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Abstract

OBJECTIVE: The soluble form of vascular endothelial growth factor receptor-1 (SVEGFR-1), an
antagonist to vascular endothelial growth factor and placental growth factor, has been implicated
in the pathophysiology of preeclampsia. Preeclampsia and pregnancy complicated with small for
gestational age (SGA) fetuses share some pathophysiologic derangements, such as failure of
physiologic transformation of the spiral arteries, endothelial cell dysfunction, and leukocyte
activation. The objectives of this study were to: 1) determine whether plasma concentrations of
SVEGFR-1 in mothers with SGA fetuses without preeclampsia at the time of diagnosis are
different from those in patients with preeclampsia or normal pregnant women; and 2) examine the
relationship between plasma concentrations of sSVEGFR-1 and Doppler velocimetry in uterine and
umbilical arteries in patients with preeclampsia and those with SGA.

STUDY DESIGN: A cross-sectional study was conducted to determine the concentrations of the
soluble form of VEGFR-1 in plasma obtained from normal pregnant women (n=135), women with
SGA fetuses (n=53), and patients with preeclampsia (n=112). Patients with SGA fetuses and those
with preeclampsia were sub-classified according to the results of uterine and umbilical artery
Doppler velocimetry examinations. Plasma concentrations of sSVEGFR-1 were determined by an
ELISA. Since these concentrations change with gestational age, differences among various
subgroups were statistically estimated with the delta value, defined as the difference between the
observed and expected plasma sSVEGFR-1 concentration. The expected values were derived from
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regression analysis of plasma sVEGFR-1 concentrations in normal pregnancy. Regression analysis
and univariate and multivariate analysis were employed.

RESULTS: 1) Mothers with SGA fetuses had a mean plasma concentration of SVEGFR-1 higher
than normal pregnant women (p<0.001), but lower than patients with preeclampsia (p<0.001). 2)
Among patients with SGA fetuses, only those with abnormal uterine artery Doppler velocimetry
had a mean plasma SVEGFR-1 concentration significantly higher than normal pregnant women
(p<0.001). 3) Among mothers with SGA fetuses in whom Doppler velocimetry was performed
(n=41), those with abnormalities in both the uterine and umbilical artery velocimetry had the
highest mean delta of SVEGFR-1 plasma concentration (mean + standard deviation (SD): 0.69 £
0.29). Conversely, patients who had normal Doppler velocimetry in both uterine and umbilical
arteries had the lowest mean delta (mean + SD: 0.09 + 0.29) of SVEGFR-1 plasma concentrations
(ANOVA,; p < 0.001). 4) Among patients with preeclampsia in whom Doppler velocimetry was
performed (n=69), those with abnormalities in both the uterine and umbilical artery velocimetry
had the highest mean delta SVEGFR-1 plasma concentration (mean = SD: 1.01 + 0.22) among all
groups classified (ANOVA,; p < 0.001). 5) Among patients with SGA and those with preeclampsia,
there was a relationship (Chi-square for trend p < 0.001 for both) between the severity of Doppler
velocimetry abnormalities and the proportion of patients who had high delta SVEGFR-1 plasma
concentrations (defined as a concentration 2 SD above the mean delta of normal pregnant women).
6) Multiple regression analysis suggested that the diagnostic category (e.g. SGA or preeclampsia),
Doppler abnormalities, and gestational age at blood sampling were associated with an increase in
plasma sVEGFR-1 concentrations (p < 0.001).

CONCLUSION: These observations provide support for the participation of the soluble receptor
of vascular endothelial growth factor in the pathophysiology of SGA with abnormal uterine artery
Doppler velocimetry and preeclampsia. An excess of SVEGFR-1 is released into the maternal
circulation of patients with preeclampsia and those with SGA fetuses, as abnormalities of
impedance to blood flow involve uterine and umbilical circulation.
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INTRODUCTION

A central feature in the pathophysiology of a subset of pregnancies resulting in small for
gestational age neonates (SGA) and preeclampsia is failure of physiologic transformation of
the spiral arteries [1-10]. This lesion is thought to be responsible for increased impedance to
blood flow in the uterine arteries and uteroplacental ischemia [11-17]. Uterine artery
Doppler abnormalities are suggestive of increased impedance to flow in the uterine
circulation [18,19] as well as failure of physiologic transformation of the spiral arteries
diagnosed by examination of placental bed biopsies [20-26]. Consequently, uterine artery
Doppler velocimetry was used to identify a subset of patients destined to develop
preeclampsia or SGA [27-36].
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In preeclampsia, an ischemic placenta is thought to release factors into the maternal
circulation, causing systemic endothelial cell dysfunction [37-44], intravascular
inflammation [45-49] and multiple organ damage [8,41,50]. In a subset of patients with
SGA without preeclampsia, there is also evidence of endothelial cell dysfunction [51-53]
and leukocyte activation [54]. Yet, there are no clinical features of hypertension, proteinuria,
and derangement of organ damage. Recently, both the similarity and disparity between
preeclampsia and SGA were extensively reviewed [55]. Ness and Sibai proposed that
although both diseases share a similar placental pathology, the absence of a maternal
metabolic syndrome (adiposity, insulin resistance/hyperglycemia, hyperlipidemia,
coagulopathies) or other exogenous inflammatory signals in pregnancies complicated with
SGA prevent these patients from developing the maternal syndrome of preeclampsia [55].

