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Abstract 

Trans fatty acids, HDL-cholesterol and cardiovascular disease risk: 
Effects of dietary changes on vascular reactivity 

PhD thesis by Nicole M de Roos, Division of Human Nutrition and Epidemiology, 
Wageningen University, The Netherlands 

Intake of trans fatty acids increases the risk of coronary heart disease, even more so than 
saturated fatty acids. We wanted to investigate whether this higher risk was caused by 
the decrease in serum HDL-cholesterol by trans fatty acids. To do this, we studied the 
effect of diet-induced changes in HDL-cholesterol on vascular reactivity, a surrogate 
endpoint for coronary heart disease. Vascular reactivity was measured as flow-mediated 
vasodilation: the percentage increase in arterial diameter after a provoked increase in 
blood flow. The extent of flow-mediated vasodilation appears to be predictive of future 
coronary heart disease. The studies were performed in healthy men and women. 

Replacement of 9.2% of energy (en%) from saturated fatty acids by trans fatty acids 
lowered serum HDL-cholesterol after 4 weeks by 0.39 (95%CI 0.28, 0.50) mmol/L and 
impaired flow-mediated vasodilation from 6.2% to 4.4%, a decrease of 1.8%-points 
(0.4, 3.2). The activity of serum paraoxonase, an HDL-bound esterase which might 
protect against atherosclerosis, decreased by 6% (2%, 10%). We then verified whether a 
different HDL-lowering diet also impaired flow-mediated vasodilation. In this study, we 
replaced «20en% monounsaturated fatty acids with carbohydrates: HDL-cholesterol 
decreased by 0.21 (0.17, 0.26) mmol/L and flow-mediated vasodilation increased from 
4.1% to 4.8%, an increase of 0.7% (-0.6,1.9). This result did not support our hypothesis 
that decreases in HDL-cholesterol increase risk of cardiovascular disease; however, the 
decrease might have been too small to cause an effect. We therefore investigated in an 
oral fat-loading test whether trans fatty acids could impair flow-mediated vasodilation 
while HDL-cholesterol was constant. This was not the case; flow-mediated vasodilation 
after an oral fat load of lg/kg bodyweight was 3.1% versus 2.6% before, and trans fatty 
acids and saturated fatty acids had similar effects. Serum paraoxonase activity parallelled 
the change in flow-mediated vasodilation, and was slightly increased after an oral fat 
load with either trans or saturated fatty acids. 

We conclude that replacement of saturated fatty acids by trans fatty acids impairs 
vascular function within 4 weeks. This may explain why trans fatty acids relate more 
strongly to risk of cardiovascular disease than saturated fatty acids. Whether the effects 
on vascular function are caused by changes in HDL-cholesterol remains to be resolved. 
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General Introduction 
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Rationale for the studies in this thesis 
The average diet of a Dutch adult contains lOOg of fat1. A small part, 2-5% of total fat, is formed 
by trans fatty acids; unsaturated fatty acids with one or two double bonds in the trans 
configuration. The main source of trans fatty acids - or trans fats - are partially hydrogenated 
vegetable oils that are formed when liquid oils are hardened to produce shortenings, frying fats, 
and other solid fats. A smaller amount of trans fat is derived from meat or dairy products of 
ruminant animals, such as cows, sheep, and goats. 

A high intake of trans fat increases the risk of coronary heart disease2, and some investigators 
believe that their effect is stronger than that of saturated fatty acids. This difference in risk 
cannot be explained by differences in effect on LDL-cholesterol, because both types of fatty 
acids increase LDL-cholesterol to a similar extent However, trans fatty acids decrease serum 
HDL-cholesterol when they replace saturated fatty acids, and a low HDL-cholesterol is 
associated with increased risk of cardiovascular disease. We postulated that if trans fats have 
indeed a stronger effect than saturated fatty acids on risk of cardiovascular disease, this would be 
caused by differences in effect on HDL-cholesterol. The underlying question of the studies in 
this thesis therefore was: 

Does the decrease in serum HDL-cholesterol by trans fatty acids explain their 
stronger effect on cardiovascular disease as compared to saturated fatty 
acids? 

We have not answered this question directly. Instead, we studied effects of trans fatty acids and 
of changes in HDL-cholesterol on a surrogate endpoint of cardiovascular disease: flow-mediated 
vasodilation. Thus, our research question was whether a decrease in HDL-cholesterol or a high 
intake of trans fatty acids impaired flow-mediated vasodilation. 

Flow-mediated vasodilation is the widening of arteries in response to increased blood flow3. 
It is a measure of integrity and function of the vascular endothelium4. We used this marker 
because it appears to be predictive of future cardiovascular events; it correlates with known risk 
factors for cardiovascular disease; it quickly responds to treatment; and it can be used in a non
medical setting. All studies were performed in healthy volunteers. 

In the following paragraphs the relation between trans fatty acids, HDL-cholesterol, and 
coronary heart disease will be discussed. 

Sources of trans fatty acids 
The majority of trans fats in western-type diets are the partially hydrogenated vegetable and 
marine oils5. Their contribution to trans fat intake in the Netherlands is «80%5>6. Main sources of 
partially hydrogenated oils are fats (frying and cooking fats, solid margarines and spreads), baked 
goods (biscuits, cakes, buns), chips, trench fries, and savoury snacks5. 
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The most common trans fatty acids in partially hydrogenated vegetable oils are the trans isomers 
of the monounsaturated octadecenoic acid (C18:l)5. They include elaidic acid, which is the trans 
isomer of oleic acid (or-C18:ln-9). In contrast, partially hydrogenated marine oils contain mainly 
trans fatty acids with 20-22 carbon atoms. 

Figure 1.1: 

Chemical structure of 
c/s-C18:1n-9 (oleic acid) 
and fra/?s-C18:1n-9 
(elaidic acid) 

Cis double bond: oleic acid 

Trans double bond: elaidic acid 

The remainder of trans fat is largely derived from ruminant animal sources; they contribute 
«20% of total trans fat intake in the Netherlands5,6. Main sources are meat and meat products, 
cheese, and milk. Milk fats mainly contain vaccenic acid (C18:ln-7) and its positional isomers7. 
An additional small amount of trans fat is found in liquid vegetable oils; they are formed during 
the process of deodorisation of the oils and contain mainly />w»x-polyunsaturated fatty acids such 
as #a«.f-alpha-linolenic acid (C18:3n-3)8. Intake of /ta«.r-alpha-linolenic acid is estimated to be 20-
600 mg/d in European countries9. 

