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Abstract

Introduction

Hemostasis and bleeding are difficult to measure. Thrombin generation assays (TGAs) can
measure both procoagulant and anticoagulant contributions to coagulation. TGAs might
prove useful for the study of bleeding disorders. There has been much progress in TGA
methodology over the past two decades, but its clinical significance is uncertain. We will
undertake a scoping review of the literature to synthesize available information on the appli-
cation of TGAs towards the study of bleeding and hemostasis, TGA methodologies being
used and to summarize available literature on associations between TGA parameters,
bleeding and hemostatic outcomes.

Methods and analysis

MEDLINE, EMBASE and the Cochrane Central Register of Controlled Trials (CENTRAL)
will be searched in collaboration with an information specialist. Title/abstract and full-text
screening will be carried out independently and in duplicate; eligible study types will include
randomized controlled trials, non-randomized studies, systematic reviews, and case series
reporting TGA results and bleeding/hemostatic outcomes among humans. Mapping the
information identified will be carried out with results presented using qualitative data analyti-
cal techniques.

Ethics and dissemination

This scoping review will use published, publicly available information. Research ethics
approval will not be required. We will disseminate our findings using conference
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presentations, peer-reviewed publications, social media, and engagement with knowledge
users. This review will outline knowledge gaps concerning TGAs, better delineate its appli-
cability as a clinically relevant assay for bleeding. and seek to identify ongoing barriers to its
widespread adoption in clinical research, and eventually, in the clinical setting.

Trail regulations

Registration ID with Open Science Framework: osf.io/zp4ge.

Introduction
Why measure thrombin generation?

Thrombin plays a central role in the process of coagulation. It is involved in the amplification
of coagulation and the conversion of fibrinogen to fibrin, leading to the formation of a fibrin
clot. Moreover, thrombin contributes to feedback amplification of coagulation, platelet activa-
tion, as well as the regulation of coagulation through its thrombomodulin-mediated effects on
the activated protein C pathway (APC), regulation of the fibrinolytic system (e.g., thrombin-
activatable fibrinolysis inhibitor; TAFI) and its direct influence on clot structure [1,2]. Ulti-
mately, the coagulability of blood is dictated by its potential to generate thrombin and the
resulting downstream effects of thrombin on coagulation, anticoagulation, and fibrinolytic
pathways. Besides its essential role in hemostasis, thrombin also elicits a host of responses in
the vascular endothelium, including shape and permeability changes, mobilization of adhesive
molecules to the endothelial surface and stimulation of cytokine production [3]. Measuring
thrombin directly provides an evaluation of the total enzymatic work carried out by the coagu-
lation cascade [4]. Coagulation can be affected by genetic factors, disease states, endogenous
inhibitors of coagulation, exogenous hormonal exposures, and anticoagulation therapies. By
measuring this final step of the coagulation cascade, thrombin generation testing provides a
simple approach that, in theory, accounts for both procoagulant and anticoagulant factors. In
this respect, it has been referred to as a “global” coagulation assay. Quantifying thrombin,
given its pivotal role in coagulation, might provide a comprehensive measure of the coagula-
tion phenotype [5].

An overview of thrombin generation assays (TGAs)

McFarlane and Biggs first introduced thrombin generation testing in the 1950s [6]. This first
assay involved manual subsampling of unaltered whole blood and measuring of fibrinogen
clotting times, with results compared to a thrombin-dilution calibration curve. This approach
was laborious, time consuming, and provided a limited picture of thrombin generation due to
the small number of data points collected during the procedure. Hemker and colleagues later
made substantial changes to the thrombin generation assay in 1993 using defibrinated plasma,
a slow-reacting chromogenic substrate, and continuous registration of thrombin activity [7].
The implementation of a fluorogenic substrate permitted the measurement of thrombin gener-
ation in fibrinogen-containing media, including both citrated platelet-poor plasma (PPP) and
platelet-rich plasma (PRP) [8]. The evolution of calibration methodology, in concert with the
use of a continuous plate fluorescence reader, laid the groundwork for a modern iteration of
the TGA, known as Calibrated Automated Thrombography (CAT) [9]. TGAs provide infor-
mation on the kinetic and quantitative parameters of thrombin generation (Fig 1) [10]. Kinetic
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Fig 1. The thrombogram. Components of a typical thrombin generation curve generated using the Calibrated
Automated Thrombography (CAT) assay. LT = lag time; TTP = time to peak; ETP = endogenous thrombin potential;

