
the study (week 0) and at the start and end of the 8 week intervention period you will 
also be asked to collect urine samples during the evening and morning prior to your 
visit to the Royal Victoria Hospital. During your visit to the hospital, you will be asked 
to complete questionnaires designed to examine psychological variables such as 
mood and quality of life, but also your attitudes to diet and liking for the foods you 
will be asked to consume. There will be 16 questionnaires to complete at week 0, 5 
at week 4 and 15 at week 12. These are, however, short and will take 
approximately one hour to complete with one of the research team. You will also be 
asked to complete some short questionnaires at home on three occasions between 
your week 4 and week 12 study visits.

Participants who complete the study will receive a total payment of £120 and 
reasonable travel expenses will be reimbursed.

4b) Optional testing
We are also looking at how people’s heart rate changes at the beginning and end of 
the 8 week dietary intervention period. This would involve coming up to the Royal 
Victoria Hospital to have a heart monitor fitted (this consists of some stickers that 
are placed on your chest and a very small portable monitor box that records the 
heart rate). You would wear this for 24 hours whilst going about your normal 
activities and then return the box the next day. There are no significant hazards 
from wearing a heart monitor. There is a small chance, that when monitoring your 
heart an abnormal heart rhythm may be detected. If we detect this we will inform 
the clinical team looking after you.

This test would be performed twice but is optional, i.e. you can take part in the tests 
detailed in section 4a without having to have a heart monitor fitted.

5. What do I have to do?
Apart from following the diet as requested, not taking vitamin supplements and 
attending the Royal Victoria Hospital as detailed above, there are no lifestyle or 
other dietary restrictions as part of this study. Subjects can continue taking normal 
medications.

6. What is the drug or procedure that is being tested?
During the vascular function tests small amounts of drugs will be given to 

temporarily relax the walls of the blood vessels in your arm. These drugs only last 
for a few minutes before they are broken down by the body and therefore have no 
long term effects. The study will not involve taking any other drugs or tablets.

7. What are the side effects of any treatment received when taking part?

OC/I
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There are no specific side-effects of the fruit and vegetable and dark chocolate 
treatment.

8. What are the possible disadvantages and risks of taking part?
You will be expected to adhere rigidly to the study protocol, i.e. after a run-in period 
(described above), you will either be assigned to consume low amounts of fruit and 
vegetables (2 portions maximum) daily and avoid berries and dark chocolate for 8 
weeks, or to consume a polyphenol-rich diet (6 portions of fruit and vegetables daily, 
one portion of which must be berries, plus a portion of dark chocolate) for 8 
weeks. Everyone taking part will have to attend the Royal Victoria Hospital three 
times.

If you meet the inclusion criteria for the study, but are currently a high consumer of 
fruit and vegetables, it is important that you understand there is a 50:50 chance that 
you will be assigned to the low fruit and vegetable group. This would mean that you 
would have to reduce your fruit and vegetable intake for a total of 12 weeks. Such a 
change is very unlikely to have any undesirable effect on your health in the short
term. However, this level of intake is below current recommended levels, as the 
current Government recommendation is to eat 5 portions of fruit and vegetables per 
day. People in Northern Ireland currently eat, on average, about 2.5 portions of fruit 
and vegetables per day. Dietary advice will be given to ensure that you do not 
increase your calorie intake and gain weight during the course of the study as a 
result of having to alter your fruit and vegetable intake.

The vascular function tests will involve having a tight band placed around your wrist 
and also higher up your arm. A fine needle will be inserted into the artery in the 
middle of your arm, so that we may infuse certain drugs. Throughout this test your 
heart rate and blood pressure will be closely monitored. On each occasion you will 
be asked to fast and abstain from alcohol and beverages containing caffeine for 14 
hours before attending. The tests will be performed between 8 am and 2 pm in a 
quiet laboratory where you will be lying flat.

There are some potential hazards associated with such testing. These include pain 
at the site of needle introduction as well as bleeding or skin infection. However, 
these risks are less than 1 in 1000 and the research team members have performed 
these tests successfully during a wide range of studies over many years.

9. What are the possible benefits of taking part?
Your blood pressure levels will be carefully monitored as part of this study. If 
levels are extremely high (i.e. higher than those levels defined for the study in 
section 1) we will let you know and advise you to consult your family doctor. This 
study is designed to determine whether increasing polyphenol intake can improve 
blood vessel health and therefore could have important public health benefits.

10. What happens when the research study stops?
After your third visit, you will have completed your contribution to the study. We aim 
to recruit 110 patients with high blood pressure to this study and we anticipate that it 
will take approximately 3 years to gather and analyse the information.

11. What if there is a problem?
Complaints: If you have a concern about any aspect of this study, you should ask 
to speak to the researchers who will do their best to answer your questions. If a 
satisfactory explanation is not provided, then you should contact staff at the Royal 
Research Office (Tel: 028 90635372). You also have the option of making a formal
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complaint through the NHS Complaints Department, McKinney House, Musgrave 
Park Hospital, Belfast (Tel: 028 9063 0023).

Harm: In the event that something goes wrong and you are harmed during the 
research study there are no special compensation arrangements. If you are harmed 
and this is due to someone’s negligence then you may have grounds for a legal 
action for compensation against the Belfast Health and Social Care Trust but you 
may have to pay your legal costs. The normal National Health Service complaints 
mechanisms are also available to you.

12. Will my taking part in this study be kept confidential?
All information which is collected about you during the course of the research study, 
will be kept strictly confidential. Your family doctor will be informed of your 
participation in the study. This is important in case you attend your family doctor for 
other reasons. Information may be looked at by responsible individuals from 
Queen’s University Belfast, from regulatory authorities or from NHS trust and 
retained on University and NHS trust premises.

13. Research training
A component of this study is being undertaken as part of an educational qualification 
(PhD) for Dr Noad.

14. What will happen if I do not wish to carry on with the study?
If you decide to withdraw from the study you have 2 options:

a. all identifiable samples will be returned or destroyed, although we would use 
the data collected up to your withdrawal,
or

b. blood and urine samples, which have already been stored, can continue to 
be used for the duration of the study.

If you lose the capacity to consent during the study, samples and data already taken 
would be retained and used. However, no further samples would be collected. If 
you prefer that your pre-existing samples were not used, should you lose the 
capacity to consent, you can indicate this on the Consent form.

15. What will happen to any samples which I give?
Blood and urine samples will be analysed in the laboratory to measure levels of 
nutrients, as well as markers of heart disease risk. Some of the samples will be 
analysed immediately, while other samples will be stored in a freezer for analysis at 
a later date.

All samples will be anonymised (this means that other researchers analysing the 
samples in the laboratory will not be able to identify an individual’s personal details).

Analysis of samples will be undertaken in the Belfast Health and Social Care Trust 
and Queen’s University Belfast. It is possible that, during the duration of this study, 
new laboratory techniques may be developed for analysis of these samples. If this 
situation arises, we may ask for other research groups working outside Belfast to 
help with the analysis of stored samples. Confidentiality will be maintained at all 
times. If you would prefer that your samples were not made available to other 
research groups, you can indicate this on the Consent Form.
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Samples will be stored for a maximum period of 10 years following completion of the 
study, following which any remaining samples will be destroyed.

16. Will any genetic tests be done?
No.

17. What will happen to the results of the research study?
The anonymised results will be presented at national / international meetings and 
published in medical journals. At no point will anyone be able to identify you as an 
individual from these results.

18. Who is organising and funding the research?
The research is being sponsored by the Belfast Health and Social Care Trust and 
Queen’s University Belfast. Research funding is also been provided by The Health 
& Social Care Research & Development Office and The Northern Ireland Chest, 
Heart and Stroke Association. The members of the research team will not receive 
any payments for including you in this study.

19. Who has reviewed the study?
This study has been reviewed by the Research Ethics Committee at the Office for 
Research Ethics Committees Northern Ireland.

20. Summary
The researchers wish to thank you for taking time to read this Information Sheet. If 
you decide to participate, you will be given a copy of the Information Sheet and 
Consent Form for your own records.
21. Contact for Further Information

Dr Rebecca Noad 
Clinical Research Fellow

Prof Pascal McKeown 
Consultant/ Senior Lecturer in 
Cardiology

OCT
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Appendix 8- Consent form

1 Version 4.0 21/11/2011

8 Belfast Health and 
6 Social Care Trust

r*, ROYAL
HOSPITALS

W
Belfast Heart Centre

CONSENT FORM
Effect of a polyphenol rich diet on vascular and platelet function: a randomised

controlled trial
Version 4.0 (21st November 2011)
REC Ref: 10/NIR03/39 BHSCT No: 10093PMck-SS

Please initial box

1. I confirm that I have read and understand the Participant Information Sheet 
version 5.0 dated 21/11/2011 for the above study and have had the opportunity to 
ask questions.

2. I agree to take part in the above study, inclusive of all the procedures 
mentioned in the Participant Information Sheet

or
I agree to take part in the above study, inclusive of all the procedures 
mentioned in the Participant Information Sheet EXCEPT for 24hr heart rate 
monitoring

3. I understand that my participation is voluntary and that I am free to withdraw at 
anytime, without giving any reason, without my medical care or legal rights being 
affected.

4. I give permission for my GP to be informed of my participation.

5. I understand that all information collected about me during the course of the 
research may be looked at by responsible individuals in the study team, Belfast 
Health and Social Care Trust, Queen’s University Belfast and regulatory 
authorities. All data will be kept strictly confidential as necessary under the Data 
Protection Act and will be stored securely on University & NHS premises.

6. I give permission for my stored, anonymised blood sample to be analysed in 
future research studies of a similar nature or by other research groups.

7. I understand that I will not be identifiable in any data published in relation to this 
project.

8. I understand that if I lose capacity to consent during the trial, samples already 
taken will be retained, but no further samples will be obtained.

□
□
□
□
□
□

□
□
□

Name of Patient Date Signature

Name of Researcher Date Signature

One copy for subject, one copy for researcher.
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Appendix 9- Food Frequency Questionnaire

8 Belfast Health and 
U Social Care Trust

Study number:

The ROYAL
HOSPITALS

Belfast Heart Centre

POLYPHENOL SCREENING QUESTIONNAIRE

Effect of a polyphenoj-rich diet on vascular and platelet function: a randomised control
trial.

