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Abstract: Obese women are at high risk of developing pre-eclampsia (PE). As an altered angiogenic
profile is characteristic for PE, measurement of soluble fms-like tyrosine kinase-1 (sFlt-1)/placental
growth factor (PIGF) ratio in the maternal serum can be helpful for PE diagnosis, as well as for
adverse perinatal outcome (APO) prediction. There is growing evidence that obesity might influence
the level of sFlt-1/PIGF and, therefore, the aim of the study was the evaluation of sFlt-1/PIGF
as an APO predictor in obese women with PE. Pre-eclamptic women who had an sFlt-1/PIGF
measurement at the time of diagnosis were retrospectively included. Women were classified according
to their pre-pregnancy body mass index (BMI) as normal weight (BMI < 25 kg/m2), overweight
(BMI > 25–29.9 kg/m2) or obese (BMI ≥ 30 kg/m2). APO was defined as the occurrence of one of
the following outcomes: Small for gestational age, defined as a birthweight < 3rd centile, neonatal
mortality, neonatal seizures, admission to neonatal unit required (NICU) or respiratory support. A
total of 141 women were included. Of them, 28 (20%) patients were obese. ROC (receiver operating
characteristic) analysis revealed a high predictive value for sFlt-1/PIGF and APO across the whole
study cohort (AUC = 0.880, 95% CI: 0.826–0.936; p < 0.001). However, the subgroup of obese
women showed a significantly lower level of sFlt-1 and, therefore, the performance of sFlt-1/PIGF
as APO predictor was poorer compared to normal or overweight PE women (AUC = 0.754, 95% CI:
0.552–0.956, p = 0.025). In contrast to normal or overweight women, a ratio of sFlt-1/PIGF < 38 could
not rule out APO in women with obesity.

Keywords: preeclampsia; (anti-)angiogenic factors; placental growth factor; soluble fms-like tyrosine
kinase 1; obesity

1. Introduction

Pre-eclampsia (PE) is a disease affecting 2–8% of all pregnancies and a major cause for
fetal and maternal morbidity [1–3]. An altered inflammatory and angiogenic profile is a
main finding in the pathophysiology of PE and serum markers, such as soluble fms-like
tyrosine kinase-1 (sFlt-1) and placental growth factor (PIGF), are now established for the
diagnosis of PE [4,5].

Around a third of pregnant women in Western countries are affected by overweight
and the percentage is steadily increasing [6,7]. In 2017, 15% of pregnant women in Germany
were obese compared to 12% in 2003 [8]. Obesity is a risk factor for the development of
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PE [9] and is, as well as PE, characterized by an endothelial dysfunction and a proinflam-
matory microenvironment [10]. Therefore, the evaluation of the established predictive
marker of PE, sFlt-1/PIGF ratio, is of the utmost importance in this high-risk cohort. Recent
guidelines recommend the use of sFlt-1/PIGF for diagnosis or exclusion of PE [11]. The
PROGNOSIS study, which evaluated and established sFlt-1/PIGF as a diagnostic tool, did
not differentiate between obese or normal-weight women and did not, therefore, examine
if different cutoffs are necessary or not [12].

The ratio of sFlt-1/PIGF is not only used for diagnosing or excluding PE, but also
for the prediction of adverse perinatal outcome (APO) and adverse maternal outcome
(AMO) [13–16]. Specifically, highly elevated levels of sFlt-1/PIGF correlate with APO
and might be helpful for estimating the mean time until delivery [12,17–20]. Likewise,
published data do not discriminate between different BMI groups.

It is important to notice that not only the severity of PE itself, but also other factors
influence the serum level of sFlt-1/PIGF, such as twin pregnancies or, as mentioned above,
BMI [21,22]. Levels of sFlt-1 seem to be inversely correlated with BMI and, therefore, APO
prediction by sFlt-1/PIGF might be distorted [23].

The aim of this study was the evaluation of sFlt-1/PIGF as an APO and AMO predictor
in obese women with PE and/or HELLP syndrome.

2. Materials and Methods

This is a retrospective single-center study from January 2018 to December 2020 at the
University Hospital rechts der Isar, Department of Obstetrics and Gynecology (Technical
University of Munich). All patients with diagnosed PE and/or HELLP syndrome were
included if sFlt-1/PIGF was determined at the time of diagnosis. Cases with missing data
on perinatal outcome as well as multiple pregnancies were excluded. Additionally, we
included the study cohort of women with late-onset PE which was described before [24].

Elevated blood pressure was defined as a new onset hypertension with a systolic blood
pressure of 140 mmHg and/or a diastolic blood pressure of 90 mmHg, on two occasions at
least 4 h apart [25]. Large cuffs were used for obese women.

PE was defined as elevated blood pressure and one of the following symptoms: pro-
teinuria (≥300 mg/24 h), thrombocytopenia (platelet count less than 100.000/microliter),
poor liver function (elevated blood levels of liver transaminases to twice the normal concen-
tration), new-onset renal insufficiency (elevated serum creatinine greater than 1.1 mg/dL
or a doubling of serum creatinine in the absence of other renal disease), pulmonary edema
or new-onset cerebral or visual disturbances [26]. HELLP syndrome was defined as the
occurrence of hemolysis (haptoglobin < 10 mg/L), elevated liver enzymes (twice the normal
concentration) and low platelets (<100.000/microliter) [27].

Diagnosis of PE < 34 weeks was classified as early onset (eo) PE and diagnosis of
PE ≥ 34 weeks as late-onset (lo) PE [28].

APO was defined as the presence of at least one of the following outcomes according
to the Delphi consensus defining the core outcome of PE [29]: Small for gestational age
defined as a birthweight < 3rd centile according to local standards [30], neonatal mortality,
neonatal seizures, admission to neonatal unit required (NICU) or respiratory support.
There was no case of stillbirth.

Adverse maternal outcome (AMO) was defined as the occurrence of at least one of the
following core outcomes of PE: eclampsia, pulmonary edema, acute kidney injury (defined
as elevated serum creatinine greater than 1.1 mg/dL or a doubling of serum creatinine in
the absence of other renal disease), placental abruption, HELLP syndrome, admission to
intensive care unit or the need of intubation and mechanical ventilation. There was no case
of maternal mortality, cortical blindness, retinal detachment, liver capsule hematoma or
rupture or stroke.

The sFlt-1/PIGF ratio was determined at the time of diagnosis according to our local
chemistry guidelines as previously described [18].
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We used the cutoff values for sFlt-1/PlGF, which are recommended by the consensus
statement [31]: <38 exclusion of PE (gestational-age independent) for at least 1 week,
>85 diagnosis of early onset (eo) PE (<34 week of gestation) and >110 diagnosis of late-
onset (lo) PE (≥34 week of gestation).

Overweight and obesity were defined according to the WHO guidelines as a BMI from
25 to 29.9 kg/m2 or >30 kg/m2, respectively [32]. A BMI <25 kg/m2 was considered as
normal weight. The pre-pregnancy BMI was used for classification.

2.1. Statistical Analysis

We used IBM SPSS Statistics for Windows, version 28 (IBM Corp., Armonk, NY, USA)
and R version 4.1.2 (R Foundation for Statistical Computing, Vienna, Austria) for our
statistical analysis. Quantitative data are shown as means and standard deviations or
median and interquartile range; categorical data are presented as absolute and relative
frequencies. Differences in distributions of quantitative data between the three weight
groups were tested using the Kruskal–Wallis test. If a significant difference was found
pairwise group comparisons were performed with Mann–Whitney U tests. Categorical
data were compared between groups using Fisher’s exact test. The predictive value of
sFlt-1/PIGF for APO or AMO was analyzed with receiver operating characteristic (ROC)
curves. Areas under the ROC curves were compared between groups using the method
proposed by Delong et al. [33]. All statistical tests were conducted two sided and a p-value
< 0.05 was considered statistically significant.

2.2. Ethical Approval

The study was approved by our local Institutional Ethics Board (Ethikkommission der
Fakultät für Medizin der Technischen Universität München, protocol number 232/17). The
study was not registered in a public trial registry.

3. Results

3.1. Baseline Characteristics and Perinatal Outcome

In total, 141 pregnancies with PE and/or HELLP were enrolled. Of these cases, 45
(32%) were diagnosed with early onset and 96 (68%) with late-onset PE and/or HELLP
syndrome. Further, 84 women in our cohort had a normal pre-conceptional BMI (60%),
29 were overweight (20%) and 28 were obese (20%). Of all newborns, APO occurred in
69 cases (49%). Many newborns were affected by more than one event. The most common
APO was admission to NICU in 55 cases (40%), followed by respiratory support in 42 cases
(30%). There were 13 cases of newborns with a birthweight <3rd centile (9%), three cases of
seizures (2%) and one case of neonatal death (0.7%).

AMO was observed in 36 cases (26%). The most common event was acute kidney
injury in 15 cases (11%), followed by early onset HELLP syndrome affecting 10 pregnancies
and late-onset HELLP syndrome affecting nine pregnancies (7% and 6%, respectively).
Other AMO events were rarely observed.

Baseline characteristics of the study cohort and data on perinatal outcome are de-
scribed in Tables 1 and 2.

3.2. Levels of Angiogenic Factors in Preeclamptic Women Depending on BMI

Figures 1–3 demonstrate the median level of sFlt-1/PIGF, sFlt-1 and PIGF in the
different BMI subgroups. Obese women show a significantly lower sFlt-1 compared to
normal-weight or overweight women (p = 0.001), whereas sFlt-1/PIGF and PIGF are not
statistically different in the different subgroups.
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Table 1. Baseline characteristics.

Baseline Characteristics BMI < 25n = 84
BMI > 25–29.9 kg/m2

n = 29
BMI ≥ 30 kg/m2

n = 28
p-Value

Age at diagnosis 33.5 (±5.4) 34.1 (±5.7) 33.2 (±4.6) 0.608
BMI 21.2 (±1.8) 27.3 (±1.5) 34.1 (±3.9) <0.001 ***

Weight gain during pregnancy
(in kg) 13.5 (±6.1) 12.6 (±5.4) 10.9 (±7.0) 0.216

Gestational age at diagnosis 34.8 (±3.8) 34.8 (±3.9) 34.5 (±3.3) 0.680
sFlt-1/PIGF level at diagnosis 125.1 (IQR: 64.4–213.1) 116.0 (IQR: 45.3–233.0) 99.30 (IQR: 30.36–187.0) 0.275

PIGF level at diagnosis 93.9 (IQR: 54.6–93.9) 86.3 (IQR: 46.1–130.4) 89.35 (IQR: 51.0–130.9) 0.810

sFlt-1 level at diagnosis 12,024.8 (IQR:
7472.0–13,544.8)

8756.0 (IQR:
5708.5–13,040.0)

7014.0 (IQR:
3668.6–11,347.3) 0.003 **

Gestational age at delivery 35.5 (±3.3) 35.7 (±3.9) 35.9 (±3.0) 0.684
Nullipara 57 (68%) 17 (58%) 17 (61%) 0.396

ASS prophylaxis 10 (12%) 11 (38%) 9 (32%) 0.005 *
Chronic hypertension 8 (10%) 3 (10%) 3 (11%) 0.844

Early-onset PE/HELLP 24/84 (29%) 10/28 (36%) 10/29 (35%) 0.430
Late-onset PE/HELLP 60 (71%) 19 (66%) 17 (61%) 0.272

RDS Prophylaxis 27 (32%) 8 (28%) 11 (39%) 0.637
Status after PE/HELLP/FGR 16 (19%) 9 (31%) 8 (29%) 0.205

Magnesium sulfate prophylaxis 44 (52%) 16 (55%) 15 (54%) 0.868

BMI body mass index, sFlt-1 soluble fms-like tyrosine kinase-1, PIGF placental growth factor, ASS acetylsalicylic
acid, PE pre-eclampsia, RDS respiratory distress syndrome, FGR fetal growth restriction. Data are presented as n
(%) or mean ± SD or median and interquartile range. A p-value < 0.05 was considered as statistically significant
(* p < 0.05; ** p < 0.005, *** p < 0.001).

Table 2. Perinatal outcome.

Perinatal Outcome
BMI < 25 kg/m2

n = 84
BMI > 25–29.9 kg/m2

n = 29
BMI ≥ 30 kg/m2

n = 28
p-Value

APO 46/84 (55%) 12/29 (41%) 11/28 (39%) 0.110
Respiratory support 27/84 (33%) 8/29 (28%) 7/28 (25%) 0.421
Admission to NICU 34/84 (41%) 10/29 (35%) 11/28 (39%) 0.764

Birthweight (g) 2243.2 (±48.4) 2422.1 (±932.5) 2456.3 (±841.3) 0.404
Birthweight < 3. centile 9/84 (11%) 2/29 (7%) 2/28 (7%) 0.751

Neonatal mortality 0/84 (0%) 0/29 (0%) 1/28 (4%) 0.080
Fetal growth restriction 24/84 (29%) 7/29 (24%) 5/28 (18%) 0.257

Seizures 1/84 (1%) 2/29 (7%) 0/28 (0%) 0.167
AMO 29/84 (35%) 3/29 (10%) 4/28 (14%) 0.010 *

Early-onset HELLP 8/84 (10%) 0/29 (0%) 2/28 (7%) 0.406
Late-onset HELLP 7/84 (8%) 1/29 (3%) 1/28 (4%) 0.297

Postpartum haemorrhage 1/84 (1%) 0/29 (0%) 1/28 (4%) 0.005 *
Eclampsia 0/84 (0%) 1/29 (3%) 0/28 (0%) 0.619

Acute kidney injury 12/84 (14%) 2/29 (7%) 1/28 (4%) 0.085
Abruption 3/84 (4%) 0/29 (0%) 0/28 (0%) 0.187

BMI body mass index, APO adverse perinatal outcome, NICU neonatal intensive care unit, AMO adverse maternal
outcome. Data are presented as n (%) or mean ± SD or median and interquartile range. A p-value < 0.05 was
considered as statistically significant (* p < 0.05).

3.3. APO Prediction by sFlt-1/PlGF

For the whole study cohort, ROC analysis revealed a significant predictive value for
sFlt-1/PIGF and APO (AUC = 0.880, 95% CI: 0.824–0.936; p < 0.001), as well as for PIGF
or sFlt-1 alone (AUC = 0.866, 95% CI: 0.807–0.925, p < 0.001 and AUC = 0.721, 95% CI:
0.637–0.804, p < 0.001, respectively). The area under the ROC curve (AUC) was significantly
larger for sFlt-1/PIGF and for PIGF than for sFlt-1 alone (p < 0.001 and p = 0.005).
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Figure 1. Level of sFlt-1/PIGF at diagnosis in normal-weight, overweight and obese women. BMI
body mass index, sFlt-1 soluble fms-like tyrosine kinase-1, PIGF placental growth factor.

Figure 2. Level of sFlt-1 at diagnosis in normal-weight, overweight and obese women. BMI body
mass index, sFlt-1 soluble fms-like tyrosine kinase-1.

In all the subgroups of normal weight, overweight and obese women, sFlt-1/PIGF
was significantly associated with APO, although the prognostic value was reduced in obese
women compared to the other two subgroups (AUC = 0.914, 95% CI: 0.857–0.972, p < 0.001;
AUC = 0.931, 95% CI: 0.845–0.999, p < 0.001; AUC = 0.754, 95% CI: 0.552–0.956, p = 0.025). In
contrast, sFlt-1 failed to be statistically significant as an outcome predictor in obese women
(AUC = 0.642, 95% CI: 0.428–0.855, p = 0.213).

The results are presented in Figures 4–7.
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Figure 3. Level of PIGF at diagnosis in normal-weight, overweight and obese women. BMI body
mass index, PIGF placental growth factor.

Figure 4. ROC curve for APO prediction by sFlt-1 (AUC = 0.721, 95% CI: 0.637–0.804, p < 0.001), PIGF
(AUC = 0.866, 95% CI: 0.807–0.925, p < 0.001) and sFlt-1/PIGF (AUC = 0.880, 95% CI: 0.824–0.936,
p < 0.001). ROC receiver operating characteristic, APO adverse perinatal outcome, sFlt-1 soluble
fms-like tyrosine kinase-1, PIGF placental growth factor.
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Figure 5. ROC curve for APO prediction in the subgroup of normal-weight women by sFlt-1
(AUC = 0.723, 95% CI: 0.615–0.832, p < 0.001), PIGF (AUC = 0.892, 95% CI: 0.826–0.958, p < 0.001) and
sFlt-1/PIGF (AUC = 0.914, 95% CI: 0.857–0.972, p < 0.001). ROC receiver operating characteristic, APO
adverse perinatal outcome, sFlt-1 soluble fms-like tyrosine kinase-1, PIGF placental growth factor.

Figure 6. ROC curve for APO prediction in the subgroup of overweight women by sFlt-1
(AUC = 0.721, 95% CI: 0.531–0.910, p = 0.046), PIGF (AUC = 0.912, 95% CI: 0.811–1.000, p < 0.001) and
sFlt-1/PIGF (AUC = 0.931, 95% CI: 0.845–0.999, p < 0.001). ROC receiver operating characteristic, APO
adverse perinatal outcome, sFlt-1 soluble fms-like tyrosine kinase-1, PIGF placental growth factor.
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Figure 7. ROC curve for APO prediction in the subgroup of obese women by sFlt-1 (AUC = 0.642,
95% CI: 0.428–0.855, p = 0.213), PIGF (AUC = 0.781, 95% CI: 0.596–0.966, p = 0.014) and sFlt-1/PIGF
(AUC = 0.754, 95% CI: 0.552–0.956, p = 0.025). ROC receiver operating characteristic, APO adverse
perinatal outcome, sFlt-1 soluble fms-like tyrosine kinase-1, PIGF placental growth factor.

3.4. AMO Prediction by sFlt-1/PIGF

For the whole study cohort, ROC analysis revealed a predictive value for sFlt-1/PIGF
and AMO (AUC = 0.667, 95% CI: 0.566–0.768; p = 0.003), as well as for sFlt-1 (AUC = 0.694,
95% CI: 0.598–0.790; p = 0.001), but not for PIGF (AUC = 0.605, 95% CI: 0.495–0.715,
p = 0.061). Due to the small number of events, we did not perform a subgroup analysis.

ROC analysis is shown in Figure 8.

3.5. Exclusion of APO by sFlt-1/PIGF

In the group of normal-weight women, 8 of 84 (10%) women showed an sFlt-1/PIGF
level < 38 and in the overweight cohort, 5 of 29 (17%) women. None of these women were
affected by APO. In contrast, 7 of 28 (25%) obese women showed an sFlt-1/PIGF level < 38,
but two of them were affected by APO. Both women developed superimposed PE and high
blood pressure despite their antihypertensive medications, which led to iatrogenic preterm
delivery with admission of the newborn to NICU.

8
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Figure 8. ROC curve for AMO prediction by sFlt-1 (AUC = 0.694, 95% CI: 0.598–0.790, p = 0.001), PIGF
(AUC = 0.605, 95% CI: 0.495–0.715, p = 0.061) and sFlt-1/PIGF (AUC = 0.667, 95% CI: 0.566–0.768,
p = 0.003). ROC receiver operating characteristic, APO adverse perinatal outcome, sFlt-1 soluble
fms-like tyrosine kinase-1, PIGF placental growth factor.

4. Discussion

This study confirmed that obese women with PE show significantly lower levels
of sFlt 1 compared to normal or overweight women. However, APO prediction by sFlt-
1/PIGF is still possible, although with a poorer prognostic value compared to normal or
overweight women.

As obesity is an epidemic disease affecting more and more pregnancies, outcome
prediction in this subgroup is of urgent need. Outcome prediction in pre-eclamptic
women using (anti-)angiogenic factors, especially sFlt-1/PIGF, was evaluated over the last
decade [16,19,34]. In our study cohort, sFlt-1/PIGF had a high prognostic value for APO, a
finding in line with previous publications of our working group [20,24]. Saleh et al. recently
suggested a model using sFlt-1/PIGF, proteinuria and gestational age for outcome predic-
tion in pregnancies diagnosed with PE [35]. Patients with normal sFlt-1/PIGF were affected
by APO in less than 5%. However, in several studies APO prediction by sFlt-1/PIGF
remains inconclusive or with a reduced prognostic value compared to our data [36,37]. One
explanation for this observation might be the inconsistency in the reported outcome data;
therefore, we decided to define APO according to the recently published Delphi consensus
by Duffy et al. [29]. Another reason might be the focus on special cohorts, such as twin
pregnancies [38]. Our results suggest that it might be necessary to investigate obese women
as an independent subgroup to avoid a distorted result.

The main finding of our study is that APO can be predicted by sFlt-1/PIGF, not only in
the group of normal and overweight women, but also in women with obesity, considering
the decreasing prognostic value. This should be taken into account, especially if sFlt-1/PIGF
levels are low. In contrast to normal and overweight women [39], obese women are at a
higher risk of developing APO, even with sFlt-1/PIGF-levels < 38 and, therefore, these
women might be in need of intensified clinical surveillance.
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It is unclear why sFlt-1 levels are lower in obese women. In a Finnish case-control
study, including 1450 women, sFlt-1 levels in pre-eclamptic obese women were significantly
lower compared to women with normal BMI, whereas sFlt-1 levels in the first trimester did
not differ [22]. In line with our own results, Suwaki et al. reported an inverse correlation of
sFlt-1 and BMI in pre-eclamptic women [40], but no difference in the angiogenic profile
of normotensive women. Lobmaier et al. could not find a significant influence of BMI on
sFlt-1/PlGF levels, considering that the study group showed a relatively low BMI (22.5
(20.5–25.6) kg/m2) [20]. The profile of sFlt-1/PIGF in obese women without PE remains
controversial, as some studies report a higher level of sFlt-1 and PIGF, as well as the
opposite [41,42]. A possible explanation might be the above-mentioned “low BMI” study
cohorts. Nevertheless, obese women affected by AMO, APO or PE show elevated levels of
sFlt-1/PIGF compared to obese women without further complications [43].

Increased plasma volume, as a confounder, might, at least, contribute to our finding
of a lower sFlt-1 level, as animal studies rather implicate a higher sFlt-1 release in obese
pregnancies [44,45]. On the other hand, TNF-α, a proinflammatory factor elevated in obese
women, decreases the sFlt-1 expression in fat tissue [46]. Another reason might be the
higher mass of extracellular matrix in fat tissue containing heparin sulfate proteoglycans,
which leads to sequestration of sFlt-1 from blood circulation [47]. However, PIGF con-
centrations were not different in obese and normal-weight women, which is in line with
other studies [40]. Therefore, further research needs to be conducted to analyze the role of
adipose tissue in the processing of angiogenic factors in PE.

The ratio of sFlt-1 and PIGF was not only a predictor of APO, but also of AMO,
although its prognostic value is limited due to the low incidence of AMO in our study
cohort. HELLP syndrome, as well as acute kidney failure, were more common in normal-
weight women and other events were rare. This finding was unexpected, as obesity itself is
a risk factor for HELLP syndrome or other pregnancy complications [48]. One explanation
for this finding might be that women with the risk factor of obesity are carefully observed
during pregnancy and, therefore, AMO might be prevented in some cases. Rana et al.
demonstrated that pre-eclamptic women with a normal angiogenic profile were more likely
to be obese and AMO was rare, except for iatrogenic preterm delivery [49]. Therefore, there
might be a subgroup of obese women diagnosed with only mild symptoms of PE in the
late-onset group, as obesity especially increases the risk of late-onset PE [50].

The limitations of our study were the retrospective design and a relatively small
sample size. Furthermore, data on weight gain during pregnancy were not available for
all women. We used the levels of sFlt-1/PIGF at the time of diagnosis of PE, but another
measurement prior to delivery might give further and more detailed information about
the angiogenic profile in PE women. Further, clinicians were aware of the test results.
Therefore, sFlt-1/PIGF might have influenced the decision making, especially regarding
the timing of delivery. On the one hand, this might have prolonged pregnancies if a low
sFlt-1/PIGF was measured and helped to prevent APO. On the other hand, it might have
led to an iatrogenic delivery if high serum levels were detected, especially if the mother
was severely affected by PE and, therefore, might have prevented AMO. An impact of
sFlt-1/PIGF in the decision-making process regarding further therapy of women with PE
was described before [51]. Pre-pregnancy BMI was used for the statistical analysis; however,
weight gain during pregnancy might influence our results. Interestingly, mean weight gain
during pregnancy was lower in obese women. These results might be biased, as severe PE
is often accompanied by excessive oedema. Another effect might be the diatetic counselling
all obese women received during pregnancy.

5. Conclusions

In conclusion, we could demonstrate that sFlt-1/PIGF is a helpful tool for APO
prediction in normal and overweight, but also in obese women. However, for decisions on
the timing of delivery and perinatal management, it should be taken into account that the
performance is not as precise in obese women as it is in normal-weight women. Clinicians
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should be aware that normal sFlt-1/PIGF might not rule out APO and, therefore, obese
women with PE are a subgroup of patients who should be managed carefully.
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Abstract: The aim of this study was to evaluate the association between cerebroplacental ratio (CPR),
mean uterine artery (mUtA) Doppler and adverse perinatal outcome (APO) and their predictive
performance in fetuses with birth weight (BW) <3rd centile (very small for gestational age, VSGA)
in comparison with fetuses with BW 3rd–10th centile (small for gestational age, SGA). This was a
retrospective cohort study including singleton pregnancies delivered at term (37 + 0–41 + 6) in a single
tertiary referral center over a six-year period. APO was defined as a composite of cesarean section
for intrapartum fetal compromise (IFC), umbilical artery pH < 7.20, and admission to the neonatal
intensive care unit for >24 h. The characteristics of the study population according to BW (VSGA
and SGA) as well as the presence of composite APO were assessed. The prognostic performance of
CPR and mUtA-PI was evaluated using receiver operating characteristic (ROC) analysis. In total,
203 pregnancies were included. Of these, 55 (27%) had CPR <10th centile, 25 (12%) mUtA-PI >95th
centile, 65 (32%) VSGA fetuses, and 93 (46%) composite APO. VSGA showed a non-significantly
higher rate of composite APO in comparison to SGA (52% vs. 43%; p = 0.202). The composite
APO rate was significantly higher in SGA with CPR <10th centile (36% vs. 13%; p = 0.001), while
in VSGA with CPR <10th centile was not (38% vs. 35%; p = 0.818). The composite APO rate was
non-significantly higher both in VSGA (26% vs. 10%; p = 0.081) and SGA (14% vs. 6%; p = 0.742)
with mUtA-PI >95th centile. The ROC analysis showed a significantly predictive value of CPR for
composite APO in SGA only (AUC 0.612; p = 0.025). A low CPR was associated with composite
APO in SGA fetuses. VSGA fetuses were more frequently affected by composite APO regardless of
Doppler values. The predictive performance of CPR and uterine artery Doppler was poor.

Keywords: cerebroplacental ratio; uterine artery Doppler; small for gestational age; adverse
perinatal outcome

1. Introduction

Fetuses with a birthweight (BW) <10th centile are classified as small for gestational
age (SGA) [1]. Among them, there is a subset of fetuses with different clinical behaviors.
Compared to merely constitutional SGA, growth-restricted fetuses are more often affected
by adverse perinatal outcomes (APOs) including operative delivery, low Apgar scores, low
umbilical artery (UA) pH, neonatal intensive care unit (NICU) admissions, hypotension,
poor thermoregulation, hypoglycemia, intrauterine fetal death, and neonatal death [2–4].
Maternal underperfusion of the placenta is a common finding in fetal growth restriction
(FGR) and could explain the differences in the pathophysiology of constitutional SGA
and FGR [5]. Since a low cerebroplacental ratio (CPR) reflects a redistribution of cardiac
output towards the brain due to placental dysfunction, it may identify fetuses at higher
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risk of APO [6,7]. In addition, an elevated mean uterine artery pulsatility index (mUtA-PI)
is associated with a higher risk of cesarean section for fetal distress as well as APO [8,9].
However, its main impact is still considered as a predictor for pre-eclampsia [10–12].

Very small for gestational age (VSGA) fetuses with BW <3rd centile represent a partic-
ular subgroup showing a higher risk of APO [13,14]. Doppler performance in these fetuses
has rarely been evaluated. Although there is a large variety of literature focusing on CPR
and mUtA-PI, their meaning for APO prediction in VSGA at term remains unclear. Our
aim was therefore to evaluate the association between CPR, mUtA-PI, and APO and their
predictive performance in VSGA compared to SGA.

2. Materials and Methods

2.1. Participants and Protocol

This was retrospective cohort study performed at the University Hospital rechts der
Isar in January 2012 and December 2017. The inclusion criteria were singleton pregnancies,
cephalic presentation, mUtA-PI measurements from 32 + 0 weeks of gestation onwards,
CPR measurements within one week of delivery, and delivery of an alive newborn between
37 + 0 and 41 + 6 weeks of gestation with a birth weight <10th centile. VSGA and SGA were
defined as a BW <3rd centile and a BW in the 3rd–9th centile, respectively [15]. Fetuses
with anatomical or chromosomal abnormalities, pregnancies with elective CS and women
with abnormal labor progression (protraction or arrest at the first or second stage of labor)
were excluded.

Gestational age (GA) was calculated based on measurements of the crown–rump
length in the first trimester. Either a Voluson E8 (GE Medical Systems, Solingen, NRW,
Germany) or a Voluson E10 (GE Medical Systems, Solingen, NRW, Germany) with 4- to
6-MHz curvilinear abdominal transducer was used. Fetal biometry was performed by
measuring the biparietal diameter, head circumference, abdominal circumference, and
femur length. The EFW and its centiles were calculated [15,16]. Doppler assessment of
UtA, UA, and MCA was routinely performed according to our protocol for pregnancies
at ≥32 + 0 weeks of gestation by doctors with at least two years’ experience in obstetric
ultrasound, adhering to standardized recommendations [17]. mUtA-PI was obtained by
averaging the PI values from the right and left uterine arteries. An mUtA-PI >95th centile
was considered abnormal. The CPR was calculated by using MCA-PI divided by UA-PI. A
cutoff <10th centile was considered abnormal according to its better performance regarding
APO as compared to CPR <5th centile or CPR < 1 [18].

Composite APO was defined as the occurrence of at least one of the following parame-
ters: CS for intrapartum fetal compromise (IFC), umbilical artery pH < 7.20, or admission
to the neonatal intensive care unit (NICU) for >24 h. IFC was defined as a persistent
pathological CTG pattern or the combination of a pathological CTG pattern and a fetal
scalp pH < 7.20. The CTG pattern was evaluated according to the International Federation
of Gynecology and Obstetrics (FIGO) criteria [19]. A pathological CTG pattern was initially
managed conservatively (left lateral decubitus position, intravenous tocolysis). Fetal scalp
blood sampling was indicated at the discretion of the attending obstetrician. If fetal scalp
blood sampling was not possible due to cervical conditions and if the CTG pattern persisted
in being pathological for 10 min after starting conservative management, CS was indicated.

2.2. Data Collected

The following parameters were obtained and analyzed: maternal age, body mass index
(BMI), parity, ethnicity, nicotine use, pre-existing conditions, GA at ultrasound, amniotic
fluid index, mUtA-PI, UA-PI, MCA-PI, CPR, CPR centiles [20,21], induction of labor, CTG
assessment, fetal scalp pH, mode of delivery, GA at delivery, sex, BW, BW centile, UA pH,
and Apgar score at 5 min.
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2.3. Statistical Analysis

We used IBM SPSS Statistics for Windows, version 26 (IBM Corp., Armonk, NY, USA)
for analysis. Quantitative data were shown as median and interquartile range. Categorical
data were presented as absolute and relative frequencies. Differences in the distributions
of quantitative variables between groups were tested using the Mann–Whitney U test.
Categorical data were compared between groups using Pearson’s chi-square test or Fisher’s
exact test. All statistical tests were conducted two-sided and a p-value < 0.05 was considered
statistically significant.

Characteristics of the study population according to BW (VSGA/SGA) as well as
the presence of composite APO were analyzed. Moreover, univariate logistic regression
analyses stratified by BW (VSGA/SGA) were carried out using maternal characteristics (age,
BMI, parity, ethnicity, nicotine use, pre-existing conditions) and ultrasound parameters
(EFW, EFW centile, CPR, CPR centile, CPR <10th centile, mUtA-PI, mUtA-PI centile,
mUtA-PI >95th centile, sex) as independent variables with composite APO as a binary
outcome. Statistically significant variables in the univariate analysis were considered
in a multivariable logistic regression model. Finally, values of CPR and mUtA-PI, both
alone and combined (multivariable logistic regression), for predicting composite APO
were evaluated using receiver operating characteristics (ROC) analysis stratified by BW
(VSGA/SGA).

3. Results

3.1. Baseline Characteristics and Perinatal Outcome

A total of 203 pregnancies were enrolled. Fourteen women had pre-existing conditions
(four cases of systemic lupus erythematosus, four cases of essential hypertension, three
cases of preeclampsia, two cases of thrombophilia, one case of type 1 diabetes). In the whole
study group, 55 (27%) fetuses showed a CPR <10th centile, 25 (12%) women had a mUtA-PI
>95th centile, and 10 (5%) pregnancies showed a CPR <10th centile and a mUtA-PI >95th
centile. Induction of labor was performed in 131 (65%) pregnancies (93 dinoprostone
vaginal insert, 38 intravaginal minprostin gel) and the most frequent indications were
premature rupture of membranes ≥12 h, SGA with normal CPR from 40 + 0 weeks onwards
or with low CPR from 37 + 0 weeks onward, or VSGA from 37 + 0 weeks onwards. APO
included 33 (16%) cases of CS for IFC, 48 (24%) newborns with umbilical artery pH < 7.20,
and 29 (14%) newborns admitted to NICU >24 h (reasons were hypoglycemia (11/29),
respiratory distress (9/29), hypothermia (4/29), infection (3/29) or hyperbilirubinemia
(2/29)). Composite APO occurred in 93 (46%) cases.

Overall, 65 (32%) newborns were VSGA and 138 (68%) SGA (Table 1). There were no
significant differences in maternal age, BMI, nulliparity, ethnicity, nicotine use, pre-existing
conditions, GA at measurement of mUtA-PI, and CPR measurement to delivery intervals
between the groups. As expected, BW and BW centiles were lower in the VSGA group.
In addition, VSGA showed a lower rate of UA pH < 7.20 and a higher rate of CS for IFC,
admission to NICU >24 h, and composite APO in comparison to SGA.

Regarding perinatal outcome within the groups (Table 2), VSGA pregnancies with
composite APO showed a significantly higher proportion of nulliparity and induction
of labor as well as a significantly lower GA at delivery and BW. SGA pregnancies with
composite APO showed a significantly lower BMI, a lower proportion of Caucasian women,
and a higher proportion of male fetuses.
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Table 1. Characteristics and outcomes of the study population according to birth weight.

VSGA
(n = 65)

SGA
(n = 138)

p

Maternal age (years) 30.6 (7.1) 32 (6.4) 0.270
BMI (kg/m2) 21.6 (3.4) 21.7 (4.3) 0.947
Nulliparity 49 (75) 91 (66) 0.175
Caucasian 61 (96) 133 (96) 0.471
Smoking 6 (9) 6 (4) 0.205
Pre-existing conditions 4 (6) 10 (7) 1.000
EFW (gram) 2699 (1530) 2890 (484) 0.011 *
EFW centile 5 (10) 9 (41) 0.014 *
CPR 1.53 (0.62) 1.61 (0.57) 0.079
CPR centile 24 (42) 33 (42) 0.040 *
CPR < 10th centile 24 (37) 31 (23) 0.031 *
mUtA-PI 0.69 (0.33) 0.68 (0.23) 0.998
mUtA-PI centile 50 (71) 46 (59) 0.709
mUtA-PI > 95th centile 12 (19) 13 (9) 0.067
Measurement of mUtA-PI (weeks) 37.3 (3.8) 36.5 (5.4) 0.210
Amniotic fluid index (cm) 9.9 (6.2) 11.5 (5.4) 0.114
Induction of labor 43 (66) 88 (64) 0.740
GA at delivery (weeks) 39.4 (2.2) 40.1 (1.8) 0.019 *
CPR to delivery interval (days) 2 (5) 2 (4) 0.362
Delivery at ≥40 weeks 23 (35) 75 (54) 0.012 *
Cesarean section for IFC 15 (23) 18 (13) 0.071
UA pH 7.26 (0.09) 7.27 (0.13) 0.558
UA pH < 7.20 14 (22) 34 (25) 0.628
Apgar 5 min 10 (1) 10 (1) 0.568
Apgar 5 min < 7 1 (2) 2 (1) 1.000
Male 35 (54) 83 (60) 0.396
Birthweight (g) 2725 (280) 2870 (210) <0.001 *

Data are expressed as median (interquartile range) or n (%). VSGA very small for gestational age; SGA small
for gestational age; BMI body mass index; EFW estimated fetal weight; CPR cerebroplacental ratio; mUtA-PI
mean uterine artery pulsatility index; IFC intrapartum fetal compromise; UA umbilical artery; GA gestational
age; NICU neonatal intensive care unit; APO adverse perinatal outcome. A p-value < 0.05 was considered as
statistically significant (*).

Table 2. Characteristics of the entire study population according to the composite adverse perinatal
outcome (APO).

VSGA
(n = 65)

SGA
(n = 138)

Composite APO p Composite APO p

no
(n = 31)

yes
(n = 34)

no
(n = 79)

yes
(n = 59)

Maternal age (years) 30.7 (9.1) 29.8 (6.1) 0.533 31.9 (7.2) 32.1 (5.8) 0.952
BMI (kg/m2) 21.5 (3.7) 21.6 (4.6) 0.536 22.3 (4.5) 20.9 (4.5) 0.019 *

Nulliparity 17 (55) 32 (94) <0.001 * 49 (62) 42 (71) 0.261
Caucasian 30 (97) 31 (91) 0.615 79 (100) 54 (92) 0.013 *
Smoking 3 (10) 3 (9) 1.000 4 (5) 2 (3) 1.000
Pre-existing conditions 0 (0) 4 (12) 0.115 5 (6) 5 (8) 0.744
EFW (gram) 2809 (460) 2568 (748) 0.176 2885 (513) 2890 (523) 0.679
EFW centile 5 (10) 5 (8) 0.642 9 (9) 10 (14) 0.833
CPR 1.49 (0.63) 1.61 (0.58) 0.834 1.62 (0.53) 1.59 (0.71) 0.025 *
CPR centile 25 (45) 18 (41) 0.773 35 (33) 32 (59) 0.039 *
CPR < 10th centile 11 (35) 13 (38) 0.818 10 (13) 21 (36) 0.001 *
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Table 2. Cont.