mVRI = mean velocity rate index (calculated as peak height/[TTP-LT]).
https://doi.org/10.1371/journal.pone.0293632.9001

parameters include the lag time (LT; time for thrombin generation to first occur in minutes)
and the time to peak (TTP; start to maximal thrombin generation in minutes), whereas quanti-
tative measures include the peak height (“peak”; maximal thrombin generation, in nanomolar;
nM) and the endogenous thrombin potential (ETP; area under the thrombin generation curve,
in nMemin). The velocity index is a composite kinetic/quantitative parameter commonly
derived by dividing peak height by the difference between TTP and LT (i.e., [peak/(TTP-LT)],

referred to as the mean velocity rate index; mVRI in nM/min).

There are 5 commercially available automated TGA systems: CAT/Thrombinoscope ™
(Diagnostica Stago), ST-Genesia™ (Diagnostica Stago), Innovance ETP® (Siemens Health-
care), Technothrombin® (Technoclone) and Ceveron® TGA (Technoclone). CAT/Thrombi-
noscope, ST-Genesia, Technothrombin and Ceveron TGA use fluorogenic analysis methods,
whereas Innovance ETP is a chromogenic assay. Calibration is achieved using a thrombin-

based calibrator with known thrombin activity. This is done using either human thrombin
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when calibration is carried out in buffer solution or using a complex of o.-2-macroglobulin
and thrombin when calibration is carried out in clotting plasma. Free thrombin cannot be
used as a calibrator in clotting plasma due to the presence of antithrombins, whereas o.-2-mac-
roglobulin-thrombin complex is not affected by antithrombins. Thrombin generation is usu-
ally triggered using tissue factor (TF) with concentrations ranging from 0-20 pM for the
fluorogenic assays, depending on the question under study. Higher TF concentrations are typi-
cally used for chromogenic assays [11]. With increasing TF concentration, a trade-off occurs
between experimental variability and the determinants of thrombin generation. Experimental
variability is reduced with higher TF concentrations, but sensitivity towards intrinsic pathway
coagulation factors is lower (i.e., factors VIII, IX and XI), to the point of being negligible at TF
concentrations of 5 pM or greater. Corn trypsin inhibitor can be added to sample collection
tubes to mitigate the impact of contact activation, which appears to be mainly relevant when
using TF concentrations of 5 pM or lower [12]. The thrombin generation assay can also be
modified by adding thrombomodulin (TM) when studying the APC pathway [10,13].

With greater complexity, sensitivity, and analytical versatility comes greater susceptibility
to preanalytical variables. Throughout its first decade of use, substantial heterogeneity was
observed using CAT methodology based on the assay reagents, experimental conditions, and
analytical techniques. Several preanalytical variables can also affect TGA measurements,
including blood collection/phlebotomy techniques, type of collection tube, the presence of an
anticoagulant (e.g., heparin), use of corn trypsin inhibitor, centrifugation techniques [14], and
sample storage/freezing [13,15,16]. Differences in preanalytical and analytical conditions pro-
duced significant interlaboratory variability, despite low intra-assay/inter-assay coefficient of
variation (CV) values and consistent intraindividual TGA measurements [4,17]. This variabil-
ity of analytic conditions has hampered clinical enthusiasm for applying TGAs to study throm-
botic or hemorrhagic conditions over the past two decades.

Increasing recognition and mitigation of preanalytical considerations has enhanced the
interpretation and potential clinical applicability of TGAs [12,14,18,19]. Progress has been
made in terms of standardization [20-22], the development of commercially available standard
TF trigger reagents, and the publication of ISTH SSC communications on recommended TGA
assay methodology [23,24]. Analyses using > 5 pM TF concentrations seem less prone to prea-
nalytical variation [12]. A recent review of the literature identified increasing consistency with
TGA reaction conditions over the past decade when used to study direct oral anticoagulants
(DOAC:sS) and reversal [25]. This progress could instill growing confidence in the interpreta-
tion and clinical relevance of TGA results. Moreover, manufacturers have recently attempted
to produce fully automated TGA analyzers, such as the ST-Genesia platform, developed for
clinical applications [16,26]. This new analyzer uses a set of trigger reagents with varying TF
concentrations (STG-BleedScreen; STG-ThromboScreen; STG-DrugScreen), depending on
the clinical question being investigated, in addition to novel calibration methodology, quality
control samples, and normalization of results using a standard reference plasma.