Version 2.0 (29th October 2010)

REC Ref: 10/NIR03/39 BHSCT No: 10093PMcK-SS

Date:

Subject number:

This questionnaire asks for some information about you, especially what you eat. Please answer 
every question. If you are unsure how to answer then do the best you can but please do not leave 
a question blank.

Your answers will be treated as strictly confidential and will only be used for purposes of medical 
research.

Dr Rebecca Noad Dr Pascal McKeown

Clinical Research Fellow Consultant/ Senior Lecturer in Cardiology

Tel: 028 90633108 Tel: 028 90634825
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Food

Frequency

Questionnaire

This questionnaire asks for some 

background information about you, 

especially about what you eat.

If you have any problems with the questions 

please phone 0800-616911. This is a free 

phone number and will cost you nothing. You 

can call it at any time of day or night as there 

is an answering machine. Someone will deal 

with your query and get back to you as soon 

as they can.

Your answers will be treated as strictly 

confidential and will be used only for 

medical research.

PLEASE COMPLETE USING BLACK INK/PEN

Date of birth:

Please enter M if you are Male

F if you are Female

Please answer every question. If you 

are uncertain about how to answer a 

question then do the best you can, but 

please do not leave a question blank.

2 BIRM/PQ/1008
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1. YOUR DIET LAST YEAR

For each food there is an amount shown, either a “medium serving" or a common household 
unit such as a slice or teaspoon. Please put a tick (^) in the box to indicate how often, on 
average, you have eaten the specified amount of each food during the past year.

EXAMPLES:

For white bread the amount is one slice, so if you ate 4 slices a day, you should put a tick in 
the column headed “4-5 per day”.

FOODS AND AMOUNTS AVERAGE USE LAST YEAR

BREAD AND SAVOURY Never or 1-3 Once 2-4 5-6 Once 2-3 4-5 6+
BUSCUITS less than per a per per a day per per per
(one slice or biscuit) once/month month week week week day day day

White bread and rolls

For chips, the amount is a “medium serving", so if you had a helping of chips twice a week 
you should put a tick in the column headed “2-4 per week".

FOODS AND AMOUNTS AVERAGE USE LAST YEAR

POTATOES, RICE AND Never or 1-3 Once 2-4 5-6 Once 2-3 4-5 6+
PASTA (medium less than per a per per a day per per per
serving) once/month month week week week day day day

Chips ✓

For every seasonal fruits such as strawberries and raspberries you should estimate your 
average use when the fruits are in season, so if you ate strawberries or raspberries about 
once a week when they were in season you should put a tick in the column headed “once a 
week”.

FOODS AND AMOUNTS AVERAGE USE LAST YEAR

FRUIT (1 fruit or medium Never or 1-3 Once 2-4 5-6 Once 2-3 4-5 6+
serving) less than per a per per a day per per per

once/month month week week week day day day

Strawberries ✓

3
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Please estimate your average food use as best as you can, and please answer every 
question - do not leave ANY lines blank. PLEASE PUT A TICK K) ON EVERY LINE

FOODS AND AMOUNTS AVERAGE USE LAST YEAR

MEAT AND FISH (medium serving) Never or 
less than 
once/month

1-3
per
month

Once
a
week

2-4
per
week

5-6
per
week

Once 
a day

2-3
per
day

4-5
per
day

6+
per
day

Beef: roast, steak, mince stew or 
casserole
Beefburgers
Pork: roast, chops, stew or slices
Lamb: roast, chops or stew
Chicken beef, Spam, luncheon meats
Sausages
Savoury pies, eg. Meat pie, pork pie, 
pasties, steak and kidney pie, sausage 
rolls
Liver, liver pate, liver sausage
Fried fish in batter, as in fish and chips
Other white fish, fresh or frozen, eg. cod, 
haddock, plaice, sole, halibut
Oily fish, fresh or canned, eg. mackerel, 
kippers, tuna, salmon, sardines, herring
Shellfish, eg. crab, prawns, mussels
Fish roe. taramasalata

Never or 
less than 
once/month

1-3 per 
month

Once
a
week

2-4
per
week

5-6
per
week

Once 
a day

2-3
per
day

4-5
per
day

6+
per
day

Please check that you have a tick (^) on EVERY line

4
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PLEASE PUT A TICK (✓) ON EVERY LINE

FOODS AND AMOUNTS AVERAGE USE LAST YEAR

BREAD AND SAVOURY BISCUITS (one 
slice or biscuit)

Never or 
less than 
once/month

1-3 per 
month

Once
a
week

2-4
per
week

5-6
per
week

Once 
a day

2-3
per
day

4-5
per
day

6+
per
day

White bread and rolls
Brown bread and rolls
Wholemeal bread and rolls
Cream crackers, cheese biscuits
Crispbread, eg. Rivita
CEREALS (one bowl)
Porridge, Readybrek
Breakfast cereal such as cornflakes, 
muesli etc
POTATOES, RICE AND PASTA (medium 
serving)
Boiled, mashed, instant or jacket potatoes
Chips
Roast potatoes
Potato salad
White rice
Brown rice
White or green pasta, eg. spaghetti, 
macaroni, noodles
Wholemeal pasta
Lasagne, moussaka
Pizza

Never or 
less than 
once/month

1-3 per 
month

Once
a
week

2-4
per
week

5-6
per
week

Once 
a day

2-3
per
day

4-5
per
day

6+
per
day

Please check that you have a tick (^) on EVERY line

5
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PLEASE PUT A TICK K) ON EVERY LINE

FOODS AND AMOUNTS AVERAGE USE LAST YEAR

DAIRY PRODUCTS AND FATS Never or 
less than 
once/month

1-3 per 
month

Once
a
week

2-4
per
week

5-6
per
week

Once 
a day

2-3
per
day

4-5
per
day

6+
per
day

Single or sour cream
Double or clotted cream (tablespoon)
Low fat yogurt, fromage frais (125g 
carton)
Full fat or Greek yogurt (125g carton)
Dairy desserts (125g carton)
Cheese, e g. Cheddar, Brie, Edam 
(medium serving)
Cottage cheese, low fat soft cheese 
(medium serving)
Eggs as boiled, fried, scrambled etc. (one)
Quiche (medium serving)
Low calorie, low fat salad cream 
(tablespoon)
Salad cream, mayonnaise (tablespoon)
French dressing (tablespoon)
Other salad dressing (tablespoon)
The following on bread or vegetables
Butter (teaspoon)
Block or hard margarine, e.g. Stork, Krona 
(teaspoon)
Polyunsaturated margarine, eg. Flora, 
sunflower, soya spreads (teaspoon)
Soft margarines, including olive oil based 
and dairy spreads, eg. Blue band, 
Olivo/Bertolli, Clover (teaspoon)
Low fat spreads (less than 60% fat), eg. 
Outline, Gold (teaspoon)
Very low fat spread (less than 30% fat) 
(teaspoon)

Never or 
less than 
once/month

1-3 per 
month

Once
a
week

2-4
per
week

5-6
per
week

Once 
a day

2-3
per
day

4-5
per
day

6+
per
day

Please check that you have a tick (^) on EVERY line

6
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PLEASE PUT A TICK K) ON EVERY LINE

FOODS AND AMOUNTS AVERAGE USE LAST YEAR

SWEETS AND SNACKS
(medium serving)

Never or 
less than 
once/month

1-3 per 
month

Once
a
week

2-4
per
week

5-6
per
week

Once 
a day

2-3
per
day

4-5
per
day

6+
per
day

Sweet biscuits, chocolate, eg. digestive 
(one)
Sweet biscuits, plain, eg. Nice, ginger 
(one)
Cakes eg. fruit, sponge, home baked
Cakes eg. fruit, sponge, ready made
Buns, pastries eg. scones, flapjacks, 
home baked
Buns, pastries eg. croissants, doughnuts, 
ready made
Fruit pies, tarts, crumbles, home baked
Fruit pies, tarts, crumbles, ready made
Sponge puddings, home baked
Sponge puddings, ready made
Milk puddings, e.g. rice, custard, trifle
Ice cream, choc ices
Milk chocolates, single or squares
Dark chocolates, single or squares
Chocolate snack bars eg. Mars, Crunchie
Sweets, toffees, mints
Sugar added to tea. coffee, cereal 
(teaspoon)
Crisps or other packet snacks, eg. Wotsits
Peanuts or other nuts
SOUPS, SAUCES, AND SPREADS
Vegetable soups (bowl)
Meat soups (bowl)
Sauces, eg. white sauce, cheese sauce, 
gravy (tablespoon)
Tomato ketchup
Pickles, chutney (tablespoon)
Marmite. Bovril (Teaspoon)
Jam, marmalade, honey (teaspoon)
Peanut butter (teaspoon)

Never or 
less than 
once/month

1-3 per 
month

Once
a
week

2-4
per
week

5-6
per
week

Once 
a day

2-3
per
day

4-5
per
day

6+
per
day

Please check that you have a tick (^) on EVERY line

7
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PLEASE PUT A TICK (S) ON EVERY LINE

FOODS AND AMOUNTS AVERAGE USE LAST YEAR

Drinks Never or 
less than 
once/month

1-3 per 
month

Once
a
week

2-4
per
week

5-6
per
week

Once 
a day

2-3
per
day

4-5
per
day

6+
per
day

Black tea (cup)
Green tea (cup)
Coffee, instant or ground (cup)
Coffee, decaffeinated (cup)
Coffee whitener, eg. Coffee-mate 
(teaspoon)
Cocoa, hot chocolate (cup)
Horlicks, Ovaltine (cup)
White wine (glass)
Red wine (glass)
Beer, larger or cider (half pint)
Port, sherry, vermouth, liqueurs (glass)
Spirits, eg. gin, brandy, whisky, vodka 
(single)
Low calorie or diet fizzy soft drinks (glass)
Fizzy soft drinks, eg. Coca cola, 
lemonade (glass)
Pure fruit juice (100%), e.g. orange,
apple juice (glass)
Fruit squash or cordial (glass)
FRUIT
For seasonal fruits marked*, please estimate your average use when the fruit is in season
Apples (1 fruit)
Pears (1 fruit)
Oranges, satsumas, mandarins (1 fruit)
Grapefruit (1 fruit)
Bananas (1 fruit)
Grapes (medium serving)
Melon (1 slice)
*Peaches, apricots (1 fruit)
*Plums (1 fruit)
•Kiwi fruit (1 fruit)
‘Strawberries (medium serving)
‘Raspberries (medium serving)
‘Blackberries (medium serving)
‘Blueberries (medium serving)
Tinned fruit (medium serving)
Dried fruit, eg, raisins, prunes (medium 
serving)

