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Abstract
BackgroundĹ AbnormaѴ cѴot structure has been identified in patients with thrombotic 
disordersĺ AnticoaguѴant therapy offers cѴear benefits for thrombosis prevention and 
treatment by reducing bѴood cѴot formation and sizeĸ nevertheѴessķ there are Ѵimited 
data on the effects of different anticoaguѴantsķ where cѴotting is initiated with differ-
ent triggersķ on cѴot structureĺ
ObjectivesĹ Our aim was to investigate the effects of vitamin K antagonists and fac-

tor Xa inhibitors on cѴot structureĺ
MethodsĹ CѴots from pooѴed pѴasma spiked with rivaroxabanķ apixabanķ or enoxapa-

rinķ as weѴѴ as pѴasma from patients on warfarinķ were compared to pѴasma without 
anticoaguѴationĺ The kinetic profiѴe of poѴymerizing cѴots was obtained by turbidityķ 
fiber density was determined by confocaѴ microscopyķ cѴot pore size was investigated 
by permeationķ and fiber size was anaѴyzed using scanning eѴectron microscopyĺ 
CѴotting agonist was either tissue factor or thrombinĺ
ResuѴtsĹ FoѴѴowing cѴotting with tissue factorķ aѴѴ anticoaguѴated cѴots had a signifi-
cantѴy increased Ѵag timeķ with the exception of enoxaparinĺ Rivaroxaban addition-

aѴѴy Ѵed to significantѴy Ѵess dense and more permeabѴe cѴotsķ with thicker fibersĺ In 
contrastķ turbidity anaѴysis foѴѴowing initiation with thrombin showed few effects of 
anticoaguѴationķ with onѴy enoxaparin Ѵeading to a proѴonged Ѵag timeĺ Enoxaparin 
cѴots made with thrombin were Ѵess dense and more permeabѴeĺ
ConcѴusionĹ Our resuѴts show that anticoaguѴants moduѴate cѴot structure particu-

ѴarѴy when induced by tissue factorķ most ѴikeѴy due to reduction of thrombin gen-

erationĺ We propose that the effects of different anticoaguѴants couѴd be assessed 
with a gѴobaѴ cѴot structure measurement such as permeation or turbidityķ providing 
information on cѴot phenotypeĺ
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EssentiaѴs

Ŏ AnticoaguѴant therapies are associated with different bѴeeding risksĺ
Ŏ There are Ѵimited data on the effects of anticoaguѴants on fibrin cѴot structureĺ
Ŏ Initiation with tissue factor but not thrombin reveaѴs effects of direct oraѴ anticoaguѴants on cѴot structureĺ
Ŏ CѴot structure couѴd be used as a gѴobaѴ test for anticoaguѴant activityĺ

ƐՊ |ՊINTRODUCTION

Thrombosis is a major contributor to gѴobaѴ disease burdenķ being 
a serious and ѴethaѴ component of cardiovascuѴar diseases such as 
ischemic heart diseaseķ strokeķ and venous thromboemboѴismĺƐķƑ 

ThromboemboѴic conditions accounted for one in four deaths 
worѴdwide in ƑƏƐƏ and remain the Ѵeading cause of death around 
the world.ƒŊѵ AnticoaguѴants decrease bѴood cѴot formation by tar-
geting and moduѴating the coaguѴation pathway and areķ thereforeķ 
commonѴy administered to prevent and treat thromboemboѴic disor-
dersĺ7 Howeverķ aѴѴ anticoaguѴant drugs to date are associated with 
a certain bѴeeding risk that needs to be considered in the decision of 
anticoaguѴation administrationĺѶķƖ

ConventionaѴѴyķ individuaѴs with thrombosis received a com-

bination of ѴowŊmoѴecuѴarŊweight heparins ŐLMWHsőķ foѴѴowed by 
vitamin K antagonists ŐVKAsőķ particuѴarѴy warfarinĺ Direct oraѴ an-

ticoaguѴants ŐDOACsőķ which directѴy inhibit thrombin or activated 
factor X ŐFXaőķ have more recentѴy been deveѴopedĺ UnѴike warfarinķ 
DOACs can be administered at fixed dosesķ thus reducing the num-

ber of hospitaѴ visits for drug monitoringĺƐƏķƐƐ

Previous studies have shown that fibrin cѴot structure is abnor-
maѴ in individuaѴs with thrombotic conditionsķ and individuaѴs with 
with postthrombotic syndrome and recurrent venous thromboem-

boѴism ŐVTEő patients have denser cѴots with thinner fibers that are 
resistant to fibrinoѴysisĺ12 In additionķ cѴots from individuaѴs with 
deep vein thrombosis were aѴso shown to be thinnerķ Ѵess porousķ 
and more resistant to Ѵysisĺ13 These studies indicate that abnormaѴ 
fibrin cѴot structure is associated with patients with thrombotic dis-

ordersĺ AnticoaguѴantsķ incѴuding warfarin and DOACsķ have been 
shown to aѴter fibrin cѴot structure by increasing cѴot porosity and 
aѴtering cѴot densityĺƐƐķƐƓķƐƔ Direct thrombin inhibitors have aѴso been 
shown to deѴay thrombin generation and increase cѴot permeabiѴ-
ity.ƐѵķƐƕ In additionķ anticoaguѴants have been shown to deѴay cѴotting 
Ѵag time and increase the efficiency of cѴot ѴysisĺƐƐķƐѶŊƑƐ

The effects of anticoaguѴants on cѴot structure have been 
previousѴy investigated using thrombinƐƑķƐƒķƐƔķƑƑ or tissue factor 
ŐTFőķƐƐķƐƓķƐѵķƐƕķƐƖŊƑƐķƑƒķƑƓ as weѴѴ as TFŊbearing ceѴѴsƑƔķƑѵ as cѴotting ago-

nistsĺ In additionķ thrombus growth and fibrin distribution patternsķ 
reѴated to cѴot stabiѴityķ have aѴso been studied with TFŊbearing coѴ-
Ѵagen surfacesĺƑƕķƑѶ TF has been reported to better refѴect effects of 
VKAs on cѴot density and permeabiѴityĺƑƖ In this studyķ we compared 
cѴot structure in pѴasma from individuaѴs on warfarinķ pooѴed pѴasma 
ŐPPő spiked with the direct FXa inhibitors rivaroxaban and apixabanķ 
and PP spiked with the indirect FXa inhibitor enoxaparinķ to PP con-

troѴ using a range of sensitive methods that anaѴyze cѴot densityķ 

porosityķ and fiber thicknessĺ We thus used a comprehensive set 
of cѴot structure anaѴysis methods to directѴy compare the effects 
of VKAs and indirectņdirect FXa inhibitors on fibrin cѴot structure 
when cѴotting was triggered with either thrombin or TFĺ

