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Thrombin Generation in Obstetric Haemorrhage 
by Julia FREYER MARTINS PEREIRA 

 

The haemostatic system undergoes significant changes during pregnancy, particularly 

at term, leading to alterations in coagulation factors and anticoagulants. These 

changes result in an increase in procoagulant factors, such as, fibrinogen, factor VIII, 

and von Willebrand factor, along with reduced levels of anticoagulants like protein S. 

Consequently, a procoagulable state is established.  

Postpartum haemorrhage (PPH) is the leading cause of maternal mortality worldwide 

and may be caused or exacerbated by haemostatic impairment. Current research 

efforts have primarily focussed on examining coagulation factors and traditional 

laboratory investigations to monitor PPH and guide replacement of coagulation factors 

with fresh frozen plasma (FFP). Thrombin generation can be used to measure the 

integrated effects of procoagulant factors and so give an overview of haemostatic 

competence. There has been limited research into changes in thrombin generation 

during PPH and its potential to identify women who might benefit from FFP infusion. 

This thesis investigated thrombin generation in obstetric patients experiencing PPH 

and compared the results with non-bleeding pregnant women and non-pregnant 

participants. The main findings are that thrombin generation confirmed the 

prothrombotic state at term and remained raised or normal during almost all cases of 

PPH. This suggests that FFP would not improve haemostasis in most cases of PPH. 

By examining thrombin generation, a more comprehensive understanding of the 

haemostatic alterations in PPH can be obtained with the aim to improve individualised 

treatment. 
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Chapter 1 

1 Introduction 
1.1 Pregnancy 
 

Normal pregnancy induces significant physiological changes resulting from hormonal, 

metabolic, and mechanical factors [1]. These adaptations are necessary to meet 

metabolic demands of the growing foetus and prepare the female body for pregnancy 

and birth. Respiratory adaptations, e.g., increased minute ventilation through higher 

respiratory rate and tidal volume, aid oxygen delivery, while cardiac output rises to 

support enhanced uterine blood flow [2]. Haematological changes involve an increase 

in both red blood cell and plasma volume [2] and haemostatic changes will be the 

focus of this thesis. 

 

1.2 Haemostasis 

1.2.1 Introduction 

 

Haemostasis is a multifaceted, dynamic, and self-regulating process designed to stop 

bleeding at the site of vascular injury. It derives from the Greek words haeme meaning 

blood and stasis meaning causing to stop [3].  

 

In a healthy individual, haemostasis maintains a delicate equilibrium between 

coagulation, anticoagulation, and fibrinolysis [4]. Traditionally, it is described as being 

comprised of primary and secondary haemostasis, with primary haemostasis involving 

the formation of a platelet plug through platelet adhesion and aggregation and 

secondary haemostasis resulting in fibrin formation, which stabilises the platelet plug 

[5]. Historically, it was divided into intrinsic and extrinsic pathways that converge into 

a common pathway. However, since this disregards the link between primary and 

secondary haemostasis, it fails to accurately describe coagulation in vivo by 

overemphasizing the extrinsic pathway [6] [7] [8] [9]. 
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The cell-based model (see Figure 1) provides a more comprehensive explanation of 

haemostasis, describing four interconnected steps: initiation, amplification, 

propagation, and termination [10]. The ultimate goal of haemostasis is to generate 

thrombin, a serine protease, that converts fibrinogen to fibrin, leading to clot formation 

[11]. Thrombin generation, however, is not linear throughout. Initiation takes place 

when blood and freely circulating factor VII is exposed to tissue factor (a 

transmembrane protein) bearing cells, such as fibroblasts and smooth muscle cells, 

which are localised outside the vasculature [12]. Factor VII binds to TF initiating a 

positive feedback loop, activating additional FVII and producing more TF-FVIIa 

complexes. These complexes activate small amounts of FX and FIX. FXa can 

subsequently activate factor V and, as a prothrombinase complex (FXa/FVa), activate 

factor II to generate a small amount of factor IIa (thrombin) (3-5% of total thrombin) 

[12] [13] [14].  

 

 
Figure 1. Cell-based model of haemostasis. 
Inspired by Monroe & Hoffmann and Metze et al. [15] [16]. FII (factor II, prothrombin), FIIa 
(activated factor II, thrombin), AT III (antithrombin III), FVa (activated factor V), FVIIa (activated 
factor VII), FVIIIa (activated factor VIII), FIXa (activated factor FIX), FXa (activated factor FX), 
FXIa (activated factor FXI), TF (tissue factor), TFPI (tissue factor pathway inhibitor), TM 
(thrombomodulin), vWF (von-Willebrand factor). 
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During the second phase, amplification, the small amount of thrombin of the initiation 

phase acts as a potent platelet activator. It diffuses away from the TF bearing cell and 

activates platelets causing a shape change, activation of glycoprotein IIbIIIa 

(GPIIb/IIIa) and rapid externalisation of phosphatidylserine in the membrane [12] [13]. 

The externalised phosphatidylserine supports further coagulation reactions on the 

platelet surface. Furthermore, thrombin leads to the activation of the cofactors FVIII 

and FV to FVIIIa and FVa. Thrombin also activates FXI, which then cleaves FIX to 

FIXa. FVIIIa combines with factor IXa to form the intrinsic tenase complex, which 

rapidly converts FX to its active form FXa. FXa in turn combines with FVa to lead to 

accelerated formation of more prothrombinase complexes [12] [13].  

 

During the propagation phase, the prothrombinase complex activity is exponentially 

enhanced by the tenase complex, ultimately resulting in a burst of rapid thrombin 

generation. Thrombin cleaves fibrinopeptide A and B from fibrinogen (factor I) to form 

fibrin. Once enough fibrin is produced, it polymerises to form an insoluble fibrin matrix 

which stabilises the platelet plug and forms the clot [13]. However, thrombin does not 

only contribute to producing fibrin but also promotes the stabilization of the platelet 

plug within a fibrin meshwork by activating FXIII, which forms cross-linked fibrin [13]. 

 

During the termination phase, to control coagulation and prevent thrombotic occlusion 

of intact blood vessels, natural anticoagulants (including tissue factor pathway 

inhibitor, protein C, protein S, antithrombin III, heparan sulfate proteoglycans, 

adenosine diphosphatase activity) are mobilized, along with the activation of the 

fibrinolytic process [13]. 

 

The cell-based model assigns importance to FXIa as a potent enhancer on the platelet 

surface. The primary function of FXIa is to augment the quantity of FIXa on the surface 

of platelets. This increased presence of FIXa promotes the production of FXa on the 

platelet surface, resulting in an amplified generation of thrombin. Therefore, while FXI 

itself is not indispensable for thrombin generation on the platelet surface, it acts as an 

auxiliary mechanism, enhancing the process [15]. 
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Abnormalities of any haemostatic step can lead to imbalances and thus coagulopathy, 

which is broadly defined as any single or multiple coagulation factor or platelet 

deficiency or dysfunction [4] [17]. It is not known whether coagulopathies associated 

with trauma differ from those associated with postpartum haemorrhage (PPH). 

Extensive research has been conducted into trauma-induced coagulopathy, aiming to 

explain the underlying haematological abnormalities. Two hypotheses have emerged: 

the disseminated intravascular coagulation (DIC) -fibrinolysis hypothesis, and the 

activated protein C hypothesis [4]. The DIC-fibrinolysis hypothesis suggests that 

bleeding is due to hypoperfusion, shock, and endothelial injury that leads to "increased 

thrombin-generating potential, lower antithrombin levels, consumption of clotting 

factors, decreased fibrinogen, increased levels of fibrinogen degradation products 

(FDP), and a higher FDP/D-dimer ratio" [4]. While the activated protein C hypothesis 

agrees that bleeding is secondary to hypoperfusion, shock, and endothelial injury, it 

further proposes the activation of anticoagulation via activated protein C to be an 

important cause [4]. Activated protein C inhibits factor VIIIa, Va and thus the tenase 

and prothrombinase complexes, as well as stimulates hyperfibrinolysis by inhibiting 

plasminogen activator inhibitor (PAI)-1, resulting in dysfibrinogenaemia and increased 

D-dimer production [4] [18]. Ultimately, trauma results in the loss and consumption of 

coagulation factors directly whilst releasing anticoagulation factors [18]. It is not known 

whether coagulopathies associated with trauma differ from those associated with 

PPH. 

 

Limited peer-reviewed studies on coagulation profiles in PPH suggest that, except for 

fibrinogen, most women's coagulation profiles remain normal until large bleeds occur 

[19] [20]. Common causes of PPH, such as surgical trauma and atony are associated 

with limited coagulopathy association unless intervention is delayed or ineffective, 

leading to dilutional coagulopathy [20] [21]. Placental abruption and amniotic fluid 

emboli may cause rapid consumptive coagulopathy despite minimal initial blood loss 

[21]. In a recent large-scale observational study, coagulation abnormalities were 

uncommon, but a small subgroup displayed an acute obstetric coagulopathy 

characterized by severe hyper-fibrinolysis and hypodysfibrinogenemia [22]. PPH 

coagulopathy will be further discussed in section 1.3.5. 
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1.2.2 Laboratory investigations 

1.2.2.1 Platelet count 

 

Platelet count is a measure of platelet number in the blood performed on an automated 

haematology analyser. Normal platelet count ranges from 150–400×109/L [23] and can 

vary according to age, sex, and ethnicity. Females tend to have a higher mean platelet 

count than males and age causes a drop in platelet count in both [23]. This test solely 

quantifies the platelet number and does not assess the functional quality of platelets, 

thereby limiting its clinical use in haemorrhages.  

 

1.2.2.2 Prothrombin time 

 

Prothrombin time (PT), reported in seconds, evaluates the integrity of the classical 

extrinsic and final common pathway of coagulation, specifically factors VII, X, V, II and 

fibrinogen [3]. PT measures the clotting time of citrated platelet-poor plasma (PPP) 

after the addition of calcium and tissue thromboplastin (affinity-purified TF and 

phospholipids) which activate coagulation through the TF/FVIIa complex [17] [24] [25].  

PT is "most sensitive to factor VII deficiencies, moderately sensitive to factor V and X 

deficiencies, sensitive to severe fibrinogen and prothrombin deficiencies" [17]. The 

high concentration of TF bypasses the propagation phase because the action of TFPI 

is overwhelmed and, thus, PT is not sensitive to deficiencies in FVIII or FIX, and only 

reflects partial thrombin formation, making it an imperfect measure of total thrombin 

generation [17] [26]. Given that pregnancy is a prothrombotic state (see section 

1.2.3.1), PT is shortened in normal pregnancy compared to non-pregnant people [3]. 

 

1.2.2.3 Activated partial thromboplastin time 

 

Activated partial thromboplastin (aPTT) evaluates the integrity of the intrinsic and final 

common pathway of coagulation [27]. It measures high-molecular-weight kininogen, 

prekallikrein, factors I, II, V, and VIII-FXII. The test assesses the clotting time of PPP 

and is initiated by adding an intrinsic pathway activator (e.g., celite, kaolin) and a 

phospholipid (e.g. cephalin), activating FXII, FXI and FIX, while the rest of the pathway 

remains inactivate until calcium is introduced [24] [28]. Tissue factor is excluded in 

aPTT, hence the term partial thromboplastin [24]. The normal aPTT range tends to be 
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between 20-35 seconds [28] [29] [30]. A prolonged aPTT is seen in all congenital and 

acquired procoagulant deficiencies with exceptions of factor VII and XIII deficiencies 

[17]. However, in normal pregnancy, it is shortened compared to the non-pregnant 

normal range mainly due to increased levels of FVIII [3].  

 

1.2.2.4 Fibrinogen assays 

 

The most common method used to measure functional fibrinogen is the Clauss 

Technique, where a diluted plasma sample is clotted with excess thrombin solution 

[100 U/mL], thus the clotting time is independent of thrombin concentration [31] [32]. 

During the clot formation, a spectrophotometer reads the absorbance changes in the 

sample [27], thus representing an inversely proportional relationship. The higher the 

fibrinogen concentration, the shorter the time to clot formation in the sample [27]. 

Normal fibrinogen levels in non-pregnant people range between 1.8 to 4 g/L [31] and 

the normal range in our laboratory is 2 to 4 g/L. Elevated fibrinogen levels can be seen 

with advancing age and the female sex, as well as, pregnancy, acute exercise, 

smoking and diseases, e.g.  inflammatory conditions and infections [32]. On the other 

hand, a reduced fibrinogen level is seen in inherited conditions such as 

hypofibrinogenaemia and dysfibrinogenaemia, viral hepatitis, disseminated 

intravascular coagulation, and decompensated liver failure [32].  

 

1.2.2.5 Thrombin generation assays 

 

See section 1.2.4.2. 

 

1.2.3 Normal haemostatic changes in pregnancy 

1.2.3.1 Coagulation 

 

During pregnancy, multiple physiological adaptations occur in the haematological 

system to prevent excess bleeding during placental implantation, maintenance, and 

delivery of baby and placenta [33]. These include a 40% increase in plasma volume 

and a 25% increase in red blood cell volume, leading to dilutional anaemia with a 15% 

decrease in haemoglobin [2]. 
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In normal pregnancy, physiological alterations in the coagulation system occur, 

leading to elevation in procoagulant factors with a reduction in natural anticoagulants 

and fibrinolytic activity [3] [8] (see Table 1). Primarily, pregnancy results in a pro-

thrombotic state to reduce the risk of haemorrhage at the time of delivery, but 

subsequently predisposes pregnant women to thrombosis and potential vascular 

complications [8] [34]. The most common coagulation abnormality noted in pregnancy 

is thrombocytopenia, which is defined as a platelet count of <150x109/L and thought 

to be due to increased platelet destruction as well as haemodilution [9] [10]. 

Destruction is initially compensated by an increase in platelet production, with a 

maximal platelet decrease is seen in the third trimester [3] [35]. A platelet count <70 × 

109/L at term may suggest the presence of HELLP (haemolysis, elevated liver 

enzymes, low platelets) syndrome, DIC, immune thrombocytopaenia or other rare 

pregnancy-related conditions [3]. But in uncomplicated pregnancy, the platelet count 

seldom falls to a level that would impact bleeding [10]. 

 
Table 1. Haemostatic changes in pregnancy. 

 Pro-coagulation Anti-coagulation 

Increased during pregnancy 

Factor I (fibrinogen) 
Factor VII 
Factor VIII 
Factor IX 
Factor X 
Factor XII 

von Willebrand Factor 
Plasminogen activator inhibitor 1 
Thrombin-antithrombin complex 

Prothrombin fragment 1 + 2 
TAFI 

D-dimer 
Fibrinopeptide A 

Variably, increased/decreased 
or no overall change 

Factor V 
Factor XI 
Factor XIII 

Protein C 
Antithrombin 

Decreased during pregnancy Platelet count 
Protein S 

Tissue plasminogen activator 

Inspired by Solomon et al. 2012. [36] TAFI (Thrombin Activatable Fibrinolysis Inhibitor). 
 

The alteration of the coagulation system entails significant changes in clotting factor 

levels. Notably, factors FVIII, FIX, FX, FXII, and vWF exhibit marked increases as 

pregnancy progresses, typically peaking shortly before delivery [3] [37] [38] [39]. 

Factor XI levels tend to be unchanged, while FV initially increases followed by a 

decrease and stabilisation during the later stages of pregnancy [3] [33]. Factor XIII 
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may display a slight increase during the first trimester, but progressively decreases to 

about 50% of non-pregnant levels throughout pregnancy [3] [37]. Studies regarding 

coagulation factors II and VII still yield conflicting results. Some suggest no change or 

only a slight decrease in FII, whilst others argue for significantly higher levels [33] [37]. 

Thornton et al. report an initial increase in FII followed by a decrease, ultimately 

resulting in no overall change by term [3]. In contrast, factor VII has been observed to 

increase during pregnancy [3] [34]. Overall, these changes, in conjunction with the 

well-documented elevation in plasma fibrinogen levels, contribute to the establishment 

of a hypercoagulable state throughout pregnancy [1] [38] [40]. 

 

1.2.3.2 Anticoagulation 

 

In addition to the changes in the procoagulation system, an overall decrease in natural 

anticoagulants have been documented in pregnancy [34]. Protein C and protein S, 

vitamin-K dependent proteins, inhibit coagulation by inactivating factors Va and VIIIa, 

resulting in negative feedback on coagulation [11] [41]. Protein S activity decreases 

with increasing gestation [3] [37] [38]. Although protein C levels initially peak in 

gestational weeks 20-30, they appear to be within normal non-pregnant values at the 

end of pregnancy [3] [34]. Some suggest an immediate increase in protein C levels 

after delivery that continues up to 3 days postpartum [35]. Furthermore, protein S also 

acts as a co-factor for TFPI, which further inhibits FVIIa and FXa [11] [41] and the cell 

surface-expressed glycoprotein TM binds to thrombin, leading to the further activation 

of protein C [11]. TM increases during pregnancy and is even higher in women 

suffering from pre-eclampsia [34] [42]. Another anticoagulant is antithrombin, a plasma 

glycoprotein and serine protease inhibitor of thrombin, factors IXa, Xa, XIa, XIIa, 

plasmin, kallikrein and complement C1, in pregnancy. There is evidence that AT levels 

remain within the normal range during pregnancy, whereas other studies have shown 

a decrease throughout pregnancy and particularly within the third trimester or after a 

caesarean section [35]. 
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1.2.3.3 Fibrinolysis 

 

Along with the activation of the coagulation system and the suppression of natural 

anticoagulants, the fibrinolytic activity is also reduced during pregnancy. In healthy 

humans, the balance between coagulation and fibrinolysis enables haemostatic plug 

formation at an injury site while ensuring the clot will not reach a vessel occluding size. 

 

Fibrinolysis is an enzymatic process preventing accumulation of intravascular clots by 

encouraging fibrin breakdown [43] [44]. The primary fibrinolytic protein is plasmin, a 

protease enzyme, which cleaves fibrin forming fibrin degradation products, including 

D-dimer [43] [44]. Plasmin’s precursor plasminogen is activated by either tissue 

plasminogen activator or urokinase plasminogen activator [44]. In pregnancy, there is 

a decrease in tissue plasminogen activator activity, which is attributed to the gradual 

increase in uterine produced PAI 1 and 2 [35]. Furthermore the "concentration of PAI-

2 varies with birth weights, indicating a dependency not only upon the quantity and 

quality of the placental tissues but also upon fetal growth" [35]. In addition, levels of 

TAFI are increased in the third trimester, which contribute to reduced fibrinolytic 

activity [3]. TAFI reduces the production and function of plasmin by decreasing 

available plasminogen binding sites [43]. 

 

1.2.3.4 Laboratory results 

 

Pregnant women routinely have blood tests taken during antenatal care. In the United 

Kingdom, this involves a full blood count at booking with the midwife and at 28 weeks 

with expected normal haemoglobin values of 11g/dL and 10.5g/dL, respectively [45]. 

If haemoglobin levels are outside the norm, further investigations are required, and 

first line treatment is usually iron supplementation [45]. With a platelet count of 50 x 

109/L (gestational thrombocytopenia) considered sufficient for caesarean section [3], 

it suggests that a slightly lower than normal platelet count during pregnancy is benign, 

and it does not significantly impact haemostasis or increases haemorrhage risk [3] 

[46]. 
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Coagulation tests in the third trimester are not routinely performed. However, various 

research studies have suggested normal reference ranges. Abbassi et al.  has shown 

a fibrinogen range in the third trimester of 3.73-6.19 g/L, which has been confirmed by 

newer research studies from Slovakia (fibrinogen 4.967 ± 1.272 g/L in the third 

trimester), as well as, United Kingdom finding term fibrinogen in the range between 4-

6 g/L in comparison to 2-4 g/L in healthy non-pregnant women [20] [39] [47]. Regarding 

aPTT, research studies agree that it is shortened at the end of pregnancy due to the 

elevated FVIII [36] [38] [39]. Normal reference ranges lie anything between 24.7-35.0 

seconds, 31.92 ± 2.90 seconds, and 30.43 ± 3.201 seconds [8] [47]. Prothrombin time 

references are a little more ambiguous. Abbassi et al. showed a shortened PT (9.6-

12.9 seconds) in the third trimester, whereas Uchikova reported that PT and TT were 

statistically significantly longer in their pregnant participants [8]. But their results were 

confirmed by, albeit in a very small cohort, by Srimala et al. (14.32 ± 1.91) [48]. 

 

For discussion of normal ranges of thrombin generation results, see section 1.2.4.2.  

 

1.2.4 Thrombin generation 

 

The combined interaction of procoagulant factors during secondary haemostasis leads 

to the production of thrombin making it the end-product of coagulation [49]. The word 

thrombin is derived from the Greek word thrombos meaning blood clot, thus 

representing its vital enzymatic role in the fibrinogen to fibrin conversion [50]. 

