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ABSTRACT 
Background: Preeclampsia affects approximately 1 in 20 pregnant women and may 
cause severe morbidity and mortality in both mother and fetus. The pathophysiology 
remains partly unclear, and the clinical course is highly variable. Reliable tools to 
predict organ dysfunction are currently lacking. 

Aim: The overarching aim of this thesis was to investigate whether autoregulation 
index, angiogenic markers, and glycocalyx degradation products may serve as 
predictors and indicators of organ dysfunction in preeclampsia, at the time of 
diagnosis, in the early postpartum period, and 1 year postpartum. 

Method: We assessed cerebral autoregulation in normotensive pregnancies, 
preeclampsia, and eclampsia, using transcranial Doppler and non-invasive continuous 
blood pressure monitoring to calculate the autoregulatory index. In normotensive 
pregnancies and preeclampsia, we investigated whether plasma concentrations of the 
glycocalyx degradation products syndecan-1, hyaluronic acid, and thrombomodulin 
correlated with disease severity, using blood samples collected at inclusion and 
information on organ dysfunction. We examined whether plasma levels of angiogenic 
markers and glycocalyx degradation products could predict subsequent organ 
dysfunction in women with preeclampsia. Blood samples were collected at diagnosis, 
and clinical outcomes were monitored. 

Results: Cerebral autoregulation was found to be enhanced in normotensive 
pregnancies but depressed in preeclampsia. No differences were observed between 
preeclampsia with and without organ dysfunction. One year postpartum, 
autoregulation was comparable across groups. Cerebral autoregulation was depressed 
in eclampsia in the early postpartum period. Syndecan-1 levels were equal regardless 
of disease and disease severity. Hyaluronic acid was increased in preeclampsia but did 
not correlate with extent of organ dysfunction. Thrombomodulin levels were elevated 
in preeclampsia and even more so in cases with multiple organ dysfunctions. None of 
the glycocalyx markers reliably predicted overall organ dysfunction, though 
hyaluronic acid predicted thrombocytopenia and liver injury. sFlt-1 concentrations 
predicted thrombocytopenia, liver, and kidney injury, while PlGF and the sFlt-1/PlGF 
ratio showed limited predictive value. 

Conclusion: Cerebral autoregulation is depressed in preeclampsia and eclampsia, 
underscoring the importance of blood pressure management to prevent cerebral 
complications. Although sFlt-1 dysregulation and glycocalyx degradation appear 
involved in preeclampsia pathophysiology, their utility in predicting organ dysfunction 
in women with a preeclampsia diagnosis is limited. 

Keywords: preeclampsia, eclampsia, cerebral autoregulation, autoregulation index, 
syndecan-1, hyaluronic acid, thrombomodulin, soluble fms-like tyrosine kinase, 
placental growth factor 
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SAMMANFATTNING PÅ SVENSKA 
Preeklampsi drabbar cirka fem procent av gravida kvinnor och kan 
leda till allvarlig sjukdom och död hos både mor och foster. 
Patofysiologin är till stora delar oklar och sjukdomsförloppet varierar 
avsevärt. Det saknas tillförlitliga verktyg för att prognostisera svår 
sjukdom med organdysfunktion. 

Syftet med denna avhandling har varit att utvärdera 
autoregleringsindex, angiogena markörer (lösligt fms-likt tyrosinkinas 
[sFlt-1] och placentatillväxtfaktor [PlGF]) samt 
glykokalyxnedbrytningsprodukter (syndecan-1, hyaluronsyra och 
trombomodulin) som potentiella markörer för prediktion och 
bedömning av organdysfunktion vid preeklampsi. 

I studierna I och V undersöktes normotensiva gravida kvinnor samt 
kvinnor med preeklampsi eller eklampsi med transkraniell doppler och 
icke-invasiv, kontinuerlig blodtrycksmätning. Autoregleringsindex 
beräknades för att värdera cerebral autoreglering. I studie I 
genomfördes undersökningen postpartum, medan studie V 
inkluderade mätningar vid diagnos och ett år efter förlossning. 

Studie II analyserade plasmanivåer av glykokalyxnedbrytnings-
produkter hos normotensiva gravida och kvinnor med preeklampsi, 
med syfte att undersöka korrelation med sjukdomens svårighetsgrad. 
Blodprov togs vid diagnos och antalet påverkade organ registrerades. 

Studierna III och IV fokuserade på huruvida plasmanivåer av 
angiogena markörer och glykokalyxnedbrytningsprodukter kunde 
förutsäga utveckling av organdysfunktion hos kvinnor med 
diagnostiserad preeklampsi. Blodprov togs vid diagnos och 
patienterna följdes med avseende på komplikationer. 

Gravida kvinnor uppvisade förbättrad cerebral autoreglering, som var 
nedsatt vid preeklampsi. Ingen skillnad i autoreglering kunde påvisas 

vii 

mellan preeklampsi med och utan organdysfunktion. Ett år efter 
förlossning förelåg ingen skillnad mellan kvinnor med tidigare 
normotensiv graviditet och de med preeklampsi, oavsett 
organdysfunktion. Kvinnor med eklampsi, undersökta postpartum, 
uppvisade nedsatt cerebral autoreglering med lägre 
autoregleringsindex än både preeklampsi och normotensiva 
graviditeter. 

Plasmanivåer av syndecan-1 var förhöjda oberoende av 
preeklampsistatus och förekomst av organdysfunktion. Hyaluronsyra 
var förhöjt vid preeklampsi men korrelerade inte med antalet 
dysfunktionella organ. Trombomodulin var förhöjt vid preeklampsi 
och vid multipel organdysfunktion. Ingen av dessa markörer visade 
god förmåga att förutsäga organdysfunktion generellt, men 
hyaluronsyra kunde förutsäga trombocytopeni och leverskada. 

sFlt-1 kunde förutsäga trombocytopeni, leverskada och njurpåverkan. 
PlGF och kvoten sFlt-1/PlGF hade begränsad prediktiv förmåga 
avseende organdysfunktion. 

Sammanfattningsvis är cerebral autoreglering nedsatt vid preeklampsi 
och eklampsi, vilket understryker vikten av adekvat 
blodtrycksbehandling för att förebygga cerebrala komplikationer. Vid 
intubation bör blodtryckshöjning undvikas farmakologiskt. Ökad 
produktion av sFlt-1 och nedbrytning av glykokalyx tycks ingå i den 
patofysiologiska processen vid preeklampsi, men varken angiogena 
markörer eller glykokalyxnedbrytningsprodukter är tillräckligt 
tillförlitliga för att förutsäga organdysfunktion hos kvinnor med 
diagnostiserad preeklampsi.
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DEFINITIONS IN SHORT 
Adverse maternal 
events, 
organ complications, 
organ dysfunction, 
or severe features 

Definitions and terminology regarding 
complications of preeclampsia vary 
between studies, making it difficult to 
provide a concise definition. Definitions 
often follow American College of 
Obstetricians and Gynecologists (ACOG) 
or International Society of the Study of 
Hypertension in pregnancy (ISSHP) 
criteria. Terms are often used 
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INTRODUCTION 
Pregnancy and childbirth pose significant health risks for women 
globally, particularly in low- and middle-income countries. As an 
anesthesiologist in Gothenburg, Sweden, with a dedicated focus on 
obstetric anesthesia, I have encountered many women with 
preeclampsia and developed a strong interest in this complex 
condition. My PhD studies supervisor is affiliated with Stellenbosch 
University in Stellenbosch and Tygerberg University Hospital, Cape 
Town, both in South Africa, granting me valuable insight into the 
diverse clinical and social challenges posed by preeclampsia across 
different healthcare settings. The designation “women with 
preeclampsia” is used throughout this thesis for consistency with 
clinical practice, with the understanding that preeclampsia may occur 
in any pregnant person, regardless of gender identity. 

PREECLAMPSIA 

Definition 
Preeclampsia is a pregnancy-related disease. Although its definitions 
vary across time and space, a commonly agreed-upon definition today 
is that preeclampsia is the new onset of hypertension after 20 weeks of 
gestation, in combination with at least one of several defined organ 
dysfunctions (1). Figure 1 presents examples of defined dysfunctions, 
according to the International Society of the Study of Hypertension in 
Pregnancy (ISSHP). 

Incidence 
The incidence of preeclampsia is often reported as 3%–5% of all 
pregnancies, although it may vary in different populations and 
according to different definitions. In Sweden, 3.8% of pregnant women 
were diagnosed with preeclampsia in 2022 (2). Data from South Africa 
are subject to greater uncertainty; however, a systematic review of  
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Figure 1. Examples of organ dysfunctions according to the ISSHP in 2018 (ALT, 
alanine aminotransferase; AST, aspartate aminotransferase; DIC, disseminated 
intravascular coagulation). 

studies from 2000 to 2018 reported an incidence of preeclampsia in the 
sub-Sahara region of 4.1% (3). 

Pathophysiology 
Preeclampsia is a syndrome diagnosed by definitions, so its 
pathophysiology may be diverse. While numerous mechanisms have 
been proposed, the leading hypothesis is known as the “two-stage 
model.” 

Two-stage model 
In 1989, Roberts et al. proposed the idea that “poorly perfused placental 
tissue releases a factor(s) into the systemic circulation that injures 
endothelial cells” (4). It was known at that time that spiral artery 
remodeling was impaired in hypertensive pregnancies. Today, we 
know that the invasion of trophoblasts into spiral arteries, leading to 
remodeling and adapted blood flow, is essential to healthy pregnancy 
(5). Vascular malperfusion and placental maldevelopment lead to 
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pathological changes in both fetal growth restriction and early-onset 
preeclampsia, whereas placental stress and aging leads to a pathology 
common to both early and late-onset preeclampsia (6). 

The cardiovascular stress test 
A problem with the two-stage model is that not all women with 
preeclampsia have signs of defect placentation. Some researchers have 
suggested that a vulnerable cardiovascular system is the culprit behind 
preeclampsia, regardless of placental lesions, such that some women 
enter their pregnancy already destined to develop preeclampsia (7). 
Pregnancy is a stress test on the maternal cardiovascular system, and 
limited capability to handle hemodynamic changes may be the 
underlying pathophysiological mechanism causing some women to 
develop hypertension and organ complications during pregnancy. 
Nevertheless, although a high body mass index, chronic hypertension, 
and diabetes are known risk factors for preeclampsia, heart failure is 
not, which presents a strong argument against the hypothesis that 
reduced pre-pregnancy cardiovascular function is the primary culprit 
for preeclampsia (8). 

Placenta in a pot 
The “placenta in a pot”-hypothesis states that every pregnant woman 
would have developed preeclampsia eventually if the pregnancy had 
continued, because of an aging placenta. For most women, this 
timepoint is thought to be beyond birth; however, for those with an 
unfavorable outcome, the aging placenta becomes a source of factors 
that are toxic to the mother (9). In some women, placental pathology is 
apparent early in pregnancy; senescent changes can often be found in 
these relatively young placentas, which also release toxic factors (9). 

A CORE OUTCOME SET FOR PREECLAMPSIA RESEARCH 

The organ dysfunctions seen in the clinical presentation of 
preeclampsia differ considerably, as do the definitions of outcomes in 
studies on preeclampsia. To enable meta-analyses and to focus on 
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relevant issues, researchers, clinicians, and patients have established a 
core set of outcomes for preeclampsia research via a Delphi process 
(10). As this set of outcomes provides a representative description of 
preeclampsia, its individual components are reviewed here in detail. 
(Table 1) Cerebral and neurological complications will be discussed 
separately, in the section titled “Cerebral complications in 
preeclampsia.” 

Maternal death 
At the global scale, at least 40 000 women die from complications of 
preeclampsia every year. In sub-Saharan Africa, the risk of maternal 
mortality is 17 times higher in women with hypertensive disorders in 
pregnancy than in women with normotensive pregnancies, and 15.7% 
of maternal mortality is attributed to hypertensive diseases (3, 11). A 
South African study on adverse maternal outcomes in preeclampsia 
from three tertiary care hospitals reported 1% maternal mortality 
among the study population, of which 9.5% had eclampsia and 17.6% 
had kidney injury due to preeclampsia (12). Between 2014 and 2016, 47 
teenagers died from eclampsia in South Africa, although most of these 
cases involved avoidable factors, such as referral to the wrong level of 
care or a long ambulance arrival time (13). In Sweden, new national 
recommendations were published in 2019 emphasizing blood pressure 
control and suggesting the immediate induction of birth in women with 
preeclampsia after 37 gestational weeks, and only one woman has died 
of preeclampsia in Sweden during the last 5 years. Similarly, maternity 
care in the UK exerts considerable effort to reduce mortality in women 
with preeclampsia, with good results: (14) In the last Mothers and 
Babies: Reducing Risks through Audits and Confidential Inquiries 
(MBRRACE) report, confidential inquiries into mothers’ deaths during 
2020–2022 revealed that seven women had died from preeclampsia in 
the UK, constituting just 3% of maternal deaths in that report, in 
comparison with the three-year period 1985–1987, when 27 women 
died, constituting 12% of the total maternal mortality in those years 
(14). 
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Table 1: A list of all maternal outcomes suggested as a core set of outcomes for 
preeclampsia research, established using a Delphi process and published by Duffy et 
al., with the definitions employed in Studies III–V to classify outcomes during medical 
chart analysis (10). 

