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ABSTRACT

BACKGROUND
Alterations in circulating soluble fms-like tyrosine kinase 1 (sFlt1), an antiangio-
genic protein, and placental growth factor (PIGF), a proangiogenic protein, appear
to be involved in the pathogenesis of preeclampsia. Since soluble endoglin, another
antiangiogenic protein, acts together with sFlt1 to induce a severe preeclampsia-like
syndrome in pregnant rats, we examined whether it is associated with preeclampsia
in women.

METHODS

We performed a nested case—control study of healthy nulliparous women within
the Calcium for Preeclampsia Prevention trial. The study included all 72 women
who had preterm preeclampsia (<37 weeks), as well as 480 randomly selected wom-
en — 120 women with preeclampsia at term (at 237 weeks), 120 women with ges-
tational hypertension, 120 normotensive women who delivered infants who were
small for gestational age, and 120 normotensive controls who delivered infants who
were not small for gestational age.

RESULTS

Circulating soluble endoglin levels increased markedly beginning 2 to 3 months be-
fore the onset of preeclampsia. After the onset of clinical disease, the mean serum
level in women with preterm preeclampsia was 46.4 ng per milliliter, as compared
with 9.8 ng per milliliter in controls (P<0.001). The mean serum level in women
with preeclampsia at term was 31.0 ng per milliliter, as compared with 13.3 ng per
milliliter in controls (P<0.001). Beginning at 17 weeks through 20 weeks of gesta-
tion, soluble endoglin levels were significantly higher in women in whom preterm
preeclampsia later developed than in controls (10.2 ng per milliliter vs. 5.8 ng per
milliliter, P<0.001), and at 25 through 28 weeks of gestation, the levels were sig-
nificantly higher in women in whom term preeclampsia developed than in controls
(8.5 ng per milliliter vs. 5.9 ng per milliliter, P<0.001). An increased level of soluble
endoglin was usually accompanied by an increased ratio of sFlt1:PIGF. The risk of
preeclampsia was greatest among women in the highest quartile of the control
distributions for both biomarkers but not for either biomarker alone.

CONCLUSIONS
Rising circulating levels of soluble endoglin and ratios of sFlt1:PIGF herald the
onset of preeclampsia.
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REECLAMPSIA, CHARACTERIZED BY HY-

pertension and proteinuria after 20 weeks

of gestation, complicates 3 to 5 percent of
pregnancies and results in substantial maternal
and neonatal complications and deaths.»? It seems
to be precipitated by the release of circulating
factors from the placenta that induce endothe-
lial dysfunction.3#

Soluble fms-like tyrosine kinase 1 (sFlt1) (also
known as soluble vascular endothelial growth fac-
tor [VEGF] receptor 1 [sVEGFR1]), a circulating
antiangiogenic protein that sequesters the pro-
angiogenic proteins placental growth factor (PIGF)
and VEGEF, is increased before the onset of clini-
cal disease in the circulation of women with
preeclampsia. Circulating levels of sFlt1 corre-
late with the severity of preeclampsia and prox-
imity to the onset of hypertension or protein-
uria.>!* Serum free PIGF and free VEGF levels are
decreased before the development of preeclamp-
sia.>121> Overexpression of sFlt1 in pregnant rats
results in a preeclampsia-like phenotype.® Fur-
thermore, anti-VEGF therapy in patients with
cancer has been associated with hypertension,
proteinuria, and the reversible posterior leuko-
encephalopathy syndrome, which are hallmarks
of preeclampsia and eclampsia.’®® Therefore,
an imbalance in circulating angiogenic factors
may be associated with vascular endothelial dys-
function and the maternal syndrome of pre-
eclampsia.®®

Endoglin, a coreceptor for transforming growth
factor 1 and B3 (TGF-B1 and TGF-B3, respec-
tively), is highly expressed on cell membranes
of vascular endothelium and syncytiotropho-
blasts.2%:2* Placental endoglin is up-regulated in
preeclampsia, releasing soluble endoglin into the
maternal circulation.?? Soluble endoglin is an an-
tiangiogenic protein that may inhibit TGF-B1 sig-
naling in vasculature.?223 In one study, overexpres-
sion of soluble endoglin in rodents by means of
adenoviral vectors led to increased vascular perme-
ability and induced modest hypertension without
significant proteinuria.?? Adenoviral-mediated
overexpression of both sFlt1 and soluble endoglin
caused severe vascular damage, nephrotic-range
proteinuria, severe hypertension, a syndrome sim-
ilar to the HELLP syndrome (hemolysis, elevated
liver enzymes, and low platelets), and fetal growth
restriction.?? Thus, soluble endoglin and sFlt1, two
antiangiogenic proteins operating through sepa-

rate mechanisms, may combine to produce endo-
thelial dysfunction and severe preeclampsia.

We performed a nested case—control study
within the Calcium for Preeclampsia Prevention
(CPED) trial?* to determine gestational patterns
of circulating soluble endoglin in women with
normal pregnancies and in those with preeclamp-
sia. We hypothesized that serum soluble endog-
lin levels would be elevated before the onset of
clinical preeclampsia and would correlate with
the severity of the disease and proximity to the
onset of clinical manifestations.

METHODS

PARTICIPANTS AND SPECIMENS
The CPEP trial was a randomized, double-blind
trial conducted from 1992 to 1995 in healthy nul-
liparous women with singleton pregnancies to
evaluate the effects of daily supplementation with
calcium or placebo on the incidence and severity
of preeclampsia.?+25

Of the 4589 women enrolled in the CPEP trial,
we excluded 333 who had incomplete informa-
tion about outcomes, whose pregnancy ended be-
fore 20 weeks, or who had a stillbirths; 102 with
no serum specimen before enrollment; and 524
whose pre-enrollment serum specimen may have
been dated inaccurately, since the date on the
specimen label was more than 2 days after the date
recorded by the research nurse. Among the re-
maining 3630 women, 2469 were normotensive
throughout pregnancy and delivered infants who
were appropriately sized or large for gestational
age (controls), 225 were normotensive but deliv-
ered small-for-gestational-age infants, 651 had
gestational hypertension, 72 had preeclampsia
before 37 weeks of gestation (preterm preeclamp-
sia), and 213 had preeclampsia at or after 37
weeks (term preeclampsia). We randomly selected
120 from each group except the group with pre-
term preeclampsia; we included all 72 women
in this group. We analyzed all serum specimens
obtained before labor or delivery. Calcium sup-
plementation did not affect levels of angiogenic
factors (data not shown).

