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1INTRODUCTION

Our endothelium serves as a distribution network that interacts with all organs and plays 
a part in several regulatory vessel functions. Endothelial cells respond to the specific 
environment they are in and vascular endothelial dysfunction can therefore express 
itself in different ways. Research regarding expressions of endothelial function during 
pregnancy, such as vasodilation and kidney function, can provide more insight in maternal 
adaptation to pregnancy. Moreover, pregnancies complicated by a vascular hypertensive 
disease affect endothelial function and are a window into future cardiovascular and kidney 
disease. 

OUR ENDOTHELIUM
Endothelium is a monocellular layer present at the inner surface of blood vessels, 
separating circulating blood from tissue. It responds to physical and/or chemical stimuli 
with the release of corrective paracrine and endocrine substances to maintain vasomotor 
balance, vascular-tissue integrity and blood homeostasis. Therefore, it can be considered 
the largest endocrine organ in the human body. Different mechanisms that are kept 
in balance by the endothelium are vaso- constriction and dilation, thrombolysis and 
thrombosis, anti-proliferation and growth factors, (anti) inflammation, (anti) oxidation, 
platelet-disaggregation and adhesion (see Figure 1) 1.

Figure 1 Schematic cross sectional representation of a blood vessel and the functions of our 
endothelium.



Chapter 1

12

The vaso-homeostasis is important in regulating (blood) pressure and in the reduction 
of stress on the vessel wall. It is primarily effectuated by nitric oxide (NO), prostacyclin, 
endothelium derived hyperpolarizing factor, angiotensin, endothelin, thromboxane and 
an extensive network of feedback stimuli 2,3. NO, the most prominent effector, is primarily 
released as a consequence of increased shear stress caused by alterations in (blood) flow. 
Interestingly, the endothelial cell itself adapts its shape based on the mechanical forces 
of blood flow and distension, this in order to reduce the occurrence of vascular lesions 1. 

WHY IS OUR ENDOTHELIUM INTERESTING?
A dysfunctioning endothelium, resulting in a dysbalance of excreted substances, is 
considered the first step in the development of atherosclerosis and subsequently 
cardiovascular diseases (CVD). When the endothelium loses its ability to maintain the 
delicate balance of mechanical and biochemical vaso-homeostasis, it becomes vulnerable 
to the invasion of lipids and leukocytes at locations where lesions occur. 

Atherosclerosis may begin as early as in childhood with the development of fatty streaks 
inside small lesions 4. Over time a fatty streak can develop into a plaque. The advanced 
lesions of atherosclerosis occur with increasing frequency with age and this process can 
be accelerated by (classical) cardiovascular risk factors. Classical, but also modifiable, risk 
factors are diabetes mellitus, kidney disease, dyslipidaemia, obesity, smoking, alcohol 
intake, lack of exercise and cafeteria diet. Classical non-modifiable risk factors are family 
history, gender and age 5. Other factors that are thought to negatively affect endothelial 
function are: an increase in endogenous endothelial NO synthase (eNOS) inhibitor, raised 
levels of vasoconstrictors such as angiotensin and endothelin, and pro-inflammation and 
inactivation of NO by reactive oxygen species 6. An intermittent consistency of shear stress 
is also a factor that can affect endothelial function. The development of plaques usually 
takes place in areas where shear stress is high, oscillating or retrograde, creating an 
inflammatory response or causing erosion and/or plaque damage 1. 

There is no doubt that advancing age is accompanied by loss in vessel function 7. Until 
menopause, women generally have a lower risk of developing CVD compared to men of 
similar age 8. Estrogen is thought to play a pivotal role in this decreased risk. Estrogen 
has besides antihypertensive effects, also an attenuating effect on vascular injury and 
atherosclerosis mediated through NO and angiotensin converting enzyme. Moreover, it 
also decreases this risk as a result of different mechanisms, in particular the beneficial 
effect on the lipid profile and an anti-inflammatory effect 9,10. After menopause these 
protective effects are lost and the risk of CVD in women is considered similar to the risk 
for men. Another sex difference is the clinical presentation of CVD because more women 
than men present with acute coronary syndrome but non-obstructive arteries. 
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1This implies that other mechanisms could be present besides plaque formation, such as 
abnormal microvascular function of the coronary arteries11. The growing body of evidence 
for different mechanisms underlying cardiovascular disease in women make it more 
relevant to also study vascular endothelial function specifically in a female population. 

Our endothelium is not only interesting as a marker of cardiovascular disease. Because it 
lines every organ, endothelial dysfunction can be assessed in different ways and in different 
vascular beds. Our kidneys for example, are also lined with vascular endothelium and, even 
though kidney function is not considered a common parameter of endothelial function, 
it actually is. Damaged endothelium in the kidney results in urinary loss of albumin and a 
decrease in glomerular filtration rate 12-15. 

MEASURING ENDOTHELIAL FUNCTION
Over the years, endothelial function has been measured through different methods 
available. Nowadays there are several common invasive and non-invasive assessment 
measures. All common invasive measurements of endothelial function encompass 
measuring vascular response after the infusion of a vasoactive substance whilst non-
invasive measurements evaluate patterns of blood flow through vessels, either with or 
without a temporary occlusion. During pregnancy, various methods have been used 
to study endothelial function. Most studies, however, have been restricted to in vitro 
experiments on isolated endothelial cells or vessels from maternal or foetal tissues 
because of the invasive nature of most of these tests. Flow mediated dilation (FMD) is a 
measure that, over the last decades, has increased in popularity because it can also be 
used as a proxy for cardiovascular health.

MEASURING FLOW MEDIATED DILATION (FMD)
FMD is a non-invasive two-dimensional ultrasound technique to measure vascular 
endothelial function. A damaged endothelium usually results in a decreased FMD. FMD 
is described as a NO endothelium-dependent process reflecting the dilation of an artery, 
usually of the brachial artery, when exposed to reactive hyperaemia 16-18. FMD is calculated 
by the absolute increment in arterial diameter after deflation of a blood pressure cuff, thus 
inducing reactive hyperaemia, in relation to the artery diameter, given in percentages 19. With 
FMD, endothelium reactivity can be studied in systemic arteries safely during pregnancy. 

When using the brachial artery, a blood pressure cuff is placed on the forearm and a 
continuous measurement of blood velocity and artery diameter using duplex ultrasound 
is performed on the brachial artery. After several minutes of obtaining a baseline resting 
velocity and diameter the blood pressure cuff is inflated to 200 mmHg, and this is 
maintained for 5 minutes. This causes ischemia and consequently dilation of downstream 
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resistance vessels via auto-regulatory mechanisms. After release of the blood pressure 
cuff blood flow increases inducing a brief high-flow state through the brachial artery 
(reactive hyperemia) to accommodate the dilated resistance vessels (see Figure 2). The 
resulting increase in shear stress causes the brachial artery to dilate. This reaction and 
the vessels recovery is recordered during several minutes. The magnitude of dilation, 
due to an increase in shear stress and the subsequent release of NO, is determined 
by three different aspects namely: characteristics of the stimulus (amount and pattern), 
transduction of the vasodilator response to the surrounding smooth muscles, and 
structural characteristics of the vessel wall. 

The exact system for detecting an increase in shear stress is thought to be related to 
calcium-activated potassium channels that react by shifting to an open conformation, 
hyperpolarizing the endothelial cell and subsequently causing calcium to enter the cell 18,20-

23. As such, calcium activates eNOS leading to NO synthesis and causing the surrounding 
smooth muscle cells to relax. 

Figure 2 Schematic representation of flow mediated dilation.

Since its development in 1992, FMD measurement protocols have improved substantially. 
Recommendations proposed in a comprehensive tutorial by Harris et el, published in 
2010, represent the most recent advancements in ultrasonic measurement of FMD in an 
attempt to reach standardisation across research sites and to subsequently facilitate the 
use of FMD as a clinically relevant research tool17. When measuring FMD one should keep 
in mind that the magnitude of the reaction can be influenced by different aspects: dietary 
intake (specifically caffeine, alcohol, fat and vitamin C), recent aerobic exercise, medication 
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1use, menstrual cycle and sympathetic stimuli. An experienced ultra-sonographer is a 
prerequisite to an optimal quality of the measurement. Recently it has also been suggested 
that FMD should be indexed for baseline diameter, through allometric scaling, considering 
that smaller vessels have a greater FMD response than larger vessels 24,25. 

MEASURING KIDNEY FUNCTION
Kidney function is generally expressed by two parameters: glomerular filtration rate (GFR), 
indicating the speed of filtration, and albuminuria, indicating the quality of the glomerular 
endothelium. GFR is determined by a multiplication of the glomerular capillary filtration 
coefficient and the net filtration pressure. 

The capillary filtration coefficient is determined by hydraulic conductivity and the amount 
of surface area of glomerular capillaries. The net filtration pressure is determined by 
hydrostatic and oncotic pressures in the glomerulus and Bowman’s capsule (see Figure 3).

Figure 3 Schematic representation of net filtration pressure.

The filtration coefficient can be influenced by a change of the number of functional 
glomerular capillaries (changes in surface area) or change in the thickness of the glomerular 
capillary membrane (changes in hydraulic conductivity) but these are, in a healthy kidney, 
a stable part of the equation. Under healthy conditions, the concentration of protein in 
the glomerular filtrate is so low that oncotic pressure is considered zero. Net filtration 
pressure is therefore mostly determined by hydrostatic pressure 26. 
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GFR can be measured by the renal clearance of different substances. The ideal marker 
is a solute that is nontoxic, freely filtered at the glomerulus and neither secreted nor 
reabsorbed by the kidneys tubules. Over the years multiple endogenous and exogenous 
filtration markers have been used to evaluate kidney function 27. Inulin is the most 
commonly used exogenous marker and considered the golden standard while creatinine is 
the most used endogenous marker. Measuring GFR through inulin has the disadvantages 
of being a time-consuming and complex procedure that requires urine catheterisation 
to be accurate. 

Because of the disadvantages of inulin, creatinine has become widely accepted to estimate 
GFR even though it is less accurate. Creatinine is derived from the metabolism of creatine 
in skeletal muscle and from dietary meat intake and is present in a relatively constant 
concentration 28. It is usually measured in a 24 hour urine collection in combination with 
serum blood creatinine, termed creatinine clearance. There are two main reasons for the 
inaccuracy of creatinine clearance namely, the inaccuracies in the method of collection 
and the fact that creatinine quantities in the blood can be influences by dietary intake 
and/or exercise 29. 

GFR estimates can be calculated by different formulas that take several factors into 
account, namely weight, age and ethnicity. The more commonly used formulas are 
Cockcroft-Gault (CG), Modification of Diet in Renal Disease (MDRD) and the more recent 
Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI). It is relevant to note that 
all of these formulas are based on large cohorts of non-pregnant patients with at least 
mild renal insufficiency 30-32. During pregnancy GFR estimates can vary in accuracy and 
creatinine clearance, MDRD and CG are found to underestimate GFR 33-35. 

Not only does GFR provide us information on kidney function, so does albuminuria. 
Albuminuria is the loss of albumin through the glomerular endothelium, which is indicative 
of the quality of the endothelium than lines the kidneys. A damaged endothelium at the 
glomerulus will result in (increased) loss of albumin in the urine. 

ENDOTHELIAL FUNCTION AND PREGNANCY
The adaptation a female body goes through during pregnancy is extensive. Major 
hemodynamic changes induced by pregnancy include a reduction in systemic vascular 
resistance, blood volume expansion, an increase in cardiac output, sodium and water 
retention and a decrease in systemic blood pressure. Most adaptive changes appear early 
in pregnancy, reach their peak during the second trimester, and then remain relatively 
constant until delivery. Ultimately, they parallel optimal growth and development of the 
foetus. The mechanisms responsible for the pregnancy associated vasodilation and 
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1decrease in vascular resistance are not yet fully understood but is thought to be mostly 
accomplished by a decrease of endothelial vascular responsiveness to constrictors 
angiotensin and norepinephrine and an increased susceptibility for endothelium derived 
relaxing factor and NO, both vasodilators 36. Estrogen and relaxin also play an important 
role in decreasing vascular resistance through vasodilation 37. 

Maternal adaptations during pregnancy result in an (temporary) increase in shear stress on 
the mono-cellular layer of vascular endothelium and thus triggering vascular reactivity to 
self-regulate vessel tone. Subsequently, local endothelial mechanisms induce vasomotor 
response by means of vasodilation in functionally intact endothelium as observed in 
conduit arteries 20,38. Furthermore, besides the drop in renal resistance, these changes 
also induce an increased renal blood flow and subsequently an increase in GFR. When the 
resistance of the afferent arteriole decreases, renin is released. The release of renin causes 
an increase in the formation of angiotensin I, which in turn is converted to angiotensin II 
that constricts the kidney’s efferent arterioles thereby increasing glomerular hydrostatic 
pressure. This results in an increase of filtration pressure and consequently an increase in 
GFR. Additionally to the increase in net filtration pressure, the oncotic pressure substantially 
decreases because of plasma volume expansion, which also contributes to the rise in 
GFR during pregnancy 39. Interestingly, our kidneys show similar antihypertensive effects 
from estrogen signalling, since NO also participates in kidney control of extracellular fluid 
homeostasis 40.

PREECLAMPSIA AS AN ENDOTHELIAL DISEASE
Preeclampsia is a pregnancy related syndrome that usually occurs after 20 weeks of 
pregnancy. Even though it has a relative small incidence of 2 - 8% of all pregnancies, it 
has a great impact on maternal and foetal morbidity and mortality. If uncontrolled it can 
progress to eclampsia, which is characterized by epileptic seizures. About 14% of maternal 
deaths worldwide are caused by preeclampsia; it is the second most occurring cause of 
maternal death 41. There is currently no definite treatment and/or cure except for delivery. 

Preeclampsia is usually a state of endothelial dysfunction that is expressed by 
hypertension and commonly coincided by proteinuria, disseminated intravascular 
coagulation, hepatic and/or kidney problems. During preeclampsia, vascular endothelial 
function is disturbed which can be seen by a decrease or downregulation of different 
factors needed for uncomplicated maternal adaptation to pregnancy. The further 
understanding of maladaptive responses during pregnancy could provide more insight 
in the pathophysiology of preeclampsia. 
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What makes research concerning the aftermath of preeclampsia complicated is the 
difficulty to discern between a maternal predisposition for and consequence of the 
syndrome. There are several arguments to be made for an interaction between multiple 
factors. The most compelling argument is that preeclampsia is a multi-organ syndrome 
that may develop through different pathophysiologic pathways that vary considerably and 
therefore presents itself through a wide range of symptoms. Most notable predisposing 
maternal factors are genetics, a low plasma volume before pregnancy, obesity, age, 
hypertension, diabetes, renal disease, vascular disease and autoimmune disease that 
influence the development of preeclampsia. After pregnancy complicated by preeclampsia 
the endothelium seems to be affected up until a few years after delivery but there are 
some studies that indicate this negative effect on the endothelium might not persist over 
time 42-45. Overall this generalized endothelial dysfunction does seem to be more prevalent 
after a pregnancy complicated by preeclampsia. Women with a history of preeclampsia are 
at a 2 - 6 fold increased risk of future cardiovascular disease and a 3 - 7 fold increased risk 
of future kidney disease, depending on the severity of the disease during pregnancy 46,47. 
It seems therefore relevant to understand why this increased risk is present and what, if 
any, the common pathways would be.
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1AIMS AND OUTLINE OF THIS THESIS

This thesis aims to provide insight in maternal adaptation to pregnancy of endothelial and 
kidney function, to discuss maladaptation during pregnancy and the possible long-term 
consequences on vascular endothelial and kidney function thereof. 

CHAPTER 2 establishes reference values for flow mediated dilation (FMD) and brachial 
artery diameter (BAD) in pregnancy and provides insight in the physiological and 
pathological course of endothelial adaptation throughout human singleton pregnancies. 

CHAPTER 3 systematically reviews and quantifies current literature on kidney function 
during pregnancy, estimates the extent of adaptation over the course of both physiological 
and hypertensive complicated singleton pregnancies, and determines a possible threshold 
to distinguishing normal from abnormal.

CHAPTER 4 discusses early systemic maternal kidney and cardiovascular adaptation to 
pregnancy in women with a hypertensive complicated pregnancy in their history, and 
defines differences in women who do and do not develop a recurrent hypertensive 
disorder later on in pregnancy.

CHAPTER 5 determines the prevalence of chronic kidney disease in women with a history 
of preeclampsia that would need monitoring of kidney function according the KDIGO 
guideline.

CHAPTER 6 aims to shed light on the relationship between endothelial dependent 
vasodilation expressed by FMD and kidney function expressed by glomerular filtration 
rate and microalbuminuria, as both can reflect endothelial (dys)function.

CHAPTER 7 evaluates the arterial aging process and the effects of obstetric history upon 
the physiologic age related decline in vascular endothelial function.
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ABSTRACT

INTRODUCTION     The purpose of this systematic review and meta-analysis is to 
establish reference values for flow mediated dilatation (FMD) and brachial artery 
diameter (BAD) in pregnancy and to provide insight in the physiological and pathological 
course of endothelial adaptation throughout human singleton pregnancies. 

METHODS     A meta-analysis was performed following a systematic review of current 
literature on FMD, as a derivative for endothelial function and BAD, throughout 
uncomplicated and complicated pregnancies. PubMed (NCBI) and Embase (Ovid) 
electronic databases were used for this literature search which was performed from 
inception to June 9th 2016. To allow judgment of changes as compared to a non-
pregnant state, studies were required to report both a non-pregnant mean reference of 
FMD (matched control group, prepregnancy or postpartum measurement) and mean 
FMD during a predetermined and reported gestational age. Pooled mean differences 
between the reference and pregnant FMD values were calculated.

RESULTS     Fourteen studies which enrolled 1231 participants met the selection criteria. 
Publication dates ranged from 1999 to 2014. In uncomplicated pregnancies FMD was 
increased in the second and third trimester. Between 15 and 21 weeks of gestation 
absolute FMD increases the most by a mean (95% CI) of 1.89% (0.2 - 3.5%). This was 
a relative increase of 22.5% (3.0% - 42.0%) compared to non-pregnant reference. 
BAD increased progressively in a steady manner but did not reach significance in the 
first half of the second trimester. We could not discern differences in FMD and BAD 
between complicated and uncomplicated pregnancies at 29 - 35 weeks’ gestation, 
reported in three studies that met our inclusion criteria. Despite the increase in FMD 
and BAD throughout gestation both reference curves were characterized by wide 95% 
confidence intervals. 

CONCLUSION     During healthy pregnancy both endothelium-dependent vasodilatation 
and BAD increase. Women with a complicated pregnancy had FMD values within the 
lower range when compared to uncomplicated pregnancies but, as a group, did not 
differ from each other. 
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INTRODUCTION

A physiological pregnancy is characterized by substantial hemodynamic adaptations of 
the maternal cardiovascular system. Major hemodynamic changes include an increase 
in cardiac output, sodium and water retention leading to plasma volume expansion, 
and reductions in systemic vascular resistance and systemic blood pressure 1-10. To 
accommodate the increased arterial flow, the arterial system has to adapt to keep 
endothelial shear rates within healthy boundaries. The mechanisms responsible for the 
pregnancy associated vasodilation are not yet fully understood but it is thought to be 
mostly accomplished by a decrease of endothelial vascular responsiveness to constrictors 
angiotensin II and norepinephrine and an increased availability and susceptibility for 
endothelium- derived relaxing factor and nitric oxide (NO). Moreover oestrogen and 
progesterone, which increase steadily during pregnancy are also known to stimulate 
NO production and may account, at least partly, for the observed vascular functional 
adjustment 11-14. Several studies showed enhanced endothelial function during normal 
pregnancy reflected by an increased flow mediated dilation (FMD) and brachial artery 
diameter (BAD) 15,16.

Gestational hypertensive disorders (GHD) and foetal growth restriction (FGR), as part of the 
placenta syndrome, are believed to be elicited by a pathological placental adaptation and/
or maternal vascular vulnerability, characterized by endothelial dysfunction. The increased 
vascular resistance seen during GHD and FGR relates to a decreased NO production or 
diminished response to NO in the vascular smooth muscle cells indicating an underlying 
endothelial problem 17. FMD has been widely used to determine endothelial function 18. 
It can be used as a non-invasive two-dimensional ultrasound technique of the brachial 
artery to measure vascular endothelial function. Several studies demonstrated endothelial 
dysfunction during GHD and FGR, also shown by a decreased FMD, when compared 
to uncomplicated pregnancy 19,20. However, endothelial adaptation to pregnancy and 
thereafter is uncertain. Moreover, the physiological pattern is unclear due to contradictory 
study results 16,21,22. We hypothesised that endothelium dependent FMD gradually 
increases throughout gestation. This meta-analysis aimed to systematically review and 
quantify current literature on endothelial adaptation during pregnancy, with FMD as the 
derivative, to estimate the extent of adaptation over the course of both uncomplicated and 
complicated pregnancies. We aim to construct, based on data from the included studies, 
reference curves for brachial FMD and BAD. 
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METHODS

FMD is described as a NO- and endothelium-dependent process reflecting the dilatation 
of an artery when exposed to reactive hyperaemia 18,23,24. The percentage flow mediated 
dilatation (FMD%) is estimated as the absolute increment in brachial arterial diameter 
after deflation of a blood pressure cuff, thus inducing hyperaemia, in comparison to the 
BAD 25. A decreased FMD response reflects endothelial dysfunction and is therefore an 
indication of endothelial health 26,27.

LITERATURE SEARCH
Studies evaluating endothelial function during uncomplicated and complicated 
pregnancies were searched using PubMed (NCBI) and Embase (Ovid). These electronic 
databases provided publications from 1952 and 1972, respectively, up until June 9th 
2016. The search strategy focused on pregnancy, both uncomplicated and complicated, 
and FMD as detailed in Table 1. The complicated pregnancy component was subdivided 
in pregnancy-induced hypertension, FGR, preeclampsia and gestational diabetes. All 
components consist of free search terms in titles and abstracts and MeSH and Emtree 
terms for, respectively, Pubmed and Embase databases. Limits were set on humans 
and journal articles. Reference lists of all included studies were reviewed for additional 
studies. 

SELECTION OF STUDIES
Studies were qualified for inclusion following a two-phased selection process. All articles 
obtained from the search were screened independently for eligibility by two investigators 
(VLvB, TvG) based on title and abstract only. Articles were eligible if the method of brachial 
FMD measurements, as a proxy for endothelial function, was cited. Discrepancies were 
resolved by mutual agreement. Subsequently, articles that passed the first selection phase 
were read completely and screened for inclusion based on the inclusion and exclusion 
criteria by the same investigators. Studies were eligible for inclusion if they reported 
original data, including: mean FMD (%) during human singleton pregnancies with either 
standard deviation (SD), standard error (SE), or 95% confidence interval (95%CI). We 
assumed that FMD values were normally distributed. In addition, studies had to include 
a reference FMD measurement of either non-pregnant, pre-pregnant or (> 6 weeks) 
post-partum controls. Pre-pregnant and postpartum measurements subjects were also 
measured during pregnancy. This was relevant to be able to calculate differences between 
pregnant and non-pregnant FMD values within studies. 
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Studies that did not measure FMD on the brachial artery were excluded. No restrictions 
were set on age, weight, height, ethnicity or parity. Additionally, studies assessing women 
with a pre-existing cardiovascular history or reporting data in other languages than English, 
Dutch, Spanish, Italian, Portuguese or German were excluded. 

Studies were not excluded based on the use of medication, but were excluded based on 
participants’ smoking status. Furthermore, intervention studies, case reports and reviews 
were also excluded. In case of duplicate reporting of experimental data the most recent 
publication was used. 

DATA EXTRACTION
Data regarding study characteristics, anthropometric measures, effect measures and 
method used to measure brachial FMD were extracted from the selected studies. With 
reference to study characteristics the following was obtained: authors, year of publication, 
study design, sample size, population description, inclusion and exclusion criteria and key 
conclusions. Additionally, extracted subject characteristics consist of age, non-pregnant 
weight and body mass index (BMI), height, parity, gravidity, body surface area, heart rate 
(HR), systolic blood pressure (SBP), diastolic blood pressure (DBP), mean arterial pressure 
(MAP), gestational age at time of FMD measurement, birth weight of the offspring, and 
gestational age at delivery. For women with a complicated pregnancy gestational age at 
onset of the hypertensive disorder was also documented. Effect measures include FMD 
as primary outcome and BAD as a secondary outcome. Furthermore, data relating to 
ultrasound assessment of endothelial function were extracted as described in a tutorial by 
Harris et el. 23. Included in this tutorial were the essential elements of FMD measurements, 
including appropriate ultrasound technology (high-resolution, multi-frequency linear 
ultrasound Doppler probe, duplex mode, angle steer and insonation angle correction, 
ECG gating, intensity-weighted velocity calculations), subject preparation (vitamin 
supplementation, medications, tobacco use, caffeine, previous exercise/rested state, 
fasted state, adequate acclimatization, repeated measurements), baseline measurements 
(baseline arterial diameter and baseline blood velocity), vascular occlusion (the cuff type, 
cuff position, cuff duration), reactive hyperaemia measurements (temporal kinetics of 
arterial diameters and blood velocities and calculation of shear rate) and FMD analysis 
(edge detection software, calculation of FMD, normalization of FMD). Each included study 
was given a percentage of optimality, based on the sum of optimal items. This data was 
used to evaluate the quality of FMD measurement. All essential elements were of equal 
importance and weighed accordingly in the total score.
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Studies with a positive score ≥ 60% were defined as high quality (HQ), those scoring ≥ 30% 
and <60% as moderate quality (MQ) and those scoring < 30% as low quality (LQ). Requests 
were made to retrieve additional information from the authors of the included articles if 
data were unclear or incomplete 20.

QUALITY ASSESSMENT
The quality and risk of bias of included studies were assessed independently by two 
investigators (VLvB , TvG) according to a modified set of items as reported in the Quality 
in Prognosis Study (QUIPS) tool 28. This modification was made to suit the purposes of this 
review. A plus or minus or interrogation mark (that counts as a minus and was used when 
item was not applicable) was allocated per study for risk of bias on five domains: study 
participation, study attrition, variable measurement, data reporting, and study design. All 
domains were deemed of equal importance, and thus weighed accordingly in the total 
score. In case of loss to follow-up, studies were solely scored for study attrition. Studies 
with a positive score ≥ 60% were defined as high quality (HQ), those scoring ≥ 30% and 
<60% as moderate quality (MQ) and those scoring < 30% as low quality (LQ).

DATA AND STATISTICAL ANALYSIS
FMD measurements were categorized in five different intervals of gestational age (< 14, 
15-21, 22-28, 29-35, and 36-41 weeks). These gestational age intervals were adapted 
from Abudu et el. 29 and enabled a most precise categorization of almost all available FMD 
measurements. FMD and diameter change was calculated separately for these predefined 
intervals using a random-effects model as described by DerSimonian and Laird 30. SD 
was obtained from SE or 95% CI and calculated for combined groups according to the 
Cochrane handbook for systematic review of interventions whenever necessary 31. The 
random-effects model allows for inter-study variation and was chosen since observational 
data of different pregnant populations were used. Egger’s regression test for funnel plot 
asymmetry was performed to test for the presence of publication bias 32. 

The primary outcome was the mean difference in FMD between pregnancy and the 
reference value, reported with a 95% CI. In case of a study reporting both non-pregnant 
controls and post-partum reference measurements, the latter was selected to reduce 
measurement errors. When a study provided multiple post-partum values, the last one 
was obtained as a reference measurement. We reported the absolute FMD increase from 
reference in percentage and the relative increase from reference, also in percentages. 
Some longitudinal studies reported reference and pregnant FMD of the same women 
16,20,33,34. Point estimates are unaffected by these dependent observations. 
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If the authors did not present sufficient information to determine the covariance 
between measurements, instead of estimating (a range of) covariance, we ignored their 
dependence. Since the variance of the mean difference decreases as the covariance 
between the two measurements increases, not taking the covariance into account can 
only have resulted in slightly conservative estimates of precision. 

The ratio between total heterogeneity and total variability (I-squared statistic (I2)) was 
computed as a measure of heterogeneity. I2 can distinguish true heterogeneity from 
sampling variance and is expressed as a percentage 35. Sources of heterogeneity and 
differences between uncomplicated and complicated pregnancies were investigated by 
meta-regression analyses using a mixed-effects model. We considered type of reference, 
FMD measurement quality and study quality as sources of heterogeneity. All variables 
were corrected for gestational age. The meta-analyses and meta-regression analyses were 
performed in R version 3.2.3 using the meta package 36,37.
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RESULTS

STUDY AND DATA SELECTION
The literature search yielded 2424 articles, after duplicate removal, from both Embase 
and Pubmed electronic databases (Figure 1). After screening based on title and abstract 
we identified 181 studies eligible for full-article analysis. Following exclusion, largely due 
to the lack of FMD reference measurements (n= 71), 14 articles were ultimately selected. 
Studies excluded based on study design did either: not measure FMD, solely reported 
correlations or only stated non-pregnant and postpartum brachial FMD measurements. 
Additionally, one article was excluded due to suspicion of duplicate reporting 38, while 
five other articles were excluded because of unobtainable data from abstracts 39-43. One 
article was excluded based on FMD measurement method, due to measurements of the 
radial artery rather than the brachial artery 44. We did not find additional studies after 
screening reference lists. For all included studies reporting more than one dataset, only 
data with an eligible reference value 45, FMD measurement value, 20 and cross-sectional 
data 16 were included. Two studies included both non-pregnant controls and postpartum 
controls 15,34. One study reported FMD data in healthy children and adults of both sex with 
and without a history of stroke or coronary heart disease and healthy pregnant women. 
Only the FMD values of healthy pregnant women were included along with the reference 
FMD 45. In another study FMD data were presented in active pregnant, sedentary pregnant, 
active non-pregnant and sedentary non-pregnant women, but solely the combined data 
of pregnant and non-pregnant were included 21. In a study consisting of non-smokers and 
smokers, only non-smoker FMD data were included because of the known negative effect 
of smoking on endothelial function 46. The 14 articles selected for analysis included 387 
non-pregnant, 542 healthy pregnant, 223 postpartum, and 79 GHD FMD measurments.

CHARACTERISTICS
Study characteristics and anthropometric measures of study participants included 
in this review and meta-analyses are described in Tables 2 and 3, for uncomplicated 
pregnancies and pregnancies complicated by GHD, respectively. For most studies overall 
characteristics are presented, since these did not report subgroup characteristics. 
Pregnancies complicated by preeclampsia 47,48 and gestational hypertension 20 were 
indexed as pregnancies complicated by GHD.

DATA EXTRACTION
Participant’s anthropometric data were insufficiently and infrequently reported by the 
authors. It was therefore impossible to analyse the contribution of these variables to the 
heterogeneity observed. 
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Figure 1 Flow chart for selection, inclusion and exclusion.

QUALITY ASSESSMENT
Quality assessment of included studies was subdivided in HQ (n = 2), MQ (n = 10) and LQ 
(n = 2) as illustrated in Table 4. Outcome scores varied between 24% and 65% (median 
47% IQR 37 - 53%). All studies fulfilled two items; ‘clear reporting of gestational age’ and 
an ‘equal method and setting for all study participants throughout follow-up’. All but three 
stated a mean of the time frame of measurements at gestational age 45,48,49. However these 
data were later provided by the author of one article 49. Items that scored lowest were a 
pre-pregnant FMD value as reference (n = 0) and adequate description of ethnicity (n = 0). 

FMD quality assessment of included studies was subdivided in MQ (n = 4) and LQ (n = 
10) studies, with no HQ studies (Table 5). Outcome scores varied between 4% and 42% 
(median 23% IQR 17- 32%). These scores are predominantly the result of insufficient and/
or absence of data reporting method, rather than elements not being optimal. 
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The meta-regression analysis, to interpret heterogeneity, in terms of study-level covariates, 
showed a significant statistical association between FMD course and different study 
qualities respectively (LQ vs. MQ vs. HQ (0.06 < p < 0.02)). There was no significant effect 
of gestational age on the course of FMD measurement (p = 0.07). The FMD measurement 
quality was not significant (p = 0.38), nor the type of reference measurement (postpartum 
vs. non-pregnant controls, p = 0.92). The meta-regression analysis for BAD showed a 
significant effect of gestational age (p = 0.02), indicating a considerable increase during the 
course of pregnancy. There was no effect on the BAD course and different study qualities 
(LQ vs. MQ vs. HQ, 0.15 < p < 0.19), nor the type of reference measurement (postpartum 
vs. non-pregnant controls, p = 0.66) or FMD measurement quality (p = 0.09). 