 

1.2.4.1 Structure and function 

 

Thrombin, a multifunctional serine protease of the chymotrypsin family, exhibits unique 

properties as a procoagulant, anticoagulant, and potent platelet activator both in vivo 

and in vitro settings [50] [51]. It is derived from its precursor prothrombin, a protein 

synthesized by the liver as an inactive zymogen and its conversion occurs in the 

presence of Ca2+ through the prothrombinase complex on a negatively charged 

phospholipid membrane [50] [52]. Thrombin is composed of an A chain (36 residues) 

and a B chain (259 amino acids), with the B chain playing a vital role in catalytic 

activity, substrate recognition, and allosteric regulation [51] [52] [53]. 
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Thrombin possesses distinct binding sites, including the catalytic centre at its core and 

anion-binding exosite I, which interacts with thrombin’s co-factors and substrates such 

as fibrinogen, fibrinopeptides, and fibrin [51] [53] [54] [55]. TM and protease-activated 

receptor 1 (PAR) are additional factors that bind to exosite I, with TM promoting 

thrombin's anticoagulant function [51]. The anion-binding exosite II interacts with the 

platelet glycoprotein receptor Gplbα [53] [54]. Thrombin can exist in slow (Na+ free) 

and fast (Na+ bound) forms [53] [54], with Na+ facilitating enhanced binding and 

catalysis of procoagulant substrates (i.e., fibrinogen, FV, FVIII, FXI, PAR-1) [51] [55]. 

The slow form of thrombin is known to cleave the anticoagulant protein C, while the 

equilibrium between slow and fast thrombin is maintained at a ratio of 2:3 (slow:fast) 

in vivo [53] [54]. 

 

Thrombin’s multiple functions are a result of its complex structural composition. It 

exhibits procoagulant functions such as converting fibrinogen to fibrin and activating 

factors V, VIII, XI, and XIII [50] [51]. On the other hand, thrombin has prothrombotic 

effects by cleaving PAR and facilitating platelet activation [50] [51]. Additionally, it can 

function as an anticoagulant through the formation of the thrombin-TM complex, which 

activates the protein C pathway and inhibits coagulation [50] [51]. 

 

1.2.4.2 Thrombin generation assays 

 

Traditional laboratory investigation tools, such as the PT and aPTT, only investigate 

the initiation phase of thrombin generation, where only a very small proportion of the 

total amount of thrombin is produced. Thrombin generation (TG) assays measure the 

total amount of thrombin generated by plasma after coagulation is activated. The first 

thrombin generation assay was developed in 1953. In 1986, the first calibrated 

automated thrombography (CAT) was introduced [12]. At the time, the assays used 

chromogenic reagents. Newer CAT assay methods rely on low-affinity fluorogenic 

substrate (Z-Gly-Gly-Arg-AMC), thus enabling continuous monitoring of TG in PPP 

and platelet-rich-plasma [56] [57]. "Since fluorescence is not disturbed by modulations 

in turbidity associated with clot formation, the test can be performed in whole (not 

defibrinated) platelet-poor or platelet-rich plasma, close to the in vivo situation" [56]. 

PPP is often preferred due to its reliable and consistent composition of exact 
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concentrations of tissue factor and phospholipids in each sample, enabling 

standardisation [58].  

 

Each plasma sample is run in two wells: a measurement and a calibration well. Both 

contain 80 μl of the patient’s platelet poor plasma. In the measurement well, the 

plasma is combined with TF (final concentration 5 pM) and an excess of synthetic 

phospholipid vesicles (final concentration 4 µmol) to activate coagulation, whereas the 

calibration well is combined with a known quantity of a thrombin calibrator, which does 

not initiate coagulation [56]. If the assay is required to be sensitive to low 

concentrations of FVIII, for example for monitoring people with haemophilia, then low 

concentrations of TF (1 pM) are required to activate the thrombin generation assay, 

and in this situation, corn trypsin inhibitor is required to prevent contact activation. 

When FVIII levels are known to be high, as is the case for this study, standard TF 

concentrations (5 pM) can be used, and corn trypsin inhibitor is not required. The 

thrombin calibrator is made up of a thrombin-like enzyme linked to an α-2- 

macroglobulin that is not inhibited by plasma protease inhibitors or plasma colour [56] 

[57] [58]. Subsequently, each well has CaCl2 and FluCal added [26]. FluCal is a 

combination of a Fluo-Buffer and Fluo-Substrate. Fluo-Buffer is made up of Hepes (pH 

7.35) and CaCl2. Fluo-Substrate consists of the fluorogenic substrate in a dimethyl 

sulfoxide solution. In the measurement well, thrombin splits the fluorogenic substrate 

releasing the fluorescent 7-amino-4-methylcoumarin.  

 

The 7-amino-4-methylcoumarin molecule has distinctive optical properties, 

demonstrating signal generation upon excitation with 390 nm light and emitting 

measurable fluorescence at approximately 460 nm. [58] The fluorescence intensity 

recorded by a fluorometer is directly proportional to the concentration of thrombin 

generated over time [59] [60]. In the calibration well, the thrombin calibrator converts 

the fluorogenic substrate at a known constant rate [56]. After the measurement is 

completed, the internal software calculates the parameters of the thrombogram: the 

lag time (min), the velocity index (nM/min), the peak thrombin (nM), the time to peak 

(min), the tail and the endogenous thrombin potential (ETP), i.e., the area under the 

curve. Several studies have shown low intra- and inter-assay variabilities (<10%) for 

all parameters, suggesting a high level of reproducibility, in both PPP and platelet-rich-

plasma [61] [62]. One study showed, when the same individuals were tested 
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repeatedly over a one-year period, the assay consistently provided reasonably 

consistent results with a variation coefficient ranging from 10-15% [56].  

 

 
Figure 2. Typical thrombin generation curve including thrombin generation parameters (lag 
time, peak thrombin generation, endogenous thrombin potential, and velocity index). 
Source: Generated using data from the MPhil data set.  
 

Figure 2 shows a typical thrombin generation trace. The lag time corresponds to the 

initiation phase of coagulation after the addition of the trigger and is the time required 

for thrombin concentration to reach 1/6th of the peak concentration [49] [56] [59]. Thus, 

it is mainly determined by factors VII and IX, as well as, free TF, TFPI, and fibrinogen 

[5]. At the end of the lag time, plasma clots are formed, and lag time may be similar to 

the plasma clotting time seen in PT and aPTT [56] [59] [61]. This is followed by the 

amplification and propagation phase, which shows a steep increase of thrombin 

generation to the peak value, representing the maximum concentration of thrombin 

generated [49] [59]. The rate of increase of thrombin is depicted as the velocity index 

of thrombin generation and gives the slope between the start of thrombin generation 

and the time to peak thrombin [63]. The amplification phase relies on the quantity and 

quality of platelets; thus, the velocity and peak values tend to be higher with a higher 

platelet count [5]. However, this is not relevant to the assays described in this thesis, 

Peak thrombin generation (nM) 

Lag time 
(min) 

Endogenous thrombin potential (nM*min)  
= the area under the curve 

Velocity index (nM/min) 
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which were performed in PPP with an excess of external phospholipid was supplied. 

The area under the curve corresponds to the total amount of thrombin generated in 

the sample, i.e., represents the total enzymatic activity of thrombin [56] [59]. Some 

suggest that ETP is the most useful variable for assessing bleeding and thrombosis 

risk [56] [57]. However, others argue that "peak height is sometimes a more sensitive 

indicator of the plasma thrombin-generating capacity, as it is less readily saturated 

than ETP at increasing plasma concentrations of coagulation factors or trigger" [56]. 

Hypocoagulability is represented by prolonged lag time, low peak thrombin, velocity 

index, and/or ETP, whereas the opposite is true for hypercoagulability [56] [59].  

 

1.2.4.3 Thrombin generation and pregnancy 

 

In recent years, there has been a surge of scientific investigations focused on 

elucidating the intricacies of thrombin generation. One study investigated thrombin 

generation in healthy males and non-pregnant females using a home-made trigger 

made up of 13.6 pm TF [49]. The male group had a mean ETP value of 1480 ± 239 

nM*min, a mean lag time of 2.72 ± 0.39 minutes, and a mean peak value of 328 ± 38.0 

nM. The female group had similar mean ETP values at 1490 ± 212 nM*min, a mean 

lag time of 2.62 ± 0.36 minutes, and a mean peak value of 342 ± 42.1 nM [49]. 

However, a more recent large-scale study showed that females exhibited a shorter lag 

time (p <0.0001) and higher ETP and peak height at both 1 pM TF and 5 pM TF (p 

<0.0001 for both) compared to males, which would suggest a more procoagulant 

profile in females [64]. Another study using commercialised reagents showed similar 

median lag times of 3.0 min and median peak heights of 359 nM in healthy non-

pregnant females, however, they reported median ETP values of 2149 nM*min [65]. 

These conflicting findings highlight the need for further research to assess the 

inconsistency and variability in results and thus to resolve those discrepancies. 

 

The variability in thrombin generation results may also be attributed to differences in 

individual fitness levels. One study examining thrombin parameters in trained and 

sedentary healthy individuals found mean lag times for thrombin generation were 

notably shorter in the trained group (2.33 minutes) compared to the sedentary group 

(2.72 minutes) [66]. Moreover, the mean ETP values were lower in the trained 

individuals (1664 nM*min) as opposed to the sedentary counterparts (1821 nM*min) 
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[66]. The peak thrombin values were 431 nM and 450 nM, for the trained and 

sedentary groups, respectively [66]. Additionally, the velocity indices were marginally 

higher in the trained subjects (251 nM) compared to the sedentary individuals (244 

nM) [66]. Their statistical analysis revealed a significant difference in ETP between the 

two groups (p = 0.007) [66]. These findings suggest that regular physical fitness may 

exert an influence on thrombin generation [66]. 

 

Additionally, age seems to play a role in coagulation factors and inhibitors. Therefore, 

older individuals tend to have higher ETP values [49] [67]. However, a study 

demonstrated that in females, age was associated with lower ETP at 1 pM TF (p = 

0.015) and lower peak height at 5 pM TF [64]. Females using oral contraceptives or 

hormone replacement therapy exhibited a shorter lag time, higher ETP, and peak 

height independent of TF volume. The observed sex differences in thrombin 

generation can be partly attributed to the influence of female endogenous sex 

hormones on the coagulation cascade. Females, regardless of hormonal treatment, 

exhibited higher levels of fibrinogen and lower levels of protein S, antithrombin, and 

protein C compared to males [64]. Another study indicated variations in thrombin 

generation based on the menstrual cycle, with a median lag time of 2.59 ± 0.4 min in 

the follicular phase versus 2.67 ± 0.5 min in the luteal phase, a median ETP value of 

1524.5 ± 283.2 nM*min in the follicular phase versus 1609.2 ± 342.8 nM*min in the 

luteal phase, and a peak value of 300.1 ± 50 nM in the follicular phase versus 308.1 ± 

54.4 nM in the luteal phase. These findings suggest higher thrombin generation during 

the luteal phase of the menstrual cycle. However, the study also investigated 

coagulation factors and found that the actual coagulation cascade was marginally 

faster during the follicular phase, suggesting a potential role of progesterone in the 

coagulation system. 

 

Research on thrombin generation changes during pregnancy is limited and often 

contradictory. Some studies suggest that thrombin generation remains stable 

throughout pregnancy. For example, Hron et al. observed stable ETP in healthy 

pregnant women during the first and second trimesters, followed by a decrease in the 

third trimester [38]. Eichinger et al. reported unchanged ETP in healthy women, both 

with and without factor V Leiden, throughout their uncomplicated pregnancies [68]. 

However, more recent studies, such as Rosenkranz et al., report that there is an 
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increase in thrombin generation from non-pregnancy to pregnancy, reflecting the 

prothrombotic nature of pregnancy [65] [69] [70]. The variability in findings compared 

to Eichinger et al. could be attributed to methodological differences. Eichinger et al. 

used a chromogenic substrate, whereas Rosenkranz utilized a fluorogenic substrate. 

Unlike optical density measurements, the fluorescent signal remains unaffected by 

turbidity and clot formation. Supporting the notion of increased thrombin potential 

during pregnancy, Macey et al. found that healthy pregnant females had median lag 

times of 2.8 minutes, median ETP values of 2525 nM*min, and median peak heights 

of 452 nM [65]. Thus both, Macey et al. and Rosenkranz et al. showed an increase in 

ETP and peak in pregnancy but not lag time [65] [70]. As shown later, the results from 

this study support that thrombin generation is significantly enhanced at term when 

compared to non-pregnant healthy women.  

 

To my knowledge, only one study has investigated an individual woman’s capacity to 

generate thrombin before, during, and after pregnancy [1]. This study showed that an 

individual woman’s endogenous thrombin potential increased from pre-pregnancy 

(1162 ± 446 nM*min) to early pregnancy at 11-15 weeks (2157 ± 466 nM*min) to late 

pregnancy at 30-34 weeks (2140 ± 543 nM*min) [1]. However, the difference between 

early and late pregnancy values was not statistically significant [1]. Peak values also 

increased from 81 nM ± 41 nM pre-pregnancy to 219 nM ± 117 nM in early pregnancy 

and 336 nM ± 178 nM in late pregnancy [1]. A similar trend was observed in women 

undergoing natural cycle in vitro fertilization [71]. Significant increases in ETP, peak 

height, and velocity index were observed from pre-pregnancy to day 43 of gestation 

(p = 0.024–0.0004), which persisted until day 59 [71]. Accounting for inter-individual 

variation, there were significant increases in these parameters from pre-pregnancy to 

day 32 (p = 0.0351–<0.0001), with the increases remaining until day 59 [71]. 

 

However, research into thrombin generation during postpartum haemorrhage is 

sparse. Dallaku et al. investigated women with primary PPH that were recruited into 

the WOMAN trial to establish whether tranexamic acid (TXA) increases the 

prothrombotic effect during PPH [72]. They found mean ETPs (SDs) of 1491 nM*min 

(378.7 nM*min) in the placebo and 1537 nM*min (375.9 nM*min) in the group that was 

given TXA, thus demonstrating no evidence of TXA affecting thrombin generation. 

However, when compared to above mentioned research showing higher ETP values 
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during pregnancy, it suggests a potential decrease in thrombin generation during a 

postpartum haemorrhage event [72].  

 

A more recent study conducted in the United States examined thrombin generation in 

women experiencing PPH, defined as a blood loss of 1 L at the time of delivery and/or 

within 24 hours after delivery [73]. Blood samples were collected at the time of 

diagnosis, as well as 2 and 4 hours thereafter [73]. The majority of PPH cases (95%) 

occurred at the time of delivery, with 74% attributed to uterine atony [73]. Compared 

to patients without PPH, those with PPH exhibited a significant decrease in peak 

thrombin concentration in whole blood (median values of 150.2 nM vs. 46.9 nM; p = 

0.01) [73]. However, this significant difference was not observed when analysing PPP 

alone, as the peak thrombin values showed no significant difference (median values 

of 276.9 nM vs. 291.6 nM; p = 0.66) [73]. Patients with PPH also experienced a longer 

time to reach peak thrombin formation compared to patients without PPH (median 

values of 3.0 minutes vs. 0.2 minutes in plasma, respectively; p = 0.44) [73]. Notably, 

this prolongation in time to thrombin formation was shown to recover within 4 hours 

[73]. 

 

1.3 Postpartum haemorrhage 

1.3.1 Definition 

 

Postpartum haemorrhage is a common clinical emergency globally [74] [75] [76] [77] 

[78]. It is the most common cause of maternal mortality worldwide [79] [80], 

contributing to 19% of maternal deaths with a significant variation between high-

resource countries (8.0%) and low-resource countries (Northern Africa – 32.0%) [74] 

and also a leading cause of maternal morbidity [72]. Consequences of maternal 

morbidity range from multiple blood transfusion to peripartum hysterectomy and to 

multi-organ failure [81]. Analysing data from 186 out of 195 countries, the Global 

Burden of Disease 2015 Maternal Mortality Collaborators evaluated the global number 

of maternal deaths in 2015. They estimated that out of 275,288 deaths, up to 34% 

were caused by haemorrhage, with the highest incidence observed in the 15-29 age 

group [82]. Furthermore, the maternal mortality ratio varied significantly, ranging from 

15 in 100,000 live births in high vs to 443 in 100,000 live births in low socio-
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demographic index countries, where haemorrhage serves as the primary cause of 

maternal death [82].      

 

The challenge when attempting to calculate prevalence and comparing data from 

various countries is the varying definition of postpartum haemorrhage and the 

methods used to assess blood loss, including estimation versus quantification. For 

example, in Flanders, some studies define PPH by proxy, i.e., equalling it to "women 

receiving a blood transfusion within 24 hr of birth" [83]. This definition lacks clarity and 

does not consider factors like antenatal anaemia. In Norway, Rossen et al. defined 

severe PPH as an estimated blood loss of more than 1,000 ml [84]. Similarly, in 

Australia, Fyfe et al. defined major primary postpartum haemorrhage as "blood loss 

equal to or greater than 1,000 mls within 24hrs of delivery" [85], despite, the Australian 

Modification of ICD defines PPH as "haemorrhage of 500 ml or more following vaginal 

delivery or 750 ml or more following a caesarean delivery" [83]. Similar definitions are 

seen in Canada, where PPH is defined as blood loss exceeding 500 ml after a vaginal 

delivery and 1,000 ml after a caesarean delivery, or if the physician noted PPH in the 

medical chart [83]. In Albania, they also rely on visual estimation of blood loss, and 

PPH is defined as blood loss of more than “500 mL after vaginal birth or 1,000 mL 

after caesarean birth [or] [...] blood loss sufficient to cause hemodynamic instability" 

[72]. 

 

These varying definitions and assessment methods make it challenging to obtain 

consistent and comparable data on PPH prevalence across different countries. This 

research paper will use the WHO guidelines’ definition for PPH, which can be divided 

into primary and secondary PPH. Primary PPH is defined as the blood loss of ≥500 ml 

from the genital tract within 24 hours of the birth of the baby and may start pre-placenta 

delivery [76] [80] [86]. It can be further grouped into minor (500-100 ml), moderate 

major (1000-2000 ml) and severe major PPH (more than 2000 ml) [85]. Secondary 

PPH describes any abnormal bleeding from the genital tract between 24 hours and 12 

weeks postnatally [79]. As can be noted, some of these definitions above are not in 

conformity with WHO guidelines. In a systematic review, it was identified that almost 

77% reports in the WHO database 1997-2002 included incorrect definitions of PPH 

[87]. Furthermore, the problem with all of these definitions is that they rely on visual 

estimation of blood loss, which has been shown to underestimate the actual blood loss 
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volume and underestimating blood loss ultimately will result in lower PPH rates [88] 

[89]. Carroli et al. showed in their systematic review of 120 datasets (including a total 

of 3,815,034 women) that the prevalence of PPH, defined as blood loss ≥ 500 mL, 

was higher when measured objectively (10.55%) vs. subjectively (7.23%). This 

difference gets larger the bigger the blood loss as shown by the prevalence of severe 

PPH, defined as blood loss ≥1000mL, measured objectively (3.04%) vs subjectively 

(1.68%) [87]. The recent E-MOTIVE study examined factors influencing the current 

detection and management of PPH in sub-Saharan Africa [90]. One common barrier 

identified was the lack of tools and equipment to accurately measure blood loss (MBL). 

Healthcare professionals acknowledged the challenge of quantifying the amount of 

blood loss without utilizing proper measurement techniques [90]. 

 

1.3.2 Aetiology 

 

The causes of PPH are varied. The four most common causes for PPH can been 

summarised in the mnemonic ’The Four T’s’: Tone (uterine atony), Trauma (laceration, 

haematoma, inversion, uterine rupture), Tissue (retained tissue, e.g., placenta, 

placental fragments, or blood clots, or invasive placenta), Thrombin (coagulopathy) 

[86]. These causes can coexist with each other and may be associated with 

coagulopathy, particularly when there is delayed intervention or inadequate response, 

with dilutional coagulopathy developing due to massive blood loss and fluid 

resuscitation [19]. Additionally, hypodysfibrinogenaemia, characterised by structural 

or functional abnormalities in fibrinogen, and hyperfibrinolysis, which involves the 

excessive breakdown of fibrin clots, can be associated with PPH. Certain conditions, 

such as placental abruption (the separation of the placenta from the uterus) and 

amniotic fluid embolism (the entry of amniotic fluid into the maternal circulation), can 

cause rapid and consumptive coagulopathy despite minimal initial blood loss. 

 

Uterine atony is the leading cause of primary PPH and consequently the leading cause 

of maternal mortality worldwide [72] [79] [80] [91] [92] [93]. It is characterized by the 

inadequate contraction of the uterus. The uterus is composed of interlacing muscle 

fibres that form a distinct network structure [91], comprising the endometrium, 

myometrium, and perimetrium. To initiate muscular contraction, calcium influx is 

necessary, which occurs through diffusion across membranes via voltage-gated 
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calcium channels and release from the sarcoplasmic reticulum, with L-type calcium 

channels serving as the main entry point in the uterus [94]. Uterine relaxation is 

essentially the reversal of that pathway [94]. Blood vessels which eventually supply 

the placenta pass through the muscular layer of the uterus [95]. Post-delivery, uterine 

contractions are necessary for placental separation as well as haemostasis by 

restricting those uterine blood vessels [91] [96]. "This blood-saving mechanism is 

known as the ’physiological sutures’ or ’living ligatures’." [91].  

