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The use of ultrasound and other markers
for early detection of preeclampsia

Preeclampsia (PE) is a multisystem disorder of pregnancy classically characterized with
the onset of hypertension after 20 weeks gestation in the presence of proteinuria. PE
typically affects 2-8% of pregnancies and is a leading cause of maternal and perinatal
morbidity and mortality. This article reviews the most effective biomarkers used in
first trimester screening for PE. It explores their use both in isolation and as part of an
algorithm to yield the best detection rates. Screening by a combination of maternal
risk factors, uterine artery Doppler, mean arterial pressure, maternal serum PAPP-A
and PIGF can identify about 75% of cases of preterm PE for a false-positive rate of
10%. By identifying these patients at high-risk for PE, appropriately tailored antenatal
surveillance can be instigated and prophylactic pharmacological interventions can be
prescribed to improve placentation and ultimately, the outcome for both the mother
and fetus.
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Preeclampsia (PE) is a medical condition
in pregnancy characterized by high blood
pressure and proteinuria after 20 weeks ges-
tation. It occurs in 2-8% of all pregnan-
cies. The consequences of PE can be serious
both for the mother and the fetus, especially
when the disease is severe. Severe manifesta-
tions include delivery before 37 weeks gesta-
tion (preterm PE) and fetal growth restric-
tion [1-7]. The condition is thought to be
predominantly due to defective implantation
of the placenta within the uterine endome-
trium. The quest to identify pregnant women
that are at high-risk of developing preterm
PE is a major goal in modern obstetrics.
There is a need for early identification of
these women as there is some evidence dem-
onstrating that the prevalence of PE can be
halved by commencing pregnant women on
low-dose aspirin before 16 weeks gestation [8].
In the last 10 years, extensive research has

shown, mainly as a consequence of the shift
in screening for Down’s syndrome from the
second- to the first-trimester of pregnancy,
that there are four potentially useful tests to
screen for PE: measurements of blood pres-
sure (BP) and the blood flow in the maternal
blood vessels that supply the uterus (uterine
artery pulsatility index [PI]), and the quanti-
fication of the levels of two placental proteins
(PAPP-A and PIGF) in the mother’s blood [9].
Using a novel mathematical model (Bayes
theorem), that combines prior information
from maternal characteristics, obstetric and
medical history, uterine artery PI, mean arte-
rial pressure (MAP) and maternal serum
PAPP-A and PIGF, at 11-13 weeks gestation,
can actually reveal a significant proportion of
women who are at high-risk for preterm PE
during pregnancy [9.10]. The performance of
these screening tests for PE are summarized
in Table 1.
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Table 1. Estimated detection rates of all preeclampsia and preeclampsia requiring delivery before 37

and 34 weeks gestation, at false positive rates of 5 and 10%.

Screening test FPR (%) Detection rate, % (95% Cl)
PE <34 weeks PE <37 weeks All PE
Maternal 5 42 (33-51) 36 (30-42) 30 (27-33)
characteristics plus 10 58 (49-67) 50 (44-56) 41 (38-44)
Ut-PI 5 57 (47-66) 46 (40-53) 33 (30-36)
10 70 (61-78) 59 (53-65) 44 (41-47)
MAP 5 49 (40-58) 45 (39-52) 35 (31-37)
10 65 (56-73) 60 (54-66) 48 (45-51)
PAPP-A 5 48 (38-57) 42 (36-48) 31 (28-34)
10 60 (51-69) 55 (49-61) 44 (40-47)
PIGF 5 57 (48-66) 50 (44-56) 35 (32-38)
10 73 (64-81) 66 (60-72) 47 (43-50)
MAP and Ut-PI 5 63 (54-72) 53 (47-59) 38 (35-41)
10 80 (71-86) 70 (65-76) 52 (49-55)
PAPP-A and PIGF 5 57 (48-66) 49 (43-56) 33 (30-36)
10 77 (69-84) 67 (61-73) 48 (45-51)
Ut-PI, MAP and 5 67 (58-75) 56 (50-62) 38 (34-40)
PAPP-A 10 80 (71-86) 68 (62-74) 52 (48-55)
Ut-PI, MAP and 5 80 (72-87) 66 (60-72) 42 (38-45)
PIGF 10 89 (81-94) 77 (71-82) 54 (51-57)
Ut-PI, MAP, PAPP-A 5 76 (68-83) 63 (57-69) 40 (36-43)
and PIGF 10 88 (81-93) 75 (69-80) 54 (50-56)
FPR: False positive rate; MAP: Mean arterial pressure; PE: Preeclampsia; Ut-Pl: Uterine artery pulsatility index.