FLOW MEDIATED DILATATION
Between 15 and 21 weeks of gestation, FMD showed the greatest increases of 1.89% 
(0.2 - 3.5%). This was a relative increase of 22.5% (3.0% - 42.0%) compared to reference. 
In addition, the highest increase in FMD disclosed in this review was 7.27% (4.2 - 10.3%), 
which was substantially larger compared to the other studies in this category 33. Seeing that 
the second trimester in this review reported its greatest increase, and more importantly, 
a specific study 33 showed a substantially larger effect than the other articles, this raised 
a concern regarding its influence on the mean percentage increase during this interval. 
Thus, a sub analysis of the forest plots was performed without this particular study, that 
still resulted in a significant increase of 1.05% (0.09 - 2.02%) during the 15-21 weeks 
interval. One study reported FMD data between 14 and 16 weeks’ gestation and was 
allocated to this interval in the analysis 45. Forest plots of FMD course throughout 
uncomplicated pregnancies compared to reference values are depicted in Figure 2. Funnel 
plot asymmetry was not statistically significant at any interval (0.22 < p < 0.62). FMD was 
increased to a lesser degree with 0.94% (0.0 - 1.9%), relative 10.4% (0.0 - 20.7%), in the 
last half of the second trimester at 22 - 28 weeks’ gestation. At 29 - 35 weeks of pregnancy 
FMD was increased by 1.24% (0.3 - 2.2%), relative 13.9% (3.3 - 24.6%), which is greater than 
the previous interval, but lesser than the first half of the second trimester. Most studies 
reported data on this interval. The greatest increase in FMD reported in this category 
was 5.40% (2.0 - 8.7%). Lastly, no increase was seen between 36 and 41 weeks’ gestation 
compared to reference conditions. One study reported FMD data between 32 and 39 
weeks’ gestation and was allocated to the last interval in the analysis 45. 

A forest plot of the FMD course during pregnancies complicated by GHD compared to 
reference values is illustrated in Figure 3. Included studies report data on FMD during 
complicated pregnancies between 29 and 35 weeks. There was no significant increase in 
FMD, 1.2% (−0.5 - 2.9%) relative 13.9% (−5.9% - 33.7%), between 29 and 35 weeks compared 
to reference values, nor was this different from uncomplicated pregnancies (p = 0.77).
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Figure 2  Forest plot of flow mediated dilatation (FMD) during physiologic pregnancies at <14 
weeks, 15 - 21 weeks, 22 - 28 weeks, 29 - 35 weeks, and 36 - 41 weeks’ gestation compared to the 
non-pregnant reference value. FMD is reported as mean difference (MD) between pregnant and 
reference FMD, with 95% CI, as a percentage.
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In order to construct reference values for FMD throughout physiological, uncomplicated, 
pregnancy the mean FMD values of both healthy pregnant, non-pregnant and postpartum 
measurements of the included studies were plotted, along with the 5th and 95th percentile 
calculated from intra-study variances (Figure 4). Each point estimate is indexed as a value 
from a LQ, MQ of HQ study as stipulated by study quality assessment. 

Figure 7 illustrates reference values for BAD throughout physiological, uncomplicated, 
pregnancy, similarly to FMD in uncomplicated pregnancies, with the absolute course by 
means of the mean, 5th and 95th percentile of both non-pregnant, healthy pregnant and 
postpartum measurements, portraying intra-study variances.

BRACHIAL ARTERY DIAMETER
When compared to reference conditions, BAD increased significantly, in a progressive 
manner, during the intervals 22 - 28, 29 - 35 and 36 - 41 weeks’ gestation with values of, 
respectively, 0.13 mm (0.0 - 0.2 mm) relative 4.2% (0.9 - 7.4%), 0.20 mm (0.1 - 0.3 mm) 
relative 6.5% (4.8 - 8.4%), and 0.24 mm (0.1 - 0.4 mm) relative 7.7% (2.9 - 12.8%). Forest 
plots of BAD course throughout uncomplicated pregnancies and pregnancies by GHD 
compared to the reference value are depicted in Figure 5 and Figure 6, respectively. Funnel 
plot asymmetry was detected at 22 to 28 weeks’ gestational age in healthy pregnancies (p 
= 0.03). However, the pooled estimate remained 0.13 mm after correction, using the trim 
and fill method 50. No other funnel plot asymmetry was found (0.38 < p < 0.77).

In pregnancies complicated by GHD brachial artery diameter significantly increased by 
0.36 mm (0.22 - 0.49 mm) relative 11.6% (7.1 – 15.8%) at 29 - 35 weeks of gestation 20,47, 
when compared to reference measures. No significant differences in BAD measurements 
were detected between healthy pregnancies and pregnancies complicated by GHD in this 
specific interval (p = 0.25). 
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Figure 5 Forest plot of brachial artery diameter (BAD) during physiologic pregnancies at < 14 weeks, 
15 - 21 weeks, 22 - 28 weeks, 29 - 35 weeks, and 36 - 41 weeks’ gestation compared to reference. 
BAD is reported as mean difference (MD) between pregnant and reference BAD, with 95% CI, in 
millimetres (mm).



Endothelial function during pregnancy: a review and meta-analysis

2

39

Study

29−35 weeks

Summary
I2 = 0%

Saarelainen 2012
Yamamoto 2010

Pregnant

46

26
20

                 Sample size
Reference

39

24
15

−0.4 −0.2 0 0.2 0.4

 Change brachial artery diameter (mm) 

MD

0.36

0.30
0.40

95% CI

[0.22; 0.49]

[0.10; 0.50]
[0.22; 0.58]

Figure 6 Forest plot of brachial artery diameter (BAD) during pregnancies complicated by gesta-
tional hypertensive disease at 29 - 35 weeks’ gestation compared to reference. BAD is reported 
as mean difference (MD) between pregnant and reference BAD, with 95% CI, in millimetres (mm).

2.4

2.8

3.2

3.6

reference 5 10 15 20 25 30 35 40 6 PP 13 PP
Duration amenorrhea (weeks)

Br
ac

hi
al

 a
rte

ry
 d

ia
m

et
er

 (m
m

)

Quality

Low quality

Medium quality

High quality

n1

25

50

75

0.8

0.8

Figure 7 Brachial artery diameters in millimetres (mm) during physiologic pregnancies and post-
partum (PP). The circle size indicates the sample size of the point estimate. The colour of the circle 
refers to the quality assigned to the study: red = LQ, green= MQ, blue = HQ. Curve fit is weighted 
by the inverse variance and plotted with 5th and 95th percentiles. The 50th percentile is represented 
by a solid line.
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DISCUSSION

In this meta-analysis we systematically reviewed the adaptation of FMD and BAD throughout 
pregnancy. In uncomplicated pregnancies FMD was increased in the second and third 
trimester. BAD increased progressively in a steady manner, by the second trimester, 
but did not reach significance in the first half of the second trimester. In pregnancies 
complicated by GHD, both BAD and FMD were not significantly different compared to 
healthy pregnancies. 

Pregnancy is characterized by profound vasodilatation 51. Throughout gestation extensive 
hemodynamic adaptations evolve, by way of plasma expansion and increase in cardiac 
output, instigated by an abrupt and profound reduction in peripheral vascular resistance 
51. These adaptations cause an increase in shear stress, on the vascular endothelium, 
thereby triggering vascular reactivity to self-regulate tone. In contrast, pregnancy induced 
haemodilution and a decreased blood viscosity lowers shear forces upon the endothelium 
52. Subsequently, local endothelial mechanisms induce a vasomotor response by means 
of vasodilatation in functionally intact endothelium, as observed in conduit arteries, 
designated as FMD 24,53. The exact system for detecting an increase in shear stress is 
thought to be related to calcium-activated potassium channels that react by shifting to 
an open conformation, hyperpolarizing the endothelial cell and subsequently causing 
calcium to enter the cell 24,54-57. As such, calcium activates endothelial nitric oxide synthase 
leading to NO synthesis. 

Physiologically, adequate endothelial function exhibits balance and local regulation of 
anti-inflammatory-, antithrombotic-, anticoagulant-, profibrinolytic-, antihypertrophic- and 
endothelium-dependent vasodilatation characteristics 58-60. A dysfunctional endothelium 
can be non-invasively evaluated by assessing the endothelium dependent vasodilatation, a 
measurement also feasible during pregnancy. The change in vasodilator response during 
pregnancy may be reflected by an increase in FMD. We observed that additional to a 
progressively increasing BAD, FMD is increased in the second half of pregnancy, a finding 
in line with several longitudinal studies 15. 

The fact that FMD does not steadily rise throughout gestation could be the result of the 
progressively increasing BAD. Considering that smaller vessels have a more profound FMD 
response to a stimulus than larger vessels do, it is striking than an increased FMD is seen 
coinciding with an increased BAD during pregnancy 61-63. Moreover, when stretched, the 
elastic properties of the same vessel respond differently, usually towards more stiffening. 
Interestingly, even though vascular function is increased during pregnancy, we found no 
indication that vessel structure is permanently changed, as both function and structure 
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return to similar levels after pregnancy. This is in contrast to studies indicating that an 
increased function could result in structural adaptation 64,65. As mentioned, the increase in 
flow-mediated response is directly proportional to baseline diameter, making it baseline 
diameter dependent. An allometric model involving FMD (on a log scale) as the outcome 
and BAD (log-transformed) as a covariate has been proposed to resolve this dependency 
66. However, we could not investigate this dependency in this meta-analysis. Besides 
mechanical effects, increased gestation-induced low-grade inflammation may also affect 
FMD, as the maternal inflammatory response in late pregnancy is suggested to relate to 
changes in FMD due to diminished NO-mediated dilatation 19. 

Maladaptation of maternal vascular and central hemodynamic function in pregnancy may 
affect remodelling of arteries and with it trophoblastic invasion, creating an imbalance in 
maternal-foetal interface. These adverse adjustments may result in additional endothelial 
impairment. Clinically this impairment manifests in placental dysfunction and induced 
foetal growth restriction on the one hand, and maternal capillary-leak induced oedema, 
organ hypoperfusion, hypertension, proteinuria, platelet activation and consumption 
and erythrocyte decay on the other hand 67,68. Recently a large meta-analysis reported a 
lower FMD before the clinical onset and during preeclampsia compared to uncomplicated 
pregnancies 69. We were unable to confirm their findings, mainly due to our different 
objective for which we included only studies using a non-pregnant reference value within 
the same study. However, when we compare mean FMD values of the studies included 
in that review to the reference values computed by our study, they are all below the 50th 
percentile and, more than half below the 25th percentile reference line. 

Pitfalls and discrepancies that could have resulted in the dispersal of non-pregnant FMD 
values can be found in methodological shortcomings of included studies. According to 
Weissgerber et el. 21 continuous FMD diameter measurements are required to adjust for 
delayed peak dilatation in pregnancy. Since post-release diameter at 60 seconds differs 
significantly from non-pregnant women who peak on average at 45 seconds. Other 
methodological shortcomings within studies such as caffeine use, menstrual phase used 
as reference, fasted state and adequate acclimatization could also be responsible for 
the broad interval between the 5th and 95th percentiles. With reference to the detected 
funnel plot asymmetry in physiological pregnancies during gestational age 22 – 28 week, 
the results should be interpreted with caution. Even though the trim and fill method 
provided an identical estimate, no presuppositions should be drawn. Considering that 
the mechanism for publication bias is unknown and rationales other than this specific 
bias could have elicited funnel plot asymmetry 31. According to Egger et el., the capacity to 
ascertain publication bias is restricted when meta-analysis consist solely of limited and/
or small studies, and in this case both 32.
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Limitations of this study should be acknowledged. First, our meta-analysis was based 
on a relatively limited number of studies, mostly due to the necessity of a non-pregnant 
reference measurement within the studied population. This could have resulted in a lower 
statistical power because of numbers, but increased validity because of the use of identical 
measurement techniques. Second, authors reported participant’s anthropometric data 
insufficiently and infrequently. It was therefore impossible to analyse the contribution 
of these variables to the heterogeneity observed. Third, methodological shortcomings 
within and disparities amidst studies have limited data interpretation, which is reflected 
by our meta-regression analysis that exhibited a significant effect on the regression when 
study quality was taken into account. Groups overlap due to the combination of extensive 
spreading of non-pregnant FMD values and broad reference interval of pregnant women. 
This implies that, in clinical practice, no conclusion can be drawn based on a single FMD 
measurement, but serial assessments within one individual may detect alterations in 
individuals’ endothelial function that could be of added value in clinical practice to identify 
women with deviant endothelial function. 

CONCLUSION

This review and meta-analysis was systematically conducted to summarize and evaluate 
current literature on the extent of physiologic and pathological endothelial adaptation 
throughout pregnancy. During healthy pregnancy endothelial dependent vasodilatation 
and brachial artery diameter are increased. Women with a complicated pregnancy fell 
within the lower range of FMD values when compared with uncomplicated pregnancies, 
but as group, did not differ from each other. A lack of serial assessments impeded an 
adequate comparison with the course of adaptation of uncomplicated pregnancy.
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Component PubMed Embase

Pregnancy “Pregnancy” [Mesh] OR “pregnancy” [Title/Abstract] OR “pregnancies” [Title/
Abstract] OR “pregnant” [Title/Abstract] OR “gestation” [Title/Abstract] OR 
“gestations” [Title/Abstract] OR “gestational” [Title/Abstract] OR “gravidity” 
[Mesh] OR “gravidity” [Title/Abstract] OR “gravidities” [Title/Abstract] OR “gravid” 
[Title/Abstract] 

exp pregnancy/ or exp gravidity/ or exp gestation/ or (pregnancy or pregnancies or pregnant or 
gestation or gestations or gestational or gravidity or gravidities or gravid).ti,ab.

Pregnancy-
induced 
hypertension

“Hypertension, pregnancy-induced” [Mesh] OR “pregnancy induced 
hypertension” [Title/Abstract] OR “pregnancy associated hypertension” [Title/
Abstract] OR “PIH” [Title/Abstract] OR “hypertensive pregnancy” [Title/Abstract] 
OR “pregnancy hypertension” [Title/Abstract] OR “gestational hypertension” 
[Title/Abstract] OR “HELLP syndrome” [Mesh] OR “HELLP” [Title/Abstract] OR 
“Hemolysis, Elevated Liver Enzymes, Lowered Platelets” [Title/Abstract]

exp maternal hypertension/ or exp HELLP syndrome/ or (pregnancy induced hypertension 
or pregnancy associated hypertension or PIH or hypertensive pregnancy or pregnancy 
hypertension or gestational hypertension or HELLP or Hemolysis, Elevated Liver Enzymes, 
Lowered Platelets).ti,ab.

Fetal growth 
retardation

“Fetal Growth Retardation” [Mesh] OR “foetal growth retardation” [Title/
Abstract] OR “fetal growth restriction” [Title/Abstract] OR “FGR” [Title/Abstract] 
OR “intrauterine growth retardation” [Title/Abstract] OR “intrauterine growth 
restriction” [Title/Abstract] OR “IUGR” [Title/Abstract] OR “Infant, Small for 
Gestational Age” [Mesh] OR “small for gestational age” [Title/Abstract] OR “SGA” 
[Title/Abstract]

exp intrauterine growth retardation/ or exp small for date infant/ or (fetal growth retardation 
or fetal growth restriction or FGR or intrauterine growth retardation or intrauterine growth 
restriction or IUGR or small for gestational age or SGA ).ti,ab.

Preeclampsia “Pre-eclampsia” [Mesh] OR “pre-eclampsia” [Title/Abstract] OR “preeclampsia” 
[Title/Abstract] OR “preeclamptic” [Title/Abstract] OR “pre-eclamptic” [Title/
Abstract] or “PE” [Title/Abstract] OR “Eclampsia” [Mesh] OR “eclampsia” [Title/
Abstract] OR “eclampsias” [Title/Abstract] OR “eclamptic” [Title/Abstract] OR 
“toxemia” [Title/Abstract] OR “toxemias” [Title/Abstract]

exp preeclampsia/ or exp eclampsia/ or (pre-eclampsia or preeclampsia or pre-eclamptic or 
preeclamptic or PE or eclampsia or eclampsias or eclamptic or toxemia or toxemias).ti,ab.

Gestational 
diabetes

“Diabetes, Gestational” [Mesh] OR “pregnancy induced diabetes” [Title/
Abstract] OR “gestational diabetes” [Title/Abstract] OR “diabetes gravidarum” 
[Title/abstract]

exp pregnancy diabetes mellitus/ or (pregnancy induced diabetes or gestational diabetes or 
diabetes gravidarum).ti,ab.

Flow mediated 
dilatation

“Brachial Artery” [MeSH] OR “Endothelium, Vascular” [MeSH] OR “Vasodilation” 
[MeSH] OR “FMD” [Title/Abstract] OR “flow mediated” [Title/Abstract] OR “flow 
mediated vasodilatation” [Title/Abstract] OR “flow mediated vasodilation” [Title/
Abstract] OR “flow mediated dilatation” [Title/Abstract] OR “flow mediated 
dilation” [Title/Abstract] OR “flow dependent” [Title/Abstract] OR “flow 
dependent vasodilatation” [Title/Abstract] OR “flow dependent vasodilation” 
[Title/Abstract] OR “flow dependent dilatation” [Title/Abstract] OR “flow 
dependent dilation” [Title/Abstract] OR “brachial artery” [Title/Abstract] OR 
“brachial artery vasodilatation” [Title/Abstract] OR “brachial artery vasodilation” 
[Title/Abstract] OR “brachial artery dilatation” [Title/Abstract] OR “brachial 
artery dilation” [Title/Abstract] OR “brachial artery reactivity” [Title/Abstract] 
OR “endothelium dependent” [Title/Abstract] OR “endothelium dependent 
vasodilatation” [Title/Abstract] OR “endothelium dependent vasodilation” 
[Title/Abstract] OR “endothelium dependent dilatation” [Title/Abstract] OR 
“endothelium dependent dilation” [Title/Abstract] OR “endothelium mediated” 
[Title/Abstract] OR “endothelium mediated vasodilatation” [Title/Abstract] 
OR “endothelium mediated vasodilation” [Title/Abstract] OR “endothelium 
mediated dilatation” [Title/Abstract] OR “endothelium mediated dilation” [Title/
Abstract] OR “shear stress” [Title/Abstract]

FMD or flow mediated or flow mediated vasodilatation or flow mediated vasodilation or 
flow mediated dilatation or flow mediated dilation or flow dependent or flow dependent 
vasodilatation or flow dependent vasodilation or flow dependent dilatation or flow dependent 
dilation or brachial artery or brachial artery vasodilatation or brachial artery vasodilation or 
brachial artery dilatation or brachial artery dilation or brachial artery reactivity or endothelium 
dependent or endothelium dependent vasodilatation or endothelium dependent vasodilation or 
endothelium dependent dilatation or endothelium dependent dilation or endothelium mediated 
or endothelium mediated vasodilatation or endothelium mediated vasodilation or endothelium 
mediated dilatation or endothelium mediated dilation or shear stress).ti,ab.

Table 1 Literature search strategy for PubMed (NCBI) and Embase (Ovid) databases 
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Component PubMed Embase

Pregnancy “Pregnancy” [Mesh] OR “pregnancy” [Title/Abstract] OR “pregnancies” [Title/
Abstract] OR “pregnant” [Title/Abstract] OR “gestation” [Title/Abstract] OR 
“gestations” [Title/Abstract] OR “gestational” [Title/Abstract] OR “gravidity” 
[Mesh] OR “gravidity” [Title/Abstract] OR “gravidities” [Title/Abstract] OR “gravid” 
[Title/Abstract] 

exp pregnancy/ or exp gravidity/ or exp gestation/ or (pregnancy or pregnancies or pregnant or 
gestation or gestations or gestational or gravidity or gravidities or gravid).ti,ab.

Pregnancy-
induced 
hypertension

“Hypertension, pregnancy-induced” [Mesh] OR “pregnancy induced 
hypertension” [Title/Abstract] OR “pregnancy associated hypertension” [Title/
Abstract] OR “PIH” [Title/Abstract] OR “hypertensive pregnancy” [Title/Abstract] 
OR “pregnancy hypertension” [Title/Abstract] OR “gestational hypertension” 
[Title/Abstract] OR “HELLP syndrome” [Mesh] OR “HELLP” [Title/Abstract] OR 
“Hemolysis, Elevated Liver Enzymes, Lowered Platelets” [Title/Abstract]

exp maternal hypertension/ or exp HELLP syndrome/ or (pregnancy induced hypertension 
or pregnancy associated hypertension or PIH or hypertensive pregnancy or pregnancy 
hypertension or gestational hypertension or HELLP or Hemolysis, Elevated Liver Enzymes, 
Lowered Platelets).ti,ab.

Fetal growth 
retardation

“Fetal Growth Retardation” [Mesh] OR “foetal growth retardation” [Title/
Abstract] OR “fetal growth restriction” [Title/Abstract] OR “FGR” [Title/Abstract] 
OR “intrauterine growth retardation” [Title/Abstract] OR “intrauterine growth 
restriction” [Title/Abstract] OR “IUGR” [Title/Abstract] OR “Infant, Small for 
Gestational Age” [Mesh] OR “small for gestational age” [Title/Abstract] OR “SGA” 
[Title/Abstract]

exp intrauterine growth retardation/ or exp small for date infant/ or (fetal growth retardation 
or fetal growth restriction or FGR or intrauterine growth retardation or intrauterine growth 
restriction or IUGR or small for gestational age or SGA ).ti,ab.

Preeclampsia “Pre-eclampsia” [Mesh] OR “pre-eclampsia” [Title/Abstract] OR “preeclampsia” 
[Title/Abstract] OR “preeclamptic” [Title/Abstract] OR “pre-eclamptic” [Title/
Abstract] or “PE” [Title/Abstract] OR “Eclampsia” [Mesh] OR “eclampsia” [Title/
Abstract] OR “eclampsias” [Title/Abstract] OR “eclamptic” [Title/Abstract] OR 
“toxemia” [Title/Abstract] OR “toxemias” [Title/Abstract]

exp preeclampsia/ or exp eclampsia/ or (pre-eclampsia or preeclampsia or pre-eclamptic or 
preeclamptic or PE or eclampsia or eclampsias or eclamptic or toxemia or toxemias).ti,ab.

Gestational 
diabetes

“Diabetes, Gestational” [Mesh] OR “pregnancy induced diabetes” [Title/
Abstract] OR “gestational diabetes” [Title/Abstract] OR “diabetes gravidarum” 
[Title/abstract]

exp pregnancy diabetes mellitus/ or (pregnancy induced diabetes or gestational diabetes or 
diabetes gravidarum).ti,ab.

Flow mediated 
dilatation

“Brachial Artery” [MeSH] OR “Endothelium, Vascular” [MeSH] OR “Vasodilation” 
[MeSH] OR “FMD” [Title/Abstract] OR “flow mediated” [Title/Abstract] OR “flow 
mediated vasodilatation” [Title/Abstract] OR “flow mediated vasodilation” [Title/
Abstract] OR “flow mediated dilatation” [Title/Abstract] OR “flow mediated 
dilation” [Title/Abstract] OR “flow dependent” [Title/Abstract] OR “flow 
dependent vasodilatation” [Title/Abstract] OR “flow dependent vasodilation” 
[Title/Abstract] OR “flow dependent dilatation” [Title/Abstract] OR “flow 
dependent dilation” [Title/Abstract] OR “brachial artery” [Title/Abstract] OR 
“brachial artery vasodilatation” [Title/Abstract] OR “brachial artery vasodilation” 
[Title/Abstract] OR “brachial artery dilatation” [Title/Abstract] OR “brachial 
artery dilation” [Title/Abstract] OR “brachial artery reactivity” [Title/Abstract] 
OR “endothelium dependent” [Title/Abstract] OR “endothelium dependent 
vasodilatation” [Title/Abstract] OR “endothelium dependent vasodilation” 
[Title/Abstract] OR “endothelium dependent dilatation” [Title/Abstract] OR 
“endothelium dependent dilation” [Title/Abstract] OR “endothelium mediated” 
[Title/Abstract] OR “endothelium mediated vasodilatation” [Title/Abstract] 
OR “endothelium mediated vasodilation” [Title/Abstract] OR “endothelium 
mediated dilatation” [Title/Abstract] OR “endothelium mediated dilation” [Title/
Abstract] OR “shear stress” [Title/Abstract]

FMD or flow mediated or flow mediated vasodilatation or flow mediated vasodilation or 
flow mediated dilatation or flow mediated dilation or flow dependent or flow dependent 
vasodilatation or flow dependent vasodilation or flow dependent dilatation or flow dependent 
dilation or brachial artery or brachial artery vasodilatation or brachial artery vasodilation or 
brachial artery dilatation or brachial artery dilation or brachial artery reactivity or endothelium 
dependent or endothelium dependent vasodilatation or endothelium dependent vasodilation or 
endothelium dependent dilatation or endothelium dependent dilation or endothelium mediated 
or endothelium mediated vasodilatation or endothelium mediated vasodilation or endothelium 
mediated dilatation or endothelium mediated dilation or shear stress).ti,ab.

Table 1 Literature search strategy for PubMed (NCBI) and Embase (Ovid) databases 
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  Non pregnant Parity / gravidity (n)  

Study Subjects (n) Age (years) Weight (kg) Height (cm) Nulli Primi Multi Reference Duration of amenorrhea at FMD 
measurement (weeks)

R P R P R P R P R P R P R P    

Dørup 1999 37 71 29.7 30.4 - - - - - - - - - - NP 12, 24, 35

Faber-Swensson 2004 70 12 12 - - - - - - - - - - - - NP 12, 19, 32

Germain 2004 24 8 33.3 29.9 - - - - - - - - - - NP 14-15, 24-27+6, 32-38+6 

Hamad 2012 65 30 31 31 - - 167 167 - - 30 30 - - PP (3 months) 33

Kärkkäinen 2014 71 99 94 32.2 31.9 68.4 - 166.3 166.2 - - - - - - NP 11, 23, 33

Miyague 2013 28 28 23.7 23.7 - - - - - - 16 16 12 12 PP (10 weeks) 36

Nicolau 2011 34 47 25.3 25.3 - - - - - - - - - - NP 25

Quinton 2007 33 47 28.4 28.4 - - 165 165 - - - - - - PP (7 weeks) 13, 19, 23, 30, 36

Saarelainen 2006 62 55 30.7 30.7 67 - 167 166 - - - - - - NP <14, 15-27, > 28 

Saarelainen 2012 24 32 31 31 - - - - 18 18 - - - - PP (3 months) 34

Seeliger 2012 16 16 30.6 30.6 63.2 63.2 165.5 165.5 - - - - - - PP (14 weeks) 11, 21, 32

Valtonen 2008  72 61 58 31 31 66.9 - 168 165 - - - - - - NP 11, 20 , 31

Weissgerber 2011 28 24 32.8 31.3 - - - - - - - - - - NP 34

Yamamoto 2010 15 20 30 30 - - - - - - 12 14 3 6 NP 33

Table 2 Characteristics of included studies for physiological pregnancies, arranged by first author 
and year of publication. Characteristics are presented by means reported by the study. Parity is 
in italic. Parity/gravity: Nulli, Primi, Multi. Reference (R) flow mediated dilation was measured in 
non-pregnant controls (NP) or postpartum (PP). During physiologic pregnancy (P), flow mediated 
dilation was measured at different durations of amenorrhea.

  Non-pregnant Parity / gravidity (n)  

Study Subjects (n) Age (years) Weight (kg) Height (cm) Nulli Primi Multi Reference Duration of amenorrhea at 
FMD measurement (weeks)

R GHD R GHD R GHD R GHD R GHD R GHD R GHD

Hamad 2012 33 33 31 31 - - 166 166 - - 33 33 - - PP (3-6 months) 35

Saarelainen 2012 24 26 31 31 - - - - 19 19 - - - - PP (3 months) 35

Yamamoto 2010 15 20 30 30 - - - - - - 12 15 3 5 NP 34 

Table 3 Characteristics of included studies, gestational hypertensive disorder pregnancies, arranged 
by first author and year of publication. Characteristics are presented by means reported by the 
study. Parity is in italic. Parity/gravity: Nulli, Primi, Multi. Reference (R) flow mediated dilation was 
measured in non-pregnant controls (NP) or postpartum (PP). During gestational hypertensive dis-
order pregnancies (GHD) flow mediated dilation was measured at 34 and 35 weeks of amenorrhea.
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  Non pregnant Parity / gravidity (n)  

Study Subjects (n) Age (years) Weight (kg) Height (cm) Nulli Primi Multi Reference Duration of amenorrhea at FMD 
measurement (weeks)

R P R P R P R P R P R P R P    

Dørup 1999 37 71 29.7 30.4 - - - - - - - - - - NP 12, 24, 35

Faber-Swensson 2004 70 12 12 - - - - - - - - - - - - NP 12, 19, 32

Germain 2004 24 8 33.3 29.9 - - - - - - - - - - NP 14-15, 24-27+6, 32-38+6 

Hamad 2012 65 30 31 31 - - 167 167 - - 30 30 - - PP (3 months) 33

Kärkkäinen 2014 71 99 94 32.2 31.9 68.4 - 166.3 166.2 - - - - - - NP 11, 23, 33

Miyague 2013 28 28 23.7 23.7 - - - - - - 16 16 12 12 PP (10 weeks) 36

Nicolau 2011 34 47 25.3 25.3 - - - - - - - - - - NP 25

Quinton 2007 33 47 28.4 28.4 - - 165 165 - - - - - - PP (7 weeks) 13, 19, 23, 30, 36

Saarelainen 2006 62 55 30.7 30.7 67 - 167 166 - - - - - - NP <14, 15-27, > 28 

Saarelainen 2012 24 32 31 31 - - - - 18 18 - - - - PP (3 months) 34

Seeliger 2012 16 16 30.6 30.6 63.2 63.2 165.5 165.5 - - - - - - PP (14 weeks) 11, 21, 32

Valtonen 2008  72 61 58 31 31 66.9 - 168 165 - - - - - - NP 11, 20 , 31

Weissgerber 2011 28 24 32.8 31.3 - - - - - - - - - - NP 34

Yamamoto 2010 15 20 30 30 - - - - - - 12 14 3 6 NP 33

Table 2 Characteristics of included studies for physiological pregnancies, arranged by first author 
and year of publication. Characteristics are presented by means reported by the study. Parity is 
in italic. Parity/gravity: Nulli, Primi, Multi. Reference (R) flow mediated dilation was measured in 
non-pregnant controls (NP) or postpartum (PP). During physiologic pregnancy (P), flow mediated 
dilation was measured at different durations of amenorrhea.

  Non-pregnant Parity / gravidity (n)  

Study Subjects (n) Age (years) Weight (kg) Height (cm) Nulli Primi Multi Reference Duration of amenorrhea at 
FMD measurement (weeks)

R GHD R GHD R GHD R GHD R GHD R GHD R GHD

Hamad 2012 33 33 31 31 - - 166 166 - - 33 33 - - PP (3-6 months) 35

Saarelainen 2012 24 26 31 31 - - - - 19 19 - - - - PP (3 months) 35

Yamamoto 2010 15 20 30 30 - - - - - - 12 15 3 5 NP 34 

Table 3 Characteristics of included studies, gestational hypertensive disorder pregnancies, arranged 
by first author and year of publication. Characteristics are presented by means reported by the 
study. Parity is in italic. Parity/gravity: Nulli, Primi, Multi. Reference (R) flow mediated dilation was 
measured in non-pregnant controls (NP) or postpartum (PP). During gestational hypertensive dis-
order pregnancies (GHD) flow mediated dilation was measured at 34 and 35 weeks of amenorrhea.
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Study Participation

Adequate description of participants’ characteristics                            

 Parity or gravidity - - - + + + - - - + - - - +

 Health or comorbidities of participants + + - + - + - + - - + + + +

 Clear reporting of weeks amenorrhea + + + + + + + + + + + + + +

 Ethnicity - - - - - - - - - - - - - -

 Height - - - + + - - + + - + + - -

 Non-pregnant weight/BMI - - - - - + - - - + + - + -

 Use of medication or supplements + + - - - + - - - - + - + +

Adequate description of participant recruitment + + - + + + + - + + - + + -

Adequate description of inclusion and exclusion criteria + + - + - + - + - - + - + +

Study Attrition
Reasons for loss to follow-up/drop-out are provided ? ? + ? + + + + ? + + ? + ?

Adequate description of participants lost to follow-up / differences 
between participants who completed and drop-outs ? ? + ? - - - - ? - - ? - ?

