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ABSTRACT
Objective: We aimed to determine the differences in the pattern and magnitude of thrombin
generation between patients with preeclampsia (PE) and those with a small-for-gestational-age
(SGA) fetus.
Methods: This cross-sectional study included women in the following groups: (1) normal preg-
nancy (NP) (n¼ 49); (2) PE (n¼ 56); and (3) SGA (n¼ 28). Maternal plasma thrombin generation
(TGA) was measured, calculating: (a) lag time (LT); (b) velocity index (VI); (c) peak thrombin con-
centration (PTC); (d) time-to-peak thrombin concentration (TPTC); and (e) endogenous thrombin
potential (ETP).
Results: (1) The median TPTC, VI, and ETP differed among the groups (p¼ .001, p¼ .006,
p< .0001); 2) the median ETP was higher in the PE than in the NP (p< .0001) and SGA (p¼ .02)
groups; 3) patients with SGA had a shorter median TPTC and a higher median VI than the NP
(p¼ .002, p¼ .012) and PE (p< .0001, p¼ .006) groups.
Conclusions: (1) Patients with PE had higher in vivo thrombin generation than women with NP
and those with an SGA fetus; (2) the difference in TGA patterns between PE and SGA suggests
that the latter group had faster TGA, while patients with PE had a longer reaction, generating
more thrombin. This observation is important for the identification of a subset of patients who
might benefit from low molecular-weight heparin.
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Introduction

As opposed to the non-pregnant state, pregnancy is
associated with a prothrombotic state and increased
thrombin generation [1–5]. This is the result of (1) an
increase in the maternal plasma concentration of
fibrinogen as well as clotting factors VII–X and XII
[1,2,6–9]; (2) a decrease in the concentration of antico-
agulation proteins such as protein S [10–14] as well as

a decrease in activated protein C sensitivity [14–16];
and (3) reduced fibrinolysis [6,17–21] due to a
decrease in the activation of plasminogen activator
inhibitors I and II [22–24].

Increased thrombin generation and thrombosis are
considered to be one of the mechanisms of disease in
preeclampsia [25–29], intrauterine growth restriction
[29–33], stillbirth [34], recurrent pregnancy losses [35],
and preterm delivery [36–38]. This concept is

CONTACT Offer Erez, MD oerez@med.wayne.edu Perinatology Research Branch, NICHD/NIH/DHHS, Bethesda, MD, USA; Roberto Romero, MD,
D.Med.Sci. prbchiefstaff@med.wayne.edu Perinatology Research Branch, NICHD/NIH/DHHS, Wayne State University/Hutzel Women's Hospital, 3990
John R, Box 4, Detroit, MI 48201, USA
� 2017 US Government author

THE JOURNAL OF MATERNAL-FETAL & NEONATAL MEDICINE, 2018
VOL. 31, NO. 13, 1671–1680
https://doi.org/10.1080/14767058.2017.1323327

http://crossmark.crossref.org/dialog/?doi=10.1080/14767058.2017.1323327&domain=pdf
http://www.tandfonline.com


supported by the following observations: (1) an exces-
sive rate of thrombotic lesions in the placental villi
[39] and decidual vessels [36,39] was reported in the
placentas of patients who had any of these obstetrical
syndromes; and (2) women who developed preeclamp-
sia or delivered a small-for-gestational-age (SGA) neo-
nate had higher maternal plasma concentrations of
the thrombin-anti-thrombin (TAT) complex than
women who had a normal pregnancy [40].

Given the technical difficulties of thrombin meas-
urement in the plasma [41], its generation was previ-
ously assessed by surrogate markers such as the
prothrombin fragment 1þ 2 and TAT complex.
However, current thrombin generation assays enable
us to measure the kinetics, quantity, and potential of
thrombin generation [41]. The parameters measured
by the thrombin generation assay include the follow-
ing (Figure 1): (1) lag time (LT) – the time from the
beginning of the reaction until thrombin formation
starts; (2) peak thrombin concentration (PTC) – max-
imal concentration of thrombin; (3) PTC time (TPTC) –
the time interval until the maximal concentration of
thrombin is reached; (4) velocity index (VI) – the slope
of the kinetics of thrombin generation, which is the

ratio PTC/(TPTC-LT); and (5) endogenous thrombin
potential (ETP) – the area under the curve that repre-
sents the amount of thrombin generated (Figure 1).

