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Abstract

Purpose of Review To provide insight into the mechanisms underlying cerebral pathophysiology and to highlight possible
methods for evaluation, screening, and surveillance of cerebral complications in preeclampsia.

Recent Findings The pathophysiology of eclampsia remains enigmatic. Animal studies show that the cerebral circulation in
pregnancy and preeclampsia might be affected with increased permeability over the blood-brain barrier and altered cerebral blood
flow due to impaired cerebral autoregulation. The increased blood pressure cannot be the only underlying cause of eclampsia and
cerebral edema, since some cases of eclampsia arise without simultaneous hypertension. Findings from animal studies need to be
confirmed in human tissues. Evaluation of brain alterations in preeclampsia and eclampsia is challenging and demands a
multidisciplinary collaboration, since no single method can accurately and fully describe how preeclampsia affects the brain.
Summary Cerebral complications of preeclampsia are significant factors in maternal morbidity and mortality worldwide. No
single method can accurately describe the full picture of how preeclampsia affects the brain vasculature and parenchyma. We
recommend an international and multidisciplinary effort not only to overcome the issue of limited sample availability but also to
optimize the quality of research.

Keywords Preeclampsia - Eclampsia - Braincomplications - Blood-brainbarrier - Preclinical studies - Biomarkers - Brainimaging
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BBB Blood-brain barrier CSF Cerebrospinal fluid
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JAMs Junctional adhesion molecules
LPS Lipopolysaccharide

MgSO,4 Magnesium sulfate

MRI Magnetic resonance imaging

MRS Magnetic resonance spectroscopy

H-MRS Magnetic resonance spectroscopy focused on
hydrogen metabolites

P-MRS Magnetic resonance spectroscopy focused on
phosphorus metabolites

NfL Neurofilament light chain

NSE Neuron-specific enolase

PTZ Pentylenetetrazole

PRES Posterior reversible encephalopathy syndrome

RUPP Reduced uteroplacental perfusion pressure

RUPP+HC Reduced uteroplacental perfusion pressure plus
high cholesterol diet

S100B S100 calcium-binding protein B

TEER Transendothelial electrical resistance

WML White matter lesions

Introduction

Preeclampsia has classically been characterized by new onset
of hypertension and proteinuria after 20 weeks of gestation
[1]. However, in several new guidelines, proteinuria is not
mandatory for diagnosis if the onset of hypertension is accom-
panied by other signs of organ impairment including throm-
bocytopenia, renal insufficiency, impaired liver function, pul-
monary edema, fetal growth restriction, or seizures
(eclampsia) [2, 3]. The majority of maternal deaths related to
preeclampsia can be avoided by providing timely and effec-
tive care and delivery to high-risk women [4]. Thus, optimi-
zation of health care for women during pregnancy to prevent
and treat preeclampsia, both in high- and low-income coun-
tries, is a necessary step towards achievement of the
Millennium Development Goals [5].

Eclampsia is defined as tonic-clonic seizures in the pres-
ence of preeclampsia and in the absence of other underlying
causes of seizures [6]. In cases of recurrent seizures, there is a
higher risk of severe hypoxia, aspiration pneumonia, maternal
injury, and status epilepticus [7]. Although eclampsia has been
defined as a severe complication of preeclampsia, it can occur
even in the absence of hypertension [8]. Eclampsia occurs in
about 1 in 2000 deliveries in high-income countries, while in
low- and middle income countries, it is estimated that the
incidence of eclampsia varies from 1 in 100 to 1 in 1700
deliveries [9] (Fig. 1).

Currently, there is a gap in knowledge regarding the under-
lying pathophysiology of preeclampsia and eclampsia. This
gap in knowledge impairs the development of tools for the
diagnosis and management of women with neurological im-
pairment such as eclampsia or intracerebral edema. Research

@ Springer

within the field has been hampered by (i) the low incidence of
eclampsia in high-income countries where most research is
conducted; (ii) the fact that preeclampsia is a uniquely human
condition; (iii) poor access to imaging techniques for evalua-
tion of maternal brain function; and (iv) the limited applica-
bility of in vitro models.

This review aims to present the current knowledge of pre-
eclampsia and its neurological effects and to highlight the
need for a multidisciplinary approach, including utility of pre-
clinical models, clinical tools for evaluation, and analyzing the
impact of findings from clinical studies, to better understand
the pathophysiology of the condition.