Variable Measurements
Method of measurement is adequately valid and reliable + - - + - - - - - - - - + -

The methods and setting are the same for all study participants and 
throughout follow up + + + + + + + + + + + + + +

Data Reporting Time frame of measurements (gestational age) are reported as mean + + - - + + + + - + + + + +

Study Design

Study used a longitudinal study design - + + + - + - + - + + - - -

Multiple (>2) longitudinal pregnant measurements during pregnancy 
of the variable - + + - - - - + - - + - - -

Baseline value was a pre-pregnant measurement of the variable - - - - - - - - - - - - - -

Score (%) 47 53 35 53 41 65 29 53 24 47 65 35 59 41

Quality MQ MQ MQ MQ MQ HQ LQ MQ LQ MQ HQ MQ MQ MQ

Table 4 Quality assessment of included studies based on modified QUIPS criteria. The individual 
studies are defined as a high quality study (HQ), moderate quality study (MQ) or low quality study (LQ)
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Study Participation

Adequate description of participants’ characteristics                            

 Parity or gravidity - - - + + + - - - + - - - +

 Health or comorbidities of participants + + - + - + - + - - + + + +

 Clear reporting of weeks amenorrhea + + + + + + + + + + + + + +

 Ethnicity - - - - - - - - - - - - - -

 Height - - - + + - - + + - + + - -

 Non-pregnant weight/BMI - - - - - + - - - + + - + -

 Use of medication or supplements + + - - - + - - - - + - + +

Adequate description of participant recruitment + + - + + + + - + + - + + -

Adequate description of inclusion and exclusion criteria + + - + - + - + - - + - + +

Study Attrition
Reasons for loss to follow-up/drop-out are provided ? ? + ? + + + + ? + + ? + ?

Adequate description of participants lost to follow-up / differences 
between participants who completed and drop-outs ? ? + ? - - - - ? - - ? - ?

Variable Measurements
Method of measurement is adequately valid and reliable + - - + - - - - - - - - + -

The methods and setting are the same for all study participants and 
throughout follow up + + + + + + + + + + + + + +

Data Reporting Time frame of measurements (gestational age) are reported as mean + + - - + + + + - + + + + +

Study Design

Study used a longitudinal study design - + + + - + - + - + + - - -

Multiple (>2) longitudinal pregnant measurements during pregnancy 
of the variable - + + - - - - + - - + - - -

Baseline value was a pre-pregnant measurement of the variable - - - - - - - - - - - - - -

Score (%) 47 53 35 53 41 65 29 53 24 47 65 35 59 41

Quality MQ MQ MQ MQ MQ HQ LQ MQ LQ MQ HQ MQ MQ MQ

Table 4 Quality assessment of included studies based on modified QUIPS criteria. The individual 
studies are defined as a high quality study (HQ), moderate quality study (MQ) or low quality study (LQ)
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Appropriate Ultrasound Technology High resolution probe - + + - + + + + ? ? + + + -

  Duplex mode ? ? ? ? ? ? ? ? ? ? + ? + ?

  Angle steer and insonation angle correction - ? ? ? ? ? ? + ? ? - ? - ?

  ECG gating + - - ? + + + + + + + + ? ?

  Intensity-weighted velocity calculations ? ? ? ? ? ? ? ? ? ? ? ? ? ?

Subject preparation Vitamin supplementation ? ? ? ? ? ? ? ? ? ? - ? ? ?

  Drug use - + ? ? ? - ? ? ? ? + ? - -

  Tobacco use + + + + - + + + - + + - + +

  Caffeine use ? ? + ? ? + - + ? ? - ? + ?

  Menstrual Phase ? - - ? ? ? + + ? ? + - - ?

  Previous exercise/rested state ? ? ? ? ? ? ? ? ? ? ? ? + ?

  Fasted state ? ? + ? + + + + ? - + ? - ?

  Adequate acclimatization - - - ? ? - - - ? ? - ? - ?

  Repeated measurements - ? - ? ? ? ? ? ? - ? ? ? ?

Baseline measurements Baseline arterial diameter - - - + ? - - - ? ? - ? - ?

  Baseline blood velocity + ? ? ? ? ? ? ? ? ? ? ? ? ?

Vascular occlusion Cuff type ? ? - ? ? - ? - ? - ? ? - ?

  Cuff position + + + + + + + + + + + + + -

  Cuff duration - - + + - + + + - - + - + ?

Reactive hyperemia measurements Temporal kinetics of arterial diameters and blood velocities - - - - - ? - - - - ? - + -

  Calculation of shear rate ? ? - ? ? ? ? ? ? ? ? ? - ?

FMD analysis Edge detection software - ? - + ? ? ? ? ? ? ? ? + ?

  Calculation of FMD ? - + + + + - + + ? + + ? -

  Normalization of FMD ? ? - ? ? ? ? ? ? ? ? ? + ?

     Score (%) 17 17 29 25 21 33 29 42 13 13 42 17 42 4

     Quality LQ LQ LQ LQ LQ MQ LQ MQ LQ LQ MQ LQ MQ LQ

Table 5 Quality assessment of FMD measurement of the included studies based on Harris criteria. 
The individual studies are defined as moderate quality study (MQ) or low quality study (LQ).
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Appropriate Ultrasound Technology High resolution probe - + + - + + + + ? ? + + + -

  Duplex mode ? ? ? ? ? ? ? ? ? ? + ? + ?

  Angle steer and insonation angle correction - ? ? ? ? ? ? + ? ? - ? - ?

  ECG gating + - - ? + + + + + + + + ? ?

  Intensity-weighted velocity calculations ? ? ? ? ? ? ? ? ? ? ? ? ? ?

Subject preparation Vitamin supplementation ? ? ? ? ? ? ? ? ? ? - ? ? ?

  Drug use - + ? ? ? - ? ? ? ? + ? - -

  Tobacco use + + + + - + + + - + + - + +

  Caffeine use ? ? + ? ? + - + ? ? - ? + ?

  Menstrual Phase ? - - ? ? ? + + ? ? + - - ?

  Previous exercise/rested state ? ? ? ? ? ? ? ? ? ? ? ? + ?

  Fasted state ? ? + ? + + + + ? - + ? - ?

  Adequate acclimatization - - - ? ? - - - ? ? - ? - ?

  Repeated measurements - ? - ? ? ? ? ? ? - ? ? ? ?

Baseline measurements Baseline arterial diameter - - - + ? - - - ? ? - ? - ?

  Baseline blood velocity + ? ? ? ? ? ? ? ? ? ? ? ? ?

Vascular occlusion Cuff type ? ? - ? ? - ? - ? - ? ? - ?

  Cuff position + + + + + + + + + + + + + -

  Cuff duration - - + + - + + + - - + - + ?

Reactive hyperemia measurements Temporal kinetics of arterial diameters and blood velocities - - - - - ? - - - - ? - + -

  Calculation of shear rate ? ? - ? ? ? ? ? ? ? ? ? - ?

FMD analysis Edge detection software - ? - + ? ? ? ? ? ? ? ? + ?

  Calculation of FMD ? - + + + + - + + ? + + ? -

  Normalization of FMD ? ? - ? ? ? ? ? ? ? ? ? + ?

     Score (%) 17 17 29 25 21 33 29 42 13 13 42 17 42 4

     Quality LQ LQ LQ LQ LQ MQ LQ MQ LQ LQ MQ LQ MQ LQ

Table 5 Quality assessment of FMD measurement of the included studies based on Harris criteria. 
The individual studies are defined as moderate quality study (MQ) or low quality study (LQ).
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ABSTRACT

OBJECTIVES     The purpose of this meta-analysis is to systematically review current 
literature on kidney function changes during pregnancy, to estimate the extent of 
adaptation over the course of both healthy physiological and hypertensive complicated 
singleton pregnancies and to determine healthy pregnancy reference values.

METHODS     A meta-analysis was performed following a systematic review of current 
literature on kidney function during uncomplicated and complicated pregnancies. 
PubMed (NCBI) and Embase (Ovid) electronic databases were used for the literature 
search, which was performed from inception to July 2017. Studies were required 
to report a non-pregnant reference value of kidney function (either non-pregnant 
control group, prepregnancy or postpartum measurement) and a pregnancy 
measurement during a predetermined and reported gestational age. Pooled mean 
differences between pregnancy measurements and reference value were calculated 
for predefined intervals of gestational age using a random-effects model described 
by DerSimonian and Laird.

RESULTS     Twenty-nine studies were included with publication dates ranging from 
1958 to 2016. As early as the first trimester, glomerular filtration rate (GFR) increases, 
up until 40 - 50% during physiologic pregnancy when compared to non-pregnant 
conditions. Inulin clearance was highest at 36 - 41 weeks with a 55.6% increase (∆ 53.7 
ml/min CI 44.7 - 62.6), and creatinine clearance at 15 - 21 weeks with a 37.6% increase 
(∆36.6 ml/min CI 26.2 - 46.9). Serum creatinine values decrease was most prominent 
at 15-21 weeks with a 23.2 % decrease (∆ -0.19 mg/dl (CI −0.23 - −0.15) compared to 
non-pregnant conditions. The meta-regression analysis, containing eight studies on 
complicated pregnancies, showed a significant difference in for all kidney function 
parameters when comparing uncomplicated to complicated gestation. 

CONCLUSIONS     In healthy pregnancy GFR accelerates as early as the first trimester 
and remains to function at a higher rate throughout gestation. In contrast, kidney 
function is decreased in hypertensive gestation. Although the upper  limit of the 
reference curve changes throughout gestation, from a clinical perspective, a serum 
creatinine above 0.75 mg/dl (66 umol/L) should be considered abnormal during 
pregnancy. 
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INTRODUCTION

A decreased vascular resistance is thought to induce adaptations that occur during normal, 
physiologic pregnancy and are sustained by an increased nitric oxide production 1,2. The 
decrease in resistance initiates a chain of events that results in a rise of cardiac output and 
abets the expansion of plasma volume by stimulating renal sodium and water retention, 
and sodium appetite and thirst 3. Both increased renal blood flow and decreased oncotic 
pressure due to plasma volume expansion contribute to higher glomerular filtration rate 
(GFR) 4,5. 

In humans, this increase in GFR is reported as early as the first weeks after conception 
and is usually sustained until the end of gestation, but data reported show considerable 
individual variation 6. Pregnancies complicated by hypertensive disease show decreased 
kidney function. Despite this knowledge reference curves of kidney function in pregnancy 
are lacking in literature. 7,8. This meta-analysis therefore aims to systematically review and 
quantify current literature on kidney function during pregnancy, to estimate the extent of 
adaptation over the course of both physiological and hypertensive complicated singleton 
pregnancies. Kidney function is represented by GFR and serum creatinine. Finally, we aim 
to construct GFR and serum creatinine levels references curves in healthy pregnancy, with 
marked 5th, 50th and 95th percentile.
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METHODS

LITERATURE SEARCH
Studies evaluating kidney function during physiologic uncomplicated and hypertensive 
complicated pregnancies were collected using PubMed (NCBI) and Embase (Ovid). We 
searched publications in these electronic databases from inception until July 2017. The 
search strategy focused on pregnancy, both uncomplicated and complicated, and kidney 
function, as detailed in Table 1. Complicated pregnancy can be subdivided in pregnancy 
induced hypertension (PIH), foetal growth restriction (FGR), preeclampsia (PE) and 
gestational diabetes (GDM). All components consisted of free search terms in titles and 
abstracts and MeSH- and Emtree terms for respectively Pubmed and Embase databases. 
Reference lists of all included studies were reviewed for additional studies. 

SELECTION OF STUDIES
Studies were qualified for inclusion following a two-phased selection process as illustrated 
in Figure 1. First, all obtained articles were screened independently for eligibility by two 
investigators (VLvB, TvG) based on title and abstract only. Discrepancies were resolved by 
mutual agreement. Subsequently, articles that passed the first selection phase were read 
completely and screened for inclusion based on the inclusion and exclusion criteria by 
the same investigators. Studies were eligible for inclusion if they reported original data, 
including mean GFR, estimated GFR (eGFR) or serum creatinine during human singleton 
pregnancies with either standard deviation (SD), standard error (SE), or 95% confidence 
interval (95% CI). We assumed that values were normally distributed. Studies had to include 
a reference measure of either pre-pregnant, non-pregnant or postpartum (> 6 weeks) 
controls. Pre-pregnant and postpartum measurements subjects were also measured 
during pregnancy. This was relevant in order to be able to calculate differences between 
pregnant and reference measurements within each study. Additionally, no restrictions 
were set on age, weight, height, ethnicity or parity. Exclusion criteria were as follows: 
studies assessing women with comorbidities (such as pre-existing cardiovascular history, 
diabetes mellitus, kidney disease and immunological disease), studies reporting data in 
other languages than English, Dutch, Spanish, Italian, Portuguese, French or German. Case 
reports and reviews were also excluded. Measurements reported after interventions were 
not used but baseline measurements of an intervention study were 9-12.

DATA EXTRACTION
Data regarding study characteristics, anthropometric measures and methods used to 
measure (e)GFR and serum creatinine were extracted from the selected studies. Regarding 
study characteristics, the following were obtained: authors, year of publication, study 
design, sample size, population description, in- and exclusion criteria and key conclusions. 
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Additionally, extracted subject characteristics consisted of age, non-pregnant weight and 
body mass index (BMI), height, parity, gravidity, body surface area, gestational age at time 
of (e)GFR or serum creatinine measurement, birthweight of offspring, and gestational age 
at delivery. For women with a gestational hypertensive disease gestational age, at onset of 
the hypertensive disorder, was documented. Effect measures include (e)GFR and serum 
creatinine as primary outcomes, heart rate (HR), systolic blood pressure (SBP), diastolic 
blood pressure (DBP) and mean arterial pressure (MAP) as secondary outcomes. We 
defined GFR as kidney function measured by either inulin or creatinine clearance (in ml/
min), and eGFR as kidney function measured by any formula based on serum creatinine (in 
ml/min/1.73m2 or ml/min). Data on GFR measurement protocol, eGFR formulas and serum 
creatinine analysis were also extracted. If a study contained more than one measurement 
during our predefined intervals the mean value was calculated 13,14. Requests were made 
to retrieve additional information from the authors of the included articles if data were 
unclear or incomplete.

QUALITY ASSESSMENT 
The quality and risk of bias of included studies were assessed independently by two 
investigators according to a modified set of items as reported in the Quality in Prognosis 
Study (QUIPS) tool 15. This modification was made to suit the purposes of this review. A plus 
or minus or interrogation mark (that counts as a minus and was used when follow-up was 
not applicable) was allocated per study for risk of bias on five domains: study participation, 
study attrition, variable measurement, data reporting, and study design. All domains were 
deemed of equal importance, and thus weighed accordingly in the total score. Studies 
with a positive score ≥ 60% were defined as high quality (HQ), those scoring ≥ 30% and < 
60% as moderate quality (MQ) and those scoring < 30% as low quality (LQ).

DATA AND STATISTICAL ANALYSIS
(e)GFR and serum creatinine were categorized into five different intervals of gestational 
age ( < 14, 15 - 21, 22 - 28, 29 - 35, and 36 - 41 weeks). These gestational age intervals 
were adapted from Abudu et el. 16. SD was obtained from SE or 95% CI and calculated 
for combined groups according to the Cochrane handbook for systematic review of 
interventions whenever necessary 17. (e)GFR and serum creatinine change were calculated 
separately for these predefined intervals using a random-effects model as described by 
DerSimonian and Laird 18. The random-effects model allows for inter-study variation and 
was chosen by design since observational data of different pregnant populations were 
used. The primary outcome of each study was the mean difference in (e)GFR and serum 
creatinine between pregnancy and reference value, reported with a 95% CI. 
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Reference values in healthy pregnancy were constructed by plotting the mean value for 
each individual study of the reference measurement (non-pregnant), the mean value at 
a certain gestational age and the value at a certain time postpartum. The 5th and 95th 
percentile were calculated from intra-study variance as 95% prediction intervals. Each 
point estimate was indexed as a value from a LQ, MQ or HQ study as stipulated by study 
quality assessment. The meta-analyses and meta-regression analyses were performed in 
R version 3.2.3 using the meta package V4.8-4 19,20. Forest plots present the results of the 
meta-analysis. The ratio between total heterogeneity and total variability (I-squared statistic 
(I2)) was computed as a measure of heterogeneity. I2 can distinguish true heterogeneity 
from sampling variance and is expressed as a percentage 21. Sources of heterogeneity 
were investigated by meta-regression analyses using a mixed-effects model. Egger’s 
regression test for funnel plot asymmetry was performed to test for the presence of 
publication bias 22. 
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RESULTS

STUDY AND DATA SELECTION
The literature search resulted in 10160 articles after duplicate removal from both Pubmed 
and Embase electronic databases, as illustrated in Figure 1. Subsequently, screening 
records based on title and abstract yielded 176 studies eligible for full-article analysis of 
which a large number of studies were later precluded due to unobtainable data (n = 74). 
We excluded 147 full text articles for several reasons, which are further detailed in Figure 1. 
Requests made to retrieve additional information did not result in additional information. 

Ultimately, 29 studies were included incorporating 20 preconceptional, 376 non-pregnant, 
1037 healthy pregnant, 204 hypertensive complicated pregnancy and 246 postpartum 
kidney function values. No additional articles were found in the reference sections and 
none were excluded based on language. Three studies, two of which are included in this 
review and analysis, contained eGFR values 23-25; all other studies reported GFR either 
measured by inulin or creatinine clearance. We were therefore unable to perform a meta-
analysis on eGFR. Four studies contained values of inulin clearance expressed as ml/
min/1.73m2, which we were unable to process in this meta-analysis without measures of 
body surface area 26-28. 

Two studies reported results from repeated measures during the predefined interval and 
we opted to calculate a mean and SD for these studies, ignoring potential clustering 13,29. 
In a study containing 398 healthy pregnant participants a total of six women developed 
preeclampsia in late pregnancy, these women were not excluded from statistical analysis in 
this study, as well as from our meta-analysis due to the marginal suspected effect it might 
have had on the results 30. Because our meta-analysis showed a significant difference 
between GFR measured by inulin and GFR measured by creatinine clearance (p < 0.001), 
we opted to analyse both separately. 
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Figure 1 Flow chart for selection, inclusion and exclusion of studies.

DATA EXTRACTION 
Study characteristics and anthropometric measures are illustrated in Tables 2 and 3, for 
uncomplicated pregnancies and pregnancies complicated by gestational hypertensive 
diseases, respectively. For most studies the overall characteristics are detailed. Included 
studies contained women with hypertensive complicated pregnancies, namely gestational 
hypertension 31 and preeclampsia 31-38. We found no studies containing women with 
gestational diabetes. Participant’s anthropometric data were infrequently and incompletely 
reported by the authors. It was therefore impossible to analyse the contribution of these 
variables to the heterogeneity observed. Tables 4 through 6 illustrate for each study the 
measurement methods used for GFR measured by inulin, GFR measured by creatinine 
clearance and serum creatinine. 
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QUALITY ASSESSMENT
Quality assessment of the included studies is depicted in Table 7a and 7b. Most studies 
were of MQ (n = 15), whilst the remaining were subdivided in HQ (n = 9) and LQ (n = 5). 
Quality scores varied between 12% and 82% (median 53%; IQR 41 – 65%). Each study 
scored best on ‘the methods and setting are the same for all study participants and 
throughout follow-up’, while the least scored items were: ‘baseline value was a pre-
pregnant measurement of the variable’ (n = 2), ‘multiple (> 2) longitudinal measurements 
during pregnancy of the variable’ (n = 6) and ‘adequate description of participant’s ethnicity 
characteristics’ (n = 7).

GLOMERULAR FILTRATION RATE – INULIN CLEARANCE (GFR – IC)
A forest plot illustrating GFR-IC course during uncomplicated pregnancies compared to 
reference conditions is depicted in Figure 2. GFR-IC, when compared to reference values, 
is increased during uncomplicated pregnancy at all gestational age intervals (< 14, 15 - 21, 
22 - 28, 29 - 35 and 36 - 41 weeks’ gestation), with 40.7 ml/min (14.1 - 67.3 ml/min), relative 
37.7% (13.1 - 62.4%), 47.8 ml/min (35.1 - 60.6 ml/min), relative 46.6% (34.2 - 59.1%), 44.8 
ml/min (29.2 - 60.4 ml/min), relative 40.2% (26.2 - 54.1%), 39.6 ml/min (27.1 - 52.1 ml/
min), relative 35.6% (24.4 - 46.8%), and 53.7 ml/min (44.7 - 62.6 ml/min), relative 55.6% 
(46.3 - 64.9%), respectively. The meta-regression analysis showed no significant effect of 
gestational age on the course of GFR-IC measurement (p = 0.789).

In terms of study-level covariates, to interpret heterogeneity, a significant statistical 
association between GFR-IC and reference measurement (postpartum vs. non-pregnant, 
p = 0.001, there were no pre-pregnancy measurements) and GFR-IC and different study 
qualities (MQ vs. HQ, p = 0.036, there is only one LQ study and its effect could therefore 
not be calculated) was found. Eggers’s funnel plot asymmetry could not be calculated at < 
14 weeks due to a lack of studies, but was not statistically significant at any other interval 
(0.254 < p < 0.721). 

Two included studies report data on GFR-IC during complicated pregnancies (Figure 3) 
between 29 - 35 weeks and 36 - 41 weeks respectively. In contrast to uncomplicated 
pregnancies, a significant decrease of -62.4 ml/min (−75.9 - −48.9 ml/min), relative −51.2% 
(−62.3 - −40.2%) in GFR-IC was seen at 29 - 35 weeks, and no effect was seen at 36 - 41 
weeks (-3.0 ml/min (−8.7- 2.7 ml/min), relative −3.3% (−9.5 - 3.0%)), compared to reference 
values. These results differed significantly from uncomplicated pregnancies (p < 0.001). 
Reference values for GFR-IC throughout physiological, uncomplicated pregnancy are 
presented in Figure 4, where we observed an overall increase during pregnancy and a 
slight decrease after 28 weeks of gestational age.
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Figure 2 Forest plot of glomerular filtration rate (GFR), measured with inulin in ml/min, during phys-
iologic pregnancies at <14 weeks, 15 - 21 weeks, 22 - 28 weeks, 29 - 35 weeks, and 36 - 41 weeks’ 
gestation compared to the reference value. GFR is reported as mean difference (MD) between 
pregnant and reference values, with 95% CI.
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Figure 4 Increase in glomerular filtration rate (GFR), measured by inulin in ml/min, during physio-
logic pregnancy. The size of the circle indicates the sample size of the point estimate. The colour 
of the circle refers to the quality assigned to the study: red = LQ, green = MQ, blue = HQ. Curve fit 
is weighted by the inverse variance and plotted with 5th and 95th percentiles. The 50th percentile is 
represented by a solid line.



Chapter 3

66

GLOMERULAR FILTRATION RATE – CREATININE CLEARANCE (GFR – CC) 
A forest plot of GFR-CC in uncomplicated pregnancies compared to reference value is 
illustrated in Figure 5. When compared with the reference conditions, GFR-CC increased 
significantly throughout uncomplicated pregnancy. 

GFR-CC increased progressively at < 14 and 15 - 21 weeks of gestation with 22.0 ml/min 
(9.9 - 43.0 ml/min), relative 23.7% (10.7 - 36.7%), and 36.6 ml/min (26.2 - 46.9 ml/min), 
relative 37.6% (26.9 - 48.2%), respectively. From 22 - 28 weeks of gestation onwards GFR 
was still increased by 28.7 ml/min (16.8 - 40.6 ml/min), relative 26.9% (15.7 - 38.0%), and 
16.0 ml/min (9.1 - 22.9 ml/min), relative 15.1% (8.6 - 21.7%), at 29 - 35 weeks, but to a lesser 
extent than in previous intervals. There was no increase at 36 - 41 weeks of gestation (-8.8 
ml/min (−54.4 - 36.8 ml/min), relative −8.0% (−49.6 - 33.5%). 

The meta-regression analysis objectified a significant difference in GFR-CC and gestational 
age (p = 0.007), however, in contrast to GFR-IC no significant effect was seen between 
different reference measurements (pre-pregnant vs. non-pregnant p = 0.227, postpartum 
vs. non-pregnant p = 0.811). There was an effect of MQ vs. HQ studies (p = 0.010) but 
no effect of LQ vs. HQ studies (p = 0.07) on the course of GFR-CC. Egger’s test for funnel 
plot asymmetry found no indicatives for publication bias at any gestational age interval 
(0.344 < p < 0.697).

Six included studies reported data on GFR-CC in hypertensive complicated pregnancies 
(Figure 5). GFR-CC showed a significant decrease of -14.7 ml/min (−22.1 - −7.3 ml/
min), relative −14.1 (−21.2 - −7.1%), at 29 - 35 weeks of gestation when compared to 
reference measurements, which was also significantly different when compared to 
healthy pregnancies at the same interval (p = 0.008). Figure 7 portrays reference values 
for GFR-CC throughout physiological, uncomplicated pregnancies. There is an increase in 
GFR-CC until around 16 weeks and a decrease thereafter. After 24 weeks of pregnancy 
the heterogeneity between studies increased as can be seen by the amount of studies 
outside the reference curves, estimated using aggregated data. 
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Figure 5 Forest plot of glomerular filtration rate (GFR), measured by creatinine clearance in ml/
min, during physiologic, uncomplicated, pregnancies at <14 weeks, 15 - 21 weeks, 22 - 28 weeks, 
29 - 35 weeks, and 36-41 weeks’ gestation compared to the reference value. GFR is reported as 
mean difference (MD) between pregnant and reference values, with 95% CI.
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Figure 6 Forest plot of glomerular filtration rate (GFR), measured by creatinine clearance in ml/
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Figure 7 Increase in glomerular filtration rate (GFR), measured by creatinine clearance in ml/min, 
during physiologic pregnancy. The circle size indicates the sample size of the point estimate. The 
colour of the circle refers to the quality assigned to the study: red = LQ, green = MQ, blue = HQ. 
Curve fit is weighted by the inverse variance and plotted with 5th and 95th percentiles. The 50th 
percentile is represented by a solid line.
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SERUM CREATININE
A forest plots of serum creatinine in uncomplicated pregnancies compared to the 
reference value is illustrated in Figure 8. Throughout uncomplicated pregnancy serum 
creatinine is decreased in comparison to non-pregnant reference conditions. At < 14 
weeks’ gestation serum creatinine is seen at a slight decrement of −0.13 mg/dl (−0.16 - 
−0.11 mg/dl), relative −16.5 (−20.4 - −14.0%), and it decreased further at 15 - 21 weeks to 
−0.19 mg/dl (−0.23 - −0.15 mg/dl), relative −23.2 (−28.1 - −18.3%), only to reach a plateau 
at 22 - 29 weeks at −0.18 mg/dl (−0.22 - −0.15 mg/dl), relative −22.6 (−27.7 - −18.9%). At 
29 - 35 weeks serum creatinine reaches the least difference between reference values 
of −0.12 mg/dl (−0.15 - −0.10 mg/dl), relative −18.5 (−15.5 - −13.0%), up to –0.14 mg/dl 
(−0.27 - −0.02 mg/dl), relative −17.7 (−34.2 - −2.5%) at the end of pregnancy. 

The meta-regression analysis showed that there was neither an effect of gestational age on 
the course of serum creatinine (p = 0.687), nor an effect of the reference measurements 
(pre-pregnant vs. non-pregnant, p = 0.553 and postpartum vs. non-pregnant, p = 0.641) 
or study quality (LQ vs. HQ p = 0.578 and MQ vs. HQ p = 0.157). Egger’s regression test 
for funnel plot asymmetry was not statistically significant (0.108 < p < 0.919). Studies with 
data on serum creatinine in hypertensive complicated pregnancies (Figure 9) reported 
data between 29-35 and 36-41 weeks’ gestation. 

In contrast to uncomplicated pregnancies, there was no change in serum creatinine 
in women with complicated pregnancies compared to non-pregnant values: 0.15 mg/
dl (−0.03 - 0.32), relative 21.2 (−4.2 - 45.2%) at 29 - 35 weeks and −0.01 mg/dl (−0.16 - 
0.15 mg/dl), relative −1.4 (−23.2 - 21.7%) at 36 - 41 weeks. These values were however 
significantly different from uncomplicated pregnancy (p = 0.009). Reference values for 
serum creatinine, throughout physiological, uncomplicated pregnancy are depicted in 
Figure 10 and show a decrease during pregnancy until around 24 weeks after which it 
increases almost back to non-pregnant values. The upper range of the reference curve 
changes throughout gestation but a cut-off can be set at 0.75 mg/dl (66 umol/L) based on 
the upper limit at the moment where serum creatinine is at its highest during pregnancy. 
In supplemental files all forest plots and reference values are also available in umol/L. 
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Figure 8 Forest plot of serum creatinine, in mg/dl, during physiologic pregnancies at < 14 weeks, 
15 - 21 weeks, 22 - 28 weeks, 29 - 35 weeks, and 36 - 41 weeks’ gestation compared to reference 
values. Serum creatinine is reported as mean difference (MD) between pregnant and reference 
values, with 95% CI.
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Figure 10 Decrease in serum creatinine, in mg/dl, during physiologic pregnancy. The circle size 
indicates the sample size of the point estimate. The colour of the circle refers to the quality assigned 
to the study: red = LQ, green = MQ, blue = HQ. Curve fit is weighted by the inverse variance and 
plotted with 5th and 95th percentiles. The 50th percentile is represented by a solid line.
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DISCUSSION

Kidney function, quantified by GFR, and either measured by inulin clearance or creatinine 
clearance, was increased during healthy uncomplicated pregnancy compared to non-
pregnant conditions. The physiologic change in kidney function was not observed in women 
during a gestational hypertensive disease. Interestingly, GFR increase seems slightly less 
than previous literature details 39. We found the largest increase during pregnancy to be 40 
- 50%, depending on the type of GFR measurement. Additionally, serum creatinine values 
were decreased during healthy uncomplicated pregnancies. Although the upper limit of 
the reference curve changed throughout gestation, from a clinical perspective, serum 
creatinine above 0.75 mg/dl (66 umol/L) should be considered abnormal at all gestational 
ages. 

GFR can be measured by the renal clearance of different substances. The ideal marker is a 
solute that is nontoxic, freely filtered at the glomerulus and neither secreted nor reabsorbed 
by the kidneys tubules. Despite the clinical importance of GFR, quantifying it is not without 
its difficulties. Over the years multiple endogenous and exogenous filtration markers have 
been used to evaluate kidney function 40. Inulin is the most commonly used exogenous 
marker and considered the golden standard while creatinine is the most clinically used 
endogenous marker. Measuring GFR through inulin has the disadvantages of being a time-
consuming and complex procedure. Infusion protocols that use dextrose may be valid but 
usually overestimate GFR values due to hyperglycaemia. This may me particular relevant 
during pregnancy as maternal insulin resistance increases glucose availability 41. The use of 
extra volume by infusion of saline, sometimes done when measuring GFR with inulin, can 
also positively affect GFR due to volume expansion. Because of the disadvantages of inulin, 
creatinine has become widely accepted to measure GFR even though it is less accurate. It 
is usually measured in a 24-hour urine collection in combination with serum creatinine to 
assess creatinine clearance. Inaccuracy of creatinine clearance is predominantly caused 
by the necessity to completely collect 24 hour urine and the bioavailability of creatinine 
quantities fluctuating as function of dietary intake and exercise induced muscle strain 42,43. 

The aggregated data used to build the GFR-CC curve show large heterogeneity between 
studies making it unfit to serve as a reference curve. Fitting curves using flexible regression 
techniques instead of a locally weighted curve, as we did to visualise reference ranges, 
could result in a better fit of all studies, it does however not result in a more reliable 
reference curve. 
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Estimated GFR is calculated by serum creatinine and the use of different formulas that can 
take several factors into account, namely weight, age and ethnicity. The more commonly 
used formulas are Cockcroft-Gault (CG), Modification of Diet in Renal Disease (MDRD), and 
the more recent Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI). During 
pregnancy (e)GFR can vary in accuracy and creatinine clearance, CG and MDRD are found 
to underestimate GFR 23,25,44. It is also relevant to note that all of these formulas are based 
on large cohorts of non-pregnant patients with at least mild renal insufficiency 45-47. eGFR 
is used frequently in daily practice but we did not find enough studies to include in our 
meta-analysis to provide an estimated difference during pregnancy. Measuring CKD-EPI, 
the more reliable estimation outside of pregnancy 48, should be calculated before, during 
and after pregnancy in order to establish reference values relevant to clinicians in daily 
practice. 

We found a significant difference in GFR both with inulin and creatinine clearance between 
women with uncomplicated pregnancies and women with a hypertensive complication in 
the second half of pregnancy; this is in agreement with known literature. The difference 
in changes of kidney function in pregnancies destined to be complicated by gestational 
hypertensive diseases could not be investigated because there were not enough studies 
in each interval. When assuming comparable body composition and glucose metabolism, 
a lower GFR and higher serum creatinine in gestational hypertensive pregnancies might 
originate from several mechanisms. Firstly, hypertension results in an increase in 
arterial tone as a result of an excess of vasoconstrictor over vasodilator influences in 
the systemic circulation 49,50. The increased vascular tone causes in turn a higher renal 
vascular resistance that is responsible for a decrease in blood flow through the kidneys 
and therefore a decrease in GFR 51. 