 

Uterine atony is managed with bimanual massaging/compression of the uterus as well 

as uterotonics. Uterotonics such as oxytocin, carboprost, misoprostol, or 

methylergonovine are utilized based on individual patient factors and contraindications 

[86]. Trauma can result through direct injury, for example, caesarean section incision, 

or indirectly through delivery trauma, like lacerations. Optimal management includes 

early bleed identification and suturing [86]. Regarding retained tissue, any fragments 

left in the uterus can cause impairment of uterine contraction and subsequent poor 

haemostasis. It has been suggested that the longer fragments are left in uterus, the 

higher the risk of PPH. Some suggested that the risk doubles after 10 minutes [86]. 

Optimal management includes manual removal of the fragments. Another cause for 

retained tissue is invasive placenta, which describes conditions where the placenta 

attaches either too strongly or invades too deeply the uterine wall, for example, 

placenta accreta, increta, or percreta. Any of these can cause life-threatening PPH 

and should ideally be identified pre-delivery [86]. As discussed previously, there are 

various changes in the coagulation system during pregnancy. During PPH, 

coagulation can become compromised contributing to defective haemostasis.  

 

1.3.3 Risk factors 

 

There are numerous methods that attempt to differentiate and group risk factors for 

PPH. Some studies distinguish risk factors into patient- and pregnancy-related 

characteristics, for example, maternal age, parity, ethnicity, and obstetric practices, 

such as mode of delivery, use of syntocinon for augmentation, and episiotomy [83]. 

However, a more recent multidisciplinary consensus statement proposes categorizing 

risk factors according to time of occurrence, i.e., pre-pregnancy, during pregnancy, 

during labour, or after delivery [97].  
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Extensive research into risk factors of PPH has identified various elements. A 

Norwegian study analysed data from the Medical Birth Registry of Norway, including 

307,415 women between 1999-2004, and found that induction of labour and prelabour 

were associated with a higher risk of PPH (odds ratio [OR] 1.71 and 2.05, respectively) 

[98]. Emergency caesarean section (CS) carried a 55% higher risk, whereas vaginal 

deliveries had a 52% lower risk compared to prelabour CS [98]. The highest risk was 

observed for emergency CS after induction in mothers with a previous CS (OR 6.57), 

compared to spontaneous vaginal delivery in mothers with no previous CS [98]. An 

American study using logistic regression modelling on a dataset of 76,641 hospital 

admissions, including 25,654 PPH cases, between 1995-2004 found independent risk 

factors for PPH from uterine atony resulting in transfusion to be age <20 or ≥40 years, 

caesarean delivery, hypertensive diseases of pregnancy, polyhydramnios, 

chorioamnionitis, multiple gestation, retained placenta, and antepartum haemorrhage 

(APH) [99]. Excluding maternal age and caesarean delivery, at least one of these risk 

factors was present in 38.8% of the patients [99]. A randomized control trial of 106 

French hospitals between 2004-2006 identified the factors that were independently 

associated with greater severity of PPH: primiparity, previous PPH or CS, cervical 

softening, prolonged labour, episiotomy, delay in initial care for PPH, administration of 

oxytocin more than 10 minutes after PPH diagnosis, manual examination of the uterine 

cavity more than 20 minutes after, call for additional assistance more than 10 minutes 

after, and delivery in a public non-university hospital [100]. This study focused 

specifically on PPH cases due to atony after vaginal delivery, which might introduce 

bias and account for the slight differences in identified PPH risk factors.  

 

Nationally collected data from Scottish maternity hospitals between 1980 and 2005 

showed an association between advanced maternal age and an increased risk of 

caesarean delivery [101]. Advanced maternal age was also positively correlated to 

prolonged labour, higher likelihood of operative vaginal delivery, and impaired uterine 

function [101]. Additionally, there was an increased occurrence of multiphasic 

spontaneous myometrial contractions with age [101]. Considering age as an 

independent risk factor and the association with increased comorbidities, it is not 

surprising the maternal age has been shown to increase the risk of suffering from PPH 

[82] [99] [102] [103]. That tendency could cause problems as Zeitlin et al. [104] showed 

that maternal age, especially over 35-year-olds, increased in all countries, with the 
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exception of Finland. Furthermore, they demonstrate an increase in multiparty, 

possibly due to the increase in maternal age and improvement of assisted 

reproduction techniques [104]. A New Zealand study analysed 30,231 term nulliparous 

singleton deliveries to investigate the association between body mass index (BMI) and 

major postpartum PPH [85]. Obesity was defined as a BMI ≥ 30.0. They found a 

twofold increased risk of major PPH in nulliparous obese women compared to those 

with a normal BMI (OR 2.37) [85]. This risk was higher for vaginal delivery (OR 2.11) 

compared to emergency/planned caesarean section (OR 1.73) in nulliparous obese 

women. Independent risk factors for major PPH after vaginal delivery included 

episiotomy (OR 1.94), pre-eclampsia (OR 1.97), retained placenta (OR 4.88), and 

3rd/4th-degree tear (OR 5.09) [85]. In comparison to caesarean delivery, antepartum 

haemorrhage (OR 1.65), chronic hypertension (OR 1.90), and placenta praevia (OR 

3.08) were identified as risk factors [85]. Furthermore, a study identified that uterine 

bleeding beyond 28 weeks of gestation and the presence of placenta praevia were the 

most significant predictors of placental abruption [105]. 

 

Pre-eclampsia is known to increase the risk of PPH [93] [106]. While the precise 

pathogenesis and pathophysiology are not fully described, a dysfunction in the 

coagulation-fibrinolysis system appears to contribute to a hypercoagulable state [107] 

[108]. Placental dysfunction caused by oxidative stress, immune abnormalities, 

genetic factors, etc., results in the release of antiangiogenic factors [109]. This causes 

endothelial and immune dysfunction along with coagulation abnormalities. The 

hypercoagulable state leads to micro-emboli formation in various organs and the 

placenta, resulting in organ dysfunction [108] [110] [111].  

 

It becomes evident that there is no single factor solely responsible for the development 

of PPH [97] (see Table 2). A global multidisciplinary consensus stated the following 

risk factors for PPH development: "multiple pregnancies (OR 2.3-4.7); a history of PPH 

(OR 3.3); pregnancy-induced hypertension (OR 1.9-2.5); chorioamnionitis (OR 2.5); 

episiotomy (OR 1.4 to 2.2); pre-labour caesarean section (OR 1.3-2.3); caesarean 

section during labour (OR 1.7-3.6); macrosomia (OR 1.7 to 3.5); [and] operative 

vaginal delivery (OR 2.3)" [97].  
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However, it is not unprecedented for PPH to occur without any identifiable clinical risk 

factor for haemorrhage present [79] [86] [99]. Evensen et al. cited that 20% of PPH 

transpire in pregnancies without risk factors [86]. To reduce risk, WHO guidelines 

suggest active management of the third stage of labour, including, "(i) administration 

of a uterotonic soon after the birth of the baby; (ii) clamping of the cord following the 

observation of uterine contraction (at around 3 minutes); and (iii) delivery of the 

placenta by controlled cord traction, followed by uterine massage." [79].  

 
Table 2. Summary of postpartum haemorrhage risk factors. 

Pre-Pregnancy During Pregnancy During Labour After delivery 

Parity Pre-eclampsia Prolonged labour 3rd/4th degree tear 
Ethnicity APH Induction Episiotomy 

BMI Polyhydramnios Eclampsia Retained placenta 
Age  Chorioamnionitis Caesarean section 

Previous PPH    
Previous CS    

Inspired by [83] [85] [93] [97] [98] [100] [101] [106]. 
 

1.3.4 Epidemiology 

 

Recent reports demonstrate an increase in frequency of PPH globally, despite varying 

significantly from hospital to hospital and among countries, for example, high vs low 

resource countries [112] [113] [114]. Some of this trend might be explained by risk 

factors for PPH although others have not shown any association [85] [115] [116] [117].  

 

One hypothesis argues that an increase in atony results in an increase in PPH. Two 

American studies show an increase in PPH by 26% between 1994-2006 and by 27.5% 

from 1995 to 2004 and argue this is due to the increase in incidence of uterine atony 

[99] [115]. Callaghan et al. also demonstrated an increase of uterine atony cases from 

1.6% to 2.4%, whereas Bateman et al. demonstrated a stable rate of PPH from other 

aetiologies, e.g., retained placenta or coagulopathy [99] [115]. Lutomski et al. support 

the hypothesis of an increase in atony resulting in an increase of PPH incidence across 

various modes of delivery, including, vaginal, instrumental, emergency, and elective 

caesarean deliveries [118]. 
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However, some suggest that the increase in severe PPH is due to mode of delivery. 

A Norwegian study showed the risk to develop severe PPH was doubled after a CS 

vs a vaginal delivery (5.9% vs 2.8%) [84]. Twins’ delivery posed the highest risk for 

PPH in both delivery methods, while vaginal deliveries had an increased risk with 

retained placenta and induction [84]. This is supported by an Australian study showing 

unassisted vaginal births have the lowest PPH risk, whereas unplanned caesarean 

sections were associated with the highest incidence of PPH and women with forceps 

deliveries had the highest incidence of severe PPH [112].  

 

The rising maternal age at childbirth may contribute further to an increase in PPH 

incidences [83]. While some suggest no correlation between age and PPH [103], it is 

evident that maternal age is increasing globally [83]. Advanced maternal age could be 

associated with a higher utilization of assisted reproductive techniques, potentially 

contributing to PPH rates [83]. An international collaboration investigating PPH 

incidences in Australia, UK, Canada, and USA aimed to identify contributing factors 

[83]. They suggested practice changes, including the rise in CS and labour inductions, 

as possible reasons [83]. Additionally, improved record-keeping and changes in how 

data are recorded may contribute to the observed trend [83].      

 

Reviewing a wide range of international research, the observed increased trends 

appear to be most likely due to multifaceted factors ranging from patient-focused 

factors (e.g., obesity, comorbidities, age) to delivery-focused factors (e.g., rise in CS). 

 

1.3.5 Coagulopathy 

 

Throughout pregnancy, an increase in coagulation factors produces a prothrombotic 

state [10]. This is greatest at time of delivery with placental expulsion releasing 

thromboplastic substances [3]. However, in a minority of PPH cases, clot formation is 

insufficient to stop the bleeding. Over the years, various hypotheses attempted to 

explain the complexity of coagulopathy in PPH, with different bleeding causes 

potentially influencing the extent of coagulopathy, ranging from dilutional coagulopathy 

to localized consumption, DIC, and increased fibrinolysis [19] [119] [120]. Bleeding 

can be further affected by complications of pregnancy, such as preeclampsia, sepsis, 

and impaired liver function [20]. 
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Hypofibrinogenemia is commonly observed in PPH and predicts the progression form 

moderate to severe cases [121] [122] [123], whereas haemoglobin levels are 

frequently adequately maintained irrespective of blood loss [122]. The drop in 

fibrinogen levels can result from blood loss, and therefore loss of coagulation factors 

directly, or "consumption of factors associated with coagulation activation" [121]. De 

Lloyd et al. examined all 18 501 deliveries at a Welsh hospital over 3 years and 

identified 456 PPHs with an estimated blood loss ≥ 1500 ml and found that blood loss 

and drop in fibrinogen levels was best correlated (r 0.48, p value < 0.01) irrespective 

of mode of delivery [122]. Cortet et al. reported similar findings looking at 738 women 

with PPH after a vaginal delivery across France [121]. At time of diagnosis, the 

fibrinogen concentration in the group without worsening PPH was 4.2 g/L in 

comparison to fibrinogen levels of 3.4 g/L in severe PPH. They argue that a low 

fibrinogen level at the time of PPH diagnosis is independently associated with an 

increased risk of severe PPH, regardless of other laboratory indicators [121].  

 

Furthermore, others have reported that large volumes of fluid administration do not 

only affect fibrinogen levels, but also haemoglobin, platelet count, as well as 

conventional coagulation studies (haematocrit, PT, and aPTT), although in the 

majority of women, coagulation studies like PT remain within the normal range despite 

large volume loss and subsequently do not develop significant coagulopathy [19] [124] 

[125]. However, PT and aPTT can be affected when PPH loss exceeds 4000 ml [20]. 

 

1.3.6 Treatment 

 

A 4-stage approach has been suggested to guide PPH resuscitation treatment. This 

may involve infusing warmed isotonic fluids when clinically required and making blood 

transfusion decisions based on clinical and haematological assessments [126]. During 

bleeding, coagulation factor concentrations should be maintained within normal 

ranges. This involves targeting specific values, including normal PT/aPTT, fibrinogen 

levels above 2 g/L, EXTEM clot time below 75 seconds, and Fibtem A5 above 11 mm 

[126].  
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Fresh frozen plasma (FFP) is a blood product that plays a role in the management of 

PPH [127] [128]. Derived from whole blood donations, FFP is frozen at a temperature 

of ≤-18°C within 8 hours of collection. It contains all clotting factors at physiological 

concentrations.  

 

In the context of PPH management, FFP is administered to replace depleted 

procoagulant clotting factors and fibrinogen [129]. However, the optimal fibrinogen 

replacement target in PPH remains uncertain and there are concerns are that the 

infusion of FFP during PPH may lead to dilution, potentially reducing fibrinogen levels 

and impacting its effectiveness in improving haemostasis [127] [128]. In addition, the 

role of FFP to replace procoagulant clotting factors is unclear because the incidence 

of depletion of these factors is unknown. Consequently, recent studies suggest that 

FFP infusion should be tailored to individual patient needs, guided by laboratory tests 

and viscoelastometric testing [127] [128]. In cases where haemostatic tests are 

unavailable, guidelines recommend that early consideration of FFP infusion is 

warranted for conditions with a suspected coagulopathy, such as placental abruption 

or amniotic fluid embolism, or when PPH detection has been delayed [126] [127] [128]. 

 

1.3.7 Problem with traditional coagulation tests 

 

The process of coagulation is dynamic and complex. Various coagulation factors are 

required to be activated or inactivated to form complexes that generate thrombin and 

produce a fibrin clot. Traditional coagulation tests, such as PT and aPTT, solely focus 

on procoagulant factors with varying sensitivity for coagulation factor deficiency.  

 

For example, PT reagents are sensitive to FVII deficiencies in the extrinsic pathway 

but less sensitive to deficiencies in the final common pathway [24]. Furthermore, both 

tests can be affected by various factors, for example, timing and procedure of sample 

collection (e.g., storage of ≥24 hours leads to prolongation, under-filling of collection 

tubes), anaemia, high haematocrit count, plasma discolouration (e.g. due to 

haemolysis or hyperbilirubinaemia) and lupus anticoagulant [28] [44]. Furthermore, 

considering that patients affected by plasma defects or on low molecular weight 

heparin may suffer significant haemorrhaging but may have a normal aPTTs, suggests 

aPTT is not satisfactory for predicting haemorrhagic risk [25]. In a recent obstetric 
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major haemorrhage study, aPTT was less sensitive with increasing blood volumes and 

PT values did not correlate with blood loss [122]. In cases of major haemorrhages, 

including PPH, PT and aPTT may remain normal due to their limited evaluation of the 

initiation phase of coagulation and their susceptibility to fluid dilution [57] [129].  

 

Therefore, their ability to assess clinical coagulopathy and to provide a complete 

summary of haemostasis is limited. This is especially the case in pregnancy, where 

there are pronounced changes not only in coagulation factor levels, but also in natural 

anticoagulants as well as the fibrinolytic system. Thus, for this research project, global 

haemostatic assays will be used to assess total thrombin generated and thus, 

quantifying the combined effect of various coagulation factors [12]. The results can be 

used to investigate whether the women recruited had developed deficiencies of 

coagulation factors that were sufficient to impair thrombin generation and hence would 

potentially benefit from replacement therapy with FFP. 
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Chapter 2 

2 Methodology 
2.1 Objectives 

2.1.1 Study objectives 

 

The aim of this project is to measure thrombin generation assays in women suffering 

from PPH to investigate whether FFP transfusion has the potential to improve 

haemostasis in this cohort. 

 

2.1.2 Endpoints 

2.1.2.1 Primary endpoint 

 

The primary endpoint is to investigate what proportion of women, suffering from PPH, 

have thrombin generation below the normal range found in healthy non-pregnant 

female controls for velocity index, peak thrombin, and ETP, or above the normal range 

for lag time. The hypothesis is that, if thrombin generation fulfils these criteria, then 

infusion of FFP could have the potential to improve haemostasis. 

 

2.1.2.2 Secondary endpoints 

 

- Do women suffering from PPH have different thrombin generation parameters 

compared to pregnant women at term who are not bleeding (non-bleeding 

pregnant controls)? 

- Do women suffering from PPH have different thrombin generation parameters 

compared to pooled normal plasma (used as a model for FFP)? 

- How do PPHs with different primary cause differ in terms of thrombin 

generation? 

- How does postpartum haemorrhage size affect thrombin generation? 

 

 

 



 30 

2.2 Study design 
 

This Master of Philosophy research project is part of the Obstetric Bleeding Study Plus 

(OBS+: “Characterising the Coagulopathy of Obstetric Haemorrhage”) – a single 

centre observational cohort descriptive study (ethical approval REC16/WA/0282) – 

investigating female patients, over the age of 16 years, experiencing significant 

obstetric haemorrhage on the consultant-led delivery suite at Cardiff and Vale 

University Health Board. The blood loss in all women was quantitatively assessed 

using validated gravimetric and volumetric techniques, ensuring objective 

measurements rather than estimations. Samples meeting the inclusion criteria for 

OBS+ (see below) were collected between May 2017 and May 2020. This thesis will 

investigate a cohort of women from OBS+ with the most severe postpartum bleeding. 

 

2.2.1 Inclusion criteria 

 

Women were included into the OBS+ study if they fulfilled one or both criteria: 

 
- Women who activate the institution’s major obstetric haemorrhage protocol       

(> 1000 ml MBL with ongoing PPH, or earlier if clinical concern of bleeding or 

coagulopathy), on the consultant-led Delivery Suite at Cardiff and Vale 

University Health Board. 

- Women with suspected placental abruption or amniotic fluid embolus. 

 
In the sub-analysis for this thesis, I have selected a subgroup of the women recruited 

to OBS+ to reflect the most severe bleeds and hence those most likely to have 

impaired thrombin generation and hence women who could potentially benefit from 

FFP. The subgroup includes patients suffering from severe PPH (>1500 ml), all 

placental abruptions, and those requiring blood product transfusion or women having 

multiple sampling episodes (suggesting prolonged bleeding or ongoing clinical 

concern). All of these were selected for further extended testing with thrombin 

generation and coagulation factor levels. To group the women, the primary cause of 

postpartum haemorrhage was determined. Although many women experienced 

multiple factors contributing to the bleeding, the primary cause was determined in 

collaboration with the treating clinicians and as such, the following categories were 

identified: uterine atony, surgical/trauma (encompassing surgical bleeds and genital 
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tract trauma), placental abruption, placenta accreta/praevia, and retained products of 

conception (involving retained placenta or membranes). 

 

2.2.2 Consent 

 

Following the cessation of bleeding, consent was sought retrospectively in accordance 

with the ethical approval (REC16/WA/0282). Consent covered agreement to collect 

and analyse data relating to the PPH and performing non-routine testing, such as 

thrombin generation, on stored samples for research purposes. Patients also received 

a leaflet containing all information, including, contact details to be able to withdraw 

from the study at any point. 

 

2.2.3 Control groups 

 

In addition to study participants, a control cohort of 35 woman with uncomplicated term 

pregnancies booked for elective caesarean section were approached and had the 

same blood samples taken as the study participants for comparison. These will be 

termed non-bleeding pregnant controls (PCs). In addition, 20 healthy non-pregnant 

female controls (NPCs) were also used to create a local normal range for each 

thrombin generation parameter and to compare with women experiencing postpartum 

haemorrhage. Furthermore, normal pooled plasma samples were analysed as 

reference samples. Normal pooled plasma (NPP) contains citrated plasma from 

screened normal non-pregnant human donors with an approximate equal ratio of male 

to female. The thrombin generation in NPP will be interpreted as a surrogate for the 

thrombin generation in fresh frozen plasma. For this purpose, we used in-house NPP 

results: 

 
Table 3. Reference ranges for normal pooled plasma. 

 Median Mean Minimum Maximum 

Lag time (min) 3.89 4.12 2.67 5.78 

Peak (nM) 220.96 218.49 137.89 368.62 

ETP (nM*min) 1426.36 1422.67 894.49 2195.51 

Velocity index (nM/min) 68.15 67.15 40.08 169.06 

Source: Reference ranges generated using in-house NPP data.  
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2.2.4 Recruitment flow diagram 

 

The Consort flow diagram illustrates the recruitment process for the MPhil cohort.  