Soluble vascular endothelial growth factor receptor (SVEGFR)-1 (known as sFlt-1 or soluble
fms-like tyrosine kinase-1) has been proposed to be a factor released by the placenta of
patients with preeclampsia, responsible for an anti-angiogenic state and systemic endothelial
dysfunction [56]. Soluble VEGFR-1 is generated by a splice variant of the VEGFR-1 gene
and contains the extracellular ligand-binding domain, while lacking the signaling tyrosine
kinase domain. Thus, this protein binds VEGF or placental growth factor (PIGF) and inhibits
their biological activities [57]. Using microarray technology, Maynard and colleagues
reported an increased mRNA expression of SVEGFR-1 in placentas from women with
preeclampsia [58]. Plasma sSVEGFR-1 concentrations are elevated in preeclampsia both prior
to [59-66] and at the time of clinical diagnosis [58,59,67-71]. An increased sVEGFR-1
concentration in preeclampsia is associated with a decrease in unbound VEGF and PIGF
concentrations, both of which are growth factors thought to be important for the
maintenance of endothelial function [57] and survival [72]. The administration of adenovirus
encoding SVEGFR-1 to pregnant animals induces hypertension, proteinuria, and
glomeruloendotheliosis [58].

Conflicting results have been reported regarding plasma sVEGFR-1 concentrations in
pregnancies complicated by SGA without preeclampsia. Two studies evaluating SGA
patients did not include uterine artery Doppler velocimetry information. Tsatsaris and
colleagues reported a higher mean sVEGFR-1 plasma concentration in women with SGA
neonates than in normal pregnant women [71], while Shibata and colleagues found no such
change [73]. Another report revealed a higher plasma concentration of SVEGFR-1 in
patients who delivered SGA neonates. This study, however, included patients with
preeclampsia together with those with SGA and did not analyze the data separately [74].
Four studies reported an increased plasma/serum concentration of SVEGFR-1 in patients
with the diagnosis of SGA and abnormal uterine/umbilical artery Doppler velocimetry
[69,75-77].

The objectives of this study were: 1) to determine if plasma concentrations of SVEGFR-1 in
mothers with SGA fetuses without preeclampsia at the time of diagnosis are different from
those in patients with preeclampsia or normal pregnant women; and 2) to examine the
relationship between plasma concentration of sSVEGFR-1 and the results of Doppler
velocimetry in the uterine/umbilical arteries in patients with preeclampsia and those with
SGA.
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This was a cross-sectional study focusing on singleton gestations. The following groups
were examined: 1) normal pregnant women (n=135); 2) patients without preeclampsia who
delivered an SGA neonate (n=53); and 3) women with preeclampsia (n=112). The study was
conducted by searching the clinical database and bank of biologic samples of the
Perinatology Research Branch. All patients were enrolled at Hutzel Women’s Hospital,
Detroit MI.

All pregnancies included in the SGA group underwent ultrasound examination for dating
before 24 weeks of gestation and had no major fetal congenital anomalies. The diagnosis of
SGA was based on an ultrasonographic estimated fetal weight and confirmed by a
birthweight below the 10t percentile for gestational age, according to the reference range
proposed by Alexander et al [78,79]. Preeclampsia was defined as hypertension (systolic
blood pressure = 140 mmHg or diastolic blood pressure = 90 mmHg on at least two
occasions, 4 hours to 1 week apart) and proteinuria (= 300 milligrams in a 24-hour urine
collection or one dipstick measurement =2+) [80]. Patients with chronic hypertension or
renal disease were excluded. Severe preeclampsia was defined as either severe hypertension
(diastolic blood pressure > 110 mm Hg) and mild to severe proteinuria, or mild hypertension
plus severe proteinuria (a 24-hour urine sample containing 3.5 grams protein or urine
specimen > 3+ protein by dipstick measurement) [80]. Patients with an abnormal liver
function test (aspartate aminotransferase >70 1U/L) and thrombocytopenia (platelet count
<100,000/uL), as well as those with eclampsia, were also classified as having severe
preeclampsia. Normal pregnant women, enrolled from either the labor-delivery unit (in cases
of scheduled cesarean section) or the antenatal clinic, were followed until delivery. A patient
was considered to have a normal pregnancy if she met the following criteria: 1) no medical,
obstetrical, or surgical complications; 2) absence of labor at the time of venipuncture; and 3)
delivery of a normal term (> 37 weeks) infant whose birthweight was between the 10t and
90t percentiles for gestational age. All women provided informed consent prior to the
collection of plasma samples. The collection of samples and their utilization for research
purposes was approved by the IRB of the National Institute of Child Health and Human
Development. Many of these samples were used previously in studies of intravascular
inflammation, soluble adhesion molecules, and cytokine biology in normal and complicated
pregnancies [44,46].

