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Abstract

Introduction. Accumulating evidence suggests that an imbalance between pro-angiogenic (i.e., vascular endothelial growth
factor (VEGF) and placental growth factor (PlGF)) and anti-angiogenic factors (i.e., soluble VEGF receptor-1 (sVEGFR-1,
also referred to as sFlt1)) is involved in the pathophysiology of preeclampsia (PE). Endoglin is a protein that regulates the
pro-angiogenic effects of transforming growth factor b, and its soluble form has recently been implicated in the
pathophysiology of PE. The objective of this study was to determine if changes in maternal plasma concentration of these
angiogenic and anti-angiogenic factors differ prior to development of disease among patients with normal pregnancies and
those destined to develop PE (preterm and term) or to deliver a small for gestational age (SGA) neonate.

Methods. This longitudinal nested case–control study included 144 singleton pregnancies in the following groups: (1)
patients with uncomplicated pregnancies who delivered appropriate for gestational age (AGA) neonates (n¼ 46); (2) patients
who delivered an SGA neonate but did not develop PE (n¼ 56); and (3) patients who developed PE (n¼ 42). Longitudinal
samples were collected at each prenatal visit, scheduled at 4-week intervals from the first or early second trimester until
delivery. Plasma concentrations of soluble endoglin (s-Eng), sVEGFR-1, and PlGF were determined by specific and
sensitive ELISA.

Results. (1) Patients destined to deliver an SGA neonate had higher plasma concentrations of s-Eng throughout gestation
than those with normal pregnancies; (2) patients destined to develop preterm PE and term PE had significantly higher
concentrations of s-Eng than those with normal pregnancies at 23 and 30 weeks, respectively (for preterm PE: p5 0.036 and
for term PE: p¼ 0.002); (3) patients destined to develop PE (term or preterm) and those who delivered an SGA neonate had
lower plasma concentrations of PlGF than those with a normal pregnancy throughout gestation, and the maternal plasma
concentration of this analyte became detectable later among patients with pregnancy complications, compared to normal
pregnant women; (4) there were no significant differences in the plasma concentrations of sVEGFR-1 between patients
destined to deliver an SGA neonate and those with normal pregnancies; (5) patients destined to develop preterm and term
PE had a significantly higher plasma concentration of sVEGFR-1 at 26 and 29 weeks of gestation than controls (p¼ 0.009
and p¼ 0.0199, respectively); and (6) there was no significant difference in the increment of sVEGFR-1 between control
patients and those who delivered an SGA neonate (p¼ 0.147 at 25 weeks and p¼ 0.8285 at 40 weeks).
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Conclusions. (1) Changes in the maternal plasma concentration of s-Eng, sVEGFR-1, and PlGF precede the clinical
presentation of PE, but only changes in s-Eng and PlGF precede the delivery of an SGA neonate; and (2) differences in the
profile of angiogenic and anti-angiogenic response to intrauterine insults may determine whether a patient will deliver an
SGA neonate, develop PE, or both.

Keywords: Intrauterine growth restriction, placental disease, SGA, IUGR, preterm birth, soluble Flt-1, longitudinal, growth
curve model, pregnancy

Introduction

Preeclampsia (PE) and small for gestational age

(SGA) neonates share several mechanisms of dis-

ease, such as chronic uteroplacental ischemia [1–8]

and endothelial cell dysfunction [9–15]. However, it

is unclear why pregnant women with similar insults

develop PE, while others deliver an SGA neonate but

do not develop PE. Accumulating evidence suggests

that an imbalance between pro-angiogenic factors

(i.e., vascular endothelial growth factor (VEGF) and

placental growth factor (PlGF)) and anti-angiogenic

factors (i.e., soluble VEGF receptor-1 (sVEGFR-1,

also referred to as sFlt1) and the soluble form of

endoglin (s-Eng)) participates in the pathophysiology

of PE. Indeed, patients with PE have higher plasma

concentrations of sVEGFR-1 [16–25] and s-Eng

[26,27] and lower plasma concentrations of VEGF

[16,19] and PlGF [16,19,28] than patients with

normal pregnancies. These differences have been

observed before the clinical presentation of PE

[19,21,27,29–36].

Endoglin (CD105) is a homodimeric transmem-

brane glycoprotein, which is considered to be the

functional co-receptor for transforming growth factor

(TGF)-b1 and TGF-b3 [37–39]. TGF-b induces

migration and proliferation of endothelial cells [40].

s-Eng is considered to have anti-angiogenic effects,

and shedding has been proposed to account for

circulating s-Eng [41]. This anti-angiogenic factor

has recently been implicated in the pathophysiology

of PE, based on the following observations: (1) s-Eng

inhibits endothelial function in vitro; (2) administra-

tion of endoglin induces hypertension in vivo; (3) the

combined administration of adenovirus encoded

with s-Eng and sVEGFR-1 genes to pregnant rats

induces hypertension, proteinuria, and fetal growth

restriction; (4) endoglin mRNA is up-regulated

(3–5-fold) in the placenta of women with PE

compared to women without this disorder; and (5)

similarly, the endoglin protein expression is in-

creased in placentas from patients with preeclampsia,

as demonstrated by Western blot analysis, and

localized to the syncytiotrophoblast by immunofluor-

escence [26].

The objective of this study was to determine if

changes in maternal plasma concentration of these

angiogenic and anti-angiogenic factors differ prior to

development of disease among patients with normal

pregnancies and those destined to develop PE

(preterm and term) or to deliver an SGA neonate.

Materials and methods

Study design

This longitudinal nested case–control study com-

prised 144 patients with singleton pregnancies with

the following diagnoses: (1) those with uncompli-

cated pregnancies who delivered appropriate for

gestational age (AGA) neonates (controls; n¼ 46),

(2) patients who delivered an SGA neonate (n¼ 56),

and (3) patients who developed PE (n¼ 42). The

latter group was sub-divided into preterm (537

weeks, n¼ 16) and term (�37 weeks, n¼ 26) PE,

according to the gestational age at which PE was

diagnosed.

Plasma samples were obtained at the time of each

prenatal visit, scheduled at 4-week intervals from the

first or early second trimester until delivery. A

maximum of 6 samples were collected per patient.

SGA was diagnosed as a birth weight below the 10th

percentile for gestational age [42]. PE was diagnosed

in the presence of 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 mg in a 24-hour urine collection or one dipstick

with �2þ. Patients with PE were classified into

‘preterm’ (537 weeks) and ‘term’ (�37 weeks) PE

according to the gestational age at diagnosis. All

pregnant women signed a consent form approved by

the Human Investigation Committee of Sótero del Rı́o

Hospital, Santiago-Chile and the Institutional Review

Board of the National Institute of Child Health and

Human Development.