ƑՊ |ՊMATERIALS AND METHODS

ƑĺƐՊ|ՊMateriaѴs

AѴexa FѴuor ƔƖƓŋfibrinogen ŐThermo Fisher Scientificķ AѴtrinchamķ 
UKő was reconstituted in doubѴeŊdistiѴѴed water ŐddH2Oő to ƑĺƔ mgņ
mLĺ Human thrombin ŐMerck Diagnosticsķ Darmstadtķ Germanyő was 
reconstituted to ƑƔƏ UņmL in ddH2O and stored at ŋѶƏŦCĺ DiѴutions 
were performed in ƏĺƏƔM TrisŊBaseķ ƏĺƐ M NaCѴķ pH ƕĺƓ ŐTBSőĺ PPPŊ
Reagent ŐStagoķ Parsippanyķ NJķ USAő was reconstituted in Ɛ mL of 
ddH2O to ƒƏ pM of TF and ƑƓ µM phosphoѴipidsĺ AѴѴ other chemicaѴs 
were obtained from SigmaŊAѴdrich ŐStĺ Louisķ MOķ USAő unѴess stated 
otherwiseĺ

Apixaban and rivaroxaban powder ŐMedChemExpressķ Princetonķ 
NJķ USAő were initiaѴѴy reconstituted in dimethyѴ suѴfoxide and sub-

sequentѴy diѴuted ƐĹƖ in deionized waterĺ They were spiked in nor-
maѴŊpooѴed pѴasma ŐNPPő at concentrations of apixaban ƐƑѶ ngņmL 
and rivaroxaban ƐƕƓ ngņmL both at therapeutic ѴeveѴsĺ Enoxaparin 
sodium ŐCѴexaneő was spiked in NPP at concentration ƏĺƒƔ UņmLķ 
that isķ equivaѴent to a prophyѴactic doseĺ

ƑĺƑՊ|ՊBѴood coѴѴection

A pooѴ of pѴasma from ƒƔƔ outpatient cѴinic Őpreoperative assess-

mentő patients with normaѴ internationaѴ normaѴized ratio ŐINRőņ
activated partiaѴ thrombopѴastin time was obtained from an-

onymized normaѴ citrated sampѴes ŐVacuetteķ Greiner BioŊOneķ 
Monroeķ NC USAő and anaѴyzed in the CoaguѴation Laboratory 
at Mater Dei HospitaѴ ŐMsidaķ MaѴtaőĺ As our pooѴed pѴasma was 
obtained from individuaѴs undergoing a wide range of surgicaѴ 
proceduresķ it incѴudes a mixture of individuaѴs with and with-

out underѴying heaѴth conditionsĺ AѴѴ sampѴes underwent doubѴe 
centrifugation ŐƐƏ minutes at ƑƔƏƏ g twiceķ using the Eppendorf 
Centrifuge ƔѶƐƏķ Eppendorf AGķ Germanyő to obtain pѴateѴetŊpoor 
pѴasma ŐPPPőķ and they were frozen at ƴѶƏŦCĺ They were subse-

quentѴy spiked with apixabanķ rivaroxabanķ and enoxaparin at the 
desired concentrationsĺ Warfarinized PPP was coѴѴected from an-

onymized outpatientsĽ sampѴes receiving warfarin therapyĺ There 
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were two pooѴs of warfarinized pѴasmaķ that isķ INR ƑĺƑ ŐsampѴes 
of patients with INR ƑŊƒő and INR ƓĺƐ ŐsampѴes from patients with 
INR ƓŊѵő to represent therapeutic and supratherapeutic INRķ re-

spectiveѴyĺ They were prepared foѴѴowing the same protocoѴ of 
the pѴasma spiked with anticoaguѴants and underwent an identi-
caѴ number of freezeŊthaw cycѴesĺ Frozen anticoaguѴated sampѴes 
were shipped to Leeds and SheffieѴd on dry iceĺ PooѴed pѴasma 
ŐPPő with a measured fibrinogen concentration of ƓĺѵƓ mgņmL 
was used as referenceĺ PP from individuaѴs on warfarin INR ƑĺƑ 
ŐƒĺѶƏ mgņmL fibrinogenő and pѴasma from individuaѴs on warfarin 
INR ƓĺƐ ŐƓĺƒƐ mgņmL fibrinogenő were chosenķ as their fibrinogen 
ѴeveѴs were most simiѴar to PPĺ

The prothrombin timeņINR assayķ fibrinogen concentrationsķ and 
the antiŊXa assay for enoxaparin were performed using an ACL TOP 
ƔƏƏ anaѴyzer ŐInstrumentation Laboratoryķ Bedfordķ MAķ USAő and 
the foѴѴowing reagentsĹ HemosIL RecombiPѴasTin ƑGķ HemosIL QFA 
Thrombin ŐBovineőķ and HemosIL Liquid AntiŊXa kit ŐInstrumentation 
Laboratoryőĺ The antiŊXa assays for apixaban and rivaroxaban were 
performed in the CoaguѴation Laboratory at the RoyaѴ HaѴѴamshire 
HospitaѴķ using the anaѴyser Sysmex CSŊƔƐƏƏ ŐSiemens HeaѴthcare 
Diagnostics Products GmbHķ Marburgķ Germanyő and the Biophen 
DiXaѴ kit ŐHyphen BioMedķ NeuviѴѴeŊsurŊOiseķ Franceő with specific 
caѴibratorsĺ

FinaѴѴyķ normaѴ pooѴed pѴateѴetŊpoor pѴasma ŐNPPő used in some 
of the suppѴementary experiments was obtained from ƒƏ heaѴthy 
individuaѴs at the Leeds Institute of CardiovascuѴar and MetaboѴic 
Medicineķ with a fibrinogen concentration of ƒĺƓ mgņmLĺ

ƑĺƒՊ|ՊThromboeѴastography

ThromboeѴastography ŐTEGő was performed at Mater Dei HospitaѴ 
ŐMsidaķ MaѴtaő on citrated PPPķ using a TEGƔƏƏƏ ŐThromboeѴastograph 
Hemostasis AnaѴyserķ Haemoscopeķ Haemonetics Corporationķ 
Braintreeķ MAķ USAő with dedicated software ŐTEG AnaѴyticaѴ 
Software version ƓĺƑĺƒķ Haemoscopeķ Haemonetics Corporationőĺ

The native TEG used citrated PPP ƒƒƏ µѴ and CaCѴ2 0.2M 30 µl 

Őwithout the addition of a cѴotting trigger such as thrombin or TFő 
and was performed in dupѴicateķ using the two channeѴs providedĺ 
The resuѴts were expressed as mean ± SDĺ