Although 87 women (30 with preterm pre-
eclampsia, 52 with term preeclampsia, 4 controls,
and 1 who was normotensive and had an infant
who was small for gestational age) had been in-
cluded in a previous study,’ aliquots not thawed
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previously were used to conduct new analyses of
angiogenic factors. Of the 552 women, 41 (7.4%)
had one serum specimen available for analysis,
119 (21.6%) had two, 333 (60.3%) had three, 56
(10.1%) had four, and 3 (0.5%) had five. Since
three or fewer specimens were available for most
women, we analyzed the data largely in a cross-
sectional manner using all available specimens
within intervals of gestational age and accord-
ing to the time before the onset of preeclamp-
sia. Within these 3-to-5-week intervals, the num-
bers of women and specimens were generally
equal.

Analyses according to the severity of pre-
eclampsia were conducted within larger inter-
vals (21 through 32 or 33 through 42 weeks of
gestation). In these intervals of gestational age,
when more than one specimen existed per wom-
an, the earliest was used. After the onset of clinical
disease, specimens were available from 40 of the
72 women in whom preterm preeclampsia devel-
oped and from 32 of the 120 in whom term pre-
eclampsia developed. In paired comparisons, spec-
imens were matched within 1 week of gestational
age at the time of collection of the specimen. Al-
though specimens were obtained from 32 women
with term preeclampsia after the clinical onset of
the condition, only 16 matched controls were found
for these women.

Preeclampsia was defined as hypertension
(i.e., diastolic blood pressure of at least 90 mm Hg
on two occasions 4 to 168 hours apart) and pro-
teinuria, characterized as one of the following:
urine dipstick results of at least 1+ (30 mg per
deciliter) on two occasions 4 to 168 hours apart;
a protein:creatinine ratio of at least 0.35; urine
dipstick results of at least 2+ (100 mg per deci-
liter); or a 24-hour urine specimen containing at
least 300 mg of protein. Severe preeclampsia was
defined as the HELLP syndrome, eclampsia, or
preeclampsia with either severe hypertension (dia-
stolic blood pressure of 2110 mm Hg) or severe
proteinuria (urinary protein excretion of >3.5 g
per 24 hours or urine dipstick results of >3+
[300 mg per deciliter]). Gestational hypertension
was defined as hypertension without protein-
uria.2»?> The onset of preeclampsia or gestational
hypertension was considered to be the time of the
first elevated blood-pressure or urinary-protein
measurement leading to diagnosis. A small-for-
gestational-age infant had a birth weight below the

10th percentile according to U.S. tables of birth
weight for gestational age that take into account
race, parity, and sex of the infant.2®

Because the study used specimens that were
collected as part of the CPEP trial and could not
be linked to identifiable women, the Office of
Human Subjects Research of the National Insti-
tutes of Health granted the study an exemption
from the requirement for review and approval by
the institutional review board.

PROCEDURES
Specimens were randomly ordered for analysis,
and assays were performed by personnel who
were unaware of the outcome of the pregnancy.
Enzyme-linked immunosorbent assays (ELISAs)
for human soluble endoglin, sFlt1, and free PIGF
were conducted in duplicate with the use of com-
mercial kits (R&D Systems). These assays have
been validated by recovery studies from the se-
rum of pregnant women. Minimal detectable lev-
els in the assays for soluble endoglin, sFlt1, and
PIGF were 7 pg per milliliter, 5 pg per milliliter,
and 7 pg per milliliter, respectively, and interas-
say coefficients of variation in our laboratory were
12 percent, 13 percent, and 5 percent, respectively.
We previously reported on sFlt1 and PIGF in pre-
eclampsia®; in the present study we sought to com-
pare these proteins with soluble endoglin using
their ratio. The ratio of sFIt1:PIGF is an index of
antiangiogenic activity that reflects both increased
sFlt1 and decreased PIGF in women in whom pre-
eclampsia develops and predicts preeclampsia
more reliably than either protein alone.?28

STATISTICAL ANALYSIS
Chi-square tests were used for the comparison of
categorical variables, and t-tests were used for the
comparison of continuous variables. Although the
arithmetic mean levels of angiogenic proteins are
reported in the text and figures, statistical test-
ing was conducted after logarithmic transforma-
tion. All P values are two-tailed. The Wilcoxon
rank-sum test was also applied to comparisons
within the gestational-age and weeks-before-
preeclampsia intervals and provided P values indi-
cating similar significance. Risk was calculated
with the use of odds ratios, multivariable analyses
were performed with logistic-regression analysis,
and log-likelihood ratios were examined to assess
model fit.
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RESULTS

CHARACTERISTICS OF THE WOMEN

Severe preeclampsia occurred in 44 of 72 wom-
en with preterm preeclampsia (61.1%) and 30 of
120 women with term preeclampsia (25.0%). Con-
sistent with published literature, women with
preeclampsia or gestational hypertension had
greater body-mass index, higher blood pressure
at enrollment, were more often black, and were
less likely to smoke than normotensive women
with appropriately sized or large-for-gestational-
age infants (Table 1).2 Women who were normo-
tensive during pregnancy and delivered small-for-
gestational-age infants were smaller in stature
and more likely to smoke than were women in
the control group. Specimens from women with
small-for-gestational-age infants or preterm pre-
eclampsia had been stored slightly longer at —70°C
than had specimens from women in the control

group.