 

 

 
Figure 3. Consort recruitment flow diagram. 
§ Four women had septicaemia identified as their primary cause of bleed. 
* Women were not included as they were not meeting the inclusion criteria outlined in 2.2.1. 
** All women with placental abruption should have been included but seven women did not 
have the correct study samples sent and therefore excluded. One sample was clotted, and no 
extended specialist testing was possible. Eight samples were insufficient in volume for 
specialist testing.  
$ One participant’s sample was clotted, and no extended specialist testing was possible. 
± Two patients did not have the correct study samples sent and seven patients did not have 
sufficient sampling volume. 
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During the period from May 6, 2017, to May 30, 2019, there were 11,279 maternities 

recorded in Cardiff and Vale University Health Board. Among them, 851 women 

experienced a PPH with a blood loss of ≥1000 ml (Figure 3). Out of the 851 cases, 

357 women were not included in the study due to various reasons: 154 were 

discharged before consent could be obtained, 23 were unable to provide consent due 

to mental health or communication issues, 12 declined to participate, and the reasons 

for the remaining exclusions were not recorded. In addition, 27 women with a PPH of 

<1000 ml were recruited based on clinical concerns related to coagulopathy, such as 

placental abruption. Ultimately, a total of 521 women were successfully recruited into 

the OBS+ study (Figure 3). 

 

Among the initial 521 women included in the study, the participants were stratified 

based on their primary cause of bleeding. There were 114 women who met the 

inclusion criteria for additional testing with thrombin generation assay specified by this 

thesis in section 2.2.1. The inclusion of all women with placenta praevia/accreta was 

intended, but seven women did not have the correct study samples sent, one sample 

was clotted, and eight had insufficient volume for conducting the thrombin generation 

assay. One woman in the group with retained products was excluded as her sample 

also clotted, preventing further testing. Additionally, two women in the surgical/trauma 

category were excluded due to either incorrect study samples being sent or insufficient 

volume for further testing. 

 

In addition, as explained in section 2.3, some study participants required multiple 

bleeding study samples due to ongoing bleeding or clinical concerns. Consequently, 

the total number of analysed samples exceeds the initial number of participants in the 

study. Nevertheless, a total of 17 samples had to be further excluded from the analysis 

due to repeated error messages encountered during the thrombin generation assays. 

In total the study reports thrombin generation results on 197 samples. 

 

2.2.5 Amniotic fluid embolus 

 

An additional patient will be added to the analysis. This patient was not part of OBS+ 

because she presented after study closure. A separate consent has been gained to 

describe this patient as a case report and the case is published [130]. This patient has 
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a confirmed diagnosis of amniotic fluid embolus and by including this patient, it will 

enable a comparison of different type of coagulopathies depending on primary cause 

of bleeds. 

 

2.3 Sample and data collection 
 

Women who met the OBS+ inclusion criteria had standard laboratory blood tests (full 

blood count, coagulation screen, group and save) taken by clinicians as indicated by 

the clinical picture at the time of PPH. In total, one 4 ml BD Vacutainer K2EDTA 

(dipotassium ethylenediaminetetraacetic acid) tube and one 4 ml BD Vacutainer 3.2% 

buffered sodium citrate tube was sent for full blood count, including haemoglobin and 

platelets, and a coagulation screen, including Clauss fibrinogen, prothrombin time, and 

activated partial thromboplastin time, to the haematology laboratory and processed 

according to standard laboratory processes. If bleeding continued, additional samples 

could be taken and analysed as per routine practice: repeat blood sampling circa every 

30 minutes while the bleeding continues, or after every additional 500 ml blood loss, 

or if there was clinical concern, or after infusion of haemostatic components. 

 

At the time of each blood test, two additional sodium citrate tubes were sent for further 

non-routine testing and analysis. These samples were stored and consent to perform 

further testing was sought after the bleeding had been controlled. In case of non-

consent, the stored samples were destroyed, and patients were not included into the 

study. The additional sodium citrate samples underwent centrifugation at a speed of 

1500 rpm for 15 minutes. Subsequently, the plasma was separated and subjected to 

further centrifugation to generate PPP. The PPP was separated into a minimum of five 

individual aliquots, each appropriately labelled with a unique laboratory specimen 

number, and stored at -80 degree C until further analysis for thrombin generation was 

required. Once required, the samples were thawed in a water bath. Specialist testing 

included individual coagulation factor testing (reported in detail here [22]) and thrombin 

generation. Every sample undergoing thrombin generation testing creates the 

following parameters: lag time (min), peak thrombin generation (nM), endogenous 

thrombin potential (nM*min), and velocity index (nM/min). 
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Pregnant controls had the same blood samples taken at the time of their elective 

caesarean section for comparison. 

 

Patient demographics and pregnancy details were collected prospectively.  

 

2.4 Calibrated automated thrombogram 

2.4.1 Preparation 

 

The Calibrated automated thrombogram (CAT) used was the Diagnostica Stago’s 

©Thrombinoscope relying on fluorogenic analysis method. Here, fluorescence 

readings are automatically converted into thrombin generation curves by dedicated 

software. 

 

The platelet-poor-plasma patient samples were prepared by the laboratory as 

discussed in previous section. The PPP reagent (mixture of phospholipids and tissue 

factor), required to initiate thrombin generation, was mixed, prepared in batches and 

frozen for later use. The final concentration of TF was 5 pM and phospholipids 4 µmol.  

Stago©FluCal (mixture of fluorogenic substrate (Fluo-Substrate) and Fluo-Buffer (with 

Calcium Chloride)) was freshly prepared prior to every cycle. The Fluo-Buffer was 

warmed up in a water bath (37 degrees Celsius) for at least 5 minutes. 40 µl of Fluo-

Substrate was then added to one vial of Fluo-Buffer and vortexed. Each FluCal vial 

was used within one hour of preparation as suggested by the manufacturer. 

 

The T Cal solution (mixture of citrate buffered saline, bovine proteins, and 

saccharides) was prepared by adding 1 mL deionized water prior to running the 

thrombinoscope. The CAT wash buffer was prepared by adding 1 ml of 1 M calcium 

chloride to 9 ml sterile water, vortex and making 10 ml 0.1 M wash buffer. 

 

2.4.2 Cycle process 

 

Prior to and after running a CAT cycle, the machine was cleaned with propan-2-ol and 

sterile water. 
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The thrombin generation assay was performed using a Greiner Bio-one crystal-clear, 

u-bottom shaped, 96 well microplate. Each microplate was divided into up to 3 

measurement and up to 2 calibration wells per patient sample depending on aliquot 

quantity. In the measurement well, by hand, 80 µl of patient plasma was combined 

with 20 µl PPP reagent, whereas the calibration well was combined with 20 µl T Cal. 

This did not activate coagulation yet. The microplate was placed into the 

thrombinoscope and briefly incubated for 10 minutes.  

 

Following the incubation, thrombin generation is initiated by automatically dispensing 

the prepared CaCl2 and the FluCal solutions (Z-Gly-Gly-Arg-AMC) into each well. The 

thrombinoscope registers this as zero followed by 10 seconds of shaking, i.e., mixing, 

the samples and initiating the reading. Measurements are taken for 60 minutes. A 

dedicated software program compares the readings from the measurement and 

calibration wells, calculates the thrombin generation and displays the thrombin 

concentration in real time. 

 

2.5 Statistical analysis 
 

First, a descriptive comparison will be made between the OBS+ cohort, pregnant non-

bleeding control group, and the MPhil PPH cohort (referred to subsequently as “PPH 

cohort”), which will be further subdivided based on the primary cause of bleeding. Age, 

blood loss at study entry, and total blood loss will be presented as median, 25th, and 

75th percentiles, while the mode of delivery will also be analysed for group 

comparisons. 

 

Next, thrombin generation parameters including lag time, endogenous thrombin 

potential, peak thrombin value, and velocity index will be evaluated across various 

cohorts, including the entire PPH cohort, subdivided PPH groups based on the primary 

cause of bleeding, pregnant non-bleeding control group, and non-pregnant female 

control group. Initially, each group's parameter data will be described in terms of 

minimum (min), maximum (max), mean, median, standard deviation (SD), and 

interquartile range (IQR). Subsequently, statistical comparisons will be conducted 

among the groups, focusing first on the first blood sample taken during PPH, followed 

by the worst (lowest for ETP, peak and velocity index and highest for lag time) blood 
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sample within the PPH group based on individual primary causes of bleeding, and 

finally, considering all blood samples taken during PPH. 

 

To account for the small sample sizes, prior to running comparisons, preliminary 

assessments will be conducted to evaluate the normality of data distribution using 

histograms and Shapiro-Wilk tests. A significance level of p < 0.05 will be used to 

determine statistical significance. If the data deviates from normality, a Kruskal-Wallis 

test will be employed to compare the non-pregnant control group with the non-bleeding 

pregnant control group and the PPH cohort. Alternatively, if the data is determined to 

be parametric, a one-way ANOVA test will be performed. If a significant difference is 

observed, a multiple pairwise-comparison tests, such as Tukey's Honest Significant 

Differences, will be employed. Once again, a significance level of p < 0.05 will be 

considered statistically significant. 

 

In the case of a significant difference indicated by the Kruskal-Wallis test, a post-hoc 

Wilcoxon rank sum test will be used to compare pairs of groups. This comparison will 

be conducted using either a conservative Bonferroni-adjusted method or the Benjamin 

& Hochberg adjusted method. If the multiple pairwise-comparison test reveals a 

statistically significant difference, a paired sample t-test will be used to confirm the 

differences observed between the groups. Once again, a significance level of p < 0.05 

will be considered statistically significant. 

 

In addition to comparing PPH subgroups, this project aims to investigate the 

relationship between changes of thrombin generation parameters and measured 

blood loss (ml) in the context of postpartum haemorrhage subgrouping. Linear 

regression analyses will be employed to assess the potential associations between 

thrombin generation parameters and the amount of measured blood loss experienced 

by the patients. Linear regression analysis will be used to determine the strength and 

direction of the relationship between the dependent variable, thrombin generation 

parameters, and the independent variable, measured blood loss, among the PPH 

subgroups. In this context, the model fit will be investigated using R2 and adjusted R2, 

i.e., what proportion of the total variability in thrombin generation parameters can be 

explained by measured blood loss. The interpretation for R2 values will be made 

according to the following: R2 values ranging from 0 to 0.19 will indicate a very weak 
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or negligible relationship. A range of 0.20 to 0.39 will suggest a weak relationship, 

while values from 0.40 to 0.59 will indicate a moderate relationship. R2 values falling 

between 0.60 and 0.79 will be indicative of a strong relationship, and values between 

0.80 and 1.0 will signify a very strong relationship between the variables. The F 

statistic and its associated p value will help determine the overall significance of the 

linear regression model. Once again, the significance level will be set at p < 0.05 to 

determine statistical significance.  

 

Statistical analyses, including, graphs, and tables, will be performed using RStudio 

Version 1.4.1564, with a variety of base, tidyverse, and ggplot functions for data 

manipulation and visualization. 

 

2.6 Ethical approval 
 

The presented data are anonymised and cannot be related to individual women. 

Ethical approval was given prior to conducting the study (REC16/WA/0282). 
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Chapter 3 

3 Results 
 

In this section, the results of an investigation into the determinants of thrombin 

generation parameters in PPH patients are presented. The OBS+ cohort consisted of 

521 women who experienced PPH, categorised by their primary cause of bleeding. 

Among these participants, 114 women met the specific inclusion criteria to have 

thrombin generation measured.  

 

Four thrombin generation parameters, including lag time (min), peak value (nM), 

endogenous thrombin potential (nM*min), and velocity index (nM/min), were analysed 

in order to gain insights into the coagulation dynamics during PPH. Additionally, some 

study participants had multiple study blood samples taken due to continuous bleeding 

or clinical concerns, leading to the total number of samples analysed exceeding the 

number of participants in this project. However, careful data analysis and exclusion of 

samples with repeated errors were performed to ensure the accuracy and reliability of 

the findings. Through statistical analysis, the aim is to shed light on the underlying 

mechanisms of coagulopathy in PPH, ultimately contributing to an improved 

understanding and management of women with excess of bleeding after childbirth. 

 

3.1 Descriptive analyses  
 

The following table summarises the descriptive analyses, including, age, BMI, mode 

of delivery, gestation, twins, blood loss at study entry, and the total blood loss. 

Analyses parameters include median, 25th and 75th percentiles. Four cohorts were 

analysed: 

 

1. The entire OBS+ PPH cohort (521 patients) 

2. The entire MPhil PPH cohort (114 patients) 

3. The MPhil PPH cohort subdivided into primary cause of bleed (114 patients) 

4. The pregnant non-bleeding control cohort (35 patients) 
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Apart from the defined cohorts, this project also includes one woman who experienced 

an amniotic fluid embolus, who will be discussed separately in section 3.3 to explore 

this unique clinical scenario in detail. 

 
Table 4. Descriptive analysis: OBS+ cohort vs. the pregnant control (PC) and postpartum 
haemorrhage cohort.  

 

OBS+ 
Cohort PC 

Postpartum Haemorrhage Study Group 

Total 
Ab-

ruption Atony 

Placenta 
praevia/ 
accreta 

Retained 
products 

Surgical/ 
trauma 

Count 521 35 114 21 10 10 15 58 

Age 

Median 31.2 NA 32 28 35 36 31 33 

25th 
percentile 28 NA 28 24 33.25 32 29 28 

75th 
percentile 35 NA 35 33 36.5 35.25 34.5 35 

BMI 

Median 27.5 NA 25 24 27.45 23 25 26.5 

25th 
percentile 23 NA 23 23 23.25 20.5 24 24 

75th 
percentile 31 NA 29 25 35 28.5 30.5 30 

Mode of 
Delivery 
n (%) 

Unassisted 
vaginal 

167 
(32) 

0 
(0.0) 

28 
(24.6) 

4 
(19.0) 

1 
(10.0) 

0 
(0.0) 

12 
(80.0) 

11 
(19.0) 

Instrumental 
vaginal 

130 
(25) 

0 
(0.0) 

29 
(25.4) 

3 
(14.3) 

1 
(10.0) 

0 
(0.0) 

2 
(13.3) 

23 
(39.7) 

Routine 
caesarean 
section 

80 
(15) 

35 
(100.0) 

17 
(14.9) 

1 
(4.8) 

6 
(60.0) 

4 
(40.0) 

0 
(0.0) 

6 
(11.3) 

Emergency 
caesarean 
section 

144 
(28) 

0 
(0.0) 

40 
(35.1) 

13 
(61.9) 

2 
(20.0) 

6 
(60.0) 

1 
(6.7) 

18 
(31.0) 

Blood 
loss at 
study 
entry 

Median 1198 0 1200 975 1400 1000 1115.5 1300 

25th 
percentile 1000 0 1000 600 1300 985 1000 1000 

75th 
percentile 1400 0 1552.5 1175 1465.5 1102 1475 1674 

Total 
blood 
loss (ml) 

Median 1500 NA 2050 1200 2040 3525 2250 2125 

25th 
percentile 1200 NA 1600 900 2005 2425 1950 1825 

75th 
percentile 1800 NA 2500 1500 2308.5 5125 2450 2500 

NA stands for not applicable meaning not recorded. Pregnant controls (PC). 
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3.2 Thrombin generation results 
 

This section focuses on the analyses of thrombin generation results (lag time, peak 

value, endogenous thrombin potential, and velocity index). Per thrombin generation 

parameter, results are reported for the first blood sample during the PPH for each PPH 

participant at study entry, i.e., at the start of bleeding (or clinical concern of bleeding) 

and the most abnormal thrombin generation result during the bleed. The following four 

cohorts were analysed: 

 

1. The entire MPhil PPH cohort (114 patients) 

2. The MPhil PPH cohort subdivided into primary cause of bleed (114 patients) 

3. The non-pregnant female control cohort (20 participants) 

4. The pregnant non-bleeding control cohort (35 patients) 

 

In the PPH group, a total of 106 first blood samples were collected for analysis. 

However, during the thrombin generation assessment, 11 samples encountered error 

messages and could not be included in the analysis. For this reason, three samples 

from abruption had to be removed, one sample from atony, two from placenta 

praevia/accreta, three in retained placenta/products, and two from the surgical/trauma 

group. As a result, the final analysed dataset consisted of 95 first blood samples from 

the PPH group. 

 

The patient suffering from amniotic fluid embolus during PPH will be reported 

separately. 

 

3.2.1 Lag time 

3.2.1.1 First blood samples 

 

Lag time corresponds to the initiation of coagulation. Thus, the end of lag time 

indicates the time plasma clots start to be formed. Table 5 shows the descriptive 

analysis of the first blood sample taken during postpartum haemorrhage and the 

results for the pregnant and non-pregnant controls.  
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Table 5. Descriptive analysis: lag time (min) in the first samples during postpartum 
haemorrhage and the control groups. 

 Count Min Max Mean SD Median IQR 

Non-pregnant control 20 2.00 4.65 3.20 0.73 3.07 0.80 

Non-bleeding pregnant 
control 34 2.11 6.11 3.08 0.76 3.00 0.66 

Postpartum haemorrhage 
(first blood samples) 

96 1.83 6.67 2.96 0.74 2.94 0.88 

Postpartum haemorrhage 
(all blood samples) 

240 1.44 6.67 2.83 0.77 2.67 0.84 

 

 

   
Figure 4. Lag time (min) histograms for the non-pregnant (NPC) and non-bleeding pregnant 
control (PC) groups and the first blood samples taken during postpartum haemorrhage 
(PPH). 

 

Due to small sample sizes, specifically in the non-pregnant and non-bleeding pregnant 

group, the distribution of lag time prior to choosing the appropriate statistical method 

needed to be investigated. To check for normality visually, histograms (see Figure 4) 

were produced and Shapiro-Wilk Tests performed, which showed that the distribution 

of lag time departed significantly from normality in the non-bleeding pregnant control 

(W = 0.80, p < 0.01 [2.44e-05]) and PPH group (W = 0.87, p < 0.01 [8.522e-08]). The 

Shapiro-Wilk results in the non-pregnant control group did not show evidence of non-

normality (W = 0.95, p = 0.33). 

 

Based on this outcome, a Kruskal-Wallis test was used to test for any significant 

differences in lag time between the first blood sample taken during PPH compared 

with the non-bleeding pregnancy and non-pregnant controls and thus to see if time to 

clot formation is affected by pregnancy or disturbed early during PPH. As the p is not 

significant (H(2) = 1.93, p = 0.38), there is no statistically significant difference in lag 

time in the first blood sample taken during PPH and the control groups. 
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To further understand lag time within the PPH group, the first blood samples during 

the PPH were analysed by subgrouping them into their primary causes of bleeding 

and the descriptive analysis is summarised in Table 6. Figure 5 compares the results 

in a box and whisker plot. 

 
Table 6. Descriptive analysis: lag time (min) in first blood samples taken during postpartum 
haemorrhage. 

Primary cause of bleed Count Min Max Mean SD Median IQR 

Abruption 18 2.17 5.62 3.21 0.80 3.17 0.93 

Atony 7 1.84 3.67 2.77 0.59 2.72 0.59 

Placenta praevia/accreta 8 2.00 3.67 2.81 0.60 2.94 0.90 

Retained placenta/ 
products 12 2.67 3.67 3.19 0.36 3.11 0.59 

Surgical/trauma 50 1.83 6.67 2.87 0.80 2.79 0.84 

 

The median lag time ranges from 2.72 min in the atony to 3.17 min in the abruption 

group. Prior to running significance testing, Shapiro-Wilk Tests were performed on 

each PPH subgroup: Abruption (W = 0.88, p <0.05 [p = 0.023]), atony (W = 0.99, p = 

0.997), placenta praevia/accreta (W = 0.94, p = 0.64), retained placenta/products (W 

= 0.92, p = 0.31), surgical/trauma (W = 0.81, p < 0.01 [p = 1.073e-06]). Since distribution 

departed significantly from normality in some groups, a Kruskal-Wallis test was run to 

check for significance. The p is not significant (H(2) = 7.72, p = 0.1), thus despite a 

difference of 0.445 min in median lag time between the lowest and highest median lag 

time across PPH subgroups, there is no significant difference in lag time in the first 

blood sample across PPH subgroups. 
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Figure 5. Box plot: lag time (min) in first blood samples taken during postpartum 
haemorrhage. 
Blue diamond represents the mean value. The red stars show outliers, and the grey area 
indicates the normal non-pregnant range. 
 

3.2.1.2 Sample with longest lag time during postpartum haemorrhage 

 

However, the first blood sample during PPH may not be the most abnormal. Therefore, 

analyses on the longest lag time during PPH for each patient were performed as a 

sign of most significant coagulopathy and these are reported in the following table: 

 
Table 7. Descriptive analysis: lag time (min) of blood samples with the longest lag time 
during postpartum haemorrhage. 