VSGA
(n = 65)

SGA
(n = 138)

Composite APO p Composite APO p

mUtA-PI 0.64 (0.29) 0.73 (0.41) 0.053 0.68 (0.22) 0.67 (0.26) 0.735
mUtA-PI centile 41 (64) 66 (73) 0.054 49 (59) 46 (59) 0.919
mUtA-PI >95th centile 3 (10) 9 (26) 0.081 5 (6) 8 (14) 0.742
CPR <10th centile and mUtA-PI
>95th centile 2 (6) 5 (15) 0.430 1 (1) 2 (3) 1.000

GA at measurement of UtA-PI 37.5 (4.0) 37.1 (1.9) 0.703 36.3 (5.9) 35.7 (5.1) 0.632
Amniotic fluid index (cm) 9.5 (6.3) 10.1 (7.0) 0.702 11.5 (5.9) 11.5 (5.8) 0.820
Induction of labor 16 (52) 27 (79) 0.018 * 45 (57) 43 (73) 0.054
GA at delivery (weeks) 39.8 (1.2) 39.0 (2.4) 0.035 * 40.0 (1.9) 40.1 (2.1) 0.514
CPR to delivery interval (days) 1.5 (7.0) 3.0 (5.0) 0.384 2.0 (5.0) 1.5 (3.0) 0.423
Delivery at ≥40 weeks 13 (42) 10 (29) 0.292 42 (53) 33 (56) 0.747
Male 14 (45) 16 (47) 0.878 25 (32) 30 (51) 0.023 *
Birthweight (g) 2760 (185) 2640 (370) 0.048 * 2855 (200) 2917 (220) 0.101
Birthweight centile 2 (0) 2 (0) 0.340 7 (2) 8 (2) 0.120

Data are expressed as median (interquartile range) or n (%). VSGA very small for gestational age; SGA small for
gestational age; BMI body mass index; EFW estimated fetal weight; CPR cerebroplacental ratio; mUtA-PI mean
uterine artery pulsatility index; GA gestational age. A p-value < 0.05 was considered as statistically significant (*).

3.2. Association between Doppler and Composite APO

VSGA fetuses with a CPR <10th centile or mUtA-PI >95th centile or CPR <10th centile
and mUtA-PI >95th centile showed a non-significantly higher rate of composite APO
(Table 2).

SGA fetuses with a CPR <10th centile had a significantly higher rate of composite
APO (Table 2). In addition, SGA fetuses with composite APO showed a significantly lower
CPR and CPR centile. On the contrary, mUtA-PI >95th centile or CPR <10th centile and
mUtA-PI > 95th centile had a non-significantly higher rate of composite APO.

3.3. Logistic Regression Model

In the VSGA group, univariate logistic regression identified a significant association
between one variable (nulliparity) and composite APO (Table 3). Nulliparity increased the
odds of composite APO by about 13 times.

Table 3. Univariate and multivariable logistic regression of predictors of composite adverse perinatal
outcome. Variables significantly associated with adverse perinatal outcome in univariate regression
(p < 0.05) were included in the multivariable model.

Univariate
OR

95% CI p Multivariable
OR

95% CI p

VSGA
Maternal age (years) 0.959 0.873–1.053 0.378
BMI (kg/m2) 0.997 0.883–1.125 0.958
Nulliparity 13.17 2.676–64.87 0.002 *
Caucasian 0.344 0.034–3.499 0.368
Nicotin use 0.903 0.168–4.846 0.905
Pre-existing conditions 3.759 0.717–19.074 0.117
EFW 0.999 0.998–1.001 0.250
EFW centile 1.001 0.951–1.053 0.968
CPR 1.115 0.358–3.468 0.851
CPR centile 0.998 0.981–1.016 0.855
CPR <10th centile 1.126 0.410–3.090 0.818
mUtA-PI 6.153 0.599–63.22 0.126
mUtA-PI centile 1.013 0.999–1.027 0.078
mUtA-PI >95th centile 3.360 0.817–13.812 0.093
Male 1.079 0.406–2.866 0.878
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Table 3. Cont.

Univariate
OR

95% CI p Multivariable
OR

95% CI p

SGA
Maternal age (years) 1.010 0.948–1.076 0.762
BMI (kg/m2) 0.897 0.814–0.988 0.027 * 0.918 0.834–1.010 0.078
Nulliparity 1.513 0.733–3.119 0.262
Caucasian 0.171 0.019–1.571 0.119
Nicotin use 0.658 0.116–3.718 0.636
Pre-existing conditions 1.408 0.545–3.641 0.480
EFW 1.000 0.999–1.001 0.688
EFW percentile 1.004 0.968–1.042 0.819
CPR 0.445 0.190–1.039 0.061
CPR percentile 0.992 0.980–1.004 0.182
CPR < 10th percentile 3.813 1.629–8.928 0.002 * 2.804 1.133–6.944 0.026 *
mUtA-PI 1.012 0.156–6.556 0.990
mUtA-PI percentile 0.999 0.988–1.010 0.877
mUtA-PI >95th percentile 0.822 0.255–2.653 0.743
Male 2.234 1.113–4.485 0.024 * 2.227 1.035–4.792 0.040 *

OR odds ratio; CI confidence interval; VSGA very small for gestational age; SGA small for gestational age;
BMI body mass index; EFW estimated fetal weight; CPR cerebroplacental ratio; mUtA-PI mean uterine artery
pulsatility index. A p-value < 0.05 was considered as statistically significant (*).

In the SGA group, univariate logistic regression identified a significant association
between three variables (BMI, CPR <10th centile, male) and composite APO. However,
multivariable logistic regression showed that only CPR <10th centile and male fetuses were
independent predictors of composite APO (Table 3); they increased the odds of composite
APO by about threefold and twofold, respectively.

3.4. Prognostic Value for Composite APO

In the VSGA group, a ROC analysis revealed no relevant prognostic value of CPR or
mUtA-PI for composite APO, but a significant prognostic value for nulliparity (Table 4). The
combined model of CPR and mUtA-PI did not improve prediction compared to mUtA-PI
alone, while the combined model including nulliparity did.

Table 4. Receiver operating characteristics analysis of Doppler parameters alone and combined to
predict composite adverse perinatal outcome stratified by birthweight.

AUC 95% CI p

VSGA
CPR 0.515 0.372–0.658 0.834
mUtA-PI 0.639 0.504–0.775 0.054
Nulliparity 0.696 0.565–0.828 0.007 *
CPR + mUtA-PI 0.641 0.506–0.777 0.051
CPR + nulliparity 0.706 0.576–0.836 0.004 *
mUtA-PI + nulliparity 0.814 0.710–0.917 <0.001 *
CPR + mUtA-PI + nulliparity 0.809 0.705–0.914 <0.001 *
SGA
CPR 0.612 0.512–0.712 0.025 *
mUtA-PI 0.517 0.419–0.615 0.735
Male 0.596 0.500–0.692 0.054
CPR + mUtA-PI 0.611 0.511–0.711 0.026 *
CPR + male 0.647 0.550–0.743 0.003 *
mUtA-PI + male 0.590 0.492–0.688 0.071
CPR + mUtA-PI + male 0.649 0.552–0.745 0.003 *

AUC area under the curve; CI confidence interval; VSGA very small for gestational age; SGA small for gestational
age; CPR cerebroplacental ratio; mUtA-PI mean uterine artery pulsatility index. A p-value < 0.05 was considered
as statistically significant (*).
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In the SGA group, the ROC analysis showed a significant prognostic value of CPR for
composite APO, while for mUtA-PI or male fetal sex it did not (Table 4). Both the combined
model of CPR and mUtA-PI and the combined models including fetal sex (male) did not
improve the prediction substantially compared to CPR alone.

4. Discussion

This study showed a significant association between CPR and the occurrence of
composite APO in SGA fetuses. VSGA fetuses were more frequently affected by composite
APO regardless of CPR value. Furthermore, uterine artery Doppler was not significantly
associated with composite APO in either SGA and in VSGA fetuses. The prognostic value
for composite APO of CPR and/or mUtA-PI was poor.

In the last decade, the difference between fetal growth and fetal size has been high-
lighted. It is important to distinguish between constitutionally small fetuses and fetuses
with signs of placental insufficiency, as the latter are often affected by APO such as IFC or
stillbirth, whereas the former are not [13,22–24]. Measurements of CPR are a part of the
surveillance for SGA fetuses. Recent data suggest that pregnancies with SGA fetuses and
normal Doppler findings can be prolonged safely [13]. Conversely, CPR abnormalities are
associated with APO. Likewise, our data showed a significant association between low CPR
and composite APO in the cohort of SGA fetuses. Previous studies have reported a poor
performance of CPR as an APO predictor except for perinatal death [25–27]. Furthermore,
Di Mascio et al. recently reported a poor performance of CPR as well as of UCA (umbil-
icocerebral ratio) in late-onset FGR as outcome predictors [28]. Accordingly, our analysis
confirmed a low predictive performance of CPR in the SGA group. Serum parameters
reflecting placental insufficiency, such as sFlt-1/PIGF, might help detect cases of SGA with
a higher risk of APO, but their meaning for APO prediction in high-risk cohorts is still
controversial [29–33].

We found that CPR values were not associated with composite APO in VSGA fetuses.
This is in-line with recent data suggesting that at term EFW <3rd centile is a better APO
predictor than low CPR or pathological uterine Doppler in growth restricted fetuses [13].
Furthermore, in fetuses with normal Doppler parameters, those with EFW <3rd centile
showed a higher rate of CS for fetal distress and longer neonatal hospitalization compared
to those with EFW >3rd centile and BW >10th centile [14]. In addition, a prospective study
including a large cohort pointed out that SGA fetuses with low abdominal circumference
have a particularly higher risk of being affected by APO, indicating the importance of fetal
size itself in detecting FGR situations [33]. Therefore, a BW <3rd centile reflects placental
insufficiency in many cases and an EFW <3rd centile should be handled as an FGR indepen-
dently of the fetal Doppler status as suggested by the Delphi consensus [12]. Nevertheless,
it is important to be aware of the inaccuracy of EFW as measured by ultrasound and the
matching of BW. Cohort studies on EFW reported a high intra- and interobserver variability
and a detection rate of less than 50% of SGA newborns [34,35].

In our cohort, mUtA-PI was not significantly associated with composite APO, although
there was a trend in the VSGA group. However, we acknowledge that the subgroup of
pregnancies with pathological uterine Doppler was small. This result is controversial, as a
recently published meta-analysis implicates a similar performance of uterine artery Doppler
compared to CPR for the prediction of APO in late-onset SGA fetuses [5]. In particular,
the association of perinatal death or stillbirth is noteworthy not only in SGA, but also in
AGA fetuses [5,36]. Still, the current suggested definition of late FGR does not include
mUtA-PI [12]. In contrast to CPR, uterine Doppler reflects the maternal site of the placenta,
and its elevation might be caused by an insufficient invasion of the trophoblast in the first
trimester [37,38]. De novo elevations in the third trimester are more likely explained by
a maternal cardiovascular maladaptation [39]. The meaning of uterine artery Doppler in
VSGA pregnancies remains unclear.

Our findings showed that nulliparity was a significant predictor of APO in the VSGA
cohort. An explanation for this finding might be the longer duration of the second stage
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of labor in nulliparous women, which is associated with APO [40]. As VSGA are already
affected by a reduced placental capacity, they are more likely to experience APO—especially
when the placental oxygenation is further decreased by contractions [41].

Our study was limited by its retrospective design. Furthermore, our institution is a
tertiary referral center which can lead to selection bias. Moreover, since ultrasound and
Doppler examinations were performed by different operators, the internal validity may
be limited. Finally, as we routinely recommend induction of labor ≥37 weeks gestation
for FGR fetuses (VSGA irrespective of Doppler values, SGA with abnormal Doppler), but
prolongation for SGA fetuses with normal Doppler parameters, this might distort the
results of this study. However, this is a common problem affecting all studies investigating
APO prediction in SGA cohorts.

5. Conclusions

In conclusion, low CPR was associated with composite APO in SGA fetuses, but not in
VSGA fetuses. VSGA is a condition that requires particularly careful monitoring regardless
of the Doppler parameters. Further clinical research is warranted to clarify the role of
cerebral blood flow redistribution and uterine artery Doppler in the prediction of APO as
well as in the pathophysiology of the underlying placental insufficiency in VSGA fetuses.
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APO Adverse perinatal outcome
BMI Body mass index
BW Birth weight
CI Confidence interval
CPR Cerebroplacental ratio
EFW Estimated fetal weight
FGR Fetal growth restriction
FIGO Federation of Gynecology and Obstetrics
GA Gestational age
IFC Intrapartum fetal compromise
mUtA Mean uterine artery
NICU Neonatal intensive care unit
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PI Pulsatility index
ROC Receiver operating characteristic
SGA Small for gestational age
UA Umbilical artery
VSGA Very small for gestational age
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Abstract: Objective: Our objective was to compare differences in Doppler blood flow in four fetal
intracranial blood vessels in fetuses with late-onset fetal growth restriction (FGR) vs. those with small
for gestational age (SGA). Methods: Fetuses with estimated fetal weight (EFW) <10th percentile were
divided into SGA (n = 30) and FGR (n = 51) via Delphi criteria and had Doppler waveforms obtained
from the middle cerebral artery (MCA), anterior cerebral artery (ACA), posterior cerebral artery
(PCA), and vertebral artery (VA). A pulsatility index (PI) <5th centile was considered “abnormal”.
Outcomes included birth metrics and neonatal intensive care unit (NICU) admission. Results: There
were more abnormal cerebral vessel PIs in the FGR group versus the SGA group (36 vs. 4; p = 0.055).
In FGR, ACA + MCA vessel abnormalities outnumbered PCA + VA abnormalities. All 8 fetuses
with abnormal VA PIs had at least one other abnormal vessel. Fetuses with abnormal VA PIs had
lower BW (1712 vs. 2500 g; p < 0.0001), delivered earlier (35.22 vs. 37.89 wks; p = 0.0052), and had
more admissions to the NICU (71.43% vs. 24.44%; p = 0.023). Conclusions: There were more anterior
vessels showing vasodilation than posterior vessels, but when the VA was abnormal, the fetuses were
more severely affected clinically than those showing normal VA PIs.

Keywords: fetal growth restriction; intrauterine growth restriction; middle cerebral artery; small for
gestational age; uteroplacental insufficiency; vertebral artery

1. Introduction

Fetal growth restriction (FGR) is associated with significant fetal morbidity and mor-
tality. Early-onset FGR (diagnosed prior to 32 weeks) is characterized by severe oxygen and
nutritional deprivation leading to elevated risks of neonatal morbidity and intrauterine
fetal demise (IUFD). Late-onset FGR fetuses (diagnosed after 32 weeks of gestation) are still
vulnerable to long-term neurological [1,2], cardiovascular [3,4], and metabolic morbidity [5].
In late-onset FGR, management considerations regarding the timing of Doppler studies,
antepartum fetal heart rate testing, and delivery, vary appreciably. To differentiate fetuses
with low estimated fetal weights (EFWs) who are at greatest risk for complications from
those who are not overtly deprived, a group of international experts convened and drafted
criteria via Delphi consensus [6] that have been endorsed by the International Society of
Ultrasound in Obstetrics and Gynecology (ISUOG) [7]. ISUOG defines small for gestational
age (SGA) as a fetus between the 3rd and 10th percentile with normal Dopplers and defines
FGR as a fetus with an EFW or abdominal circumference (AC) < 3rd centile or an SGA
fetus with abnormal Dopplers (as outlined in Table 1). Although the clinical value of the
Delphi/ISUOG criteria for identifying fetuses at greatest risk of adverse outcomes has been
well formulated [6], the concept has not been endorsed by some official bodies [8,9].
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Table 1. Delphi consensus-based definitions for late growth restriction [6,7].

Early FGR:
GA < 32 Weeks with No

Congenital Abnormalities

Late FGR:
GA ≥ 32 Weeks with No

Congenital Abnormalities

AC or EFW less than 3rd centile or UA-AEDF AC or EFW less than 3rd centile

Or AC or EFW < 10th centile combined with Or at least two of the three:

1. Uterine artery PI > 95th centile and/or
2. UAPI > 95th centile

3. AC or EFW less than 10th centile
4. AC or EFW crossing centiles greater than

2 quartiles on growth centiles
5. CPR less than 5th centile or UAPI greater

than 95th centile *
Abbreviations: GA = gestational age; AC = fetal abdominal circumference; EFW = estimated fetal weight;
AEDF = absent end diastolic flow; PI = pulsatility index; UA = umbilical artery; CPR = cerebroplacental ratio.
* Growth centiles are non-customized centiles.

An important component of ISUOG criteria is the evaluation of the cerebroplacental
ratio (CPR). This requires Doppler waveform assessments of the umbilical artery (UA), a
reflector of placental resistance, and the middle cerebral artery (MCA), which reflects “brain
sparing” as an adaptive reaction to counter fetal hypoxia [10]. Since the MCA perfuses the
cerebral cortex, and its direction of flow within the brain lends itself to easy ultrasound
sampling, it has been the principal source of information about the protective process of
circulatory redistribution. However, other vessels emanate from the circle of Willis. The
anterior cerebral artery (ACA), the posterior cerebral artery (PCA), and the vertebral artery
(VA), which arrives in the brain via the subclavian artery on the right side and the aorta
directly on the left, have been only sparsely investigated in the setting of FGR. There is
evidence that these other vessels are involved in brain sparing and, in keeping with the
concept of “gradual hypoxia” in FGR, may undergo vasodilatation at different times during
the pathogenesis of mild-to-severe oxygen deprivation [11]. However, most investigations
have been focused on the individual vessels [12–14] rather than how these vessels adapt
collectively to “spare” the brain, especially in late-onset FGR, the more common form of
clinical growth restriction.

Therefore, our objectives were:

1. To determine how often each study vessel (MCA, ACA, PCA, and VA) had pulsatility
index (PI) values below the 5th percentile in fetuses whose estimated fetal weights
were below the 10th percentile and who were defined as having FGR or SGA using
Delphi (ISUOG) criteria.

2. To compare average cerebral vessel PI values in FGR and SGA fetuses with postna-
tal outcomes.

3. To determine if any of the fetal cerebral vessels yielded additional useful information
regarding perinatal outcome above that provided by the MCA as used in the CPR.

2. Methods

A prospective observational cohort study was undertaken in an off-campus univer-
sity outpatient high risk center in Denver, CO, USA. Patients between 31 and 39 weeks
gestational age were enrolled onsite from the center’s private referral base or from our
on-campus perinatal practice. Inclusion criteria included fetuses with EFWs < 10th centile
for gestational age with no obvious anatomical abnormalities and no absent/reversed end
diastolic flow on umbilical artery Doppler assessment. Dating was established per ACOG
(American College of Obstetricians & Gynecologists) criteria [15]. All initial dating was per-
formed by the University of Colorado team unless the patients were referred from outside
private clinics, for whom their dating was validated by our investigators at enrollment. The
study was approved by the Colorado Multiple Institutional Review Board and informed
consent was obtained from all study participants (IRB number 14-1360, date of approval
29 May 2015).
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Estimated fetal weights were calculated from measurements of the head circumference
(HC), biparietal diameter (BPD), abdominal circumference (AC), and femur length (FL)
using Hadlock nomograms [16]. Percentiles for EFW were assigned according to the
population-based fetal growth curve by Hadlock [17], used consistently in our perinatal
practice for its applicability to our study population. Following ISUOG guidelines, fetuses
measuring less than the 10th percentile by EFW or AC were classified as either FGR or SGA
(Table 1). Further, cerebral placental ratios (CPRs) were computed by dividing pulsatility
indices (PI) of MCA and UA (MCA PI/UA PI), which were converted to percentiles using
Ebbing’s nomogram [18–20]. Any fetus with an EFW or AC < 10th %ile with an abnormal
umbilical artery Doppler (>95th %ile) or CPR (<5th %ile) or AC or EFW < 3rd percentile
was defined as having FGR per ISUOG criteria. Those with EFWs between the 3rd and
10th percentiles with normal UA and MCA Dopplers were considered small for gestational
age (SGA).

All examinations were performed during fetal quiescence. Both umbilical arteries were
sampled from a free loop of umbilical cord, and the average PI was used for analysis. The
cerebral vessels were imaged with directional color Doppler and waveforms obtained with
pulsed Doppler. While an ideal angle of insonation for the UA and MCA of <20 degrees was
obtained (Figure 1), a more liberal angle of <30 degrees was tolerated for the ACA, PCA,
and vertebral arteries. All vessels emanating from the circle of Willis were sampled within
the proximal third of the vessel, and although initially the near side vessel was preferentially
chosen, the far side vessel occasionally provided a better waveform for analysis. The VA
was approached posteriorly by obtaining a mid-sagittal view of the cervical spine and
occiput (Figure 2). The vertebral artery most clearly visualized was sampled. Although
only a small portion of the vessel can be imaged as it courses towards the posterior fossa
just above the level of the first cervical vertebrae, the operator was aided by its distinctive
directional Doppler signature (Figure 2). While every study parameter was attempted to be
collected at each study visit, the results from the last, most complete exam before delivery
were used for this analysis. Results from all 4 vessels were compared against control data
from the literature, and the MCA, ACA, PCA, and VA were considered abnormal if the PI
was <5th percentile using these control data [13,14,18–21]. All four vessels could not be
perfectly visualized in all patients and some measures were excluded in images that were
not of appropriate quality. Only the MCA was used in clinical decision-making such as
the frequency of antepartum follow up and fetal heart rate testing, frequency of Doppler
evaluation, or timing of delivery.

A retrospective analysis was performed in this cohort of growth restricted pregnancies
that had all clinical and Doppler information collected in a prospective fashion. Cerebral
vessels from the Circle of Willis as well as birth outcomes were compared between FGR
and SGA fetuses. Since the MCA, as used in the CPR, is the only cerebral vessel currently
being used in FGR management, fetuses were further stratified according to whether the
VA PI and CPR fell below the 5th centile.

When evaluating outcomes, a cesarean delivery rate was calculated for all patients
who attempted labor (i.e., not a scheduled repeat or elective cesarean section). We also
reported rates of admission to the neonatal intensive care unit (NICU).

Graphpad Prism Version 9 (San Diego, CA, USA) was used for statistical analyses.
Fisher’s exact tests were used for categorical variables. Independent samples t-tests or
Mann-Whitney U tests were used following a normality test to compare patient characteris-
tics or Doppler measurements between groups.
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Figure 1. Mid cerebral artery Doppler with brain sparing.

 

Figure 2. Vertebral artery Doppler. Example of vertebral artery Doppler measurement in a fetus
affected by fetal growth restriction.
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3. Results

During the study period, 81 patients were identified who met inclusion criteria. Thirty
fetuses were classified as SGA and 51 patients as FGR. FGR pregnancies did not deliver
significantly earlier than SGAs (37.3 weeks vs. 37.8 weeks, p = 0.186), but had significantly
lower birthweights (2247 g vs. 2636 g, p < 0.0001) (Table 2). The average PIs of the ACA,
MCA, and PCAs were all lower in FGR fetuses compared to SGA, but not enough to
attain statistical significance (Table 2). The vessels most commonly having PIs below the
5th centiles in FGR were: the ACA (11/46), MCA (10/51), PCA (7/46), and VA (8/43)
(Table 3). While the mean PI values were similar between the FGR and SGA groups,
the number of abnormal PIs (<5th percentile) for the MCA and VA were significantly
different between SGA and FGR groups (Table 3). In addition, whenever the VA PI was
abnormal, it was never the only vessel showing brain sparing. Most of these fetuses (6/8)
had abnormalities in 2 or more other cerebral vessels, and 3/8 had abnormalities in all
4 cerebral vessels.

Table 2. Comparison of patient characteristics in FGR and SGA cohorts.

Cerebral Dopplers between
ISUOG Grouping

SGA
Mean ± SEM

(n = 30)

FGR
Mean ± SEM

(n = 51)
p Value

Mean MCA PI centile † 41.36% ± 4.86% 41.05% ± 4.46% 0.787
Mean ACA PI centile † 37.80% ± 5.75% 32.38% ± 4.26% 0.377
Mean PCA PI centile † 44.00% ± 4.51% 34.93% ± 4.25% 0.104
Mean UA PI centile † 63.47% ± 3.70% 77.41% ± 3.18% 0.0008 ***

Clinical Variables

GA at Analysis (wks) † 35.82 ± 0.27 35.94 ± 0.22 0.710
GA at Delivery (wks) † 37.84 ± 0.22 37.29 ± 0.23 0.186

Birthweight (g) ‡ 2636 ± 59.86 2247 ± 65.06 <0.0001 ***
Cesarean Section Rate § 4/26 (15.38%) 10/37 (27.03%) 0.362

Fenton Birthweight (%) ‡ 20.61% ± 2.88% 6.91% ± 0.78% <0.0001 ***
NICU Admission § 4/22 (18.18%) 13/36 (36.11%) 0.234

Mann-Whitney U † or independent samples t-tests ‡ were used following a normality test. Fisher’s exact
tests § were used for categorical variables. Because standard deviation equations were not published with the VA
PI nomogram, we are unable to calculate PI centile for VA Dopplers. Abbreviations: SEM: standard error of the
mean; MCA: middle cerebral artery; PI: pulsatility index; ACA: anterior cerebral artery; PCA: posterior cerebral
artery; UA: umbilical artery; GA: gestational age; wks: weeks; NICU: neonatal intensive care unit. “* indicates
statistical significance (* p < 0.05; ** p < 0.01; *** p < 0.001).”

Table 3. Comparison of cerebral Dopplers in FGR and SGA cohorts.

Number of Abnormal Dopplers in ISUOG Groups
SGA

(n = 30)
FGR

(n = 51)
p-Value

Total # of abnormal Dopplers †

(1 pt each for MCA, ACA, PCA, VA; max: 4 pts/fetus)
4 36 0.055

# of fetuses with ≥1 abnormal cerebral Doppler ‡ 4/30 15/51 0.113
# of fetuses with MCA PI < 5th centile ‡ 1/30 10/51 0.047 *
# of fetuses with ACA PI < 5th centile ‡ 2/27 11/46 0.113
# of fetuses with PCA PI < 5th centile ‡ 1/29 7/46 0.141
# of fetuses with VA PI < 5th centile ‡ 0/26 8/43 0.021 *

Comparisons of cerebral dopplers were performed with Mann-Whitney U † and Fisher’s exact ‡ tests. Full Doppler
information was not available on all 81 patients; thus, the N varies by Doppler study performed as evident above.
Abbreviations: MCA: middle cerebral artery; PI: pulsatility index; ACA: anterior cerebral artery; PCA: posterior
cerebral artery; VA: vertebral artery. “* indicates statistical significance (* p < 0.05).”

In patients with an abnormal VA, the differences between the mean PI percentiles
for all the other cerebral vessels were strikingly lower compared with those with normal
VAs (Table 4). Further, newborns with an abnormal VA in utero delivered on average
significantly earlier (35.2 versus 37.9 weeks, p = 0.0052), had lower birthweights (1712 g
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versus 2500 g, p < 0.0001), had a higher rate of cesarean section (CSR) (71.4% vs. 16.3%
p = 0.005), and were more frequently admitted to the NICU (71.4% vs. 24.4% p = 0.023)
(Table 4). Of fetuses admitted to the NICU within this study cohort, two were only for
a brief transitionary period lasting less than 24 h; one of these fetuses with FGR with a
normal CPR and normal VA PI, and the other fetus was SGA with a normal CPR and no
VA PI measurement. All other admissions were greater than 24 h.

Table 4. Comparison of patient characteristics in fetuses with and without abnormal VA Doppler
(<5th centile).

Cerebral Dopplers in Fetuses with Normal
and Abnormal VA

Pts w/Abnormal VA Dopplers
Mean ± SEM (n = 8)

Pts w/Normal VA Dopplers
Mean ± SEM (n = 61)

p-Value

Mean MCA PI %ile † 9.96% ± 5.56% 44.02% ± 3.81% 0.0002 ***
Mean ACA PI %ile † 3.41% ± 0.56% 37.44% ± 3.62% <0.0001 ***
Mean PCA PI %ile † 7.72% ± 3.22% 41.09% ± 3.35% <0.0001 ***

Clinical Variables

GA at Analysis (wks) † 34.64 ± 0.71 36.13 ± 0.17 0.023 *
GA at Delivery (wks) ‡ 35.22 ± 0.63 37.89 ± 0.14 0.0052 **

Birthweight (g) ‡ 1712 ± 151.71 2500 ± 48.85 <0.0001 ***
Cesarean Section Rate § 5/7 (71.43%) 8/49 (16.32%) 0.005 **

Fenton Birthweight (%) † 4.64% ± 1.37% 13.37% ± 1.80% 0.036 *
Admission to NICU § 5/7 (71.43%) 11/45 (24.44%) 0.023 *

Mann-Whitney U † or independent samples t-tests ‡ were used following a normality test. Fisher’s exact
tests § were used for categorical variables. Because standard deviation equations were not published with the
VA PI nomogram, we are unable to calculate PI centile for VA Dopplers. For this study, VA PI is assessed as a
categorical variable that is either normal (>5th centile) or abnormal (<5th centile). Abbreviations: SEM: standard
error of the mean; VA: vertebral artery; MCA: middle cerebral artery; PI: pulsatility index; ACA: anterior cerebral
artery; PCA: posterior cerebral artery; GA: gestational age; wks: weeks; NICU: neonatal intensive care unit.
“* indicates statistical significance (* p < 0.05; ** p < 0.01; *** p < 0.001).”

The mean PIs of the cerebral vessels were significantly lower in fetuses with an
abnormal CPR compared to those with a normal CPR (Table 5). However, fetuses with
an abnormal VA PI still had lower PIs in the other cerebral vessels than those fetuses
with an abnormal CPR (Tables 4 and 5). These findings strongly indicate that while the
MCA is not alone in brain sparing activity, that the VA seemed to be associated with a
greater degree of overall vasodilatation. For example, when the VA was abnormal, the
PIs were lower for ACAs (3.4% versus 12.8%) and PCAs (7.7% versus 21.2%) compared
with those fetuses having abnormal CPRs (Tables 4 and 5). Furthermore, those with
abnormal VAs delivered earlier on average (35.2 vs. 36.7 weeks) and had lower BWs
(1712 g vs. 2009 g) than the fetuses with abnormal CPRs. However, when corrected for
gestational age, the BW percentiles were similar (4.64% vs. 3.93%) (Tables 4 and 5). Finally,
those with abnormal VAs had a higher CSR and a higher percentage of admissions to the
NICU (Tables 4 and 5). As anterior cerebral vessel abnormalities were more frequently seen
than in the posterior vessels (11 ACAs and 10 MCAs vs. 7 PCAs and 8 VAs) and fetuses
with abnormal VA were the most severely affected with concomitant abnormalities in other
vessels, the combination of these findings indirectly endorse the concept of front-to-back
brain sparing in FGR (Table 3).
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Table 5. Comparison of patient characteristics in fetuses with and without abnormal CPR (<5th centile).

Cerebral Dopplers in Fetuses with Normal
and Abnormal CPR

Pts w/Abnormal CPR Dopplers
Mean ± SEM (n = 14)

Pts w/Normal CPR Dopplers
Mean ± SEM (n = 67)

p-Value

Mean MCA PI %ile † 7.83% ± 2.14% 48.14% ± 3.42% <0.0001 ***
Mean ACA PI %ile † 12.78% ± 3.29% 39.06% ± 3.84% 0.0011 **
Mean PCA PI %ile † 21.19% ± 6.16% 42.05% ± 3.44% 0.006 **

# of VA PI < 5th centile § 5/12 3/57 0.003 **

Clinical Variables

GA at Analysis (wks) † 35.68 ± 0.48 35.94 ± 0.18 0.350
GA at Delivery (wks) † 36.73 ± 0.52 37.69 ± 0.16 0.037 *

Birthweight (g) ‡ 2009 ± 135.31 2492 ± 47.67 0.0001 ***
Cesarean Section Rate § 4/11 (36.36%) 10/52 (19.23%) 0.243

Fenton Birthweight (%) † 3.93% ± 1.05% 14.30% ± 1.71% <0.0001 ***
Admission to NICU § 5/12 (41.67%) 12/46 (26.09%) 0.307

Mann-Whitney U † or independent samples t-tests ‡ were used following a normality test. Fisher’s exact
tests § were used for categorical variables. Because standard deviation equations were not published with the
VA PI nomogram, we are unable to calculate PI centile for VA Dopplers. For this study, VA PI is assessed as a
categorical variable that is either normal (>5th centile) or abnormal (<5th centile). Abbreviations: SEM: standard
error of the mean; CPR: cerebroplacental ratio; MCA: middle cerebral artery; PI: pulsatility index; ACA: anterior
cerebral artery; PCA: posterior cerebral artery; VA: vertebral artery; GA: gestational age; wks: weeks; NICU:
neonatal intensive care unit. “* indicates statistical significance (* p < 0.05; ** p < 0.01; *** p < 0.001).”

4. Discussion

Principle Findings

• While fetuses defined by ISUOG as FGR were not associated with earlier deliveries
than those defined as SGA (37.3 weeks vs. 37.8 weeks p = 0.186), they did have signifi-
cantly lower average birthweights (2247 g vs. 2636 g, p < 0.0001) and lower birthweight
percentiles (6.91% vs. 20.61% p < 0.0001). Although FGR fetuses were more frequently
admitted to the NICU than SGA fetuses, this did not attain statistical significance.

• The total numbers of abnormal PIs from the cerebral vessels studied were strikingly
different between SGA and FGR (4 vs. 36, p = 0.055). However, the number of cerebral
vessel PIs below the 5th centile was only significant between FGR and SGA groups for
the MCA and VA (Table 3). All 8 fetuses in the study with abnormal VA PIs were FGR.

• Fetuses with an abnormal VA PI stood out as being different in birth metrics and in
their distinct tendency to be linked with lower PIs in each vessel emanating from the
circle of Willis, compared with those with normal VA PIs (Table 4).

• When comparing in utero cerebral Dopplers and neonatal outcome data between
fetuses with abnormal VAs and the commonly used CPR, the VA was associated with
lower average PIs from the companion vessels, earlier delivery, lower birthweight,
higher rates of cesarean section, and more frequent admission to the NICU, suggesting
a more specific measure for adverse perinatal outcome than MCA. However, birth-
weight centiles were not different between groups when corrected for gestational age
(Tables 4 and 5).

In the early 2000s, investigators began to explore patterns of circulatory redistribution
in the cerebral vessels in FGR [11,22–24] with one that utilized a sophisticated method
to assess fractional moving blood volume [24]. These studies pointed to a front-to-back
pathway of vasodilation with the frontal lobe receiving preferential initial attention, as
evidenced by earlier or more frequent signs of ACA vasodilation than the MCA [11,23].
Our findings, using standard pulsed Doppler methods, support previous observations of a
front-to-back pattern of brain sparing in FGR with those vessels feeding the anterior and
middle portions of the brain frequently showing lower average PIs than those perfusing the
posterior portion. When the VA PI was below the 5th centile, brain sparing had occurred in
at least one other vessel for every fetus and in 3/8 patients all four cerebral vessels were
abnormal. Assuming a front-to-back pattern of circulatory redistribution, by the time the
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VA had been compromised, all fetuses had lower average birthweights and birthweight
centiles, earlier deliveries, and higher rates of admission to the NICU compared to other
fetuses in the study (Table 4). Morales Roselló et al. [25] showed the vertebral artery to be
more predictive of lower birthweight in FGR than the middle cerebral artery, a standard
measurement in FGR management. The VA supplies the cerebellar hemispheres, vermis,
and brain stem, and our findings suggest that fetuses with an abnormal VA may be at risk
for more severe compromise and worse perinatal outcome. Furthermore, in these eight
cases the average PIs (suggesting the degree of vasodilation and, therefore, hypoxia) were
the lowest for all the three accompanying cerebral vessels studied, thus inferring a higher
degree of hypoxia or deprivation. (Table 4).

FGR is a placentally-mediated condition. The effects on the fetus are dependent upon
the degree of placental pathology and the ability of the fetus to adapt in the setting of
placental insufficiency. Clinicians have historically depended upon the UA to indirectly
assess the extent of placental pathology based on the concept that a substantial proportion
of the small villus circulation of the placenta is compromised before the UA PI becomes
abnormal [26]. In early-onset FGR, the placenta is so severely affected that an elevated
UA PI is often one of the first clues to nutritional and hypoxic deprivation [27–29]. Yet,
in the more common late-onset FGR, diagnosed after 32 weeks, the UA PI is frequently
unaffected, even when cardiac deformation and abnormal myocardial contractility has
been noted [30,31]. Thus, to help to distinguish between pathologic and ‘constitutional’
growth restriction, many clinicians have turned diagnostically to the MCA and, with it, the
CPR (MCA PI/UA PI) to determine if undergrown fetuses have turned to brain sparing as
a protective mechanism in dealing with fetal hypoxia. This approach has been effective in
predicting the need for cesarean section for fetal distress [32], combined adverse neonatal
outcome [33], and identifying those fetuses who are at greater risk for childhood and
adulthood cardiovascular [3,4] and neurobehavioral morbidities [1,2]. Yet, the role of the
MCA has not been uniformly accepted in the management of FGR [9], which has been
primarily focused on avoiding intrauterine demise or severe perinatal morbidity via timely
delivery predicated on information from the UA PI, fetal heart rate monitoring, and, in
severe FGR, ductus venosus waveforms [34].

We addressed the question of whether any vessel or combination of vessels provided
added value beyond that provided by the MCA or the commonly used CPR, in which
the MCA contributes 50% to the result. Fetuses with abnormal VAs had lower average
birthweights (1712 g vs. 2009 g), delivered at an earlier average gestational age (35.2 weeks
versus 36.7 weeks), but had a slightly higher average birthweight centile (4.6% vs. 3.93%)
compared to the average abnormal CPR BW percentile (Table 5). Despite the latter finding,
there were 3 infants in the study who had abnormal VA PIs but whose CPRs were low but
in normal range. Two of these infants appeared to be seriously compromised, having spent
5 and 26 days in the NICU and delivering at 36.14 and 33 weeks, respectively.

Although some information is available linking brain sparing, as indicated by MCA
PIs linking to abnormal neurobehavioral outcomes, few studies have addressed the ability
of other cerebral vessels to predict long-term outcomes [12,35]. One study did compare the
vessel most often showing vasodilation in FGR (the ACA in their study) with the MCA
in predicting neurobehavioral outcome in children using the Neonatal Neurobehavioral
Adjustment Scale (NBAS). The authors found that more abnormalities were detected
via abnormal MCA PI than ACA PI [12]. Our findings suggest that tracking long-term
neurobehavioral abnormalities in fetuses with abnormal VA PIs might represent a more
clinically important vessel for further investigation.

Another clinical finding revealed in Table 2 is that the SGA group had an average
birthweight in the 20th centile as defined by the Fenton birthweight population curve used
in our nursery and by many centers around the country. Since our entry criterion was
simply to have EFWs below the 10th percentile, this result might question the accuracy of
the in-utero ultrasound method to separate out undergrown fetuses. However, this type
of neonatal curve cannot be cleanly used for comparisons to EFW because data from this
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neonatal population did not exclude fetuses affected by growth restriction, thereby pulling
the 10th centile of neonatal weight downward [36]. Nicolaides et al. [36] corrected for this
by constructing a compatible Fetal Medicine Foundation BW curve which only included
BWs of infants who, as fetuses, had rigidly dated pregnancies in the first trimester and no
evidence of any maternal or fetal complications along the way. Since all patients chosen to
construct the curve delivered at between 39–40.86 weeks, this excluded EFW data points
from fetuses who were not necessarily “normal”. In fact, we found the average BW (2636 g)
of those in the SGA group fell between the 5th and 10th percentiles in the Nicolaides curve,
rather than the 20th percentile in the Fenton neonatal curve as reported in Table 2.