Diagnosis and Treatment of Eclampsia

In pregnant women, there are no imaging criteria or circulat-
ing biomarkers to aid in the prediction of eclampsia, and even
clinical predictors may have poor predictive ability for
eclampsia. The diagnosis can be challenging if the woman is
not diagnosed with preeclampsia before onset of seizures or if
there are other underlying disorders that can possibly contrib-
ute to seizures. In addition, seizures are often unexpected,
even in the cases where women present with preeclampsia
before onset of eclampsia.

The cornerstones in the treatment of eclampsia are preven-
tion of maternal injury, support of respiratory and cardiovas-
cular function, prevention of recurrent convulsions, and re-
duction of blood pressure (BP) to a safe range [10]. Systolic
BP control is essential in avoiding hemorrhagic stroke and
should be kept below 160 mmHg [11, 12]. Treatment with
magnesium sulfate (MgSO,) is indicated as clinical manage-
ment for manifest eclampsia to avoid recurrent seizures [13].
In women with eclampsia, MgSQO, treatment reduces the risk
of recurrent fits and maternal death by 59% and 38%, respec-
tively [10]. Furthermore, treatment with MgSQO, has a protec-
tive effect against developing eclampsia, in particular in wom-
en with severe preeclampsia or with imminent signs of
eclampsia (blurred vision, severe epigastric pain, or headache)
[13]. Despite being the drug of choice for preventing eclamp-
sia and maternal death, the mechanism of action of MgSO, is
not well understood. Suggested mechanisms include reducing
blood-brain barrier (BBB) permeability, reducing neuroin-
flammation, or modulation of gamma amino butyric acid
(GABA) receptor activation [14ee].

Cerebral Alterations After Preeclampsia
and Eclampsia

Cerebral imaging of women with eclampsia often shows a
condition defined as posterior reversible encephalopathy syn-
drome (PRES), a type of cerebral edema thought to be
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reversible without longterm effects. However, lately, there
have been questions about the actual reversibility of the cere-
bral effects of eclampsia, or severe preeclampsia, since wom-
en who have experienced preeclampsia previously are at
higher risk of stroke, vascular dementia, epilepsy, and cogni-
tive impairment months to years after pregnancy [11, 15, 16].
Magnetic resonance imaging (MRI) studies have revealed
changes in both morphology and function of the brain in
women with preeclampsia and eclampsia. For example, wom-
en with a previous pregnancy complicated by eclampsia or
severe preeclampsia have an increased number of white matter
lesions (WML) several years after the event [17, 18]. These
lesions are areas of hyperintensity on T2-weighted MRI brain
scans that are known to correlate with cognitive decline and
dementia [19, 20]. The distribution of WML does not appear
to correspond to areas most often affected in PRES, a finding
which argues against the notion of a direct causal pathway
[21]. A recent study did, however, show reduced gray matter
volume in posterior localizations in the brain in women with a
history of preeclampsia and current hypertension [22]. In ad-
dition, PRES is not always restricted to the posterior regions
of the brain but can also be located in the temporal or frontal
regions [23¢].

Others also report reduced cortical volume or total brain
volume in women with a history of preeclampsia [24, 25]. In
the study by Mielke et al. [24], women with a history of
pregnancy hypertensive disease performed worse in a cogni-
tive test measuring processing speed and had greater brain
atrophy compared to women with previous normal pregnan-
cies. These recordings were made decades after the affected

pregnancy, and differences remained statistically significant
even after adjustment for traditional cardiovascular risk fac-
tors [24]. More recently, a meta-analysis of cognitive function
after preeclampsia found a correlation between preeclampsia
and later subjective, but not objective, impairment of cogni-
tion. However, the authors also stated that high-quality studies
are lacking in this field and that most studies did not correct
for confounders [26].

Cerebrovascular Blood Flow in Preeclampsia
and Eclampsia

The ethiology of eclampsia and cerebral complications in re-
lation to preeclampsia is not well understood, but it is thought
to be the result of impaired regulation of cerebrovascular func-
tion resulting in mainly vasogenic edema, but also partly cy-
totoxic edema, predominately in the parieto-occipital regions
of the brain. The underlying mechanism might be cerebral
vasoconstriction, impaired autoregulation with forced dilata-
tion of cerebral arteries, and/or endothelial dysfunction [8, 27,
28].