Morphological changes in the kidney caused by preeclampsia, namely endotheliosis, can 
also result in a decrease in GFR. Secondly, it could be that some women, because of 
a pre-existing vulnerability, namely lesser nephrons, women with diabetes mellitus or 
immunologic disorders are more susceptible to damage to the kidneys and as a result a 
decrease in GFR. Since measuring GFR-IC during pregnancy is cumbersome and complex, 
GFR-CC is always considered to be the clinically more appropriate method to evaluate 
kidney function. However serum creatinine seems a reliable and stable measure with a 
low margin of error when compared to GFR-CC, which is also more discommodious for 
women. As serum creatinine is measured frequently during pregnancy it is an even more 
practical parameter.
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The following limitations of this study should be acknowledged. First, our meta-analysis was 
based on a relatively limited number of studies mostly due to the need of a non-pregnant 
reference within the studied population sample. This could have resulted in a lower 
statistical power, compared to the inclusion of all studies without reference samples, but 
it is thought to increase validity because of the use of identical measurement techniques. 
Second, authors reported participant’s anthropometric data are often incomplete, making 
it impossible to analyse the contribution of these variables to the heterogeneity observed. 
Third, methodological shortcomings within and disparities amidst studies have resulted 
in limited data interpretation, which is reflected by our meta-regression analysis that 
exhibited a significant effect on the regression when study quality was taken into account. 
For MQ studies GFR-IC was on average 10 ml/min higher than HQ studies and for MQ 
GFR-CC studies was on averaged 22 ml/min lower when compared to HQ studies. A 
significant statistical association between GFR-IC course and reference measurement was 
also found. This difference was not found in GFR-CC and is possibly the effect of one single 
reference study that is relatively old and of a different methodological quality than other 
articles 52. Also, according to Egger, the capacity to ascertain publication bias is restricted 
when meta-analysis consists solely of limited and/or small studies, and in this case both 22.

CONCLUSION 

In healthy uncomplicated pregnancy kidney function is increased throughout, reflected 
by an increased GFR, measured by inulin or creatinine clearance, and a decrease in 
serum creatinine. In contrast, kidney function is decreased in hypertensive gestation. 
Although the upper limit of the reference curve changes throughout gestation, from a 
clinical perspective, serum creatinine above 0.75 mg/dl (66 umol/L) should be considered 
abnormal at all gestational ages.
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Component PubMed Embase

Pregnancy “Pregnancy” [Mesh] OR “pregnancy” [Title/Abstract] OR “pregnancies” 
[Title/Abstract] OR “pregnant” [Title/Abstract] OR “gestation” [Title/
Abstract] OR “gestations” [Title/Abstract] OR “gestational” [Title/Abstract] 
OR “gravidity” [Mesh] OR “gravidity” [Title/Abstract] OR “gravidities” [Title/
Abstract] OR “gravid” [Title/Abstract] 

exp pregnancy/ or exp gravidity/ or exp gestation/ or (pregnancy or pregnancies or pregnant or 
gestation or gestations or gestational or gravidity or gravidities or gravid).ti,ab.

Pregnancy-induced 
hypertension

“Hypertension, pregnancy-induced” [Mesh] OR “pregnancy induced 
hypertension” [Title/Abstract] OR “pregnancy associated hypertension” 
[Title/Abstract] OR “PIH” [Title/Abstract] OR “hypertensive pregnancy” 
[Title/Abstract] OR “pregnancy hypertension” [Title/Abstract] OR 
“gestational hypertension” [Title/Abstract] OR “HELLP syndrome” [Mesh] 
OR “HELLP” [Title/Abstract] OR “Hemolysis, Elevated Liver Enzymes, 
Lowered Platelets” [Title/Abstract]

exp maternal hypertension/ or exp HELLP syndrome/ or (pregnancy induced hypertension 
or pregnancy associated hypertension or PIH or hypertensive pregnancy or pregnancy 
hypertension or gestational hypertension or HELLP or Hemolysis, Elevated Liver Enzymes, 
Lowered Platelets).ti,ab.

Fetal growth 
retardation

“Fetal Growth Retardation” [Mesh] OR “foetal growth retardation” [Title/
Abstract] OR “fetal growth restriction” [Title/Abstract] OR “FGR” [Title/
Abstract] OR “intrauterine growth retardation” [Title/Abstract] OR 
“intrauterine growth restriction” [Title/Abstract] OR “IUGR” [Title/Abstract] 
OR “Infant, Small for Gestational Age” [Mesh] OR “small for gestational age” 
[Title/Abstract] OR “SGA” [Title/Abstract]

exp intrauterine growth retardation/ or exp small for date infant/ or (fetal growth retardation 
or fetal growth restriction or FGR or intrauterine growth retardation or intrauterine growth 
restriction or IUGR or small for gestational age or SGA ).ti,ab.

Preeclampsia “Pre-eclampsia” [Mesh] OR “pre-eclampsia” [Title/Abstract] OR 
“preeclampsia” [Title/Abstract] OR “preeclamptic” [Title/Abstract] OR 
“pre-eclamptic” [Title/Abstract] or “PE” [Title/Abstract] OR “Eclampsia” 
[Mesh] OR “eclampsia” [Title/Abstract] OR “eclampsias” [Title/Abstract] OR 
“eclamptic” [Title/Abstract] OR “toxemia” [Title/Abstract] OR “toxemias” 
[Title/Abstract]

exp preeclampsia/ or exp eclampsia/ or (pre-eclampsia or preeclampsia or pre-eclamptic or 
preeclamptic or PE or eclampsia or eclampsias or eclamptic or toxemia or toxemias).ti,ab.

Gestational 
diabetes

“Diabetes, Gestational” [Mesh] OR “pregnancy induced diabetes” 
[Title/Abstract] OR “gestational diabetes” [Title/Abstract] OR “diabetes 
gravidarum” [Title/abstract]

exp pregnancy diabetes mellitus/ or (pregnancy induced diabetes or gestational diabetes or 
diabetes gravidarum).ti,ab.

Kidney function  “Glomerular Filtration Rate”[Mesh] OR “Kidney Function Tests”[Mesh] 
OR “Renal Elimination”[Mesh] OR “glomerular filtration”[title/abstract] OR 
“GFR”[title/abstract] OR “eGFR”[title/abstract] OR “kidney function”[title/
abstract] OR “renal function”[title/abstract] OR “renal elimination”[title/
abstract] OR “kidney elimination”[title/abstract] OR “creatinine 
clearance”[title/abstract] OR “CCR”[title/abstract] OR “CrCl”[title/abstract] 
OR “eCCR”[title/abstract] OR “inulin clearance”[title/abstract] OR “cystatin C 
clearance”[title/abstract] OR “urea clearance”[title/abstract]))

Exp glomerular filtration/ or exp glomerular filtration rate/ or exp kidney function test/ or exp 
kidney function/ or exp creatinine clearance/ or exp inulin clearance/ or (glomerular filtration or 
GFR or eGFR or kidney function or renal function or renal elimination or kidney elimination or 
creatinine clearance or CCR or CrCl or eCCR or inulin clearance or cystatin c clearance or urea 
clearance).ti,ab.

Table 1 Literature search strategy for PubMed (NCBI) and Embase (Ovid) databases.
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Component PubMed Embase

Pregnancy “Pregnancy” [Mesh] OR “pregnancy” [Title/Abstract] OR “pregnancies” 
[Title/Abstract] OR “pregnant” [Title/Abstract] OR “gestation” [Title/
Abstract] OR “gestations” [Title/Abstract] OR “gestational” [Title/Abstract] 
OR “gravidity” [Mesh] OR “gravidity” [Title/Abstract] OR “gravidities” [Title/
Abstract] OR “gravid” [Title/Abstract] 

exp pregnancy/ or exp gravidity/ or exp gestation/ or (pregnancy or pregnancies or pregnant or 
gestation or gestations or gestational or gravidity or gravidities or gravid).ti,ab.

Pregnancy-induced 
hypertension

“Hypertension, pregnancy-induced” [Mesh] OR “pregnancy induced 
hypertension” [Title/Abstract] OR “pregnancy associated hypertension” 
[Title/Abstract] OR “PIH” [Title/Abstract] OR “hypertensive pregnancy” 
[Title/Abstract] OR “pregnancy hypertension” [Title/Abstract] OR 
“gestational hypertension” [Title/Abstract] OR “HELLP syndrome” [Mesh] 
OR “HELLP” [Title/Abstract] OR “Hemolysis, Elevated Liver Enzymes, 
Lowered Platelets” [Title/Abstract]

exp maternal hypertension/ or exp HELLP syndrome/ or (pregnancy induced hypertension 
or pregnancy associated hypertension or PIH or hypertensive pregnancy or pregnancy 
hypertension or gestational hypertension or HELLP or Hemolysis, Elevated Liver Enzymes, 
Lowered Platelets).ti,ab.

Fetal growth 
retardation

“Fetal Growth Retardation” [Mesh] OR “foetal growth retardation” [Title/
Abstract] OR “fetal growth restriction” [Title/Abstract] OR “FGR” [Title/
Abstract] OR “intrauterine growth retardation” [Title/Abstract] OR 
“intrauterine growth restriction” [Title/Abstract] OR “IUGR” [Title/Abstract] 
OR “Infant, Small for Gestational Age” [Mesh] OR “small for gestational age” 
[Title/Abstract] OR “SGA” [Title/Abstract]

exp intrauterine growth retardation/ or exp small for date infant/ or (fetal growth retardation 
or fetal growth restriction or FGR or intrauterine growth retardation or intrauterine growth 
restriction or IUGR or small for gestational age or SGA ).ti,ab.

Preeclampsia “Pre-eclampsia” [Mesh] OR “pre-eclampsia” [Title/Abstract] OR 
“preeclampsia” [Title/Abstract] OR “preeclamptic” [Title/Abstract] OR 
“pre-eclamptic” [Title/Abstract] or “PE” [Title/Abstract] OR “Eclampsia” 
[Mesh] OR “eclampsia” [Title/Abstract] OR “eclampsias” [Title/Abstract] OR 
“eclamptic” [Title/Abstract] OR “toxemia” [Title/Abstract] OR “toxemias” 
[Title/Abstract]

exp preeclampsia/ or exp eclampsia/ or (pre-eclampsia or preeclampsia or pre-eclamptic or 
preeclamptic or PE or eclampsia or eclampsias or eclamptic or toxemia or toxemias).ti,ab.

Gestational 
diabetes

“Diabetes, Gestational” [Mesh] OR “pregnancy induced diabetes” 
[Title/Abstract] OR “gestational diabetes” [Title/Abstract] OR “diabetes 
gravidarum” [Title/abstract]

exp pregnancy diabetes mellitus/ or (pregnancy induced diabetes or gestational diabetes or 
diabetes gravidarum).ti,ab.

Kidney function  “Glomerular Filtration Rate”[Mesh] OR “Kidney Function Tests”[Mesh] 
OR “Renal Elimination”[Mesh] OR “glomerular filtration”[title/abstract] OR 
“GFR”[title/abstract] OR “eGFR”[title/abstract] OR “kidney function”[title/
abstract] OR “renal function”[title/abstract] OR “renal elimination”[title/
abstract] OR “kidney elimination”[title/abstract] OR “creatinine 
clearance”[title/abstract] OR “CCR”[title/abstract] OR “CrCl”[title/abstract] 
OR “eCCR”[title/abstract] OR “inulin clearance”[title/abstract] OR “cystatin C 
clearance”[title/abstract] OR “urea clearance”[title/abstract]))

Exp glomerular filtration/ or exp glomerular filtration rate/ or exp kidney function test/ or exp 
kidney function/ or exp creatinine clearance/ or exp inulin clearance/ or (glomerular filtration or 
GFR or eGFR or kidney function or renal function or renal elimination or kidney elimination or 
creatinine clearance or CCR or CrCl or eCCR or inulin clearance or cystatin c clearance or urea 
clearance).ti,ab.

Table 1 Literature search strategy for PubMed (NCBI) and Embase (Ovid) databases.
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      Non-pregnant Parity / gravidity (n) Parity / gravidity (n)  

  Subjects 
(n)

Age
(years)

Weight
(kg)

Height 
(cm)

Nulli Primi Multi   Duration of 
amenorrhea at 
measurement 
(weeks)

Methods GFR (inulin and/or 
duration of collection for CC), serum 
creatinineStudy R P R P R P R P R P R P R P Baseline

Abdul-Karim 1978 53 20 91 - - - - - - - - - - - - NP 16, 26, 33, 37 Serum creatinine

Ahmed 2009 12 12 - - 65 65 164 164 - - - - - - PP (15 weeks) 21, 34 GFR (inulin, 24h CC), serum creatinine

Akram 1982 54 30 29 28.5 29.7 - - - - - - - - - - NP 39, 10 PP GFR (24h CC), serum creatinine

Barden 1996 24 28 27.3 26.8 - - - - - - - 13 - 15 NP 30 GFR (24h CC)

Barron 1995 55 22 22 28.7 28.7 - - - - - - - - - - PP (44 weeks) 30 GFR (inulin and 24h CC)

Buttermann 1958 11 72 - - - - - - - - - - - - NP 11, 23, 35 GFR (inulin and 24h CC)

Chapman 1998 11 10 30.9 30.9 61.5 - - - 9 - - - - - PC 12, 24, 36 Serum creatinine

Davison 1974 10 10 28.7 28.7 56.1 56.1 160 160 - - 3 3 7 7 PP (10 weeks) 17, 27, 37 GFR (inulin and 24h CC),

Davison 1981 9 9 26.4 26.4 58.6 58.6 162 162 2 2 7 7 - - PC 14, 16 GFR (24h CC), serum creatinine

Davison 1980  56 10 10     61.8 61.8 164 164 - - 3 3 7 7 PP (10 weeks) 26 GFR (24h CC)

Dunlop 1975 57 18 18 - - - - - - - - - - - - PP (8 weeks) 37 GFR (inulin)

Dunlop 1981 58 25 25 28.6 28.6 62.8 62.8 163 163 - - 10 10 15 15 PP (8 weeks) 16, 26, 36 GFR (inulin)

Gibson 1973 59 9 9 28.1 28.1 56.4 56.4 157 157 - - 7 7 2 2 PP (12 weeks) 20, 28 GFR (inulin)

Irons 1996 12 12 - - - - - - - - 12 12 - - PP (16 weeks) 32 GFR (inulin)

Kristensen 2007 58 398 25 32 - - - - 49 177 - - - - NP 10, 25, 35, 40 Serum creatinine

Lohsiriwat 2008  60 26 26 25.1 25.1 63.15 63.15 - - - - - - - - PP (9 weeks) 34 GFR (24h CC), serum creatinine

Milne 2002 11 11 27.1 27.1 - - - - - - - - - - PP (16 weeks) 37 GFR (inulin), serum creatinine

Moran 2003 13 13 - - - - - - - - - - - - PP (20 weeks) 37 GFR (inulin)

Mozdzien 1995  61 11 15 23 23 - - 164 164 - - 6 6 9 9 PP (8 weeks) 10, 24, 33 GFR (24h CC), serum creatinine

Roberts 1996 62 11 11 31 31 - - 164 164 6 6 - - - - PP (16 weeks) 16, 36 GFR (inulin), serum creatinine

Saxena 2012 63 12 12 28.7 28.7 - - 163 164 - - - - - - PP (16 weeks) 22, 34 GFR (inulin, 24h CC), serum creatinine

Schneider 1996 6 16 23.5 28.5 - - - - - - 0 11 - - NP 33 GFR (24h CC)

Smith 2008 23 24 - - - - - - - - - - - - PP (8 weeks) 13, 36 GFR (inulin)

Strevens 2002 12 14 27 30 58.8 - 168 163 - - - - - - NP 33 Serum creatinine

Sturgiss 1996 7 7 31.0 31.0 63.3 63.3 159 159 - - - - - - PP (22 weeks) 18, 35 GFR (inulin)

Vural 1998 15 20 - - - - - - - 20 - - - - NP 32 GFR (24h CC),serum creatinine

Wang 1994 26 42 27 29 - - - - - - - - - - NP 34 GFR (24h CC)

Wright 1987  64 9 31 - - - - - - - - 17 17 - - PP (6 weeks) 14, 28, 36 GFR (2h CC)

Yilmaz 2016 40 40 27.6 26.0 - - - - - - - - - - NP 34 GFR (24h CC),serum creatinine

Table 2 Characteristics of included studies, physiological pregnancies, arranged by first author 
and year of publication. Characteristics are presented by means reported by the study. Gravidity is 
underlined and parity is in Italic. Reference (R) of kidney function was measured in pre-pregnancy 
(PC), non-pregnant (NP) or postpartum (PP) controls. During physiologic pregnancy (P) kidney func-
tion was measured at different durations of amenorrhea. CC = creatinine clearance. 
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      Non-pregnant Parity / gravidity (n) Parity / gravidity (n)  

  Subjects 
(n)

Age
(years)

Weight
(kg)

Height 
(cm)

Nulli Primi Multi   Duration of 
amenorrhea at 
measurement 
(weeks)

Methods GFR (inulin and/or 
duration of collection for CC), serum 
creatinineStudy R P R P R P R P R P R P R P Baseline

Abdul-Karim 1978 53 20 91 - - - - - - - - - - - - NP 16, 26, 33, 37 Serum creatinine

Ahmed 2009 12 12 - - 65 65 164 164 - - - - - - PP (15 weeks) 21, 34 GFR (inulin, 24h CC), serum creatinine

Akram 1982 54 30 29 28.5 29.7 - - - - - - - - - - NP 39, 10 PP GFR (24h CC), serum creatinine

Barden 1996 24 28 27.3 26.8 - - - - - - - 13 - 15 NP 30 GFR (24h CC)

Barron 1995 55 22 22 28.7 28.7 - - - - - - - - - - PP (44 weeks) 30 GFR (inulin and 24h CC)

Buttermann 1958 11 72 - - - - - - - - - - - - NP 11, 23, 35 GFR (inulin and 24h CC)

Chapman 1998 11 10 30.9 30.9 61.5 - - - 9 - - - - - PC 12, 24, 36 Serum creatinine

Davison 1974 10 10 28.7 28.7 56.1 56.1 160 160 - - 3 3 7 7 PP (10 weeks) 17, 27, 37 GFR (inulin and 24h CC),

Davison 1981 9 9 26.4 26.4 58.6 58.6 162 162 2 2 7 7 - - PC 14, 16 GFR (24h CC), serum creatinine

Davison 1980  56 10 10     61.8 61.8 164 164 - - 3 3 7 7 PP (10 weeks) 26 GFR (24h CC)

Dunlop 1975 57 18 18 - - - - - - - - - - - - PP (8 weeks) 37 GFR (inulin)

Dunlop 1981 58 25 25 28.6 28.6 62.8 62.8 163 163 - - 10 10 15 15 PP (8 weeks) 16, 26, 36 GFR (inulin)

Gibson 1973 59 9 9 28.1 28.1 56.4 56.4 157 157 - - 7 7 2 2 PP (12 weeks) 20, 28 GFR (inulin)

Irons 1996 12 12 - - - - - - - - 12 12 - - PP (16 weeks) 32 GFR (inulin)

Kristensen 2007 58 398 25 32 - - - - 49 177 - - - - NP 10, 25, 35, 40 Serum creatinine

Lohsiriwat 2008  60 26 26 25.1 25.1 63.15 63.15 - - - - - - - - PP (9 weeks) 34 GFR (24h CC), serum creatinine

Milne 2002 11 11 27.1 27.1 - - - - - - - - - - PP (16 weeks) 37 GFR (inulin), serum creatinine

Moran 2003 13 13 - - - - - - - - - - - - PP (20 weeks) 37 GFR (inulin)

Mozdzien 1995  61 11 15 23 23 - - 164 164 - - 6 6 9 9 PP (8 weeks) 10, 24, 33 GFR (24h CC), serum creatinine

Roberts 1996 62 11 11 31 31 - - 164 164 6 6 - - - - PP (16 weeks) 16, 36 GFR (inulin), serum creatinine

Saxena 2012 63 12 12 28.7 28.7 - - 163 164 - - - - - - PP (16 weeks) 22, 34 GFR (inulin, 24h CC), serum creatinine

Schneider 1996 6 16 23.5 28.5 - - - - - - 0 11 - - NP 33 GFR (24h CC)

Smith 2008 23 24 - - - - - - - - - - - - PP (8 weeks) 13, 36 GFR (inulin)

Strevens 2002 12 14 27 30 58.8 - 168 163 - - - - - - NP 33 Serum creatinine

Sturgiss 1996 7 7 31.0 31.0 63.3 63.3 159 159 - - - - - - PP (22 weeks) 18, 35 GFR (inulin)

Vural 1998 15 20 - - - - - - - 20 - - - - NP 32 GFR (24h CC),serum creatinine

Wang 1994 26 42 27 29 - - - - - - - - - - NP 34 GFR (24h CC)

Wright 1987  64 9 31 - - - - - - - - 17 17 - - PP (6 weeks) 14, 28, 36 GFR (2h CC)

Yilmaz 2016 40 40 27.6 26.0 - - - - - - - - - - NP 34 GFR (24h CC),serum creatinine

Table 2 Characteristics of included studies, physiological pregnancies, arranged by first author 
and year of publication. Characteristics are presented by means reported by the study. Gravidity is 
underlined and parity is in Italic. Reference (R) of kidney function was measured in pre-pregnancy 
(PC), non-pregnant (NP) or postpartum (PP) controls. During physiologic pregnancy (P) kidney func-
tion was measured at different durations of amenorrhea. CC = creatinine clearance. 
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    Non-pregnant Parity/gravidity (n) Parity/gravidity (n)  

  Subjects (n) Age (years) Weight (kg) Height (cm) Nulli Primi Multi   Duration 
amenorrhea
at measurement 
(weeks)

Methods
GFR (inulin and/or duration 
of collection for CC), serum 
creatinine

Study R CP R CP R CP R CP R CP R CP R CP Baseline

Barden 1996 24 20 27.3 27.4 - - - - - - - 9 - 11 NP 30 GFR (24h CC)

Buttermann 1958 11 33 - - - - - - - - - - - - NP 35 GFR (inulin and 24h CC)

Moran 2003 5 10 - - - - - - - - - - - - PP (20 weeks) 37 GFR (inulin)

Schneider 1996 6 16 23.5 28.6 - - - - - - 0 11 - - NP 33 GFR (not stated h CC)

Strevens 2002 12 24 27 31 58.8 - 168 164 - - - - - - NP 36 Serum creatinine

Vural 1998 15 24 - - - - - - - 24 - - - - NP 33 GFR (24h CC), serum creatinine

Wang 1994 26 37 27 27 - - - - - - - - - - NP 36 GFR (24h CC)

Yilmaz 2016 40 40 27.6 27.9 - - - - - - - - - - NP 35 GFR (24h CC), serum creatinine 

Table 3 Characteristics of included studies, hypertensive complicated pregnancies, arranged by 
first author and year of publication. Characteristics are presented by means reported by the study. 
Gravidity is underlined and parity is in Italic. Parity/gravity: Nulli, Primi, Multi.Reference (R) kidney 
function was measured in non-pregnant (NP) or postpartum (PP) controls. During hypertensive 
complicated pregnancy gestational (CP) kidney function was measured between 30 and 37 weeks. 
CC = creatinine clearance.
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    Non-pregnant Parity/gravidity (n) Parity/gravidity (n)  

  Subjects (n) Age (years) Weight (kg) Height (cm) Nulli Primi Multi   Duration 
amenorrhea
at measurement 
(weeks)

Methods
GFR (inulin and/or duration 
of collection for CC), serum 
creatinine

Study R CP R CP R CP R CP R CP R CP R CP Baseline

Barden 1996 24 20 27.3 27.4 - - - - - - - 9 - 11 NP 30 GFR (24h CC)

Buttermann 1958 11 33 - - - - - - - - - - - - NP 35 GFR (inulin and 24h CC)

Moran 2003 5 10 - - - - - - - - - - - - PP (20 weeks) 37 GFR (inulin)

Schneider 1996 6 16 23.5 28.6 - - - - - - 0 11 - - NP 33 GFR (not stated h CC)

Strevens 2002 12 24 27 31 58.8 - 168 164 - - - - - - NP 36 Serum creatinine

Vural 1998 15 24 - - - - - - - 24 - - - - NP 33 GFR (24h CC), serum creatinine

Wang 1994 26 37 27 27 - - - - - - - - - - NP 36 GFR (24h CC)

Yilmaz 2016 40 40 27.6 27.9 - - - - - - - - - - NP 35 GFR (24h CC), serum creatinine 

Table 3 Characteristics of included studies, hypertensive complicated pregnancies, arranged by 
first author and year of publication. Characteristics are presented by means reported by the study. 
Gravidity is underlined and parity is in Italic. Parity/gravity: Nulli, Primi, Multi.Reference (R) kidney 
function was measured in non-pregnant (NP) or postpartum (PP) controls. During hypertensive 
complicated pregnancy gestational (CP) kidney function was measured between 30 and 37 weeks. 
CC = creatinine clearance.
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Study Loadingdose Infusion rate

Ahmed 2009 Inulin 50 mg/kg and PAH 8 mg/kg Inulin at 30mg/min and PAH at 12mg/min for 60 minutes

Barron 1995 Inulin 50mg/kg and PAH 8 mg/kg Inulin at 40-50 mg/min and PAH at 10-15 mg/min 
at a rate of 0.6 ml/min for 60 minutes

Buttermann 1958  Inulin 10 ml 10% and PAH 4 ml 20% in 5 minutes Inulin 40 ml 10% and PAH 10 ml 20% in 
at a rate of 0.4 ml/min for 90-120 minutes

Davison 1974  Dextrose 10% and 1 g of inulin 
at a rate of 16 ml/min for 10 minutes 
(to reach plasma levels between 150-300 mg/100ml)

Dextrose 10% containing 0.5 g of inulin 
at a rate of 8 ml/minute 
(to give plateau plasma levels of about 30 mg inulin/100ml)

Dunlop 1975 not stated not stated

Dunlop 1981  Inulin 400 mg and PAH 160 mg 
at a rate of 16 ml/min for 10 minutes

Inulin 40 mg and PAH 16 mg 
at a rate of 8 ml/min for 60 minutes

Gibson 1973 not stated Dextrose 5% and inulin 0.5 g/100 ml 
at a rate of 8 ml/min (such that a constant plasma concentration of about 30 mg/100ml was 
achieved)

Irons 1996 Inulin 25% 10 ml and PAH 20% 2 ml Inulin 60 ml and PAH 29 ml in 180 ml NaCl 
at a rate of 0.83 ml /min during 60 minutes

Milne 2002 Inulin 25% 10 ml, Dextran 10% 48 ml and PAH 20% 2dl administered over 
10 minutes

Dextran 264 ml, Inulin 75 ml and PAH 36 ml 
at a rate of 1 ml/min for 60 minutes

Moran 2003 Inulin unknown % 10 ml, Dextran 10% 48 ml and PAH 20% 2 ml 
administered over 10 minutes

Dextran 10%, PAH 2% and Inulin 5% 
at a rate of 1 ml/min for 60 minutes

Roberts 1996 Inulin 25% 10 ml ,Dextran 10% 48 ml and PAH 20% 2 ml administered Dextran 175 ml, PAH 24 ml and Inulin 50 ml 
at a rate of 1 ml/min for 60 minutes

Saxena 2012  Inulin 50 mg/kg Inulin 30 mg/kg for 60 minutes

Smith 2008 Inulin 25% 10 ml and 48 ml 0.9% NaCl over 5 minutes Inulin 70 ml and 340 ml NaCl 
at a rate of 1 ml/min for 60 minutes

Sturgiss 1996 Inulin 2.5 g, PAH 400 mg and 50 ml of 0.9% NaCl over 5 min PAH 9.6 g, Inulin 22.5 g and 500 ml 0.9% NaCl 
at a rate of 1 ml/min for 60 minutes

Table 4 Description of measurement methods used in studies with glomerular filtration rate 
measured by inulin. 
PAH = p-aminohippurate, NaCl = 0.9% saline.
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Study Loadingdose Infusion rate

Ahmed 2009 Inulin 50 mg/kg and PAH 8 mg/kg Inulin at 30mg/min and PAH at 12mg/min for 60 minutes

Barron 1995 Inulin 50mg/kg and PAH 8 mg/kg Inulin at 40-50 mg/min and PAH at 10-15 mg/min 
at a rate of 0.6 ml/min for 60 minutes

Buttermann 1958  Inulin 10 ml 10% and PAH 4 ml 20% in 5 minutes Inulin 40 ml 10% and PAH 10 ml 20% in 
at a rate of 0.4 ml/min for 90-120 minutes

Davison 1974  Dextrose 10% and 1 g of inulin 
at a rate of 16 ml/min for 10 minutes 
(to reach plasma levels between 150-300 mg/100ml)

Dextrose 10% containing 0.5 g of inulin 
at a rate of 8 ml/minute 
(to give plateau plasma levels of about 30 mg inulin/100ml)

Dunlop 1975 not stated not stated

Dunlop 1981  Inulin 400 mg and PAH 160 mg 
at a rate of 16 ml/min for 10 minutes

Inulin 40 mg and PAH 16 mg 
at a rate of 8 ml/min for 60 minutes

Gibson 1973 not stated Dextrose 5% and inulin 0.5 g/100 ml 
at a rate of 8 ml/min (such that a constant plasma concentration of about 30 mg/100ml was 
achieved)

Irons 1996 Inulin 25% 10 ml and PAH 20% 2 ml Inulin 60 ml and PAH 29 ml in 180 ml NaCl 
at a rate of 0.83 ml /min during 60 minutes

Milne 2002 Inulin 25% 10 ml, Dextran 10% 48 ml and PAH 20% 2dl administered over 
10 minutes

Dextran 264 ml, Inulin 75 ml and PAH 36 ml 
at a rate of 1 ml/min for 60 minutes

Moran 2003 Inulin unknown % 10 ml, Dextran 10% 48 ml and PAH 20% 2 ml 
administered over 10 minutes

Dextran 10%, PAH 2% and Inulin 5% 
at a rate of 1 ml/min for 60 minutes

Roberts 1996 Inulin 25% 10 ml ,Dextran 10% 48 ml and PAH 20% 2 ml administered Dextran 175 ml, PAH 24 ml and Inulin 50 ml 
at a rate of 1 ml/min for 60 minutes

Saxena 2012  Inulin 50 mg/kg Inulin 30 mg/kg for 60 minutes

Smith 2008 Inulin 25% 10 ml and 48 ml 0.9% NaCl over 5 minutes Inulin 70 ml and 340 ml NaCl 
at a rate of 1 ml/min for 60 minutes

Sturgiss 1996 Inulin 2.5 g, PAH 400 mg and 50 ml of 0.9% NaCl over 5 min PAH 9.6 g, Inulin 22.5 g and 500 ml 0.9% NaCl 
at a rate of 1 ml/min for 60 minutes

Table 4 Description of measurement methods used in studies with glomerular filtration rate 
measured by inulin. 
PAH = p-aminohippurate, NaCl = 0.9% saline.
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Study Collection period Creatinine clearance (ml/min) measurement methods

Ahmed 2009 24h Ucr [mg/dL] x Uv [ml] / Scr x 1140 min)

Akram 1982 24h Ucr [mg/100ml] x Uv [ml/min] / Scr [mg/100ml]

Barden 1996 24h not stated

Barron 1995 24h not stated

Buttermann 1958 24h not stated

Davison 1974 24h not stated

Davison 1981 24h not stated

Davison 1980 24h not stated

Lohsiriwat 2008 24h Ucr [mg/dl] x Uv [ml/min] / Scr [mg/dL]

Mozdzien 1995 24h Ucr x Uv / Scr

Saxena 2012 24h Ucr [mg/dL] x Uv [ml/day] / Scr [mg/dL] x 1440 min/day

Schneider 1996 24h not stated

Vural 1998 24h not stated

Wang 1994 24h not stated

Wright 1987 2h Ucr x Uv / Scr

Yilmaz 2016 24h not stated

Table 5 Description of glomerular filtration rate measurement methods for creatinine clearance.
 Uv = urine volume, Ucr= creatinine measured in urine, Scr = creatinine measured in serum blood.
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Study Measurement method

Abdul-Karim 1978 Modified Jaffé reaction using Lloyd’s reagent

Ahmed 2009 Alkaline pircrate reactions with a DAX96 (Bayer) machine

Akram 1982 Alkaline picrate method (Jaffe’s Reaction)

Chapman 1998 Jaffé reaction and a Beckman 2 auto-analyser

Davison 1981 Enzymatic method using an LKB reaction rate analyser

Kristensen 2007 Creatininase enzymatic method on a Hitachi Modular P analysis system with 
reagent

Lohsiriwat 2008 Colorimetric method based on Jaffé’s reaction by an automatic analyser 
Hitachi 705

Milne 2002 not stated

Mozdzien 1995 Jaffé reaction by an automatic analyser Hitachi

Roberts 1996 not stated

Saxena 2012 not stated

Strevens 2002 Kodak Ektachem 700 XR-C system using the enzymes creatinine 
amidohydrolase and creatinine amidinohydrolase

Vural 1998 Jaffé method

Yilmaz 2016 not stated

Table 6  Description of measurement methods used in studies with serum creatinine.
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Study Participation Adequate description of participants’ characteristics                               

 Parity or gravidity - - - - - - + + + + - - + + +

 Health or comorbidities of participants - + - + + + + + + + + + + - +

 Clear reporting of weeks amenorrhea + + - + + + + + + - + + + + +

 Ethnicity - + + - - - - - - - - - - - -

 Height - + - - - - - + + + - + + - -

 Non-pregnant weight/BMI - + - - - - - + + + - + + - +

 Use of medication or supplements - + - - + - + + - + - - - + -

Adequate description of participant recruitment - - - + + - + + + + - - + + +

Adequate description of inclusion and exclusion criteria - + - + + - + + + + - - + + +

Study Attrition Reasons for loss to follow-up/drop-out are provided ? ? ? ? ? ? + + + + + + + + +

Adequate description of participants lost to follow-up / differences 
between participants who completed and drop-outs

? ? ? ? ? ? + + + + + + + + +

Variable 
Measurements

Method of measurement is adequately valid and reliable - + - - + + - + - - + + + + +

The methods and setting are the same for all study participants and 
throughout follow up

+ + + + + + + + + + + + + + +

Data Reporting Time frame of measurements (gestational age) are reported as mean - + - + + - - - - - - - - - -

Study Design Study used a longitudinal study design - + - - - - + + + + + + + + -

Multiple (>2) longitudinal pregnant measurements during pregnancy of the 
variable

- - - - - - + + - - - + - - -

Baseline value was a prepregnant measurement of the variable - - - - - - + - + - - - - - -

     Score (%) 12 65 12 35 47 24 71 82 71 65 41 59 71 59 59

     Quality LQ HQ LQ MQ MQ LQ HQ HQ HQ HQ MQ MQ HQ MQ MQ

Table 7a Quality assessment of 15 included studies based in the QUIPS criteria. The individual stud-
ies are defined as a high quality study (HQ), moderate quality study (MQ) or low quality study (LQ).
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Study Participation Adequate description of participants’ characteristics                               

 Parity or gravidity - - - - - - + + + + - - + + +

 Health or comorbidities of participants - + - + + + + + + + + + + - +

 Clear reporting of weeks amenorrhea + + - + + + + + + - + + + + +

 Ethnicity - + + - - - - - - - - - - - -

 Height - + - - - - - + + + - + + - -

 Non-pregnant weight/BMI - + - - - - - + + + - + + - +

 Use of medication or supplements - + - - + - + + - + - - - + -

Adequate description of participant recruitment - - - + + - + + + + - - + + +

Adequate description of inclusion and exclusion criteria - + - + + - + + + + - - + + +

Study Attrition Reasons for loss to follow-up/drop-out are provided ? ? ? ? ? ? + + + + + + + + +

Adequate description of participants lost to follow-up / differences 
between participants who completed and drop-outs

? ? ? ? ? ? + + + + + + + + +

Variable 
Measurements

Method of measurement is adequately valid and reliable - + - - + + - + - - + + + + +

The methods and setting are the same for all study participants and 
throughout follow up

+ + + + + + + + + + + + + + +

Data Reporting Time frame of measurements (gestational age) are reported as mean - + - + + - - - - - - - - - -

Study Design Study used a longitudinal study design - + - - - - + + + + + + + + -

Multiple (>2) longitudinal pregnant measurements during pregnancy of the 
variable

- - - - - - + + - - - + - - -

Baseline value was a prepregnant measurement of the variable - - - - - - + - + - - - - - -

     Score (%) 12 65 12 35 47 24 71 82 71 65 41 59 71 59 59

     Quality LQ HQ LQ MQ MQ LQ HQ HQ HQ HQ MQ MQ HQ MQ MQ

Table 7a Quality assessment of 15 included studies based in the QUIPS criteria. The individual stud-
ies are defined as a high quality study (HQ), moderate quality study (MQ) or low quality study (LQ).
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Table 7b Quality assessment of 14 included studies based in the QUIPS criteria. The individual stud-
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15 - 21 weeks, 22 - 28 weeks, 29 - 35 weeks, and 36 - 41 weeks’ gestation compared to reference 
values. Serum creatinine is reported as mean difference (MD) between pregnant and reference 
values with a 95% CI.
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ABSTRACT

INTRODUCTION     Hypertensive pregnancy disorders are assumed to be preceded 
by defective spiral artery remodelling. Whether this localized aberration at the 
implantation site affects the initial maternal systemic cardiovascular and renal 
adaptation to pregnancy is unclear. We explored, in a high-risk population, whether 
the initial systemic maternal adaptation to pregnancy differs between women who do 
and do not develop a recurrent hypertensive disorder later on in pregnancy.