ƑĺƓՊ|ՊTurbidity anaѴysis of poѴymerizing fibrin cѴots

The kinetic profiѴe of poѴymerizing fibrin cѴots was investigated by 
turbidityķ using a standardized protocoѴ as previousѴy describedĺ30 In 

briefķ pѴasma was diѴuted to a finaѴ ratio of Ɛ in ѵ in TBS and Ѵoaded 
onto ƒѶƓŊweѴѴ pѴates ŐThermo Fisher Scientificķ AѴtrinchamķ UKő in 
tripѴicatesĺ An activation mixture of Ɣ mM CaCѴ2 ŐfinaѴ concentrationő 
and either tissue factor ŐfinaѴ concentrationķ Ɛ pMő or thrombin ŐfinaѴ 
concentrationķ ƏĺƐ UņmLő was added to initiate cѴottingĺ Thrombin 
concentration was chosen foѴѴowing optimization for this and other 
methods describedĺ TF concentration used in aѴѴ methods was chosen 

to refѴect the Ѵow TF concentration used in the caѴibrated automated 
thrombogram thrombin generation assayĺ Changes in absorbance 
Őor opticaѴ densityő were measured at ƒƓƏ nm every Ɛƕ seconds for 
Ɛ hour at ƒƕŦC using a Powerwave microtiterŊpѴate reader ŐBioŊTekķ 
Swindonķ UKőĺ The parameters anaѴyzed from the turbidity profiѴe 
were Ѵag time to initiation of poѴymerizationķ maximum absorbance 
Őan indicator of fiber diameterő and average rate of cѴotting Őbased 
on the rate between ƑƔѷ and ƕƔѷ cѴottingőĺ Turbidity experiments 
were performed in dupѴicate or tripѴicateķ each with three technicaѴ 
repѴicatesĺ

ƑĺƔՊ|ՊLaser scanning confocaѴ microscopy

PѴasma was diѴuted to a finaѴ ratio of Ɛ in ѵ with TBS and spiked with 
AѴexa FѴuor ƔƖƓ ѴabeѴed fibrinogen at ƔƏ µgņmL finaѴ concentrationĺ 
CѴotting was triggered by the addition of Ɣ mM CaCѴ2 ŐfinaѴ concen-

trationő and either TF ŐfinaѴ concentrationķ Ɛ pMő or thrombin ŐfinaѴ 
concentrationķ ƏĺƐ UņmLőĺ Once cѴotting was initiatedķ the mixture 
was immediateѴy transferred to the channeѴ of an uncoated µŊSѴide 
VI ƏĺƓ mm ŐIbidi GmbHķ Gr࢜feѴfingķ Germanyőķ and pѴaced in a dark 
humidity chamber for Ƒ hours at room temperature to aѴѴow cѴots to 
formĺ Images were obtained using a Zeiss LSMѶѶƏ inverted micro-

scope with a ƓƏ× oiѴ immersion Ѵensĺ OpticaѴ zŊstacks ŐƓƒ × 0.7 µmő 
were combined and fѴattened to show maximum intensityĺ Fiber den-

sity was determined by averaging the totaѴ number of fibers crossing 
an arbitrary straight Ѵine of fixed Ѵength ŐƑƏƏ µmőĺ Image processing 
and fiber counting were executed on ImageJ softwareĺ Fibrin cѴots 
were prepared in tripѴicateķ and three density measurements were 
obtained per cѴotĺ

ƑĺѵՊ|ՊCѴot permeation

The cѴot permeabiѴity assay was adapted from a previousѴy described 
method.31 PѴasma sampѴes were diѴuted to a finaѴ ratio of Ɛ in ѶĺѶ 
with TBSĺ CѴotting was initiated by the addition of an activation 
mixture containing ƐƏ mM CaCѴ2 ŐfinaѴ concentrationő and either TF 
ŐfinaѴ concentration Ɛ pMő or thrombin ŐfinaѴ concentrationķ ƏĺƔ Uņ
mLőĺ ImmediateѴy after initiation of cѴottingķ the mixture was trans-

ferred to the channeѴ of an Ibidi uncoated µŊSѴide VI ƏĺƓ mmķ then 
pѴaced in a humidity chamber for Ɛ hour at room temperature to 
aѴѴow cѴots to formĺ A pѴastic syringe was connected to the weѴѴ cor-
responding to the channeѴ hoѴding the cѴotķ and a constant pressure 
was appѴied by fiѴѴing the syringe with TBS to a set height ŐƓ cmőĺ 
The cѴots were washed in this manner for ƒƏ minutesķ and fѴow rates 
of buffer through the cѴots were then measuredķ by coѴѴecting and 
weighing the buffer fѴowŊthroughķ every ƐƏ minutes for ƓƏ minutesĺ 
VoѴume ŐcorreѴated to weightķ assuming Ɛg = ƐmLő of fѴowŊthrough 
over time was pѴotted and fitted by Ѵinear regression ŐR2 ƾ ƏĺƖƖőĺ 
The permeation coefficient ŐKsķ Darcy constantő was caѴcuѴated as 
previousѴy describedĺ32 The sѴightѴy higher pѴasma diѴution factorķ 
thrombinķ and caѴcium concentrations were required to obtain a 
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measurabѴe fѴow rate in the permeation assayĺ Permeation experi-
ments were performed in tripѴicate or quadrupѴicateĺ

ƑĺƕՊ|ՊScanning eѴectron microscopy

CѴots for scanning eѴectron microscopy ŐSEMő were prepared and 
imaged using a previousѴy described methodĺ33 In briefķ pѴasma was 
diѴuted Ɛ in ѵ with TBSķ and cѴotting was triggered by the addition 
of an activation mixture consisting of ƐƏ mM CaCѴ2 ŐfinaѴ concen-

trationő and either TF ŐfinaѴ concentrationķ Ɛ pMő or thrombin ŐfinaѴ 
concentrationķ Ɛ UņmLőĺ ImmediateѴy foѴѴowing cѴotting initiationķ the 
mixture was transferred to pierced Eppendorf Ѵids and pѴaced in a 
humidity chamber for Ƒ hours to aѴѴow for cѴot formationĺ CѴots were 
washed ƒ times for ƓƏ minutes with saѴine soѴution and fixed in Ƒѷ 
gѴutaraѴdehyde overnightĺ Once fixedķ cѴots were washed ƒ times for 
ƓƏ minutes with sodium cacodyѴate buffer ŐƔƏ mM C2H12AsNaOƔķ 
pH ƕĺƓő and dehydrated in increasing concentrations of acetone 
ŐƒƏѷŊƐƏƏѷőĺ CѴots underwent criticaѴ point drying with CO2 before 
being mounted onto stubs and sputter coated with ƐƏ nm of iridium 
using a Cressington ƑƏѶ HR ŐCressington Scientific Instrumentsķ 
Watfordķ UKőĺ Each cѴot was formed in tripѴicate and imaged in three 
different areas at different magnificationsķ ƔƏƏƏŊƓƏ ƏƏƏ×ő using a 
Hitachi SUѶƑƒƏ highŊperformance coѴd fieѴd emission SEM ŐChiyoda 
Corporationķ Yokohomaķ Japanőĺ Fibrin fiber thickness was anaѴyzed 
on images at ƑƏ ƏƏƏ× using ImageJĺ

