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1  |  INTRODUC TION

Hemophilia A (HA) is characterized by an abnormal low coagulation 
factor VIII (FVIII) activity level. HA patients with severe (FVIII activ-
ity level <1%) disease have an increased risk of trauma- related and 
spontaneous bleeding, especially in joints and muscles. Prophylactic 
replacement therapy with FVIII concentrate is recommended for 
these patients to prevent bleeding and to preserve musculoskeletal 

health.1 The prophylactic scheme is now based on patient body 
weight and individual pharmacokinetic (PK) studies. Remarkably, 
there is a large inter- individual variability in PK dosing based on this 
algorithm.2 Interestingly, however, some patients still experience 
breakthrough bleeds despite adequate FVIII trough levels, whereas 
others do not bleed with trough levels below threshold.3 In addition, 
large heterogeneity in bleeding phenotype between patients with 
the same baseline FVIII activity level is observed.3– 5
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Abstract
Patients with severe hemophilia A (HA) have an increased risk of spontaneous and 
trauma- related bleeding because of a congenital absence of factor VIII (FVIII). Most 
severe HA patients use prophylactic FVIII concentrate, the effect of which can be 
monitored with FVIII activity level measurement. However, FVIII activity level is less 
valuable in predicting the potential clinical bleeding risk. Some patients still experi-
ence breakthrough bleeds despite adequate FVIII trough levels, whereas others do 
not bleed with trough levels below threshold. This difference may be caused by inter- 
individual differences in pro-  and anticoagulant factors, the so- called hemostatic bal-
ance. Thrombin generation assays (TGAs) measure the hemostatic balance as a whole. 
Thereby, the TGAs may be a better tool in the guidance and monitoring of treatment 
in HA patients. In addition, TGAs offer the opportunity to determine the response to 
bypassing agents and treatment with non- factor replacement therapy, in which FVIII 
activity assays are not suitable for monitoring. This review summarizes the current 
knowledge about monitoring different HA treatment modalities by TGA, as a single 
treatment option and when used in a concomitant fashion.
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The underlying difference in response to replacement ther-
apy and bleeding phenotype may be caused by inter- individual 
differences in pro-  and anticoagulant factors. This interplay can 
be measured with a thrombin generation assay (TGA) because it 
measures the hemostatic balance as a whole. Previous research has 
shown that the thrombin generation (TG) profile correlates better 
with bleeding phenotype than FVIII activity levels.3– 7 Therefore, 
response to treatment may be measured more adequately when 
incorporating individuals’ TG profile alongside FVIII activity level. 
In addition, TGAs offer the opportunity to determine the response 
to bypassing agents (BPAs) and treatment with non- factor replace-
ment therapy like emicizumab and concizumab, where traditional 
FVIII activity assays and coagulation bleeding times, like the acti-
vated partial thromboplastin time (APTT) and prothrombin time, 
cannot.

In recent years, studies have become available that investigated 
the role of TGAs in the monitoring of HA patients, especially in spe-
cific HA patient categories, like patients with inhibitors, patients on 
non- factor replacement therapy and FVIII pharmacodynamic (PD) 
monitoring. This paper aims to generate an overview of current 
knowledge about hemostatic monitoring of different HA treatment 
modalities with TGAs.

2  |  SE ARCH STR ATEGY

A systematic search was undertaken in PubMed, Embase, and the 
Cochrane library from origin until 22 September 2021. We used the 
search terms “hemophilia A,” “factor VIII,” and “thrombin generation” 
in various configurations. The search strategy and inclusion and ex-
clusion criteria are shown in detail in the Supplementary Appendix. 
Only articles in English were included and conference abstracts were 
excluded. Two authors (M.V. and L.V.) independently screened the 
articles for relevance. Discrepancies were resolved after discussion 
and consensus with the third author (S.S.). Furthermore, relevant ar-
ticles from the reference lists of included articles were identified. 
The flow diagram of selected studies is shown in Figure 1.

3  |  THROMBIN GENER ATION A SSAYS

The calibrated automated TGA was developed by Hemker et al.8 It is 
widely used in research and it is finding its way into clinical applica-
tions.9 The hallmark of this assay is activation of TG by tissue factor 
(TF), in the presence of calcium and phospholipids, and measure-
ment of the proteolytic activity of thrombin on added fluorescent 

F I G U R E  1  Flow diagram of studies 
included in the review
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substrate.10 Today, multiple TGAs are commercially available, and 
their differences have been reviewed previously.11

Classically, four essential parameters can be obtained in the 
TG profile (Figure 2, numbers 1– 4).8 The lag time of TG is the time 
until the TG signal increases with two standard deviations from 
baseline. Afterwards, TG shows a steep rise that reaches its peak 
when thrombin breakdown equals thrombin formation. At normal 
antithrombin activity, thrombin peak height therefore reflects the 
velocity of net thrombin concentration that appears. The thrombin 
peak height (TPH) (i.e., the maximum amount of thrombin formed) is 
associated with the time to thrombin peak (the time until the throm-
bin peak is reached). The most important parameter of the TGA is 
the (endogenous) thrombin potential, which is calculated as the area 
under the TG curve.