Doppler velocimetry:

Pulse-wave and color Doppler ultrasound examinations of the uterine and umbilical arteries
were performed in a subset of patients within the preeclampsia and SGA groups (Acuson,
Sequoia, Mountain View, CA). Uterine artery Doppler velocimetry [35] was defined as
abnormal if the mean resistance index was above the 95™ percentile for gestational age
(average of right and left) [81] or in the presence of bilateral diastolic notch [36]. Umbilical
artery Doppler velocimetry was defined as abnormal if either the pulsatility index (PI) was
above the 95t percentile for gestational age (using the reference range proposed by Arduini
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and Rizzo[82]) or in the presence of abnormal waveforms (absent or reversed end-diastolic
velocities) [83-85].

Sample collection and human sVEGFR-1 immunoassay:

Maternal blood was collected in tubes containing EDTA. Samples were centrifuged and
stored at —70° C. The concentrations of SVEGFR-1 were measured using an enzyme-linked
immunoassay (ELISA; R&D Systems, Minneapolis, MN) as previously described [68]. The
inter- and intra-assay coefficients of variation (CVs) were 4.8% and 6.9%, respectively. The
sensitivity was 17.8 pg/mL.

Statistical analysis:

Kolmogorov-Smirnov tests were used to test for normal distribution of the data. After
logarithmic transformation (log SVEGFR-1 + 1), regression analysis was utilized to
determine the relationship between plasma concentrations of sSVEGFR-1 and gestational age
in normal pregnant women. Since maternal plasma sVEGFR-1 concentration varies as a
function of gestational age, the difference (delta value) between the observed and the
expected (derived from regression equation of plasma sVEGFR-1 concentration of normal
pregnancy) plasma sVEGFR-1 concentration in each patient was calculated and used to
examine the differences of plasma sVEGFR-1 concentration among various subgroups.
Analysis of variance (ANOVA) with post-hoc (Bonferroni or Dunnett’s T3) corrections for
multiple comparisons or Kruskal Wallis with post-hoc Mann-Whitney U tests were utilized
to determine the differences of the mean or the median among groups according to the data
distribution. Multiple linear regression analysis (stepwise) was applied to examine the
contribution of diagnostic group category and Doppler abnormalities on the plasma
concentration of SVEGFR-1, while adjusting for gestational age, parity, and duration of
sample storage. Contingency tables and Chi-square tests were employed for comparisons of
proportions. Spearman’s correlation was used to assess the relationship between continuous
variables. Analysis was conducted with SPSS V.12 (SPSS Inc., Chicago, IL). A p value of
<0.05 was considered significant.

RESULTS

Clinical characteristics of the study population:

Demographic, clinical, and obstetric characteristics are displayed in Table I. Among patients
with preeclampsia, 89 (79%) were diagnosed as severe preeclampsia and 54 (48%) delivered
neonates whose birthweights were below the 101 percentile for gestational age. Clinical
characteristics of patients with preeclampsia are displayed in Table Il. Among SGA patients,
42 (79%) delivered neonates with a birthweight less than the 5t percentile for gestational
age. There was no significant difference in the median gestational age at blood sampling
among normal pregnant women, patients with SGA, and those with preeclampsia (p=0.4; see
Table I).
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Plasma sVEGFR-1 concentration is higher in patients with preeclampsia than in those with
SGA fetuses:

1) Plasma sVEGFR-1 concentration in normal pregnant women increased as a function of
gestational age according to the equation log (SVEGFR-1 + 1) = 0.026 (gestational age in
weeks) + 2.172 (r=0.6; r2=0.34; p<0.001; Figure 1). 2) Patients with SGA and those with
preeclampsia had a mean plasma concentration of sSVEGFR-1 higher than normal pregnant
women (p<0.001 for both; Figure 2). 3) Patients with preeclampsia had a mean plasma
concentration of SVEGFR-1 higher than those with SGA (p<0.001; Figure 2). Similar
findings were observed after adjusting for parity (nulliparous vs. parous), gestational age at
blood sampling, and duration of sample storage. Among SGA patients without
preeclampsia, the mean plasma sSVEGFR-1 concentration was higher in the subgroup with
abnormal uterine artery Doppler velocimetry than in the subgroup with normal uterine artery
Doppler velocimetry (p=0.04, Figure 3). 4) In contrast, there was no significant difference in
the mean plasma SVEGFR-1 concentration between patients with SGA who had a normal
uterine artery Doppler velocimetry and normal pregnant women (p=0.09; Figure 3).

SGA, sVEGFR-1 and Doppler findings: The severity of the increase in maternal plasma
sVEGFR-1 concentrations (delta sVEGFR-1) was related to the Doppler velocimetry
abnormalities in the uterine/umbilical arteries.

