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Abstract

Introduction:  Since  mechanical  thrombectomy  has  allowed  ischaemic  stroke  thrombus
retrieval, the  exhaustive  study  of  this  material  has  enabled  better  understanding  of  the  poten-
tial physiopathological  processes  involved  in  thrombus  formation.
Development:  Thrombotic  pathways  involved  in  the  different  vascular  beds  share  common
mechanisms,  causing  difficulties  in the  identification  of  specific  patterns  associated  with  stroke
aetiology.  However,  other  factors  such  as  clot  formation  time,  associated  inflammatory  sta-
tus, or activation  of  additional  immune  and  coagulation  pathways  (neutrophil  extracellular
trap [NET]  delivery,  platelet  aggregation,  endothelial  activation,  and  von  Willebrand  Factor
release) have  been  described  as  determinants  in thrombus  characteristics.  Thus,  variable  pro-
portions of  fibrin-/platelet-rich  and erythrocyte-rich  areas  are  closely  interrelated  within  the
thrombus, frequently  associated  with  a  protective  outer  shell  with  high  concentrations  of  fibrin,
NETs,  and  von  Willebrand  Factor.  The  presence  of  these  components,  as  well  as  their  distribu-
tion and  interrelationships,  have  been  shown  to  have  effects  on the  thrombus’  resistance  to
revascularisation  treatments.  Understanding  of  these pathways  has  enabled  the  development
of adjuvant  therapies  capable  of enhancing  current  fibrinolytic  drugs  and/or  increasing  the
efficacy  of  endovascular  treatments.
Conclusion:  Understanding  of  thrombus  components  and  mechanisms  involved  in  thrombus
formation  represent  a  potential  pathway  for  the  development  of  ischaemic  stroke  therapeutics
with promising  perspectives.
©  2024  Sociedad  Española  de  Neuroloǵıa.  Published  by  Elsevier  España,  S.L.U.  This  is an  open
access article  under  the CC BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/
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Composición  del trombo  e  implicaciones  en  la caracterización  y el  tratamiento  en  el

ictus  isquémico

Resumen

Introducción:  La  obtención  del  material  trombótico  en  el  ictus  isquémico  desde  la  general-
ización  de  la  trombectomía  mecánica  ha  permitido  un estudio  exhaustivo  del  mismo  y  de  los
posibles  mecanismos  fisiopatológicos  subyacentes  a  su formación.
Desarrollo:  Los  mecanismos  trombóticos  implicados  en  los  diferentes  lechos  vasculares  no
difieren  en  exceso,  condicionando  una  heterogeneidad  importante  que  ha  dificultado  la  iden-
tificación de  patrones  asociados  al  origen  o etiología  del  ictus.  Se  ha  observado  sin  embargo
una mayor  influencia  de  factores  como  el  tiempo  de  desarrollo  del  coágulo,  el  estado  inflam-
atorio  sistémico  o  la  activación  de  vías  inmunes  y de  la  coagulación  [liberación  de Neutrophil

extracellular  traps  (NETs),  agregación  plaquetar,  activación  endotelial  y  liberación  de  Factor
de vonWillebrand].  Como  resultado,  en  el seno  del  trombo  conviven  en  proporciones  variables
áreas ricas  en  eritrocitos  y  áreas  ricas  en  plaquetas/fibrina  con  una íntima  relación  entre  ellas  y
acompañadas con  frecuencia  de una  coraza  protectora  con  alto  contenido  en  fibrina,  Factor  von-
Willebrand y  NETs.  La  presencia  de estos  componentes,  así  como  su disposición  e interrelación
ha demostrado  tener  efectos  en  la  resistencia  a  los  diferentes  tratamientos  revascularizadores.
El conocimiento  de estas  vías  ha permitido  el  desarrollo  de posibles  terapias  adyuvantes  con
capacidad de  potenciar  los tratamientos  fibrinolíticos  actuales  y/o  aumentar  la  eficacia  del
tratamiento  endovascular.
Conclusión:  El conocimiento  de  los  componentes  del  trombo  y  los posibles  mecanismos  impli-
cados en  su formación  es  una potencial  vía  de  desarrollo  en  el  tratamiento  del  ictus  isquémico
con resultados  prometedores.
© 2024  Sociedad  Española  de Neurología.  Publicado  por  Elsevier  España,  S.L.U.  Este
es un  artículo  Open  Access  bajo  la  licencia  CC BY-NC-ND  (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

Introduction

Stroke is one of the main causes of disability and death in our
setting,1 with ischaemic stroke, which is caused by  an  obstruction
to arterial flow in brain structures, representing 80% of strokes.2

The main occlusive agent in cerebral arteries is usually thrombotic
material derived from thromboses of several aetiologies. Extraction
of thrombi by endovascular procedures3 has  enabled detailed anal-
ysis of thrombotic material and an  exponential growth of  studies
on the histopathological analysis of thrombi. Consensus documents
have also been published to standardise the processes for obtaining,
manipulating, and studying thrombi.4

This document reviews the current state of the research into
thrombi in ischaemic stroke, as well as some of  its  applications:
understanding of pathophysiological processes underlying their for-
mation; the identification of patterns associated with strokes of
different aetiologies enabling their identification in situations of
uncertainty (undetermined stroke); the analysis of predictors of
response to current revascularisation treatments; and new potential
therapies to improve or replace current treatments.