Studies employing animal models of preeclampsia have
demonstrated that cerebral vasogenic edema is the result of
impaired autoregulation of cerebral blood flow and increased
BBB permeability [29]. However, since preeclampsia is a
condition unique to humans, findings from animal studies
with induced preeclampsia can be difficult to interpret and
translate to humans.

@ Springer
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The original basic concept of the underlying cause of
PRES, cerebral vasoconstriction, is based on findings where
angiography has shown caliber changes in the cerebral arteries
where vasoconstriction was thought to occur in response to
hypertension with autoregulatory compensation, resulting in
hypoxia, endothelial dysfunction, and subsequent vasogenic
and cytotoxic edema [30, 31]. This theory has become less
popular in favor for failure of cerebral autoregulation and hy-
perperfusion, but not abandoned.

Cerebral vascular autoregulation is a physiological mecha-
nism that maintains a relatively constant cerebral blood flow
despite changes in cerebral perfusion pressure. The theory
proposed to explain the loss of cerebral vascular autoregula-
tion is based on dilation of brain vessels (decrease in cerebral
vascular resistance, CVR) instead of vessel constriction, in
response to increasing systemic blood pressure. This causes
increased cerebral blood flow (CBF), increased pressure on
the vessel wall which would in turn causes intracerebral
vasogenic edema [32]. However, this process can only occur
when the upper limit of the cerebral autoregulation is reached,
which is not the case in many women with eclampsia and
preeclampsia with PRES [33, 34]. Consequently, the reason
why pregnant women, with blood pressures within the normal
range of cerebral autoregulation, develop neurological symp-
toms and/or eclampsia remains unexplained [35]. Some stud-
ies have shown that it might be the dynamic cerebral autoreg-
ulation (i.e., continuous rapid changes in vessel diameter in
response to small changes in systemic blood pressure) that is
impaired in preeclampsia. This might be one of the explana-
tions as to why eclampsia can occur at blood pressure levels
that are lower than the upper range of cerebral autoregulation
[36°°].

Thus, at present, our knowledge of the pathophysiology of
edema and seizures in preeclampsia is incomplete, and further
research is required.

Endothelial Dysfunction in Preeclampsia

Endothelial dysfunction is a systemic pathological state char-
acterized by the loss of the physiological response of the en-
dothelium to mediators of vasodilation and vasoconstriction
derived from both endothelial and non-endothelial origin [37].
This condition has been reported in women with preeclampsia
[38] and is thought to be a generalized condition that targets
multiple organs, including the brain. In this review, we focus
on the importance of brain endothelial cells, a key component
of the BBB, in relation to preeclampsia pathophysiology.
The BBB is a complex structure primarily composed of
capillary endothelial cells in conjunction with astrocytes,
pericytes, and basement membrane. In the BBB, adjacent en-
dothelial cells are tightly associated via intercellular tight junc-
tion complexes that restrict paracellular transport, thereby

@ Springer

regulating the cerebral environment [39]. Consequently, dis-
ruption of tight junction function results in loss of BBB integ-
rity and subsequent increased permeability.

The key components of intercellular tight junctions are the
transmembrane proteins occludin, claudin, and junctional ad-
hesion molecules (JAMs), which form complex strands that
govern the permeability characteristics of the paracellular
route [40, 41]. In order to maintain this restricted diffusion
pathway, tight junctions are linked to the cytoplasmic zonula
occludens proteins that provide a structural bridge to the actin
cytoskeleton. Furthermore, the phenotype of BBB endothelial
cells differs from that of peripheral endothelial cells, since
they express higher levels of tight junction proteins, mem-
brane transporters belonging to the ATP-binding cassette and
Solute Carrier families, and metabolic enzymes [42—44]. It is
this phenotype that is fundamentally responsible for defining
the highly restrictive vascular permeability characteristics of
the BBB.

Since preeclampsia with cerebral complications may occur
in pregnant women with mild hypertension, or even without
diagnosis of hypertension [35], it is accepted that circulating
factors, probably released from the placenta, may target brain
endothelial cells and increase BBB permeability, potentially
facilitating the onset of edema and seizures (Fig. 2). In support
of this hypothesis, Warrington et al. [45¢¢] reported that preg-
nant rats with induced placental ischemia demonstrated in-
creased permeability of the cerebral vasculature. Thus, factors
released from the ischemic placenta in preeclampsia might
sensitize the cerebral vasculature to changes in blood pressure,
which might enhance BBB permeability.