Table I11 displays the clinical characteristics and plasma sVEGFR-1 concentrations in
patients with SGA sub-classified according to the results of uterine and umbilical artery
Doppler velocimetry (n=41; 10 patients had no information on both uterine and umbilical
artery Doppler velocimetry, whereas 2 patients had information only for uterine, but not
umbilical artery Doppler velocimetry). Patients with abnormal Doppler velocimetry in both
the uterine and the umbilical artery had the lowest gestational age at blood sampling and
were delivered at the earliest in gestational age (Table I11). Patients with SGA fetuses who
had abnormalities in both the uterine and umbilical artery Doppler velocimetry had the
highest mean delta plasma sVEGFR-1 concentration (mean + SD: 0.69 + 0.29) among all
groups. Patients who had normal Doppler velocimetry in both uterine and umbilical arteries
had the lowest mean delta plasma sVEGFR-1 concentration (mean £+ SD: 0.09 £ 0.29;
ANOVA p<0.001). Patients with abnormal uterine but normal umbilical artery Doppler
velocimetry had a mean delta plasma sSVEGFR-1 concentration higher than normal pregnant
women (mean + SD: 0.31 £ 0.52 vs. mean = sd: 0.01 + 0.21, respectively) The difference,
however, did not reach statistical significance (p=0.4; ANOVA post hoc Dunnett’s T3; see
Table 11l & Figure 4).

The proportion of patients who had high delta SVEGFR-1 plasma concentrations (defined as
more than 2 SD above the mean of normal pregnant women) increased in the presence of
Doppler velocimetry abnormalities [normal both uterine and umbilical artery Doppler
velocimetry 5.6% (1/18)]; abnormal uterine artery Doppler velocimetry alone 28.6% (4/14);
abnormal umbilical artery Doppler velocimetry alone 50% (1/2); and abnormal both uterine
and umbilical artery Doppler velocimetry 85.7% (6/7) (Chi-square for trend: p<0.001; see
Table I11).
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Preeclampsia, sVEGFR-1, and Doppler findings: the severity of the increase in maternal
plasma sVEGFR-1 concentrations (delta sSVEGFR-1) was related to the Doppler velocimetry
abnormalities in the uterine/umbilical arteries.

Table IV displays the clinical characteristics and plasma sSVEGFR-1 concentrations in
patients with preeclampsia sub-classified according to the results of uterine and umbilical
artery Doppler velocimetry (n=69). Patients with preeclampsia who had abnormalities in
both the uterine and umbilical artery Doppler velocimetry had the highest mean delta plasma
SVEGFR-1 concentration (mean + SD: 1.01 + 0.22) among all groups. Patients who had
normal Doppler velocimetry in both uterine and umbilical arteries had the lowest mean delta
plasma sVEGFR-1 concentration (mean = SD: 0.37 + 0.31; ANOVA p<0.001; see Table IV).
Patients with abnormal uterine, but normal umbilical artery, Doppler velocimetry had a
mean delta plasma sVEGFR-1 concentration higher than normal pregnant women (mean *
SD: 0.80 + 0.40 vs. mean £ SD: 0.01 £ 0.21, respectively; p<0.001; ANOVA post hoc
Dunnett’s T3; see Table IV & Figure 5).

The proportion of patients who had high delta plasma sVEGFR-1 concentrations (defined as
more than 2 SD above the mean of normal pregnant women) increased with the presence or
absence of Doppler velocimetry abnormalities (normal both uterine and umbilical artery
Doppler velocimetry 55% (6/11), abnormal uterine artery Doppler velocimetry alone 84%
(37/44), abnormal umbilical artery Doppler velocimetry alone 100% (3/3), and both
abnormal uterine and umbilical artery Doppler velocimetry 100% (11/11) (Chi-square for
trend: p<0.001; see Table 1V).

Multiple regression analysis was used to examine the contribution of diagnostic group
category (e.g.: preeclampsia or SGA) and Doppler abnormalities in the plasma concentration
of SVEGFR-1, while adjusting for gestational age, parity, and duration of sample storage.
Factors entered into the regression model are displayed in Table V. The final regression
model suggested that the diagnostic category, Doppler velocimetry abnormalities in uterine
and umbilical artery, and gestational age at blood sampling were associated with an
increased plasma concentration of sSVEGFR-1.

The severity of the increase in maternal plasma sVEGFR-1 concentrations (delta
SVEGFR-1) is related to the clinical severity:

Among patients with SGA fetuses, there were negative relationships between delta plasma

SVEGFR-1 concentrations and gestational age at delivery (r = -0.5; p=0.02), birthweight (r
=-0.6; p=0.006), as well as adjusted birthweight for gestational age (r = —0.5; p=0.01). In

contrast, no such relationships were observed in normal pregnant women (all p > 0.05).

Among patients with preeclampsia, those with severe preeclampsia had a mean delta plasma
SVEGFR-1 concentration higher than those with mild preeclampsia (severe; mean + SD:
0.73 £ 0.37 vs. mild; mean = SD: 0.55 + 0.42; p = 0.03). A higher proportion of patients
with severe preeclampsia than those with mild preeclampsia had a high delta (defined as
more than 2 SD above the mean of normal pregnant women) plasma sVEGFR-1
concentration [severe, 82% (73/89) vs. mild, 57% (13/23); p = 0.01]. Similarly, a higher
proportion of patients with preeclampsia who delivered SGA neonates had a high delta
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plasma sVEGFR-1 concentration [SGA, 87% (47/54) vs. without SGA, 67% (39/58); p =
0.01] than those who did not.

