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Hjarte-/karfunksjon ved svangerskapsforgifting 
- med fokus pa venstre ventrikkelfunksjon, endotelfunksjon og fysisk 
aktivitet for svangerskapet 

Endotelet, det innerste cellelaget i blodarene, hjartekamra og lymfearene, spelar ei 
viktig fysiologisk rolle gjennom mellom anna a vere med pa a regulere 
blodarediameteren. For a male endotelfunksjonen er det utvikla ein ultralydbasert 
metode, men denne metoden er forbunden med ein del variabilitet. Gjennom a 
unders0ke kva som var den viktigaste kjelda til variabiliteten, fann vi at sj0lve 
analyseprosessen bidrog mest. Ved a analysere ultralydbileta tre gongar vil 
variabiliteten reduserast med 30%. 

Endoteldysfunksjon er sentral i sjukdomsutviklinga bade ved svangerskapsforgifting 
og ved hjarte-/karsjukdom. Kvinner som har hatt svangerskapsforgifting, har ogsa 
auka risiko for hjarte-/karsjukdom seinare i livet, og det kan tenkast at denne auka 
risikoen er knytta til endoteldysfunksjon. Vi unders0kte om hjatie- og endotel­
funksjon var redusert hos kvinner med svangerskapsforgifting, bade under 
svangerskapet og trc manader etter f0dsel. Hjartefunksjonen var redusert under 
svangerskapet, men hadde normalisert seg tre manader etter f0dsel. Vi fann ingen 
statistisk signifikant reduksjon i endotelfunksjon under svangerskapsforgifting, men 
tre manader etter f0dsel var endotelfunksjonen signifikant redusert i svangerskaps­
forgiftingsgruppa. Funna vare viser at hjartefunksjonen truleg er meir pavirka under 
svangerskapet ved svangerskapsforgifting enn tidlegare antatt, men resultata styrker 
ikkje hypotesen om at det er ei direkte kopling mellom endoteldysfunksjon og 
svekka hjartefunksjon ved svangerskapsforgifting. 

Endoteldysfunskjon kan betrast ved trening, og trening reduserer risikoen for hjarte­
/karsjukdom. Det kan difor tenkast at trening f0r svangerskapet reduserer risikoen for 
svangerskapsforgifting. Vi unders0kte risikoen for utvikling av svangerskaps­
forgifting i forhold til nivaet av fysisk aktivitet f0r svangerskapet hos kvinner som 
deltok i den fyrste Helseunders0kelsen i Nord-Tmndelag (HUNT -1 ), og fann ingen 
samanheng mellom fysisk aktivitet f0r svangerskapet og risiko for svangerskaps­
forgifting. 
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3 Background 

Women with a history of preeclampsia are at increased risk of cardiovascular 

disease later in life. A central feature of both preeclampsia and cardiovascular 

disease is endothelial dysfunction. Endothelial dysfunction can be improved 

by physical activity, and physical activity also reduces the risk of 

cardiovascular disease. These interwoven relationships constitute the 

foundation on which my thesis is based. 

3.1 Endothelial function 

The endothelium is the single layer of cells forming the innermost lining of the 

blood vessels, cardiac chambers (the endocardium) and lymphatic vessels. The 

endothelial cells are the only cells of the blood vessel wall which, under 

normal circumstances, are in direct contact with the circulating blood. 

Endothelial cells are the main components of the tunica intima (L. tunic, coat 

or covering; L. intimus, innermost), one of the three layers of the vessel wall. 

The only components separating the endothelial cells from the 

circumferentially arranged vascular smooth muscle cells of the nearby tunica 

media is a thin subendothelial layer of loose connective tissue and a delicate 

internal elastic lamina. The vascular smooth muscle cells are also surrounded 

by an external elastic lamina, which separates them from the loose connective 

tissue of fibroblasts and associated collagen fibers of the tunica adventitia. 

Even though its structure seems simple - a single layer of a single cell type -

the endothelium is responsible for balancing a number of important functional 

processes in the body. In addition to regulating the passage of fluids, 

substances and cells from the blood to the interstitium, the endothelium 

promotes dilatation, has anti-inflammatory and anti-thrombotic properties, and 

prevents growth and migration of vascular smooth muscle cells. However, 

under pathological influence, the endothelial cells may be transformed into 

their own counterparts. Under such circumstances, constriction and 
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inflammation are promoted, a thrombogenic surface is provided, and growth 

and migration of vascular smooth muscle cells are stimulated. 

The endothelium causes vasodilatation mainly through its synthesis of the 

vasodilatators nitric oxide (NO) (1-4) and prostacyclin PGh (5, 6), substances 

which also possess anti-inflammatory and anti-growth abilities (5-9). The 

endothelium further induces dilatation through pathways which are 

independent of both nitric oxide and prostacyclin, but rather mediated through 

pathways causing hyperpolarising of the vascular smooth muscle cells, a 

discovery which introduced the term 'endothelial-derived hyperpolarising 

factor' (EDHF) (1 0). 

3.2 Assessment of endothelial function 

The term endothelial dysjimction is often used when referring to impaired 

endothelial vasomotor function, i.e. an impaired ability of the endothelium to 

induce vasodilatation. Endothelial activation usually refers to the pathological 

state when the functions of the endothelial cells have been transformed, so that 

they work in a pro-inflammatory, pro-thrombotic, pro-growth and pro­

migration manner (11 ). 

A widely used method to assess endothelial function is to measure the flow­

mediated dilatation of a peripheral conduit artery, such as the brachial, radial 

or femoral artery, by high-resolution ultrasound. (In the context of measuring 

flow-mediated dilatation, high-resolution ultrasound is currently considered 

when the transmitted ultrasound has a wave-frequency exceeding 10 MHz 

(12).) By this method, increased shear stress is produced, which stimulates the 

endothelium to synthesise vasodilatators, where nitric oxide is considered to 

be the most important in healthy subjects (13). In subjects with essential 

hypertension, prostacyclin is thought to contribute substantially more -

probably in an indirect manner also involving nitric oxide (14-16). 
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Laminar shear stress acts on endothelial mechanoreceptors, thought to be 

either ion-channels, G-proteins, integrins, or caveolae (17). The 

mechanoreceptors transform the mechanical signals from shear stress into 

biochemical signals, where elevated intracellular calcium concentrations are 

one of the signals proposed. Biochemical signals activate the enzymes 

catalysing the synthesis of the endothelial-derived vasodilatators: 

cyclooxygenase (COX) · for the production of prostacyclin ( 18), and 

endothelial nitric oxide synthase (eNOS) for the production of nitric oxide 

(13). Nitric oxide diffuses into the underlying vascular smooth muscle cells 

where it activates guanylate cyclase, an enzyme which converts guanylate 

triphosphate (GTP) into cyclic guanylate monophosphate (cGMP). 

Prostacyclin, on the other hand, acts through a G-protein-coupled receptor, 

named the !P-receptor, present in the cell membrane of the vascular smooth 

muscle cells. The !P-receptor activates the enzyme adenylate cyclase, a 

transmembrane protein in smooth muscle cells, which converts adenosine 

triphosphate (ATP) into cyclic adenosine monophosphate (19). Both cyclic 

guanylate monophosphate and cyclic adenosine monophospate lower the 

levels of intracellular calcium in the vascular smooth muscle cells, and thereby 

prevent contraction and induce relaxation and dilatation of the artety (20). 

In the method of assessing flow-mediated dilatation, increased shear stress is 

produced by inducing a reactive hyperaemia in the artery. By inflating a 

sphygmanometer cuff positioned around the limb in question to suprasystolic 

pressures for a few minutes, blood flow through the artery is occluded. The 

ischemia stimulates vasodilatation in the tissues distal to the site of occlusion, 

which causes reduced resistance in the artery. When the occluding cuff is 

deflated, the resulting flow in the artery reaches higher levels than the baseline 

flow, due to the increased pressure drop along the artery. A reactive 

hyperaemia is created, defined as the transient increase in organ blood flow 

that occurs following a brief period of ischemia. 
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The vessel diameter is measured before (at baseline diameter) and after the 

increase in shear stress. Flow-mediated dilatation is in general presented as the 

dilatation relative to the baseline diameter, and is given in percentage values. 

Impaired brachial artery flow-mediated dilatation detected by this method has 

been shown to be an independent predictor of future cardiac events (21-26). 

To check for vascular smooth muscle dysfunction, the assessment of 

endothelial-dependent dilatation (i.e. flow-mediated dilatation) IS 

recommended to be followed by the assessment of endothelial-independent 

dilatation, usually produced by the administration of a single dose of 

nitroglyserin/glyseryl trinitrate sublingually (27-30). 

3.2.1 Flow-mediated dilatation- an endothelial function? 

The important role of the endothelium as a regulator of vessel dimension was 

discovered by Furchgott and Zawadzki in 1980 (31 ). They deduced that 

acetylcholine acted as a vasodilatator through its action on the endothelial 

cells, which responded by releasing one or more substances causing relaxation 

of the vascular smooth muscle cells (31 ). The endothelial-derived relaxant 

factor produced in response to acetylcholine-stimulation was later found, by 

Fuchgott, Ignarro and Murad with their respective colleagues, to be nitric 

oxide (1-4), a discovery for which they were awarded the Nobel Prize in 

Medicine in 1998. 

In 1986, Poh1 et al. showed that also flow-mediated dilatation was 

endothelium-dependent. They produced increased flow in the femoral artery of 

anesthetised dogs before and after the mechanical removal of the endothelial 

cells by means of a balloon catheter (32). Removal of the endothelial cells 

abolished the flow-mediated dilatation, leading to the suggestion that flow­

mediated dilatation, like acetylcholine-mediated dilatation, was mediated by 

the endothelium (32). 
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Anderson et al. described flow-mediated dilatation of the brachial artery in 

humans in 1989 (33). Reactive hyperaemia was created by the release of an 

occluding cuff placed on the forearm, distal to the site of measurement, and 

the artery diameter change was measured by a dual-crystal pulsed Doppler 

system (33). Celermajer et al. applied this method with the use of conventional 

two-dimensional ultrasound. They showed that flow-mediated dilatation was 

reduced or absent in smokers, in children with familial hypercholesterolaemia, 

and in adults with coronary artery disease (34). 

3.3 Preeclampsia 

Endothelial dysfunction and activation are considered to be central features in 

the pathogenesis of preeclampsia (35-39). Preeclampsia is a multisystem 

syndrome affecting virtually any organ system (40), particularly evident from 

its complications including stroke, disseminated intravascular coagulation, 

pulmonary oedema, hepatic rupture, and placental abruption. Preeclampsia is a 

heterogeneous condition, which may be present as asymptomatic hypertension 

and proteinuria in one woman, and as multi-organ failure in another. 

The leading hypothesis of the pathogenesis of preeclampsia is that a deficient 

vascular invasion of placental trophoblasts due to a maternal-foetal 

immunological imbalance leads to placental underperfusion ( 41-44). The 

underperfused placenta is thought to release substances into the maternal 

blood which cause a general maternal endothelial dysfunction, endothelial 

activation, and systemic inflammation (39). 

Preeclampsia is defined as new-onset hypertension and proteinuria ansmg 

after the 20th week of pregnancy ( 45). It affects 2-8% of pregnancies 

worldwide (46), and affected 4.5% of all births in Norway in 2002 (47). 

Preeclampsia is classified as one of the hypertensive disorders of pregnancy, 

including preeclampsia/eclampsia, preeclampsia superimposed on chronic 

hypertension, gestational hypertension, and chronic hypertension ( 45). The 
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hypertensive disorders in pregnancy were the second most common causes of 

maternal death in the UK 2003-2005 (48). Preeclampsia is also a major cause 

of foetal intrauterine growth restriction, and is responsible for 15% of all 

preterm births, both spontaneous and induced ( 49). 

Preeclampsia is more common in the first pregnancy (nulliparity) (50, 51), and 

in the first pregnancy with the actual partner (primipaternity) (52-56). This has 

been suggested to be due to a maternal immunological response to new 

paternal genes present in the woman's circulation (57). However, as increasing 

maternal age (58) and large interval between pregnancies (59, 60) also 

increase the risk of preeclampsia, these factors may also be responsible for the 

increased risk related to primipaternity (59), since a change of partner is also 

linked to longer intervals between births. Multiple pregnancy is another factor 

which increases the risk of preeclampsia ( 61 ), which has been suggested to be 

due to increased foetal demand exceeding the placental supply and rendering 

the placental function inadequate (62). Santema et al., however, argued that 

the increased risk of hypertension in multiple pregnancy might be due to 

higher cardiac output and circulating plasma volume in such cases, together 

with a failure to decrease peripheral resistance further than the demands of a 

singleton pregnancy (63). 

A history of previous preeclampsia (53) increases the risk of preeclampsia, 

which may suggest that maternal constitutional factors are of importance to 

the pathogenesis. Women with a family history of preeclampsia are at 

increased risk (53, 64, 65), and there is increasing evidence of genetic 

components involved in the pathogenesis (66-72). Chronic hypertension (73), 

obesity (50, 51, 61), gestational diabetes (74), and diabetes type-I (61) are all 

risk factors that preeclampsia has in common with cardiovascular disease. 

Smoking, however, does not fit into this picture. Whereas smoking is 

associated with a number of adverse pregnancy outcomes, like growth 

restriction, preterm birth, stillbirth, and spontaneous abortion (75, 76), it has 
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been shown to have a protective effect on the risk of the development of 

preeclampsia (51, 76-80). However, when preeclampsia does occur in a 

smoking woman, her outcome is worse than in non-smokers (79, 81, 82). It 

has not been determined whether smoking 'protects' against preeclampsia, or 

only 'masks' the symptoms and diagnosis of preeclampsia (83). 

Early-onset preeclampsia may have an underlying pathology differing from 

that of late-onset preeclampsia (84). Early-onset preeclampsia is associated 

with greater maternal morbidity (85) and mortality (86) than late-onset 

preeclampsia, and involves a worse outcome for the foetus and the newborn, 

primarily due to more severe prematurity (87). Placental lesions are more 

common in placentae of women with preeclampsia of early onset as compared 

to preeclampsia of late onset (88, 89), and also when compared to preterm 

deliveries of other causes (90). Intrauterine growth restriction (IUGR) is more 

strongly linked to early-onset preeclampsia (85, 91, 92). A u-shaped 

distribution of birthweight characterizes late-onset preeclampsia (85), where 

the mean birth weight is generally normal (91, 93-95), but the proportions of 

babies both small (85, 94) and large for gestational age (85, 91, 92) are 

increased. The risk of cardiovascular disease and the metabolic syndrome later 

in life is increased after early-onset preeclampsia (96, 97) as compared to late­

onset preeclampsia. 

3.3.1 Endothelial dysfunction and activation in preeclampsia 

Endothelial dysfunction in preeclampsia is supported by in vitro studies (98-

1 00), where attenuated endothelial-mediated dilatation in myometrial vessels 

and omental vessels from women with preeclampsia in response to stimulation 

by bradykinin (99) and acetylcholine (98) has been reported. Interestingly, 

endothelial-mediated dilatation of myometrial vessels from women with 

normal pregnancy is also attenuated when incubated in plasma from 

preeclamptic women ( 101 ), even when the plasma is taken before the onset of 

the clinical syndrome (1 02). Cultured endothelial cells have also shown 
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altered function after the exposure to plasma or serum from preeclamptic 

women, with increased permeability and increased nitric oxide production 

(1 03, 1 04). These findings support the hypothesis that circulating factors 

exerting a negative impact on the endothelial cells are present in preeclampsia. 

An imbalance m the endothelial production of vasodilatators and 

vasoconstrictors has been found in preeclampsia. Although it has not been 

clearly established whether the nitric oxide production is impaired, as both 

lower ( l 05-l 07), and increased (1 08-111) levels of nitrite/nitrate 

concentrations have been reported, the serum levels of the vasoconstrictor 

endothelin-l (ET-1) are elevated (108, 112). An imbalance in the ratio ofthe 

production of the vasodilatator prostacyclin to the vasoconstrictor 

thromboxane A2 has also been reported (113). Although the main synthesisis 

of thromboxane A2 occurs in platelets, it is also synthesised in endothelial 

cells (114, 115), and in trophoblasts (116). 

Pro-inflammatoric endothelial activation m preeclampsia is suggested by 

elevated plasma levels of the soluble forms of the endothelial cell adhesion 

molecules (sE-selectin, sVCAM-1, s-ICAM-1) (117-120) and interleukins (IL-

6 and IL-8) ( l 05, 121-124). A pro-throbotic activation of the endothelial cells, 

with increased levels of von Willebrand factor and an imbalance in 

plasminogen activator inhibitor activity, probably contributes to the 

hypercoagulable state in preeclampsia (123, 125, 126). The imbalance in the 

ratio of prostacyclin to thromboxane A2 found in preeclampsia (113) also acts 

pro-thrombotic. Acetylsalicylic acid restores this balance, and has been shown 

to reduce the risk of preeclampsia and intrauterine growth restriction in high­

risk patients when treatment is initiated early in pregnancy (127, 128). 

Soluble fms-like tyrosine kinase-1 is present at elevated levels in preeclampsia 

(129, 130), and is elevated even prior to the onset of the clinical syndrome, 

especially prior to preeclampsia of early onset (131, 132). Soluble fms-like 
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tyrosine kinase-1 binds to and inactivates vascular endothelial growth factor 

( 13 3, 134 ), a factor which is important to angiogenesis and essential for 

endothelial integrity. Soluble fms-like tyrosine kinase-1 has been suggested to 

be responsible for the clinical manifestations of preeclampsia, including 

endothelial function. Interestingly, a vascular endothelial growth factor 

inhibitor, bevacizumab, prescribed in cases of renal carcinoma, produces the 

adverse effects of hypertension and proteinuria (135), the clinical hallmarks of 

preeclampsia. 

3.3.2 Flow-mediated dilatation in preeclampsia 

Flow-mediated dilatation is increased in normal pregnancy, from as early as 

10-14 weeks of gestation (136, 13 7). In preeclampsia, flow-mediated 

dilatation has been reported to be lower when compared to normal pregnancy, 

both in the brachial (138, 139) and in the radial arteries (140-142). Lower 

levels of flow-mediated dilatation have also been reported to precede the 

development of preeclampsia in high-risk patients (143-146). In vitro studies, 

measuring flow-mediated dilatation in isolated myometrial arteries and small 

subcutaneous arteries, have also shown attenuated flow-mediated dilatation in 

arteries from women with preeclampsia (147, 148). 