Never or 
less than 
once/month

1-3 per 
month

Once
a
week

2-4
per
week

5-6
per
week

Once 
a day

2-3
per
day

4-5
per
day

6+
per
day

Please check that you have a tick (^) on EVERY line

8
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PLEASE PUT A TICK K) ON EVERY LINE

FOODS AND AMOUNTS AVERAGE USE LAST YEAR

VEGETABLES
Fresh, frozen or tinned (medium serving)

Never or 
less than 
once/month

1-3 per 
month

Once
a
week

2-4
per
week

5-6
per
week

Once 
a day

2-3
per
day

4-5
per
day

6+
per
day

Carrots
Spinach
Broccoli, spring greens, kale
Brussels sprouts
Cabbage
Peas
Green beans, broad beans, runner beans
Marrow, courgettes
Cauliflower
Parsnips, turnips, swedes
Leeks
Onions
Garlic
Mushrooms
Sweet peppers
Beansprouts
Green salad, lettuce, cucumber, celery
Watercress
Tomatoes
Sweetcorn
Beetroot
Coleslaw
Avocado
Baked beans
Dried lentils, beans, peas
Tofu, soya meat, TVP, Vegeburger

Never or 
less than 
once/month

1-3 per 
month

Once
a
week

2-4
per
week

5-6
per
week

Once 
a day

2-3
per
day

4-5
per
day

6+
per
day

Please check that you have a tick (^) on EVERY line

9
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YOUR DIET LAST YEAR, continued

1. Are there any OTHER foods which you ate more than once a week? 
If YES, please list below

Food Usual serving size

2. What type of milk did you most often use?

Select one only Full cream/whole CZI Semi-skimmed d]
Skimmed Channel Island, gold d]
Dried milk Soya □

Other, specify | □ None d]
How much milk did you drink each day, including milk with tea, coffee, cereals etc?

None Three quarters of a pint d]
Quarter of a pint Q One pint dD
Half a pint More than one pint d]

Yes I—] No ^ 

Number of times 
Eaten each week

4. Did you usually eat breakfast cereal (excluding porridge and Ready Brek mentioned earlier)?
YesCH No I I

If YES, which brand and type of breakfast cereal, including muesli, did you usually eat?

List the one or two types most often used

Brand e.g. Kellogg's Type e g. cornflakes_______________

5. What kind of fat did you most often use for frying, roasting, grilling etc?

Select one only Butter F~] Solid vegetable fat □

Lard/dripping ^; Margerine □

Vegetable oil lj None □

If you used vegetable oil, please give type eg. corn, sunflower d 1
What kind of fat did you most often use for baking cakes etc?

□Select one only Butter Q Solid vegetable fat

Lard/dripping [ Margerine □

Vegetable oil L None □
to
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If you used margarine, please give name or type eg. Flora, Stork

7.

8.

9.

How often did you eat food that was fried at home?
Daily Li] 1-3 times a week

Less than once a week

How often did you eat fried food away from home?
Daily O 1-3 times a week

Less than once a week

What did you do with the visable fat on your meat?
Ate most of the fat [ 

Ate some of the fat Q

□ 4-6 times a week □
□ Never □

□ 4-6 times a week □
□ Never □

Ate as little as possible □

Did not eat meat □

10. How often did you eat grilled or roast meat? times a week

11. How well cooked did you usually have grilled or roast meat?

Weil done/ dark brown T 

Medium Q

Lightly cooked/rare 

Did not eat meat

□
□

12. How often did you add salt to food while cooking?
Always EH 
Usually EH

13. How often did you add salt to any food at the table?
Always EH 
Usually EH

14. Did you regularly use a salt substitute (eg LoSalt)? 
If YES, which brand? I ~

Rarely EH 
Never ^ 

Sometimes Q

Rarely IHH 
Never □ 

Sometimes EH
Yes Q No Q

15. During the course of last year, on average, how many times a week did you eat the following 
foods?

Food type
Vegetables (not including potatoes)

Salads

Fruit and fruit products (not including fruit juice) 

Fish and fish products 

Meat, meat products and meat dishes 

(including bacon, ham and chicken)

Times/week Portion size
medium serving

medium serving 
I 1 I medium serving

: medium serving

; i medium serving

ii
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16. Have you taken any vitamins, minerals, fish oils, fibre or other food supplements during the 
past year?

I I Yes

□ No

I I Sometimes 

Cl Don’t know

If YES or SOMETIMES, please complete the table below.

If you have taken more than 8 types of supplement please put the most frequently consumed 
brands first.

Example-. If you take one tablet of vitamin C two times a day, please write ’2’ in the amount 
column and tick (tick) the ‘once a day’ box. Most supplements mention a strength value (in 
our example 500mg), please write this information in the table.

Supplements Average frequency for the past year
Tick (S) ONE box per line to show how often you took the 
amount consumed as mentioned in amount' column

Brand Name Strength 
(strength of 
the
supplement 
for each 
tablet or 
capsule)

Amount 
(number 
of tablets, 
capsules 
or
teaspoons 
taken in 
one day)

Never or 
less than
once a
month

1 -3 per 
month

Once a 
week

2-4 per 
week

5-6 per 
week

Once a 
day

Boots High 
strength 
vitamin C

500mg 2 tablets

17. Do you avoid specific foods because of allergy or other health problems? Yes Q No Q 

If YES, which food do you avoid?

Thank you for your help
iz

oor*
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Appendix 10- Lifestyle and Medical Questionnaire

Belfast Health and 
Social Care TrustB The ROYAL

HOSPITALSV
Belfast Heart Centre

LIFESTYLE & MEDICAL QUESTIONNAIRE

Effect of a polyphenol-rich diet on vascular and platelet function: a
randomised control trial.

Version 2.0 (13th December 2010) 
REC Ref: 10/NIR03/39 BHSCT No: 10093PMcK-SS

1. Sex: M F

2. Height: (m) Weight: (Kg) _

3. Hip circumference: cm Waist circumference:
cm

4. Resting BP: Systolic mmHq Systolic mmHq
Diastolic mmHq Diastolic mmHq

5. Do you regularly take any vitamins, minerals or other food 
supplements? (If yes please specify)

Yes .□ No □

6. Are you on a special diet? Yes □ No □
(If yes please specify)

7. Are you a current smoker? (One or more c/gareftes a day) Yes □ No □

IF YES...

How many do you smoke a day ________________________
How long have you been smoking?______________________
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IF NO...
Have you ever smoked in the past? Yes □ No □
If so, how many did you smoke a day?___________________
For how long did you smoke?__________________________
When did you give up?_______________________________

Are you exposed to cigarette smoke? Yes □ No □
How much or how often would you say you are exposed to smoke?

8. How often do you normally drink alcohol? (please tick box)
Never or occasionally 
Once or twice a week 
Three to five times a week 

Six or seven times a week

9. How many alcoholic drinks, on average, would you consume each 
week?
(One drink = one glass of wine, one measure of spirits or one half pint 
of ordinary strength beer) please circle

None 1-10 10-20 20-30 More than 30

10. How many years did you spend in full-time education?

11. What is your current occupation?

If retired, what was your previous 
occupation?________________________

12. Are you currently taking any medication? Yes □ No □

(If yes please list all medications including vitamin supplements & 
contraceptive pills)

Medication Dose Frequency
taken

Duration of 
medication

Route of 
administration
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13. Have you ever taken steroids? Yes □ No □

If yes, please state why your doctor prescribed steroids, the dose 
taken and how long the steroids were taken for....

Females only:
14. Are you currently taking HRT? (If yes list in medications)

Yes □ No □

If no, have you ever taken HRT in the past? Yes □ No □

15. When did your periods start? (Menarche)

16. When did your periods end? (Menopause) Was this following medical 
or surgical treatment? (document dates and procedure)

OQQ
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Appendix 11- Recent Physical Activity Questionnaire

RECENT PHYSICAL ACTIVITY QUESTIONNAIRE

Effect of a polyphenojj-ich diet on vascular and platejet function: a randomised
controlled trial

REC Ref: 10/NIR03/39 BHSC T No: 10093PMcK-SS

Date:

Subject number:

This questionnaire is designed to find out about your physical activity in your everyday life in the
last 4 weeks.

Please try to answer every question, except when there is a specific request to skip a section.

Your answers will be treated as strictly confidential and will be used only for medical research

This questionnaire is divided into 3 sections
• Section A asks about your physical activity patterns in and around the 

house.
• Section B is about travel to work and your activity at work. It may be 

skipped by people who have not worked at any stage in the last 4 weeks.
• Section C asks about recreations that you may have engaged in during 

the last 4 weeks.

What is your date of birth?

What is today’s date?

What is your sex? (Please tick («o)

month

day month year

Male Female

OQ/t
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Section A Home Activities
Getting about
Which form of transport have you used most often in the last 4 weeks apart from your 
journey to and from work? (Please tick K) one box only)

Usual mode of travel
Car / motor vehicle Walk Public transport Cycle

TV or Video Viewing _______ (Please put a tick (^) on every line)

Hours of TV or video watched 
per day

Average over the last 4 weeks

None Less than
1 hour a 

day

1 to 2 
hours a 

day

2 to 3 
hours a 

day

3 to 4 
hours a 

day

More than
4 hours a 

day
On a weekday before 6 pm

On a weekday after 6 pm
On a weekend day before 6 pm
On a weekend day after 6 pm

Computer use at home but not at work (eg internet, email, playstation, 
Xbox, Gameboy etc)_______(Please put a tick (^) on every line)_____________

Hours of home computer use per 
day

Average over the last 4 weeks

None Less than
1 hour a 

day

1 to 2 
hours a 

day

2 to 3 
hours a 

day

3 to 4 
hours a 

day

More than
4 hours a 

day
On a weekday before 6 pm

On a weekday after 6 pm
On a weekend day before 6 pm
On a weekend day after 6 pm

Stair climbing at home_______(please put a tick K) on every line)
Number of times you climbed 
up a flight of stairs (approx 10 
steps) each day at home

Average over the last 4 weeks
None 1 to 5 

times a 
day

6 to 10 
times a 

day

11 to 15 
times a 

day

16 to 20 
times a 

day

More than 
20 times a 

day
On a weekday

On a weekend day

OQC
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Section B Activity at work
Please answer this section only if you have been in paid employment at any time 
during the last 4 weeks or you have done regular, organised voluntary work.