DISCUSSION

Principal findings of this study:

1) Mothers with SGA fetuses and abnormal uterine artery Doppler velocimetry at the time of
diagnosis have a higher mean plasma concentration of sSVEGFR-1 than normal pregnant
women, but lower than patients with preeclampsia; 2) among patients with SGA and those
with preeclampsia, the severity of the increase in maternal plasma sVEGFR-1 concentrations
(delta sSVEGFR-1) is related to the presence or absence of Doppler velocimetry
abnormalities in the uterine and umbilical arteries; and 3) plasma concentrations of
SVEGFR-1 increase as a function of the severity of fetal growth restriction and the clinical
severity of preeclampsia.

Previous studies of maternal plasma sVEGFR-1 in SGA:

The findings of this report may help to explain conflicting conclusions of previous studies
regarding whether pregnancy resulting in SGA neonates had a mean plasma concentration of
SVEGFR-1 higher than normal pregnancy [71,73]. The syndromic nature (multiple
etiologies) of SGA [86-90], the different definitions of SGA [71,73], and the changes of
plasma sVEGFR-1 concentration as a function of gestational age in normal pregnancy
[59,62] make the study of plasma sVEGFR-1 concentration in women with SGA neonates
difficult. The study of Shibata and colleagues [73], which reported no changes in plasma
SVEGFR-1 concentrations in patients with SGA neonates, included patients whose neonatal
birthweights were less than the 10t percentile (n=22), and provided umbilical artery
Doppler information for only 8 patients. Among them, only 3 had abnormal umbilical artery
Doppler velocimetry. The median gestational age of patients with SGA was 39 weeks. In
contrast, the study of Tsatsaris and colleagues [71] defined SGA patients with more stringent
criteria (birthweight less than the 3" percentile) and, as in the case of our study, reported a
higher mean plasma sVEGFR-1 concentration in women with SGA neonates than in normal
preghant women. The median gestational age of the SGA group in the Tsatsaris study was
32 weeks.

Four other studies that included patients with SGA and abnormal uterine/umbilical artery
Doppler velocimetry consistently reported higher plasma/serum concentrations of
SVEGFR-1 in SGA patients than in normal pregnant women [69,75-77]. Interestingly, a
study conducted by Savvidou and colleagues [75] indicated that plasma sVEGFR-1
concentrations in patients with fetal growth restriction and abnormal uterine artery Doppler
velocimetry are increased at the time of diagnosis, but this increase is not yet evident at 23—
25 weeks of gestation in patients with impaired placentation (as determined by abnormal
uterine artery Doppler velocimetry) who subsequently deliver a growth-restricted neonate.
Similarly, in a longitudinal study, Wathen and colleagues reported no significant difference
in the median plasma concentration of SVEGFR-1 at 12-20 weeks of gestation between
patients destined to deliver an SGA neonate and normal pregnant women. SGA was
diagnosed by a birthweight less than 2 SD below the mean for gestational age. There was no
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Doppler information reported and the median gestational age at delivery of patients with
SGA was 40 weeks [65]. Although several studies reported an elevation of plasma
SVEGFR-1 concentration in patients with preeclampsia approximately 5 weeks before the
diagnosis [59,62], the timeline for detecting a plasma elevation of sSVEGFR-1 in SGA
patients with abnormal uterine artery Doppler velocimetry remains to be determined.

Relationship between maternal plasma sVEGFR-1 and Doppler velocimetry:

Other investigators have demonstrated that patients with increased impedance to flow
(determined by Doppler velocimetry) in both the uterine and umbilical arteries have a higher
rate of adverse perinatal outcome than those with abnormalities restricted to one of the two
circulatory systems, or those without Doppler abnormalities [85,91]. In the present study,
when patients with either SGA fetuses or preeclampsia were stratified according to the
results of uterine and umbilical artery Doppler, the mean delta plasma sVEGFR-1
concentration increased when abnormalities in Doppler velocimetry involved both
circulations.

Consistent with this observation was the finding that the proportion of patients who had an
elevated delta plasma sVEGFR-1 concentration (defined as more than 2 SD above the mean
of normal pregnant women) increased as Doppler velocimetry results worsened. An
abnormal uterine artery Doppler velocimetry suggests an increase impedance to blood flow
in the uterine circulation or maternal side of the feto-maternal interface, as demonstrated by
animal experimentation [18], mathematical modeling [19], as well as studies correlating
placental bed biopsy findings with Doppler uterine artery velocimetry [20—-26]. In contrast,
abnormal umbilical artery Doppler results suggest an increased impedance to blood flow in
placental circulation or fetal side, as shown by animal experiments [92] and studies in the
villous tree model [93].

Our findings can be interpreted as suggesting that pathologic conditions, affecting both the
fetal/placental and maternal circulations, represent a greater stimulus for the release of
SVEGFR-1 into the maternal circulation than when only one vascular territory is affected by
a pathologic process. However, it is noteworthy that plasma concentrations of sSVEGFR-1 in
preeclampsia were higher than in SGA, even when adjusting for the results of Doppler
velocimetry. This result indicates that factors, other than the increased impedance to blood
flow in the uterine or umbilical artery alone, are responsible for these findings. Six of 11
(55%) patients with preeclampsia and normal uterine/umbilical artery Doppler velocimetry
had high delta plasma sVEGFR-1 concentrations.