Primary cause of bleed Count Min Max Mean SD Median IQR 

Abruption 21 2.33 5.62 3.31 0.82 3.04 0.89 

Atony 10 1.84 4.11 2.91 0.64 2.80 0.42 

Placenta praevia/accreta 10 2.00 4.33 2.84 0.71 2.73 0.95 

Retained 
placenta/products 14 2.67 3.78 3.19 0.37 4.06 0.63 

Surgical/trauma 57 1.89 6.67 3.01 0.99 2.67 0.96 
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By focussing on the longest lag time for each woman, median lag time results range 

from 2.67 min in the surgical/trauma to 4.06 min in the retained placenta/products 

groups. As done with the first blood sample during PPH, Shapiro-Wilk Tests were 

performed on each PPH subgroup prior to testing for significant differences across the 

subgroups: abruption (W = 0.89, p <0.05 [p = 0.023]), atony (W = 0.96, p = 0.79), 

placenta praevia/accreta (W = 0.92, p = 0.38), retained placenta/products (W = 0.91, 

p = 0.17), surgical/trauma (W = 0.83, p < 0.01 [p = 1.278e-06]). 

 

Since distribution departed significantly from normality in some groups, a Kruskal-

Wallis Test was performed to check for any significant differences. The p is not 

significant (H(2) = 7.61, p = 0.12), there is no significant difference in lag time in the 

blood sample with the longest lag time across PPH subgroups.  

 

3.2.1.3 Lag time of all samples taking during postpartum haemorrhage 

 

This section includes the analysis of all samples collected during PPH. As mentioned 

earlier, a single woman may contribute multiple samples to this cohort. As done 

previously, Shapiro-Wilk Tests was performed on each subgroup: non-pregnant 

control (W = 0.95, p = 0.33), non-bleeding pregnant control (W = 0.80, p < 0.01 [p = 

2.44e-05]), PPH (W = 0.88, p < 0.01 [p = 2.205e-11]), abruption (W = 0.87, p < 0.01 [p 

= 0.0004]), atony (W = 0.97, p = 0.90]), placenta praevia/accreta (W = 0.85, p < 0.01 

[p = 0.0005]), retained placenta/products (W = 0.96, p = 0.31]), surgical/trauma (W = 

0.80, p < 0.01 [p = 2.169e-09]). 

 

Since distribution departed significantly from normality in some groups, a Kruskal-

Wallis Test was performed to check for any significant differences. Since the p (H(2) 

= 35.44, p = 9.229e-06) is less than the significance level 0.05, there are statistically 

significant differences in lag time between the PPH and the control groups.  
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Figure 6. Box plot: lag time (min) in all samples taken during postpartum haemorrhage. 
Blue diamond represents the mean. The red stars show outliers, and the grey area indicates 
the normal non-pregnant range. 
 

Post-hoc Wilcoxon rank sum tests using the conservative Bonferroni-adjusted method 

were used to compare all pairs of groups with each other. The pairwise comparison 

shows that placenta praevia/accrete lag time was statistically significantly shorter than 

that of non-pregnant controls (p = 0.002), pregnant controls (p = 0.0005), abruption (p 

= 0.0002), retained placenta/products (p = 0.003) and surgical/trauma (p =0.019). 

Changing the adjustment method to the more powerful Benjamin & Hochberg method 

does not change the number of significant pairs. Figure 6 supports visually the 

statistics, the mean and median of group placenta praevia/accreta is noticeably lower 

in comparison to all other PPH subgroups and control groups. A shorter lag time 

means that coagulation is activated more rapidly and is not associated with 

haemostatic impairment. This means that, whilst the differences are statistically 

significant, they are not likely to be clinically significant. 

 

The primary endpoint of the study was to determine the proportion of women exhibiting 

abnormal thrombin generation, and, in the majority of cases, the lag time observed in 
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the PPH group remained below the top of the normal range for both non-bleeding 

pregnant and non-pregnant control groups. There were 7/114 (6.14%) women with 

PPH who had lag times above the top of the normal range of the non-pregnant control 

(4.65 min) at some time during the bleed suggesting the possibility of haemostatic 

impairment. However, 1/114 (0.88%) had a lag above the top of the normal range of 

non-bleeding pregnant controls (6.11 min). This suggests that despite the PPH, 

women in this cohort did not show signs of haemostatic impairment compared to other 

pregnant women. The number of women with a lag time above the range for normal 

pooled plasma (5.78 mins) was 2/114 (1.75%) suggesting that the thrombin 

generation, as measured by lag time, would not have been improved by FFP infusion 

in the large majority of women with PPH. 

 

The seven women who triggered the primary endpoint are described in more detail in 

section 3.3.1. 

 

3.2.1.4 Lag time during postpartum haemorrhage dependent on measured blood 

loss 

 

In the linear regression analyses conducted for different subgroups of primary cause 

of bleeding, the relationship between measured blood loss and lag time was 

investigated. Figure 7 and Figure 8 show the graphical correlation with regression lines 

grouped per PPH subgroup. The abruption and atony groups show an overall visual 

increase in lag time with increasing blood loss, whereas no visual pattern can be 

observed in groups retained placenta/praevia and surgical/trauma. A visual decrease 

in lag time with bleeding volume is observed in the group placenta praevia/accreta. 

The regression line for placenta praevia/accreta is strongly influenced by two patients 

(study numbers 239 & 611). Both patients were young (25 and 23 years old), 

underwent a category 2 caesarean section, i.e., the health of the mother or baby are 

at danger but not immediate life threatening, and a caesarean section needs to be 

carried out between 30-60 minutes, and had normal BMIs (20 & 23). At the time of the 

first tests conducted during PPH, patient 239 had a normal PT (11.3 sec), a reduced 

aPTT (23.3 sec), and a fibrinogen that was reduced for pregnancy (3.3 g/L). 

Unfortunately, no data on measured blood loss was recorded for this initial 

sample. The first instance of measured blood loss associated with a study sample 
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occurred at 3 litres blood loss, correlating with a normal PT (11.8 sec), a normal aPTT 

(27.5 sec), and a fibrinogen of 5.5 g/L after receiving fibrinogen transfusion. Two 

additional coagulation samples were obtained between the first sample and the first 

study sample where MBL data was available. However, as these were regular 

coagulation samples and not study samples, it was not possible to assess thrombin 

generation. These two samples did reveal a further decrease in fibrinogen levels to 

2.4 g/L, prompting the initiation of fibrinogen infusion, which ultimately raised the 

fibrinogen level to 5.5 g/L. On the other hand, the first blood sample taken for patient 

611 was at 2320mL and showed a normal PT (12.2 sec), a reduced aPTT (<22 sec), 

and a low level of fibrinogen of 2.5 g/L. Ultimately, both patients had shorter lag times 

(2.14 and 2.33 minutes) than normal pooled plasma (4.02 minutes) suggesting FFP 

would not have improved haemostasis based on lag time parameter. 

 

 

 
Figure 7. Lag time (min) – running measured blood loss (ml) correlation grouped by primary 
cause of bleed with regression lines excluding standard errors. 

 

 

Patient 239 & 611 
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Linear regression analyses results are summarised in Table 8. For abruption, the 

analysis showed a negligible and statistically non-significant association (F(1, 20) = 

0.85, p = 0.37). Similarly, in atony, there was no significant relationship between these 

variables (F(1, 8) = 0.86, p = 0.38). In contrast, the placenta praevia/accreta subgroup 

demonstrated a weak relationship (F(1, 24) = 8.75, p = 0.007), suggesting that shorter 

lag time was associated with increased MBL. Conversely, for the retained 

placenta/products and surgical/trauma subgroups, lag time did not show a significant 

effect (F(1, 15) = 0.069, p = 0.80 and F(1, 74) = 0.0001, p = 0.99, respectively). Overall, 

the R2 values were low, indicating that the models had limited explanatory power for 

the relationship between lag time and measured blood loss across all subgroups. 

 

 

 
Figure 8. Lag time (min) – running measured blood loss (ml) correlation grouped by primary 
cause of bleed with regression lines including standard errors in grey. 
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Table 8. Linear regression analysis for lag time. 

 
 

Abruption 
 

Atony 
Placenta 

praevia/accreta 
Retained 

placenta/products 
Surgical/ 
trauma 

Lag time estimate 136.4 189.5 -1353.1 -75.69 0.76 

R2 0.041 0.097 0.27 0.0046 1.419e-06 

Adjusted R2 -0.007 -0.016 0.24 -0.062 -0.014 

F-statistic 0.85 0.86 8.75 0.069 0.0001 

p 0.37 0.38 0.007 0.80 0.99 

 

 

3.2.2 Peak thrombin generation 

3.2.2.1 First blood sample 

 

As previously described, peak thrombin value represents the maximum concentration 

of thrombin generated. Table 9 shows the descriptive analysis of the first blood and all 

samples taken during PPH, as well as the peak thrombin results of the non-pregnant 

and the non-bleeding pregnant controls. 

 
Table 9. Descriptive analysis: peak thrombin generation (nM) in the first samples during 
postpartum haemorrhage and the control groups. 

 Count Min Max Mean SD Median IQR 

Non-pregnant control 20 110.19 408.18 273.18 73.97 266.10 108.05 

Non-bleeding pregnant 
control 34 194.49 532.48 394.19 71.87 397.34 93.58 

Postpartum haemorrhage 
(first blood samples) 96 117.16 672.97 382.43 84.16 387.69 99.39 

Postpartum haemorrhage    
(all blood samples) 240 117.16 672.97 362.17 85.49 359.88 97.23 

 

To determine the distribution of peak thrombin across the three groups and to check 

for normality visually, histograms were produced (see Figure 9) and Shapiro-Wilk 

Tests performed, which did not show evidence of non-normality of peak values across 

all groups: non-pregnant controls (W = 0.96, p = 0.58), non-bleeding pregnant controls 

(W = 0.98, p = 0.66), and PPH (W = 0.97, p = 0.06). Homogeneity of variance was 

tested by running a Levene’s test. For peak thrombin values, the variances were 

similar for non-pregnant controls, non-bleeding pregnant controls, & PPH (F(8, 237) = 

0.43, p = 0.90). 
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Figure 9. Peak thrombin generation histograms for the non-pregnant (NPC) and non-
bleeding pregnant control groups (PC) and the first blood samples taken during postpartum 
haemorrhage (PPH). 

 

 

Based on this outcome, and after visual examination of the histograms, a parametric 

test was used to investigate the first blood samples during PPH and the control groups. 

A one-way ANOVA was performed and revealed that there was a statistically 

significant difference in peak thrombin between the three groups (F-value = 17.24, p 

= 1.88e-07). Thus, a multiple pairwise-comparison (Tukey Honest Significant 

Differences) was performed. This found that the mean of peak values was significantly 

higher in the non-bleeding pregnant control group compared to the non-pregnant 

controls (p = 0.000001, 95% C.I. = [67.45, 174.57]). Similarly, the peak values for the 

first samples taken during PPH were higher than non-pregnant controls (p = 

0.0000004, 95% C.I. = [62.54, 155.98]). There was no statistically significant 

difference between the PPH and the non-bleeding pregnant group (p = 0.74).  

 

To further understand the peak thrombin within the PPH group, first blood samples 

taken during the postpartum haemorrhage were analysed by subgrouping them into 

primary cause of bleeds and the descriptive analysis is summarised in Table 10. 
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Table 10. Descriptive analysis: peak thrombin generation (nM) in first blood samples taken 
during postpartum haemorrhage. 

Primary cause of bleed Count Min Max Mean SD Median IQR 

Abruption 18 265.00 672.97 410.03 99.17 389.79 108.03 

Atony 7 295.29 560.67 376.45 91.00 361.92 79.05 

Placenta praevia/ accreta 8 284.34 447.78 358.85 59.42 346.35 93.11 

Retained placenta/ 
products 

12 137.58 456.19 348.70 95.75 375.95 89.18 

Surgical/trauma 50 117.16 506.43 383.17 78.24 393.40 88.17 

 

The median peak value ranges from 346 nM in the placenta praevia/accreta group to 

393 nM in the surgical/trauma group. Prior to running significance testing, Shapiro-

Wilk Tests were performed on each PPH subgroup: abruption (W = 0.94, p = 0.28]), 

atony (W = 0.84, p = 0.10), placenta praevia/accreta (W = 0.93, p = 0.53), retained 

placenta/products (W = 0.89, p = 0.14), and surgical/trauma (W = 0.94, p <0.05 [p = 

0.012]). 

 

Figure 10 shows that the non-bleeding pregnant controls and all groups of women 

experiencing PPH had higher peak thrombin generation compared to the non-

pregnant controls. To investigate whether the peak thrombin varied dependent on the 

cause of the bleed, these groups were compared. Given the small sample sizes of the 

PPH subgroups and that the p is < 0.05 in the surgical/trauma group, normality could 

not be assumed. Thus, a Kruskal-Wallis test was performed to test for any statistical 

significant differences across PPH subgroups. The p of 0.43 shows that despite a 

difference of 47 nM in median peak value between the lowest and highest median 

peak thrombin across PPH subgroups groups, there is no significant difference 

between the groups.  
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Figure 10. Box plot: peak thrombin generation (nM) in first blood samples taken during 
postpartum haemorrhage. 
Blue diamond represents the mean. The red stars show outliers, and the grey area indicates 
the normal non-pregnant reference. 
 

Interestingly, 57 out of 95 first blood samples taken during PPH are above the NPP 

range of 368.62 nM, indicating that despite the bleeding, almost 60% of patients reach 

higher maximum thrombin concentrations than would be expected for FFP. When 

comparing the results to the reference range of our non-bleeding pregnant control 

group (194.49-532.48 nM), two first blood samples from this PPH cohort fell below this 

reference range. One patient from the surgical/trauma subgroup exhibited a thrombin 

peak concentration of 117.16 nM, while another patient with retained 

placenta/products had a thrombin peak concentration of 137.58 nM. 

 

Figure 10 shows that almost 2/3 of women with PPH have higher peak thrombin 

generation in the first blood sample than non-pregnant controls. These high peak 

values become even more apparent in Figure 11, which shows all blood samples taken 

during PPH. 
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3.2.2.2 Sample with lowest peak thrombin generation during postpartum 

haemorrhage 

 

The first blood sample during postpartum haemorrhage may not be representative of 

the lowest peak thrombin generation during the bleed. Therefore, I extracted the 

lowest peak values for each woman, and these are shown in the following descriptive 

analyses: 

 
Table 11. Descriptive analysis: peak thrombin generation (nM) of blood samples with the 
lowest peak thrombin during postpartum haemorrhage. 

Primary cause of bleed Count Min Max Mean SD Median IQR 

Abruption 21 264.31 566.46 364.67 83.07 353.55 71.45 

Atony 10 295.29 601.39 407.95 114.02 368.71 175.04 

Placenta praevia/ accreta 10 161.04 397.85 291.42 77.19 298.89 69.80 

Retained placenta/ 
products 14 120.43 417.57 342.76 86.24 376.55 87.51 

Surgical/trauma 57 117.16 547.46 361.34 83.36 365.68 96.26 

 

The median peak values range from 298.89 nM in placenta praevia/accreta to 376.55 

nM in retained placenta/products. Shapiro-Wilk Tests were performed on each PPH 

subgroup prior to testing for any significant difference from normality in peak value 

across the subgroups: abruption (W = 0.91, p = 0.057]), atony (W = 0.89, p = 0.08), 

placenta praevia/accreta (W = 0.95, p = 0.70), retained placenta/products (W = 0.81 

p < 0.01 [p = 0.007]), and surgical/trauma (W = 0.982, p = 0.55).   

 

Since the distribution departed significantly from normality in one group (retained 

placenta/products) and sample sizes are <20 in three groups, a non-parametric test, 

i.e., Kruskal-Wallis Test, was used to investigate for any significant differences. The p 

is not significant (H(2) = 7.01, p = 0.22), thus there is no significant difference in the 

lowest peak thrombin generation across PPH subgroups.  

 

Two women in this sub analysis exhibited peak thrombin generation levels below the 

reference range of normal pooled plasma (137.89 nM). The first woman, who suffered 

from surgical/trauma and was previously discussed for having lag times outside the 

NPP range, had a thrombin peak of 117.2 nM. The second woman, who experienced 

retained placenta/products, had two samples with thrombin peaks below the NPP 
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reference: 120.4 nM (second blood sample) and 137.6 nM (first blood sample). The 

measured blood loss was not known for the lower peak thrombin generation, but her 

total blood loss was 3000 ml, and her fibrinogen level for that sample was below 2 g/L, 

measuring at 1.7 g/L [126]. Notably, she did not receive any blood products during the 

study. 

 

A total of four blood samples taken during PPH exhibited peak thrombin generation 

levels below the reference range observed in non-bleeding pregnant controls (194.49 

nM). Among these samples were the two women mentioned in the previous 

paragraph, who suffered from surgical/trauma and retained placenta/products, with 

thrombin peaks of 117.2 nM and 120.4 nM, respectively. Additionally, two women with 

placenta praevia/accreta showed thrombin peaks of 161.04 nM and 192.97 nM. 

 

3.2.2.3 Peak thrombin generation of all samples taking during postpartum 

haemorrhage 

 

Figure 11 shows a box plot of all peak thrombin generation results taken during PPH. 

A Shapiro-Wilk Tests was performed on each group: non-pregnant control (W = 0.96, 

p = 0.58), non-bleeding pregnant control (W = 0.98, p = 0.66), PPH (W = 0.99, p = 

0.07), abruption (W = 0.93, p < 0.05 [p = 0.017]), atony (W = 0.82, p <0.05 [p = 0.018]), 

placenta praevia/accreta (W = 0.98, p = 0.70), retained placenta/products (W = 0.87, 

p < 0.01 [p = 0.004]), and surgical/trauma (W = 0.98, p = 0.34). 

 

Since distribution departed significantly from normality in some groups, a Kruskal-

Wallis Test was performed to investigate for any significant differences. Since the p 

(H(2) = 46.44, p = 7.169e-08) is less than the significance level 0.05, I can conclude 

that there are statistically significant differences in peak thrombin between the groups.  
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Figure 11. Box plot: peak thrombin generation (nM) in all blood samples taken during 
postpartum haemorrhage. 
Blue diamond represents the mean. The red stars show outliers, and the grey area indicates 
the non-pregnant normal range. 
 

Post-hoc Wilcoxon rank sum tests using the Benjamin & Hochberg adjusted method 

were used to compare all pairs of groups with each other. Table 12  shows the p values 

of the pairwise comparison. It shows that the non-pregnant control group had lower 

peak thrombin generation than non-bleeding pregnant controls and all groups of 

women with PPH. The non-bleeding pregnant control group had higher peak thrombin 

generation than the combined PPH group and this was mainly related to the effect of 

lower peak thrombin levels seen in placenta praevia/accreta relative to other causes 

of bleeding. 

 

Changing the adjustment method to the more conservative Bonferroni method 

changes the result, so that for retained placenta/products vs placenta praevia/accreta, 

where the p was 0.33, therefore suggesting there is no statistically significant 

difference between those groups. 
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Table 12. Post-hoc Wilcoxon rank sum test for peak thrombin generation across                      
non-pregnant, non-bleeding pregnant, postpartum haemorrhage and its subgroups. 

Non pregnant control vs non-bleeding pregnant control p = 3.1e-05 

Non pregnant control vs postpartum haemorrhage p = 9.7e-05 

Non pregnant control vs abruption p = 7.8e-05 

Non pregnant control vs atony p = 0.002 

Non pregnant control vs retained placenta/products p = 0.003 

Non pregnant control vs surgical/trauma p = 8.8e-05 

Non-bleeding pregnant control vs postpartum haemorrhage p = 0.033 

Non-bleeding pregnant control vs placenta praevia/accreta p = 4.2e-05 

Abruption vs placenta praevia/accreta p = 0.0002 

Atony vs placenta praevia/accreta p = 0.042 

Retained placenta/products vs placenta praevia/accreta p = 0.03 

Surgical/trauma vs placenta praevia/accreta p = 0.0002 

 

The primary endpoint of this project was to investigate the prevalence of abnormal 

thrombin generation in women experiencing PPH. The analysis revealed that 0/114 

(0%) of the women exhibited peak thrombin generation levels below the lower 

reference limit of 110.19 nM of non-pregnant controls during the bleeding. The lowest 

peak thrombin level in the non-pregnant control group is not a statistical outlier but 

when considering ETP this sample is a statistical outlier. In post hoc analysis this 

control was excluded, and this resulted in 6/114 (5.3%) women having a peak thrombin 

below this revised normal range and based on this stricter definition, could be 

considered to have evidence of haemostatic impairment.   

 

Furthermore, 4/114 women had a total of six samples exhibiting peak thrombin values 

below the lower limit of non-bleeding pregnant controls (194.49 nM) but only two 

women (2/114, 1.8%) had a total of three samples with peak thrombin values below 

the lower limit of normal pooled plasma (137.89 nM). Based on these findings, there 

was minimal evidence of haemostatic impairment in this cohort, concerning this 

specific thrombin generation parameter, and only two women could have potentially 

benefitted from FFP. 
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3.2.2.4 Peak thrombin generation during postpartum haemorrhage dependent on 

volume of blood loss 

 

Figure 12 and Figure 13 were generated to examine the correlation between peak 

thrombin generation levels and measured blood loss at the time of blood sampling. 