The best approaches for reporting and analyzing thrombin generation data are unclear.
TGA parameters are drawn from the thrombin generation curve. These parameters describe
changes to what is, fundamentally, a complex measure (i.e., the thrombin generation curve
itself). However, this can lead to an oversimplification of the changes observed in disease states
or induced by treatments such as anticoagulants and hemostatic therapies. Further, the inter-
dependence of TGA parameters can lead to challenges when statistical methodologies are
applied indiscriminately, without carefully considering the relationship between parameters
(e.g., collinearity in regression models). Lastly, selective reporting of specific TGA parameters
(e.g., the ETP) can lead to reporting bias and provide an incomplete picture of the data.

PLOS ONE | https://doi.org/10.1371/journal.pone.0293632 November 1, 2023 4/17


https://doi.org/10.1371/journal.pone.0293632

PLOS ONE

Thrombin generation assays, bleeding and hemostasis

Conventional coagulation assays versus thrombin generation assays

Conventional coagulation assays, such as the prothrombin time (PT) and activated partial
thromboplastin time (aPTT), are used to measure the procoagulant activity of the extrinsic
and intrinsic pathways of coagulation, respectively. Coagulation in vivo occurs through more
complex, concurrent, and dynamic interactions within a network of enzymatic components
than reflected by these pathways. Conventional coagulation assays are conceptually analogous
to the TGA lag time, but instead use clot formation as the endpoint of interest. Conversion of
fibrinogen to fibrin occurs when less than 5% of total thrombin within a sample has been gen-
erated, meaning that conventional clot-based assays fail to capture most of the information
available pertaining to in vivo coagulation processes [4]. They are unable to detect hypercoagu-
lability in the setting of congenital or acquired thrombophilia [27]. Further, conventional coag-
ulation assays largely fail to capture the effects of DOACs on coagulation. Conventional
clotting assays demonstrate a low sensitivity to what may be clinically significant DOAC con-
centrations, and reagent dependent performance for both sensitivity and correlation with
DOAC levels [28,29].

TGAs can detect changes to the coagulation system that are not otherwise captured using
conventional clotting assays [30]. For example, measurement of thrombin generation has been
instrumental in challenging the belief that patients with cirrhosis and INR elevation are coagu-
lopathic and has contributed to the theory of rebalanced hemostasis in liver disease [31,32]. In
addition, patients with severe hemophilia but with a mild bleeding phenotype have higher ETP
values as compared to those with a typical bleeding tendency [33]. Similarly, an analysis of
patients with rare bleeding disorders found that kinetic TGA parameters were significantly
associated with bleeding risk and showed a significant positive correlation with bleeding score
values, whereas no association was found between the PT or aPTT and bleeding scores [34].
The administration of bypassing therapies such as activated prothrombin complex concen-
trates (aPCCs) or recombinant factor VIIa (rFVIIa) to patients with hemophilia and inhibitors
leads to correction of both kinetic and quantitative parameters of thrombin generation [35],
but has little effect on conventional coagulation assays such as the aPTT [36].

Clinical hemostasis, bleeding, and thrombin generation as a surrogate
outcome

Measurement of bleeding and hemostasis can be challenging [37]. In the case of patients with
hemophilia, the absolute frequency of bleeding episodes facilitates detection of a significant
effect from replacement or bypassing therapies (e.g., annualized bleed rates; ABRs) within
individual patients [38]. In other cases, such as anticoagulant-associated bleeding, intraindivi-
dual bleed frequency is lower, but the absolute number of patients at risk of bleeding is much
greater due to the prevalence of oral anticoagulant usage. In cases such as these, detecting an
impact from hemostatic therapy or a specific reversal agent on hemostasis with respect to an
individual bleeding event can be very difficult. Although clinical hemostasis remains the goal
of anticoagulation reversal, hemostatic efficacy is very hard to measure. Clinical criteria have
been developed for adjudicating hemostasis among studies of hemostatic or anticoagulation
reversal therapies [39], but the construct validity of current definitions has never been formally
evaluated.