LEVELS OF SOLUBLE ENDOGLIN
We first confirmed that serum levels of soluble
endoglin were altered in women with clinical signs
of preeclampsia. Among 40 paired specimens,
mean soluble endoglin levels were elevated in
women with preterm preeclampsia as compared
with matched controls (46.4 ng per milliliter vs.
9.8 ng per milliliter, P<0.001). Findings were sim-
ilar among 16 specimens from women with term
preeclampsia and matched controls (31.0 ng per
milliliter and 13.3 ng per milliliter, respectively;
P<0.001).

To evaluate gestational patterns, we performed
a cross-sectional analysis within 4-week inter-
vals of gestational age. Levels of soluble endog-
lin among controls were stable until 33 through
36 weeks of gestation and then increased by an
average of 0.69 ng per milliliter per week until
labor or delivery (Fig. 1A). In specimens obtained
before the onset of preeclampsia from women in
whom preterm preeclampsia subsequently devel-
oped, soluble endoglin began to rise at 17 weeks
through 20 weeks of gestation, to 10.2 ng per
milliliter, compared with 5.8 ng per milliliter in
controls (P<0.001), and had a steep rise at 33
through 36 weeks. Among women in whom term
preeclampsia developed, soluble endoglin levels
increased slightly beginning at 25 weeks through
28 weeks, to 8.5 ng per milliliter, as compared
with 5.9 ng per milliliter in controls (P<0.001),

Figure 1 (facing page). Mean (+SE) Levels of Soluble
Endoglin According to Gestational Age.

The controls were women who were normotensive dur-
ing pregnancy and who delivered appropriately sized
or large-for-gestational-age infants. The P values given
are for the comparisons, after logarithmic transforma-
tion, with specimens from controls obtained during
the same gestational-age interval. Panel A shows the
mean serum soluble endoglin levels before and after
the onset of clinical preeclampsia according to the
weeks of gestation. The difference, after logarithmic
transformation, between the specimens obtained at

25 through 28 weeks from women who already had
clinical preeclampsia that began before 37 weeks of
gestation and those who later had preterm preeclamp-
sia was also significant (P=0.03). One specimen ob-
tained at 21 through 24 weeks and one at 37 through
42 weeks after the onset of preterm preeclampsia, with
values of 33.5 ng per milliliter and 14.5 ng per milliliter,
respectively, are not shown. Panel B shows the mean
serum soluble endoglin levels before and after the on-
set of gestational hypertension, according to the weeks
of gestation, among women who were normotensive
during pregnancy and who delivered small-for-gesta-
tional-age infants and among the controls. Panel C shows
longitudinal plots of the mean soluble endoglin levels
in individual women according to the weeks of gesta-
tion. A total of 20 women in whom preterm preeclamp-
sia developed and who had a serum specimen obtained
after the onset of clinical disease and 20 controls with
three or more serum specimens were randomly select-
ed. Controls were selected from among women who
had a specimen collected at the latest gestational ages.

and increased greatly beginning at 33 weeks
through 36 weeks.

Women in whom gestational hypertension
later developed had significantly higher levels of
soluble endoglin at 33 through 36 weeks than
did controls (Fig. 1B), but levels were lower than
those among women with subsequent term pre-
eclampsia both at 33 through 36 weeks (P=0.006)
and at 37 through 42 weeks (P=0.01). After the
onset of gestational hypertension, levels were
similar to those in women who had clinical signs
of term preeclampsia. Among women who were
normotensive during pregnancy and had small-
for-gestational-age infants, soluble endoglin lev-
els increased slightly beginning at 17 through 20
weeks, to 7.2 ng per milliliter, as compared with
5.8 ng per milliliter in controls (P=0.03), with a
large increase at 37 through 42 weeks, to 26.5 ng
per milliliter as compared with 12.9 ng per mil-
liliter in controls (P=0.01). Although soluble en-
doglin levels at 33 through 36 weeks in women
who were normotensive during pregnancy and
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had small-for-gestational-age infants were low-
er (P<0.001) than those in the group with term
preeclampsia, at 37 through 42 weeks there
were no significant differences between the two
groups.

Longitudinal levels of soluble endoglin in in-
dividual women increased in controls during late
gestation. The levels increased in women with
preterm preeclampsia earlier and to a greater ex-
tent (Fig. 1C).

Levels of soluble endoglin in specimens from
women in whom preterm preeclampsia later de-
veloped, as compared with matched controls,
increased with proximity to the onset of signs of
preeclampsia, beginning 9 through 11 weeks be-
fore onset (Fig. 2A). A similar pattern but with less
magnitude was observed for women with term
preeclampsia, beginning 12 through 14 weeks
before onset (Fig. 2B).

RATIOS OF sFlt1:PIGF

We performed cross-sectional analyses of the ra-
tio of sFlt1:PIGF with the use of serum from the
samples analyzed for soluble endoglin (Fig. 3A).
In controls, the sFIt1:PIGF ratio was greatest at
10 through 12 weeks of gestation, decreased un-
til 29 through 32 weeks, and then rose slowly
until term. In women in whom preeclampsia de-
veloped, the pattern was similar to that of solu-
ble endoglin levels. The sFlt1:PIGF ratio was
greater beginning at 17 weeks through 20 weeks
among women in whom preterm preeclampsia
subsequently developed and at 25 through 28
weeks among those in whom term preeclampsia
developed than in the controls.

Women with subsequent gestational hyper-
tension did not differ significantly from controls
except at 33 through 36 weeks, when ratios were
significantly greater (Fig. 3B); ratios were lower
than those among women in whom term pre-
eclampsia later developed at 33 through 36 weeks
(P=0.006) and 37 through 42 weeks (P=0.004).
Ratios after the onset of gestational hyperten-
sion were greater than those among the controls
but lower than those among women with clini-
cal onset of term preeclampsia (P=0.02). Among
women who were normotensive during preg-
nancy and who delivered small-for-gestational-
age infants, the sFlt1:PIGF ratio did not differ
significantly from that in controls and was lower
at 33 through 36 weeks (P<0.001) and at 37
through 42 weeks (P=0.01) than the ratios among

women in whom term preeclampsia later devel-
oped. As compared with matched controls, the
ratio increased beginning 9 through 11 weeks
before preterm preeclampsia (Fig. 3C), as with
soluble endoglin levels, but only 5 weeks or less
before term preeclampsia (Fig. 3D).

