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Abstract

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

PhD thests bENico]e M de Roos, Division of Human Nutrition and Epidemiology,
Wageningen University, The Netherlands

Intake of #rans fatty acids increases the tisk 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 #uns 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
coronaty heart disease. The studies were petformed in healthy men and women.

Replacement of 9.2% of energy (en%) from saturaced fatty acids by #uws fatty acids
lowered serum HDL-cholesterol afiet 4 weeks by 0.39 (95%CI 0.28, 0.50) mmol/L and
impaired flow-mediated vasodiladon from 6.2% to 4.4%, a decrease of 1.8%-points
(0.4,3.2). The activity of serutn paraoxonase, an HDL-bound esterase which might
protect against atherosclerosis, decreased by 6% (2%, 10%). We then verified whether a
different HDI -lowering diet also impaited flow-mediated vasodilation. In this study, we
replaced *20en% monounsaturated fatty acids with catbohydrates: HDL-cholesterol
decreased by 0.21 (0.17, 0.26) mmol/L and fiow-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-cholestetol increase tisk 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 #rans fatty acids could impair flow-mediated vasodilation
while HDL-cholesterol was constant. This was not the case; flow-mediated vasodilaton
after an oral fat load of 1g/kg bodyweight was 3.1% versus 2.6% before, and #uns fatty
acids and saturated faity acids had similar effects. Serum paraoxonase activity parallelied
the change in flow-mediated vasodilation, and was slighdy increased after an oral fat
load with either #rans or saturated fatey acids.

We conclude that replacement of saturated fatty acids by #rans fatty acids impairs
vascular function within 4 weeks. This may explain why #ass fatty acids relate more
strongly to tisk 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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CHAPTER 1

Rationale for the studies in this thesis

The average diet of a Duch adult contains 100g of fat'. A small part, 2-5% of total fat, is formed
by srans fatty acids; unsaturated fatty acids with one or two double bonds in the #uns
configutation. The main soutce of #unr fatty acids - or #ums fats - ate pardally hydrogenated
vegetable oils that are formed when liquid oils are hardened to produce shortenings, frying fats,
and other solid fats. A smaller amount of #rans fat is derived from meat or daity products of
ruminant animals, such as cows, sheep, and goats,

A high intake of fruns fat increases the risk of coronary heart disease?, 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 LIDL-cholesterol, because both types of fatty
acids increase LDL-cholesterol to a similar extent. However, #rans fatty acids decrease serum
HDL-cholesterol when they teplace saturated fatty acids, and a low HDL-cholesterol is
associated with increased risk of catdiovascular disease. We postulated that if #rams fats have
indeed a stronger effect than saturated fatty acids on tisk 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 frans 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 frans fatty acids and
of changes in HDL-cholesterol on a sutrogate endpoint of catdiovascular disease: flow-mediated
vasodilaton. Thus, out reseatch question was whether a decrease in HDL-cholesterol ot a high
intake of #runs fatty acids impaired flow-mediated vasedilation.

Flow-mediated vasodilation is the widening of arteries in response to increased blood flow?.
Tt is a measute of integrty and funcdon of the vascular endothelium?®. 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 relaion between frans fatty acids, HDL-cholesterol, and
coronary heart disease will be discussed.

Sources of frans fatty acids

The majordty of frans fats in western-type diets are the partially hydrogenated vegetable and
marine oils®. Their contribution to #rans fat intake in the Netherlands is #80%5%, Main sources of
partially hydrogenated oils are fats (frying and cooking fats, solid margarines and spreads), baked
goods {biscuits, cakes, buns), chips, french fries, and savoury snacks®.
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The most common #rans fatty acids in partially hydrogenated vegetable oils are the #uns isomers
of the monounsatutated octadecenoic acid (C18:1)5. They include elaidic acid, which is the fans
isomer of oleic acid (@-C18:1n-9). In contrast, pattially hydrogenated marine oils contain mainly
#rans fatty acids with 20-22 catbon atoms.