Lower levels of flow-mediated dilatation are also found in women with a 

history of preeclampsia (149-151 ). The attenuation of flow-mediated dilatation 

in these women has been found not to be due to changes in antiphospholipid 

antibodies, uric acid, L-arginine, asymmetrical dimethylarginine, vascular 

endothelial growth factor, or soluble fms-like tyrosine kinase-!, factors which 

have been suggested to be responsible of endothelial dysfunction m 

preeclampsia (37, 129, 145). Only in one study were nitrates found to be 

present at lower levels in women with a history of severe preeclampsia, 

suggestive of a defect in endothelial nitric oxide synthesis (149). However, 

nitric oxide is not only produced by endothelial cells, and reduced nitric oxide 

levels are not specific to endothelial dysfunction (152). 
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Endothelial-independent vasodilatation is generally not measured during 

pregnancy. Nitroglycerine may cause hypotension and directly affects the 

pregnant uterus with its relaxant effects (15 3, 154 ), and as a general rule, all 

unnecessary drugs should be avoided during pregnancy. Endothelial­

independent vasodilatation has, however, been measured in women with a 

history of preeclampsia, and both reduced (149, 150, 155) and similar (151, 

156, 157) endothelial-independent dilatation have been reported from these 

studies. Reduced endothelial-independent dilatation in women with a history 

of preeclampsia suggests that also other factors, like smooth muscular 

dysfunction and atherosclerosis, may contribute to the reduced endothelial­

mediated dilatation present at least in a subgroup of these women 

In a study by Chambers eta!., brachial miery resting diameter was found to be 

increased in women with a history of preeclampsia, compared to women with 

a history of normal pregnancy, and to be even further increased in women with 

a history of recurrent preeclampsia. However, after adjusting for body surface 

area, no difference in artery diameter was found between the groups (151 ). In 

a study excluding women with other risk factors of cardiovascular disease, like 

hypertension, obesity/overweight, the metabolic syndrome, and smoking, no 

difference in brachial artery diameter was found in women with a history of 

preeclampsia compared to women with a history of normal pregnancy (149). 

These studies suggest that the larger brachial artery in women with a history of 

preeclampsia may be linked to obesity, increased body surface area or other 

cardiovascular risk factors. Large brachial artery diameter has previously been 

reported in postmenopausal women with the metabolic syndrome (158, 159), 

and has been found to be correlated with cardiovascular risk factors and 

prevalent cardiovascular disease (21, 160, 161 ). Moreover, larger brachial 

artery diameter has been found to be independently associated with coronary 

artery disease in women (161 ), and to be an independent predictor of 
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cardiovascular events in both women and men (21). The mechanisms behind 

this link are not clear. 

3.3.3 Preeclampsia and cardiovascular risk 

Women with a history of preeclampsia are at increased risk of cardiovascular 

disease later in life (97, 162-169). The risk of death from cardiovascular 

causes is greater after early-onset preeclampsia (97, 168) and after 

preeclampsia with complications such as intrauterine growth restriction and 

stillbirth (170). The underlying link between preeclampsia and cardiovascular 

disease is not known, but endothelial dysfunction is considered to be a central 

feature of both conditions (171-174). The fact that preeclampsia and 

cardiovascular disease share the same risk factors, including dyslipidemia, 

obesity, insulin resistance, diabetes mellitus, thrombophilia, and a family 

history of heart disease or stroke (78, 175-177), suggests that these two 

conditions may have related pathophysiological mechanisms. Smoking, 

however, which reduces the risk of preeclampsia (51, 76-80) does not fit into 

this picture. 

3.3.4 Left ventricular function in preeclampsia 

The maternal cardiovascular adaptation to pregnancy begins early in gestation. 

In normal pregnancy, plasma volume increases by 45% during the first two 

trimesters, and stays elevated until term (178). In spite of this, the mean blood 

pressure falls slightly (5 mmHg) and reaches its nadir in mid-pregnancy (179), 

whereafter it rises to pre-pregnancy or slightly higher levels (179, 180). Stroke 

volume is increased by approximately 30% at its maximum in the 30th week. 

This is caused by the increase in preload and the reduction in afterload, 

resulting from the rise in plasma volume and the fall in blood pressure, 

respectively. In addition to this, an increase in cardiac contractility has been 

reported, also contributing to the rise in stroke volume (181, 182). Due to a 

concurrent slight, but steady rise in heart rate throughout gestation (183, 184 ), 

the cardiac output is increased even further than stroke volume, and reaches its 

maximum level approximately 50% above non-pregnant levels in the 30th 

17 



week of pregnancy (183). The higher work load, caused by the increased 

blood volume and cardiac output, is suggested to be responsible for the 

myocardial hypertrophy of pregnancy (182, 184, 185), which has been taken 

to resemble the changes found in long-distance runners (184, 185). 

The diastolic function indices are also influenced by the altered loading 

conditions in normal pregnancy. The increased blood volume causes increased 

mitral inflow velocities (cf. p. 29 f.) already from the first trimester. However, 

between the second and the third trimesters, the early diastolic mitral inflow 

velocity is reduced. This has been attributed to the myocardial hypertrophy 

causing reduced compliance of the left ventricle ( 182). A larger atrial 

contribution to left ventricular filling in late pregnancy is suggested to be 

responsible for the reduction in the ratio of the early and late diastolic mitral 

inflow velocities in the third trimester ( 182, 184). The left ventricular early 

diastolic mitral annular velocity was by Fok et al. found to be unchanged 

during pregnancy, although a tendency towards lower levels was found 

towards term ( 182). The ratio of early diastolic mitral inflow velocity and 

early diastolic mitral annular velocity, an index which has been suggested to 

be a marker of left ventricular filling pressure (cf. p. 31), was generally found 

to be unchanged in early pregnancy and only slightly reduced in the third 

trimester ( 182). 

In women with preeclampsia, the plasma volume does not increase to a similar 

extent as in normal pregnant women (178, 186). In the study by Silver et al., a 

16% less plasma volume was found in preeclamptic women as compared to 

women with normal pregnancy (186). An increase in the total body/peripheral 

hematocrit ratio was further found, suggesting a central redistribution of blood 

and a vasoconstricted condition ( 186). 

Higher blood pressure (although within normal values) is evident already from 

11-14 weeks' gestation in women subsequently developing preeclampsia or 
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gestational hypertension (179, 187). In contrast to normal pregnancy, the 

blood pressure does not decrease towards mid-pregnancy, and after mid­

pregnancy it further increases with a steeper slope (179). The blood pressure 

has been found to be higher even before pregnancy in women subsequently 

developing preeclampsia (78), which has been suggested to represent one of 

the unfavourable constitutional factors in women at risk of preeclampsia. 

Cardiac output has been found to vary extensively in preeclampsia (e.g. 3.9-

13.2 Llmin) (188-190), underlining the heterogeneousity of the condition. 

Several reports suggest that different subgroups of preeclampsia can be 

characterised by either low or high cardiac output, at least in the preclinical 

phase of preeclampsia. The preclinical phases of early-onset preeclampsia 

(191) and preeclampsia associated with intrauterine growth restriction (187) 

are associated with low cardiac output, whereas the preclinical phases of late­

onset (93) and mild preeclampsia (187), are associated with high cardiac 

output. Valensise et al. found that one year after delivery the cardiac output 

was still higher in women who had experienced late-onset preeclampsia, 

whereas the cardiac output had normalised in the group with a history of early­

onset preeclampsia (93). They suggested that the two subgroups of 

preeclampsia, with early and late onsets, may develop from two separate 

hemodynamic conditions. 

The left ventricular mass is higher in preeclampsia as compared to normal 

pregnancy (185, 192-194), and left ventricular end-diastolic diameter is larger 

(192, 193). The hypertrophy has been suggested to be due to the increased 

workload caused by the systemic hypertension in these women. 

It has been suggested that the left ventricular performance in patients with 

preeclampsia reflects a mechanically appropriate response to the increased 

afterload ( 185, 193). The ejection fraction is shown to be preserved (193), and 

fractional shortening to be preserved by some (185, 193 ), but not all 
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investigators (192). The ratio of left ventricular end-systolic stress (ESS) and 

mean velocity of circumferential fiberthickening (V CFC ), an index described as 

a load-independent measure of contractility, has been reported to be 

unchanged in preeclampsia (185, 195). Systolic function measured by tissue 

Doppler imaging (cf. p. 30 f.), a more recent method of evaluating left 

ventricular function, also regarded to be relatively load-independent (196, 

197), has not previously been reported in preeclampsia. 

In a study usmg tissue Doppler imaging to assess diastolic function in 

preeclampsia, reduced diastolic function was suggested ( 192). An increased 

ratio of early diastolic mitral inflow velocity and early diastolic mitral annular 

velocity (E/e'), was proposed to indicate increased left ventricular filling 

pressure as compared to normal pregnancy (192). The early diastolic inflow 

velocity (E) was shown to be similar (192), and the late diastolic mitral inflow 

velocity (A) to be increased in preeclampsia (192). Lower ratios of early and 

late diastolic mitral inflow velocities (E/ A) have been reported, both during 

pregnancy (192, 193) and after delivery (93, 192), supporting the suggested 

diastolic dysfunction. Both longer ( 192) and similar (185) isovolumetric 

relaxation time (IVRT) have been reported, while the deceleration time of the 

early diastolic mitral inflow (E-DT) has been found to be similar in 

preeclampsia as compared to normal pregnancy (192). 

In early-onset preeclampsia, pulmonary capillary wedge pressure has been 

found to be non-statistically increased compared to normal pregnancy, 

although the difference found was small (mean 7 mmHg (range-1-20 mmHg) 

versus 5 mmHg (range 1-8 mmHg)) (198). Similar, but slightly higher 

pulmonary capillary wedge pressure in severe preeclampsia has been reported 

by others, with means ranging from 8.3 mmHg to 10 mmHg, with a markedly 

further increase in preeclamptic women with pulmonary edema (mean 18±1 

mmHg) ( 190). However, these latter studies did not include women with 

normal pregnancy for comparison ( 190, 199). 
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3.3.5 Preeclampsia and physical activity 

Physical activity is known to reduce blood pressure (200) and dyslipidaemia 

(20 1, 202), and to improve insulin resistance (203-206) in non-pregnant 

women, factors which all increase the risk of preeclampsia (78, 207-209). 

Physical activity improves endothelial function (210-213), which is considered 

central in the pathogenesis of preeclampsia (35-39). Physical activity also 

reduces the risk of cardiovascular disease (214-217), which is increased in 

women with a history of preeclampsia. In theory, physical activity before 

pregnancy may therefore prevent preeclampsia, by reducing endothelial 

dysfunction and other risk factors of preeclampsia. 

A reduced risk of preeclampsia with pre-pregnancy physical activity versus 

'none' was strongly suggested in a previous retrospective case-control study 

by Rudra et a!. and Sorensen et a!. (218, 219). There is, however, a risk of 

recall bias in retrospective case-control studies. Reduced risk of preeclampsia 

with physical activity one year prior to pregnancy has also been reported in a 

previous cohort study (220), while two other cohort studies reported no 

significant link (50, 221 ). In these previous cohort studies, the women were 

asked about their pre-pregnancy physical activity while they were pregnant 

(interviewed/filled out questionnaire before 16-22 weeks of pregnancy). 

Although the clinical syndrome of preeclampsia is not diagnosed before 20 

weeks, it is generally appreciated that the disease process has begun already in 

the first trimester (35, 222). Many functional changes are also found this early 

in pregnancy, e.g. lower flow-mediated dilatation, higher cardiac output, and 

higher blood pressure (136, 137, 179, 187, 223, 224), and it cannot be ruled 

out that these early changes may affect the way physical activity is perceived 

by the women who are to develop preeclampsia, and that they may influence 

the women's responses regarding their pre-pregnancy physical activity. 

The results from studies on physical activity during pregnancy are also 

conflicting. A Cochrane review on randomised clinical trials concluded that 
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there is insufficient evidence for reliable conclusions to be drawn on the effect 

of physical activity during pregnancy on preeclampsia risk (only two studies, 

n=45, combined) (225). Case-control studies which have investigated the link 

between physical activity during pregnancy and preeclampsia risk generally 

show a reduced risk of preeclampsia with physical activity (219, 226), but 

again, there is a risk of recall bias in retrospective studies. A large Norwegian 

cohort study (n=59,573) found that physical activity in early pregnancy 

reduced the risk of preeclampsia by 20%, but no protective effect was found in 

women with a body mass index exceeding 30 kg/m2 (227). Three other large­

scale cohort studies (n=85,139 (228), n=3,679 (229) and n=2,241 (220)) found 

no link between physical activity in early pregnancy and preeclampsia. The 

data from one of them rather indicated that high levels of physical activity 

(>270 min/week) in the first trimester might well increase the risk of severe 

preeclampsia (228). 
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4 Aims of the study 

4.1 Overall aim 

To gain knowledge about the cardiovascular changes in preeclampsia 

4.2 Specific aims 

1. To investigate the variability of the ultrasound-based assessment of 

flow-mediated dilatation in the brachial artery, and to determine the 

relative contribution from the defined sources of variability, i.e. 

interday variability, interpatient variability, interobserver variability 

and intraobserver variability. 

2. To investigate whether diastolic and systolic left ventricular functions, 

examined by tissue Doppler imaging, are reduced during pregnancy in 

preeclampsia, and to investigate whether endothelial function, 

measured by the method of flow-mediated dilatation, is reduced during 

pregnancy in preeclampsia. Furthermore, to study whether left 

ventricular and endothelial functions are reduced after delivery. 

3. To investigate whether pre-pregnancy physical activity prevents 

preeclampsia. 
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5 Study subjects 

5.1 Paper I 

Twenty-two healthy adults (seven females, 15 males) with a mean age of 27 

years (range 23 to 54) were recruited among university students and staff. 

Exclusion criteria were smoking, diabetes, known cardiovascular disease and 

pregnancy. 

5.2 Paper II 

Twenty-three women with preeclampsia were enrolled at the time of 

admission for preeclampsia to the Department of Obstetrics, St. Olav's 

Hospital, Trondheim, Norway. These were matched with 23 normotensive 

pregnant women, m terms of gestational age (± one week) and parity 

(nulliparous versus parous), from a cohort provided by community midwives 

at the maternal health centres of the City of Trondheim, Norway. Three 

women had to be retrospectively excluded in accordance with our study 

protocol, since we learnt, by checking the included women's medical charts, 

that they had received antihypertensive medication before our first 

examination. Diabetes, hypertension, known vascular disease, and multiple 

gestations were defined as exclusion criteria. 

5.3 Paper III 

3,656 women were included in our study. These were women who answered 

the physical activity questionnaire in the population-based health study 

HUNT -1 ( cf. p. 33 f.), and who gave birth after their participation in the health 

study. Only women with singleton live births at a gestational age of more than 

22 weeks, or birth weight above 500 grams, at least nine months after their 

participation in the HUNT -1, qualified for inclusion. The women pregnant at 

the time of participation in the HUNT -1 were excluded. 
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6 Methods and methodological considerations 

6.1 Study designs 

The three studies included in the cunent thesis are of three different study 

designs; one methodological, one clinical observational, and one 

epidemiologic prospective cohort study. 

6.1.1 Methodological study (Paper I) 

The study in Paper I was a methodological study, where the variability of the 

ultrasound-based measurement of flow-mediated dilatation in the brachial 

artery was explored. Variability is in statistical terms defined as the spread of 

the distribution of a variable from the sample mean. Both the reproducibility 

and the repeatability of the method were examined in our study. 

Reproducibility is the variability of the measurements caused by operator 

behaviour, in our study termed interobserver variability, and repeatability is 

the variability of measurements obtained by one person measuring the same 

item repeatedly, which in our study was termed intraobserver variability. In 

addition to these purely methodological considerations, also the biological 

variability between subjects (interpatient variability) and the variability 

between days (in the same subjects) (interday variability) were examined. The 

proportional contributions of these four sources of variability were calculated. 

6.1.2 Clinical observational study (Paper II) 

The study in Paper II was an observational study, since no intervention was 

made, and a clinical comparison study, where the cardiovascular function in 

two groups was compared. 

The inclusion of women was performed in a case-control manner. In case­

control studies, the study subjects are selected by their disease status (case 

group) and compared with subjects not affected by the disease (control group). 

The control group should ideally be selected from the same population which 

produced the cases, and the factors differing between the cases and the 
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controls should ideally all be linked to the disease studied. A possible 

confounding factor in our study is a selection towards fitter women in the 

normal pregnancy group. The women with preeclampsia were already in 

hospital when they were asked if they wanted to participate, and there may 

therefore have been a lesser degree of selection in this group. 

As our measurements were performed after the disease onset we could not 

infer a temporal sequence between the cardiovascular findings and the 

development of preeclampsia. Such information was, however, sought by a 

follow-up examination three months post partum. If an impairment persisted 

after delivery, no assumptions could be proposed as to pre-pregnancy function. 

On the other hand, if an impairment found during pregnancy was absent after 

delivery, it was unlikely that it had been present before pregnancy. 

6.1.3 Epidemiological prospective cohort study (Paper III) 

The study in Paper III was an epidemiological prospective cohort study where 

the population investigated was the inhabitants of Nord-Trondelag county in 

Norway. 

Generally, the incidence rate and the risk ratio are calculated in cohort studies. 

The incidence rate is the proportion of subjects who develop the disease under 

study within a specified time period, and the relative risk is the ratio of the 

incidence rate of the subjects exposed, to that of the subjects who were not 

exposed. In our study we calculated odds ratios rather than risk ratios. The 

reason for this is that odds ratios are more available for covariate adjustment 

through logistic regression, which can be calculated in SPSS, the statistical 

software applied in our group (SPSS Inc., an IBM Company, Chicago, Illinois, 

USA). When the incidence of the outcome of interest in the study population 

is low (<10%), the odds ratios will approximate the risk ratios (230). This 

applies to our study, where the incidence of preeclampsia was 4.6%. The more 

frequent the outcome becomes, the more the odds ratio will overestimate the 
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risk ratio when the odds ratio is > 1, and underestimate the risk ratio when the 

odds ratio is <1 (230). 