Organ dysfunction/core outcome Definitions 

Maternal death Medical chart information on maternal 
death 

Eclampsia Generalized tonic-clonic seizures in a 
woman with preeclampsia (ICD code O15) 

Stroke ICD codes I60, I61, I63, and I64  

Cortical blindness PRES diagnosed in medical charts, OR 
radiological evidence of PRES, OR 
diagnosis I67.83 

Retinal detachment ICD code H33.0 

Pulmonary edema Pulse oximetry ≤ 90 AND auscultatory 
crackles OR x-ray signs of pulmonary 
edema OR ultrasound signs of pulmonary 
edema 

Acute kidney injury Creatinine ≥ 90 µmol/L or oliguria < 
500 mL/day 

Liver capsule hematoma or rupture Radiological or surgical evidence of 
hematoma or rupture 

Placental abruption Placental abruption diagnosed in medical 
charts OR ICD code O45 

Postpartum hemorrhage  More than 500 mL bleeding if vaginal birth 
OR more than 1000 mL if cesarean section 

Raised liver enzymes ALT or AST ≥ 2 times highest normal value 
(ALT > 1.5 µkat/L and AST < 1.2 µkat/L) 

Low platelets Platelet particle concentration < 100 109/L 

Admission to ICU Admission to ICU 

Intubation and mechanical ventilation Intubation (not for childbirth) 

Notes: ALT, alanine aminotransferase; AST, aspartate aminotransferase; ICD, 
international classification of diseases; ICU, intensive care unit; PRES, posterior 
reversible encephalopathy syndrome 
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Pulmonary edema 
Pulmonary edema is a life-threatening complication that is rare in high-
income settings. In a study from the United States with 15 000 000 
pregnancies, the incidence of pulmonary edema was only 0.08%; 
however, at a tertiary referral center in South Africa, pulmonary edema 
constituted 0.2% of all pregnancies and 18.1% of all severe maternal 
outcomes, with a case fatality rate of 5.6% (15, 16). 

A study investigating pulmonary ultrasound in women with severe 
preeclampsia found B-lines—that is, signs of interstitial fluid in the 
lungs—in 64.3% of the participants and in 100% of those with dyspnea. 
Diastolic heart dysfunction was found in 47.1% of the participants and 
was strongly correlated with B-lines (17). Subclinical pulmonary edema 
may therefore be common in severe preeclampsia. 

Acute kidney injury 
Proteinuria is present in approximately 90% of all women with 
preeclampsia and was formerly considered a mandatory diagnostic 
criterion (18). Endothelial glomerulosis and a reduced glomerular 
filtration rate may result in proteinuria and oliguria (19). Podocyte 
injury and kidney tubular injury have also been demonstrated (20). 
Oliguria (<500 mL per day) or at least a 1.5-fold increase in plasma 
creatinine are common diagnostic criteria for acute kidney injury. In 
Africa, preeclampsia in combination with obstetric hemorrhage and 
sepsis is a leading cause of pregnancy-related acute kidney failure (21). 
Preeclampsia may even result in end-stage kidney disease and a need 
for dialysis, although kidney function usually resolves postpartum (19). 

Liver capsule hematoma or rupture and HELLP syndrome 
Hemolysis, elevated liver values, and low platelets (HELLP) syndrome 
is a serious manifestation of preeclampsia. Although HELLP syndrome 
is not included in the core set of outcomes for preeclampsia research, it 
is described here because of its association with liver capsule hematoma 
or rupture. While definitions of HELLP syndrome differ, common 
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diagnostic criteria include elevated lactate dehydrogenase (e.g., ≥10 
µkat/L), haptoglobin (e.g., ≤0.25 g/L), or schistocytes as a sign of 
hemolysis; aspartate or alanine transferase twice the upper reference 
limit as a sign of hepatic involvement; and a thrombocyte level ≤ 100 × 
109/L as a sign of thrombocytopenia. HELLP syndrome sometimes is 
associated with upper-right-quadrant abdominal pain. In Sweden, the 
incidence of HELLP syndrome was 0.12% of all pregnancies in 2022 (2). 
In Africa, it has been reported to be 0.22% (22). Liver capsule hematoma 
or rupture is a rare complication of HELLP syndrome, with an 
incidence of less than 0.004% of all pregnancies (23). Liver capsule 
hematoma or rupture is included in the core set of outcomes for 
preeclampsia research. The pathophysiology remains unclear, but 
sinusoidal fibrin deposits, liver cell necrosis and friable 
neovascularization have been suggested as mechanisms (23, 24). 

Placental abruption and uteroplacental dysfunction 
Uteroplacental dysfunction are common in preeclampsia (25). The 
birthweight of neonates of mothers affected by preeclampsia was found 
to be reduced by 5% relative to expected norms, with neonates of 
mothers with early-onset preeclampsia exhibiting a more pronounced 
decrease of 23% in a Norwegian population (26). Almost one in four 
women with preeclampsia give birth preterm; in one study, the odds 
ratio for preterm birth was 4.51 (4.23–4.80) times higher in women with 
preeclampsia than in those without (27, 28). The incidence of abruptio 
placentae is approximately 0.4%–1% in Sweden, with a two-fold 
increase in risk for women with preeclampsia without severe features 
and a more than five-fold increase in risk for women with preeclampsia 
with severe features, compared with normotensive pregnancies (25, 
29). In South Africa, the overall incidence of placental abruption has 
been reported to be 1.1% (30). Notably, magnesium sulfate lowers the 
risk for placental abruption (31). 
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Postpartum hemorrhage 
Preeclampsia is considered a risk factor for postpartum hemorrhage. In 
a recent large systematic review and meta-analysis, the adjusted odds 
ratio for postpartum bleeding in preeclampsia was 1.54 (95% 
confidence interval (CI): 1.48–1.60) (32). Interrelated factors such as 
induction of labor and cesarean section might explain part of this 
increased risk; the coagulopathy seen in preeclampsia and an increased 
risk of placenta abruption may also contribute (33, 34). Magnesium 
sulfate probably does not contribute to an increased risk of postpartum 
hemorrhage in preeclampsia (35, 36). 

Raised liver enzymes 
Elevated liver enzymes can occur without the other components of 
HELLP syndrome. The pathophysiology is the same as in HELLP 
syndrome, with sinusoidal fibrin deposition and periportal liver cell 
necrosis (24, 37). 

Low platelets 
The incidence of thrombocytopenia—commonly defined as a platelet 
count < 150 × 109/L—in pregnancy is 7%–12% (38). The most common 
cause of thrombocytopenia is not preeclampsia but gestational 
thrombocytopenia (39). According to the American College of 
Obstetricians and Gynecologists (ACOG), a diagnostic criterion for 
preeclampsia is a platelet count < 100 × 109/L (38). The decline in platelet 
count is considered to reflect consumptive processes (38). 
Thrombocytopenia increases the risk of postpartum hemorrhage by 
40% (95% CI: 4%–89%) (32). 

Admission to intensive care unit 
In Sweden in 2023, a total of 117 women were admitted to an intensive 
care unit (ICU) due to preeclampsia, HELLP syndrome, or eclampsia, 
corresponding to an incidence of 0.12% (166). This finding is in line with 
several studies from high-income countries that reported an incidence 
of 0.24%–0.42% (40). The utility of intensive care in this population has 
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been emphasized by the favorable long-term outcome among survivors 
and by confidential enquiries into maternal deaths, suggesting that 
delayed access to appropriate care levels may have contributed to 
preventable mortality (40). 

Intubation 
Intubation for respiratory failure is a sign of severe illness. This 
procedure requires anesthesia and thus carries a substantial risk, as 
upper airway edema, rapid desaturation, and increased risk of 
aspiration make anesthesia-related complications more common in 
obstetric anesthesia (41). Apart from airway difficulties, intubation in 
preeclampsia carries a risk of cerebral hemorrhage (41). 

CEREBRAL COMPLICATIONS IN PREECLAMPSIA 

Preeclampsia affects the central and peripheral nervous system, and its 
symptoms range from mild to fatal. Headache and hyperreflexia are 
common, and impaired cognitive function has been reported in 
eclampsia and preeclampsia with pulmonary edema, compared with 
normotensive pregnancies (42). Given the relevance of cerebral 
complications to this thesis, they are outlined separately in this section. 

Eclampsia 
Generalized tonic-clonic fits during pregnancy have been recognized 
by doctors for more than two thousand years and are named for the 
ancient Greek word eclampsias, meaning “a sudden flash.” Eclampsia is 
a rare complication in Sweden today, with an incidence of just 0.035% 
in Sweden in 2022 (2). In sub-Saharan Africa, however, it is much more 
common, with an incidence of 1.5%, and other regions in Africa show 
a similar incidence (3, 22). Women with eclampsia are 42 times more 
likely to die during pregnancy, compared with those without (28). 
Eclampsia sometimes presents as the first symptom of preeclampsia 
(the “sudden flash”), but prodromal symptoms are often present (as 
evidenced by the term “preeclampsia”). In many women, a feeling of 
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restlessness and unease may deteriorate to neurologic complications 
with severe headache, visual disturbances, and clonus before the fit, but 
there are no reliable clinical symptoms that predict eclampsia (43). 
Seizures are typically self-terminating, but vital functions require 
supportive management. Magnesium sulfate remains the treatment of 
choice for controlling seizures and preventing recurrence, as discussed 
further below (44).  

Stroke 
Stroke is uncommon in women of childbearing age. A Swedish study 
found an incidence of 15 per 100 000 person-years in women that were 
not pregnant, but this increased to 314 and 64 per 100 000 person-years 
in the peripartum and early postpartum period, respectively (45). 
Preeclampsia increases the risk of stroke in pregnancy more than five-
fold (46, 47). In a South African study on mortality in teenage 
pregnancies with eclampsia, intracerebral hemorrhage was the most 
common cause of death (12). 

Posterior reversible encephalopathy syndrome 
Eclampsia is often accompanied by radiologic findings of posterior 
reversible encephalopathy syndrome (PRES) (48, 163). Severe 
preeclampsia is also associated with PRES. The radiologic findings are 
most often localized in the occipital lobe (84.2%), but they are also 
found in the parietal lobe (67.9%) and the frontal area (32.2%). 
Symptoms associated with PRES include seizures, headache, visual 
disturbances, and altered mental status; in a systematic review and 
meta-analysis, intracranial hemorrhage was reported in 11.2% and 
maternal death in 5.3% of available cases (48). 

Cortical blindness 
Cortical blindness is defined as a loss of vision associated with an intact 
visual pathway from the eye to the lateral geniculate bodies, while the 
pupillary reflex and ocular motility are preserved. Cortical blindness is 
usually associated with PRES (49). 
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Retinal detachment 
Although a study employing routine ophthalmoscopy in women with 
severe preeclampsia or eclampsia revealed a retinal detachment 
incidence of 32%, the incidence is commonly reported as <1% in 
published data (49). Edema accumulates in the subretinal space, 
resulting in loss of visual acuity and visual field defects. 

Other neurological signs and symptoms 
Headache is a common symptom in preeclampsia and may, albeit 
unspecific, precede eclampsia and stroke (43). In two different case 
series, 56% of women with subsequent eclampsia and 96% of women 
with subsequent stroke had headache. Headache in preeclampsia is 
often unresponsive to non-opioid analgesics (50–52). 

Altered level of consciousness, hyperreflexia (often defined as clonus 
in the Achilles-tendon reflex), and visual disturbances are often 
considered prodromal to more serious neurologic complications and an 
indication for treatment with magnesium sulfate as prophylaxis against 
eclampsia (44, 53). 

Magnesium sulfate 
Magnesium sulfate is well established as the drug of choice for 
eclampsia, in which it more than halves the risk of recurrent seizures 
(31). It can be given prophylactically to prevent seizures and lowers the 
risk of eclampsia by 58% (95% CI: 40%–71%; number needed to treat if 
given to preeclampsia with severe features is 63 (95% CI: 38–181)), 
without harmful side effects (53). The relative risk of death was 0·55, 
(95% CI 0.26–1.14) among women receiving magnesium sulphate. 

CEREBRAL AUTOREGULATION 

Autoregulation is classically viewed as a mechanism that protects 
organs from both high and low blood pressure (54). Several different 
organs are believed to possess this mechanism, with the brain and 
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kidneys being the most studied of these. In 1959, Lassen wrote a paper 
titled “Cerebral blood flow and oxygen consumption in man” and 
presented a figure that has since become well known to all medical 
students, albeit slightly revised (Figure 2) (55).  

 

Figure 2. Cerebral blood flow and blood pressure, with the mean values of 11 groups 
of subjects reported in seven studies plotted. Among these groups are normal pregnant 
women (5) and “hypertensive toxemic pregnancy”, i.e., preeclampsia (8). N. A. 
(Source: Lassen (55) pp. 183-238; reproduced with permission from the American 
Physiological Society.) 

Static cerebral autoregulation 
Modern reproductions commonly illustrate an upper level of cerebral 
autoregulation, above which the blood flow increase is proportional to 
the blood pressure. The plateau at which blood flow is constant at 
around 50 mL/100 g tissue/min is regarded as the range of 
autoregulation and is usually depicted as horizontal within the mean 
arterial blood pressure range of 50–150 mmHg. However, the plateau 
might be a slope, and the range is controversial (54, 56). In pregnancy, 
this plateau is probably wider, as shown in rats, but no studies in 
humans confirm this (57-59). To study cerebral autoregulation, changes 
in blood pressure are experimentally induced through the infusion of 
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vasopressors, cuffing of limbs, or changes in posture. Cerebral blood 
flow is measured before and after the hemodynamic changes, using 
radioactively labeled substances or Fick’s principle—that is, the uptake 
of a substance by an organ is equal to the product of blood flow and the 
arteriovenous concentration difference of that substance—applied to 
nitric oxide or some other, presumed inert inhaled gas. These 
measurements take at least a few minutes, hence their name “static 
measurements”; however, vasomotor reactions to changes in blood 
pressure are much faster than such measurements (54). 

Dynamic cerebral autoregulation 
Dynamic cerebral autoregulation refers to the almost instantaneous 
reaction to a sudden change in blood pressure. After a sudden drop or 
elevation in blood pressure, blood flow velocities follow the decrease 
or increase but return to previous flow velocities in a few seconds (54). 
Transcranial Doppler (TCD) examinations with low-frequency (2 MHz) 
ultrasound, initially developed by Aaslid et al., offer a high temporal 
resolution and a non-invasive way of measuring cerebral blood 
velocities (60). The temporal profile of cerebral arterial blood velocities, 
as measured by TCD ultrasound, can be graphically represented as a 
time series envelope curve. Similarly, non-invasive continuous blood 
pressure measurements, typically obtained from the index finger, yield 
a corresponding temporal waveform. Tiecks et al. developed a method 
for assessing autoregulatory changes in the cerebral circulation by 
mathematically analyzing and comparing the spectral contents from 
these two curves (61).  