Both Cipolla et al. [29] and Johnson et al. [14¢] have
reported a hypertensive pregnancy-dependent significant in-
crease in BBB permeability to sodium fluorescein (376 Da) in
a rat model of severe preeclampsia, while Cipolla and Kraig
[29], but not Johnson et al. [14ee], also showed increased
permeability of Texas red dextran (70 kDa). The increased
BBB permeability in this model may be associated with tight
junction disruption, but no direct evidence has yet been re-
ported. Furthermore, rat studies investigating the effect of pre-
eclampsia on brain physiology postpartum report that de-
creased expression of the tight junction protein occludin in
the posterior cortex was associated with edema [46].

Several reports have described a change in circulating con-
centrations of cytokines in women who developed preeclamp-
sia, i.e., higher proinflammatory and lower anti-inflammatory
concentrations compared to normal pregnancies [47, 48].
However, little is known about circulating concentrations of
these cytokines in women who experienced brain complica-
tions such as eclampsia, altough circulating TNF-o« may con-
tribute to cerebral edema by increasing BBB permeability
[49]. Furthermore, in in vitro studies, the increase in BBB
permeability by plasma from women with preeclampsia could
be prevented by inhibition of vascular endothelial growth
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Fig. 2 Current concept of the
pathophysiology of brain
alterations in preeclampsia and
eclampsia. (a) We propose a a
communication between placenta
and maternal brain. (b) The
ischemic placenta releases
harmful substances, including
exosomes, into the maternal
circulation, which in turn reach
brain endothelial cells generating
damage in the blood-brain barrier.
(¢) Increased brain endothelial
permeability will impair the
function of brain parenchyma

factor signaling [50ee]. Future studies should focus on the
impact of the increased inflammatory state on the brain vas-
culature in preeclampsia.

Evaluation of Brain Function in Women
with Preeclampsia or Eclampsia

Preclinical Models
Animal Models

Cerebral complications in preeclampsia are difficult to simu-
late in in vivo models. Classical models for preeclampsia such
as the reduced uteroplacental perfusion pressure (RUPP) mod-
el have been combined with high cholesterol diet (RUPP+HC)
in order to mimic severe preeclampsia [14e¢]. This RUPP+HC
model results in high BP and reduced placental and pup
weights. To evaluate eclampsia in this RUPP+HC model, sei-
zures are induced by administration of the neuroexcitatory
agent pentylenetetrazole (PTZ). In one study, seizure thresh-
old to PTZ was decreased, indicating that preeclampsia had a
harmful effect on the brain. Furthermore, in the same RUPP+
HC model, a lower percentage water content in the posterior
cerebral cortex, high in vivo BBB permeability to sodium
fluorescein, and high microglia activation were demonstrated
in RUPP+HC rats compared to late pregnant controls [14ee].

The latter study also showed administration of MgSO, re-
versed the above effects.

More recently, another rat model of eclampsia, based on
administration of lipopolysaccharide (LPS) plus PTZ to preg-
nant rats, has been validated by different groups [14e+, 51, 52].
This model demonstrates not only preeclampsia-like syn-
drome plus seizures, but also neuroinflammation, brain ede-
ma, and high levels of proinflammatory cytokines in periph-
eral blood and in cerebrospinal fluid. These abnormalities can
be prevented by MgSQ,. Interestingly, placental ischemia has-
tened the onset of seizures compared to pregnant controls but
had no effect on seizure duration. Other available rat models
of hypertension in pregnancy have not been used in studies of
maternal brain alteration.

Despite validation of available eclampsia models, rat
models have limited applicability in terms of defining whether
the brain regions affected in rodents correspond to the affected
areas in human. In addition, since preeclampsia is a uniquely
human condition, an animal model can never truly reflect the
effects of preeclampsia on the human brain. Consequently,
there is a need for more studies to better understand how
cerebral complications arise during severe preeclampsia [29].