6.2 Flow-mediated dilatation 

In the studies in Papers I and II, endothelial function was measured by the 

assessment of flow-mediated dilatation as described in the guidelines by 

Corretti et a!. (231 ). The right brachial artery was longitudinally scanned in 

two-dimensional mode (B-mode, brightness mode) with a Vivid 7 ultrasound 

scanner (GE Vingmed Ultrasound AS, Horten, Norway), and a handheld linear 

array transducer (M12L) with a frequency of 14 MHz. 

Figure 1. Example of an ultrasound image of a brachial artery in the dilatated state, with three 
measurements performed along the vessel with electronic callipers. 

Images of the brachial artery at baseline were recorded and stored as cme 

loops of five heartbeats. A pneumatic blood pressure cuff, positioned around 

the upper arm proximal to the site of imaging, was thereafter inflated to 250 

mrnHg for five minutes, inducing reactive hypaeremia. Images of the brachial 

artery were again stored at pre-determined points in time during the first five 
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minutes after cuff release, i.e. after 0.5, 1, 1.5, 2, 3, 4, and 5 minutes (Figure 

1 ). 

Image analysis was performed using the software analysis program EchoPAC 

PC (GE Vingmed Ultrasound AS, Harten, Norway) on a personal computer, 

with a caliper resolution of 0.1 mm. The vessel diameter was measured at 

baseline and at the given points in time after cuff release. We measured the 

vessel from the anterior to the posterior media-adventitia interface (the 'm­

lines') at the R-wave of the QRS-complex of the electrocardiogram (end­

diastole), or as close to the R-wave as allowed by the temporal resolution of 

the ultrasound recordings, to avoid systolic variation due to compliance (232). 

In the study in Paper I, three measurements from a single cardiac cycle were 

performed, whereas in the study in Paper II, three measurements from three 

cardiac cycles were performed. These were averaged in further calculations. 

6.3 Echocardiography 

The echocardiography in the study of Paper II was performed according to the 

recommendations of the American Society of Echocardiography (233). The 

same ultrasound scanner was used as in the assessment of flow-mediated 

dilatation (Vivid 7, GE Vingmed Ultrasound AS, Harten, Norway), but with a 

2.5 MHz phased-array matrix transducer (M3S). The women rested in the left 

lateral decubitus position during the examinations. Images were stored 

digitally and analysed off-line, using the analysing program EchoPacPC (GE 

Vingmed Ultrasound AS, Harten, Norway) on a personal computer. 
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Figure 2. The mitra l annular blood flow velocity-curve. E, early diastolic mitral inflow velocity; A, 
late diastolic mitral inflow velocity; E-DT, duration time of the deceleration of the earl y diastiolic 
mitra l inflow velocity; IVRT, iso-volumetric relaxation time. (Image: Charlotte Bjork lngul). 

The velocity of blood flow into the left ventricle through the mitral leaflets 

during diastole was measured by pulsed-wave Doppler. The assessment of the 

mitral inflow velocity pattern is the traditional way to assess diastolic function. 

The mitral inflow velocity curve has two peaks, an early diastolic peak (E) and 

a late diastolic peak (A) (Figure 2). Normally, most of the filling of the left 

ventricle occurs immediately after the opening of the mitral valve, and only a 

small contribution of the atrial contraction is needed for adequate filling. In 

this situation, the early diastolic mitral inflow velocity exceeds the late 

diastolic inflow velocity, and the ratio of E/ A is > 1. In pathological conditions 

the E/A ratio may be reduced to levels <1, and both the isovolumetric 

relaxation time (IVRT), the time between aortic valve closure and mitral valve 

opening, and the £-deceleration time (E-DT), the duration of the deceleration­

slope of the E-wave, increase. Such characteristics of the mitral inflow 

velocity are termed a restrictive pattern. Further function reduction may cause 

the left atrial pressure to rise. The early diastolic mitral inflow velocity is 
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mainy dependent on the pressure differences between the left atrium and the 

left ventricle. Hence, when the atrial pressure rise, the early diastolic mitral 

inflow velocity will increase as well, and the E/A will be > 1 again. The 

isovolumetric relaxation time and the deceleration time of the early diastolic 

mitral inflow velocity will also normalise in this situation. The resulting 

normal mitral inflow velocity pattern - despite the diastolic dysfunction - is 

called a pseudonormal pattern. In such circumstances, the underlying 

dysfunctional condition cannot be detected by examining the mitral inflow 

velocity curve. The interpretation of the clinical condition in such 

circumstances can, however, be aided by the assessment of pulmonary vein 

velocities and by tissue Doppler imaging. 

Figure 3. Mitral annular tissue Doppler curve in one of the preeclamptic women measured at the 
septal position of the mitral annulus. S', peak systolic mitral annular velocity; e', early diastolic mitral 
annular velocity; a ', late diastolic mitra l annular velocity. 

Tissue Doppler imaging allows the measurement of the velocities of the 

cardiac muscle. The tissue Doppler curve of the mitral annular velocity has 

two peaks during diastole, one early peak (e') and one late peak (a') . In 

contrast to the mitral inflow velocity curve, it also has a systolic peak, denoted 
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S' (Figure 3). We measured the tissue velocity of the mitral annulus with 

pulsed-wave tissue Doppler in four positions of the mitral annular ring (septal, 

lateral, anterior, and posterior). The values from these four positions were 

averaged in our further analysis, since this has been shown to yield higher test­

retest reproducibility as compared to values from single positions (234). An 

angle deviation of 30% of the transmitted ultrasound wave from the direction 

of the cardiac movement was accepted. 

Tissue Doppler-derived function indices have been found to be less load­

dependent than the mitral inflow velocities (235), and early diastolic mitral 

annular velocity has been found to be a more sensitive measure of diastolic 

function than the traditionally measured mitral inflow velocities, and to be 

able to determine subclinical disease, e.g. subclinical cardiac disease in 

diabetics and hypertensives (236-238). Moreover, the early diastolic mitral 

annular velocity does not pseudonormalise in the same way as the early 

diastolic mitral inflow velocity. The ratio of the early diastolic mitral inflow 

velocity and the early diastolic mitral annular velocity (E/e') can therefore aid 

the determination of a pseudonormal filling pattern, since E/e' is often 

elevated in such cases (8-15 crn!s or greater) (239). Ommen eta!. compared 

the E/septal-e' with the time constant of relaxation (1:) obtained by pressure 

measurements in the left ventricle by catheterisation, and found that a 

E/septal-e'<8 was indicative of normal filling pressures, and a septal E/e'>15 

was indicative of pathologically-elevated filling pressures ( 45). 

The left ventricular ejection fraction (EF) is the most widely used index of left 

ventricular systolic function (EF = end-diastolic volume - end-systolic 

volume/end-diastolic volume x 100% ), but the index is highly dependent on 

high image quality, as the endocardial border must be clearly defined in the 

entire ventricle. The peak systolic mitral annular velocity (S ') has been found 

to be a more sensitive (240) and accurate measure of global left ventricular 

contractility than the ejection fraction (241 ). We therefore chose to use peak 
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systolic mitral annular velocity as the mam outcome variable for systolic 

function in our study. 

Left ventricular volumes were calculated by the biplane method with the 

modified Simpson's rule. The Simpson's rule is an algorithm where the left 

ventricle is divided into a number of discs by parallel planes perpendicular to 

its long axis, a procedure which is automatically performed by the analysing 

software after the endocardial borders have been manually traced. The 

volumes of the discs are calculated and summarised. In the biplane method, 

the discs are considered to be ellipsoid, with their two axes deduced from the 

apical four-chamber view and the apical two-chamber view, respectively. In 

the single plane method, each disc is considered to be circular. Both the 

biplane and the single plane volumes were calculated in our study. 

The stroke volume (SV) was both obtained from Doppler recordings, and from 

the left ventricular volumes from the two-dimensional images. The velocity of 

the blood in the left ventricular outlet tract during systole was measured by 

pulsed-wave Doppler, and the velocity time integral of the velocity curve (the 

area under the velocity curve) was automatically obtained by the analysing 

software after its borders had been manually traced. The velocity time integral, 

also termed the stroke distance, can be considered as the linear distance that 

the blood travels during a single heartbeat. By multiplying the velocity time 

integral with the area of the left ventricular outlet tract, the stroke volume was 

acquired (SV=VThvmxLVOTarea). The stroke volume derived from the two­

dimensional images was calculated by subtracting the end-systolic volume 

from the end-diastolic volume (SV = end-diastolic volume-end-systolic 

volume). Doppler-derived stroke volumes are considered to be more reliable 

than those calculated by the two-dimensional method (242). The Doppler­

derived stroke volume is, however, highly dependent on correct measurements 

of the left ventricular outlet diameter, since the radius of the left ventricular 
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outlet tract is squared in the calculation of the stroke volume. Cardiac output 

was calculated by multiplying the stroke volume by heart rate. 

6.4 HUNT-1 and the Medical Birth Registry of Norway 

The Health Study of Nord-Trondelag-1 (HUNT -1 ), the first of three 

population-based health studies performed in Nord-Trondelag county in 

Norway, took place between 1984 and 1986. All inhabitants aged 20 years or 

more were invited to participate (n=85, 1 00) and 43,602 of those invited were 

women. Amongst women in the age group relevant to our study (20-49 years), 

the participation rate in the baseline study (both responders and non­

responders to the physical activity questionnaire) was 83% of the total 

population (16,966 of 19,586). 

The HUNT -1 study consisted of two questionnaires and a physical 

examination. The first questionnaire was mailed to the participants together 

with the study invitation. The second questionnaire, requesting information on 

physical activity, was handed out during the physical examination and asked 

to be returned by mail. This questionnaire is shown in Paper III. Through the 

physical activity questionnaire the participants were asked how many times 

per week on average they were physically active. Those active once a week or 

more were further asked about the average intensity and duration per session. 

The data from HUNT-I was linked to data in the Medical Birth Registry of 

Norway, which provided information on the women's first birth after their 

participation in the HUNT -1 study. 

6.5 Methodological considerations 

6.5.1 Flow-mediated dilatation 

6.5.1.1 Coding 
Prior to analysis of flow-mediated dilatation in the studies in Papers I and II, 

each brachial artery cine loop was coded. Coding of data, also called 
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reversible anonymisation, or pseudonymisation, involves separating personally 

identifying data but maintaining a link between them through an arbitrary 

code, or key (243, 244). This key is stored separately and securely, but allows 

the data to be re-identified under certain circumstances. 

In the studies in Papers I and II, each single image cine loop was extracted 

from its examination file and given such an arbitrary code as its file name, a 

five-digit number created by the random-function in Microsoft Excel 

(Microsoft Corporation Inc., Redmond, USA). The code was kept for re­

identification after analysis. This procedure ensured that the observers were 

unaware of subject identity, day of acquisition, and whether it was a recording 

at baseline or in the dilated state. The image loops were also randomly 

intermingled prior to analysis, which ensured that the analysis of one image 

loop would not be affected by the analysis of the preceding loop. 

6.5.1.2 Cuff occlusion position 

In the guidelines by Corretti et al. (231 ), the positioning of the occluding cuff 

was suggested to be either proximal or distal to the ultrasound transducer. In 

our studies, the proximal occlusion position was chosen. The character of the 

dilatation response differs after proximal and distal occlusions. After proximal 

occlusion, the dilatation response is greater (245-248), the peak dilatation 

occurs later (245, 247), and the dilatation is more prolonged (245, 247, 249). 

A proximal cuff occlusion position is no longer recommended, as it was 

shown that the dilatation response after proximal occlusion was only partly 

nitric oxide dependent. After inhibiting the nitric oxide synthesis, the 

dilatation response after proximal occlusion was reduced by 50%, whereas the 

dilatation response after distal occlusion was completely abolished (246). 

Impaired flow-mediated dilatation after both proximal and distal occlusion 

has, however, been shown to be linked to cardiovascular risk factors to a 

similar degree (250), and flow-mediated dilatation has been reported to be an 
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independent predictor of long-term cardiovascular events, both when assessed 

by proximal occlusion (24, 25) and by distal occlusion (22, 23, 26). Thus, it 

seems as if both the occlusion positions yield results of equal clinical 

relevance. However, since the distal approach is now regarded to be the 

method of choice, and since the mediator-mechanisms responsible for the 

dilatation following distal occlusion are better described, it would certainly 

have been advantageous to have applied the distal occlusion approach in our 

study. 

6.5.1.3 Adjusting for shear stress 

Another more recent update regarding the method of assessing flow-mediated 

dilatation involves an adjustment for the magnitude of the shear stimulus 

(shear rate) (12). Shear rate is calculated by eight times the mean blood 

velocity/inner diameter if a large, centred sample volume is used to measure 

blood velocity with Doppler ultrasound, and by four times the mean blood 

velocity/inner diameter if a small centred sample volume is used (12). The two 

different equations are due to the parabolic velocity profiles of the blood flow 

in the artery, with lower velocities against the vessel wall and higher velocities 

in the centre of the artery, and reflect a source of inaccuracy in the calculation 

of shear stress. 

Another problem encountered when measuring blood velocities in the brachial 

artery for the calculation of shear stress, is the insonation angle of the 

ultrasound wave. Since the brachial artery runs parallel to the skin at a 90 

degree angle to the propagation direction of the ultrasound wave, the artery is 

optimal for good quality two-dimensional images, as the ultrasound wave will 

be directly reflected by the vessel walls. However, a 90 degree angle of the 

artery represent the least favorable angle for velocity recordings. The blood 

velocity is calculated from the Doppler shift, which is the change in frequency 

of the received ultrasound wave as compared to the transmitted wave. The 

Doppler shift is proportional to the vector component of the blood velocity 

parallel to the propagation direction of the ultrasound wave. Hence, to find the 
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blood velocity, the Doppler shift is multiplied by the cosine of the angle 

between the blood velocity vector and the propagation direction of the 

ultrasound wave, which is zero when this angle is of 90 degrees. Small 

changes in the insonation angle will produce large changes in the measured 

velocity, especially when the angle exceeds 60 degrees (60-120 degrees) (12). 

By steering the angle of the ultrasound wave used for Doppler shift recordings 

in the brachial atiery, an angle of 60 degrees can be achieved. A 60 degree 

angle is, however, only considered to be the 'best of the worst' angles (12). 

6.5.2 Echocardiography 

An angle deviation of 30 degrees between the ultrasound beam and the plane 

of the cardiac movement was allowed in our analysis of tissue Doppler 

images, higher than the maximum angle of 20 degrees recommended by the 

American Society of Echocardiography (251 ). An angle deviation of 30 

degrees would lead to a 13% underestimation of the cardiac velocity, 

compared to the 6% underestimation of a 20 degree angle deviation. We 

considered the higher level of acceptance of angle deviation appropriate, as in 

our study we were not interested in individual values, but rather in group 

means, and as we have no reason to believe that the angle deviation was 

different between the groups The standard deviations of our tissue Doppler 

indices approximated the standard deviations of the reference values in a 

healthy population of women <40 years (234), which shows that our level of 

acceptance of 30 degrees did not lead to higher variability in our data. 

We did not measure the pulmonary vein blood flow velocity, which, if 

measured, probably would have added information regarding the filling 

pressure of the left ventricle in our study. However, the pulmonary vein blood 

flow velocities, like the mitral inflow velocities, are of the highest value when 

the ejection fraction is reduced (252), which was not the case in the women 

included in our study. 
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As the uterus enlarges during pregnancy, the diaphragm becomes elevated. 

This causes the heart to be displaced upward and somewhat to the left with 

rotation on its long axis. The cardiac displacement during pregnancy may have 

affected the echocardiographic indices in our study. We have no reason to 

believe that the displacement was different in the women with preeclampsia as 

compared to the women with normal pregnancy. However, the displacement 

should be taken into account when interpreting the within-group differences 

between the values obtained during pregnancy and after delivery. 

6.5.3 HUNT -1 and the Medical Birth Registry of Norway 

6.5.3.1 Self-reported physical activity 

In the study in Paper III, self-reported physical activity was linked to the risk 

of preeclampsia. The level of self-reported physical activity does not 

necessarily correlate with the physiological changes of physical activity, e.g. 

endothelial function. Self-reported physical activity is, however, a cost­

effective means of measuring physical activity, and is widely used in 

epidemiological studies. 

The physical activity questionnaire in HUNT -l was validated by Kurtze et a!. 

(253), who found a moderate, significant conelation between the responses 

and the maximal oxygen uptake (r=0.48). The validation study was performed 

only one week after the participation in HUNT -1, and it is a moot point 

whether the results were still valid years after HUNT -1. Kurtze et a!. did not 

include women in their study. Wisloff et a!., however, performed another 

validation study of the physical activity questionnaire from HUNT -1, 

including women (215), and found no differences by sex in the reported 

physical activity intensity relative to the maximal oxygen uptake (215). 
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6.5.3.2 Time interval between the participation in HUNT-I and the index 
birth 

One of the inclusion criteria in our study was that the index birth should occur 

at least nine months after the participation in HUNT -1, to ensure that women 

pregnant at the time of participation in the baseline study were excluded. Only 

inhabitants of twenty years or more were invited to HUNT-1. A maximum 

maternal age of 40-45 years was expected, and the largest interval from the 

baseline study to the index birth would therefore be of 20-25 years. However, 

the mean interval was expected to be shorter, since the highest frequency of 

births in Nord-Trondelag 1984-1988 and 1990-1998 occured in the maternal 

age-group 25-29 years (254). The interval between the women's participation 

in HUNT -1 and the index birth represents a limitation in our study, smce 

physical activity habits may change over time. 

6.5.3.3 Misclassijication 
All births occurring in Norway are registered in the Medical Birth Registry of 

Norway, by the mandatory reports from the maternity institutions. We did not 

check the medical charts of the women included, and misclassification of 

preeclampsia may have occurred. 

6. 6 Statistics 

6.6.1 REML 

The method of restricted (or residual) max1mum likelihood estimation 

(REML), a technique for estimating variance components in multi-classified 

data, was used in the study of Paper I. The classes defined in our study were 

observer (different persons analysing the ultrasound images), day, and subject. 