ƑĺѶՊ|ՊStatisticaѴ AnaѴysis

Data are presented as mean of at Ѵeast three repѴicates ± SEķ un-

Ѵess otherwise statedĺ Differences between groups was determined 
by oneŊway anaѴysis of variance or KruskaѴŋWaѴѴis testķ foѴѴowing 
ShapiroŋWiѴk test for normaѴityķ foѴѴowed by TukeyŋKramer post 
hoc test or DunnŋBonferroni to determine significant differences 

to controѴ groupĺ Data anaѴysis was performed using OriginPro 
ƑƏƐƕņƑƏƐѶĺ P vaѴues<ĺƏƔ were considered to indicate statisticaѴ 
significanceĺ

ƒՊ |ՊRESULTS

ƒĺƐՊ|ՊThromboeѴastography

CѴot formation in the absence of a cѴotting trigger was anaѴysed 
by native TEG ŐTabѴe Ɛőĺ The average R timeķ refѴective of the Ѵag 
time before the start of cѴottingķ was increased for PP spiked with 
the direct FXa inhibitor rivaroxaban ŐƐƖĺƔƔ ± ƏĺƏƕ minutesĸ P < ĺƏƔő 
and enoxaparin ŐƑƒĺƒƔ ± ƏĺƒƔ minutesĸ P < ĺƏƔőķ compared to con-

troѴ ŐƐƑĺƖƕ ± ƒĺƑѵ minutesőĺ CѴot formation time ŐK timeő was aѴso 
increased for PP spiked with direct FXa inhibitors Őrivaroxabanķ 
ƕĺƔƏ ± ƑĺƐƑ minutesĸ and apixabanķ ѵĺƏƏ ± ƒĺƐƐ minutesĸ P < ĺƏƔő 
and enoxaparin ŐƐƐĺƓƏ ± 2.12 min; P < ĺƏƔőķ compared to con-

troѴ ŐƑĺѵƓ ± ƏĺƔƔ minutesőĺ The αŊangѴe corresponding to the tan-

gent Ѵine angѴe from Ƒ mm to ƑƏ mm ampѴitude was narrower for 
PP spiked with rivaroxaban ŐƑƕĺƓƏ ± ƕĺƖƑŦĸ P < ĺƏƔő and enoxaparin 
ŐƐƕĺƓƏ ± ƏĺƖƖŦĸ P < ĺƏƔőķ compared to controѴ ŐƔƑĺƑ ± ƕĺѵŦőĺ We aѴso 
observed a sѴight increase in maximum ampѴitude ŐMAőķ refѴective 
of the uѴtimate cѴot strengthķ for both warfarinized pѴasma sampѴes 
ŐINRķ ƑĺƑ ƒƕĺѶƏ ± ƑĺѶƒ mmĸ INRķ ƓĺƐ ƒѶĺƏƔ ± 1.34 mm; P < ĺƏƔő and 
a smaѴѴ reduction for PP spiked with rivaroxaban ŐƑѶĺƓƏ ± ƏĺƔƕ mmĸ 
P < ĺƏƔő and enoxaparin ŐƑѶĺƑƏ ± ƏĺƖƖ mmĸ P < ĺƏƔő reѴative to controѴ 
ŐƒƑĺƖƑ ± ƐĺѶѵ mmőĺ

ƒĺƑՊ|ՊCѴotting initiation with TF

Turbidity anaѴysis of cѴots formed with TF showed cѴear differences 
in poѴymerization ŐFigure ƐAőĺ For instanceķ the Ѵag time was signifi-
cantѴy ŐP < ĺƏƏƏƐő Ѵonger for warfarinized pѴasma sampѴes ŐƑŊfoѴd 

R time Őminő K time Őminő αŊangѴe Ődegő MA Őmmő

PP ƐƑĺƖƕ ± ƒĺƑѵ ƑĺѵƓ ± ƏĺƔƔ ƔƑĺƓƕ ± ƕĺѵƔ ƒƑĺƖƑ ± ƐĺѶѵ

Warfarinized PP
INR ƑĺƑ

ƐƏĺѶƔ ± 1.34 ƑĺѶƏ ± 1.41 ƔƓĺƐƏ ± ƐƔĺѶƓ ƒƕĺѶƏ ± ƑĺѶƒ*

Warfarinized PP
INR ƓĺƐ

ƐѵĺƑƔ ± ѵĺƏƐ ƒĺƕƔ ± 1.34 ƓƐĺѶƔ ± ƐƏĺѶƑ ƒѶĺƏƔ ± 1.34*

PP + rivaroxaban
ŐƐƕƓ ngņmLő

ƐƖĺƔƔ ± 0.07* ƕĺƔƏ ± 2.12* 27.40 ± ƕĺƖƑ* ƑѶĺƓƏ ± ƏĺƔƕ*

PP + apixaban
ŐƐƑѶ ngņmLő

ƐƔĺѵƔ ± ƓĺƓƔ ѵĺƏƏ ± 3.11* ƒѵĺƖƔ ± ƐƕĺѶƖ 33.40 ± ѵĺѵƔ

PP + enoxaparin
ŐƏĺƒƔ UņmLő

ƑƒĺƒƔ ± ƏĺƒƔ* 11.40 ± 2.12* 17.40 ± ƏĺƖƖ* ƑѶĺƑƏ ± ƏĺƖƖ*

Note: ±SDĺ
AbbreviationsĹ INRķ internationaѴ normaѴized ratioĸ MAķ maximum ampѴitudeĸ PPķ pooѴed pѴateѴetŊ
poor pѴasmaĸ TEGķ thromboeѴastographyĺ
*P < ĺƏƔ ŐMannŊWhitney nonparametric U test for the comparison with PPőĺ 