In Vitro Models
Since the preeclampsia-associated modulation of BBB perme-

ability is a multifactorial phenomenon involving alterations in
the restrictive characteristics of tight junction complexes and

@ Springer
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intracellular signaling events, in vitro models of the BBB can
prove useful in characterizing these alterations. Ideally, the
models should be functionally reproducible, retaining key
characteristics of the in vivo BBB, including high
transendothelial electrical resistance (TEER), low permeabil-
ity, and expression of functional receptors and associated sig-
naling and endocytotic pathways, ATP-binding cassette trans-
porters, Solute Carrier transporters, and tight junction pro-
teins. A summary of the available models is presented in
Table 1.

There is very rarely healthy human brain tissue available to
generate BBB due to obvious ethical issues. However, prima-
ry human brain endothelial cells are commercially available.
Immortalized cell lines are an alternative to primary cell cul-
tures, although immortalization has a negative impact on nor-
mal cell physiology. Of all the human-based models [53, 54],
the hCMEC/d3 cell line has consistently proved to be the most
reliable in terms of phenotype and relevance to studying BBB
function [55-57], while in recent years, the use of human

Table 1 Features of in vitro blood-brain barrier models
Model Advantages Disadvantages
Primary All models All models
cultures  -Retain a phenotype similar - Ethical concerns
to the in vivo barrier. regarding the source of
- Use of co-cultures and tissue.
supplements can improve -Time-consuming and
the phenotype. resource-intense
Murine Bovine and porcine-based ~ Rodent-based models
Rat models - Require large numbers of
Bovine - Less animals required than animals for sufficient
Porcine for rodent-based systems. tissue.
Human - Isolation procedures - Isolation procedures
provide high yields. provide low yields.
- Appropriate for Human-based models
permeability studies - Poor availability of
Human-based models human tissue.
- Use of hPSC could provide - hPSC-based models are
more relevant models. promising, but need
development.
Cell lines
Murine All models All models
b. END3, -Less expensive than - Loss of phenotype
cEND, primary cultures - Use of supplements and
cerebEN-  -Faster and easier to generate  co-cultures do not
D than models comprised of  always improve their
Rat primary cells relevance
RBE4, - Highly reproducible results - Most cell lines are not
GPNT obtained suitable for permeability
Porcine Human-based models studies
PBMECI1/2 - Better represent human
Human BBB phenotype than do
hCMEC/d3, other models
BB19,
ECV304

References within the manuscript
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pluripotent stem cells (hPSCs) for developing in vitro models
of the human BBB appears to be extremely promising [58].

Animal-derived BBB models have obvious advantages
over human-based models in terms of tissue availability and
versatility, and brain tissue from rodents has been widely
employed. More robust BBB models, based on bovine and
porcine primary endothelial cells, demonstrate high TEER
[59+, 60—63] low permeability of small tracer molecules
[59-, 60, 61, 63], expression of phenotypical proteins [59e,
62, 64+, 65], and responsiveness to endogenous mediators
and xenobiotics [66, 67]. In vitro BBB models have also been
generated using immortalized rodent, bovine, and porcine en-
dothelial cell lines, which can express tight junction proteins
and functionally active BBB transporters [54, 68—72].

All in vitro model systems have limitations (Table 1), and
the major considerations when employing in vitro BBB
models are optimization of culture conditions and the use of
more complex co-culture systems to maintain, or enhance, the
in vivo BBB phenotype. These considerations will help create
a reliable and reproducible model system in which to study
BBB function.

Clinical Studies
Brain Imaging in Preeclampsia

Brain imaging is the gold standard for analysis of brain alter-
ations during severe preeclampsia. These are summarized in
Table 2.

Transcranial Doppler

Transcranial Doppler ultrasound is a non-invasive technique
that can be utilized to measure cerebral blood flow. The mid-
dle cerebral artery is the most commonly studied vessel due to
the ease of access via the temporal window. Transcranial
Doppler has been used for assessment of cerebrovascular
function in clinical settings, including vasospasm in subarach-
noid hemorrhage and stroke. In Transcranial Doppler studies
of the middle cerebral artery, cerebral perfusion pressure has
been shown to be increased in women with preeclampsia com-
pared to normal pregnant women [36, 73, 74]. Consequently,
Belfort et al. proposed that elevated cerebral perfusion pres-
sure may contribute to the pathophysiology of vasogenic ede-
ma and hypertensive encephalopathy in preeclampsia/
eclampsia [75].