Figure 1.1:

Chemical structure of

cis-C18:1n-9 (oleic acid) ge
and trans-C18:1n-9 c
(elaidic acid) OH

Cis double bong: olei¢ acid

W\/\/’\/\/W\ ,O
o4
OH

Trans double bond: elaidic acid

The remainder of #uns far is largely derived from ruminant animal sources; they contrbute
~20% of total fraes fat intake in the Nethetlands56. Main soutces are meat and meat products,
cheese, and milk. Milk fats mainly contain vaccenic acid (C18:1n-7) and its positional isomers”.
An additional small amount of frans fat is found in liquid vegetable oils; they are formed during
the process of deodorisation of the oils and contain mainly frams-polyunsaturated fatty acids such
as frans-alpha-linolenic acid (C18:3n-3)%. Intake of funs-alpha-linolenic acid is estimated to be 20-
600 mg/d in European countries®.

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 #rans fats from ruminant
animal sources has been stable at about .7en%¢. Reports on the adverse effects of uns fats led
food manufacturers to remove them from marparines for the consumer market'?, Margarines
for the cateting industry, shortenings for bakers, and frying fats for fast food restaurants,
however, still contain considerable amounts of #ans 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 #uns fats is based on observational and experimental diet
studies. The strength of most observational studies is their endpoint: cotonaty heart disease,
often in the form of fatal or non-fatal myocardial infarction o stroke. Their weaknesses include
errors in estimating srans fatty acid intake and the limited possibilities to cotrect 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
elirninates 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 obrervational follow-ap 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 Study'!, over 80,000 nurses were followed-up for 14 years; 939 coronary events were
recorded in this period. Their mean intake of #rans fats at baseline, esdmated with food frequency
questionnaires, was 2.2% of energy. The relatve risk of coronaty heart disease, in a multivariate
madel, was 1.62 (95% CI, 1.23 te 2.13) for each increase of 2% of energy from frans fats, A
smaller effect was seen in the Health Professionals follow-up study? During a 6-year follow-up
of nearly 44,000 men, 734 coronary events - including 229 cotonary deaths - were recorded.
Median intake of #ans fats ranged from 1.5 g/d in the lowest quintile to 4.3 g/d in the highest
quintle of intake; the relative risk of cotonary heart disease was 1.13 (95% CI, 0.81 to 1.58) for
each additional 2% of energy from mans fats. A comparable effect was seen in the Alpha-
Tocopherol Beta-Carotene Cancer Prevention Study that was performed in Finland'. 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 #ans fats wete slighdy 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 #ans fatty acid
intake by 2% of energy was 1.14 (95% CI, 0.96 to 1.35). The Dutch Zutphen Eldedy Study
confirmed the positive association between frans fatty acid intake and tisk of coronary heart
disease. In this study 667 men with a mean srans fatty acid intake of 4.3% of energy at baseline
were studied prospectively 5. After 10 years of follow-up 98 coronary events had been recorded;
the relative tisk of coronary heart disease for each increase in frans 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 frans fats increased risk of
cardiovascular disease by 25%5.
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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 ch

Nurses' Health 80,082 women 14 939 1.62(1.23t02.13)

Study

Health 43,757 men ] 734 1.13(0.81 to 1.58)

Professionals

Alpha- 21,930 men 6.1 2034 1.14 (0.96 to 1.35)