These were considered to be independent random factors contributing to the 

total variance of the outcome variables. The resulting variance component 

model can be summarised as 

where y is the outcome variable of interest, subj is subject, day is day and obs 

is observer. The final component, res, denotes the residual or intraobserver 
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vanance, and represented the vanance that could not be accounted for 

otherwise. The variance components were estimated hierarchically, as 

observer within day within patient, by the method of REML. A figure showing 

the study design is given in Paper I. 

6.6.2 Coefficient of variation 

The coefficient of variation (CV) was calculated in Paper I. The standard 

deviations of the differences between the measurements by the same observer, 

the different observers, the different days, and the different patients were 

found and divided by the respective means and multiplied by 100%. 

CV =(standard deviation I mean) x 100% 

6.6.3 Paired t-test 

In the study in Paper II, the paired Student's t-test was used in our statistical 

calculations. In the paired Student's t-test, the difference between the 

observations is calculated for each pair, and the null-hypothesis tested is that 

the difference between each pair is zero. The paired test was chosen in 

accordance with our inclusion design, where each woman with preeclampsia 

was matched with a woman with normal pregnancy of similar gestational age. 

A significance level (a) of0.05 and a two-sided test were chosen. 

6.6.4 Odds ratio and logistic regression 

In the study in Paper III, the outcome variable was a dichotomous categorical 

variable, as it had only two possible values, 'preeclampsia' (coded 1) and 'not 

preeclampsia' (coded 0). Linear regression would in this case be inadequate, 

since by this method the predicted variable could obtain values below 0, 

decimal values, or values exceeding 1, which in our case would be 

uninterpretable. Logistic regression analysis can handle categorical outcome 

variables, since the outcome variable is not modelled directly, but instead, the 

probability of a specific Y-value is estimated. Since our outcome variable was 

dichotomous, we used binary logistic regression. Logistic regression is also 

available for covariate adjustments. 
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6.6.5 Sample size 

Sample size is estimated to ensure adequate statistical power of a study, i.e. 

the probability that the test will reject a false null hypothesis. The estimation 

of the sample size in the study in Paper II was based on estimates of the 

outcome variables, i.e. the mitral annular tissue velocities ( e' and S '), the ratio 

of early diastolic mitral inflow velocity and early diastolic tissue Doppler 

(E/e'), and flow-mediated dilatation. With a two-sided test with a significance 

level (a) of 0.05 and a power (1-~) of 0.8, the equation used to estimate 

sample size was: 

where n is the number needed in each group, sd is the estimated standard 

deviation, Jlrflz is the estimated difference between the group means (255). 

When we planned our study, to our knowledge no other studies had estimated 

left ventricular function in preeclampsia by tissue Doppler imaging. In our 

estimations of sample size we therefore applied the standard deviations of e' 

and S' reported by Alam et a!. in healthy subjects < 40 years of age, which 

were 2.4 cm/s and 1.4 crn/s, respectively (256), and the standard deviation of 

E/e' reported by Mungala eta!. in healthy subjects 40-49 years of age, which 

ranged from 1.38 in the lateral position of the mitral annular ring, to 2.14 in 

the septal position (257). The estimated difference between the groups was 

suggested to be 3 crn/s for e' and S' and 3 for E/e'. To calculate the sample 

size needed to yield statistical power adequate enough to find statistical 

differences in flow-mediated dilatation between the groups, we applied the 

standard deviation of flow-mediated dilatation which we found in the study in 

Paper I. The difference in mean between the groups was estimated by 

averaging the mean differences reported in four previous studies (13 8-141 ), 

resulting in an average difference of 6.8%. Our calculations yielded an 

estimated number of women needed in each group ranging from five to 17 

across the outcome variables, when rounded off upwards to the nearest whole 

40 



number (Table 1). Twenty-three women were finally included in our study, to 

ensure adequate statistical power in case of drop-outs. 

Table 1. Sample size estimation in the study in Paper II. 

sd 
e' 2.4 
E/e' 1.38-2.14 
S' 1.4 
FMD 6.8 

3 
3 
3 

6.8 

n (each group) 
12 

5-l 0 
17 
17 

As we applied the paired t-test in our analyses, the mean difference between 

the matched pairs should have been used in our estimation of sample size, 

instead of the difference in group means; and the standard deviation of the 

differences instead of the standard deviations of group means. Since these 

values were difficult to estimate, estimators based on group means were 

applied as an approximation. The paired t-test generally has higher statistical 

power than the independent t-test, implying that this modification would lead 

to a slight overestimation of sample size in our study. 

6. 7 Ethical considerations 

The studies were performed m accordance with the World Medical 

Association's Declaration of Helsinki, Ethical Principles for Medical 

Research Involving Human Subjects, and approved by the Regional Committee 

for Medical Research Ethics, Mid-Norway. Written informed consent was 

obtained from the study participants at the study entry in the studies in Paper I 

and Paper II. In the study in Paper III we used data from the HUNT -1 study, 

which was collected between 1984 and 1986, at a time before written 

informed consent was generally required in medical research in Norway (the 

Regional Committees for Medical Research Ethics, Norway, were officially 

appointed in 1985). In the HUNT-1 study, the study subjects were informed 

about the study through the invitation which was sent out by mail, and the act 

of showing up at the study centres was regarded as an indication of the study 

subject's consent to participate. 
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The method of measuring flow-mediated dilatation involves some discomfort 

during the five minutes of cuff occlusion when blood flow to the forearm and 

the hand is arrested. The study subjects were informed about this discomfort 

prior to study entry, and were notified about their right to withdraw from the 

study at any time, also during the examination. 

The women with preeclampsia were included after their admission to hospital, 

which may have rendered it difficult for them to refuse to join our study. We 

tried to balance this by underlining the fact that participation in our study was 

entirely voluntary, and not a part of their medical treatment. We also made it 

clear that whether they chose to participate or not would not affect the medical 

treatment or care which they would be given. Those preeclamptic women who 

were interested in participating were given at least an hour to read the 

information letter and to consider their decision, before they were asked 

whether they wanted to be included in our study. The women with normal 

pregnancy interested in participating received an information letter from their 

midwife and were contacted by us after a couple of days. 

In the study in Paper II, the data from the HUNT -1 study were correlated with 

data in the Medical Birth Registry ofNorway. The linkage was performed by 

the HUNT administration, and only un-identifiable data were present in the 

file that we were given in hand. 
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7 Summary of results 

7.1 Paper I 

Repeated image analyses improve accuracy in assessing arterial flow­

mediated dilatation 

The relative proportional contributions to the total variance (defined as 1.00) 

from the different variance components intraobserver, interobserver, 

interpatient and interday were as follows: 0.41 from intraobserver variance, 

0.18 from interobserver variance, 0.25 from interpatient variance and 0.15 

from interday variance. Hence, the major source of variability in the 

assessment of flow-mediated dilatation of the brachial artery in our study was 

intraobserver variability. This implies that the total variance will be 

substantially reduced by repeating image analysis. 

7.2 Paper II 

Left ventricular and endothelial functions in preeclampsia 

Our results suggest reduced diastolic function, with pseudonormalisation and 

increased filling pressures in preeclampsia. We found a lower early diastolic 

mitral annular velocity, e', and a higher ratio of early diastolic mitral inflow 

velocity and early diastolic mitral annular velocity (E/e '). Early diastolic 

mitral inflow velocity (E) was similar between the groups, whereas late 

diastolic mitral inflow velocity (A) was higher in the preeclampsia group 

during pregnancy. The ratio of early and late mitral inflow velocities (E/ A), 

the isovolumetric relaxation time and the E-deceleration time were similar 

between the groups. Systolic function was found to be relatively impaired in 

the preeclampsia group, since a pregnancy-related increase in peak contraction 

velocity (S ') found in normal pregnancy was not present in preeclampsia. Both 

diastolic and systolic functions normalised three months after delivery. 

The flow-mediated dilatation was similar in the preeclampsia group and the 

normal pregnancy group during pregnancy, although a tendency towards lower 
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values in the preeclampsia group was found. Three months after delivery, the 

flow-mediated dilatation was significantly impaired in the preeclampsia group 

as compared to the normal pregnancy group. The preeclampsia group had 

larger brachial arterial diameter than the normal pregnancy group during 

pregnancy, but there were no differences in artery size between the groups 

after delivery. 

7.3 Paper III 

Pre-pregnancy physical activity and preeclampsia risk: a prospective 

population-based cohort study 

Overall, we found no link between preeclampsia and pre-pregnancy physical 

activity. Only among the women active 120 min per week or more a non­

significant tendency of reduced risk was found. 
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8 Results and discussion 

8.1 Variability in the method of assessing flow-mediated 

dilatation 

The greatest contributor to the variability of the method of assessing flow­

mediated dilatation in the brachial artery by high-resolution ultrasound was 

found to be the intraobserver variability, accounting for a proportion of 0.41 of 

the total variance (total variance defined as 1.00). The simplest way to reduce 

intraobserver variability effectively is for the observer to average the results 

from repeated image analyses. If three repetitions of image analyses are 

performed, the total variance will be reduced by 30%. 

Automatic edge-detection software may render lower variability than the 

manual placement of electronic callipers. Woodman et al. found substantially 

lower intraobserver variability when using automatic edge-detection software 

compared with the manual placement of callipers (coefficient of variation 

6.7% versus 24.8%) (258). However, considerable intraobserver variability 

has also been reported in studies where automatic edge-detection software has 

been used (coefficient of variation 44.7% (259)), showing that this alone does 

not solve the problem of the high variability of the method. It has been 

suggested that automatic edge-detection software renders more objective 

diameter measurements (12), but the most commonly used software program, 

Vascular Research Tools 5 (Medical Imaging Application, LLC, Iowa City, 

IA, USA (12, 260)), is only semi-automatic, as both the location and the size 

of the region of interest (the region where the software program detects the 

vascular wall) are determined by the user. The suggested vessel borders must 

also be manually approved. An advantage of the automatic edge-detection 

software is that it renders a less time-consuming analysis process, which 

facilitates the implementation of the repeated image analyses. Furthermore, by 

edge-detection software, the vessel is measured multiple times along the 
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picture frame, presumably yielding a more representative value of the artery 

diameter. Another advantage of the edge-detection software is that continuous 

artery diameters can be measured over a time period after cuff release, 

provided that the artery is also depicted continuously. The true peak diameter 

can thereby be assessed, as well as the time to peak, which may be of clinical 

significance (261 ). 

In our study, we provided objectivity of our diameter measurements by the 

coding of each single cine loop of the brachial artery images prior to analyses. 

We thereby ensured that the analyser was unaware of the vessel state during 

analyses, i.e. whether it was an image acquired at baseline or in the dilatated 

state, and of the study subject identity. Since the image loops were randomly 

intermingled we also ensured that the diameter measured at one point in time 

was unaffected by the preceding measurement within the same study subject. 

The process of coding was, however, time-consuming and is not a standard 

procedure. 

Not surprisingly, the frequency of image acquisition seemed to be of 

importance to the variability of the method. High frequency yields short wave­

length of the ultrasound wave (c=.fxA.; c, speed of sound transmission in tissue; 

f, frequency; A., wavelength), which improves the radial resolution (i.e. 

resolution along the beam). We used a probe with a frequency of 14 MHz in 

our study. The use of high frequency probes (> 10 MHz) characterizes the 

studies reporting intraobserver variability similar to or lower than ours (258). 

Interobserver variability also contributed considerably to the total variability 

in our study, with a proportional contribution of 0.18. This implies that the 

analysis should preferably be performed by one single observer. 

Unfortunately, we did not include a sufficient number of study subjects to 

allow for the assessment of gender-specific variability. This would have been 

46 



interesting, since it has been shown that women have greater flow-mediated 

dilatation than men of similar age (262-265). The larger dilatation response in 

women has been suggested by some investigators to reflect a positive effect of 

estrogen on endothelial function (265). Others have, however, suggested that 

the increased flow-mediated dilatation in women simply reflects smaller 

arteries (262-264), It has been argued that the larger dilatation in smaller 

arteries is due to the fact that smaller arteries are exposed to a greater shear 

stress stimulus by virtue of their size (266-268). However, as increased 

dilatation in smaller arteries has also been observed after the administration of 

glyceryl trinitrate (269), which is not mediated by shear stress, also other 

factors are probably involved in the larger dilatation in smaller arteries. 

High overall variability of the method of assessing flow-mediated dilatation in 

the brachial artery was found in our study, with a coefficient of variation of 

22% of the percentage dilatation measured in the same patient on two 

consecutive days (interday variability). This implies that the method is not an 

appropriate tool for the clinical setting. For research purposes, where groups 

are compared, it may, however, add valuable information. 

The methodological study in Paper I was not performed in pregnant women, 

although this would have been valuable to us in the planning of the study in 

Paper II. The reason for this was that our results were intended to be applied in 

the planning of several other studies in our research group, the majority of 

which involve the endothelial response to physical exercise, where pregnant 

women are not in the target group. Nevertheless, according to our findings, 

improvements were made in our protocol of measuring flow-mediated 

dilatation in women with preeclampsia and normal pregnancy. Image analysis 

was performed by one single observer, and was repeated three times. The 

standard deviation found in the methodological study was also applied in our 

calculation of sample size in the study in Paper II. 
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8.2 Flow-mediated dilatation in preeclampsia 

The endothelial function, measured by flow-mediated dilatation, was not 

significantly lower in the preeclampsia group as compared to the normal 

pregnancy group during pregnancy in our study, although a tendency towards 

lower levels was found (Figure 4(a)). This contrasts with previous reports, 

where lower flow-mediated dilatation in preeclampsia has been shown (138-

141 ). Three months after delivery the flow-mediated dilatation was 

significantly lower in the preeclampsia group in our study (Figure 4(b )), in 

line with previous reports ( 149-151 ). 
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Figure 4 Flow-mediated dilatation (FMD) in women with normal pregnancy (T) and in women with 
preeclampsia (•). (a), during pregnancy; (b), post parium.*, p<0.05. 

As can be seen from Figure 4(a), the flow-mediated dilatation-time curve 

seemed to be less dynamic in the preeclampsia group during pregnancy, with 

no clear peak, but rather a prolonged maximum dilatation. After delivery, the 

shape of the curve had normalised, but the magnitude of the response was still 

lower (Figure 4(b)). The early peak in flow-mediated dilatation has been 

suggested to be mainly nitric oxide-mediated, whereas other mechanisms are 

thought to be recruited as the dilatation process is prolonged (268). The 

missing early peak in the preeclampsia group may thus be due to reduced 

nitric oxide production, or to reduced nitric oxide bioavailability. As 

mentioned above, there is some debate as to whether the nitric oxide 

production is reduced during preeclampsia (1 05-111 ). 
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Changes in flow-mediated dilatation dynamics have previously been reported 

in elderly (261) by Black et al., who speculated as to whether smooth muscle 

cell responsiveness, free radical production or changes in mechanical 

properties in the vascular wall could explain their findings (261). Disrupted 

vascular smooth muscle function in preeclampsia has previously been 

suggested by in vitro studies (270, 271 ). Van Wijk et al. showed that calcium 

sensitivity was significantly increased in vascular smooth muscle cells of 

subcutaneous vessels from women with preeclampsia (271 ), and 

Wismalasundera et al. reported a reduced rate of relaxation and a decline in 

intracellular calcium in resistance arteries from women with preeclampsia 

which was still present after the endothelium had been removed (270). The 

reduced rate of relaxation was suggested to be due to the decreased activity of 

the plasma membrane calcium ATP-ase (PMCA), responsible for 

mitochondrial uptake and cellular efflux of calcium (270). By measuring 

endothelial-independent dilatation, the confounding effect of vascular smooth 

muscle dysfunction on flow-mediated dilatation can be tested. However, 

endothelial-independent vasodilatation is generally not measured during 

pregnancy, and vascular dysfunction has not been controlled for in studies 

measuring flow-mediated dilatation in preeclampsia. 

The lack of a statistically significant difference in flow-mediated dilatation 

between the groups during pregnancy in our study may have been caused by 

an inadequate sample size. In our calculation of sample size in the planning of 

our study, we applied the standard deviation of flow-mediated dilatation found 

in the methodological study in Paper I, of 6.8%, which turned out to be 

adequate, since the standard deviations of the group means in the study in 

Paper II ranged from 4.4% to 7.7% across the measurements performed at the 

different points in time after cuff deflation (0.5, 1, 1.5, 2, 3, 4, and 5 minutes). 

The difference between the group means, however, turned out to be smaller 

than estimated. In our a priori calculation of sample size we applied the 
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averaged difference between group means reported in four previous studies 

(6.8%). This turned out to be an overestimation, since the maximum difference 

in flow-mediated dilatation found between groups in our study was 4.5% 

during pregnancy and 5.5% after delivery. Approximately 38 women in each 

group would have been needed to yield adequate statistical power to prove 

such a difference. 

Fmihermore, in contrast to the studies referred to (138-141 ), we chose to 

explore our data by means of the paired t-test, due to the matched design of 

our study. The matched design was chosen as it was assumed that the 

haemodynamic changes within the groups throughout gestation would be 

greater than the differences found between the matched pairs of similar 

gestational age. This turned out not to be the case regarding flow-mediated 

dilation, where the mean standard deviation of the matched pairs was found to 

be larger than the standard deviation of the group means, resulting in less 

statistical power for the paired t-test compared to the independent t-test. In 

supplementary analyses by means of the independent t-test, a statistically 

significant lower flow-mediated dilation in the preeclampsia group during 

pregnancy was found also in our material, The results regarding the left 

ventricular function were similar both when the paired t-test and the 

independent t-test were applied, suggesting that the pregnancy-related changes 

in left ventricular function were more gestational age-dependent than the 

changes in the flow-mediated dilation. 

Another issue which may have caused incongruous results in our study as 

compared to those previously reported, are differences in the study 

populations. While age and blood pressure were comparable in our study and 

in the previous ones, the ethnicity of the populations studied differed. In three 

of the studies reporting lower flow-mediated dilatation in preeclampsia, 

Japanese women were examined (139-141). Preeclampsia in Japanese women 

(272), but not in Indian (1 05), or American white and Hispanic women (273), 
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has been found to be associated with a gene variant with a polymorphism at 

position 298 (Glu298Asp) of the endothelial nitric oxide synthase gene. This 

gene variant has been reported to be associated with altered nitric oxide 

production (274), and has also been reported to be associated with lower flow­

mediated dilatation in pregnancy (275). Thus, the association of flow­

mediated dilatation and preeclampsia may differ between different ethnic 

groups. 