This method is described in detail in the section titled “Patients and 
Methods.” Tiecks et al. proposed 10 templates, each corresponding to a 
value from 0 to 9, for assessing autoregulation (Figure 3): the so-called 
autoregulation index (ARI). If the blood flow velocity curve follows the 
blood pressure curve perfectly, autoregulation is absent, and the 
autoregulation index is 0. If autoregulation ensues instead, and the 
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blood flow velocity returns to previous values, the situation can be 
illustrated by a step response curve, with the fastest and most  

Figure 3. Template curves for the autoregulation index, proposed by Tiecks et al. 
(Source: Tiecks et al. (61), pp. 1014–9; reproduced with permission from Wolters 
Kluver Health Inc.) 

comprehensive return to previous values corresponding to 
autoregulation index 9. Any step response curve in between these 
extremes can be translated into an autoregulation index value 
corresponding to the closest template curve. This method has been 
validated: A study with 120 measurements in 10 healthy volunteers 
showed a correlation variance of 12.3% and 13.3% for left- and right-
sided measurements, respectively (62). 

Another common way of expressing cerebral autoregulation is through 
phase, gain, and coherence. Instead of applying Tieck’s templates as a 
unifying measure, the phase expresses how quickly the cerebral blood 
flow follows the mean arterial blood pressure. The gain expresses how 
comprehensive the return to baseline of the cerebral blood flow velocity 
is, and the coherence gives a measure of the strength of the relationship 
between the blood velocity and the blood pressure, described over a 
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range of frequencies. Phase is expressed in degrees or sometimes 
radians; gain is described in centimeters per second per millimeters of 
mercury; and coherence is a value ranging from 0 (no coherence) to 1 
(perfect coherence). High phase, low gain, and low coherence are signs 
of good cerebral autoregulation (54). 

Cerebral autoregulation in pregnancy 
A study on cerebral autoregulation in pregnancy, at gestational ages of 
both 20–30 weeks and 31–41 weeks, found that the autoregulation 
index is higher in pregnant versus non-pregnant women, with a mean 
ARI of 6.7, standard deviation (SD) 0.9 and 6.6, SD 0.9 vs. 5.3, SD 1.4 
(63). Another study showed increased phase in normotensive pregnant 
women with mean values of 45.5°, SD 23.4° compared with non-
pregnant women 31.5°, SD 11.9° but no difference in gain (64). 
Measurements in the posterior cerebral artery showed similar results 
(64).  

The postpartum period is a time of great hemodynamic changes, and 
cerebral blood flow and autoregulation are likewise affected. In a study 
investigating the first week postpartum (although 80% of the 
participants were examined within 48 h), women with normotensive 
pregnancies (n = 20) had higher phase and gain compared with non-
pregnant historical controls (n = 28) (65). Another study instead found 
lower phase in 35 normotensive women within 10 days postpartum, 
compared with the same women 6 months postpartum. Gain was 
unaltered. These women were examined on average 4.5, SD 2.7 days 
postpartum (66). In summary, pregnancy and the early postpartum 
period seem to align with enhanced cerebral autoregulation, but 
studies are inconsistent. 

Cerebral autoregulation in preeclampsia 
It has been shown that the mean autoregulation index is lower in 
women with preeclampsia (5.5, SD 1.7, n = 20) compared with 
normotensive controls (6.7, SD 0.6, n = 20) (67). The same research 
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group, using the same methods, investigated the mean autoregulation 
index in 30 women with preeclampsia (5.5, SD 1.6), 30 women with 
chronic hypertension (5.6, SD 1.7), 20 women with gestational 
hypertension (6.7, SD 0.8), and 30 normotensive controls (6.7, SD 0.8) 
(Figure 4). In seven of the women with chronic hypertension who 
subsequently developed superimposed preeclampsia, the mean 
autoregulation index was 3.9, SD 1.9 compared with 6.1, SD 1.2 in the 
23 women with chronic hypertension who did not develop 
superimposed preeclampsia (68).  

Figure 4. Dynamic cerebral autoregulation in normotensive pregnant control and 
women with preeclampsia. (A) An example of enhanced cerebral autoregulation: 
autoregulation index 7.0 (B) An example of depressed cerebral autoregulation: 
autoregulation index 2.6. Blue lines are continuous readings of blood pressure, red 
lines are cerebral blood velocities, and yellow lines are step response curves. (Source: 
van Veen et al. (67), pp. 1064–9; reproduced with permission from Wolters Kluver 
Health Inc.)  

A small study comprising five women with preeclampsia and five 
normotensive controls found that the phase was higher and the gain 
lower in the women with preeclampsia (129°, SD 31° vs. 59°, SD 12°; 
0.10, SD 0.4 vs. 0.29, SD 0.07), indicating enhanced autoregulation in 
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women with preeclampsia, unlike the findings of other studies. (69) In 
the first week postpartum, women with preeclampsia do not differ in 
phase and gain compared with women who have had normotensive 
pregnancies (65, 66). In 25 women with a history of preeclampsia and 
25 with normotensive pregnancies, examined 2–3 years postpartum, 
the phase and gain did not differ between groups; however, in another 
study by the same author, the median phase in pregnant women at 25–
28 weeks gestation with a history of preeclampsia was lower than that 
in those with no history of preeclampsia (64, 70). In summary, 
preeclampsia seems to align with depressed autoregulation in 
comparison with normotensive pregnancies, and this change seems to 
be reversible, although findings across studies are inconsistent. 

Knowledge gaps study I and V 
It is unknown whether the severity of disease and development of 
organ dysfunctions in preeclampsia are associated with depressed 
autoregulation and whether specific severe neurological complications 
such as eclampsia depress autoregulation. It also remains unclear how 
cerebral autoregulation in preeclampsia and normotensive pregnancies 
changes postpartum. No study has investigated the autoregulation 
index in a cohort both during pregnancy and at 1-year follow-up.  

GLYCOCALYX DEGRADATION PRODUCTS 

The endothelial glycocalyx 
The luminal side of the endothelial cells is covered by a thin lining of 
proteoglycans (e.g., syndecan-1), glycosaminoglycans (e.g., hyaluronic 
acid), and glycoproteins (e.g., thrombomodulin). These form a gel-like 
coat that helps regulate capillary permeability, vessel tone, coagulation, 
and inflammation. This structure is called the endothelial glycocalyx 
(71). (Figure 5, next page) 
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Figure 5. Schematic drawing of a part of the wall of an arteriole. Glycocalyx can be 
seen on the luminal surface of the endothelial cells. (Drawing by Lisa Vukovic 
Karlsson; photo from Chappell et al. (157), pp 155–162; reproduced with permission 
from Wolters Kluver Health Inc.). 

Proteoglycans (syndecan-1) 
The syndecans are a family of proteoglycans, all of which are 
membrane bound and part of the extracellular matrix (72). Syndecans 
play a key role in cell-to-cell adhesion, the activity of heparan sulfate-
binding growth factors, and cell-matrix adhesion, and have numerous  

functions in health and disease (73, 74). Syndecan-1 (also known as CD-
138) is mainly expressed by keratocytes, squamous epithelial cells, 
type-1 alveolar cells, hepatocytes, cholangiocytes, plasma cells, and the 
syncytiotrophoblast; to a lesser but still biologically relevant extent, it 
is also expressed by endothelial cells (75). It is an important constituent 
of the endothelial glycocalyx and essential for the regulation of 
angiogenesis and coagulation and as a cofactor for cytokines and 
angiogenic factors (71). Elimination of syndecan-1 is dependent on 
kidney function (76). 

Glycosaminoglycans (hyaluronic acid) 
Glycosaminoglycans are highly hydrophilic and form gels in most 
connective tissues throughout the body. Hyaluronic acid is a repeating 
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sequence of glucuronic acid and N-acetylglucosamine that forms 
molecules of 4000–8 000 000 Daltons (77). Hyaluronic acid synthetase is 
highly expressed in mesothelial cells, pancreatic endocrine cells, and 
fibroblasts; to a lesser but biologically relevant extent, it is also 
expressed in endothelial cells (75). Daily turnover of hyaluronic acid 
has been calculated to be 150 mg, with a plasma half-life of 2.5–5 
minutes (78). Elimination of hyaluronic acid is mostly hepatic (79). 
Hyaluronic acid is found in the endothelial glycocalyx, together with 
the membrane-bound hyaluronic acid binding protein CD 44 (80).  

Alongside hyaluronic acid, heparan sulfate is the most abundant 
glycosaminoglycan of the endothelial glycocalyx and binds to 
syndecan-1; chondroitin sulfate, dermatan sulfate, and keratin sulfate 
are also found here (71, 81). Many heparin-binding proteins bind to 
heparan sulfate and have key functions within the endothelial 
glycocalyx (82). 

Glycoproteins (thrombomodulin) 
Numerous glycoproteins are expressed on the surface of endothelial 
cells, and thrombomodulin (also known as CD-141 or BDCA3) is one of 
them. Thrombomodulin helps regulate coagulation and inflammation 
through the activation of protein C (83). It is highly expressed in 
squamous epithelial cells, Schwann cells, endothelial cells, adipocytes, 
and peritubular cells; to some extent, it is also expressed in the 
syncytiotrophoblast and in macrophages and monocytes (75). Its 
plasma half-life is 10 minutes and depends on renal secretion (84). 

Glycocalyx degradation 
In mice subjected to lipopolysaccharide injection, it has been shown 
that the glycocalyx is degraded and glycocalyx degradation products 
(GDPs) are found in elevated plasma concentrations compared with 
controls (85). In patients with sepsis, GDPs can be found in the 
circulation, and elevated plasma levels correlate to increased mortality 
(86). In recent years, the significance of the endothelial glycocalyx in the 
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pathophysiology of post-ischemic organ damage, trauma, sepsis, renal 
disease, diabetic vasculopathy, atherosclerosis, and preeclampsia has 
been recognized, and there are reviews discussing this topic (87, 88). 

Glycocalyx degradation in preeclampsia 
It has been shown that the plasma concentrations of the glycocalyx 
components hyaluronic acid and thrombomodulin are elevated in 
women with preeclampsia (89, 90). Syndecan-1 has complex 
pharmacokinetics as the placenta produces large amounts of syndecan-
1 in normal pregnancy (91). Preeclampsia appears to be associated with 
subnormal plasma concentrations of syndecan-1 in the first stage of the 
disease (before the onset of symptoms), but plasma concentrations 
elevated severalfold were found in women with severe preeclampsia 
compared with normotensive pregnant women (92–94). 

Glycocalyx degradation in preeclampsia of different severities 
Previous studies have investigated the plasma concentrations of GDPs 
in women with preeclampsia of different severities. In HELLP, median 
plasma concentrations of both hyaluronic acid and thrombomodulin 
were found to be higher compared with those in preeclampsia both 
with and without organ dysfunction (95, 96). Median plasma 
concentrations of thrombomodulin have also been found to be higher 
in women with eclampsia or severe preeclampsia, compared with 
preeclampsia without organ dysfunction (97, 98). In women with 
preeclampsia admitted to an ICU, the median plasma concentrations of 
syndecan-1 and hyaluronic acid were higher compared with those in 
women with preeclampsia who were not admitted to an ICU (99). 

Knowledge gaps study II and IV 
It is not known whether the damage to the endothelial glycocalyx is 
proportional to the severity of disease and whether GDPs could predict 
organ dysfunction in women with a diagnosis of preeclampsia. 
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ANGIOGENIC MARKERS 

Soluble fms-like tyrosine kinase 
Soluble fms-like tyrosine kinase (sFlt-1) is the extracellular, ligand-
binding part of vascular endothelial growth factor receptor-1 (VEGFR-
1). It has endocrine and paracrine effects, mainly regulating 
angiogenesis through inhibition of vascular endothelial growth factor 
(VEGF) and placental growth factor (PlGF); it also has an impact on 
endothelial health in general (100). VEGF inhibitors are used in 
oncology and ophthalmology for their anti-tumor and anti-angiogenic 
effects. Side effects of these treatments include hypertension and 
proteinuria (101–104).  

Placental growth factor 
PlGF is a member of the VEGF family; it binds tightly to sFlt-1 and 
VEGFR-1 but not to VEGF-binding receptor VEGFR-2 (also known as 
kinase insert domain receptor (KDR)). PlGF has four isoforms. (105) It 
is highly expressed by the syncytiotrophoblast and extravillous 
trophoblasts; it is also expressed to some extent in endothelial cells (75). 
sFlt-1 and PlGF are often referred to as angiogenic markers. 

Angiogenic markers and preeclampsia 
Maynard et al. were the first to investigate the association between sFlt-
1, PlGF, and preeclampsia, publishing a landmark report based on a 
series of experiments (106). They showed that mRNA expressing sFlt-1 
was upregulated in preeclamptic placentas and that the average serum 
level of sFlt-1 was almost five-fold higher in women with severe 
preeclampsia than in normotensive, pregnant women. They found 
decreased serum concentrations of free VEGF and PlGF in women with 
preeclampsia, and the decrease was proportional to increased levels of 
sFlt-1 in these women. They also found that sFlt-1 did not cause 
vasoconstriction in an in vitro assay for microvascular reactivity but 
obliterated the vasodilation of VEGF and PlGF. Finally, they infected 
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mice with an adenovirus expressing sFlt-1 and found that the mice 
developed hypertension, proteinuria, and glomerular endotheliosis. 

The first clinical study on angiogenic markers in preeclampsia 
Levine et al., with Maynard as one of the coauthors, presented an 
important clinical case-control study, analyzing serum from 120 
women with preeclampsia and 120 healthy pregnant women for sFlt-1, 
VEGF, and PlGF (107). Their results suggested that an increase in sFlt-
1, accompanied by a decrease in VEGF and PlGF, preceded clinical 
symptoms of preeclampsia by several weeks, and that serum 
concentrations of sFlt-1 were severalfold higher in women with clinical 
symptoms of preeclampsia compared with normotensive controls 
(Figure 6). 

Angiogenic markers as promising biomarkers 
After the work by Levine et al., a multitude of studies confirmed their 
findings, and PlGF and the sFlt-1/PlGF ratio are now recognized as 
potentially useful biomarkers for the prediction of preeclampsia in 
women with suspected preeclampsia (108, 109). The National Institute 
for Health and Care Excellence in the UK recommends PlGF as a single 
test to rule in or rule out preeclampsia in preterm women with 
suspected preeclampsia (110). 