What are the possible sources and mechanisms for the elevation of sSVEGFR-1 in the
maternal circulation?

The precise mechanisms responsible for the elevation of plasma sVEGFR-1 concentrations
in patients with preeclampsia and in those with SGA and abnormal uterine artery Doppler
velocimetry remain to be determined. A reduction in utero-placental blood flow has been
implicated in the pathogenesis of both SGA [94,95] and preeclampsia [96]. Experimental
observations suggest that hypoxia up-regulates VEGF, VEGFR-1, and SVEGFR-1
expression, but down-regulates PIGF expression of trophoblast cells in culture [97-101].
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Thus, it is possible that reduced uterine perfusion may decrease oxygen tension in the
intervillous space [102-104], as well as induce expression and release of sSVEGFR-1 from
villous trophoblasts into the maternal circulation [97-99]. However, if this hypothesis is
correct, the phenomenon is likely to be a chronic process since the dramatic elevation of
SVEGFR-1 occurs later than the increase in uterine artery impedance to flow as detected by
Doppler velocimetry [62,75,105,106]. Although some studies have reported that patients
destined to develop preeclampsia have higher plasma concentrations of sSVEGF-1 than those
who have a normal pregnancy as early as 16 to 20 weeks of gestation, this elevation is
modest [61,63,107]. Furthermore, there was no significant difference in the median plasma
concentration of sSVEGFR-1 at 16—24 weeks of gestation between patients with and without
abnormal uterine artery Doppler velocimetry [108]. Our interpretation of these results is that
the increased impedance to blood flow in the uterine artery alone may not be enough to
induce the release of SVEGFR-1. It is possible that sSVEGFR-1 might be up-regulated and
released into the maternal circulation after the hypoxic insult/injury to villous trophoblasts
[109] has taken place or other mechanisms (cytokines [110,111], remodeling of villous tree
[102,112,113], complement activation [114], immune mechanism [115]) have become
operative. In the current study, the release of sSVEGFR-1 was found to be even greater when
the increased impedance to blood flow involved both the uterine and villous circulations.
The primary maldevelopment of tertiary villi [93,116] or vasoconstriction of arterioles in
stem villi in response to intervillous flow mismatch (between oxygen and blood flow) [117]
have been proposed to be responsible for the increased impedance to blood flow in the
villous circulation.

In a subset of patients with SGA, however, previous studies examining arterial and venous
blood pH and gases in the uterine vein and the uterine radial arteries indicate that oxygen
tension is higher in blood exiting the uterus of mothers with SGA neonates. Thus, an
abnormality in oxygen-extraction rather than hypoxia at the feto-maternal interface has been
proposed to be present in some patients with SGA [118,119]. Some [120,121], but not all
[71,73], studies demonstrated that the mRNA and protein expression of PIGF in placentas
obtained from patients with SGA were higher (reflecting a hyperoxic environment) than
those from normal pregnant women [120,122]. Collectively, these observations suggest that
oxygen tension in the intervillous space may not be the major mechanism responsible for the
increased bioavailability of SVEGFR-1 in SGA, and that other mechanisms must therefore
be operative.

Other possible sources of elevated plasma sVEGFR-1 concentration, in both preeclamptic
and SGA patients, are peripheral blood mononuclear cells (PBMCs) and amniotic fluid
cavity. Rajakumar and colleagues reported that PBMCs from women with preeclampsia
released a higher concentration of sSVEGR-1 than those obtained from normal pregnant
women, suggesting that PBMCs could be an additional source of the excess SVEGFR-1 in
patients with preeclampsia [123]. Amniotic fluid concentration of SVEGFR-1 in
preeclampsia at the time of diagnosis [124], but not in the second trimester [63], is higher
than that in normal pregnant women. However, how sVEGFR-1 gains access from the
amniotic fluid to the maternal circulation is unclear. The contribution of the fetal
compartment to an elevation of maternal plasma sVEGFR-1 concentration in preeclampsia
and SGA seems to be negligible. The mean serum concentration of SVEGFR-1 in patients
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with preeclampsia and in those with SGA was found to be higher than that of normal
pregnant women in the umbilical vein, but not in the umbilical artery [70,77,125,126].
Moreover, the mean serum concentrations of SVEGFR-1 in both the umbilical artery and
vein were approximately 10 times lower than that in the maternal serum [77,125].

Strength and limitation of this study:

Previous studies of SVEGFR-1 in patients with SGA have not considered the results of
Doppler velocimetry. In contrast, the current study determined plasma sVEGFR-1
concentrations in patients with SGA sub-classified into those with and those without uterine
artery Doppler velocimetry abnormalities. In addition, the relationships between
abnormalities of uterine/lumbilical artery Doppler velocimetry and plasma concentration of
SVEGFR-1 were examined in both preeclamptic and SGA patients. Multiple regression
analysis was used to confirm the results by adjusting for several potentially confounding
factors.