The intake of partially hydrogenated vegetable oils has decreased from 4.3% of energy (en%) 
in 1985 to 1.5 en% in 1995 in the Netherlands. In contrast, the intake of trans fats from ruminant 
animal sources has been stable at about 0.7en%6. Reports on the adverse effects of trans fats led 
food manufacturers to remove them from margarines for the consumer market10. Margarines 
for the catering industry, shortenings for bakers, and frying fats for fast food restaurants, 
however, still contain considerable amounts of trans fats. The reason is that hydrogenated oils 
add firmness and texture to products and can therefore not always be replaced by oils in their 
natural fluid state. Another advantage of hydrogenation is that it makes oils less susceptible to 
oxidation (spoilage) and therefore more stable upon deep fat frying. Replacement of partially 
hydrogenated vegetable oils by solid tropical fats is a technical possibility, but these fats are rich 
in saturated fatty acids and therefore undesirable from a public health view. 
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Trans fatty acids and coronary heart disease risk 
Our knowledge on health effects of trans fats is based on observational and experimental diet 

studies. The strength of most observational studies is their endpoint coronary heart disease, 

often in the form of fatal or non-fatal myocardial infarction or stroke. Their weaknesses include 

errors in estimating trans fatty acid intake and the limited possibilities to correct for confounding 

variables, such as saturated fat intake and a sedentary lifestyle. 

These weaknesses can be eliminated in experimental diet studies: the intake of dietary 

components can be controlled, and randomising volunteers to treatment or control group 

eliminates bias due to e.g. lifestyle factors. However, a weakness of diet studies is their 

limited length and number of volunteers which makes it impractical to study effects on 'hard' 

coronary heart disease endpoints. Instead, effects on risk markers such as serum cholesterol 

have been studied. 

observational studies 

prospective observational follow-up studies 

Four large prospective observational follow-up studies have estimated the effects of intake of 

trans fats on risk of coronary heart disease (Table 1.1). In the only study with women, the Nurses' 

Health Study11, over 80,000 nurses were followed-up for 14 years; 939 coronary events were 

recorded in this period. Their mean intake of trans fats at baseline, estimated with food frequency 

questionnaires, was 2.2% of energy. The relative risk of coronary heart disease, in a multivariate 

model, was 1.62 (95% CI, 1.23 to 2.13) for each increase of 2% of energy from trans fats. A 

smaller effect was seen in the Health Professionals follow-up study12. During a 6-year follow-up 

of nearly 44,000 men, 734 coronary events - including 229 coronary deaths - were recorded. 

Median intake of trans fats ranged from 1.5 g /d in the lowest quintile to 4.3 g /d in the highest 

quintile of intake; the relative risk of coronary heart disease was 1.13 (95% CI, 0.81 to 1.58) for 

each additional 2% of energy from trans fats. A comparable effect was seen in the Alpha-

Tocopherol Beta-Carotene Cancer Prevention Study that was performed in Finland13. In this 

study, nearly 22,000 smoking men were followed-up for 6.1 years; 2034 coronary events -

including 635 coronary deaths - were recorded. Median intakes of trans fats were slightly higher 

in this Finnish population than in the US Health Professionals, and ranged from 1.3 g /d in the 

lowest quintile to 6.2 g /d in the highest. The relative risk for each increase in trans fatty acid 

intake by 2% of energy was 1.14 (95% CI, 0.96 to 1.35). The Dutch Zutphen Elderly Study 

confirmed the positive association between trans fatty acid intake and risk of coronary heart 

disease. In this study 667 men with a mean trans fatty acid intake of 4.3% of energy at baseline 

were studied prospectively 6. After 10 years of follow-up 98 coronary events had been recorded; 

the relative risk of coronary heart disease for each increase in trans fatty acid intake by 2% of 

energy was 1.28 (95% CI, 1.01 to 1.61). Oomen et al pooled the data of these four prospective 

studies and estimated that each 2% increase in energy intake from trans fats increased risk of 

cardiovascular disease by 25%6. 
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Table 1.1 Relative risks of coronary heart disease for each additional 2% of energy from 
trans fatty acids in 4 prospective cohorts 

study number of follow-up (y) number of events relative risk (95% 
subjects CI) 

939 1.62 (1.23 to 2.13) 

734 1.13(0.81 to 1.58) 

2034 1.14 (0.96 to 1.35) 

Nurses' Health 
Study 

Health 
Professionals 

Alpha-
Tocopherol Beta-
Carotene Cancer 
Prevention Study 

Zutphen Elderly 
Study 

80,082 women 

43,757 men 

21,930 men 

667 men 

14 

6 

6.1 

10 98 1.28(1.01 to 1.61) 

Data on effects of the different sources of trans fats are limited. It is known, however, that 
dietary fatty acids with small differences in structure may have large differences in effect, and 
therefore we cannot assume that all trans fats will act identically8. In the Dutch Zutphen Elderly 
Study; the effects of trans fats from animal origin appeared to be similar to those of partially 
hydrogenated fats6. In the Nurses' Health Study, however, trans fats from ruminant animal fats 
appeared to be inversely related to risk, while trans fats from vegetable fats increased risk of 
coronary heart disease14. In this study, margarine, beef, pork, or lamb as a main dish, and cookies 
and white bread contributed most to trans fatty acid intake. Of these products, margarine, 
cookies and white bread had positive associations with risk while the meat sources had not, 
indicating that only the trans fats from partially hydrogenated vegetable oils increased risk of 
coronary heart disease. In the Alpha-Tocopherol Beta-Carotene Cancer Prevention Study the 
risk associated with trans fat intake was largely attributable to elaidic acid intake from partially 
hydrogenated fat, and not to trans fats from animal sources. 