RELATIONSHIP OF THE SOLUBLE ENDOGLIN LEVEL
AND THE sFIt1:PIGF RATIO TO THE SEVERITY

OF PREECLAMPSIA

At 21 through 32 weeks of gestation, women in
whom severe preterm preeclampsia later devel-
oped had significantly higher soluble endoglin
levels than did women in whom mild preterm
preeclampsia developed (22.1 ng per milliliter vs.
13.5 ng per milliliter, P=0.007), but their sFlt1:
PIGF ratios were not significantly greater (28.4
vs. 24.4, P=0.10). Women who had subsequent
preterm preeclampsia and small-for-gestational-
age infants had greater abnormalities in the level
of angiogenic factors than those who subsequent-
ly had preterm preeclampsia and appropriately
sized infants (25.0 ng per milliliter vs. 15.6 ng
per milliliter for soluble endoglin, P=0.009; 47.9
vs. 17.2 for the sFIt1:PIGF ratio, P<0.001). Values
of soluble endoglin and sFIt1:PIGF ratios were
substantially lower in controls (6.1 ng per milli-
liter and 2.8, respectively) than in all the preterm-
preeclampsia subtypes described above (P<0.001
for all comparisons).

Later in pregnancy, at 33 through 42 weeks,
the levels of soluble endoglin did not differ sig-
nificantly between women in whom severe term
preeclampsia subsequently developed and those
in whom mild term preeclampsia developed
(27.9 ng per milliliter and 20.3 ng per milliliter,
respectively; P=0.06), nor did the ratios of sFlt1:
PIGF (31.4 and 26.2, respectively; P=0.06). How-
ever, these factors did differ significantly be-
tween women who subsequently had term pre-
eclampsia with small-for-gestational-age infants
and those who had term preeclampsia without
small-for-gestational-age infants (39.8 ng per mil-
liliter and 19.2 ng per milliliter for soluble endo-
glin, respectively; P<0.001; 57.4 and 22.2 for sFlt1:
PIGF, respectively; P<0.001). Soluble endoglin val-
ues and sFlt1:PIGF ratios obtained at 33 through
42 weeks were substantially lower in controls
(11.4 ng per milliliter and 9.7 ng per milliliter,
respectively) than in all the term-preeclampsia
subtypes described above (P<0.001 for all com-
parisons). Two women with preterm HELLP
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Figure 2. Mean (+SE) Levels of Soluble Endoglin According to Weeks before the Onset of Preeclampsia.

Panel A shows the mean levels of soluble endoglin according to the number of weeks before the onset of preterm
preeclampsia. Control specimens were matched within 1 week of gestational age to specimens from women who
later had preterm preeclampsia. Panel B shows the mean levels of soluble endoglin according to the number of
weeks before the onset of term preeclampsia and the mean levels in matched control specimens. The P values
given are for the comparisons, after logarithmic transformation, with specimens from controls.

syndrome had higher soluble endoglin levels and
a greater sFlt1:PIGF ratio than did controls and
women with preterm preeclampsia without the
HELLP syndrome.

EFFECTS OF SMOKING ON CIRCULATING
ANGIOGENIC PROTEINS

Since smoking is associated with a reduced risk
of preeclampsia,?®:3° we examined whether smok-

ing was associated with levels of angiogenic fac-
tors in controls. Levels of sFlt1 were lower through-
out gestation in women who reported smoking
during pregnancy or having quit smoking after
the last menstrual period but before enrollment
in the study than in women who reported that
they had never smoked or had quit before the last
menstrual period (1112 pg per milliliter vs. 1412
pg per milliliter at 10 through 20 weeks, P=0.03;
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978 pg per milliliter vs. 1543 pg per milliliter at
21 through 32 weeks, P<0.001; and 2119 pg per
milliliter vs. 2823 pg per milliliter at 33 through
42 weeks, P=0.02). As compared with women who
reported not smoking during pregnancy, those
who reported smoking had lower soluble endog-
lin levels (5.7 ng per milliliter vs. 6.8 ng per mil-
liliter, P=0.004) and higher PIGF levels (200 pg
per milliliter vs. 139 pg per milliliter, P=0.007),
but only at 10 through 20 weeks.

MULTIVARIABLE ANALYSIS OF SOLUBLE ENDOGLIN
LEVELS AND sFIt1:PIGF RATIOS AND THE RISK
OF PREECLAMPSIA
We computed adjusted odds ratios and 95% con-
fidence intervals (CIs) for preeclampsia in the
highest quartile of the distribution of control
soluble endoglin levels with respect to the lower
three quartiles after adjustment for race or ethnic
group, body-mass index, and gestational age at
specimen collection (Table 2). Substantial increas-
es in the risk of preterm and term preeclampsia
were observed only close to the onset of disease
in quartile 4 as compared with the other three
quartiles, at 21 through 32 weeks (adjusted odds
ratio, 9.4; 95% CI, 4.3 to 20.7) and at 33 through
42 weeks (adjusted odds ratio, 7.0; 95% CI, 3.4 to
14.4), respectively. Similarly, women in the high-
est quartile of the ratio of sFlt1:PIGF had a sub-
stantially increased risk of preterm preeclampsia
at 21 through 32 weeks and term preeclampsia at
33 through 42 weeks. Large increases in the risk
of preeclampsia with a small-for-gestational-age
infant at 21 through 32 weeks and at 33 through
42 weeks were associated with the highest quar-
tile of soluble endoglin or the ratio of sFlt1:PIGF.
Levels of soluble endoglin and the sFlt1:PIGF
ratios tended to track together, with correlation
coefficients among controls, among women with
subsequent preterm preeclampsia, and among
women with subsequent term preeclampsia of
0.38, 0.59, and 0.53, respectively. Nevertheless,
in multivariable models that included both log-
transformed soluble endoglin levels and log-
transformed sFIt1:PIGF ratios, as well as race or
ethnic group, body-mass index, and gestational
age at specimen collection, soluble endoglin lev-
els and the ratios of sFlt1:PIGF were each associ-
ated with preeclampsia. The adjusted odds ratio
for preterm preeclampsia in specimens obtained
at 21 through 32 weeks was 16.2 (95% CI, 3.8 to
68.9) for a one-unit increase of soluble endoglin
on the logarithmic scale adjusted for log sFlt1:

PIGF and 2.7 (95% CI, 1.4 to 5.2) for a one-unit
increase of sFlt1:PIGF on the logarithmic scale
adjusted for log soluble endoglin. Correspond-
ing values for term preeclampsia at 33 through
42 weeks were 5.4 (95% CI, 2.2 to 13.3) and 2.2
(95% CI, 1.4 to 3.5), respectively. Furthermore,
the log-likelihood test showed a significant im-
provement (P<0.001) in the fit of the multivari-
able model when both the sFlt1:PIGF ratios and
soluble endoglin levels were included, as com-
pared with either one alone.

Because experimental data indicated an inter-
action between the soluble endoglin and sFlt1
pathways,?? we performed the quartile analysis
(Table 2) using the ratio of sFlt1 plus soluble en-
doglin to PIGF as a measure of the balance be-
tween antiangiogenic and proangiogenic proteins.
Large increases in the risk of preterm preeclamp-
sia (adjusted odds ratio, 6.1; 95% CI, 2.4 to 15.4)
and the risk of preeclampsia and a small-for-
gestational-age infant (adjusted odds ratio, 8.1;
95% CI, 2.6 to 24.8) were observed at 13 through
20 weeks of gestation for women in the highest
quartile as compared with the lower three quar-
tiles. Still larger increases in the risk of these
conditions were observed at 21 through 32 weeks
(adjusted odds ratio, 16.0; 95% CI, 6.7 to 38.0; and
adjusted odds ratio, 18.5; 95% CI, 6.1 to 55.4, re-
spectively).

Finally, we examined the risk among women
with high or low (highest or lower quartiles) lev-
els of soluble endoglin, ratios of sFlt1:PIGF, or
both. We used women with low levels of soluble
endoglin and low sFIt1:PIGF ratios as the refer-
ence group and adjusted for race or ethnic group,
body-mass index, and gestational age at the time
of specimen collection. Women with high levels
of a single biomarker usually had only small el-
evations in the risk of preterm or term pre-
eclampsia in specimens obtained at 21 through
32 weeks or at 33 through 42 weeks (Fig. 4).
However, among women with high levels of both,
the risk of preeclampsia was high (adjusted odds
ratio at 21 through 32 weeks, 31.6; 95% CI, 10.7
to 93.4; and adjusted odds ratio at 33 through 42
weeks, 30.8; 95% CI, 10.8 to 87.6). Most women
in whom preterm preeclampsia developed had
high levels of both biomarkers.

DISCUSSION

Our findings are consistent with a role for solu-
ble endoglin in the pathogenesis and prediction
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Table 2. Odds Ratios for Preterm or Term Preeclampsia or Preeclampsia with a Small-for-Gestational-Age Infant According to Quartile
of Soluble Endoglin Level, sFlt1:PIGF Ratio, and the Ratio of (sFlt1 + Soluble Endoglin):PIGF.*
No. of Preeclampsia and Small-for-
Quartile Controls Preterm Preeclampsia Term Preeclampsia Gestational-Age Infants
No. of Odds Ratio No. of Odds Ratio No. of Odds Ratio
Women (95% CI) Women (95% ClI) Women (95% CI)
Soluble endoglin
13-20 Wk of gestation
Quartile 4: >7.9 ng/ml 27 23 2.2 (1.1-4.6) 25 1.1 (0.6-2.3) 13 1.7 (0.7-4.1)
Quartile 1-3: 7.9 ng/ml 83 35 1.0 73 1.0 22 1.0
21-32 Wk of gestation
Quartile 4: >7.2 ng/ml 27 43 9.4 (4.3-20.7) 45 2.6 (1.4-4.8) 25 8.7 (3.4-21.9)
Quartile 1-3: <7.2 ng/ml 78 15 1.0 59 1.0 9 1.0
33-42 Wk of gestation
Quartile 4: >13.6 ng/ml 22 5 — 62 7.0 (3.4-14.4) 14 40.7 (6.7-246.1)
Quartile 1-3: <13.6 ng/ml 67 0 — 37 1.0 2 1.0
sFlt1:PIGF ratio
13-20 Wk of gestation
Quartile 4: >16.9 28 20 2.5 (1.0-6.0) 30 1.9 (0.9-4.2) 12 2.0 (0.7-5.5)
Quartile 1-3: <16.9 82 38 1.0 68 1.0 23 1.0
21-32 Wk of gestation
Quartile 4: >3.4 27 44 12.6 (5.3-30.3) 39 1.7 (0.9-3.2) 26 9.9 (3.8-26.0)
Quartile 1-3: <3.4 78 14 1.0 65 1.0 8 1.0
33-42 Wk of gestation
Quartile 4: >11.9 22 5 — 69 12.3 (5.5-27.2) 15 73.5 (7.9-679.9)
Quiartile 1-3: <11.9 67 0 — 30 1.0 1 1.0
Ratio of (sFlt1 +soluble
endoglin):PIGF
13-20 Wk of gestation
Quartile 4: >110.7 27 28 6.1 (2.4-15.4) 33 2.4 (1.1-5.4) 19 8.1 (2.6-24.3)
Quartile 1-3: <110.7 83 30 1.0 65 1.0 16 1.0
21-32 Wk of gestation
Quartile 4: >18.6 26 48 16.0 (6.7-38.0) 52 3.1 (1.7-5.8) 29 18.5 (6.1-55.4)
Quiartile 1-3: <18.6 79 10 1.0 52 1.0 5 1.0
33-42 Wk of gestation
Quartile 4: >61.9 22 5 — 66 8.3 (4.0-17.3) 16 —
Quiartile 1-3: <61.9 67 0 — 33 1.0 0 —