Regression lines were grouped into primary cause of bleeds. Table 13 summarises 

the regression analyses. Visually only the group placenta praevia/accreta shows a 

decrease in peak thrombin associated with increasing measured blood loss. Out of 

the total of 10 women in the placenta praevia/accreta group, only two women 

experienced severe PPHs larger than 4000 ml, resulting in the regression line being 

predominantly influenced by these two cases alone. The results for individual women 

with placenta praevia/accreta are shown in Figure 14. Of note is that the peak thrombin 

for the woman who had the bleed 8000 ml increased after FFP had been infused after 

about 6000 ml. 

 

 
Figure 12. Peak thrombin generation (nM) – running measured blood loss (ml) correlation 
grouped by primary cause of bleed with regression lines excluding standard errors. 
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Figure 13. Peak thrombin generation (nM) – running measured blood loss (ml) correlation 
grouped by primary cause of bleed with regression lines including standard errors in grey. 

 

 

 
Figure 14. Peak thrombin generation (nM) in each patient suffering from placenta 
praevia/accreta dependent on measured blood loss (ml). 
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Table 13. Linear regression analysis for peak thrombin generation. 

 Abruption Atony Placenta 
praevia/accreta 

Retained 
placenta/products 

Surgical/ 
trauma 

Peak estimate 0.32 1.91 -15.31 3.24 -1.61 

R2 0.0026 0.22 0.39 0.14 0.05 

Adjusted R2 -0.05 0.12 0.36 0.09 0.04 

F-statistic 0.05 2.21 15.05 2.49 4.11 

p 0.8 0.18 0.0007 0.14 0.046 

 

Summarising Table 13, the correlations between measured blood loss and peak 

thrombin generation vary across subgroups. The placenta praevia/accreta subgroup 

shows that peak thrombin falls as measured blood loss increases with 39% of the 

change in peak thrombin being associated with blood loss. However, in the other 

subgroups (surgical/trauma, atony, retained placenta/products, and abruption), the 

correlations are not statistically significant, indicating that there is no significant linear 

relationship between MBL and peak thrombin in these subgroups. The R2 values 

indicate that the proportion of variability in MBL explained by peak thrombin is 

generally very low in these subgroups. 

 

3.2.3 Endogenous thrombin potential 

3.2.3.1 First Blood Sample taken during postpartum haemorrhage 

 

Endogenous thrombin potential corresponds to the total amount of thrombin generated 

in a sample after activation. Table 14 shows the descriptive analysis for ETP in the 

first blood samples taken during a PPH. Data are shown for the first and all PPH 

samples and for the non-pregnant and non-bleeding pregnant control groups.  

 
Table 14. Descriptive analysis: endogenous thrombin potential (nM*min) in the first samples 
during postpartum haemorrhage and the control groups. 

 Count Min Max Mean SD Median IQR 

Non-pregnant control 20 628.11 2643.82 1636.74 417.40 1642.12 306.42 

Non-bleeding pregnant 
control 34 1273.25 3008.13 2130.51 405.18 2066.95 417.69 

Postpartum haemorrhage 
(first blood samples) 

96 819.13 3834.48 2160.50 546.32 2115.31 695.02 

Postpartum haemorrhage 
(all blood samples) 

240 819.33 3834.48 2065.90 502.51 1979.60 524.16 
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Figure 15. Endogenous thrombin potential (ETP) histograms for the non-pregnant (NPC) 
and non-bleeding pregnant control (PC) groups and the first blood samples taken during 
postpartum haemorrhage (PPH). 

 

Considering Figure 15, normality was questionable for all groups, but in particular for 

the postpartum haemorrhage samples. Shapiro-Wilk Tests were performed, which 

confirmed that the distribution of ETP in the PPH group departed significantly from 

normality (W = 0.96, p < 0.01 [p = 0.009]). The Shapiro-Wilk results in the NPC (W = 

0.92, p = 0.11) and PC group (W = 0.98, p = 0.69) did not show statistical evidence of 

non-normality. Homogeneity of variance was investigated by running a Levene’s test. 

For ETP value, the variances were similar for NPC, PC, & PPH, F(8, 237) = 1.27, ns 

(p = 0.26).  

 

Based on these results, a Kruskal-Wallis test was used to test for any significant 

differences in ETP values in the first blood sample in the PPH group and the two 

control groups. The p is significant (H(2) = 19.52, p = 5.78e-05), therefore there is a 

significant difference in endogenous thrombin potential across those 3 groups. 

Running a multiple pairwise-comparison with a Benjamin & Hochberg adjustment 

method shows that ETP is higher in non-bleeding pregnant controls than non-pregnant 

controls (p = 5.2e-05). The ETP in first PPH samples was higher than non-pregnant 

controls (p = 5.2e-05). There was no difference between non-bleeding pregnant control 

and PPH first sample (p = 0.99) (Figure 16). 

 

To further understand endogenous thrombin potential within the PPH group, we 

analysed the first blood samples during postpartum haemorrhage by subgrouping it 

into primary cause of bleeds and the descriptive analysis is summarised in Table 15 

whereas Figure 16 compares the results in a box and whisker plot. 
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Table 15. Descriptive analysis: endogenous thrombin potential (nM*min) in first blood 
samples taken during postpartum haemorrhage. 

Primary cause of bleed Count Min Max Mean SD Median IQR 

Abruption 18 1227.8 3834.48 2262.79 682.39 2200.09 612.46 

Atony 7 1572.37 2464.96 2044.87 367.42 2203.86 616.41 

Placenta praevia/accreta 8 1734.21 2549.64 2198.70 366.73 2239.29 627.79 

Retained  placenta/ 
products 12 1146.1 2215.03 1824.31 341.35 1813.74 460.01 

Surgical/ trauma 50 819.13 3434.82 2202.77 563.06 2122.76 710.94 

 

 

 
Figure 16. Box plot: endogenous thrombin potential (ETP) (nM*min) in first blood samples 
taken during postpartum haemorrhage. 
Blue diamond represents the mean. The red stars show outliers, and the grey area indicates 
the non-pregnant normal range. 
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The median ETP ranges from 1813.74 nM*min in the retained placenta/products 

subgroup to 2239.29 nM*min in the placenta praevia/accreta group. A Shapiro-Wilk 

test was performed on each group: abruption (W = 0.89, p < 0.05 [p = 0.039]), atony 

(W = 0.869, p = 0.169), placenta praevia/accreta (W = 0.78, p < 0.05 [p = 0.02]), 

retained placenta/products (W = 0.92, p = 0.35), and surgical/trauma (W = 0.98, p = 

0.35). Since distribution departed significantly from normality in some of the groups, a 

Kruskal-Wallis test was run to investigate for statistical significance between the 

groups. The p is not significant (H(2) = 6.295, p = 0.18), thus I conclude that there is 

no statistical significant difference between the groups. 

 

The non-pregnant controls reference range was 628.11-2643.82 nM*min. None of the 

first blood samples taken during PPH fell below the lower limit of this range (628.11 

nM*min), i.e., 0% of women suffering from PPH have ETP in their first blood sample 

below the normal range of healthy non-pregnant female controls. Interestingly, 12 out 

of 95 first blood samples exceeded the upper limit of the NPC range, indicating that 

despite the presence of bleeding, more than 12% of patients exhibited higher ETP 

levels compared to the NPC reference range at the onset of bleeding. 

 

When comparing the first blood samples during PPH to the reference range of the 

non-bleeding pregnant control group (1273.25 - 3008.13 nM*min), five samples fell 

below this reference range. Specifically, three samples from the surgical/trauma 

subgroup displayed ETP values of 819.13, 1015.01, and 1251.16 nM*min, one sample 

from the retained placenta/products subgroup had an ETP value of 1146.10 nM*min, 

and one sample from the abruption subgroup showed an ETP value of 1227.80 

nM*min. Among those patients, only two received blood products. The first patient had 

an ETP of 819.13 nM*min at the time of first study sampling and experienced a running 

MBL of 1500 ml at the time of the sample. After the sample was taken, this patient 

received 10 units of fibrinogen and had a total blood loss of 2800 ml. The second 

patient had an ETP of 1227.8 nM*min and a total blood loss of 1300 ml. This patient 

received 4 units of fibrinogen. Notably, this patient was also the one previously 

mentioned with a prolonged lag time of 5.62 minutes. These will be discussed in more 

detail in section 3.3.3. 
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3.2.3.2 Lowest endogenous thrombin potential measured during postpartum 

haemorrhage 

 

The lowest ETP for each patient during the bleed was extracted and these are reported 

in following descriptive analyses: 

 
Table 16. Descriptive analysis: endogenous thrombin potential (nM*min) of blood samples 
with the lowest endogenous thrombin potential during postpartum haemorrhage. 

Primary cause of bleed Count Min Max Mean SD Median IQR 

Abruption 21 1223.61 3107.87 1989.55 492.16 1917.80 602.15 

Atony 10 1572.37 3666.57 2190.16 630.79 2040.95 685.97 

Placenta praevia/accreta 10 1305.13 2526.28 1820.25 351.54 1797.45 391.18 

Retained placenta/ 
products 14 1146.10 2261.22 1786.58 351.12 1809.38 504.45 

Surgical/trauma 57 819.13 3434.82 2041.88 539.38 1993.77 780.45 

 

Analysing the lowest ETP results showed that the median ETP values range from 

1797.45 nM*min in placenta praevia/accreta to 2040.95 nM*min in atony. Shapiro-Wilk 

tests were performed on the worst ETP results of each PPH subgroup: Abruption (W 

= 0.97, p = 0.72), atony (W = 0.85, p = 0.05), placenta praevia/accreta (W = 0.96, p = 

0.84), retained placenta/products (W = 0.96, p = 0.71), and surgical/trauma (W = 0.99, 

p = 0.88). Despite the p values indicating normal distribution, due to the small number 

of values in each group and skewed visualisations via histograms (see Figure 17), 

non-parametric tests were used. 

  

 
 

   
Figure 17. Exemplary endogenous thrombin potential (ETP) histograms of postpartum 
haemorrhage subgroups abruption, atony, and retained placenta/products. 
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The Kruskal-Wallis test showed a p of 0.31 (H(2) = 4.81) suggesting no significant 

difference in lowest ETP values across PPH subgroups. Furthermore, comparing this 

set of ETP results to the reference range of non-pregnant controls, no sample was 

below the minimum of 628.11 nM*min. This means that for the primary outcome 0/114 

(0 %) women with PPH had an ETP below the non-pregnant reference range. This 

suggests that there was no evidence for haemostatic impairment in women with PPH 

based on the ETP parameter.  However, the lowest ETP in the non-pregnant control 

group is a statistical outlier (Figure 18). In post hoc analysis this control was excluded, 

and this resulted in 3/114 women having an ETP below this revised normal range and, 

based on this stricter definition, could be considered to have evidence of haemostatic 

impairment.   

 

Nine women had blood samples taken during PPH that were below the non-bleeding 

pregnant reference range of 1273.25 nM*min (see section 3.3.3). Among these 

samples, six patients were from the surgical/trauma group with ETP values of 819.13 

nM*min, 1015.01 nM*min, 1145.01 nM*min, 1251.16 nM*min, 1255.46 nM*min, and 

1258.14 nM*min. Additionally, one patient from the retained placenta/products group 

had an ETP of 1146.10 nM*min, and two with abruptions showed ETP values of 

1223.61 and 1227.80 nM*min, respectively. The data above shows that only one of 

those patients (with an ETP of 819.13 nM*min), i.e., from the surgical/trauma group, 

had an ETP below that of normal pooled plasma. This suggests that the majority of 

women with PPH would not benefit from FFP treatment to improve haemostasis based 

on this parameter. 

 

3.2.3.3 Endogenous thrombin potential of all samples taking during postpartum 

haemorrhage 

 

An analysis was performed on all blood samples taken during PPH. Shapiro-Wilk tests 

were performed on each group: non-pregnant controls (W = 0.92, p = 0.11), non-

bleeding pregnant controls (W = 0.98, p = 0.69), PPH (W = 0.96, p < 0.01                              

[p = 1.775e-05]), abruption (W = 0.90, p < 0.01 [p = 0.002]), atony (W = 0.86, p < 0.05 

[p = 0.046]), placenta praevia/accreta (W = 0.95, p = 0.17), retained placenta/products 

(W = 0.98, p = 0.83), and surgical/trauma (W = 0.98, p = 0.27). 
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Since distribution departed significantly from normality in some groups, a Kruskal-

Wallis test was performed to investigate for any significant differences in ETP values. 

Since the p was (H(2) = 29.39, p = 0.0001) is less than the significance level of 0.05, 

I can conclude that there are significant differences in ETP between groups. 

 

Post-hoc Wilcoxon rank sum tests using the Benjamin & Hochberg method to compare 

all pairs of groups with each other show that the following are statistically significantly 

different (p < 0.05): The non-pregnant controls were lower than the non-bleeding 

pregnant control group (p = 0.0004). The non-pregnant controls were also lower than 

the combined PPH group (p = 0.0004), abruption (p = 0.0005), atony (p = 0.015), 

placenta praevia/accreta (p = 0.0045) and surgical/trauma (p = 0.0004). Retained 

placenta/products were lower than pregnant controls products (p = 0.045). Running a 

conservative Bonferroni adjusted method instead removes NPC vs atony (p = 0.088) 

and PC vs retained placenta/products (p = 0.31) from the statistically significantly 

different list. 
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Figure 18. Box plot: endogenous thrombin potential (ETP) (nM*min) in all samples taken 
during postpartum haemorrhage. 
Blue diamond represents the mean. The red stars show outliers, and the grey area indicates 
the non-pregnant normal range. 
 

 

The primary endpoint of this project was to investigate the prevalence of abnormal 

thrombin generation in women experiencing PPH. The analysis revealed that 0/114 

(0%) woman during PPH exhibited ETP thrombin generation levels below the lower 

reference limit of non-pregnant controls (628.11 nM*min), suggesting that there was 

no evidence of haemostatic impairment in this cohort, concerning endogenous 

thrombin potential. However, the lowest ETP in the non-pregnant control group is a 

statistical outlier. In post hoc analysis this control was excluded, and this resulted in 

5/114 (4.4%) women having an ETP below this revised normal range and, based on 

this more strict definition, could be considered to have evidence of haemostatic 

impairment. 
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Furthermore, 9/114 (7.89%) had ETP values below the lower limit of non-bleeding 

pregnant control range (1273.25 nM*min), but only one woman (0.88%) had 

endogenous thrombin potential below the lower limit of normal pooled plasma (894.49 

nM*min). Based on these findings, it was concluded that the ETP of the majority of 

women in this cohort would not have been improved by FFP infusion. 

 

3.2.3.4 ETP during postpartum haemorrhage dependent on measured blood loss 

 

Figure 19 and Figure 20 show the correlations between ETP (nM*min) and measured 

blood loss at the time of samples taken during PPH dependent on the primary cause 

of bleed.  

 

 
Figure 19. Endogenous thrombin potential (ETP) (nM*min) – running measured blood loss 
(ml) correlation grouped by primary cause of bleed with regression lines excluding standard 
errors. 
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Figure 20. Endogenous thrombin potential (ETP) (nM*min) – running measured blood loss 
(ml) correlation grouped by primary cause of bleed with regression lines including standard 
errors in grey. 

 

 
Table 17. Linear regression analysis for endogenous thrombin potential (ETP). 

 Abruption Atony Placenta 
praevia/accreta 

Retained 
placenta/products 

Surgical/ 
trauma 

ETP estimate -0.23 0.68 -1.96 0.23 -0.17 

R2 0.04 0.41 0.14 0.02 0.03 

Adjusted R2 -0.003 0.34 0.10 -0.04 0.01 

F-statistic 0.93 5.57 3.88 0.36 2.13 

p 0.35 0.046 0.06 0.56 0.15 

 

Regression lines were added for each PPH subgroup and regression analysis results 

are presented in Table 17. Visually in Figure 19 and Figure 20, placenta 

praevia/accreta, surgical/trauma and abruption may have a negative correlation, 

suggesting that as PPH progresses, ETP declines. Overall, the results suggest that 

there is a minimal relationship between endogenous thrombin potential and measured 

blood loss across different subgroups. Only in the atony subgroup, ETP shows a 
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moderate relationship with MBL and statistically significant, while in the other 

subgroups (abruption, placenta praevia/accreta, retained placenta/products, and 

surgical/trauma), the relationship is either not statistically significant or marginally not 

statistically significant. 

 

3.2.4 Velocity index 

3.2.4.1 Velocity index at the time of the first blood sample taken during postpartum 

haemorrhage 

 

Velocity index corresponds to the rate of thrombin production. Table 18 shows the 

descriptive analysis of the first blood sample taken during PPH, all PPH samples, and 

the control groups. 

 
Table 18. Descriptive analysis: velocity index (nM/min) in the first samples during 
postpartum haemorrhage and the control groups. 

 Count Min Max Mean SD Median IQR 

Non-pregnant control 20 38.93 199.77 97.66 41.55 86.54 49.60 

Non-bleeding pregnant 
control 34 54.69 268.05 166.17 49.22 170.60 58.42 

Postpartum haemorrhage 
(first blood samples) 

96 25.11 403.78 174.05 54.85 176.03 61.88 

Postpartum haemorrhage 
(all blood samples) 

240 25.11 403.78 167.78 51.03 166.60 57.81 

 

 

 

   
 
Figure 21. Velocity index (nM/min) histograms for the non-pregnant (NPC) and non-bleeding 
pregnant control (PC) groups and the first blood samples taken during postpartum 
haemorrhage (PPH). 
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Considering Figure 21, normality is visually questionable in all three groups. Shapiro-

Wilk tests were performed, which confirmed that the distribution of velocity index in 

the PPH group departed significantly from normality (W = 0.95, p < 0.01 [p = 0.00072]). 

The Shapiro-Wilk results in the non-pregnant (W = 0.94, p = 0.20) and non-bleeding 

pregnant group (W = 0.99, p = 0.99) did not show statistical evidence of non-normality. 

Homogeneity of variance was investigated by running a Levene’s test. For velocity 

index, the variances were similar for NPC, PC, & PPH (F(8, 237) = 0.78, p = 0.62).  

 

Based on this outcome, a Kruskal-Wallis test was used to test for any significant 

differences in velocity index in the first blood sample during PPH in the groups NPC, 

PC, & PPH. The p (H(2) = 28.905, p = 5.288e-07) shows that there is a significant 

difference in velocity index across those 3 groups. Irrespective what p adjustment 

method (Bonferroni vs Benjamin & Hochberg) is used while running a multiple 

pairwise-comparison, the velocity index in the non-bleeding pregnant control group is 

higher than in the non-pregnant group (p = 1.2e-05, p = 6.4e-06). In addition, the velocity 

index is higher in the PPH group than the non-pregnant controls (p = 4.2e-07,                          

p = 4.2e-07). The p comparing non-bleeding pregnant controls and PPH is not 

statistically significant for both methods (p = 1.00, p = 0.42). 

 

To further understand velocity index within the PPH group, I analysed the first blood 

samples during PPH by subgrouping them into primary cause of bleeds and the 

descriptive analysis is summarised in Table 19, whereas Figure 22 compares the 

results in a box and whisker plot.  

 
Table 19. Descriptive analysis: velocity index (nM/min) in first blood samples taken during 
postpartum haemorrhage. 

Primary Cause of Bleed Count Min Max Mean SD Median IQR 

Abruption 18 87.8 403.78 180.59 69.03 168.22 41.16 

Atony 7 98.04 336.40 177.28 84.65 160.92 100.09 

Placenta praevia/ accreta 8 71.08 213.69 151.99 43.38 155.19 34.81 

Retained placenta/ 
products 12 31.92 227.72 158.95 56.71 181.00 68.89 

Surgical/trauma 50 25.11 260.87 177.02 46.09 187.63 52.69 
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Figure 22. Box plot: velocity index (nM/min) in first blood samples taken during postpartum 
haemorrhage. 
Blue diamond represents the mean. The red stars show outliers, and the grey area indicates 
the non-pregnant normal range. 
 

The median velocity index ranges from 155.19 nM/min in the placenta praevia/accreta 

group to 187.63 nM/min in the surgical/trauma group. Prior to running a Kruskal-Wallis 

test, histograms were visualised (Figure 23) and Shapiro-Wilk tests were performed 

on each group: abruption (W = 0.81, p <0.05 [p = 0.0023]), atony (W = 0.88, p = 0.23),  

placenta praevia/accreta (W = 0.96, p = 0.78), retained placenta/products(W = 0.89, 

p = 0.13), and surgical/trauma (W = 0.95, p <0.05  [p = 0.039]). Since distribution 

departed significantly from normality in some of the groups, a Kruskal-Wallis test was 

used to investigate for statistical significance. The p is not significant (H(2) = 3.0867, 

p = 0.54). 
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Figure 23. Velocity index (nM/min) histograms: PPH subgroups for the first blood sample 
taken during postpartum haemorrhage. 

