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Abstract
Objective—Soluble fms-like tyrosine kinase 1 (sFlt1) is an antiangiogenic protein that is
associated with a number of disorders of placental angiogenesis. It has been hypothesized that
disruption of placental angiogenesis may contribute to the pathophysiology of preterm delivery
(PTD). However, the relationship of PTD risk to variation in sFlt1 levels is not well known. We
investigate the relationship between longitudinal variation in maternal serum concentrations of
sFlt1 and risk of PTD.

Methods—Data were collected in a longitudinal cohort study involving 278 pregnant women.
Maternal serum sFlt1 concentrations were measured at 6–10, 10–14, 16–20, 22–26, and 32–36
weeks gestation. Data analyses used longitudinal regression models using repeated measures that
allow robust inferences from our modest sample size. The outcome was birth prior to 37 weeks
gestation.

Results—sFlt1 concentrations were higher in first trimester for preterm compared to term
deliveries. This relationship reversed in second trimester because sFlt1 concentrations increased
more rapidly across gestation for term deliveries. In Cox proportional hazards analyses, a 2 ng
higher sFlt1 concentration across gestation was associated with a hazard ratio of 1.3 (95% CI: 1.1,
1.5) for PTD suggesting the importance of levels in early pregnancy.

Conclusion—Elevated maternal serum sFlt1 concentration during pregnancy is associated with
increased risk of PTD.
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INTRODUCTION
Preterm delivery (PTD) contributes to 28 percent of neonatal deaths worldwide and remains
a major global health challenge1. Despite advances in our understanding of gestational
biology, the proportion of infants born preterm has continued to rise over the last two
decades even in developed countries such as the United States2. Our failure to reduce the
incidence of PTD stems, in part, from limited knowledge about the basic pathophysiological
mechanisms that lead to alterations in the length of gestation.

The placental vascular system plays a vital role in normal gestation, and its contribution to
risk of PTD remains understudied3. Disruption of important angiogenic and vasculogenic
processes underlying placentation contributes to the pathophysiology of many adverse
perinatal outcomes4–6. Accordingly, spontaneous preterm delivery is associated with
histopathological evidence of disordered placentation7–12. Placentas from pregnancies
complicated by PTD are found to have a greater degree of failure of physiologic
transformation of the spiral arteries in the myometria and decidua of the placental bed than
normal pregnant women at term. These abnormalities may compromise placental blood flow
and nutrient delivery to the developing fetus. Accordingly, recent data suggests that
pregnancies with either a higher uterine or umbilical artery resistance are more likely to be
affected by PTD13.

Growing evidence suggests that disordered placentation involved in adverse perinatal
outcomes may be associated with dysregulation of factors involved in angiogenesis14,15.
Soluble fms-like tyrosine kinase 1 (sFlt1) is a splice variant consisting only of the six
extracellular ligand-binding domains of the vascular endothelial growth factor (VEGF)
receptor Flt1. sFlt1, secreted primarily by syncytiotrophoblasts into the maternal
circulation15, is an antiangiogenic protein that antagonizes the effects of the proangiogenic
proteins placental growth factor (PLGF) and VEGF. It has been strongly associated with
disorders of placentation15.

There has been a single cross-sectional study estimating the relationship between maternal
serum levels of sFlt1 in late first trimester with the risk of subsequent adverse outcome16.
However, no prior studies have documented the relationship between variation in time-
dependent measures of factors involved in placental angiogenesis and the risk of PTD. The
goal of this analysis was to investigate the influence of longitudinal variation in maternal
serum concentrations of sFlt1 measured at five time points beginning in early first trimester
(6–10 weeks gestation) on variation in the risk of PTD.

METHODS
Data Collection and Study Variables

Data were collected as part of a prospective pilot study of pregnant women who presented
for prenatal care in early first trimester to the University of Michigan Health System. The
Institutional Review Board of the University of Michigan Medical School approved the
study protocols. All women who were 18 to 45 years of age, between 6–10 weeks gestation
with a singleton pregnancy, and intended to deliver at the study hospital were eligible for the
study. Participants were seen at five study visits at 6–10, 10–14, 16–20, 22–26, and 32–36
weeks gestation. Informed consent was obtained at the initial visit. Subjects with major
structural fetal abnormalities or prenatally diagnosed aneuploidy were excluded from the
analysis.