Another reason for the birthweights to sometimes exceed the 10th percentile neona-
tally is that we adhered to a type of “intention to treat” concept in fetuses who entered
the study with EFWs below the 10th percentile by keeping those in the study who later
exceeded this threshold. This allowed our team to follow those who at some time during
pregnancy had growth trajectories that rose above the arbitrary 10th percentile thresh-
old and into a subcategory of the lower quartile (10th to 25th percentile). In a large
study, Morales-Roselló et al. [37] found that 6.7% of fetuses with BWs between the 10th
and 25th percentile had abnormal CPRs (their study definition of “FGR”). This strongly
suggests that many fetuses designated as AGA in this category did not live up to their
growth potential.

Each strength of the study was balanced with potential liabilities. For example, one
strength was that data could be accumulated on 68 patients who had adequate images and
Doppler waveforms of all 4 cerebral vessels and 74 patients in whom 3 of the 4 vessels could
be evaluated on the last scan before their deliveries. Unfortunately, this left us with different
denominators in each vessel category. Additionally, since there was a small number of
fetuses with abnormal VA waveforms, the relationships to outcomes in our study will need
to be addressed in future studies with, hopefully, larger numbers. Further, although we
were able to retrieve outcome data on all infants delivering at the University Hospital,
extracting information from records on a few infants delivering at outside hospitals was
unsuccessful. This left us with dissimilar denominators in some outcome categories. We
adapted our analysis to account for both issues.

Another possible strength was an ability, based on the nature on our referral patient
population, to study a cohort heavily weighted towards late-onset FGR, a category less fre-
quently studied. This also was a limitation since a higher risk population which contained
more seriously affected FGR fetuses might have yielded even more dramatic results.

A weakness of the study is that one of our goals could only be reached indirectly.
The results only inferred a front-to-back process of cerebral dilatation, which appeared to
coincide with worsening fetal condition, but this type of progressive response to gradual
fetal hypoxia can better be proven via longitudinal studies.

FGR and brain sparing have been linked to hypoxia-related morbidities. Our goal
was to search for information provided by lesser-studied cerebral vessels to determine
the extent of hypoxia pan-cerebrally. Our results allow us to hypothesize that Doppler of
the VA (which may be more specific for a later occurring, more severe phenotype), used
in conjunction with the MCA Doppler (a more sensitive, earlier screening modality for
brain sparing), may be useful in providing information about the duration and extent of
the hypoxia and should provide an incentive for future studies to apply this concept to a
larger study group containing both late-onset and early-onset FGR, with emphasis on the
identification or prevention of immediate as well as long term morbidities.

5. Conclusions

FGR fetuses defined by ISUOG guidelines deliver earlier, have lower birthweights,
and have a much higher rate of abnormal cerebral vessel PIs than SGA fetuses. This study
suggests that there are varying degrees of brain redistribution, with abnormal posterior
brain blood flow being associated with more severe outcomes. We postulate that the VA,
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used in conjunction with the MCA, may be a useful adjunctive method to identify the
duration and severity of FGR.
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Abstract: Evidence from preclinical studies suggests a preventive effect of proton pump inhibitors
(PPIs) in preeclampsia. Recently, several epidemiological studies have described a conflicting associa-
tion between the use of PPIs during pregnancy and preeclampsia risk. This study aimed to evaluate
the association between PPI use and the risk of preeclampsia. We searched databases, including
MEDLINE, Embase, Scopus, Web of Science Core Collection, Emcare, CINAHL, and the relevant
grey literature from inception until 13 September 2021. Studies reporting the preeclampsia risk with
the use of PPIs were eligible for inclusion. Literature screening, data extraction, and the risk of bias
assessment were performed independently by two investigators. Random-effect meta-analysis was
performed to generate relative risks (RR) and 95% confidence intervals (CI). The risk of preeclampsia
and preterm preeclampsia among women receiving PPIs during pregnancy were the primary out-
comes of interest. This meta-analysis comprised three studies involving 4,877,565 pregnant women,
of whom 119,017 were PPI users. The included studies were judged to have a low risk of bias. The
risk of preeclampsia among pregnant women who received PPIs anytime during pregnancy was
significantly increased (RR 1.27 (95% CI: 1.23–1.31)), although the increase was trivial in absolute
terms (2 per 1000). The subgroup analysis revealed that the risk was increased in each of the three
trimesters. The risk of preterm preeclampsia among pregnant women receiving PPIs anytime during
pregnancy was not significantly increased (RR 1.04 (95% CI: 0.70–1.55)). The certainty evaluated by
GRADE in these estimates was low. PPI use may be associated with a trivial increase in the risk of
preeclampsia in pregnant women. There is no evidence supporting that PPI use decreases the risk of
preeclampsia or preterm preeclampsia.

Keywords: hypertension; preeclampsia; proton pump inhibitors; PPIs; pregnancy; meta-analysis

1. Introduction

Preeclampsia is one of the most severe complications of pregnancy characterized by
high blood pressure. It is one of the leading causes of maternal morbidity and mortality
worldwide. The global burden of preeclampsia is continuously rising; epidemiological
trends showed a 10.9% increase in the incidence of preeclampsia from 1990 to 2019 [1].
Preeclampsia leads to adverse maternal and perinatal outcomes, including preterm birth,
prolonged hospital stays, low birthweight babies, and a higher risk of neonatal intensive
care unit admission [2]. Preterm birth imposes a significant mortality risk on the mother
and the baby [3]. Several database studies have reported a positive association between
preterm birth and mortality and morbidity in both the mother and the baby [4,5]. There

J. Clin. Med. 2022, 11, 4675. https://doi.org/10.3390/jcm11164675 https://www.mdpi.com/journal/jcm
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are no definitive treatment options available for preeclampsia management, except for the
timely delivery of the fetus and placenta.

Evidence from preclinical studies suggests a plausible preventive effect of proton
pump inhibitors (PPIs) in preeclampsia [6–8]. The potential mechanism of this protective
effect of PPIs in managing preeclampsia could be due to the reduction in the mRNA
expression and secretion of antiangiogenic factors (sFlt1) and soluble endoglin (sEng) in
placental endothelial cells, as these are the key component involved in the pathophysiology
of preeclampsia [7,9,10]. This mechanistic association was supported by the findings of a
recently published prospective cohort study where lower levels of sFLT-1 and sEng were
noticed among pregnant PPI users with suspected preeclampsia [11]. PPIs are commonly
used to treat gastroesophageal reflux disorder (GERD); however, in the last decade, the
safety of PPIs has been a matter of scrutiny [12]. Our previous systematic reviews and
meta-analyses found PPI use to be associated with several other non-pregnancy-related
adverse health outcomes [13–16]. Nevertheless, PPIs are widely used by pregnant women
due to their acceptable safety profiles and their availability as over-the-counter (OTC) drugs
in many countries [17]. The evidence from cohort studies and a meta-analysis supported
the PPI safety profiles among women who used PPIs during pregnancy and found no
increased risk of congenital defects or preterm delivery [18,19].

Recently, several epidemiological studies examined the association of PPIs with
preeclampsia risk [20–22]. A large cohort study from the US using the Truven Health
MarketScan database found no association of PPIs with a decreased risk of preeclampsia or
severe preterm preeclampsia [22]. Similar findings were reported by Choi et al. using the
Korean Healthcare database [21]. However, a Swedish population register-based cohort
study found reduced preterm and early preeclampsia risk in women who used PPIs in the
third trimester [20]. These published studies presented conflicting evidence, and to date,
no meta-analysis has been performed to explore this association, as confirmed through
a preliminary search in multiple databases. Therefore, this systematic review and meta-
analysis aimed to synthesize the evidence and assess the overall risk of preeclampsia in
women using PPIs during pregnancy.

2. Materials and Methods

2.1. Protocol

The protocol for this systematic review was prospectively published as a preprint at
medRxiv [23]. The principles laid down in the Cochrane Handbook of Systematic Review of
Interventions and the JBI reviewers manual were utilized [24,25]. Preferred reporting items
for systematic review and meta-analysis (PRISMA 2020) and meta-analysis of observational
studies in epidemiology (MOOSE) reporting guidelines were followed [26,27]. Refer to
Supplementary Table S1 for the detailed checklist.

2.2. Search Strategy

The literature search was conducted in each database from the inception date to 13
September 2021 to identify published and unpublished studies assessing preeclampsia
risk in women receiving PPIs during pregnancy. The three-step search strategy was used;
an initial limited search was conducted in MEDLINE (Ovid) and Embase (Ovid), using
keywords and index terms related to PPIs and preeclampsia without restriction to any date
or language; then, a detailed search was performed across all major databases by analyzing
the text words and index terms used to describe the articles. We searched MEDLINE (Ovid),
Embase (Ovid), Scopus, Web of Science Core Collection, Emcare (Ovand id), and CINAHL
(EBSCO). The sources of grey literature were ProQuest Dissertations & Theses Global and
clinical trials registers, ClinicalTrials.gov (accessed on 13 September 2021), and the WHO
International Clinical Trials Registry Platform (ICTRP). Search strings were developed by
a medical information specialist (AL). Lastly, bibliographies of the relevant articles were
scanned manually for additional articles. The search strategies used for different databases
were provided in Supplementary Table S2 with their respective hits.

38



J. Clin. Med. 2022, 11, 4675

2.3. Study Selection/Inclusion Criteria

Two reviewers independently reviewed the retrieved articles based on title and ab-
stract screening, which was followed by second-level screening based on full-text articles.
Covidence systematic review software was used for completing the article screening pro-
cess [28].

Studies were eligible for inclusion if they met the inclusion criteria mentioned in
Table 1:

Table 1. Eligibility criteria for the selection of articles.

Criterion Inclusion Criteria Exclusion Criteria

Population Pregnant women at any stage of gestation Non-pregnant women

Exposure

Exposure to any proton pump inhibitors

• Omeprazole
• Esomeprazole
• Pantoprazole
• Rabeprazole
• Lansoprazole
• Dexlansoprazole
• Ilaprazole

Drugs other than proton pump inhibitors

Comparator Nonexposure or exposure to H2RA antagonist N/A

Outcomes

Studies reporting:

• Preeclampsia risk at any stage of pregnancy
• Preterm preeclampsia risk

Studies reporting any other outcomes:

• Cost-effectiveness
• HRQoL
• Cost and resource use

Study design

Studies assessing preeclampsia risk, including:

• Retrospective cohort
• Prospective cohort
• Case–control studies

Following was excluded:

• Animal studies
• In vitro studies
• Literature reviews
• Pharmacodynamic and

pharmacokinetic studies

Time period Studies published until September 2021 N/A

H2RA: Histamine 2 receptors antagonist; HRQoL: Health-related quality of life; N/A: Not applicable.

2.4. Data Extraction and Risk of Bias

Two reviewers independently extracted all the relevant data based on the study
characteristics (author, publication year, data source, and study period); details on patient
characteristics; exposure; comparator; ascertainment of PPI use; confirmation of outcome;
effect estimates (unadjusted and adjusted risk); and conclusions. Any discrepancy during
the data extraction process was resolved by discussion. There was no missing data, so none
of the primary authors was contacted for any additional data.

The risk of bias in the included studies was evaluated using the Newcastle–Ottawa
Scale (NOS) independently by two reviewers [29]. According to the NOS, a study can
achieve a maximum of 4 points in the selection, 2 points in the comparability, and 3 points
in the exposure (case–control studies) or outcome (cohort studies) domain of the scale.
Studies were classified as having a high, moderate, or low risk of bias, depending on the
adjustment for appropriate confounders and the adequacy of the exposure and outcome
ascertainment and not based on a numerical score [30].

2.5. Certainty of Evidence

We used the Grading of Recommendations Assessment, Development and Evaluation
(GRADE) methodology to assess the certainty of evidence [31]. The certainty assessment
was judged as either high, moderate, low, or very low, based on the risk of bias, inconsis-
tency, indirectness, imprecision, and publication bias.
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2.6. Statistical Analysis

The primary outcome of interest was to assess the pooled relative risk of preeclampsia
among women receiving PPIs during pregnancy. The risk ratio (RR) and odds ratio were
used interchangeably, as PPI use and preeclampsia events were very rare [32]. Hetero-
geneity was determined based on Cochrane chi-square and I2 statistics [33]. The Cochrane
chi-square value (p < 0.10) and I2 statistics ≥ 50% represent important heterogeneity [33].
Since we anticipated heterogeneity in terms of the population characteristics and settings of
the studies, we used the random effect model. A subgroup analysis was performed based
on the trimester of pregnancy and preterm and term preeclampsia. The leave-one-out
method was used to understand the impact of each study on the pooled effect size. Meta-
regression and statistical evaluation of the publication bias using funnel plot approaches
were not feasible due to the limited number of studies. Review Manager (RevMan) version
5.4.1 was used to perform the meta-analysis using the generic inverse variance method.
Summary of the findings table was created using the GRADEpro GDT tool [34].

3. Results

3.1. Studies Characteristics

The database search yielded 600 articles; three studies [20–22] involving 4,877,565 preg-
nant women, of whom 119,017 were PPI users, were included in the meta-analysis. A list
of articles excluded with exclusion reasons during the full-text screening phase are pre-
sented in Supplementary Table S3. Refer to the PRISMA chart (Figure 1) for the study
inclusion process.

The design of the three studies was a retrospective cohort design, and they were
published within the time frame of 2019–2021. All the eligible studies were published as a
full text, except the study by Choi et al., published as a research letter. Included studies were
conducted in the US, Sweden, and Korea. PPI exposure was defined as exposure to PPIs at
any time during pregnancy or individually during the first, second, and third trimesters.
Studies ascertained the PPI exposure through prescription records or claims data, and
the outcome of preeclampsia was confirmed based on the International Classification of
Diseases (ICD) code—9th or 10th edition. Refer to Table 2 for a detailed description of the
included study characteristics.

3.2. Quality Assessment and Certainty of Evidence

The risk of bias in the three included studies was low. All the included studies
selected the patients and control from the same databases and adjusted for several possible
confounding factors. The details of this assessment are presented in Table 3. The certainty
of the evidence on the risk of preeclampsia and preterm preeclampsia among women
receiving PPIs during pregnancy was low to very low, as per the GRADE rating system
(Table 4a,b). Of note, the absolute effects were trivial or very small.

3.3. Meta-Analysis (Preeclampsia Risk)

The risk of preeclampsia among pregnant women who received PPIs anytime during
pregnancy was statistically significantly increased (Figure 2a) with a pooled RR of 1.27
(95% CI: 1.23–1.31), p < 0.00001 in an adjusted analysis (adjusted for several possible
confounding factors).
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Figure 1. PRISMA flowchart showing the study inclusion process.

The subgroup analysis revealed a statistically significantly higher risk of preeclamp-
sia in pregnant women receiving PPIs in each of the three trimesters (Figure 2b). All
the analyses were adjusted for maternal age, chronic kidney disease, autoimmune dis-
ease, multiple gestation, pregestational diabetes, chronic hypertension, nulliparity, and
multiple pregnancies.
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Figure 2. (a) Preeclampsia risk in women exposed to PPIs anytime during pregnancy. (b) Preeclamp-
sia risk in women exposed to PPIs in different trimesters of pregnancy.

3.4. Meta-Analysis (Preterm Preeclampsia Risk)

Two studies reported data for the preterm preeclampsia risk among pregnant women
receiving PPIs anytime during pregnancy, and the pooled estimate (Figure 3a) revealed a
nonsignificant association (p = 0.83).

The subgroup analysis based on the use of PPIs in various trimesters and the risk of
preterm preeclampsia (Figure 3b) revealed a significantly higher risk in the second trimester,
with a pooled relative risk of 1.32 (95% CI: 1.19–1.46), p < 0.00001. However, the association
was nonsignificant in the first or third trimesters.

42



J. Clin. Med. 2022, 11, 4675

Figure 3. (a) Preterm preeclampsia risk in women exposed to PPIs anytime during pregnancy.
(b) Preterm preeclampsia risk in women exposed to PPIs in different trimesters of pregnancy.

3.5. Sensitivity Analysis

A sensitivity analysis was performed by excluding each study one by one (leave-one-
out) from the pooled analysis. None of the studies had any significant influence on the
pooled effect size. The RR for preeclampsia was identical to the main results.
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Table 4. (a) Summary of the findings table showing the certainty of the evidence for preeclampsia
risk in women exposed to PPIs (anytime during pregnancy) compared to non-PPIs. (b) Summary
of the findings table showing the certainty of the evidence for preterm preeclampsia risk in women
exposed to PPIs (anytime during pregnancy) compared to non-PPIs.

Certainty Assessment № of Patients Effect

№ of
Studies

Study Design
Risk of

Bias
Inconsistency Indirectness Imprecision

Other
Considerations

Preeclampsia
during

AnyTime
PPIs Use

Placebo
Relative (95%

CI)
Absolute
(95% CI)

Certainty

Preeclampsia risk

3 observational
studies not serious not serious not serious not serious none 1294/119,017

(1.1%)
31,204/4,758,548

(0.7%)
RR 1.27

(1.23 to 1.31)

2 more per
1000

(from 2 more
to 2 more)

⊕⊕��

Low

Certainty assessment № of patients Effect

№ of
Studies

Study Design
Risk of

Bias
Inconsistency Indirectness Imprecision

Other
Considerations

Preterm
preeclampsia

during
Anytime PPIs

Use

Placebo
Relative (95%

CI)
Absolute
(95% CI)

Certainty

Preterm preeclampsia risk

2 observational
studies not serious serious a not serious not serious none 129/49,768

(0.3%) 3626/2,071,912(0.2%) RR 1.04
(0.70–1.55)

0 fewer per
1000

(from 1 fewer
to 1 more)

⊕���

VERY
Low

(a) Patients: Preeclampsia risk in pregnant women exposed to PPIs compared to non-PPIs. Risk factor: PPI.
Comparisons: Non-PPI user. CI: Confidence interval; RR: Risk ratio. GRADE Working Group grades of evidence:
Low certainty: The true effect might be markedly different from the estimated effect. (b) Patients: Preterm
preeclampsia risk in pregnant women exposed to PPIs compared to non-PPIs. Risk factor: PPI. Comparisons:
Non-PPI user. CI: Confidence interval; RR: Risk ratio. Explanations: a High heterogeneity was observed with
an I2 value of 78%. GRADE Working Group grades of evidence: Very low certainty. The true effect is probably
markedly different from the estimated effect.

4. Discussion

This is the first systematic review and meta-analysis to investigate the risk of preeclamp-
sia and preterm preeclampsia among women receiving PPIs during pregnancy. We found
a significantly higher risk of preeclampsia in pregnant women exposed to PPIs anytime
during pregnancy or during each specific trimester, although this risk was trivial or very
small in absolute terms. PPI use was also associated with a significant increase in the risk
of preterm preeclampsia only in the second trimester.

The certainty in the estimates was low, which suggests the need for randomized trials
that evaluate patient important outcomes, as very few trials exist or are ongoing. One trial
has demonstrated no prolongation in the gestation period with esomeprazole in women
with preterm preeclampsia [35]. In addition, that trial showed no significant change in the
relevant biomarkers levels (sFlt1, sEng, and placental growth factor) and maternal, fetal,
or neonatal outcomes [35]. Similarly, a recently published randomized, double-blinded
placebo-controlled trial by Abbas et al. [36] also confirmed no significant change in the
antiangiogenic markers in women with early onset preeclampsia who received 40 mg of
esomeprazole daily. This trial also found a nonsignificant effect of esomeprazole on the
length of pregnancy and maternal and fetal complications [36]. Several trials are currently
underway to assess the efficacy of PPIs, either alone or in combination with agents such as
metformin or sildenafil for the management of preeclampsia. Table 5 provides a detailed
list of the relevant ongoing trials.

The strength of the current systematic review was the exhaustive search for all the
eligible published and unpublished studies from multiple literature sources, including
gray literature, enabling a large sample size to estimate the risk of both preeclampsia and
preterm preeclampsia based on the use of PPIs in different gestation ages.

However, a few important limitations need to be considered. First, the included
studies did not specifically ascertain medication adherence, and the assessment of PPI
exposure was based on the claims data and prescription records. Further, the availability of
PPIs as OTC drugs in two of the included studies may lead to an inaccurate assessment of
their exposure and, thus, raise the possibility of confounding [37]. Second, only one study
adjusted the findings for the body mass index (BMI), although the BMI is known to be
associated with preeclampsia [38]. Lastly, a small number of studies and the observational
nature of the included studies and confounding by indication should be considered while
interpreting the findings.
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5. Conclusions

PPIs use may be associated with a trivial increase in the risk of preeclampsia in preg-
nant women. There is no evidence supporting that PPI use decreases the risk of preeclamp-
sia or preterm preeclampsia. We recommend that future epidemiological studies consider
all possible confounding factors, including the BMI. Furthermore, future population-based
studies should ascertain the risk of preeclampsia and preterm preeclampsia separately by in-
cluding a sufficiently large number of (preeclampsia and preterm preeclampsia) cases. The
ongoing clinical trials of PPIs are expected to shed light on this important clinical question.
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Abstract: Cardiovascular diseases (CVDs) remain the leading cause of death in women worldwide.
Although traditional risk factors increase later-life CVD, pregnancy-associated complications addi-
tionally influence future CVD risk in women. Adverse pregnancy outcomes, including preeclampsia
and fetal growth restriction (FGR), are interrelated disorders caused by placental dysfunction, ma-
ternal cardiovascular maladaptation to pregnancy, and maternal abnormalities such as endothelial
dysfunction, inflammation, hypercoagulability, and vasospasm. The pathophysiologic pathways
of some pregnancy complications and CVDs might be linked. This review aimed to highlight the
associations between specific adverse pregnancy outcomes and future CVD and emphasize the im-
portance of considering pregnancy history in assessing a woman’s CVD risk. Moreover, we wanted to
underline the role of maternal cardiovascular maladaptation in the development of specific pregnancy
complications such as FGR.

Keywords: cardiovascular disease; pregnancy complications; fetal growth restriction; preeclampsia;
maternal morbidity

1. Introduction

Cardiovascular diseases (CVDs) are the leading cause of women’s mortality globally,
accounting for approximately one of every three female deaths [1]. The population-adjusted
risk of CVDs-related death is significantly higher for women compared to men, 21% versus
15%, respectively [2]. Despite the significant decline in CVDs-related death in the last
few decades, the mortality for women has decreased much slower than for men [3]. The
underlying risk factors are frequently present many years before the clinical presentation
of CVDs. Moreover, there has been growing evidence that women with a history of certain
pregnancy complications are at increased risk of developing CVDs in the future [4,5].
These adverse pregnancy outcomes (APOs) include fetal growth disorders, gestational
hypertension, or preeclampsia (See Table 1) [6].

Pregnancy acts as a maternal stress test, and the development of obstetric compli-
cations plays a potential role in a woman’s susceptibility to future CVDs. The etiologic
pathways of pregnancy complications and CVDs might also be linked (e.g., metabolic
syndrome, vascular dysfunction, or inflammation) [7]. The importance of these associations
has been raised by the current guidelines, which now recommend a pregnancy history as a
part of the routine evaluation of cardiovascular risk in women [8,9].

It is increasingly apparent that the effects of the maternal cardiovascular system
maladaptation changes the predisposition to CVDs development after pregnancy. We
aimed to systematically evaluate and quantify the evidence on the relationship between
specific APOs’ and maternal risk of future cardiovascular disease. However, other factors,
such as diabetes, renal impairment, or other dysmetabolic conditions will not be included
in the analysis.
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Table 1. Definitions of adverse pregnancy outcomes (APOs).

Type of APO Definition

Gestational hypertension

De novo hypertension that develops after 20 weeks of pregnancy:
- systolic blood pressure equal to or higher than 140 mmHg
AND/OR
- diastolic pressure equal to or higher than 90 mmHg on two separate occasions in
a patient who was previously normotensive without proteinuria or other
end-organ involvement [6].

Preeclampsia

De novo hypertension that develops after 20 weeks of pregnancy AND:
1. Proteinuria (≥300 mg/24-h of 0.3 g/g by urine protein: creatinine ratio or +1 by
urine dipstick), OR
2. In the absence of proteinuria:
- serum creatinine ≥ 90μmol/L
- alkaline or aspartate transaminase > 40 IU/L
- platelet count < 150 000/μL
- neurological complications (including altered mental status, blindness, stroke,
severe headaches, clonus, and persistent visual scotomata)
- uteroplacental dysfunction (including fetal growth disorder, abnormal umbilical
artery Doppler waveform analysis or stillbirth) [10,11].

Fetal growth restriction

(a) Early-onset

(diagnosed before 32 weeks of gestation):

1. Fetal abdominal circumference below the 3rd percentile for gestational age OR
2. Estimated fetal weight below the 3rd percentile for gestational age, OR
3. The absence of end-diastolic flow of the umbilical artery on Doppler, AND
- estimated fetal weight, or waist circumference below the 10th percentile for
gestational age, AND
- the pulsatility index of the uterine, and/or umbilical arteries above the 95th
percentile for gestational age [12].

(b) Late-onset

(diagnosed at or after 32 weeks of gestation):

1. Fetal abdominal circumference below the 3rd percentile for gestational age, OR
2. Estimated fetal weight below the 3rd percentile for gestational age,
AND the combination of at least two of the following parameters:
- estimated fetal weight or fetal abdominal circumference below the 10th percentile
for gestational age,
- the reduction in more than two quartiles in the growth curve
- the cerebroplacental association below the 5th for gestational age
- the pulsatility index of the umbilical artery above the 95th percentile for
gestational age [12].

Gestational diabetes mellitus

One or more of the following criteria met at any time of pregnancy:
- fasting plasma glucose 5.1–6.9 mmol/L (92–125 mg/dL)
- 1-h plasma glucose ≥ 10.0 mmol/L (180 mg/dL) following a 75 g oral glucose
load [13].

2. Preeclampsia

Preeclampsia is a pregnancy-specific disorder with an estimated incidence of 2–8% of
all gestations associated with high maternal, fetal, and neonatal morbidity and mortality
worldwide [14–16]. A detailed definition of preeclampsia is provided in Table 1. There is
growing evidence of long-term cardiovascular sequelae in women who had preeclampsia
during pregnancy [17,18].

2.1. Preeclampsia and Maternal Cardiovascular Risk

Several studies have shown the relationship between preeclampsia and future ma-
ternal CVDs [19–23]. The CHAMPS (Cardiovascular Health After Maternal Placental
Syndromes) study indicated a more than a 2-fold increased risk of CVD (defined as hospital
admission or revascularization for coronary artery, cerebrovascular, or peripheral artery
disease at least 90 days after the delivery discharge date) in women affected by preeclamp-
sia with absent traditional CVD risk factors (HR: 2.1; 95% CI: 1.8–2.4), and approximately
12-fold increased risk of CVD in women with a history of preeclampsia and metabolic
syndrome (hazard ratio [HR]: 11.7; 95% confidence interval [CI]: 4.9–28.3) as compared to
women with neither [19]. Apart from the pregnancy-specific factors and age, other risk
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factors are shared by preeclampsia and CVDs, but a direct causative relationship has not
yet been determined. Lin et al., in a study performed on a Taiwanese cohort, demonstrated
an increased risk of major adverse cardiovascular events including myocardial infarction,
cardiogenic shock, heart failure, stroke, malignant dysrhythmia, or any other condition re-
quiring percutaneous cardiac intervention, coronary artery bypass, an implantable cardiac
defibrillator, or thrombolysis within three years of a preeclamptic pregnancy (HR: 12.6; 95%
CI: 2.4–66.3) [20]. Kestenbaum et al., showed more than a 3-fold increase in cardiovascular
events (hospitalizations due to MI, stroke, or percutaneous coronary artery interventions)
(HR: 3.3; 95% CI: 1.7–6.5) and a higher number of thromboembolic events (HR: 2.3; 95%
CI: 1.3 to 4.2) among women with previous severe preeclampsia during a mean follow-up
of approximately eight years [22]. Furthermore, a Norwegian population-based cohort
study with a median 13-year follow-up found an increased risk of CVD-related death
defined as coronary artery disease, disease of the pulmonary circulation, or other diseases
affecting the heart in women with a history of preeclampsia during pregnancy (RR: 1.65,
95% CI: 1.01–2.70), but the risk of CVD-related death was markedly higher in women with
preeclampsia and preterm delivery (RR: 8.12, 95% CI: 4.31–15.33) as compared to women
with a history of uncomplicated pregnancy [23]. The results of the British CALIBER (Car-
diovascular Research using Linked Bespoke Studies and Electronic Health Records) study
were similar, along with the reported overall first-time cardiovascular event incidence of
2.77% in the first nine years after a delivery complicated by preeclampsia in contrast to a
1.4% rate in women after an uncomplicated pregnancy [24].

Recent metanalysis reported that even after adjusting for potential confounders in-
cluding age, body mass index, and diabetes mellitus, preeclampsia was related to increased
risk of heart failure (RR: 1.6, 95% CI: 0.73–3.5), stroke (RR: 1.18; 95% CI, 0.95–1.46), coronary
artery disease (RR: 1.46; 95% CI: 0.95–2.25), and death because of coronary artery disease
(RR: 2.10; 95% CI, 1.25–3.51) or cardiovascular disease (RR: 2.21; 95% CI, 1.83–2.66), more
than ten years after a pregnancy affected by preeclampsia. However, the increase in the risk
for heart failure, stroke, and CVD-related death was even higher during the first decade
after a pregnancy complicated with preeclampsia [25].

Notably, another large cohort study indicated an elevated risk of CVD-related death
in women with a history of preeclampsia (HR: 2.14; 95% CI: 1.29–3.57), with a further
significant risk acceleration if preeclampsia occurred before 34 weeks of gestation (HR:
9.54; 95% CI: 4.5–20.26) [26]. Moreover, Riise et al., reported a further increase in the CVD
risk defined by coronary artery disease, after the recurrence of preeclampsia (HR 2.20;
95% CI: 0.91–5.32 in recurrent preeclampsia and HR 1.95; 95% CI: 1.31–2.91 for a single
pre-eclampsia pregnancy), compared with uncomplicated pregnancies. When preeclampsia
was combined with FGR or preterm birth, the risk was markedly higher (HR 4.66; 95%
CI: 2.31–9.37 in recurrent preeclampsia as in comparison to one episode of preeclampsia;
HR 2.81; 95% CI: 1.70–4.61) [27]. Other studies also support these results [RR 2.40; 95% CI:
2.15–2.68] [28–30]. Details are presented in Table 2. A higher frequency of heart failure (HR
4.2; 95% CI: 2.9–6.1) and cerebrovascular disease (HR 3.0; 95% CI: 1.70–4.61) among women
with recurrent preeclampsia compared to women with unaffected pregnancy has also been
reported [31].

Table 2. Selected published studies of preeclampsia and future risk of cardiovascular disease.

Study/First Author
(Reference)

Design
Population

Size
Follow-Up

(Period, Years)
Outcome
Measure

Risk of Outcome
Measures

HR (95% CI)

Ray [20] Retrospective 1,030,000 - CVD 2.1(1.8–2.4)

Lin [21] Registry 1,132,064 >3 years

Any MACE
MI

Heart failure
Stroke

MACE-related death

12.6 (2.4–66.3)
13.0 (4.6–6.3)
8.3 (4.2–16.4)

14.5 (1.3–165.1)
2.3 (1.6–3.1)
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Table 2. Cont.

Study/First Author
(Reference)

Design
Population

Size
Follow-Up

(Period, Years)
Outcome
Measure

Risk of Outcome
Measures

HR (95% CI)

Kestenbaum [22] Retrospective 31,239 - CV events
Thromboembolic events

2.2 (1.3–3.6) (mild
pre-eclampsia) and
3.3 (1.7–6.5) (severe

pre-eclampsia)
2.3 (1.3–4.2) (severe

pre-eclampsia)

Irgens [23] Registry 626,272
0 to 25 years
(median 13

years)
CVD-related death

1.65,
(1.01–2.70)—with

preeclampsia
8.12 (4.31–15.33)

with preeclampsia
and preterm birth

Mongraw-Chaffin [26] Retrospective 14,403 Median 37 years CVD-related death

2.14 (1.29–3.57)
9.54 (4.50–20.26) if

onset of
preeclampsia

before
34 weeks’ gestation

Auger [32] Registry 1,108,581
0–25.2 years

(Median
15.5 years)

CAD
HF

Cerebrovascular disease

3.3 (2.1–5.2)
4.2 (2.9–6.1)

3.0 (2.3–4.1)—with
recurrent

preeclampsia

CALIBER [24] Registry 1,300,000 -

CAD
Stroke

Heart failure,
Hypertension

CVD-related death

1.67 (1.54–1.81)
1.9 (1.53–2.35)
2.13 (1.64–2.76)
4.47 (4.32–4.62)
2.12 (1.49–2.99)

Wikstrom [33] Registry 403,555 15 years CAD

1.6 (1.3–2.0) with
GHA

1.9 (1.6–2.2) with
mild preeclampsia

2.8 (CI 2.2–3.7)
with severe

pre-eclampsia

Smith [34] Registry 129,920 15–19 years CAD-related death 1.7 (0.9–3.3)

Lykke [35] Registry 782,287 14.6 years CVD-related death 2.08 (1.63–2.64)

Kessous [36] Registry 96,370 10 years

CVD: hospitalization for
CAD, stroke, peripheral

vascular disease,
hyperlipidemia, angina,

hypertension,
atherosclerosis, MI, heart
failure, pulmonary heart

disease, cardiac arrest,
cardiac catheterization, or
cardiovascular stress test

1.7 (1.6–1.9)

Crillo [37] Registry 14,062 40 years CAD-related death 3.6 (1.04–12.19)

Hannaford [38] Prospective 23,000 Not available

Hypertension
CAD

Angina
Venous thromboembolism

2.35 (2.08–2.65)
1.65 (1.26–2.16)
1.53 (1.09–2.15)
1.62 (1.09–2.41)
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Table 2. Cont.

Study/First Author
(Reference)

Design
Population

Size
Follow-Up

(Period, Years)
Outcome
Measure

Risk of Outcome
Measures

HR (95% CI)

McDonald [39] Metanalysis 2,375,751 Not available
CVD-related death

Stroke
Peripheral artery disease

2.29 (1.73–3.04)
2.03 (1.54–2.67)
1.87 (0.94–3.73)

Wu [25] Metanalysis 6,400,000 Not available

CAD
CAD-related death

Heart failure
stroke

CVD-related death

1.46 (0.95–2.25)
2.1 (1.25–3.51)
1.6 (0.73–3.5)

1.18 (0.95–1.46)
2.21 (1.83–2.66)

Abbreviations: CAD, coronary artery disease; CV, cerebrovascular; CVD, cardiovascular disease; HF, heart failure;
MACE, major adverse cardiovascular event; MI, myocardial infarction.

2.2. Potential Mechanisms Linking Preeclampsia and Development of Future Maternal
Cardiovascular Diseases

A few potential explanations for the association between preeclampsia and CVD
are discussed. It has been proposed that preeclampsia may contribute as a predictor
of cardiovascular events through distinct pathways [25]. On the other hand, the link
between future CVD and preeclampsia may in part be due to shared risk factors between
these entities. An unfavorable cardiovascular risk profile characterized by dyslipidemia,
insulin resistance, diabetes, obesity, or endothelial dysfunction, heightened inflammatory
responses, and hypercoagulable states frequent in preeclamptic women may result in an
increased risk of CVD [14,25,40]. Another theory, which may be related to the above-
mentioned, includes permanent vascular changes with excessive endothelial dysfunction
that mediate the risk for future CVD [41].

Preeclampsia is characterized by pathological remodeling of the placental vessels,
which is considered the main cause of uteroplacental ischemia. Spiral arteries do not
undergo a physiological transformation and retain thick walls with a narrow lumen. The
unsuccessful remodeling of spiral arteries results in high-velocity maternal blood flow at
the intervillous space (approximately of 1–2 m/s) with a high spurt destroying the villi and
forming thrombus-lined echogenic cystic lesions which can also be released to maternal
circulation [42]. Furthermore, remodeling failure results in a repeated cycle of placental
ischemia/reperfusion and leads to endothelial dysfunction, increases in the formation of
reactive oxygen species (ROS) and the release of inflammatory cytokines and antiangiogenic
factors, and maternal immune cell imbalance [43]. ROS decreases the bioavailability of
proangiogenic factors such as nitric oxide which can result in impaired vasodilation, and
angiogenesis, and increases the bioavailability of antiangiogenic factors such as soluble fms-
like tyrosine kinase 1 (sFlt-1) soluble Endoglin (sEng) [44]. sFlt-1 is linked with defective
angiogenesis and endothelial dysfunction by binding vascular endothelial growth factor
and placental growth factor, while sEng which is a cell-surface co-receptor of transforming
growth factor β (TGF β) initiates the proliferation and migration of endothelial cells [42]. It
is believed that these antiangiogenic biomarkers strongly contribute to endothelial damage
during the preeclamptic pregnancy, but do not remain significantly elevated after the
delivery. It is hypothesized that the vascular damage sustained during the preeclamptic
pregnancy persists and contributes to its own cascade in the CVD development in these
patients [41]. Moreover, ROS disrupts maternal endothelial function by releasing cell-free
fetal DNA and extracellular vesicles such as exomes into the maternal circulation [42].

Endothelial dysfunction is associated with inflammation and in consequence atheroscle-
rosis [43]. The lipid deposition in the walls of the uterine spiral arteries resembles the early
stages of atherosclerosis [45]. During early atherogenesis, low-density lipoprotein delivers
cholesterol to the activated macrophages, which scavenge lipids. In an inflammatory milieu,
the cholesterol cannot be recycled back into the circulation to the liver instead, it is trapped
in the macrophages due to impaired reverse cholesterol transport in inflammation [46].
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Acute atherosis in spiral arteries is represented by subendothelial lipid-filled foam cells
enriched by CD68-positive macrophages, arterial wall fibrinoid necrosis, and perivascular
lymphocytic infiltration [46,47]. It is also postulated that T regulatory cells (Tregs) protect
against the development of atherosclerosis by downregulating effector T cell responses,
despite their main role in maternal immunoregulation. However, the Tregs differentiation
is stimulated by TGF β. As the above-mentioned TGF β is modulated by sEng, so it seems
that high concentrations of sEng could locally inhibit the generation of Tregs cells and
thereby promote acute atherosis [46].

The novel hypothesis links cellular fetal microchimerism (cFMC) with acute atherosis
and the future development of CVD [48]. cFMC arises when cells of fetal origin are
released into maternal blood and tissues during pregnancy [48]. These cells are known to
possess stem cell-like properties, with the potential to differentiate into endothelial cells,
smooth muscle cells, or leukocytes, and may persist in maternal circulation for decades [49].
Recent studies reported that cFMCs are more frequent in pregnancies complicated by
preeclampsia or severe FGR than in healthy pregnancies [50,51]. It is hypothesized that in
the dysfunctional placenta, fetal cells transfer more freely into the maternal bloodstream
and induce a maternal anti-fetal immune response towards the fetal cells expressing foreign
HLA surface peptides. If fetal cells persist in the circulation or are engrafted in maternal
endothelial cells, they could induce further inflammation, especially in vessel walls, and
initiate the development of inflammatory arterial lesions, particularly as acute atherosis [48].