Type of work
We would like to know the type and amount of physical activity involved in your work. 
Please tick (^) what best corresponds with your occupation(s) in the last 4 weeks from 
the following four possibilities:
Please tick only one of the following

1. Sedentary occupation
You spend most of your time sitting (such as in an office) 

or
2. Standing occupation

You spend most of your time standing or walking. However, your 
work does not require intense physical effort (e.g. shop assistant, 
hairdresser, guard etc.)

□
□

or
3. Manual work

This involves some physical effort including handling of heavy objects 
and use of tools (e.g. plumber, electrician, carpenter, etc.)

or
4. Heavy manual work

This implies very vigorous physical activity including handling of very 
heavy objects (e.g. docker, miner, bricklayer, construction worker, etc.)

□
□

Travel to and from work

How many times a week did you travel from home to your main work?
Count outward journeys only 

Please tick (S) one box ONLY per line______________ ________ ___________
How did you normally travel to work? Always Usually Occasionally Never or rarely

By car
By works or public transport
By bicycle
Walking

What is the
Postcode 
What is the
Postcode

postcode for your main place of work during the last 4 weeks?

ostcode for your home address?

OQC
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Section C Recreation
The following questions ask about how you spent your leisure time.

Please indicate how often you did each activity on average over the last 4 weeks

Please indicate the average length of time that you spent doing the activity on each occasion.

Example

If you went walking for pleasure for 40 minutes once a week.
If you had done weeding or pruning every fortnight and took 1 hour and 10 minutes on each occasion. 
You would complete the table below as follows:

Please give an answer for the NUMBER OF TIMES you did the following activities in the past 4 
weeks and the AVERAGE TIME you spent on each activity.

Please complete EACH line

Number of times you did the 
activity in the last 4 weeks

Average time 
per episode

None Once 2 to 3 Once 2 to 3 4 to 5 Every Hours Minutes
in the times a times times day
last 4 in the week .3
weeks last 4 

weeks
week week

Weeding and 1 10
pruning

Walking for V 40
pleasure

Now complete the table on pages 6 and 7
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Please give an answer for the average time you spent on each activity and the number of times you 
did that activity in the past 4 weeks
Please complete each line

Number of times you did the 
activity in the last 4 weeks

Average time per 
episode

None Once 
in the 
last 4 
weeks

2 to 3 
times 
in the 
last 4 

weeks

Once 
a week

2 to 3 
times a 
week

4 to 5 
times a 
week

Every
day

Hours Minutes

Swimming - 
competitive

Swimming leisurely

Backpacking or 
mountain climbing

Walking for pleasure 
(not as a means of 
transport)
Racing or rough 
terrain cycling

Cycling for pleasure 
(not as a means of 
transport)
Mowing the lawn

Watering the lawn or 
garden
Digging, shovelling 
or chopping wood
Weeding or pruning

DIY e.g. carpentry, 
home or car 
maintenance
High impact 
aerobics or step 
aerobics
Other types of 
aerobics

Exercise with 
weights
Conditioning 
exercises e.g. using 
a bike or rowing 
machine

OQQ
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Please complete each line
Number of times you did the 
activity in the last 4 weeks

Average time 
per episode

None Once in 
the last

4
weeks

2 to 3 
times in 
the last

4
weeks

Once a 
week

2 to 3 
times 

a week

4 to 5 
times 

a week

Every
day

Hours Minutes

Floor exercises e g. 
stretching, bending, 
keep fit or yoga
Dancing e.g. 
ballroom or disco

Competitive running

Jogging

Bowling- indoor, 
lawn or 10 pin

Tennis or 
badminton

Squash

Table tennis

Golf

Football, rugby or 
hockey
Cricket
Rowing

Netball, volleyball or 
basketball

Fishing

Horse-riding

Snooker, billiards or 
darts
Musical instrument 
playing or singing

Ice skating

Sailing, wind-surfing 
or boating
Martial arts, boxing 
or wrestling

OQO
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Appendix 12- Change in Lifestyle Questionnaire

CHANGE IN LIFESTYLE QUESTIONNAIRE

Effect of a polyphenol rich diet on vascular and platelet function: a randomised
controlled trial

Version 1.0 (22nd November 2010)

REC Ref: 10/NIR03/39 BHSCT No: 10093PMcK-SS

Date:

Subject Number:

1. Have you had any recent infections or illnesses? Yes 1 I No I I 
If yes, please give details:

2. Have you had any changes to your medication since we last saw you? 

Yes | | No | | If yes, please give details:

3. Have you changed your smoking or drinking habits since we last saw you? 

Yes | | No | | If yes, please give details:

4. Have you changed your physical activity levels since we last saw you? 

Yes | | No | | If yes, please give details:

5. Have you made any other changes to your lifestyle?

1



Appendices

Appendix 13- Case Report Form

E Belfast Health and 
VJ Social Care Trust

The ROYAL

HOSPITALS

W
Belfast Heart Centre

CASE REPORT FORM
Effect of a polyphenol rich djet on vascular and platelet function; a

randomised 
controlled trial

Version 3.0 (16th January 2011)

REC Ref: 10/NIR03/39 BHSCTNo: 10093PMcK-SS
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TIMETABLE FOR PARTICIPANT ASSESSMENTS

Wk 4 day 
food 
diary

24 hour 
recall

Weekly 
Phone call

Attend RVH for assessment 24 hr 
hotter

Blood Urine Vascular
function

OO/i
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one
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SECTION A - Personal Information

Subject Name

Subject Number

Address

DOB

Sex

Home Telephone

Mobile

GP Name

GP Address

GP Telephone

Consultant

Hospital

Hospital Number

Next of kin

Relationship to 
participant
NOK address

NOK contact number

Signed

Print

Date

onv
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SECTION B - Summary

Subject Number

Dates

Identification

Entry

Letter Sent to GP/ 
Consultant

Consent form added to 
hospital notes

PIS added to hospital 
notes

GP letter added to 
hospital notes

Week 0 review

Week 4 review

Week 12 review

1st ambulatory monitor

2na ambulatory monitor

Signed

Print

Date

OOQ
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SECTION C - Past Medical History and Medications

Subject Number

Cardiovascular Past Medical History
Notes

Congestive cardiac 
failure

Yes No

IHD
• Angina Yes No

• Previous Ml Yes No

• PCI Yes No

• CABG Yes No

Hypertension Yes No

Dyslipidaemia Yes No

Diabetes
• Type 1 Yes No

• Type 2 Yes No

Atrial Fibrillation Yes No

CVD
• Stroke Yes No

• TIA Yes No

• Carotid 
intervention

Yes No

PVD
• Claudication Yes No

• Aortic Aneurysm Yes No

• Vascular 
Intervention

Yes No

Inflammatory Disease Yes No

Smoker Yes No Ex Pack Years

Alcohol units per week

onn
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Additional Past Medical History

onn
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Cardiovascular Medications
Name/ Dose Notes

Aspirin Yes No

Clopidogrel Yes No

Beta-blocker Yes No

Alpha-blocker Yes No

ACE Inhibitor Yes No

ARB Yes No

Loop Diuretic Yes No

Thiazide Diuretic Yes No

K Sparing Diuretic Yes No

Digoxin Yes No

Ca channel blocker Yes No

GTN Spray Yes No

Long Acting Nitrate Yes No

Nicorandil Yes No

Ivabradine Yes No

Statin Yes No

Fibrate Yes No

Ezetimibe Yes No

Niacin Yes No

Metformin Yes No

Sulphonylurea Yes No

Thiazolidinedione Yes No

Insulin Yes No

Warfarin Yes No
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Additional Medications
Name Dose/ Route Notes

Signed

Print

Date

qho
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SECTION D - Inclusion and Exclusion Criteria

Subject Number

Inclusion Criteria

Age 40-65 Yes No

Systolic blood pressure 140-179 mmHg or Diastolic 
blood pressure 90-109 mmHg

Yes No

Exclusion Criteria

Diabetes Mellitus Yes No

Acute coronary syndrome or transient ischaemic 
attack within last 3 months

Yes No

Special dietary requirements, food sensitivities or 
vegetarian/vegan diet by choice

Yes No

Oral anticoagulation therapy Yes No

Body mass index > 35 Yes No

Excessive alcohol consumption (defined as >28 
units/week in men and 21 units/week in women)

Yes No

Fasting triglyceride >4mmol/L Yes No

Date Triglyceride level

Pregnancy / lactation Yes No

Taking anti-oxidant supplements Yes No

Medical conditions or dietary restrictions that would 
substantially limit ability to complete the study 
requirements

Yes No

Notes

Signed

Print

Date

ohq
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SECTION E - Week Zero (baseline) Investigations

Subject Number

Blood and Urine Samples
Date

Time of meals Breakfast Lunch Dinner

Content of last meal

Time of last toilet visit

Time Collected Blood Urine

Time Spun

Time Stored at -80

All blood bottles filled?
(If no, how many?)
Volume (& aliquots) and 
pH of urine
HTA completed

Anthropometric Data
Date

Height

Weight (scales used)

Hip Circumference

Waist Circumference

Blood pressure measurements
Date Time Arm

Date Time Arm

Heart rate measurements
Date Time

Date Time

Lifestyle and Medical Questionnaire
Date

Polyphenol screening Questionnaire
Date

QH/1
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RPAQ
Date

Blood Pressure Knowledge Questionnaire
Date

Stage of Change Questionnaire
Date

Levels of liking Questionnaire
Date

Barriers to berries Questionnaire
Date

Barriers to dark chocolate Questionnaire
Date

Barriers to fruit and vegetable Questionnaire
Date

Dietary related QoL Questionnaire
Date

MB SRQ Questionnaire
Date

SF-36 Questionnaire
Date

Self Esteem Questionnaire
Date

BDI Questionnaire
Date

PANAS Questionnaire
Date

Four day food diary (1) collected
Date

one
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Provide participant with
Instruction & advice 
booklet for washout
Contact card

F&V portions guide

Home collection urine 
pots
Next assessment date

Four day food diary (2)

Administration
Print out questionnaire 
responses
File food diary

Complete database

Signed

Print

Date

one
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SECTION F - Week Zero phone review

Subject Number

Date

Notes

Any problems

Documentation to complete?

Weight?

Any change in medications?

Any unscheduled hospital or GP attendances?

Signed

Print

Date
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SECTION G - Week One phone review and 24 hour recall

Subject Number

Date

Notes

Any problems

Documentation to complete?