PlGF has also emerged as a relevant biomarker of placental function as 
early as in the first trimester. In the Aspirin for Evidence-Based 
Preeclampsia Prevention (ASPRE) study, PlGF was part of the 
screening at a gestation age of 11–13 weeks for detecting high-risk 
women suitable for intervention with aspirin (111). Nevertheless, there 
is controversy on many aspects of testing, and most national or 
institutional recommendations do not include sFlt-1 or PlGF as a test 
for preeclampsia at any gestational age. 
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Figure 6. Mean sFlt-1 concentrations were found to be higher in women with 
preeclampsia compared with women who later developed preeclampsia and the 
controls. The lowest mean plasma concentration was found in controls. Mean sFlt-1 
concentrations started rising several weeks before clinical symptoms of preeclampsia. 
(Source: Levine et al. (107); Reproduced with permission from (107), Copyright 
Massachusetts Medical Society.) 
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PREDICTION OF ORGAN DYSFUNCION 

A recent systematic review and meta-analysis on the prediction of both 
maternal and fetal organ dysfunctions in women with preeclampsia 
included 506 178 women in 110 studies (112). Despite the large number 
of subjects and studies, no meta-analysis could be done on the 
predictive value of any biomarker for adverse maternal outcomes, due 
to heterogeneity in populations, exposures, and outcomes. 

A compilation of the results of this systematic review showed that sFlt-
1, PlGF, and the sFlt-1/PlGF ratio were tested 99 times in 15 different 
studies, in which 19 distinct predictors (variants of sFlt-1, PlGF, and the 
sFlt-1/PlGF ratio with different cut-off values) were tested for 24 
different outcomes. Seven of these tests showed better than poor 
performance (defined as a 95% CI for a negative likelihood ratio 
entirely below 0.5 or entirely above 2.0 for the positive likelihood ratio).  

The conclusion from this systematic review was that it is too early to 
implement sFlt-1, PlGF, or the sFlt-1/PlGF ratio for risk stratification of 
women with preeclampsia in clinical practice. (112) 

No studies investigating the plasma concentrations of GDPs for the 
prediction of organ dysfunction in preeclampsia were included in the 
systematic review (112). 

Knowledge gaps study III 
There is a lack of good prognostic tools for the prediction of subsequent 
organ dysfunction in women with preeclampsia. While sFlt-1 and PlGF 
may have prognostic value for organ dysfunction in women with 
preeclampsia, their predictive utility remains uncertain. There is a need 
for studies validating previous findings, and new studies should 
harmonize with previous works in terms of predictors and outcomes to 
enable future meta-analyses to be conducted. 
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AIM 
The overall aim of this thesis was to evaluate the role of cerebral 
autoregulation and angiogenic and endothelial biomarkers as 
determinants of the presence and degree of organ dysfunction in 
general and cerebral dysfunction in particular in preeclampsia at 
diagnosis and 1 year postpartum. 

The aim of Study I was to compare the autoregulation index and 
estimated cerebral perfusion pressure in women with eclampsia, 
preeclampsia of different severities, and normotensive pregnancies. 
The aim of Study II was to compare the circulating concentrations of 
the glycocalyx products syndecan-1, hyaluronic acid, and 
thrombomodulin in women with preeclampsia of different severities. 
The aims of Study III and IV were to investigate the predictive accuracy 
of sFlt-1, PlGF, the sFlt-1/PlGF ratio, syndecan-1, hyaluronic acid, and 
thrombomodulin for the development of a core set of preeclampsia-
related organ dysfunction in women diagnosed with preeclampsia. The 
aim of Study V was to compare the autoregulation index in women 
with preeclampsia with that in women with normotensive pregnancies 
at diagnosis and 1 year postpartum. As a secondary outcome, it aimed 
to investigate whether the autoregulation index differs in women with 
preeclampsia with organ dysfunction versus women with 
preeclampsia without organ dysfunction at diagnosis and 1 year 
postpartum. 
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PATIENTS AND METHODS 

ETHICAL CONSIDERATIONS 

All women were recruited to one of the Preeclampsia Obstetric Adverse 
Events (PROVE), Uppsala Pregnancy Complication Study (UPMOST), 
or Gothenburg Preeclampsia Obstetric adverse events (GoPROVE) 
biobanks. Ethical permission for the PROVE biobank (N17/05/048) was 
obtained from the Health Research Ethics Committee at Stellenbosch 
University on 28 February 2018, and the study is registered as 
ISRCTN10623443 (113). Ethical permission for the GoPROVE biobank 
(No. 955-18) was obtained from the Regional Ethics Committee of 
Gothenburg on 28 December 2018 (114). Amendments for angiogenic 
markers and other biomarkers related to preeclampsia (GDPs) were 
obtained from Ethix, the Swedish Ethical Review Authority, on 4 April 
2023 (2023-02271-02-391236). Ethical permission for the UPMOST 
biobank (No. 2019-00309) was obtained from the Swedish Ethical 
Review Authority on 27 February 2019. These encompassed the full 
ethical permissions for Studies III–V (114). GoPROVE and UPMOST are 
registered as ISRCTN13060768. 

For Study I, additional ethical permission (Project ID 8786, HREC 
#N18/03/034) was obtained from the Health Research Ethics Committee 
at Stellenbosch University on 28 February 2019. For Study II, additional 
ethical permission (Project ID 24459, HREC #N22/02/011_Substudy_ 
N17/05/048) was obtained from the Health Research Ethics Committee 
at Stellenbosch University on 3 March 2022. For Studies III–V, no 
additional ethical permissions were needed. 

All studies were conducted according to the Helsinki Declaration. All 
studies were observational. All women gave informed consent before 
entering the studies. Participants had the right to decline any 
examinations or assessments included in the studies at any time. Efforts 
were made to minimize harm, such as by combining clinically required 
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blood sampling with the blood sampling for these studies. Patient 
confidentiality and General Data Protection Regulation (GDPR) 
compliance were consistently considered. Biobank materials were 
handled and stored using the services of Biobank Väst. 

STUDY DESIGN 

The studies in this thesis focus on the prediction of organ complications 
in women with preeclampsia. Study I was a case-control study. Cases 
and controls were identified in the PROVE population, and the 
participants’ autoregulation index and cerebral perfusion pressure 
were measured on one occasion. All participants were examined 
postpartum. At the time of assessment, they were assigned to one of 
four groups–eclampsia, preeclampsia with organ dysfunction, 
preeclampsia without organ dysfunction, or normotensive 
pregnancies–based on clinical information available at that point. 
Study II had a similar design and was described as a cross-sectional 
study. Women enrolled in the PROVE biobank with a plasma sample 
taken before birth were eligible. Participants were divided into the 
following groups: normotensive pregnancy, preeclampsia without 
organ dysfunction, preeclampsia with a single organ dysfunction, and 
preeclampsia with multiple organ dysfunction. The participants were 
stratified according to the organ dysfunctions present at the time of 
blood sampling; if they developed organ dysfunction after blood 
sampling, they remained in their group. 

Studies III and IV were prospective, observational cohort studies 
investigating the predictive value of angiogenic markers or GDPs for 
organ dysfunction. Women enrolled in the GoPROVE biobank with 
preeclampsia without organ dysfunction were eligible for these studies, 
and organ dysfunctions were recorded throughout the pregnancy and 
puerperium. Participants were divided into groups based on whether 
they experienced subsequent organ dysfunction or not.  
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four groups–eclampsia, preeclampsia with organ dysfunction, 
preeclampsia without organ dysfunction, or normotensive 
pregnancies–based on clinical information available at that point. 
Study II had a similar design and was described as a cross-sectional 
study. Women enrolled in the PROVE biobank with a plasma sample 
taken before birth were eligible. Participants were divided into the 
following groups: normotensive pregnancy, preeclampsia without 
organ dysfunction, preeclampsia with a single organ dysfunction, and 
preeclampsia with multiple organ dysfunction. The participants were 
stratified according to the organ dysfunctions present at the time of 
blood sampling; if they developed organ dysfunction after blood 
sampling, they remained in their group. 

Studies III and IV were prospective, observational cohort studies 
investigating the predictive value of angiogenic markers or GDPs for 
organ dysfunction. Women enrolled in the GoPROVE biobank with 
preeclampsia without organ dysfunction were eligible for these studies, 
and organ dysfunctions were recorded throughout the pregnancy and 
puerperium. Participants were divided into groups based on whether 
they experienced subsequent organ dysfunction or not.  
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Study V was a prospective, observational cohort study of women with 
preeclampsia, along with a normotensive control group. Women who 
were enrolled in the UPMOST and GoPROVE biobanks and underwent 
TCD examination were eligible for participation. Participants were 
divided into the following groups: normotensive pregnancies, 
preeclampsia without organ dysfunction, and preeclampsia with organ 
dysfunction. Table 2 presents an overview of the studies’ designs. 

POPULATIONS 

Biobanks 
The women included in Studies I and II were enrolled in the PROVE 
biobank at Tygerberg Hospital, Cape Town, South Africa, during 2018–
2020. Tygerberg Hospital is a large referral hospital with approximately 
8000 deliveries per year and approximately 30 000 deliveries in the 
referral area. Women were enrolled after a diagnosis of preeclampsia 
or after admission for birth (normotensive controls), which could be 
pre- or postpartum (Figure 7). 

Figure 7. Diagram of study activities for participants enrolled in the PROVE biobank 
in Cape Town, South Africa. 
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Study V was a prospective, observational cohort study of women with 
preeclampsia, along with a normotensive control group. Women who 
were enrolled in the UPMOST and GoPROVE biobanks and underwent 
TCD examination were eligible for participation. Participants were 
divided into the following groups: normotensive pregnancies, 
preeclampsia without organ dysfunction, and preeclampsia with organ 
dysfunction. Table 2 presents an overview of the studies’ designs. 

POPULATIONS 

Biobanks 
The women included in Studies I and II were enrolled in the PROVE 
biobank at Tygerberg Hospital, Cape Town, South Africa, during 2018–
2020. Tygerberg Hospital is a large referral hospital with approximately 
8000 deliveries per year and approximately 30 000 deliveries in the 
referral area. Women were enrolled after a diagnosis of preeclampsia 
or after admission for birth (normotensive controls), which could be 
pre- or postpartum (Figure 7). 

Figure 7. Diagram of study activities for participants enrolled in the PROVE biobank 
in Cape Town, South Africa. 
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The women included in Studies III and IV were enrolled in the 
GoPROVE biobank at Sahlgrenska University Hospital Östra, Västra 
Götaland, Sweden, from May 2019 to May 2024. The GoPROVE 
biobank protocol greatly resembles the PROVE protocol, with 
questionnaires, blood sampling, and various examinations for the 
participants. There was a planned revisit 1 year postpartum. The 
Sahlgrenska University Hospital Östra is a tertiary referral center with 
approximately 10 000 deliveries per year. 

The women participating in Study V were enrolled in either the 
GoPROVE biobank or the UPMOST biobank at Akademiska Sjukhuset, 
Uppsala, Sweden, from September 2020 to October 2023. The UPMOST 
biobank greatly resembles PROVE and GoPROVE. Akademiska 
Sjukhuset is a tertiary referral center with approximately 4000 
deliveries per year. 

Study populations 
In Study I, the population consisted of women in the PROVE biobank 
that had had a TCD measurement done. Women were included up to 
5 days postpartum, but most were examined within 48 h. In Study II, 
the population consisted of women enrolled in the PROVE biobank 
during 2018–2020 with singleton pregnancies and plasma samples 
taken before birth. In Studies III and IV, the population consisted of 
women in the GoPROVE biobank with a diagnosis of preeclampsia but 
no organ dysfunction at the time of blood sampling. Women were 
enrolled from May 2019 to May 2024 (Study III) or May 2023 (Study IV). 
In Study V, the population consisted of women from either the 
GoPROVE or the UPMOST biobanks who underwent a TCD 
measurement between September 2020 and October 2023. 

EXPOSURES 

In Study I, the exposures were eclampsia, preeclampsia with organ 
dysfunction, preeclampsia without organ dysfunction, and 
normotensive pregnant controls. Preeclampsia, HELLP syndrome, and 
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preeclampsia without organ dysfunction were defined according to the 
ACOG 2019 Practice Bulletin, with the additional requirement of 
proteinuria. (115) Eclampsia was defined as preeclampsia complicated 
by witnessed generalized tonic-clonic seizures in the absence of another 
etiology. Pulmonary edema was defined as worsening dyspnea, 
bilateral inspiratory crackles on auscultation, and features of 
pulmonary edema on X-ray. Normotensive pregnant controls never 
had a documented systolic blood pressure > 140 mmHg or a 
documented diastolic blood pressure > 90 mmHg during their 
pregnancies. 

In Study II, the exposures were preeclampsia with multiple organ 
dysfunctions, with single organ dysfunction, or without any organ 
dysfunction. Preeclampsia, HELLP syndrome, eclampsia, pulmonary 
edema, preeclampsia without severe features, and normotensive 
pregnant controls were defined as in Study I. Renal impairment was 
defined as creatinine over 120 mmol/L; aspartate aminotransferase was 
recorded as the highest values and platelets and hemoglobin (Hb) were 
recorded as the lowest values retrieved from the medical charts before 
birth. Thrombocytopenia was defined as platelets < 100 × 109/L. 
Multiple neurological complications were assessed as one organ 
dysfunction. 

In Study III, the exposures were serum concentrations of sFlt-1 (pg/mL), 
PlGF (pg/mL), and the sFlt-1/PlGF ratio; in Study IV, the exposures 
were plasma concentrations of the GDPs syndecan-1 (ng/mL), 
hyaluronic acid (ng/mL), and thrombomodulin (ng/mL). 

In Study V, the exposures were preeclampsia with or without severe 
features. Severe features were defined according to Duffy et al., similar 
to the composite outcome in Studies III and IV (see Outcomes section) 
(10). Women were assigned to the preeclampsia with organ 
dysfunction group if they had any severe feature at any time during 
their pregnancy and the postpartum period. 
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The women included in Studies III and IV were enrolled in the 
GoPROVE biobank at Sahlgrenska University Hospital Östra, Västra 
Götaland, Sweden, from May 2019 to May 2024. The GoPROVE 
biobank protocol greatly resembles the PROVE protocol, with 
questionnaires, blood sampling, and various examinations for the 
participants. There was a planned revisit 1 year postpartum. The 
Sahlgrenska University Hospital Östra is a tertiary referral center with 
approximately 10 000 deliveries per year. 