Tocophero! Beta-

Carotene Cancer
Prevention Study

Zutphen Elderly 667 men 10 98 1.28 (1.01 to 1.61)
Study

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

Case-contrel studies

Another approach 1o investigating whether #rans fars are related to coronary heart disease is to
compare fans fat intake actoss patients and healthy controls in a case-control study. Ascherio et
al compared 239 men and women who were admined to hospital for a first myocardial
infarction with 282 population controls. Intake of #rans 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 #ans fats than patients: 3.78 g/d versus
4.68 g/d (P for difference <0.001). The relative risk of myocatdial infarction after adjustment for
known tisk factors, other fats, and cholestetol intake, was 2.03 (95% (I, 0.98 to 4.22) for the
highest versus the lowest quintile of #ans fat intake's, Plasma concentradons of LIDL- and HDL-
cholestetol had been measured in 458 padents and controls, and the investigators evaluated
whether the association between sruns fat intake and myocardial infarction was mediated by these
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rsk factors. The relative risk of myocardial infarction among these subjects, comparing the
highest versus the lowest quintile of #uns fat intake, was 2.23 (95% CI, 1.19 to 4.18) before
adjustment for plasma LDL- and HDL-cholesterol, and 212 (95% CI, 1.09 to 4.11) after
adjustment. Thus, a higher fruns fat intake appeared to. increase risk of myocardial infarction
independent of its effects on lipoproteins.

No such clear relation between #uns fat intake and myocardial infarction was seen in the
European multicentre EURAMIC study'S. In this study, srans 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 srans fatty acid content of adipose
tissue was used as a biomarker of #umr fat intake, and was shown to be 1.60% in patients and
1.59% in controls, with a difference of 0.01% (95% CI, -0.02 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 C18 suns fatty acid
contents in their adipose tissue; ranging from 0.40 w 0.47%. After exclusion of these two
centres, the second highest and the highest quintile of frans fats were associated with higher risks
of myocardial infarction, but the relation was not significant. The investigators suggested thar the
contribution of #uns fats to risk of myocardial infarction might be restricted to countties with
high frans fat intakes. A comparable study in the UK, with 66 men who had died from sudden
cardiac arrest and 286 healthy controls, showed no telation between adipose tissue C18:1 or
C18:2 rams fats and cardiac death?’. This study was appatently 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 #ans 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 studses

Only one cross-sectional study of #ums far intake and coronaty heart disease in western
subjects was found'®. 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
(65% men and 795 women), and those who were free of symptoms and who did not use anti-
hypertensive, cholesterol-loweting or other drugs related to coronaty heart disease (3720 men
and 3749 women). Intake of swnr 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 #raar 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 srans fats in the diet was detived from partally hydrogenated fats. The lack of relation
between srans fats intake and coronary heart disease might be due to the design of this study;
patients with coronaty heart disease might have changed their dictary habits, and are likely to use
margarines rich in polyunsaturated fats instead of #rans fats. This may have obscured an existing
relation.




INTRODUCTION

experimental diet studies

Serum lipoproteins

Experimental diet studies with #uns 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 seram HDL-cholesterol!®. When data of controlled diet studies are combined, it can
be estimated that replacement of 1% of enetgy from carbohydrates by #rans fats increases serum
LDL-cholesterol by 0.034 mmol/I. and decteases serum HDL-cholesterol by 0.004
mmol/L %2, 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%2. Thus, each additional percent from frans 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 frans fats that was estimated from epidemiological studies. Thus, other
effects appear to contribute to the tisk associated with high intakes of #nans fats.

Other effects of trans fatty acids

In addition to their effects on serum LDL- and HDL-cholesterol, #axs fats have consistently
been shown to increase serum lipoprotein(a)3-26. This particle, which is composed of an LDL
patticle attached to apolipoprotein(a), has been associated with coronary heart disease in
epidemiological studies?. Tts concentration in human serum is largerly genetically determined?®
but can be modified by diet. The increase in serum lipoprotein(a) is about 0.5 mg/dL per 2en%
increase in #ums fat intakeZ. This appears to be an adverse effect, but exactly how this translates
into risk of coronaty heart disease is unclear because of the complex relation between
lipoprotein(a) with cardiovascular disease?.

Other effects of #ans fats that have been studied in human studies are blood pressure, which
was unaffected?, and incorporation of certain srans fats in blood platelets?, which might be
increased in patients with more severe coronary artery disease. This latter effect, however, needs
confirmadon, and the compesition 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 sams fats increases rsk of coronaty heart disease. This suggests that additional
mechanismns are involved in the pathway between #rans fat intake and coronary heart disease.