Sample collection and human s-Eng, sVEGFR-1,

and PlGF immunoassays

Blood samples were collected into tubes containing

EDTA. The samples were centrifuged and stored at

7708C. Laboratory personnel were blinded to clinical

diagnosis. Maternal plasma concentrations of s-Eng,

sVEGFR-1, and PlGF were determined by sensitive

and specific immunoassays (R&D Systems, Minnea-

polis, MN, USA). All three immunoassays utilized a

sandwich enzyme immunoassay technique and had

been validated for plasma determinations of the
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analytes. The sensitivity and inter- and intra-assay

coefficients of variation for each analyte obtained in

our laboratory are described in Table SI (Supple-

mental material, available online).

Statistical analysis

Descriptive analysis. Comparisons among groups were

performed using the Mann–Whitney test for con-

tinuous variables and Chi-square or Fisher’s exact

tests for categorical variables.

Longitudinal analysis of angiogenic-related factors. Pro-

spective (forward) and retrospective (backward)

analyses were performed to assess the change in

plasma concentrations of angiogenic-related factors

over time using parametric growth curve models.

Prospective analysis considered the changes in

plasma analyte concentrations from the initial visit

until either the clinical diagnosis of PE or delivery (in

cases of SGA and normal pregnancies). Conversely,

the retrospective analysis considered the gestational

age at which PE was diagnosed or delivery occurred

(in cases of SGA and normal pregnancies) as the

starting time point, and the changes of analyte

concentrations were modeled in decreasing chron-

ological order, to the initial visit.

The growth curve model of each analyte was

derived using linear mixed effects models (fixed

effectsþ random effects), which included a polyno-

mial function of the gestational age for the prospec-

tive analysis and the number of weeks before the

development of disease or delivery for the retro-

spective analysis. The fixed effect component of the

models includes time-dependent (e.g., gestational

age) and time-independent (e.g., baseline clinical

characteristics) covariates, as well as the clinical

diagnosis (normal pregnancy, SGA, and PE). The

random effect component of the models examines

the deviation of each individual from the average

profile of each diagnostic group, which allows

adjustment for unknown variability among patients

[43].

Growth curve models were fitted to the trans-

formed plasma concentration (log (1þ concentra-

tion)) of each analyte adjusting for baseline and

clinical risk factors. This log transformation also has

a variance stabilization property [44]. This logarith-

mic transformation was employed to achieve nor-

mality. The fixed effect component included

diagnosis, body mass index (BMI), maternal age,

and up to the fifth order polynomial terms of

gestational age or number of weeks before diagnosis

or delivery. The random effect component includes

the intercept (baseline concentration), linear and

quadratic effects of gestational age or number of

weeks before diagnosis or delivery. Statistical sig-

nificance of fixed effects was assessed using F-tests

based on ‘robust sandwich estimates for the var-

iance’ [43,45–48], which yields asymptotically con-

sistent covariance matrix estimates without making

distributional assumptions, even if the assumed

model underlying the parameter estimates is incor-

rect. Random effects were assessed employing like-

lihood ratio tests with a mixture of Chi-square

distributions [43].

The polynomial order (up to fifth) was determined

by the following steps: (1) smoothing the log

transformed analyte to identify a growth curve

pattern of each diagnosis group, and then fitting a

polynomial of a high enough order to capture the

previously identified trend and (2) determining the

polynomial order by testing on the parameter

significance of the highest order term and keeping

the order of the highest order of statistical signifi-

cance. This ensures the polynomial will capture the

growth curve trend and yield as little bias as possible.

A piece-wise growth curve model was fitted to

maternal plasma PlGF concentration and the PlGF/

s-Eng ratio for each diagnostic group. The first part

of this model assigned a zero value to the plasma

PlGF concentration when this analyte was undetect-

able in early pregnancy. The second part of the

model is a growth curve, which starts at the elevation

time. The group-specific elevation time was defined

as the gestational age before and at which the PlGF

concentration was zero (undetectable concentra-

tion), and after which the PlGF elevated to become

detectable. The growth curve model was fitted with a

fourth order polynomial (with gestational age as an

independent variable) to the concentration of PlGF

or the PlGF/s-Eng ratio. The group-specific eleva-

tion time was then estimated by solving the growth

curve polynomial equation for each diagnostic group.

A bootstrap method was used to compute the

standard error of the estimated elevation time [49].

Hypothesis testing on the differences in the elevation

time between diagnosis groups was conducted with a

non-parametric statistical permutation test [49].

The statistical package SAS version 9.1 (SAS

Institute Inc., Cary, NC, USA) was used for fitting

mixed effects models (PROC MIXED), and the

statistical package R (version 2.1.1) for the graphical

display of the plasma concentration of the analytes

during gestation. A p-value of 50.05 was considered

significant.

Results

Demographic and clinical characteristics of patients

in the three study groups

The demographic and clinical characteristics of the

study groups are displayed in Table I. Patients who

Angiogenic and anti-angiogenic factors in PE and SGA 11



developed PE (preterm or term) had a significantly

higher proportion of nulliparae women than those

with normal pregnancies. A significantly lower

proportion of smokers were observed in patients

who developed PE at term, as compared to those

with normal pregnancies (Table I).

Maternal plasma concentrations of PlGF, s-Eng, and

sVEGFR-1 in normal pregnancy

Among patients with normal pregnancy outcome,

plasma s-Eng and sVEGFR-1 increased with advan-

cing gestational age. In contrast, plasma PlGF

concentrations followed a bell-shaped curve (see

Figures 1–3). Figures S1 and S2 display the change

in the ratio of both PlGF/s-Eng and PlGF/sVEGFR-

1 with gestational age (see Supplemental material).

These results are based upon the forward modeling

of analyte concentrations as a function of gestational

age.

s-Eng in PE and SGA neonates

Patients who delivered an SGA neonate had a

significantly higher plasma concentration of s-Eng

from 10 weeks of gestation onwards than the controls

(p5 0.0001; see Figure 4). Among women who

developed PE, the increment in plasma s-Eng in

patients destined to develop preterm PE surpassed

that of patients with normal pregnancies at 13 weeks

and became significant at 23 weeks (p¼ 0.036;

Figure 4). In patients destined to develop PE at

term, the maternal plasma concentration of s-Eng

became significantly higher than in the case of

normal patients at 30 weeks (p¼ 0.002).

Table I. Demographic and clinical characteristics of the study groups (N¼144).