METHODS     We enrolled 61 normotensive women with a previous hypertensive 
disorder of pregnancy and subdivided them in 2 subgroups, based on whether or 
not their next pregnancy remained uneventful (n = 33) or became complicated by a 
recurrent hypertensive disorder (n = 28). We measured before pregnancy and again 
at 18±2 weeks of gestation cardiac output, blood pressure, plasma volume, creatinine 
clearance, and calculated total peripheral vascular resistance from cardiac output and 
blood pressure.

RESULTS     Both subgroups responded to pregnancy with an increase in cardiac 
output, plasma volume, heart rate and creatinine clearance, and a decrease in blood 
pressure and total peripheral vascular resistance. Women who developed a recurrent 
hypertensive disorder differed from their counterparts with an uneventful next 
pregnancy by smaller pregnancy-induced increases in creatinine clearance (19% vs. 
31%, p = 0.035) and cardiac output (10% vs. 20%, p = 0.035), respectively.

CONCLUSION     The initial systemic cardiovascular and renal adaptations to pregnancy 
in women who develop a recurrent gestational hypertensive disorder differ from those 
in their counterparts with an uneventful next pregnancy by smaller rises in creatinine 
clearance and cardiac output.
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INTRODUCTION

Hypertensive disorders of pregnancy are a major cause of maternal and perinatal mortality 
or morbidity. Gestational hypertension is the most common hypertensive disorder during 
pregnancy with a prevalence of 5 to 18%. Preeclampsia on the other hand is clinically 
the most relevant gestational hypertensive complication. It has a prevalence of 2 to 5% 
in nulliparous women and is responsible for 12% of maternal deaths in the world 1,2. The 
majority of women will have a following pregnancy. During that next pregnancy these 
women are at increased risk to develop gestational hypertension, preeclampsia, preterm 
birth and foetal growth restriction 3-6.

Pregnancy induces marked changes in the cardiovascular and renal systems. A primary 
fall in the vascular resistance constitutes one of the earliest physiological changes in 
response to pregnancy 7. It initiates a chain of events resulting in haemodilution, renal 
hyperfiltration, rise in cardiac output (CO), higher vascular compliance and a rise in plasma 
volume (PV), so as to maintain a high-flow and low-resistance circulation 8,9. At present it is 
unknown whether this initial adaptive response to pregnancy differs between women with 
a history of a hypertensive pregnancy complication, who do or do not develop a recurrent 
hypertensive disorder in their next ongoing pregnancy 10-14. 

The present study was designed to compare the initial systemic hemodynamic and 
renal adaptations to pregnancy between those who did and those who did not develop 
a recurrent hypertensive pregnancy disorder in their next pregnancy. To this end, we 
studied the hemodynamic and renal functions in 61 women with a history of a gestational 
hypertensive disorder, before and again at 18 ± 2 weeks’ pregnancy. 
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METHODS

STUDY POPULATION
This observational cohort study was conducted at Maastricht University Medical Centre 
in the Netherlands between 2001 and 2011. The study was approved by the institutional 
medical ethics committee (MEC 10-4-049). We studied renal and hemodynamic function 
during the first half of pregnancy in women with a history of a gestational hypertensive 
disorder. Most of these women had a history of severe preeclampsia. Of a total of eighty-
three women, eleven women did not have a subsequent pregnancy. We excluded women 
with pre-existent hypertension, diabetes mellitus and renal disease (n=11). All former 
patients who gave birth before the 34th pregnancy week in the prior pregnancy used 
80 mg/day of acetylsalicylic acid from 12 until 36 weeks of pregnancy. In all, 33 (54%) of 
the remaining 61 women had a normal next pregnancy whereas 28 (46%) developed a 
recurrent gestational hypertensive disorder in their next pregnancy. All women had a 
preconceptional evaluation (at least 6 months after their previous delivery) and again at 
18 ± 2 week gestational age. We defined a recurrent hypertensive complication as the 
development of gestational hypertension, preeclampsia, the haemolysis elevated liver 
enzymes and low platelet count syndrome (HELLP) syndrome, or placental insufficiency 
giving rise to a growth restricted infant 15. According to the guidelines of the National 
Working Group on High Blood Pressure in Pregnancy preeclampsia was defined as de 
novo hypertension (arterial blood pressure > 140/90 mmHg, occurring after the 20th week 
of pregnancy) accompanied by proteinuria (> 300 mg/24h or > 30 mg/mmol creatinine). 
We defined gestational hypertension as de novo hypertension without concomitant 
proteinuria. The HELLP syndrome was defined as the concomitant development of 
haemolysis, elevated liver enzymes and a low platelet count. Low birth weight was defined 
as a birth weight below the 10th centile based on reference curves derived from the Dutch 
perinatal registration 16. We defined an uneventful pregnancy as a singleton pregnancy 
without complications, resulting in the term birth (≥ 37 weeks) of an infant with a birth 
weight above the 10th centile 15.

MEASUREMENT
Measurements were performed in standardized environmental conditions with external 
disturbances kept to a minimum. Blood pressure was recorded with the subject in 
left-lateral tilt position. We registered blood pressure every three minutes, using a semi-
automatic oscillometric device (Dinamap Vital Signs Monitor 1846; Critikon, Tampa, Florida, 
USA and Accutorr 2008; Mindray, Medical Netherlands, Hoevelaken) during 30 minutes. 
The mean arterial pressure (MAP, mmHg) was defined as the blood pressure that coincided 
with the mean of the two highest amplitudes of the pulse detected with the oscillometric 
device 17. Laboratory measurements were performed at the laboratory of University 
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Medical Centre Maastricht. We obtained the glomerular filtration rate (GFR) by dividing 
the 24 hours urine creatinine excretion by the concomitant serum creatinine level 18. We 
performed cardiac ultrasound measurement using a phased-array echocardiographic 
Doppler system, a Philips IE 33 system (Philips Medical System, Best, the Netherlands) 
according to the guidelines of the American Society of Echocardiography 19. From an apical 
approach, aortic flow across the aortic valve was measured using continuous wave Doppler 
20. Stroke volume (SV, mL) was calculated by multiplying aortic velocity time integral (VTI) 
with the cross-sectional area measured at the level of the aortic annulus in the parasternal 
long axis view. The mean VTI, used to calculate SV, was measured by averaging the outer 
edge tracings of 3 to 5 consecutive CW Doppler recordings 20. CO (L/min) was obtained by 
multiplying SV with heart rate (HR, beats/min). The HR was obtained by taking the reciprocal 
of the mean of 5 consecutive R-R intervals on the electrocardiogram. Peripheral vascular 
resistance (mmHg/L/min) was calculated by the formula: 80 * (MAP/CO). All data were 
stored on disk and calculations were performed offline using specific software (Excelera, 
Philips, the Netherlands) by a single observer. We used an indicator dilution technique to 
estimate plasma volume (PV, mL) using 3 consecutively obtained venous blood samples 
taken within 10 min after the administration of a 10% dextran-70 solution, as specified 
previously 21. The total PV was calculated using linear regression analysis. We did not index 
CO and PV for body surface area as the standard formulas required for this are based on 
data from non-pregnant individuals and do not take into account the changes in maternal 
dimensions during pregnancy 22.

STATISTICAL ANALYSIS
We used the unpaired t-test to test for differences between groups and Pearson’s chi-
square test for categorical variables. The paired t-test was used to test for differences 
over time within groups. We assessed differences present at the pre-pregnancy state, and 
differences present at the visit closest to 18 weeks of gestation. To assess the differences 
in the adaptation during the first half of gestation, we computed the change between the 
pre-pregnancy state and the visit closest to 18 weeks, and tested whether these changes 
differ between the two groups.

There were some missing values present on the variables of interest. We chose not to 
impute these missing values, because we only computed pairwise comparisons, and 
performed no multivariable modelling. The proportions of cases dropped from pairwise 
comparisons are, in our sample, relatively low (30%). Data are expressed as group means 
± standard deviation, means ± 95% CI or medians and interquartile ranges. A p-value less 
than, or equal to, 0.05 was considered to indicate a statistical significant difference. All 
analyses were performed using SPSS version 17.0, property of IBM. 
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RESULTS

Table 1 illustrates the patient selection. Table 2 lists the patient characteristics of the prior 
and subsequent pregnancies. Both subgroups were comparable with respect to age and 
BMI, however, prior neonatal birth weight was lower and the gestational age at birth was 
earlier in women with a recurrent hypertensive complication compared to the uneventful 
subgroup. Of the 61 women with a history of a hypertensive disorder during pregnancy, 33 
(54%) had an uneventful next pregnancy outcome and 28 (46%) had their next pregnancy 
complicated by a recurrent gestational hypertensive disorder. The subsequent pregnancy 
was complicated by preeclampsia in 29%, by gestational hypertension in 50%, by foetal 
growth restriction without hypertension in 14% and by HELLP syndrome in 7% of all cases. 

Table 1 Patient selection.

Table 3 lists the adaptive response to pregnancy at 18 ± 2 weeks’ gestational age in both 
subgroups. The percent changes of the presumably most relevant variables are illustrated 
in figure 1. All changes in response to pregnancy in both subgroups were significant. Both 
subgroups responded to pregnancy with a rise in CO, creatinine clearance, PV, and a fall 
in MAP and peripheral vascular resistance. Women in the recurrent subgroup tended 
to have a lower PV (in mL) prior to pregnancy than their counterparts in the uneventful 
subgroup. The magnitude of the changes in response to pregnancy was comparable in 
both subgroups, except for creatinine clearance and cardiac output, which was smaller 
in the recurrence subgroup than in the uneventful subgroup, 34 ml/min (23 - 45 ml/min) 
vs. 19 ml/min (8 - 29 ml/min) and 0.9 L/min (0.6 - 1.3 ml/min) vs. 0.4 L/min (0.1 - 0.8 ml/
min), respectively. 
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Uncomplicated 
subsequent 
pregnancy
n = 33

Complicated 
subsequent 
pregnancy
n = 28

p-value

Prior pregnancy
GH 2 (6%) 1 (3%)
PE 6 (18%) 10 (36%)
PE/HELLP 25 (76%) 17 (61%)
Gestational age at delivery (days) 212 ± 25 213 ± 25 0.902
Birth weight (gram) 1192 ± 677 1138 ± 696 0.763
Birth weight (centile) p20-p50 p20-p50 0.210

Subsequent pregnancy
Pre-pregnancy BMI (kg/m2) 26 ±  6 26 ± 5 0.644
GH 14 (50,0%)
PE/HELLP 8 (28.6%)
HELLP 2 (7.1%)
Growth restriction 4 (14.3%)
Age (years) 30 ± 4 30 ± 4 0.435
Gestational age at delivery (days) 273 ± 9 261 ± 26 0.012*
Birth weight (gram) 3392 ± 441 2684 ± 1115 0.028*

  Birth weight (centile) p20-p50 < p10 0.327
Table 2 Patient characteristic of prior and subsequent pregnancies. 
An unpaired t-test was used to analyse differences between groups and a Pearson’s chi-square test 
for categorical variables. GH = gestational hypertension, PE = pre-eclampsia, HELLP = haemolysis 
elevated liver enzymes and low platelet count, GA = gestational age. Data are adapted and repre-
sented as means and standard deviation and as frequencies with percentages (%) for categorical 
variables, p-values < 0, 05 are considered significant. An asterisk represents a p-value less than 0.05.

Figure 1 Adaptation to pregnancy in recurrent gestational hypertensive disorder and an uncomplicated 
subsequent pregnancy, percentual change. Bars represent mean change (%) with 95% confidence inter-
val between measurement before pregnancy and at 18 ± 2 weeks’ pregnancy. p < 0.05 is considered to 
indicate a significant difference and are represented by a star above the bar chart.
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    Uncomplicated subsequent pregnancy Recurrent hypertensive pregnancy p-value
Creatinine clearance (mL/min)
n = 47

n 25 22  
Pre-pregnancy 109 (101 -117) 109 (98 -120) 0.985
18 ± 2  weeks pregnancy 144 (134 -154) 131 (119 -142) 0.085
Δ 34 (23 - 45) 19 (8 - 29) 0.035*

Cardiac output  (L/min)
n = 50

n 27 23  
Pre-pregnancy 4.9 (4.6 - 5.2) 5.2 (4.8 - 5.5) 0.199
18 ± 2  weeks pregnancy 5.9 (2.6 - 6.3) 5.6 (5.3 - 5.9) 0.143
Δ 0.9 (0.6 - 1.3) 0.4 (0.1 - 0.8) 0.035*

Plasma volume  (ml)
n = 42

n 24 18  
Pre-pregnancy 2403 (2210 - 2596) 2144 (1973 - 2316) 0.065
18 ± 2  weeks pregnancy 2813 (2634 - 2992) 2621 (2453 - 2789) 0.125
Δ 152 (-78 - 381) 309 (105 - 514) 0.310

Peripheral vascular resistance ((mmHg/(L/min))
n = 50

n 27 23  
Pre-pregnancy 1515 (1415 -1615) 1499 (1403 - 1595) 0.814
18 ± 2  weeks pregnancy 1138 (1064 -1212) 1227 (1167 - 1288) 0.065
Δ -379 (-497 - -261) -282 (-399 - 164) 0.237

Mean arterial pressure (mmHg)
n = 26

n 12 14  
Pre-pregnancy 92 (87 - 96) 94 (89 - 99) 0.447
18 ± 2  weeks pregnancy 81 (76 - 86) 81 (78 - 87) 0.671
Δ -9 (-13 - -4) -15 (-22 - -7) 0.168

Table 3 Adaptation to pregnancy in recurrent hypertensive pregnancy and uncomplicated sub-
sequent pregnancy. A paired t-test was used to test for differences over time within groups. Data 
are given as mean with 95% confidence interval. Δ=difference between pre-pregnancy and 18 ± 2 
weeks’ gestational age. An asterisk represents a p-value less than 0.05.
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18 ± 2  weeks pregnancy 2813 (2634 - 2992) 2621 (2453 - 2789) 0.125
Δ 152 (-78 - 381) 309 (105 - 514) 0.310

Peripheral vascular resistance ((mmHg/(L/min))
n = 50

n 27 23  
Pre-pregnancy 1515 (1415 -1615) 1499 (1403 - 1595) 0.814
18 ± 2  weeks pregnancy 1138 (1064 -1212) 1227 (1167 - 1288) 0.065
Δ -379 (-497 - -261) -282 (-399 - 164) 0.237

Mean arterial pressure (mmHg)
n = 26

n 12 14  
Pre-pregnancy 92 (87 - 96) 94 (89 - 99) 0.447
18 ± 2  weeks pregnancy 81 (76 - 86) 81 (78 - 87) 0.671
Δ -9 (-13 - -4) -15 (-22 - -7) 0.168

Table 3 Adaptation to pregnancy in recurrent hypertensive pregnancy and uncomplicated sub-
sequent pregnancy. A paired t-test was used to test for differences over time within groups. Data 
are given as mean with 95% confidence interval. Δ=difference between pre-pregnancy and 18 ± 2 
weeks’ gestational age. An asterisk represents a p-value less than 0.05.



Chapter 4

104

DISCUSSION

In this study we found that, in women with a hypertensive complicated pregnancy in their 
history, who developed a recurrent hypertensive disorder in their next pregnancy, the initial 
maternal renal and hemodynamic adaptive response to pregnancy was attenuated when 
compared to that in their counterparts who had an uneventful subsequent pregnancy. The 
attenuated response consisted of a smaller rise in creatinine clearance and cardiac output.

To our knowledge, an attenuated increase in creatinine clearance preceding clinical 
symptoms has not been described before. The marked rise in creatinine clearance in 
normal pregnancy is probably secondary to the up to 60% rise in renal blood flow 23. The 
resulting renal hyperfiltration represents the largest measurable gestational change in a 
non-uterine organ function. Therefore, differences in the adaptive response to pregnancy 
of women with recurrent hypertensive disease are probably easiest discernible on the 
basis of this particular phenomenon. It is conceivable that altered set-points in the volume 
homeostasis 24 in women with a subnormal pre-pregnant PV are responsible for a lower 
rise in pregnancy-induced renal blood flow 25 and with it, creatinine clearance. If not all 
nephrons are functional, single nephron perfusion may still be raised, but probably to a 
lesser degree 26,27.

Most mammals including humans, respond to pregnancy with a fall in systemic vascular 
resistance 28. The resulting relative arterial underfill leads to activation of the baroreceptor 
and with it, a compensatory increase in CO 7,24 along PV expansion by means of stimulation 
of renal sodium and water retention 28,29. During a gestational hypertensive complication 
the systemic vascular resistance is raised 30. The pattern of change in peripheral vascular 
resistance in the period preceding a gestational hypertensive disorder is still unclear 31-33. 
Our explorative study supports the findings of Rang et el. 31 that at 18 ± 2 weeks’ gestation, 
the peripheral vascular resistance is probably already raised in the recurrent subgroup 
relative to that in the uncomplicated subgroup. We were unable to discern a difference 
in MAP in early pregnancy. 

The pattern of change in MAP with advancing pregnancy in a low-risk population supports 
a higher MAP prior to a symptomatic hypertensive pregnancy disorder 32-34. In this context, 
we want to emphasize that our observations in a high-risk population may not be typical 
for the events reported to occur in a low-risk population. 
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To our surprise pre-pregnant PV in the recurrence subgroup was not lower than in 
the subgroup of women with a normal pregnancy course. Others found evidence for a 
subnormal plasma volume to predispose to recurrent preeclampsia 35-39. This unexpected 
observation brings up the limitations of this clinical study. Firstly, the study population 
was both heterogeneous and modest in size. These features reduce the power of the 
study. Secondly, the relatively wide spectrum of outcome measures will have magnified 
the inter- and intra-patient variability in various measurements. Thirdly, in this descriptive 
study we could not standardize clinical management during the pregnancy used for group 
selection. Finally, outcome variables such as creatinine clearance, CO and PV are composite 
variables, which carry a relatively large coefficient of variation, which may even be larger 
during pregnancy 18,40. It follows that these preliminary results require confirmation in a 
larger study population.

PERSPECTIVES
Seemingly healthy women who experienced a hypertensive complication in their first 
pregnancy are generally considered to be at high risk for recurrence. Therefore, they are 
subjected to intensive surveillance in their next pregnancy. However, only 7% of them are 
destined to develop a severe recurrent hypertensive complication in their next pregnancy 
41. So far, there are no simple and sensitive screening methods to identify the subgroup 
of really high-risk women early in the next pregnancy. This study provides evidence for 
an attenuated initial renal and cardiovascular adaptive response to pregnancy in the 
subgroup of women developing a recurrent - also mild - hypertensive disorder in their 
next pregnancy, relative to those who had an uneventful next pregnancy. Although the 
methodologic limitations reduced the discretionary potential of this study, we do not 
expect that these differences are sufficiently sensitive to be used in a screening test. 
Nevertheless, they support the concept that in former patients, even a mild recurrent 
hypertensive complication developing in the next pregnancy is preceded by an abnormal 
initial renal and cardiovascular adaptive response to pregnancy.
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ABSTRACT

INTRODUCTION     Preeclampsia (PE), an endothelial disease that affects kidney 
function during pregnancy, is correlated to an increased future risk of cardiovascular 
and chronic kidney disease. The Kidney Disease Improving Global Outcomes (KDIGO) 
2012 guideline emphasizes the combined role of glomerular filtration rate (GFR) 
and albuminuria in determining the frequency of monitoring of kidney function. In 
this study we determined the prevalence of CKD in women with a history of PE. We 
investigated how many seemingly healthy women would need monitoring of kidney 
function according to the KDIGO guideline.

METHODS     We included 775 primiparous women with a history of PE. They were at 
least four months postpartum, had no pre-existing hypertension, diabetes or kidney 
disease. We estimated GFR by the CKD-EPI-equation and urinary albumin loss by 
albumin creatinine ratio in a 24 hour urine collection. 

RESULTS     Most women, 669 (86.3%), had a normal GFR and absent albuminuria. 
According to the KDIGO guideline 13.7% women would require at least yearly 
monitoring of kidney function. Only 1.4% was classified to be at high risk for kidney 
function deterioration. 

CONCLUSION     Monitoring of kidney function seems relevant for about one in seven 
women with a history of preeclampsia women, mainly due to albuminuria. Albuminuria 
should be evaluated postpartum to identify those women that need further monitoring 
of kidney function. 
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INTRODUCTION

Preeclampsia (PE), an endothelial disease characterized by hypertension and commonly 
coincided by proteinuria, is the most common cause of maternal death in the Netherlands. 
Maternal death due to PE occurs in 3.5 of 100.000 live births, accounting for 39% of total 
maternal death. PE affects kidney function during pregnancy and also increases the risk 
of future chronic hypertension, chronic kidney disease (CKD) and cardiovascular disease 
1-6. PE is associated with a fourfold increased risk of developing end stage kidney disease 
within 10 years after pregnancy. Having more than one preeclamptic pregnancy, a low-
birth weight offspring or a preterm delivery increases this risk even further 3. Glomerular 
endotheliosis observed during a preeclamptic pregnancy may be fully reversible when it 
does not reach the level of glomerular scarring 7. The reversibility is obviously dependent on 
cessation of the cause of endothelial injury. In case of PE this is effectuated by termination 
of pregnancy and delivery of the placenta. It can take months before the fibrinous and 
granular material deposits in the glomerulus fully disappear 8. 

Data on follow-up of kidney function of these women are scarce. Some case-control and 
cohort studies suggest that most women with a history of PE do maintain good kidney 
function after PE 9-11. However, there remains a group of women that will have decreased 
glomerular filtration rate (GFR) and/or persistent urinary protein loss. The existence of 
moderately increased albuminuria, at any glomerular filtration rate, is considered an 
independent risk factor for the development of cardiovascular disease 12-14. The Kidney 
Disease Improving Global Outcomes (KDIGO) 2012 criteria emphasize the independent 
role of GFR and albuminuria to assess the prognosis of chronic kidney disease (CKD). The 
guideline provides us with comprehensive evidence based-decisions in order to monitor 
patients with chronic kidney disease. In this study we determined the prevalence of CKD 
in a large cohort of women with a history of PE. We aimed to establish how many of these 
seemingly healthy former patients would qualify for further monitoring of kidney function 
according to the KDIGO guideline.
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METHODS

In Maastricht University Medical Centre a postpartum cardiovascular screening is offered 
to women with a history of PE. The aim of this screening is to determine underlying 
disorders that might have contributed to the development of PE and to advise them 
on future pregnancies and cardiovascular implications. All women with a history of a 
vascular complicated pregnancy (either maternal hypertensive or foetal growth restricted) 
were offered a postpartum cardiovascular screening after delivery in our hospital; some 
were also referred from other hospitals in the country, between 1996 and 2014. For our 
analysis, to improve homogeneity of the studied population, we only selected women with 
PE (gestational hypertensive with de novo proteinuria) that entered our program 15. We 
excluded multiparous and women who were evaluated less than 4 months after delivery. 
We also excluded women that were diagnosed with hypertension, diabetes mellitus or 
kidney disease prior to the complicated pregnancy. All measurements were performed 
in our assessment unit under controlled circumstances. 

MEASUREMENTS
Measurements during the postpartum cardiovascular screening were performed in 
standardized environmental conditions. Blood pressure was recorded for a period of 30 
minutes at 3 minute intervals using a semiautomatic oscillometric device in half-sitting 
position. Median values of 9 subsequent recordings were used for analysis. An extensive 
(family) history was taken. Urine analysis was done to determine albumin loss on a urine 
sample collected during 24 hours. Albuminuria was measured by immunochemical 
analysis. We categorized women into normal to mild albuminuria < 3 mg/mmol, moderately 
increased albuminuria 3 - 30 mg/mmol, and severely increased albuminuria > 30 mg/mmol 
16. We also collected blood samples for serum creatinine, which was obtained by the Jaffe 
method until 2012 and thereafter through an enzymatic method (all three measurements 
with Cobas 8000 modular analyser series [Roche Diagnostics, Basel, Switzerland]). We 
estimated GFR by the CKD-EPI-equation in ml/min/1.73 m2. Both formulas are dependent 
on serum creatinine and used for female and Caucasian. When serum creatinine was 
below or equal to 0.7 mg/dl, we used 144 x (serum creatinine / 0.7)^-0.329 x 0.993^age. When 
serum creatinine was above 0.7 mg/dl, we used 144 x (serum creatinine / 0.7)^-1.209 x 0.993 
^age. Albuminuria was quantified by albumin creatinine ratio (ACR). 



Chronic kidney disease after preeclampsia

5

113

KDIGO
The KDIGO guideline provides a table with recommendations on frequency of monitoring 
of kidney function based on the risk of progression of CKD and another table on monitoring 
by a general clinician or referral to a nephrologist. We combined both tables into one 
overview table (Table 3). In this table the yellow colour indicates a preferred frequency of 
monitoring once a year, whereas orange indicates monitoring twice a year, light red three 
times a year, and dark red four times a year or more. Referral for monitoring of kidney 
function by a more specialized care, preferably a nephrologist, is indicated for severely 
increased albuminuria (ACR > 3 mg/mmol) or decreased GFR (< 30 ml/min/1.73m2), 
according to the KDIGO guideline, as is shown. 

The KDIGO table on cardiovascular mortality is based on a meta-analysis 16 of 105,872 
people, extracted from 14 different studies (see Table 5). To calculate the adjusted relative 
risk of cardiovascular mortality for our study group, we classified all women based on this 
table. 

STATISTICAL ANALYSIS
All analyses were performed using SPSS version 21.0, property of IBM. Data were 
expressed as group means and standard deviation or medians and interquartile ranges. A 
p-value < 0.05 was considered to indicate a statistical significant difference. To analyse the 
differences between groups with normally distributed data we used the unpaired t-test. 
For non-normal distributed data, we used the Mann-Whitney U test. Dichotomous data 
was analysed with a Chi square test. We corrected for months postpartum, age, gestational 
onset of hypertensive complication and gestational age at delivery where appropriate. 
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RESULTS

Women with a history of PE, evaluated at least 4 months postpartum, were selected after 
exclusion of women that were multiparous or had pre-existing hypertension, diabetes 
mellitus and/or kidney disease (Table 1). Data required for categorization of kidney 
function were incomplete in 3.1% of all cases, leaving 775 complete cases. 

Table 2 shows the characteristics of our study group. Women were on average 10 months 
postpartum, normotensive, had an early onset PE (< 34 weeks’ gestation) and gave birth 
prematurely. The baseline values were equal for those women excluded due to missing 
urinary analyses. Women with persistent moderately to severely increased albuminuria 
(ACR > 3 mg/mmol) were younger, gave birth at an earlier gestational age to smaller 
children and had higher blood pressure compared to women with normal to mildly 
increased albuminuria (ACR < 3 mg/mmol). They had an average amount of protein loss 
of 196 mg/24 hours IQR [154 - 237]) and used significantly more antihypertensive drugs, 
in particular renin- angiotensin system (RAS) blocking drugs. 

Table 1 Flowchart.

Table 3 shows the KDIGO table on the frequency of monitoring. According to the guideline, 
for 106 (13.7%) women with a history of PE, monitoring of kidney function is indicated once 
yearly (yellow category). This is mostly due to a moderately to severely increased ACR with 
a normal GFR (> 90 ml/min/1.73m2) (11.9%). Only 1.8% had a decreased GFR (< 90 ml/
min/1.73m2) and moderately to severely increased ACR. Moreover, 11 (1.4%) women would 
need a more specialized care, preferably by a nephrologist, based on severely increased 
albuminuria (ACR > 3 mg/mmol). 
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All  
participants
n =775

ACR <3  
mg/mmol
n =669

ACR ≥3 
mg/mmol
n= 106

p-value

Age (years) 31 ± 4.2 31 ± 4.1 30 ± 4.5 <0.001 *
Months postpartum  10 [6-18] 12 [7-19] 10 [5-10] 0.945
BMI (kg/m2) 25.0 ± 4.8 25.0 ± 4.6 25.0 ± 5.2 0.872
Smoking 109 (14%) 94 (14%) 15 (14%) 0.978
Gestational age at diagnosis (weeks) 31 + 5 ± 4 + 1 31 + 6 ± 4 + 1 30 + 6 ± 4 + 0 0.049*
Gestational age at delivery (weeks) 33 +3 ± 3 + 5 33 + 4 ± 3 + 5 32 + 5 ± 3 + 6 0.012*

Birth weight (gram) 1856
[1188-2447]

1890
[1230-2450]

1657
[980-2266] 0.010*

Birth weight percentile 20 [9-40] 20 [9-45] 18 [6-36] 0.037*
Systolic blood pressure (mmHg) † 116 ± 13 116 ± 12 120 ± 12 <0.001*
Diastolic blood pressure (mmHg) † 72 ± 9 71 ± 9 75 ± 10 <0.001*
Glomerular filtration rate 
(ml/min/1.73m2)† 105 ± 15 105 ± 15 107 ± 16 0.471

Antihypertensive drugs 66 (8.5%) 52 (7.7%) 14 (13.2%) 0.031*
ACR (mg/mmol) 0.9 [0.5-1.9] 0.8 [0.5-1.3] 5 [4-10]  
RAS blocking drugs 26 (3.4%) 16 (2.4%) 10 (9.4%) <0.001*
Table 2 Characteristics of all primiparous women with a history of preeclampsia and stratified 
by albumin creatinine ratio (ACR). RAS = renin angiotensin system. * = p < 0,05, † = adjusted for 
gestational age at delivery and age. Data were expressed as group means and standard deviation or 
median and interquartile range.