Serum HDL-cholesterol and coronary heart disease risk

Unlike saturated fatty acids, #rans fats dectease serum HDL.cholesterol when they replace other
fats in the diet. We hypothesised that this might explain why #rans fats relate more strongly to
tisk of cardiovascular disease than saturated fatty acids, because there is increasing evidence that
HDL-cholesterol is cansally related to coronary heart disease3!.
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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
HDI-cholesterol’>*. Moreover, a low concentration is predictive of future cardiovascular and
coronary events: Two papers summarised the results of six cohort studies (FIIS, LRCF, CPPT,
MRFIT, BRHS, and BIRNH): and found dsk reductions for coronary heart disease between
1.34.2% for each 1 mg/dL (0.026 mmmnol/L) higher baseline serum HDL-cholesterol?®*. The
effects on cardiovascular disease were somewhat smaller, but consistent across studies. The
protective effect of HDL-cholesterol is not festricted to subjects in Eutope and the United
States but was also seen in a group of Japanese men¥,

Drug trials

It is widely recognised that loweting setum LDL-cholesterol reduces the risk of cardiovascular
disease with 1-2% for each percent lowering3®. Several drug studies suggest a similar effect of
increases in serurn HDL-cholesterol. IHowever, most drug tdals aimed at lowering serum LDL-
cholesterol; changes in HDL-cholestercl were no priotity. The only exception is the Veterans
Affairs High-Density Lipoprotein Intervention Trial (VA-HIT), which was specifically designed
to study effects of increasing HDIL~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 primaty coronary events (nonfatal myocardial
infarction or death from coronary heart disease) was 275 in the placebo group and 219 in the
drug group®. Serum HDL-cholesterol was 6% higher and serum triglycerides 31% lower in the
treatment group than in the placebo group after 1 yeat; serum LIDI~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 gemnfibrozil®.,

Further evidence for a protective effect of increases in serum HDL~cholesterol is detived
from drug trals that were designed for studying effects of lowering LDL-cholesterol or
triacylglycerols on coronary heart disease tisk. These studies, typically with 1000-4000 subjects,
report tisk reductions up to 6% per mg/dL ot 23% per 0.1 mmol /L4143,

Studies with intermediate endpoints of coronary heart disease also show a better cutcome
when HDL-cholesterol concentrations increase duting the follow-up period* or when baseline
HDL-cholesterol concentrations are highet?s.

In summary, HDL-cholesterol shows an inverse relation with tisk of coronary heart disease.
Drugs that increase serum HDI~cholestetol reduce tisk of coronaty heart disease.

' 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?

Out aim was to investigate whether #russ fats increase tisk of coronary heart disease mote than
saturated fats because frans fats decrease HDL-cholesterol. Ideally we would have studied this in
a long-tetm trial with hard endpoints, such as myocardial infarction, with the volunteers on
controlled diets rich in either saturated fat or #ans 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 inctease risk of cardiovascular disease.
Thus, we looked for a risk marker that would add new information to our knowledge of the
effect of #rans fats but would respond within weeks. Flow-mediated vasodilation appears to be
such a marker.

Flow-mediated vasodilation is the increase in artetial 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 pressute cuff around the atm to occlude artetial flow for 5 min. Then, release
of the cuff leads to hyperemia that incteases the sheat sttess on the endothelial cells. This
stimulates the endothelial cells to releasing nitric oxide, a potent vaodilator. The vasodilation is
measured non-invasively with high-resoluton ultrasound, a technique first described by
Celermajer and co-workers®. ‘The measutement 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 mmHpg, induced a flow-mediated
vasodilaton of 5% of the baseline diameter.

Flow mediated vasodilation depends on the telease of nitric oxide by the endothelial cells®. If

nittic oxide release is blocked by chemical agents, for example by N-monomethyl-L-arginine,
flow-mediated vasodilation is abolished?.