During normal pregnancy, the ETP and PTC
increased significantly with gestational age [5,42]; at
term, the average peak of plasma thrombin generation
was 22% higher compared to the non-pregnant state
[43]. Both parameters correlated with maternal plasma
prothrombin concentration [5]. In contrast, the LT and
TPTC did not change significantly with gestational
age [5].

The purpose of this study was to determine
whether there are differences in the pattern and mag-
nitude of thrombin generation between patients with
preeclampsia and women with an SGA fetus without
preeclampsia.

Materials and methods

Study groups and inclusion criteria

A cross-sectional study included patients in the follow-
ing groups: (1) normal pregnancy (n¼ 49); (2) pre-
eclampsia (n¼ 56); and (3) SGA (n¼ 28). Patients with
multiple pregnancies or fetuses with congenital and/or
chromosomal anomalies were excluded.

Samples and data were retrieved from our bank of
biological samples and clinical databases. Many of
these samples have previously been employed to
study the biology of inflammation, hemostasis, angio-
genesis regulation, and growth factor concentrations
in non-pregnant women, normal pregnant women,
and those with pregnancy complications.

All participants provided written informed consent
prior to the collection of maternal blood. The
Institutional Review Boards of Wayne State University
and the National Institute of Child Health and Human
Development (NICHD) approved the collection and
utilization of samples for research purposes.

Clinical definitions

Women included in the normal pregnancy group met
the following criteria: (1) no medical, obstetrical, or
surgical complications at the time of the study; (2)
gestational age ranging from 20 to 41weeks; and (3)
delivery of a term infant, appropriate for gestational
age, without complications. Preeclampsia was defined
as the presence of hypertension (systolic blood pres-
sure �140mmHg or diastolic blood pressure
�90mmHg on at least two occasions, 4 h–1week
apart) and proteinuria (�300 milligrams in a 24 h urine
collection or dipstick measurement �2þ) [44]. An SGA
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Figure 1. Component of the thrombin generation assay. The
generation of thrombin during is measured through the
fluorometric reaction. The parameters are calculated as follows:
(1) lag time (LT) – the time interval from the beginning of the
reaction to the detection of thrombin by the fluorometric
assay; (2) estimated peak thrombin concentration (PTC) – the
highest concentration of thrombin generated in a single meas-
urement; (3) time-to-peak thrombin concentration (TPTC) – the
interval from the beginning of the reaction and the generation
of the highest thrombin concentration at a specific measure-
ment; (4) velocity index (VI) – the rate of thrombin generation
during the reaction; and (5) endogenous thrombin potential
(ETP) – the calculation of how much thrombin has been gen-
erated during the time of the reaction (60min). The figure was
reproduced from www.Diapharma.com with permission.
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neonate was defined by a birthweight <10th percent-
ile [45]. Placental histological findings were classified
according to a diagnostic schema proposed by Redline
et al. [46].

Sample collection

All blood samples were collected in a vacutainer con-
taining 0.109 M of trisodium citrate anticoagulant solu-
tion (BD; San Jose, CA). The samples were centrifuged
at 1300 g for 10min at 4 �C and stored at �70 �C until
assay.

Thrombin generation assay

The thrombin generation assay (TechnothrombinVR

TGA, DiaPharma, Columbus, OH) was performed
according to the manufacturer’s recommendations. In
brief, 10 lL of a tissue factor phospholipid (TF/PL) solu-
tion (DiaPharma, Columbus, OH) was added to 50lL
of 1mM thrombin peptide substrate Z-Gly-Gly-Arg-
AMC (DiaPharma, Columbus, OH) and calcium 15mM
CaCl2. The reaction was started by adding 40 lL of
plasma or control. The fluorophore effect of the reac-
tion was monitored continuously and measured every
minute for 60min in a BIO-TEK FLx800 microplate
fluorescence reader (DiaPharma, Columbus, OH).
Thrombin concentrations (nM) were calculated by the
conversion of the measurement of thrombin gener-
ation as expressed in relative fluorescence units
according to the reference curve prepared by purified
thrombin. Characteristic parameters [LT, VI, PTC, TPTC,

and ETP] were calculated by software adapted from
TECHNOTHROMBINVR TGA (DiaPharma, Columbus, OH).