Another possible mechanism involved in endothelial dysfunction seen in both atheroscle-
rosis and preeclampsia is abnormal endothelial to mesenchymal transition (EndMT) [43].
EndMT is a normal, complex, dynamic, and reversible process during pregnancy in which
epithelial cells lose polarity and adhesiveness, change to a mesenchymal phenotype, and ac-
quire increased mobility [52]. Abnormal EndMT is observed in preeclampsia and is frequent
in atherosclerotic lesions and plays a role in plaque progression and calcification [43].

It is hypothesized that in preeclamptic women, the endothelial integrity is not fully
restored and remains more sensitized to stress-related or inflammatory stimuli as observed
in atherosclerosis [43]. It was recently reported that women with placental malperfusion
lesions had an adverse cardiovascular profile comprised of microvascular rarefaction with
abnormalities in circulating endothelial and antiangiogenic factors, higher blood pressure,
and more atherogenic lipids years after delivery [53]. Drost et al., showed that women
with a history of preeclampsia have higher levels of SE-selectin and pregnancy-associated
plasma protein A(PAPPA) compared to women with healthy pregnancies a decade after PE,
after adjustment for traditional CVD risk factors [54]. SE-selectin is a marker of endothelial
dysfunction, while PAPPA is a metalloproteinase associated with the presence of vulnerable
atherosclerotic plaques and myocardial infarction [54,55]. Metalloproteinases may be the
link between placental alterations in pregnancy and CVD in later life, supporting the
hypothesis that vascular alterations in preeclampsia lead to persistent vascular damage
and early development of atherosclerosis [54]. It is also postulated that comorbidities (e.g.,
gestational diabetes) may worsen the clinical course of preeclampsia by sharing similar
placental vascular alterations that synergistically increase the risk of future CVD [56,57].

It is also hypothesized that several common genetic or epigenetic mechanisms may
predispose to both acute atherosis and atherosclerosis and future CVDs [58]. It was found
that women with a polymorphism of the regulator of the G protein signaling (RGS2) gene
are at a higher risk of both preeclampsia and acute atherosis [59]. Reduced expression of
RGS2 has also been linked to arterial hypertension [58].

Furthermore, subclinical markers of CVD, such as coronary artery calcium score
(CACS), are also significantly higher in women with a previous pregnancy complicated by
preeclampsia even after adjustment for age, blood pressure, and body mass index [22,23,60–62].
Moreover, 47% of women with prior preeclampsia had coronary atherosclerotic plaques
on coronary computed tomography angiography and 4.3% had significant stenosis [63].
Formerly preeclamptic women develop coronary artery calcifications on average five years
earlier from the age of 45 years onwards than women with prior normotensive preg-
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nancy [64]. It was hypothesized that the body may not recover from the changes in the
vascular and metabolic systems associated with preeclampsia and may demonstrate in later
life with future cardiovascular events [64]. Similarly, previous studies demonstrated an
increase in carotid intima-media thickness, a marker of subclinical atherosclerosis augmen-
tation index in women with previous preeclampsia compared to age- and parity-matched
controls [65].

Recent studies have shown that extracellular vesicles (EVs) are essential mediators
in preeclampsia-related maternal CVDs [66,67]. EVs are membrane-bound particles con-
sisting of bioactive proteins, lipids, DNA, mRNA, and microRNA (miR) that participate in
cell-to-cell communication [66]. Placenta-derived EVs interact with the maternal immune
system resulting in vascular inflammation and endothelial injury [66]. Several miRNAs in
the placenta or blood of women with preeclampsia have been reported to be upregulated
or downregulated compared with healthy pregnant women [67]. In particular, has-miRNA-
134 overexpression is hypothesized to be involved in the inhibition of trophoblast cell
infiltration by targeting integrin beta-1. has-miRNA-134 has also been associated with
atherosclerosis, particularly acute myocardial infarction [67]. has-miRNA-23a-3p over-
expression has been demonstrated to be involved in the pathophysiology of myocardial
infarction and heart failure [68]. has-miRNA-23a-3p upregulation has been reported in the
pathophysiology of myocardial infarction and heart failure and vascular calcification [68].
The up-regulation of has-miRNA-499a-5p has been linked with hypertension, preeclampsia,
and FGR [69].

Physiological heart hypertrophy, which occurs during pregnancy in response to vol-
ume overload and hormonal stimuli, enables the heart to fulfill its function without sig-
nificant long-term detrimental effects on cardiac function [66,70]. Higher vulnerability of
ischemia-reperfusion injury during pregnancy complicated by preeclampsia is associated
with increased ROS generation and decreased threshold for triggering the mitochondrial
permeability transition pore opening. Pregnancy also has an impact on the number and
content of EVs affecting the function of the heart. Placenta-derived EVs may impact
ischemia-related injury due to a higher generation of ROS and activation of apoptosis
during pregnancy [40]. Recently, Powell et al., demonstrated that EVs from preeclamptic
women contribute to arterial tone regulation. They documented that ex vivo exposure of
isolated mouse mesenteric arteries to EVs purified from the plasma of pregnant women
with preeclampsia led to constriction in response to intraluminal pressure and resistance
to methacholine-stimulated relaxation [71]. Furthermore, it is also suggested that EVs-
exosomes from preeclampsia contribute to the dissemination of endothelial damage by
sequestering the free vascular endothelial growth factor (VEGF) in the maternal circula-
tion [72–78].

Moreover, gravidas with preeclampsia have significantly lower levels of angiotensin II
compared to normal pregnancy, and these women have exacerbated vascular responses to
angiotensin II in later life which also contributes to impaired microvascular function [74,75].
Interestingly, the expression of neprilysin is significantly increased in preeclampsia [76].
Neprilysin is released into the maternal circulation bound to placenta-derived EVs [66].
Increased levels of neprilysin might contribute to the persistence of hypertension and
cardiac remodeling after pregnancy. A few studies based on animal models found the
important role of the upregulated endothelin-1-mediated signaling in reduced endothelium-
dependent dilation in preeclampsia [41,77].

Another possible mechanism linking preeclampsia with future CVD is increased
sympathetic activity [44]. It has been reported that maladaptive baroreceptor responses
are associated with persistently reduced plasma volume in women after a pregnancy
complicated with preeclampsia opposite to normal sympathetic activity in women with
uncomplicated pregnancies who return to euvolemia [44,78].

The mechanisms underlying the development of heart failure in women with prior
preeclampsia remain poorly understood. It was previously suggested that preeclampsia
might be a part of a pathway that leads to impairments in cardiac function [79]. Miralles
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et al., reported that preeclampsia might have long-term effects on the maternal cardiovas-
cular system independently of any predisposing conditions. They used the STOX1 (the first
gene identified in human families with preeclampsia via positional cloning) mouse model
of preeclampsia and showed the expression of this gene in the disruption of cytotrophoblast
function, associated with a marked imbalance between nitrosative and oxidative stresses
within the placenta. They observed left ventricular hypertrophy, fibrotic cardiomyocytes,
kidney glomerulitis, and modified transcriptome profile of the endothelial cells in female
mice with preeclampsia as compared to normotensive controls [80]. Transcriptomic analysis
indicated the deregulation of 165 genes in the heart, mainly linked with cardiac hyper-
trophy, and of 1149 genes in purified endothelial cells, associated with inflammation and
cellular stress [80].

Women with pregnancies affected by preeclampsia have evidence of biventricular
diastolic dysfunction and impaired systolic strain despite preservation of global systolic
function assessed by ejection fraction [81]. During a hypertensive pregnancy, a significant
increase in ventricular mass and relative ventricular wall thickness is also observed, indicat-
ing that the disproportion between wall thickens and the increase in ventricular volume [82].
Additionally, preeclampsia might cause structural and functional vascular changes that,
along with cardiac remodeling, may result in microcirculatory shortfall [83]. Several pre-
vious studies indicated that in 25% to 72% of these women, the above-mentioned cardiac
adaptations persist and do not revert during the postpartum period, causing a higher
vulnerability to develop cardiovascular disease in later life [84–86]. A recent metanalysis
showed a higher left ventricular mass index in women with prior preeclampsia with a mean
difference of 4.25 g/m2 (95% CI, 2.08–6.42) [87]. On the contrary, others reported either no
increase in left ventricular mass or a reversion to a pre-pregnancy state [81,85,88–90].

Most studies demonstrated a reduction in global strain in all principal directions
(radial, circumferential, longitudinal), whereas few studies with relatively low samples did
not indicate a significant difference [81,85,91,92]. In comparison with the no preeclampsia
population, they also demonstrated a lower E/A ratio and a higher E/e′ ratio with a mean
difference of −0.08 (95% CI, −0.15, −0.01) and 0.84 (95% CI, 0.41, 1.27), respectively [87].
Therefore, subtle contractional dysfunction may already occur without loss of ejection
fraction in formerly preeclamptic women, indicating global strain as a sensitive parameter
for early detection of cardiac function abnormalities [85].

3. Fetal Growth Restriction

Fetal growth restriction (FGR) is a condition of placental etiology with characteristics
of inappropriate maternal cardiovascular system adaptation during pregnancy. In this APO,
the fetus does not reach its biological growth potential due to impaired placental function,
which may result from a variety of factors [93]. It is estimated that FGR complicates up to
10% of pregnancies and is one of the leading causes of infant morbidity and mortality [93,94].
The etiology of FGR is complex and can be caused by maternal (hypertension, diabetes,
cardiopulmonary disease, anemia, malnutrition, smoking, drug use), fetal causes (genetic
factors, congenital malformations, fetal infection, multiple pregnancies), and placental
causes (placental insufficiency, placental infarction, placental mosaicism) [94]. FGR has
been classified based on gestational age at prenatal ultrasound diagnosis as early-onset—
diagnosed before 32 weeks of gestation and late-onset—diagnosed at or after 32 weeks of
gestation [93,95]. The recent international Delphi consensus proposed an algorithm-based
definition of FGR, which combine information on multiple fetal growth indicators in a
deterministic manner [12]. Details are presented in Table 1.

The etiology of FGR differs depending on whether we consider early or late-onset
fetal growth restriction. In early-onset FGR, two possible mechanisms concerning placental
abnormalities and maternal cardiovascular system adaptation explain why this disorder
occurs [16]. Moreover, early-onset FGR is frequently associated with preeclampsia (60–70%).
On the other hand, the late-onset FGR is suggested to unmask a preexisting sub-clinical
maternal cardiac dysfunction [96].

60



J. Clin. Med. 2022, 11, 6048

3.1. Fetal Growth Restriction and Maternal Cardiovascular Risk

Previous studies indicated that women with a pregnancy complicated by FGR risk
developing CVDs in later life. FGR, similarly to CVDs, is characterized by chronic in-
flammation and oxidative stress [97]. Conditions such as obesity, hyperlipidemia, insulin
resistance, and hypertension are linked with FGR and CVDs [98,99]. Recently, Bijl et al.,
demonstrated that women with a pregnancy complicated by early-onset FGR had unfa-
vorable short-term cardiometabolic profiles with frequent obesity and low high-density
lipoprotein- cholesterol levels (<1.29 mmol/L) in comparison with a control group [100].
Borna et al., reported that delivery of a low-birth-weight child, a surrogate marker of FGR
increases the risk of future coronary artery disease approximately 6.5- fold. This association
is independent of cigarette smoking, hypertension, hyperlipidemia, diabetes mellitus, age,
body mass index (BMI), and waist circumference [98]. On the other hand, the results of the
HUNT (Nord-Trøndelag Health) study indicated that pregnancy complications including
preterm gestational age, led to only minor improvements in 10-year CVD risk prediction
for parous women, as estimated by changes in model discrimination and reclassification [7].
It was also reported that pregnancy complication history does not add to CVD risk strat-
ification for women aged fifty years and older. However, at younger ages, pregnancy
complication history is known to predict the development of conventional CVD risk factors
and may improve clinical risk prediction before the age of fifty years [101].

3.2. Potential Mechanisms Linking Fetal Growth Restriction and Development of Future Maternal
Cardiovascular Diseases

Although preeclampsia and FGR are different entities, they present as interrelated
disorders and share similar pathogenesis of inadequate placentation, inflammation, and ma-
ternal vascular dysfunction [102]. It is postulated that FGR is a result of poor trophoblastic
invasion leading to defective spiral artery remodeling and, consequently, increased mater-
nal peripheral vascular resistance and cardiac afterload [46,103,104]. However, it is also
hypothesized that altered cardiovascular function characterized by low maternal cardiac
output (CO) and high systemic vascular resistance (SVR) can exist before pregnancy and
cause inappropriate placental perfusion and hence trophoblast impairment [96,105,106].
The interplay between the SVR and CO causes a secondary increase in preload and greater
contractility of the left ventricle (LV) and consequently increase in LV mass [5]. Recent
studies demonstrated that women with pregnancies complicated with normotensive FGR
have a persistent myocardial impairment [98,107]. Melchiorre et al., reported that two-
thirds of women with pregnancies complicated by FGR had poorer diastolic reserve with
impaired myocardial relaxation, and a third had overt diastolic chamber dysfunction de-
spite a preserved geometry and ejection fraction as assessed 12 weeks after delivery [107].
Orabona et al., showed subclinical LV impairment in systodiastolic function with concen-
tric remodeling and smaller LV volumes, a slight alteration in right ventricular systolic
function, and left atrial strain, similarly to women with former preeclampsia [99]. During
normal pregnancy, eccentric cardiac remodeling typically occurs. Currently, it is believed
that concentric remodeling is strongly linked with cardiac fibrosis and has considerable
prognostic value in the development of CVDs [108,109]. It was found that most patients
with pregnancies complicated by FGR have abnormal LV strain values. The plausible
underlying mechanism may be related to chronic inflammation and oxidative stress, which
impair production and/or activation of intracellular mediators and result in myocardial
stiffening and interstitial connective tissue deposition leading to overt diastolic dysfunction
and relative ischemia [99]. However, due to the lack of longitudinal studies, it is not yet
elucidated whether FGR causes permanent cardiovascular alterations or whether these
women have preexisting impairments contributing to complicated pregnancies.

The reduced CO and Increased SVR ”re a’sociated with the activation of the renin-
angiotensin-aldosterone system. Previous studies indicated dysregulated angiotensin-
processing enzyme and neprilysin expression with the vasoconstrictor pathway predomi-
nance [110].
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Vascular dysfunction signs in FGR include a small placenta, decidual arteriopathy,
placental infarcts with loss of functional placental parenchyma, and abnormalities of the
placental villous tree, involving distal villous hypoplasia [96]. Similarly to preeclampsia,
repeated ischemia/reperfusion events are associated with increased levels of antiangiogenic
sFlt-1 and suppressed secretion of proangiogenic placenta growth factor (PIGF) [111]. It
is believed that the sFlt-1/PlGF ratio corresponds to the severity of placental vascular
dysfunction [112]. Inadequate trophoblastic invasion with the persistence of smooth muscle
in the vessel walls and vascular damage results in acute atherosis and fibrinoid necrosis
of vessels [113,114]. Moreover, cFMCs are also detected in pregnancies complicated by
severe FRF combined with impaired placental perfusion [48]. Moreover, patients with
previous FGR had a more severe degree of endothelial dysfunction than those with previous
preeclampsia [115].

Notably, it was proven that maternal genes might modulate fetal growth by altering
the intrauterine environment and uterine blood flow or by directly inheriting genes that
regulate fetal growth changing. An increased risk of coronary artery disease and FGR is
associated with mutations in genes encoding G proteins, glucokinase, angiotensinogen,
and coagulation factors [116–119].

Placenta-derived eVs are involved in maternal immunotolerance towards the fetal
allograft, inflammation, and angiogenesis. The fraction of circulating placenta-derived
eVs is reduced in FGR, likely because of the impaired placental trophoblast activity, and
may act as fetal growth markers [120,121]. A few studies indicated upregulation of specific
eVs containing miRNAs including miR-499a-5p, and miR-1-3p, miR-127-3p, and miR-519a,
and downregulation of others, particularly miR-210, miR-518b as a common feature of
placental insufficiencies including FGR [122–124]. Among dysregulated miRNAs in CVD,
miR-499-5p and miR-127-3p are highly overexpressed in heart failure and myocardial
infarction [125,126]. miR-210 is a well-known hypoxia miRNA, which is upregulated in
normal cells exposed to hypoxia in various diseases. In CVD, miR-210 is thought to protect
the cardiovascular system from potentially lethal injury by inhibiting cell apoptosis and
promoting angiogenesis, thus potentially guiding to revascularization [127]. However, the
potential links between these miRNAs on maternal cardiovascular system dysfunction
remain unclear. Thus, more studies are required to investigate whether epigenetic factors
and the expression of miRNAs are predictive in evaluating the association between FGR
and lifespan risk of CVDs.

It is postulated that FGR following maternal chronic bacterial infections is strongly re-
lated to a higher risk for atherosclerosis. Moreover, atherosclerotic plaques contain bacterial
DNA, and it seems reasonable that an infectious trigger underlies the development of acute
atherosis as well [48]. Exposure of human primary trophoblast to bacterial lipopolysaccha-
ride leads to tumor necrosis factor α (TNFα) upregulation and macrophage accumulation
in these cells [43]. TNFα is a strong inflammatory cytokine that is also upregulated in
atherosclerosis. It was also demonstrated that in patients with FGR, the inflammatory
response is stronger and remains stronger over time when compared to women with un-
complicated pregnancies [128]. Thus, TNFα seems to be a key player in several shared
pathologic mechanisms of both FGR and atherosclerosis [43].

4. Summary

Adverse pregnancy outcomes such as FGR and preeclampsia are strongly related
to long-term maternal CVDs risk. These pregnancy complications likely share common
pathophysiologic pathways and are related to similar predisposing factors in women.
Nonetheless, the intermediary mechanisms responsible for this association have not been
sufficiently elucidated. Since pregnancy occurs early in a woman’s life, typically before the
onset of clinically evident CVDs, it serves as a unique opportunity to evaluate a woman’s
later life CVDs risk and introduce meaningful risk-reduction strategies. Future studies
should address the issue of a structured screening for CVDs and the impact of timely
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preventive intervention in improving cardiovascular health in women with pregnancies
affected by APOs.
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Abstract: A strict correlation between gestational diabetes mellitus (GDM) and preeclampsia (PE)
has been shown in previous studies. This case-control observational study evaluates the influence
of concomitant GDM on the severity of PE. Ninety-nine patients were included: thirty-eight with
PE without GDM (group 1), fourteen with PE and concomitant GDM (group 2), and forty-seven
with uncomplicated pregnancies (group 3). Adverse maternal/fetal and neonatal outcomes were
registered. Patients underwent blood sample analysis of serum PlGF, sFlt-1, creatinine levels, and
platelet count (PLT). The incidence of preterm birth, FGR, HELLP syndrome, and NICU admission
was significantly higher in group 1 in comparison to groups 2 and 3, whereas RDS was diagnosed
most often in group 2 in comparison to groups 1 and 3. All studied biochemical parameters differed
between the control group and both PE groups; however, there were no differences between patients
with PE with and without GDM. The presented study indicates that the coexistence of GDM may
mitigate the course of PE. The lack of differences between patients with PE with and without GDM in
serum levels of studied biomarkers may also confirm its usefulness in the diagnosis and management
of PE in patients with coexisting GDM.

Keywords: gestational diabetes mellitus; preeclampsia; soluble fms-like tyrosine kinase 1; placental
growth factor

1. Introduction

Preeclampsia (PE) complicates about 3–8% of pregnancies, whereas gestational di-
abetes mellitus (GDM) complicates about 8.7–14% of pregnancies [1–3]. PE is defined
according to The International Society for the Study of Hypertension in Pregnancy (ISSHP)
as the presence of a new-onset hypertension after 20 weeks’ gestation accompanied by
proteinuria or evidence of maternal acute kidney injury, liver dysfunction, neurological
features, hemolysis or thrombocytopenia, or fetal growth restriction (FGR) [4]. PE is a
multifaceted disorder; however, an inadequate trophoblast invasion of maternal spiral
arteries with subsequent maternal global endothelial dysfunction is seen as the main mech-
anism involved in the development of this disease [5]. During PE, maternal symptoms
are a consequence of the imbalance between circulating angiogenic factors, i.a., vascular
endothelial growth factor (VEGF), and placental growth factor (PlGF); and antiangiogenic
factors, i.a., soluble fms-like tyrosine kinase 1 (sFlt-1) and soluble endoglin (sEng) [6].
Moreover, these biomarkers can be used in the screening and diagnosis of PE [7–10].

GDM is defined according to the International Diabetes Federation (IDF) as sponta-
neous hyperglycemia developing during pregnancy [11]. It is mostly the result of impaired
glucose tolerance due to pancreatic β-cell dysfunction on a background of chronic insulin
resistance. During normal gestation, women are able to counteract peripheral insulin
resistance with a significant increase of their basal and nutrient-stimulated insulin secretion
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from pancreatic b cells. When women are not able to intensify insulin secretion, GDM
occurs [12]. It is widely known that GDM is a risk factor for developing PE during preg-
nancy, and many studies have shown a strict correlation between these two diseases [13–15].
Additionally, both diseases may have serious long-term consequences for the mother and
fetus, such as a significantly increased risk of developing hypertension, heart failure, stroke,
end-stage chronic kidney disease (CKD), and diabetes mellitus later (DM) in life [16–21].

The risk of developing PE in patients with GDM has been, up to date, widely studied [22–25].
PE and GDM share several risk factors, such as advanced maternal age, nulliparity, multiple
pregnancy, ethnicity, and pregestational obesity. Although both diseases also share some
pathophysiological pathways (e.g., sterile inflammation), the main mechanisms take place
in the placenta and present completely differently—proangiogenic state in GDM, and
antiangiogenic state in PE [21]. This is a reason to suspect that the influence of GDM on the
course of PE may be significant, causing a shift in the imbalance between proangiogenic
and antiangiogenic factors derived from the placenta. On the other hand, there is also a
possibility that the usefulness of the PE biomarkers PlGF and sFlt-1 in the diagnosis and
prediction of pregnancy complications during PE might not be maintained on the same
level in patients with both PE and GDM.

To our best knowledge, there is only one study referring to the impact of GDM on the
course of pregnancy complicated by hypertensive disorders indicating an increased risk
of adverse pregnancy outcomes in women with both gestational hypertension (GH) and
GDM [26]. There is also another study comparing PE biomarkers in patients with PE alone,
PE+GDM, GDM alone, and healthy controls demonstrating that sFlt-1 overproduction is
also related to PE in GDM pregnancies, even though it is characterized by a less severe
endothelial dysfunction [21].

The aim of this study was to evaluate the influence of concomitant GDM on the severity
of PE and its complications (maternal and neonatal adverse outcomes), and the usefulness
of PE biomarkers in patients with both PE and GDM. Both diseases are currently the most
taxing and common problems in antenatal care, especially PE, being responsible for about
16–18% of maternal perinatal deaths and up to 40% of fetal and neonatal deaths [1]. Thus,
after realizing the translational potential of this study, the better understanding of the
coexistence of both diseases may lead to significant improvements in antenatal care.

2. Materials and Methods

2.1. Study Population and Protocol

In this case-control observational prospective study, adult women (>18 years of age) in
singleton pregnancies admitted to the Department of Gynecology and Obstetrics, Institute
of Mother and Child in Warsaw between November 2013–April 2018, with the diagnosis
of preeclampsia with and without concomitant GDM were included. The results obtained
in preeclamptic patients with and without GDM were compared to those obtained in
healthy pregnant volunteers. PE was defined according to the 2011 European Society of
Cardiology (ESC) Guidelines [27], whereas GDM was defined according to the IDF 2011
Guidelines [28]. The exclusion criteria for all groups included: gestational age < 22 weeks,
multiple pregnancies, history of CKD, antiphospholipid syndrome, congenital and ac-
quired heart defects, congenital or acquired coagulopathies (hemorrhagic diathesis or
thrombophilia), pregestational diabetes, and symptoms of infectious diseases (including
suspected chorioamnionitis). All patients underwent blood sample biochemical analysis—
measurements of serum PlGF, sFlt-1, and creatinine levels, as well as platelet count (PLT).
The following adverse maternal/fetal outcomes were evaluated: preterm birth, HELLP
syndrome, FGR, oligohydramnion, and placental abruption. Additionally, the following ad-
verse neonatal outcomes were registered: admission to neonatal intensive care unit (NICU),
respiratory distress syndrome (RDS), necrotic enterocolitis (NEC), intraventricular hemor-
rhage grade III and IV (IVH III and IV), sepsis, bronchopulmonary dysplasia (BPD), and
neonatal death. HELLP syndrome was defined as elevated liver enzymes (ASPAT > 70 U/L),
hemolysis (LDH > 600 U/L), and low platelets (<100,000/mL). FGR was defined as an
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estimated intrauterine weight below the 10th percentile after gestational age had been
confirmed by a first-trimester ultrasound. Oligohydramnion was diagnosed when the
amniotic fluid index (AFI) was below the 5th percentile for the gestational age.

The study was approved by the Local Bioethics Committee at the Institute of Mother
and Child, and written informed consent was obtained from all participants. The study was
performed in accordance with the guidelines described in the Declaration of Helsinki [29].

2.2. Blood Sample Preparation and Analysis

Whole blood samples were collected on the day of enrollment to the study, then were
centrifugated at 25 ◦C for 20 min at 2000× g, and obtained sera were stored at −80 ◦C
until further analysis. Serum sFlt-1 and PlGF levels were assessed using fully automated
immunoassays (Elecsys® sFlt-1 and Elecsys® PlGF, Roche Diagnostics, Germany), and
then the sFlt-1/PlGF ratio was calculated. Serum creatinine levels were assessed using
automated kinetic colorimetric assay based on the Jaffé method in an alkaline solution, with
picrate (Creatinine Jaffé Gen.2®, Roche Diagnostics, Germany). The estimated glomeru-
lar filtration rate (eGFR) was calculated using the Chronic Kidney Disease Epidemiol-
ogy Collaboration (CKD-EPI) equation (gender- and race-specific): GFR = 141 × min
(Scr/κ, 1)−0.329 × max (Scr/0.7, 1)−1.209 × 0.993age × 1.018, where Scr is a serum creatinine
level. The gold standard in GFR estimation is 24 h urine creatinine clearance, but it can be
troublesome in different circumstances. The authors are aware that none of the available
GFR formulas were fully validated in pregnancy; however, it is only additional information
in this study, and the authors treat it with caution.

2.3. Statistical Analysis

The survey was conducted on the basis of strictly prepared forms. The dataset was
collected in a relational database. The collected research material was analyzed using
SAS 9.4 statistical software (SAS Institute Inc., 100 SAS Campus Drive, Cary, NC 27513-
2414, USA). Continuous variables are expressed as the mean +/− SD and median, with
a sample representativeness of 95% CI. Discrete variables are presented as numbers or
letters, and categorical variables are marked accordingly. Statistical analysis describing
the interrelationships between the examined variables, as well as comparisons between
patients groups, were performed using the Mann–Whitney U test, Chisq test, and ANOVA
Kruskal–Wallis. The value of p < 0.05 was taken as the significance level of the above-
mentioned analyses.

3. Results

Ninety-nine patients were included in the study: thirty-eight with PE without GDM
(group 1), fourteen with PE and concomitant GDM (group 2), and forty-seven with un-
complicated pregnancies (group 3). In the analyzed time period, our department carried
out about 1700 deliveries, and among them, about 20–22 patients were diagnosed with PE,
including about 4–5 women with PE and GDM. Hence, the vast majority of the PE popula-
tion hospitalized in our clinic was enrolled (a few patients did not agree to participate in
the study and could not be included).

Among patients with PE and GDM, 11 (78.57%) women were treated with diet alone
(GDMG1), and 3 (21.43%) were treated with insulin (GDMG2). The demographic and
clinical characteristics of the study participants are presented in Table 1. One of the most
important differences between the groups was the mode of delivery—the rate of cesarean
section was highest in group 2 in comparison to group 1 and 3.
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Table 1. Demographic and clinical characteristic of study participants.

Group 1 (n = 38)
PE without GDM

Group 2 (n = 14)
PE with GDM

Group 3 (n = 47)
Control Group

Chi2 p Value

Maternal age (years)
Gestational age at study enrollement (weeks)

Gestational age at delivery (weeks)

31.53 ± 5.68
33.58 ± 2.85
34.97 ± 2.95

34.93 ± 3.29
33.57 ± 4.33
34.64 ± 4.38

30.4 ± 4.9
36.49 ± 2.24
38.53 ± 1.73

N/A
N/A
N/A

†
††
‡

Nulliparity 27 (71.05%) 7 (50.0%) 24 (51.06%) 3.96 0.48
Maternal Medical history:

Hypothyroidism and other concomitant
disease *

14 (36.84%) 8 (57.14%) 13 (27.7%) 4.16 0.125

Obesity 12 (31.58%) 7 (50.0%) 11 (23.4%) 3.66 0.16
Delivery mode:

Cesarean section
Vaginal birth

31 (81.58%)
7 (18.42%)

13 (92.86%)
1 (7.14%)

12 (25.53%)
35 (74.47%)

35.61
33.32

<0.001
<0.001

† Kruskal–Wallis test p value gr. 1 vs. 2 = 0.066, gr. 1 vs. 3 = 0.99, gr. 2 vs. 3 = 0.007; †† Kruskal–Wallis test p value gr.
1 vs. 2 = 1.00, gr. 1 vs. 3 < 0.01, gr. 2 vs. 3 = 0.027; ‡ Kruskal–Wallis test p value gr. 1 vs. 2 = 1.00, gr. 1 vs. 3 < 0.01,
gr. 2 vs. 3 < 0.01. * other concomitant diseases in patients included in the study were: asthma, sarcoidosis,
ulcerative colitis, juvenile arthritis, rheumatoid arthritis; these data were collected from patients’ medical history
and not from personal examination; thus, diagnostic criteria could differ between individuals; PE, preeclampsia;
GDM, gestational diabetes mellitus; Chi2, chi-squared test; N/A, not applicable.

3.1. Maternal/Fetal Outcomes

The incidence of preterm birth was highest in group 1, with 25 (65.79%) cases, whereas
in group 2, it was 6 (42.86%) cases, and 4 (8.51%) in group 3. All these differences were
statistically significant (Chi2 = 30.56, p < 0.001; Figure 1). Similarly, FGR was diagnosed
most often in group 1: 18 (47.37%) patients, in comparison to 2 (14.29%) cases in group 2,
and 1 (2.13%) patient in the control group (Chi2 = 26.2, p < 0.001). HELLP syndrome
occurred in seven (18.42%) patients with PE without GDM, and there was no case of this
complication in other groups (Chi2 = 12.09, p = 0.002). There was no difference between
groups in the incidence of oligohydramnion (Chi2 = 0.92, p = 0.63). Considering the
intensiveness of antihypertensive treatment, there was a significant difference between
group 1 and 2. Monotherapy was effective in 14 (36.84%) patients in group 1, and 7
(50%) women in group 2 (Chi2 = 25.15, p < 0.001), whereas polytherapy with two or more
drugs was necessary in 24 (63.16%) patients in group 1, and 7 (50%) patients in group 2
(Chi2 = 41.62, p < 0.001). All preeclamptic patients (with and without GDM) received
methyldopa as a first-choice treatment. When it was insufficient for appropriate blood
pressure control, patients were treated with either beta blockers (labetalol or metoprolol) or
calcium antagonists (amlodipine or nifedipine). In group 1, 23 (60.5%) patients received
a beta blocker, and 11 (28.9%) received a calcium antagonist, whereas in group 2, 7 (50%;
Chi2 = 0.46, p =0.5) women were treated with beta blockers, and 4 (28.6%; Chi2 = 0.0007,
p = 0.98) with calcium antagonists. There was also a need for magnesium sulfate (MgSO4)
infusion in six (15.79%) patients with PE alone, and in three (21.43%; Chi2= 0.2273, p = 0.63)
patients with PE and GDM.

3.2. Neonatal Outcomes

There were significant between-group differences in neonatal outcomes. The mean birth-
weight was significantly higher in the control group (3273.5 ± 491.56 g; median 3300 g, 95% CI
3129.184–3417.84 g) than in the PE groups, both without and with GDM (2239.2 ± 762.58 g,
median 2220 g, 95% CI 1988.56–2489.86 g; p < 0.001; and 2523.6 ± 1079.3 g, median 2485 g,
95% CI 1900.4–3146,74 g; p = 0.043, respectively). However, there was no difference in
the mean birthweight between group 1 and 2 (p = 0.461). The first-minute Apgar score
was significantly higher in the control group than in group 1 (9.64 vs. 8.76; p = 0.028),
but there were no differences between all groups in the fifth-minute Apgar score. Among
all 99 newborns included in the study, one died (in group 2). The admission to NICU
was necessary in eight (21.05%) babies in group 1, and two (14.29%) newborns in group 2,
whereas none of the children born in the control group needed NICU admission. These
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differences were statistically significant (Chi2 = 10.57, p = 0.005). Among other neonatal
complications, RDS was diagnosed most often in group 2: five (35.71%) cases in comparison
to six (15.79%) cases in group 1, and one (2.13%) case in the control group (Chi2 = 12.20,
p = 0.002). Neonatal outcomes are presented in detail in Table 2.

Figure 1. The incidence of preterm delivery in the study groups.

Table 2. Neonatal outcomes.

Group 1 (n = 38)
PE without GDM

Group 2 (n = 14)
PE with GDM

Group 3 (n = 47)
Control Group

Chi2 p

Birthweight (g) 2239.2 ± 762.58 2523.6 ± 1079.3 3273.5 ± 491.56 N/A †
First-minute Apgar score 8.76 ± 1.62 8.29 ± 2.49 9.64 ± 0.965 N/A ††
Fifth-minute Apgar score 9.54 ± 0.77 9.29 ± 1.38 9.89 ± 0.43 N/A ‡

Neonatal complicationsDeath 0 1 (7.14%) 0 6.13 0.047
Admission to NICU 8 (21.05%) 2 (14.29%) 0 10.57 0.005

RDS 6 (15.79%) 5 (35.71%) 1 (2.13%) 12.20 0.002
IVH III/IV 1 (2.63%) 0 0 1.62 0.445

NEC 2 (5.26%) 0 0 3.28 0.194
sepsis 3 (7.89%) 0 0 4.97 0.084
BPD 2 (5.26%) 0 0 3.28 0.194

without any complication 30 (78.95%) 8 (57.14%) 46 (97.87%) 15.59 <0.001

† Kruskal–Wallis test p value gr. 1 vs. 2 = 0.461, gr. 1 vs. 3 = < 0.001, gr. 2 vs. 3 = 0.043; †† Kruskal–Wallis test p value
gr. 1 vs. 2 = 1.0, gr. 1 vs. 3 = 0.028, gr. 2 vs. 3 = 0.052; ‡ Kruskal–Wallis test p value gr. 1 vs. 2 = 1.0, gr. 1 vs. 3 = 0.14,
gr. 2 vs. 3 = 0.29; PE, preeclampsia; GDM, gestational diabetes mellitus; NICU, neonatal intensive care unit; RDS,
respiratory distress syndrome; IVH III/IV, intraventricular hemorrhage grade III or IV; NEC, necrotic enterocolitis;
BPD, bronchopulmonary dysplasia; Chi2, chi-squared test; N/A, not applicable.

3.3. Biochemical Parameters

In all studied biochemical parameters and ratios, i.e., serum PlGF, sFlt-1, and creatinine
levels, eGFR and PLT differed between the control group and both PE groups; however,
there were no differences in all these parameters between patients with PE with and without
GDM. These results are presented in Table 3.
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Table 3. Biochemical parameters (median value of each parameter with SD).

Group 1
(PE without GDM)

Group 2
(PE with GDM)

Group 3
(Control)

p Value (Kruskal–Wallis Test)

Gr. 1 vs. 2 Gr. 1 vs. 3 Gr. 2 vs. 3

sFlt-1 (pg/mL) 12054.0 ± 6757.45
(95% CI 10842.65–15284.88)

10109.5 ± 5265.4
(95% CI 7966.46–14046.8)

3556.0 ± 2218.7
(95% CI 3160.69–4463.56) 1.00 <0.001 <0.001

PlGF (pg/mL) 54.75 ± 75.33
(95% CI 50.46–109.98)

68.70 ± 53.38
(95% CI 52.47–114.1)

192.9 ± 404.7
(95% CI 209.66–447.32) 1.00 <0.001 <0.001

sFlt-1/PlGF 209.27 ± 253.88
(95% CI 189.73–356.63)

162.7 ± 327.37
(95% CI 66.9–444.9)

15.7 ± 22.24
(95% CI 16.97–30.02) 1.00 <0.001 <0.001

PLT 189.5 ± 58.88
(95% CI 174.88–213.59)

159.0 ± 79.6
(95% CI 136.7–228.7)

217.0 ± 49.69
(95% CI 211.54–240.72) 0.868 0.022 0.008

Creatinine
(μmo/L)

55.0 ± 12.71
(95% CI 53.03–61.63)

61.0 ± 15.88
(95% CI 53.05–71.38)

49.0 ± 7.09
(95% CI 45.17–50.04) 1.00 <0.01 0.001

eGFR
(mL/min/1.732)

119.8 ± 15.92
(95% CI 110.03–120.81)

112.05 ± 18.85
(95% CI 95.78–117.55)

124.6 ± 8.24
(95% CI 123.74–129.4) 0.487 0.004 <0.001

PE, preeclampsia; GDM, gestational diabetes mellitus; sFlt-1, soluble fms-like tyrosine kinase; PlGF, placental
growth factor; PLT, platelet count per mm3; eGFR, estimated glomerular filtration rate.

4. Discussion

The present study aimed to assess the possible impact of GDM coexistence on the
course and severity of PE. We demonstrated that women with PE and GDM were less likely
to give birth prematurely and to develop FGR and HELLP syndrome, and required less
intensive antihypertensive treatment than women with PE, but without GDM. The cesarean
section rate was, in turn, significantly higher in women with both diseases than with PE
alone. Newborns from mothers with PE and GDM less frequently required admission to
the NICU; however, they were more likely to develop RDS than newborns from mothers
with PE without GDM.

Available studies demonstrated a strong association between diabetes and PE, i.e., both
pregestational and GDM were confirmed as risk factors for developing PE. PE is diagnosed
in 15–20% of pregnant women with type 1 diabetes and in 10–14% of pregnant women with
type 2 diabetes in comparison to 2–8% of women without diabetes [30,31]. In a study based
on the German Perinatal Quality Registry including 647,392 patients, the risk of developing
PE was increased in patients with GDM, even after adjustment by age, nationality, job
status, smoking, parity, multiple pregnancy, pre-pregnancy weight, and gestational weight
gain (OR 1.29, 95% CI 1.19–1.41) [13]. Moreover, other birth registry studies, performed
in Sweden and Canada, confirmed GDM as an independent risk factor for PE [14,32].
Additionally, women with PE in their first pregnancy have an increased risk of GDM in
the second pregnancy in comparison to patients with neither of these two diseases in their
first pregnancy (OR 1.2, 95% CI 1.1–1.3) [22]. The association of GDM and PE may be
related to the common risk factors shared by both diseases, such as advanced maternal age,
nulliparity, multiple pregnancies, obesity, and Black race. However, many maladaptations
to pregnancy present in both diseases have been also identified. They include insulin
resistance, endothelial dysfunction, angiogenic imbalance, and oxidative stress [15,33,34].
Recent studies demonstrated that other signaling pathways may also be involved in the
pathophysiology of PE in GDM patients, e.g., kisspeptin-1 and its receptor [35]. The genetic
background makes it possible to underline the association between GDM and PE as well—
to date, ACE gene I/D polymorphism and miRNA146A rs2910164 (G/C) polymorphism
have been confirmed as being related to an increased incidence of PE in women with
GDM [25,36].