Data were analyzed for a cohort of 278 subjects who delivered a live infant and were
measured for all relevant variables during the first two years of the study. Maternal data
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were obtained at each visit from an interview, questionnaire, and a maternal blood draw, as
well as by review of medical records. Infant data, including date of delivery, type of
delivery, birth weight, and sex, were collected at delivery and abstracted from the medical
record. Gestational age (GA) was estimated from ultrasound measures between 6–10 weeks
gestation. Less than 3% of data were missing for any variable. Pregnancy induced
hypertension was classified according to the criteria of Davey and MacGillivray, endorsed
by the International Society for the Study of Hypertension in Pregnancy 17.

At each visit, maternal blood samples were collected in a serum separator tube and allowed
to clot for 30 minutes before centrifugation for 15 minutes at 1000 × g. The serum samples
were aliquoted and stored at −86° C until analysis. Serum concentration of maternal sFlt1
and PLGF were determined using solid-phase enzyme-linked immunosorbent assay (ELISA)
conducted in duplicate using commercially available kits (R&D Systems, Inc., Minneapolis,
MN). Personnel who were blinded to all patient identifiers and pregnancy outcomes
performed assays.

Statistical Analysis
All statistical analyses were performed using SAS version 9.1 (SAS Institute, Cary, NC).
Descriptive analyses were conducted to ascertain demographic characteristics of the study
population and to document variations in sFlt1 and PlGF levels across pregnancy. The PlGF
concentrations were transformed to the logarithm of concentration (log(PlGF)) due to the
skewed PlGF distributions across pregnancy. The chi-square test was used to assess
statistical significance of categorical variables, while the Student’s t-test was used for
continuous variables. A p-value of less than 0.05 was considered statistically significant. For
all analyses, preterm delivery (PTD) was defined as gestation lasting less than 37 completed
weeks.

Two complementary longitudinal data methods were used to analyze our data. First, we used
SAS PROC MIXED to implement a mixed linear regression model to analyze the time
dependence of the repeated measures of maternal serum sFlt1 and PLGF levels measured
across pregnancy for term and preterm deliveries. These models account for the correlations
between repeated measures of each factor over gestation. A significant advantage of these
models is that they use all available data in the analysis and do not exclude participants with
missing data in discrete intervals. In addition, the repeated measures design used here
decreases between person variation resulting in increased statistical power when compared
to other study designs18. As a result, robust inferences could be made with a modest sample
size.

Second, the Cox proportional hazards regression model was implemented in SAS PROC
PHREG. Hazard ratios (HR) and 95% confidence intervals (CI) were generated to estimate
the risk of PTD in relation to concentrations of angiogenic factors (sFlt1 and PlGF) over
pregnancy. In this model, the outcome event for our study was birth prior to 37 completed
weeks gestation. Time zero was the date of conception (2 weeks post-LMP) calculated using
the first trimester ultrasound and birth events were censored at 37 weeks (258 days) post-
LMP using gestational age in days as the time scale. By definition, women are not at risk of
PTD after 37 weeks post-LMP. Thus, the Cox model evaluates the hazard of a PTD. Ties
were handled using the method of Efron. In each analysis, the predictor variable (maternal
serum concentration of each angiogenic factor) was modeled as a time-dependent covariate
in the Cox regression. The time dependence of the sFlt1 and PLGF concentrations was
described by a step-function starting at the time of conception with a value of 0 ng/mL. The
concentration takes the value of the measurement at each visit and extends from the
midpoint between the prior visit (or conception for the first visit) and the current visit to the
midpoint between the current visit and the following visit (or to delivery for the last
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measure). Mode of delivery was defined as a spontaneous or indicated, where the latter
includes medically indicated cesarean deliveries. Mode of delivery was incorporated into the
Cox regression model using stratification. A stratified analysis was performed to ensure that
mode of delivery was accounted for in our results. Common etiological factors, including
placental vascular dysfunction likely contribute to indicated and spontaneous PTD though
with different proportional hazards. The stratified analysis was meant to account for the
possibility that the shape of the hazard function for PTD may not be identical between these
two strata. Inspection of the Schoenfeld residuals did not demonstrate any consistent
deviations to invalidate the proportional hazard assumption.