Table 4 details the postpartum renal albumin loss categorized by time interval. Moderately 
to increased albumin loss was most frequent within the first months after delivery and 
seems to be less prominent in women who were more than 1 ½ years postpartum. Women 
who were two years postpartum had an increased ACR in 6% of the cases. 

Table 5 presents the KDIGO table on calculated cardiovascular mortality risk for our study 
group. It shows that about 25% of women have a relative risk of 0.9 of cardiovascular 
mortality, 22% has a 1.3 relative risk, and 10% has a 1.5 relative risk. Some women (7.6%) 
even have a 2.3 increased risk. The median adjusted relative risk of cardiovascular mortality 
was 1.25 ± 0.6 (not shown in figure). The increased cardiovascular mortality risk is mostly 
based on increased albumin loss as opposed to a reduced GFR. 
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n = 775 ACR < 3 ACR 3 - 30 ACR > 30

GFR > 89 573 (73.9%) 83 (10.7%) 9 (1.2%)

GFR 60 - 89 96 (12.4%) 12 (1.6%) 1 (0.1%)

GFR 45 - 59 1 (0.1%)

GFR 30 - 44

GFR 15 - 29

GFR < 15

Table 3 KDIGO table on frequency of monitoring showing the prevalence of CKD in primiparous 
women with a history of PE. Frequency of monitoring based on the risk of progression of CKD 
depending on ACR and GFR (19). Once a year monitoring is represented by yellow, twice by orange, 
three times for light red and four times by dark red. GFR is expressed in ml/min/1.73 m2 and ACR 
in mg/mmol. With referral a more specialized care is indicated, preferably by a nephrologist.

Months postpartum >3 ACR mg/mmol n/total (%) Adjusted odds

4-5 51/150 (25%) Ref

6-11 33/248  (12%) 0.43 (CI 0.26-0.71)*

12-17 13/96 (12%) 0.44 (CI 0.23-0.87)*

18-23 1/58  (2%) 0.06 (CI 0.00-0.46)*

> 24 8/117  (6%) 0.25 (CI 0.11-0.57)*

Table 4 Albuminuria after preeclampsia categorized by time interval between delivery and screen-
ing. Odds ratio represents the risk of persistent albuminuria (> 3 ACR) at a certain time period 
postpartum compared with the reference group (4 - 6 months postpartum), corrected for gesta-
tional age at delivery and maternal age. An asterisk represents a p-value less than 0.05.

n = 775 ACR < 1 ACR 1 – 2.9 ACR 3 – 29.9 ACR > 30

eGFR > 105  0.9 193 (24.9%) 1.3 152 (19.6%) 2.3 58 (7.5%) 2.0 9 (1.2%)

eGFR 90 - 105 Ref 143 (18.5%) 1.5 85 (11.0%) 1.7 25 (3.2%) 3.7 -

eGFR 75 - 90 1.0 60 (7.7%) 1.3 24 (3.1%) 1.6 6 (0.7%) 3.7 1 (0.1%)

eGFR 60 - 75 1.1 9 (1.2%) 1.4 3 (0.4%) 2.0 6 (0.8%) 4.1 -

eGFR 45 - 60 1.5 - 2.2 - 2.8 - 4.1 1 (0.1%)

eGFR 30 - 45 2.2 - 2.7 - 3.4 - 5.2 -

eGFR 15 - 30 1.5 - 7.9 - 4.8 - 8.1 -

Table 5 KDIGO table on cardiovascular mortality risk showing the number of primiparous women 
with a history of preeclampsia in each risk category. The estimated cardiovascular mortality risk is 
based on a meta-analysis of 105,872 people. Each cell represents a pooled relative risk from this 
meta-analysis. Colours reflect the ranking of adjusted relative risk. The point estimates for each 
cell were ranked from 1 (lowest) to 28 (highest). The categories with rank numbers 1 – 8 are green, 
rank numbers 9 – 14 are yellow, rank numbers 15 – 21 are orange, and the rank numbers 22 – 28 
are coloured red (32). Normal to mild albuminuria is further categorized into ACR < 1 and 1 - 3 mg/
mmol. Number of women in each cell with percentage is given. GFR is expressed in ml/min/1.73 
m2 and ACR in mg/mmol.

Monitoring

Referral
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DISCUSSION

Our study indicates that, based on the KDIGO monitoring guideline, about one in seven 
women after PE should have at least yearly monitoring of their kidney function, mainly due 
to moderately increased albuminuria. Only 1.4% was classified to be at high risk for kidney 
function deterioration and in need of referral to specialist care, preferably a nephrologist. 
About 6% of women had an increased ACR two years postpartum. 

PE can manifest as a combination of maternal and foetal factors. It can be considered 
as more than one disease with major differences between near-term mild PE and PE 
that is associated with low birthweight and preterm delivery 17. Our data indicate that 
mainly persistent albuminuria would classify 13.7% women after PE as having CKD. The 
prevalence of CKD in the general adult, and usually older, population is approximately 10% 
18. Women with a history of preeclampsia are younger and have a 4 to 5 times increased 
risk of end stage kidney disease compared to women with no PE in their history. Having 
more than one preeclamptic pregnancy, a low-birth weight offspring or a preterm delivery 
increases the risk of CKD even further 3.

The KDIGO guideline is written for the general population and indicates that kidney 
disease persisting for more than four months is considered to be chronic, irrespective 
of the aetiology. This provides us with guidance on how often we should follow women 
with a history of PE after delivery to ensure that albuminuria will regress over time and 
to clarify which women should be further investigated for underlying kidney disease. 
The persistence of albuminuria is considered to be either due to an undiagnosed pre-
existing kidney disease, a higher susceptibility of these women to develop CKD or due to 
irreversible kidney damage during the preeclamptic pregnancy. Though it is known that in 
several cases kidney disease is entirely reversible, either spontaneously or with treatment, 
it is prudent to ascertain whether this actually happens 19. 

The prevalence of albuminuria in our study population is lower compared with other data 
that mention 42% after 3 - 5 years postpartum and 20 - 30% after 7 years postpartum 
4,9,20,21. On the contrary, some other studies conducted at a later postpartum interval show 
no increased persistent (micro) albuminuria 1,11. We did however exclude women with 
known conditions that affect kidney function. It could be that, due to the heterogeneity 
of the disease of PE, kidney function is affected differently but also recovers at a different 
time rate, possibly depending on a woman’s general health. Another contributing factor 
could be the method used for the acquisition of data on albuminuria as some studies use 
24 hour and others 8 hour collection or a single urine sample. 
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We would also like to address that the risk of cardiovascular mortality is increased in 
women with a history of PE. As the risk of cardiovascular disease is also increased in 
women with CKD we could hypothesize that women with a history of PE and CKD have an 
even more increased risk of cardiovascular disease (CVD) 22. Appropriate treatment, aimed 
at preventing progression of CVD, is important since blood pressure control, lifestyle 
advice and exercise can slow down or even reverse progression of both CVD and CKD 23. 
Appropriate blood pressure regulation seems particularly relevant for this group, as in 
our study women with persistent albuminuria had a higher blood pressure compared to 
those with normal to mildly increased albuminuria. They did already use significantly more 
antihypertensive medication, in particular RAS blocking drugs. Blood pressure regulation, 
as part of cardiovascular risk management, improves the prognosis of CKD 24. Albuminuria 
screening does not only seem effective but also cost-effective, when taking possible 
treatment with ACE inhibitors into account, seeing as it reduces the risk of both CKD and 
CVD 25. Interestingly, screening of albuminuria in a high risk population is found to correlate 
with the occurrence of future renal replacement therapy 26. This makes screening for 
albuminuria in a population of women with a history of preeclampsia even more plausible. 
From a practical point of view we would advise evaluation of kidney function, for women 
with a history of preeclampsia, at the regular 6 weeks postpartum control. Women who 
then have microalbuminuria could be seen one year thereafter by their general physician 
for follow-up of kidney function. If a cardiovascular screening should be available the 
inclusion of a test for microalbuminuria would be advisable. 

There are some shortcomings that need to be addressed that effect extrapolation to 
other populations. First of all, even though the KDIGO offers a guideline with evidence 
based-decisions that provide the possibility to take both GFR and ACR into account 
when evaluating kidney function, it is difficult to extrapolate outcomes and the need for 
frequent follow-up of young and otherwise healthy women. It is possible that these women 
have very different relative risk changes and rates of progression than corresponding 
subjects with other renal diseases like diabetes or primary glomerular disease. The KDIGO 
guideline does not define patients by aetiology. Secondly, it may be that our population 
not completely represents the general formerly preeclamptic group of women as our 
population primarily consists of women with an early onset preeclampsia. 

Early onset disease may cause an overestimation of the prevalence of CKD due to the 
severity of the disease and its impact on the endothelium. On the other hand, the results 
might be an underestimate of the prevalence of CKD after preeclampsia due to the 
exclusion of co-morbidities known to be related to kidney dysfunction such as diabetes 
mellitus, pre-existing hypertension and known kidney disease. 
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The cross-sectional nature of this study is also an inevitable shortcoming as is the lack of a 
control group. Because not all women with a history of preeclampsia that delivered in our 
hospital partook in the screening and because women were referred from other hospitals 
we are not able to fully contextualize to the overall PE population. A future longitudinal 
study would be preferable to ascertain changes over time, preferably including data on 
pre-pregnancy GFR or albuminuria values to determine a possible pre-existing kidney 
condition. 

The key strengths of this study are the relative long postpartum period, when compared 
to a regular check-up at 6 weeks after delivery and the large study population. In addition, 
recent studies indicate that CKD-EPI gives the best estimate of GFR when compared to the 
gold standard of I125 iothalamate 27. It has the highest accuracy in women when compared 
to both the MDRD and Cockcroft-Gault formula and the use of CKD-EPI has, to date, not 
been reported in women with a history of PE 28.

CONCLUSION

Monitoring of kidney function seems relevant for about one in seven formerly preeclamptic 
women, mainly due to albuminuria. Albuminuria should be evaluated postpartum to 
identify those women that need further monitoring of kidney function.
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ABSTRACT

INTRODUCTION     Preeclampsia (PE) is a pregnancy related endothelial disease 
characterized by hypertension and albuminuria. Postpartum endothelial dysfunction 
often persists in these women after PE. We postulate that in women with a history 
of PE reduced endothelial dependent vasodilation coincides with attenuated kidney 
function, as both reflect endothelial dysfunction. 

METHODS     We assessed endothelial and kidney function in women with a history 
of PE (n = 79) and uncomplicated pregnancies (n = 49) at least 4 years postpartum. 
Women with hypertension, diabetes or kidney disease prior to pregnancy were 
excluded. Brachial artery flow mediated dilatation (FMD) was measured and analysed 
by a custom designed edge-detection and wall-tracking software. We measured 
albumin and creatinine levels in a 24 hour urine sample and calculated glomerular 
filtration rate (GFR) by CKD-EPI. 

RESULTS     Women with a history of PE had lower FMD but comparable GFR and 
albumin creatinine ratio (ACR) compared to controls. Independent of obstetric history, 
in both controls and women with a history of PE respectively, GFR (r = 0.19, p = 0.17 
and r = 0.12, p = 0.29) and albumin creatinine ratio (r = 0.07, p = 0.62 and r = 0.06 p = 
0.57) did not correlate with FMD. 

CONCLUSION     At least 4 years after pregnancy, women with a history of PE 
demonstrated decreased FMD when compared to healthy parous controls. In this 
study, decreased flow mediated dilation however did not coincide with decreased 
kidney function. 
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INTRODUCTION

Preeclampsia (PE) is a pregnancy induced endothelial disease that is characterized 
by hypertension and albuminuria. Despite the low incidence of 2 - 8% of pregnancies 
complicated by PE, it has great impact on maternal and foetal morbidity and mortality 1. 
Worldwide, PE accounts for 14% of maternal deaths, resultantly PE is the second most 
common cause of maternal death after postpartum haemorrhage 2,3. In women with a 
history of PE, endothelial function, as measured by flow mediated dilatation (FMD) is 
decreased. It improves in the first few weeks postpartum but fails to normalize in the first 
years after gestation when compared with FMD levels measured in healthy parous controls 
4-6. This indicates only partial reversal of the endothelial dysfunction after a pregnancy 
complicated by PE. Women with an early onset PE or recurrent PE have more pronounced 
endothelial dysfunction after pregnancy suggesting that attenuated endothelial function 
parallels severity of disease in pregnancy 6. Endothelial dysfunction during a pregnancy 
complicated by PE also affects kidney function. Kidney dysfunction, reflected by either 
albuminuria or decreased glomerular filtration rate (GFR), can persist over a period of 
time after delivery, but most women with a history of preeclampsia maintain good kidney 
function 7,8. Nonetheless, a subgroup of women have persistently decreased kidney 
function long after their complicated pregnancy 9,10. It may be that, in these women, 
endothelial dysfunction is reflected in both attenuated kidney function and endothelial 
dependent FMD 11. In this study we tested the hypothesis that in women with a history of 
PE, kidney function correlates with endothelial dependent FMD. To this end, we measured 
endothelial function by brachial FMD and kidney function by evaluating 24 hours micro 
albuminuria and GFR, at least 4 years postpartum, in both women with a history of PE as 
in a control group of women who had normotensive pregnancies.
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METHODS

In this study, we used a database of women with a history of PE (n = 99) who had been 
tested several years after their pregnancy complicated by PE. Healthy parous controls (n 
= 49), women with normotensive pregnancies, were recruited through advertisement. 
All women included were of Northern European Ancestry and completed a follow-up 
program in 2011. Evaluations were performed in the non-pregnant state at least 4 years 
after the first (index) gestation postpartum. The study was approved by the Medical 
Ethics Committee of the Radboud University Medical Centre Nijmegen (CMO 2010/245). 
All women gave written informed consent. PE was defined according to the criteria of 
the Report of the National High Blood Pressure Education Program Working Group on 
High Blood Pressure in Pregnancy 12. Women were instructed to fast overnight, abstain 
from alcohol and caffeine for 16 hours and not to perform any exercise in the 24 hours 
preceding the measurements. A 24 hour urine sample was collected. Upon arrival (body) 
characteristics were measured and a full medical history was taken. A venous blood sample 
was taken for measurement of kidney function. Serum creatinine and urine creatinine were 
measured by an enzymatic colorimetric method (Architect, Abbott Laboratories, Abbott 
Park, IL, USA) and urine albumin by immunonefelometry (Dade Behring BN II Nefelometer, 
Siemens, Mississauga, Canada). We estimated GFR by the CKD-EPI equation for female 
and Caucasian, in which both formulas are dependent on serum creatinine. When serum 
creatinine was below or equal to 0.7 mg/dl we used 144 x (serum creatinine / 0.7)^-0.329 x 
0.993^age. When serum creatinine was above 0.7 mg/dl we used 144 x (serum creatinine / 
0.7)^-1.209 x 0.993^age. Albuminuria was quantified by the albumin creatinine ratio (ACR) in 
the 24 hour urine sample. Blood pressure was recorded for a period of 30 minutes at 3 
minute intervals using a semiautomatic oscillometric device in half-sitting position. Median 
values of 9 subsequent recordings were used for analysis. Measurements of FMD were 
taken as previously described by Scholten et al. 13. All FMD measurements were performed 
under standardized conditions in a temperature controlled (± 20°C), quiet room. Before 
starting the protocol, subjects rested for at least 15 minutes, the arm was in an extended 
position at ~80° from the torso and patients were in supine position. An automated system 
ensured a rapid inflation and deflation of the cuff (D.E. Hokanson, Bellevue, WA), with cuff 
size recommended for the arm circumference and positioned around the forearm, a few 
centimetres distal to the olecranon. 

A 10-MHz multifrequency linear array probe attached to a high resolution ultrasound 
machine (T3000, Terason, Burlington, MA) was used to image the brachial artery in the 
distal third of the upper arm, 2 - 5 cm above the antecubital fossa. The continuous Doppler 
velocity was simultaneously measured with the ultrasound at an angle of <60°. 
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First a 1 minute baseline recording of brachial artery diameter velocity was measured. 
Thereafter the forearm cuff was inflated (> 200 mmHg) for 5 minutes. The diameter and 
flow assessments were done 30 seconds before deflation until 3 minutes after deflation. 
FMD analysis was done by custom designed edge-detection and wall-tracking software, 
independent of investigator bias. Peak diameter was automatically detected according 
to an algorithm that is described in detail elsewhere 14. Reproducibility of FMD using this 
semi-automated software possesses a coefficient of variation of 6.7 - 10.5%. 

STATISTICAL ANALYSIS
All analyses were performed using SPSS version 21.0, property of IBM. Data were expressed 
as group means and standard deviation or medians and interquartile ranges. A p-value 
less than 0.05 was considered to indicate a statistical significant difference. An unpaired 
t-test was used to analyze differences between groups with normally distributed data. 
For non-normal distributed data, we used the Mann-Whitney U test. Dichotomic data was 
analysed with a chi square test. Bivariate correlations were analysed by Spearman’s test. 
A logistic regression was performed to correct for months postpartum, age and the use 
of antihypertensive drugs. 
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RESULTS

A total of 128 women, 79 with a history of PE and 49 with an uncomplicated pregnancy 
were selected after exclusion of women who had hypertension (n = 18), diabetes mellitus 
(n = 5) prior to the pregnancy. None had a known history of kidney disease prior to 
pregnancy (Table 1). 

Table 1 Flowchart.

Three women with a history of PE and two healthy parous controls did not collect 24 
hour urine. We did not estimate microalbuminuria in these subjects. Table 2 shows the 
characteristics of the study group. Women with a history of PE were on median 4.4 years 
postpartum, delivered at an earlier gestational age and gave birth to smaller infants at 
lower birth weight centile compared with healthy parous controls. Controls were on median 
8.7 years postpartum and older compared to women with a history of PE. Women with a 
history of PE delivered in 53% of cases before 34 weeks’ gestation and 58% had a child 
small for gestational age, defined as a growth below the 10th centile. FMD and GFR and 
micro-albuminuria were similar in women with PE with or without SGA and in women with 
PE and a delivery before or after 34 weeks pregnancy (see supplemental Tables 4 and 5).
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Uncomplicated 
pregnancy
n = 49

History of 
preeclampsia
n = 79

p-value

Age (years) 39 ± 4 35 ± 4 <0.001

BMI (kg/m2) 23 ± 3 25 ± 6 0.067

Smoking 5 (10%) 8 (9%) 0.605

Primiparity 5 (10 %) 25 (33 %) 0.009

Gestational age at delivery (weeks) 39 ± 2.3 33 ± 4.5 <0.001

Birth weight (gram) 3358 [3012-3745] 1786 [1036-2715] <0.001

Birth centile 44 [20-65] 24 [5-34] <0.001

Months postpartum 96 [70-119] 59 [47-66] <0.001

Antihypertensive drugs 0 7 (9%) 0.031

Table 2 Baseline characteristics of women with a history of preeclampsia and uncomplicated 
pregnancy.

Women with a history of preeclampsia had lower FMD (6.6 ± 3.0 vs. 9.0 ± 3.6, p = 0.001) 
and higher systolic blood pressure (114 ± 11 vs. 110 ± 10, p = 0.005) but similar GFR (105 
± 16 vs. 99 ± 14, p = 0.55) and albumin creatinine ratio (0.6 [0.3 - 1.3] vs. 0.5 [0.4 - 1.1], p 
= 0.92) when compared with women with an uncomplicated pregnancy (Table 3). 

Uncomplicated 
pregnancy
n = 49

History of 
preeclampsia
n = 79

p-value

GFR (ml/min/1.73m2) 98 ± 14 105 ± 16 0.55

Albumin creatinine ratio (mg/mmol) 0.5 [0.4-1.1] 0.6 [0.3-1.3] 0.92

Flow mediated dilation (%) 9.0 ± 3.6 6.6 ± 3.0 0.001

Baseline diameter a. brachialis (mm) 3.0 ± 0.3 3.0 ± 0.4 0.76

Systolic blood pressure (mmHg) 110 ± 10 114 ± 11 0.005

Diastolic blood pressure (mmHg) 71 ± 7 72 ± 8 0.09

Table 3 Kidney function, endothelial function and blood pressure in women with a history of 
preeclampsia and uncomplicated pregnancy. Data presented were adjusted for months postpar-
tum, age and use of antihypertensive drugs. 

Women with a history of PE also used more antihypertensive drugs (0% vs. 8.8%, p = 
0.031). Baseline diameter values of the brachial artery between groups were comparable 
(p = 0.76). In both women with a history of PE and controls respectively, FMD did not 
correlate with either albumin creatinine ratio (r = 0.07, p = 0.62 and r = 0.07, p = 0.51) or 
GFR (r = 0.19, p = 0.17 and r = 0.15, p = 0.19) (Figures 1 and 2). 
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Figure 1 Correlation between albumin creatinine ratio and flow mediated dilatation (ACR/FMD) 
in women with a history of preeclampsia and uncomplicated pregnancy. The unbroken trend line 
represents women with preeclampsia and the dashed represents controls.

Figure 2 Correlation between glomerular filtration rate and flow mediated filtration (GFR/FMD) in 
women with a history of preeclampsia and uncomplicated pregnancy. The unbroken trend line 
represents women with preeclampsia and the dashed represents controls.
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DISCUSSION

Women with a history of PE have decreased FMD, suggesting endothelial dysfunction, 
but demonstrate similar GFR and urinary albumin loss when compared to healthy parous 
controls. In contrast to our expectations, we observed no correlation between FMD and 
kidney function. Interestingly a correlation has been found between a decreased FMD and 
proteinuria at 5 years postpartum in women with a history of PE 15. We were, however, 
unable to find a correlation between GFR and FMD on the one hand and microalbuminuria 
and FMD on the other. This could be a result of a different postpartum interval, chosen 
exclusion criteria or differences in the severity of the gestational disease. A sub-analysis 
of women with an increased ACR and FMD was not possible due to the small number of 
women.

Damaged endothelium frequently results in altered permeability of vessels, in the 
glomerulus; this is clinically apparent as albuminuria 16. The absence of micro albuminuria, 
a variable that is considered to reflect endothelial disease, particularly if GFR is normal, 
might suggest that there is endothelial recovery in the kidneys, but that women with 
a history of PE could have constitutional reduced FMD or a higher susceptibility for 
endothelial dysfunction as compared to healthy parous controls. Chronic kidney disease 
in itself is associated with a decreased endothelial function as measured by FMD 17-19. Even 
though decreased FMD and microalbuminuria both reflect endothelial dysfunction, they 
may reflect different aspects of endothelial function. Alternatively endothelial function 
as assessed by micro-albuminuria may follow a different recovery rate than endothelial 
function expressed with FMD. 

The vaso homeostasis of our endothelium is primarily effectuated by nitric oxide which 
is released in response to increased shear stress caused by changes in blood flow. 
When the endothelium loses its ability to maintain the delicate balance of circulatory, 
haemostatic and immunological homeostasis, it becomes vulnerable for the invasion of 
lipids and leukocytes at locations where lesions occur. A dysfunctioning endothelium, and 
a decreased availability of nitric oxide, is considered the first step in the development of 
atherosclerosis and subsequently cardiovascular disease.

Although time consuming, FMD is a useful non-invasive reproducible ultrasonographic 
technique that has been used in many clinical studies and is an indicator of vascular 
health 20,21.

During preeclampsia, FMD is decreased, indicating endothelial dysfunction 22-25. During 
pregnancy, this dysfunction is paralleled by increased permeability leading to extravasation 
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of fluid and oedema formation on the one hand, and the loss of albumin due to glomerular 
endotheliosis on the other. The endothelium not only seems to be attenuated during 
the pregnancy affected by PE, but this seems to persist until several years postpartum 
6,26-29. The relative difference of FMD between women with a history of PE and controls is 
generally between 20 - 58%, which is similar in our study 26-28 .

Endothelial dysfunction is also expressed by a decreased kidney function during a pregnancy 
complicated by PE and thereafter. Women with PE exhibit increased albuminuria during 
pregnancy and have a 4 to 5 times increased risk of end stage renal disease in later life 
30. Some women maintain a decreased kidney function after PE. This could be either due 
to an undiagnosed pre-existing kidney disease, higher susceptibility or concomitant renal 
risk factors in these women to develop chronic kidney disease or due to irreversible kidney 
damage as a consequence of PE. Most studies on kidney function after PE have insufficient 
data on pre-pregnancy GFR or albuminuria values to determine a possible subclinical 
undetected pre-existing kidney dysfunction 10. Despite the fact that we excluded women 
with known pre-existing renal disease, we cannot rule out subtle abnormalities in renal 
function. Nonetheless, the observed kidney function does not support the thought that 
the population studied in this study suffered from kidney dysfunction. Even though some 
studies show decreased kidney function after pregnancy complicated by PE 31, others do 
not 32,33. Nonetheless, as a group, women with a history of PE have an increased risk of 
end stage renal disease, even when corrected for common risk factors and confounders 
such as pre-existing kidney disease, rheumatic disease, hypertension, or diabetes mellitus 
before pregnancy 34. Similarly, FMD appears to be diminished in several, but not all studies 
in women with a history of PE 6,32,35.

It is important to note that all these studies are heterogeneous in nature due to multiple 
factors namely, measurements at a certain point in time after delivery, differences in 
severity of PE and in treatment during pregnancy, but also because of different health 
policies instituted after pregnancy. It is therefore difficult to draw conclusions based on 
such heterogeneous studies on the pattern of recovery. 

Endothelial dysfunction, either expressed by albuminuria or decrease in FMD, has been 
investigated in several prospective studies in relation to cardiovascular disease 36-38. 
Meta-analysis detailed that an absolute increase in FMD by 1% decreased the risk of a 
cardiovascular event in the upcoming 8 years by 13% 39. Moreover, a two-fold increase in 
albuminuria, another predictor of cardiovascular mortality, is associated with 29% more 
risk for cardiovascular mortality 40. Therefore, it seems prudent to evaluate FMD and 
micro-albuminuria in the follow-up of women with a history of PE as both are considered 
markers that indicated the risk of future cardiovascular disease.
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There are some shortcomings in this study that need to be addressed. First, on the one 
hand, our population contains predominantly women with either early onset disease or 
concomitant small for gestational age infancy, both indicators considered to represent 
more severe disease. This may limit generalizability of our results to all women with 
a history of PE. On the other hand, the results might be an underestimation of the 
prevalence of chronic kidney disease as we excluded women with pre-existing diabetes 
mellitus, hypertension and kidney disease. Second, the cross-sectional nature of this study 
may have affected observations. It may be that pace in recovery from pregnancy may be 
different in the kidney as compared to the endothelium in general, reflected by FMD, which 
could only be detected by repeated measures over time. 

CONCLUSION

Several years after gestation, women with a history of PE have decreased endothelial 
function as measured by FMD. The decreased FMD does relate neither to decreased 
glomerular filtration rate nor to albuminuria.
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APPENDIX

PE < 34 weeks
n= 42

PE > 34 weeks
n = 37

p-value

GFR (ml/min/1.73m2) 104  ± 14 107 ± 19 0.290

Albumin creatinine ratio (g/mmol) 1.5 ± 2.6 1.3 ± 2.4 0.655

Flow mediated dilation (%) 7.1 ± 2.7 6,2 ± 3,2 0.316

Baseline diameter a. brachialis (mm) 3.1 ± 0.4 3,0 ± 0,5  0.950

Systolic blood pressure (mmHg) 116 ± 12 113 ± 10 0.116

Diastolic blood pressure (mmHg) 74 ± 8 70 ± 8 0.029*

Supplemental Table 4 Kidney function, endothelial function and blood pressure in women with 
a history of preeclampsia (PE) subdivided by small for gestational age (SGA). Data presented were 
adjusted for months postpartum, age and use of antihypertensive drugs. 

PE without SGA
n =46

PE with SGA
n = 33

p-value

GFR (ml/min/1.73m2) 106 ± 18 103 ± 14 0.231

Albumin creatinine ratio (g/mmol) 1.5 ± 2.9 1.3 ±1.7 0.457

Flow mediated dilation (%) 6.2 ± 2.8 7.2 ± 3.1 0.279

Baseline diameter a. brachialis (mm) 3.0 ± 0.4 3.0 ± 0.4 0.608

Systolic blood pressure (mmHg) 113 ± 12 117 ± 10 0.138

Diastolic blood pressure (mmHg) 71 ± 8 74 ± 7 0,.34

Supplemental Table 5 Kidney function, endothelial function and blood pressure in women with a 
history of preeclampsia (PE) subdivided by early and late onset. Data presented were adjusted for 
months postpartum, age and use of antihypertensive drug.
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ABSTRACT

INTRODUCTION     Arterial ageing, characterized by decreased endothelial function, 
raises the risk of cardiovascular disease (CVD). During hypertensive complicated 
pregnancy, women have decreased endothelial function and an increased future risk 
of CVD compared to uncomplicated pregnancies. We tested the hypothesis that the 
age-related decline in endothelial function is attenuated in women with a history of 
hypertensive complicated pregnancy compared to uncomplicated pregnancies.

METHODS     We performed a case-control study in which we included women with 
hypertensive complicated and uncomplicated pregnancies 0.5 to 30 years thereafter. 
Arterial aging was assessed by brachial artery flow-mediated dilation (FMD) and 
sublingual nitroglycerine. To analyse the cross-sectional age-related decline in 
endothelial function we performed a multivariable adjusted logistic regression.

RESULTS     We analysed 391 cases and 237 controls (23 to 61 years of age). FMD 
did not differ between groups and remained unaltered when age increased. In both 
groups nitroglycerine dilation decreased (-0.075 %/year, p = 0.008) and brachial artery 
diameter increased comparably (0.014 mm/year, p < 0.001) over time. When adjusted 
for confounders known to affect endothelial function, the age-associated enlargement 
of brachial artery diameter over time remained (0.012 mm/year, p < 0.001) unlike the 
association with nitroglycerine dilation.

CONCLUSION     In young to middle-aged women, irrespective of obstetric history, 
there is an age-related decline in nitroglycerine induced dilation and increase in 
brachial artery diameter. However, FMD did not change within age groups regardless 
of obstetric history. The increased CVD risk in women with hypertensive complicated 
pregnancy in their history does not to go hand in hand with a decline in FMD or 
nitroglycerine dilation.
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INTRODUCTION

Arterial aging is a physiological process that develops gradually over time and increases 
the risk of cardiovascular disease (CVD). With advancing age, several arterial changes 
contribute to this increased risk 1,2. One of the most clinically important changes in the 
development of vascular dysfunction is a decline in endothelial function observed as an 
impaired dilatory capacity of the vessel. The dilatory capacity of arteries is mediated by 
endogenous nitric oxide (NO) release by the endothelium and consequent relaxation of 
vascular smooth muscle 3-5. Underlying this physiological response, whether or not related 
to (transient) distal hyperaemia, is the process of autoregulation keeping local wall shear 
stress constant 6.

Flow-mediated dilatation (FMD) is commonly used to assess endothelial function. FMD of the 
brachial artery can be quantified non-invasively by high-resolution ultrasound. Diminished 
FMD is associated with CVD and is therefore used as proxy for cardiovascular health 
7-10. Endothelium-independent dilation can be assessed by bypassing the endogenous 
endothelial NO release through administration of exogenous (sublingual) nitroglycerine 
(NG). This allows measurement of the maximum capacity to dilate. 

Besides age, a decline in endothelial function may be accelerated by both conventional and 
sex-specific cardiovascular risk factors 11-14. Preeclampsia (PE), a hypertensive complication 
of pregnancy, is mostly marked by blunted endothelial function, not only during but also 
in the first years after pregnancy 15,16. PE is shown to increase the risk of CVD 2 - 7 fold 
and can therefore be considered an early sex-specific cardiovascular risk factor 17-19. In 
the present study, we hypothesize that the age-related decline in endothelial function is 
more pronounced in women with a hypertensive complicated pregnancy in their history 
compared to women who experienced uncomplicated pregnancies.
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METHODS

This study is part of a large cohort study to investigate subclinical heart failure in women 
(Queen of Hearts study; ClinicalTrials.gov Identifier: NCT02347540) and was approved by 
the Medical Ethics Committee of the Maastricht University Medical Centre (MEC azM/UM 
14-2-20136 NL 47252.068.14). All participating women gave written informed consent. 
The procedures were in conformity with institutional guidelines and adhered to the 
principles of the Declaration of Helsinki and Title 45, U.S. Code of Federal Regulation, Part 
46, Protection of Human Subjects, Revised October 2013, Fortaleza, Brazil.