Normal

pregnancies

(n¼46)

SGA

(n¼56) p1

PE at 537 weeks

(n¼16) p2

PE at �37 weeks

(n¼ 26) p3

Maternal age (years) 30 (18–43) 25 (16–41) NS 27 (19–42) NS 30 (18–43) 0.02

Pre-pregnancy

height (cm)

156 (140–166) 153 (143–174) NS 156 (148–168) NS 156 (146–170) NS

Pre-pregnancy

weight (kg)

58 (42–82) 57 (41–87) NS 61 (49–110) NS 59 (42–92) NS

BMI 23.9 (18.3–32) 23.9 (17.1–38.2) NS 24.1 (19.9–41.9) NS 23.2 (18.2–32.9) NS

Nulliparity (%) 26.1 (12/46) 53.6 (30/56) 0.009 68.8 (11/16) 0.006 65.4 (17/26) 0.003

GA at enrollment 12 (8–15) 12 (6–15) NS 12 (8–15) NS 12 (8–15) NS

GA at delivery 40 (37–43) 39 (35–42) NS 34 (30–36) 50.001 38 (38–42) 50.001

Smoker 22.7 (10/44) 14.3 (8/56) NS 0/16 NS 3.8 (1/26) 0.04

Birth weight 3375 (2650–4390) 2540 (1420–2850) 50.001 1755 (1070–3600) 50.001 3160 (2280–4280) 0.01

Delivery 537 weeks 0/46 10.7 (6/56) 0.03 100 (16/16) 50.001 0/26 –

SGA neonate 0/46 100 (56/56) 50.001 62.5 (10/16) 50.001 26.9 (7/26) 50.001

SGA, small for gestational age; PE, preeclampsia; BMI, body mass index; GA, gestational age; NS, not significant. Data expressed as median

(range) or percentage (proportion). p1: comparison between normal pregnancies and SGA; p2: comparison between normal pregnancies and

preterm preeclampsia; and p3: comparison between normal pregnancies and term preeclampsia.

Figure 1. Maternal plasma concentration of soluble endoglin

(log(1þ s-Eng)) in normal pregnancies. The solid line represents

the mean plasma concentration of s-Eng and the dotted line the

95% confidence interval.

Figure 2. Maternal plasma concentration of placental growth

factor (log(1þPlGF)) in normal pregnancies. The solid line

represents the mean plasma concentration of PlGF and the dotted

line the 95% confidence interval.

12 R. Romero et al.



Backward analysis indicates that patients destined

to deliver an SGA neonate had a significantly higher

plasma s-Eng concentration than controls up to 30

weeks before delivery (Figure 5). In other words, a

higher maternal plasma concentration of s-Eng was

detectable in these women from the first trimester

onwards (Figure 4). It is noteworthy that the

elevation of s-Eng after 25 weeks was more

pronounced in the second trimester of pregnancy

in patients who developed preterm PE than in those

who delivered SGA neonates (Figure 4).

Placental growth factor in PE and SGA neonates

The maternal plasma concentration of PlGF

throughout gestation in normal pregnancy could be

described with a curvilinear function in which the

concentration increased from the first trimester

onwards, peaked at approximately 33 weeks, and

decreased slowly toward term (Figure 6).

Patients destined to develop PE (term or preterm)

and those who delivered an SGA neonate had lower

plasma concentrations of PlGF throughout gestation

than controls (Figure 6). These differences were

statistically significant at 10 weeks of gestation for

SGA and term PE (p¼ 0.0009 and p5 0.001,

respectively) and at 11 weeks for preterm PE

(p¼ 0.0145).

Sixty-nine percent (11/16) of patients destined

to develop preterm PE, 69% (18/26) of those

destined to develop term PE, as well as 84% (47/

56) of patients who delivered an SGA neonate

had undetectable plasma concentrations of PlGF

in early pregnancy (first and early second trimester).

Figure 3. Maternal plasma concentration of soluble vascular

endothelial growth factor receptor-1 (log(1þ sVEGFR-1)) in

normal pregnancies. The solid line represents the mean plasma

concentration of sVEGFR-1 and the dotted line the 95%

confidence interval.

Figure 4. Forward analysis of the maternal plasma concentration

of soluble endoglin (s-Eng) in patients with normal pregnancies

and those with pregnancy complications. Patients who delivered

an SGA neonate had a significantly higher plasma concentration of

s-Eng from 10 weeks of gestation onwards than controls

(p5 0.0001). The increment in plasma s-Eng in patients

destined to develop preterm PE surpassed that of patients with

normal pregnancies at 13 weeks and became significant at 23

weeks. In patients destined to develop PE at term, the maternal

plasma concentration of s-Eng became significantly higher that

that of normal patients at 30 weeks.

Figure 5. Backward analysis of the maternal plasma concentration

of soluble endoglin (s-Eng) in patients with normal pregnancies

and those with pregnancy complications. Patients destined to

deliver an SGA neonate had a significantly higher plasma s-Eng

concentration than controls up to 30 weeks before delivery.

Figure 6. Forward analysis of the maternal plasma concentration

of placental growth factor (PlGF) in patients with normal

pregnancies and those with pregnancy complications. Patients

destined to develop PE (term or preterm) and those who delivered

an SGA neonate had a lower plasma concentration of PlGF

throughout gestation than controls. These differences were

statistically significant at 10 weeks of gestation for SGA and

term PE and at 11 weeks for preterm PE.

Angiogenic and anti-angiogenic factors in PE and SGA 13



In contrast, only 33% (15/46) of controls had

undetectable plasma concentrations of PlGF

(p5 0.0001). Plasma PlGF concentration became

detectable on average at 10.7 (+0.4) weeks, 9.4

(+1.1) weeks, and 9.7 (+0.4) weeks of gestation in

patients with PE at term, preterm PE, and SGA

neonates, respectively. Among normal pregnancies,

the plasma concentration of PlGF became detectable

on average at 8.5 (+0.5) weeks of gestation. Pairwise

root comparisons indicated that the PlGF elevation

time was significantly different between normal

pregnant patients and those destined to develop PE

at term (p¼ 0.0182), but not significantly different

between normal pregnancy and preterm PE or SGA

(p4 0.05 for both comparisons; see Table II).

Similar results were obtained when comparing the

PlGF/s-Eng ratio among study groups, except that

there was a significant delay in the elevation time

among patients who delivered an SGA neonate

compared with normal pregnancy (p¼ 0.0303) (see

Table III).

The maternal concentration of PlGF peaked in all

pregnant women. The gestational age at which this

peak was reached, however, differed dramatically

among groups. In women who had a normal

pregnancy, the peak was reached after 30 weeks. In

contrast, the peak developed at earlier gestational age

in patients with complications of pregnancy. Women

destined to develop preterm PE displayed such a

peak before 25 weeks, whereas in patients destined to

have SGA neonates and term PE, such a peak was

reached after 25 weeks (approximately 27 weeks; see

Figure 6).