The standard deviation of the mean flow-mediated dilatation in the 

preeclampsia group in our study was considerably higher than in the studies 

referred to (6.8% versus range 1.16% to 3.8%) (138-141). The reason for this 

may be the coding of the image loops, which we performed prior to analyses, 

and the fact that the image-loops from the study subjects were randomly 

intermingled during analysis. Even though the coding of the images resulted in 

higher variability in our study, we consider this process to be one of the 

strengths of our study, ensuring a more unbiased result. The proximal cuff 

occlusion position, the frequency applied, the handheld transducer and the 

manual placement of electronic callipers in our study cannot, however, explain 

the higher variability as compared to others, since these methodological 

approaches did not differ across the studies (138, 140, 141). 

We found a larger brachial artery in the preeclampsia group than in the normal 

pregnancy group during pregnancy, in accordance with a previous report 

(140). Larger brachial artery diameter has been shown to be an independent 

predictor of cardiovascular events in both women and men (21 ), and it might 

be suspected that larger brachial artery diameter is part of a cardiovascular risk 

profile found in non-pregnant women, increasing their risk of both 

preeclampsia and cardiovascular disease. The brachial artery diameter was, 

however, similar between the groups three months after delivery in our study, 

and it seems unlikely that the larger diameter was present before pregnancy in 

the preeclampsia group. Rather, the diameter seems to have been affected by 
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the condition of preeclampsia. Savvidou et al. showed that the brachial artery 

diameter is increased after the 30th week in normal pregnancy as compared to 

non-pregnant women, and suggested that this may be due to increased blood 

flow in pregnancy, with following increased shear stress leading to a greater 

stimulus of the endothelial cells which causes the release of nitric oxide 

producing vasodilatation (137). Unfortunately, we did not measure blood flow 

velocity in the brachial artery and could not determine whether the flow was 

higher in the preeclampsia group as compared to the normal pregnancy group. 

Lower flow-mediated dilatation is generally found in larger brachial arteries 

(269, 276). This may partly be due to the fact that the flow-mediated dilatation 

is calculated by dividing the dilatation in absolute values by the baseline 

brachial artery diameter. As discussed above, it has also been argued that the 

lower percentage dilatation in larger arteries is, at least partly, due to lesser 

shear stress in larger vessels (266-268), underlining the importance of 

adjusting for shear stress ( 12), especially when comparing study samples with 

differences in artery diameter between the groups. Since the blood flow 

velocity in the brachial artery was not measured in our study, we could not 

adjust our data for shear stress. However, adjusting for shear stress 

presumably would have resulted in higher flow-mediated dilatation in the 

preeclampsia group during pregnancy, and thereby a lesser difference between 

the groups, since the preeclampsia group had larger arteries than the normal 

pregnancy group during pregnancy. 

The impairment in endothelial function postpartum (Figure 4(b)) is supported 

by other studies, where lower flow-mediated dilatation has been reported years 

after preeclamptic pregnancies (149-151 ). The impaired flow-mediated 

dilatation in women with a history of preeclampsia shows that reduced flow­

mediated dilatation is not only a marker of, or influenced by, preeclampsia. 

Reduced flow-mediated dilatation may have been present even before 
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pregnancy m women who develop preeclampsia. Prospective studies are 

needed to investigate this issue. 

8.3 Left ventricular function in preeclampsia 

Both diastolic and systolic left ventricular functions, measured by tissue 

Doppler imaging, were impaired in preeclampsia (Figure 5). Three months 

after delivery the left ventricular function had normalised. 
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Figure 5. Left ventricular tissue Doppler-based function indices during pregnancy and post partum in 
women with preeclampsia (•) and in women with normal pregnancy (l'). The bars represent standard 
deviations. Graph (a) shows the early diastolic mitral annular velocity (e'), (b) the ratio of the early 
diastolic mitral inflow velocity and the early diastolic mitral annular velocity (E/e'), and (c) the peak 
systolic mitral annular velocity (S '). *, p<O.OS; **, p<O.OOS. 

A lower early diastolic mitral annular tissue Doppler ( e') was found in the 

preeclampsia group than in the normal pregnancy group, which means that the 

relaxation of the left ventricle during early diastole was slower in 

preeclampsia. The normal range of e' in non-pregnant women <40 years of 
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age is 10.0-19.2 cm/s (234). The mean value of e' in the preeclampsia group 

was 10.4 cm/s, i.e. just within normal values of the non-pregnant. However, as 

many as eight out of 20 preeclamptic women had e'-values lower than 10 

cm/s, whereas only one woman in the normal pregnancy group had an e' -value 

lower than 10 cm/s in our study. 

A correlation between e' and S' was found in our material, both in the 

preeclampsia and in the normal pregnancy groups (Pearson's coefficient of 

correlation 0.74, p<O.OOl and 0.63, p=0.005, respectively), showing the close 

relationship between diastolic and systolic function. We found no correlation 

between e' and systolic or diastolic blood pressure, or left ventricular wall 

thickness in our material. 

Our study supports the view that preeclampsia is a condition of elevated filling 

pressures compared to normal pregnancy, as previously suggested by Rafik­

Hamad et al. (192). The ratio of the early diastolic mitral inflow velocity and 

the early diastolic mitral annular tissue velocity (E/e') was found to be 

increased in preeclampsia as compared to normal pregnancy. This was mainly 

due to the increase in the early diastolic mitral annular tissue velocity (e'), 

since the increase in the early diastolic mitral inflow velocity (E) was only 

borderline significant. The mean ratio of the early diastolic and the late 

diastolic mitral inflow velocities (E/ A) was similar between the groups, 

although there was a non-significant tendency towards lower values in 

preeclampsia. Since the isovolumetric relaxation time and the E-deceleration 

time were similar between the groups, pseudonmmalisation was indicated. 

Unfortunately, we did not measure the pulmonary vein flow velocities, which 

might have added information regarding the filling pressure. 

Although we observed significant differences in the E/e' between the groups, 

the increased E/septal-e' in the preeclampsia group of 9.8±2.1 was not within 

the range indicative of pathologically-elevated filling pressures suggested by 
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Ommen et al. (> 15) ( 45). The study population examined by Ommen et al. 

was not pregnant, had a mean age of 61 years, and only 39% were women, and 

is therefore not directly comparable to our study population. (For comparison, 

the E/septal-e' in the normal pregnancy group was 6.8±1.9, and the difference 

between the groups was highly significant, p=O.OO 1.) 

A relative impairment in systolic function during preeclampsia was found in 

our study. In the normal pregnancy group, elevated peak systolic mitral 

annular velocity (S ') was found during pregnancy as compared to the values 

after delivery, according to previous reports (182, 277). No such pregnancy­

related increase in peak systolic mitral annular tissue Doppler was found in the 

preeclampsia group. Correspondingly, pregnancy-related increases were not 

found among the other systolic function indices measured, i.e. the ejection 

fraction and the mitral annular excursion. It has, however, been shown that the 

peak systolic mitral annular tissue Doppler provides a more accurate measure 

of global left ventricular contractility than the ejection fraction (241 ). No 

correlation was found between S' and flow-mediated dilatation, or systolic or 

diastolic blood pressures. Peak systolic mitral annular velocity was, however, 

found to be negatively correlated with brachial artery diameter in the 

preeclampsia group, but not in the normal pregnancy group (Pearson's 

coefficient of correlation, preeclampsia, -0.58, p = 0.02). 

We found a tendency towards left ventricular hypertrophy (increased left 

ventricular wall thickness) during pregnancy in the preeclampsia group, 

although this was not statistically significant. Increased left ventricular wall 

thickness has been reported up to one year postpartum after preeclampsia (93, 

185) suggesting persistent hypertrophy. Our study did, however, not confirm 

this. In a within-group analysis, we found that the wall thickness had 

decreased significantly in the preeclampsia group post partum compared to the 

values during pregnancy, a finding which rather indicates reversible 

hypertrophy in preeclampsia. 

55 



The stroke volume and the cardiac output were similar in the preeclampsia 

group and the normal pregnancy group during pregnancy in our study. Both 

higher (185) and lower (193) stroke volume has previously been reported in 

preeclampsia, but in neither of these studies were the cases and the controls 

matched for gestational age. Higher cardiac output in the preclinical phase of 

preeclampsia has previously been reported in two large longitudinal cohort 

studies (188, 278). In one of these, a cross-over to lower cardiac output in the 

preeclamptic group was found in week 36 (188), as mentioned above. As the 

cardiac output was measured at the time of diagnosis in our study, our values 

may correspond to the time of cross-over. 

The stroke volume and the cardiac output may differ among subgroups of 

preeclampsia. Lower stroke volume may be associated with foetal growth 

restriction (IUGR, intrauterine growth restriction) in normotensive women 

(279), also found in the preclinical phase of preeclampsia (187). Even though 

only two women in the preeclampsia group in our study delivered babies who 

were small for gestational age, a tendency towards lower stroke volume in 

these women compared to their normal pregnant controls was found in our 

material, whereas a tendency towards higher stroke volume as compared to 

normal pregnancy was found in the remaining preelamptic women. 

The time of preeclampsia onset has also been suggested to be linked to 

differences in stroke volume and cardiac output. Valensise et al. reported 

larger stroke volume, larger cardiac output and higher heart rate in the 

preclinical phase of late-onset preeclampsia, whereas in the preclinical phase 

of early-onset preeclampsia, these indices were lower than in normal 

pregnancy (93). The same tendency towards larger stroke volume in late-onset 

preeclampsia and smaller stroke volume in early-onset preeclampsia were 

found in our material, although not statistically significant, due to inadequate 

56 



sample size for such sub-analyses, as only eight women had preeclampsia of 

early onset in our study. 

The stroke volume was found to be higher three months after delivery in the 

preeclampsia group in our study, in accordance with a previous report (185). 

However, since the velocity time-integral of blood flow in the left ventricular 

outlet tract (L VOT VTI) was similar between the groups, this higher Doppler­

derived stroke volume was simply due to the larger left ventricular outlet tract 

diameter in the preeclampsia group after delivery. The left ventricular outlet 

tract diameter was similar between the groups during pregnancy, and we 

suspect the larger diameter after delivery to represent a chance finding. The 

stroke volume based on the two-dimensional recordings, showed no difference 

between the groups after delivery. 

Although endothelial and left ventricular functions are known to change with 

age (280-284), maternal age was not chosen as a matching variable in our 

study. Since preeclampsia is more common among women with higher 

maternal age, age-dependent matching might have been appropriate (58). 

When planning our study we considered it likely that the age-related changes 

in endothelial and left ventricular functions in women over 18 years of age 

(defined as inclusion criterion), but within the reproductive range, would not 

be of clinical significance. 

We did neither match our cases and controls by body mass index. The 

accuracy of two-dimensional echocardiography has been shown to be reduced 

when body mass index exceeds 25 kg/m2 (285), presumaby due to increased 

signal attenuation caused by a greater distance to the heart from the 

transducer, and by increased scatter due to inhomogeneous fat-containing 

tissue. The body mass index was higher in the preeclampsia group than in the 

control group during pregnancy, which may have affected our results. 

However, since a causal relationship between aspects associated with high 
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body mass index and preeclampsia cannot be disregarded (e.g. insulin 

resistance or other metabolic disturbances), we chose not to match our controls 

with the cases by body mass index. 

A longer interval than three months after delivery in our post partum 

examination would have been advantageous, as the vascular changes probably 

had not resumed baseline levels at that time (180). The values of the tissue 

Doppler indices at our post partum examination were, however, similar to the 

normal values given in women <40 years in the publication by Dalen et al. 

(234). 

In future studies it would be interesting to investigate whether impairments in 

endothelial function and left ventricular function are present prior to 

pregnancy in women who later develop preeclampsia. It would also be 

interesting to investigate whether the reduced flow-mediated dilatation and the 

changed flow-dynamics are related to the time of onset of preeclampsia or the 

growth of the foetus in a longitudinal study, with the first measurements 

performed before pregnancy. 

8.4 Pre-pregnancy physical activity and preeclampsia 

In contrast to what we expected, women physically active prior to pregnancy 

were not at reduced risk of developing preeclampsia. Overall, we found no 

link between physical activity and preeclampsia risk. 

No significant dose-response relationship between physical activity and 

preeclampsia risk was found in our study, in accordance with previous reports 

(50, 220). Only among women with the highest duration of physical activity 

(> 120 min a week), a non-significant tendency towards a lower risk of 

preeclampsia was found. Such tendency was also reported in a recent study by 

Hegaard et al. in their 'moderate-to-high' physical activity group (50). Rudra 

et al. reported a significant tendency towards a reduced risk of preeclampsia 
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with increasing perceived exertion (Borg scale), but not with increasing 

duration (220). 

It is possible that the physical activity level given by the women in HUNT -1 

might not still be valid at the time of their index birth years after the baseline 

study. The median time interval from the participation in HUNT -1 and the 

index birth was 3.2 years (range 0.75-20 years). However, our results were not 

affected when adjusted for the time that had elapsed between the baseline 

study and the index birth. 

In the main analysis, we combined the group 'never' physically active with the 

group physically active 'less than once a week', due to the small number in the 

'never' physically active group in our study (n=266). When analysing the risk 

of preeclampsia among those 'never' physically active versus the physically 

active, we surprisingly found a tendency towards a higher risk of preeclampsia 

among the physically active. This finding may be unrelated to physical activity 

and rather due to other factors common to the inactive, since this tendency was 

not supported in our remaining analyses, and since the 'never' active group 

was of such small number. 

When adjusting for smoking the odds ratios were reduced in our study, i.e. the 

risk of preeclampsia was lowered among the physically active. A lower 

proportion of the women physically active (across all levels of physical 

activity, including those physically active 'less than once a week') were 

smoking, compared to those never physically active (40% versus 53%), As 

smoking has been shown to be associated with reduced risk of preeclampsia 

(75, 77, 78, 80), some of the increased risk of preeclampsia in the women 

physically active may be linked to there being a smaller proportion of smokers 

among these women. 
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Adjusting for body mass index had an almost negligible effect on our results; 

only with regard to the intensity of physical activity, a small increase in odds 

ratio was observed. A lack of modification by prepregnancy body mass index 

on the link between physical activity and preeclampsia risk has also been 

reported by others (50). In our study, a lower proportion of women with body 

mass index exceeding 30 kg/m2 participated in high-intensity physical activity 

(1 %compared to 5% and 4% of women with body mass index 30+ kg/m2
, 25-

29 kg/m2 and <25 kg/m2
, respectively). However, it can be questioned whether 

an adjustment for body mass index should have been performed in our 

analyses, since physical activity might reduce the risk of preeclampsia through 

the reduction of body mass index. 

In future studies, it would be interesting to investigate whether high levels of 

maximal oxygen uptake, and whether randomised pre-pregnancy physical 

activity reduce the risk of preeclampsia. 
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9 Conclusions 

We found that the greatest contributor to variability in the method of assessing 

flow-mediated dilatation of the brachial artery was the intraobserver 

variability. This implies that the variability of the method can effectively be 

reduced by repeating image analysis. 

The flow-mediated dilatation was found to be similar in the preeclampsia 

group and the normal pregnancy group during pregnancy. Three months after 

delivery, flow-mediated dilatation was lower in the preeclampsia group. 

Both diastolic and systolic left ventricular functions were reduced during 

preeclampsia, but had normalised three months after delivery. 

Physical activity pnor to pregnancy was found not to reduce the risk of 

preeclampsia in our study. 
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Repeated image analyses improves accuracy in assessing arterial 
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Abstract 
Objectives. A high degree of variability has been reported regarding the ultrasound-based assessment of flow-mediated 
dilatation. We wanted to investigate the variability and find out how it might be reduced most efficiently. Destgn. Brachial 
artery flow-mediated dilatation was measured by high-resolution ultrasound in 22 healthy adults on two consecutive days. 
Two observers analysed all images twice. The total variance was split into variance components and estimated hierarchically 
using the method of restricted maximum likelihood. Results. The relative proportional contributions from intraobserver 
(residual), interobserver, interpatient and interday variance components, with percentage dilatation as outcome variable, 
were 0.41, 0.18, 0.25, and 0.15, respectively. Conclusions. The major source of variability when assessing flow-mediated 
dilatation was found to be intra observer variability. The simplest way to reduce total variability is for the observer to average 
results from repeated image analyses. We suggest that three repetitions are sufficient. This will reduce the total variance by 
30%. 

Key words: Flow-mediated dilatation, variability, reproducibility, endothelial function, brachial artery, ultrasound, method 

Endothelial vasomotor function can be evaluated 
non-invasively by high-resolution ultrasound where 
the dilating capacity of a conduit artery is assessed. 
The brachial, radial and femoral arteries are the 
most common vessels examined. A sphygman­
ometer cuff occludes blood flow in the chosen 
artery for a few minutes. When the pressure of 
the cuff is released, a reactive hyperaemia is 
created, with increased flow through the vessel. 
This increased flow raises the shear stress against 
the vessel wall, acting as a stimulus for the 
endothelial cells to release vasoactive substances. 
In this way, a flow-mediated dilatation occurs. The 
vessel diameter is measured before and after the 
increase in shear stress. Impaired brachial artery 
flow-mediated dilatation detected by this method, 
has been shown to be an independent predictor of 
future cardiac events (1 ,2). 

Guidelines have been developed for evaluating 
flow-mediated dilatation of the brachial artery (3) to 
enable comparison of studies assessing endothelial 
function. Even so, the variability of the method has 
been inconsistently reported in the literature, and 
several earlier studies have suggested high variability 
of the method. The aim of this study was to 
investigate the variability of the ultrasound-based 
assessment of flow-mediated dilatation, and to 
determine the most efficient way of reducing this 
variability. 

Material and methods 

Subjects 

Twenty-two healthy adults (seven females, 15 males) 
with a mean age of 27 years (range 23 to 54) were 
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recruited among university students and staff. Ex­
clusion criteria were smoking, diabetes, known 
cardiovascular disease and pregnancy. All partici­
pants provided a written informed consent. The 
study was conducted in accordance with the Helsinki 
Declaration and was approved by the Regional 
Committee for Medical Research Ethics. 