Between December 2014 and February 2017 we included women with a history of a 
vascular complicated pregnancy, namely PE, and women with a history of normotensive 
pregnancies. We recruited our study population by actively inviting by e-mail or postal 
mail, women who had previously undergone a preconceptional consultation in our 
tertiary hospital. The control group was included by advertising on social media, in local 
newspapers and on national television. Our inclusion criteria for the study population were 
a history of PE (not confined to any specific pregnancy), more than 6 months up to 30 years 
ago and being older than 18 years of age. The control group had similar inclusion criteria, 
but required having had a normotensive pregnancy in absence of any kind of placental 
associated disease (hypertensive complicated pregnancy, PE, HELLP syndrome, placental 
abruption, and small for gestational age infancy or foetal demise). Exclusion criteria for 
both groups were hypertension, auto-immune disease, or kidney disease prior to the 
first pregnancy. Participants were allowed to be diagnosed with any of these conditions 
after their first pregnancy. PE was defined according to the criteria of the Report of the 
National High Blood Pressure Education Program Working Group on High Blood Pressure 
in Pregnancy 20 . Hypertension was defined a systolic blood pressure ≥ 140 and/or diastolic 
blood pressure ≥ 90 mmHg. A positive family history of CVD was defined by a parent or 
sibling below the age of 65 years with CVD 21. 

MEASUREMENTS
Cardiovascular analysis was performed in combination with endothelium-dependent 
and endothelium-independent evaluation of brachial artery dilation, with FMD and a 
sublingual dose of NG, respectively. Women were instructed to fast overnight, for at 
least 10 hours. Upon arrival (body) characteristics were measured, blood samples were 
drawn and a complete (obstetrical) medical history was taken. Neonatal birth weight 
centile was determined using Dutch reference curves for birth weight 22. Height and 
weight were measured to calculate body mass index (BMI). Glucose was determined by 
standard hospital laboratory procedures using a Cobas 8000 device (Roche Diagnostics, 
Indianapolis, IN). 
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Blood pressure was recorded for a period of 30 minutes at 3-minute intervals using 
an oscillometric device (Carescape V100, GE Healthcare, Wisconsin, USA) in half-sitting 
position. Median values of 9 subsequent recordings were used for analysis.

FMD and NG-dilation measurements were performed sequentially under standardized 
conditions in a temperature controlled (± 22 °C) room. Before the measurement, 
participants rested in supine position on a comfortable bed for at least 15 minutes. The 
arm was in an extended position at ~80° from the torso. A rapid inflation and deflation 
cuff (Hokanson, Bellevue, VA 98005) was positioned around the forearm distal to the 
olecranon. A multifrequency linear array probe attached to a high resolution ultrasound 
machine (Voluson p6, GE Healthcare) with an operating frequency of 5 MHz was used to 
image the brachial artery in the distal third of the upper arm, 2 - 5 cm above the antecubital 
fossa. The probe was fixed during all measurement by a custom-made fixation device 
made by hospital technicians. For the endothelium-dependent evaluation we acquired 
a 3-minute baseline recording of brachial artery diameter. Thereafter, the forearm cuff 
was inflated (200 mmHg) for 5 minutes followed by rapid deflation. The diameter and 
Doppler spectrum assessments were done continuously from 3 minutes before inflation 
to 5 minutes after deflation, but interrupted from 30 seconds after inflation to 30 seconds 
before deflation. 

Image analysis of the brachial artery diameter was done off-line with a custom designed 
edge-detection and wall-tracking software 6, a proprietary algorithm by A. Hoeks (Matlab 
R2013b, The Mathworks Inc. Natick, MA), independent of investigator bias. Peak diameter 
was automatically detected according to an algorithm that is described in detail elsewhere 
6. The percentage increase in diameter, i.e. FMD, was based on the peak change in diameter 
with respect to leading baseline, with leading referring to the period before cuff-release. 

Two experienced ultra-sonographers performed these measurements. In our hands, 
the inter-observer agreement, quantified as the intraclass correlation coefficient, was 
0.82, and the intra-observer agreement was 0.83. This was calculated based on repeated 
measurements in 15 healthy volunteers by the two sonographers. 

The NG evoked dilation also started with a 3 min baseline recording after which a dose of 
nitroglycerine (0.4 mg/dose) was administered sublingually. The recording ended 10 min 
after sublingual administration of NG and was analysed by the same custom designed 
edge-detection and wall-tracking software. 
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FMD was also expressed with an allometric scaling as proposed by Atkinson et el. to avoid 
the baseline dependency observed in previous studies 23. The regression slope between 
the logarithmically transformed values of both baseline diameter and peak diameter 
yielded a 0.99 scaling exponent; which was used to calculate the allometric scaled FMD.

STATISTICAL ANALYSIS
All analyses were performed using IBM SPSS version 21.0. Data were expressed as group 
means and standard deviation or, in case of dichotomous measurements, as numbers and 
percentages. To analyse differences in means of baseline characteristics between women 
with a history of PE and controls, we used the independent t-test and a chi square test for 
dichotomous variables. We compared the baseline characteristics of those women who 
did not undergo FMD measurements due to logistic reasons or artefacts with women 
that did undergo FMD. 

To analyse the primary outcome we performed a multivariable linear regression analysis 
to evaluate the effect of age, group, and the interaction between age and group on 
endothelial function. In case the interaction term was not statistically significant, this term 
was omitted from the model. Subsequently, if group (control or case) was not significant 
it was also removed from the model. We computed both the unadjusted coefficients, and 
the coefficients after adjusting for known factors that affect endothelial function, namely 
smoking, multivitamin use, use of anti-hypertensive drugs, mean arterial pressure, fasting 
glucose levels and menopausal state 4. These factors were chosen because of their known 
negative effect on FMD measurements. To evaluate the effect of postpartum interval on 
the primary outcomes a post hoc analysis was done equal to the primary analysis whereby 
age was replaced by postpartum interval. 

A stepwise backward multivariable linear regression was used to estimate the effect of 
above mentioned, literature based, factors that might influence endothelial function in our 
sample. For the allometric FMD, a method to compensate for potential differences in vessel 
diameter, we calculated the regression slope between logarithmically transformed values 
of both baseline diameter and peak diameter and derived the correct scaling exponent for 
our dataset 23. A p < 0.05 is considered significant and signalled by an asterisk. 
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RESULTS

In the above mentioned time period we included 673 women for the study. Due to logistical 
circumstances, 6.4 % of vessel function tests could not be performed; these women were 
not included in the analysis. This resulted in 628 women included, 391 cases and 237 
controls. There was no difference in patient characteristics between women that did or 
did not undergo endothelial function measurements. A small percentage (6.3%) of FMD/
NG recordings were excluded, because of movement artefacts rendering wall detection 
unreliable.

Table 1 shows participants characteristics for both the study group and the control group. 
Women with a hypertensive complicated pregnancy in their history were on average 6 
years younger and had their measurements performed at a shorter postpartum interval 
compared to controls. The study group had on average given birth to smaller babies (Δ 
22 centile, p < 0.001) born at an earlier gestational age compared to controls (Δ 4 weeks 
and 6 days, p < 0.001). At the time of measurement, both groups had a similar BMI and a 
comparable fasting glucose, but mean arterial blood pressure was higher in women with 
a history of PE compared to controls (p < 0.001). In addition, women with a history of PE 
had more hypertension (17.4% vs. 8.9%; p = 0.001), used more antihypertensive drugs 
compared to controls (12.3% vs. 7.2%; p = 0.019), were more likely to have given birth 
only once (42.2% vs. 18.9%; p < 0.001), and used less often supplemental multivitamins 
(p = 0.028). Nicotine use was comparable between both groups (p = 0.094). A positive 
family history of CVD did not differ substantially between cases and controls (p = 0.353). 

The development of new onset auto-immune disease and diabetes mellitus was not 
different between both groups (19 (5.1%) cases and 6 (2.8%) controls, p = 0.148 and 6 
(2%) cases and 1 (0.5%) control, p = 0.198, respectively). 

Figures 1 and 2 show data on baseline brachial artery diameter (mm), FMD (%), allometric 
flow mediated dilation (FMD allometric, %) and endothelium independent dilation induced 
by exogenous nitroglycerine (NG, %) for cases and controls subdivided by age interval and 
Table 2 shows results of the statistical analysis to detect differences. 

Table 2a presents the results of the multivariable linear regression to analyse the effect 
of time, group, and the interaction between time and group. We did not observe an age-
related change in FMD in both groups (regression coefficient (β) -0.006 (-0.039 - 0.028), p 
= 0.747). The allometric scaled FMD showed similar results as compared to the traditional 
FMD. NG evoked dilation decreased significantly in both groups with age (β -0.075 (-0.131 
- -0.020), p = 0.008) and baseline brachial artery diameter increased significantly with age 
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(β 0.014 (0.009 - 0.019), p < 0.001). There was no significant effect of group on any variable 
or of the interaction between age and group. 

Cases
n=391

Controls
n=237  p- value

Age (years) 39 ± 8 45 ± 8 < 0.001*

Months postpartum 111 ± 90 197 ± 99 < 0.001*

BMI (kg/m2) 26 ± 5 25 ± 4 0.119

Gestational age at delivery (weeks) 35+0 ± 4+4 39+6 ± 3+0 < 0.001*

Birth weight centile 32 ± 26 54 ± 28 < 0.001*

Mean arterial pressure (mmHg) 90 ± 11 86 ± 9 < 0.001*

Glucose (mmol/L) 5.0 ± 0.8 5.0 ± 0.4 0.173

Smoking 25 (6.4%) 24 (10%) 0.091

Primiparity 165 (42.2%) 45 (18.9%) < 0.001*

Antihypertensive drugs 52 (12.3%) 17 (7.2%) 0.017*

Hypertension 68 (17.4%) 21 (8.9%) 0.003*

Multivitamin use 109 (27.9%) 86 (36.2%) 0.027*

Postmenopausal 44 (11.3%) 52 (21.9%) < 0.001*

Positive family history for CVD 241 (61%) 137 (58%) 0.610

Table 1 Patient characteristic of women with a history of PE (Cases), and uncomplicated pregnancies 
(Controls) in means and standard deviation or numbers and percentages. CVD = Cardiovascular 
disease. An independent T-test analysed the differences between groups and a chi square test 
analysed dichotomous variables. 

Figure 1 In women with a history of PE (Cases) and uncomplicated pregnancies (Controls) bra-
chial artery endothelium-independent dilation as measured by NG induced dilation declines with 
increasing age while flow mediated dilation (FMD, %) and allometric flow mediated dilation (FMD 
allometric, %) do not change (for statistical analysis see Table 2 a and b). Data are expressed in 
mean and standard deviation.
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Figure 2 Baseline brachial artery diameter (mm) in women with a history PE (Cases) and uncompli-
cated pregnancies (Controls) increases with increasing age, irrespective of obstetric history (Table 
2a and b). Data are expressed in mean and standard deviation.

Table 2b presents data of the multivariable linear regression analysis adjusted for smoking, 
multivitamin use, use of anti-hypertensive drugs, mean arterial pressure, fasting glucose 
and menopausal state. After adjustment for these factors, the difference in endothelial 
independent dilation measured with NG vanished while the increase in baseline diameter 
with age, remained (β 0.011 (0.005 - 0.016), p < 0.001). When corrected for factors that 
affect endothelial function there was a difference in group whereby women with a history 
of a hypertensive pregnancy had a smaller baseline diameter (β - 0.113 (-0.202:-0.023), 
p = 0.014) when compared to controls. The post hoc analysis on postpartum interval did 
not provide different results when compared to the effect of age. 

The stepwise backward elimination revealed no significant effect of potential confounders 
of the association between endothelial function and FMD, nor on allometrically scaled 
FMD. There was, besides the age effect, a significant effect of fasting glucose (p = 0.022) 
and mean arterial pressure (p = 0.001) on maximal dilation through NG induced dilation. 
Baseline diameter was affected by age (p < 0.001) and mean arterial pressure (p = 0.001)
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Unadjusted

  Age Group Age * Group

  B (95%CI) p-value B (95%CI) p-value B (95%CI) p-value

Brachial artery diameter (mm) 0.014 (0.009;0.019) < 0.001* -0.062 (-0.149;0.024) 0.159 -0.002 (-0.012;0.009) 0.764

FMD (%) -0.006 (-.039;0.028) 0.747 -0.318 (-.914;0.277) 0.294 0.023 (-0.051;0.96) 0.546

FMD allometric (%) -0.013 (-0.042;0.017) 0.402 0.790 (-0.597;0.454) 0.790 0.001 (-0.064;0.066) 0.981

NG (%) -0.075(-0.131;-0.020) 0.008* -0.307 (-.272;0.659) 0.533 0.002 (-0.117;0.121) 0.974

Table 2a Brachial artery diameter (mm), FMD (%), allometric flow mediated dilation (FMD allometric, 
%), endothelium independent dilation measured by nitroglycerine (NG, %) in women with a history 
of PE and uncomplicated pregnancies. A multivariable linear regression analysed the effect of age, 
group and interaction between age and group.

Adjusted

  Age Group Age * Group

  B (95%CI) p-value B (95%CI) p-value B (95%CI) p-value

Brachial artery diameter (mm) 0.011 (0.005;0.016) <0.001* -0.113 (-0.202;-0.023) 0.014* -0.001 (-0.012;0.010) 0.829

FMD (%) -0.006 (-0.044;0.031) 0.748 -0.151 (-0.771;0.468) 0.631 0.032 (-0.042;0.107) 0.395

FMD allometric (%) -0.013 (-0.047;0.020) 0.429 -0.040 (-0.588;0.508) 0.886 0.007 (-0.059;0.073) 0.827

NG (%) -0.056 (-0.118;0.006) 0.078 -0.046 (-1.043;0.951) 0.928 0.009 (-0.111;0.129) 0.882

Table 2b Brachial artery diameter (mm), FMD (%), allometric flow mediated dilation (FMD allometric, 
%), endothelium independent dilation measured by nitroglycerine (NG, %) in women with a history 
of vascular complicated and uncomplicated pregnancies. A multivariable linear regression analysed 
the effect of age, group and interaction between age and group adjusted for smoking, multivitamin 
use, use of anti-hypertensive drugs, mean arterial pressure, fasting glucose and menopausal state.



Vascular aging after preeclampsia

7

149

Unadjusted

  Age Group Age * Group

  B (95%CI) p-value B (95%CI) p-value B (95%CI) p-value

Brachial artery diameter (mm) 0.014 (0.009;0.019) < 0.001* -0.062 (-0.149;0.024) 0.159 -0.002 (-0.012;0.009) 0.764

FMD (%) -0.006 (-.039;0.028) 0.747 -0.318 (-.914;0.277) 0.294 0.023 (-0.051;0.96) 0.546

FMD allometric (%) -0.013 (-0.042;0.017) 0.402 0.790 (-0.597;0.454) 0.790 0.001 (-0.064;0.066) 0.981

NG (%) -0.075(-0.131;-0.020) 0.008* -0.307 (-.272;0.659) 0.533 0.002 (-0.117;0.121) 0.974

Table 2a Brachial artery diameter (mm), FMD (%), allometric flow mediated dilation (FMD allometric, 
%), endothelium independent dilation measured by nitroglycerine (NG, %) in women with a history 
of PE and uncomplicated pregnancies. A multivariable linear regression analysed the effect of age, 
group and interaction between age and group.

Adjusted

  Age Group Age * Group

  B (95%CI) p-value B (95%CI) p-value B (95%CI) p-value

Brachial artery diameter (mm) 0.011 (0.005;0.016) <0.001* -0.113 (-0.202;-0.023) 0.014* -0.001 (-0.012;0.010) 0.829

FMD (%) -0.006 (-0.044;0.031) 0.748 -0.151 (-0.771;0.468) 0.631 0.032 (-0.042;0.107) 0.395

FMD allometric (%) -0.013 (-0.047;0.020) 0.429 -0.040 (-0.588;0.508) 0.886 0.007 (-0.059;0.073) 0.827

NG (%) -0.056 (-0.118;0.006) 0.078 -0.046 (-1.043;0.951) 0.928 0.009 (-0.111;0.129) 0.882

Table 2b Brachial artery diameter (mm), FMD (%), allometric flow mediated dilation (FMD allometric, 
%), endothelium independent dilation measured by nitroglycerine (NG, %) in women with a history 
of vascular complicated and uncomplicated pregnancies. A multivariable linear regression analysed 
the effect of age, group and interaction between age and group adjusted for smoking, multivitamin 
use, use of anti-hypertensive drugs, mean arterial pressure, fasting glucose and menopausal state.
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DISCUSSION

We hypothesised that women with a hypertensive complicated pregnancy in their history 
have an increased age-related decline in endothelial function compared to women with 
uncomplicated pregnancies. In our cross sectional analysis we observed that in women 
between 23 and 61 years of age, endothelium-dependent vasodilation as measured by 
brachial FMD did not change regardless of prior hypertensive complicated pregnancy. 
Irrespective of obstetric history, endothelium-independent dilation as measured by 
NG-dilation of the brachial artery showed an age-related decline, suggesting a reduced 
dilatory capacity. Concurrently, brachial artery diameter showed an age-related increase 
which may reflect a structural basis for the age-related reduction in dilatory capacity. 

The finding that baseline diameter increases with age in both groups, even when corrected 
for influencing factors, is in line with the diameter enlargement described by others 24,25. 
With age, structural and functional changes occur in our arteries. The most consistent 
changes are diameter enlargement (dilatation) and wall thickening (remodelling), with 
related changes in elastic properties. The mechanisms underlying arterial aging, in 
particular the loss in dilatory capacity, are not fully understood. It is suggested that 
enlargement is a compensatory adaptation to plaque formation in order to maintain 
sufficient luminal area, while increases in wall thickness are instrumental to maintain wall 
stress/tension 26. However, dilatation can also occur in the absence of plaque formation 
27,28. Alternatively, dilatation appears associated with mechanical strain, occurring due to 
age-related loss of elastic fibres 11,25,29 and/or fracturing of elastic lamellae 30. Especially the 
age-related loss of elastin may be of particular relevance to the changes in diameter we 
observed. The age-related increase in diameter is not only apparent in the carotid but also 
in the brachial artery 31-33, which is corroborated by the present study. Interestingly, this 
increase in baseline diameter itself is independently associated with an increased risk of 
CVD 34,35. Since the brachial artery is hardly prone to atherosclerosis, the observed diameter 
increase suggests that it is more dependent on age related structural remodelling of the 
vessel wall rather than plaque formation. 

With advancing age, elastin content of arteries decreases, elastin fibres elongate and lose 
some of the elastic recoil capacity. Consequently, arterial mechanical load due to blood 
pressure is more borne by the stiffer collagen in the arterial wall 11,36,37, at the expense of 
the relative dilatory capacity in response to endogenous or exogenous NO. The magnitude 
of (endogenous/exogenous NO-mediated) vascular dilation also depends on the ability of 
the smooth muscle cells to relax. 
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The dilatory capacity of arteries is typically assessed by quantifying the maximum dilatory 
response following sublingual NG 38. With aging, smooth muscle cells undergo changes that 
may impact the vascular dilatory capability, such as changes in phenotype and senescence 
39,40. This process appears accelerated by high blood pressure 41. As a result of these 
changes elastic vessel properties are also altered, shifting the balance from elastin towards 
collagen. Therefore, we interpret the age-related decline in NG-dilation we observed in 
the present study as reflective of an altered smooth muscle phenotype, either by loss of 
sensitivity to NO, stiffer acting extra-cellular matrix and/or an already stretched vessel wall 
due to luminal enlargement 39,42,43. 

Age-related attenuation in endothelial vascular responses in women is reported as early 
as from the 4th decade of life onwards, where, after menopause, these changes become 
more pronounced 24,44-47. Within the age-range considered in this present study, namely 
relative young, seemingly healthy women, the observed decline in dilatory response seems 
primarily related to the increasing diameter along with known risk factors that negatively 
affect arterial function that come with age, rather than age itself 34,39,48,49. When correcting 
for, in particular, mean arterial pressure, brachial artery diameter differed in women with 
hypertensive complicated pregnancy compared to normotensive gestation, indicating a, 
so far unknown, vascular predisposition. A lifetime exposure to (cardiovascular) risk factors 
and the susceptibility of individuals to the harmful consequences of these risk factors 
combined with aging itself results in a decrease in arterial function 50. This was apparent 
as the decrease in NG-induced dilation over time disappeared after adjustment for factors 
that affect endothelial function. However, as aging and underlying progressive risk factors 
for disease are interrelated, it is a challenge to separate the so called biological aging from 
aging associated diseases 51. 

Since FMD is commonly defined as the percentage increase in diameter with respect 
to the baseline diameter, it acts as an isometric index, suggesting the absolute (peak) 
diameter change is proportional to the baseline diameter. Wall shear stress homeostasis 
does imply that the relative diameter increase is the response of interest (DD/D), when 
considering the FMD stimulus (Dflow-velocity/flow-velocity) 6. Some investigators argue 
that it is the absolute dilatory response that captures the endothelium-dependent dilatory 
capacity best, and hence, when using FMD as usually defined (i.e. relative changes), smaller 
vessels intrinsically show greater FMD 52. Some studies correct for this vessel diameter 
dependency by allometric scaling which we chose to include in our analysis focusing on 
age-related changes in FMD 23. We found that allometrically-scaled FMD yielded similar 
results compared to FMD, suggesting that differences in baseline vessel diameter did not 
explain the absence of an age-related decline in FMD in our study population. 
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The evidence for structural and functional changes as gleaned from the observed increase 
in brachial artery diameter and a decrease in NG-induced dilation, were not paralleled by 
changes in FMD over age periods in our cohort. Several studies have shown a diminished 
FMD in the first decade after a vascular complicated pregnancy, while others did not find 
any difference in later time periods when compared to control groups 53-59. In contrast to 
our expectations, we found an absence of difference in FMD over age periods and, based 
on the post hoc analysis, for postpartum interval. Studies that did find differences between 
younger and older patients were also cross sectional in nature whereby most did not use 
edge-to-edge wall tracking software, choosing to set peak diameter at a certain time point, 
thereby possibly overestimating differences 60-62. The use of this wall tracking software, which 
improves reliability and reproducibility, could be viewed as a strength of our study. Another 
strength of this study is a longer age interval than current published studies. Moreover 
we analyses of both FMD and NG induced dilation which gave more insight in the age 
related effects of endothelial function. In addition, several factors that could confound our 
endothelial function measurements were taken into account in our multivariable analysis. 

Limitations of this study should also be acknowledged. The study design permitted only 
cross-sectional analysis of age-related effects. As a result, no hypotheses on causal 
pathways could be tested. This may have obscured differences between cases and controls 
that might surface with repeated measurements within individuals. Furthermore, vascular 
function may only be affected by a hypertensive complicated pregnancy in a subgroup of 
women with a specific predisposition, which we, unfortunately could not distinguish in our 
study. Even though women with a vascular complicated pregnancy in their history have 
an increased risk of CVD the absolute incidence is low, which hampers the detection of 
differences in this study 19. The relative young age of women in our study sample and their 
mostly premenopausal state may also have affected our observations. Another aspect 
in this apparent lack of difference in FMD between both groups is the prevalence of a 
positive family history for CVD. In the general population this is, depending on one’s age, 
between 10 - 16% 21. In our sample we found a positive family history for CVD in about 50% 
of both cases and controls. We would expect women with a history of PE to have twice 
the prevalence of a positive family history for CVD 63. Despite that our cases seemed to 
be healthy at inclusion we cannot rule out that the controls that participated in our study 
had a different risk profile than the general population. 

Lastly, FMD is considered a measurement plagued by methodological variability. However, 
in the hands of experienced sonographers and following a strict measurement protocol, 
variations can be kept to a minimum 4,64. The inter-observer agreement, quantified by 
intraclass correlation coefficient, is generally between 0.70 and 0.92 65-67, and the intra-
observer agreement between 0.84 and 0.99 65,67; our FMD method yielded similar agreement. 
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CONCLUSION

This study in young to middle aged parous women showed an age-related decline in 
endothelial function and structural vascular adaptation of the brachial artery. Contrary 
to our expectations, we could not demonstrate a difference in endothelial-dependent 
or -independent function, as assessed with brachial artery FMD and NG administration 
between subjects with and without a hypertensive obstetric history. This may indicate that 
the increased CV risk in women with hypertensive complicated pregnancy does not go 
hand in hand with a decline in endothelial function as measured by FMD or NG induced 
dilation.
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GENERAL DISCUSSION

This thesis provides insight on two aspects that are related to normotensive and 
hypertensive pregnancy. First of all it describes the adaptations a female body goes 
through as a result of pregnancy and discusses maladaptation resulting in a hypertensive 
complicated pregnancy. Secondly it contributes to current literature concerning recovery 
after preeclamptic pregnancy, namely long term effects on vascular endothelial function 
and kidney function as a result of these complicated pregnancies. 

ADAPTATION AND MALADAPTATION TO PREGNANCY
The adaptive changes a female body goes through during pregnancy are extensive. A 
primary fall in the vascular resistance constitutes one of the earliest physiological changes 
in response to pregnancy 1. It initiates a chain of events resulting in haemodilution, renal 
hyperfiltration, rise in cardiac output, higher vascular compliance and a rise in plasma 
volume, so as to maintain a high-flow and low-resistance circulation 2-13. The mechanisms 
responsible for the pregnancy associated vasodilation are not yet fully understood but are 
thought to be mostly accomplished by a decrease of endothelial vascular responsiveness 
to constrictors angiotensin II and norepinephrine and an increased availability and 
susceptibility for endothelium- derived relaxing factor and nitric oxide (NO). Moreover 
relaxin, oestrogen and progesterone, which are increased during pregnancy, are also know 
to stimulate NO production and may account, at least partly, for the observed vascular 
functional adjustment 14-17.

Maladaptation of maternal vascular and central hemodynamic function during pregnancy 
may affect remodelling of placental arteries and with it trophoblastic invasion, creating an 
imbalance in maternal-foetal interface. These adverse adjustments may result in additional 
endothelial impairment. Clinically this impairment manifests in placental dysfunction 
and induced foetal growth restriction on the one hand, and maternal capillary-leak 
induced oedema, organ hypoperfusion, hypertension, proteinuria, platelet activation and 
consumption and erythrocyte decay on the other hand 18,19.  

Pregnancy can be seen as a ‘stress test’ in which women with a hypertensive complicated 
pregnancy fail 20. On the one hand adaptive responses may be attenuated leading to 
progressively circulatory stress and on the other hand pre-existing cardiovascular risk 
factors may lower the threshold towards vascular disease. 

Current clinical practice is focused on detecting a hypertensive complicated pregnancy 
as early as possible; it does however not focus on maternal adaptation. This is partially 
because there is a lack of knowledge on healthy physiologic boundaries during pregnancy 
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and partially because we do, as of yet, not know if potential interventions to change this 
adaptive process can result in reducing the risk of a hypertensive complicated pregnancy 
and or the maternal and foetal morbidity and mortality that coincides. 

One of the aims of this thesis was to provide more insight in maternal adaptation to 
pregnancy and to discuss maladaptation during pregnancy. We constructed reference 
values for both endothelial function (flow mediated dilation (FMD)), and kidney function 
(glomerular filtration rate (GFR) and serum creatinine) during physiologic uncomplicated 
pregnancy. These reference curves are based on current literature and improve our 
understanding of the females’ adaptive capabilities during pregnancy. 

Our meta-analysis on endothelial function showed that during healthy pregnancy 
endothelial function, expressed by FMD of the brachial artery, changes. Both FMD and the 
brachial artery diameter increased as pregnancy progresses, indicating vasodilation and 
enhanced dilatory response. Recently a large meta-analysis reported a lower FMD before 
the clinical onset and during preeclampsia compared to uncomplicated pregnancies 21. 
We only included studies using a non-pregnant reference value within the same study 
to compensate for different methods employed. This did exclude some studies lacking 
a non-pregnant reference group this and could therefore have resulted in a lower 
statistical power because of numbers, but increased validity because of the use of identical 
measurement techniques. We found that women with a complicated pregnancy did fall 
within the lower range of FMD values when compared to uncomplicated pregnancies. A 
lack of serial assessments impeded an adequate comparison of hypertensive complicated 
pregnancies to the course of adaptation of uncomplicated pregnancy. 

However, there was, to the best of our knowledge, no comparable analysis of current 
literature that evaluated changes in endothelial function, measured by FMD, during 
pregnancy. In contrast to our expectations, FMD, as a measure to evaluate vascular function 
during pregnancy, maybe of limited value because of the broad confidence interval seen 
in the reference curve. This has partially to do with the difficulty of the measurement but 
also the quality of FMD measurements included in the study. Fortunately, in recent years 
FMD measurements protocols have become more standardised and regulated thereby 
improving reliability and reproducibility 22,23.

Our meta-analysis on kidney function portrayed an increase in GFR during a healthy 
physiologic pregnancy either measured by inulin clearance or creatinine clearance 
compared to non-pregnant conditions. The largest increase was between 40 - 50%, 
depending on the type of GFR measurement. The increase in GFR based on inulin 
clearance seems consistent, with similar increases between studies resulting in relative 
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narrow 5th to 95th percentile. GFR based on creatinine clearance on the other hand differs 
between studies after the first trimester, leading to a wider confidence interval making 
the reference curve less usable in daily practice. This does not necessarily mean that the 
wider confidence intercal is as a result of the pregnancy but could it also be as a result 
of the method of collection and/or the fact that creatinine quantities in the blood can be 
influenced by dietary intake and/or exercise 25. In contrast, serum creatinine is a stable and 
easy parameter to evaluate kidney function during pregnancy. Although the upper limit 
of the reference curve changes throughout gestation, from a clinical perspective, serum 
creatinine above 0.75 mg/dl (66 umol/L) should be considered abnormal at all gestational 
ages. A serum creatinine above this threshold does not necessarily provide evidence 
of a hypertensive complicated pregnancy but it does give pause to look further at both 
maternal and foetal condition.

The use of serum creatinine-based formulas to estimate GFR over the course of pregnancy 
could not be analysed in this thesis which is unfortunate as it is a regularly used parameter 
during pregnancy. Future research measuring CKD-EPI, the more reliable estimation of 
GFR outside of pregnancy 26, in order to establish reference values before, during and after 
pregnancy is relevant to clinicians in daily practice. This would improve understanding of 
maternal physiology during pregnancy which would also give prominence to abnormal 
findings.

In our meta-analysis the physiologic adaptation of kidney function as seen during 
uncomplicated pregnancy was not observed in women with a hypertensive complicated 
pregnancy. Women with a pregnancy complicated by hypertensive disease had significantly 
lower inulin clearance and creatinine clearance. They also had higher levels of serum 
creatinine when compared to uncomplicated gestation. The difference in changes of kidney 
function in pregnancies destined to be complicated by a gestational hypertensive disease 
could not be investigated because there were not enough studies in each gestational age 
interval. 

There are some other studies performed earlier, focussing on maternal adaptation but 
they are scarce and all call for more research into this particular field of medicine 27-29. 
By providing more insight in the normal physiology during pregnancy, the understanding 
of pathological changes during pregnancy increases and can possibly facilitate in a way 
to distinguish between both. We therefore investigated maternal adaptation in a small 
observation study in women with a hypertensive complicated pregnancy in their history. 
We found that in women destined to develop a recurrent hypertensive disorder in their next 
pregnancy, the initial maternal renal and hemodynamic adaptive response to pregnancy was 
attenuated when compared to that in their counterparts who had an uneventful subsequent 
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pregnancy. The attenuated response consisted of a smaller rise in creatinine clearance and 
cardiac output. This maladaptive response is interesting to highlight because it might be able 
to provide the opportunity to use maternal cardiovascular maladaptation as a screening 
method to select women at risk for hypertensive complicated pregnancies. Even though 
our study focused on a high risk population, making it more likely to find maladaptation in a 
subsequent pregnancy, it does provide an interesting window into maladaptive responses 
to pregnancy and should instigate more research on maternal adaptation to pregnancy.

LONG TERM EFFECTS RESULTING FROM A HYPERTENSIVE COMPLICATED PREGNANCY
Over the past decade a hypertensive complicated pregnancy, in particular preeclampsia, 
has become a well-accepted risk factor for the development of future cardiovascular 
disease (CVD). Several prospective studies have reported that the future risk of CVD 
after preeclampsia is both related to the severity of the disease and some also report 
association with the number of times it occurs during a lifetime 30,31. Even though women 
before menopause have relative lower risk of developing CVD of around 2%, this risk 
does increase with age 32,33. The absolute incidence coincides with a 2 to 7 fold increase 
in relative risk of CVD after preeclampsia, depending on the severity of the disease during 
pregnancy 31,33. These figures are comparable to women with type 1 diabetes. 