Backward analysis indicated that patients destined

to develop preterm and term PE, as well as those

destined to deliver an SGA neonate, had a signifi-

cantly lower plasma PlGF concentration at 12, 20,

and 16 weeks, respectively, before the clinical

presentation of the disease when compared to

controls (p¼ 0.0485, p5 0.0001 and p¼ 0.0401,

respectively; see Figure 7).

sVEGFR-1 in PE and SGA neonates

Patients destined to develop preterm and term PE

had a significantly higher plasma concentration of

sVEGFR-1 at 26 and 29 weeks of gestation than

controls (p¼ 0.009 and p¼ 0.0199, respectively),

and significantly higher concentrations of sVEGFR-

1 at 25 and 30 weeks than those destined to deliver

an SGA neonate (p5 0.001 and p¼ 0.0021, respec-

tively). However, there was no difference in the

increment of sVEGFR-1 between control patients

and those who delivered an SGA neonate (p¼ 0.147

at 25 weeks and p¼ 0.8285 at 40 weeks) (Figure 8).

Backward analysis indicated that patients who

developed preterm and term PE had a significantly

higher plasma sVEGFR-1 concentrations at, respec-

tively, 7 and 11 weeks before the clinical diagnosis of

the disease (Figure 9).

The mean plasma concentration and 95% con-

fidence interval of each analyte in the different

Table II. Maternal plasma placental growth factor (PlGF)

elevation time.

Diagnostic

groups

Maternal plasma

PlGF elevation

time (weeks) p*

Normal pregnancy 8.50+ 0.5 –

Preterm PE 9.43+ 1.09 NS

Term PE 10.73+ 0.42 0.0182

SGA 9.75+ 0.42 NS

PlGF, placental growth factor; PE, preeclampsia; SGA, small for

gestational age; NS, not significant. *Compared with normal

pregnancy.

Table III. Maternal plasma placental growth factor/soluble

endoglin (PlGF/s-Eng) ratio elevation time.

Diagnostic

groups

Maternal

plasma PlGF/s-Eng

ratio elevation

time (weeks) p*

Normal pregnancy 8.50+ 0.70 –

Preterm PE 10.49+ 1.03 NS

Term PE 11.14+ 0.40 0.0256

SGA 10.24+ 0.41 0.0303

PlGF, placental growth factor; s-Eng, soluble endoglin; PE,

preeclampsia; SGA, small for gestational age; NS, not significant.

*Compared with normal pregnancy.

Figure 7. Backward analysis of the maternal plasma concentration

of placental growth factor (PlGF) in patients with normal

pregnancies and those with pregnancy complications. Backward

analysis indicated that patients destined to develop preterm PE,

term PE, and those destined to deliver an SGA neonate had a

significantly lower plasma PlGF concentration at 20, 12, and 16

weeks, respectively, before the clinical presentation of the disease

when compared to controls.
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pregnancy complications are displayed in

Figure 10. The mean analyte concentration of the

normal pregnancy group is added to each plot for

comparison.

PlGF/endoglin ratio

The maternal plasma PlGF/endoglin ratio through-

out gestation in normal pregnancy could be de-

scribed with a curvilinear function in which the

concentration increased from the first trimester

onwards, peaked at approximately 28 weeks, and

decreased slowly toward term (see Figure S1 in the

Supplemental material).

Patients destined to develop PE (term or preterm)

and those who delivered an SGA neonate had lower

plasma PlGF/endoglin ratios throughout gestation

than the controls. These differences were statistically

significant at 10 weeks of gestation for SGA

(p¼ 0.0008), preterm PE (p¼ 0.0341), and term

PE (p5 0.0001) (see Figure S3 in the Supplemental

material).

Backward analysis indicates that patients who

developed preterm PE and those who delivered an

SGA neonate had a significantly lower plasma PlGF/

endoglin ratio than women with normal pregnancies

at 20 weeks before the clinical diagnosis (p5 0.0001

and p¼ 0.0002, respectively), and 10 weeks before

the diagnosis of term PE (p¼ 0.0002) (see Figure S4

in the Supplemental material).

PlGF/sVEGFR-1 ratio

The maternal plasma PlGF/sVEGFR-1 ratio

throughout gestation in normal pregnancy could be

described with a curvilinear function in which the

concentration increased from the first trimester

onwards, peaked at approximately 28 weeks, and

decreased slowly toward term (see Figure S2 in the

Supplemental material).

Patients destined to develop preterm PE and those

who delivered an SGA neonate had lower plasma

PlGF/sVEGFR-1 ratios from 15 weeks onwards than

controls. These differences were statistically signifi-

cant at 15 weeks of gestation for SGA (p¼ 0.01) and

preterm PE (p¼ 0.01), and at 21 weeks onwards for

term PE (p¼ 0.03) (see Figure S5 in the Supple-

mental material).

Backward analysis indicates that patients who

developed preterm and term PE had a significantly

lower plasma PlGF/sVEGFR-1 ratio at 20

(p5 0.0001) and 14 weeks (p¼ 0.01) before the

clinical diagnosis, respectively. Patients destined to

deliver an SGA neonate had a significantly lower

plasma PlGF/sVEGFR-1 ratio at 15 weeks (p¼ 0.04)

before delivery (see Figure S6 in the Supplemental

material). Of note, the PlGF/sVEGFR-1 ratio was

very similar between patients destined to develop

term and preterm PE at 10 weeks before the clinical

presentation of these diseases.

Discussion

Principal findings of the study

The key observations of the study are that changes in

the concentrations of pro-angiogenic (PlGF) and

anti-angiogenic factors (s-Eng and sVEGFR-1)

occur prior to the development of the disease in

women destined to develop PE. Similar results, but

not changes in sVEGFR-1, were observed in those

destined to deliver an SGA neonate. Moreover,

women destined to deliver an SGA neonate and

those destined to develop PE had a lower plasma

concentration of PlGF than women with normal

Figure 8. Forward analysis of the maternal plasma concentration

of soluble vascular endothelial growth factor receptor-1 (sVEGFR-

1) in patients with normal pregnancies and those with pregnancy

complications. Patients destined to develop preterm and term PE

had a significantly higher plasma concentration of sVEGFR-1 at

26 and 29 weeks of gestation, respectively, than controls.

However, there was no difference in the increment of sVEGFR-

1 between control patients and those who delivered an SGA

neonate.

Figure 9. Backward analysis of the maternal plasma concentration

of sVEGFR-1 in patients with normal pregnancies and those with

pregnancy complications. Patients who developed preterm and

term PE had a significantly higher plasma sVEGFR-1

concentration at 7 and 11 weeks, respectively, before the clinical

diagnosis of the disease.
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pregnancies from the first trimester of pregnancy

onwards.