Thrombin generation could serve as a useful surrogate outcome among studies measuring
bleeding, whether secondary to clinical pathology (e.g., hemophilia) or due to antithrombotic
therapy. Several studies have demonstrated the clinical relevance of TGA parameters for bleed-
ing outcomes in patients with hemophilia [40,41], patients undergoing surgery [42], or antic-
oagulated patients [43,44]. Conversely, there remains significant uncertainty concerning the
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clinical significance of TGA results, and whether differences in TGA parameters necessarily
translate to meaningful clinical differences. Further, the relative importance of kinetic and
quantitative TGA parameters concerning bleeding and hemostasis is unknown.

Objectives

We will conduct a scoping review to address the following objectives:

1. Provide a synthesis of the published literature on the use of thrombin generation assays for
measuring bleeding and/or hemostasis.

2. Summarize the thrombin generation assay methodology being used to study bleeding and/
or clinical hemostasis.

3. Summarize the literature on associations between thrombin generation parameters and
bleeding/hemostatic outcomes.

Study design

Scoping reviews are a suggested methodology for mapping literature around a particular topic.
Scoping reviews are useful when appraising innovative technologies, particularly those that
have not been comprehensively reviewed and exhibit a large, complex or heterogenous nature,
not amenable to conventional systematic review methodology [45]. A scoping review maps
existing sources of evidence and can be used to summarize and disseminate research findings
through a structured approach. Based on the originality of the research technology being eval-
uated and the anticipated heterogenous nature of studies applying thrombin generation
towards the measurement of bleeding and hemostasis, we chose to conduct a scoping review
to map and synthesize the desired evidence-base. This scoping review will adhere to the frame-
work proposed by Arksey and O’Malley and updated by Levac and colleagues [46,47], in addi-
tion to guidance published by the Joanna Briggs Institute [45,48].

Research questions

This scoping review will address the following two research questions:

1. “What thrombin generation methodology, reagents and assay analytical/preanalytical con-
ditions are being used to measure bleeding or hemostasis?”

2. “Are alterations in thrombin generation parameters correlated with bleeding and clinical
hemostatic outcomes?”

Protocol and registration

This protocol adheres to the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses extension for scoping reviews (PRISMA-ScR) [49] and has been registered with the
Open Science Framework (osf.io/zp4ge). Given the iterative and reflexive nature of scoping
reviews, amendments to the current protocol may be needed and will be reported transpar-
ently in the final study report [45].

Eligibility criteria
As outlined by Arksey and O’Malley [46], we have a broad, flexible and iterative approach to

both our search strategy and eligibility criteria to ensure comprehensive coverage of the pub-
lished literature.
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Table 1. Eligibility criteria-bleeding disorders and conditions.

Bleeding Disorder Diagnosis
Congenital disorders of Hemophilia A ---
hemostasis Hemophilia B .
Von Willebrand disease (VWD) ---
Disorders of fibrinogen and fibrinolysis Afibrinogenemia
Dysfibrinogenemia
Hypodisfibrinogenemia
Platelet function defects Bernard-Soulier syndrome
Gray platelet syndrome
May-Hegglin anomaly
Storage pool disorders (Wiskott-Aldrich syndrome, Chediak-Higashi,
Hermansky-Pudlak)
Glanzmann thrombasthenia
Rare bleeding disorders (RBDs)/ ---
rare inherited coagulation disorders (RICDs)/Rare coagulation
deficiencies (RCDs)
Acquired disorders of Antithrombotic therapy see Table 2
hemostasis Acquired inhibitors of coagulation ---
(“acquired hemophilia”)
Consumptive coagulopathy/ ---
Disseminated Intravascular Coagulation (DIC)
Liver disease ---
Cirrhosis
Acquired disorders of platelet function Uremic platelet dysfunction
Immune thrombocytopenia (ITP)
Platelet dysfunction secondary to cardiopulmonary bypass
Thrombocytopenia ---
Acquired von Willebrand syndrome (AVWS) ---
Iatrogenic bleeding Surgical bleeding ---
Procedural bleeding
Human volunteer bleeding models Skin punch biopsy

https://doi.org/10.1371/journal.pone.0293632.t001

Clinical conditions. Clinical disorders of interest include congenital bleeding disorders
(e.g., hemophilia, von Willebrand disease, rare coagulation factor deficiencies), patients with
acquired bleeding disorders (e.g., immune thrombocytopenia, acquired inhibitors of coagula-
tion), participants treated with antithrombotic therapy (antiplatelet agents, anticoagulation
therapy), participants subjected to a hemostatic challenge (e.g., surgery, skin punch biopsy) or
participants treated with hemostatic/anticoagulation reversal agents. Studies evaluating
human volunteers or clinical study participants of any age, sex/gender, or race will be included.
Studies exclusively including animal subjects will be excluded. Eligible bleeding disorders/dis-
ease states are outlined in Table 1, eligible antithrombotic therapies are outlined in Table 2,
eligible hemostatic/reversal agents and eligible therapies for congenital/acquired bleeding dis-
orders are outlined in Table 3. These lists are not exhaustive and will be updated during the
conduct of the scoping review.