This study has two potential limitations. First, the delta values were used instead of absolute
concentrations to observe the differences of plasma sVEGF-R1 concentrations among
subgroups and examine the relationship between plasma sVEGF-R1 concentrations and
several parameters of disease severity. Since plasma sSVEGF-R1 concentrations change with
gestational age, and the earlier the pathologic conditions (preeclampsia or SGA) develop the
higher the plasma concentrations of SVEGFR-1 become [68], the delta values may be more
interpretable than absolute in reflecting the changes of plasma sVEGF-R1 concentration
from normal pregnant women, without requiring to adjust for the differences in gestational
age at blood sampling among the subgroups. However, the drawback of using delta value
instead of multiple of median or z-score in comparisons among subgroups is that it does not
take into account the variation of plasma sVEGF-R1 concentration at each gestational age
among normal pregnant women. To calculate the median or mean and standard deviation of
plasma sVEGFR-1 concentrations for each gestational age group or interval in normal
pregnant women would require a much larger sample size than that employed in the current
study. Similar conclusions could be drawn, however, with the use of an established reference
range of plasma sVEGFR-1 of various gestational ages in normal pregnant women, such as
that reported by Hirashima and colleagues [127]. The proportion of patients with
preeclampsia and SGA who had high plasma sVEGFR-1 concentrations (defined as more
than the 95t percentile for gestational age of normal pregnant women) increased with the
presence or absence of Doppler velocimetry abnormalities (see Table VI).

Another limitation of this study is that Doppler velocimetry information was available in
61% (69/112) of women with preeclampsia, 77% (41/53) of women with SGA neonates, and
0% of normal pregnant women. We assumed that healthy pregnant women with normal
obstetrical outcomes would have normal uterine and umbilical artery Doppler at the time of
venipuncture.

In conclusion, this study provides evidence that an increased plasma sSVEGFR-1
concentration during pregnancy is not a feature specific to preeclampsia, since it is also
present in SGA with abnormalities in uterine/umbilical artery Doppler, another disorder
associated with problems in the supply line. However, preeclampsia had higher plasma
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SVEGFR-1 concentrations than SGA, even after adjusting for abnormalities in the uterine/
umbilical artery Doppler velocimetry.
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Figurel.
Plasma sVEGFR-1 concentrations of normal pregnant women increased as a function of

gestational age according to the equation: log (SVEGFR-1 + 1) = 0.026 (gestational age in
weeks) + 2.172 (r2 = 0.34; p < 0.001).
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Figure2.

The mean plasma sVEGFR-1 concentrations of normal pregnant women, patients with SGA,
and those with preeclampsia. Patients with preeclampsia (mean = SD: 7,958 + 9,170 pg/mL)
and those with SGA (mean = SD: 3,603 + 6,740 pg/mL) had a higher mean plasma
concentrations of SVEGFR-1 than normal pregnant women (mean + SD: 1,445 + 865
pg/mL; p < 0.001 for both). However, patients with preeclampsia had a higher mean plasma
SVEGFR-1 concentration than those with SGA (p < 0.001). The comparisons were
performed after logarithmic transformation (log SVEGFR-1 + 1). The statistical test used
was ANOVA with Bonferroni correction for multiple comparisons. The vertical axis in the
figure is in the logarithmic scale. *p < 0.05.
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Figure 3.
The mean plasma sVEGFR-1 concentrations of normal pregnant women and patients with

SGA who had normal uterine artery Doppler velocimetry and those who had abnormal
uterine artery Doppler velocimetry. Patients with abnormal uterine artery
Dopplervelocimetry (mean = SD: 5359 + 9945 pg/mL) had a higher mean plasma
SVEGFR-1 concentration than those with normal uterine artery Doppler (mean + SD: 2100
+ 1540 pg/mL) and normal pregnant women (mean = SD: 1445 + 865 pg/mL; p =0.04 and p
< 0.001, respectively). In contrast, there was no significant difference in the mean delta
plasma sVEGFR-1 concentration between patients with SGA who had normal uterine artery
Doppler and normal pregnant women (p = 0.09). The comparisons were performed after
logarithmic transformation (log sSVEGFR-1 + 1). The statistical test used was ANOVA with
post hoc Dunnett’s T3. The vertical axis in the figure is in the logarithmic scale. *p < 0.05.
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Figure 4.
The mean delta plasma concentrations of normal pregnant women and patients with SGA

fetuses (n=41) sub-classified according to the results of uterine and umbilical artery Doppler
velocimetry. Patients with SGA fetuses who had abnormalities in both the uterine and
umbilical artery Doppler velocimetry had the highest mean delta plasma sVEGFR-1
concentration (mean £ SD: 0.69 £ 0.29) among all groups. Patients who had normal Doppler
velocimetry in both uterine and umbilical arteries had the lowest mean delta plasma
SVEGFR-1 concentration (mean + SD: 0.09 £ 0.29; ANOVA,; p < 0.001). Patients with
abnormal uterine, but normal umbilical artery, Doppler had a mean delta plasma sVEGFR-1
concentration higher than normal pregnant women (mean £ SD: 0.31 + 0.52 vs. mean£SD:
0.01 + 0.21). However, the difference did not reach statistical significance (p = 0.4; ANOVA
post hoc Dunnett’s T3). The means + SD of plasma sVEGF-R1 concentrations in each group
are displayed in the figure. *p < 0.05.
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The mean delta plasma concentrations of normal pregnant women and patients with
preeclampsia (n=69) sub-classified according to the results of uterine and umbilical artery
Doppler velocimetry. Patients with preeclampsia who had abnormalities in both the uterine
and umbilical artery Doppler velocimetry had the highest mean delta plasma sVEGFR-1
concentration (mean £ SD: 1.01 £ 0.22) among all groups. Patients who had normal Doppler
velocimetry in both uterine and umbilical arteries had the lowest mean delta plasma
SVEGFR-1 concentration (mean + SD: 0.37 £ 0.31; ANOVA,; p < 0.001). Patients with
abnormal uterine, but normal umbilical artery, Doppler velocimetry had a mean delta plasma
SVEGFR-1 concentration higher than normal pregnant women (mean £ SD: 0.80 £ 0.40 vs.
mean + SD: 0.01 + 0.21; p<0.001; ANOVA post hoc Dunnett’s T3). The means + SD of
plasma sVEGF-R1 concentrations in each group are displayed in the figure. *p < 0.05.
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Table Il.