Case-control studies 

Another approach to investigating whether trans fats are related to coronary heart disease is to 
compare trans fat intake across patients and healthy controls in a case-control study. Ascherio et 
al compared 239 men and women who were admitted to hospital for a first myocardial 
infarction with 282 population controls. Intake of trans fats was 4.36 g/d or 1.6% of energy in 
men and 3.61 g/d or 1.7% of energy in women; hydrogenated fats contributed 74% of the total 
trans fat intake. Control subjects had a lower intake of trans fats than patients: 3.78 g/d versus 
4.68 g/d (P for difference <0.001). The relative risk of myocardial infarction after adjustment for 
known risk factors, other fats, and cholesterol intake, was 2.03 (95% CI, 0.98 to 4.22) for the 
highest versus the lowest quintile of trans fat intake15. Plasma concentrations of LDL- and HDL-
cholesterol had been measured in 458 patients and controls, and the investigators evaluated 
whether the association between trans fat intake and myocardial infarction was mediated by these 
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risk factors. The relative risk of myocardial infarction among these subjects, comparing the 
highest versus the lowest quintile of trans fat intake, was 2.23 (95% CI, 1.19 to 4.18) before 
adjustment for plasma LDL- and HDL-cholesteroL and 2.12 (95% CI, 1.09 to 4.11) after 
adjustment Thus, a higher trans fat intake appeared to increase risk of myocardial infarction 
independent of its effects on lipoproteins. 

No such clear relation between trans fat intake and myocardial infarction was seen in the 
European multicentre EURAMIC study16. In this study, trans fatty acid content of adipose tissue 
of 671 men with a first myocardial infarction was compared with that of 717 age-matched 
controls without a history of myocardial infarction. The C18 trans fatty acid content of adipose 
tissue was used as a biomarker of trans fat intake, and was shown to be 1.60% in patients and 
1.59% in controls, with a difference of 0.01% (95% CI, -O.02 to 0.04). Thus, there was no 
overall difference between cases and controls. Of the ten centres that collaborated in this study, 
two were from Spain, and the men from these two centres had very low CI 8 trans fatty acid 
contents in their adipose tissue; ranging from 0.40 to 0.47%. After exclusion of these two 
centres, the second highest and the highest quintile of trans fats were associated with higher risks 
of myocardial infarction, but the relation was not significant The investigators suggested that the 
contribution of trans fats to risk of myocardial infarction might be restricted to countries with 
high trans fat intakes. A comparable study in the UK, with 66 men who had died from sudden 
cardiac arrest and 286 healthy controls, showed no relation between adipose tissue CI 8:1 or 
CI 8:2 trans fats and cardiac death17. This study was apparently too small to detect any difference 
between cases and controls; the confidence intervals were wide, and diabetes, an established risk 
factor for coronary heart disease, was not associated with events. 

Thus, the relation between trans fat intake and risk of myocardial infarction or cardiac death is 
inconsistent in these case-control studies. However, this may have been due to lack of power in 
some of the studies. 

Cross-sectional studies 

Only one cross-sectional study of trans fat intake and coronary heart disease in western 
subjects was found18. The study was conducted in 10,359 Scottish men and women, who were 
divided in three groups: those who reported prevalent coronary heart disease (369 men and 235 
women), those with symptoms of coronary heart disease that had not been diagnosed previously 
(659 men and 795 women), and those who were free of symptoms and who did not use anti
hypertensive, cholesterol-lowering or other drugs related to coronary heart disease (3720 men 
and 3749 women). Intake of trans fats had no clear effect on the risk of coronary heart disease, 
neither in the patients with prevalent coronary heart disease nor in the symptomatic but 
undiagnosed subjects. The intake of trans fats was high and ranged from 3.8 g/d in the lowest 
quintile to 11.9 g/d in the highest quintile for men, and from 3.1 to 11.0 g/d for women. About 
60% of all trans fats in the diet was derived from partially hydrogenated fats. The lack of relation 
between trans fats intake and coronary heart disease might be due to the design of this study; 
patients with coronary heart disease might have changed their dietary habits, and are likely to use 
margarines rich in polyunsaturated fats instead of trans fats. This may have obscured an existing 
relation. 
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experimental diet studies 

Serum lipoproteins 

Experimental diet studies with trans fats have focussed on their effect on serum lipoproteins, 
especially since Mensink and Katan showed that these fats differ from saturated fats in their 
effects on serum HDL-cholesterol19. When data of controlled diet studies are combined, it can 
be estimated that replacement of 1% of energy from carbohydrates by trans fats increases serum 
LDL-cholesterol by 0.034 mmol/L and decreases serum HDL-cholesterol by 0.004 
mmol/L20-21. Such a change in cholesterol concentrations can be translated in change in risk 
according to Willett, an increase in total cholesterol of 0.5 mmol/L increases risk of coronary 
heart disease by about 25%22. Thus, each additional percent from trans fats will increase risk of 
coronary heart disease by 1-2%. This estimate is much less than the increase in risk of 25% for 
each 2% of energy from trans fats that was estimated from epidemiological studies. Thus, other 
effects appear to contribute to the risk associated with high intakes of trans fats. 

Other effects of trans fatty acids 

In addition to their effects on serum LDL- and HDL-cholesterol, trans fats have consistency 
been shown to increase serum lipoprotein(a)23"26. This particle, which is composed of an LDL 
particle attached to apolipoprotein(a), has been associated with coronary heart disease in 
epidemiological studies27. Its concentration in human serum is largerly genetically determined28 

but can be modified by diet. The increase in serum lipoprotein(a) is about 0.5 mg/dL per 2en% 
increase in trans fat intake2. This appears to be an adverse effect, but exactly how this translates 
into risk of coronary heart disease is unclear because of the complex relation between 
lipoprotein(a) with cardiovascular disease28. 

Other effects of trans fats that have been studied in human studies are blood pressure, which 
was unaffected29, and incorporation of certain trans fats in blood platelets30, which might be 
increased in patients with more severe coronary artery disease. This latter effect, however, needs 
confirmation, and the composition of platelets as a marker of disease needs to be validated. 

In conclusion, changes in serum lipoprotein concentrations only partly explain why a high 
intake of trans fats increases risk of coronary heart disease. This suggests that additional 
mechanisms are involved in the pathway between trans fat intake and coronary heart disease. 