Concept. This scoping review’s focus and key concept will be how thrombin generation
assays are applied to study bleeding disorders and clinical hemostasis. Studies will be consid-
ered if they measure thrombin generation and report clinical bleeding or hemostatic out-
comes, as outlined below.

Thrombin generation assays and thrombin generation parameters. Thrombin genera-
tion assays considered are outlined in Table 4. Additional assays identified through our
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Table 2. Eligibility criteria—antithrombotic therapies.

Drug Class

Medication

Anticoagulants

Vitamin K Antagonists

Warfarin

Acenocouramol

Phenprocoumon

Fluindione

Direct Factor Xa Inhibitors
(FXal)

Apixaban

Betrixaban

Edoxaban

Rivaroxaban

Direct Thrombin Inhibitors
(DT

Dabigatran

Melagatran/Ximelagatran

Argatroban

Bivalirudin

Unfractionated Heparin (UFH)

Low Molecular Weight Heparins
(LMWH)

Dalteparin

Enoxaparin

Nadroparin

Semuloparin

Tinzaparin

Indirect Factor Xa Inhibitors

Fondaparinux

Heparinoids

Danaparoid

Factor XIa Inhibitors

IONIS-FXIgx

Osocimab

Abelacimab

Milvexian

Xisomab 3G3

Fesomersen

Asundexian

Antiplatelet Agents

Non-steroidal anti-inflammatory drug
(NSAID)

Acetylsalicylic acid (ASA)/
Aspirin

P2Y12 Inhibitors

Clopidogrel

Prasugrel

Ticagrelor

Ticlopidine

Cangrelor

GPIIb/IIIa receptor antagonists

Abciximab

cAMP phosphodiesterase inhibitors

Dipyridamole

https://doi.org/10.1371/journal.pone.0293632.t1002

literature search will be considered, following discussion and agreement among study team
members. To be considered for inclusion, thrombin generation must be measured using assays
that fall within conventional definitions of a “thrombin generation test” or “thrombin genera-

tion assay” [9,27], using either chromogenic or fluorogenic substrates and reporting results as
either relative fluorescent units (RFU) or calibrated thrombin units [11].

For this review, “thrombin generation parameters” will refer to the LT, TTP, peak thrombin

generation, the ETP and the mVRI, as defined above (Fig 1). This terminology will be used
consistently throughout the review. Studies describing these same parameters in terms of their
measurement, but using different terminology (e.g., “maxIIa” for peak thrombin generation in
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Table 3. Eligible hemostatic agents and therapies for congenital/acquired bleeding disorders.

Therapy Class

Hemostatic Agent

Prothrombin Complex Concentrate (PCC)

3-factor PCC (e.g. Bebulin®™)

4-factor PCC (e.g. Octaplex™)

Activated Prothrombin Complex Concentrate (aPCC)

aPCC (e.g. FEIBA™)

Recombinant Factor VIIa (rFVIIa)

rFVIIa (e.g. Novoseven™, Sevenfact™)

Fresh Frozen Plasma (FFP)

Andexanet Alfa (Andexxa®™/ Ondexxya®)

Idarucizumab (Praxbind®)

Ciraparantag (aripazine)

Antifibrinolytics

Tranexamic Acid
Aminocaproic Acid

Fibrinogen Concentrates

RiaSTAP

Fibryga

Clottafact™

Factor VII Concentrates

Pd-FVII

Factor VIII Products

Advate

Hemofil M

Kogenate FS

Koate

Kovaltry

Novoeight

Nuwiq

Recombinate

Xyntha

Adynovate

Afstyla

Eloctate

Esperoct

Jivi

Factane

Octanate

Efanesoctocog alfa (Altuviiio®)

Recombinant Porcine Sequence Factor VIII Concentrate

Obizur

Factor IX Products

AlphaNine SD

BeneFIX

Ixinity

Mononine

Rixubis
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Factor XIII Products
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PLOS ONE | https://doi.org/10.1371/journal.pone.0293632 November 1, 2023