TA B L E  Ɛ Պ TEG resuѴts of anaѴysis of 
recaѴcified pѴasma sampѴes containing 
different anticoaguѴantsķ in the absence of 
cѴotting triggers
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and ƑĺƖŊfoѴd for INR ƑĺƑ and ƓĺƐķ respectiveѴyőķ and pѴasma spiked 
with rivaroxaban ŐƑĺƒŊfoѴdő and apixaban ŐƐĺѶŊfoѴdőĺ The deѴay in cѴot 
formation for these sampѴes suggests impaired protofibriѴ formation 
and are in agreement with the Ѵonger K time obtained for FXa in-

hibitors in native TEG ŐTabѴe Ɛőĺ No change in Ѵag time was observed 
for pѴasma spiked with enoxaparin ŐFigure ƐBőĺ Furthermoreķ there 
were no changes in maximum absorbance ŐMaxODő for pѴasma sam-

pѴes containing anticoaguѴants compared to controѴ ŐFigure ƐCőĺ 
Warfarinized pѴasma at INR ƓĺƐ didķ howeverķ show a sѴower rate of 
cѴotting ŐƒĺƔŊfoѴdĸ P < ĺƏƔő ŐFigure ƐDőĺ A sѴower average rate indi-
cates that Ѵonger time was required for cѴots to achieve ƕƔѷ cѴot-
ting from ƑƔѷķ where MaxOD equates to ƐƏƏѷ cѴot formationĺ Time 
to ƔƏѷ cѴotting and time to maximum rate of cѴotting ŐVmaxő foѴѴow 
the same pattern observed for Ѵag time for these sampѴes ŐFigure 
SƐőĺ A batch of ŐNPP from heaѴthy individuaѴs was spiked with higher 
concentrations of enoxaparinķ equivaѴent to therapeutic dosageĺ Lag 

time for NPP + Əĺѵ UņmL enoxaparin was over ƑƏ minutesķ with nei-
ther NPP + Ɛ UņmL nor NPP + Ƒ UņmL cѴotting in Ɛ hour ŐFigure SƑAőĺ

ƒĺƒՊ|ՊCѴotting initiation with thrombin

Turbidity anaѴysis of poѴymerizing cѴotsķ when cѴotting was initiated 
with thrombinķ showed reѴativeѴy comparabѴe curve patterns for pѴasma 
sampѴes containing anticoaguѴants compared to controѴ ŐFigure ƑAőĺ 
InterestingѴyķ Ѵag time was ƒŊfoѴd Ѵonger ŐP < ĺƏƏƏƐő for pѴasma sampѴes 
spiked with enoxaparin compared to controѴ ŐFigure ƑBőķ suggesting 
impaired protofibriѴ formationĺ AѴthough LMWHs have reduced abiѴ-
ity to inhibit thrombin due to their smaѴѴer sizeķ34 the observed Ѵonger 
Ѵag time for pѴasma containing enoxaparin after addition of thrombin 
cѴearѴy shows that this anticoaguѴant stiѴѴ has an effect on thrombin ac-

tivityĺ This observation is aѴso in agreement with the changes observed 

F I G U R E  Ɛ Պ Turbidity anaѴysis parameters of poѴymerizing cѴots with tissue factorĺ CѴotting of diѴuted pѴasma sampѴes was initiated 
with tissue factor and parameters of warfarinized pѴasma with internationaѴ normaѴized ratio ƑĺƑ ŐWarƑĺƑő and ƓĺƐ ŐWarƓĺƐőķ and pooѴed 
pѴasma ŐPPő spiked with rivaroxaban ŐRivaroxĺőķ apixaban ŐApixĺő or enoxaparin ŐEnoxĺő were compared against PP controѴĺ Turbidity curve of 
poѴymerizing cѴotsĸ ŐAőķ error bars correspond to ± SE of two repѴicatesķ with three technicaѴ repѴicatesĺ From turbidity curves cѴotting Ѵag 
time ŐBőķ maximum absorbance ŐMaxODő of fuѴѴy poѴymerized cѴots ŐCőķ and average rate of cѴottingķ defined by changes in absorbance over 
time ŐDőķ were determinedĺ Data points correspond to individuaѴ technicaѴ repѴicatesĺ Error bars correspond to ± SEĺ ŖŖP < ĺƏƐķ ŖŖŖŖP < .0001. 
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by native TEG for the enoxaparin cѴot ŐTabѴe Ɛőĺ SimiѴarѴy to resuѴts dis-

cussed above where cѴots were formed with tissue factorķ there were 
no changes in MaxOD for cѴots formed with thrombin ŐFigure ƑCőĺ 
NevertheѴessķ the average rate of cѴotting was ƑĺѵŊfoѴd ŐP < ĺƏƏƏƐő 
sѴower for warfarinized pѴasma at INR ƓĺƐ ŐFigure ƑDőĺ Time to ƔƏѷ 
cѴotting and Vmax foѴѴowed the same pattern observed for average rate 
of cѴotting and Ѵag time for these sampѴes ŐFigure Sƒőĺ NPP spiked with 
ƏĺѵŊƑ UņmL enoxaparin produced no detectabѴe cѴots ŐFigure SƓőĺ

ƒĺƓՊ|ՊFiber density and permeabiѴity foѴѴowing 
cѴotting initiation with TF

The structuraѴ architecture of fuѴѴy formed cѴotsķ resuѴting from 
cѴotting initiation with tissue factorķ was investigated using Ѵaser 

scanning confocaѴ microscopyĺ There was a visuaѴ decrease in fiber 
density for warfarinized pѴasma at INR ƓĺƐ and pѴasma contain-

ing rivaroxaban and apixaban ŐFigure ƒCķ Dķ and Eķ respectiveѴyő 
in comparison to controѴ ŐFigure ƒAőĺ Moreoverķ average fiber 
number per ƑƏƏ µm was decreased for these sampѴes in reѴa-

tion to PP ŐѶƖ ± ƕőķ nameѴyķ warfarin INR ƓĺƐ ŐƕѶ ± ƐƐķ P < ĺƏƔőķ 
rivaroxaban ŐƕƐ ± Ɠķ P < ĺƏƏƏƐőķ and apixaban ŐƕѶ ± ƕķ P < ĺƏƐő 
ŐFigure ƒGőĺ CorrespondingѴyķ the permeation coefficient ŐKső was 
increased for cѴots of PP ŐƐĺѶ ± Əĺѵ × 10ƴѶ cm2ő spiked with rivar-
oxaban Őƒĺƕ ± 0.3 × 10ƴѶ cm2ķ P < ĺƏƐő and apixaban ŐƒĺƏ ± 0.2 × 10-