Of major interest is that the pattern of change is

different in women destined to develop SGA

neonates or PE (preterm or term). Specifically, we

found that patients destined to deliver an SGA

neonate had a higher plasma concentration of s-Eng

than those with normal pregnancies from 10 weeks of

gestation onwards. In contrast, patients destined to

develop preterm PE and term PE had higher plasma

concentration of s-Eng after 24 weeks of gestation.

Changes in maternal plasma concentration occurred

relatively late in patients who developed preterm and

term PE at 26 and 29 weeks, respectively.

PE and SGA: Two distinct phenotypes of an anti-

angiogenic state

Our results are consistent with recent reports that PE

is associated with an anti-angiogenic state, as

demonstrated by high plasma concentrations of

sVEGFR-1 [16,19–21] and s-Eng [26,27], and low

plasma or serum concentrations of PlGF [16,19,28].

However, our study further demonstrates that

patients destined to deliver an SGA neonate show

changes in the maternal plasma concentration of s-

Eng and PlGF, but not sVEGFR-1, and that these

changes differ in timing and magnitude from those of

patients destined to develop preterm or term PE.

Placental vascular development: The role of endoglin,

PlGF, VEGF, and sVEGFR-1

The regulation of vascular growth and remodeling,

also known as angiogenesis, is considered to be

central to normal placental and fetal growth and

development [50–52]. In the human placenta,

angiogenesis has been proposed to be biphasic, with

peaks at mid-gestation and at term, resulting from

endothelial proliferation early in pregnancy and

vascular remodeling in the second half of pregnancy

[53].

Angiogenesis is regulated by at least three growth

factor families, including: vascular endothelial

growth factors (VEGF), angiopoietins, and ephrins

[54]. Other factors proposed to regulate angiogenesis

include: fibroblast growth factors, transforming

growth factors a and b, tumor necrosis factor a,

interleukin-8, hepatocyte growth factor, angiogenin,

and members of the Notch family [52,55,56]. Recent

Figure 10. Mean and 95% confidence interval of the maternal plasma concentration of each analyte (log(1þ analyte)) in patients who

developed PE (term and preterm), as well as those who delivered an SGA neonate. The mean analyte concentration of the normal pregnancy

group (solid green line) is added to each plot for comparison.
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evidence indicates that angiogenesis requires the

sequential activation of several receptors, including

Tie1, Tie2, and platelet derived growth factor

receptor b, by ligands in endothelial and mural cells

[57]. However, VEGF signaling represents a critical

rate-limiting step in physiological angiogenesis [57].

VEGF family and its receptors

The VEGF are a family of structurally-related

dimeric proteins whose members include VEGF-A,

VEGF-B, VEGF-C, VEGF-D, and PlGF [56]. The

function of VEGF is to promote survival, migration,

and differentiation of endothelial cells, as well as

mediate vascular permeability [55,56]. VEGF exerts

its biologic effect through VEGFR-2, whereas the

precise function of VEGFR-1 is still a subject of

debate. Most investigators believe that VEGFR-1

might not be a receptor transmitting a mitogenic

signal, but rather a ‘decoy’ receptor that prevents the

binding of VEGF to VEGFR-2 [56]. The ‘decoy’

function can be performed not only by the transmem-

brane, but also the soluble isoform (sVEGFR-1)

[56], which is generated by splice variant of VEFGR-1

gene. sVEGFR-1 contains the extracellular ligand-

binding, but lacks the signaling tyrosine kinase

domain [56,58] and, thus, is considered to be an

anti-angiogenic factor.

A growing body of evidence indicates that vascular

growth in the placenta is locally regulated by

sVEGFR-1 produced by the placenta. This evidence

includes: (1) in situ hybridization studies have

demonstrated that sVEGR-1 mRNA is expressed in

villous and extravillous trophoblast; (2) sVEGFR-1

protein is present in the supernatant from villous

cultures; and (3) sVEGFR-1 has been reported to be

present in the serum of patients with uncomplicated

pregnancies, but not in non-pregnant women [58].

However, more recent reports indicate that the

plasma and serum of healthy non-pregnant indivi-

duals have also detectable levels of sVEGFR-1 of

monocyte and endothelial cell origin [59], indicating

that sVEGFR-1 may contribute to the fine regulation

of VEGF bioavailability in both pregnant and non-

pregnant women [59]. This fine regulation is of

paramount importance as continuous low levels of

VEGF are required for endothelial cell proliferation

and survival [60]. An additional mechanism by

which sVEGFR-1 may regulate the bioavailability

of VEGF is the formation of heterodimers with the

VEGF receptors in the cell surface, abolishing their

signal transduction [59].

Placental growth factor (PlGF)

PlGF is a major member of the VEGF family,

which is a ligand for VEGFR-1 that enhances the

angiogenic response of VEGF [61,62]. This has been

proposed to be accomplished by: (1) intermolecular

cross-talk between VEGFR-1 and VEGFR-2 (trans-

phosphorylation and activation of VEGFR-2 follow-

ing activation of VEGFR-1 by PlGF); (2) PlGF

displacement of VEGF from sVEGFR-1, making

more VEGF available to bind VEGFR-2; and (3)

PlGF homodimers can destabilize inactive hetero-

dimers of VEGFR-2 and sVEGFR-1, making more

VEGFR-2 available for the formation of functional

homodimers [61,62]. Low plasma PlGF concentra-

tions are detectable in non-pregnant women

(44+ 4.7 pg/ml), but the plasma concentration of

this pro-angiogenic factor is substantially higher in

pregnant women [34].

Endothelial cells release minimal amounts of PlGF

but, when activated, produce abundant amounts of

PlGF [62]. In addition, other cell types (including

vascular smooth muscle cells, inflammatory cells,

bone marrow cells, neurons and many tumor cells)

also produce PlGF [61,63–65]. In vitro studies have

demonstrated that hypoxia may regulate the expres-

sion of PlGF in placental tissues. Indeed, incubation

of isolated human term syncytiotrophoblast under

hypoxic conditions reduced the mRNA PlGF ex-

pression by 75% [66]. Similarly, hypoxia reduced the

PlGF concentrations in the supernatant of primary

cytotrophoblast cultures [67]. Thus, it is possible

that chronic uteroplacental ischemia may account for

the low maternal plasma concentration of PlGF in

patients destined to develop PE or deliver an SGA

neonate.

Endoglin and s-Eng

Endoglin is a functional co-receptor for TGF-b1 and

TGF-b3 [37–39]. TGF-b induces migration and

proliferation of endothelial cells via the ALK1

pathway. However, TGF-b can have the opposite

effect if the ALK5 pathway is activated [40].

Endoglin has been proposed to regulate the balance

between these two opposite pathways [40].