9/17


https://doi.org/10.1371/journal.pone.0293632

PLOS ONE Thrombin generation assays, bleeding and hemostasis

Table 3. (Continued)

Therapy Class Hemostatic Agent
Anti-TFPI agents Concizumab
Marstacimab
RNA Interference Therapy Fitusiran
Aptamers BT200
Von Willebrand Concentrates Humate-P
Alphanate
Wilate
Voncento
Recombinant VWF Vonvendi

https://doi.org/10.1371/journal.pone.0293632.t1003

nM) will be included, provided that the parameter is clearly defined in the study methods.
Studies exclusively reporting indirect (occasionally referred to as “in vivo”) measures of throm-
bin generation such as prothrombin fragment 1+2 (F 1+2), thrombin-antithrombin complexes
(TAT) or d-dimer measurements will be excluded, as these “in vivo” measures indirectly detect
active thrombin formation. They differ conceptually from the “in vitro” thrombin generation
assays under consideration in this review, which directly measure thrombin enzymatic
activity.

Outcomes. For inclusion, studies must report associated outcomes related to bleeding
and/or clinical hemostasis. This will include, but not be limited to, annualized bleed rates
(ABRs), bleeding assessment tool scores and/or disease-specific bleeding severity scores, clini-
cal definitions of bleeding as defined by society guidelines, and definitions of effective clinical
hemostasis. Studies reporting bleed duration or bleed volume (e.g., following skin punch
biopsy among healthy volunteers), surgical studies reporting intraoperative estimated blood
loss (EBL), or any other measure of abnormal intraoperative clinical hemostasis will be
included. Studies reporting bleeding without using a formal outcome definition as outlined
above will still be included. Studies that do not directly report a bleeding or hemostatic out-
come among patients or healthy volunteers (e.g., in vitro studies) will be excluded. Studies will
be excluded if bleeding, or lack thereof, is exclusively reported as a component of adverse
event reporting, provided these studies are not otherwise focused on bleeding/hemostasis as a
clinical outcome (e.g., pharmacokinetic or healthy volunteer studies).

Context. Studies will be considered if they measured bleeding or clinical hemostasis in a
clinical context (e.g., hospital ward, surgical suite or emergency department) or in a clinical

Table 4. Eligible thrombin generation assays.

Thrombin Generation Assay Manufacturer

CAT/Thrombinoscope Diagnostica Stago
(Calibrated Automated Thrombography)
ST-Genesia Diagnostica Stago
Innovance ETP Siemens
Technothrombin Technoclone
Ceveron Alpha TGA Diapharma
Nijmegen Hemostasis Assay/ N/A
Novel Hemostasis Assay (NHA) (Academic; Radboud University Medical Center)

https://doi.org/10.1371/journal.pone.0293632.t1004
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research setting (e.g., study of bleeding among healthy volunteers following skin punch
biopsy). In addition, studies will be considered irrespective of whether carried out in a com-
munity (primary) or academic (tertiary, quaternary) healthcare setting.

Study types. We will include randomized controlled trials (RCTs), non-randomized stud-
ies (NRS), systematic reviews, and case series. We will consider all publication types, including
brief reports, editorials, letters to the editor, and commentaries if they meet eligibility criteria.
Narrative literature reviews that do not present original data will be excluded. Systematic
reviews will be defined as reviews with a specified review question (i.e., Population, Interven-
tion, Comparator, Outcome; PICO question) that include a systematic search of one or more
electronic databases, with clearly defined eligibility criteria, systematic abstract screening, and
study selection, data collection by two or more authors and an appraisal of the risk of bias, and
synthesis of the included information using either qualitative or quantitative approaches. NRS
will include prospective or retrospective cohort studies, case-control studies, non-randomized,
quasi-randomized or single-arm interventional trials. Diagnostic test accuracy studies will be
excluded if they do not report bleeding/hemostatic outcomes. Conference abstracts and grey
literature will be excluded due to the anticipated volume of peer-reviewed literature to be
screened. English-language only publications will be considered.