Dynamic cerebral autoregulation, the ability of vessels
to respond to subtle changes in systemic blood pressure
by contracting or dilating has been studied in normal
pregnancies and in pregnancies complicated by hyperten-
sive disorders, using a combination of Transcranial
Doppler, continuous non-invasive blood pressure monitor-
ing, and continuous end-tidal CO, monitoring [76].



Curr Hypertens Rep

(2019) 21:72

Page 7 of 13 72

Table 2

complications in preeclampsia

Features of clinical approaches for studying cerebral

Advantages Disadvantages
MR technique
Magnetic All models All models
resonance -Non-invasive -Requires stable
imaging -Not operator dependent patient to perform
-Evaluated in eclampsia examination
Magnetic Magnetic resonance -Long acquisition time
resonance imaging -Contraindicated for
spectroscopy -Whole-brain coverage patients with
-High soft tissue contrast claustrophobia
-Vasogenic and cytotoxic ~ -Might not be
edema accessible in
-Flow low-income settings
-Perfusion Magnetic resonance
-Cortical activation imaging
-Cortical networks -No metabolic
-White matter integrity information
-Volumetric studies Magnetic resonance
Magnetic resonance spectroscopy
spectroscopy -Poor spatial
- Metabolic information resolution
Cerebral Doppler
Cerebral All models All models
perfusion -Non-invasive -Operator dependent
pressure -Bedside examination -Learning curve to
Dynamic Cerebral perfitsion pressure  obtain transcranial
cerebral - Short acquisition time window
autoregulation - Can be repeated -Might not be

before/after treatment
Dynamic cerebral
autoregulation
- Evaluates the response of

blood vessels response to

continuous systemic
blood pressure changes,

does not rely on absolute

blood pressure levels

Cerebral biomarkers

S100B
Neuron-specific
enolase
Neurofilament
light chain
tau

All models

-Easily accessible

-Not operator dependent
S100B

-Astrocytic origin, located

at the blood-brain barrier

interface
- Have been shown to

reflect blood brain barrier

injury

Neuron-specific enolase

- Reflects neuronal injury

Neurofilament light chain
and tau

- Reflects axonal injury

- Promising biomarkers in
degenerative disease

accessible in
low-income settings
-Not evaluated in
eclampsia
Cerebral perfusion
pressure
-Diverging results
between studies
Dynamic cerebral
autoregulation
-Long acquisition time
-Requires software for
reading, not
commercially
available

All models

-Might not be
accessible in
low-income settings

- Not evaluated in
eclampsia

-Not exclusive origin
in the central
nervous system

S100B

- Also found in
adipose tissue

Neuron-specific
enolase

- Found in red blood
cells—sensitive for
hemolysis

Table 2 (continued)

Advantages Disadvantages

- Not certain to reflect
blood-brain barrier
injury

Neurofilament light
chain and tau

- Not certain to reflect
blood-brain barrier
injury

- Also found in
adipose and soft

tissue
Clinical signs and symptoms
Neurological All models All models
symptoms -Easily accessible -Poor predictive
Vital parameters -Accessible in low-resource  values
settings -Mostly studied
- Non-invasive retrospectively
Neurological symptoms Neurological
- Used in clinical practice symptoms
Vital parameters - Operator dependent
- Used in clinical practice  Vital parameters

- Not operator dependent

- Not evaluated for

adverse cerebral
outcomes

References within the manuscript

Women with preeclampsia have been shown to have im-
paired dynamic autoregulation compared to women with a
normal pregnancy and, interestingly, this impairment does
not correlate to higher systemic blood pressure [36¢¢]. A
possible mechanism is that elevated cerebral perfusion
pressure and/or impaired dynamic autoregulation may
lead to disruption of the endothelium and microstructure
of the cerebral vasculature (barotrauma) and result in ce-
rebral edema and hemorrhage.

Compared to the gold standard of angiography,
Transcranial Doppler offers the advantage of decreased
expense and lack of radiation exposure. Limitations of
Transcranial Doppler include the dependence on the oper-
ator for the handheld technique and anatomic variations
including inadequate acoustic windows. Most studies
evaluating cerebral blood flow in preeclampsia/eclampsia
have focused on sonation of the middle cerebral artery.
However, since most cerebral pathology in preeclampsia/
eclampsia involves the posterior cerebral circulation (vi-
sual disturbances, cortical blindness, and posterior revers-
ible encephalopathy), future studies should evaluate the
posterior cerebral circulation. Studies monitoring cerebral
perfusion pressure and dynamic cerebral autoregulation in
both eclampsia and preeclampsia are lacking, and more
efforts are required to determine the influence of these
parameters on cerebral complications.