Serum HDL-cholesterol and coronary heart disease risk 
Unlike saturated fatty acids, trans fats decrease serum HDL-cholesterol when they replace other 
fats in the diet We hypothesised that this might explain why trans fats relate more strongly to 
risk of cardiovascular disease than saturated fatty acids, because there is increasing evidence that 
HDL-cholesterol is causally related to coronary heart disease31. 
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Cross-sectional studies and prospective follow-up studies 
Several cross-sectional studies have shown that coronary heart disease is more common in men 
and women with low serum HDL-cholesterol concentrations than in those with high serum 
HDL-cholesterol32-34 Moreover, a low concentration is predictive of future cardiovascular and 
coronary events: Two papers summarised the results of six cohort studies (FHS, LRCF, CPPT, 
MRFIT, BRHS, and BIRNH)' and found risk reductions for coronary heart disease between 
1.3-4.2% for each 1 mg/dL (0.026 mmol/L) higher baseline serum HDL-cholesterol35.36. The 
effects on cardiovascular disease were somewhat smaller, but consistent across studies. The 
protective effect of HDL-cholesterol is not restricted to subjects in Europe and the United 
States but was also seen in a group of Japanese men37. 

Drug trials 

It is widely recognised that lowering serum LDL-cholesterol reduces the risk of cardiovascular 
disease with 1-2% for each percent lowering38. Several drug studies suggest a similar effect of 
increases in serum HDL-cholesterol. However, most drug trials aimed at lowering serum LDL-
cholesterol; changes in HDL-cholesterol were no priority. The only exception is the Veterans 
Affairs High-Density Lipoprotein Intervention Trial (VA-HIT), which was specifically designed 
to study effects of increasing HDL-cholesterol with gemfibrozil. In this trial, 2531 men with a 
history of coronary heart disease were randomly allocated to treatment or placebo. After a 
median follow-up of 5.1 years, the number of primary coronary events (nonfatal myocardial 
infarction or death from coronary heart disease) was 275 in the placebo group and 219 in the 
drug group39. Serum HDL-cholesterol was 6% higher and serum triglycerides 31% lower in the 
treatment group than in the placebo group after 1 year; serum LDL-cholesterol remained stable. 
The investigators calculated that a 5 mg/dL (0.13 mmol/L) increase in HDL-cholesterol 
reduced the number of coronary events by 11%; changes in HDL-cholesterol therefore 
contributed to the beneficial effect of gemfibrozil40. 

Further evidence for a protective effect of increases in serum HDL-cholesterol is derived 
from drug trials that were designed for studying effects of lowering LDL-cholesterol or 
triacylglycerols on coronary heart disease risk. These studies, typically with 1000-4000 subjects, 
report risk reductions up to 6% per mg/dL or 23% per 0.1 mmol/L41-43. 

Studies with intermediate endpoints of coronary heart disease also show a better outcome 
when HDL-cholesterol concentrations increase during the follow-up period44 or when baseline 
HDL-cholesterol concentrations are higher45. 

In summary, HDL-cholesterol shows an inverse relation with risk of coronary heart disease. 
Drugs that increase serum HDL-cholesterol reduce risk of coronary heart disease. 

1 Framingham Heart Study, Lipid Research Clinics Follow-up study, Coronary Primary Prevention Trial, Multiple Risk Factor 

Intervention Trial, British Regional Heart Study, and Belgian Interuniversity Research on Nutrition and Health. 
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Why was flow-mediated vasodilation chosen as an outcome of the studies? 
Our aim was to investigate whether trans fats increase risk of coronary heart disease more than 

saturated fats because trans fats decrease HDL-cholesterol. Ideally we would have studied this in 

a long-term trial with hard endpoints, such as myocardial infarction, with the volunteers on 

controlled diets rich in either saturated fat or trans fat. However, even if such a study would be 

feasible - despite the huge numbers of volunteers and the long follow-up period - it would be 

unethical because we know that diets high in saturated fat increase risk of cardiovascular disease. 

Thus, we looked for a risk marker that would add new information to our knowledge of the 

effect of trans fats but would respond within weeks. Flow-mediated vasodilation appears to be 

such a marker. 

Flow-mediated vasodilation is the increase in arterial diameter that is induced by a local 

increase in arterial blood flow. Such an increase in blood flow (hyperemia) is produced by 

inflating a blood pressure cuff around the arm to occlude arterial flow for 5 min. Then, release 

of the cuff leads to hyperemia that increases the shear stress on the endothelial cells. This 

stimulates the endothelial cells to releasing nitric oxide, a potent vaodilator. The vasodilation is 

measured non-invasively with high-resolution ultrasound, a technique first described by 

Celermajer and co-workers46. The measurement depends on reproducible measurements of the 

lumen of the brachial artery (Figure 1.2). 

In our studies with healthy volunteers, 5 minutes of ischemia induced by a pressure cuff 

around the lower arm, inflated to a pressure of 240 mmHg, induced a flow-mediated 

vasodilation of 5% of the baseline diameter. 

Flow-mediated vasodilation depends on the release of nitric oxide by the endothelial cells4. If 

nitric oxide release is blocked by chemical agents, for example by N-monomethyl-L-arginine, 

flow-mediated vasodilation is abolished47. 

Figure 1.2: 

Ultrasound image of the 
brachial artery. 
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Flow-mediated vasodilation and risk of cardiovascular disease 

Flow-mediated vasodilation correlates with all known risk factors of cardiovascular disease48. 

Thus, a high serum LDL-cholesteroL, homocysteine, smoking, diabetes, hypertension, and old 

age are all associated with impaired flow-mediated vasodilation. Changes in these risk factors to 

more desirable values often improves flow-mediated vasodilation49'50. Patients with coronary 

heart disease show less flow-mediated vasodilation than healthy controls51. More important, 

however, is the comparison of flow-mediated vasodilation with validated markers of coronary 

heart disease. 