An additional parameter, the velocity of TG (number 5 in 
Figure 2) gives an impression of the rate of TG over time. Whereas 
the ETP only shows the total amount of thrombin formation, the ve-
locity of TG reflects the amount of thrombin that is generated in the 
acceleration phase. It is calculated by dividing the TPH by the time 
between the lag time and time to thrombin peak. It is suggested to 
have a better correlation with FVIII activity level than ETP because it 
represents the coagulation capacity to generate a sufficient amount 
of thrombin in a short period to stop a bleeding.12

In addition to conventional TGAs, three assays were developed 
that not only measure TG, but also plasmin generation,13– 15 thereby 
assessing the fibrinolytic capacities of the hemostatic system. Two 

of these assays measure TG and plasmin generation in two sepa-
rate wells.14,15 The other measures both pathways simultaneously in 
only one well, which gives a better impression of the interaction of 
thrombin and plasmin generation as it happens in vivo.13 A full dis-
cussion of plasmin generation and the clinical implications reaches 
beyond the scope of this review.

The Scientific and Standardization Committee of the International 
Society of Thrombosis and Haemostasis has given guidance on the 
use and interpretation of TGAs.16 In this, several aspects need to be 
taken into account, like the use of corn trypsin inhibitor (CTI).17,18 
Some authors state that the addition of CTI, which inhibits contact 
pathway inhibition, is only necessary at low concentrations of TF 
(≤1 pM).19 However, others have shown that TG in HA patients with 
low FVIII activity levels is not affected by the addition of CTI.17 
Possibly, CTI addition only decreases inter-  and intra- assay variation 
at low TF levels and prevents formation of a plateau phase at supra-
therapeutic FVIII activity levels (>140 IU/dl).19

The amount of TF added determines the pathway of TG. A low 
concentration (≤1 pM) of TF is most suitable to detect hypocoag-
ulability because of FVIII or FIX deficiency and to monitor treat-
ment with factor concentrate.16 Higher TF concentrations do not 
show advantages except a lower inter-  and intra- assay variation, 
but instead show a lower discriminating ability at low FVIII activ-
ity levels and can cause substrate depletion in combination with 
BPAs.20,21

Platelet rich plasma (PRP) or platelet poor plasma (PPP) can both 
be used in TGAs, where it is important to adhere to preparation 
guidelines.16 Because of the possibility of freezing PPP and deter-
mine TG in batches instead of directly after sample collection as with 
PRP, it is used more frequently in studies. However, PRP may show 
a more realistic TG because platelets are an essential part of hemo-
stasis and these assays could optimize FVIII supplementation ther-
apy.22 Last, to optimize standardization and comparability between 
centers, a standard pooled plasma should be run along every TGA 
as positive control. Results can then be reported as percentage of 
normal pooled plasma, to reduce inter- center assay variability and to 
improve comparability between studies.16,23

4  |  FAC TOR VII I  CONCENTR ATE

Multiple studies have shown a strong correlation between FVIII 
activity level and TG parameters (except for lag time).4,5,21,24– 28 
Despite these correlations, a wide inter- patient variability in TG was 
observed when measured at different time points following a stand-
ard infusion of FVIII concentrate.4,21,24 However, the intra- patient 
variability was small, resulting in a predictable relation between 
FVIII and TG for an individual patient.24 The inter- patient variability 
in TG is likely a result of differences in PK and variation in the indi-
vidual response of TG to FVIII therapy.24 The study by van Veen et al. 
showed that some patients can generate normal TPH or ETP with 
subtherapeutic FVIII activity levels, whereas other patients have a 
low TG profile despite normal FVIII activity levels.21

F I G U R E  2  Normal thrombin generation curve with parameters. 
Example of a normal thrombin generation curve. The classic 
parameters of the thrombin generation are depicted with the 
numbers 1 to 4, in which: (1) lag time, the time until the thrombin 
generation signal increases with two standard deviations from 
baseline; (2) time to thrombin peak represents the time until the 
thrombin peak is reached; (3) thrombin peak height (TPH) is the 
maximum amount of thrombin formed; (4) (endogenous) thrombin 
potential ((E)TP), which is calculated as the area under the thrombin 
generation curve (AUC). Additionally, (5) represents the velocity of 
thrombin generation and is calculated by dividing the TPH by the 
time between the lag time and time to thrombin peak
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Several studies reported a prolonged duration of TG response 
after administration of FVIII. This response of TPH and ETP sus-
tained, even though FVIII activity levels declined over time.4,24,27,29 
Once again, this prolonged TG effect was variable between pa-
tients.4,24 The wide inter- patient variability could be explained by 
variations in pro-  and anticoagulation factors other than FVIII.