The women participating in Study V were enrolled in either the 
GoPROVE biobank or the UPMOST biobank at Akademiska Sjukhuset, 
Uppsala, Sweden, from September 2020 to October 2023. The UPMOST 
biobank greatly resembles PROVE and GoPROVE. Akademiska 
Sjukhuset is a tertiary referral center with approximately 4000 
deliveries per year. 

Study populations 
In Study I, the population consisted of women in the PROVE biobank 
that had had a TCD measurement done. Women were included up to 
5 days postpartum, but most were examined within 48 h. In Study II, 
the population consisted of women enrolled in the PROVE biobank 
during 2018–2020 with singleton pregnancies and plasma samples 
taken before birth. In Studies III and IV, the population consisted of 
women in the GoPROVE biobank with a diagnosis of preeclampsia but 
no organ dysfunction at the time of blood sampling. Women were 
enrolled from May 2019 to May 2024 (Study III) or May 2023 (Study IV). 
In Study V, the population consisted of women from either the 
GoPROVE or the UPMOST biobanks who underwent a TCD 
measurement between September 2020 and October 2023. 
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preeclampsia without organ dysfunction were defined according to the 
ACOG 2019 Practice Bulletin, with the additional requirement of 
proteinuria. (115) Eclampsia was defined as preeclampsia complicated 
by witnessed generalized tonic-clonic seizures in the absence of another 
etiology. Pulmonary edema was defined as worsening dyspnea, 
bilateral inspiratory crackles on auscultation, and features of 
pulmonary edema on X-ray. Normotensive pregnant controls never 
had a documented systolic blood pressure > 140 mmHg or a 
documented diastolic blood pressure > 90 mmHg during their 
pregnancies. 

In Study II, the exposures were preeclampsia with multiple organ 
dysfunctions, with single organ dysfunction, or without any organ 
dysfunction. Preeclampsia, HELLP syndrome, eclampsia, pulmonary 
edema, preeclampsia without severe features, and normotensive 
pregnant controls were defined as in Study I. Renal impairment was 
defined as creatinine over 120 mmol/L; aspartate aminotransferase was 
recorded as the highest values and platelets and hemoglobin (Hb) were 
recorded as the lowest values retrieved from the medical charts before 
birth. Thrombocytopenia was defined as platelets < 100 × 109/L. 
Multiple neurological complications were assessed as one organ 
dysfunction. 

In Study III, the exposures were serum concentrations of sFlt-1 (pg/mL), 
PlGF (pg/mL), and the sFlt-1/PlGF ratio; in Study IV, the exposures 
were plasma concentrations of the GDPs syndecan-1 (ng/mL), 
hyaluronic acid (ng/mL), and thrombomodulin (ng/mL). 

In Study V, the exposures were preeclampsia with or without severe 
features. Severe features were defined according to Duffy et al., similar 
to the composite outcome in Studies III and IV (see Outcomes section) 
(10). Women were assigned to the preeclampsia with organ 
dysfunction group if they had any severe feature at any time during 
their pregnancy and the postpartum period. 
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OUTCOMES 

In Studies I and V, the outcomes were the autoregulation index; in 
Study I, the cerebral perfusion pressure index (mmHg) was also an 
outcome. All examinations in Study I were performed postpartum; in 
Study V, all examinations at inclusion were performed before birth. 
Follow-up examinations were performed 1 year postpartum. 

In Study II, the outcomes were circulating concentrations of the GDPs 
syndecan-1 (ng/mL), hyaluronic acid (ng/mL), and thrombomodulin 
(ng/mL). In Studies III and IV, the primary outcome was a composite of 
any one of the 14 defined core outcomes included in a core set of 
outcomes for preeclampsia research published by Duffy et al. in 2020 
(hereafter the “composite outcome”) (10). These outcomes were 
maternal mortality, eclampsia, stroke, cortical blindness, retinal 
detachment, pulmonary edema, acute kidney injury, liver capsule 
hematoma or rupture, placental abruption, postpartum hemorrhage, 
raised liver enzymes, low platelets, admission to ICU required, and 
intubation and mechanical ventilation (not for childbirth). Definitions 
are listed in Table 1. Secondary outcomes were all the single organ 
complications being part of the composite outcome with more than 10 
events, as reported in each study (hereafter “single outcomes”). 

TRANSCRANIAL DOPPLER 

In Study I, TCD examinations were performed using equipment from 
Spencer Technologies (Seattle, USA), and non-invasive, continuous 
blood pressure was measured using Finometer Pro (Finapres Medical 
Systems, Netherlands). In Study V, TCD examinations were performed 
with equipment from Delica (Shenzhen Delica Medical Equipment Co., 
China), and non-invasive, continuous blood pressure was measured 
using Finapres Nova (FMS Medical, Netherlands). Blood pressure was 
measured in the middle finger. In Study I, data were recorded at 50 Hz; 
in Study V, data were recorded at 125 Hz. In both studies, the middle 
cerebral artery was identified using M-mode and reasonable blood flow 
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velocities at an insonation depth of 45−65 mm. Bilateral readings during 
7 minutes were obtained if possible. The participants were instructed 
to relax in a semi-recumbent position, and end-tidal carbon dioxide 
(ETCO2) was measured with a nasal cannula. 

Calculations of the autoregulation index were performed using 
custom-made software. Data were interpolated to 200 Hz, and the 
cerebral blood velocity signal was visually inspected to remove noise 
and large spikes. The signal was filtered with a median and a 
Butterworth filter. Heartbeat by heartbeat, heart rate, mean arterial 
pressure, cerebral blood velocity, and ETCO2 was calculated before 
resampling all signals at 5 Hz. Transfer function analysis with the 
Welch method was applied to obtain coherence, gain, and phase in the 
low- and very-low-frequency range (<0.2 Hz). To estimate impulse and 
step response curves, an inverse fast Fourier transform was performed; 
the estimated step response curve was then compared to the 10 
template curves from Tiecks et al. to find the best fit (61). The 
autoregulation index is continuous and can take on any value within 0–
9. If bilateral readings were obtained, the autoregulation index was 
considered to be the average of these readings. 

BIOMARKERS 

Sample collection 
In the PROVE population, venipuncture was performed by research 
personnel, and plasma samples were collected in 
ethylenediaminetetraacetic acid (EDTA) tubes at inclusion. Samples 
were centrifuged, aliquoted, and frozen at –80 °C by research personnel 
and were then shipped frozen to Gothenburg University for analysis. 

In the GoPROVE population, venipuncture was performed by 
midwives or research personnel at inclusion and at postpartum follow-
up. Blood was collected in EDTA tubes and serum tubes without gel. 
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OUTCOMES 

In Studies I and V, the outcomes were the autoregulation index; in 
Study I, the cerebral perfusion pressure index (mmHg) was also an 
outcome. All examinations in Study I were performed postpartum; in 
Study V, all examinations at inclusion were performed before birth. 
Follow-up examinations were performed 1 year postpartum. 

In Study II, the outcomes were circulating concentrations of the GDPs 
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in Study V, data were recorded at 125 Hz. In both studies, the middle 
cerebral artery was identified using M-mode and reasonable blood flow 

Niclas Carlberg 

33 

velocities at an insonation depth of 45−65 mm. Bilateral readings during 
7 minutes were obtained if possible. The participants were instructed 
to relax in a semi-recumbent position, and end-tidal carbon dioxide 
(ETCO2) was measured with a nasal cannula. 

Calculations of the autoregulation index were performed using 
custom-made software. Data were interpolated to 200 Hz, and the 
cerebral blood velocity signal was visually inspected to remove noise 
and large spikes. The signal was filtered with a median and a 
Butterworth filter. Heartbeat by heartbeat, heart rate, mean arterial 
pressure, cerebral blood velocity, and ETCO2 was calculated before 
resampling all signals at 5 Hz. Transfer function analysis with the 
Welch method was applied to obtain coherence, gain, and phase in the 
low- and very-low-frequency range (<0.2 Hz). To estimate impulse and 
step response curves, an inverse fast Fourier transform was performed; 
the estimated step response curve was then compared to the 10 
template curves from Tiecks et al. to find the best fit (61). The 
autoregulation index is continuous and can take on any value within 0–
9. If bilateral readings were obtained, the autoregulation index was 
considered to be the average of these readings. 

BIOMARKERS 

Sample collection 
In the PROVE population, venipuncture was performed by research 
personnel, and plasma samples were collected in 
ethylenediaminetetraacetic acid (EDTA) tubes at inclusion. Samples 
were centrifuged, aliquoted, and frozen at –80 °C by research personnel 
and were then shipped frozen to Gothenburg University for analysis. 

In the GoPROVE population, venipuncture was performed by 
midwives or research personnel at inclusion and at postpartum follow-
up. Blood was collected in EDTA tubes and serum tubes without gel. 
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Samples were centrifuged at 2000 g within 24 h before being aliquoted 
and stored at −80 °C in the hospital’s integrated biobank, Biobank Väst. 

Biomarker analysis 
In Study II, plasma concentrations of syndecan-1, hyaluronic acid, and 
thrombomodulin were analyzed with commercial enzyme-linked 
immunosorbent assay (ELISA) kits. All standard curves, samples, and 
controls were run in duplicates to ensure reliable results. In Study IV, 
hyaluronic acid was measured using the same protocol. 

In Study III, serum concentrations of sFlt-1 and PlGF were analyzed 
using assays and the automatized platform DELFIA Xpress 1-2-3 
(Revvity Inc, Wallac Oy, Turku, Finland) at iLab Medical AB, 
Gothenburg, Sweden. Samples were stored at and retrieved from 
Biobank Väst. Laboratory personnel were blinded to the study groups.  

In Study IV, analyses of syndecan-1 and thrombomodulin were 
performed with ELLA (Biotechne, Minneapolis, USA), an automatized 
ELISA platform, using open cartridges. Samples were stored at and 
retrieved from Biobank Väst. All samples, standards, and controls were 
run in duplicates. 

STATISTICS 

Studies I and II 
In Studies I and 2, differences between groups were assessed with a 
Kruskal–Wallis global test. In Study II, syndecan-1 concentrations were 
log-transformed to account for right-skewed distribution of data. 
Mann–Whitney U-tests with the Bonferroni correction were used for 
comparations of medians between groups. 

Studies III and IV 
In Studies III and IV, all biomarkers were log-transformed and then 
adjusted for gestational age using linear (sFlt-1) or quadratic (PlGF, the 
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sFlt-1/PlGF ratio, and syndecan-1) regression models. This allowed the 
result for each individual in relation to the whole population to be 
expressed as the residuals from the regression models, also called the 
“multiples of the median.” In Study III, Kaplan–Meier survival curves 
of the time to first event were presented for women below or above the 
gestational age-adjusted median of each biomarker, and differences in 
the time to event were assessed using the log-rank test. 

Predictive accuracy was assessed using receiver operating 
characteristic (ROC) curves, with the area under the curve (AUC) and 
95% CIs. Analyses were performed for the composite outcome and for 
single outcomes with ≥10 events in the study population. In Study III, 
if the AUC with 95% CI was entirely over 0.5, optimal cut-offs were 
determined using Youden’s J-index and the minimal distance to (0, 1), 
and the sensitivity, specificity, positive predictive value, negative 
predictive value, positive likelihood ratio, and negative likelihood ratio 
were calculated. These calculations were also made for cut-offs given 
by the manufacturer of Delphia Xpress, which was originally intended 
to predict preeclampsia with severe features within a week in women 
with suspected preeclampsia. In Study III, subgroup analyses, 
unadjusted for gestational age, were performed for women with early-
onset (<34+0 gestational weeks), late-onset (≥34+0 gestational weeks), 
preterm (<37+0 gestational weeks), and term (≥37+0 gestational weeks) 
preeclampsia. 

Study V 
To account for repeated measures and missing data at the one-year 
postpartum follow-up, analyses of autoregulation index in study 5 
were performed with a regression model for repeated measures, 
assuming data were missing at random. This model accounted for 
intra-individual correlations between the paired observations. The 
same modelling framework was applied for both between-group 
comparisons and within-group changes. ETCO2 and magnesium 
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therapy were included as covariates in sensitivity analyses. All tests 
were two-sided and conducted at the 5% significance level. 
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RESULTS 

STUDY I 

Study I comprised 87 women, of which 21 had normotensive 
pregnancies, 32 had preeclampsia without organ dysfunction, 18 had 
preeclampsia with organ dysfunction, and 16 had eclampsia. The 
women with eclampsia were found to have depressed cerebral 
autoregulation (autoregulation index 3.9, interquartile range 3.1–5.2) 
compared with women with preeclampsia with organ dysfunction 
(autoregulation index 5.6, interquartile range 4.4–6.8), women with 
preeclampsia without organ dysfunction (autoregulation index 6.8, 
interquartile range 5.1–7.4) and the normotensive controls 
(autoregulation index 7.1, interquartile range 6.1–7.9). Pairwise 
comparisons between eclampsia and the other groups are presented in 
Figure 8. 

Figure 8. The autoregulation index in preeclampsia and normotensive pregnancies. 
ARI, autoregulation index; PE, preeclampsia; SF, severe features. Severe features refer 
to organ dysfunction, as termed in the text. (Source: Bergman et al. (Study I); 
reproduced with permission under the terms of the Creative Commons CC-BY license.) 
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STUDY II 

Study II comprised 57 women, of which 10 had normotensive 
pregnancies, 10 had preeclampsia without any organ dysfunction, 24 
had a single organ dysfunction, and 13 had multiple organ 
dysfunctions. There was no difference in the median concentrations of 
syndecan-1 between women with preeclampsia (461 ng/mL, 
interquartile range 321–750) and women with normotensive 
pregnancies (381 ng/mL, interquartile range 127–541, p = 0.12). Women 
with preeclampsia were found to have a median plasma concentration 
of hyaluronic acid three times as high as that of women with 
normotensive pregnancies (100.3 ng/mL, interquartile range 54.2–204 
vs. 27.0 ng/mL, interquartile range 13.5–66.6, p < 0.001). Median plasma 
concentrations of thrombomodulin were 1.2-fold higher in women with 
preeclampsia (4.22 ng/mL, interquartile range 3.55–5.17) compared 
with women with normotensive pregnancies (3.49 ng/mL, interquartile 
range 3.01–3.68, p = 0.007). (Figure 9). 