Such comparisons showed that flow-mediated vasodilation in the brachial artery correlates 

with the number of diseased coronary vessels in patients with chest pain 51-52. It also correlates 

with flow-mediated vasodilation in the coronary arteries53 and with intima media thickness of the 

common carotid artery54. Although these correlations suggest that flow-mediated vasodilation 

might be predictive of future coronary events, follow-up studies are needed to prove this. One 

study with 73 patients with chest pain showed that cardiovascular events occurred more during a 

5-year follow-up in 46 patients with an initial flow-mediated vasodilation of <10% than in 27 

other patients with a vasodilation >10%55. However, this result was biased by the fact that 

patients with low initial flow-mediated vasodilation had more severe stenosis at baseline - and 

therefore a higher risk - than patients with high flow-mediated vasodilation. In another study, 

flow-mediated vasodilation of the coronary arteries was shown to be predictive of future 

coronary events56. Up to now, these are the only reports in the literature on the predictive value 

of flow-mediated vasodilation. 

In conclusion, it is likely but not proven that changes in flow-mediated vasodilation reflect 

changes in cardiovascular disease risk. The results of the studies described in this thesis should 

therefore be balanced against the existing knowledge on the relation between trans fats, HDL-

cholesterol and coronary heart disease. 

Outline of the studies in this thesis 
Before we started the diet studies we assessed the within-subject variability of flow-mediated 

vasodilation in a group of healthy young volunteers (Chapter 2). This variability was crucial for 

our estimate of sample size in the next studies. We then performed three diet studies: two dietary 

controlled studies and one test meal study. In the two dietary controlled studies all food was 

prepared for the volunteers during two periods of 3-4 weeks. Effects on flow-mediated 

vasodilation were measured at the end of each period (Chapters 3-6). In the test meal study we 

studied changes in flow-mediated vasodilation in response to oral fat loads on 4 occasions 

(Chapter 7). The results of all studies will be combined in the final chapter (Chapter 8, General 
Discussion). 
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inflow-
mediated vasodilation of the brachial 
artery in healthy men and women 
NM de Roos, ML Bots, EG Schouten, MB Katan 

A B S T R A C T 

Background Flow-mediated vasodilation (FMD) of the brachial artery is used as a marker of 
cardiovascular disease risk. It is defined as the percentage dilation from baseline diameter in 
response to a provoked increase in blood flow. The within-subject variability, crucial in the 
design of trials with FMD as an endpoint, appears to vary widely between studies. 
Aim To assess the within-subject variability of FMD in healthy subjects and to estimate the 
number of subjects needed to detect various treatment effects in intervention trials and 
observational studies. 
Design FMD was assessed with B-mode high-resolution ultrasound. Thirteen subjects were 
measured on 6 occasions, after they had fasted overnight. 
Results The mean (±SD) FMD was 5.60±2.15% of the baseline diameter. The within-
subject standard deviation was 2.8%-points, which resulted in a coefficient of variation (CV) 
of 2.8/5.6xl00%=50.3%. The CVs for the baseline and maximum diameter were much 
smaller: 4.8% (SD 0.193 mm, mean 4.060 mm) for the baseline and 5.2% (SD 0.222 mm, 
mean 4.285 mm) for the maximum. The number of subjects needed to detect a treatment 
difference of 2%-points in FMD with a probability of 0.05 and a power of 0.90 would be 42 
in a cross-over design and 83 per group in a parallel design for comparison of group 
changes. 
Discussion The within-subject variability of FMD is large, about 50% of the mean response. 
This includes biological and technical variation. Repeated measurements and repeated 
readings of recorded measurements are recommended to reduce variability. 

15 



C H A P T E R 2 

Introduction 
Non-invasive assessment of flow-mediated vasodilation (FMD) is used to evaluate endothelial 
function and is used as a surrogate endpoint for cardiovascular disease in observational and 
experimental studies. It is based on the ability of vascular endothelial cells to respond to changes 
in shear stress. The response consists of a release of nitric oxide, a potent vasodilator that relaxes 
the smooth muscle cells in the vascular wall1, resulting in an increase in lumen diameter. FMD 
can be non-invasively assessed from high-resolution ultrasound images of the brachial artery at 
baseline and at maximum dilation2. In healthy people FMD is 5-15% of the baseline diameter, 
but in patients with cardiovascular disease FMD is impaired or absent3-4. An impaired FMD 
appears to be predictive of future events: patients with chest pain and impaired FMD were 
shown to be more likely to experience cardiovascular events in a 5-year period than patients with 
preserved FMD5. 

The diameter of the brachial artery can be measured reproducibly with high-resolution 
(7.5-13 MHz) ultrasound: in the literature we found coefficients of variation (within-subject 
standard deviation divided by mean baseline diameter) of 1.5-6%. At a mean baseline diameter 
of 4.0 mm this corresponds with a within-subject standard deviation of 0.06-0.24 mm. However, 
the reported within-subject variability of the FMD is less consistent coefficients of variation 
ranging from 1.2% to 13.6% (Table 2.1) have been reported. Instead of coefficients of variation, 
some investigators report alternative measures of reproducibility, that are not well defined. 
Moreover, most reproducibility studies were based on only two repeated measurements in less 
than 10 subjects. Therefore we designed a study that would adequately estimate within-subject 
variability in FMD. We used this information to estimate sample sizes for experimental studies 
that compare treatment differences on flow-mediated vasodilation. 

Subjects and Methods 
The Medical Ethics Committee of Wageningen University approved the study protocol. We 
explained aim and design of the study to the volunteers who all signed informed consent forms. 

Number of subjects and measurements 

We wanted to estimate the within-subject variance with a certain precision, defined by the width 
of the 95% confidence interval (CI). We first determined the desired width of the 95% CI, 
which has a Chi-square distribution that becomes narrower with more degrees of freedom 
(df)6-7. The distribution is skewed: up to 40 df the confidence interval narrows markedly when 
the number of df increases but over 40 the interval narrows much slower. We chose 0.72a2-
1.48a2 as the desired width of the 95% CI, corresponding with 60 df. The number of df for a 
within-subject variance is the number of subjects times {the number of repeated 
measurement minus 1}. We decided to perform 6 repeated measurements and therefore needed 
12 subjects (I2x{6-1}=60 df). 
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Table 2.1 Measures of reproducibility of flow-mediated vasodilation of the brachial 
artery as reported in various studies 

number of 
subjects 

3 

40m/f 

8m 

15 

7m 

5 

10f 

3 m 

30m/f 

10m/f 

? 