Ѷ cm2ķ P < ĺƏƔőķ indicating Ѵarger cѴot pore size for these sampѴes 
ŐFigure ƒHőĺ ThreeŊbyŊthree tiѴe scans show mostѴy homogeneity of 
the structure of cѴots ŐFigure SƔőĺ The decrease in fiber density and 
increase in porosity observed for rivaroxaban cѴots are in agree-

ment with the decreased MA observed for rivaroxaban cѴots by 

F I G U R E  Ƒ Պ Turbidity anaѴysis parameters of poѴymerizing cѴots with thrombinĺ CѴotting of diѴuted pѴasma sampѴes was initiated with 
thrombin and parameters of warfarinized pѴasma with internationaѴ normaѴized ratio ƑĺƑ ŐWarƑĺƑő and ƓĺƐ ŐWarƓĺƐőķ and pooѴed pѴasma ŐPPő 
spiked with rivaroxaban ŐRivaroxĺőķ apixaban ŐApixĺő or enoxaparin ŐEnoxĺő were compared against PP controѴĺ Turbidity curve of poѴymerizing 
cѴotsĸ graph is a representation of one of four repeats ŐAőķ error bars correspond to ± SE of three technicaѴ repѴicatesĺ From turbidity curves 
cѴotting Ѵag time ŐBőķ maximum absorbance ŐMaxODő of fuѴѴy poѴymerized cѴots ŐCőķ and average rate of cѴottingķ defined by changes in 
absorbance over time ŐDőķ were determinedĺ Each data point represents the average of three technicaѴ repѴicatesĺ Error bars correspond 
to ± SEĺ ŖŖŖP < ĺƏƏƐķ ŖŖŖŖP < ĺƏƏƏƐĺ ODķ opticaѴ density
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native TEG ŐTabѴe Ɛőĺ CѴots from pѴasma containing higher concen-

trations of enoxaparinķ nameѴyķ Əĺѵ UņmL Őƕĺƒ ± 0.1 × 10ŊѶ cm2ő and 
Ɛ UņmL ŐѶĺƏ ± 0.2 × 10ƴѶ cm2ő aѴso had increased ŐP < ĺƏƔő pore size 
compared to controѴ Őƒĺƕ ± ƏĺƔ × 10ƴѶ cm2ő ŐFigure SƑBőĺ A higher 
Ks vaѴue was aѴso observed for NPP containing Ƒ UņmL of enoxa-

parin ŐƐƐĺƏ × 10ƴѶ cm2ĸ Figure SƑBőĸ howeverķ onѴy a singѴe vaѴue 
was obtained as cѴots from further repeats did not withstand the 

constant fѴowĺ ConfocaѴ images of cѴots containing Əĺѵ UņmL enoxa-

parin confirmed a Ѵooser structure and decreased fiber number per 
200 µm Őƒѵ ± ƐƏő when compared to controѴ ŐƖƒ ± 2; P < .0001; 

Figure SƑCőķ with higher concentrations of enoxaparin producing 
no visibѴe cѴotsĺ

F I G U R E  ƒ Պ Fibrin fiber density and porosity of fuѴѴy formed cѴots foѴѴowing cѴotting with tissue factorĺ ConfocaѴ microscopy images of 
pooѴed pѴasma ŐPPő ŐAőķ warfarin internationaѴ normaѴized ratio ŐINRő ƑĺƑ ŐBőķ warfarin INR ƓĺƐ ŐCőķ PP + rivaroxaban ŐDőķ PP + apixaban ŐEőķ and 
PP + enoxaparin ŐFő were used to caѴcuѴate fibrin fiber density ŐGőĺ Images are a representation of one of three repeatsķ each imaged in three 
different areas of the cѴotĺ Each data point corresponds to individuaѴ measurements of three repѴicatesĺ ScaѴe bar represents ƔƏ μmĺ Fibrin 
cѴot porosity ŐHő was determined by the permeation coefficient ŐKsőķ where higher Ks vaѴues indicate a more porous fibrin fiber networkķ and 
Ѵower Ks vaѴues suggest a Ѵess porous fibrin fiber networkĺ Each data point corresponds to one of three repѴicatesĺ Error bars correspond 
to ± SEĺ ŖP < ĺƏƔķ ŖŖP < ĺƏƐķŖŖŖŖP < .0001
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ƒĺƔՊ|ՊFiber density and permeabiѴity foѴѴowing 
cѴotting initiation with thrombin

FuѴѴy formed cѴots produced with thrombin were aѴso studied by 
Ѵaser scanning microscopyĺ CѴots of warfarinized pѴasma ŐFigure ƓB 
and Cő were visuaѴѴy denser than controѴ ŐFigure ƓAőĺ In additionķ 

pѴasma spiked with enoxaparin formed visuaѴѴy Ѵess dense cѴots 
ŐFigure ƓFőĺ These visuaѴ observations correѴated to the average fiber 
number in 200 µmķ where warfarinized pѴasma sampѴesķ INR ƑĺƑ 
ŐƕƔ ± 2; P < ĺƏƐő and INR ƓĺƐ Őƕƕ ± Ɩĸ P < ĺƏƔőķ had a higher average 
fiber count than PP ŐѵƓ ± ѵő and enoxaparinŊspiked pѴasma ŐƓƔ ± ƐƔĸ 
P < ĺƏƐő ŐFigure ƓGőĺ Againķ ƒ × ƒ tiѴe scans showed homogeneity 

F I G U R E  Ɠ Պ Fibrin fiber density and porosity of fuѴѴy formed cѴots foѴѴowing cѴotting with thrombinĺ ConfocaѴ microscopy images of pooѴed 
pѴasma ŐPPő ŐAőķ warfarin internationaѴ normaѴized ratio ŐINRő ƑĺƑ ŐBőķ warfarin INR ƓĺƐ ŐCőķ PP + rivaroxaban ŐDőķ PP + apixaban ŐEőķ and 
PP + enoxaparin ŐFő were used to caѴcuѴate fibrin fiber density ŐGőĺ Images are a representation of one of three repeatsķ each imaged in three 
different areas of the cѴotĺ Each data point corresponds to individuaѴ measurements of three repѴicatesĺ ScaѴe bar represents ƔƏ μmĺ Fibrin 
cѴot porosity ŐHő was determined by the permeation coefficient ŐKsőķ where higher Ks vaѴues indicate a more porous fibrin fiber networkķ 
and Ѵower Ks vaѴues suggest a Ѵess porous fibrin fiber networkĺ Each data point corresponds to one of five repѴicatesĺ Error bars correspond 
to ± SEĺ ŖP < ĺƏƔķ ŖŖP < .01
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of aѴѴ cѴotsķ excѴuding enoxaparin cѴotsķ which present a heteroge-

neous fibrin distribution ŐFigure Sѵőĺ The fiber density foѴѴows the 
same trend as the MA resuѴts obtained by native TEG ŐTabѴe Ɛőĺ 
Moreoverķ cѴots of pѴasma containing enoxaparin had increased Ks 