* Controls were women who were normotensive during pregnancy and who delivered appropriately sized or large-for-gestational-age infants.
Odds ratios were adjusted for gestational age, race or ethnic group (non-Hispanic whites, Hispanic whites or other or unknown, or blacks),
and body-mass index. Quartiles were determined on the basis of specimens from the controls. Specimens were obtained from all women
before the onset of clinical signs of preeclampsia. For the odds ratios shown in the highest quartile (quartile 4), the reference category was

the lower three quartiles. Dashes denote situations in which odds ratios could
eclampsia were in the highest quartile.

not be computed, since all specimens from women with pre-

of preeclampsia. Serum levels of soluble endog-
lin rose during the last two months of normal
pregnancy. Levels of soluble endoglin rose earlier
and more steeply in women in whom preeclamp-
sia developed, reaching a peak at the onset of

clinical disease. Elevations in soluble endoglin
were particularly pronounced — therefore, po-
tentially most useful for prediction — among
women in whom preterm preeclampsia developed
or women in whom preeclampsia developed and
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Figure 4. Adjusted Odds Ratios for Preterm (Panel A)
or Term (Panel B) Preeclampsia According to
sFIt1:PIGF Ratios and Soluble Endoglin Levels.

Panel A shows the adjusted odds ratios and 95% Cls
for preterm preeclampsia after adjustment for race or
ethnic group (non-Hispanic white, Hispanic white or
other or unknown, or black), body-mass index, and ges-
tational age at specimen collection in serum obtained
at 21 to 32 weeks of gestation with respect to the refer-
ence group of specimens from women with low values
for soluble endoglin and low sFIt1:PIGF ratios. High
values are values for the highest quartile of the distri-
bution of control specimens. Low values are values for
the three lower quartiles. The numbers of specimens
among women with high values for both measures,
high sFIt1:PIGF ratios but low soluble endoglin values,
low sFIt1/PIGF ratios but high soluble endoglin values,
or low values for both measures were as follows: 11, 16,
16, and 62, respectively, among controls, and 39, 5, 4,
and 10, respectively, among women who later had pre-
term preeclampsia. A formal test for interaction be-
tween the sFIt1:PIGF ratios and soluble endoglin lev-
els with the use of these cutoff points was significant
(P=0.02). Panel B shows the adjusted odds ratios and
95% Cls for term preeclampsia in serum obtained at
33 to 42 weeks of gestation with respect to the refer-
ence group of specimens from women with low values
for soluble endoglin and low sFIt1:PIGF ratios. The
numbers of specimens among women with high val-
ues for both measures, high sFIt1:PIGF ratios but low
values of soluble endoglin, low sFIt1:PIGF ratios but
high values of soluble endoglin, or low values of both
measures were as follows: 9, 13, 13, and 54, respec-
tively, among controls, and 51, 18, 11, and 19, respec-
tively, among women who later had term preeclamp-
sia. A formal test for interaction between the sFltl:
PIGF ratios and soluble endoglin levels with the use of
these cutoff points was not significant (P=0.79). In
both panels, specimens were obtained from all women
before the onset of clinical signs of preeclampsia.

who had a small-for-gestational-age infant.
Women with soluble endoglin levels in the high-
est quartile of the control distribution at 21
through 32 weeks had an increased risk of pre-
term preeclampsia, women with soluble endog-
lin levels in the highest quartile of the control
distribution at 33 through 42 weeks had an in-
creased risk of term preeclampsia, and at both
intervals had an increased risk of preeclampsia
with a small-for-gestational-age infant.

The data can be interpreted to imply that solu-
ble endoglin levels and the sFIt1:PIGF ratio both
contribute to the pathogenesis of preeclampsia.
Although the gestational pattern of the soluble
endoglin level tended to parallel the trajectory of
the sFlt1:PIGF ratio, multivariate analysis indi-
cated that each was associated with preeclamp-

[ Low soluble [l High soluble
endoglin level endoglin level

35 31.6 (95% Cl,
10.7-93.4)

30
25
20
15

10

5 1.5 (95% 1, 23 (95%Cl,
1.0 0.4-5.8) 0.6-8.7)

Adjusted Odds Ratio for Preterm Preeclampsia

Low High
sFlt1:PIGF Ratio

[] Low soluble [l High soluble
endoglin level endoglin level

35 30.8 (95% Cl,
10.8-87.6)

7.4 (95% Cl,

2.6-4.3)
3.4 (95% Cl,
5 1.1-10.4)

0

Low High
sFlt1:PIGF Ratio

Adjusted Odds Ratio for Term Preeclampsia
G

sia. Indeed, a composite measure incorporating
all three molecules — the ratio of (sFlt1+soluble
endoglin):PIGF — was more strongly predictive
of preeclampsia than were individual biomark-
ers. Furthermore, analyses of soluble endoglin
levels and sFlt1:PIGF ratios with the use of cut-
off points suggested that an interaction did exist,
and formal testing for modification of effects was
significant with respect to preterm preeclamp-
sia. Elevations of soluble endoglin alone did not
seem to be sufficient for the development of the
syndrome. In women with term preeclampsia,
soluble endoglin levels were significantly higher
beginning about 3 months before hypertension
or proteinuria developed, whereas the sFlt1:PIGF
ratio rose much closer to the onset of clinical dis-
ease. The women who were normotensive during
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pregnancy and had a small-for-gestational-age in-
fant were characterized by small, early, sustained
elevations in soluble endoglin without an increase
in the sFlt1:PIGF ratio. Together these observa-
tions suggest that both elevated levels of soluble
endoglin and increased sFlt1:PIGF ratios may best
predict the onset of preeclampsia. Consistent with
renal-biopsy studies,3%:32 gestational hypertension
seemed to be a mild form of term preeclampsia,
with similar elevations of soluble endoglin but
smaller increases in the sFlt1:PIGF ratio.