Screening by maternal history
Several guidelines from different countries have
emerged recommending that if a woman is at high-risk
of developing PE, she should be commenced on low-
dose aspirin daily from early pregnancy until delivery
of the baby [11-14]. However, the screening criteria in
these guidelines are based on some maternal character-
istics and medical history. Such an approach has been
shown to identify only 35% of all cases of PE and about
40% of preterm PE, at false positive rate of 10% [15].
It has been shown that maternal characteristics and
medical history are useful in screening for PE. Box 1
shows the maternal risk factors for PE. However, it is
only useful when these risk factors are extrapolated
and incorporated into a specific mathematical formula
designed to calculate the risk for PE [16]. In general, the
maternal risk factor profiles vary between preterm and
term PE. This resulted in a theory that preterm and
term PE may in fact be different disorders. An alterna-
tive hypothesis is that PE is a spectrum disorder, and
the more severe the disease is, the earlier the gestation
at which the delivery will be. A novel approach for
screening for PE involving multiple variables includ-
ing maternal risk factors has since evolved into a new
method in which, the gestation at the time of delivery
for PE is treated as a continuous rather than a categori-

cal variable. This approach, which allows estimation of
individual patient-specific risks of PE requiring deliv-
ery before a specified gestation, is based on a survival
time model. This model considers a situation that if
a pregnancy continued indefinitely, all women would
develop PE. Whether they develop PE or not depends
on the competition between delivery before or after
development of PE [17]. By applying this method, the
impact of the various risk factors, alters the mean of the
distribution of gestational age at delivery with PE. In
those at low-risk for PE, the gestational age distribu-
tion is shifted to the right, with the implication that
most women will actually deliver before developing of
PE. In high-risk pregnancies, the distribution is shifted
to the left and the earlier the mean gestational age, the
higher the risk is for PE (Figure 1).

Using this approach, the mean gestational age for
delivery with PE is 55 weeks with estimated standard
deviation of 6.88 weeks. Those at high-risk of PE have
risk factors such as advanced maternal age, increased
weight, Afro-Caribbean and South Asian racial ori-
gin, conception by IVE. A medical history of chronic
hypertension, pre-existing diabetes mellitus and sys-
temic lupus erythematosus or antiphospholipid syn-
drome, and personal and family history of PE will also
contribute to them falling into the high-risk category.
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The risk for PE decreases with increasing maternal
height and in parous women with no previous PE; in
the latter, the protective effect is inversely related to the
interpregnancy interval and persists beyond 15 years.
Screening by maternal factors yields estimated detec-
tion rates of all PE and PE requiring delivery before
37 and 34 weeks gestation of about 41, 50 and 58%),
respectively, at a false positive rate of 10% (Table 1) [9].

Screening by maternal biophysical markers
Uterine artery Doppler

The most promising screening test for PE is uterine
artery PI. The underlying mechanism for the devel-
opment of PE is thought to be impaired trophoblastic
invasion [1819]. Doppler ultrasound is a noninvasive
method for assessing the blood flow to the placenta.
The finding that poor placental perfusion, demon-
strated by increased uterine artery PI, is associated with
the development of PE, supports the theory that PE is
a consequence of impaired placentation. The results of
previous first- and second-trimester Doppler studies as
well as histological studies of the maternal spiral arter-
ies within the wall of the uterus, also corroborate this
hypothesis [20-22].