Endoglin is primarily expressed in endothelial cells

[68], but is also present in macrophages [69,70],

erythroid precursors [71], syncytiotrophoblast [72],

activated monocytes [69], and stromal cells [73,74].

The mechanism by which the soluble form of

endoglin is generated is unclear. However, it has

been proposed that shedding may account for the

circulating s-Eng in normal individuals and those

with pathological conditions associated with abnor-

mal angiogenesis [41]. The soluble form of endoglin

has been proposed to reduce the bioavailability of

TGF-b1, thus inhibiting its signaling pathway [75].

Recently, the anti-angiogenic effect of s-Eng has

been confirmed by in vitro experiments, which

demonstrated that recombinant s-Eng inhibited
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endothelial tube formation on Matrigel to the

same extent as sVEGFR-1 [26]. Moreover, this

anti-angiogenic factor has been reported to contri-

bute to the pathophysiology of PE, as demonstrated

by animal experimentation in which the administra-

tion of adenoviral expression of s-Eng and sVEGFR-

1 in pregnant animals was associated with a

nephrotic-range proteinuria, severe hypertension,

fetal growth restriction, and biochemical evidence

of HELLP (hemolysis, elevated liver enzymes, low

platelets) syndrome [26].

Longitudinal studies are required to describe changes

over time in angiogenic and anti-angiogenic factors

Most studies conducted to date have focused on the

examination of the concentration of many analytes,

including angiogenic and anti-angiogenic factors at

the time of the diagnosis of the disease. Such studies,

however, cannot determine the temporal relationship

in the profile of a set of analytes and the clinical onset

of the disease; in other words, whether the changes

precede or follow the onset of clinical disease. This

information is crucial in establishing a cause and

effect relationship between analytes and disease

states, and exploring whether or not their determina-

tion would have predictive clinical value.

Analytical strategies for a longitudinal study of

angiogenic and anti-angiogenic factors in pregnancy

and their implications for this report

This study was conducted to determine if and when

the plasma concentration of three factors involved in

the control of angiogenesis changed in patients who

subsequently developed PE and SGA. Precise

answers to these questions required a longitudinal

study, but also the use of statistical methods

specifically designed to draw valid inferences in the

context of longitudinal analysis.

The key characteristic of a longitudinal study is

that repeated observations are made on the same

subject. Therefore, the data generated from a subject

tend to be intercorrelated [76]. In contrast, cross-

sectional studies include each subject only once.

Longitudinal studies are powerful research ap-

proaches to characterize what are called ‘cohort’

and ‘age’ effects [76,77]. An age effect is the study of

changes sustained by an individual over time (i.e.,

transformations in the concentration of angiogenic

factors with gestational age). A cohort effect refers to

the differences among individuals due to baseline

characteristics. Longitudinal studies are more effec-

tive than cross-sectional studies in examining age

and cohort effects [76].

The interdependence of longitudinal data poses

statistical challenges derived not only from the lack of

cohesion of the observations made about a particular

subject, but also the fact that the observations may be

taken at different points in time (i.e., gestational

age), and some of the observations might be missing

[76]. Even though some investigators have analyzed

longitudinal data using a cross-sectional approach,

such an approach results in loss of statistical power to

address specific questions. Although one can argue

that large cross-sectional and longitudinal studies

analyzed with a cross-sectional approach (e.g., time

point analysis) may yield similar results, the crux of

the question is often whether or not the study is large

enough. Moreover, there is the fundamental issue of

whether the results of a cross-sectional analytical

approach can be extrapolated to answer inherent

longitudinal questions (e.g., growth, which is space

over time and, thus, requires a longitudinal design

and analysis). Using a cross-sectional analytical

approach to longitudinal data could enhance the

likelihood of a type I error because of the multiple

comparisons conducted in data, which are not

independent.

One popular approach in analyzing longitudinal

studies is to employ repeated measure analysis of

variance. This technique, however, generally as-

sumes that the measurements are taken at equal

time points and that no data are missing. Such

criteria are rarely met, even in the case of planned

studies with human data. Another approach is to use

the generalized estimating equations (GEE), where

the investigators are interested in the relationship

between the response variable (in this study, the

concentration of the analytes) and the covariates

(i.e., diagnostic group, BMI, nulliparity, etc.), but

not in the intra-subject correlation. Since the study

of the change in the concentrations of angiogenic and

anti-angiogenic factors in the same subject was of

primary importance in this study, GEE models were

not deemed suitable. The missing data pattern in the

study does not meet the requirement of GEE which

is ‘missing completely at random’ [78]. In this

specific study, maternal plasma concentrations for

analytes are missing if patients are delivered preterm

(SGA or preterm PE). Another approach is the

transition Markov model, which relies on previous

observations from the same individual and, there-

fore, is susceptible to missing values.

We have used a general linear mixed effect model

(GLMEM) approach because the emphasis of this

analytical approach is subject-specific and also

provides information about group-effects (i.e., diag-

nostic category such as SGA, PE, or normal

pregnancy). The three key components of GLMEM

are: (1) a fixed effect, (2) a random effect, and (3)

measurement error. The fixed effect component

captures the differences in the mean concentrations

of the analytes between diagnostic groups (normal
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pregnancy, SGA, PE). The random effect examines

the deviation of each individual from the average

profile of each diagnostic group, and this allows

adjustment for unknown variability in the concentra-

tion of the analytes among patients. Finally, the

measurement error component of the model is

estimated from the residuals. The fact that the

sandwich estimation of the variance used in this

study yields an unbiased estimation of the standard

errors of the fixed effects should be emphasized. This

assures valid inferences from the analysis.

A particularly challenging statistical aspect of this

study was to characterize the behavior of maternal

plasma concentration of PlGF. While s-Eng and

sVEGFR-1 were detectable through pregnancy in all

patients, PlGF was not. In general, PlGF became

detectable in the late first trimester of pregnancy, and

its concentrations increased with gestational age and

subsequently decreased or even became non-detect-

able before the end of pregnancy. Preliminary

analysis indicated that the time at which PlGF

became detectable in early pregnancy or non-

detectable in late pregnancy contained important

information about the membership of a particular

patient in a diagnosis group (normal pregnancy, PE,

or SGA). To address the question of the detectability

of PlGF at a given gestational age and subsequent

pregnancy outcome, a piece-wise growth curve

model was fitted. This means that a different growth

model equation was fitted for different gestational

age intervals. Such an approach was required

because the concentration of PlGF was not detect-

able in early pregnancy in at least the first two

samples in some women. The conventional mixed

effect model would not allow accurate estimations of

the parameters in such cases.

Most figures used to illustrate our results displayed

the modeled concentrations of the angiogenic-

related factors as a function of gestational age.