48 

number of repeated 
measurements per 
subject 

>4 times 

4 

5 within 1 month 

2 times 

2 within 1 day 

2 times, 2 weeks 
apart 

2 on different days 

2 on different days 

2 times 

2 times on different 
days 

2 times on separate 
days 

2 times separated 
by 7 days 

reproducibility 

average CV of 13.6% 

between-scan variance 3.45; 
overall CV 1.8% 

CV for repeated measures of 
FMD% (±SE) 9.77±0.82% 

intraobserver variability CV 1.2% 
to 4.2% 

mean difference 0.88, SD of 
difference 0.82 FMD% 

mean difference 1 FMD%, SD of 
differences 2 FMD%, with a CV 
of 1.4% 

mean difference 1.4 FMD%, 
SE 0.3 FMD% (SD 0.94 FMD%) 

mean difference 3.34 FMD%, SD 
of difference 2.68 FMD% 

repeatability coefficient" 6.93; CV 
10.3% 

reproducibility 5.5% 

variability 1.05±0.35% 

variability 1.9±0.3% 

reference 

11 

2 

12 

13 

14 

15 

16 

14 

17 

18 

19 

20 

' 2xV(IDi2/n) with D=difference between paired scans 
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We recruited 15 healthy volunteers from university students and staff. Health was assessed by 
means of a medical questionnaire; all 15 volunteers were enrolled in the study. Two volunteers 
had to withdraw from the study after the first visit because we could not obtain good quality 
measurements of their brachial artery. The 13 remaining volunteers (3 men, 10 women) aged 18-
43 (mean age 24) years successfully completed the study. 

Design 

Each volunteer was measured on 6 occasions, with a maximum of 16 d (mean 5.4 d) in between. 
They all completed the study within 6 weeks. No food and caloric drinks were allowed after 8pm 
and no water after 10pm the night before the measurements. The measurements were carried 
out between 7.15am and 10.30am and appointment times were kept constant for each subject 
throughout the study. They recorded illness and use of medication in a diary. 

FMD measurement 

We obtained images of the brachial artery with a 7.5 MHz linear-array transducer of an 
Ultramark-5 ultrasound system (ATL Woerden, the Netherlands). All images were recorded on 
super VHS videotape for off-line analysis. One sonographer performed all the measurements 
and one reader analysed all the videotapes. 

The method we used was similar to the one described by Celermajer et al8. The 
measurements were done at the brachial artery of the right arm, at the site of the antecubital 
crease, with an inflatable cuff around the forearm. Arm and ultrasound transducer were held in 
position with a specially designed fixture (TAF® method developed by Meijer et al. Vascular 
Imaging Center, Julius Center for Patient Oriented Research UMC Utrecht Heidelberglaan 100, 
3584 CX Utrecht). We chose a segment of the artery of at least 5 mm in length with clear lumen 
and distinctive vessel walls. We first recorded 3 baseline images of the brachial artery. We then 
inflated the cuff around the lower arm to a pressure of 240 mm Hg. After 4 minutes we deflated 
the cuff and started image recording. In the next 5 minutes, images of the brachial artery were 
frozen every 15 seconds. Others showed that maximal dilation is reached within 5 minutes2-9-10. 

Off-line analysis and quality of ultrasound images 

The reader traced the trailing edge of the adventitia-media interface at the near wall and the 
leading edge of the media-adventitia interface at the far wall of the brachial artery over a length 
of at least 3 mm. The distance between these interfaces reflects the lumen diameter. All 
ultrasound images were given a quality score (l=excellent, 2=moderate, or 3=insufficient) by the 
reader. These quality scores were based on the presence of clear vessel wall boundaries and 
whether the arm and thus the brachial artery was held in the same position. Only quality scores 1 
and 2 were used for data analysis. 
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Statistical analysis 
Baseline and maximum diameters were measured in millimeters. We report means, standard 

deviations (SD), variances (Var=SD2), and coefficients of variation (CV=SD/meanxlOO%). We 

used the SAS (SAS System for Windows Release 6.12, SAS Institute Inc., Cary, North Carolina, 

USA) procedure 'Proc Anova' with 'subject' as main effect to calculate the within-subject 

variance (MSE=Mean Square Error in SAS output). 

FMD is computed as the increase in diameter divided by the baseline diameter: 

FMD= {(maximum-baseline)/baseline} x 100%. 

The formula can also be written as the ratio between maximum and baseline diameter minus 1: 

FMD= {(maximum/baseline)--!} x 100%. 

The latter formula shows that the FMD is a rescaled ratio between the two diameters. Because 

rescaling by subtraction does not change the variance, only the mean, we also calculated the 

coefficient of variance for the ratio between maximum and baseline diameter. We did this 

because this might explain the small coefficients of variation reported by others (Table 2.1). For 

reasons of clarity we use 'FMD%' as a unit of FMD-measurements and '%' for other 

percentages. 

We estimated the number of subjects needed to detect treatment differences in a cross-over 

study and a parallel study, and group means in an observational study {ref Snedecor}. For a 

cross-over study, we used the estimate N»factorxSD2 /D2 with N=total number of subjects, 

SD=standard deviation of the difference, estimated as "v2xwithin-subject SD, and D=treatment 

difference. The factor is derived from (Za+Zp)2 with probability a = 5 % and (1-p) power=80% 

(factor=7.9) or 90% (factor=10.6). For a parallel study that compares treatment responses 

between groups, we used N«2x8x SD 2 /D 2 with N=number of subjects per group, 

SD=standard deviation of the response within a group, estimated as V2xwithin-subject SD, and 

D=differences between responses. 