ŐƔĺѵ ± ƏĺƖ × 10ƴѶ cm2; P < ĺƏƐő when thrombin was used as a trig-

gerķ correѴating to Ѵarger pore size in these cѴots compared to controѴ 
ŐƒĺƔ ± ƏĺƖ × 10ƴѶ cm2ő ŐFigure ƓHőĺ Permeation data and confocaѴ im-

ages couѴd not be obtained for NPP spiked with ƏĺѵŊƑ UņmL enoxa-

parinķ as no cѴots were formed at these concentrationsĺ

ƒĺѵՊ|ՊFiber size foѴѴowing cѴotting initiation with 
TF or thrombin

FinaѴѴyķ we used SEM to anaѴyze fibrin fiber diametersĺ SEM images of 
fuѴѴy formed cѴotsķ where TF was used as the cѴotting triggerķ showed 
visuaѴѴy Ѵess dense cѴots formed with warfarinized pѴasma INR ƓĺƐ 
and pѴasma spiked with rivaroxaban and apixabanķ when compared 
to controѴ ŐFigure ƔAŊFőĺ These observations corroborate the fiber 
density data obtained from Ѵaser confocaѴ microscopy imagesķ de-

scribed above ŐFigure ƒGőĺ Moreoverķ SEM images from cѴots formed 
foѴѴowing cѴotting with thrombin aѴso showed the same pattern 
determined by the average fiber counts of the corresponding sam-

pѴes ŐFigure ƓGőĺ NameѴyķ cѴots from warfarinized pѴasma appeared 
denserķ whiѴe cѴots from pѴasma spiked with enoxaparin were Ѵooser 
ŐFigure ƔGŊLőĺ CѴots of pѴasma spiked with rivaroxabanķ formed with 
TFķ had increased fiber diameter size ŐƐƏѶ ± 10 nm; P < ĺƏƐő when 
compared to controѴ ŐƖƒ ± Ɩ nmő ŐFigure ƔMőĺ Increased fiber size for 
rivaroxaban cѴots correѴated to their reduced densityķ observed by 
confocaѴ microscopy ŐFigure ƒGőĺ Furthermoreķ warfarinized pѴasma 
produced cѴots with decreased fiber size foѴѴowing cѴotting initiation 
with thrombin ŐINR ƑĺƑķ Ѷƒ ± 3 nm; P < ĺƏƔĸ and INR ƓĺƐķ ѶƔ ± Ɩĸ 
P < ĺƏƔő reѴative to controѴ ŐѶѶ ± Ɣ nmő ŐFigure ƔNőĺ This observation 
aѴso correѴated with the increased cѴot density for both warfarinized 
pѴasma sampѴesķ described above ŐFigure ƓGőĺ

ƓՊ |ՊDISCUSSION

Our study provides a noveѴ systematic and comprehensive direct 
comparison of aѴterations on fibrin cѴot structureķ caused by differ-
ent cѴasses of anticoaguѴantsķ detected with an array of different 
sensitive methodsĺ In agreement with previous studies on changes in 
cѴot structure by VKAsķƑƖ we find that the effects of anticoaguѴants 
on cѴot structure is highѴy dependent on the agonist used to initiate 
cѴottingĺ The mode of action of each anticoaguѴant used in this study 
is highѴighted in a coaguѴation cascade schematic in the suppѴemen-

tary data ŐFigure Sƕőĺ A summary of the observed changes in cѴot 
structure parameters foѴѴowing cѴotting with either TF or thrombin 
is shown in TabѴe Ƒĺ

Triggering cѴotting with TF or thrombin distinctѴy impacted on 
the structure of cѴots formed with warfarinized pѴasma sampѴes and 
pѴasma containing direct FXa inhibitors or LMWHĺ Most striking is 

the fact that the most significant changes in cѴot structure observed 
with TF were seen in the rivaroxaban cѴotsķ which showed no signif-
icant changes when thrombin was usedĺ SimiѴarѴyķ cѴotting activation 
with thrombin showed the most significant changes in enoxaparin 
cѴotsķ whereas no significant changes were observed with TFĺ We 
hypothesize that the effects observed for enoxaparin cѴots with 
thrombin Őincreased Ѵag timeķ decreased densityķ and increased po-

rosityő are directѴy attributabѴe to the direct effects of this drug on 
thrombinķ via interaction with antithrombinĺ34 Indeedķ the effects 
of thrombin concentration on cѴot structureķ with reduced throm-

bin concentrations generating Ѵess dense cѴots with Ѵarger poresķ are 
weѴѴ known and ѴikeѴy expѴain these findingsĺƑƔķƒƔ TFŊbearing ceѴѴs 
have aѴso been shown to reguѴate the rate of fibrin formation from 
the ceѴѴ surface through thrombin generationķ moduѴating the sta-

biѴity and threeŊdimensionaѴ structure of the cѴotĺƑѵķƒѵ In additionķ 
eѴevated prothrombin concentrations have been shown to decrease 
fiber massŊtoŊѴength ratio and aѴter thrombin generationķ when cѴot-
ting initiated by TFŊbearing ceѴѴsĺƑƔ No changes in cѴot structure for 
the FXa inhibitors were seen with thrombinķ most ѴikeѴy due to the 
fact that their mode of action is upstream and ѴargeѴy bypassed by 
the exogenousѴy added thrombinĺ ConverseѴyķ TF activation is up-

stream of factor Xķ aѴѴowing FXa inhibitors to demonstrate cѴear 
effects on cѴotting activity and cѴot structureĺ A previous study re-

porting Ѵess dense cѴots produced by endotheѴiaѴ ceѴѴs foѴѴowing in-

hibition of TF activity further demonstrates the active roѴe of TF on 
impacting cѴot structureĺ37 We concѴude from this study that cѴotting 
initiation with TF provides more accurate depictions of the effects 
of DOACs and VKA on cѴot structureķ corroborating previous re-

portsĺ Effects of LMWH on cѴot structureķ howeverķ are sensitiveѴy 
detected with thrombinĺ InterestingѴyķ native TEG resuѴts showed 
the most significant changes for both rivaroxaban and enoxaparin 
cѴotsĺ In the absence of a triggerķ and in the presence of caѴciumķ 
the intrinsic pathway eventuaѴѴy Ѵeads to thrombin generation and 
cѴot formationĺ This aѴternative cѴot formation pathway to the ones 
targeted by the other triggers used in this studyķ supports the TEG 
findings and pѴaces further emphasis on the importance of cѴotting 
trigger seѴection when investigating cѴot structureĺ

Dosages of anticoaguѴants were chosen to refѴect treatment 
ѴeveѴsķ with the exception of enoxaparin for which the prophyѴactic 
dose was chosen due to the fact that therapeutic concentrations of 
enoxaparin ŐequivaѴent to ƏĺƔŊƐĺƏ antiŊFXa UņmL bidaiѴy or ƐĺƏŊƑĺƏ 
antiŊFXa UņmL once daiѴyőƒѶ had such potent effects on cѴot struc-

ture as to impair anaѴysis ŐSuppѴementary TabѴe SƐőĺ We aѴso ob-

served that cѴot structure was infѴuenced by different ѴeveѴs of VKAĺ 
This study suggests that cѴot structure anaѴysis techniquesķ such as 
permeation and turbidityķ have the potentiaѴ to be used to assess the 
effects of anticoaguѴation drugs on patient cѴot phenotypeĺ