Statistical analysis

Characteristic parameters [LT, VI, PTC, TPTC, and ETP]
did not have a normal distribution curve. Thus, the
Kruskal–Wallis test with post-hoc analysis was used for
comparisons of continuous variables. Comparison of
proportions was performed by Chi-square and Fisher’s
exact tests. The Spearman’s rho test was used to
detect a correlation between the characteristic param-
eters: (a) LT, (b) VI, (c) PTC, (d) TPTC, and (e) ETP to
gestational age at sample collection. A p value< .05
was considered statistically significant. Analysis was
performed with SPSS, version 12 (SPSS Inc., Chicago,
IL).

Results

Demographic and clinical characteristics

Patients in the preeclampsia and SGA groups had a
lower median gestational age at delivery and birth-
weight compared to women with normal pregnancies
(Table 1).

Changes in the parameters of thrombin
generation in normal pregnant women

Among women with a normal pregnancy, gestational
age at sample collection positively correlated with PTC
in the maternal plasma (r¼ .341, p¼ .017). The lag
phase positively correlated with the TPTC (r¼ .313,

Table 1. Demographic and clinical characteristics of the study population.
Normal pregnancy (n = 49) Preeclampsia (n = 56) SGA (n = 28)

Maternal age (years) 24 (21–27) 26.5 (21–31) 24 (20–26)
Graviditya

1 8 (16.7) 14 (25.0) 6 (22.2)
2–5 32 (66.7) 34 (60.7) 20 (74.1)
≥6 8 (16.7) 8 (14.3) 1 (3.7)

Parityb

1 26 (53.1) 40 (71.4) 18 (67.7)
2–5 22 (44.9) 14 (25.0) 8 (29.6)
≥6 1 (2.0) 2 (3.6) 1 (3.7)

Ethnic originc

African-American 38 (82.6) 42 (76.4) 21 (80.8)
Caucasian 5 (10.8) 9 (16.4) 5 (19.2)
Hispanic 1 (2.2) 3 (5.5) 0
Asian 2 (4.4) 1 (1.8) 0

GA at blood collection (weeks) 30.2 (23.6–32.4) 30.2 (27.7–32.6) 32.0 (29.3–33.4)
GA at delivery (weeks) 39.3 (38.6–40.4) 31.4* (28.6–33.0) 33.2* (31.0–36.0)
Neonatal birthweight (grams) 3245 (2972–3614) 1260* (820–1700) 1280* (1005–1968)

Data are presented as median (minimum, maximum) or as numbers (%).
GA: gestational age; SGA: small for gestational age.
aNormal pregnancy (n = 48); SGA (n = 27).
bSGA (n = 27).
cNormal pregnancy (n = 46); Preeclampsia (n = 55); SGA (n = 26).
*p < .05 in comparison to normal pregnancy.
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p¼ .03). Peak thrombin concentration positively corre-
lated with the slope of thrombin generation (r¼ .87,
p< .001) and the ETP (r¼ .83, p< .001) and negatively
correlated with the TPTC (r¼�.612, p< .001).

Changes in the parameters of thrombin
generation in preeclampsia and SGA

(1) The median maternal TPTC, VI, and ETP differed
among the study groups (Kruskal–Wallis, p¼ .001,
p¼ .006, and p< .0001, respectively); (2) the median
maternal plasma ETP of patients with preeclampsia
was higher than that of women who had a normal
pregnancy (preeclampsia: median 8173.1 nM, range
418.6–10054.8 vs. normal pregnancy: median
7231.0 nM, range 1537.1–8599.8, p< .0001) and
patients with SGA (median 7597.8 nM, range
28.6–9233.0, p¼ .02) (Figure 2); (3) patients who deliv-
ered an SGA neonate had a lower median TPTC than
women with a normal pregnancy (SGA: median
12.5min. range 3.8–28.8 vs. normal pregnancy: median
16.3min, range 6.3–58.8, p¼ .002), and patients with

preeclampsia (median 15.9min, range 8.8–58.8,
p< .0001) (Figure 3); and (4) patients with SGA had a
higher median VI than women with normal pregnan-
cies (SGA: median 146.4 nM/min, range 0.1–679.4 vs.
normal pregnancy: 92.4 nM/min, range 1.0–587.3,
p¼ .012) and patients with preeclampsia (median
85.2 nM/min, range 0.6–315.9, p¼ .006) (Figure 4).
Among patients with preeclampsia, the presence of an
SGA neonate was not associated with a significant dif-
ference in the parameters of thrombin generation.