Study design 

The clinical protocol has been described elsewhere 
(3). In brief, the subjects rested in supine position 
for 15 minutes before a baseline status of the left 
brachial artery was recorded with high resolution 
ultrasound. After finding a satisfactory transducer 
position, we marked the position on the skin with a 
felt tip pen which was ultrasound-gel resistant. The 
arm remained in the same position throughout 
the study. To ensure placing the probe in the same 
position the following day, we measured the distance 
from the skin mark to the distal olecranon. 
We occluded the artery through the inflation of a 
pneumatic cuff to a pressure of 250 mmHg for 
5 minutes and depicted the artery again 60 s after 
pressure release as recommended by the Interna­
tional Brachial Artery Reactivity Task force (3). 

In each subject, the procedure was repeated on 
two consecutive days, at the same hour, to control 
for circadian variation ( 4). Avoidance of food intake, 
coffee, vitamin C/orange juice and exercise within 
the last 4 hours prior to examination was required. 
Two observers analysed all images twice. Figure 1 
shows the study design. 

Image acquisition 

The brachial artery was depicted in two dimensional 
mode with a Vivid 7 scanner (GE Vingmed Ultra­
sound AS, Harten, Norway). We used a handheld 
linear array transducer (M12L) with a frequency of 

Measure· 
ment 
no. 1 

Measure­
ment 
no. 2 

Measure­
ment 
no. 1 

Measure­
ment 
no. 2 
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14 MHz, axial resolution of 0.1 mm and depth 
settings of three em. Gain was set by visual assess­
ment and five focus points were adjusted to cover the 
artery, optimising the resolution in the region of the 
vessel walls. We stored the images digitally as cine 
loops of five heart beats. 

Data analysis 

The images were analysed using the software analy­
sis program EchoPAC PC (GE Vingmed Ultrasound 
AS, Harten, Norway) on a personal computer with a 
caliper resolution of 0.1 mm. 

The vessel diameter was measured at baseline and 
60 s after cuff release to evaluate flow-mediated 
dilatation. Prior to analysis, each cine loop was 
extracted from the examination file and saved given 
a random number as file name, so that the observers 
were unaware of subject identity, day of acquisition 
or whether it was a recording at baseline or in 
the dilated state. We measured the vessel from the 
anterior to the posterior media-adventitia interface 
(the m-lines) at the R-wave (end-diastole) of the 
QRS-complex of the electrocardiogram to avoid 
systolic variation due to compliance (5). The cine 
loops were scrolled to find the R-wave with the 
clearest view of the vessel walls. Three different 
measurements of the diameter were obtained along 
the vessel. The average of these three measurements 
was used in the subsequent analysis, corresponding 
to the lowest level of measurement in Figure 1. 

Measurements and statistical analysis 

Dilatation is presented in two ways: as dilatation in 
millimetres (mm), i.e. the baseline diameter sub­
tracted from the dilated diameter; and as percentage 
dilatation, i.e. the dilatation in millimetres divided by 
the baseline diameter and multiplied by 100%. The 
brachial artery diameters are given in millimetres. 

Measure­
ment 
no. 1 

Measure­
ment 
no. 2 

Measure­
ment 
no. 1 

Measure­
ment 
no. 2 

Pigure 1. Design of the study. With 22 subjects, a total of 22 x 2 x 2 x 2 = 176 measurements of the outcome variables were performed. No., 
number. 
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The sources of variability were considered as 
follows. The experimental conditions (observer, 
day and subject) were considered to be independent 
random factors, contributing to the total variance of 
the outcome variables percentage dilatation, dilatation 
in millimetres, baseline diameter and dilated diameter. 
The resulting variance components model can be 
summarised as 

where y is the outcome variable of interest, subj 
denotes subject, day denotes day and obs denotes 
observer. The last component, res, denotes the 
residual, or intraobserver (i.e. within observer) 
variance, that cannot be accounted for otherwise. 
The variance components were estimated hierarchi­
cally, as observer within day within patient, by the 
method of restricted maximum likelihood (REML), 
using the nlme package of the statistical software R, 
version 2.5.0 (6). The coefficient of variation for 
each component was calculated as the standard 
deviation divided by the mean of all observations 
of the corresponding outcome variable, multiplied 
by 100. 

Results 

For percentage dilatation as outcome variable, the 
proportional contribution from the variance compo­
nents intraobserver, interobserver, interday and inter­
patient were 0.41, 0.18, 0.25 and 0.15 respectively 
(Table I). Note that these sum to 1.00 (or 100%). 
The proportional contributions from the variance 
components regarding dilatation in millimetres were 
similar: 0.43, 0.20, 0.29 and 0.08, respectively. For 
the baseline diameter, the corresponding figures were 
0.03, 0.01, 0.05 and 0.92, and for the dilated 
diameter the figures were close to the latter; 0.03, 
0.01, 0.05 and 0.91. 

The coefficients of variation regarding intraobser­
ver, interobserver, interday and interpatient percentage 
dilatation were 29.1%, 19.4%, 22.9% and 17.9%, 
respectively (Table II). With respect to the baseline 
diameter, the coefficients of variation were 2.9%, 
1.5%, 3.7% and 16.6%. Similar figures were ob­
tained for the dilated diameter. 

Overall mean percentage dilatation was 16.5% with 
a standard deviation of 6.8 percent points. The mean 
dilatation in millimetres was 0.6 mm with a standard 
deviation of 0.21 mm, based on a baseline diameter of 
3.6 mm and a dilated diameter of 4.2 mm, both with 
standard deviations of 0.6 mm. The mean difference 
in dilatation in percentages between observers was 
0.22 percent points with a standard deviation of the 
differences of 7.75 percent points. 

We found no obvious bias, nor trend, in Bland­
Airman plots of our data (figures not shown) (7). 
Graphically, the differences between the measure­
ments were independent of their respective mean 
values. 

Discussion 

The largest source of variability of percentage flow­
mediated dilatation was intraobserver variability, 
accounting for a proportion of 0.41 of the total 
variance (total variance defined as 1.00), (Table I). 

The coefficients of variation of the percentage 
dilatation in this study are in the middle range of 
earlier reported results (Table Ill). We measured the 
diameter from the media-adventitia interfaces. In the 
studies presenting lower interday and intraobserver 
coefficients of variation, the diameter was measured 
from the intima-lumen interfaces. Lower variability 
when measuring from the intima-lumen interfaces 
has earlier been shown by Woodman et al. (9) (Table 
III, intraobserver). When considering groups using 
manual placement of electronic calipers for analysis 
(Table Ill), variability decreases as the number of 
diameter measurements per frame increases. We 
averaged three diameters per frame, fewer than the 
groups presenting lower variability than us. 

The studies presenting lower coefficients of varia­
tion are characterised by the use of probes with 
higher frequency ( > 10 MHz) (interday and intraob­
server) and a younger study population (interday) 
(Table Ill), both yielding better image quality. Lower 
variability by high frequency image acquisition has 
been shown by Herrington et al. (9) (Table III, 
interday). In this study we both used high frequency 
image acquisition (14 MHz) and recruited a fairly 
young study population (mean age 27, range 23-54). 

Table I. Variance components tabulated as proportions of total variance. 

Percentage dilatation Dilatation in millimetres Baseline diameter Dilated diameter 

Intraobserver* 0.41 ( 23) 0.43 (0.024) 0.03 (0.011) 0.03 (0.013) 
Interobserver 0.18 ( 10) 0.20 (0.011) 0.01 (0.0029) 0.01 (0.0063) 
lnterday 0.25 ( 14) 0.29 (0.016) 0.05 (0.018) 0.05 (0.022) 
Interpatient 0.15 (8.6) 0.08 (0.005) 0.92 (0.37) 0.91 (0.42) 
Total variance 1.00 (55) 1.00 (0.056) 1.00 (0.38) 1.00 (0.44) 

Variance in absolute values in brackets. * Intraobserver variance component equals residual variance component. 
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Table II. Coefficients of variation. 

Percentage dilatation Dilatation in millimetres Baseline diameter Dilated diameter 

Intraobserver* 
Interobserver 
Interday 
Interpatient 

29.1 (25.1, 33.8) 
19.4 (12.1, 31.2) 
22.9 (13.3, 39.5) 
17.9 (7.6, 42.0) 

26.9 (23.2, 31.2) 
18.5 (11.7, 29.2) 
22.1 (13.0, 37.5) 
11.8 (2.6, 53.0) 

2.9 (2.5, 3.4) 
1.5 (0.7, 2.9) 
3.7 (2.6, 5.3) 

16.6 (12.8, 22.7) 

2.7 (2.3, 3.1) 
1.9 (1.2, 2.9) 
3.5 (2.4, 5.2) 

15.3 (11.2, 20.9) 

95% confidence intervals in brackets. * Intraobserver variance component equals residual variance component. 

Automatic edge-detection software might render 
lower variability, due to consistency and lack of 
human interpretation. Woodman et al. (8) reported 
low intraobserver and interobserver variability by 
automatic analysis, whereas Herrington et al. (9), 
however, reported high values (Table III). The 
discrepancy in these cases could be due to different 
software solutions or differences in image quality. 
For interday variability, the groups presenting lower 
variability used manual placement of electronic 
calipers (Table III). 

The most efficient way to reduce total variability is 
to reduce intraobserver variability, being the largest 
contributor to total variability. Jntraobserver varia­
bility can be reduced by repeating the process of 
analysis and calculating the mean value of observa­
tions. Theoretically, the variance of a mean value 
approaches zero when the number of averaged 
observations tends towards infinity. However, for 
practical reasons, three repetitions of image analyses 
will suffice, as the intraobserver thereby will become 
less than interobserver variance (in our case, the 
intraobserver variance will be reduced from 23 to 
7.7, compared to the interobserver variance of 10). 
The total variance will then be reduced by 30% 
which will make an important impact on study 
results. 

The larger contribution of intraobserver variability 
relative to interobserver variability may seem surpris­
ing, as most conditions are held constant in the 
intraobserver setting. Note, however, that we have 
employed a hierarchical statistical model in which all 
variance components are accounted for in the same 
operation. As the intraobserver variability constitutes 
the lowest level of the study hierarchy (Figure 1), it 
embraces all unknown variance components not 
accounted for elsewhere in the model (i.e. other 
than day, patient and observer). Hence, the intraob­
server variance might be nominated the residual 
variance. Common practice has been to consider 
each variance component separately when assessing 
variability. When applying this approach on our data, 
intrao bserver variability does indeed become less than 
interobserver variability (data not shown). However, 
such a model assumes that all variability arises from 
the variance component assessed, which is unrea­
sonable; and makes it impossible to assess the 

relative contribution from the different variance 
components. Therefore we find our model more 
suitable. The confidence intervals for intra- and 
interobserver variance overlap (Table II), suggesting 
that they are roughly of the same magnitude. If we 
had used more than two observers, precision of the 
interobserver estimate might have improved. 

Our results show that the measurement accuracy 
highly depends on whether dilatation (i.e. percentage 
dilatation or dilatation in millimetres) or diameter 
(baseline diameter or dilated diameter) is analysed 
(Table II). The method is quite accurate regarding 
diameter, with coefficients of variation ranging from 
1.5-3.7% (Table I). (The interpatient component is 
disregarded, as this component does not add in­
formation about the method's variability). Such 
figures of the coefficient of variation are rather low. 
With regard to dilatation the method is less satisfac­
tory. This is shown by the higher coefficients of 
variation ranging from 19 to 29%. (The interpatient 
component is disregarded for reasons mentioned 
above.) Relative to the resolution of the measure­
ment and analysis tools, the scale of dilatation is 
much smaller than the diameter (six times the 
resolution versus 42 times, respectively). It is there­
fore hardly surprising that dilatation holds more 
variation than diameter. DeRoos et al. (8) speculate 
whether some of the earlier reported lower coeffi­
cients of variation might refer to baseline or maximal 
diameters rather than percentage dilatation. Cer­
tainly, this would result in a higher apparent 
accuracy. As dilatation, not diameters, represents 
the physiology of interest, the variability of the 
method should also refer to dilatation. 

In our study, the interday (intrapatient) coefficient 
of variation of the percentage dilatation was 22%, 
implying that the assessment of endothelial function 
by high resolution ultrasound is a tool of limited 
value in the clinical setting. Reducing the interday 
(intrapatient) variance would require averaging re­
peated measurements over a number of days, a 
rather time-consuming approach. However, the 
method performs better as a research tool applied 
to patient groups. In this setting, the total variability 
easily can be reduced by repeating the image 
analysis. 



Table III. Studies reporting the coefficient of variation of percentage dilatation, including our ov....'TI results. 

"' ~ 
"" 
~ 

~ 
B­
:;1 
~ 
Ql 

Number of 
examinations 
(time between 
examinations) 

Number of diameter measurements ~ 
;;! 

Caliper (C)/edge 
~ 

Author, year (reference) CV 

Age of Population 
mean ±SD or mean 

(range) 
Probe freq. 

(MHz) 
detection software Layer in vessel 

(E) (I, M) No. heart cycles No. meas./frame ~ 

lnterday 
Uehata eta!. 1997 (II) 
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Dashed line(---) indicates that information was not reported in manuscript.* Uehara et al. traced the anterior and posterior intimal surfaces manually for a distance of at least 10 mm and an 
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Limitations 

Our results are based on a healthy population. The 
variability may differ when examining patient popu­
lations. 

Conclusion 

The major source of variability when assessing flow­
mediated dilatation was found to be intraobserver 
variability. While interobserver variability was 
roughly of the same magnitude, the simplest way to 
reduce total variability is for the observer to average 
results from repeated image analyses. We suggest 
that three repetitions are sufficient. This will reduce 
the total variance by 30%. 
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Abstract 

Objective. To compare maternal left ventricular and endothelial functions in preeclampsia and 

normal pregnancy during pregnancy and after delivery. 

Design. Observational study with follow-up. 

Setting. University hospital and midwife-led antenatal care center. 

Samples. Twenty untreated women with preeclampsia and twenty women with normal 

pregnancy, matched for gestational age and parity. 

Methods. The women were examined during pregnancy and three months after delivery. Left 

ventricular function was assessed by echocardiography, including tissue-Doppler imaging. 

Endothelial function was assessed by measuring flow-mediated dilation of the brachial artery. 

Main outcome measures. Left ventricular diastolic and systolic functions and endothelial­

dependent flow-mediated dilation. 

Results. The diastolic function was reduced in preeclampsia, with lower early diastolic mitral 

annular tissue velocity, e', and higher ratio of early diastolic mitral inflow velocity and early 

diastolic mitral annular velocity, E/e'. Early diastolic mitral inflow deceleration time and 

isovolumetric relaxation time were similar between the groups, suggesting 

pseudonormalization and increased filling pressures in preeclampsia. Peak systolic tissue 

velocity was lower in the preeclampsia group during pregnancy. Both diastolic and systolic 

left ventricular functions normalized postpartum. Flow-mediated dilation was similar 

between the groups during pregnancy, but lower in the preeclampsia group three months after 

delivery. 

Conclusions. The maternal left ventricular function was impaired during preeclampsia, but 

had normalized three months after delivery. Flow-mediated dilation was not significantly 

lower in the preeclampsia group as compared to the normal pregnancy group during 

pregnancy, but was significantly lower three months after delivery. 

Keywords 

Hypertension in pregnancy, preeclampsia, maternal left ventricular function, endothelial 

function, echocardiography. 
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Introduction 

Women with a history of preeclampsia are at increased risk of cardiovascular disease later in 

life (1-4). The risk is greater after early-onset preeclampsia (3) and after preeclampsia with 

complications such as intrauterine growth restriction and stillbirth ( 4 ). 

The underlying link between preeclampsia and cardiovascular disease is not known, but 

endothelial dysfunction is considered a central feature of both conditions (5-7). Preeclampsia 

and cardiovascular disease share the same risk factors (8), and may share a common cause, 

probably involving endothelial dysfunction. 

It is not clear whether maternal left ventricular function is affected at the time of pregnancy in 

preeclampsia. Most previous studies have used conventional echocardiography in their 

investigations, and have focused on systolic function. The reports from these indicate 

maintained left ventricular performance in preeclampsia (9-13). One study using tissue­

Doppler imaging suggested reduced diastolic function, but tissue-Doppler derived indices of 

systolic function were not reported in this study (14). 

The aim of our study was to investigate whether the diastolic and the systolic left ventricular 

functions, measured by tissue-Doppler imaging, were impaired during pregnancy in women 

with untreated preeclampsia, and, whether endothelial function, measured by flow-mediated 

dilation, was reduced concomitantly. We also wanted to investigate whether the left 

ventricular and the endothelial functions were reduced three months after delivery. 

Material and Methods 

The study was performed in accordance with the Helsinki Declaration and approved by the 

Regional Committee for Medical and Health Research Ethics Mid-Norway. Written infonned 

consent was obtained from all study subjects at study entry. 

Twenty-three women with preeclampsia were enrolled at the time of admission to the 

Department of Obstetrics, St. Olav's University Hospital, Trondheim, Norway. The 

preeclamptic women were matched with 23 normotensive pregnant women, in terms of 

gestational age (± one week), and parity (nulliparous versus parous), from a cohort provided 

by midwives at the municipal antenatal care centers in the city of Trondheim, Norway. The 

matching was performed due to the dynamic cardiovascular changes in pregnancy and due to 
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the observed differences in cardiovascular function during first and subsequent pregnancies 

(15). Women with diabetes, hypertension, known cardiovascular disease, and multiple 

gestation were excluded. The examinations were carried out at enrolment and repeated three 

months post partum. 

Preeclampsia was defined according to international standards (16), as the development of 

new-onset hypertension (systolic blood pressure 2:140 mmHg and/or a diastolic blood 

pressure 2:90 mm Hg) after 20 weeks' gestation, accompanied by proteinuria 2:1 + on a semi­

quantitative dipstick. Hypertension and proteinuria should be apparent on two different 

occasions at least four to six hours apart. 

Blood pressure measurements were obtained from the right arm in the sitting position after 10 

minutes' rest with a conventional mercury sphygmanometer. The diastolic pressure was 

recorded at the disappearance of sounds (the Korotkoff phase V). The blood pressure was 

measured three times, and the mean of the latter two was used in further analysis. 