RESULTS
Table 1 presents the sociodemographic and health characteristics of study participants and
their newborn infants included in our analysis. Characteristics are stratified on preterm status
at delivery. Of the 278 participants, nineteen women delivered preterm for an overall PTD
rate of about 7%, with a gestational age range from 25 to 36 5/7 weeks. Nearly all of our
preterm cases occurred after 32 weeks gestation (84%, 16 of 19). Our sample was very
homogeneous with regard to measures of socioeconomic status and race. Approximately
81% of our participants were White, 6% were African-American, and 95% were of non-
Hispanic in origin. Approximately 86% of our sample was married at the time of enrollment
and 44% of the study participants had a post-graduate education. Nearly half of our sample
reported a total household income of $80,000 or greater. About 65% of our sample was
multiparous and few participants smoked during pregnancy (8%). As expected for this
homogeneous sample with little variation in sociodemographic risk factors, ethnicity,
maternal age, parity, marital status, education, income, pre-pregnancy BMI, chronic illness,
and smoking did not significantly predict risk of PTD. Of note, there were only three cases
of pregnancy induced hypertension as defined by Davey and MacGillivray divided between
term and preterm deliveries17. As such, our findings are very unlikely to result simply from
pregnancy-induced hypertension and separate subgroup analyses support this conclusion.
Similarly, there was a low prevalence of other chronic and pregnancy-related conditions.

Figure 1 contains a plot of the mixed linear regression of gestational age on sFlt1
concentrations for term and preterm deliveries. We found that concentrations of sFlt1 were
higher at early visits for mothers who delivered preterm compared to term. However, sFlt1
concentrations did not significantly change across gestation for PTD. The mixed linear
regression coefficient for preterm deliveries was 0.0002 (95% CI:−0.01, 0.01). In contrast,
concentrations of sFlt1 significantly increased during pregnancy for mothers who delivered
term infants (β=0.004; 95% CI: 0.003, 0.006). As a result, the difference in sFlt1
concentrations for the two groups decreases as gestation approaches about 180 days at which
point the trajectories cross and sFlt1 becomes higher for mothers who delivered term.

We found that the logarithm of the PlGF concentration significantly increased across
gestation for both mothers who delivered preterm (β=0.029; 95% CI: 0.025, 0.033) and term
(β=0.022; 95% CI: 0.021, 0.023). In contrast, to our results for sFlt1, there was no
statistically significant difference in the trajectory of log(PlGF) between preterm and term
deliveries. Similarly, there was no statistically significant difference in the sFlt1/PlGF ratio
across gestation for both mothers who delivered preterm and term.

A proportional hazard regression analysis was used to model the longitudinal influence of
sFlt1 concentration on the hazard of PTD. Of the 19 preterm deliveries in our cohort, 9 were
born by an indicated delivery (47%). The reasons for the indicated PTD were varied with no
particular patterns evident. Indications included suspected infection, fibroids, bleeding,
IUGR, failure to progress following preterm labor or PPROM, and maternal obesity. Among
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the term deliveries, 75 of the 184 deliveries were indicated (29%). Although this difference
was not statistically significant (p=0.12) mode of delivery (spontaneous or medically
indicated) was incorporated into a stratified Cox regression. Although these categories are
likely to share common etiological factors, including placental vascular dysfunction, that
contribute to risk of PTD, this model accounts for the possibility that the proportionality of
the hazard for PTD may not be identical between these two strata. In this model, the
assumption is that we are fitting separate models for each mode of delivery under the
constraint that the coefficients are equal but the baseline hazard functions are not equal.
Using this model, we found that a 2 ng higher sFlt1 concentration across gestation was
significantly (p = 0.004) associated with a 1.3 (95% CI: 1.1, 1.5) hazard ratio for PTD.
Similar results were found when the strata variable (mode of delivery) was excluded
(HR=1.2, 95%CI: 1.1, 1.4), suggesting that our results were robust.

In contrast to our results for sFlt1, the proportional hazard regression analysis modeling the
longitudinal influence of log(PlGF) concentration on the hazard of PTD did not show any
significant effect (HR=0.83, 95% CI: 0.36, 1.91). We then investigated the predictive ability
of the sFlt1/PlGF ratio for PTD. The proportional hazard regression analysis showed a
significant but small increase in the hazard for PTD (HR=1.013; 95% CI: 1.003, 1.023)
associated with increases in sFlt1/PlGF.