Even though these studies suggested that TGAs may be clinically 
useful, they failed to show clinical predictive value on bleeding risk 
after FVIII administration. The relationship between TG parameters 
and the clinical bleeding phenotype was investigated by Dargaud 
et al. Their results were based on data of the GENA- 21 study, in which 
severe HA patients were treated with Nuwiq (human- cll rhFVIII). At 
start, a combined PK/PD study was performed and patients were 
treated with a personalized prophylactic regime, based on the FVIII 
PK data. Bleeding events were reported in patient diaries. Plotting 
the results of the PK study against time after FVIII concentrate in-
fusion showed that there was no difference in FVIII activity level 
between patients with and without spontaneous bleeding. However, 
when TG was measured, patients with spontaneous bleeding showed 
a significant lower ETP compared with patients without spontaneous 
bleeding episodes at every time point after infusion.3

In line with this study, Delavenne et al. investigated if prophy-
lactic FVIII dosing could be improved by incorporating ETP along-
side FVIII trough levels in a PK/PD- dosing model. The authors 
used the sigmoid Emax model to describe the data and added 
individual PK/PD Bayesian estimation to improve the predictive 
performance. Generated data contributed to simulate the ef-
fect of different dosing strategies on annual bleeding rate (ABR). 
Patients were divided into three groups according to baseline ETP. 
As expected, patients with the highest baseline TG (600 nmo-
l/L·min) had the lowest ABR (0.88 [0.42– 1.87]), even with the low-
est dosage of FVIII replacement therapy (20 IU/kg every 4 days). 
Although patients with the lowest third of baseline ETP (200 nmo-
l/L·min) still had a higher ABR (1.66 [0.84– 3.57]) with the highest 
dosage and the shortest dosing interval (60 IU/kg every 2 days), 
thereby indicating that personalized FVIII dosing of this specific 
FVIII concentrate according to ETP is beneficial to reduce bleeding 
in patients with low TG.30

Besides the previously described ex vivo studies, several spik-
ing studies were published. In these in vitro studies, plasma from 
HA patients (without inhibitors) was spiked with FVIII concentrate 
and TG was measured. In one study, plasma of severe HA patients 
was spiked with 0.5 and 1.0 IU/ml plasma- derived FVIII (pdFVIII) 
concentrate. TG reached a plateau phase with a FVIII activity level 
>50% of normal, indicating that FVIII activity level was no longer the 
limiting factor.5 This plateau phase in TG was confirmed by others, 
with a plateau reached at FVIII activity levels ranging from 20% to 
50%.22,31,32

However, only one spiking study showed a linear, dose- 
dependent response of TG to increasing dosage of FVIII concentrate 
in plasma of 10 severe HA patients. This difference can be caused 
by the variability in TGAs and the specific FVIII products used for 
these experiments. In this study, the FVIII activity level at which TG 

was normalized showed a major variation in individual patients, indi-
cating the need for an individualized dosage of FVIII concentrate.33

5  |  BYPA SSING AGENTS

TGAs are also described in studies for monitoring BPAs in HA pa-
tients with inhibitors, like activated prothrombin concentrate (aPCC) 
and activated recombinant FVII (rFVIIa). aPCC is a multicompo-
nent concentrate that contains activated and nonactivated vitamin 
K- dependent coagulation factors. It has multiple modes of action, 
including the formation of the prothrombinase complex, resulting 
in TG (Figure 3A, number 3). rFVIIa is a single- component concen-
trate that binds with TF and activates FX (Figure 3A, number 2). 
Furthermore, rFVIIa activates FX, independent of TF, on the surface 
of activated platelets. Because of the complexity of their mecha-
nisms of action and their influence on coagulation bleeding times, no 
routine laboratory test is suitable to monitor treatment with BPAs. 
Since the final product generated by a BPA is thrombin, it seems 
reasonable to measure TG to monitor treatment. Because the effect 
of rFVIIa is platelet dependent, PRP is most suitable to be used when 
measuring TG.18,34 Dargaud et al. showed that the use of PPP un-
derestimated hemostatic efficacy of rFVIIa by approximately 30%.34