 

In the non-pregnant reference range for the velocity index, the values ranged from 

38.06 to 199.77 nM/min, and two samples fell below the lower limit of 38.06 nM/min. 

Thus, 2.1% (2/95) of women have a first velocity index below the normal range of 

healthy non-pregnant female controls. This result did not change if the non-pregnant 

control who was a statistical outlier with respect to ETP was excluded.  Interestingly, 

among the 95 first blood samples, 56 samples exceeded the upper limit of the non-

pregnant reference range (169.06 nM/min). This finding indicates that nearly 60% of 

the patients, despite their bleeding condition, exhibited a velocity index higher than the 

upper limit of the reference range observed in non-pregnant individuals. 

 

When comparing the velocity index values to the reference range of the non-bleeding 

pregnant control group (54.69 - 269.05 nM/min), the same two first blood samples as 

above fell below that reference range. These two samples came from patients in the 

surgical/trauma subgroup (with a velocity index of 25.11 nM/min) and the retained 

placenta/products subgroup (with a velocity index of 31.92 nM/min). Interestingly, 

these are the same patients mentioned earlier in the context of peak thrombin first 

blood samples. 
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3.2.4.2 Lowest velocity index during postpartum haemorrhage 

 

The lowest velocity index during PPH for each patient was identified and the results 

are reported in the following descriptive analyses: 

 
Table 20. Descriptive analysis: velocity index (nM/min) of blood samples with the lowest 
velocity index during postpartum haemorrhage. 

Primary cause of bleed Count Min Max Mean SD Median IQR 

Abruption 21 78.49 283.23 158.50 48.41 155.63 25.02 

Atony 10 93.54 336.4 193.99 84.72 183.51 129.03 

Placenta praevia/ accreta 10 71.08 183.54 122.83 40.94 125.03 69.34 

Retained placenta/ 
products 14 25.81 206.98 152.39 49.35 171.67 67.83 

Surgical/trauma 57 25.11 273.73 169.63 47.29 170.40 64.75 

 

The median lowest velocity index values range from 125.03 nM/min in placenta 

praevia/accreta to 183.51 nM/min in atony. Histograms showing skewness were 

produced (see Figure 24), and Shapiro-Wilk tests were performed on the lowest 

velocity index results of each PPH subgroup: abruption (W = 0.906, p < 0.05 [p = 

0.0.045]), atony (W = 0.93, p = 0.48), placenta praevia/accreta (W = 0.91, p = 0.27), 

retained placenta/products(W = 0.85, p < 0.05 [p = 0.021]), and surgical/trauma (W = 

0.98, p = 0.42). As some groups departed significantly from normality, a Kruskal-Wallis 

Test was performed, which produced a p of 0.047 (H(2) = 9.643), thus indicating a 

significant difference in velocity index across PPH subgroups. 
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Figure 24. Velocity index (nM/min) histograms: postpartum haemorrhage subgroups for the 
lowest velocity index blood sample. 

 

A multiple pairwise-comparison with no p adjustment method resulted in one 

significant result between placenta praevia/accreta and surgical/trauma (p = 0.0051), 

whereas adjusting with either Bonferroni or Benjamin & Hochberg method found no 

results of statistical significance. Thus, the velocity index did not vary dependent on 

the cause of bleeding.  

 

Moreover, upon comparing the present set of all PPH blood samples to the reference 

range established for non-pregnant controls, it was observed that two women (total of 

three blood samples) exhibited velocity index values below 38.06 nM/min (see section 

3.2.4.1). This means that the primary endpoint for velocity index was that 2/114 

(1.75%) women had a result below the non-pregnant normal range. This result did not 

change if the non-pregnant control who was a statistical outlier with respect to ETP 

was excluded. 

 

The data above shows that only two of those patients with velocity indices of 25.11 

nM/min (surgical/trauma) and 25.18 nM/min (retained placenta/products) had velocity 

indices below that of normal pooled plasma. This suggests that the velocity index of 

the majority of women with PPH would not be improved by FFP infusion. 
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3.2.4.3 Velocity index of all samples taking during postpartum haemorrhage 

 

Shapiro-Wilk tests were performed on each group: non-pregnant control (W = 0.94, p 

= 0.20), non-bleeding pregnant control (W = 0.99, p = 0.99), PPH (W = 0.97, p < 0.01 

[p = 0.00024]), abruption (W = 0.85, p < 0.01 [p = 0.00017]), atony (W = 0.91, p = 

0.12), placenta praevia/accreta (W = 0.96, p = 0.37), retained placenta/products (W = 

0.85, p < 0.01 [p = 0.0013]), and surgical/trauma (W = 0.98, p = 0.13). 

 

Since distribution departed significantly from normality in some groups, a Kruskal-

Wallis test was used to investigate for any significant differences in velocity index 

values. The p (H(2) = 43.492, p = 2.68e-07) indicates that there are significant 

differences in velocity index values between groups.  

 

 
 

Figure 25. Box plot: velocity index (nM/min) in all samples taken during postpartum 
haemorrhage. 
Blue diamond represents the mean. The red stars show outliers, and the grey area indicates 
the non-pregnant normal range. 
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Table 21 shows the statistically significant results from the post-hoc Wilcoxon rank 

sum tests using the Benjamin & Hochberg method to compare all pairs of groups with 

each other. 

 
Table 21. Post-hoc Wilcoxon rank sum test for velocity index across non-pregnant, non-
bleeding pregnant, PPH and its subgroups. 

Non pregnant control vs non-bleeding pregnant control p = 3.0e-05 

Non pregnant control vs postpartum haemorrhage p = 1.3e-06 

Non pregnant control vs Abruption p = 1.4e-06 

Non pregnant control vs Atony p = 0.0018 

Non pregnant control vs placenta praevia/accrete p = 0.0008 

Non pregnant control vs retained placenta/products p = 0.0003 

Non pregnant control vs surgical/trauma p = 1.3e-06 

Abruption vs placenta praevia/accrete p = 0.008 

Retained placenta/products vs placenta praevia/accrete p = 0.026 

Surgical/trauma vs placenta praevia/accrete p = 0.0008 

 

The velocity index values obtained from non-pregnant controls were consistently lower 

than those observed in pregnant controls and across various subgroups, including all 

PPH samples combined, abruption, atony, placenta praevia/accreta, retained 

placenta/products, and surgical/trauma. Statistical analysis revealed significant 

differences between several pairs of subgroups, specifically, abruption vs placenta 

praevia/accreta, retained placenta/products vs placenta praevia/accreta, and 

surgical/trauma vs placenta praevia/accreta. However, employing a conservative 

Bonferroni-adjusted method resulted in the exclusion of abruption vs placenta 

praevia/accreta (p = 0.084) and retained placenta/products vs placenta 

praevia/accreta (p = 0.288) from the list of significantly different subgroups. These 

differences are not likely to be clinically significant as the velocity index was either 

within or above the non-pregnant normal range in almost all cases. 

 

The primary endpoint of this project was to investigate the prevalence of abnormal 

thrombin generation in women experiencing PPH. The analysis revealed that 2 out of 

114 women (1.75%) with PPH exhibited velocity indices in a total of three blood 

samples below the lower reference limit of non-pregnant controls (38.93 nM/min), non-

bleeding pregnant controls (54.69 nM/min) and normal pooled plasma (40.08 nM/min). 
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This result did not change if the non-pregnant control who was a statistical outlier with 

respect to ETP was excluded. 

 

Based on this finding, it was concluded that there was limited evidence of haemostatic 

impairment in this cohort, concerning velocity index and the majority would not have 

benefited from FFP infusion. 

 

3.2.4.4 Velocity index during postpartum haemorrhage dependent on measured 

blood loss 

 

 
Figure 26. Velocity index (nM/min) – running measured blood loss (ml) correlation grouped 
by primary cause of bleed with regression lines excluding standard errors. 

 

Figure 26 and Figure 27 show visual insights into the relationships between bleed size 

and velocity index within different bleeding categories. Additionally, Table 22 provides 

a comprehensive summary of the results obtained from the linear regression analysis, 

elucidating the statistical associations between bleed size and velocity index for each 

primary cause of bleeding. Overall, the results suggest that the relationships between 
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velocity index and measured blood loss is not statistically significant in any of the 

subgroups and the explanatory power of velocity index for measured blood loss is 

relatively low across all subgroups. 

 

 
Figure 27. Velocity index (nM/min) – running measured blood loss (ml) correlation grouped 
by primary cause of bleed with regression lines including standard errors in grey. 

 

 
Table 22. Linear regression analysis for velocity index. 

 Abruption Atony 
Placenta 

praevia/accreta 
Retained 

placenta/products 
Surgical/ 
trauma 

Velocity estimate 1.86 1.91 -18.08 3.96 -1.56 

R2 0.03 0.15 0.14 0.06 0.02 

Adjusted R2 -0.015 0.048 0.11 -0.005 0.003 

F-statistic 0.68 1.46 3.94 0.91 1.22 

p 0.42 0.26 0.059 0.36 0.27 
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3.2.5 Amniotic fluid embolus patient 

 

The patient suffering from an amniotic fluid embolus (AFE) was a 36-year-old woman, 

gravida 5 para 3 with a BMI of 56 kg/m2 (discussed in detail here [130]). She delivered 

by planned caesarean at 39 weeks’ gestation. The patient had a history of three 

previous caesarean sections and her current pregnancy was complicated by 

polyhydramnios. Preadmission laboratory values showed a haemoglobin 

concentration of 113 g/L and a platelet count of 217 × 109/L. During delivery, the 

patient complained of feeling ‘strange’ with difficulty breathing. Soon after, she lost 

consciousness and suffered a cardiac arrest.  

 

An AFE was part of the differential diagnosis, and the major obstetric haemorrhage 

protocol was activated in anticipation of bleeding. Intravenous tranexamic acid 1 g was 

administered. Blood samples were taken 20 min after the cardiac arrest, and included 

a full blood count, rotational thromboelastometry, and a coagulation screen comprising 

PT, activated partial aPTT, and Clauss fibrinogen.  PPP was derived from this and 

stored for later thrombin generation analysis. Following the return of her circulation, 

the patient rapidly lost an estimated 1000 mL of blood (assessed by a gravimetric 

method) and subsequent management focussed on correcting the coagulopathy and 

managing major haemorrhage. The thrombin generation results are shown Table 23. 

All thrombin generation parameters are within the non-pregnant normal range 

suggesting that, despite the severe coagulopathy, as demonstrated by the reduced 

fibrinogen, adequate procoagulant factor levels were sustained throughout the bleed. 

This suggests that the coagulopathy of AFE is predominantly due to reduced 

fibrinogen and that there is no evidence for a generalised consumption of clotting 

factors. 
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Table 23. Summary of the AFE patient's blood loss, administered blood products and 
coagulation test results. 

Minutes from collapse + 20 +55 +110 

Quantitative blood loss (mL) 1310 1620 2300 

Haemostatic treatment pre-sample TXA 1 g 

Fibrinogen concentrate 
6 g 

TXA 1 g 
PRBC 1 unit 

Fibrinogen concentrate 
4 g 

FFP 4 units 
PRBC 1 unit 

PT (s) 13.4 14.0 13.4 

aPTT (s) 41.8 35.0 32.9 

Fibrinogen (g/L) 1.6 2.1 2.4 

Platelet count (x 109/L) 92 90 130 

Factor II (IU/dL) 88 78 83 

Factor V (IU/dL) 44 32 39 

Factor VII (IU/dL) 141 128 139 

Factor VIII (IU/dL) 140 95 98 

Factor IX (IU/dL) 162 125 126 

Factor X (IU/dL) 98 84 91 

Factor XI (IU/dL) 83 65 68 

Factor XIII (IU/dL) 50 46 57 

Lag time (min) 2.44 2.61 2.61 

Peak thrombin (nM) 393 350 386 

ETP (nM*min) 2129 1950 1987 

Velocity index (nM/min) 168 162 179 

Tranexamic acid (TXA). Packed red blood cells (PRBC). Fresh frozen plasma (FFP). 
 

3.3 Analyses of outliers in context of individual coagulation factor levels 

3.3.1 Lag time    

 

One patient had a lag time longer than the upper limit of non-bleeding pregnant control 

reference range of 6.11 min (see Table 24) and normal pooled plasma of 5.78 min. In 

post hoc analysis, the patient’s lag time was within the non-bleeding pregnant control 

range if the two statistical outliers in the control group are excluded. The patient’s ETP 

was 1251.16 nM*min and thus below the non-bleeding pregnant control reference 

range (1273.25 nM*min). Their peak thrombin value was 117.2 nM, i.e., significantly 

below the non-bleeding pregnant control reference range (194.49 nM) and the velocity 

index of 25.11 nM/min was half of the the non-bleeding pregnant control minimum 
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reference value (54.69 nM/min). Despite that the woman had a relatively small PPH 

with a measured blood loss of 1100 ml and did not receive any blood products. The 

patient had normal levels of all coagulation factors and the thrombin generation 

parameters were within the non-pregnant normal range suggesting that there was no 

evidence for haemostatic impairment.  Additionally, one more woman had a longer lag 

time than the upper limit of normal pooled plasma. This suggests that this particular 

woman could potentially have benefitted from FFP infusion, however, the majority of 

women suffering from PPH would not. 

 

In total, seven women had lag time values above the upper limit of the non-pregnant 

control reference range of 4.65 min and so triggered the primary endpoint. All of those 

women had ETP values above the lower end of the non-pregnant control reference 

range of 628 nM but three had values below the ETP of the non-bleeding pregnant 

control reference range (1273.25 nM*min). All the women maintained peak thrombin 

generation above the non-bleeding pregnant control reference range. Considering 

their coagulation profiles, all women had coagulation factor levels within or above the 

normal range and both PT and aPTT were normal. This suggests that FFP infusion 

would not have improved haemostasis. The finding of normal P, aPTT and coagulation 

factor levels means that the prolonged lag time cannot be explained based on 

deficiencies of these factors and the underlying mechanism remains unknown.  
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Table 24. Lag time outliers and their coagulation profiles. 

Primary
cause 

TBL 
(ml) 

Sam-
ple PT aPTT FI FII FV FVII FVIII FIX FX FXI 

Lag 
time 
(min) 

Surgical/ 
trauma 

1100 
(running 

MBL 1.1L) 
1st 13.1 28 5.9 70.3 53.1 60.7 283.3 120.5 89.7 73.9 6.67 

Surgical/ 
trauma 

2500 
(running 
MBL 2L) 

2nd 10.9 23.9 3.8 119.8 109.4 118.5 248.3 151.4 77.9 74.6 5.83 

Surgical/ 
trauma 

2500 
(running 
MBL 2L) 

2nd 10.8 28.2 9 113.4 125 131.7 419.3 139.6 166 49.3 5.67 

Abrup-
tion 

1300 
(running 

MBL 
unknown) 

1st 10.2 23.2 2.0 140.5 78.0 177.9 228.1 161.3 186.6 88.3 5.62 

Abrup-
tion 

2000 
(running 
MBL 2L) 

2nd 10.6 22.4 2.9 119.8 99.1 145.3 495.8 188.1 130.2 79.9 4.84 

Surgical/ 
trauma 

3350 
(running 

MBL 
unknown) 

1st 12.1 26.7 4.4 110.4 57.9 139 176.1 128.5 96 72.4 4.81 

Surgical/ 
trauma 

2300 
(running 

MBL 
unknown) 

2nd 11.5 24.1 6.1 145.3 96.7 160.5 377.8 231.3 165.3 81.5 4.67 

PT and aPTT are shown in seconds, factor I (fibrinogen) levels are shown in g/L and other 
factor levels are shown in IU/dL. Normal range for factor levels are 50-150 IU/dL. 
 

3.3.2 Peak thrombin generation 

 

Six patient samples (or four patients) had peak thrombin values below the non-

bleeding pregnant normal reference range of a minimum of 194.49 nM. None of them 

had a peak value below the non-pregnant control minimum of 110.19 nM and three 

had peak thrombin values below the lower limit of normal pooled plasma range of 

137.89 nM. Their coagulation factors can be seen in Table 25. Low levels of factor II 

are likely cause of the reduced peak thrombin in most of the cases with low factor X 

and V contributing in some cases. 
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One patient with placenta praevia/accreta had also particular low levels of factor V and 

also low factor X. This patient had a total blood loss of 8.5 L and developed reduced 

peak thrombin secondary to decreased factor II, V and X as a result of dilution. She 

received 8 units of fibrinogen and 2 units of FFP which led to an increase in peak 

thrombin (Figure 14). Prior to her low peak thrombin value compared to non-bleeding 

pregnant control, her first and second study blood sample show peak values (306.9 

nM and 230.33 nM, respectively) within non-pregnant and non-bleeding pregnant 

control reference range. Her corresponding fibrinogen levels were 2.3 g/L and 2.2 g/L 

and her factor II levels were within normal range (87.1 IU/dL and 60.5 IU/dL). These 

results can be best explained by dilutional coagulopathy related to her total blood loss 

and resuscitation. 

 
Table 25. Peak thrombin outliers and their coagulation profiles. 

Primary cause TBL (ml) Sam-
ple PT aPTT FI FII FV FVII FVIII FIX FX FXI Peak 

(nM) 

Placenta praevia/           
accreta 

4000              
(running         

MBL 2.78 L) 
4th 13.4 33.7 1.7 43.4 34.7 100.2 230.8 97.7 42.1 55.1 192.97 

Placenta praevia/           
accreta 

8500             
(running        

MBL at 7 L) 
4th 17.2 50.5 2.5 34.5 19.7 46.0 86.8 58.0 38.4 20.5 175.67 

Placenta praevia/            
accreta 

8500               
(running            

MBL at 5.7 
L) 

3rd 18.2 63.3 1.7 32.4 15.7 47.6 120.1 55.5 31.2 18.8 161.04 

Retained pla./ 
products 

3000              
(running 

MBL unk-
nown) 

1st 12.7 46.1 1.8 37.7 49.6 77.7 432.9 68.0 56.8 31.9 137.58 

Retained pla./ 
products 

3000             
(running 

MBL unk-
nown) 

2nd 13.2 48.2 1.7 30.9 42.7 70.1 163.8 50.1 53.8 26.6 120.43 

Surgical/trauma 1100              
(MBL 1.1 L) 1st 13.1 28 5.9 70.3 53.1 60.7 283.3 120.5 89.7 73.9 117.16 

PT and aPTT are shown in seconds, factor I (fibrinogen) levels are shown in g/L and other 
factor levels are shown in IU/dL. Normal range for factor levels are 50-150 IU/dL. 
 

There were 69 patient samples above the non-bleeding pregnant control reference 

range of 394.19 nM. 
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3.3.3 Endogenous thrombin potential 

 

Nine patients had ETP values below the lower end of the non-bleeding pregnant 

control reference range of 1273.25 nM*min as shown in Table 26. Only one of those 

had an ETP below the normal reference range of normal pooled plasma (894.49 

nM*min) and none of these patients had an ETP below the non-pregnant normal range 

(628.11 nM*min). However, if the non-pregnant control who was a statistically outlier 

is excluded then 3/114 women had an ETP below the non-pregnant normal range. 

 

Out of these the nine women, three received blood products. One abruption with a 

total blood loss of 1.1 L received 10 gms of fibrinogen concentrate. Her fibrinogen level 

was 1.4 g/L at the first study blood sample with a MBL of 595 ml and at that time her 

ETP of 2314.38 nM*min was above non-pregnant normal range. Subsequently, her 

fibrinogen level improved to 2.3 g/L in the second sample with a stable MBL, but her 

ETP levels dropped to 1223.61 nM*min. Her third and last sample showed a stable 

fibrinogen of 2.5 g/L, stable coagulation factor levels and an ETP of 1863.5 nM*min, 

i.e., once again above the low non-bleeding pregnant control reference. At all times 

her ETP was above the non-pregnant normal range. 

 

The second bleed that was treated with blood products was caused by an abruption, 

with a total blood loss of 1.3 L. The patient received 4 grams of fibrinogen concentrate. 

The fibrinogen level of 2.0 g/L and ETP of 1227.8 nM*min in the first sample improved 

to a fibrinogen of 2.5 g/L and ETP 2007.5 nM*min. Interestingly, the coagulation factor 

II dropped from 140.5 IU/dL to 112.7 IU/dL, however, was still in normal range. This 

patient’s ETP was above the non-pregnant normal range throughout the bleed. 

 

The third patient who received blood products was from the surgical/trauma group. 

Here, fibrinogen levels were initially 2.9 g/L and ETP of 819.13 nM*min. The fibrinogen 

then dropped to 1.5 g/L (unfortunately no ETP analysis was possible on this sample) 

with factor II within the normal range at of 81.9 IU/dL. The fibrinogen level then 

increased to 2.1 g/L with an ETP of 2303.4 nM*min and a factor II level stable at 79.9 

IU/dL. This patient received in total 10 units of fibrinogen. The patient’s first ETP was 

below the reference range of normal pooled plasma and so theoretically the ETP could 

have been improved with FFP, however, the actual coagulation factors levels were 
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normal or high at the time. In addition, the ETP increased to 2303 nM*min without FFP 

infusion and the initial ETP of 813 nM*min cannot be explained based on the 

information available. 