Both PE and GDM are related to an increased risk of adverse perinatal outcomes,
and, thus, are important global public health concerns. Nunes et al. investigated the
influence of PE, advanced maternal age, and maternal obesity on neonatal outcomes in
patients with GDM. They found that among these three factors, only the coexistence of
PE showed an association with adverse neonatal outcomes, such as neonatal morbidity,
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low and very low birthweight, and preterm delivery [24]. To our knowledge, there is
only one study comparing perinatal outcomes in patients with hypertensive disorders of
pregnancy (HDP) with and without GDM. Preterm delivery rates in this study were more
than threefold greater in the HDP and GDM group and HDP-alone group in comparison to
healthy controls, with an adjusted OR of 4.84 (95% CI 4.34–5.4) and 3.92 (95% CI 3.65–4.21),
respectively. Additionally, the rate of small-for-gestational-age (SGA) babies was greater
in patients with HDP with and without GDM in comparison to the control group, with
an adjusted OR of 6.57 (95% CI 5.56–7.75) and 5.81 (95% CI 5.15–6.55), respectively. The
incidence of adverse outcomes increased further in women with PE and eclampsia [26].
Our results contradict these results, because in our research, the incidence of preterm birth
and FGR was lower in patients with PE and coexisting GDM than in women with PE alone.
Our results indicate the less severe course of PE in women with concomitant GDM, as
evidenced also by a lower incidence of NICU admissions among neonates from mothers
with PE and GDM than in PE alone. On the other hand, there was an increased rate of RDS
among babies from mothers suffering from both PE and GDM, but there is a vast body of
evidence that GDM alone is associated with an increased risk of neonatal RDS [37], because
maternal hyperglycemia delays fetal lung maturation [38].

Another important finding of the presented study is that the cesarean section rate
was highest in patients with both PE and GDM, and this is consistent with earlier studies,
including the above-mentioned research performed by Lin et al. [26]. GDM is a common
risk of ending delivery with C-section, which is also associated with fetal macrosomia
observed among women with GDM [39,40].

As mentioned at the beginning, the main mechanism of developing PE is thought to
be an imbalance between angiogenic and antiangiogenic factors leading to maternal global
endothelial dysfunction. In our study, we compared the serum levels of the most important
angio- and antiangiogenic biomarkers, i.e., PlGF and sFlt-1, in patients with PE with and
without coexisting GDM. As expected, significant differences were found between women
with PE (both with and without GDM) and healthy pregnant women. Nevertheless, there
were no statistically significant differences between patients with PE and GDM and PE
alone. We suggest that such a result may indicate no impact of GDM on the usefulness of
these biomarkers in clinical practice to predict PE and related adverse outcomes. Similar
to our study, Nuzzo et al. found that the serum sFlt-1 level was significantly increased
and serum PlGF was significantly decreased in patients with PE alone and PE with GDM
in comparison to women with GDM alone and healthy controls. However, they also
demonstrated higher values of sFlt-1/PlGF ratio in patients with PE alone than in PE and
GDM. Clinical parameters, such as the incidence of pathological umbilical Doppler, low
Apgar score, and NICU admission, were, in this study, increased in women with PE alone in
comparison with PE-GDM patients, suggesting the possible influence of GDM on the course
of PE, which is consistent with our study as well [41]. Cohen et al. presented elevated
serum levels of sFlt-1 and reduced serum levels of PlGF in patients with pregestational
diabetes who developed PE, just as women without diabetes have been shown to have
in PE [42]. Kapustin et al. investigated the placental expression of PlGF and endoglin in
patients with PE and GDM, and found that PlGF expression was undermost in PE. In GDM
treated with insulin, PlGF expression was also reduced in comparison to GDM patients
treated only with diet, indicating that placental PlGF expression in GDM is also altered and
dependent on the control of the glycemia level during pregnancy [43]. There is evidence
that in women with obesity, GDM may modify the association between PlGF in early
pregnancy and PE [44]. Nonetheless, in our study, there was no difference between the
incidence of obesity in all studied groups; thus, there is no risk of bias in this point.

Less is known about the mechanism that could be a reason of the possible phenomenon
that GDM might alleviate the course of PE. However, in a recently published study, Kul
et al. investigated the prevalence of coronary microvascular dysfunction (CMD) in women
with combined PE and GDM. They found that in patients with GDM, additional PE on
top of GDM was associated with a significant increased risk of CMD, even after adjusting
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for other covariates, but for patients with PE, the presence of GDM did not confer an
additional risk after multivariate analysis [21]. The authors of this study suggest two
possible explanations. First, is that PE has a direct and immediate effect on vasculature
independent from hypertension, whereas the influence of disturbed glucose metabolism is
time-dependent [21]. The second thing might be the level of immune activation, which is
one of the central parts in the pathogenesis of PE, as well as endothelial dysfunction and
CMD, whereas in GDM, the evidence for the role of inflammation in the pathophysiology
of the disease is less robust [45,46]. Pro-inflammatory cytokines secreted in adipose tissue
in GDM (such as TNFα, IL-1β, IL-6) impair insulin signaling and inhibit insulin release
from β-cells; however, this relationship is complex and not straightforward, because there
are studies reporting that GDM placentae secrete fewer pro-inflammatory cytokines than
healthy placentae [12]. The difference in the immune response in PE and GDM should also
be considered as one of the important mechanisms participating in the described PE and
GDM coexistence phenomenon.

The potential mitigation of the severity of PE by the coexisting GDM has its justification
in the pathophysiology of both diseases. PE is well-documented as an antiangiogenic state
with general vasoconstriction and reduced placental perfusion. GDM is, in turn, considered
as a pro-angiogenic state, and diabetic placentas exhibit enhanced vascularization in com-
parison to placentas from uncomplicated pregnancies. These results appear to be related to
the reduced expression of Flt-1, and the increased activity of VEGF receptor 2 (KDR) [47].
The change in the placental VEGF/VEGF receptor expression ratio in hyperglycemia may
favor angiogenesis in placental tissue, and could explain the hypercapillarization of villi
seen in diabetic patients [48]. In our study, it is reflected in the incidence of FGR that was
higher in PE patients without GDM. Increased placental weight and a decreased percentage
of pathological uterine/umbilical Doppler in PE-GDM patients in comparison to PE alone
in the above-mentioned study performed by Nuzzo et al. can also provide evidence of the
possible placental adaptation attempt [41].

Another possibility is the potential impact of differences in the metabolic profiles
of patients with and without GDM, and the incidence of metabolic syndrome (MetS)
among them. MetS is a cluster of cardiovascular disease risk factors, including obesity,
atherogenic dyslipidemia, raised blood pressure, insulin resistance, and pro-inflammatory
states; although, there are several definitions and cut-points to describe and characterize
MetS [49,50]. Women with MetS are at an increased risk of both PE and GDM [51,52].
Moreover, Grieger et al. demonstrated that more than half of women who had MetS in
early pregnancy developed a pregnancy complication, in comparison to just over a third of
women who did not have MetS [51]. We have no data about the components of MetS in our
cohort; however, we can hypothesize that the results in patients with PE and GDM may
arise more from metabolic abnormalities than from enhanced endothelial dysfunction, as
in “pure” PE, because of different pathophysiological pathways, similar to the difference
between early- and late-onset PE. The risk factors for cardiovascular disorders and PE
are very similar, and it still remains unclear whether PE is an individual risk factor for
future cardiovascular events or an early marker of women with high-risk profiles for
cardiovascular disease, where the pregnancy can only be a trigger for cardiovascular
alterations that manifest in the development of PE [20,53]. This leaves a lot of room for
further research to explain these dependencies.

The main limitation of this study is the relatively small number of cases; thus, further
analyses are required to confirm our data. The lack of a group of patients with GDM
alone may also be considered as a limitation, because it could provide more important
information. However, the authors recognized both diseases as having completely different
pathophysiology and perinatal/neonatal outcomes (e.g., FGR vs. macrosomia), and focused
on PE and the possible effect of coexisting GDM on the course of it. Moreover, the research
discussed earlier in this paper presented different outcomes: in the GDM-alone group, the
patients came closer to the control group than to PE patients [24,41].
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The strength of the study is its prospective design and the high group homogeneity
obtained, i.a., by applying narrow inclusion criteria (proteinuria as a necessary compo-
nent), and the exclusion of multiple pregnancies, pregestational diabetes, and preexisting
hypertension. In our opinion, proteinuria as a necessary component is an advantage,
because it increases group homogeneity and helps avoiding bias related to the differences
between many individual components of new PE definition (such as liver dysfunction,
neurological features, thrombocytopenia, or FGR). There are only few data concerning the
relationship between these components with the severity of the imbalance between angio-
and antiangiogenic factors [6,54–56]; our previous study may serve as an example, where
we demonstrated that in preeclamptic patients, renal function parameters correlate with
serum sFlt-1 levels and sFlt/PlGF-1 ratio [57].

The strength of the study is also its translational potential—improving the knowledge
of the pathomechanisms underlying the coexistence of PE and GDM, especially the molec-
ular basis of the possible alleviating effect of GDM on the course of PE, which may lead to
elaborating tailored, successful preventive and therapeutic strategies for women at a high
risk of developing PE and its severe complications.

5. Conclusions

The presented study demonstrated that the incidence of adverse perinatal outcomes,
such as preterm birth, FGR, HELLP syndrome, and neonatal admission to NICU, was
significantly lower among women with PE and GDM in comparison to patients with PE
alone, indicating that the coexistence of GDM may mitigate the course of PE. Additionally,
there was no difference between patients with PE with and without GDM in the serum
levels of biomarkers, such as sFlt-1 and PlGF, as well as in sFlt-1/PlGF ratio, confirming no
influence of GDM on its usefulness in the diagnosis and management of PE.
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1 Department of Reproduction, Poznań University of Medical Sciences, 61-701 Poznan, Poland
2 PUMS Doctoral School, 61-701 Poznan, Poland
* Correspondence: boron.daniel92@gmail.com

Abstract: Preeclampsia (PE) is one of the leading causes of mortality and morbidity in pregnant
women. Pregestational diabetes (PGDM) patients are prone to vascular complications and preeclamp-
sia, whereas vascular exposure to hyperglycemia induces inflammation, vascular remodeling, and
arterial stiffness. Corin is a serine protease, converting inactive pro-atrial natriuretic peptide (pro-
ANP) into an active form. It also promotes salt and water excretion by activating atrial natriuretic
peptide (ANP), and significantly increases trophoblast invasion. The study aimed to determine
whether corin may be a predictor of PE in a high-risk group—women with long-term PGDM. The
nested case-control prospective study involved 63 patients with long-term pregestational type 1
diabetes (PGDM). In total, 17 patients developed preeclampsia (the study group), whereas 43 patients
without PE constituted the control group. To assess corin concentration, blood samples were collected
at two time points: between 18th–22nd week of gestation and 28th–32nd week of gestation. PE
patients presented significantly higher mid-gestation corin levels, urine protein loss in each trimester,
serum creatinine in the third trimester, and lower creatinine clearance in the third trimester. The
results of our study indicate that serum corin assessment may play a role in predicting preeclampsia.
Thus, it may be included in the PE risk calculator, initially in high-risk groups, such as patients
with PGDM.

Keywords: corin; preeclampsia; pregestational diabetes

1. Introduction

Preeclampsia constitutes one of the leading causes of mortality and morbidity in
pregnant women. Moreover, it remains a challenge for the public health, particularly in
high-income countries. In fact, approximately 10–15% of pregnancy-associated maternal
deaths are due to complications related to preeclampsia (PE) [1–3]. Nevertheless, effective
diagnostic tools to predict the development of preeclampsia remain scarce, as well as the
methods of treating it, other than the symptomatic treatment (anti-hypertensive drugs) or
timing the delivery, which is the only effective PE treatment.

It is suggested that PE results from impaired cytotrophoblast invasion [4]. This, in turn,
leads to early subclinical malfunction of the placenta and is transferred to the maternal
uterine arteries, resulting in an increased pulsatility index (PI) [5]. In order to assess
PE risk, uterine artery PI is determined in the first trimester scan [3]. The association
between the maternal arterial stiffness and PE development has been shown both before
and during pregnancy [6,7]. Nevertheless, patients with only minor vascular changes,
which may lead to an increased arterial stiffness, frequently experience no symptoms prior
to the pregnancy and are usually unaware of their condition. In contrast, patients with
pregestational diabetes (PGDM), particularly long-term PGDM, are a group particularly
susceptible to vascular complications and preeclampsia. It is worth bearing in mind
that vascular exposure to hyperglycemia induces inflammation, vascular remodeling,
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and arterial stiffness [8,9], whereas local inflammation affects the intima-media complex,
increasing its thickness and pulsatility index [10,11]. Hence, it is essential to identify a group of
patients at risk of developing PE, not only because of pregnancy complications and different
follow up in the course of pregnancy, but also due to the increased risk of cardiovascular
disease (CVD) and death associated with an acute cardiovascular event [12–14].

Natriuretic peptides, involved in the prevention of hypertension, increase urine pro-
duction; thus, reducing intravascular volume. In view of the reduced a intravascular
volume, the initial thesis assumed that women with preeclampsia would present lower
serum levels of natriuretic peptides [15]. However, the published studies indicate that
patients with preeclampsia show significantly higher levels of natriuretic peptides due
to the increased peripheral vascular resistance [16]. Nonetheless, the prediction value
based on natriuretic peptide levels is limited. Most publications show increased levels of
natriuretic peptides in patients with PE, although the concentration is unremarkable in
patients prior to PE development [17].

Corin is a serine protease found in the heart, converting inactive pro-atrial natriuretic
peptide (pro-ANP) into an active form [18]. It promotes salt and water excretion by atrial
natriuretic peptide (ANP) activation. Animal models show that a lack of corin leads to
salt-sensitive hypertension, gestational cardiomyopathy, and preeclampsia in mice [19,20].
Interestingly, decreased corin plasma levels in humans were reported in patients with heart
failure and corin was suggested as a biochemical marker of cardiovascular disease [21–23].
Similarly, reduced corin renal expression was observed among patients with glomerular
diseases associated with salt retention [24].

During pregnancy, particularly in late pregnancy, corin serum concentration increases
compared to the pre-pregnancy level and then, returns to the basal level following deliv-
ery. It is of note that gestational corin elevation is more significant among women with
preeclampsia and gestational hypertension [25]. This, in turn, corresponds with how the
increased afterload impacts maternal circulation during normotensive pregnancy and preg-
nancy complicated by the increased peripheral/placental resistance, causing hypertensive
disorders of pregnancy. Moreover, corin expression was found in the uteri of pregnant
women, and its expression was significantly lower among patients with PE [26]. Animal
models and human observations support the hypothesis that corin significantly promotes
trophoblast invasion and spiral artery remodeling [27]. In fact, an elevated corin serum
level was found in pregnancies complicated by preeclampsia and fetal growth restriction
(FGR). However, corin mRNA expression was not increased in either of these complications.
Therefore, the upregulation of corin may not only be associated with hypertension, but
may also play a role in the common pathway of PE and FGR pathogenesis [28].

The presented study aimed to determine whether corin may be effective in predict-
ing preeclampsia, fetal growth restriction, and gestational hypertension in a high-risk
group—women with long-term pregestational diabetes. The other goal was to identify the
determinants of elevated corin levels in PGDM patients.

2. Materials and Methods

2.1. Patients

This prospective study involved 63 patients in a singleton pregnancy with long-term
pregestational type 1 diabetes (PGDM). Recruitment of patients was conducted at the
Department of Reproduction at Poznań University of Medical Sciences, a tertiary-care
center specializing in PGDM treatment, between April 2019 and July 2022. Patients were
all Caucasian and received a standard pregnancy care for diabetes, as recommended
by the Polish Diabetes Association and Polish Gynecological Society, targeting a fasting
glucose level of 3.8–5.0 mmol/L, 1-h postprandial glucose below 7.0 mmol/L, and glycated
hemoglobin (HbA1c) below 6.0% (42 mmol/mol) [29]. All the women were treated with
intensive insulin therapy, either with multiple daily insulin (MDI) injections or continuous
subcutaneous insulin infusion (CSII). According to the Polish recommendations, all the
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patients received 150 mg of aspirin daily from the 12th–the 36th week of gestation as a form
of preventing preeclampsia [29].

In all, 63 women met the inclusion criteria: singleton pregnancy, long-term type 1 dia-
betes (class C, D, F, R, according to the White classification [30]), no history of preeclampsia
or gestational hypertension. In total, 3 patients were excluded from the study due to the
withdrawal of consent (n = 2) and spontaneous abortion (n = 1). No major fetal anatomical
abnormality or aneuploidy was diagnosed in these pregnancies.

In order to diagnose preeclampsia, the ISSHP (International Society for the Study of
Hypertension in Pregnancy) criteria [31] were used, with adjustments for patients with
diabetes according to Kornacki et al. [32]: in patients who had not been previously diag-
nosed with chronic hypertension (n = 48) [31]—systolic blood pressure (BP) ≥ 140 mmHg
or diastolic BP ≥ 90 mmHg on two specific instants which occurred for the first time after
20 weeks of gestation, and one of the following complications with the onset in the second
half of pregnancy: (1) proteinuria (≥300 mg/24 h or >100% increase in proteinuria in pro-
teinuric patients); (2) serum creatinine > 1 mg/dL (>90 μmol/L) or >50% increase in serum
creatinine within 7 days; (3) elevation of transaminase levels > 40 IU/L; (4) neurological
complications (eclampsia, altered mental status, blindness, stroke, clonus, severe headache,
persistent visual scotomata); (5) hematological complications (thrombocytopenia < 150 G/L,
disseminated intravascular coagulation, hemolysis); and (6) uteroplacental dysfunction
(fetal growth restriction, Doppler indices of placental insufficiency [33]). Moreover, in
patients with chronic hypertension (n = 12), PE was diagnosed following the onset of severe
hypertension (systolic BP > 160 mmHg or diastolic BP > 110 mmHg) after 20 weeks of
gestation or the need to increase treatment to maintain BP < 160/110 mmHg in the second
half of pregnancy. These had to be accompanied by at least one of the abovementioned
criteria for patients without previous chronic hypertension, except uteroplacental dysfunc-
tion, according to ISSHP [31]. Fetal growth restriction (FGR) was diagnosed according to
the Delphi consensus criteria [33].

2.2. Monitoring of Laboratory and Clinical Measurements

The following laboratory tests were performed in each trimester in all the patients:
(1) glycated hemoglobin (HbA1c), (2) daily urine protein loss, (3) serum creatinine, (4) crea-
tinine clearance, and (5) concentration of serum triglycerides (TG). In terms of the clinical
characteristics, they comprised maternal height, pregestational weight, body weight just
before the delivery, weight gain, Doppler ultrasound examination, insulin intake, and the
data concerning the delivery (method, timing, complications, neonatal results) presented
in Table 1.

Table 1. Maternal characteristics in PE patients and the control group.

Parameter Controls (n = 43) Preeclampsia (n = 17) p

Maternal age 30.47 ± 5.67 32 ± 6.24 0.36
Maternal height (m) 1.65 ± 0.077 1.63 ± 0.055 0.44

Maternal bmi at admission (kg/m2) 24.28 ± 6.25 24.85 ± 3.88 0.72
Maternal bmi at delivery (kg/m2) 27.53 (25.21–31.06) 28.42 (25.8–30.86) 0.74

Weight gain (kg) 10.6 (7.3–15) 9 (6–14) 0.72
Nulliparous 26 (60.47%) 13 (76.47%) 0.38

Vascular complications at admission 14 (32.56%) 10 (58.82%) 0.11
Age at diabetes diagnosis (years) 9 (7–12.5) 11 (9–14) 0.18

Diabetes duration (years) 20 (16–23) 22 (18–23) 0.56
Treatment with the insulin pump 37 (86.05%) 13 (76.47%) 0.37

Chronic hypertension 4 (9.3%) 8 (47.06%) 0.001
Fetal FGR 1 (2.38%) 4 (23.53%) 0.008

Gestational age at delivery (weeks) 38 (37–38) 35 (33–37) 0.00003
Newborns’weight 3348.3 ± 524.9 2591.7 ± 907.3 0.0002
Cesarean section 34 (85%) 17 (100%) 0.09

Emergency cesarian section 8 (23.53%) 6 (35.29%) 0.37
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Blood samples for all the routine analyses were collected following overnight fasting
and immediately transported to the accredited university hospital laboratory, with the ISO
9000 quality management certification. HbA1c in whole blood was determined using the
turbidimetric inhibition immunoassay (TINIA), Tina-quant Hemoglobin A1c II test in a
Cobas c311 analyzer (Roche Diagnostics). The normal range for a non-pregnant population
amounts to 29–42 mmol/mol (4.8–6.0%). In the presented study, three HbA1c values were
used: the first was measured in the first trimester or at first admission, the second was
measured in the second trimester between 18 + 0 and 22 + 0 gestational weeks, and the
third was measured prior to the delivery (up to six days before). The mean value was used
if two HbA1c values were measured in the second trimester.

Blood samples for corin concentration assessment were collected at two time points:
between the 18th–22nd and the 28th–32nd week of gestation. In total, 119 blood samples
were collected and maternal-corin serum levels were measured in all cases. A nested
case-control study was performed, and all women were divided into the PE group (n = 13)
and controls (n = 47) based on pregnancy outcome.

In order to determine corin concentration, 7.5 mL of venous blood was collected from
patients with PE and from the control group. After centrifugation (2000× g) of the blood
samples, the obtained serum was frozen at −20 ◦C for further assessment. Corin concentra-
tions were determined by immuno-enzymatic tests (enzyme-linked immunosorbent assay
[ELISA] kit) procured from Develop (DLR-CRN-Hu; Wuxi Donglin Sci & Tech Develop-
ment Co., Ltd. Jangsu, China). The assays were performed according to the manufacturer’s
instructions. Plate reading was conducted using an MRX reader (Dynex Technologies,
Chantilly, VA, USA) at λ = 450 nm, with corrections at 570 nm.

Written informed consent was obtained from each patient prior to enrolment and
blood sampling. The study was approved by the Bioethics Committee at Poznań Univer-
sity of Medical Sciences and conducted in accordance with the Declaration of Helsinki
(No. 291/21). The Bioethics Committee at Poznan University of Medical Sciences reviewed
the study protocol and confirmed that the conducted research was not a clinical trial.

2.3. Statistical Analysis

The analysis was conducted in the PQStat 1.8.4 program (PQStat software, Poznan,
Poland). The Lilliefors test was applied for the verification of normality and compared the
groups using the t-student test for data that followed a normal distribution. To compare
the data that did not follow a normal distribution, the Mann–Whitney test was used;
and for categorical variables, the chi-square test with Yates modification was applied.
Multivariate multiple regression analysis was performed to determine factors affecting
corin serum concentration.

3. Results

In the studied population, 17 patients developed preeclampsia, whereas 43 women
without PE constituted the control group. There were no significant differences between
the preeclampsia and the control group in terms of the maternal age, height, BMI (neither
pregestational, nor at term), weight gain during pregnancy, parity, diabetes duration,
and presence of vascular complications on admission. Vascular complications in PGDM
included nephropathy, retinopathy, peripheral neuropathy, and major vascular events
described in the patients’ history. The number of patients with chronic hypertension and
fetal growth restriction was higher in the PE group (Table 1).

Patients with preeclampsia presented significantly higher mid-gestation corin levels,
urine protein loss in each trimester, as well as serum creatinine in the third trimester, and
lower creatinine clearance in the third trimester (Table 2) (Figure 1). Gestational age at
delivery and neonate weight were lower in the preeclampsia group. However, the ratio of
cesarean and emergency cesarean sections were unremarkable in the two groups.
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Table 2. Differences in biochemical parameters between PE patients and the control group.

Parameter Controls (n = 43) Preeclampsia (n = 17) p

Corin—18th–22nd week of gestation (ng/mL) 2.64 (2.382–3.142) 3.286 (2.684–4.31) 0.002
Corin—28th–32nd week of gestation (ng/mL) 2.93 (2.652–4.174) 2.754(2.668–3.537) 0.55

Hba1c—I trimester (%) 6.50 (6.09–7.31) 6.61 (6.29–7.27) 0.46
Hba1c—II trimester (%) 5.66 ± 0.65 5.99 ± 0.95 0.13
Hba1c—III trimester (%) 5.88 ± 0.61 6.09 ± 0.77 0.27

Triglycerides—
I trimester (mg/dL) 64.6 (52.75–85.35) 65.7 (46.6–82.6) 0.84

Triglycerides—
II trimester (mg/dL) 132.6 (107.2–158.1) 117.2 (102.5–178.1) 0.94

Triglycerides—III trimester (mg/dL) 280.61 ± 86.41 241.71 ± 51.43 0.09
Proteinuria—I trimester (g/24 h) 0.18 (0.14–0.21) 0.3 (0.2–0.73) 0.003
Proteinuria—II trimester (g/24 h) 0.16 (0.14–0.22) 0.34 (0.15-0.91) 0.02

Proteinuria—III trimester (g/24 h)) 0.22 (0.16–0.31) 0.78 (0.38–1.82) 0.000001
Creatinine clearance—I trimester (mL/min) 126.79 ± 41.24 130.59 ± 53.64 0.77
Creatinine clearance—II trimester (mL/min) 138.74 ± 43.15 112.01 ± 53.7 0.054
Creatinine clearance—III trimester (mL/min) 127.87 ± 37.64 99.26 ± 41.8 0.01

Serum creatinine—I trimester (mg/dL) 0.57 (0.52–0.62) 0.62 (0.52–0.79) 0.34
Serum creatinine—II trimester (mg/dL) 0.595 (0.49–0.62) 0.62 (0.49–0.72) 0.13
Serum creatinine—III trimester (mg/dL) 0.6 (0.52–0.69) 0.7 (0.64–0.81) 0.007

Figure 1. The comparison of corin serum concentrations at the 20th week of gestation between the
patients with and without preeclampsia.

The duration of diabetes (p = 0.81), vascular complications (p = 0.22), in each trimester
additionally: HbA1c (p = 0.47; p = 0.97; p = 0.81, respectively), triglycerides (p = 0.49;
p = 0.46; p = 0.21, respectively), protein loss within 24 h of urine collection (p = 0.74; p = 0.85;
p = 0.67, respectively), creatinine clearance (p = 0.19; p = 0.59; p = 0.5, respectively), and
serum creatinine concentration (p = 0.73; p = 0.94; p = 0.82 respectively) were considered
as the potential determinants of corin concentration, although none of the above affected
protease concentration. Maternal parameters, such as height (p = 0.13), weight (p = 0.99),
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pregestational BMI (p = 0.51), weight gain (p = 0.99), insulin intake (p = 0.21), and parity
(p = 0.69) also did not significantly impact corin concentration.

4. Discussion

Our results demonstrate the role of corin in the early stages of the pathogenesis of
preeclampsia, and indicate the potential use of corin as a biomarker of impaired placental
function and trophoblast invasion in patients with pregestational diabetes. The increased
corin serum concentration was associated with a higher PE incidence (p = 0.002). Moreover,
our study indicated a potential role of corin in preeclampsia screening in patients with
PGDM. Corin sensitivity and specificity at a cut-off value of 2.676 ng/mL were 88.24%
and 58.14%, with an AUC = 0.760 (95% CI, 0.637–0.883) (Figure 2). Additionally, all the
parameters considered as the potential determinants of corin concentration did not show
statistical significance. The aforementioned results reduce the potential bias created by
maternal obesity or preexisting proteinuria, which frequently challenges preeclampsia
diagnosis in the day-to-day clinical practice.

Figure 2. ROC curve for predicting preeclampsia according to corin serum levels in 20th week of
gestation. At a corin cut-off value of 2.676 ng/mL, the sensitivity was 88.24% and the specificity was
58.14%, with an AUC = 0.760 (95% CI, 0.637–0.883).

Recent studies have showed a correlation between corin serum levels and preeclamp-
sia [19,27,28,34]. Furthermore, the data indicate that serum corin measurements may be
applicable not only in terms of detecting preeclampsia itself, but also in predicting it [35].
Corin serum levels may be affected by cardiac expression, which activates natriuretic
peptides reducing blood pressure (BP) by means of increasing salt excretion and urine
production. Corin expression was observed in the uterus during pregnancy, which, in turn,
was related to the fact that uterine expression affected corin serum levels due to the direct
contact of syncytiotrophoblast with maternal circulation [36]. Therefore, potentially, the
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changes in uterine corin expression may participate in the pathomechanism of preeclamp-
sia, whereas cardiac expression of soluble corin may be interpreted as a response to the
increased peripheral vascular resistance. Additionally, corin is a transmembrane serine
protease, and it was demonstrated that the soluble form found in serum showed the same
activity as the membrane-bound form [37].

In our study, the patients and control groups were relatively homogenous. Never-
theless, certain differences in fetal weight, chronic hypertension, and gestational age at
delivery in patients with preeclampsia were expected. In fact, placental dysfunction leading
to PE development impairs fetal growth and may result in earlier induction of labor or
planned caesarian section, as recommended by international and Polish guidelines [38,39].

The role of corin in the pathogenesis of PE remains unclear. Corin expression was
detected in the uteri of pregnant women, and by means of activating ANP, trophoblast
invasion and spiral arteries remodeling were promoted [26]. Moreover, knocking out
corin and ANP genes in the murine model led to salt-sensitive hypertension, preeclampsia,
and cardiac hypertrophy [40–42]. Hyperinsulinemia in patients with type 2 diabetes is
a different risk factor for lower corin expression and immunoreactivity in the placenta,
which may also participate in the impaired trophoblast invasion [43]. Mutations in the
corin gene were found in humans, more frequently in black individuals; and when present,
they significantly increase the risk of hypertension, due to the impaired natriuretic peptide
BP regulation [44,45].

Zaki et al. showed that patients with increased blood pressure presented higher
corin and natriuretic peptide serum levels [46]. The assumption in our study was that the
increased soluble corin levels in patients who subsequently developed preeclampsia may be
used as a marker of subclinical increase of peripheral resistance due to the impaired spiral
artery remodeling. This hypothesis is supported by the study assessing mid-pregnancy
levels of soluble corin and its elevation in patients developing hypertensive disorders in
pregnancy [47]. However, Khalil et al., in their longitudinal observation of corin levels
throughout pregnancy, presented decreased corin levels until the 20th week of gestation
in PE patients, as compared to the controls, as well as increased corin levels in the late
second and in the third trimester [34]. Our results demonstrate that in patients with
pregestational diabetes, vascular changes are present before conception, and may accelerate
placental insufficiency and its impact on the peripheral resistance, leading to earlier corin
overexpression aimed to maintain normal blood pressure.

Interestingly, adding plasma-soluble corin to the preeclampsia prediction model improved
its effectiveness [35,48]. A combination of corin with the currently used sFlt-1/PLGF ratio may
be an ideal marker with respect to predicting preeclampsia, presented by Liu et al., as a marker
with the highest AUC in ROC curves analysis comparing different methods [48]. Moreover,
our results advocate the inclusion of corin to the standard preeclampsia screening [3]. Patients
with pregestational diabetes frequently present with subclinical vascular complications and
are particularly at risk of developing hypertensive disorders in pregnancy. Therefore, in view
of our research, the incorporation of corin in PGDM patients for PE screening as the most
beneficial, providing a greater risk stratification and a better follow-up model, simultaneously
reducing the number of complications.

The strengths of this research include the number of pregnant women with preges-
tational diabetes enrolled for the purpose of the nested case-control study, as well as the
homogeneity of the studied groups. In contrast, the study’s limitations comprise the still
undetermined pathomechanisms of PE development, as well as the failure to differentiate
the serum corin fractions based on the origin of its expression. An additionally increased
number of participants would provide stronger evidence for corin assessment in PE predic-
tion. Hopefully, further studies will provide data sufficient to implement corin assessment
in clinical practice.
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5. Conclusions

As the obtained results demonstrate, the assessment of corin serum concentration may
play a role in the prediction of preeclampsia. Possibly, it may be included in the PE risk
calculator, although initially only in high-risk patient groups, such as patients with PGDM.
Further studies on larger populations are essential to establish the most effective protocol
for determining the PE risk by means of comparing its efficiency using new biomarkers,
such as corin, with the currently used ones; e.g., sFLT-1/PlGF.
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32. Kornacki, J.; Boroń, D.; Gutaj, P.; Mantaj, U.; Wirstlein, P.; Wender-Ozegowska, E. Diagnosis of preeclampsia in women with
diabetic kidney disease. Hypertens. Pregnancy 2021, 40, 322–329. [CrossRef] [PubMed]

33. Gordijn, S.J.; Beune, I.M.; Thilaganathan, B.; Papageorghiou, A.; Baschat, A.A.; Baker, P.N.; Silver, R.M.; Wynia, K.; Ganzevoort, W.
Consensus definition of fetal growth restriction: A Delphi procedure. Ultrasound Obstet. Gynecol. 2016, 48, 333–339. [CrossRef]
[PubMed]

34. Khalil, A.; Maiz, N.; Garcia-Mandujano, R.; Elkhouli, M.; Nicolaides, K.H. Longitudinal changes in maternal corin and mid-
regional proatrial natriuretic peptide in women at risk of pre-eclampsia. Ultrasound Obstet. Gynecol. 2015, 45, 190–198. [CrossRef]
[PubMed]

35. Zhang, W.; Zhou, Y.; Dong, Y.; Liu, W.; Li, H.; Song, W. Correlation between N-terminal pro-atrial natriuretic peptide, corin, and
target organ damage in hypertensive disorders of pregnancy. J. Clin. Hypertens. 2022, 24, 644–651. [CrossRef] [PubMed]

36. Degrelle, S.A.; Chissey, A.; Stepanian, A.; Fournier, T.; Guibourdenche, J.; Mandelbrot, L.; Tsatsaris, V. Placental Overexpression of
Soluble CORIN in Preeclampsia. Am. J. Pathol. 2020, 190, 970–976. [CrossRef]

37. Knappe, S.; Wu, F.; Masikat, M.R.; Morser, J.; Wu, Q. Functional analysis of the transmembrane domain and activation cleavage of
human corin: Design and characterization of a soluble corin. J. Biol. Chem. 2003, 278, 52363–52370. [CrossRef]

38. Figueras, F.; Gratacós, E. Update on the diagnosis and classification of fetal growth restriction and proposal of a stage-based
management protocol. Fetal Diagn. Ther. 2014, 36, 86–98. [CrossRef]

39. Kwiatkowski, S.; Torbe, A.; Borowski, D.; Breborowicz, G.; Czajkowski, K.; Huras, H.; Kajdy, A.; Kalinka, J.; Kosinska-Kaczynska, K.;
Leszczynska-Gorzelak, B.; et al. Polish Society of Gynecologists and Obstetricians Recommendations on diagnosis and manage-
ment of fetal growth restriction. Ginekol. Polska 2020, 91, 634–643. [CrossRef]

40. Wang, W.; Cui, Y.; Shen, J.; Jiang, J.; Chen, S.; Peng, J.; Wu, Q. Salt-sensitive hypertension and cardiac hypertrophy in transgenic
mice expressing a corin variant identified in blacks. Hypertension 2012, 60, 1352–1358. [CrossRef]

89



J. Clin. Med. 2023, 12, 61

41. Melo, L.G.; Veress, A.T.; Chong, C.K.; Pang, S.C.; Flynn, T.G.; Sonnenberg, H. Salt-sensitive hypertension in ANP knockout mice:
Potential role of abnormal plasma renin activity. Am. J. Physiol. Integr. Comp. Physiol. 1998, 274, R255–R261. [CrossRef] [PubMed]

42. Chan, J.C.Y.; Knudson, O.; Wu, F.; Morser, J.; Dole, W.P.; Wu, Q. Hypertension in mice lacking the proatrial natriuretic peptide
convertase corin. Proc. Natl. Acad. Sci. USA 2005, 102, 785–790. [CrossRef] [PubMed]

43. Abassi, Z.; Kinaneh, S.; Skarzinski, G.; Cinnamon, E.; Smith, Y.; Bursztyn, M.; Ariel, I. Aberrant corin and PCSK6 in placentas of
the maternal hyperinsulinemia IUGR rat model. Pregnancy Hypertens. 2020, 21, 70–76. [CrossRef] [PubMed]

44. Dries, D.L.; Victor, R.G.; Rame, J.E.; Cooper, R.S.; Wu, X.; Zhu, X.; Leonard, D.; Ho, S.-I.; Wu, Q.; Post, W.; et al. Corin gene
minor allele defined by 2 missense mutations is common in blacks and associated with high blood pressure and hypertension.
Circulation 2005, 112, 2403–2410. [CrossRef]

45. Wang, W.; Liao, X.; Fukuda, K.; Knappe, S.; Wu, F.; Dries, D.L.; Qin, J.; Wu, Q. Corin variant associated with hypertension and
cardiac hypertrophy exhibits impaired zymogen activation and natriuretic peptide processing activity. Circ. Res. 2008, 103,
502–508. [CrossRef]

46. Zaki, M.A.; El-Banawy, S.E.-D.S.; El-Gammal, H.H. Plasma soluble corin and N-terminal pro-atrial natriuretic peptide levels in
pregnancy induced hypertension. Pregnancy Hypertens. 2012, 2, 48–52. [CrossRef]

47. Liu, Y.; Hu, J.; Yu, Q.; Zhang, P.; Han, X.; Peng, H. Increased Serum Soluble Corin in Mid Pregnancy Is Associated with
Hypertensive Disorders of Pregnancy. J. Women’s Health 2015, 24, 572–577. [CrossRef]

48. Liu, M.; Wang, R.B.; Xing, J.H.; Tang, Y.X. Nested Case–Control Study of Corin Combined with sFlt-1/PLGF in Predicting the
Risk of Preeclampsia. Int. J. Gen. Med. 2021, 14, 2313–2320. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

90



Citation: Garrido-Giménez, C.;

Cruz-Lemini, M.; Álvarez, F.V.; Nan,

M.N.; Carretero, F.; Fernández-Oliva,

A.; Mora, J.; Sánchez-García, O.;

García-Osuna, Á.; Alijotas-Reig, J.;

et al. Predictive Model for

Preeclampsia Combining sFlt-1, PlGF,

NT-proBNP, and Uric Acid as

Biomarkers. J. Clin. Med. 2023, 12,

431. https://doi.org/10.3390/

jcm12020431

Academic Editor: Silvia Lobmaier

Received: 30 November 2022

Revised: 27 December 2022

Accepted: 28 December 2022

Published: 5 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

Predictive Model for Preeclampsia Combining sFlt-1, PlGF,
NT-proBNP, and Uric Acid as Biomarkers

Carmen Garrido-Giménez 1,2,3,†, Mónica Cruz-Lemini 1,2,3,†, Francisco V. Álvarez 4, Madalina Nicoleta Nan 5,

Francisco Carretero 4,6, Antonio Fernández-Oliva 1,2, Josefina Mora 5, Olga Sánchez-García 2,3,

Álvaro García-Osuna 5, Jaume Alijotas-Reig 7,8,*, Elisa Llurba 1,2,3 and on behalf of the EuroPE Working Group‡

1 Department of Obstetrics and Gynecology, Maternal-Fetal Medicine Unit (Hospital de la Santa Creu i Sant
Pau, Sant Antoni Maria Claret, 167), Universitat Autònoma de Barcelona, 08025 Barcelona, Spain

2 Women and Perinatal Health Research Group, Institut d’Investigació Biomèdica Sant Pau (IIB SANT PAU),
Sant Quintí 77–79, 08041 Barcelona, Spain

3 Primary Care Interventions to Prevent Maternal and Child Chronic Diseases of Perinatal and Developmental
Network (SAMID-RICORS, RD21/0012) and Maternal and Child Health Development Network (SAMID,
RD16/0022), Instituto de Salud Carlos III, 28040 Madrid, Spain

4 Clinical Biochemistry, Laboratory Medicine, Hospital Universitario Central de Asturias and Department of
Biochemistry and Molecular Biology, Universidad de Oviedo, 33011 Oviedo, Spain

5 Clinical Biochemistry, Hospital de la Santa Creu i Sant Pau, Universitat Autònoma de Barcelona,
08025 Barcelona, Spain

6 Cátedra de Inteligencia Analítica, Universidad de Oviedo, 33011 Oviedo, Spain
7 Systemic Autoimmune Disease Unit, Internal Medicine Department, Vall d’Hebron University Hospital,

Departament de Medicina de la Universitat Autònoma de Barcelona, 08025 Barcelona, Spain
8 Systemic Autoimmune Diseases Research Group, Vall d’Hebron Research Institute/Vall d’Hebron Hospital,

08025 Barcelona, Spain
* Correspondence: jaume.alijotas@vallhebron.cat
† These authors contributed equally to this work.
‡ EuroPE Working Group are listed in acknowledgments.