Results 
The number of measurements of sufficient quality ranged from 2 to 6 per subject (Table 2.2), 
with a total of 62 out of 78 scans. The remaining 16 scans with low quality were excluded from 

the analysis. The coefficient of variation of the baseline diameter was 4.8% and that of the 

maximum diameter 5.2%, in contrast to the much higher coefficients of variation of the absolute 

increase in diameter (CV=51.1%) and the flow-mediated vasodilation (CV=50.3%) (Table 2.3). 
The coefficient of variation of the ratio between maximum and baseline diameter was 2.7% 

(Table 2.3). 
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Table 2.2 Means with standard deviations (SD) of brachial artery measurements of 
13 healthy volunteers, measured 2-6 times each after an overnight fast 

subject 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

N# 

2 

4 

4 

6 

5 

2 

3 

6 

6 

6 

6 

6 

6 

brachial artery diameter (mm) 

at rest (baseline) 

average SD 

3.526 

4.309 

3.761 

4.189 

4.034 

4.851 

4.619 

3.855 

3.704 

4.519 

3.871 

4.293 

3.682 

0.144 

0.362 

0.187 

0.242 

0.186 

0.090 

0.188 

0.182 

0.128 

0.120 

0.118 

0.186 

0.218 

maximum 

average 

3.760 

4.527 

4.108 

4.437 

4.325 

4.908 

4.966 

4.118 

3.810 

4.719 

4.030 

4.490 

3.944 

SD 

0.117 

0.359 

0.285 

0.220 

0.180 

0.105 

0.339 

0.198 

0.141 

0.169 

0.086 

0.242 

0.280 

Flow-me 
vasodil 

(% of ba 

average 

6.67 

5.09 

9.19 

5.98 

7.26 

1.16 

7.46 

6.82 

2.90 

4.43 

4.16 

4.62 

7.07 

diated 
ation 

seline) 

SD 

1.03 

1.53 

3.87 

1.96 

3.15 

0.30 

3.97 

2.53 

2.67 

2.00 

2.52 

4.58 

2.09 

* N = number of used measurements (high and moderate quality) 

Table 2.3 Overview of brachial artery dimensions, within-subject variabilities, and 
coefficients of variation (CV) of 13 healthy volunteers measured on 6 occasions, each 
occasion after an overnight fast 

baseline 

maximum 

absolute change11 

FMD$ 

ratio* 

mean 

4.060 mm 

4.285 mm 

0.225 mm 

5.6 FMD% 

1.056 

SD (root WISE1) 

0.193 mm 

0.222 mm 

0.115 mm 

2.8 FMD% 

0.028 

CV* 

4.8% 

5.2% 

51.1% 

50.3% 

2.7% 

+ MSE = mean square error 
* CV = root MSE / mean x100% 
11 maximum - baseline 
$ {(maximum-baseline)/baseline}x100% or {(maximum / baseline)-1} x100% 
* maximum / baseline 
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For each subject we subtracted his or her average FMD from the corresponding 2-6 individual 
FMD-measurements and we plotted all 62 differences in a histogram (Figure 2.1). The figure 
shows that 87% (54/62) of repeated measurements were within 4 FMD% of a subject's mean 
FMD (range in differences -6.8 to 6.1 FMD%). 

Figure 2.1: 

Deviations of each 
of the 2-6 repeated 
measurements per 
subject from their 
corresponding 
mean 

12.5n 

10.0-
3 
to 

* 7.5H 
0 .a 
E 
C 

5.0 

2.5-

0.0-

II 

i i! • I1 
ii 

- 7 - 6 - 5 - 4 - 3 - 2 - 1 0 1 2 3 4 5 6 

deviation in FMD% from mean FMD 

Because we had 62 measurements of 13 subjects, the number of degrees of freedom allocated to 
the within-subject variance was {62-l}-{13-l}=49. The corresponding lower limit of the 95% 
CI for the within-subject variance was 0.70a2 and the upper limit 1.55a27. The corresponding 
95% CI for the within-subject SD (square root of variance) was therefore 2.4 to 3.5 FMD%. 

We calculated sample sizes needed to detect differences in cross-over studies and parallel 
studies (Table 2.4). The number of subjects needed to detect a difference of 2 FMD% with a 
probability of 0.05 and a power of 0.90 would be 42 in a cross-over trial and 83 per group when 
group changes (e.g. responses to treatment) are compared. 
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Table 2.4 number of subjects needed in a cross-over study or a parallel study to 
compare treatment effects ranging from 0.5-3.0 FMD% 

minimum 
difference 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

number of pairs in cross-over 
studyt 

power 0.80 power 0.90 

495 

124 

55 

31 

20 

14 

665 

166 

74 

42 

27 

18 

number of subjects per group 
when comparing responses* 

power 0.80 

991 

248 

110 

62 

40 

28 

power 0.90 

1330 

332 

148 

83 

53 

37 

+ calculated using the SD of differences between pairs, estimated as 
V2xwithin-subject SD = V2x2.8 FMD%=3.96 FMD% 
* calculated using the SD of responses within groups, estimated as 
V2xwithin-subject SD = V2x2.8 FMD%=3.96 FMD% 

Discussion 
Within-subject variability of flow-mediated vasodilation is large: at a mean FMD of 5.60 FMD% 

of the baseline diameter we found a within-subject SD of 2.82 FMD%. The corresponding 

coefficient of variation, the within-subject SD divided by the mean, was 50%, which is larger 

than those described in the literature (Table 2.1). However, the coefficients of variation that we 

found for the baseline and maximum diameter were about 5%, comparable to those found by 

others2'21. Therefore we think that previously reported coefficients of variation of FMD may 

have been calculated differently. A possibility is that the coefficient of variation of the ratio 

between maximum and baseline diameter has been reported. This ratio is in fact a rescaled 

FMD, because the FMD can be calculated as the ratio minus 1. In our dataset, the ratio between 

maximum and baseline diameter was 1.056 with a within-subject SD of 0.028 and a 

corresponding CV of 2.7%, which is close to the reported CVs (Table 2.1). 

The fact that the coefficient of variation of FMD is larger than that of the baseline or 

maximum diameters can be explained mathematically. By definition, the coefficient of variation 

is the standard deviation divided by the mean. The standard deviation of the absolute change in 

diameter is about the same as that of the baseline and maximum diameter (Table 2.3), and will 

therefore not cause the difference in coefficient of variation. However, the mean of the absolute 

change in diameter is about twenty times smaller than the baseline and maximum diameters. A 

smaller mean in the denominator increases the CV, and the CV could even approximate infinity 

if the mean FMD would be close to zero, for example in patients with coronary heart disease. 

Thus, a large coefficient of variation for FMD measurements is not surprising. 
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The mean FMD in our study was small compared to that found in some other studies, and this 
affects the size of the coefficient of variation. Larger values for FMD have been reported by 
investigators that placed the cuff around the upper arm instead of the lower arm, a difference 
that can be as large as 10 FMD%22>23. Thus, differences in methodology may account for some 
of the difference in coefficients of variation. 