@ Springer
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Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) produces very high con-
trast images of soft tissue, making it the method of choice for
imaging the brain and spinal cord. In the context of pre-
eclampsia, MRI can prove useful for detecting increases in
water content, e.g., due to gliosis or vasogenic edema and
has been used for estimation of white matter lesion burden,
for detection of the PRES, and for cortical volume assess-
ments (Fig. 3).

Besides morphology, MRI can be used for investiga-
tions of physiology and metabolism. With a diffusion
weighted sequence (diffusion weighted imaging), it is
possible to differentiate vasogenic and cytotoxic edema.
Blood flow and flow velocity can be measured with
phase contrast MR technique [77]. Although various con-
trast agent-based techniques are used for assessment of
tissue perfusion, they cannot be used in pregnancy. There
are however newer MR perfusion techniques that do not
employ contrast agents, namely arterial spin labeling [78]
and intravoxel incoherent motion [79], and intravoxel
incoherent motion studies report reduced perfusion in a
part of the basal ganglia in women with preeclampsia
[80].

Tissue metabolism can be investigated with MR spectros-
copy, most often focusing on hydrogen metabolites (H-MRS)
[81], but also on phosphorus metabolites (P-MRS) [82] and a
P-MRS study reports a reduction in cerebral magnesium
levels of the brain in women with preeclampsia [83]. Using
H-MRS, changes in osmolytes were detected in the brains of
women with preeclampsia [84, 85], suggesting that brain and
plasma osmolality may play a role in the cerebral edema as-
sociated with preeclampsia and eclampsia. To date, the MR
spectroscopy technique has rarely been used in women with
eclampsia [86].

Disadvantages with MRI include that it is not as available
as ultrasound or CT, examination times are longer, cost is
higher, thereby making it difficult to examine critically ill
patients.

Cerebral Biomarkers

In preeclampsia, four cerebral biomarkers have been investi-
gated in the setting of brain alterations: (1) SI00B (10.7 kDa
monomer; 21 kDa homodimer) from astroglial cells; (2) neu-
ron specific enolase (NSE) (47 kDa) from neurons; (3) neuro-
filament light chain (NfL) (68 kDa); and (4) tau (six isoforms,
36.8-45.9 kDa) from axons. Among these, SI00B has been
most studied. If these centrally derived biomarkers, when de-
tected peripherally, are proven to have a high accuracy in
diagnosing cerebral complications at onset or before onset,
they could be used to predict or diagnose cerebral complica-
tions in preeclampsia.

However, in terms of applicability in the clinical setting,
there is still a large gap in knowledge about the utility of
circulating cerebral biomarkers in the prediction and diagnosis
of cerebral complications in preeclampsia. Most studies have
evaluated women with preeclampsia without cerebral compli-
cations. Prospective studies investigating women with cere-
bral complications in preeclampsia, such as cerebral edema
and/or eclampsia, are needed to verify the accuracy of these
biomarkers.

The possible advantage of analyzing circulating bio-
markers is that women with cerebral complications, or mani-
fest cerebral signs, could be evaluated and treated according to
their risk of complications. This would facilitate allocation of
treatment such as magnesium sulfate, decision about delivery,
and allocation to the right level of care. Briefly, we will ana-
lyze current available biomarkers in the next sections.

Fig. 3 Magnetic resonance images of woman with eclampsia. FLAIR
sequence (a) shows high signal intensity changes compatible with
posterior encephalopathy syndrome (PRES) in bilateral parieto-occipital
areas as well as in bilateral basal ganglia. Intravoxel incoherent motion
(IVIM) images show reduced fast diffusion (D*), indicating reduced

@ Springer

blood flow velocity (b) and reduced perfusion fraction (f) indicating
reduced blood volume (c¢). Changes are more obvious in D* image. The
findings support hypoperfusion in areas corresponding to the PRES
findings
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S100B in Preeclampsia

Since S100B is produced by astroglial cells, and in particular
in the end-feet surrounding the neurovascular unit, and it is
thought that S100B might enter the blood stream after an
isolated BBB injury, even without injury to the brain paren-
chyma [87]. This is supported by studies examining the loss of
BBB integrity in pharmacological studies of drugs directed to
the brain [88].