In order to obtain reliable and accurate measure-
ments of uterine artery PI using Doppler ultrasound,
appropriate training of sonographers and adherence
to standard operating protocols for obtaining these
measurements are essential. A process of training and
quality assurance has been established by the Fetal
Medicine Foundation [23]. Uterine artery PI is influ-
enced by gestational age at screening, maternal age,
weight, racial origin and history of PE in the previ-
ous pregnancy, and is therefore expressed as multiple
of the median (MoM) after these factors are taken
into consideration [24]. The uterine artery PI MoM is
higher at 11-13 weeks gestation in those who subse-
quently develop PE and there is a significant negative
linear correlation between the uterine artery PI MoM
and gestational age at delivery [9]. Estimated detection
rates of PE using maternal factors with uterine artery
PI are shown in Table 1. This biophysical marker with
maternal factors improves the detection rate from 41 to
44%, 50 to 59% and 58 to 70%, at a false positive rate
of 10%, for all PE and PE requiring delivery before 37
and 34 weeks gestation, respectively.

Blood pressure

The importance of measuring maternal BP antenatally
cannot be underestimated. Accurate assessment of BP
can be challenging as each individual exhibits a consid-
erable variability. The first BP recording at rest is often
the highest one and it subsequently decreases as the
patients become more familiar with the procedure [25].

Consequently, many professional bodies advocate that
a series of BP measurements should be performed until
a pre-specified level of stability is achieved [26,27]. The
use of mercury sphygmomanometers remains the gold
standard for noninvasive BP monitoring. However,
concerns for both their clinical performance and safety
have been raised [28]. Common reasons for inaccurate
BP readings using this method include inter observer
error and terminal digit preference. The rate at which
the cuff deflates, the use the appropriate size cuff, the
interarm difference in BP and the arm position and
posture are all known to influence BP measurement.
Automated BP monitoring will mitigate many of
these obstacles and allow simple, standardized and
repeated measurements to be taken. However, their use
still requires both the correct cuff size and patient posi-
tioning to achieve accurate measurements. It has, there-
fore, been proposed that MAP should be measured by
validated automated devices, with women in sitting
position with back supported and legs uncrossed, that
two measurements should be taken from each arm
simultaneously with each arm supported at the level

Box 1. Recognized maternal risk factors for

preeclampsia.

® Previous preeclampsia (PE)

e Previous early onset PE and preterm delivery at
<34 weeks gestation

e PE in more than one prior pregnancy

e Chronic kidney disease

e Autoimmune disease such as systemic lupus
erythematosis or antiphospholipid syndrome

e Heritable thrombophilias

e Type 1 or Type 2 diabetes

e Chronic hypertension

e First pregnancy

e Pregnancy interval of more than 10 years

* New partner

e Reproductive technologies

e Family history of PE (mother or sister)

e Excessive weight gain in pregnancy

¢ Infection during pregnancy

e Gestational trophoblastic disease

e Multiple pregnancy

e Age 40 years or older

e Ethnicity — Nordic, black, South Asian or Pacific
Island

e Body mass index of 35 kg/m? or more at first visit

e Booking systolic blood pressure >130 mmHg or
diastolic blood pressure >80 mmHg

¢ Increased pre-pregnancy triglycerides

e Family history of early onset cardiovascular disease

e Lower socioeconomic status

e Cocaine and methamphetamine use

¢ Nonsmoking

Data taken with permission from [11-14].
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Figure 1. Gaussian distributions of gestational age at
delivery for preeclampsia. In pregnancies at low-risk
for preeclampsia (PE), the gestational age distribution
is shifted to the right with the implication that most
women will actually deliver before developing of PE.
In pregnancies at high-risk for PE the distribution is
shifted to the left and the smaller the mean gestational
age the higher is the risk for PE. The probability of PE
occurring at or before a specified gestational age is
given by the area under the curve (black). In the low-
risk group the risk of PE at <34 weeks gestation is 1%
and in the high-risk group the risk is 60%.

Adapted with permission from [17].

of the heart, and the average of the four measurements
should be used [25].