Our estimate of within-subject variability includes biological and analytical variation. We 
could not separate the two because all images were made by one sonographer and read by one 
reader. Therefore it is possible that biological within-subject variability, or day-to-day variability, 
is smaller than the 2.8 FMD% we estimated. We therefore estimated the variation in repeated 
readings of flow-mediated vasodilation, using data of 13 subjects of a later study (Chapter 3). 
Each subject's measurement was read twice by one observer; and for each subject the mean and 
SD for these two readings were calculated. The mean ± SD of these 13 averaged readings was 
3.73±1.98 FMD%. The within-subject SD, or between-readings SD, was 1.27 FMD%, which 
corresponded with a CV of 1.27/3.73xl00%=34%. For comparison, the CV of measurements 
performed on different days was 50%, suggesting that reading variation might be more 
important than biological variation. However, this also means that the variation can be reduced 
both by multiple measurements and by multiple readings of the same measurement 

The sample size calculations showed that large numbers of subjects are needed to detect 
small treatment differences, e.g less than 2FMD%. The number of subjects could be reduced if 
the SD that is used in the sample size equation is reduced. This may be accomplished by 
repeated measurements, because the variance of k repeated measures is 1/k times the original 
variance6. Another possibility is pre-study selection of subjects on the basis of image quality, 
because inclusion of images with low quality increases the within-subject variability (data not 
shown). However, this might introduce bias in the outcome of the study, because we do not 
know whether subjects with higher image quality respond differendy to treatment than other 
subjects. 

In conclusion, studies with flow-mediated vasodilation as an outcome variable may give us 
insight on the effects of drugs or diet components on cardiovascular disease risk. The variability 
within-subjects is crucial for the calculation of sample sizes, and is about 50% of the mean 
FMD. Previous reports of coefficients of variation for FMD in the literature are much smaller 
but may have been erroneous. To improve reproducibility of FMD-measurements we 
recommend duplicate measurements and duplicate reading of the tapes. 
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A B S T R A C T 

Objectives We tested whether trans fatty acids and saturated fatty acids had different effects 

on flow-mediated vasodilation (FMD), a risk marker of coronary heart disease (CHD). 

Background Consumption of trans fatty acids is related to increased risk of CHD, probably 

through effects on lipoproteins. Trans fatty acids differ from most saturated fatty acids 

because they decrease serum high-density lipoprotein (HDL) cholesterol, and this may 

increase risk of CHD. 

Methods We fed 29 volunteers two controlled diets in a 2x4 weeks randomized cross-over 

design. The 'Trans-diet' contained 9.2 energy percent of trans fatty acids; these were replaced 

by saturated fatty acids in the 'Sat-diet'. 

Results Mean serum HDL cholesterol after the Trans-diet was 0.39 mmol /L (14.8 mg/dL) 

or 2 1 % lower than after the Sat-diet (95% CI, 0.28 to 0.50 mmol/L) . Serum LDL and 

triglycerides concentrations were stable. Mean±SD FMD was 4.4±2.3% after the Trans-diet 

and 6.2±3.0% after the Sat-diet (difference -1.8%, 95% CI, -3.2 to -0.4). 

Conclusions Replacement of dietary saturated fatty acids by trans fatty acids impaired FMD 

of the brachial artery, which suggests increased risk of CHD. Further studies are needed to 

test whether the decrease in serum HDL cholesterol caused the impairment of FMD. 
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Introduction 
When liquid oils are partially hydrogenated to form solid margarines and shortenings, trans 
isomers of fatty acids are formed. In countries such as the USA1-2 and the Netherlands3, trans 
fatty acids constitute 4-7% of dietary fat intake. A high intake of trans fatty acids is associated 
with an increased risk of coronary heart disease (CHD)*". One probable cause is the effect of 
trans fatty acids on serum lipoproteins. Like saturated fatty acids, trans fatty acids increase the 
concentration of serum low-density lipoprotein (LDL) cholesterol7-8. Moreover, and unlike 
saturated fatty acids, trans fatty acids decrease serum high-density lipoprotein (HDL) cholesterol7-

". This might be harmful because there is increasing evidence that HDL cholesterol is inversely 
related to CHD12-13. 

We investigated whether the intake of trans fat would indeed increase the risk of CHD more 
than the intake of saturated fat by comparing the effects of these fats on endothelial function, a 
surrogate cardiovascular endpoint14-16. We assessed endothelial function as flow-mediated 
vasodilation (FMD) of the brachial artery, because this is a non-invasive measurement which 
correlates well with known risk factors17-22 and other markers of CHD23-25. Moreover, two 
longitudinal studies show an association between FMD in the past with future CHD events26,27. 
The diets were given for a minimum of 3 weeks; a time period long enough to establish changes 
in serum lipids28 and FMD21. We hypothesized that FMD would be lower after the diet rich in 
trans fat than after the diet rich in saturated fat because of the expected difference in serum HDL 
cholesterol. 

Methods 

Subjects 

The Medical Ethical Committee of Wageningen University approved the study aim and design. 
Each volunteer signed an informed consent form. We recruited 39 non-smoking men and 
women and assessed their health using a questionnaire; we eliminated 1 person because of use of 
medication, 2 because of missing information, and 1 because of poor veins for venipuncture. All 
subjects had normal concentrations of serum cholesterol and triglycerides and normal amounts 
of protein and glucose in their urine. We excluded 2 subjects because we could not obtain a clear 
ultrasound image of their brachial artery. One other subject withdrew before the start of the 
study; in the end, 32 subjects were enrolled. They all completed the study. 

Study design 

We provided 2 controlled diets for 4 weeks each in a randomized cross-over design. The diets 
consisted of conventional food items supplemented with special margarines, and were given in a 
28-day menu cycle. On Mondays through Fridays subjects came to our dining room and ate a 
hot meal under our supervision. All other foods (bread; margarine; meat and/or cheese; honey, 
jam, or sprinkles; fruit; milk and/or yogurt) were packed for consumption at home, as was food 
for the weekends. 
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