Increased plasma levels of S100B have been reported in
women with eclampsia [89], while women with severe pre-
eclampsia had higher plasma levels of SI00B compared to
women with mild disease [90]. Also, increased plasma con-
centrations of S100B were correlated with visual disturbances
among women with preeclampsia [91] or with cerebral symp-
toms [92]. Therefore, S100B seems to be a promising blood-
based biomarker for cerebral impairment in preeclampsia.

Neuron-Specific Enolase in Preeclampsia

Neuron-specific enolase (NSE) is found in neurons, red blood
cells, and in the neuroendocrine system. NSE in combination
with clinical parameters has been recommended as neurologic
prognostication in patients with cardiac arrest and hypoxic
ischemic encephalopathy [93].

Little information is available on these markers in pre-
eclampsia. Two studies report that plasma concentrations of
NSE were increased in late pregnancy in women developing
preeclampsia [94] and that plasma concentrations of NSE
were still increased 1 year after delivery in women who had
preeclampsia compared to healthy controls [95].

NfL and Tau in Preeclampsia

Neurofilament light chain (NfL) and tau are axonal proteins
used as biomarkers for neurodegenerative disease. NfL is re-
leased into the cerebrospinal fluid (CSF) and subsequently
peripheral blood and might be useful to rule out intracranial
pathology in patients with traumatic brain injury [96]. Serum
concentrations of tau have been proven to predict 6 months
cerebral outcome after cardiac arrest in a pilot study [97]. Two
studies have shown that concentrations of NfL are increased at
the end of pregnancy but before onset of disease in women
developing preeclampsia [98, 99¢] and one of these studies
also showed that tau was increased before onset of disease
[99-].

Concluding Remarks
Evaluation of brain alterations in preeclampsia and eclampsia

is challenging and demands collaboration between experts in
the laboratory, imaging specialties, and in the clinical setting.

No single method can accurately describe the full picture of
how preeclampsia affects the brain vasculature and parenchy-
ma since there are sources of error no matter which method is
employed.

Also, different mechanisms of pathophysiology have been
reported, and evidence has been hard to pool since studies
usually report findings from only one modality. If a combina-
tion of peripheral biomarkers, cerebral imaging, and in vitro
studies support the same findings, this will strengthen the
validity of the results (Fig. 4). In future research in preeclamp-
sia and eclampsia, the above methods of evaluation of cere-
brovascular alterations should be combined and outcomes
should be focused on both short- and long-term cerebral com-
plications such as eclampsia, PRES, impaired cognitive func-
tion and stroke. If women could be objectively identified as
low or high risk of cerebral complications, treatment and sup-
port could be directed to the women at highest risk. In terms of
prevention, identification of a biomarker that accurately re-
flects the risks of eclampsia and other preeclampsia-
associated severe cerebral complications, as well as brain al-
terations later in life after a pregnancy complicated by pre-
eclampsia, is highly desirable. However, eclampsia is a severe,
but rare condition. We recommend a international effort to

Animal
studies

Epidemiology

Multidisciplinary approach to
reduce brain complications
due to eclampsia and
preeclampsia

In vitro

Biomarkers studies

<

Fig. 4 Approach to the study of brain alterations in preeclampsia and
eclampsia from bench to bedside. There is a need to develop
multidisciplinary approaches to better understand the pathophysiology
of brain alterations associated with preeclampsia and eclampsia. Among
others, we have summarized the necessity for further improvements in
clinical management, epidemiological studies, brain imaging tools,
development of prevention strategies such as use of biomarkers and
further preclinical research, including in vitro and animal model studies.
This multidisciplinary approach will result in an iterative process leading
to advancement of knowledge in the preeclampsia cerebral vascular field
and will help reduce fetomaternal complications due to brain alterations

Brain Imaging
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overcome the issue of limited sample availability, and a trans-
lational research approach to optimize the quality of research.
Cerebral complications of preeclampsia are a significant factor
in maternal morbidity and mortality worldwide. To reach the
5th WHO sustainable development goal for decreased mater-
nal mortality, there is undoubtedly a need for a multidisciplin-
ary effort to gain increased knowledge of brain vascular alter-
ations in preeclampsia.
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