 

Figure 9. Scatter dots showing plasma concentrations and dotted line showing median 
plasma concentration for (A) ln syndecan-1, (B) hyaluronic acid, and (C) 
thrombomodulin. Squares represent normotensive pregnancies, triangles represent 
preeclampsia. (Source: Carlberg et al. (Study II); reproduced with permission under 
the terms of the Creative Commons CC-BY license.) 

Among women compared according to disease severity, the median 
plasma concentrations did not differ for any of the markers when 
comparing preeclampsia without organ dysfunction with preeclampsia 
with a single organ dysfunction. A comparison between uncomplicated 
preeclampsia and preeclampsia with multiple organ dysfunctions 
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showed no difference in the median plasma concentrations of 
syndecan-1 (433 ng/mL, interquartile range 296–760 vs. 635 ng/mL, 
interquartile range 376–881, p = 0.40) and hyaluronic acid (76.6 ng/mL, 
interquartile range 41.1–310 vs. 229 ng/mL, interquartile range 148–360, 
p = 0.17), but that of thrombomodulin was 1.2-fold higher (4.66 ng/mL, 
interquartile range 3.45–4.88 vs. 5.46 ng/mL, interquartile range 4.85–
7.83, p = 0.042) (Figure 10). 

 

Figure 10. Scatter dots showing plasma concentrations and dotted line showing 
median plasma concentration for (A) ln syndecan-1, (B) hyaluronic acid, and (C) 
thrombomodulin. Squares represent preeclampsia without organ dysfunction, 
triangles pointing upwards represent preeclampsia with a single organ dysfunction, 
and triangles pointing downwards represent preeclampsia with multiple organ 
dysfunctions. (PWO, preeclampsia without organ dysfunction; PSO, preeclampsia 
with a single organ dysfunction; PMO, preeclampsia with multiple organ 
dysfunctions. Source: Carlberg et al. (Study II); reproduced with permission under the 
terms of the Creative Commons CC-BY license.). 
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STUDY III 

Study III comprised 307 women, of whom 129 experienced a total of 
166 organ complications. The median plasma concentration of sFlt-1 
was 4092 pg/mL (interquartile range 2802–5947), that of PlGF was 49.6 
pg/mL (interquartile range 32.6–74.3), and the median sFlt-1/PlGF ratio 
was 80 (interquartile range 49–146). There was no difference in the 
median plasma concentrations of sFlt-1 or PlGF between groups at 
baseline.  

In earlier gestation, women with normotensive pregnancies had lower 
concentrations of sFlt-1, higher concentrations of PlGF, and a lower 
sFlt-1/PlGF ratio than women with preeclampsia. There were no 
apparent differences over different gestational weeks in the 
concentrations of angiogenic markers in women with preeclampsia 
who developed the composite outcome, compared with those who did 
not (Figure 11). 
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Figure 11. Scatter plots of sFlt-1, PlGF, and the sFlt-1/PlGF ratio over gestational age 
in women with normotensive pregnancies (triangles), preeclampsia without adverse 
maternal events (squares), and preeclampsia with subsequent adverse maternal events 
(circles). (PlGF, placental growth factor; sFlt-1, soluble fms-like tyrosine kinase. 
Previously unpublished results.) 

ROC-curve analyses showed that the AUC for sFlt-1 predicting the 
composite outcome was 0.59 (95% CI: 0.52–0.65). The optimal cut-off 
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according to Youden’s J-index was 2% lower than the gestational age 
specific median, translating into a sensitivity of 67% at a specificity of 
50%. According to the minimal distance method, the optimal cut-off 
was instead 8% over the gestational age specific median, translating 
into a sensitivity of 59% with a specificity of 66%. For PlGF, the AUC 
was 0.48 (95% CI: 0.42–0.55) and for the sFlt-1/PlGF ratio, the AUC was 
0.54 (95% CI: 0.48–0.61); as there were no statistical differences from 0.5, 
no optimal cut-offs were calculated (Table 3, page 44). 

Across all predictive tests based on Delfia Xpress cut-offs, the 95% Cis 
for the positive likelihood ratios did not consistently exceed 2, nor did 
those for the negative likelihood ratios fall consistently below 0.5. 

sFlt-1 was predictive of the single outcomes thrombocytopenia (AUC 
0.68, 95% CI: 0.56–0.81), elevated liver enzymes (AUC 0.68, 95% CI: 
0.59–0.78), and acute kidney injury (AUC 0.72, 95% CI: 0.60–0.83). sFlt-
1 was not predictive of postpartum hemorrhage. Low plasma 
concentrations of PlGF showed an inverse association with elevated 
liver enzymes (AUC 0.34, 95% CI: 0.24–0.44), indicating that high PlGF 
concentrations were associated with increased risk. Apart from 
elevated liver enzymes, PlGF was not predictive of any single outcome. 
The sFlt-1/PlGF ratio was also not predictive of any single outcome 
(Table 3, page 44). 

When dividing women into groups of early- and late-onset 
preeclampsia, 63 women were categorized as having early-onset and 
244 as having late-onset preeclampsia. In early-onset preeclampsia, 
sFlt-1 predicted the composite outcome (AUC 0.65, 95% CI: 0.50–0.79), 
whereas PlGF and the sFlt-1/PlGF ratio did not predict the composite 
outcome. sFlt-1 and the sFlt-1/PlGF ratio predicted the single outcome 
acute kidney injury (AUC 0.75, 95% CI: 0.54–0.97 and AUC 0.76, 95% 
CI: 0.61–0.91, respectively). For late-onset preeclampsia, none of sFlt-1, 
PlGF, or the sFlt-1/PlGF ratio predicted the composite outcome. sFlt-1 
predicted thrombocytopenia (AUC 0.69, 95% CI: 0.57–0.81), elevated 
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liver enzymes (AUC 0.70, 95% CI: 0.60–0.79), and acute kidney injury 
(AUC 0.71, 95% CI: 0.59–0.83). Lower PlGF plasma concentrations 
showed an inverse association with elevated liver enzymes (Table 3, 
page 44). 

When dividing women into preterm and term preeclampsia, 128 
women were categorized as having preterm and 179 as having term 
preeclampsia. None of sFlt-1, PlGF, or the sFlt-1/PlGF ratio predicted 
the composite outcome in the preterm or the term group. Among 
women with preterm preeclampsia, sFlt-1 and the sFlt-1/PlGF ratio 
predicted the single outcomes thrombocytopenia (AUC 0.75, 95% CI: 
0.54–0.96 and 0.72, 95% CI: 0.57–0.87, respectively) and acute kidney 
injury (AUC 0.70, 95% CI: 0.55–0.86 and AUC 0.69, 95% CI: 0.55–0.83, 
respectively). In women with term preeclampsia, sFlt-1 was predictive 
for the single outcomes thrombocytopenia (AUC 0.66, 95% CI: 0.53–
0.78), elevated liver enzymes (AUC 0.76, 95% CI: 0.64–0.87), and acute 
kidney injury (AUC 0.71, 95% CI: 0.55–0.87) (Table 3, page 45). 
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injury (AUC 0.70, 95% CI: 0.55–0.86 and AUC 0.69, 95% CI: 0.55–0.83, 
respectively). In women with term preeclampsia, sFlt-1 was predictive 
for the single outcomes thrombocytopenia (AUC 0.66, 95% CI: 0.53–
0.78), elevated liver enzymes (AUC 0.76, 95% CI: 0.64–0.87), and acute 
kidney injury (AUC 0.71, 95% CI: 0.55–0.87) (Table 3, page 45). 
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Table 3. Area under the ROC-curve for the composite outcome and for single outcomes 
with ≥10 events, presented for all women, early-onset preeclampsia, late-onset 
preeclampsia, preterm preeclampsia and term preeclampsia. 

 sFlt-1 PlGF sFlt-1/PlGF 

All women    

The Composite Outcome 0,587 
(0,522–0,652) 

0,481 
(0,415–0,547) 

0,542 
(0,476–0,608) 

Thrombocytopenia 0,684 
(0,557–0,811) 

0,499 
(0,342–0,656) 

0,607 
(0,466–0,748) 

Elevated liver enzymes 0,683 
(0,589–0,777) 

0,337 
(0,235–0,439) 

0,498 
(0,387–0,608) 

Acute kidney injury 0,716 
(0,604–0,828) 

0,466 
(0,332–0,601) 

0,608 
(0,466–0,750) 

Postpartum hemorrhage 0,49 
 (0,427–0,568) 

0,536 
(0,464–0,607) 

0,526 
(0,454–0,598) 

Early-onset 
preeclampsia 

   

The Composite Outcome 0,648 
(0,503–0,793) 

0,435 
(0,289–0,580) 

0,477 
(0,333–0,622) 

Thrombocytopenia 0,673 
(0,414–0,933) 

0,585 
(0,348–0,823) 

0,628 
(0,430–0,825) 

Elevated liver enzymes 0,681 
(0,476–0,887) 

0,358 
(0,180–0,537) 

0,479 
(0,306–0,652) 

Acute kidney injury 0,753 
(0,538–0,967) 

0,612 
(0,396–0,828) 

0,755 
(0,605–0,906) 

Postpartum hemorrhage 0,483 
(0,227–0,739) 

0,377 
(0,173–0,581) 

0,373 
(0,223–0,522) 

Late-onset preeclampsia    

The Composite Outcome 0,554 
(0,481–0,627) 

0,476 
(0,402–0,550) 

0,514 
(0,440–0,588) 

Thrombocytopenia 0,687 
(0,567–0,808) 

0,483 
(0,299–0,668) 

0,604 
(0,421–0,787) 

Elevated liver enzymes 0,698 
(0,601–0,794) 

0,357 
(0,230–0,484) 

0,526 
(0,398–0,654) 

Acute kidney injury 0,706 
(0,585–0,828) 

0,434 
(0,263–0,606) 

0,559 
(0,389–0,730) 

Postpartum hemorrhage 0,477 
(0,401–0,553) 

0,522 
(0,445–0,599) 

0,499 
(0,420–0,577) 
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Table 3 (continued). Area under the ROC-curve for the composite outcome and for 
single outcomes with ≥10 events, presented for all women, early-onset preeclampsia, 
late-onset preeclampsia, preterm preeclampsia and term preeclampsia. 

 sFlt-1 PlGF sFlt-1/PlGF 

Preterm preeclampsia    

The Composite Outcome 0,596 
(0,492–0,700) 

0,479 
(0,372–0,586) 

0,555 
(0,451–0,659) 

Thrombocytopenia 0,751 
(0,543–0,958) 

0,598 
(0,383–0,812) 

0,720 
(0,570–0,869) 

Elevated liver enzymes 0,620 
(0,480–0,759) 

0,368 
(0,221–0,514) 

0,483 
(0,335–0,630) 

Acute kidney injury 0,706 
(0,547–0,855) 

0,605 
(0,454–0,756) 

0,694 
(0,553–0,834) 

Postpartum hemorrhage 0,406 
(0,257–0,555) 

0,441 
(0,272–0,609) 

0,445 
(0,283–0,606) 

Term preeclampsia    

The Composite Outcome 0,571 
(0,486–0,655) 

0,490 
(0,405–0,575) 

0,532 
(0,447–0,618) 

Thrombocytopenia 0,657 
(0,530–0,784) 

0,504 
(0,289–0,719) 

0,595 
(0,388–0,801) 

Elevated liver enzymes 0,758 
(0,644–0,872) 

0,389 
(0,228–0,550) 

0,597 
(0,444–0,750) 

Acute kidney injury 0,708 
(0,550–0,866) 

0,312 
(0,089–0,536) 

0,471 
(0,225–0,717) 

Postpartum hemorrhage 0,506 
(0,420–0,593) 

0,534 
(0,448–0,621) 

0,517 
(0,430–0,604) 

PlGF, placental growth factor; ROC, receiver operator characteristics; sFlt-1, soluble 
fms-like tyrosine kinase. 
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Table 3 (continued). Area under the ROC-curve for the composite outcome and for 
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late-onset preeclampsia, preterm preeclampsia and term preeclampsia. 
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STUDY IV 

Study IV comprised 212 women with preeclampsia, of whom 92 
developed a total of 121 organ complications. The median plasma 
concentration of syndecan-1 was 25 ng/mL (interquartile range 16–40), 
that of hyaluronic acid was 92.0 ng/mL (interquartile range 47.8–176.0), 
and that of thrombomodulin was 4.08 ng/mL (interquartile range 3.17–
5.22). No difference was observed between women who developed the 
composite outcome and those who did not. (Figure 12) 
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Figure 12. Scatterplots of ln syndecan-1, ln hyaluronic acid and ln thrombomodulin 
over gestational age in preeclampsia without adverse maternal events (squares) and 
preeclampsia with subsequent adverse maternal events (circles). (PlGF, placental 
growth factor; sFlt-1, soluble fms-like tyrosine kinase. Previously unpublished 
results.) 
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None of syndecan-1, hyaluronic acid, or thrombomodulin predicted the 
composite outcome. The AUC for syndecan-1 was 0.52 (95% CI: 0.44–
0.60), that of hyaluronic acid was 0.54 (95% CI: 0.46–0.62), and that of 
thrombomodulin was 0.49 (95% CI: 0.41–0.57) (Table 4) 

Table 4. Predictive performance of syndecan-1, hyaluronic acid, and thrombomodulin 
for the composite outcome and single outcomes with ≥10 events, expressed as area 
under the receiver operator characteristics curve with 95% confidence intervals. 