Apparent discrepancies in data obtained by different method-

oѴogies may be attributed to the physicaѴ state of the cѴotķ nameѴyķ 
hydrated fuѴѴy poѴymerized cѴots ŐconfocaѴ and permeationőķ pro-

cessed fuѴѴy poѴymerized cѴots ŐSEMő and hydrated poѴymerizing 
cѴots Őturbidityőĺ From thisķ we concѴude that data obtained from 
the different methodoѴogies used to investigate cѴot structure 
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are mostѴy compѴementaryķ with different structuraѴ properties 
such as permeabiѴity and fiber thickness being measured by each 
methodĺ Our study has a number of Ѵimitationsĺ The potentiaѴ cѴin-

icaѴ appѴication of these finding wiѴѴ need to be further assessed in 
future cѴinicaѴ studies using patient sampѴesĺ A second Ѵimitation 
of this study was that confocaѴ and SEM anaѴyses were not per-
formed in a bѴinded manner to eѴiminate any potentiaѴ unconscious 
biasĺ A third Ѵimitation is the use of a PP spiked with anticoaguѴants 
rather than patient pѴasmaķ as patients requiring anticoaguѴation 
have a prothrombotic cѴot phenotype that is not refѴective of the 
ľnormaѴĿ cѴot phenotypeĺ A future comparison between preŊ and 
postŊanticoaguѴation in patient pѴasma wouѴd provide further 
assessment of impact different anticoaguѴants have on cѴot pa-

rameters reѴevant to cѴinicaѴ practiceķ and whether anticoaguѴant 
treatment is abѴe to revert a prothrombotic cѴot phenotype to a 
normaѴ cѴot phenotypeĺ NevertheѴessķ the PP used as a controѴ in 
this study was obtained from a Ѵarge number of individuaѴs before 
they underwent a range of surgicaѴ proceduresĺ It therefore in-

cѴudes individuaѴs with and without underѴying heaѴth conditionsķ 
which indicates that this PP is not entireѴy normaѴķ as aѴso indi-
cated by a sѴightѴy above normaѴ average fibrinogen concentrationĺ 
Future studies with patient pѴasma wouѴd heѴp to identify the best 
gѴobaѴ cѴot structure methodķ for instanceķ permeation or turbid-

ityķ which do not require speciaѴist equipment and provide quan-

titative data in just a few hoursķ with the potentiaѴ to become a 
screening test for changes in cѴot structureĺ

Further Ѵimitations of the study incѴude the use of a singѴe con-

centration of cѴotting agonists and DOACsĺ In vivoķ the concentra-

tion of free thrombin changes over the course of cѴot formation 

and thrombin concentration has been shown to directѴy infѴuence 
cѴot structureķ incѴuding fiber thickness and cѴot densityĺƑƔķƑѵķƒƔķƒѵ 

Future studies correѴating thrombin generation and cѴot structure 
wouѴd add vaѴue to the findings of this studyĺ In additionķ future 
investigations into the effect of different DOAC concentrations 
on aѴѴeviating prothrombotic cѴot phenotype couѴd heѴp determine 
a dosage to effect threshoѴd for these drugsĺ Another Ѵimitation 
of the study was the fact thatķ due to warfarinĽs mode of actionķ 
this couѴd not be spiked into the same controѴ PP as the other an-

ticoaguѴants and was instead obtained from individuaѴs treated 
with warfarinĺ We recognize that the PP from the two groups of 
patients on warfarin may have different properties than the PP 
used as a controѴĺ Howeverķ by matching the sampѴesĽ fibrinogen 
concentrationķ which is known to infѴuence cѴot structure as weѴѴ 
as feasibѴy possibѴeķ we ensured that the best possibѴe comparison 
could be achieved.

In summaryķ we have shown that cѴot structure is significantѴy 
aѴtered by different anticoaguѴants using an array of techniques and 
direct in vitro comparisonsĺ In agreement with previous reportsķ our 
data show that the choice of trigger for cѴotting is important when 
investigating cѴot structure in sampѴes containing different types of 
anticoaguѴantsķ with TF providing the most sensitive and accurate 
comparisons for the DOACs used in this studyĺ Further studies are 
required to estabѴish how these methods may contribute to a cor-
reѴation of cѴot structure with cѴinicaѴ data either at the start of anti-
coaguѴation or over the course of treatmentĺ Identifying changes in 
cѴot phenotype using cѴot structure measurementsķ such as perme-

ation and turbidityķ couѴd uѴtimateѴy heѴp in the prevention of bѴeed-

ing as weѴѴ as thrombotic eventsĺ

F I G U R E  Ɣ Պ Fibrin fiber size and scanning eѴectron microscopy ŐSEMő images of fuѴѴy formed cѴots foѴѴowing cѴotting with tissue factor or 
thrombinĺ SEM images of pooѴed pѴasma ŐPPő ŐAőķ warfarin internationaѴ normaѴized ratio ŐINRő ƑĺƑ ŐBőķ warfarin INR ƓĺƐ ŐCőķ PP + rivaroxaban 
ŐDőķ PP + apixaban ŐEőķ and PP + enoxaparin ŐFő cѴots foѴѴowing cѴotting initiation with tissue factorĺ SEM images of PP ŐGőķ warfarin INR ƑĺƑ 
ŐHőķ warfarin INR ƓĺƐ ŐIőķ PP + rivaroxaban ŐJőķ PP + apixaban ŐKőķ and PP + enoxaparin ŐLő cѴots foѴѴowing cѴotting initiation with thrombinĺ 
Images are a representation of one of three repeatsĺ ScaѴe bar represents Ɣ μmĺ Fiber size was measured from SEM imagesķ each imaged in 
three different areas of the cѴotķ at ƐƏ ƏƏƏx magnification foѴѴowing cѴotting activation by tissue factor ŐMő and thrombin ŐNőĺ Each data point 
corresponds to individuaѴ measurements of three repѴicatesĺ Error bars correspond to ± SEĺ ŖP < ĺƏƔķ ŖŖP < .01

TA B L E  Ƒ Պ Summary of changes in cѴot structure parameters foѴѴowing cѴotting with tissue factor or thrombin

Tissue factor Thrombin

Warĺ ƑĺƑ Warĺ ƓĺƐ Rivaroxĺ Apixĺ Enoxĺ Warĺ ƑĺƑ Warĺ ƓĺƐ Rivaroxĺ Apixĺ Enoxĺ

MaxOD - - - - - - - - - -

Lag time ǋ ǋ ǋ ǋ - - - - - ǋ

Avĺ Rate ǌ ǌ - - - - ǌ - - -

Fiber density - ǌ ǌ ǌ - ǋ ǋ ǌ

Pore size - - ǋ ǋ - - - - - ǋ

Fiber size - - ǋ - - ǌ ǌ - - -

Note: Ŋ no significant changeĸ ǋ significant increaseķ P ƽ ĺƏƔĸ ǌ significant decreaseķ P ƽ ĺƏƔĺ
AbbreviationĹ MaxODķ maximum absorbanceĺ
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