It has already been shown that women destined
to develop PE will have elevated BP in the first- and
second-trimesters of pregnancy [29]. A mixture of
prospective and retrospective, cohort and case—con-
trol studies and randomized controlled trials, have
reported varied results of screening performance
(detection rate, median 43%, range 5-100%; false
positive rate, median 16%), range 0-66%), mainly
due to major differences in their methodology. A sys-
tematic review of these studies, which included more
than 60,000 women with 3300 cases of PE, concluded
that the MAP is significantly better than systolic BP or
diastolic BP in predicting PE [29].

MAP has been shown to be affected by gestational
age at screening, maternal age, weight, height, Afro-
Caribbean racial origin, cigarette smoking, family his-
tory of PE, history of PE in the previous pregnancy,
interpregnancy interval, chronic hypertension and
diabetes mellitus (30]. Similarly, as with uterine artery
Doppler, it should be expressed as a MoM after adjust-
ment for these factors. There is a significant negative
linear correlation between the MAP MoM and gesta-
tional age at delivery [17] as seen with uterine artery

PI. This is a result of the increased value of the MAP
MoM at 11-13 weeks gestation in women who will
develop PE. As seen in Table 1, screening by maternal
factors with MAP improves the detection rate from
41 to 48%, 50 to 60% and 58 to 65%, at a false posi-
tive rate of 10%, for all PE and PE requiring delivery
before 37 and 34 weeks gestation, respectively.

As there is a significant association between these
two biophysical markers in PE and unaffected preg-
nancies, the correlation factors for both uterine artery
PI and MAP must be considered in the algorithm
to avoid overestimating the contributions from each
marker. This will ensure a more accurate risk assess-
ment for PE. If both of these markers are used syn-
ergistically with maternal factors, estimated detection
rates of all PE and PE requiring delivery before 37 and
34 weeks gestation are 38, 53 and 63%, respectively,
at a false positive rate of 5 and 52%, 70 and 80%,
respectively, at a false positive rate of 10% (Table 1).

Screening by maternal biochemical markers
There have been numerous biochemical markers stud-
ied and evaluated for clinical use in the prediction of PE.
Due to the complexity of this disorder, it is not surpris-
ing that there is no single marker available to accurately
diagnose or predict it. Many of these measurements
are the sequelae of impaired placentation secondary to
inadequate trophoblastic invasion of the maternal spiral
arteries and impaired placental perfusion. These mani-
festations cause ischemic related damage with the release
of inflammatory factors, platelet activation, endothelial
dysfunction, maternal renal dysfunction or abnormal
oxidative stress [18-19,31-34]. Maternal serum PAPP-A and
PIGF are two biochemical markers that have been inves-
tigated extensively and have shown promising results
in the early prediction of PE. They have both been
shown to be useful in screening for Down’s syndrome at
11-13 weeks gestation and they are now part of a plat-
form of automated machines that provide reproducible
results within 30—40 min of sampling.

PAPP-A is an IGF-binding protein secreted by the
syncytiotrophoblast that plays an important role in pla-
cental growth and development. It enhances the mito-
genic function of the IGFs. PE has been shown to be
associated with a low level of circulating PAPP-A, which
presumably is a consequence of a reduced availability of
unbound IGFs to fulfil their functional role on a cel-
lular level. In chromosomally normal pregnancies, a
PAPP-A value below the 5th centile (0.4 MoM) is only
present in 8—23% of women with PE. Therefore alone,
this is not an accurate predictive test for PE [35-38].

PIGF is secreted by trophoblastic cells and is part
of the angiogenic vascular endothelial growth factor
family. It binds to vascular endothelial growth factor
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receptor-1, which has been shown to increase in preg-
nancy. PIGF has both vasculogenetic and angiogenetic
functions. Its angiogenetic abilities have been specu-
lated to play a role in normal pregnancy and changes in
the levels of PIGF or its inhibitory receptor have been
implicated in the development of PE. In both the first-
and second-trimesters of pregnancy a reduced concen-
tration of serum PIGF have been shown to precede the
clinical onset of PE [39-43].