Abstract: N-terminal pro-brain natriuretic peptide (NT-proBNP) and uric acid are elevated in preg-
nancies with preeclampsia (PE). Short-term prediction of PE using angiogenic factors has many
false-positive results. Our objective was to validate a machine-learning model (MLM) to predict PE
in patients with clinical suspicion, and evaluate if the model performed better than the sFlt-1/PlGF
ratio alone. A multicentric cohort study of pregnancies with suspected PE between 24+0 and 36+6

weeks was used. The MLM included six predictors: gestational age, chronic hypertension, sFlt-1,
PlGF, NT-proBNP, and uric acid. A total of 936 serum samples from 597 women were included. The
PPV of the MLM for PE following 6 weeks was 83.1% (95% CI 78.5–88.2) compared to 72.8% (95% CI
67.4–78.4) for the sFlt-1/PlGF ratio. The specificity of the model was better; 94.9% vs. 91%, respec-
tively. The AUC was significantly improved compared to the ratio alone [0.941 (95% CI 0.926–0.956)
vs. 0.901 (95% CI 0.880–0.921), p < 0.05]. For prediction of preterm PE within 1 week, the AUC of
the MLM was 0.954 (95% CI 0.937–0.968); significantly greater than the ratio alone [0.914 (95% CI
0.890–0.934), p < 0.01]. To conclude, an MLM combining the sFlt-1/PlGF ratio, NT-proBNP, and
uric acid performs better to predict preterm PE compared to the sFlt-1/PlGF ratio alone, potentially
increasing clinical precision.

Keywords: angiogenic factors; machine-learning; N-terminal pro-brain natriuretic peptide (NT-
proBNP); placental growth factor (PlGF); prediction; preeclampsia; soluble fms-like tyrosine kinase 1
(sFlt-1); uric acid

1. Introduction

Preeclampsia (PE) is a pregnancy-related hypertensive and multisystemic disorder
that affects 2–5% of pregnancies worldwide [1]. Although obstetrical care has significantly
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improved and reduced its mortality, it remains a leading cause of maternal morbidity and
pregnancy complications such as preterm delivery, intrauterine growth restriction (IUGR),
placental abruption, stillbirth, and perinatal morbidity/mortality due to prematurity [2].
Although the pathophysiology of PE is not fully understood, it is well known that it is a
placental disorder with impaired trophoblast invasion and differentiation [3] that leads to
an unbalance of angiogenic and antiangiogenic factors [4]. Soluble fms-like tyrosine kinase-
1 (sFlt-1, an inhibitor of vascular endothelial growth factor) is responsible for maternal
dysfunction, causing peripheral vasoconstriction in an attempt to raise maternal blood
pressure [5]. Elevated levels of sFlt-1, reduced levels of placental growth factor (PlGF), and
an increased sFlt-1/PlGF ratio have been reported both in women with established PE,
and before clinical development of the disease [6,7]. A high sFlt-1/PlGF ratio seems to be
a better predictor of disease severity than either marker alone [8–10], and these findings
have led to incorporation of the sFlt-1/PlGF ratio into clinical practice to improve diagnosis
and prognosis of PE [11]. It is widely accepted that the cut-off value of <38 for the sFlt-
1/PlGF ratio between 24+0 and 36+6 weeks of gestation rules out PE in patients with clinical
suspicion for up to four weeks [12], and the use of this ratio is cost effective [13]. However,
evidence is more limited regarding management and prognosis of women that present an
abnormally high sFlt-1/PlGF ratio during pregnancy.

Pregnancy promotes several changes that are stressful to the cardiovascular system
in order to maintain utero–placental circulation: maternal cardiac output and heart rate
increase, while blood pressure and vascular resistances decrease [14]. Cardiovascular adap-
tation in pregnancy is abnormal in patients with PE due to cardiac diastolic dysfunction [15].
As cardiovascular changes represent a stressful scenario for the heart, cardiac myocytes
respond, producing cardiac damage markers. In particular, N-terminal pro-brain natriuretic
peptide (NT-proBNP), which is used as a biomarker for heart failure in non-obstetric popu-
lations [16], has been described with higher concentrations in preeclamptic pregnancies
in response to abnormal cardiovascular adaptation. Furthermore, there is a correlation
between NT-proBNP levels and severity of PE [17], and higher levels are described in early
vs. late-onset PE [18]. Thus, NT-proBNP could be a useful tool for the evaluation of PE and
prediction of maternal cardiovascular complications reflecting cardiac changes. Serum urid
acid is consistently elevated in PE secondary to reduced glomerular filtration, increased
resorption, and decreased secretion in the proximal tubule, although the reasons for such
an elevation are incompletely understood [19]. Thus, hyperuricemia has been classically
considered a good biomarker for PE, since high concentrations have been associated with
more severe disease and adverse outcomes at time of delivery [20].

Neither NT-proBNP nor uric acid individually have been shown to be good predictors
for PE [21], but models combining these biomarkers show promise. Lafuente-Ganuza et al. [22],
published in 2020 a predictive machine-learning algorithm for early-onset PE using a combination
of the sFlt-1/PlGF ratio, NT-proBNP and uric acid as biomarkers, with apparent better positive
predictive values (PPV) than the sFlt-1/PlGF ratio alone. External validation is necessary to
determine reproducibility for a prediction model and applicability to different populations. For
this study, our primary objectives were, first, to perform external validation of this machine-
learning model (MLM) to predict preterm PE in patients with clinical suspicion and, second, to
study if the model performed better than the sFlt-1/PlGF ratio alone.

2. Materials and Methods

2.1. Study Design

Our real-world dataset included pregnant women with suspected PE between 24+0 and
36+6 weeks admitted to the Obstetrics Department of seven Spanish University Hospitals
between March 2018 and December 2020. Patients were part of the EuroPE study cohort, a
randomized open-label controlled trial to evaluate if the incorporation of sFlt1/PlGF ratio
in diagnosis and classification of PE improved maternal and perinatal outcomes in women
with suspicion of the disease (NCT03231657). Blood samples were obtained at inclusion
(upon suspicion of PE), and multiple samples per patient were allowed but restricted to
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one sample per gestational week. The study protocol was approved by the institutional
Ethics Committee (IIBSP-EUR-2017-20) and all patients provided written informed consent.
Exclusion criteria were pregnant women outside 24+0 and 36+6 weeks, multiple pregnancies,
fetal chromosomal or congenital anomalies, those lost to follow-up and conditions that
required immediate delivery (eclampsia, pulmonary edema, uncontrolled hypertension,
severe visual disturbances, severe headache, fetal demise, and non-reassuring fetal status).

2.2. Diagnostic Criteria

Criteria for diagnosis of PE were those of the International Society for the Study of
Hypertension in Pregnancy [23]. PE was defined as a previously normotensive woman who
presented with systolic or diastolic blood pressure > 140/90 mmHg, measured twice (at
least 4 h apart), and proteinuria > 300 mg in a 24-h urine specimen or 2+ protein on dipsticks
in urine after 20 weeks’ gestation. A diagnosis of PE before 33+6 weeks of gestation was
considered early-preterm PE, and between 34+0 and 36+6 weeks, late-preterm PE.

Suspected PE was considered upon high blood pressure or aggravation of pre-existing
hypertension, new onset of proteinuria or aggravation of pre-existing proteinuria, or one or
more preeclampsia-related symptoms such as epigastric pain, severe edema (face, hands,
feet), persistent headache, visual disturbances, sudden weight gain (>1 kg/week in the
third trimester). It was also suspected when low platelets (<100.000) or elevated liver
enzymes were detected in blood analysis, as well as when abnormal uterine perfusion
was detected by Doppler sonography with mean pulsatility index > 95th percentile in the
second trimester and/or bilateral uterine artery notching. PE was also suspected when
IUGR was detected, and was defined as an estimated fetal weight below the 3rd centile for
gestational age (GA) according to local reference curves [24], or an estimated fetal weight
below the 10th centile together with umbilical artery or mean uterine arteries pulsatility
index above the 95th centile [25].

Adverse maternal outcome was defined as admission to the intensive care unit (ICU),
eclampsia, placental abruption, disseminated intravascular coagulation, pulmonary edema,
and HELLP syndrome. HELLP syndrome is a severe form of PE diagnosed when hemolysis,
elevated liver enzymes (>100 U/L) and low platelet counts < 100 × 109 /L were detected,
with or without proteinuria or severe hypertension [26]. Adverse perinatal outcomes were
defined as preterm delivery before 34+0 weeks, IUGR, stillbirth, and placental abruption.
Adverse neonatal outcomes included neonatal ICU admission for >48 h, proven and/or
suspected sepsis, respiratory distress syndrome, intraventricular hemorrhage (grades II–VI),
necrotizing enterocolitis, retinopathy, and bronchopulmonary dysplasia.

2.3. Laboratory Methods

Blood samples were collected in serum separator tubes and centrifuged at 3000× g
for 15 min. Serum concentrations of PlGF, sFlt-1, and NT-proBNP were measured using
automated electrochemiluminescence immunoassays on the Roche Cobas® e601 platform
(Roche Diagnostics GmbH, Mannheim, Germany) with a turnaround time of 18 min for
PlGF and sFlt-1, and a turnaround time of 9 min for NT-proBNP. Serum concentration of
uric acid was measured using an automated colorimetric uricase method on the Abbott
Alinity® c platform (Abbott Laboratories, Chicago, IL, USA) with a turnaround time
of 10 min. Product codes of reagents are 08P5620 for uric acid, 09315284190 for NT-
proBNP, 07027818190 for sFlt-1, and 07027648190 for PlGF. The measuring ranges were
3–10,000 pg/mL for PlGF, 10–85,000 pg/mL for sFlt-1, 10–35,000 ng/L for NT-proBNP,
and 60–1950 μmol/L for uric acid. The limits of quantification were 10 pg/mL for PlGF,
15 pg/mL for sFlt-1, 50 ng/L for NT-proBNP, and 10 μmol/L for uric acid. No high-
dose hook effect has been described for concentrations up to 100,000 pg/mL for PlGF,
200,000 pg/mL for sFlt-1, 300,000 ng/L for NT-proBNP. Intra- and interassay coefficients of
variation, evaluated with PreciControl Multimarkers 1 and 2 (Roche Diagnostics) for PlGF
and sFlt-1, with PreciControl Cardiac 1 and 2 (Roche Diagnostics) for NT-proBNP, and with
Multichem S Plus 1, 2 and 3 (Technopath) for uric acid, were found to be <5% in all assays.
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2.4. Statistical Analysis

Demographic data were analyzed using the IBM SPSS Statistics 26 statistical package.
Variables studied were tested for normal distribution using the Kolmogorov–Smirnov test.
Comparisons between study groups were performed with analysis of variance (ANOVA)
or Chi-squared test when appropriate, and are presented as mean (standard deviation) or
percentage (n) p-values below 0.05 were considered statistically significant for all tests per-
formed.

The MLM to predict PE included six predictors, as previously published [22]. Briefly,
GA at admission, chronic hypertension, and biomarker serum levels (sFlt-1, PlGF, NT-
proBNP, uric acid), corrected for GA at sampling, were included. Pregnancy data and
outcomes were blinded to the professional who applied the random forest-based supervised
MLM to predict the risk or probability of PE (low, moderately low, moderately high, or
high) of a patient with clinical suspicion. We defined a patient as negative (no PE) if
none of the patient’s repeated measurements presented a moderately high risk or above.
Otherwise, the patient was considered positive, and with high probability of developing PE.
True positive and true negative patients are those coincident with the final decision of the
clinician. The predictive model and the decision thresholds for being positive (high or very
high) or being negative (low or very low) are found in the Supplementary Methods and
Table S1. Scikit-learn (version 0.23.2), an open-source python library, was used to support
the best machine-learning practices for setting up the predictive model of the software.
The p-values and 95% confidence intervals were calculated by using the bootstrap method.
Statistical significance of sensitivity, specificity, predictive values, and area under curve
(AUC) were calculated using the 95% percentile bootstrap confidence intervals with 10,000
bootstrap samples.

3. Results

3.1. Characteristics of the Study Population

A total of 792 women with suspected PE were initially recruited. A total of 4 twin
pregnancies, 9 pregnancies lost to follow-up, and 182 pregnancies included at term were
excluded, so the final analysis included 597 participants and 936 serum samples, obtained
between 24+0 and 36+6 weeks. The global incidence of PE was 34.7% (207/597): 90 women
(15.1%) developed early-preterm PE (<34+0), 67 (11.2%) had late-preterm PE (34–36+6), 50
(6.3%) had term PE (≥37+0), and 390 women (65.3%) did not develop PE.

Table 1 shows the demographic, clinical, and perinatal characteristics of the study
population, divided into those women that developed early-preterm PE, late-preterm PE,
and those without PE. There were no differences in baseline characteristics between these
groups. Women with PE had significantly higher levels of sFlt-1, sFlt-1/PlGF ratio, NT-
proBNP, and uric acid compared to those without PE (p < 0.001 for all variables mentioned),
and patients with early-preterm PE had higher levels than those with late-preterm PE. GA
at delivery was significantly earlier in the early-preterm PE group. The mode of delivery
showed a significantly higher prevalence of caesarean section and maternal admission
to the obstetric ICU in the early-preterm PE group. Regarding neonatal outcomes, birth
weight was significantly lower in the early-preterm PE group, with higher rate of IUGR, as
well as lower Apgar test, and higher rate of admission to the neonatal ICU and of adverse
neonatal outcomes.
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Table 1. Demographic, clinical, and perinatal characteristics of the study population.

No Preeclampsia
(n = 390)

Early-Preterm
Preeclampsia (n = 90)

Late-Preterm
Preeclampsia (n = 67)

p-Value

Maternal characteristics

Age (years) 34.02 ± 6 35.5 ± 5.9 34.8 ± 7.6 0.422

Ethnicity
Caucasian

Black
Asian

88.1 (258)
7.2 (21)
4.8 (14)

76.5 (26)
11.8 (4)
11.8 (4)

94.2 (49)
1.9 (1)
3.8 (2)

0.143

Smoking 7.6 (22) 8.8 (3) 0 (0) 0.112

Nulliparity 39.8 (117) 55.9 (19) 44.2 (23) 0.184

Maternal morbidity

Diabetes mellitus type 1 1.4 (4) 2.9 (1) 3.8 (2) 0.415

Diabetes mellitus type 2 1.7 (5) 0 (0) 5.8 (5) 0.114

Hypertension 17 (50) 17.6 (6) 13.5 (7) 0.806

Cardiovascular disease 0.7 (2) 0 (0) 0 (0) 0.745

Renal disease 2.4 (7) 2.9 (1) 1.9 (1) 0.955

Biomarker data

GA at sampling (weeks) 33.6 ± 3.3 30.8 ± 2.1 * 34.9 ± 1.2 ¥ <0.001

sFlt-1 (pg/mL) 3252 ± 2815.2 15043.1 ± 9289 * 12044.8 ± 9167.7 *,¥ <0.001

PlGF (pg/mL) 361.2 ± 394.7 66.9 ± 84.4 83.4 ± 72.9 0.227

sFlt-1/PlGF ratio 28.9 ± 56.8 443.7 ± 329.1 * 220.8 ± 229.9 *,¥ <0.001

NT-proBNP (ng/L) 44.3 ± 46.3 883.5 ± 2391.5 * 261.6 ± 247.2 *,¥ <0.001

Uric acid (mg/dL) 3.9 ± 1 5.9 ± 1.4 * 5.8 ± 1.5 *,¥ <0.001

Pregnancy outcomes

GA at delivery (weeks) 38.3 ± 2.3 31.4 ± 2.1 * 35.3 ± 1 *,¥ <0.001

Mode of delivery Vaginal
Operative vaginal
Cesarean section

53.3 (154)
6.6 (19)

39.9 (115)

11.8 (4) *
0 (0)

88.2 (30) *

32.7 (17) *
0 (0)

67.3 (35) *
<0.001

Maternal admission
to OICU 0.7 (2) 70.6 (24) * 63.5 (33) * <0.001

Neonatal outcomes

Birth weight (grams) 2755.4 ± 654.5 1315.5 ± 372 * 2249.1 ± 458.1 *,¥ <0.001

IUGR 23.7 (72) 82.9 (29) * 43.6 (24) *,¥ <0.001

1′ Apgar score 8 ± 1 6 ± 2 * 8 ± 0 ¥ <0.001

5′ Apgar score 9 ± 0 8 ± 1 * 9 ± 1 ¥ <0.001

Umbilical artery pH 7.2 ± 0.6 7.3 ± 0.1 7.2 ± 0.1 0.943

Umbilical vein pH 7.3 ± 0.1 7.3 ± 0.1 7.3 ± 0.1 0.05

Admission to NICU 13 (37) 97 (32) * 52.9 (27) *,¥ <0.001

Adverse neonatal outcome 11.3 (32) 87.9 (29) * 28.8 (15) *,¥ <0.001

Data shown as mean ± SD or %(n). GA, gestational age; IUGR, intrauterine growth restriction; NT-proBNP,
N-terminal pro-brain natriuretic peptide; NICU, neonatal intensive care unit; OICU, obstetric intensive care
unit; PlGF, placental growth factor; sFlt-1, soluble fms-like tyrosine kinase 1. p-values obtained by ANOVA
or Chi-squared test, where appropriate, and comparisons were performed between groups. * p-value < 0.05
compared to no preeclampsia; ¥ p-value < 0.05 compared to early-preterm PE.
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3.2. Predictive Model Results

Table 2 and Figure 1 show validation of the MLM compared to the sFlt-1/PlGF ratio
alone in predicting preterm PE. A decreased false-positive rate was observed with this
model compared to the sFlt-1/PlGF ratio alone (23% vs. 41%, respectively). There was also
decreased false-negative rate with the model compared to the sFlt-1/PlGF ratio alone (29%
vs. 32%, respectively), and to those patients with a clinical diagnosis of PE, but with normal
values of biomarkers. Table 3 shows the validation models for predicting early-preterm
and late-preterm PE individually. The complete ROC curve analysis comparing the model
to the sFlt-1/PlGF ratio is shown in Figure S1 in the Supplementary Materials.

Table 2. Validation of models for predicting preterm PE.

sFlt-1/PlGF Ratio
sFlt-1/PlGF Ratio +

NT-proBNP + Uric Acid
p-Value

Sensitivity (%) 77.5 (71.9–83.0) 79.6 (74.4–84.5) 0.210

Specificity (%) 91.0 (89.0–93.0) 94.9 (93.4–96.5) <0.05

PPV (%) 72.8 (67.4–78.4) 83.1 (78.5–88.2) <0.05

NPV (%) 92.8 (91.0–94.7) 93.7 (92.0–95.3) 0.140
sFlt-1, soluble fms-like tyrosine kinase 1; PlGF, placental growth factor; NT-proBNP, N-terminal pro-brain
natriuretic peptide; PPV, positive predictive value; NPV, negative predictive value. Preterm PE was defined as
PE below 37+0 weeks. Sensitivity to rule in was calculated as the proportion of positives that were correctly
classified as patients in whom preeclampsia developed at any time between 24 and 36+6 weeks of gestation.
Specificity to rule in was calculated as 1-proportion of positives that were incorrectly classified as patients in
whom preeclampsia developed any time between 24 and 36+6 weeks of gestation.

Figure 1. Performance of studied models for predicting preterm PE. sFlt-1, soluble fms-like tyrosine
kinase 1; PlGF, placental growth factor; NT-proBNP, N-terminal pro-brain natriuretic peptide; AUC,
area under the curve; CI, confidence interval. Preterm PE was defined as PE below 37+0 weeks.
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Table 3. Validation of models for predicting early-preterm and late-preterm PE.

Biomarkers sFlt-1/PlGF Ratio
sFlt-1/PlGF Ratio + NT-proBNP +

Uric Acid

Early-preterm PE

Sensitivity (%) 82.2 (76.3–88.5) 86.7 (81.8–92.6)
Specificity (%) 90.8 (88.4–93.5) 93.8 (91.7–95.9) *

PPV (%) 72.5 (66.1–79.4) 80.4 (74.2–86.4) *
NPV (%) 94.5 (92.6–96.6) 96.0 (94.3–97.8)

Late-preterm PE

Sensitivity (%) 63.5 (53.1–75.0) 63.5 (53.1–75.0)
Specificity (%) 90.2 (87.6–92.8) 96.0 (94.2–97.8) *

PPV (%) 55.0 (45.7–64.9) 75.0 (65.2–86.2) *
NPV (%) 92.9 (90.7–95.5) 93.3 (91.1–95.7)

sFlt-1, soluble fms-like tyrosine kinase 1; PlGF, placental growth factor; NT-proBNP, N-terminal pro-brain
natriuretic peptide; PPV, positive predictive value; NPV, negative predictive value. Early-preterm PE was defined
as PE below 34+0 weeks, late-preterm PE was defined as PE between 34+0 and 36+6 weeks. Sensitivity to rule
in was calculated as the proportion of positives that were correctly classified as patients in whom preeclampsia
developed at any time between 24 and 36+6 weeks of gestation. Specificity to rule in was calculated as 1-proportion
of positives that were incorrectly classified as patients in whom preeclampsia developed any time between 24 and
36+6 weeks of gestation. * p-value < 0.05.

The ROC curves of the combined model and the sFlt-1/PlGF ratio for predicting
preterm PE within 1 and 3 weeks of clinical suspicion are observed in Figure 2. Results
of specificity, sensitivity, and predictive values comparing both tests for predicting early-
preterm PE and late-preterm PE within 1 and 2 or 3 weeks of clinical suspicion are shown
in Table 4. ROC curves show that the algorithm performed better as the delivery date
grew closer, within one and three weeks, and are shown as Figures S2 and S3 in the
Supplementary Materials.

 
(a) (b) 

Figure 2. Performance of studied models for predicting preterm PE within 1 and 3 weeks to delivery.
(a) Prediction of preterm PE within 1 week to delivery, (b) prediction of preterm PE within 3 weeks
to delivery. sFlt-1, soluble fms-like tyrosine kinase 1; PlGF, placental growth factor; NT-proBNP,
N-terminal pro-brain natriuretic peptide; AUC, area under the curve; CI, confidence interval. Preterm
PE was defined as PE below 37+0 weeks.
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Table 4. Prediction of early and late-preterm PE using the combined model vs. sFlt-1/PlGF ratio alone.

Early-Preterm PE sFlt-1/PlGF Ratio
sFlt-1/PlGF Ratio +

NT-proBNP +
Uric Acid

Late-Preterm PE
sFlt-1/PlGF

Ratio

sFlt-1/PlGF Ratio +
NT-proBNP +

Uric Acid

Within 1 week Within 1 week

Sensitivity (%) 87.0 (81.4–92.7) 90.9 (86.0–95.9) Sensitivity (%) 65.3 (54.8–75.9) 65.3 (54.8–75.9)
PPV (%) 70.5 (63.8–77.6) 78.7 (72.3–84.9) * PPV (%) 54.2 (44.7–63.6) 74.4 (64.3–84.0) *

Specificity (%) 90.8 (88.1–93.2) 93.8 (91.8–95.8) * Specificity (%) 90.2 (87.6–92.9) 96.0 (94.3–97.8) *
NPV (%) 96.5 (94.9–98.2) 97.6 (96.2–98.9) NPV (%) 93.6 (91.5–95.9) 94.0 (92.0–96.1)

Within 3 weeks Within 2 weeks

Sensitivity (%) 71.4 (50.0–100.0) 50 (25.0–71.4) Sensitivity (%) 40.0 (18.2–60.0) 40.0 (18.2–60.0)
PPV (%) 26.3 (13.6–36.4) 26.9 (11.8–40.0) PPV (%) 18.2 (5.9–27.8) 35.3 (15.4–55.6)

Specificity (%) 90.8 (88.4–93.3) 93.8 (91.7–95.9) * Specificity (%) 90.2 (87.6–92.9) * 96.0 (94.3–97.8) *
NPV (%) 98.6 (97.7–100.0) 97.6 (96.3–99.0) NPV (%) 96.5 (94.8–98.2) 96.7 (95.1–98.3)

sFlt-1, soluble fms-like tyrosine kinase 1; PlGF, placental growth factor; NT-proBNP, N-terminal pro-brain
natriuretic peptide; PPV, positive predictive value; NPV, negative predictive value. * p-value < 0.05.

4. Discussion

4.1. Principal Findings

Our study demonstrates the high performance of a predictive model combining the
sFlt-1/PlGF ratio, NT-proBNP, and uric acid to rule in and rule out preterm PE in women
with clinical suspicion. The PPV (to develop PE in the subsequent 6 weeks) and specificity
(false positives) of the model were significantly better than the sFlt-1/PlGF ratio alone.
Although differences were not significant, sensitivity and NPV of the model to rule out
PE were slightly better than the sFlt-1/PlGF ratio alone. These differences were observed
mainly in early-preterm PE, but also in late-preterm PE, and the model performed better as
the delivery date approached. The short-term prediction of early-onset and late-preterm
PE within 1 week was also better with the combined model.

4.2. Interpretation of Results and Comparison with Existing Literature

The sFlt-1/PlGF ratio is a good predictor of PE and serious pregnancy complications,
since it increases before the first clinical symptoms appear [4]. Other biomarkers used
individually have not shown to improve the predictive results of the sFlt-1/PlGF ratio [9].
We and others have previously demonstrated that the sFlt-1/PlGF ratio is increased in
early and severe cases of placental insufficiency (i.e., IUGR with or without PE) because
of increased levels of sFlt-1 [4,10]. It is known that high values of the sFlt-1/PlGF ratio
are associated with shorter intervals to delivery [8], but hospitalization and intense mon-
itoring in test-positive patients are often required because of high false positives. The
reason why an antiangiogenic state does not always result in development of PE is still
unclear, but maternal predisposition is probably necessary, added to a severe and prolonged
endothelial insult.

NT-proBNP has shown higher concentrations in women with hypertensive disorders
of pregnancy [18,27], especially those complicated with severe and preterm PE [27,28]. A
recent study reported mean NT-proBNP levels of 349.1 ± 93.5 pg/mL in PE without severe
clinical signs and 725.3 ± 290.5 pg/mL in severe PE [29]. In our data, NT-proBNP levels
were also higher in preterm PE, with early-preterm showing the highest values, and higher
levels were observed in the most severe cases. NT-proBNP levels are higher in pregnant
women with chronic hypertension [30,31]; therefore, this was taken into account in the
MLM of our study and the necessary adjustments were performed.

The prospective, multicenter, and observational PROGNOSIS study [9] reported that
an sFlt-1/PlGF ratio of 38 was the optimal cut off in pregnancies between 24+0 and 36+6

weeks to rule out PE in women with clinical suspicion. This cut off performed with an NPV
of 99.3% (95% CI, 97.9 to 99.9) within 1 week, and remained high at 2 (97.9%), 3 (95.7%), and
4 weeks (94.3%) after testing [12]; that is, a woman with results in this range was extremely
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unlikely to progress to PE or HELLP within the next month. In our study, the combined
model rules out preterm PE in the next 6 weeks with 93.7% probability, slightly better than
the sFlt-1/PlGF ratio alone, and performs better for early-preterm PE, ruling out with a 96%
probability. Although the NPV of the sFlt-1/PlGF ratio to rule out early-preterm PE within
1 week was slightly lower than that reported in the PROGNOSIS study, this improved with
the MLM (96.5% to 97.6%).

On the other hand, an sFlt-1/PlGF ratio > 38 was characterized by poor PPV: within
1 week 16.7% (95% CI, 12.3–21.9), and in the next 4 weeks 36.7% (95% CI, 28.4 to 45.7%),
with 66.2% sensitivity (95% CI, 54.0–77.0) and 83.1% specificity (95% CI, 79.4–86.3) [9]. In
addition, the reported ability of NT-proBNP to predict PE alone is modest, with an AUC
of 0.55 [32] and 0.69 [31] in the first and third trimesters, respectively. The strategy of
adding NT-proBNP to the sFlt/PlGF ratio to try to improve short-term prediction of PE
has previously been reported. Lafuente-Ganuza et al. [22] identified that when maternal
serum NT-proBNP value > 174 pg/mL was combined with an sFlt-1/PlGF ratio > 45, the
PPV for diagnosis of early-onset PE (24+0 to 33+6weeks) was 86% (95% CI: 79.2–92.6) at
any point in time, with a sensitivity of 72.5% (95% CI 70.5–81.8) and specificity of 97.7%
(95% CI 96.7–98.5). Similar results have been obtained in our study. In our cohort the PPV
of the model is somewhat lower to predict preterm PE in the subsequent 6 weeks, but
is statistically superior to those obtained with the sFlt1/PlGF ratio alone [72.5% (95% CI
66.1–79.4) vs. 80.4% (95% CI 74.2–86.4)], with statistically better specificity. This is the first
time this model was applied to pregnancies between 34+0 and 36+6 weeks but it performed
better for early-preterm PE, and also surpassed the PPV and specificity of the sFlt-1/PlGF
ratio alone. Our data did not allow us to perform analysis for a 4-week period, but the
model’s precision for PE was also better than the sFlt1/PlGF ratio alone from 1 to 3 weeks,
improving clinical decisions regarding monitoring intervals. Sabrià et al. [33] described
a prediction model where the addition of NT-proBNP assessment to an sFlt/PlGF ratio
≥ 38 yielded a superior ability for detecting delivery in the subsequent week in women
with suspected PE. The AUC was 0.845 (95% CI 0.7870.896), which was significantly greater
than the AUC of the sFlt-1/PlGF ratio alone 0.786 (95% CI: 0.722–0.844). This means that
when adding NT-proBNP to the sFlt1/PlGF ratio, a false-positive rate reduction of 18.2%
could be achieved. Finally, in line with previous studies, serum levels of uric acid were
higher in pregnancies complicated with PE [34,35]. Hyperuricemia precedes the onset
of proteinuria and hypertension in PE, but its prognostic value is debated [36]. It seems
that among women with diagnosed PE, higher levels may help to identify those who will
develop a more severe disease, but a cut-off value has not been stablished.

Multiple sFlt-1/PlGF ratio cut offs have been studied to enhance the diagnostic ac-
curacy of this maternal syndrome. The MLM produced a cut-off value of 45 for the
sFlt/PlGF ratio, 174 pg/mL for NT-proBNP, and 5.6 mg/dL for uric acid for PE predic-
tion of early-preterm PE. A retrospective cohort study [22] described that the PPV to
rule in early-onset PE of the sFlt-1/PlGF ratio > 45 was 49.5% (95% CI 41.9–51.8), with
a specificity of 79.8% (95% CI 78.5–83.6). A multicenter case–control study including a
total of 1149 patients concluded that the sFlt-1/PlGF ratio ≥ 85 for early-onset PE and
≥110 for late-onset PE resulted in a sensitivity/specificity of 88%/99.5% and 58.2%/95.5%,
respectively [37]. A recent study has reported that uric acid has similar specificity to the
sFlt-1/PlGF ratio for the diagnosis of PE, although the sensitivity appears to be much
lower [38]. The NT-proBNP cut-off point to associate pregnancy complications is not
known. Serum NT-proBNP < 125 pg/mL excludes heart failure in non-obstetric popula-
tions [39], and it seems that maternal serum NT-proBNP levels < 40.6 pg/mL could rule
out PE with a high NPV of 92% [40]. Alvarez et al. [18] described that a cut-off point of
NT-proBNP 219 ng/L predicted development of an adverse outcome in pregnant women
< 34 weeks, with a sensitivity of 76% and specificity of 94%. Another study of this group
demonstrated similar performance in the prediction of adverse outcomes with cut-off points
of 178 and 219 for the sFlt-1/PlGF ratio and NT-proBNP, with a sensitivity/specificity of
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95/84% and 94/76%, respectively [18]. Therefore, it seems that maternal serum NT-proBNP
levels > 129.5 g/mL would warrant close follow-up during pregnancy [27,41,42].

Pregnancies with placental-related disorders, such as isolated IUGR or placental
abruption, also show increased sFlt-1/PlGF ratio levels, exceeding the cut-off points for
PE diagnosis explained above, but it is unknown how these entities affect NT-proBNP
levels [43]. Elevated NT-proBNP levels may reflect ventricular stress and subclinical cardiac
dysfunction, worsening if IUGR is present. When PE is associated with IUGR, patients
present higher peripheral vascular resistance and lower cardiac output compared to isolated
IUGR [44]. Few studies have evaluated NT-proBNP levels in pregnant women with IUGR,
and higher maternal serum NT-proBNP levels have been detected in pregnancies with
early-onset PE, with or without IUGR, than in pregnancies with isolated IUGR [22,41].
Therefore, when a high sFlt/PlGF ratio is detected, lower levels of NT-proBNP could
discriminate between those pregnant women that are not going to develop PE.

4.3. Clinical Implications and Future Research Directions

Clinical presentation of PE is heterogeneous, and a daily challenge to the practicing
obstetrician. This diagnostic model using a combination of cardiac, renal, and placental
biomarkers has been validated to predict preterm PE in patients with clinical suspicion, with
better PPV, sensitivity, and specificity than the sFlt-1/PlGF ratio alone. This information
could help clinicians decide which women may be followed up on safely on an outpatient
basis, and which women need careful and close surveillance, and hospitalization. If
expectant management is considered, this MLM could also provide more accurate and
valuable information for the frequency of patient assessment and follow-up. Furthermore, a
specific software could be developed and studied to calculate the risk of maternal and fetal-
adverse outcomes, and indicate imminent delivery, evaluating also the cost effectiveness of
the routinely incorporation of uric acid and NT-proBNP in women with suspected PE.

4.4. Strengths and Limitations

This study externally validates an MLM previously published to predict PE. This is
the first study that improves the sFlt-1/PlGF ratio’s prognosis of PE using other related
maternal serum PE biomarkers. It is a nested study, with a very strict selection process for
patients, prospectively included in the database but not managed based on these results;
therefore, it has no bias with regard to our findings. However, more data from randomized
trials is needed to establish whether the use of this algorithm in clinical practice could
really reduce unnecessary hospitalization and costs. Another limitation of this study is
that the different cut-off values proposed for the sFlt-1/PlGF ratio can only be applied
when using Elecsys immunoassays, since differences have been reported with other brands
or platforms.

5. Conclusions

An MLM combining the sFlt-1/PlGF ratio, NT-proBNP, and uric acid performs better
to predict preterm PE compared to the sFlt-1/PlGF ratio alone, potentially increasing
clinical precision, decreasing false-positive rates, and increasing PPV and specificity. This
model also performed better than the sFlt-1/PlGF ratio for prediction of PE within 1 and
3 weeks. These results could avoid unnecessary interventions in women with suspected
PE. Our work highlights the need of further studies combining different biomarkers and
supports the use of NT-proBNP and uric acid added to maternal serum angiogenic factors
to increase PE prediction.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jcm12020431/s1, Figure S1: Performance of studied models for predicting
preterm PE; Figure S2: Performance of studied models for predicting early-preterm PE within 1 and
3 weeks to delivery; Figure S3: Performance of studied models for predicting late-preterm PE within 1 and
2 weeks to delivery. Table S1: Decision thresholds.
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Abstract: Objective: This study aimed to determine whether the combination of pregnancy-associated
endothelial cell-specific molecule 1 (ESM-1), the placental growth factor (PLGF) in the first- and
second-trimester maternal serum, and the uterine artery Doppler pulsatility index (PI) in the second
trimester can predict preeclampsia (PE). Methods: The serum levels of ESM-1 and PLGF in 33 severe
preeclampsia (SPE) patients, 18 mild preeclampsia patients (MPE), and 60 age-matched normal con-
trols (CON) were measured. The Doppler ultrasonography was performed, and the artery pulsatility
index (PI) was calculated for the same subjects. Results: The 2nd PLGF level was significantly lower
and the 2nd PI was higher than those in the MPE group. Combining the 2nd PLGF with the 2nd
PI yielded an AUC of 0.819 (83.33% sensitivity and 70.00% specificity). In the SPE group, the 1st
ESM-1 level and the 2nd PLGF level were significantly lower, and the 2nd ESM-1 level and the 2nd PI
were significantly higher in the SPE group. The combination of the 1st ESM-1, the 2nd PLGF, and
the 2nd PI yielded an AUC of 0.912 (72.73% sensitivity and 95.00% specificity). Conclusions: The 1st
ESM-1 and the 2nd PLGF levels and the 2nd PI were associated with PE. The combination of serum
biomarkers and the PI improved the screening efficiency of the PE prediction, especially for SPE.

Keywords: preeclampsia; ESM-1; PLGF; uterine artery Doppler; PI; prediction

1. Introduction

Preeclampsia (PE) is a major cause of morbidity and mortality among pregnant women
and infants, resulting in an estimated 76,000 maternal deaths and 500,000 fetal and newborn
deaths every year [1]. The etiology of PE is still an enigma; currently, the most widely
accepted theory for the development of PE is the “two-stage” theory. The first stage is
reduced placental perfusion, and the second stage is generalized maternal endothelial
dysfunction. Abnormal vascular growth and impaired endothelial function are considered
to be the main components of the pathogenesis [2]. The imbalance between the antiangio-
genic and proangiogenic factors is considered to be the link between the two stages. The
expression of the antiangiogenic and angiogenic factors is altered in PE [3].