Discussion

Principal findings

(1) Patients with preeclampsia had higher in vivo
thrombin generation than patients with normal preg-
nancies and those with an SGA fetus; (2) the difference
in the pattern of thrombin generation between
patients with preeclampsia had and those with SGA
suggests that the latter group had faster thrombin

Normal pregnancy Preeclampsia SGA
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Figure 2. The differences in endogenous thrombin potential among the study groups. Normal pregnancy: median 7231.0 nM,
range 1537.1–8599.8; preeclampsia: median 8173.1 nM, range 418.6–10054.8; SGA: median 7597.8 nM, range 28.6–9233.0, p¼ 0.0.
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generation, while patients with preeclampsia had a
longer reaction, which generates more thrombin.

Measurement of thrombin generation

The activation of the extrinsic pathway of coagulation
through the TF–FVIIa complex is essential for thrombin
generation [47,48]. This process has three steps: initi-
ation, propagation, and termination [49–54]. In the ini-
tiation phase, TF and FVIIa form a complex that
generates small amounts of FXa and FIXa [51,54].
Factor Xa, assisted by phospholipids on the membrane
surface of endothelial cells, generates a small amount
of thrombin [51,54]. The latter activates platelets as
well as FV and FVIII that, together with FX, form the
prothrombinase complex [51,54]. At this stage of the
cascade, there is a switch between the extrinsic and
intrinsic pathways of coagulation, and the latter
becomes the main source of thrombin generation.
This switch is accomplished through the inhibition of

the extrinsic pathway by tissue factor pathway inhibi-
tor (TFPI) and the activation of FX, the catalytic activity
of the FVIIIa–FIXa complex [50,54,55]. This process
leads to the propagation phase in which more than
96% of thrombin is generated [51].

Given the technical difficulties of thrombin meas-
urement in plasma [41], its generation was previously
assessed by surrogate markers such as the prothrom-
bin fragment 1þ 2 and TAT complex, the indicators
for ongoing thrombin generation in the plasma.
However, the recent development of the thrombin
generation assay now enables us to measure the kin-
etics, quantity, and potential of thrombin generation.

Thrombin generation in normal pregnancy

The changes in the coagulation system during preg-
nancy are adaptive mechanisms that can prevent hem-
orrhage at the time of delivery [56–60]. Indeed, normal
pregnancy is associated with a substantial increase in

Figure 3. The differences in the time interval from the beginning of the reaction to the peak of thrombin generation among the
study groups. Normal pregnancy: median 16.3min, range 6.3–58.8; preeclampsia: median 15.9min, range 8.8–58.8; SGA: median
12.5min. range 3.8–28.8.

THE JOURNAL OF MATERNAL-FETAL & NEONATAL MEDICINE 1675



TF concentrations in the decidua and myometrium
[61–64]. Similarly, high TF concentrations have been
detected in the fetal membranes (mainly the amnion)
and amniotic fluid [59,65–67]. In addition to the
changes in TF, normal pregnancy is associated with
excessive thrombin generation [4,48,56], as determined
by increased maternal concentrations of fibrinopeptide
A, prothrombin fragment 1 þ 2, and the TAT complex
[59,68–70]. The concentration of these complexes
increases further during and after normal labor [71]
and delivery [69,71] and decreases later during puer-
perium [69,71].

Our finding of a positive correlation between the
PTC and gestational age at sample collection is in
agreement with previous studies [5,48]. The authors
reported that the PTC was higher during the third
compared to the first trimester. However, they found
no significant differences in the PTC between the first
and second trimesters as well as between the second
and third trimesters [5].

In our study, the ETP did not correlate with gesta-
tional age at sample collection. Similarly, Rosenkranz
et al. [5] reported a significantly higher ETP in the
second and third trimesters when compared to the
first, but no significant difference between the second
and third trimesters.