Serum sFlt1 levels were lower in smokers than
in nonsmokers throughout normal pregnancy,
confirming the findings of others,**3334 and lev-
els of soluble endoglin were lower and PIGF higher
at 10 through 20 weeks. We speculate that smok-
ing may protect against preeclampsia through ef-
fects of nicotine on angiogenic proteins.?>3° More-
over, the rise in sFlt1 and soluble endoglin levels
during the last 2 months of normal pregnancy may
explain the increasing incidence of preeclampsia
with advancing gestational age.

In summary, circulating levels of soluble en-
doglin increase markedly beginning 2 to 3 months
before the onset of preeclampsia, accompanied
by increases in the sFlt1:PIGF ratio. Taken to-
gether with experimental evidence in rodents,??
these data suggest that circulating soluble endo-
glin and sFlt1, each of which causes endothelial

dysfunction by a different mechanism, may both
contribute to the syndrome of preeclampsia. Pro-
spective longitudinal studies are needed to assess
whether these biomarkers can predict the immi-

nent onset of clinical disease.
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APPENDIX

The following were members of the CPEP Study Group: University of Alabama at Birmingham — J.C. Hauth, R. Goldenberg, B.S. Stofan;
University of New Mexico at Albuquerque— L.B. Curet, G.M. Joffe, V. Dorato; University of Tennessee at Memphis — B.M. Sibai, S.A. Friedman,
B.M. Mercer, T. Carr; Case Western Reserve University at MetroHealth Medical Center, Cleveland — P.M. Catalano, A.S. Petrulis, L. Barabach; Or-
egon Health Sciences University, Portland — C. Morris, S.-L. Jacobson, K. McCracken; the Emmes Corp., Rockville, MD — J.R. Esterlitz, M.G.
Ewell, D.M. Brown; National Institute of Child Health and Human Development— R.J. Levine, R. DerSimonian, J.D. Clemens, M.A. Klebanoff,
E.G. Raymond, J.G. Rigau-Perez, H. Shifrin; National Heart, Lung, and Blood Institute— J.A. Cutler, D.E. Bild; and Data and Safety Monitoring

Board — M. Lindheimer, C. Begg, T. Chalmers, M. Druzin, R. Sokol.

REFERENCES

1. Sibai B, Dekker G, Kupferminc M. Pre-
eclampsia. Lancet 2005;365:785-99.

2. Redman CW, Sargent IL. Latest advanc-
es in understanding preeclampsia. Science
2005;308:1592-4.

3. Roberts JM, Taylor RN, Musci TJ,
Rodgers GM, Hubel CA, McLaughlin MK.
Preeclampsia: an endothelial cell disorder.
Am J Obstet Gynecol 1989;161:1200-4.

4. Fisher SJ. The placental problem: link-
ing abnormal cytotrophoblast differentia-
tion to the maternal symptoms of pre-
eclampsia. Reprod Biol Endocrinol 2004;
2:53.

5. Levine RJ, Maynard SE, Qian C, et al.
Circulating angiogenic factors and the risk

N ENGLJ MED 355,10 WWW.NEJM.ORG

of preeclampsia. N Engl J] Med 2004;350:
672-83.

6. Chaiworapongsa T, Romero R, Kim
YM, et al. Plasma soluble vascular endo-
thelial growth factor receptor-1 concen-
tration is elevated prior to the clinical di-
agnosis of pre-eclampsia. ] Matern Fetal
Neonatal Med 2005;17:3-18.

7. Hertig A, Berkane N, Lefevre G, et al.
Maternal serum sFlt1 concentration is an
early and reliable predictive marker of
preeclampsia. Clin Chem 2004;50:1702-3.
8. Maynard SE, Min JY, Merchan J, et al.
Excess placental soluble fms-like tyrosine
kinase 1 (sFlt1) may contribute to endo-
thelial dysfunction, hypertension, and pro-

teinuria in preeclampsia. J Clin Invest 2003;
111:649-58.

9. Koga K, Osuga Y, Yoshino O, et al. El-
evated serum soluble vascular endothelial
growth factor receptor 1 (sSVEGFR-1) lev-
els in women with preeclampsia. J Clin
Endocrinol Metab 2003;88:2348-51.

10. Chaiworapongsa T, Romero R, Espi-
noza J, et al. Evidence supporting a role
for blockade of the vascular endothelial
growth factor system in the pathophysiol-
ogy of preeclampsia. Am J Obstet Gynecol
2004;190:1541-7.

11. Powers RW, Roberts JM, Cooper KM,
et al. Maternal serum soluble fms-like ty-
rosine kinase 1 concentrations are not

SEPTEMBER 7, 2006

Downloaded from www.nejm.org on November 22, 2009 . For personal use only. No other uses without permission.

Copyright © 2006 Massachusetts Medical Society. All rights reserved.



SOLUBLE ENDOGLIN AND PREECLAMPSIA

increased in early pregnancy and decrease
more slowly postpartum in women who
develop preeclampsia. Am ] Obstet Gyne-
col 2005;193:185-91.

12. Taylor RN, Grimwood J, Taylor RS,
McMaster MT, Fisher SJ, North RA. Longi-
tudinal serum concentrations of placental
growth factor: evidence for abnormal pla-
cental angiogenesis in pathologic preg-
nancies. Am J Obstet Gynecol 2003;188:
177-82.

13. Tidwell SC, Ho HN, Chiu WH, Torry
RJ, Torry DS. Low maternal serum levels
of placenta growth factor as an anteced-
ent of clinical preeclampsia. Am J Obstet
Gynecol 2001;184:1267-72.