5.1  |  Effect of aPCC on thrombin generation

Throughout the years, several studies reported that TGAs can meas-
ure the PK/PD properties of BPAs. Various studies spiked inhibitor 
plasma in vitro with increasing amounts of aPCC and measured TG 
afterwards. ETP and TPH were normalized with concentrations of 
1– 2 IU/ml aPCC, which corresponds to the usual therapeutic dose of 
50– 100 IU/kg35,36 (Figure 3B). Subsequently, to investigate the phar-
macodynamics of aPCC, TG was measured at different timepoints 
after infusion of 65– 100 IU/kg aPCC in three HA inhibitor patients. 
In all patients, maximum TPH was achieved 15– 30 min postinfu-
sion. The total amount of TG halved between 4 and 7 h, which is in 
accordance with the clinical treatment strategy of aPCC (i.e., 50– 
100 IU/kg two or three times a day in case of bleeding).35

The hemostatic effects of long- term prophylactic aPCC were 
monitored every 3– 6 months in seven pediatric HA patients with 
an inhibitor after they failed immune tolerance induction therapy. 
TG was determined at trough level and 15– 30 min postinfusion (60– 
100 IU/kg aPCC). In most patients, ETP was restored to 80% of nor-
mal after infusion of aPCC. Mean trough ETP was 2.6- fold higher in 
patients receiving aPCC prophylaxis compared with control inhibitor 
plasma.37

5.2  |  Effect of rFVIIa on thrombin generation

In addition to the observed increase in TG with aPCC, the effect of 
rFVIIa on TG is less abundant (Figure 3B). In a study with five severe 
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HA patients with an inhibitor, TG was measured before and after the 
administration of 90 µg/kg rFVIIa. TPH increased and reached maxi-
mum levels at 30– 60 min. They remained significantly elevated over 
a 4- h period, reflecting the average anticipated half- life of rFVIIa 

(3– 4 h). A strong within- patient correlation was found for TPH and 
rFVIIa levels. However, TPH was only restored to 20% of normal.38

Furthermore, two studies evaluated the TG response after ad-
ministration of a conventional rFVIIa dose (i.e., three times 90 µg/kg)  

F I G U R E  3  Schematic impression of the coagulation cascade with the treatment modalities for hemophilia A and their impact on the 
thrombin generation profile. (A) Plasma- derived or recombinant FVIII (rFVIII) (1) replaces the deficient FVIIIa, which together with FIXa can 
lead to activation of FX. Recombinant FVIIa (rFVIIa) (2) binds with tissue factor (TF) to form the TF/rFVIIa- complex to activate FX. The TF/
rFVIIa complex also activates FIX, which (with cofactor VIIIa) leads to further activation of FX. Activated prothrombin complex concentrate 
(aPCC) (3) contains the vitamin K- dependent coagulation factors II, VIIa, IX, and X. Emicizumab (4) replaces the function of FVIIIa and binds 
FIXa and FX to activate FX. Concizumab (5) inhibits the function of tissue factor pathway inhibitor (TFPI). Fitusiran (6) inhibits the function 
of antithrombin. (B) The impact of rFVIIa and aPCC on the thrombin generation profile. The curve of rFVIIa was obtained in platelet poor 
plasma (PPP), which was spiked with rFVIIa at a corresponding concentration of 270 µg/ml. aPCC was spiked in PPP in a corresponding 
dosage of 100 IU/kg. (C) The impact of emicizumab, concizumab, and fitusiran on the thrombin generation profile. The thrombin generation 
curve of emicizumab was obtained in PPP from a patient who was treated with 1.5 mg/kg emicizumab weekly (after four loading dosages). 
The thrombin generation curves of concizumab (0.15 mg/kg, daily) and fitusiran (80 mg subcutaneously, monthly) were also obtained in PPP 
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and a single high dose (i.e., 270 µg/kg). A single dose of 270 µg/kg 
reached higher TG, whereas multiple doses of 90 µg/kg resulted in 
a more sustained TG.39 Both interventions decreased lag time and 
time to peak and increased TPH and ETP, but all values remained 
below the reference range. In patients with a good clinical response, 
lag time and time to peak were shorter and TPH and ETP were 
greater than in the poor response group.40

In a crossover study, six inhibitor patients received a bolus in-
jection of 75 IU/kg aPCC alternated with 90 µg/kg rFVIIa. TG was 
measured predose and at several timepoints afterwards. ETP and 
TPH exceeded normal controls after infusion with aPCC. However, 
TG parameters did not reach normal values after administration of 
rFVIIa. ETP and TPH were almost two- fold greater following aPCC 
infusion compared with rFVIIa.41