However, we have shared all data points with the

readers by presenting the raw observations for each

patient in Figure S7 of the Supplemental material.

Our discussion will focus on the model-based

figures, as they represent the most accurate summary

of the data. The scientific strength and advantages of

employing longitudinal methods of analysis rather

than a cross-sectional analytical approach for this

type of study are now well understood by members of

the statistical community.

An elevated concentration of maternal plasma s-Eng in

the first trimester predisposes to the delivery of an SGA

neonate

An anti-angiogenic state has been implicated as a

mechanism of disease in PE [16,19,20,27]. However,

recent evidence suggests that it may be a mechanism

of disease in other obstetrical syndromes as well, such

as fetal death [79], mirror syndrome [80], and SGA

[20]. Indeed, Levine et al. [27] reported that

normotensive patients who delivered an SGA neo-

nate have a higher maternal serum concentration of s-

Eng compared to controls beginning at 17 to 20

weeks of gestation, and that that difference was higher

at 37 to 42 weeks. The observation reported herein

that mothers destined to deliver an SGA neonate had

higher plasma concentrations of s-Eng in the first

trimester of pregnancy than patients who had a

normal pregnancy and also patients who developed

PE (preterm and at term) is novel and noteworthy for

several reasons. First, it indicates that a chronic anti-

angiogenic state may exist in early pregnancy and may

be detectable by measuring the plasma concentra-

tions of this soluble factor. In contrast to Levine et al.

[27], angiogenic and anti-angiogenic factors were

measured in plasma rather than serum. We believe

that plasma is more likely to truly reflect the

circulating anti-angiogenic state rather than serum,

which contains factors liberated ex vivo from the

platelets. Second, the profile of maternal plasma

concentrations of s-Eng is dramatically different

among patients who subsequently developed SGA

and PE. Specifically, the mean concentration of s-

Eng became significantly higher in patients destined

to develop preterm PE at 23 weeks than that of

patients destined to deliver an SGA neonate (and at

30 weeks in those destined to develop PE at term).

Third, it is of interest that the maternal plasma

concentration of s-Eng remained higher through the

entire duration of pregnancy in women destined to

deliver an SGA neonate than in those who had a

normal pregnancy. Further studies are required to

determine the clinical value of such determinations in

the prediction of both SGA and PE. Backward

analysis indicates that a significant elevation in the

plasma concentration of s-Eng is detectable at 30

weeks before delivery in SGA, and at 10 weeks before

the diagnosis of preterm and term PE. These

observations have implications for the timing of

blood sampling for prediction purposes.

Maternal plasma sVEGFR-1 in PE and SGA

Maynard et al. [16] reported the central observation

that sVEGFR-1 participates in the pathophysiology

of PE, and Levine et al. [19], as well as Chaiwor-

apongsa et al. [21], demonstrated that the maternal

plasma concentrations of this anti-angiogenic factor

increase at 5 to 10 weeks prior to the development of

the disease. The findings in the current study show

that maternal plasma concentrations of sVEGFR-1

increased prior to the diagnosis of PE (Figure 3 and

Figure 10), and that a significant difference was

detected at 7 weeks prior to the diagnosis of preterm

Angiogenic and anti-angiogenic factors in PE and SGA 19



PE and at 11 weeks prior to the diagnosis of term PE.

It should be noted that we could not demonstrate a

difference in the plasma concentration of sVEGFR-1

in patients who delivered an SGA at any point in

gestation. We have previously reported that mothers

who deliver an SGA neonate have a higher median

concentration of sVEGFR-1 than normal pregnant

women [20]. An explanation for the different results

could lie in the syndromic natures or multiple

etiologies of SGA. Our previous results were based

on a large number of SGA patients who had abnormal

uterine/umbilical artery Doppler velocimetries. Two

clear implications of our findings are that changes in

the plasma concentrations of sVEGFR-1 are unlikely

to have predictive value for SGA (without consider-

ation of Doppler results), and that the changes prior

to the diagnosis of PE occurred late in the natural

history of the clinical disease.

Placental growth factor in PE and SGA

Our study confirms the findings of Tidwell et al.

that the maternal plasma concentrations of PlGF

follow a curvilinear profile, which increases for the

first trimester toward the beginning of the third

trimester, and then demonstrates a slight decrease as

term approaches [29]. Moreover, the results of

this study are consistent with accumulating evidence

that a low maternal plasma concentration of PlGF in

the second trimester is associated with the delivery of

an SGA neonate [30–32,81,82]. Of major interest is

that the maternal plasma concentration of PlGF in

patients who delivered an SGA neonate or developed

PE (term or preterm) was significantly lower than

in patients who had a normal pregnancy in the first

trimester as well as through the rest of pregnancy.

Backward analysis indicated that maternal plasma

concentrations of PlGF were significantly lower in

patients destined to deliver an SGA neonate at 16

weeks prior to delivery but, importantly, 20 weeks

before diagnosis in patients destined to develop

preterm PE and 12 weeks before term PE.

A novel observation reported herein is that the

time at which PlGF becomes detectable is 8.5+ 0.51

weeks of gestation in normal pregnancy, with a major

delay in patients with pregnancy complications:

9.4+ 1.1 weeks for preterm PE, 10.7+ 0.4 weeks

for term PE, and 9.8+ 0.4 weeks for SGA.

Collectively, these observations suggest that the

maternal plasma concentration of PlGF at early

gestational ages may have a major predictive value for

both PE and SGA.

Maternal plasma PlGF/s-Eng ratio in PE and SGA

We computed the PlGF/s-Eng ratio to have an index

of the balance of angiogenic and anti-angiogenic

factors. PlGF was placed in the numerator because

its concentrations are sometimes undetectable and a

value 0 in the denominator (i.e., s-Eng/PlGF ratio)

would render calculation impossible. The profile of

the PlGF/s-Eng ratio (see Figure S3 for forward

analysis and Figure S4 for backward analysis)

was very similar to that of PlGF (see Figure 6 and

Figure 7). A major finding is that this ratio appears to

offer great promise in the prediction of the different

disease phenotypes, and comparison with the deter-

mination of s-Eng and PlGF alone for classification/

prediction purposes is justified.

Maternal plasma PlGF/sVEGFR-1 ratio in PE

and SGA

This ratio was not different among women

with normal pregnancy and those destined to

developed PE (term and preterm) or SGA in the

first trimester and early second trimester of preg-

nancy. Therefore, this ratio is less informative in

terms of prediction/classification than the PlGF/

endoglin ratio.

The results reported in this study confirm that

PE and SGA are conditions associated with an

anti-angiogenic state. However, other pregnancy

complications are also characterized by an anti-

angiogenic state such as placental abruption [83],

‘mirror syndrome’ [80,84,85], PE with parvovirus-

induced hydrops [86], and unexplained fetal death

[79].