Figure 1.2:

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

Flow-mediated vasodilation cotrelates with all known risk factors of cardiovascular disease®.
Thus, a high serum LDL-cholesterol, homocysteine, smoking, diabetes, hypettension, and old
age are all associated with impaired flow-mediated vasodilation. Changes in these nisk factors to
more destrable values often improves flow-mediated vasodilatdon®%0. Patients with cotonary
heart disease show less flow-mediated vasodilation than healthy controls®’. More important,
however, is the comparison of flow-mediated vasodilation with validated markers of coronary
heart disease.

Such compatisons showed that flow-mediated vasodilation in the brachial attery correlates
with the number of diseased coronary vessels in patients with chest pain 5152, It also correlates
with flow-mediated vasodilation in the cotonaty arteriess® and with infima media thickness of the
common carotid artery>. 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%7%5. However, this tesult 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 coronaty arteties was shown to be predictive of future
coronary events®. Up to now, these are the only reports in the literature on the predictive value
of flow-mediated vasodilation.

In conclusion, it is likely bur not proven that changes in flow-mediated vasodiladon 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 #uss 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 petiods of 3-4 weeks. Effects on flow-mediated
vasodiladon were measured at the end of each petiod (Chapters 3-8). 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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Within-subject variability in flow-
mediated vasodilation of the brachial
artery in healthy men and women

NM de Roos, ML Bots, EG Schouten, MB Katan

ABSTRACT

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 ptovoked increase in blood flow. The within-subject vatiability, crucial in the
design of trials with FMD as an endpeint, 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 intetvendon ttials and
observational studies.

Design FMD was assessed with B-mode high-tesolution 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 deviadon was 2.8%-points, which resulted in a coefficient of variation (CV)
of 2.8/5.6x100%=50.3%. The CVs for the baseline and maximum diameter were much
smallet: 4.8% (SD 0.193 mm, mean 4.060 mm) for the baseline and 5.2% (8D 0.222 mm,
mean 4.285 mmy} 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 pet 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 biclogical and technical vatiation. Repeated measurements and repeated
readings of recorded measurements are recommended to reduce vanability.
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CHAPTER 2

Introduction

Non-invasive assessment of flow-mediated vasodilation (FMD) is used to evaluate endothelial
function and is wsed 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 telease of nitric oxide, a potent vasodilator that relaxes
the smooth muscle cells in the vascular wall!, 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 diladon? In healthy people FMD is 5-15% of the bascline diameter,
but in patients with cardiovascular disease FMID is impaired or absent4. 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-tesolution
(7.5-13 MHz) ultrasound: in the literature we found coefficients of vatiation (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 2 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 sarnple 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 cettain precision, defined by the width
of the 35% confidence intetval (CI). We fitst determined the desired width of the 95% CI,
which has a Chi-square distribution that becomes narrower with more degrees of freedom
(df)". The distribution is skewed: up to 40 df the confidence interval natrows markedly when
the number of df increases but over 40 the interval narfows much slower. We chose 0.72G%-
1.4802 as the desired width of the 95% CI, corresponding with 60 df. The number of df for a
within-subject vatiance 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 (12x {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 number of repeated  reproducibility reference
subjects measurements per
subject
3 24 times average CV of 13.6% 11
40 mif 4 between-scan variance 3.45; 2
overall CV 1.8%
8m 5§ within 1 month CV for repeated measures of 12
FMD% (+SE) 9.7740.82%
15 2 times intracbserver variability CV 1.2% 13
t04.2%
im 2 within 1 day mean difference 0.88, SD of 14
difference 0.82 FMD%
5 2 times, 2 weeks mean difference 1 FMD%, SD of 15
apart differences 2 FMD%, with a CV
of 1.4%
10f 2 ondifferentdays  mean difference 1.4 FMD%, 16
SE 0.3 FMD% (SD 0.94 FMD%)
3m 2 on different days  mean difference 3.34 FMD%, SD 14
of difference 2.68 FMD%
30 mif 2 times repeatability coefficient’ 5.93; CV 17
10.3%
10 m/f 2 times on different  reproducibility 5.5% 18
days
? 2 times on separate  variability 1.0520.35% 19
days
48 2 times separated  variability 1.9+0.3% 20
by 7 days

" 2xV(ED2m) with D=difference between paired scans
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We rectuited 15 healthy volunteers from university students and staff. Health was assessed by
means of a medical questionnaire; all 15 volunteers werte 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.