Accurate determination of the measured maternal
serum metabolite concentration requires adjusting for
certain maternal and pregnancy characteristics, as well
as, the machine and reagents used for the assays. Their
concentrations can then be expressed in the MoM of
the normal. Maternal serum concentrations of PAPP-A
are affected by gestational age at screening, maternal
weight, height, racial origin, cigarette smoking, dia-
betes mellitus, method of conception, previous preg-
nancy with PE and birth weight Z-score of the neo-
nate in the previous pregnancy [44]. Similarly, maternal
serum concentrations of PIGF are influenced by ges-
tational age at screening, maternal age, weight and
racial origin, cigarette smoking, diabetes mellitus and
gestational age at delivery and birth-weight Z-score of
the neonate in the previous pregnancy [45]. Contrary to
the findings with biophysical markers, the MoM values
of PAPP-A and PIGF are lower at 11-13 weeks gesta-
tion in women who subsequently develop PE. There
is a significant positive linear correlation between the
MoM values of these markers and the gestational age
at which delivery occurs [10]. This observation further
confirms that PE is a single pathophysiological entity
with a wide spectrum of severity.

Screening by maternal factors with biochemical
markers improves the detection rates of PE from 41 to
48%, 50 to 67% and 58 to 77%, at a false positive rate
of 10%, for all PE and PE requiring delivery before 37
and 34 weeks gestation, respectively.

Screening by maternal biochemical &
biophysical markers

Effective screening for PE, in a similar manner to
first-trimester screening for Down’s syndrome, can
also be achieved using a combination of maternal fac-
tors, biochemical and biophysical markers. Using the
competing risk model, the gestational age at the time
of delivery for PE is treated as a continuous variable.
Bayes’ theorem is then used to combine prior infor-
mation from maternal characteristics, obstetric and
medical history with the MoM values of uterine artery
PI, MAP, serum PAPP-A and PIGF. In contrast to the
other published models [46,47], this model uniquely,
offers the option to clinicians and researchers to select
their own gestational age cut-off to define the high-

risk group that could potentially benefit from thera-
peutic interventions starting from the first-trimester
of pregnancy [s].

As there are significant associations between these
biochemical and biophysical markers in PE and unaf-
fected pregnancies, therefore when combining the four
markers in calculating the patient-specific risk for PE,
it is important that the correlation factors are taken
into account when calculating the risk for PE. Screen-
ing by maternal factors with biochemical and bio-
physical markers yields detection rates of all PE and PE
requiring delivery before 37 and 34 weeks gestation of
54, 75 and 88%, respectively, at a false positive rate of
10% (Table 1).

Screening by cell-free DNA

Several studies have reported that in women with
established PE, the plasma or serum concentrations
of both total and fetal cell-free (cf)DNA are higher
than in normotensive controls and the increase is par-
ticularly marked in those with severe PE [48-54]. These
findings have been attributed to accelerated apoptosis
of trophoblastic cells resulting from placental isch-
emia (48] and reduced clearance of the cfDNA from the
maternal circulation in women with PE [55]. However,
there is conflicting data as to whether these altered
levels precede the onset of the disease.

A recent systematic review examined fetal cfDNA
quantification in the prediction of PE (s¢]. The review
included three prospective cohort studies and ten
case—control studies with a total of 440 cases of PE
and 2576 controls. It was reported that 11 of the
13 studies found significantly higher concentrations
of fetal ¢fDNA in women who developed PE. The
authors suggested that most of the included studies
did not adequately control for possible confounding
factors such as body mass index, smoking status and
racial origin, and that the definitions of PE and its
severity varied. Due to the significant heterogeneity
between the published studies, a clinically meaning-
ful meta-analysis could not be performed, and there-
fore no precise conclusions could be drawn. Our
group has also demonstrated that, at 11-13 weeks ges-
tation, in pregnancies that subsequently develop early
PE, the median maternal plasma concentration of
total cfFDNA is increased and fetal fraction is reduced.
In pregnancies that develop late PE the median fetal
fraction at 20-24 weeks is reduced. However, both
total cfDNA and fetal fraction are affected by mater-
nal characteristics and when these associations are
taken into account, the MoMs in PE are not signifi-
cantly different from normotensive controls. A benefi-
cial consequence of using fetal cfDNA has yet to be
proved in clinical practice [57].