Weight?

Any change in medications?

Any unscheduled hospital or GP attendances?

QHQ
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24 hr recall

Meal Food Item (s) Portion size
Breakfast

Time:
Mid-morning

Time:
Lunch

Time:
Mid- afternoon

Time:
Dinner

Time:
Evening supper

Time:
Other snacks

Is the subject adhering to fruit and vegetable allocated group? Yes I I No I I 
If no, reason stated

Advice given/ Action taken:

Signed

Print

Date

onn
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SECTION H - Week Two phone review

Subject Number

Date

Notes

Any problems

Documentation to complete?

Weight?

Any change in medications?

Any unscheduled hospital or GP attendances?

Signed

Print

Date

q-1 n



Appendices

SECTION I - Week Three phone review

Subject Number

Date

Notes
Any problems

Documentation to complete?

Weight?

Any change in medications?

Any unscheduled hospital or GP attendances?

Signed

Print

Date
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SECTION J - Week Four Investigations

Subject Number

Blood and Urine Samples
Date

Time of meals Breakfast Lunch Dinner

Content of last meal

Time of last toilet visit

Time Collected Blood Urine

Time Spun

Time Stored at -80

All blood bottles filled?
(If no, how many?)
Volume (& aliquots) and 
pH of urine
HTA completed

Anthropometric Data
Date

Height

Weight (scales used)

Hip Circumference

Waist Circumference

Blood pressure measurements
Date Time Arm

Date Time Arm

Heart rate measurements
Date Time

Date Time

Vascular function test performed

Date

Any problems?
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24 hr holter attached/ removed
Date

Date

Four day food diary (2) collected 
Date

PANAS Questionnaire

Date

Self Esteem Questionnaire

Date

Levels of liking Questionnaire

Date

Change in lifestyle Questionnaire

Date

RPAQ Questionnaire

Date

Provide
Four day food diary (3&4)

Levels of liking 
questionnaire (x3)
F&V order sheet &
Tesco’s form
Details of F&V group

Individual dietary advice 
and leaflet
F&V portion size guide

Daily F&V log sheets

Home urine collection 
pots (x2)
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Administration

Complete database
Print & file 
questionnaires/ food 
diary (2)

Signed

Print

Date
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SECTION K - Week Four phone review

Subject Number

Notes

Any problems
• Fruit & vegetable quality?

• Fruit & vegetable order?

• Other

Documentation to complete?

Weight?______

Any change in medications?

Any unscheduled hospital or GP attendances?

Signed

Print

Date
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SECTION L- Week five phone review
Subject Number

Notes

Any problems
• Fruit & vegetable quality?

• Fruit & vegetable order?

• Other

Documentation to complete?

Weight?_____

Any change in medications?

Level of liking Questionnaire (yellow) 

Date

Signed

Print

Date
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SECTION M - Week Six phone review

Subject Number

Date

Notes

Any problems
• Fruit & vegetable quality?

• Fruit & vegetable order?

• Other

Documentation to complete?

Weight?

Any change in medications?

Signed

Print

Date
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SECTION N - Week Seven phone review

Subject Number

Date

Notes

Any problems
• Fruit & vegetable quality?

• Fruit & vegetable order?

• Other

Documentation to complete?

Weight?

Any change in medications?

Levels of liking questionnaire (pink)

Date

Signed

Print

Date
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SECTION O - Week Eight phone review and food diary

Subject Number

Date

Notes

Any problems
• Fruit & vegetable quality?

• Fruit & vegetable order?

• Other

Documentation to complete?

Weight?_____

Any change in medications?

Four day food diary 
Date

Signed

Print

Date

q-1 n
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SECTION P - Week Nine phone review and 24 hour recall

Subject Number

Date

Notes

Any problems
• Fruit & vegetable quality?

• Fruit & vegetable order?

• Other

Documentation to complete?

Weight?______

Any change in medications?

Level of liking Questionnaire (green)

Date
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24 hr recall

Meal Food Item (s) Portion size
Breakfast

Time:
Mid-morning

Time:
Lunch

Time:
Mid- afternoon

Time:
Dinner

Time:
Evening supper

Time:
Other snacks

Is the subject adhering to fruit and vegetable allocated group? Yes I I No I I 
If no, reason stated

Advice given/ Action taken:

Signed

Print

Date
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SECTION Q - Week Ten phone review

Subject Number

Date

Notes

Any problems
• Fruit & vegetable quality?

* Fruit & vegetable order?

• Other

Documentation to complete?

Weight?

Any change in medications?

Signed

Print

Date
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SECTION R - Week Eleven phone review

Subject Number

Date

Notes

Any problems
• Fruit & vegetable quality?

* Fruit & vegetable order?

• Other

Documentation to complete?

Weight?

Any change in medications?

Signed

Print

Date

QOQ
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SECTION S - Week Eleven Investigations 
Subject Number

Date

Blood and Urine Samples
Date

Time of meals Breakfast Lunch Dinner

Content of last meal

Time of last toilet visit

Time Collected Blood Urine

Time Spun

Time Stored at -80

All blood bottles filled?
(If no, how many?)
Volume (& aliquots) and 
pH of urine
HTA completed

Anthropometric Data
Date

Height

Weight (scales used)

Hip Circumference

Waist Circumference

Blood pressure measurements
Date Time Arm

Date Time Arm

Heart rate measurements
Date Time

Date Time

24 hr holter attached/ removed
Date

Date

Vascular function tests
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Any problems?

Four day food diary (3&4) collected
Date

RPAQ Questionnaire
Date

Study evaluation questionnaire
Date

Blood Pressure Knowledge Questionnaire
Date

Change in lifestyle Questionnaire
Date

Levels of liking Questionnaire performed and (x3) collected
Date

Dark chocolate tolerability Questionnaire
Date

Eating habits berries Questionnaire
Date

Eating habits fruit and vegetable Questionnaire
Date

Eating habits dark chocolate Questionnaire
Date

Dietary related QoL Questionnaire
Date

MB SRQ Questionnaire
Date

SF-36 Questionnaire
Date

Self Esteem Questionnaire
Date
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BDI Questionnaire 
Date

PANAS Questionnaire 
Date

F&V log sheets collected 
Date

Provide
Payment for participant

Travel reimbursment

Administration
Post study completion 
letter
Print out and file 
questionnaire
File food diaries (3&4) 
and other collected
questionnaire
Complete database

Post-study information 
to participant

Signed

Print

Date

QOC
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SECTION T -Additional Review(s)

Subject Number

Date

Notes

Signed

Print

Date

QOV
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SECTION U - Adverse Events (AEs)

Subject Number

Date of Onset

Description

Grade Mild Moderate Severe

Outcome Resolved Not Resolved

Date of Resolution

Relationship* 1 2 3 4 5

Did AE become a Serious 
Adverse Event (SAE)

Yes No

Date AE became an SAE

Reason for SAE** 1 2 3 4 5 6

Was patient withdrawn 
from study as a result

Yes No

* 1=Probable, 2=Possible, 3=Unlikely, 4=None, 5=Unknown
** 1=Death, 2=Life threatening, 3=Required or prolonged in-patient admission, 4=Persistent or significant disability/ 
incapacity, 6=Other

Notes

Signed

Print

Date

QOQ
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SECTION V - Withdrawal Information

Subject Number

Date of withdrawal

Reason for withdrawal

Signed

Print

Date

qoh
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Section W Missing Data Record
Subject Number

Date

Outline the data missing from CRF (include record No and content as 
per CRF):

Outline the reason(s) for the missing data below:

Additional notes

Signed

Print

Date
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Appendix 14- General Practitioner Information Sheet

Belfast Health and 
Social Care Trust

The ROYAL
HOSPITALS

Prof P McKeown 028 90 634946

Belfast Heart Centre
06 January 2014

GP Information Sheet
Effect of a polyphenol rich diet on vascular and platelet function: a
randomised controlled trial

Version 1.0 (21st July 2010)
REC Ref: 10/NIR03/39 BHSCTNo: 10093PMcK-SS

Patient details:

Dear Dr

Your patient has agreed to take part in a research study, which aims to assess the 
effects of different levels of a polyphenol rich diet on vascular and platelet function. 
A summary of the background and methods for this study is provided in the 
Appendix to this letter.

In brief, for the next twelve weeks he/she will be taking a normal diet apart from 
polyphenol content. All will consume two portions of fruit and vegetables (excluding 
berries and dark chocolate) for a four week washout period. For the following eight 
week intervention period they will consume two or six portions per day of fruit and 
vegetables (those taking six portions per day will have at least one portion of berries 
and an additional portion of dark chocolate) depending on randomisation. 
Measurements of vascular function will be performed after four and twelve weeks at 
the Royal Victoria Hospital.

We will be monitoring this and should blood pressure rise to above 180/110mmHg 
during the course of the study, the patient will be withdrawn and pharmacological 
treatment recommended.

Patients may continue on their existing antihypertensive medication, however your 
patient would have to withdraw from the study if any changes are made during the 
course of the twelve week study period. We would therefore be grateful if you could 
inform us if you require any alteration in your patient’s antihypertensive therapy. 
We will let you know the blood pressure at the end of the study as this may have 
fallen as a result of the participation.
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If you would like any additional information about the study in the interim, please do 
not hesitate to contact us. Many thanks for your help.

Yours sincerely

Dr Rebecca Noad 
Clinical Research Fellow

Tel: 028 90633108

Prof Pascal McKeown
Consultant/ Senior Lecturer in
Cardiology
Tel: 028 90634825



Appendices

Additional Information

Background/ Aims
Dietary-derived plant polyphenols are abundant in the diet, being found, for 
example, in large quantities in fruits, vegetables, cocoa, red wine, green tea and 
black tea. Polyphenol-rich foods, such as fruit and vegetables, have been 
consistently associated with a reduced risk of coronary heart disease and stroke in 
meta-analyses. Our research group has recently shown that a dose-response 
relationship exists between fruit and vegetable consumption and microvascular 
health in an 8-week fruit and vegetable intervention in hypertensive patients 
(FAVRIT study; McCall et al, 2009). In this study, each additional portion of fruit and 
vegetable consumed daily led to a 5-6% improvement in endothelium-dependent 
forearm blood flow responses. This finding links an achievable dietary goal with 
improvement in a vascular measure of known prognostic value. Interestingly, the 
fruit and vegetable class most closely associated with the improvement in 
microvascular function in the FAVRIT study was change in berry intake; berries are 
known to be particularly polyphenol-rich fruits.
We, therefore, propose testing the hypothesis that increasing overall polyphenol 
dietary intake, in addition to general fruit and vegetable intake, will further improve 
microvascular function, and will also have a beneficial effect on platelet function.