Deslign

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 calodic 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
thtoughout the study. They recorded illness and use of medication in a diary.

FMD measurement

We obtained images of the btachial attery with a 7.5 MHz lineat-array transducer of an
Ultramark-5 ultrasound system (ATL Woetden, the Nethetdands). 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 descrbed by Celermajer et al®. 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 Utechr). 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 arcund 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 diladon is reached within 5 minutes2910.

Off-line analysis and quality of ultrasound images

The reader traced the trailing edge of the adventitia-media intetface at the near wail and the
leading edge of the media-adventitia intetface 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 (1=excellent, Z=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 measuted in millimeters. We report means, standard
deviations (SD), vatiances (Var=SD?, and coefficients of vatiation (CV=SD/meanx100%). We
used the SAS (SAS System for Windows Release 6.12, SAS Insdtute Inc., Cary, North Carolina,
USA) procedute '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 inctease 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}-1} 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 vatiance, only the mean, we also calculated the
coefficient of varance for the ratio between maximum and bascline 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 {tef Snedecot}. For a
ctoss-over study, we used the estimate NafactorxSD?2/D? with N=total number of subjects,
SD=standard deviadon of the difference, estimated as \/2Xwir.hin—subject SD, and D=treatiment
difference. The factor is detived fram (Z,+7Zg)? with probability a=5% and (1-B) power=80%
(factor=7.9) ot 90% (factor=10.G). For a parallel study that compares treatment responses
between groups, we used N=2x8x SD?/D? 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 tanged 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 vatation of the absolute
increase in diameter (CV=51.1%) and the flow-mediated vasodilation {CV=50.3%) (Table 2.3).
The coefficient of vatiation of the ratdo 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

brachial artery diameter (mm)

Flow-mediated

vasodilation

at rest {baseline) maximum (% of baseline)
subject N' average SD average SD average sD
1 2 3.526 0144 3.760 0.117 6.67 1.03
2 4 4309 0362 4527  0.359 5.09 1.53
3 4 3761 0.187 4.108 0.285 9.19 3.87
4 6 4189 0.242 4.437 0.220 5.98 1.96
5 5 4.034 0.186 4.325 0.180 7.26 3.15
6 2 4851 0.080 4.908 0.105 1.16 0.30
7 3 4619 0.188 4.966 0.339 7.46 397
8 6 3855 0182 4118 0.198 6.82 253
9 6 3.704 0128 3.810 0.141 2.90 267
10 8 4519 G120 4719 0.169 4.43 2.00
11 6 3.871 0.118 4.030 0.086 4.16 2.52
12 6 4293 0.186 4.490 0.242 462 4.58
13 6 3682 0218 3.944 0.280 7.07 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

mean SD (root MSE" cvt
baseline 4.060 mm 0.193 mm 4.8%
maximum 4.285 mm 0.222 mm 5.2%
absolute change’ 0.225 mm 0.115 mm 51.1%
FMD* 5.6 FMD% 2.8 FMD% 50.3%
ratio® 1.056 0.028 2.7%

* MSE = mean square arror

* GV = root MSE / mean x100%
¥ maximum - baseline

# {{maximum-baseline)thaseline}x100% or {(maximum / baseline)-1} x100%
* maximum / baseline
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For each subject we subtracted his or het average FMD from the cotresponding 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

number of scans

n R
L
Sk
-
\S]