Univariable Syndecan-1 Hyaluronic acid Thrombomodulin 

The Composite 
Outcome 

0,526 
(0,446–0,606) 

0,540 
(0,459–0,620) 

0,492 
(0,412–0,572) 

Thrombocytopenia 0,618 
(0,445–0,792) 

0,672 
(0,517–0,827) 

0,540 
(0,368–0,712) 

Elevated liver 
enzymes 

0,643 
(0,523–0,764) 

0,692 
(0,568–0,815) 

0,603 
(0,473–0,733) 

Acute kidney injury 0,599 
(0,451–0,747) 

0,604 
(0,487–0,72) 

0,571 
(0,448–0,694) 

Postpartum 
hemorrhage 

0,470 
(0,381–0,560) 

0,426 
(0,338–0,514) 

 

0,434 
(0,345–0,523) 

 
 

Syndecan-1 predicted the single outcome of elevated liver enzymes 
with an AUC of 0.64 (95% CI: 0.52–0.76). Hyaluronic acid predicted 
thrombocytopenia and elevated liver enzymes with AUCs of 0.67 (95% 
CI: 0.52–0.83) and 0.69 (95% CI: 0.57–0.82), respectively (Table 4). 

Multivariable analyses were conducted, combining syndecan-1, 
hyaluronic acid, and thrombomodulin pairwise, and no combination 
was found to predict the composite outcome. The combination of 
syndecan-1 and hyaluronic acid predicted the single outcomes 
thrombocytopenia (AUC 0.67, 95% CI: 0.51–0.84) and elevated liver 
enzymes (AUC 0.70, 95% CI: 0.58–0.82). The combination of syndecan-
1 and thrombomodulin predicted elevated liver enzymes with an AUC 
of 0.66 (95% CI: 0.54–0.78). The combination of hyaluronic acid and 
thrombomodulin predicted thrombocytopenia (AUC 0.67, 95% CI: 
0.50–0.84) and elevated liver enzymes (AUC 0.71, 95% CI: 0.59–0.82). 
(Table 5) 
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Table 5. Predictive performance of pairwise combinations of syndecan-1, hyaluronic 
acid, and thrombomodulin for the composite outcome and single outcomes with ≥10 
events, expressed as area under the receiver operator characteristics curve with 95% 
confidence intervals. 

Multivariable Syndecan-1 and 
Hyaluronic acid 

Syndecan-1 and 
Thrombomodulin 

Hyaluronic acid and 
Thrombomodulin 

The Composite 
Outcome 

0,542 
(0,461–0,623) 

0,528 
(0,448–0,607) 

0,546 
(0,465–0,627) 

Thrombocytopenia 0,674 
(0,507–0,840) 

0,621 
(0,453–0,789) 

0,673 
(0,504–0,843) 

Elevated liver 
enzymes 

0,700 
(0,581–0,820) 

0,660 
(0,536–0,784) 

0,706 
(0,591–0,822) 

Acute kidney 
injury 

0,617 
(0,486–0,749 

0,613 
(0,468–0,758) 

0,616 
(0,491–0,742) 

Postpartum 
hemorrhage 

0,568 
(0,482–0,655) 

0,586 
(0,497–0,675) 

0,473 
(0,389–0,558) 

 

Multivariable analyses combining syndecan-1 with sFlt-1, hyaluronic 
acid with sFlt-1, and thrombomodulin with sFlt-1 were performed. 
None of the GDPs improved the predictive performance of sFlt-1 alone 
on the composite outcome or any single outcome. 
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STUDY V 

Study V comprised 150 women from the UPMOST and GoPROVE 
biobanks participating in TCD examinations at both/either inclusion 
and/or 1 year postpartum. Due to the exclusion criteria or insufficient 
measurement quality, 26 women were excluded, leaving 124 women in 
the final analysis. During pregnancy, the mean autoregulation index 
was found to be higher in normotensive women compared with 
women with preeclampsia (6.90 (SD 0.77) vs. 6.12 (SD 1.45), mean 
difference 0.78 (95% CI 0.37–1.19)), but it did not differ between women 
with preeclampsia with or without severe features (6.24 (SD 1.49) vs. 
5.98 (SD 1.40), mean difference 0.27 (95% CI −0.43–0.96)). At 1 year 
postpartum, there were no differences in the autoregulation index 
between any of the groups. Normotensive women had a higher 
autoregulation index during pregnancy than they did at 1 year 
postpartum (6.90 − 6.11 = 0.79 (95% CI 0.33–1.25)); women with 
preeclampsia had a similar autoregulation index during pregnancy as 
they did at 1 year postpartum (Table 6 and 7). 

When adjusting for ETCO2 and magnesium results remained similar. 
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Table 6. Cerebral autoregulation in normotensive pregnancies and preeclampsia 
during pregnancy and at one-year postpartum. 

 Normotensive 
pregnancies 

Preeclampsia Mean difference 
(95% CI) 

During pregnancy n=69 n=47  

ARI 6.90 (0.77) 6.12 (1.45) −0.78 (−1.19, −0.37) 

One-year pp n=54 n=31  

ARI  6.11 (1.14) 6.15 (1.10) 0.03 (−0.47, 0.54) 

Change in ARI −0.79 (−1.26, −0.32) 0.03 (−0.42, 0.49) 0.82 (0.17, 1.47) 

 

Table 7. Cerebral autoregulation in normotensive pregnancies and preeclampsia with 
or without organ dysfunction. 
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STUDY V 
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DISCUSSION 
The studies in this thesis focus on preeclampsia and organ dysfunction 
and were conducted at three centers. All studies are clinical and use the 
autoregulation index, measured with TCD, GDPs, and angiogenic 
markers for the assessment or prediction of disease severity. 

MAIN FINDINGS 

Cerebral autoregulation is enhanced during pregnancy, depressed in 
preeclampsia, and even further depressed in eclampsia. At 1 year 
postpartum, all participants with normotensive pregnancies and 
preeclampsia showed similar cerebral autoregulation, irrespective of 
preeclampsia and organ dysfunction. 

In preeclampsia, the endothelial glycocalyx appears to be degraded, as 
indicated by the increased circulating levels of its degradation 
products. However, plasma concentrations of these products generally 
did not predict subsequent organ dysfunction in preeclampsia, except 
for hyaluronic acid, which was associated with elevated liver enzymes. 

Circulating concentrations of the angiogenic marker sFlt-1 showed 
moderate performance at best for the prediction of organ dysfunction 
in women with preeclampsia, also in preterm preeclampsia. PlGF was 
not predictive of organ dysfunction, and the sFlt-1/PlGF ratio generally 
showed poor performance. 

RESULTS IN CONTEXT 

Cerebral autoregulation 
In Study V, cerebral autoregulation was enhanced in pregnancy, 
similar to findings in other studies (63, 64, 67). We found that the 
autoregulation index was lower in preeclampsia compared with 
normotensive pregnancies but similar compared with 1 year 
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postpartum. Two previous studies reported a lower autoregulation 
index in preeclampsia compared with normotensive pregnancies, 
similar to our findings, and one small study with only five women with 
preeclampsia and five with normotensive pregnancies reported 
contradicting results, with enhanced autoregulation in preeclampsia 
(67-69). Taken together, the findings suggest that cerebral 
autoregulation is depressed in women with preeclampsia. 

In Study I and V, there were no statistically significant differences in 
the autoregulation index between preeclampsia with or without organ 
dysfunction, suggesting that cerebral autoregulation is not 
proportional to disease severity in general. However, two previous case 
reports have described depressed autoregulation in eclampsia and 
posterior reversible encephalopathy syndrome, and Study I 
demonstrated an association between eclampsia and depressed 
cerebral autoregulation, so depressed autoregulation seems to be 
associated with cerebral complications (158, 159). As the measurements 
were taken after seizures, no conclusion regarding causality can be 
drawn from the observed association. In Study V, at 1 year postpartum, 
cerebral autoregulation was similar across the groups, irrespective of 
preeclampsia history or prior organ dysfunction. This result suggests 
that the long-term consequences of preeclampsia are not caused by 
persistently altered cerebral autoregulation, in line with a previous 
study showing comparable cerebral autoregulation in women 
irrespective of prior preeclampsia (70). Another study by the same 
researcher, however, reported reduced transfer function analysis phase 
values in six pregnant women with a previous history of preeclampsia, 
even in the absence of current disease, when compared with women 
without such history (64). This inconsistency makes interpretation 
somewhat difficult; nevertheless, in conclusion, the evidence suggests 
that depressed cerebral autoregulation in preeclampsia could 
contribute to cerebral complications in acute disease, but depressed 
cerebral autoregulation is not a longstanding sequela. 
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Glycocalyx degradation products 

Syndecan-1 
At preeclampsia diagnosis, no difference in the mean plasma 
concentrations of syndecan-1 was seen between preeclampsia with or 
without subsequent organ dysfunction. It is therefore unsurprising that 
syndecan-1 showed poor performance as a predictor of organ 
dysfunction. As Study IV is the first study to investigate this specific 
research question, no prior data are available for direct comparison.  

Hyaluronic acid 
Mean plasma concentrations of hyaluronic acid were three-fold higher 
in preeclampsia compared with normotensive pregnancies; they were 
also three-fold higher—although not statistically different—in 
preeclampsia with multiple organ dysfunction compared with 
preeclampsia without organ dysfunction. This finding aligns with 
previous studies, and the absence of difference between multiple organ 
dysfunction and no organ dysfunction could be explained by a type-
two error (90, 95, 116, 117). In Study IV, hyaluronic acid was found to 
have the best predictive value for elevated liver enzymes. There is a 
possible explanation for this finding, as hyaluronic acid is degraded in 
liver sinusoidal cells, which are injured in hepatic involvement in 
preeclampsia; therefore, the elevated plasma concentrations of 
hyaluronic acid in preeclampsia with hepatic involvement might be 
caused by both endothelial glycocalyx degradation and reduced 
hepatic clearance in conjunction (78, 118).  

Thrombomodulin 
In Study II, the mean plasma concentration of thrombomodulin was 
elevated in preeclampsia and even higher in preeclampsia with 
multiple organ complications. In Study IV, no outcome was predicted 
by the plasma concentrations of thrombomodulin. A recent systematic 
review and meta-analysis found that thrombomodulin holds potential 
as a biomarker for assessing disease severity in preeclampsia. The lack 
of predictive value in Study IV could potentially be explained by 
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differences in disease severity, as the women in the South African 
population (Study II) had more severe organ dysfunction than women 
in the Swedish cohort. Hyaluronic acid is loosely anchored and 
diffusely distributed within the endothelial glycocalyx, while 
thrombomodulin is anchored to the endothelial cell membrane. This 
could imply that the plasma concentrations of hyaluronic acid will rise 
before those of thrombomodulin, potentially explaining the difference 
between Study II and Study IV. 

Angiogenic markers 
In Study III, the angiogenic markers showed poor predictive 
performance for the composite outcome—results inferior to those 
reported in some previous studies. Six previous studies have reported 
on adverse maternal outcomes in women with a diagnosis of 
preeclampsia, and three studies reported results similar to those of our 
study (119–121). One study using a sFlt-1/PlGF ratio ≥ 85 found good 
negative-likelihood ratios that ruled out HELLP syndrome, elevated 
liver enzymes, low platelets, and placenta abruptio (122). Two studies 
proposed two different potentially useful cut-offs (sFlt-1/PlGF 
ratio > 377 or sFlt-1 > 7439), yielding sensitivities of 0.75 and 0.77 and 
specificities of 0.92 and 0.76, respectively (123, 124). In summary, the 
sFlt-1/PlGF ratio does not seem to perform as well for the prediction of 
organ dysfunction in women with a diagnosis of preeclampsia as it 
does for the prediction of preeclampsia with severe features in women 
with suspected preeclampsia. 

Interpreting an unexpected PlGF pattern 
When constructing the ROC curves for Study III, we found that PlGF 
was a poor predictor for both the composite and any single outcome. 
For elevated liver enzymes, it even showed an inverted ROC-curve, 
suggesting that high serum concentrations of PlGF were associated 
with organ dysfunction. Our assumption, based on previous studies, 
was that low serum concentrations of PlGF would predict the outcome 
(109, 125). It could be noted that sFlt-1 and PlGF are heparin-binding 
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proteins that may accumulate within the endothelial glycocalyx and 
form a releasable pool (126-128). In pregnant women treated with low-
molecular-weight heparin, the plasma concentrations of PlGF were 
higher and the sFlt-1/PlGF ratio was lower in the third trimester 
compared with those in the controls (129). These results suggest that 
pregnant women have a considerable store of sFlt-1 and PlGF in the 
endothelial glycocalyx and the placenta. This releasable store may 
contribute to elevated plasma concentrations of both sFlt-1 and PlGF in 
preeclampsia with organ dysfunction, potentially making sFlt-1 a more 
reliable and PlGF a less reliable predictor of organ dysfunction. 

METHODOLOGICAL CONSIDERATIONS 

Factors influencing the autoregulation index 
Calculation of the autoregulation index for the estimation of cerebral 
autoregulation with TCD and non-invasive continuous blood pressure 
measurements is a well-established method, and we found a low inter-
examiner variability. Yet, many factors influence the results of these 
examinations. 

End-tidal CO2 
Hypoventilation, with subsequent increased partial pressure of carbon 
dioxide in arterial blood, is known to elicit vasodilation with increased 
cerebral blood flow and cerebral blood velocities but a depressed 
cerebral autoregulation (130, 131). Hyperventilation, with subsequent 
decreased partial pressure of carbon dioxide in arterial blood, is known 
to elicit vasoconstriction with decreased cerebral blood flow and 
cerebral blood velocities but an enhanced cerebral autoregulation (130, 
131). In a study with 45 healthy volunteers breathing 5% and 8% 
inspired fraction carbon dioxide, a distinct sigmoid dose-response 
relationship between ETCO2 and the autoregulation index or cerebral 
blood flow was found (132). In contrast to these experimental studies, 
a study on cerebrovascular reactivity in chronic obstructive pulmonary 
disease showed similar autoregulation index in patients and controls, 
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despite a difference in ETCO2 (133). When adjusting for ETCO2 in our 
study, the results remained similar. This may be explained by the fact 
that experimental interventions induce acute effects, whereas the 
reduction in ETCO2 in pregnancy represents a gradual, long-term 
change. 