Subjects
110 patients will be recruited. Patients eligible for participation in the study will be 
given information about the study, and if willing to take part, informed consent will be 
obtained, baseline data collected and randomisation performed.

Inclusion Criteria
• Age 40-65 y
• Systolic blood pressure 140-179 mmFIg or diastolic blood pressure 90-109 

mmhlg

Exclusion Criteria
• Diabetes mellitus
• Acute coronary syndrome or transient ischaemic attack within the past 3 months
• Special dietary requirements, food sensitivities or vegetarian/vegan diet by 

choice
• Oral anticoagulation therapy
• Body mass index greater than 35kg/m2, unless brachial artery easily palpable
• Excessive alcohol consumption (defined as >28 units/week in men and 21 

units/week in women)
• Fasting triglyceride concentration >4 mmol/l
• Pregnancy/lactation
• Taking antioxidant supplements
• Medical conditions or dietary restrictions that would substantially limit ability to 

complete the study requirements

Randomisation/ Intervention
There will be a four week washout period when all patients will consume two 
portions of fruit and vegetables per day only, and avoid berries and dark chocolate. 
Patients will then be randomised to either receive two portions of fruit and 
vegetables for the eight week intervention period, or six portions of fruit and
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vegetables (one of which must be berries) plus a portion of dark chocolate. The
research group with the exception of the research team member who advises
participants, will be fully blinded to the randomisation allocation.

Clinical assessments (at 4 weeks and 12 weeks)
• Demographic/lifestyle information (e.g. exercise activity using a validated 

questionnaire, alcohol consumption, medication use).
• Dietary intake by 4-day food diary at week 0, week 4,week 8 and week 12 (plus 

at least 2 x unannounced 24-hour recalls at random during the study period + 
daily polyphenol-rich food records as compliance indicators).

• Anthropometric data (weight and height measured using calibrated scales and 
stadiometer respectively, waist and hip circumference).

• Blood pressure measurements.
• Venous occlusion plethysmography will be used to determine forearm blood flow 

during incremental intra-arterial infusions of acetylcholine and sodium 
nitroprusside (details below).

• Heart Rate Variability: 24-hour ambulatory ECG recordings will be obtained 
(optional).

• Fasting blood sample (additional sample taken at week 0).
• Spot urine sample

Laboratory assessments (at 4 weeks and 12 weeks)

Measurement of cardiovascular risk eg cholesterol, HsCRP 

Measurement of nutritional status eg plasma ascorbate 

Measurement of platelet function

no a
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Appendix 15- Protocol

RESEARCH PROTOCOL
Version 6.0 21/11/2011
REC Ref: 10/NIR03/39 BHSC T Ref: 10093PMcK-SS

Title of project: Effect of a polyphenol-rich diet on vascular and platelet function: a 
randomised controlled trial

Main research question being addressed in the project: Does a polyphenol-rich 
diet improve microvascular function in patients with mild hypertension?

Background evidence to indicate the context and relevance of the proposed project 
Polyphenol-rich food intake and cardiovascular disease risk: Dietary-derived plant 
polyphenols are abundant in the diet, being found, for example, in large quantities in 
fruits, vegetables, cocoa, red wine, green tea and black tea. Polyphenol-rich foods, 
such as fruit and vegetables, have been consistently associated with a reduced risk 
of coronary heart disease (Dauchet et al., 2006) and stroke (He et al., 2006) in 
meta-analyses. Polyphenols have been shown in short-term studies with single 
foods to have beneficial effects on endothelial function and platelet function (Murphy 
et al, 2003; Flammer et al, 2007). Longer term interventions with fruit and 
vegetables and cocoa also show promise. A recent double-blind RCT demonstrated 
that thrice-daily ingestion of a flavonol-containing cocoa beverage for 30 days 
reversed vascular dysfunction in diabetic patients (Balzer et al, 2008). Furthermore, 
we have recently shown that a dose-response relationship exists between fruit and 
vegetable consumption and microvascular health in an 8-week fruit and vegetable 
intervention in hypertensive patients (FAVRIT study; McCall et al., 2009). In this 
study, each additional portion of fruit and vegetable consumed daily led to a 5-6% 
improvement in endothelium-dependent forearm blood flow responses. This finding 
links an achievable dietary goal with improvement in a vascular measure of known 
prognostic value. Interestingly, the fruit and vegetable class most closely associated 
with the improvement in microvascular function in the FAVRIT study was change in 
berry intake; berries are known to be particularly polyphenol-rich fruits. We, 
therefore, propose testing the hypothesis that increasing overall polyphenol dietary 
intake, in addition to general fruit and vegetable intake, will further improve 
microvascular function, and will also have a beneficial effect on platelet function.

Assessment of vascular and platelet function
Endothelial/microvascular function: Forearm blood flow responses to intra-arterial 
acetylcholine, an endothelium-dependent vasodilator, are known to independently 
predict cardiovascular morbidity among hypertensive patients (Perticone et al., 
2001) and improved acetylcholine-induced responses after 8 weeks have been 
significantly correlated with improved coronary event-free survival (Fichtlscherer et 
al., 2004) in the setting of acute coronary syndrome. This endpoint (microvascular 
function) was the primary endpoint in the FAVRIT study (McCall et al., 2009) 
described in brief above.

Biochemical assessment of vascular function: Plasminogen activator inhibitor-1 
(PAI-1) is a major inhibitor of endogenous thrombolysis, thereby promoting 
thrombosis. PAI-1 is released predominantly by endothelial cells and is therefore a 
marker of endothelial activation. Elevated levels of PAI-1 predict cardiovascular 
outcomes in prospective studies (Folsom et al., 2001; Yarnell et al., 2000). C- 
reactive protein (CRP) is a classical acute phase reactant. CRP has been shown to
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predict myocardial infarction, stroke and vascular death in a variety of settings. 
CRP levels measured using a high sensitivity assay (hsCRP) are one of the 
strongest independent predictors of future cardiovascular events in apparently 
healthy men and women and also predict the vulnerability of an atherosclerotic 
plaque to rupture (Blake and Ridker, 2002). CRP levels were not altered by fruit 
and vegetable consumption in the FAVRIT study (McCall et al., 2009), but such 
changes have been demonstrated in other fruit and vegetable and polyphenol-rich 
food interventions (Watzl et al., 2005; Esposito et al., 2004).

Assessment of platelet function: Activated platelets play a role in the pathogenesis 
of CHD. Following activation, platelets change shape, aggregate and release 
several bioactive substances, and there is extensive evidence that antiplatelet 
therapy reduces CVD risk (Awtry & Loscalzo, 2000). Traditionally, platelet function 
has been assessed using an optical aggregometer; in this test increased platelet 
aggregation, following addition of agonists, results in increased light transmission. 
Other techniques include measurement of bleeding times, the platelet function 
analyser (PFA)-100, activation dependent changes in protein expression on the 
platelet surface, plasma soluble P-selectin measurement (Tsiara et al., 2003) and 
assessment of the level of metabolites of thromboxane A2, such as serum 
thromboxane B2 or urinary levels of 11-dehydro thromboxane B2 (Eikelboom et al, 
2002; Michelson 2004). Platelet activation in human subjects with elevated serum 
cholesterol levels is evident from the increased expression of P-selectin on platelets 
(Garlichs et al., 2001).It is also recognised that markers of platelet activation are 
increased in patients with hypertension, in particular in those with microalbuminuria 
(Guagnano et al, 2009)..Several authors have recently reported that increases in 
polyphenols/flavonoids may have beneficial effects on platelet activation (Rein et al, 
2000; Pearson et al, 2002; Murphy et al, 2003; Ding et al 2006; Flammer et al, 
2007). Platelet activation will differ depending on whether study participants are 
using aspirin or not, but there is evidence that polyphenols can modify platelet 
function over and above the effects of aspirin (Pearson et al., 2002), and therefore 
aspirin users will not be excluded from the proposed study.

Heart rate variability: Heart rate variability (HRV) is a measure of cardiac 
electrophysiology which has been shown to predict sudden death in patients with 
coronary artery disease (Kleiger et al., 2005). It reflects autonomic regulation 
related to respiratory, baroreflex and circadian fluctuations, and the cardiac 
responses to this regulation (Kleiger et al., 2005). It may function as a sensitive 
marker of subclinical cardiovascular autonomic neuropathy, and precede the 
detection of clinical cardiovascular autonomic disease (Ewing et al., 1985). 
However, higher HRV is not always better, as certain HRV measures can be 
increased by disorganised sinoatrial variation (Stein et al., 2005), and therefore 
careful consideration of specific HRV components is required. Decreased HRV has 
been associated with elevated fasting glucose levels (Singh et al., 2000; Schroeder 
et al., 2005), and also with the metabolic syndrome, independent of fasting glucose 
(Stein et al., 2007). There are some data which suggest that patients who consume 
long-term vegetarian diets may have altered HRV (in particular, significantly higher 
high-frequency power) when compared to omnivores (Fu et al, 2006). Specific HRV 
components have also recently been associated with fish consumption and marine 
n-3 fatty acid intake (Mozaffarian et al., 2008). However, to date prognostic 
information derived from HRV assessment has been based almost exclusively on 
baseline measurements, and a letter to the Editor in response to the Mozaffarian 
paper (2008) highlighted the need for intervention studies of preventive strategies to 
determine whether these strategies can change HRV, and ultimately whether this 
change predicts clinical events (Jong et al, 2008).
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Plan of investigation
This study will be a randomised, controlled, parallel-group trial of increasing 
polyphenol intake on vascular function in participants with mild hypertension. 
Participants
A total of 110 volunteers with mild hypertension will be recruited (male and female, 
aged 40-65 y), to allow for drop-outs and with the aim of allowing 100 subjects to 
complete the trial.
Inclusion criteria:
Age 40-65 y
Systolic blood pressure 140-179 mmHg or diastolic blood pressure 90-109 mmHg 
Exclusion criteria:
• diabetes mellitus
• an acute coronary syndrome or transient ischaemic attack within the past 3 

months
• special dietary requirements, food sensitivities or vegetarian/vegan diet by 

choice
• oral anticoagulation therapy
• body mass index greater than 35kg/m2 and the brachial artery clinically 

impalpable
• excessive alcohol consumption (defined as >28 units/week in men and 21 

units/week in women)
• fasting triglyceride concentration >4 mmol/l
• pregnancy/lactation
• taking antioxidant supplements
• medical conditions or dietary restrictions that would substantially limit ability to 

complete the study requirements

Recruitment
Subjects will be screened (for mild hypertension) and recruited from general 
practices (clinics and databases), hospital outpatient clinics, hospital databases and 
from the general population. We have established mechanisms for recruiting from 
these populations that have proven to be effective in previous studies (McCall et al., 
2009). For example, we propose to make an advertisement for the study available 
through both Queens University Belfast’s intranet, and the Belfast Health & Social 
Care Trust’s intranet. Potential participants will have brachial blood pressure 
measured under standardised conditions (after at least 5 minutes seated rest, using 
an Omron M5-I automatic blood pressure monitor (Omron Healthcare, Hoofddorp, 
The Netherlands) from the dominant arm). Three consecutive measurements will be 
recorded and a summary blood pressure calculated from the 2nd and 3rd readings. 
Participants will be included if their blood pressure is in the range 140-179/90- 
109mmHg. Participants that are screened and found to be hypertensive, but do not 
meet the other study criteria will have a letter sent to their General Practitioner 
advising that they should attend their treatment room for further blood pressure 
monitoring.