Women with a hypertensive complicated pregnancy in their history also have a 4 to 5 times 
higher risk of end stage renal disease 34, although the absolute increase is relatively low, 
due to the incidence of 0.0037%. Chronic kidney disease (CKD), a precursor to end stage 
renal disease, can still be, even in severe cases, reversible. This can be either spontaneously 
or with treatment, therefore making it an important disease to investigate, especially in 
relation to preeclampsia. Moreover, a two-fold increase in albuminuria, that can be present 
at any stage of CKD, is associated with 29% more risk for cardiovascular mortality 35. As the 
risk of CVD is also increased in women with CKD, we could extrapolate that women with 
a history of a hypertensive disease and CKD have an even more increased risk of CVD 36.

Because of these reasons we chose to investigate the occurrence of CKD in a cohort of 
women after hypertensive complicated pregnancy by applying the KDIGO criteria. The 
KDIGO guideline, of the international society of nephrology, was written for the general 
patient population and indicates that kidney disease persisting for more than four months 
is considered to be chronic, irrespective of aetiology. This guideline provided us with 
guidance on how often we should follow up on women with a history of preeclampsia 
after delivery to ensure that microalbuminuria would regress over time and to clarify which 
women should be further investigated for kidney disease. Following this guideline, about 
14% of women after hypertensive complicated pregnancy should have at least yearly 
monitoring of their kidney function, mainly due to moderately increased microalbuminuria 
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found around one year after giving birth. Only 1.4% of our population was classified to be 
at high risk for kidney function deterioration and would be in need of referral to specialist 
care, preferably a nephrologist. It was the first study to use the KDIGO criteria in women 
with a hypertensive complicated pregnancy it their history, and provides an opportunity 
to find women at risk of CKD and advice on necessary follow up. 

As women with a history of a hypertensive complicated pregnancy can exhibit 
endothelial dysfunction we also postulated that there would be a relationship between 
vascular endothelial function expressed by FMD and kidney function expressed by 
GFR and microalbuminuria. This study demonstrated that, five years after pregnancy, 
a decreased endothelial function is present, expressed by a decreased FMD in women 
with a hypertensive complicated pregnancy in their history compared to women with 
uncomplicated pregnancies. There was however not a decrease in kidney function and no 
apparent correlation between the two. Even though decreased FMD and microalbuminuria 
both reflect endothelial dysfunction they may reflect different aspects of endothelial 
function. Alternatively endothelial function as assessed by microalbuminuria may follow 
a different recovery rate than endothelial function expressed by FMD.

Long term effects on vascular endothelial function after hypertensive complicated 
pregnancy are also affected by the progression of time. Independent of sex, with 
increasing age, several changes to arteries contribute to the increased risk of CVD. The 
most consistent changes are diameter enlargement (dilatation) and wall thickening 
(remodelling), with related changes in elastic properties. The mechanisms underlying 
arterial aging, in particular the loss in dilatory capacity, are not fully understood. It is 
suggested that enlargement is a compensatory adaptation to plaque formation in order 
to maintain sufficient luminal area, while increases in wall thickness are instrumental to 
maintain wall stress/tension 37. However, enlargement can also occur in the absence of 
plaque formation 38,39. Alternatively, enlargement appears to be associated with mechanical 
strain, occurring due to age-related loss of elastic fibres 40-42 and/or fracturing of elastic 
lamellae 43. One of the most clinically important changes in the development of vascular 
endothelial dysfunction is the impaired possibility to vasodilate.

We found that independent of obstetric history, FMD did not change over time periods 
while, consistent with vasculature stiffening, maximum vessel dilatory capacity (measured 
by nitroglycerine induced dilation) decreased and vessel diameter increased. Factors 
that affect endothelial function explained the age-related vessel stiffening observed. The 
observed increase in vessel diameter with aging did reamain, also after adjustment for 
these factors. Of clinical importance is the increase in baseline diameter itself that is also 
independently associated with an increased risk of CVD 44,45. 
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The absence of difference in FMD between women with a history of preeclampsia and 
controls after uncomplicated pregnancy was contradictory to our previous study that 
did show a decreased FMD several years after a hypertensive complicated pregnancy 46. 
This could be partially due to selection bias seeing as the previous study included women 
that were willing to also participate in a rigorous exercise program to improve health and 
the latter study saw more women that were to benefit from a cardiovascular evaluation 
mostly due to a familial cardiovascular burden. Differences between study populations in 
relation to the severity of the disease during pregnancy could also play a role. Interestingly 
FMD appears to be diminished in several but not all studies in women with a history of 
a preeclampsia 47,48. This uncovers several difficulties: the heterogeneity of the disease 
studied, selection in studies population and reliability of the used measurement, thereby 
make it difficult to compare study results.

Age-related attenuation of endothelial vascular response in women, including a decrease 
in FMD, is reported as early as from the 4th decade of life onwards, where after menopause, 
these changes become more pronounced 49-53. A lifetime exposure to cardiovascular risk 
factors and the susceptibility of individuals to the harmful consequences of these risk 
factors combined with aging itself is what results in a decrease in arterial function 54. 
Surprisingly, we did not find an age related decrease in FMD in our young to middle aged 
controls nor in women without a history of preeclampsia. We did however find a decrease 
in maximal dilation capacity and increase in vessel diameter in both groups, both indicative 
of age related changes. 

FUTURE PERSPECTIVES FOR WOMEN WITH HYPERTENSIVE COMPLICATED PREGNANCY 
IN THEIR HISTORY
Preeclampsia is a cardiovascular insult at a young age which may provide us opportunities 
for early prevention strategies to reduce risks. However, despite the increased relative 
risk the majority will not develop CVD and/ or CKD. An ultimate goal would be to be able 
to screen women after a hypertensive complicated pregnancy and to select a subgroup 
of women at risk of CVD and/or CKD. These women could then be subject to preventive 
measures that can postpone or even prevent progression of disease. Although feasible 
this is still a distant goal because there is much information lacking about treatment, 
adherence, effectiveness and costs of such strategies within this group of apparently 
healthy young women. 

Classical cardiovascular risk factors are important players in the development of a 
dysfunctioning endothelium and consequently CVD. A worldwide study in 52 countries 
showed that 9 (potentially) modifiable risk factors account for over 90% of the population 
attributable risk of a first myocardial infarction. These 9 aspects are: smoking, dyslipidaemia, 
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hypertension, diabetes mellitus, abdominal obesity, psychosocial factors, daily consumption 
of fruits and vegetables, regular alcohol consumption and regular physical activity 55. The 
attribution of these risk factors to CVD seems even higher in women than in men. This 
thesis did not focus on cardiovascular risk factors, we are however aware that there are 
studies that indicate that women with a history of preeclampsia have a higher incidence 
of these modifiable risk factors, even before pregnancy 56,57.

The Framingham risk score uses age, total and high-density lipoprotein cholesterol, systolic 
blood pressure, treatment for hypertension, smoking and diabetes status to calculate 
the risk of future CVD. It does take sex into account but a history of a hypertensive 
complicated pregnancy is not included in this traditional risk model. Interestingly, some 
studies calculated Framingham risk scores for women with a history of preeclampsia and 
found either a higher prevalence of risk factors or a higher risk of CVD compared to women 
with normotensive pregnancies in their history 58,59. 

Luckily, in recent years guidelines have been adapted to address CVD and CVD prevention 
in women 60-62. These guidelines do acknowledge the increased risk for CVD after a 
hypertensive complicated pregnancy but do not offer specific recommendations on 
frequency or content of CVD risk assessment. General recommendations however are 
made, aimed at blood pressure control, lifestyle advice and exercise. The American Heart 
association recommends, for the general population, taking your blood pressure once 
every two years and cholesterol tests every 5 years above the age of 20. 

Blood pressure regulation, as part of cardiovascular risk management, improves the 
prognosis of both CVD and CKD63. Three studies in this thesis show a significant increased, 
though still considered normal, blood pressure and/or more use of antihypertensive drugs 
in women with a history of a hypertensive complicated pregnancy when compared to 
controls. Appropriate blood pressure regulation seems therefore particularly relevant 
for women with a hypertensive complicated pregnancy in their history. Besides, blood 
pressure regulation and kidney function screening by measuring albuminuria has proven 
to be not only effective but also cost-effective, when taking possible treatment with ACE 
inhibitors into account, as it reduces the risk of both CKD and CVD 64. This makes screening 
for albuminuria in a population of women with a history of preeclampsia even more 
plausible.

Based on this thesis and from a practical point of view we would advise evaluation of kidney 
function, for women with a history of preeclampsia, at the regular 6 weeks postpartum 
control. Women who then have microalbuminuria could be seen one year thereafter by 
their general physician for follow up of kidney function and a cardiovascular (risk factor) 
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assessment. A cardiovascular risk assessment for women with a hypertensive complicated 
pregnancy in their history that is focused on aformentioned (potentially) modifiable risk 
factors combined with kidney function assessment, and management thereof, could be 
performed every 3 years by their general physician thereby keeping track of women at 
higher risk of both CVD and CKD.

FUTURE RESEARCH
Focussing on maternal adaptation during an uncomplicated pregnancy would be valuable 
with the thought in mind that maladaptation could be better discernible when knowing 
more about physiology during pregnancy. Serial measurements of, for example, mean 
arterial pressure, cardiac output, kidney function and peripheral resistance in women 
with uncomplicated pregnancies and pregnancies complicated by a hypertensive disease 
would be prized information. This could eventually lead us to be able to discern possible 
differences in patterns of adaptation in which some women develop a (more severe) 
hypertensive complication compared to other that do not, providing us guidance in 
frequency of follow-up. This could ultimately lead to research focussing on possible 
interventions aimed at adjusting maladaptation, early in pregnancy, if this proves to reduce 
maternal and foetal complications. 

A major problem in the prevention of CVD has been the difficulty to identify individuals at 
risk at an early enough stage for them to benefit from interventions. Research focussed on 
identifying those women, after hypertensive complicated pregnancy, that are at risk of CVD 
would be relevant as these women would develop CVD earlier that they counterparts. By 
serial assessment of cardiovascular risk factors in women after a hypertensive complicated 
pregnancy, insight could be obtained in the pattern of recovery and possibly single out 
women at higher risk. The goal to strive for would be to search for a way to predict which 
women would develop CVD and/or CKD after a hypertensive complicated pregnancy. 
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VALORISATION 

This chapter addresses the relevance and possible impact of this thesis for society. In this 
thesis the objective was to provide more insight in maternal adaptation to pregnancy. 
Thereafter we discuss maladaptation during pregnancy and bring attention to possible 
long term consequences on vascular endothelial and kidney function as a result of a 
hypertensive complicated pregnancy. 

SOCIETAL RELEVANCE  
There are half a million maternal deaths worldwide related to pregnancy, of which 1% 
occurs in high income countries 1. Preeclampsia, a hypertensive complicated pregnancy, 
occurs in 2 - 8% of all pregnancies. Interestingly, the proportion of maternal death directly 
related to preeclampsia is similar in high income compared to middle and low income 
countries. In the Netherlands, preeclampsia is the leading cause of maternal mortality 
2. It impacts maternal health and child’s health and wellbeing, especially if the child is 
born prematurely. For many women, developing preeclampsia is generally an unexpected, 
difficult and traumatic life experience. This is particularly relevant if they felt ill, gave birth too 
early, or if their baby died. It is not surprising that preeclampsia, especially with secondary 
neonatal intensive care necessity, strongly links to post traumatic stress disorder and 
depression. Moreover, in presence or absence of psychological trauma, women often find 
difficulties to reintegrate in societal labour after giving birth. 

Maternal cardiovascular adaptation during pregnancy can be suboptimal contributing in 
the development of a hypertensive complicated pregnancy. In conjunction with maternal 
characteristics, the placenta plays a pivotal role in the development of such a maladaptive 
pregnancy. During the disease state however, there are currently no curative treatment 
options available, but only symptomatic treatment to correct the underlying cardiovascular 
shortcomings, namely optimizing blood-pressure and -flow and protection from possible 
imminent seizures that can occur as a result of the disease. 

Better understanding of the healthy adaptational process during pregnancy may result 
in future therapies targeted to improve maternal cardiovascular adjustments during the 
implantation and development of the placenta and possibly reduce penetrance of parallel 
maternal circulatory maladaptation. Consequently, the risk of later maternal and foetal 
complications may be reduced. 

Adaptational changes supporting physiological pregnancy are not systematically taken into 
account. In order to facilitate nomogram guided care, we established reference values 
for both vascular endothelial function, expressed by flow mediated dilation, and kidney 
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function, expressed by glomerular filtration rate, to describe the normal physiological 
processes during pregnancy. These reference curves are based on current literature and 
improve our understanding of the females’ adaptive capabilities during pregnancy. In 
these meta-analyses we highlight the maladaptive response in women with a hypertensive 
complicated pregnancy. Moreover, we set up an explorative study from which we concluded 
that women destined to develop a hypertensive complicated pregnancy exhibited a 
decreased adaptation of both cardiac and kidney function before the occurrence of 
disease. This indicates the possibility of using maternal haemodynamic maladaptation 
as an indication for an increased risk of a hypertensive complicated pregnancy. A non-
physiological adaptive pattern detailed by serial measurements may therefore open up 
the possibility to institute tailored preventive measures before disease becomes apparent. 

Recently the possible long term consequences of a hypertensive complicated pregnancy 
have been more in the scientific spotlight. The increased risk of cardiovascular and chronic 
kidney disease in these affected women have become more apparent, more accepted in 
medicine and integrated in guidelines. Several meta-analyses show this increased risk. 
Women with a hypertensive complicated pregnancy are at a 2 – 6 fold increased risk of 
future cardiovascular disease and a 3 - 7 fold increased risk of future kidney disease, 
depending on the severity of the disease hypertensive disease during pregnancy 3,4. It 
seems therefore relevant to understand why this increased risk is present and what, if 
any, the common pathways would be. The understanding of the system-biology towards 
disease might eventually provide possibilities to develop targeted therapies. 

Three chapters in this thesis are dedicated to this particular understanding of possible 
correlations between a hypertensive complicated disease and cardiovascular and/or 
chronic kidney disease in later life. We brought attention to long term consequences on 
both vascular endothelial and kidney function and found that women with a history of 
preeclampsia have a decreased kidney function, expressed by loss of albumins in their 
urine. This indicates that a particular subset of woman is at risk of future kidney disease. 

We also found that aging women independently of a hypertensive complicated 
pregnancy have stiffened brachial arteries along with increased vessel diameter, even 
though endothelial dependent vasodilation capacity remained intact. Age related arterial 
stiffening primarily seems related to emerging traditional cardiovascular risk factors and 
only partially to aging itself. This finding sheds a different light on the concept of vascular 
aging, as aging cannot be influenced, while the occurrence and development of traditional 
cardiovascular risk factors can.
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A major problem in the prevention of cardiovascular disease has been the difficulty to 
identify individuals at risks at an early enough stage for them to benefit from interventions. 
Appropriate treatment, aimed at preventing progression of cardiovascular disease and 
risk factors, is important since blood pressure control, lifestyle advice and exercise can 
slow down or even reverse progression of cardiovascular disease. The current approach 
in the follow-up of women with a history of a hypertensive complicated pregnancy is not 
uniform or even, in most cases, recommended in healthcare communities. However, these 
women are at an increased risk and should therefore be monitored more closely. Changes 
in lifestyle and a healthy exercise pattern can be beneficial not only for the women with an 
increased risk but could also stimulate the whole family to lead a healthier life. A healthy 
life style is also beneficial for general health and can prevent or reduce the risk of other 
diseases as well. 

A large cross-sectional study is still ongoing (titled Queen of Hearts) with the aim to 
improve diagnosis of early stages of cardiovascular disease in women, in the particular 
subset of women with a hypertensive pregnancy in their history. The main goal is to obtain 
biomarkers, based on pathogenesis of microvascular disease, which improve the early 
diagnosis of diastolic dysfunction and heart failure in women. 

This thesis aimed to highlight the importance of a better understanding of the maternal 
adaptations during pregnancy and the possible long term effect of a hypertensive 
complicated pregnancy. By understanding the physiological adaptation to pregnancy we 
may eventually be able to reduce maladaptation leading to a hypertensieve complicated 
pregnancy and to improve maternal health. More research is needed not only to improve 
understanding of adaptation but also to evaluate effectiveness and costs of such strategies. 

DISSEMINATION AND TARGET
This thesis highlights a patient population that are young women, who are generally in 
good health except for a hypertensive complicated pregnancy in their history and are 
curious to know how this disease affects their cardiovascular risk. We have an obligation 
as physicians to inform women of this increased risk and to provide guidance on how 
to prevent and/or treat women affected. Recent changes in guidelines do help in the 
dissemination of this information to physicians and eventually to patients.  
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We have taken various efforts to ensure that the knowledge gained from our studies is 
spread across different target groups. Four out of six studies, described in this dissertation, 
have already been published in several international journals to spread the findings to 
the international research community. In addition, most findings have been presented 
at national and international conferences that hosted many researchers from across the 
globe. The findings discussed in this dissertation are relevant to multiple target groups. 
Firstly, researchers in the field of obstetrics, nephrology and general practitioners can 
benefit from the information in this thesis. Secondly, physicians may use nomograms to 
follow healthy pregnancy adjustments form adverse patterns. 
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SUMMARY

Preeclampsia is a syndrome occurring during pregnancy that is a state of endothelial 
dysfunction, expressed by hypertension and commonly coincided by loss of proteins in 
the urine, disseminated intravascular coagulation, hepatic and kidney problems. During 
preeclampsia vascular endothelial function is disturbed. This can be seen by a decrease 
or downregulations of different factors needed for uncomplicated maternal adaptation to 
pregnancy. The changes a female body goes through during pregnancy are extensive. This 
thesis contains research providing more insight in maternal adaptation during pregnancy, 
necessary to understand normal pattern and be able to distinguish proper adaptation 
from maladaptation. 

Long term effects of preeclampsia are an increased risk of cardiovascular and chronic 
kidney disease. This thesis contributes to current literature concerning changes that are 
present after a hypertensive disease during pregnancy. This was conducted by analysing 
long term effects on vascular endothelial function and kidney function as a result of a 
hypertensive complicated pregnancy, namely preeclampsia. 

CHAPTER 1 provides a general introduction as well as the aims and outline of this thesis. 

CHAPTER 2 is a review and meta-analysis with the purpose to establish reference values 
for flow mediated dilation (FMD) and brachial artery diameter in pregnancy and to 
provide insight in the physiological and pathological course of endothelial adaptation 
throughout human singleton pregnancies. During healthy pregnancy endothelial 
dependent vasodilatation measured by FMD and brachial artery diameter are increased. 
Women with a complicated pregnancy fell within the lower range of FMD values when 
compared to uncomplicated pregnancies, but as group, they did not differ from each 
other. 

CHAPTER 3 is a review and meta-analysis with the purpose to systematically review and 
quantify current literature on kidney function during pregnancy, to estimate the extent 
of adaptation over the course of both physiological and hypertensive complicated 
singleton pregnancies and to determine a possible threshold defining normal. In healthy 
uncomplicated pregnancy kidney function is increased throughout gestation, reflected by 
an increased glomerular filtration rate (GFR) measured by inulin or creatinine clearance, 
and a decrease in serum creatinine. In contrast, this increased kidney function is not 
observed during hypertensive complicated pregnancy. Kidney function measured by 
creatinine clearances is less reliable during pregnancy compared to serum creatinine 
because of broad confidence intervals. Although the upper limit of the reference curve 
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changes throughout gestation, from a clinical perspective, serum creatinine above 0.75 
mg/dl (66 umol/L) should be considered abnormal during pregnancy. 

CHAPTER 4 discusses an observational study wherein the initial systemic cardiovascular 
and renal adaptation was studied in women with a history of preeclampsia who either 
developed a recurrent hypertensive disorder in their next pregnancy or had an uneventful 
subsequent pregnancy. The initial maternal renal and hemodynamic adaptive response 
to pregnancy was attenuated in women with a hypertensive complicated pregnancy when 
compared to women who had an uneventful subsequent pregnancy. This study supports 
the concept that in women with a history of preeclampsia, recurrent hypertensive 
complication that develops in the next pregnancy is preceded by an abnormal initial renal 
and cardiovascular adaptive response to pregnancy.

CHAPTER 5 highlights an observational cohort study to estimate the prevalence of chronic 
kidney disease in women with a history of preeclampsia, based on the criteria written by 
the National Kidney Foundation. This foundation published the Kidney Disease: Improving 
Global Outcomes (KDIGO) guideline for the definition, classification, and prognosis 
of chronic kidney disease. Based on these criteria 14% of women with a history of 
preeclampsia have a decreased kidney function one year postpartum, compared to 10% 
in the general population, mainly as a result of microalbuminuria. A yearly check-up of 
kidney function would be advisable for this subset of women.

CHAPTER 6 describes in a case-control study the relationship between vascular endothelial 
function and kidney function in women with a history of preeclampsia compared to 
women with uncomplicated pregnancies. Women with a history of preeclampsia have, 
five years after pregnancy, a decreased endothelial function expressed by FMD. There is 
however not a decrease in kidney function expressed by glomerular filtration rate and 
microalbuminuria, and no apparent correlation between FMD and kidney function. Even 
though decreased FMD and microalbuminuria both reflect endothelial dysfunction they 
may reflect different aspects of endothelial function. Alternatively the endothelial function 
as assessed by microalbuminuria may follow a different recovery rate than endothelial 
function expressed with FMD. 

CHAPTER 7 discusses a cohort study, analysing the effects of aging on vascular function 
expressed by FMD and nitroglycerine induced dilation, particularly focussing on women 
with a history of preeclampsia compared to women with uncomplicated pregnancies. 
Arterial aging is a normal physiological process that develops gradually over time. One of the 
most clinically important changes in the development of vascular endothelial dysfunction 
is the impaired possibility to vasodilate. Nitroglycerine induced vasodilation decreased 
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while brachial artery diameter increased over time in women with a history of vascular 
complicated and uncomplicated pregnancies suggesting stiffening of the vasculature. 
However, when corrected for confounders that are known to affect endothelial function, 
only the increase in diameter over time remained. Interestingly there was no change in 
FMD over time in both groups. 

CHAPTER 8 encompasses a general discussion wherein wider implications and suggestions 
for future research are given.

CHAPTER 9 facilitates a valorisation addendum, indicating the value of this thesis for our 
society.

CHAPTER 10 provides a summary in English and Dutch. 
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SAMENVATTING

Pre-eclampsie is een syndroom dat ontstaat tijdens de zwangerschap en is een uiting van 
endotheliale dysfunctie. Pre-eclampsie wordt gekenmerkt door hypertensie en proteïnurie 
en kan samengaan met uitgebreide intravasale stolling, lever- en nierproblemen. Om een 
ongecompliceerde maternale aanpassing aan de zwangerschap te bewerkstelligen zijn 
meerdere factoren van wezenlijk belang. Indien deze factoren onvoldoende aanwezig of 
zelfs afwezig zijn, dan is de maternale aanpassing gestoord en kan endotheliale dysfunctie 
ontstaan. Dit proefschrift geeft inzicht in de maternale aanpassingen aan de zwangerschap 
en beschrijft ook wat gebeurd indien dit proces abnormaal verloopt, ook wel maternale 
maladaptatie genoemd.

Lange termijn effecten van preeclampsie zijn een verhoogd risico op cardiovasculaire 
ziekte en chronische nierziekte. Dit proefschrift beschrijft tevens de lange termijn effecten 
van een door pre-eclampsie gecompliceerde zwangerschap op het vasculaire endotheel 
en de nierfunctie. 

HOOFDSTUK 1 Algemene introductie en doelstellingen van dit proefschrift.

HOOFDSTUK 2 Review en meta-analyse waarin referentie curves weergegeven worden 
van flow mediated dilation (FMD) en de diameter van de brachiale arterie. Hierdoor is 
meer inzicht verkregen in de fysiologische en pathofysiologische veranderingen van het 
endotheel tijdens de zwangerschap. Tijdens een ongecompliceerde zwangerschap neemt 
de endotheel afhankelijke vasodilatatie gemeten door middel van FMD en de diameter van 
de brachiale arterie toe. Vrouwen met een door hypertensie gecompliceerde zwangerschap 
lieten lagere FMD waarden zien in vergelijking met vrouwen die een ongecompliceerde 
zwangerschap doormaakten. 

HOOFDSTUK 3 Review en meta-analyse waarin de nierfunctie gedurende een fysiologische 
en hypertensief gecompliceerde zwangerschap gekwantificeerd wordt om een 
onderscheid te kunnen maken tussen een normale en abnormale adaptatie. Tijdens een 
ongecompliceerde zwangerschap neemt de maternale nierfunctie toe, en dit uit zich in 
een verhoogde glomerulaire filtratie (GFR) snelheid en een verlaagd serum creatinine. 
Tijdens een hypertensief gecompliceerde zwangerschap wordt een afgenomen nierfunctie 
waargenomen. Nierfunctie uitgedrukt in creatinineklaring lijkt minder toepasbaar tijdens 
de zwangerschap, gezien het grote betrouwbaarheidsinterval van de referentiecurve. De 
bovengrens van serum creatinine verandert gedurende de zwangerschap, maar vanuit 
een klinisch perspectief kan een waarde boven 0.75 mg/dl (66 umol/L) als abnormaal 
worden beschouwd. 
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HOOFDSTUK 4 Observationele studie waarbij de vroege renale en cardiovasculaire 
adaptatie wordt onderzocht bij vrouwen die eerder een hypertensief gecompliceerde 
zwangerschap doormaakten en die wel of geen herhaling van de complicaties in een 
volgende zwangerschap kregen. De vroege maternale renale en hemodynamische 
adaptatie blijft verminderd in de groep vrouwen waarbij de volgende zwangerschap 
wederom gecompliceerd werd door een hypertensieve zwangerschap in vergelijking 
met vrouwen waarbij de volgende zwangerschap ongecompliceerd verloopt. Deze studie 
ondersteunt het concept dat vrouwen met een herhaaldelijk hypertensief gecompliceerde 
zwangerschap een initiële suboptimale en daarmee niet fysiologische renale en 
cardiovasculaire aanpassing aan een eventueel volgende zwangerschap hebben.

HOOFDSTUK 5 Observationele studie waarin vrouwen gemiddeld één jaar na een 
hypertensief gecompliceerde zwangerschap een verminderde nierfunctie laten zien 
conform de National Kidney Foundation (NKF) criteria. De NKF heeft een richtlijn 
gepubliceerd: Kidney Disease Improving Global Outcomes (KDIGO) waarin de definitie, 
classificatie en prognose van chronische nierziekte wordt beschreven. De richtlijn 
beschrijft het risico op het ontwikkelen van chronische nierziekte gebaseerd op nierfunctie 
uitgedrukt in een verlaagde glomerulaire filtratie snelheid en/of microalbuminurie. Op 
basis van de NKF criteria heeft 14% van de vrouwen met een doorgemaakte pre-eclampsie 
een verminderde nierfunctie ten opzichte van 10% in de algemene populatie. Een jaarlijkse 
controle van de nierfunctie zou raadzaam zijn voor deze groep vrouwen. 

HOOFDSTUK 6 Case-control studie die de relatie beschrijft tussen endotheel functie en 
nierfunctie bij vrouwen met en zonder een hypertensief gecompliceerde zwangerschap in 
de voorgeschiedenis. Vijf jaar na een doorgemaakte pre-eclampsie wordt bij deze vrouwen 
een verminderde endotheel-functie gemeten, uitgedrukt in een verlaagde FMD, maar 
geen vermindering in nierfunctie en geen correlatie tussen beide vertegenwoordigers 
van endotheel-functie. Hoewel een lage FMD en microalbuminurie allebei een reflectie 
zijn van endotheel dysfunctie, is het mogelijk dat beiden een ander aspect van de functie 
van het endotheel vertegenwoordigen. Een andere mogelijkheid is dat endotheel-functie 
uitgedrukt in microalbuminurie een ander herstelpatroon volgt dan endotheel-functie 
uitgedrukt in FMD.

HOOFDSTUK 7 Cohort studie waarin het effect van ouderdom op arteriële vasculaire 
functie beoordeeld bij vrouwen met en zonder een hypertensief gecompliceerde 
zwangerschap in de voorgeschiedenis. Arteriële vasculaire functie wordt uitgedrukt in FMD 
en nitroglycerine geïnduceerde dilatatie. Arteriële ouderdom is een normaal fysiologisch 
proces dat geleidelijk ontstaat. Met het toenemen van de leeftijd ontstaan verschillende 
arteriële veranderingen die bijdragen aan het verhoogde risico op cardiovasculaire 



Summary/Samenvatting

10

189

aandoeningen. Een klinisch relevante verandering bij het ontwikkelen van endotheel 
dysfunctie is de verminderde dilatatie van een vat. Bij vrouwen met zowel een hypertensief 
gecompliceerde als ongecompliceerde zwangerschap verminderde de nitroglycerine 
geïnduceerde vasodilatatie, terwijl de diameter van de arteria brachialis toenam in de loop 
van de tijd. Dit suggereert een verstijving van de bloedvaten. Echter, wanneer gecorrigeerd 
werd voor factoren die zowel een bekend effect hebben op endotheel functie, als ook 
toenemen met de leeftijd, bleef enkel de toename in diameter aanwezig. Tussen beide 
groepen werd geen verschil in FMD, endotheel afhankelijke dilatatie, over de tijd gezien. 

HOOFDSTUK 8 Algemene discussie waarin implicaties en suggesties voor vervolg 
onderzoeken worden gedaan. 

HOOFDSTUK 9  Valorisatie appendix waarin de maatschappelijke waarde van dit 
proefschrift wordt beschreven. 

HOOFDSTUK 10 Engelse en Nederlandse samenvatting.
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met jullie samengewerkt. Het waren leuke en leerzame jaren. Ik ben heel trots op jullie en 
het werk dat we op het TVDC doen. 

TVDC doc’s Eva en Veronique
Eef, het voelt alsof we samen het TVDC hebben gemaakt tot wat het nu is en daar ben ik heel 
trots op. Je open en intrinsiek vrolijke houding kan ik erg waarderen. Omdenken is een kunst! 
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V2, bedankt dat je het team bent komen versterken. Je bent een prettige en enthousiaste 
collega en een superfijne kamergenoot. 

Eri, ik ben blij dat je onze TVDC vaatfunctielaborante bent. Je geduldige manier van werken 
en oog voor detail zijn enkele eigenschappen van je die ik waardeer. Bedankt voor de 
samenwerking de afgelopen jaren. 

Tessa, bedankt dat je tijdens je geneeskundestudie en in je vrije tijd wilde helpen met mijn 
onderzoek. Het was een kers op de taart dat we samen naar een congres konden gaan. 
Door een kleine vakantie eraan vast te plakken hebben we vijf nationale parken in de VS 
gezien. Hoe dan? Door 40000 km te rijden in één week . Wat een avontuur! 

Ghislaine, oud kamergenootje, het waren fijne tijden samen op de UNS 50 en ik ben heel 
blij dat je nu met manlief en prachtige dochter Amélie samen bent. 

Paranimfen Stephanie en Jonas, ik waardeer het enorm dat jullie naast mij staan. 
Steef, het was heerlijk om samen de dag te beginnen met een kopje koffie. Samen op de 
bank, raampje open, zonnestralen in de kamer. Fijne momenten. 
Jonas, Sugardaddy, samen nadenken over hoe iets te verwoorden in je artikelen waren 
hoogtepunten van mijn week. Dat we dat nog vaak samen kunnen doen. 

Erwin, Manouk, Marian, studiemaatjes, bedankt voor alle fijne momenten die we samen 
hebben gehad. Iedereen heeft inmiddels zijn plekje gevonden. Nu ik nog 

Maarten, ik ben dankbaar dat ik je mijn broer kan noemen en dat je een luisterend oor 
had gedurende alle momenten dat ik even wat minder enthousiast was. 

Wolfpack, Tom & Kelly, ik ben zo blij dat ik jullie heb leren kennen. Onze weekenden 
samen zijn kostbaar. Dat we nog vaak samen op vakantie kunnen gaan 

Jos en Jantine, bedankt voor jullie steun de afgelopen jaren. Ik vind het bijzonder fijn dat 
ik bij de familie Vriens hoor en dat jullie mij accepteren zoals ik ben. 

Pa, bedankt dat je altijd achter mijn beslissingen staat en dat je me de ruimte hebt gegeven 
om mijn weg te vinden. 

Mae, minha amiga querida. A maravilhosa mulher que me fez a mulher que eu sou hoje. 
Tenho certeza absoluta que voce seria trots como um pauw durante a minha defesa. Vou 
sentir sempre falta de você. 

Dennis, mijn tweede ik, mijn maatje, liefde van mijn leven. Wat zal ik intens gelukkig zijn 
als we weer echt samenwonen na al die jaren op en neer pendelen van Roosendaal naar 
Maastricht. 
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