 
Table 26. Endogenous thrombin potential (ETP) outliers and their coagulation profiles. 

Primary 
cause TBL (ml) Sam-

ple PT aPTT FI FII FV FVII FVIII FIX FX FXI ETP       
(nM*min) 

Surgical/ 
trauma 

2800           
(running 

MBL 1.5 L) 
1st 9.5 22.3 2.9 113.0 74.9 196.5 284.0 167.9 127.4 100.9 819.13 

Surgical/ 
trauma 

2200         
(running 

MBL 2.2 L) 
1st 10.7 22.2 4.2 108.9 79.6 145.3 350.6 186.8 127.7 90.9 1015.0 

Surgical/ 
trauma 

1400         
(running 

MBL 1.3 L) 
2nd 11 26.8 4 96.8 91.9 109.5 175.4 145.5 78.7 69.4 1145.0 

Retained   
pla./              
products 

2650         
(running 
MBL 1 L) 

1st 10.2 22.8 4.2 116.2 120.9 165.3 400.7 208.5 159.0 153.0 1146.1 

Abruption 

1100           
(running 

MBL            
595 ml) 

2nd 12.8 28.9 2.3 76.9 22.9 170.1 56.8 100.3 103.3 88.0 1223.6 

Abruption 

1300         
(running 

MBL          
unknown) 

1st 10.2 23.2 2.0 140.5 78.0 177.9 228.1 161.3 186.6 88.3 1227.8 

Surgical/ 
trauma 

1100         
(running 

MBL 1.1 L) 
1st 13.1 28 5.9 70.3 53.1 60.7 283.3 120.5 89.7 73.9 1251.2 

Surgical/ 
trauma 

2500          
(running 
MBL 2 L) 

2nd 10.9 23.9 3.8 119.8 109.4 118.5 248.3 151.4 77.9 74.6 1255.5 

Surgical/ 
trauma 

2700          
(running 

MBL 2.7 L) 
3rd 10.9 26.4 4 77.5 73.8 155.6 207.1 110.7 75.9 47.9 1258.1 

PT and aPTT are shown in seconds, factor I (fibrinogen) levels are shown in g/L and other 
factor levels are shown in IU/dL. Normal range for factor levels are 50-150 IU/dL. 
 

There were 75 patient samples above the maximum non-bleeding pregnant control 

reference range of 2130.51 nM*min. 
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3.3.4 Velocity index 

 

Three patient samples (or two patients) had velocity index values below the lower level 

of non-bleeding pregnant control reference range of 54.69 nM/min as shown in Table 

27. In both cases, the velocity index was also below the non-pregnant normal range. 

All three samples were also below the low-level reference of normal pooled plasma 

(40.08 nM/min) and so, this haemostatic parameter could have been improved with 

FFP. None of the patients received blood products. The patient who had the 3000 mL 

blood loss had low levels of factor II and XI and this would explain the reduced velocity 

index. The other patient had normal coagulation factors and the reduced velocity index 

is unexplained. 

 
Table 27. Velocity index outliers and their coagulation profiles. 

Primary 
cause 

TBL              
(ml) 

Sam-
ple PT aPTT FI FII FV FVII FVIII FIX FX FXI 

Velocity 
index 

(nM/min) 

Surgical/ 
trauma 1100 1st 13.1 28 5.9 70.3 53.1 60.7 283.3 120.5 89.7 73.9 25.11 

Retained 
pla./  
products 

3000            
(running MBL 

unknown) 
1st 12.7 46.1 1.8 37.7 49.6 77.7 432.9 68.0 56.8 31.9 31.92 

Retained 
pla./  
products 

3000           
(running MBL 

unknown) 
2nd 13.2 48.2 1.7 30.9 42.7 70.1 163.8 50.1 53.8 26.6 25.81 

PT and aPTT are shown in seconds, factor I (fibrinogen) levels are shown in g/L and other 
factor levels are shown in IU/dL. Normal range for factor levels are 50-150 IU/dL. 
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Chapter 4 

4 General Discussion 
4.1 Recapitulating aims 
 

This thesis investigated thrombin generation in obstetric patients suffering from 

postpartum haemorrhage. Current guidelines recommend empirical replacement of 

procoagulant clotting factors using FFP during PPH on the assumption that 

deficiencies of these factors are common [127] [128]. This practice is based on data 

derived from studies in major trauma where clotting factors deficiencies are common 

and occur early during the bleed [4]. Whether procoagulant clotting factors become 

deficient during PPH is debated [19] [119] [120]. Standard tests of coagulation, PT and 

aPTT, may not be the best way to assess clotting factor deficiencies because they do 

not reflect the cell-based model of haemostasis or are not good predictors of 

haemorrhagic risk [24] [25] [28] [44] [57] [129]. Thrombin generation is a method that 

can be used to investigate the integrated role of procoagulant factors in haemostasis 

[12]. This means that the assay can be used to assess whether there is any evidence 

for haemostatic impairment, secondary to clotting factor deficiencies.  

 

The primary endpoint of the study was to investigate whether women experiencing 

severe PPH, or those most likely to have coagulopathy (placental abruption or AFE) 

had evidence of haemostatic impairment related to deficiencies of procoagulant 

factors. The specific endpoint chosen was to establish the proportion of women with 

PPH who had thrombin generation parameters outside the normal range of 

haemostatic competence for non-pregnant controls. Specifically, a lag time above the 

normal range or a peak thrombin, ETP or velocity index below the normal range was 

used. The results showed that 9/114 (7.9%) women had one or more thrombin 

generation parameters outside the normal range. Of note, most of the abnormal 

thrombin generation assays were a result of increased lag time and no women had a 

peak thrombin or ETP below the non-pregnant normal range. 

 

Furthermore, the thrombin generation results were compared to normal pooled 

plasma, which was used as a model for FFP. The assumption was made that if a 

woman’s thrombin generation was within or above the thrombin generation 
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haemostatic range of normal pooled plasma then the infusion of FFP would be unlikely 

to improve haemostasis. The results showed that 5/114 women had thrombin 

generation that could have potentially been improved by FFP. 

 

In addition, thrombin generation in women with PPH was compared with two other 

groups, non-pregnant health women controls and non-bleeding term pregnant controls 

(samples taken immediately before an elective caesarean section). These data were 

used to investigate the effect of pregnancy on thrombin generation. The results 

confirmed that peak thrombin, ETP and velocity index were substantially increased in 

non-bleeding pregnant women supporting previous publications and confirming the 

prothrombotic state at term [10] [65] [69] [70].  The lag time was not different between 

non-pregnant and non-bleeding pregnant controls suggesting that this parameter is 

not sensitive to the prothrombotic state associated with pregnancy and hence may not 

be the best parameter to assess haemostatic impairment in this cohort of patients. 

 

There was no clinically significant association between thrombin generation and the 

primary cause of bleeding, suggesting that secondary haemostasis is not affected by 

the aetiology of the bleed. This is discrepant to findings for fibrinogen where reduced 

levels are well recognised in cases of placental abruption [124] [127]. The implication 

is that depletion of fibrinogen during abruption is specific and not associated a 

generalised consumption of coagulation factors. 

 

I also investigated whether the primary cause of bleed or the bleeding size would have 

an effect on the thrombin generation parameters and would this be reflected in the 

coagulation factors of the patients. 

 

The following section provides conclusive statements while critically appraising their 

limitations and the influence this will have on future research. 

 

4.2 Lag time 
 

The primary endpoint of this project was to assess the proportion of women suffering 

from PPH with lag times above the normal range for healthy non-pregnant female 

controls. There were 7 out of 114 (6.14%) women with PPH had lag times above the 
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upper limit of the normal range for non-pregnant controls. However, none of the 

patients with a high lag time had any procoagulant factors below the normal range. 

This further supports the suggestion that lag time is not a good parameter to 

investigate haemostatic impairment during PPH. The cause of the prolonged lag time 

in these 7 cases remains unknown and further research is required. 

 

Regarding the secondary endpoints, the study found that only 1 out of 114 (0.88%) 

women with PPH had a lag time above the upper limit of the normal range for non-

bleeding pregnant controls and only 2 out of 114 (1.75%) women had a longer lag time 

than the upper limit of normal pooled plasma reference range. This implies that 

administering FFP would not be likely to enhance haemostasis in the vast majority of 

women experiencing PPH based on the lag time, and this is supported by the finding 

that coagulation factors were normal or raised in the women with high lag times. 

 

Furthermore, in the comparative analysis of lag times between the postpartum 

haemorrhage cohort and the non-bleeding pregnant controls, no statistically significant 

difference was observed. This finding suggests the absence of any evident 

haemostatic impairment in women experiencing PPH compared to non-bleeding 

women at term. Consequently, it implies that additional factors must account for the 

occurrence of major haemorrhage following childbirth in certain women. 

 

Among the various primary causes of bleeding in the PPH group, the subgroup 

characterised by placenta praevia/accreta displayed notably shorter lag times in 

comparison to other PPH subgroups, such as abruption, retained placenta/products, 

and surgical/trauma. The underlying reasons for this observation remain unclear and 

require further investigation. Furthermore, only the placenta praevia/accreta subgroup 

exhibited a relationship between lag time and measured blood loss. This finding is also 

unexpected and difficult to rationalise as it implies that as the bleed size increases the 

initiation of haemostasis becomes more rapid. This is a counter-intuitive finding and 

would need to be investigated further to establish whether it was a reproducible 

finding. However, any conclusion is limited by the low R2 value, indicating that 

additional factors other than blood loss may influence lag time during PPH. Overall, 

the lag time does not appear to be a useful parameter to assess haemostatic 

impairment in this cohort of patients. 
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4.3 Peak thrombin generation 
 

Significant differences were found between the non-pregnant control group and PPH 

patients, with PPH patients demonstrating higher peak thrombin values. In relation the 

primary endpoint 0 out of 114 patients had peak thrombin generation below the non-

pregnant normal range. Furthermore, there was no significant difference in peak 

values between the pregnant control and PPH groups. These findings suggest that 

during PPH, the peak thrombin concentrations do not decrease in most cases and 

remain comparable to those observed in the non-bleeding pregnant control group, 

indicating that they are adequate for coagulation processes. The finding of the higher 

peak thrombin values means that, despite bleeding, the patients were on average 

more haemostatically competent than non-pregnant controls, supporting the view that 

FFP infusion would not enhance in vivo haemostasis in most cases.  

 

Only two PPH women with a total of three samples exhibited peak thrombin generation 

levels (117.2 nM, 120.4 nM and 137.6 nM) below the reference range of normal pooled 

plasma (137.89 nM). One of these women was infused with FFP during a bleed of 

more than 8 L and the peak thrombin increased suggesting that in very large bleeds 

coagulation factors become depleted and FFP has a role. This is supported by the 

finding of reduced levels of factors II, V and XI in this patient. 

 

Statistically significant differences were also showed between the non-bleeding 

pregnant and non-pregnant control groups, i.e., the non-bleeding pregnant control 

group exhibited significantly higher peak thrombin values, aligning with the 

physiological changes that occur in preparation for delivery of the foetus and placenta. 

This finding is most likely due to increased levels of procoagulant clotting factors at 

term as has been previously shown by many groups [36]. It shows that the peak 

thrombin levels are sensitive to the procoagulant changes associated with pregnancy, 

in contrast to lag time.  

 

Considering bleed size correlations with peak thrombin generation – this project did 

find variations of correlations across the various PPH subgroups. The subgroup 

placenta praevia/accreta shows a significant negative correlation between peak 

thrombin and MBL, meaning that as the bleed size increased the peak thrombin 
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decreased. This suggests that haemostasis worsened as bleed size increased and is 

expected if coagulation factors become depleted. The finding is opposite that reported 

for lag time but is a plausible outcome for large bleeds. Other PPH subgroups lack 

statistically significant correlations possibly because they were not often associated 

with very big bleeds as is the case for placenta accreta and praevia. 

 

4.4 Endogenous thrombin potential 
 

The primary endpoint was to assess the proportion of women suffering from PPH with 

endogenous thrombin potential below the normal range for healthy non-pregnant 

female controls and this project did not identify any woman. This suggests a lack of 

evidence for haemostatic impairment during PPH. However, it was noted that one non-

pregnant control had an ETP that was a statistical outlier. If that control was excluded, 

then 3/114 women had evidence of haemostatic impairment at some time during PPH. 

Although the three cases were identified in a post hoc analysis, the most cautious 

conclusion is that a small number of women with PPH have haemostatic impairment 

as assessed by ETP.  

 

Ten postpartum haemorrhage patients had ETPs below the values of the non-bleeding 

pregnant control range, however, only one of those patients (819.13 nM*min) had an 

ETP below that of our laboratories normal pooled plasma range. This suggests, if 

assuming NPP can be used as a model for FFP, only 1 out of 114 patients (0.88%) 

could have benefitted from receiving FFP to support their total thrombin generation 

potential. Interestingly, this woman did not receive FFP but was given 10 units of 

fibrinogen and stopped bleeding with a total blood loss of 2800 ml. 

 

Consistent with the peak thrombin, but not lag time, a visible increase in ETP was 

noted in non-bleeding term pregnant women when compared to non-pregnant 

controls. Notably, ETP values were significantly elevated in obstetric patients, 

irrespective of bleeding status, indicating that the body's procoagulable state is 

mirrored in the total amount of thrombin generated. This shows that, like peak 

thrombin, ETP is sensitive to the well-described procoagulant state associated with 

pregnancy. This is likely to be due to increased levels of procoagulant clotting factors, 

especially factor VIII at term [36]. The raised levels may act as a buffer to coagulation 
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factor depletion during bleeding because even women experiencing PPH had either 

raised ETP or ETP within the normal non-pregnant range.  

 

Furthermore, there was no statistically significant difference in endogenous thrombin 

potential, between the non-bleeding pregnant controls and the PPH group showing 

that the bleeding associated with PPH does not affect the ability to produce thrombin 

in most cases. If considering a conservative adjustment method during pairwise 

comparison, there is no statistical difference between non-bleeding pregnant controls 

and any PPH group, suggesting individual bleed causes of bleeding do not cause a 

haemostatic impairment related to coagulation factors and secondary haemostasis. 

 

Regarding bleed size and endogenous thrombin potential – as with lag time and peak 

thrombin, the relationship between ETP and measured blood loss varies among PPH 

subgroups. Only in the atony subgroup, ETP is positively associated with MBL and 

statistically significant, while in the other subgroups (abruption, placenta previa/ 

accreta, retained placenta/products, and surgical/trauma), the relationship is either not 

statistically significant or only marginally so. The explanatory power of ETP for MBL 

for ETP is also relatively low across all subgroups. 

 

4.5 Velocity index 
 

There were 2 out of 114 (1.75%) women suffering from postpartum haemorrhage who 

had velocity index below the normal range of healthy non-pregnant female controls 

(38.93 nM). These women also had velocity indices below the normal range of normal 

pooled plasma (40.08 nM). This suggests that in the majority of women, FFP infusion 

would not improve haemostasis based on the velocity index parameter. 

 

Additionally, there was no statistically significant distinction observed between women 

experiencing PPH and non-bleeding pregnant controls. However, placenta previa/ 

accreta exhibited statistically significant differences compared to subgroups abruption, 

retained placenta/products, and surgical/trauma. Specifically, the velocity index in the 

placenta praevia/accreta subgroup tended to be lower, indicating slower thrombin 

production within this particular group. 
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The linear regression analysis between bleed size and velocity index showed that the 

relationship between velocity index and measured blood loss is not statistically 

significant in any PPH subgroup. This suggests that postpartum haemorrhage bleed 

size is unlikely to affect the velocity index or the rate of increased thrombin generation. 

It implies that velocity index is less sensitive to the effect of very large PPHs on 

haemostasis than peak thrombin. 

 

4.6 Amniotic fluid embolus 
 

The analysis of the AFE patient revealed that coagulation factors VIII, II, IX, VII, X, XI, 

and XIII were within the normal range thus confirming that there is no generalised 

consumption of clotting factors in this coagulopathy. Platelets levels also remained 

within a range that is adequate for haemostasis. However, the level of factor V was 

reduced to around 30% of the normal levels, resulting in a slight extension of the 

PT/aPTT. The reason for the isolated decrease in FV is not known but may be related 

to the action of activated protein C or plasmin [127] [128]. Nonetheless, this reduced 

level is typically considered sufficient for maintaining haemostasis. All thrombin 

generation parameters remained normal or increased throughout, confirming the 

adequacy of factor V levels and the absence of any deficiency in overall secondary 

haemostasis. The main cause of coagulopathy in this case was low functional Clauss 

fibrinogen level as previously described in AFE. This suggests that the initial 

coagulation disorder in AFE is driven by reduced fibrinogen whilst preserving thrombin 

generation potential and levels of all clotting factors within a haemostatic range. 

 

4.7 Limitations 
 

The current project has limitations that should be acknowledged. One limitation is the 

relatively small sample size, which limited detailed sub-cohort analyses based on the 

primary cause of bleeding. This may mean that differences between the groups may 

not have been identified. As noted in the introduction, different causes of postpartum 

haemorrhage may have distinct pathophysiological mechanisms and may require 

tailored treatment approaches. However, conducting a study with a larger sample size 

would have been labour-intensive and would not have been feasible within the scope 

of this project. Furthermore, the challenging sample collection and storage, especially 
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outside of routine hours, meant that not all women experiencing PPH had adequate 

study samples taken or sampling was inadequate and thus had to be excluded. 

Furthermore, thrombin generation was performed on a subgroup of cases selected for 

bleed severity and likelihood of coagulopathy. This causes obvious limitations, i.e., the 

results cannot be extrapolated to all women suffering from PPH. Furthermore, the 

results may not be applicable to other centres as women in this cohort were treated 

using the OBS Cymru protocol based on of early recognition and treatment with 

fibrinogen [126]. 

 

Another limitation is the lack of stratification for obesity in the analysis. Previous 

research has shown that obesity is associated with altered thrombin generation 

parameters, such as longer lag time and higher endogenous thrombin potential and 

peak height, which may be attributed to low-grade inflammation observed in obese 

individuals [64]. Although not directly investigated in this study, a comparison of 

median BMI values reveals that the OBS+ cohort had a higher median BMI of 30, 

whereas the women investigated for PPH in this project had lower median BMI values: 

all PPH cases had a median BMI of 25, median BMI for abruption was 24, for atony 

was 27.45, for placenta praevia/ accreta was 23, for retained placenta/ products was 

25, and for surgical/ trauma was 26.5. 

 

Moreover, to gain a more comprehensive understanding of the dynamic changes in 

thrombin generation, it would have been advantageous to assess the coagulation 

profiles of patients both before and after delivery, as demonstrated in previous studies 

[1] [68] [70]. However, this would have required recruitment of all women giving birth 

because the ones who went on to experience PPH could not be predicted.  

 

In light of these limitations, it is imperative to conduct a larger-scale longitudinal 

prospective study that examines the coagulation profiles, including coagulation factors 

and thrombin generation, of women throughout the entirety of pregnancy and at 

multiple time points before and after delivery. This expanded investigation would 

provide valuable insights into the factors influencing thrombin generation during the 

peripartum period, as well as shed light on how individual coagulation profiles may be 

influenced by the occurrence of postpartum haemorrhage. 
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4.8 Conclusion and clinical relevance 
 

In conclusion, this project provides valuable insights into thrombin generation 

dynamics during PPH, highlighting the need for individualised treatment approaches. 

The limited evidence indicating secondary haemostatic failure in PPH suggests that 

empirical fresh frozen plasma administration is generally unnecessary for the majority 

of PPH cases, distinguishing it from trauma-induced coagulopathy.  

 

However, it is important to note that FFP administration may still be warranted for a 

small subset of PPH cases with abnormal thrombin generation, specifically those with 

placenta praevia/accrete or those with very large bleeds. Nevertheless, it is essential 

to state that the results obtained from this study may not be universally applicable to 

other healthcare centres, as the University Hospital of Wales follows the OBS Cymru 

protocol, which emphasises early recognition and treatment with fibrinogen. 

 

The thrombin generation parameter that appeared to best measure the prothrombotic 

state at term and identify low levels of coagulation factors was peak thrombin. The lag 

time appeared to have limited utility in the assessment of haemostasis during PPH 

although ETP and velocity indices have value. Further work is required to confirm 

these conclusions.   

 

Although thrombin generation assays can be used to provide insight into haemostasis 

during PPH in a research setting, they cannot be considered to be a clinical useful 

assay because they are only established in a small number of centres and results 

cannot be made available in a timely fashion. 

 

In conclusion, further research is essential to comprehensively understand the 

complex relationship between thrombin generation, bleeding severity, and treatment 

responses in the context of PPH. A greater understanding of these factors will enable 

more effective management strategies in PPH cases. 
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