 

Figure 13. Autoregulation index is proportional to ETCO2. This curve shows 
measurements from one individual breathing air, and inspired carbon dioxide 5% and 
8%. (Source: Minhas et al. (132) p 4. Reproduced with permission from Physiologic 
Measurements, IOP Publishing.)   
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Hematocrit 
The rheological properties of the blood, especially the hematocrit, are 
known to alter autoregulation index due to their influence on cerebral 
blood velocity. Hypervolemic hemodilution, seen in pregnancy, has 
been shown to depress cerebral autoregulation, whereas preeclampsia 
is associated with hemoconcentration relative to normotensive 
pregnancies (134, 135). Given that normotensive pregnant women in 
study V exhibit enhanced cerebral autoregulation, adjusting for 
hemoglobin (as a proxy for hematocrit) would likely accentuate rather 
than diminish the observed difference in autoregulation index between 
normotensive pregnancy and preeclampsia.  

Other factors 
Sympathetic/parasympathetic activity, neuronal activity, body 
temperature, and intracranial and intrathoracic pressure are also 
known to alter cerebral autoregulation (136). The procedural conditions 
were kept as constant as possible, and we consider it unlikely that 
variations in any of these variables except intracranial pressure were 
substantial enough to influence the results. If intracranial pressure 
varied, it likely covaried with disease severity rather than fluctuating 
randomly, thus potentiating the effect of preeclampsia. Many diseases 
are known to alter cerebral autoregulation, at least regionally, such as 
traumatic brain injury, stroke, carotid stenosis, and malignant 
hypertension (137–140). Chronic hypertension, however, does not seem 
to alter either static or dynamic cerebral autoregulation (141). A recent 
systematic review on TCD examinations in patients with type-2 
diabetes concluded that cerebral autoregulation is often impaired in 
these patients (142). Nevertheless, in a study of pregnant women with 
diabetes, including gestational diabetes and type-2 diabetes mellitus, as 
well as overweight (pre-pregnancy body mass index >25 kg/m2) and 
healthy controls, the autoregulation index was similar in all groups 
(diabetes 6.6 (SD 1.1), overweight 6.7 (SD 0.6), and controls 6.6 (SD 0.8)) 
(63). In summary, none of the above-mentioned variables were 
considered to substantially influence the results in our studies. 
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The anterior and the posterior circulation 
The brain receives its arterial blood supply via the internal carotid and 
vertebral arteries, which anastomose to form the circle of Willis. From 
here, the anterior and the middle cerebral arteries forms the anterior 
circulation, and the posterior cerebral artery forms the posterior 
circulation (160). Sympathetic innervation is more pronounced in the 
anterior cerebral vasculature than in the posterior territories, reflecting 
regional differences in cerebral autoregulation (161, 162). In posterior 
reversible encephalopathy syndrome, eclampsia and preeclampsia, 
lesions seen on computer tomography scans and magnetic resonance 
imaging are predominantly occipital (163, 164). This may support the 
theory that the posterior circulation is more vulnerable to high blood 
pressure and hyperperfusion because of less sympathetic innervation 
and depressed cerebral autoregulation compared with the anterior 
circulation (162). 

Constancy of the middle cerebral artery cross-sectional area 
An important prerequisite for the interpretation of studies regarding 
cerebral autoregulation measured by TCD, and a potential source of 
confounding, is that changes in cerebral blood flow velocities reflect 
changes in cerebral blood flow. This is true only if the sectional area of 
the vessel at the place where the measurement takes place is constant 
(54). The sectional areas of the middle and posterior cerebral arteries 
have been investigated by magnetic resonance imaging and were found 
to be constant during pregnancy and unchanged by preeclampsia (143, 
144). In anesthetized cats, on the other hand, the diameter of vessels the 
size of the middle cerebral artery was found to constrict by 8% when 
the blood pressure changed from 120 mmHg to 160 mmHg (145). The 
inner diameter of the internal carotid artery has been found to increase 
in pregnancy and continuously increase during the course of 
pregnancy (146). In summary, changes in diameter in the middle 
cerebral artery during measurements are unlikely to have influenced 
the results. 
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Factors influencing plasma concentrations of glycocalyx degradation 
products 
There are numerous factors influencing the plasma concentrations of 
GDPs and their association with endothelial dysfunction, and a 
systematic review and critical appraisal on this subject has been 
published (147). First, it is uncertain whether GDPs truly originate from 
the endothelium. Several alternative sources are possible, such as the 
placenta, plasma cells, or ingested meals (75, 148). In one study, an 
infusion of 1000 mL Ringers lactate more than doubled the mean 
plasma concentrations of hyaluronic acid (from 12 (SD 5.8) ng/mL to 27 
(SD 13.9) ng/mL), probably due to wash out via lymphatic flow from 
interstitial tissue (149). Secondly, kinetics are complex, and a study has 
reported that differences in the renal excretion of syndecan-1 may 
result in five-fold differences in plasma concentrations (76). As renal 
clearance of syndecan-1 is closely correlated to renal clearance of 
creatinine, syndecan-1 would be expected to be a good marker for acute 
kidney injury, but this was not observed in our population. Syndecan-
1 plasma levels appear to be influenced by factors beyond renal 
excretion. A third important aspect concerns the temporal dynamics of 
endothelial glycocalyx degradation. The kinetics of the plasma 
concentrations of GDPs remain poorly characterized, and the point at 
which the clinical symptoms of endothelial dysfunction emerge during 
the pathophysiological process of organ complications in preeclampsia 
is not well characterized. 

Alternative methods for assessing glycocalyx degradation 
Glycocalyx degradation have been investigated in preeclampsia using 
side stream darkfield imaging, showing larger perfused boundary 
regions as a sign of glycocalyx degradation in early-onset preeclampsia 
(117). Degradation has also been assessed with transmission electron 
microscopy, showing reduced thickness of endothelial glycocalyx in 
preeclampsia compared with healthy pregnant controls and non-
pregnant women (165).  
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Challenges in defining optimal cut-offs for sFlt-1 and PlGF 
Numerous studies have investigated the predictive values of 
angiogenic markers in identifying women at risk for maternal adverse 
outcomes. Some of these studies have proposed novel optimal cut-offs 
and reported numerical cut-off values, while others have used 
numerical cut-offs already proposed in previous studies. As the 
distribution of serum concentrations of both sFlt-1 and PlGF vary 
across gestational age, the predictive value of a numerical cut-off will 
inevitably vary with gestational age (119, 150). To overcome this 
problem, many studies have tested their cut-off (or cut-offs) in 
subpopulations, dividing women into, for example, early- or late-onset 
preeclampsia, or a gestational age of <34 weeks, 34–37 weeks, or >37 
weeks. Unfortunately, there are numerous ways of dividing 
populations and very few studies harmonize, making comparations 
difficult. A few studies have expressed biomarkers as multiples of the 
median or have defined a cut-off at specific percentiles of the 
gestational-age-adjusted sFlt-1 or PlGF serum concentration to deal 
with this problem (120, 151-154).  

Adjusting for gestational age 
In Study III, we chose to recalculate every serum concentration of sFlt-
1, PlGF, and the sFlt-1/PlGF ratio to multiples of the median. This is a 
way of expressing how high or low a value is in relation to the median 
at that specific gestational age and a way of adjusting for differences in 
gestational age between individuals and groups. While this approach 
was an attempt to address the issue of gestational-age-related 
variability, some inherent limitations must be acknowledged. The 
median must be defined and calculated. In Study III, the population 
consisted of women with a diagnosis of preeclampsia. When a 
normotensive reference population is used to calculate the median, the 
differences between the plasma concentrations of PlGF in 
normotensive pregnancies and those in preeclampsia are much greater 
in early gestation, resulting in a dilution of the differences between 
preeclampsia with and without the composite outcome at term. We 
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therefore chose to use the study population—that is, only women with 
preeclampsia—as the reference, thereby limiting the generalizability of 
our findings to women with a diagnosis of preeclampsia but allowing 
unbiased comparisons within this group. To aid comparison with prior 
studies, using subgroups at different gestational age, we also chose to 
divide our population into both early and late onset, and preterm and 
term preeclampsia, and repeated the analyses on unadjusted data. The 
results remained similar. 

The importance of different outcomes 
In Studies III and IV, the use of a composite outcome based on a core 
outcome set for preeclampsia research has both benefits and 
drawbacks. (10) A composite outcome usually pools rare events, thus 
increasing the statistical power, and often reflects different but equally 
important aspects of a disease, thereby increasing the clinical relevance 
of a study. With a composite outcome, the risk of selective reporting 
bias diminishes, and this is especially true if a core set of outcomes are 
predefined and commonly used in a field. One important benefit then 
is the future possibility of pooling results in meta-analyses. Among 
drawbacks are that different components of the composite outcome are 
treated as equally important, and that some outcomes might be much 
more common than others and thus gain disproportionate influence. In 
Studies III and IV, postpartum hemorrhage was by far the most 
common component of the composite outcome but was only weakly 
associated with preeclampsia in our dataset. As a result, the predictive 
value of outcomes such as thrombocytopenia and elevated liver 
enzymes was diluted within the composite outcome. There are also 
challenges in clinical decision-making where the composite outcome is 
not helpful, but other outcomes could be relevant (155). 

CLINICAL IMPLICATIONS 

Cerebral autoregulation is depressed in preeclampsia, underscoring the 
importance of prompt treatment of high blood pressure and caution to 
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avoid blood pressure elevations when inducing general anesthesia in 
women with preeclampsia. 

Cerebral autoregulation is not depressed 1 year after preeclampsia, so 
our results suggest that persistently altered cerebral autoregulation is 
not the underlying cause of the long-term consequences of 
preeclampsia. 

Plasma concentrations of syndecan-1, hyaluronic acid, 
thrombomodulin, sFlt-1, PlGF, and the sFlt-1/PlGF ratio should not be 
used to predict organ dysfunction in women with preeclampsia in a 
clinical context. 

RESEARCH IMPLICATIONS 

Cerebral autoregulation is not depressed one year after preeclampsia, 
so our results suggest that persistently altered cerebral autoregulation 
is not the underlying cause of long-term consequences of preeclampsia.  
As endothelial glycocalyx seems to be degraded in preeclampsia, and 
glycocalyx degradation have been associated with atherosclerosis, this 
may suggest a possible pathophysiological pathway (156). It would be 
of great interest to follow this cohort in the future and measure 
autoregulation index and glycocalyx degradation products in relation 
to clinical outcomes.  

Future studies could focus on the effects of magnesium and common 
antihypertensive drugs such as labetalol and nifedipine on cerebral 
autoregulation in women with preeclampsia and to explore 
associations with cognitive dysfunction, neurological symptoms and 
biomarkers of neuronal injury, blood-brain barrier disruption and 
endothelial dysfunction. 

Our results do not encourage future studies on syndecan-1 or 
thrombomodulin as predictors of organ dysfunction in preeclampsia. 
Hyaluronic acid is unlikely to have a role as a marker of 
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thrombocytopenia or hepatic involvement in preeclampsia, but 
validation of these findings in other populations is warranted. Future 
studies could identify other markers of glycocalyx degradation that 
may be more suited for the prediction of organ dysfunction in 
preeclampsia  

The finding that PlGF failed to predict organ dysfunction in women 
diagnosed with preeclampsia highlights the need to validate diagnostic 
tests within the specific population and for the intended clinical 
purpose. Further studies validating sFlt-1 and PlGF as predictors for 
organ dysfunction in preeclampsia in different populations, such as 
low- and middle-income settings, are warranted. Studies are needed to 
determine whether plasma concentrations of sFlt-1 and PlGF correlate 
with glycocalyx degradation. An investigation into whether the sFlt-
1/PlGF ratio has value as a predictor of neonatal outcomes is also 
warranted. 
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CONCLUSION 
Cerebral autoregulation is enhanced in healthy pregnancy and 
depressed in eclampsia and preeclampsia. By 1 year postpartum, 
cerebral autoregulation has normalized, and long-term consequences 
of preeclampsia are not the result of persistently depressed cerebral 
autoregulation. 

Women with preeclampsia have higher circulating levels of the GDPs 
hyaluronic acid and thrombomodulin, especially in cases with multiple 
organ complications, indicating a link to endothelial dysfunction and 
glycocalyx loss. Syndecan-1 levels did not differ between preeclampsia 
and normotensive pregnancies or by disease severity. The predictive 
value of GDPs for organ dysfunction in preeclampsia is poor. Future 
studies should investigate new biomarkers predicting organ 
dysfunction in preeclampsia. 

In a Swedish population, circulating concentrations of the angiogenic 
markers sFlt-1, PlGF, and the sFlt-1/PlGF ratio generally exhibited poor 
predictive value for organ dysfunction in preeclampsia. However, sFlt-
1 demonstrated moderate predictive performance for some individual 
outcomes such as thrombocytopenia, elevated liver enzymes, and acute 
kidney injury. Multivariable analyses with GDPs did not improve the 
predictive performance of sFlt-1 alone. 
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FUTURE PERSPECTIVES 
There is a need for clinical tools predicting organ dysfunction in 
preeclampsia. Assessment of cerebral autoregulation in preeclampsia 
may facilitate risk stratification and guide targeted treatment in these 
women. To achieve this, reliable point-of-care devices are required, and 
should be developed. With improved equipment and increased 
knowledge on cerebral autoregulation, measurements with 
transcranial Doppler may influence clinical practice and contribute to 
reduced morbidity and mortality. 

Emerging evidence suggest that the integrity of the endothelial 
glycocalyx may play a role in vascular tone and microcirculatory 
regulation (157). Investigating its potential involvement in impaired 
autoregulation could offer new insights into the pathophysiology of 
eclampsia and stroke. Interventions aimed at preserving endothelial 
function and glycocalyx integrity may hold promise not only for 
mitigating cerebral complications, but potentially also for reducing the 
risk of systemic manifestations such as HELLP syndrome, acute kidney 
injury, and pulmonary edema. Insights into endothelial and glycocalyx 
integrity may also have implications beyond preeclampsia. 

Angiogenic markers may be implemented in clinical practice as an aid 
for diagnosis and risk stratification in suspected preeclampsia, but 
further studies are needed to find biomarkers for organ dysfunction in 
preeclampsia. 
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