DISCUSSION
We used complementary longitudinal methods to investigate the effect of longitudinal
variation in maternal serum sFlt1 concentration on risk of PTD in a population-based
prospective cohort of women with a low prevalence of sociodemographic risk factors. Our
study design allowed us to document the relationship between the trajectory of sFlt1
concentration across pregnancy and PTD status with a modest sample size starting very
early in first trimester. We found that maternal serum concentrations of sFlt1 were higher in
early pregnancy for mothers who delivered preterm, but increased significantly more rapidly
across gestation for mothers who delivered term (Figure 1). We were then able to assess the
contribution of longitudinal variation in sFlt1 levels to the risk of PTD. We found that
pregnancies with a higher sFlt1 concentration were more likely to be affected by PTD.

Our findings suggest the timing and pattern of changes in maternal sFlt1 may be important
in predicting PTD such that elevated levels in early in pregnancy may be an important
predictor of PTD. The observed trajectories of maternal sFlt1 may explain an apparently
contradictory prior report showing a small decrease in PTD risk associated with higher
levels of sFlt1 measured between 10 and 14 weeks gestation16. Variation in the crossover
point of the regression lines in different population samples may have resulted in the
appearance of a protective effect of sFlt1 later in gestation.

By studying a low-risk population, many confounding factors, both measured and
unmeasured, are potentially accounted for by our sampling. As expected, none of the
maternal sociodemographic covariates were significant risk factors for PTD in our sample,
most likely because of their low prevalence. Moreover, of particular importance to our
analysis, there were only three cases of pregnancy-induced hypertension in this low-risk
population, so that our findings are not simply the result of pregnancy-induced hypertension
in PTD. Similarly, there was a low prevalence of other chronic and pregnancy-related
conditions. The identification and recruitment of study participants early in pregnancy
inherently limits study participation to a group of women who present early for prenatal care
and are able to attend multiple study visits. Women without prenatal care or with late,
interrupted, or sporadic care are less likely to have been included.
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Because of its design, our study included a modest sample size with only nineteen cases of
PTD. However, we collected multiple measures of our covariates, Our longitudinal models
using these repeated measures had substantially more statistical power compared to
comparable studies measuring sFlt1 at a single time point with a similar sample size18. As a
result, robust inferences could be made even with a modest sample size. In future studies,
the relative contribution of variation in sFlt1 concentration to variation in risk of PTD in
other populations and the contribution of modifying factors can be determined in larger
sample sets.

Our results support a biological relationship between PTD, placental vascular dysfunction,
and disordered placentation. Placental angiogenesis is influenced by the balance between a
number of anti-angiogenic factors and a number of proangiogenic factors. Dysregulation of
factors in the vascular endothelial growth factor (VEGF) family plays a particularly
important role in the pathophysiology of disordered placentation. These potent angiogenic
factors, including placental growth factors, are abundantly expressed by placental tissues15.
The biological functions of the VEGFs are mediated by a family of cognate protein tyrosine
kinase receptors, including Flt1 and Flk115. The soluble receptor, sFlt1, is an antiangiogenic
factor that is capable of sequestering circulating ligand or dimerizing with full-length
receptor and preventing signal transduction. Abnormal placentation involving other perinatal
outcomes is associated with increased placental production of the soluble antiangiogenic
factors such as sFlt115.

Our study is among the first to suggest that elevated maternal serum sFlt1 concentration
during pregnancy is associated with increased risk of PTD. In contrast, concentrations of
PlGF were not associated with risk of PTD. The latter finding is consistent with prior reports
and in contrast to findings for the hypertensive disorders of pregnancy16,19. The interplay
among these factors will have to be considered more fully in larger studies to appreciate the
role of this system in the etiology of PTD.

Markers such as maternal serum sFlt1 concentration suggest a role for abnormal
placentation in the pathogenesis of PTD. A variety of clinical conditions including acute
infection, chronic infection, abnormal inflammatory responses, altered homocysteine
metabolism, dyslipidemia, and insulin resistance, can influence placental vascular
development. Thus, abnormal placentation may mediate the effects of a range of
environmental, genetic, and physiological factors on the risk of PTD. That is to say,
abnormal placental vascular development may represent a final common pathway for a
number of pathologic processes that are associated with PTD 5. As a potential etiologic
mechanism, placental vascular dysfunction may offer novel preventative and therapeutic
possibilities for PTD in the future.
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FIGURE 1.
The gestational age dependence of the maternal serum sFlt1 concentration (ng/mL).
Regression lines calculated using mixed linear models are shown for term (solid line) and
preterm (dashed line) deliveries.
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