Study design
Following screening and recruitment (including informed written consent), there will 
be an initial four-week run-in period during which all participants will adhere to a low 
polyphenol diet (maximum of two portions F&V per day and no other polyphenol-rich 
foods). Following this run-in, participants will be randomized at week 4, using a 
block design and computer-generated random numbers, to one of two groups, to 
consume a polyphenol rich diet (6 portions of fruit and vegetables per day (to 
include one portion of berries) and one portion of dark chocolate) or to continue on 
the low polyphenol diet for 8 weeks. Randomisation will be stratified by initial
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polyphenol intake (established through the use of a modified food frequency 
questionnaire). Endpoint assessment will be conducted blind at week 4 and week 
12.

At each visit to the clinic (i.e. weeks 0, 4 and 12) participants will also be asked to 
complete a number of questionnaires using electronic survey software. For those 
participants who do not wish to complete the questionnaires electronically, paper 
alternatives will also be available. The questionnaires will assess the following; 
mood (chronic and acute), self esteem, quality of life (and dietary related quality of 
life), barriers and levels of liking with regards to the study diet, tolerability towards 
dark chocolate, stage of change, physical activity, dietary intake, changes in lifestyle 
and hypertension knowledge. The questionnaires are short, and participants will be 
instructed and assisted by a member of the research team during questionnaire 
completion. Participants will also be asked to complete a short questionnaire at 
home on three occasions between their week 4 and week 12 study visits.

A portion of polyphenol-rich foods, for the purposes of this study, will equate to a 
small bar of dark chocolate (approx 50g) or, in the case of fruit and vegetables, will 
be as defined by the Food Standards Agency (FSA) (www.eatwell.qov.uk), i.e. 1 
apple, 1 orange, 1 handful of berries, one glass (150 ml) fruit juice, or 3 tablespoons 
of vegetables. A local supermarket will deliver the polyphenol-rich foods to 
participants’ homes. We have successfully used this methodology in 5 completed or 
ongoing fruit and vegetable intervention studies (McCall et al., 2009). In our 
experience, the quantity of fruit and vegetables proposed can be easily incorporated 
into the diet when participants are given appropriate advice and guidance as 
described below. The amount of chocolate to be consumed equates to a small bar 
which, again, can be easily incorporated.
Participants will be instructed in the standard portion sizes as advised by the FSA, 
which relates to household measures and does not, therefore, necessitate weighing 
at each eating occasion. Each intervention group will be provided with a sample diet 
plan, recipe suggestions for incorporation of the polyphenol-rich foods into the diet 
and tip sheets. In addition to this, a research team member will discuss usual dietary 
pattern and habits with participants and, based on this, provide individualised advice 
for incorporation of the polyphenol-rich foods into their diet, taking account of any 
constraints or barriers highlighted by participants (e.g. limited cooking facilities). In 
addition to education about what constitutes a portion of polyphenol-rich foods and 
suggestions regarding increased incorporation of these foods into the diet, how to 
plan and track daily intake via a daily polyphenol-rich foods record will also be 
discussed. Advice will be given regarding the preparation of vegetables (e.g. length 
of cooking time) so that their micronutrient content is not compromised. As the 
polyphenol-rich foods will be delivered to participants once a week, storage will not 
exceed this length of time. All study participants will be contacted on a weekly basis 
by telephone to monitor compliance, deal with any difficulties they may be 
experiencing and provide support, encouragement and personalised 
feedback/information as required.
Throughout the study, participants will be advised to avoid consumption of the 
polyphenol-rich foods apart from those administered as part of the trial and to avoid 
vitamin supplements. They will also be advised not to modify any other aspect of 
their lifestyle (e.g. physical activity) or medication use (as far as possible) during the 
study. Participants will be advised to monitor their body weight and will be given 
advice to help maintain weight throughout the study.

Type of polyphenol-rich foods consumed during the intervention, and overall dose of 
polyphenol-rich foods
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Polyphenols are a diverse family of compounds, and there is currently limited 
knowledge of total dietary intake of polyphenols and their bioavailability (Manach et 
al., 2004). The expected daily intake of polyphenols from consuming >5 portions 
fruit and vegetables per day is 500 mg (Williamson & Holst, 2008), and addition of a 
daily portion of dark chocolate could boost this to 1000-1500 mg (Williamson & 
Holst, 2008). Fruits and vegetables have been shown to be major sources of 
polyphenols in the French diet, with apples, strawberries, potatoes, lettuce and 
onions being the main contributors (Brat et al., 2006). Participants in the intervention 
group will be allowed to freely choose the fruit and vegetables they want to eat, as 
long as they eat a balance of both fruits and vegetables. We feel it is important not 
to have too narrow a panel of fruit and vegetables because, from a compliance 
perspective, a broad range of fruits and vegetables at a high level of intake (6 
portions/day) will be easier to fit into a normal diet and will also allow flexibility in 
terms of individual likes and dislikes. Too narrow a panel of fruits and vegetables 
may well affect overall eating habits, and that could produce results that are both 
difficult to interpret and of less relevance in terms of public health. Furthermore, 
consuming a variety of fruits and vegetables will mean that a wide range of 
polyphenols are consumed.
However, participants will be required to consume one portion of berries per day, as 
they are particularly rich in polyphenols (Scalbert and Williamson, 2000) and, in 
those randomised to the high F&V intake arm in the FAVRIT study, were strongly 
associated with the outcome of that study (see background). Participants must also 
consume a small bar of dark chocolate each day (Scalbert and Williamson, 2000), 
or the equivalent polyphenol intake in the form of a cocoa drink; this can be 
interspersed throughout the day or consumed at one sitting. Black tea and green tea 
are also major potential sources of polyphenols, but we feel to include these as part 
of the intervention might be difficult for participant compliance (because of a 
personal preference for the addition of milk or dislike of tea), particularly in a 
traditional tea drinking population, and therefore participants will be encouraged to 
keep their tea consumption constant during the study.
Those in the control group (s2 portions/day) will be able to select their own fruits 
and vegetables, but will not be asked specifically not to consume berries or dark 
chocolate.

Assessment of dietary intake/monitoring of compliance
Compliance will be assessed by a combination of self-reported dietary intake [4-day 
food diaries (with the aid of a food photograph atlas to help portion size estimation) 
at screening in order to assess baseline diet (week 0) and at weeks 4 (start of 
intervention), 8 (mid-point) and 12 (end of intervention), at least 2 x unannounced 
24-hour recalls (as employed by Le Marchand et al (1994) and Zino et al (1997)), 
daily polyphenol-rich food records (similar to that used by Smith-Warner et al 
(2000))], and biochemical assessment of nutritional status. Numerous studies have 
now shown that plasma carotenoids and ascorbic acid can be increased by 
moderate alterations in fruit and vegetable intake and within a short period of time 
(McCall et al., 2009; Le Marchand et al, 1994; Martini et al, 1995; Yeum et al, 1996; 
Zino et al, 1997; Broekmans et al, 2000; Brevik et al, 2004; Thompson et al, 2005; 
Watzl et al, 2005; Thompson et al, 2006) and are, therefore, good markers of 
compliance to increased fruit and vegetable intake at the group level. In addition, 
plasma total polyphenol content, and concentrations of specific polyphenols and 
flavonoids will be assessed using established methods (adapted from Milbury, 
2001). Urine will be analysed using metabolomic profiling to determine whether such 
an approach can be used to show compliance.
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Energy and nutrient intakes will be calculated using a computerised food analysis 
database based on UK food composition tables (WISP, Tinuviel Software, 
Warrington, UK).

Maximising compliance in the intervention group
Our research group has previous experience of successfully conducting 
interventions in free-living populations to modify dietary behaviour, both to increase 
fruit and vegetable intake (four studies successfully completed and one ongoing) 
and to encourage adoption of a Mediterranean style diet (one study successfully 
completed). Strategies used in these studies will also be employed in this study - 
they include personal and detailed dietary advice, provision of menu suggestions, 
recipes and tip sheets and contact at weekly intervals by telephone to deal with any 
difficulties and provide positive reinforcement.