Dargaud et al. showed that TG profiles obtained with in vitro and 
ex vivo experiments are comparable.34 In a follow- up study on the 
performance of TGAs to guide the therapeutic choice of the most 
effective BPA and dosage, 6 patients were investigated with severe 
HA and high- titer inhibitors undergoing 10 invasive procedures in 
total. A three- step protocol was used to individually tailor BPA ther-
apy: (1) in vitro spiking experiments with increasing concentrations 
of rFVIIa and aPCC to determine the minimum dose that normalizes 
TG capacity; (2) ex vivo TG measurement before and after admin-
istration of the most effective BPA; and (3) monitoring the chosen 
BPA during surgery and the postoperative period. The results of the 
ex vivo step were consistent with the results of the in vivo spiking 
experiments and TG monitoring perioperatively. In patients with 
normalized ETP, no bleeding complications occurred.42

The only study that failed to support the finding that the TGA 
is a useful tool to monitor treatment was by Mancuso et al. In this 
study TG was measured in HA patients with inhibitors in the sur-
gical setting. They showed that 30 min after a preoperative bolus, 
TG increased significantly. However, this increase was completely 
lost 30 min after a second bolus postoperatively. Interestingly, no 
bleeding occurred in patients with persistently impaired TG post-
operatively.43 This phenomenon can possibly be explained by the 
consumption of the administered clotting factors during surgery.

In recent years, several new BPAs are developed and the abil-
ity of the TGA to measure pharmacodynamic properties was estab-
lished for these new treatment modalities. Examples of these new 
agents include PEGlyated liposome- formulated FVIIa,44 MC710 (a 
plasma derived FVIIa and FX mixture),45 marzeptacog alfa (an rFVIIa 
with four amino acid substitutions),46 and MOD- 5014 (a long- acting 
carboxy- terminal peptide- modified FVIIa).47

6  |  EMICIZUMAB

Emicizumab is a bispecific FVIII- mimicking antibody that forms a 
pseudo- tenase complex with activated FIX (FIXa) and FX to over-
come FVIII deficiency in HA (Figure 3A, number 4). It is administered 
via subcutaneous injections and has a long half- life of approxi-
mately 30 days. In the first- in- human trial, it was discovered that 

emicizumab shortens APTT in healthy volunteers and normalizes 
APTT in FVIII- neutralized plasma, even at subtherapeutic concen-
trations.48 Therefore, APTT and human FVIII based clotting assays 
were unable to measure the hemostatic effect of emicizumab.49 
Furthermore, combination therapy cannot be monitored with 
FVIII assays, which led to the suggestion to use TGAs to moni-
tor hemostatic effects of emicizumab and combination treatment 
modalities.49

6.1  |  Effect of monotherapy emicizumab on 
thrombin generation

The first- in- human trial showed that emicizumab did not increase 
TPH in case of adequate FVIII activity levels. However, in plasma in 
which endogenous FVIII was neutralized by an antibody ex vivo, TPH 
showed a dose dependent increase. The highest dosage of 1 mg/
kg emicizumab reached mean TPH of 192 and 186 nM in Japanese 
and white healthy volunteers, respectively. In contrast, mean TPH 
in normal plasma was 385 and 405 nM, respectively, indicating that 
emicizumab treatment increases TG in the presence of an inhibitor 
to half of normal48 (Figure 3C).

In the HAVEN- 1 study, adult HA patients with inhibitors were 
included and randomized to receive either emicizumab prophylaxis 
or no prophylaxis with on demand treatment.50 The pharmacokinet-
ics and pharmacodynamics were reported in a second article.51 TPH 
was measured after four loading doses of emicizumab with a median 
of 108.8 nM (95% confidence interval [95% CI] 29.7– 187.0). TG was 
sustained at 72 weeks of treatment with a TPH of 108.7 nM (95% CI 
46.3– 171.1). This corresponded with a TG of approximately 20%– 
30% of healthy volunteers. Another study found that TG parameters 
with emicizumab monotherapy showed an equivalence of a FVIII 
activity level of 10%– 40%.52 Also, emicizumab concentration had a 
linear correlation with TPH.51