14. Chappell LC, Seed PT, Briley A, et al.
A longitudinal study of biochemical vari-
ables in women at risk of preeclampsia.
Am J Obstet Gynecol 2002;187:127-36.

15. Polliotti BM, Fry AG, Saller DN,
Mooney RA, Cox C, Miller RK. Second-
trimester maternal serum placental growth
factor and vascular endothelial growth
factor for predicting severe, early-onset
preeclampsia. Obstet Gynecol 2003;101:
1266-74.

16. Reversible posterior leukoencephalop-
athy syndrome and bevacizumab. N Engl J
Med 2006;354:980-2.

17. Hinchey J, Chaves C, Appignani B, et
al. A reversible posterior leukoencepha-
lopathy syndrome. N EnglJ Med 1996;334:
494-500.

18. Yang JC, Haworth L, Sherry RM, et al.
A randomized trial of bevacizumab, an
anti-vascular endothelial growth factor
antibody, for metastatic renal cancer.
N Engl ] Med 2003;349:427-34.

19. Bdolah Y, Sukhatme VP, Karumanchi

SA. Angiogenic imbalance in the patho-
physiology of preeclampsia: newer insights.
Semin Nephrol 2004;24:548-56.

20. Cheifetz S, Bellon T, Cales C, et al.
Endoglin is a component of the trans-
forming growth factor-beta receptor sys-
tem in human endothelial cells. J Biol
Chem 1992;267:19027-30.

21. Gougos A, St Jacques S, Greaves A, et
al. Identification of distinct epitopes of
endoglin, an RGD-containing glycopro-
tein of endothelial cells, leukemic cells,
and syncytiotrophoblasts. Int Immunol
1992;4:83-92.

22. Venkatesha S, Toporsian M, Lam C, et
al. Soluble endoglin contributes to the
pathogenesis of preeclampsia. Nat Med
2006;12:642-9.

23. Toporsian M, Gros R, Kabir MG, et al.
A role for endoglin in coupling eNOS ac-
tivity and regulating vascular tone re-
vealed in hereditary hemorrhagic telangi-
ectasia. Circ Res 2005;96:684-92.

24. Levine RJ, Hauth JC, Curet LB, et al.
Trial of calcium to prevent preeclampsia.
N Engl J Med 1997;337:69-76.

25. Levine RJ, Esterlitz JR, Raymond EG,
et al. Trial of Calcium for Preeclampsia
Prevention (CPEP): rationale, design, and
methods. Control Clin Trials 1996;17:442-
69.

26. Zhang J, Bowes WA Jr. Birth-weight-
for-gestational-age patterns by race, sex,
and parity in the United States popula-
tion. Obstet Gynecol 1995;86:200-8.

27. Levine RJ, Thadhani R, Qian C, et al.
Urinary placental growth factor and risk
of preeclampsia. JAMA 2005;293:77-85.
28. Buhimschi CS, Norwitz ER, Funai E,
et al. Urinary angiogenic factors cluster

hypertensive disorders and identify wom-
en with severe preeclampsia. Am J Obstet
Gynecol 2005;192:734-41.

29. Conde-Agudelo A, Althabe F, Belizan
JM, Kafury-Goeta AC. Cigarette smoking
during pregnancy and risk of preeclamp-
sia: a systematic review. Am J Obstet Gy-
necol 1999;181:1026-35.

30. England LJ, Levine RJ, Qian C, et al.
Smoking before pregnancy and risk of
gestational hypertension and preeclamp-
sia. Am J Obstet Gynecol 2002;186:1035-
40.

31. Strevens H, Wide-Swensson D, Han-
sen A, et al. Glomerular endotheliosis in
normal pregnancy and pre-eclampsia.
BJOG 2003;110:831-6.

32. Fisher KA, Luger A, Spargo BH, Lind-
heimer MD. Hypertension in pregnancy:
clinical-pathological correlations and re-
mote prognosis. Medicine (Baltimore) 1981;
60:267-76.

33. Belgore FM, Lip GY, Blann AD. Vascu-
lar endothelial growth factor and its re-
ceptor, Flt-1, in smokers and non-smok-
ers. Br J Biomed Sci 2000;57:207-13.

34. Schmidt-Lucke C, Belgore F, Reinhold
D, etal. Soluble vascular endothelial growth
factor, soluble VEGF receptor Flt-1 and
endothelial function in healthy smokers.
IntJ Cardiol 2005;100:207-12.

35. Heeschen C, Jang JJ, Weis M, et al.
Nicotine stimulates angiogenesis and pro-
motes tumor growth and atherosclerosis.
Nat Med 2001;7:833-9.

36. Cooke JP, Bitterman H. Nicotine and
angiogenesis: a new paradigm for tobac-
co-related diseases. Ann Med 2004;36:33-
40.

Copyright © 2006 Massachusetts Medical Society.

PERSONAL ARCHIVES IN THE JOURNAL ONLINE

Individual subscribers can store articles and searches using a feature
on the Journal’s Web site (www.nejm.org) called “Personal Archive.”
Each article and search result links to this feature. Users can create
personal folders and move articles into them for convenient retrieval later.

N ENGLJ MED 355,10 WWW.NEJM.ORG

Downloaded from www.nejm.org on November 22, 2009 . For personal use only. No other uses without permission.

SEPTEMBER 7, 2006

Copyright © 2006 Massachusetts Medical Society. All rights reserved.

1005



New England Journal of Medicine

CORRECTION

Soluble Endoglin and Other Circulating
Antiangiogenic Factors in Preeclampsia

Soluble Endoglin and Other Circulating Antiangiogenic Factors in
Preeclampsia . On page 1003, in Figure 4B, the 95% confidence in-
terval of the adjusted odds ratio for term preeclampsia among women
with a low value of soluble endoglin but a high sFIt1:PIGF ratio should
have been “2.6-21.3,” not ~2.6—4.3" as printed.
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