Information sources and search strategy

The search strategy will be established in collaboration with an information specialist at The
Ottawa Hospital (R.S.) with experience in developing search strategies for scoping reviews. We
carried out a preliminary literature search using the OVID platform and keywords/MeSH
terms related to the topic of interest. The final search strategy will be tailored, based on the pre-
liminary literature search, to balance the need for a comprehensive search strategy and limit
the volume of abstracts that could be reasonably screened within project timelines. All team
members, including content experts in thrombin generation and coagulation laboratory analy-
ses, hemophilia, anticoagulation reversal and hemostatic therapies, bleeding definitions, and
systematic/scoping review methodology, will provide input with respect to the search strategy.
Using the OVID platform and our preliminary search results, we will search MEDLINE,
EMBASE and the Cochrane Central Register of Controlled Trials (CENTRAL) using a combi-
nation of MeSH terms and keywords. Databases will be searched from 1946 to March 21%,
2023. The search strategy will use a combination of keywords and MeSH terms detailing the
population, concept, and context of interest. Conference abstracts will be removed from
Embase and CENTRAL. Grey literature will not be searched. A copy of the search strategy at
the time of protocol publication can be found in S1 Appendix. The final search strategy will be
reviewed by a second library information specialist according to the Peer Review of Electronic
Search Strategies (PRESS) checklist [50]. A single reviewer will check reference lists of included
studies, including systematic reviews, to identify additional eligible studies not identified
through our database search.

Study selection and data management

Duplicate citations will be removed from the abstract screening list. Covidence™ software will
be used to maintain a list of titles/abstracts for screening and full-text articles for review. Both
title/abstract and full-text screening will be carried out independently and in duplicate by two
reviewers (J.R.S. and T'J.) using Covidence®™. Abstract screening and full-text review will be
done by applying the inclusion/exclusion criteria, ensuring that the articles meet the popula-
tion, concept, and context outlined above. Studies where the methodology/assay used to assess
thrombin generation is unclear will be brought forward to full-text review to ensure that the
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reported method for measurement of thrombin generation falls within the definition outlined
above (Table 4). One of the study authors will maintain full-text articles in PDF format in a
shared folder on a physical hard drive (J.R.S.). A random sample of 50 abstracts will be used to
pilot the screening process, ensuring eligibility criteria are consistently applied by both review-
ers. Disagreements between reviewers during abstract screening will be resolved by further dis-
cussion to reach consensus or consultation with a third party. Disagreements at full-text
review will be resolved by discussion or consultation with a third reviewer. Reasons for exclu-
sion at full-text review will be documented in Covidence™. The results of abstract screening
and full-text review, including reasons for full-text exclusion will be documented and reported
using a PRISMA flow diagram [49].

Data charting

Data abstraction will be carried out independently and in duplicate by two reviewers (J.R.S.
and T.J.). Disagreements on abstracted data will be resolved by consensus, or, when needed,
through consultation with a third reviewer. A standardized data abstraction form will be devel-
oped using Covidence™ Data Extraction 2.0. The form will be iteratively modified as reviewers
gain familiarity with the content area. All versions of the data abstraction form will be saved,
and a summary of the modifications will be documented. The data abstraction form will be
piloted using a random sample of 5 full-text articles to ensure consistency in the data abstrac-
tion process, and adaptations to the form will be made if needed.

Data items

Data will be collected on publication/author information, study characteristics, patient popula-
tion parameters, information on the type of thrombin generation assay used, preanalytical var-
iables, reagent selection and assay conditions, reported TGA parameters, and information on
the bleeding/hemostatic outcome used by each study. If applicable, information on compara-
tors for RCT and NRS studies will be recorded. Duration of follow-up will be recorded for lon-
gitudinal clinical studies. We will record whether each study reported an association between
thrombin generation parameters and bleeding/hemostatic outcomes, and whether formal sta-
tistical association/correlation was conducted. If an association between TGA parameters and
bleeding/hemostatic outcomes was reported, we will record which TGA parameters were asso-
ciated and whether the association was statistically significant. Statistical significance will be
according to the definition used by each study in question and, where reported, we will record
effect estimates and 95% confidence intervals. Given the scoping nature of this review, all out-
comes will have equal priority. Reporting of results will be stratified according to healthy vol-
unteer studies versus patient studies (e.g., DOAC-treated patients). Findings from included
systematic reviews will be reported according to the synthesized findings from the systematic
review in question.