Echocardiography was performed according to the recommendations of the American Society 

of Echocardiography (17) with a Vivid 7 ultrasound scanner with a 2.5 MHz phased-array 

matrix transducer (M3S) (GE Vingmed Ultrasound AS, Horten, Norway). The study subjects 

were resting in the left lateral decubitus position during the examination. Left ventricular end­

diastolic volume, end-systolic volume, and ejection fraction were calculated by the modified 

Simpson's rule. Mitral annular excursion was obtained from M-mode recordings. Stroke 

volume was calculated both from the Doppler-based velocity time integral of the left 

ventricular outlet tract, and from the two-dimensional recordings (end-diastolic and end­

systolic volumes). Mitral annular velocities in systole (S'), and early (e') and late (A') 

diastole were measured by tissue-Doppler in the septal, lateral, anterior and posterior margins 

of the mitral annulus, and the average value from the four positions was used in the further 

analyses. 

Endothelial function was measured by brachial artery flow-mediated dilation, as described by 

Corretti et al. (18). The right brachial artery was longitudinally scanned in the two­

dimensional mode with the same scanner as used for the echocardiographic recordings, but 

this time with a linear-array transducer (M12L) with a frequency of 14 MHz. A pneumatic 

blood pressure cuff around the upper arm was inflated to 250 mmHg for five minutes, 
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inducing increased flow upon release, which stimulates the endothelium to release 

vasodilating substances through the influence of increased shear stress on mechanosensitive 

receptors in the endothelial cell membrane (19). 

The images were stored at baseline, and 0.5, 1, 1.5, 2, 3, 4, and 5 minutes after cuff release, as 

cine loops of five heartbeats. Prior to the analyses of the brachial artery images, each cine 

loop was extracted from its examination file and coded, i.e. it was saved with a random 

number as file name, but the code was kept for re-identification after the analyses, to ensure 

that the observer was unaware of study subject and timing of the image. Three measurements 

of the diameter were obtained along the vessel, and the average of these three measurements 

was calculated. All images were analyzed on three separate occasions to reduce intra-observer 

variability, as previously described (20). The average value was used in further analysis. Both 

cardiac and brachial artery images were stored digitally and analyzed off-line using 

EchoPacPC (GE Vingmed Ultrasound AS, Horten, Norway). 

The statistical analysis was performed usmg SPSS versiOn 16.0 (SPSS, Inc., an IBM 

Company, Chicago, Illinois). Standard deviations were used as a measure of variance. The 

Kolmogorov-Smirnov test was used to assess the normality of the data distributions. The 

differences between the groups were examined by the use of the paired samples t-test, as the 

women were matched in pairs according to their gestational age. Supplementary analyses by 

the means of the independent t-test were also performed. 

Results 

Three women were retrospectively excluded in accordance with our study protocol, since we 

learnt, by checking the medical charts, that antihypertensive treatment had already been 

initiated at the time of our examination during pregnancy. One woman did not show up at the 

follow-up examination after delivery, due to long travel distance to the hospital. In our final 

analyses, 20 women in each group during pregnancy, and 19 women in each group three 

months after delivery were included. 

Maternal age and height were similar in the two groups (Table 1 ). As expected, the systolic 

and the diastolic arterial pressures were higher during preeclampsia. The systolic pressure was 

still higher in the preeclampsia group three months after delivery. Body weight and body 

mass index were higher in the preeclampsia group during pregnancy, but no differences were 
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found between the groups three months after delivery. Mean gestational age was 35 weeks in 

both groups, ranging from 27 to 40 weeks. Thirteen of the pairs were nulliparous, and seven 

were parous. Furthermore, seven women in the preeclampsia group had early-onset 

preeclampsia (diagnosed <34 weeks' gestation), and 13 had late-onset preeclampsia (34+ 

weeks' gestation). 

The early diastolic mitral annular tissue velocity (e') was lower in the preeclampsia group 

during pregnancy, whereas the ratio of the early diastolic mitral inflow velocity and the early 

diastolic mitral annular tissue velocity (E/e') was higher (Table 2, Figure 1). Both values 

normalized postpartum. No difference in late diastolic mitral annular velocity (A') was found 

between the groups. Late diastolic mitral inflow velocity (A) was higher in the preeclampsia 

group during pregnancy, but had normalized three months after delivery. There was a 

tendency of higher early diastolic mitral inflow velocity (E) in the preeclampsia group during 

pregnancy, but the difference did not reach statistical significance. Three months after 

delivery, the values were similar between the groups. The ratio of early and late mitral blood 

flow velocity (E/A), E-deceleration time and isovolumetric relaxation time were similar 

between the groups, both during pregnancy and post partum. 

The peak systolic mitral annular velocity (S ') and the heart rate were lower in the 

preeclampsia group as compared to the normal pregnancy group during pregnancy, but the 

values were similar between the groups three months after delivery (Table 2, Figure 1 ). The 

Doppler-derived stroke volume was similar between the groups during pregnancy, but higher 

in the preeclampsia group postpartum, while the two-dimensional-derived stroke volume was 

similar between the groups both during pregnancy and after delivery (p=0.31 ). The velocity 

time-integral of blood flow in the left ventricular outlet tract (L VOT VTI), the cardiac output, 

and the mitral annular excursion were similar between the groups both during pregnancy and 

after delivery. 

The end-diastolic and the end-systolic volumes were higher in the preeclampsia group during 

pregnancy, but normalized post partum (Table 3). The left ventricular outlet tract diameter 

was similar between the groups during pregnancy, but was significantly larger in the 

preeclampsia group post partum. There was no difference in the interventricular septal wall 

thickness, the left ventricular posterior wall thickness, the left ventricular inner diameter in 
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end-diastole, the left ventricular inner diameter m end-systole, or in the ejection fraction 

between the groups. 

The flow-mediated dilation of the brachial artery was not significantly lower in the 

preeclampsia group during pregnancy (flow-mediated dilation 1.5 minutes after cuff release: 

14.9±6.1% versus 18.5±6.6%, p=0.12, standard deviation of the paired differences 9.6), but 

was significantly lower three months after delivery (flow-mediated dilation two minutes after 

cuff release: 15.5±5.2% versus 20.0±5.2%, p=0.046, standard deviation of the paired 

differences 7.7) (Figure 2). However, supplementary analyses by means of the independent t­

test showed significant differences both during pregnancy, and after delivery (p=0.04 and 

p=0.02, respectively). The preeclampsia group had larger brachial arterial diameter than the 

normal pregnancy group during pregnancy (mean 3.9 mm versus 3.6 mm, p=0.048), but there 

were no differences in artery diameter between the groups postpartum (mean 3.5 mm in both 

groups, p=0.55). 

A bicuspid aortic valve was discovered in one woman, and a mitral insufficiency in another, 

both in the preeclampsia group. These women were referred to a cardiologist for further 

evaluation. 

Discussion 

The diastolic and the systolic left ventricular functions were impaired in the preeclampsia 

group during pregnancy in our study, with a post partum nommlization three months after 

delivery. The impairment in the diastolic function was evident from the slower relaxation of 

the left ventricle in early diastole, shown by the lower early diastolic mitral annular tissue 

velocity ( e') in the preeclampsia group. The ratio of the early diastolic mitral inflow velocity 

and the early diastolic mitral annular tissue velocity (E/e') was higher in the women with 

preeclampsia than in the women with normal pregnancy, but this was only partly due to the 

increased early diastolic mitral inflow velocity (E) in the preeclampsia group, which was only 

borderline significant. As the isovolumetric relaxation time and the E-deceleration time were 

similar between the groups, pseudonormalization was indicated. Our study thereby supports 

the elevated filling pressure in preeclampsia, previously suggested by Rafik Hamad et a!. ( 14 ). 

A relative impairment in the systolic function was found in the preeclampsia group during 

pregnancy, whereas no differences were found between groups after delivery. In the normal 
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pregnancy group a pregnancy-related increase in peak systolic mitral annular velocity (S ') 

was found, in line with previous reports (21, 22). No such pregnancy-related increase in 

mitral annular peak systolic velocity was observed in the preeclampsia group. The pregnancy­

related increase in systolic function in the normal pregnancy group was not confirmed by the 

other systolic function indices measured in our study, the ejection fraction and the mitral 

annular excursion. However, the peak systolic mitral annular velocity has been shown to be 

closer related to contractility than these indices (23). 

The stroke volume and the cardiac output were similar in both the preeclampsia and the 

normal pregnancy groups during pregnancy. Previously, both higher (12) and lower (13) 

cardiac output have been reported in preeclampsia, but in these previous studies the 

gestational age has differed among the groups. Higher cardiac output in the preclinical phase 

of preeclampsia has been reported in two large longitudinal cohort studies (24,25). In one of 

these, a cross-over to lower cardiac output was found in week 36 in the preeclamptic group, 

suggested to coincide with the clinical onset of the disease (25). In our study, cardiac output 

was measured at the time of diagnosis, which may reflect the time of cross-over reported in 

this earlier study. 

In our study, the stroke volume derived from the Doppler-recordings was found to be higher 

three months after delivery in the preeclampsia group. However, since the velocity time­

integral of blood flow in the left ventricular outlet tract (L VOT VTI) was similar between the 

groups, this higher Doppler-derived stroke volume was due to the larger left ventricular outlet 

tract diameter after delivery. As the left ventricular outlet tract diameter was similar between 

the groups during pregnancy, we suspect that the larger diameter after delivery represents a 

chance finding. This is supported by the stroke volume based on two-dimensional recordings, 

showing no difference between the groups after delivery. 

We found a tendency towards left ventricular hypertrophy (increased left ventricular wall 

thickness) during pregnancy in the preeclampsia group, although this was not statistically 

significant. Increased left ventricular wall thickness has been reported up to one year post 

partum after preeclampsia (12,26), suggesting a persistent hypertrophy in this group. 

However, our study did not confirm this. In a within-group analysis in the preeclampsia 

group, we found that the wall thickness was significantly decreased post partum as compared 

to the pregnancy-values, which rather indicates reversible hypertrophy in preeclampsia. 

8 



Although a tendency towards lower levels of flow-mediated dilation in preeclampsia was 

found in our study, the difference between groups was not statistically significant, in contrast 

to what has previously been reported (27,28). Three months after delivery, however, the flow­

mediated dilation was found to be significantly lower in the preeclampsia group, in line with 

previous reports (29,30). In contrast to previous studies, we coded (i.e. un-identified) our 

images prior to analysis of flow-mediated dilation, a procedure which we consider to be a 

strength of our study as it ensured unbiased results. However, the coding may have yielded 

greater variability in our data. Furthermore, in contrast to the comparable studies referred to, 

we chose to explore our data by means of the paired t-test, due to the matched design of our 

study. The matched design was chosen as it was assumed that the hemodynamic changes 

within the groups throughout gestation would be greater than the differences found between 

the matched pairs of similar gestational age. This turned out not to be the case regarding flow­

mediated dilation, where the mean standard deviation of the matched pairs was found to be 

larger than the standard deviation of the group means, resulting in less statistical power of the 

paired t-test compared to the independent t-test. In supplementary analyses by means of the 

independent t-test, a statistically significant lower flow-mediated dilation in the preeclampsia 

group during pregnancy was found also in our material, The results regarding the left 

ventricular function were similar both when the paired t-test and the independent t-test were 

applied, suggesting that the pregnancy-related changes in left ventricular function were more 

gestational age-dependent than the changes in the flow-mediated dilation. 

In conclusion, the diastolic and the systolic left ventricular functions were impaired during 

pregnancy in preeclampsia, but had normalized three months after delivery. The flow­

mediated dilation was not significantly lower in the preeclampsia group during pregnancy, but 

was found to be significantly lower in the preeclampsia group three months post partum. 
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Legends of Figures and Tables 

Figure 1. Tissue-Doppler based indices of left ventricular function during pregnancy and post 

partum. (a), early diastolic mitral annular velocity; (b), ratio of early diastolic mitral inflow 

velocity and early diastolic mitral annular tissue velocity; and (c), peak systolic mitral annular 

velocity. Preeclampsia ( • ); normal pregnancy ( T ). Means and standard deviations (whiskers) 

are given. *, p<O.OS, **, p<O.OOS. 

Figure 2. Flow-mediated dilation in the preeclampsia group (•) and the normal pregnancy 

group ( T ). (a), during pregnancy; (b), postpartum. FMD, flow-mediated dilation. *, p<O.OS. 

Table 1 

Data given as means (standard deviations). BMI, body mass index; SBP, systolic arterial 

blood pressure; DBP, diastolic arterial blood pressure. 

Table 2 

Values given as means (standard deviations). IVRT, isovolumetric relaxation time; E, early 

diastolic mitral inflow velocity; E-DT, early diastolic mitral inflow deceleration time; A, late 

diastolic mitral inflow velocity; E/ A, ratio of early diastolic and late diastolic mitral inflow 

velocities; e', early diastolic mitral annular tissue velocity; A', late diastolic mitral annular 

velocity; E/e', ratio of early diastolic mitral inflow velocity and early diastolic mitral annular 

tissue velocity; S ',peak systolic mitral annular velocity; SV, stroke volume; CO, cardiac 

output; MAE, mitral annular excursion; L VOT VTI, velocity-time integral of flow in the left 

ventricular outlet tract; HR, heart rate; bpm, beats per minute .. 

Table 3 

Values given as means (standard deviations). SWT, interventricular septal wall thickness; 

PWT, left ventricular posterior wall thickness; L VIDd, left ventricular inner diameter in end­

diastole; L VIDs, left ventricular inner diameter in end-systole; L VOTd, left ventricular outlet 

tract diameter; EDV, end-diastolic volume; ESV, end-systolic volume; EF, ejection fraction. 
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Table 1. Clinical characteristics in the study groups during pregnancy and postpartum. 

Pregnancy Postpartum 

Normal Normal 

Preeclampsia pregnancy 95%-CI of Preeclampsia pregnancy 95%-CI of 

Characteristic (n=20) (n=20) differences p (n=l9) (n=19) differences p 

Maternal age (years) 29 (5) 27 (4) -0.7-4.2 0.16 

Height (m) 1.69 (0.06) 1.68 (0.06) -0.02-0.05 0.54 

Weight (kg) 93 (12) 80 (14) 2-23 0.02 77 (10) 72 (10) -7.3-17 0.38 

BMI (kg/m2
) 33 (4) 29 (4) 0.4-7.5 0.03 28 (4) 26 (3) -2.9-7.0 0.38 

SBP (mmHg) 161 (9) 116 (8) 38-51 <0.001 122 (12) 109 (7) 4.6-22 0.005 

DBP (mmHg) 93 (5) 71 (8) 18-27 <0.001 75 (8) 71 (6) -1.4-10.7 0.12 



Table 2. Systolic and diastolic function parameters in the study groups during pregnancy and postpartum. 

Pregnancy Postpartum 

Normal Normal 

Preeclampsia pregnancy 95%-CI of Preeclampsia pregnancy 95%-CI of 

(n=20) (n=20) differences p (n=l9) (n=l9) differences p 

Diastolic function parameters 

IVRT (ms) 71 (12) 68 (14) -5-11 0.41 79(10) 81 (9) -7-4 0.48 

E (cm/s) 85 (18) 74 (18) -0.01-0.2 0.08 80 (15) 75 (18) -0.07-0.2 0.40 

E-DT (ms) 173 (27) 186 (32) -35-9 0.23 165 (30) 171 (27) -30-18 0.62 

A (cm/s) 62 (12) 51 (9) 0.04-0.2 0.005 46 (9) 46 (7) -0.06-0.06 0.92 

E/A 1.41 (0.36) 1.50 (0.37) -0.3-0.09 0.32 1.79 (0.45) 1.67 (0.54) -0.3-0.5 0.52 

e' (cm/s) 10.4(1.9) 12.7 (2.5) -4-(-1) 0.005 12.8 (2.5) 14.2 (2.3) -4-1 0.20 

A' (cm/s) 9.4 (1.1) 9.3 (1.5) -1-1 0.81 8.6 (0.9) 8.4 (1.8) -1-1 0.79 

E/e' 8.6 (1.5) 5.7 (1.0) 2-4 <0.001 6.4(1.6) 5.5 (1.3) -0.2-2 0.11 

Systolic function parameters 

S' (cm/s) 8.5 (0.8) 9.4 (1.4) -2-(-1) 0.03 8.7 (1.9) 8.7 (1.5) -1-1 1.00 

CO (Limin) 5.8 (1.2) 5.4(1.4) -0.4-1 0.37 5.5 (1.9) 4.4 (0.9) -0.3-2 0.12 

SV (mL) 76 (11) 68 (23) -6-21 0.26 82 (18) 68 (13) 0.8-28 0.04 

MAE(mm) 15.1 (1.9) 15.3 (2.2) -1-0.7 0.63 15.5 (1.8) 15.3 (1.8) -0.8-1.3 0.66 

LVOTVTI 23.3 (3.5) 21.5 (5.7) -1-5 0.22 22.4 (3.8) 21.8 (3.5) -3-4 0.70 

HR (bpm) 74 (9) 80 ( 11) -11-(-1) 0.03 64(11) 65 (11) -9-7 0.83 



Table 3. Echocardiographic parameters in the study groups during pregnancy and postpartum. 

Pregnancy Postpartum 

Normal Normal 

Preeclampsia pregnancy 95%-CI of Preeclampsia pregnancy 95%-CI of 

(n=20) (n=20) differences p (n=19) (n=19) differences p 

SWT(mm) 8.8 (2.0) 7.4 (1.5) -0.2-3 0.09 6.9 (1.8) 6.6 (1.3) -1-2 0.73 

PWT(mm) 10.0 (2.5) 8.6 (2.2) -0.8-4 0.19 8.7(2.3) 8.0 (1.8) -1-3 0.44 

LVIDd (mm) 49 (3) 48 (3) -2-4 0.62 47 (6) 47 (4) -4-5 0.97 

LVIDs (mm) 31 (4) 32 (4) -4-3 0.69 32 (6) 31 (3) -3-5 0.50 

LVOTd (mm) 20.5 (1.7) 20.1 ( 1.5) -0.8-2 0.44 21.5 (1.6) 19.8 (1.5) 0.4-3 0.02 

EDV (mL) 95 (13) 81 (19) 0.4-26 0.04 91 ( 18) 80 (19) -4-27 0.13 

ESV (mL) 41 ( 1 0) 32 (7) 1-16 0.02 40 (9) 33 (9) -3-16 0.16 

EF (%) 57 (7) 60 (6) -8-2 0.25 56 (7) 58 (5) -7-3 0.40 
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Abstract 
Objective. To test the hypothesis that women physically active prior to pregnancy are at reduced risk of preeclampsia. Design. 
Population-based prospective cohort study. Setting. Linkage between the HUNT-I Study (health study) and the Medical Birth 
Registry of Norway. Population. Women with singleton live births after participation in the HUNT-I Study were included, if 
the newborn's gestational age was more than 22 weeks or birthweight above 500 g. Women pregnant during participation in the 
health study were excluded. Methods. The physical activity level was measured by a questionnaire. Information on the women's 
coming birth was provided by the Medical Birth Registry of Norway. Odds ratios of preeclampsia were calculated and adjusted 
for maternal age, parity, smoking and body mass index. Main outcome measure. Preeclampsia. Results. Of 3,656 women 
included, 167 (4.6%) developed preeclampsia. Overall, we found no link between pre-pregnancy physical activity and 
preeclampsia. Only among the women physically active for 120 min/week or more, a tendency for reduced risk was found 
(adjusted odds ratio 0.6:95% CI 0.3-1.2). Conclusion. Women physically active prior to pregnancy were not at reduced risk of 
developing preeclampsia. 