Endocan, an antiangiogenic factor which is also called endothelial cell-specific molecule-
1 (ESM-1), was originally identified in cultured endothelial cells [4]. Several studies have
shown that ESM-1 could be a novel biomarker of various diseases with endothelial dysfunc-
tion and inflammation, such as newly diagnosed hypertension [5]. A recent meta-analysis
suggested that women with PE had a higher level of circulating ESM-1 than women with
normal pregnancies [6].
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Placental growth factor (PLGF), produced by villous syncytiotrophoblasts, is thought
to induce nonbranching angiogenesis, leading to a low-resistance placental vascular net-
work [7,8]. Limited angiogenesis in early PE pregnancies, with a shallow vascular invasion
of the maternal spiral arteries, results in the subsequent placental hypoperfusion [9]. Many
studies have revealed that angiogenic factors such as PLGF are decreased in the serum of PE
patients [10,11]. PLGF has been proven to be a useful screening tool for PE prediction [12].

Spiral artery transformation failure in PE could lead to an increase in uterine artery
blood flow resistance [13], which could be captured as an abnormality, such as by the
presence of an impedance on the uterine artery Doppler. These changes support the uterine
artery Doppler velocimetry-based screening of patients who are at risk of developing
PE [14]. Furthermore, some studies have shown that uterine artery PI is a promising
marker for predicting PE [15,16].

The objective of our study was to evaluate the maternal serum ESM-1 and the PLGF
levels in the first and second trimesters and the uterine artery Doppler PI in the second
trimester and to determine whether the integration of these biomarkers with the 2nd PI
would be helpful in the prediction of PE.

2. Patients and Methods

2.1. Patients

This was a prospective study. Women with singleton pregnancies who presented at
the International Peace Maternity and Child Health Hospital, Shanghai, China, from 2020
to 2021 for prenatal examination were eligible for inclusion. The exclusion criteria were
multiple pregnancies, chronic hypertension, chronic renal disease or pre-existing protein-
uria, diabetes, malignancy, autoimmune disorders, acute systemic inflammation, fever,
premature rupture of membranes, preterm labor, or major congenital fetal anomaly. The
study was conducted according to the Declaration of Helsinki guidelines and the approval
of the National Ethics Committee for Science and Technology (number: GKLW2020-03).
All the participants were followed from the first trimester to delivery, with pregnancy
outcomes recorded and written informed consent provided.

The definition of the severe preeclampsia (SPE) group was as follows:

(1) Blood pressure ≥160/110 mm Hg on two occasions at least 4 h apart (unless antihy-
pertensive therapy was initiated before this time);

(2) Thrombocytopenia: platelet count <100 × 109/L;
(3) Renal insufficiency: serum creatinine concentrations >1.1 mg/dL or a doubling of the

serum creatinine concentration in the absence of other renal diseases;
(4) Impaired liver function: elevated blood concentrations of liver transaminases to twice

the normal concentration;
(5) Pulmonary edema;
(6) New-onset headache unresponsive to medication and not accounted for by alternative

diagnoses or visual symptoms.

The mild preeclampsia (MPE) group was described as follows:

(1) Blood pressure ≥140/90 mmHg on two occasions at least 4 h apart after 20 weeks of
gestation in a woman with previously normal blood pressure;

(2) Three hundred milligrams or more per 24 h of urine collection (or this amount extrap-
olated from a timed collection) or a protein/creatinine ratio ≥ 0.3 mg/dL or a dipstick
reading of 2+.

2.2. Maternal Serum Analytes

Peripheral venous blood samples were collected from all the participants during two
different periods: the first trimester, at 9–13+6 weeks of gestation, and the second trimester,
at 24–28 weeks of gestation. All the blood samples were centrifuged at 3000 rpm for 10 min,
and the serum samples were stored at −80 ◦C until use.

All the samples from the subsequently diagnosed PE patients based on the ACOG
guidelines [17] and gestational age and storage time-matched control (CON) pregnancies
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were retrieved. The ESM-1 and PLGF levels were measured using the enzyme-linked
immunosorbent assay (ELISA) (R&D Systems, Minneapolis, MN, USA) by technicians who
were blinded to the identity of the samples. The accuracy and stability of the ELISA method
were validated in the pilot experiments. Each sample was measured three times and the
average level was used as the final value for the sample. The ESM-1 kit detection range was
10.3–2500 pg/mL. The kit performance characteristics were a sensitivity of 1.08 pg/mL and
a coefficient of variation (CV%) of <10. The PLGF kit detection range was 2.88–700 pg/mL.
The kit performance characteristics were a sensitivity of 1.9 pg/mL and a coefficient of
variation (CV%) of <10.

2.3. Uterine Artery PI

The patients without fetal defects on routine ultrasound performed at 22–28 weeks
of gestation also underwent a bilateral uterine artery Doppler assessment. The uterine
artery PI was determined as the average PI from three continuous similar waveforms. All
the examinations were evaluated by ultrasound by simultaneous B-mode scanning (GE
Healthcare, Milwaukee, WI, USA). The carrier frequency was from 1 to 5 MHz for the
transabdominal probers.

2.4. Statistical Analysis

The data analysis was performed using SPSS 25.0 (SPSS Inc., Chicago, IL, USA)
and MedCalc (version 11.4.2.0). The data are presented as the mean ± SD or median
(min-max). Logistic regression analysis was used to evaluate the combination of these
indicators. Receiver operating characteristic (ROC) curve analysis was performed to
assess the predictive value. Statistically significant differences were estimated utilizing the
Student’s t-tests or chi-square tests. A p value < 0.05 was considered statistically significant.

3. Results

In total, 2086 pregnant women were recruited for the study. Among them, 1927 preg-
nant women completed the study, and 159 (7.6%) did not give birth in our hospital and
were lost to the follow-up. Fifty-one women developed PE (severe preeclampsia (SPE)
33 cases and mild preeclampsia (MPE) 18 cases), with an incidence rate of 2.6%, which
was consistent with that in the literature [18]. The CON group comprised 60 women with
normal pregnancies who were randomly chosen and matched for gestational age to the
women with PE. The flowchart of our prospective cohort study was shown in Figure 1.

The clinical and demographic characteristics of the participants are presented in
Table 1. Compared with those in the CON group, the blood pressures of all those in the
PE groups were higher (p < 0.001). The gestational age at delivery and the fetal weights
were significantly lower in the PE group, especially in the SPE group (p < 0.001). The
placental weights were lower in the SPE group (p < 0.05). However, there was no significant
difference in maternal age, pre-pregnancy BMI, or the 5′ Apgar scores among the groups.

The results of the serum analytes from the PE group and the CON group samples
collected in the first and second trimesters are shown in Table 2 and Figures 2–4. In the
first trimester, compared with those in the gestational age-matched controls, the ESM-1
level (285.82 ± 89.53 vs. 357.61 ± 80.40, p < 0.001) in the SPE group was significantly
lower. There was no significant difference in the ESM-1 level between the control and
the MPE groups (Figure 2A). Additionally, there was also no significant difference in
the PLGF level between the control group and any PE group (Figure 2B). In the second
trimester, compared with those in the gestational age-matched controls, the ESM-1 level
(206.24 ± 132.53 vs. 152.35 ± 29.00, p = 0.0032) in the SPE group was significantly higher and
the PLGF level (14.03 ± 6.21 vs. 29.52 ± 17.26, p < 0.001) in the SPE group was significantly
lower (Figure 3A,B). Moreover, compared to those in the control group, the PLGF level was
significantly lower (16.82 ± 6.25 vs. 29.52 ± 17.26, p < 0.001) in the MPE group (Figure 3B).
There was no significant difference in the ESM-1 level between the control and the MPE
groups (Figure 3A). Compared with those in the gestational age-matched controls, the 2nd
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PI (1.35 ± 0.39 vs. 0.89 ± 0.22, p < 0.001) in the SPE group and the 2nd PI (1.15 ± 0.34 vs.
0.89 ± 0.22, p < 0.001) in the MPE group were also significantly higher (Figure 4).

Figure 1. The flowchart of the prospective cohort study. CON, control group; MPE, mild preeclampsia
group; SPE, severe preeclampsia group; GW, gestational week.

Table 1. Demographic characteristics of the participants.

Characteristic SPE (n = 33) MPE (n = 18) CON (n = 60)

Maternal age, y 31.06 ± 4.34 31.89 ± 4.38 30.03 ± 3.61
Pre-BMI, kg/m2 21.02 ± 2.55 21.51 ± 2.02 20.60 ± 1.82

SBP (mmHg) 166.18 ± 9.74 ** 144.39 ± 5.38 ** 117.00 ± 9.39
DBP (mmHg) 97.91 ± 8.91 ** 92.33 ± 5.24 ** 74.78 ± 9.11

Nulliparous, n (%) 29 (87.88%) 16 (88.89%) 52 (86.67%)
GA at delivery, weeks 37.09 ± 3.01 ** 38.73 ± 1.20 * 39.45 ± 0.81

Fetal weight, g 2660.45 ± 754.43 ** 3161.39 ± 266.34 * 3375.50 ± 297.29
Placental weight, g 537.27 ± 165.52 * 622.50 ± 84.53 614.08 ± 67.01

5′ Apgar score 9.33 ± 1.83 9.61 ± 0.61 9.81 ± 0.62
SPE, severe preeclampsia; MPE, mild preeclampsia; CON, control; pre-BMI: pre-pregnancy body mass index;
SBP, systolic blood pressure; DBP, diastolic blood pressure; GA, gestational age. * p < 0.05; ** p < 0.001 compared
to the CON.

Furthermore, the details of the AUCs are shown in Table 3, and the ROC curves for the
biomarkers in the SPE prediction are presented in Figure 5. The ROC analysis for the SPE
and control subjects yielded AUCs for the 1st ESM-1, the 2nd PLGF, and the 2nd PI of 0.714
(95% CI: 0.611–0.803, p = 0.0002), 0.802 (95% CI: 0.706–0.877, p < 0.0001), and 0.843 (95% CI:
0.753–0.911, p < 0.0001), respectively. Logistic regression analysis was used to evaluate the
combination of these indicators. In the SPE group, the AUCs for the combinations of the 1st
ESM-1 and 2nd PLGF, the 1st ESM-1 and 2nd PI, and the 2nd PLGF and 2nd PI were 0.856
(93.90% sensitivity and 66.70% specificity), 0.876 (84.85% sensitivity and 80.00% specificity),
and 0.890 (69.70% sensitivity and 95.00% specificity), respectively. The combination of the
1st ESM-1, the 2nd PLGF, and the 2nd PI yielded an AUC of 0.912 (72.73% sensitivity and
95.00% specificity) (p < 0.0001 for all).
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Table 2. Comparison of biomarker levels among study groups.

SPE (n = 33) MPE (n = 18) CON (n = 60)
p Value

SPE MPE

1st ESM-1 (pg/mL) 285.82 ± 89.53 304.00 ± 121.59 357.61 ± 80.40 <0.001 ** 0.093
2nd ESM-1 (pg/mL) 206.24 ± 132.53 142.58 ± 60.68 152.35 ± 29.00 0.0032 * 0.347
1st PLGF (pg/mL) 2.67 ± 1.07 2.87 ± 1.27 3.13 ± 1.10 0.0524 0.400
2nd PLGF (pg/mL) 14.03 ± 6.21 16.82 ± 6.25 29.52 ± 17.26 <0.001 ** <0.001 **

2nd PI 1.35 ± 0.39 1.15 ± 0.34 0.89 ± 0.22 <0.001 ** <0.001 **

SPE, severe preeclampsia; MPE, mild preeclampsia; CON, control; ESM-1, endothelial cell-specific molecule 1;
PLGF, placental growth factor; PI, pulsatility index. 1st/2nd ESM-1, ESM-1 level measured in the first/second
trimester; 1st/2nd PLGF, PLGF level measured in the first/second trimester; 2nd PI, PI measured in the second
trimester. * p < 0.05; ** p < 0.001 compared to the CON.

Figure 2. ESM-1 and PLGF in first-trimester maternal serum (A,B). CON, n = 60; MPE,
n = 18; SPE, n = 33, ** p < 0.001.

Figure 3. ESM-1 and PLGF in second-trimester maternal serum (A,B). CON, n = 60; MPE, n = 18; SPE,
n = 33, * p < 0.05, ** p < 0.001.
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Figure 4. Uterine artery Doppler PI in the second trimester. CON, n = 60; MPE, n = 18; SPE, n = 33,
** p < 0.001.

Table 3. Predictive efficiency of biomarker levels and PI for severe preeclampsia.

Variable AUC p Value 95%CI Cutoff Specificity (%) Sensitivity (%)

1st ESM-1 0.714 0.0002 0.611–0.803 262. 33 91.67 45.50
2nd PLGF 0.802 <0.0001 0.706–0.877 19.12 70.00 84.85

2nd PI 0.843 <0.0001 0.753–0.911 1.12 86.67 75.76
1st ESM-1 + 2nd PLGF 0.856 <0.0001 0.767–0.920 - 66.70 93.90

1st ESM-1 + 2nd PI 0.876 <0.0001 0.792–0.935 - 80.00 84.85
2nd PLGF + 2nd PI 0.890 <0.0001 0.808–0.945 - 95.00 69.70

1st ESM-1 + 2nd PLGF
+ 2nd PI 0.912 <0.0001 0.835–0.961 - 95.00 72.73

CI: confidence interval; ESM-1, endothelial cell-specific molecule 1; PLGF, placental growth factor; PI, pulsatility
index; 1st/2nd ESM-1, ESM-1 level measured in the first/second trimester; 1st/2nd PLGF, PLGF level measured
in the first/second trimester.

Figure 5. Receiver operating characteristic curve showing the clinical discrimination of different
markers alone or in combination in the detection of severe preeclampsia.

The ROC curves for the biomarkers in the MPE prediction are presented in Figure 6.
The ROC analysis for the MPE and control subjects yielded areas under the curve (AUCs)
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for the 2nd PLGF and the 2nd PI of 0.738 (95% CI: 0.626–0.831, p < 0.0001) and (95% CI:
0.636–0.839, p = 0.0007), respectively. In the MPE group, combining the 2nd PLGF with the
2nd PI yielded an AUC of 0.819 (83.33% sensitivity and 70.00% specificity).

Figure 6. Receiver operating characteristic curve showing the clinical discrimination of different
markers alone or in combination in the detection of mild preeclampsia.

4. Discussion

Accumulative evidence has revealed that inflammation and endothelial dysfunction
are vitally important to the pathophysiology of PE [19]. ESM-1 might be involved in
endothelial-related processes, including cell adhesion, angiogenesis, inflammation, and
endothelial dysfunction [20]. Thus, ESM-1 could be regarded as a biomarker for hyperten-
sion [5,21], sepsis [22], malignancy [23], and PE [6].

The results showed that the ESM-1 level in the maternal plasma was lower during the
first trimester (12–16 weeks of gestation) but increased in the second and third trimesters
(≥24 weeks of gestation) in the SPE group [24]. Some studies in 2015 and 2016 reported
higher ESM-1 concentrations in PE maternal plasma and a negative correlation with the
clinical data, indicating its crucial role in the pathogenesis of PE progression [25,26]. More-
over, the stratified results from a meta-analysis conducted to determine the potential role
of ESM-1 in PE suggested the upregulation of ESM-1 levels in PE [6]. The results obtained
in our study were consistent with these studies, except that ESM-1 was detected earlier in
the first trimester in our study.

As an explanation for the lower 1st ESM-1 level in PE, some researchers have suggested
that ESM-1 functions as a protective cytokine by inhibiting leukocyte aggregation to protect
tissues and organs from inflammatory damage and is consumed in early pregnancy [25]. It
was also indicated that a positive feedback loop exists between the vascular endothelial
growth factor (VEGF) and ESM-1 [27]; therefore, as the results revealed, the 2nd ESM-1
level was reduced with the advancement of the placental vasculature in the CON group and
PE groups. In addition, ESM-1 can be upregulated by proinflammatory factors and growth
factors, such as TNF-α, IL-6, and VEGF [28]. With the development of PE, the inflammatory
response and endothelial dysfunction were aggravated, and the ESM-1 level was elevated
in the second and third trimesters. Regarding the lack of a significant difference in the
ESM-1 level between the MPE group and the normal pregnancy group in the first and
second trimesters, it was speculated that inflammation and endothelial dysfunction were
too minor to distinguish.

PLGF, which is expressed in the human placenta, heart, and lungs, is a member of the
VEGF family [29]. It can directly activate its angiogenic pathway through PLGF/VEGFR1
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(known as FLT1) and compete with VEGF-A for VEGFR1, further stimulating angiogenesis
via the VEGFA/VEGFR2 (known as FLK1) interaction. During normal pregnancy, the PLGF
level is relatively low in the first trimester. It gradually increases with the advancement of
the utero-placental circulation and remodeling of the myometrial spiral arteries and finally
reaches its peak at approximately 30 weeks of gestation, after which it drops [8]. Given the
vital role of the placenta in PE, the usefulness of PLGF in PE prediction was investigated.
A previous study revealed that at 9–12+6 weeks of gestation, the PLGF expression was
significantly lower in PE pregnancies than in the CON pregnancies [30]. Another study
examined the concentrations of PLGF in women with PE during two periods (8–14 weeks
of gestation and 20–34 weeks of gestation). The results suggested that the PLGF level in
the PE group was significantly lower in the first period, but no difference was found in
the second period between the PE group and the CON group [31]. The study investigated
the remarkably lower PLGF level in PE pregnancies at 24–28 weeks of gestation [32],
and another study found that the PLGF concentration was also significantly lower before
35 weeks in the PE pregnancy compared to the normal pregnancy [33]. Moreover, the PLGF
change was relevant to disease severity [34]. Our study had similar results. Specifically, a
lack of a significant difference in the 1st PLGF level was found between the PE group and
the CON group. Additionally, the 2nd PLGF concentrations were elevated compared to the
1st PLGF concentrations, but they were significantly lower than the 2nd PLGF concentration
in the CON group, especially for SPE. With pregnancy progression in PE, the PLGF might
compete with the VEGF for binding to sFlt-1, resulting in a significant drop emerging in
the second trimester before the onset of PE symptoms [8].

Some studies have shown that uterine artery PI is a significant marker for predicting
PE. The Doppler ultrasound of the maternal uterine artery PI might be the most effective
method for screening women with PE in the second trimester [35]. In our study, 75.76%
sensitivity and 86.67% specificity were achieved with the uterine artery PI. The uterine
artery PI was increased in the second-trimester pregnancies in the PE patients, especially
the SPE patients, which was consistent with the reported literature.

Many recent studies have suggested that the combination of biochemical indicators
and the uterine artery Doppler could improve the screening efficiency for the prediction
of PE [36,37]. Notably, our study similarly indicated that the overall predictive efficiency
for SPE achieved by combining serum biomarkers and the uterine artery Doppler PI was
improved compared with the single use of any marker alone.

5. Conclusions

The 1st ESM-1, 2nd PLGF levels and the 2nd uterine artery Doppler PI were associ-
ated with PE. The combination of serum biomarkers and the uterine artery Doppler PI
strengthened the screening efficiency for the prediction of PE, especially for SPE. Our study
is the first to assess the predictive combination of the 1st ESM-1, the 2nd PLGF, and the
2nd uterine artery Doppler PI for PE. Unfortunately, due to the COVID-19 outbreak, the
blood samples of the participants in the third trimester were lost, resulting in a lack of data
on the serum concentrations of ESM-1 and PLGF. Further studies are needed in a larger
population to determine the potential for use of the aforementioned indicators.
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Abstract: The evaluation of endothelial function is gaining interest and importance during pregnancy,
since the impaired adaptation in early pregnancy has been associated with an increased risk in
preeclampsia and fetal growth restriction. To standardize the risk assessment and to implement
the evaluation of vascular function in routine pregnancy care, a suitable, accurate and easy to use
method is needed. Flow-mediated dilatation (FMD) of the brachial artery assessed by ultrasound is
considered to be the gold standard for measuring the vascular endothelial function. The challenges of
the FMD measurement have so far prevented its introduction into clinical routine. The VICORDER®

device allows an automated determination of the flow-mediated slowing (FMS). The equivalence
of FMD and FMS has not yet been proven in pregnant women. We collected data of 20 pregnant
women randomly and consecutively while they presented for a vascular function assessment in our
hospital. The gestational age at investigation was between 22 and 32 weeks of gestation, three had
preexisting hypertensive pregnancy disease and three were twin pregnancies. The results for FMD or
FMS below 11.3% were considered to be abnormal. Comparing FMD to FMS results in our cohort
revealed a convergence in 9/9 cases, indicating normal endothelial function (specificity of 100%) and
a sensitivity of 72.7%. In conclusion, we verify that the FMS measurement is a convenient, automated
and operator-independent test method of endothelial function in pregnant women.

Keywords: pregnancy; hypertension; flow-mediated dilatation; flow-mediated slowing; vascular
function

1. Introduction

Endothelial dysfunction is thought to be an important factor in the development of
a placenta-associated disease such as preeclampsia, which is further associated with fetal
growth restriction, chronic immune activation and multi-organ endothelial disease. In
preeclampsia, the placenta secretes excess anti-angiogenic factors into the maternal circula-
tion, leading to widespread endothelial damage and inflammation. Growing evidence links
vascular dysfunction and the prediction of preeclampsia and fetal growth restriction in
pregnancy. Diverse studies in high-risk women who developed preeclampsia have demon-
strated that the endothelial dysfunction precedes the onset of clinical disease [1–4]. A recent
systematic review of the vascular structure and function in preeclampsia demonstrates
that an impaired endothelial function was consistently reported prior to, during and im-
mediately after pregnancy, as evidenced by differences in the FMD of 1.7–12.2% [5]. Other
publications verified that the FMD is decreased during a preeclamptic pregnancy [6,7].
Thus, measuring the cardiovascular function in obstetric routine care is increasingly dis-
cussed [8].
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The endothelial function can be measured in coronary arteries and the periphery
by measuring the vasomotor function after an intra-arterial infusion of pharmacologic
substances, which enhance the release of endothelial nitric oxide. The disadvantage of these
methods is their invasive nature, making them unsuitable for diverse studies. Celermajer
et al. [9] developed the technique of flow-mediated dilatation (FMD) as a noninvasive
method to measure the vascular endothelial function, and Coretti et al. [10] published
the initial guidelines for the ultrasonic assessment of the FMD of the brachial artery. The
method has been documented to correlate with the mentioned invasively assessed en-
dothelial function in coronary arteries [11] and is considered today as the gold standard
for measuring endothelial function [12]. However, there are various challenges in using
the FMD measurement in daily clinical practice. The precision of measurement is highly
dependent on the investigators’ experience and expertise, and the procedure is time and
material-consuming. The VICORDER® SMT medical device [13] mimics the FMD test
procedure by analyzing flow-mediated slowing (FMS). The test allows for an automated
and operator-independent testing of the endothelial function. The interchangeability of
both test procedures has been shown [12–14], but an explicit investigation of pregnant
women has not yet been done.

In order to promote the introduction of the evaluation of the maternal hemodynamics
into the routine care of pregnant women, we aimed to prove the equivalency of the FMD
and FMS measurement in a cohort of pregnant women. We compared the FMD measuring
by ultrasound to the FMS measuring by VICORDER® in pregnant women for the first time.

2. Materials and Methods

During the assessment period between July 2020 and March 2021, pregnant women,
scheduled for a routine assessment of cardiovascular function by FMD, received an addi-
tional measurement of FMS using VICORDER®. The women were consecutively included
in our study. There were no exclusion criteria defined. In order to reduce the inter-observer
variability the same examiner carried out all measurements. The clinical outcome data were
collected from obstetric records following delivery. Ethical approval to include patient data
for the analysis was obtained by the ethical committee of the Friedrich–Schiller University
in Jena (2022-2683-Daten). The anonymous use of clinical data for research and educational
purposes is covered by the governmental rules of Thuringia.

For the FMD measurement, we used the ultrasound system Canon Aplio 500 (Canon
Medical Systems GmbH, Neuss, Germany), which was equipped with a vascular software
(Precision + APure +) for 2D-imaging (Preset Carotid), color and spectral Doppler, an
internal electrocardiogram (ECG) monitor and a high-frequency vascular transducer. Our
test subjects were in supine position with their arms in comfortable position for imaging
the brachial artery. The artery was imaged above the antecubital fossa in a longitudinal
plane. A segment with clear anterior and posterior intimal interfaces was chosen. To
induce a flow stimulus, a conventional blood pressure cuff was placed on the patients’
forearm. The arterial occlusion was then created by a cuff inflation to the suprasystolic
pressure (50 mmHg above systolic pressure) and held for 5 min. The occlusion caused
ischemia and the consequent dilation of downstream resistance vessels via autoregulatory
mechanisms. The cuff deflation then induced reactive hyperemia to accommodate the
dilated resistance vessels. The resulting increase in shear stress caused the brachial artery
to dilate. The brachial artery was measured at the same time in the cardiac circle by using
ECG-gating during the image acquisition. We referred to the peak of the R-wave as the peak
of systole, where the artery’s diameter is known to be at its largest state. Determined from
the ultrasound image, the diameter of the brachial artery was compared before and after
occlusion, and the percentage of change was determined. Measurements were performed
in triplicates for each participant. We then referred to the respective mean value of the three
measurements before and after vascular congestion.
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To determine FMS, we used the VICORDER® EndoCheck FMS Model. The test
procedure was according to the device manual. The brachial pulse wave velocity (PWV)
was measured simultaneously between the wrist and upper right arm over a measurement
period of 10 min, where the occlusion time was 5 min. The slowing of PWV was determined
continuously measuring minimal PWV in comparison to initial PWV value, the percentage
of which is then called FMS.

As described by Shechter et al., we defined any FMD value > 11.3% as the normal
endothelial function and, accordingly, any FMD value < 11.3% as the impaired endothelial
function [15]. We defined the same clinical cut-off for the evaluation of FMS measurement
results. Figure 1 shows results of FMD and FMS measurements indicating normal and
impaired arterial stiffness (Figure 1).

Figure 1. Results of FMD and FMS determination for normal (A) and impaired (B) arterial stiff-

ness. For FMD measurement we used the ultrasound system Canon Aplio 500, which was equipped
with a vascular software for 2D-imaging (Preset Carotid), colour and spectral Doppler, an internal
electrocardiogram (ECG) monitor and a high-frequency vascular transducer. Diameter of brachial
artery was ECG gated measured before and following arterial occlusion for 5 minutes. Flow medi-
ated dilatation was calculated as percentage of change [(Diameter in mm following reperfusion −
diameter in mm before occlusion)/diameter in mm before occlusion × 100]. To determine FMS, we
used the VICORDER® EndoCheck FMS Model. The brachial PWV was measured simultaneously
between wrist and upper right arm. Occlusion was applied for 5 minutes (red phase) and PWV was
determined continuously. FMS is calculated form the minimal value measured (PWVmin) in percent
of the initial value [(PWV before occlusion − PWVpmin)/PWV before occlusion × 100].

Continuous baseline characteristics are summarized by the median and 25th/75th
percentile, and absolute and relative frequencies are provided for categorical data. The
diagnostic accuracy was assessed by sensitivity and specificity using the cut-off value
of 11.3% for FMD and FMS measurements. Both measurements are described by the
median and the 25th/75th percentile. The agreement of the two methods was assessed via
Bland–Altman plot.
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3. Results

3.1. Cohort Characteristics

Descriptive data of our study population are presented in Table 1.

Table 1. Outline of group characteristics and pregnancy outcome.

Group Characteristics

BMI 1 (kg/m2) 25.9 (20.7/31.7)
Age (years) 33.5 (27.2/39.0)

Gestational age at measurement 26 + 5 (22 + 5/31 + 6)
Pre-existent hypertension 3 (15%)

Twin pregnancy 3 (15%)
History of placental disease 1 (5%)

Clinical features at the time of measurement

None 2 (10%)
Cervical insufficiency 10 (50%)

FGR 2 4 (20%)
PROM 3 1 (5%)

Placenta previa 1 (5%)
Pathologic Doppler flow 1 (5%)

Orthostatic circulatory dysregulation 1 (5%)
Placental diseases at admission 4 (20%)

Pregnancy Outcome

Gestational age at delivery 38 + 0 (34 + 4/39 + 0)
Mode of delivery
Vaginal delivery 9 (45%)

Elective caesarean section 9 (45%)
Emergency caesarean section 2 (10%)
Placental diseases at delivery 6 (30%)
FGR 2 singleton pregnancy 2 (10%)

sFGR 4 twin pregnancy 2 (10%)
HELLP 5 and sFGR 4 twin pregnancy 1 (5%)

Eclampsia 1 (5%)
Premature birth 9 (45%)

Data are n (%) or median (interquartile range). 1 Body mass index; 2 fetal growth restriction; 3 premature rupture
of membranes; 4 selective fetal growth restriction of one child in twin pregnancies; 5 hemolysis elevated liver
enzymes and low platelet syndrome.

3.2. Comparison of Measured FMD and FMS Values

Results for the FMD and FMS measurement and the calculated differences are listed
for each of the 20 women in Table 2. The FMD values ranged from 5.5% to 15.7%, with
a mean of 10.6%. The FMS values ranged from 8 to 17%, with a median of 15%. The
difference between FMD and FMS value per test subject varied from 1.2% to 4.4%, with a
median of 3.1%.

As shown in Table 3, all cases that identified to have a normal endothelial function by
FMD measurement were also characterized to be normal by FMS, revealing a specificity
of 100%. In 8 of 11 cases, where the FMD revealed a reduced endothelial function, both
methods consistently showed values below 11.3% (sensitivity 72.70%). In 3 of 11 cases, the
endothelial function was classified as reduced via FMD, but as normal by the FMS values.
In all three cases, the FMD values were above 10% (cases 1, 2 and 19—see Table 2).
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Table 2. Outline of measured FMD and FMS values.

Comparison of Values per Test Subject

Patient No FMD (%) FMS (%) Difference % (FMS–FMD)

1 10.13 15.00 +4.87
2 10.32 15.00 +4.68
3 3.53 8.00 +4.47
4 15.61 18.00 +2.39
5 4.67 8.00 +3.33
6 21.99 24.00 +2.01
7 8.00 10.00 +2.00
8 12.80 17.00 +4.20
9 17.41 22.00 +4.59
10 2.89 2.00 −0.89
11 2.88 7.00 +4.12
12 9.94 7.00 −2.94
13 15.73 17.00 +1.27
14 2.84 4.00 +1.16
15 16.20 16.00 −0.20
16 18.10 14.00 −4.10
17 13.80 15.00 +1.20
18 9.60 10.00 +0.40
19 10.85 15.00 +4.15
20 13.82 19.00 +5.18

Data for FMD were mean of triplicates performed.

Table 3. Comparison of classification of endothelial function by FMD or FMS using the cut off < 11.3%
to determine impaired function.

FMD

Total

>11.3%
Indicating

Normal
Endothelial

Function

<11.3%
Indicating
Reduced

Endothelial
Function

FMS

>11.3% indicating
normal endothelial

function

Count 9 3 12

% of reduced FMD 100.0% 27.3% 60.0%

<11.3% indicating
reduced endothelial

function

Count 0 8 8

% of reduced FMD 0.0% 72.7% 40.0%

Total
Count 9 11 20

% of reduced FMD 100.0% 100.0% 100.0%

3.3. Agreement between FMD and FMS Method

Figure 1 shows the Bland–Altman plot of agreement between the FMD and FMS
method. As shown in the graph, the statistical limits were calculated by using the mean
value and standard deviation of the difference between the two methods. The average
discrepancy (the bias) between the FMD and FMS method lies at 2.09%. The 95% limits of
agreement were 7.39% (bias + 1.96 SD) and −3.21 % (bias − 1.96 SD). A total of 19/20 data
points are within ± 2 SD of the mean difference, as recommended by Bland and Altman.
(Figure 2).
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Figure 2. Bland–Altman plot of agreement between FMD and FMS method.

4. Discussion

Hypertensive pregnancy diseases are characterized by a general endothelial dysfunc-
tion, and the assessment of the endothelial function will play an increasingly important
role in the medical care of these women. Increasing studies demonstrate that the de-
termination of endothelial function by FMD is suitable for the prediction of pregnancy
complications in high-risk pregnancies. In a systematic review of vascular structure and
function in preeclampsia by Kirollos et al. [5] from 2019, an impaired endothelial function
was consistently reported prior to, during and immediately after pregnancy, described by
differences in the FMD of 1.7–12.2%. Diverse studies in high-risk women who developed
preeclampsia have demonstrated that the endothelial dysfunction precedes the onset of
clinical disease [3,4]. Other publications verified that FMD decreases during a preeclamptic
pregnancy [6,7].

Additionally to the raising importance of endothelial function determination dur-
ing pregnancy, the importance of evaluating the vascular function following pregnancies
complicated by preeclampsia gains an increasing significance. Clinical observation demon-
strates that women with a history of preeclampsia are known for higher cardiovascular
morbidity and mortality later in life compared with controls, who had normotensive preg-
nancies [16]. The American Heart Association—Guidelines recognized preeclampsia as
an important risk factor for cardiovascular diseases. This has led to the hypothesis that
the endothelial status of these women is characterized by an early onset of aging. In 2018,
Breetveld et al. [17] demonstrated that women with a history of preeclampsia remained
associated with lower FMD years after pregnancy.

However, in daily clinical practice, measuring FMD is challenging and did not prove
to be suitable for routine care. Therefore, a method capable of being implemented in a
routine setting and providing reliable and reproducible results on vascular endothelial
function is urgently needed and is a fundamental requirement for interventional studies
based on an altered endothelial function during pregnancy. The new technique to evaluate
the endothelial function using the EndoCheck flow-mediated slowing (FMS) method allows
for an automated and operator-independent determination of vascular function. It is based
on the same pathophysiological principles as the FMD method. The comparability of both
methods was shown before [12] but, so far, the data for pregnant women are missing. Our
study provides this data.

We found a high concordance of FMD and FMS values in a cohort of 20 pregnant women.
The Bland–Altmann analysis demonstrates that most data points were within ±2 SD of
the mean difference, as recommended by Bland and Altman (Figure 2). The mentioned
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outliner (case 16—see in Table 1) showed the measurements of a healthy pregnant woman
without pregnancy complications, where both the FMD and FMS count was above 11.3%.

As there is no generally valid cut-off specified in the literature up to date which
distinguishes a normal from a reduced state of endothelial function, we defined the cut-off
in our work according to the following study by Shechter et al. [15] from 2014. Herein, the
usefulness of FMD to predict long-term cardiovascular events (all-cause mortality, nonfatal
myocardial infarction, hospitalization for heart failure or angina pectoris, stroke, coronary
artery bypass grafting and percutaneous coronary interventions) in subjects without heart
disease was examined. A total of 618 subjects were divided into two groups: FMD ≤ 11.3%
(n = 309) and FMD > 11.3% (n = 309), where 11.3% was the median FMD in that population.
The groups were comparable regarding cardiovascular risk factors, lipoproteins, fasting
glucose, C-reactive protein, concomitant medications and Framingham 10-year risk score.
In a mean follow-up of 4.6 ± 1.8 years, 48 of 618 patients (7.7%) developed composite
adverse cardiovascular events. All composite adverse cardiovascular endpoints were
significantly more common in subjects with FMD below versus above the median FMD
(15.2% vs. 1.2%, p = 0.0001). The statistical analysis demonstrated that the median FMD
predicted cardiovascular events significantly and independently (p < 0.001) in healthy
subjects with no apparent heart disease, in addition to those derived from a traditional
risk factor assessment. In accordance, we defined a limit value for the clinical state of the
endothelial function of 11.3%, considering that any FMD value > 11.3% indicates a normal
endothelial function and, consequently, any FMD value ≤ 11.3% for a reduced endothelial
function. In order to perform a comparison to the FMS method, we expected the same
clinical cut-off for the FMS measurements.

There was a convergence in both methods in 9/9 cases, indicating normal endothelial
function (specificity of 100%). In 8/11 cases, a reduced FMD and FMS value was found
for both methods (sensitivity of 72.70%). In 3/11 cases (27.30%), the endothelial function
was measured as reduced via the FMD method, but as normal via the FMS-method. In
those three cases, the FMD values were marginally lower than 11.3%, whereas the FMS
values were above the cut-off (cases 1, 2 and 19—see Table 2). Case 1 shows a patient with
FGR who suffered from pre-existent hypertension. She took anti-hypertensive medication,
which might have affected the measurement. In case 2 and 19, pregnancies are described
that were not complicated by the occurrence of any placental diseases.

The major limitation of our study is the small number of pregnant women included.
We aimed to include women consecutively in a nonselective approach. As a result of the
non-selective approach, individual risk profiles showed large variations (BMI, maternal age,
gestational age, parity, etc.). Fortunately, the high consistency of our results comparing the
two methods was observed in all pregnant women regardless of their individual risk profile.

5. Conclusions

In conclusion, our data demonstrate the high accordance of FMD and FMS results.
We could validate that the FMS measuring by the VICORDER® is suitable for the routine
care during pregnancy, yielding reliable clinical results. FMS is an electronic procedure
viable for clinical screening and follow-up care in high-risk pregnancies, retrieving results
equivalent to those obtained by FMD. We can confirm that large-scale prospective studies
with a longitudinal observation of women throughout and after pregnancy to compare
clinical outcome can be performed using the investigator independent automated method
of the FMS measurement via VICORDER® device.
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Jasiak-Jóźwik, H.;

Nawceniak-Balczerska, M.; Kordek,

A.; Kwiatkowska, E.; et al. Screening

for Preeclampsia and Fetal Growth

Restriction in the First Trimester in

Women without Chronic

Hypertension. J. Clin. Med. 2023, 12,

5582. https://doi.org/10.3390/

jcm12175582

Academic Editors: Eyal Sheiner and

Yariv Yogev

Received: 18 July 2023

Revised: 18 August 2023

Accepted: 24 August 2023

Published: 27 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

Screening for Preeclampsia and Fetal Growth Restriction in the
First Trimester in Women without Chronic Hypertension

Piotr Tousty 1,*, Magda Fraszczyk-Tousty 2, Anna Golara 1, Adrianna Zahorowska 1, Michał Sławiński 3,
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Abstract: Background: Nowadays, it is possible to identify a group at increased risk of preeclampsia
(PE) and fetal growth restriction (FGR) using the principles of the Fetal Medicine Foundation (FMF).
It has been established for several years that acetylsalicylic acid (ASA) reduces the incidence of PE
and FGR in high-risk populations. This study aimed to evaluate the implementation of ASA use after
the first-trimester screening in a Polish population without chronic hypertension, as well as its impact
on perinatal complications. Material and methods: A total of 874 patients were enrolled in the study
during the first-trimester ultrasound examination. The risk of PE and FGR was assessed according to
the FMF guidelines, which include the maternal history, mean arterial pressure (MAP), uterine artery
pulsatility index (UtPI), pregnancy-associated plasma protein A (PAPP-A) and placental growth
factor (PLGF). Among patients with a risk higher than >1:100, ASA was administered at a dose of
150 mg. Perinatal outcomes were assessed among the different groups. Results: When comparing
women in the high-risk group with those in the low-risk group, a statistically significantly higher
risk of pregnancy complications was observed in the high-risk group. These complications included
pregnancy-induced hypertension (PIH) (OR 3.6 (1.9–7)), any PE (OR 7.8 (3–20)), late-onset PE (OR 8.5
(3.3–22.4)), FGR or small for gestational age (SGA) (OR 4.8 (2.5–9.2)), and gestational diabetes mellitus
type 1 (GDM1) (OR 2.4 (1.4–4.2)). The pregnancies in the high-risk group were more likely to end
with a cesarean section (OR 1.9 (1.2–3.1)), while the newborns had significantly lower weights (<10 pc
(OR 2.9 (1.2–6.9)), <3 pc (OR 10.2 (2.5–41.7))). Conclusions: The first-trimester screening test for PE
and FGR is a necessary and effective tool in identifying high-risk pregnancies. ASA prophylaxis
among high-risk patients may have the most beneficial effect. Furthermore, this screening tool may
significantly reduce the incidence of early-onset PE (eo-PE).