fsg

future science group

www.futuremedicine.com

10.2217/whe.15.95



Special Report 0’'Gorman, Nicolaides & Poon

Conclusion & future perspective
In a proposed new approach to antenatal care, the
potential value of an integrated clinic at 11-13 weeks
gestation in which maternal characteristics and his-
tory are combined with the results of a series of bio-
physical and biochemical markers to assess the risk
for a wide range of pregnancy complications, has
been extensively documented [s8]. Effective screening
for preterm PE can be achieved in this clinic with a
detection rate of about 75% at a false positive rate of
10%. Another potential approach to this would be
a contingent screening model, in which women who
are identified at high-risk for PE in the first-trimester,
are reassessed in both the second- and third-trimester
using both the biophysical and biochemical markers.
There is now emerging evidence that metabolomic
markers offer the potential for accurate screening mark-
ers for PE. A recent study has shown that a metabolite-
only model consisting of glycerol, 3-hydroxyisovaler-
ate, 2-hydroxybutyrate, acetone and citrate can achieve
a detection rate of 75% at a false positive rate of 25%
in the prediction of early PE requiring delivery before
34 weeks [59]. Interestingly, combining metabolomic
analysis with clinical and ultrasound characteristics
could potentially improve screening for PE. A combined

logistic regression model with glycerol, 3-hydroxyisoval-
erate, arginine, and uterine artery Pl achieved a detection
rate of 90% at a false positive rate of 12% for the predic-
tion of early PE [s9]. These results have been achieved
with low numbers so further prospective validation stud-
ies will be required. The Bayes’ theorem based model of
screening for PE would be the basis for evaluation and
inclusion of any new potentially useful biomarkers that
could improve the performance of screening. In sum-
mary, the primary aim of first-trimester screening for PE
is to identify high-risk women who would potentially
benefit from appropriately tailored antenatal surveil-
lance and prophylactic pharmacological interventions
to improve placentation if necessary.
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Executive summary

after 20 weeks gestation.

of impaired placentation.

respectively.

e Preeclampsia (PE) occurs in 2-8% of pregnancies and is characterized by high blood pressure and proteinuria

e Early identification of women at high-risk of developing PE could reduce the associated perinatal morbidity
and mortality by initiating treatment with low-dose aspirin before 16 weeks gestation.

e Screening by maternal factors yields estimated detection rates of all PE and PE requiring delivery before 37
and 34 weeks gestation of about 41, 50 and 58%, respectively, at a false positive rate of 10%.

e Doppler ultrasound is a noninvasive method for assessing placental perfusion. Increased uterine artery
pulsatility index (Pl) is associated with the development of PE, supporting the theory that PE is a consequence

e Uterine artery Pl measurements using Doppler ultrasound requires appropriate training of sonographers and
adherence to standard operating protocols to ensure accurate risk assessment for PE.

e Uterine artery Pl combined with maternal factors improves the detection rate from 50 to 59% and 58 to 70%,
at a false positive rate of 10%, for PE requiring delivery before 37 and 34 weeks gestation, respectively.

e Automated blood pressure monitoring will mitigate many of the obstacles encountered using mercury
sphygmomanometers and allow simple, standardized measurements to be taken.

e Screening by maternal factors with mean arterial pressure improves the detection rate from 50 to 60%
and 58 to 65%, at a false positive rate of 10%, for PE requiring delivery before 37 and 34 weeks gestation,

¢ |f both mean arterial pressure and uterine artery Pl are used synergistically with maternal factors, estimated

detection of PE requiring delivery before 37 and 34 weeks gestation are 70 and 80%, respectively, at a false
positive rate of 10%.

Maternal serum PAPP-A and PIGF are two biochemical markers that have shown promising results in the early
prediction of PE.

Screening by maternal factors with biochemical and biophysical markers yields detection rates for PE requiring
delivery before 37 and 34 weeks gestation of 75 and 88%, respectively, at a false positive rate of 10%.

A beneficial consequence of using cfDNA as a marker for screening for PE has yet to be proved in clinical
practice.

The application of metabolomics markers with clinical and ultrasound markers is an exciting prospect that
could significantly contribute to effective first-trimester screening for PE.
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