In a series of articles/studies from Israel, the clinical outcomes 
and laboratory results from patients treated with emicizumab are 
reported.53– 56 In total, 107 patients were included in a real- world 
prospective cohort study, including 58 children and 17 patients 
older than age 50 years with cardiovascular risk factors.53,54 Of the 
included patients, 53 did not experience any bleeds. Of the bleeds 
in children, 94% were trauma- related and 61% of the adult patients 
with bleeding experienced spontaneous bleeding. The authors did 
not observe any difference in TG between patients that experienced 
bleeding compared with those who did not. An explanation for this 
discrepancy was not given by the authors, but it was apparent that 
spontaneous bleeding was mostly experienced by older patients 
and in joints affected by hemophilic arthropathy. Traumatic bleed-
ing in children can still occur despite treatment with emicizumab.53 
In this study, TG was low before initiation of emicizumab. During 
maintenance therapy, TG increased to levels that corresponded with 
20%– 30% of normal controls.53 This level of corrected TG was also 
observed in another study.57 Interestingly, it was concluded that 
both TPH and ETP were lower in HA patients with inhibitors than 
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without inhibitors. This difference was observed at 5 weeks after 
emicizumab initiation, but disappeared at 1 year of treatment.53 
Additionally, infants younger than 1 year showed significant lower 
TG compared with older children and adults53,55 as a result of higher 
clearance of emicizumab. And last, patients who presented with a 
major bleeding had a significant lower emicizumab concentration at 
time measurement, which was associated with lower TPH and ETP. 
During follow- up, emicizumab and TG increased to levels compara-
ble to other patients in the cohort.53,54 The mechanism for this ob-
servation remains elusive. Possibly, it could indicate nonadherence 
to therapy or the application of emicizumab at the site of bleeding.

6.2  |  Emicizumab in combination with different 
treatment modalities

Because emicizumab was first used in HA patients with inhibitors, 
most reports address the TG effects of emicizumab combined with 
BPAs. However, some articles report the effect of emicizumab com-
bined with FVIII replacement therapy. Two case reports showed that 
TG could be used to monitor treatment of HA patients with low- 
titer inhibitors when emicizumab was used.58,59 In a spiking study, 
HA plasma with emicizumab at a concentration of 50 ng/ml (the 
steady- state concentration observed in the HAVEN- 1 study) was 
combined with a pdFVIII/von Willebrand factor (VWF) concentrate. 
As expected from previous studies, samples with emicizumab signif-
icantly showed improved TG profiles compared with FVIII- deficient 
plasma. However, when pdFVIII/VWF was added to plasmas with 
emicizumab, there was no difference observed in TG compared with 
plasma with only pdFVIII/VWF. This indicates that pdFVIII/VWF 
and emicizumab have non- additive effects in the absence of inhibi-
tors and thereby do not increase the thrombotic complication risk.60 
In this study, plasma was also spiked with aPCC and rFVIIa. Although 
a therapeutic dose of rFVIIa showed an increase in TPH and ETP in 
plasma with emicizumab compared with plasma without rFVIIa, it 
remained within ranges observed in normal controls. On the con-
trary, a low dose of aPCC (25 IU/kg) already caused an exponential 
increase of TG in the presence of emicizumab, with TG values of mul-
tiple times the normal range.60

This observation is in accordance with the observation of the 
HAVEN- 1 study in which five patients experienced thrombotic 
complications when emicizumab was combined with high doses 
of aPCC.50 This led to a black box warning for emicizumab to  
prevent combination of high doses of aPCC during a longer period 
(<100 IU/kg per 24 h). Afterwards, several case reports were pub-
lished that studied the efficacy of emicizumab and BPA dosage, 
which was determined with TGAs.61– 66 The most interesting study 
in this regard is by Kizilocak et al.67 The authors included 11 HA pa-
tients with an inhibitor who were treated weekly with emicizumab 
for at least 6 weeks. Plasma was spiked with rFVIIa (calculated corre-
sponding dosages of 30– 300 µg/kg) and aPCC (corresponding with 
dosages of 5– 100 IU/kg) and TG was measured. Mean normal con-
trol values in this study were 55.2 nM for TPH and 617 nM·min for 

ETP. TG parameters at baseline (only emicizumab treatment) were 
11.9 nM and 251 nM∙min, respectively. TG was already restored to 
normal values after spiking with 5 IU/kg aPCC (TPH 52.5 nM; ETP 
741 nM·min) and exceeded normal values with higher concentra-
tions. A dosage of 75 IU/kg increased TPH and ETP to eight times 
normal values (426.4 nM and 2801 nM·min, respectively) and aPCC 
of 100 IU/kg increased TG above the detection limit for all but one 
patient. When emicizumab was combined with rFVIIa, it was shown 
that the highest dosage of 240 and 300 µg/kg reached normal TG, 
but did not exceed these values.67 These observations are in concor-
dance with a second study that revealed comparable TG parameters 
with a low dose (30 IU/kg) of aPCC in combination with emicizumab 
than in samples with 100– 200 IU/kg aPCC before start of emici-
zumab.68 Furthermore, a spiking study examining eptacog beta, a 
novel rFVIIa, in combination with emicizumab showed low TG pa-
rameters compared to control plasma, even with the highest dosage 
of eptacog beta.69