Keywords: preeclampsia; fetal growth restriction; screening; first trimester; aspirin

1. Introduction

Preeclampsia (PE) and fetal growth restriction (FGR) are significant causes of ma-
ternal and fetal mortality worldwide, leading to iatrogenic preterm labor and prolonged
hospitalizations for mothers and newborns [1,2].

Until now, groups at risk of these disorders occurring in the first trimester of pregnancy
have been identified based on the maternal history of illnesses and previous pregnancies [3,4].
However, in recent years, the Fetal Medicine Foundation (FMF) has demonstrated that
these disorders can be predicted using additional factors. This comprehensive assessment
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includes biochemical indicators such as the placental growth factor (PLGF) and pregnancy-
associated plasma protein A (PAPP-A), biophysical markers such as the mean arterial
pressure (MAP) and uterine artery pulsatility index (UtA-PI), and the maternal history.
Together, these factors are highly effective predictors of PE, with a detection rate (DR) of
90% for its early-onset variety (eo-PE), 75% for preterm PE, and 42% for term PE with a
false positive rate (FPR) of 10%. However, the algorithm’s effectiveness in diagnosing FGR
is lower, achieving a DR of approximately 50% [5–11].

Currently, there is no available treatment to prolong pregnancy in confirmed PE cases,
and the only effective therapeutic option is to terminate the pregnancy. However, the use
of acetylsalicylic acid (ASA) in women at an increased risk of developing PE in the first
trimester has been shown to reduce the incidence of PE before 37 weeks’ gestation (wkGA)
by 62% [12]. Furthermore, if women with chronic hypertension and those who received
less than 90% of the recommended doses are excluded from the study, the risk reduction
would be as high as 95%. Unfortunately, the same study found no significant reduction in
the incidence of preterm PE among women with chronic hypertension in the aspirin-taking
group (5/49) compared to the placebo (5/61) (OR 1.29, 95% CI 0.33–5.12) [13]. ASA has also
been found to be useful in cases of increased risk of small for gestational age (SGA), where
it has been shown to reduce the incidence of SGA before 37 wkGA by approx. 40–44%.
However, this reduction does not extend to the incidence of SGA after the completion of
the 37th wkGA [14]. The current recommendations from the International Federation of
Gynecology and Obstetrics (FIGO) suggest the use of ASA in high-risk patients starting
before 16 wkGA and continuing until 36 wkGA [15]. The primary objective of this study
was to assess the effectiveness of the PE and FGR screening test, according to the FMF,
followed by administering ASA to a high-risk group of Polish women without chronic
hypertension. It is believed that this group of women may derive the greatest benefit from
taking ASA. The secondary goal was to compare the perinatal outcomes between groups
based on whether the woman was classified in the ASA-taking group and whether PE or
FGR were present. To the best of our knowledge, there have been no previous evaluations
of ASA use in women at high risk of developing PE and FGR in the Polish population.

2. Patients and Methods

This prospective study, conducted from 2019 to 2022, included 908 Caucasian women
with healthy singleton pregnancies who were examined in the Pomeranian Medical Uni-
versity’s Second Autonomous Public Clinical Hospital, in the Department of Obstetrics
and Gynecology. Patients with chronic hypertension were excluded, resulting in a final
enrollment of 874 patients. A first-trimester screening test was performed in each patient to
assess aneuploidy, fetal defects, and the risk of developing PE and FGR. The study was
conducted following the FMF principles. The Polish healthcare system features a publicly
funded prenatal screening program for women aged 35+, who accounted for a significant
percentage of the study population. Basic anthropometric measurements were taken, medi-
cal histories were obtained, the arterial pressure was measured twice in each arm, and a
transabdominal probe was used to determine the UtA-PI. Subsequently, blood samples
were collected from each patient for PAPP-A and PlGF concentration measurements, using
the Cobas e 801 (Roche Diagnostics, Warsaw, Poland) analyzer. Each patient was then
assessed for the risk of eo-PE and FGR based on the FMF algorithms (FMF—2012 software,
version 2.8.1). The algorithm for the eo-PE risk assessment consists of a comprehensive
assessment of maternal characteristics together with UtPI, MAP, UtPI, and PLGF, with or
without PAPP-A, and it is currently based on a paper from 2018 [5]. The authors defined
eo-PE according to the International Society for the Study of Hypertension in Pregnancy
(ISSHP) criteria [16]. The algorithm for assessing FGR also consists of evaluating the same
parameters used to evaluate eo-PE, but it is based on a 2010 paper, where other parame-
ters currently not used in predictions were evaluated (for example, placental protein 13
(PP13) and A Disintegrin and Metalloprotease (ADAM12)). For FGR, the authors used the
definition of a birth weight below the fifth percentile [11]. Patients at a high risk (>1:100)
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of developing eo-PE or FGR were advised to take doses of 150 mg of ASA until 36 wkGA.
Perinatal outcomes, such as pregnancy-induced hypertension (PIH), gestational diabetes
mellitus (GDM), FGR (in accordance with the Delphi criteria—see Table 1) [17], an SGA
diagnosis (estimated fetal weight (EFW) or a fetal abdominal circumference (AC) between
the 3rd and 10th percentiles (pc) without any features of FGR), and the presence of PE,
were assessed.

Table 1. Definition of FGR in accordance with the Delphi criteria.

Early FGR:
GA < 32 weeks, in the absence of congenital anomalies

Late FGR:
GA ≥ 32 weeks, in the absence of congenital anomalies

AC/EFW < 3rd centile or UA-AEDF AC/EFW < 3rd centile
Or Or at least two out of three of the following:
1. AC/EFW < 10th centile combined with
2. UtA-PI > 95th centile and/or
3. UA-PI > 95th centile

1. AC/EFW < 10th centile
2. AC/EFW crossing centiles > 2 quartiles on growth centiles *
3. CPR < 5th centile or UA-PI > 95th centile

Note: * Growth centiles are non-customized centiles; AC: fetal abdominal circumference; AEDF: absent end-
diastolic flow; CPR: cerebroplacental ratio; EFW: estimated fetal weight; GA, gestational age; PI: pulsatility index;
UA: umbilical artery; UtA: uterine artery.

For PE, the criterion used was as defined by the ISSHP. PE was diagnosed if the
following criteria were met after 20 wkGA: systolic blood pressure ≥ 140 mm Hg or
diastolic blood pressure ≥ 90 mm Hg, along with proteinuria, defined as daily protein
loss > 300 mg (or protein:creatinine ratio > 30 mg/mmol). If no proteinuria was found,
then at least one of the following criteria had to be satisfied:

1. Hematological disorders (thrombocytopenia, DIC, hemolysis).
2. Serum creatinine content > 1.1 mg/dL or a 2-fold increase in its baseline level where

no other kidney disease is observed.
3. Increased serum liver enzymes ≥ 2 times the upper limit of the standard or severe

right upper quadrant or epigastric pain.
4. Neurological signs or visual impairment.
5. Pulmonary edema.
6. Intrauterine growth restriction [16].

For each newborn, the following information was assessed: birth week, sex, delivery
method, 5-min Apgar score, and basic anthropometric measurements such as the neonatal
birth weight. Fenton growth charts (www.ucalgary.ca/fenton accessed on 17 July 2023)
were used to determine the birth weight percentiles. The flowchart of the study is shown
in Figure 1.

The study was conducted in compliance with the Declaration of Helsinki and received
approval from the Institutional Review Board of the Pomeranian Medical University in
Szczecin (KB-0012/122/12 of 29 October 2012). Table 2 presents the essential character-
istics of the study group, including anthropometric measurements, medical histories of
comorbidities, obstetric history, family history, and addictions.

Table 2. Characteristics of the study group.

Feature n (%)

Maternal age and weight

Age > 35 yo 311 (35.6%)

Age > 40 yo 48 (5.5%)
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Table 2. Cont.

Feature n (%)

BMI

Underweight (<18.5) 31 (3.5%)

Normal weight (18.5–24.9) 550 (62.9%)

Overweight (≥25) 199 (22.8%)

Obesity (≥30) 93 (10.6%)

Comorbidities and addictions

SLE 6 (0.7%)

APS 9 (1%)

Diabetes mellitus type 1 4 (0.5%)

Smoking 39 (4.5%)

Obstetrical history

Parous previous PE 11 (1.3%)

Previous FGR or SGA fetuses 16 (1.8%)

Family history of PE 5 (0.6%)

Nulliparous 390 (44.6%)

IVF 12 (1.4%)
Note: APS: antiphospholipid syndrome; BMI: body mass index; FGR: fetal growth restriction; IVF: In vitro fertil-
ization; SGA: small for gestational age; SLE: systemic lupus erythematosus; PE: preeclampsia; yo: years old.

Figure 1. Study flow chart.

3. Statistical Analysis

Data from the study were subjected to statistical analysis. Quantitative data were ana-
lyzed using non-parametric Mann–Whitney U tests, while qualitative data were analyzed
using either the chi-squared test or Fisher’s exact test. Multivariate logistic regression was
performed to calculate the area under the curve (AUC) and odds ratio (OR) for selected
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parameters. The analysis was conducted using the Statistica software (version 13, StatSoft,
Kraków, Poland).

4. Results

Table 3 provides an overview of the differences between patients categorized as being
at either high or low risk of PE (left-hand side) or FGR (right-hand side) during the first
trimester. A high risk of PE was found in 35 of 874 patients (4%). This group included 4 of
19 patients who developed any form of PE (21%) and 6 of 51 patients who were diagnosed
with FGR or SGA (11.7%). Patients at high risk for PE demonstrated a statistically significant
association with nulliparity (OR 2.4 (1.2–5)). In terms of perinatal outcomes, patients at high
risk for PE exhibited a higher likelihood of developing PIH (OR 3.8 (1.6–9.1)), all PE (OR 7.1
(2.2–22.6)), lo-PE (OR 7.6 (2.4–24.4)), and FGR or SGA (OR 3.7 (1.4–9.2)). Additionally, these
pregnancies were more frequently concluded with a cesarean section (OR 2.1 (0.98–4.4)),
although this result approached statistical significance. However, the high-risk PE group
did not show statistically significant differences in terms of maternal age, maternal weight,
the development of GDM, pre-pregnancy diabetes, stillbirths, smoking, eo-PE, preterm
births, the birth status of the newborn assessed by the Apgar scale, the sex of the newborn,
or birth weight (p > 0.05).

Table 3. Selected midgestational parameters and perinatal outcomes among pregnant patients at
high risk of FGR or PE during the first trimester, excluding those with chronic hypertension.

High Risk
for PE n (%)

Low Risk for PE
n (%)

p OR (95%CI)
High Risk for

FGR n (%)
Low Risk for

FGR n (%)
p OR (95%CI)

n = 35 n = 839 - n = 74 n = 800

Maternal characteristics, comorbidities and obstetric history

Age > 35 12 (34.3%) 299 (35.7%) 0.87 - 31 (41.9%) 280 (35%) 0.24 -

Age > 40 1 (2.9%) 47 (5.6%) 0.48 - 3 (4.1%) 45 (5.6%) 0.76 -

Underweight (BMI < 18.5) 1 (2.9%) 30 (3.6%) 0.81 - 3 (4.1%) 28 (3.5%) 0.93 -

Normal weight
(BMI 18.5–24.9)

21 (60%) 529 (63.1%) 0.71 - 51 (68.9%) 499 (62.5%) 0.27 -

Overweight (BMI ≥ 25) 6 (17.1%) 193 (23%) 0.42 - 10 (13.5%) 189 (23.7%) 0.08 -

Obesity (BMI ≥ 30) 7 (20%) 86 (10.3%) 0.07 - 10 (13.5%) 83 (10.4%) 0.41 -

Nulliparous 23 (65.7%) 367 (43.7%) 0.01 2.4 (1.2–5) 45 (60.8%) 345 (43.1%) 0.003 2 (1.3–3.3)

Smoking 0 39 (5.5%) 0.31 - 11 (16.2%) 28 (4.2%) <0.001 4.4 (2.1–9.3)

PGDM 1 (2.9%) 3 (0.4%) 0.39 - 1 (1.4%) 3 (0.4%) 0.77 -

Maternal and perinatal outcome

GDM1 9 (25.7%) 106 (12.6%) 0.03 - 19 (25.7%) 96 (12%) <0.001 3.1 (1.8–5.2)

GDM2 2 (5.7%) 93 (11.1%) 0.47 - 7 (9.5%) 88 (11%) 0.68 -

PIH 7 (20%) 52 (6.2%) 0.001 3.8 (1.6–9.1) 15 (20.3%) 44 (5.5%) <0.001 4.4 (2.3–8.3)

All PE 4 (11.4%) 15 (1.8%) <0.001 7.1 (2.2–22.6) 8 (10.8%) 11 (1.4%) <0.001 8.7 (3.4–22.4)

eo-PE 0 1 (0.12%) - - 0 1 (0.13%) - -

lo-PE 4 (11.4%) 14 (1.7%) <0.001 7.6 (2.4–24.4) 8 (10.8%) 10 (1.3%) <0.001 9.6 (3.7–25.1)

Cesarean delivery 25 (71.4%) 458 (54.8%) 0.05 2.1 (0.98–4.4) 50 (67.6%) 433 (54.3%) 0.03 1.8 (1.1–2.9)

Preterm birth 2 (5.7%) 62 (7.4%) 0.71 - 6 (8.1%) 58 (7.3%) 0.79 -

Newborn outcome

FGR or SGA 6 (17.1%) 45 (5.4%) 0.003 3.7 (1.4–9.2) 15 (20.3%) 36 (4.5%) <0.001 5.4 (2.8–10.4)

Stillbirth 0 3 (0.4%) 0.26 - 1 (1.4%) 2 (0.25%) 0.61 -

Newborn sex (male) 20 (57.1%) 454 (54.1%) 0.72 - 42 (56.8%) 432 (54%) 0.65 -

Apgar score < 7 at 5 min 1 (2.9%) 15 (1.9%) 0.82 - 2 (2.7%) 15 (1.9%) 0.96 -

Birth weight < 10 pc 3 (8.6%) 29 (3.5%) 0.26 - 7 (9.5%) 25 (3.1%) 0.005 3.2 (1.3–7.7)

Birth weight < 3 pc 1 (2.9%) 7 (0.8%) 0.75 - 4 (5.4%) 4 (0.5%) <0.001 11.3 (2.8–46.3)

Note: all PE: all preeclampsia types; BMI: body mass index; CI: confidence interval; eo-PE: early-onset preeclamp-
sia; FGR: fetal growth restriction; GDM1: gestational diabetes mellitus type 1; GDM2: gestational diabetes mellitus
type 2; lo-PE: late-onset preeclampsia; OR: odds ratio; pc: percentile; PGDM: pregestational diabetes mellitus;
PIH: pregnancy-induced hypertension; SGA: small for gestational age.
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In contrast, a high risk of FGR was found in 74 of 874 patients (8.4%). This group
included 8 of 19 patients who developed any form of PE (42.1%) and 15 of 51 patients
who were diagnosed with FGR or SGA (29.4%). Patients at high risk of FGR during the
first trimester were statistically significantly more likely to be nulliparous (OR 2 (1.3–3.3))
and smokers (OR 4.4 (2.1–9.3)). Concerning perinatal outcomes, patients at high risk for
FGR demonstrated a higher likelihood of developing GDM1 (OR 3.1 (1.8–5.2)), PIH (OR
4.4 (2.3–8.3)), all PE (OR 8.7 (3.4–22.4)), lo-PE (OR 9.6 (3.7–25.1)), and FGR or SGA (OR 5.4
(2.8–10.4)). Additionally, these pregnancies were more likely to result in a cesarean delivery
(OR 1.8 (1.1–2.9)), and the neonatal birth weight was more likely to be <10th percentile
(OR 3.2 (1.3–7.7)) and <3rd percentile (OR 11.3 (2.8–46.3)). No statistical significance was
found for maternal age, maternal weight, pre-pregnancy diabetes, GDM2, stillbirth, eo-PE,
preterm birth, newborn sex, newborn status as assessed by the Apgar scale, or newborn
sex among patients at high risk for FGR.

Table 4 presents the differences observed between patients diagnosed with or without
PE (left-hand side) and diagnosed with or without FGR or SGA (right-hand side). In
the whole group, 19 cases of PE (2.1%) were diagnosed. Patients diagnosed with PE
demonstrated a higher likelihood of having FGR or SGA (OR 8.3 (3–22.9)), with their
pregnancies being more frequently concluded via cesarean section (OR 3.1 (1.01–9.3)).
Furthermore, their newborns were more likely to have a birth weight < 3rd percentile (OR
16.6 (3.1–88.3)). Among patients diagnosed with PE, statistically significantly higher values
were observed for MoM UtPI (OR 8.5 (2.4–30.5)) and MoM MAP (OR 32.4 (14.4–55.3)) in
the first trimester, while MoM PLGF was significantly lower (OR 0.2 (0.03–0.9)). However,
no statistical significance was found for maternal age, maternal weight, nulliparity, pre-
pregnancy diabetes, GDM, stillbirth, preterm birth, newborn status as assessed by the
Apgar scale, newborn sex, birth weight < 10 pc, or MoM PAPP-A among patients diagnosed
with PE.

Table 4. Selected midgestational parameters and perinatal outcomes among pregnant patients
diagnosed with PE and those diagnosed with FGR or SGA, excluding those with chronic hypertension.

PE
Diagnosis

n (%)

without PE
Diagnosis n (%)

p OR (95%CI)
FGR or SGA

Diagnosis
n (%)

without FGR or
SGA Diagnosis

n (%)
p OR (95%CI)

n= 19 n= 855 n= 51 n= 823

Maternal characteristics, comorbidities and obstetric history

Age > 35 7 (36.8%) 304 (35.6%) 0.91 - 17 (33.3%) 304 (37%) 0.75 -

Age > 40 2 (10.5%) 46 (5.4%) 0.33 - 1 (2%) 47 (5.7%) 0.25 -

Underweight (BMI < 18.5) 1 (5.3%) 30 (3.5%) 0.82 - 5 (9.8%) 26 (3.2%) 0.04 3.3 (1.2–9.1)

Normal weight (BMI
18.5–24.9)

13 (68.4%) 537 (62.9%) 0.61 - 35 (68.6%) 515 (62.6%) 0.4

Overweight (BMI ≥ 25) 2 (10.5%) 197 (23.1%) 0.31 - 9 (17.7%) 190 (23.1%) 0.32

Obesity
(BMI ≥ 30)

3 (15.8%) 90 (10.5%) 0.72 - 2 (3.9%) 92 (11.2%) 0.14

Nulliparous 12 (63.2%) 378 (44.2%) 0.1 - 35 (68.6%) 355 (43.1%) <0.001 2.9 (1.6–5.3)

Smoking 0 39 (5.4%) 0.66 - 4 (8%) 35 (5.1%) 0.58 -

PGDM 0 4 (0.5%) 0.16 - 0 4 - -

Maternal and perinatal outcome

GDM1 2 (10.5%) 113 (13.2%) 0.73 - 9 (17.7%) 106 (12.9%) 0.43 -

GDM2 0 95 (11.1%) 0.24 - 3 (5.9%) 92 (11.2%) 0.28 -

PIH - - - - 7 (13.7%) 50 (6.1%) 0.06 -

All PE - - - - 6 (11.8%) 13 (1.6%) <0.001 8.3 (3–22.9)

eo-PE - - - - 0 1 (0.1%) - -

lo-PE - - - - 6 (11.8%) 12 (1.5%) <0.001 9 (3.2–25.1)

Cesarean delivery 15 (79%) 469 (55%) 0.04 3.1 (1.01–9.3) 30 (58.8%) 453 (55.2%) 0.62 -

Preterm birth 3 (15.8%) 61 (7.1%) 0.15 - 8 (15.7%) 56 (6.8%) 0.04 2.5 (1.1–5.7)

128



J. Clin. Med. 2023, 12, 5582

Table 4. Cont.

PE
Diagnosis

n (%)

without PE
Diagnosis n (%)

p OR (95%CI)
FGR or SGA

Diagnosis
n (%)

without FGR or
SGA Diagnosis

n (%)
p OR (95%CI)

Newborn outcome

FGR or SGA 6 (31.6%) 45 (5.3%) <0.001 8.3 (3–22.9) - - - -

Stillbirth 0 3 (0.4%) 0.8 - 2 (3.9%) 1 (0.1%) - -

Newborn sex (male) 6 (31.6%) 468 (54.7%) 0.05 2.6 (0.98–7) 23 (45.1%) 451 (54.8%) 0.18 -

Apgar score <7 at 5 min 0 17 (2%) 0.82 - 2 (3.9%) 15 (1.8%) 0.6 -

Birth weight < 10 pc 2 (10.5%) 30 (3.5%) 0.11 - 21 (41.2%) 11 (1.3%) <0.001 51.4 (22.8–116)

Birth weight < 3 pc 2 (10.5%) 6 (0.7%) <0.001
16.6

(3.1–88.3)
4 (7.8%) 4 (0.5%) <0.001 17.4 (4.2–71.7)

First trimester biochemical or biophysical measurement

Median
(min-max)

Median
(min-max) p OR (95%CI) Median

(min-max)
Median

(min-max) p OR (95%CI)

MoM UtPI 1.26 (0.6–1.8) 0.98 (0.4–2.3) <0.001 8.5 (2.4–30.5) 1.06 (0.7–1.7) 0.98 (0.4–2.3) 0.03 2.6 (1.1–6.4)

UtPI 2.1 (0.9–2.86) 1.5 (0.6–3.8) 0.002 3.5 (1.6–7.8) 1.8 (1.1–2.6) 1.5 (0.6–3.8) 0.01 2 (1.2–3.5)

MoM PAPP-A 0.87 (0.2–3.1) 0.96 (0.2–4.8) 0.32 - 0.79 (0.2–2.8) 0.96 (0.2–4.8) 0.12 -

PAPP-A (IU/I) 2.8 (0.5–12.4) 3.4 (0.5–21.4) 0.53 - 3.3 (0.5–14) 3.4 (0.5–21.4) 0.49 -

MoM PLGF
0.78

(0.2–1.63) 0.9 (0.1–3.2) 0.04 0.2 (0.03–0.9) 0.82 (0.2–1.9) 0.9 (0.1–3.2) 0.005 0.24 (0.1–0.7)

PLGF (ng/mL) 39.4 (12.6–98) 50.4 (11–357) 0.04
0.97

(0.94–0.99)
46 (11–100) 50.5 (60–357) 0.01 0.98 (0.96–0.99)

MoM MAP 1.12 (0.9–1.4) 1.03 (0.7–1.4) <0.001 32.4 (14–55.3) 1.03 (0.8–1.3) 1.03 (0.7–1.4) 0.88 -

MAP (mm Hg) 95 (78.3–113) 87 (60–123) <0.001
1.09

(1.04–1.14)
85 (72–112) 88 (60–123) 0.27 -

Note: all PE: all preeclampsia types; BMI: body mass index; CI: confidence interval; eo-PE: early –onset preeclamp-
sia; FGR: fetal growth restriction; GDM1: gestational diabetes mellitus type 1; GDM2: gestational diabetes mellitus
type 2; lo-PE: late –onset preeclampsia; MoM: multiple of the median; OR: odds ratio; pc: percentile; PAPP-A:
Pregnancy Associated Plasma Protein-A; PGDM: pregestational diabetes mellitus; PIH: pregnancy induced
hypertension; PLGF: placental growth factor; SGA: small for gestational age; UtPI: uterine artery pulsatility index.

There were 51 cases of FGR or SGA (5.8%) in the entire study group. Significantly
more patients diagnosed with FGR or SGA were underweight (OR 3.3 (1.2–9.1)) and
nulliparous (OR 2.9 (1.6–5.3)). In this group, the incidence of all PE (OR 8.3 (3–22.9)),
lo PE (OR 9 (3.2–25.1)), and preterm birth (OR 2.5 (1.1–5.7)) was significantly higher.
Regarding newborns, neonatal birth weight was more often <10th percentile (OR 51.4
(22.8–116.5)) and <3rd percentile (OR 17.4 (4.2–71.7)). Patients diagnosed with FGR or SGA
exhibited statistically significantly higher MoM UtPI values (OR 2.6 (1.1–6.4)) and lower
MoM PLGF values (OR 0.24 (0.1–0.7)) in the first trimester. However, among the patients
diagnosed with FGR or SGA, no statistical significance was found for age, normal maternal
weight, overweight, obesity, pre-pregnancy diabetes, GDM, smoking, stillbirth, PIH, eo-PE,
incidence of cesarian delivery, newborn sex, newborn status as assessed by the Apgar scale,
MoM PAPP-A, and MoM MAP values in the first trimester.

Table 5 summarizes the differences between patients at high or low risk of PE or/and
FGR in the first trimester. A high risk of FGR and/or PE was found in 81 of 874 patients
(9%). This group included 8 of 19 patients who developed any form of PE (42.1%) and 15
of 51 patients who were diagnosed with FGR or SGA (29.4%). Patients in the high-risk
group were significantly more likely to be nulliparous (OR 1.9 (1.2–3)) and smokers (OR
3.9 (1.9–8.2)). In terms of perinatal outcomes, the high-risk group had a higher incidence
of gestational diabetes mellitus type 1 (GDM1) (OR 2.4 (1.4–4.2)), pregnancy-induced
hypertension (PIH) (OR 3.6, (1.9–7)), all types of PE (OR 7.8 (3–20)), late-onset PE (lo-PE)
(OR 8.5 (3.3–22.4)), and FGR or SGA (OR 4.8 (2.5–9.2)). Furthermore, pregnancies in the
high-risk group were more likely to result in a cesarean delivery (OR 1.9 (1.2–3.1)). Neonates
born to high-risk patients had a higher likelihood of being <10 percentile (OR 2.9 (1.2–6.9))
for birth weight and <3 percentile (OR 10.2 (2.5–41.7)). No statistical significance was
found for maternal age, maternal weight, pre-pregnancy diabetes, GDM2, eo-PE, preterm
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births, stillbirth, <7 Apgar score, or newborn sex. For correlations between first-trimester
biochemical and biophysical parameters and the birth weight and birth week in all of the
discussed groups, please refer to Table S1 in the Supplementary Materials.

Table 5. Selected midgestational parameters and perinatal outcomes among pregnancies at high risk
of FGR and/or PE in the first trimester, excluding those with chronic hypertension.

High Risk for
PE or/and FGR

n (%)

Low Risk for PE
and FGR n (%)

p OR (95%CI)

n = 81 n = 793 -

Maternal characteristics, comorbidities, and obstetrical history

Age > 35 35 (43.2%) 276 (34.8) 0.13 -

Age > 40 3 (3.7%) 45 (5.7%) 0.45 -

Underweight (BMI < 18.5) 3 (3.7%) 28 (3.5%) 0.93 -

Normal weight (BMI
18.5–24.9)

53 (65.4%) 497 (62.8%) 0.63 -

Overweight (BMI ≥ 25) 13 (16.1%) 186 (23.5%) 0.12 -

Obesity (BMI ≥ 30) 12 (14.8) 81 (10.2%) 0.2 -

Nulliparous 48 (59.3%) 342 (43.1%) <0.01 1.9 (1.2–3)

Smoking 11 (14.7%) 28 (4.2%) <0.001 3.9 (1.9–8.2)

PGDM 1 (1.2%) 3 (0.4%) 0.82 -

Maternal and perinatal outcomes

GDM1 20 (24.7%) 95 (12%) <0.01 2.4 (1.4–4.2)

GDM2 7 (8.6%) 88 (11.1%) 0.49 -

PIH 14 (17.3%) 43 (5.43%) 0.001 3.6 (1.9–7)

All PE 8 (9.9%) 11 (1.4%) <0.001 7.8 (3–20)

eo-PE 0 1 (0.13%) 0.15 -

lo-PE 8 (9.8%) 10 (1.3%) <0.001 8.5 (3.3–22.4)

Cesarean delivery 56 (69.1%) 427 (54%) 0.009 1.9 (1.2–3.1)

Preterm birth 6 (7.4%) 58 (7.3%) 0.97 -

Newborn outcome

FGR or SGA 15 (18.5%) 36 (4.5%) <0.001 4.8 (2.5–9.2)

Stillbirth 1 (1.2%) 2 (0.25%) 0.15 -

Newborn sex (male) 45 (55.5%) 429 (54.1%) 0.8 -

Apgar score < 7 at 5 min 2 (2.5%) 15 (1.9%) 0.71 -

Birth weight < 10 pc 7 (8.6%) 25 (3.1%) 0.01 2.9 (1.2–6.9)

Birth weight < 3 pc 4 (4.9%) 4 (0.5%) <0.001 10.2 (2.5–41.7)

Note: all PE: all preeclampsia types; BMI: body mass index; CI: confidence interval; eo-PE: early-onset preeclamp-
sia; FGR: fetal growth restriction; GDM1: gestational diabetes mellitus type 1; GDM2: gestational diabetes mellitus
type 2; lo-PE: late-onset preeclampsia; OR: odds ratio; pc: percentile; PGDM: pregestational diabetes mellitus;
PIH: pregnancy-induced hypertension; SGA: small for gestational age.

Table 6 presents the DR for screening for all forms of PE, as well as FGR or SGA, in a
Polish population without chronic hypertension, followed by the implementation of ASA
in the high-risk group. For all forms of PE, the DR was 48% and 61% at an FPR of 5% and
10%, respectively, with an area under the curve (AUC) of 0.85 (0.81–0.89 95%CI). Regarding
FGR and SGA, the DR was 20% and 24% at an FPR of 5% and 10%, respectively, with an
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AUC of 0.70 (0.67–0.73 95%CI). Figure 2 shows receiver operating characteristic (ROC)
curves for the relevant parameters.

Table 6. Performance of the Fetal Medicine Foundation’s algorithm for the different groups.

AUC CI (95%) Sensitivity for the FPR

Variables 5% 10%

Any PE 0.85 (0.81–0.89) 48 61

FGR or SGA 0.71 (0.67–0.75) 20 24
Note: AUC: area under the curve; CI: confidence interval; FGR: fetal growth restriction; FPR: false positive ratio;
PE: preeclampsia; SGA: small for gestational age.

Figure 2. Receiver operating characteristic (ROC) curves for the any form of preeclampsia and fetal
growth restriction or small for gestational age.

5. Discussion

Our study is the first in Poland to evaluate the efficacy of implementing ASA in
pregnancies without chronic hypertension at high risk of PE and FGR, according to the
screening principles published after the ASPRE study. The ASPRE study showed the
advantages of ASA use in the general population, resulting in a 62% reduction in the
incidence of preterm PE and up to an 82% reduction in early-onset (eo-PE) cases, although
the latter result bordered on statistical significance [12]. A secondary analysis of the ASPRE
study indicated that, if women with chronic hypertension were excluded from the study,
consistent ASA use (>90% of the doses) could potentially achieve a 95% reduction in PE
incidence [13,18].

In our study, none of the women classified as high-risk for eo-PE developed this
form of PE. This finding may be attributed to the delayed diagnosis of PE in the later
weeks of pregnancy due to the effects of ASA. eo-PE is known to be associated with the
abnormal remodeling of spiral arteries, inflammation, and subsequent vascular endothelial
damage [19–21]. It is speculated that implementing ASA before 16 wkGA in high-risk
pregnancies for placental pathologies such as PE or FGR promotes normal spiral artery re-
modeling and stabilizes the vascular endothelium. As a result, it prevents the development
of early-onset forms of PE or FGR or postpones their diagnosis in favor of late-onset forms.
This shift in diagnosis leads to significantly improved perinatal outcomes by reducing fetal
and maternal morbidity and mortality [22,23].

However, these beneficial effects of ASA are not observed in pregnancies with chronic
hypertension. This discrepancy may be due to pre-existing vascular endothelial dysfunction
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and an ongoing inflammation, which make the development of PE likely even with less
severe impairment of spiral vascular remodeling, exacerbating the already existing vascular
damage [24].

Our study results demonstrated that the DR for all the forms of PE in our population
was 61% at an FPR of 10%, even considering the use of acetylsalicylic acid (ASA), which
could potentially affect the DR. To date, the algorithm proposed by the FMF, which incorpo-
rates a multivariate analysis including maternal characteristics and history and biochemical
and biophysical measurements, is considered the best method for PE detection [5]. It is
important to note that the DRs assumed by the FMF algorithm may vary depending on the
population in which it is implemented. Previous studies have reported DRs ranging from
41% to 57% at an FPR of 10% when the FMF first-trimester screening test is performed for
all forms of PE. However, the DR differs when diagnosing preterm PE or eo-PE, with the
same algorithm achieving much higher DR values of up to 90% at an FPR of 10% [25–28].
Despite this high DR, there is still debate around the world regarding the method for PE
screening in the first trimester, as well as the recommended dose of ASA. Scientific societies
do not present a unified statement, but, after the ASPRE publication, many countries have
changed their recommendations to the approach proposed by the FMF [29]. Our study
shows that we still do not have a perfect method for predicting the occurrence of all forms
of PE, especially those with a late onset, and many occur in low-risk patients.

When authors compare the FMF algorithm with those proposed by the American
College of Obstetricians and Gynecologists (ACOG) and the National Institute for Health
and Care Excellence (NICE), the FMF algorithm appears to be the most effective at a
relatively low FPR. Following the NICE recommendations, we can detect 41% of preterm
PE cases and 34% of term PE cases at an FPR of 10%. On the other hand, according to
the new ACOG recommendations, the DR is much higher, reaching up to 90%. However,
in the latter case, the FPR can be as high as 60% or more, which may lead to the low
acceptance of ASA use among this group of patients and potentially reduce compliance
with the recommended treatment [30–32]. In our study, we did not present DRs for these
forms of PE as there were no eo-PE cases in the group taking ASA. Nonetheless, our results
demonstrated that the first-trimester screening test for PE allowed for the identification of
the high-risk pregnancy group. A positive test result for PE was associated with a more
than seven-fold increase in the risk of developing PE in this group, and up to one in five
patients would develop pregnancy complications such as PIH or FGR or be diagnosed with
fetal SGA.

Consequently, our study suggests that we are making progress in detecting and
preventing PE, particularly in its early-onset form. However, the prediction of FGR or SGA
is a slightly different challenge. The algorithm proposed by the FMF demonstrates a lower
DR of 21–44% for term SGA and 46–55% for detecting preterm SGA [14,33]. In our study,
we did not achieve satisfactory results in terms of detecting SGA or FGR, with a DR of only
24% at an assumed FPR of 10%. Given these findings, the question arises as to whether
we can prevent the occurrence of these disorders despite the low percentage of identified
higher-risk pregnancies.

ASA comes to our aid; however, the reduction in the incidence of SGA or FGR is not as
significant as it is in the case of PE. Studies suggest that, in cases of increased risk identified
in the first trimester, there may be a decrease of approximately 40–44% in the preterm form
of these disorders. This decrease is mainly attributed to the reduced incidence of preterm
PE and eo-PE. However, no such correlations are observed in cases without PE diagnosis
or with a lower incidence of term SGA [10,14,22,23,33,34]. In our study, we demonstrated
that pregnant women at an increased risk of FGR were significantly more likely to develop
pregnancy complications such as PIH, all PE forms, and FGR, or to be diagnosed with SGA.
Furthermore, their pregnancies were more likely to conclude with a cesarean section, and
newborns were more likely to have a weight of <10 pc and <3 pc.

What should we recommend to a patient at high risk of developing PE or FGR in
the first trimester? It is crucial that we actively collaborate with these patients to ensure
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the consistent and regular intake of ASA. While ASA might not always be effective, it
is currently our only option in preventing the occurrence of these disorders. Consistent
intake of ASA is the key to success [13,18]. Second, the close monitoring of these high-risk
pregnancies is necessary. As our study has demonstrated, the incidence of other pregnancy
complications is much higher in this group. Appropriate and prompt diagnosis may help
to improve perinatal outcomes by reducing fetal morbidity and mortality [28].

In Poland, the main current focus of the first-trimester screening test is the detection of
structural abnormalities and chromosomal abnormalities through ultrasounds and blood
sampling for PAPP-A and Beta human chorionic gonadotropin (BHCG). However, not all
women are eligible for reimbursement of the test costs, and not all sonographers are certified
to identify risks related to PE and FGR. As our study showed, expanding the first-trimester
screening test to include additional measurements not only facilitated the implementation
of ASA prophylaxis in pregnancies at higher risk of these disorders but also enabled the
identification of the high-risk pregnancy group, thus enabling appropriate management.

6. Strength and Limitations

This paper’s strength lies in the inclusion of a large number of women over the age of
35, who are already at higher risk of pregnancy complications due to their age. Another
strength is the exploration of screening tests in Poland following the ASPRE trail and the
identification of the high-risk group, which has not been validated in the country so far.

As for weaknesses, it should be noted that the study group lacked cases of eo-PE,
preventing the determination of DR and AUC for this complication. This may be attributed
to the significant reduction in the risk of eo-PE in high-risk populations without chronic
hypertension who have received ASA. The use of ASA in our study can be considered
controversial, as it has impacted the obtained results. A comparison between high-risk
groups with and without ASA administration would be desirable. However, conducting
such a study presents ethical challenges. In the present work, we were more interested
in showing how screening in the first trimester can help isolate pregnancies that are at
the highest risk of perinatal complications. It is also important to mention the potential
for errors in the diagnosis of FGR or SGA, especially in the 3–10 pc range. Furthermore,
the differentiation between elective and emergency cesarean sections was not addressed,
and the monitoring of ASA adherence by the patients was not included, which could have
enhanced the value of this study.

7. Conclusions

Our results show the importance and effectiveness of the first-trimester screening test
for PE and FGR, particularly in high-risk pregnancies where ASA prophylaxis may have the
most beneficial effect. Moreover, the implementation of ASA prophylaxis in pregnancies
without chronic hypertension may be especially important in reducing the incidence of
eo-PE, as suggested by the absence of such a complication in our high-risk population.

Screening for PE and FGR additionally shows that, even in the absence of an ASA
effect, we isolated high-risk pregnancies, meaning that the patients may then receive better
perinatal care. However, it should be noted that studies involving a greater number of
patients would be necessary to confirm this finding in the Polish population.
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//www.mdpi.com/article/10.3390/jcm12175582/s1, Table S1. Correlations between first-trimester
biophysical and biochemical markers and selected perinatal parameters among groups at high risk of
PE or FGR or those who developed PE or FGR.
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