Thrombin generation in complicated pregnancies

Patients with preeclampsia, an SGA neonate [40], or a
fetal demise [37], as well those with preterm labor and
intact membranes [4,72,73] or preterm PROM [4], had
higher continuous thrombin generation than women
with normal pregnancies, reflected by the higher
maternal plasma TAT complex concentration. However,
the plasma profiles of coagulation factors and anti-
coagulation proteins differ among these pregnancy
complications. Evidence in support of this view
includes the following: (1) patients with preeclampsia
have higher maternal plasma TF [3,74], fibrinogen [75],

Figure 4. The differences in the velocity index among the study groups. Normal pregnancy: 92.4 nM/min, range 1.0–587.3; pree-
clampsia: median 85.2 nM/min, range 0.6–315.9; SGA: median 146.4 nM/min, range 0.1–679.4.
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thrombomodulin [76] and TFPI [74,77] concentrations
as well as factor VIII activity [75] and lower protein Z
[78] plasma concentrations, than women with normal
pregnancy; (2) patients with preterm PROM have
higher tissue factor concentrations and lower TFPI con-
centrations than the controls [79]; (3) patients with
preterm labor with intact membranes have lower anti-
coagulation proteins, e.g., TFPI [80], as well as protein
Z [81] concentrations, and higher TF activity [80] than
women with normal pregnancy; (4) women who deliv-
ered an SGA fetus have a lower TF plasma concentra-
tion [74], and, yet, no significant differences in median
maternal plasma TFPI [74] and protein Z [78] concen-
trations compared to women with normal pregnancy;
and (5) patients with a fetal demise have low TFPI con-
centrations, but no significant changes in maternal
plasma TF [37] and protein Z concentrations [78].
Thus, the increased ongoing thrombin generation
observed in all these obstetrical syndromes resulted
from an alteration in the balance between coagulation
factors and their inhibitors. Interestingly, these profiles
varied among the different syndromes.

The differences between thrombin generation
patterns in patients with preeclampsia and
those who delivered an SGA neonate

The findings that patients with preeclampsia have a
significantly higher ETP than that of women with nor-
mal pregnancy and those who delivered an SGA neo-
nate and that women with an SGA neonate had a
higher VI and a shorter time interval to peak thrombin
concentration than women with normal pregnancy
and those with preeclampsia are novel.

Our finding that patients with preeclampsia have
higher ETP than women with normal pregnancy is in
agreement with a recent report [82]. Possible explana-
tions for these observation are (1) the activation of
maternal coagulation due to the release of placental:
indeed, Gardiner et al. [83] extracted syncytiotropho-
blast macrovesicles (STBM) from the placentas of
patients with preeclampsia as well as those with nor-
mal pregnancy, and demonstrated that STBM obtained
from those with preeclampsia exhibit increased tissue
factor activity, resulting in higher thrombin generation
kinetics compared to women with normal pregnancy;
and (2) women who had preeclampsia have an a priori
increased thrombin generation, even in the non-
pregnant state. Indeed, among primiparous women at
6 months post-delivery, those who had preeclampsia
had higher thrombin generation and parameters of
thrombin generation kinetics than those who with nor-
mal pregnancy [84]. Collectively, this suggests that

women with preeclampsia may have a tendency
toward higher thrombin generation that, at least in a
subset of patients, persists even in the non-pregnant
state. These women may benefit from prophylactic
administration of low molecular-weight heparin in sub-
sequent pregnancies for secondary prevention of pre-
eclampsia [85].

The differences in the kinetics of thrombin gener-
ation between patients with preeclampsia and those
who deliver an SGA neonate suggest that the former
have a longer phase of thrombin generation, which
can eventually generate more thrombin. However,
women who deliver an SGA fetus have a faster reac-
tion leading to a shorter VI and TPTC, yet they do not
generate more thrombin than women with normal
pregnancy. A possible explanation for the differences
in the magnitude and pattern of thrombin generation
in patients with preeclampsia and those who deliver
an SGA neonate is that the activity/concentration of
the anti-coagulation proteins in comparison to the
coagulation factors may be lower in those with pre-
eclampsia [74], resulting in increased thrombin
generation.

Conclusion

(1) Patients with preeclampsia have higher in vivo
thrombin generation than patients with normal preg-
nancy and those who deliver an SGA fetus; (2) the dif-
ference in the pattern of thrombin generation
between patients with preeclampsia and those with
SGA suggests that the latter group has faster thrombin
generation, while patients with preeclampsia had a
longer reaction, which generates more thrombin. This
could be due to the lower activity of natural anti-
coagulant factors which has been reported in pre-
eclampsia. This observation is important because the
identification of those with lower activity of the antico-
agulation proteins may help us to distinguish patients
who can benefit from the administration of low
molecular weight heparin.
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