Key words: Preeclampsia, physical activity, prospective, cohort study 

Introduction 

Physical activity reduces obesity (1) and insulin resis­
tance (2), which are constitutional risk factors for 
preeclampsia. Furthermore, physical activity improves 
endothelial dysfunction (3) and reduces oxidative 
stress ( 4), both central features of preeclampsia. Car­
diovascular mortality, which has been shown to be 
increased among women with a history of preeclampsia 
(5), is also reduced by physical activity (6). Against this 
background we asked: does pre-pregnancy physical 
activity prevent preeclampsia? 

As the incidence of preeclampsia is low, about 
3-5% of all births (7), and as the occurrence of 
pregnancy cannot be controlled in a research setting, 

randomized controlled trials addressing the effect of 
pre-pregnancy exercise on preeclampsia risk are dif­
ficult to perform. The prospective cohort study design 
represents an alternative that can overcome these 
challenges. A large epidemiological study was per­
formed in Norway from 1984 to 1986, registering the 
level of physical activity of the inhabitants of the 
county of Nord-Trondelag (the HUNT-1 Study). 
linkage of these data to the Medical Birth Registry 
of Norway offered us an opportunity to look into the 
effect of pre-pregnancy physical activity on pre­
eclampsia, through a population-based prospective 
cohort study. In our study we wanted to test the 
hypothesis that pre-pregnancy physical activity 
reduces the risk of preeclampsia. 
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Material and methods 

Our study is based on a linkage between a population­
based health study in Norway serving as baseline study 
(the HUNT-1 Study) (8) and the Medical Birth Reg­
istry of Norway (9). The study was approved by the 
Regional Committee for Medical Research Ethics of 
Central Norway and the Norwegian Data Inspectorate. 

The HUNT-1 Study is a population-based health 
study conducted in Nord-Trondelag county, Norway 
( 1984-1986). All inhabitants aged 20 years or more 
were invited to participate (n = 85,100); 43,602 of 
those invited were women. The study consisted of two 
questionnaires and a physical examination. The first 
questionnaire was mailed to the participants together 
with the study invitation. The second questionnaire, 
requesting information on physical activity, was 
handed out during the physical examination and 
requested to be returned by mail. The physical exam­
ination included standardized measurements of the 
participant's height, weight, blood pressure and heart 
rate, as well as a chest x-ray examination. 

Through the physical activity questionnaire the 
participants were asked how many times per week 
on average they were physically active. Those active 
once a week or more were further asked about the 
average intensity and duration per session. The phys­
ical activity questionnaire is shown in Table 1. It was 
validated in men by Kunze eta!. in 2008 (10) report­
ing a strong, significant test-retest agreement 
(weighted kappa for frequency r = 0.80, intensity 
r = 0.82 and duration r = 0.69) and a moderate, 

Table 1. Questions on physical activity in the HUNT-I Study (with 
permission from the Faculty of Medicine, NTNU). 

Physical activity 
By physical activity we mean for example walking, skiing, 
swimming or exercising/participating in sport activities 
How often are you physically active? 
(On an average basis) 

• Never 
• Less than once a week 
• Once a week 
• 2--3 times per week 
• Almost every day 

If you are physically active as often as once a week or more 
How hard do you push yourself? 
(On an average basis) 

• I take it easy, do not begin to sweat nor get short of breath 
• I begin to sweat and get short of breath 
• I push myself to near-exhaustion 

For how long do you keep going each time? 
(On an average basis) 

• Less than 15 min 
• 16-30 min 
• 30 min-1 hour 
• More than 1 hour 

significant correlation between the responses and 
the maximal oxygen uptake (r = 0.48). Wisloff et a!. 
also performed a validation study of the question­
naire, including women. They found no differences 
by sex in the reported exercise intensity relative to the 
maximal oxygen uptake (11). 

Among women in the age group relevant to our 
study (20-49 years), the participation rate in the 
baseline study (both responders and non-responders 
to the physical activity questionnaire) was 83% of the 
total population (16,966 of 19,586) (Figure 1). The 
population ofNord-Trondelag is stable, with sex and 
age distribution similar to the national average. The 
county has, however, no large cities and the average 
income is somewhat lower than the mean national 
levels. 

All deliveries of more than 16 weeks' gestation are 
registered in the Medical Birth Registry of Norway. 
The registration is mandatory and is based on a 
standardized form completed by midwives at the 
delivery units. The registry holds information on 
the mother's health before and during pregnancy, as 
well as perinatal data on the fetus. Preeclampsia is 
routinely entered on the form as a specified diagnosis. 
The diagnostic criteria for preeclampsia in Norway 
follow international classification systems and are 
defined as a sustained increase in blood pressure 
(systolic blood pressure of at least 140 mmHg and/or 
a diastolic blood pressure of at least 90 mm Hg) in a 
woman normotensive before 20 weeks' gestation 
accompanied by proteinuria of at least 1 + or more 
on a semi-quantitative dipstick. Hypertension and 
proteinuria should be apparent on two different 
occasions at least 4-6 hours apart (12). 

The Medical Birth Registry of Norway provided 
information on the deliveries among the women in the 
baseline study (HUNT-1), i.e. the first birth after 
participation in the baseline study. Our study 
included women with singleton live births with a 
gestational age of more than 22 weeks or birth weight 
above 500 g at least nine months after the baseline 
study. Those pregnant at the time of participation in 
the baseline study were excluded. A total of 3,656 
women were included. 

We used logistic regression to estimate crude and 
adjusted odds ratios with 95% confidence intervals 
(95% Cis) to investigate the effect of pre-pregnancy 
physical activity on preeclampsia. The adjusted odds 
ratios were controlled for maternal age, parity, 
smoking and body mass index. We used SPSS for 
Windows, Rei. 15.0.1. 2006 (SPSS Inc., Chicago, IL) 
in our statistical analysis. 

Women physically active never or less than once a 
week were used as reference group. For intensity we 
applied the denomination 'low' to the group 



Women invited 
to HUNT-1 
n = 43.602 

~ 
Women invited to HUNT-1 

within the age group 
20-44 years 
n=19.586 

~ 
Women participating in 
HUNT-1, 20-44 years 

n = 16.966 
(87%) 

~ 
Women giving birth after 

the time of participation in 
HUNT-1 
n = 5.066 

~ 
Women not pregnant in 

HUNT-1 
n = 4.509 

~ 
Women with singleton 

births, gestational age >22 
and birthweight >500 g 

n = 4.411 

~ 
Responding to questionnaire 

on physical activity 
n = 3.656 

Figure 1. Flow chart of inclusion of study participants. 

answering 'I take it easy, do not begin to sweat nor get 
short of breath', 'moderate' to the group answering 
'I begin to sweat and get short of breath' and 'high' to 
the intensity level 'I push myself to near-exhaustion' 
(Table 1). We calculated the total duration of exercise 
per week and used this variable rather than duration 
per session. The total duration of physical exercise per 
week was calculated by multiplying the average 
duration per session with the average number of 
sessions per week. 

Results 

There were 167 women (4.6%: 95% CI 3.9-5.3%) 
who developed preeclampsia. The maternal 
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Women invited within the 
age group 45-109 years 

n = 24.016 

Women not participating 
n = 2.620 

Women not giving 
birth after HUNT-1 

n=11.900 

Women pregnant in 
HUNT-1 
n = 557 

Women with multiple 
births, gestational age <22 

or birthweight <500 g 
n = 98 

Not responding to 
questionnaire on 
physical activity 

n = 755 

characteristics from the baseline study in relation to 
preeclampsia are shown in Table 2. 

Overall, we found no link between preeclampsia 
and physical activity (Table 3). However, the adjusted 
odds ratios of women active 120 min/week or more 
was 0.6 (95% CI 0.3-1.2). The adjusted odds ratio for 
any physical activity (from less than once a week to 
almost every day) versus none was 1.9 (95% CI 0.8-
4.3). 

Among the women developing preeclampsia 48.5% 
were nulliparous versus 35.5% of the women who did 
not (Table 4). Higher maternal age was associated 
with a higher risk of preeclampsia, whereas smoking 
was associated with lower risk compared to non­
smoking (adjusted odds ratios of 0.6 for both current 
and former smokers with 95% Cis 0.3-0.9 and 
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Table 2. Maternal characteristics in the baseline study (HUNT-!). 

Variables 

Age at inclusion in baseline study (years) 
Age at index birth (years) 
Body mass index (kg/m2

) 

Heart rate (beats/min) 
Systolic blood pressure (mmHg) 
Diastolic blood pressure (mmHg) 

Preeclampsia 
(n = 167) 

26.6 (4.0) 
31.0 (4.3) 
24.3 (4.3) 

76.7 (12.9) 
123.9 (12.5) 
80.2 (10.4) 

No preeclampsia 
(n = 3,489) 

26.5 (4.1) 
30.6 (4.6) 
22.5 (3.2) 

74.8 (11.6) 
116.6 (11.1) 
74.2 (9.0) 

95% CJ of 
the differences 

(-0.7 to 0.5) 
(-1.1 to 0.3) 

(-2.3 to -1.3) 
(·-3.7 to -0.0) 
(-9.1 to -5.7) 
(-7.4 tO --4.6) 

Values are presented as mean (standard deviation). 

Table 3. Association between pre-pregnancy physical activity (frequency, intensity and duration) and risk of preeclampsia. 

Preeclampsia No preeclampsia Odds ratio (95% CI) 
(n = 167) (n = 3,489) 

Variables n (%) ll (%) Crude estimate Adjusted estimate* 

Exercise frequency 
Never/less than once a week 60 (35.9) 1,290 (37.0) 1.0 (reference) 1.0 (reference) 
Once a week 51 (30.5) 1,002 (28. 7) 1.1 1.1 (0.7-1.6) 
2·-·3 times a week 43 (25.7) 891 (25. 5) 1.1 0.9 (0.6-1.4) 
Almost every day 13 (7.8) 302 (8.7) 1.0 0.8 (0.4-1.4) 
Missing 0 (0) 4 (0.1) 

Exercise in tensity 
Not exercising 60 (35.9) 1,290 (37.0) 1.0 (reference) 1.0 (reference) 
Low 32 (19.2) 850 (24.4) 0.8 0.8 (0.5-1.2) 
Moderate 68 (40.7) 1,193 (34.2) 1.3 1.1 (0.7-1.5) 
High 5 (3.0) 109 (3.1) 1.0 0.9 (0.4-2.4) 
Missing 2 (1.2) 47 (1.3) 

Exercise duration 
Not exercising 60 (35.9) 1,290 (37.0) 1.0 (reference) 1.0 (reference) 
< 60 min per week 62 (37.1) 1' 195 (34.3) 1.2 1.1 (0.7-1.5) 
60--119 min per week 33 (19.8) 634 (18.2) 1.2 1.0 (0.6-1.5) 
120+ min per week 11 (6.6) 323 (9.3) 0.8 0.6 (0.3-1.2) 
Missing 1 (0.6) 47 (1.3) 

*Odds ratios adjusted for maternal age, parity, smoking and body mass index from participation in the health study to the index birth. 

Table 4. Characteristics of pregnancy and birth in 167 women with 
preeclampsia and 3,489 without preeclampsia. 

Preeclampsia No preeclampsia 
Variables n (%) n (%) 

Maternal age at index birth 
20--24.9 8 (4.8) 358 (10.3) 
25.0-29.9 71 (42.5) 1,354 (38.8) 
30.0-34.9 55 (32. 9) 1,146 (32.8) 
35.0+ 33 (19.8) 631 (18.1) 

Parity 
Nullipara 81 (48.5) 1,298 (35.5) 
Parous 86 (51.5) 2,358 (64.5) 

Gestational age (weeks) 
Term (37+) 127 (76.0) 3,069 (88.0) 
Preterm (34--36) 10 (6.0) 107 (3.1) 
Very preterm (< 34) 12 (7.2) 57 (1.6) 
Missing 18 (10.8) 256 (7.3) 

Birthwcight (grams) 
2500 + 134 (80.2) 3,374 (96.7) 
1,500-2,499 22 (13.2) 82 (2.4) 
< 1,500 10 (6.0) 31 (0.9) 
Missing 1 (0.6) 2 (0.1) 

0.4-0.9, respectively). We found no interaction 
between physical activity, age and parity with respect 
to risk for preeclampsia. As expected, more women in 
the preeclampsia group gave birth preterm, and the 
birthweight was also lower. 

The median time from participation in the baseline 
study to the women's index birth was 3.2 years, with a 
minimum time of nine months to a maximum time of 
20 years (the first birth occurring in 1984 and the final 
one in 2004). The odds ratios were unaffected when 
adjusted for the time from the baseline study to the 
index pregnancy. Furthermore, our results were also 
unchanged when re-analysing the data to include only 
the women who gave birth within five years from the 
baseline study. 

The response rate among those eligible from the 
baseline study was 83% (Figure 1). The non-responders 
to the questionnaire were slightly older (26. 9 vs. 
26.5 years, 95% CI of the difference -0.75 to -0.10), 
but they had a similar body mass index (22.6 vs. 
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22.6 kg/m2
) and had similar systolic and diastolic blood 

pressure (117 vs. 117 mmHg and 75 vs. 74 mmHg, 
respectively) when compared to the responders. 

Discussion 

In contrast to what we expected, women physically 
active prior to pregnancy were not at reduced risk of 
developing preeclampsia. Overall, we found no link 
between physical activity and preeclampsia risk. 
Nevertheless, in the group of women physically active 
more than 120 min/week a tendency for reduced risk 
was detected. This group was the smallest group, 
numbering only 334 women. 

Our findings support the results of two other cohort 
studies, conducted by Rudra et al. (2008) (13) and 
Saftlas et al. (2004) (14), where no clear link between 
preeclampsia risk and pre-pregnancy leisure time 
physical activity was found (physical activity both be­
fore and during pregnancy: adjusted odds ratio 0.76 
(95% CI 0.34-1.73) and 0.71 (95% CI 0.32-1.56), 
respectively; and physical activity before but not dur­
ing pregnancy: adjusted odds ratio of 0.73 (95% CI 
0.30-1.77) and 1.12 (95% CI 0.48-2.61), respec­
tively) (13,14). The odds ratios were not adjusted 
for smoking, and the women were already pregnant at 
the time of interview; hence, an early influence of 
preeclampsia on the responses cannot be disregarded. 
In a retrospective case-control study conducted by 
Sorensen et al. in 2003, a protective effect of physical 
activity the year before pregnancy was suggested but 
not found to be significant (15). Increasing intensity 
seemed to reduce the risk further. Since this study was 
retrospective, recall bias may have influenced the 
results (16). 

As our study was prospective, bias is not likely. 
Misclassification in the reports from midwives and 
doctors to the Medical Birth Registry of Norway 
might, however, have occurred. The population­
based nature of our study, the participation rate 
and the sample size strengthen the external validity 
of our findings. But, as only inhabitants of 20 years of 
age or more were invited to participate in the baseline 
study (HUNT -I), the results are only valid for women 
older than that. 

The proportion of the study population developing 
preeclampsia (4.6%) was higher than the mean annual 
incidence from 1984 to 2004, both in the county of 
Nord-Trondelag (3.9%) and in Norway as a whole 
(3.5%). The incidence among the women who did 
not respond to the physical activity questionnaire was 
4.2%. We observed a higher maternal age in our study 
than that observed at national and county levels: 
10.0% of the women in our study were less than 
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25 years of age at their index birth, compared to 
the national level of 24.9%. The reason for this is 
presumably the age limit of 20 years at inclusion, the 
exclusion criterion pregnancy at participation in the 
baseline study, and the fact that some young people 
move from the county for educational reasons. As the 
risk of preeclampsia increases with advanced maternal 
age (17), this could explain the increased incidence of 
preeclampsia. 

Adjusting for smoking reduced our odds ratios by 
approximately 10%. This reduction was anticipated, 
as smoking has been shown to be associated with 
reduced risk for preeclampsia (18, 19) and since we 
found a decreasing proportion of smokers with phys­
ical activity in our material. Adjusting for body mass 
index, however, only influenced the odds ratios 
regarding intensity of physical activity, where a small 
increase was observed. Since high pre-pregnancy 
body mass index has been found to be a strong 
predictor of preeclampsia risk (19), this increase 
was expected. It may be argued whether body mass 
index should be adjusted for or not, as theoretically, 
physical activity may act through this factor. Never­
theless, in our study, adjusting for body mass index 
had only a slight influence on the results. 

We chose to combine the group 'never' physically 
active with the group physically active 'less than once 
a week' in our main analysis, due to the small number 
in the first group (n = 266). In a sub-analysis we 
looked at 'no' versus 'any' physical activity, i.e. com­
paring those 'never' physically active with the rest. 
Surprisingly, we found a tendency of lower risk 
among those never physically active (adjusted odds 
ratio of the never active 0.5, 95% CI 0.2-1.2). We 
speculate whether this finding might be unrelated to 
physical activity and rather due to some other factor 
common to the inactive, as our other findings did not 
support this tendency. 

In conclusion, our study did not indicate any pro­
tective effect of pre-pregnancy physical activity on 
preeclampsia risk. 
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