Conclusions

Collectively, our results indicate that patients des-

tined to deliver an SGA neonate show changes in the

plasma concentration of pro- and anti-angiogenic

factors from the first trimester of pregnancy onwards,

and these changes differ from those in patients

destined to develop preterm or term PE.

Implications

The determination of maternal plasma concentra-

tions of pro- and anti-angiogenic factors in the first

trimester of pregnancy may help in the identification

of patients destined to deliver an SGA neonate.

Thus, it provides the opportunity for prophylactic

interventions aimed at correcting and/or preventing

fetal growth deceleration.
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SUPPLEMENTAL MATERIAL

A longitudinal study of angiogenic (placental growth factor) and
anti-angiogenic (soluble endoglin and soluble vascular endothelial
growth factor receptor-1) factors in normal pregnancy and patients
destined to develop preeclampsia and deliver a small for gestational
age neonate

Piece-wise growth curve model

A piece-wise growth curve model was fitted to the

log-transformed data of placental growth factor

(PlGF) and the ratio of PlGF/s-Eng. This is a special

statistical piece-wise model, where the response

variable is often believed to follow a different pattern

in each different domain of the independent variable,

such as the log-transformed PlGF changes with the

gestation in our study. Since many readings of PlGF

in early gestation had an undetectable level of

concentration and were assigned a zero value by

common clinical practice, a growth curve model

from 0 to 40 weeks of gestation will not fit the data

well. In fact, the above zero PlGF readings will be

outliers if such a growth curve model is assumed for

PlGF. To achieve a better fit, we adopted a statistical

piece-wise model. The first piece assumes the PlGF

level is at 0 in early gestation till certain gestation –

called the elevation time that is specific to each

prognosis group. The second piece is a growth curve

model that starts at the elevation time to become

detectable. This model allows the analyte to grow

after the elevation time and become detectable

(positive reading) and remains 0 before the elevation

time. It fits better than a one-piece model since it fits

the zero level reading in early gestation and captures

the growing trend of the analyte in later gestation.

The elevation time

The elevation time was defined for each diagnosis

group so that before this gestation, the analyte was

assumed to be 0 before this elevation time, becoming

detectable (positive reading) after that. The group-

specific elevation time reflects the fact that different

diagnosis groups had a different proportion of subjects

having an undetectable level of PlGF in early gestation.

Since the elevation time was determined by the growth

curve of each group after the elevation time, potentially

more sensitive assays have a lower level and thus fewer

number of undetectable PlGF readings. Thus, the

elevation time may decrease with more sensitive assay.

However, any assay has its own limitation by the

technical design and thus the elevation time is believed

to exist no matter what assays are used. Therefore, the

elevation time remains an important issue. The late

elevation in the small for gestational age (SGA) group

and the preeclampsia (PE) group will still remain in

relatively the same order.



Table SI. Sensitivity (detection limit) and intra- and inter-assay

coefficients of variation of the immunoassays for soluble endoglin,

soluble vascular endothelial growth factor receptor-1, and placen-

tal growth factor.

Analyte Sensitivity

Inter-assay

CV

Intra-assay

CV

Soluble endoglin 0.08 ng/mL 2.3% 4.6%

sVEGFR-1 16.97 pg/mL 1.40% 3.9%

PlGF 9.52 pg/mL 6.02% 4.8%

CV, coefficient of variation; sVEGFR-1, soluble endothelial

growth factor receptor-1; PlGF, placental growth factor.

Figure S1. Ratio of the maternal plasma concentration of placental

growth factor and soluble endoglin (log(1þPlGF/s-Eng)) in

normal pregnancies. The solid line represents the mean ratio of

Figure S2. Ratio of the maternal plasma concentration of placental

growth factor and soluble vascular endothelial growth factor

receptor-1 (log(1þPlGF/sVEGFR-1)) in normal pregnancies.

The solid line represents the mean ratio of PlGF/s-VEGFR-1

and the dotted line the 95% confidence interval.

Figure S3. Forward analysis of the maternal plasma concentration

of placental growth factor/soluble endoglin (PlGF/s-Eng) ratio in

patients with normal pregnancies and those with pregnancy

complications. Patients destined to develop preeclampsia (PE;

term or preterm) and those who delivered a small for gestational

age (SGA) neonate had lower plasma PlGF/s-Eng ratios

throughout gestation than controls. These differences were

statistically significant at 10 weeks of gestation.

Figure S4. Backward analysis of the maternal plasma

concentration of placental growth factor/soluble endoglin (PlGF/

s-Eng) ratio in patients with normal pregnancies and those with

pregnancy complications. Patients who developed preterm

preeclampsia (PE) and those who delivered a small for

gestational age (SGA) neonate had a significantly lower plasma

PlGF/s-Eng ratio than those with normal pregnancies 20 weeks

before the clinical diagnosis, and 10 weeks before the diagnosis of

term PE.



Figure S6. Backward analysis of the maternal plasma

concentration of placental growth factor/soluble vascular

endothelial growth factor receptor-1 (PlGF/s-VEGFR-1) ratio in

patients with normal pregnancies and those with pregnancy

complications. Patients who developed preterm and term

preeclampsia (PE) had a significantly lower plasma PlGF/

sVEGFR-1 ratio 20 and 14 weeks before the clinical diagnosis,

respectively. Patients destined to deliver a small for gestational age

(SGA) neonate had a significantly lower plasma PlGF/sVEGFR-1

ratio 15 weeks before delivery.

Figure S7. Individual changes in the maternal plasma concentration of soluble vascular endothelial growth factor receptor-1 (sVEGFR-1),

placental growth factor (PlGF), and soluble endoglin (s-Eng) in normal patients and those destined to deliver a small for gestational age

(SGA) neonate as well as in those destined to develop preterm preeclampsia (PE) and term PE. The dichotomous-looking PlGF values (zero

versus non-zero) reflect the undetectable (0 value) concentration of PlGF in early gestation and the detectable concentration (40) in mid

and late gestation. For better model fitting, a piece-wise growth curve model for PlGF was used.

Figure S5. Forward analysis of the maternal plasma concentration

of placental growth factor/soluble vascular endothelial growth

factor receptor-1 (PlGF/s-VEGFR-1) ratio in patients with normal

pregnancies and those with pregnancy complications. Patients

destined to develop preterm preeclampsia (PE) and those who

delivered a small for gestational age (SGA) neonate had lower

plasma PlGF/sVEGFR-1 ratios from 15 weeks onwards than

controls. These differences were statistically significant at 15 weeks

of gestation for SGA and preterm PE, and at 21 weeks for term

PE.