Important work to unravel the underlying mechanism of ex-
cessive TG in case of combined treatment of emicizumab with 
aPCC was performed by Hartmann et al.70 In their spiking studies, 
a sequence identical to emicizumab was used alone and in combi-
nation with aPCC and rFVIIa, both in various concentrations. As 
comparable with the previous study, the lowest concentration of  
0.05 IU/ml aPCC normalized TG, whereas higher concentrations 
caused an excess of TG with a TPH five times above the normal range. 
Again, rFVIIa did not cause excess TG. Furthermore, the separate 
components of aPCC were added to HA plasma with the sequence 
identical to emicizumab, which showed that FIX, and to a lesser ex-
tent, FIXa, caused the synergistic effect of emicizumab and aPCC.70

Compared with endogenous FVIII, emicizumab does not have an 
on/off switch, causing ongoing TG in the presence of trace amounts 
of FIXa. In HA, in which FVIII is the rate limiting step of tenase com-
plex formation, emicizumab is present in a much higher concentra-
tion, making FIX concentration the rate- limiting step.71 Therapy with 
aPCC in HA patients with inhibitors with emicizumab is still feasi-
ble if rFVIIa is unavailable or ineffective, but should be used with 
caution in a low dosage and preferably under monitoring of TG. For 
emicizumab- treated HA patients without inhibitors, the main ther-
apy in case of bleeding is still FVIII concentrate. Because FVIII has 
a greater affinity to FIX/FX than emicizumab, an additional hemo-
static effect is not expected.71

7  |  ANTI- TISSUE FAC TOR PATHWAY 
INHIBITORS

Tissue factor pathway inhibitor (TFPI) is a strong regulator of 
the initiation phase of coagulation. TF binds to FVII after vessel 
wall injury to form FVIIa, which forms the TF- FVIIa complex to 
activate FX to FXa. This causes thrombin formation and the ac-
tivation of the extrinsic pathway to enhance TG. TFPI has three 
Kunitz binding domains, of which the Kunitz 1 domain inhibits the 
TF- FVIIa complex. The Kunitz- 2 domain binds FXa to form the 
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TF- FVIIa- FXa- TFPI quaternary complex. The Kunitz 3 domain in-
teracts with protein S and the prothrombinase complex. Together, 
these processes shut down the initiation phase. However, in HA 
patients the amplification phase is impaired, which causes dimin-
ished TG. TFPI inhibition improves TG by increasing FXa genera-
tion during the initiation phase.72 However, only 10%– 50% of TFPI 
is in a free form in plasma available, whereas the rest is bound to 
the endothelium. It is therefore unknown if and to what extend 
TGAs overestimate TFPI inhibition.73,74

In the past decade, multiple anti- TFPI agents have been devel-
oped. The aptamer BAX- 499 showed indeed an increase in TG in 
hemophilic plasma,75 but the development of this agent was discon-
tinued because of increased bleeding episodes in the phase 1 trial.76

Two monoclonal antibodies were used in in vitro pharmacody-
namic spiking studies.77,78 Marstacimab, which only binds the K2 
domain of TFPI, was able to improve TG. Marstacimab in a concen-
tration of 5 nmol/L reached a TPH that corresponded with a FVIII 
activity level of 10% and a concentration of 100 nmol/L to 40%.77 
Befovacimab binds both the K1 and K2 domain of TFPI and showed 
a dose- dependent increase of TG until a concentration of 5 nmol/L, 
after which it reached a plateau phase. TG (both TPH and ETP) with 
befovacimab at a concentration of 5 nmol/L was comparable with 
FVIII activity level of 40%, which did not increase with higher con-
centrations of 10 and 100 nmol/L.78

Concizumab is a K2 domain- specific anti- TFPI monoclonal anti-
body (Figure 3A, number 5), of which most pharmacodynamic stud-
ies are available. First, in vitro spiking studies of hemophilic plasma 
showed a dose- dependent increase of TG, with a plateau of near 
normal TG at concentrations ≥10 nmol/L. Even in healthy subjects, 
concizumab increased TPH and ETP.79 Second, in a dose- escalation 
study, concizumab was shown to increase TG, where the highest dose 
(0.8 mg/kg) was able to restore TG to normal values in the majority of 
patients. More importantly, when stratified for unbound TFPI com-
pared with baseline it was found that almost all patients with <25% 
TFPI from baseline had normal TPH values80 (Figure 3C). Last, the 
results from the phase 1/1b clinical trials were used to establish a 
PK/PD model to guide target dosing for the phase 2 clinical trial. TPH 
and plasma concizumab concentrations showed a strong correlation, 
and it was established that a concizumab concentration of >100 ng/
ml could reach TG profiles within the normal range.81 Indeed, in the 
subsequent phase 2 trial, all HA patients with a concizumab concen-
tration >100 ng/ml showed TPH within the normal range.82