Clinical characteristics of patients with preeclampsia

Blood pressure (mmHg)
Systolic 172+ 19
Diastolic 104 +11
Mean arterial pressure 127+ 12
Aspartate aminotransferasea(SGOT) (UL) 64115
Platelet count (x103) (/L) 176 + 54
Birthweight <10™percentile 54 (48%)
Severe preeclampsia 89 (79%)

Value expressed as mean + SD or number (percent)

%(n=104)
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Table V.
Multiple linear regression (step-wise) model for the identification of plasma concentration of log (SVEGFR-1
+1)
R2 Beta
(standar dized)

Variablesin the final model

Disease category™® 0.512 0.6 <0.001”

Doppler abnormalityﬂ 0.022 03 0.001

GA at blood sampling (weeks) 0.024 0.2 0.001 %

Total 0.54 <0.001 *

Excluded variables

Duration of sample storage (days)

Nulliparity (Yes/No)

“Disease category: [Normal pregnancy=0; SGA=1 and Preeclampsia =2]

o

Abnormal umbilical artery Doppler alone=3; and Abnormal both uterine and umbilical artery Doppler =4]

*
p <0.05.
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oppler abnormality: [Normal pregnancy and Normal both uterine and umbilical artery Doppler =1; Abnormal uterine artery Doppler alone=2;



Page 30

CHAIWORAPONGSA et al.

puaJy Jo} atenbs-1yd G0 0>d
*
(SET/02) %8'¥T uswom jueubaid jewioN
Answioojan Jajddo@ Alswre [earjiquin N ‘Answioojan Jajddoq Alslie auain ;1N

(4aquinu) JuadJad se passaidxa anfeA

£8000  (TT/IT) 96001 (£/6) %00T  (vb/6E) %988  (TT/9) %G'vs  eIsdwelosaid

x*

1000>  (2/2) %001 (2Im) %05 (r1/9) we'zy  (8T/E) %L 9T vOs

VN ewliougqy  vN fewlouqy VN [eW.JoN VN [ew.IoN
d 1N ewliougy 1N [ew.ioN 1N ewliougqy 1N [EWION

Answioojan Jsjddoq Alarie

[e21]1qIN pue suLIBIN [ewloude Jo soussqe Jo aouasald syl Aq payissefo (abuel souaiayal paystignd e uo paseq) abe [euonelsah 1oy usiom jueubaid
[ewou Jo a|1nusaIad,,G6 Ueyl Jaybiy uoieuaduod T-4493AS ewse|d pey oym eisduwe|dssaid ym asoys pue YOS yum sjuaiied Jo uonodoid ay |

Author Manuscript

‘IN3geL

Author Manuscript

Author Manuscript Author Manuscript

J Matern Fetal Neonatal Med. Author manuscript; available in PMC 2020 March 09.



	Abstract
	INTRODUCTION
	PATIENTS AND METHODS
	Study Design:
	Doppler velocimetry:
	Sample collection and human sVEGFR-1 immunoassay:
	Statistical analysis:

	RESULTS
	Clinical characteristics of the study population:
	Plasma sVEGFR-1 concentration is higher in patients with preeclampsia than in those with SGA fetuses:
	SGA, sVEGFR-1 and Doppler findings: The severity of the increase in maternal plasma sVEGFR-1 concentrations (delta sVEGFR-1) was related to the Doppler velocimetry abnormalities in the uterine/umbilical arteries.
	Preeclampsia, sVEGFR-1, and Doppler findings: the severity of the increase in maternal plasma sVEGFR-1 concentrations (delta sVEGFR-1) was related to the Doppler velocimetry abnormalities in the uterine/umbilical arteries.
	The severity of the increase in maternal plasma sVEGFR-1 concentrations (delta sVEGFR-1) is related to the clinical severity:

	DISCUSSION
	Principal findings of this study:
	Previous studies of maternal plasma sVEGFR-1 in SGA:
	Relationship between maternal plasma sVEGFR-1 and Doppler velocimetry:
	What are the possible sources and mechanisms for the elevation of sVEGFR-1 in the maternal circulation?
	Strength and limitation of this study:

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table I.
	Table II.
	Table III.
	Table IV.
	Table V.
	Table VI.