-7 6-54-3-
deviation in FMD% from mean FMD

3456

Because we had 62 measurements of 13 subjects, the number of degrees of freedom allocated to
the within-subject variance was {62-1}-{13-1}=49. The corresponding lower limit of the 95%
CI for the within-subject variance was 0.7002 and the upper limit 1.556%. The cotresponding
95% CI for the within-subject SD (square root of vatiance) 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 tdal 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%

rminimum number of pairs in cross-over number of subjects per group
difference  study’ when comparing responses®
power 0.80 power 0.90 power 0.80 power 0.90

0.5 495 665 291 1330
1.0 124 166 248 332
15 55 74 110 148
2.0 3 42 62 83
25 20 27 40 53
30 14 18 28 37

t calcuiated using the SD of differences befween pairs, estimated as
V2xwithin-subject SD = ¥2x2.8 FMD%=3.96 FMD%

¥ calculated using the SD of responses within groups, estimated as
V2xwithin-subject SD = ¥2x2.8 FMD%=3.96 FMD%

Discussion

Within-subject varability 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 cortesponding
coefficient of variaton, the within-subject SD divided by the mean, was 50%, which is larger
than those desctibed in the literature (Table 2.1). Howevet, the coefficients of variation that we
found for the baseline and maximum diameter wete about 5%, compatable to those found by
others??, Thetefore we think that previously reported coefficients of vatdation of FMD may
have been calculated differently. A possibility is that the coefficient of vatiation of the ratio
between maximum and baseline diameter has been teported. This rato is in fact a rescaled
FMD, because the FMD can be calculated as the rado 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
comesponding CV of 2.7%, which is close to the reported CVs (Table 2.1).

The fact that the coefficient of vadadon of FMD is larger than that of the baseline or
maximum diametets can be explained mathemarically. By definidon, the coefficient of vagation
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 varation. 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 FMID measurements is not swprising.
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The mean FMD in our study was small compared to that found in sorne othet studies, and this
affects the size of the coefficient of varation. Larger values for FMD have been teported by
investigators that placed the cuff atound the upper arm instead of the lowet arm, a difference
that can be as large as 10 FMD%22%, Thus, differences in methodology may account for some
of the difference in coefficients of vadation.

Our estimate of within-subject vadability includes biclogical 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 varability, or day-to-day variability,
is stmaller than the 2.8 FMD% we estimated. We thetefore estimated the variation in repeated
teadings of flow-mediated vasodilation, using data of 13 subjects of a later study (Chapter 3).
Each subject’s measuremnent was read twice by one obsetver; and for each subject the mean and
SD for these two readings wete 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%o, which
corresponded with a CV of 1.27/3.73x100%=34%. For compatison, the CV of measurements
performed on differeat days was 50%, suggesting that reading variation might be more
important than biological variation, However, this also means that the vatiation can be reduced
both by multiple measurements and by multiple readings of the same measurement.

The sample size calculations showed that large numbets of subjects ate 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 & repeated measures is 1/4 times the original
variance®. 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 highet image quality respond differently 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 catdiovascular 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 vatiation for FMD in the literature are much smaller
but may have been erronecus. To improve reproducibility of FMD-measurements we
recommend duplicate measurements and duplicate reading of the tapes.
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Replacement of dietary saturated fatty
acids by frans fatty acids lowers serum
HDL cholesterol and impairs endothelial
function in healthy men and women

N.M. de Roos, M.1. Bots, M.B. Katan
Ariteriescieroses, Thrombosis, and Vascular Biofogy 2001,;21:1233-1237

ABSTRACT

Objectives We tested whether #ranr 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 #ans fatry acids is telated 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 fisk 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 #rans 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 21% lower than after the Sat-diet (95% CI, 0.28 to 0.50 mmol/L). Serum LDL and
triglycerides concentrations wete stable. Mean=SD FMD was 4.41+2.3% after the Trans-diet
and 6.213.0% after the Sat-diet (difference -1.8%, 95% CI, -3.2 to -0.4).

Conclusions Replacement of dietary saturated fatty acids by #rans 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 HDI. cholesterol caused the impairment of FMD.
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