Data synthesis and reporting

Mapping the information identified will be carried out using Microsoft Excel™, Biorender™
and other software, as needed, with results presented using qualitative data analytical tech-
niques, including tabulation, graphical representation, and narrative approaches. When pre-
senting results in tabular or graphical form, we will attempt to organize results according to
underlying characteristics of interest. These characteristics might include study design, patient
population, the thrombin generation assay used, or the reported bleeding/hemostatic outcome.
We will seek to identify underlying trends or discrepancies in the data using tabulation. We
will consider reporting data using color-coded tabulation to indicate the direction of effect and
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to facilitate interpretation of the data. Bar/column charts, pie charts, geographic maps, radar
plots and bubble charts will also be considered when presenting other aspects of the content
area, such as TGA reagent selection or assay conditions, publication/chronological trends, and
the geographical distribution of reported TGA use. We will supplement tabulation and graphi-
cal representation using narrative synthesis to summarize key findings and knowledge gaps.
The approaches outlined above will be tailored to address the study questions and objectives.
If needed, we will adapt our approach with increasing familiarity with the content area. Con-
sistent with scoping review methodology [45], we will not undertake a formal critical appraisal
of the individual sources of evidence.

Consultation and stakeholder engagement

To improve the relevance and applicability of our research findings, we will adopt an inte-
grated knowledge translation approach throughout the entire review process. Input on the
design of this scoping review was sought from patient partners with lived experience from
both the CanVECTOR research network (C.S) and the Canadian Hemophilia Society (D.P.).
These patient partners will be involved in all stages of the scoping review process, including
interpretation and dissemination of the review findings. During the planning stages of this
project, input on review design was also sought from translational scientists who use thrombin
generation to study bleeding/hemostasis. This will ensure the findings of this review are rele-
vant to both patients and clinician/translational scientists and stakeholders involved in the
research of acquired/congenital bleeding disorders. In addition, we will seek input from rele-
vant Scientific Standardization Committees of the International Society on Thrombosis and
Haemostasis on preliminary review findings through stakeholder engagement sessions [23].
Our preliminary findings will be used as a foundation to inform the consultation. The purpose
of the consultation/stakeholder engagement session will be to gain additional information,
perspectives and enhance the applicability of the scoping review findings [47]. The consulta-
tion will also solicit input from international content experts on key review findings, facilitate
exchange among stakeholders in the field and inform future research priorities. Important
changes to the interpretation of review findings arising from this consultation process, in addi-
tion to future research priorities and emerging issues identified by content experts, will be nar-
ratively summarized and transparently reported in point form in a dedicated section of the
final study report.

Ethics and dissemination

This scoping review will use published, publicly available information, and as such, research
ethics approval will not be required. Strategies for knowledge dissemination will include con-
ference presentations, peer-reviewed publications, and engagement/consultation with interna-
tional experts and knowledge users as outlined above.

Implications for research, practice, and policy

Significant progress has been made with thrombin generation assay methodology and imple-
mentation over the past two decades. Our understanding of its relation to various disease states
and antithrombotic/hemostatic therapies continues to evolve. However, there remains ongo-
ing uncertainty about the utility of thrombin generation as a measure of hemostasis and/or
bleeding and its clinical significance. Thrombin generation has proven useful for evaluating
the underlying biological mechanisms of hemostasis and thrombosis, but its potential as a sur-
rogate measure of clinical outcomes remains underexploited. Many clinical questions in the
field of thrombosis medicine remain unanswered. These questions might be difficult to answer
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on clinical grounds for a variety of reasons, including challenging participant consent and
recruitment in emergencies (e.g., critically ill participants), the need for an unattainably large
sample size to achieve sufficient statistical power to answer a clinically meaningful question, or
challenges with direct measurement of the outcome of interest (e.g., clinical hemostasis). For a
biomarker to achieve widespread acceptance within the scientific and clinical community, it
needs a sound scientific basis. It must also demonstrate good accuracy, precision, and correla-
tion with clinically important outcomes. With the introduction of standardized, calibrated,
and automated high throughput assays, thrombin generation may have an increasing role in
clinical research and the clinical coagulation laboratory.

Conclusions

Thrombin generation assays have undergone considerable technological and methodological
development over the past two decades. Even though these advancements have improved our
understanding of its potential clinical utility, its use remains limited to the research laboratory.
This scoping review will serve as an important knowledge translation exercise. We will outline
knowledge gaps surrounding thrombin generation testing, better delineate its applicability as a
clinically relevant assay for bleeding and seek to identify ongoing barriers to its widespread
adoption in clinical research, and eventually as a tool for use in the clinical setting.
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