The additional effects of concizumab and BPAs were also in-
vestigated. Although emicizumab and aPCC showed an exponential 
increase in TG because of drug– drug interaction, concizumab and 
aPCC acted additive and showed only minimal drug– drug interac-
tion. TG was normalized with aPCC in a concentration of 0.5 IU/ml in 
the presence of concizumab; higher doses of aPCC resulted in higher 
than normal TG. The same results were found when using rFVIIa and 
rFVIII,74 thereby indicating that aPCC, rFVIIa, and rFVIII can be used 
concomitantly with concizumab, but dosage should be adjusted to 
reach a balance between effective hemostasis and safety, in which 
TG profiles can have an essential role.

8  |  ANTITHROMBIN INHIBITION

Antithrombin inhibits the coagulation cascade by binding to FXa 
and thrombin. Patients with a genetically antithrombin deficiency 
are known to have a higher risk of venous thromboembolism, 
thereby providing the rationale to lower antithrombin in hemo-
philia patients. The effect of antithrombin lowering on TG was 
first shown in healthy volunteers and hemophilia patients without 
inhibitors. These studies used fitusiran subcutaneously, a small in-
terfering RNA that decreases antithrombin production by the liver 
(Figure 3A, number 6). In hemophilia patients, TG increased depend-
ing on the percentage of antithrombin lowering. Patients reached 
TPH values in the lower range of normal when antithrombin was 
decreased >75% from baseline83 (Figure 3C). The same observation 
was seen in additional cohorts of hemophilia patients with inhibi-
tors.84 Another study investigated the additional effects on TG of 
reducing antithrombin and coadministering either aPCC or rFVIIa. 
Antithrombin was reduced with an anti- antithrombin antibody to 
50% and 10% of residual antithrombin. This caused an increase in 
TPH, which was further increased by addition of rFVIIa and aPCC. A 
total of 1.0 IU/ml of aPCC in plasma with 10% residual antithrombin 
resulted in near normalization of TG, whereas rFVIIa was not able 
to reach this TG level.85

9  |  CONCLUSION AND PERSPEC TIVES

The treatment of HA has evolved tremendously during recent dec-
ades. Even though FVIII replacement therapy can be monitored with 
FVIII assays and subsequent trough levels are determined, hetero-
genicity in individual bleeding phenotype still exists. The TGA can 
assist in profiling the individual bleeding phenotype and guide treat-
ment based on the most important parameters (TPH and ETP). TGAs 
can solve the problem of the discrepant results between one- stage 
and chromogenic assays for monitoring recombinant and extended 
half- life FVIII products because it indicates the more realistic hemo-
static response provided by these products compared with the as-
sumed FVIII activity level provided by FVIII assays.86 Furthermore, 
TGAs can be of special importance in case of break through bleeds in 
hemophilia patients treated with BPAs or non- factor concentrates, 
in which no current protocol exists to restore hemostasis safely and 
to guide prohemostatic therapy. In addition, when treatment modali-
ties are used concomitantly, for example during a bleeding episode, 
TG effects can be monitored in vitro and ex vivo to maintain effec-
tive hemostasis and prevent safety concerns, like the combination of 
emicizumab and aPCC.

We have identified several essentials to be addressed before 
TGAs can be widely used in clinical practice to monitor treatment 
of HA patients:

• Comparison of different TGA platforms and performance in a va-
riety of hyper-  and hypocoagulable states, and during treatments 
for these conditions.
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• Standardization of TGAs with uniform reporting of (local) TG ref-
erence ranges and reporting of TG parameters as percentage of 
normal.

• Determination of target ranges of TG profiles for treatment mo-
dalities for HA patients, comparable with trough levels of FVIII 
activity in patients receiving FVIII replacement therapy.

• Controlled trials to determine the clinical implication of individu-
alized treatment (FVIII replacement therapy, BPAs, and concomi-
tant treatments with non- factor replacement therapies) based on 
TG profiling and bleeding outcome in different clinical settings, 
such as prophylaxis, during bleeding episodes, and in the periop-
erative period.

• Furthermore, it would be interesting to investigate the possible 
role of TGA in the monitoring of gene therapy, especially in case 
of transaminitis.

In conclusion, without uniformly constructed clinical trials imple-
menting TGA profiling, novel treatment modalities will face ongoing 
safety concerns, especially in patients with inhibitors or undergoing 
surgery.
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