Justification for 8-week intervention period.
An effect of fruit and vegetables on micronutrient status and vascular function has 
been shown by our group in the FAVRIT study (McCall et al., 2009). The proposed 
duration of the intervention period (8 weeks) is, therefore, sufficiently long to ensure 
that subjects will reach a steady state with regard to polyphenol and micronutrient 
status, will be long enough to show a change in the measures of vascular and 
platelet function proposed and is also realistic from a manpower and compliance 
perspective.
STUDY ASSESSMENTS
Participants will be asked to attend a clinic at the start (week 4) and end (week 12) 
of the intervention period where the following assessments will be made: 
Demographic/lifestyle information (e.g. exercise activity using a validated 
questionnaire, alcohol consumption, medication use).
Dietary intake by 4-day food diary at week 0, 4, 8 &12 (plus at least 2 x 
unannounced 24-hour recalls at random during the study period + daily polyphenol- 
rich food records as compliance indicators).
Questionnaires to assess psychological, dietary and lifestyle behaviours, knowledge 
and beliefs.
Anthropometric data (weight and height measured using calibrated scales and 
stadiometer respectively, waist and hip circumference).
Blood pressure will be measured twice from the right arm, using an automated 
Omron sphygmomanometer, with the participant sitting quietly for at least five 
minutes. Resting pulse rate will also be assessed.
Fasting blood samples will be drawn from the antecubital vein, immediately 
separated for the proposed assays detailed below and stored at -70°C until analysis. 
An additional fasting blood sample will be taken at week 0.
Urine sample collection for metabolomic profiling. Participants will be asked, prior to 
attending the RVH at weeks 0, 4 and 8, to avoid high amounts of fruit, vegetables or 
wholegrains as part of their evening meal before the collection (suggested meal of 
chicken, peas, potatoes) and drink approximately 0.5 I water with meal and over 
course of evening. They will then be asked to collect all urine after evening meal 
until midnight into one pot and then, in another pot, collect all urine until morning. 
Finally, when they arrive at clinic they will be asked to provide a fasting spot urine 
sample (after a 12 h fast but ensure hydrated (drink water in the morning before 
travelling to clinic). These spot urine samples will be stored at -70°C until analysis. 
Venous occlusion plethysmography will be used to determine forearm blood flow 
during incremental intra-arterial infusions of acetylcholine and sodium nitroprusside 
(details below).
Heart Rate Variability: 24-hour ambulatory EGG recordings will be obtained. The 
recordings will be analysed using commercially available software and the

Q/in
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processing will be undertaken without knowledge of the dietary intervention. (This is 
an optional test for participants).

ENDPOINT ASSESSMENT METHODOLOGY
All of the methods described below are in routine use in our laboratories in other 
studies. All methods are performed with careful attention to quality control and with 
participation in external quality control schemes where available. Standardisation 
against available international standards (e.g. NIST standards for lipid-soluble 
vitamins and ascorbate) is carried out where possible. All laboratory analysis will be 
conducted blind, i.e. research staff will not know to which group the subject has 
been assigned.
Biochemical markers of nutritional status (week 0, 4 and 12)
Serum lutein, zeaxanthin, beta-cryptoxanthin, lycopene, alpha- and beta- 
carotene by high performance liquid chromatography (HPLC) with diode array 
detection (Craft et al., 1992)
Plasma ascorbate by automated fluorimetric assay using a Cobas FARA analyser 
(Vuillemier & Keck, 1989)
Total polyphenol concentration in plasma (Scalbert, 1992)
Urine concentrations of specific polyphenols and flavonoids (in-house method, 
adapted from Milbury, 2001)
Clinical measures of vascular function (week 4 and 12)
All of the proposed methods are routinely used by our group in other ongoing 
studies. We have defined the reproducibility for each technique for a single operator 
and between operators, and in each case the figures are comparable to the best 
values reported in the literature (McCall D, personal communication).

Endothelial function
According to an established protocol (McAllister et al., 1999), venous occlusion 
plethysmography will be used to determine forearm blood flow during incremental 
intra-arterial infusions of acetylcholine (50nmol/min, 100nmol/min, 200nmol/min) 
and sodium nitroprusside (5nmol/min, 10nmol/min, 20nmol/min). A 27 gauge sterile 
needle (Cooper’s Needle Works, Birmingham, U.K.) will be inserted into the non
dominant brachial artery under aseptic technique and local anaesthesia. Following 
successful puncture, saline will be infused through the needle via an epidural 
catheter at a rate of 1ml/min for at least 30 minutes. At baseline and during 
vasodilator administration, plethysmographic measurements will be made using 
electrically calibrated mercury-in-sialastic strain gauges in both the infused and non- 
infused limbs thus accounting for confounding by unexpected systemic or 
environmental stimuli (Deanfield et al., 2005). Each Strain gauge will be attached to 
a Hokanson EC6 plethysmograph (PMS Instruments, Maidenhead, U.K.) which in 
turn will be connected to a dedicated personal computer on which the Hokanson 
NIVP3 software package (PMS Instruments, Maidenhead, U.K.) has been installed. 
Vasodilators will be administered in random order with each concentration infused 
for 5 minutes. After 3 minutes of each infusion step, 5 forearm blood flow readings 
will be made during 7 second periods of venous occlusion separated by 15 second 
intervals. The % change in the infused:control arm blood flow during each infusion 
step will be calculated. The maximum vasodilator response observed with 
acetylcholine / sodium nitroprusside will be employed as a summary measure for 
that agent during statistical analysis (Perticone et al., 2001).
Assessment of other markers of cardiovascular risk (week 4 and 12)
Resting pulse rate will be assessed and blood pressure will be measured twice 
from the right arm, using an automated Omron sphygmomanometer, with the 
participant sitting quietly for at least five minutes. Total cholesterol and 
triglycerides in serum will be measured using automated enzymatic assays. HDL 
cholesterol will be measured by enzymatic assay following phosphotungstate
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precipitation. LDL-cholesterol will be calculated using the Friedewald formula 
(Friedewald et al., 1972). High sensitivity CRP (hsCRP) will be assessed by 
automated immunoassay (Randox, Northern Ireland) and plasma PAM 
concentration will be measured using an ELISA method (Tintelize, Biopool 
International, Umea, Sweden).

Assessment of platelet function (week 4 and 12)
The following measures of platelet activation will be used:
urinary thromboxane assay: urinary concentrations of 11-dehydrothromboxane B2 
will be measured using a commercially available immunoassay (Aspirinworks, 
Corgenix, Broomfield, CO, USA) and corrected for urinary creatinine excretion. This 
assay has inter- and intra-assay coefficients of variation of less than 10% (The 
Indian Polycap Study, 2009).
Serum thromboxane B2 levels will be measured using enzyme immunoassay kits 
(Cayman Chemicals, Michigan, USA).

Heart rate variability (week 4 & 12)
Two 24-hour ambulatory ECG recordings (Spacelabs Healthcare [Del Mar 
Reynolds], Hertford, UK) will be obtained in each patient (week 0 and week 8). The 
recordings will be analysed using commercially available software (Spacelabs 
Healthcare [Del Mar Reynolds], Hertford, UK) and the processing will be undertaken 
without knowledge of the dietary intervention. The analysis will include the following 
(Task Force, 1996, Kleiger et al., 2005):
Time Domain:
SDNN: standard deviation of all NN intervals in the 24-hr recording
RMSSD: the square root of the mean of the sum of the squares of the differences
between adjacent NN intervals
pNN50: total number of pairs of adjacent NN intervals differing by >50ms, both 
positive and negative, expressed as a percentage of all intervals in that period 
mean RR interval: average NN interval in that period
Triangular Index (St George’s Index): total number of all NN intervals divided by the 
height of the histogram of all NN intervals measured on a discrete scale with bins of 
1/128s
Frequency Domain:
These will be reported according to the following range of frequencies:
ultra-low frequency (ULF): <0.0033Hz
very-low frequency (VLF): 0.0033-0.04Hz
low-frequency (LF): >0.04-0.15Hz
high-frequency (HF): >0.15-0.40Hz
total power: all frequencies

PRIMARY AND SECONDARY ENDPOINTS
Primary endpoint: Between group change in endothelium-dependent vasodilatation 
(microvascular function).
Secondary endpoint: Between group change in: self-reported polyphenol-rich food 
intake; biochemical markers of nutritional status as detailed above; other markers of 
vascular function, platelet function and heart rate variability as detailed above.

Power
The power calculation is based on data collected as part of the FAVRIT study 
(McCall et al., 2009). Endothelium-dependent vasodilatation is an established index 
of microvascular health during short-term intervention studies and will be our 
primary endpoint. Since analysis would be based on between group comparisons of 
change, data from FAVRIT were used to estimate that the standard deviation of
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percentage change in maximum response to Ach was approximately 50%. To detect 
a 33% difference (the difference that was detected in FAVRIT) between groups in 
this change in this variable as statistically significant with 90% power using a 2- 
tailed test at the 5% significance level will, therefore, require approximately 50 
participants per group. We will, therefore, recruit 110 participants with mild 
hypertension, with the aim of allowing 100 participants to complete the study.

Statistical analyses
Statistical analysis will be carried out using SPSS for Windows, version 17. A 
medical statistician, Professor Chris Patterson, will give statistical advice. The 
changes in each endpoint of interest from the week 4 measure will be compared 
between the two intervention groups by independent samples t-tests.

CONSIDERATION OF ANY ETHICAL ISSUES
An application for Ethical Approval for this study is currently being prepared for 
submission to the Office for Research Ethics Committees Northern Ireland 
(ORECNI). Research governance procedures will be followed within Belfast Health 
and Social Care Trust (BHSCT). The proposed study is similar to other ongoing 
studies in our department; therefore we do not envisage any problems in obtaining 
ethical approval. All papers will be prepared in accordance with the CONSORT 
statement (Moher et al, 2001) which defines best practice for reporting of 
randomised-controlled trials in order to ensure transparency.

TIMETABLE
To obtain ethical approval, and set-up clinic procedures and study database. 
Estimated duration of task, 6 months.
To recruit 110 mild hypertensives, randomise and follow through complete study 
protocol. Estimated duration of task, 24 months.
To analyse samples for biochemical markers of vascular function, platelet function 
and compliance. Estimated duration of task, 25 months. Will run concurrently with 
recruitment and for a further 1 month.
To statistically analyse markers of vascular and platelet function (statistical 
analysis). Estimated duration of task, 2 months.
To write up project (write-up). Estimated duration of task, 3 months.
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Appendix 16- Study Advertisement

Belfast Health and me ROYAL
U Social Care Trust HOSPITALS

Belfast Heart Centre

Are you aged 40-65 with 

high blood pressure?

Staff at the Belfast Health and Social Care Trust and Queen’s University 
Belfast are undertaking a research project to investigate if a high fruit 
and vegetable diet containing berries and dark chocolate, is better for 
blood vessel health than a diet low in fruit and vegetables.

Participants will be required to attend the Royal Victoria Hospital on 
three occasions for blood and urine tests and tests of blood vessel 
health.

A payment of £120 will be offered on completion, and reasonable travel 
expenses will be reimbursed.

If you are interested in participating in this study, please contact either:

Dr Rebecca Noad Clara Rooney
Clinical Research Fellow PhD student

Mobile: 07896977295
Email: rnoad01@qub.ac.uk Email: croonev37@qub.ac.uk

Version 2.0 25th July 2011 REC Ref: 10/NIR03/39 BHSCT No: 10093PMcK-SS
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