Development

Thrombus  composition  and underlying

pathophysiological  process

A  series  of  agents  are involved  in  the thrombotic  process  that
interact  in different  degrees  in  each case,  until  the eventual
formation  of  an  occlusive  thrombus.  The  mechanisms  par-

ticipating  in  the  thrombosis/fibrinolysis  imbalance  that  lead
to  the formation  of  the clot are  varied,  which  explains  the
great  heterogeneity  observed  in histopathological  analysis
of  thrombi.6

One  of  the  most widely  studied  factors  is  the location  and
the  conditions  in which  the  thrombus  is  formed  and  how
the  physical/chemical  environment  in which  it is  formed
impacts  its  composition.  In  thrombi  formed  in the  arterial
bed,  secondary  to endothelial  damage,  platelet  activation
by  tissue  factor5 and the  action  of the von  Willebrand  fac-
tor  (VWF)6 lead  to  an early  involvement  of  thrombin  and
rapid  formation  of an extensive  fibrin  mesh  whose  cross-
linking  is  mediated  by  platelet  factor  XIII  (FXIII),  which  is
released  after  activation.7 This  phenomenon  occurs  in situa-
tions  of  rapid  arterial  blood  flow  that  favour  the formation
of  layers  with  an  intricate  interface  between  platelet-  and
fibrin-rich  areas,  known  as  the  lines  of Zahn (Fig.  1).8 How-
ever,  this mechanism  is  not  unique, and blood  stasis  related
to  atheromatous  plaques  or  anatomical  alterations,9 as  well
as  the prothrombotic  environment  associated  with  the typi-
cal  inflammatory  status  of  systemic  atheromatosis,  are  also
present.10 In the heart  cavities,  the  participating  mecha-
nisms  include  the activation  of the extrinsic  pathway  due  to
damage  to  the endocardium,  a context  of blood  stasis,  and
the  loss  of  haemostatic  balance  in favour  of  a prothrombotic
situation.11 The  participating  mechanisms  in both  areas  are
therefore  similar  but  also  varied,  which  supports  part  of
the  heterogeneity  and the  overlap  observed  in the studies
performed.12
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Figure  1  Histological  sections  of  an  ischaemic  stroke  thrombus  stained  with:  haematoxylin  and  eosin  (HE),  Martius  Scarlet  Blue
(MSB), specific  immunostaining  for  von  Willebrand  factor  (VWF),  and  specific  immunostaining  for  Cd42b+ platelets.  Platelet-rich
areas are  marked  with  asterisks  (*)  and  erythrocyte-rich  areas  with  a  hash  sign  (#).  The  marked  areas  are  shown  at 20×  magnification
in the  lower  right  corner  of  each  image.
Source:  Atherothrombosis  Laboratory,  CIMA/Universidad  de  Navarra.

Many  authors  have  sought  to associate  the  rela-
tive  content  of  each  of the  main  thrombus  components
with  the  aetiology  of  stroke,  obtaining  diverging  results
(Table  1). Larger series  published  in  recent  years13—15 sug-
gest  increased  presence  of  erythrocytes  in atherosclerotic
thrombi,  and  especially  in  those  secondary  to  processes  of
vascular  dissection  or  atheromatous  plaque  rupture.  They
also point  to  a  higher  concentration  of  fibrin  and platelets
in  thrombi  of  cardiac  origin,  though  without  ruling  out  the
possibility  that  the  latter  situation  may  be  due  to  previ-
ous  anticoagulation  treatment.16 Nevertheless,  the  great
variability  observed  seems  to  prevent  aetiological  classifi-
cation  considering  only  those  parameters.  In this  regard,
based  on  the largest  series  published  to  date,  Brinjikji
et  al.15 acknowledged  that  they  had  not  identified  clinically

significant  differences  distinguishing  between  cardioem-
bolic  and  atherothrombotic  aetiology  classified  according
to  typical  histological  staining,  despite  finding  statistically
significant  differences,  given  the large sample  size  (1350
thrombi).

In  addition  to  the  predominant  components  of  a thrombus
(erythrocytes,  platelets,  and  fibrin),  the  thrombus  matrix
includes  other  significant  elements  in  ischaemic  stroke.  One
of  the  most  widely  studied  elements  is  VWF,  a  glycopro-
tein  involved  in the activation  and  adhesion  of platelets
with  one another  and  with  the  subendothelial  matrix.  Its
presence  has  been  associated  with  platelet,  leukocyte,
and  fibrin  concentration,17,18 and  is  inversely  correlated
with  erythrocyte  concentration,19 distributed  particularly
in  platelet-rich  areas  and at their  borders  close  to  fibrin-
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Table  1  Thrombus  composition  and  stroke  aetiology.

Aetiological  classification  Thrombus  composition

Cardioembolic

↔  erythrocytes  and fibrin  between  aetiologies,  N  =  2591

↔  erythrocytes  and fibrin  between  aetiologies,  N  =  5092

↑  erythrocytes  with  ↔  fibrin  between  aetiologies,  N  =  1793

↔  fibrin  between  aetiologies,  N  =  2232

↑  erythrocytes  and ↓  fibrin  with  ↔  platelets  between  aetiologies,  N  =  3794

↑  fibrin  and  ↑  inflammatory  cells,  N  =  3228

↑  fibrin  and  ↑  inflammatory  cells  with  ↓  erythrocytes,  N  =  13713

↑  NETs,  N = 6826

↑  fibrin  and  ↑  inflammatory  cells  with  ↓  erythrocytes,  N  =  18770

↑  fibrin  and  ↔  inflammatory  cells  between  aetiologies,  N  = 7964

↑  erythrocytes,  N  =  3766

↑  macrophages,  N  = 8595

↑  NETs,  N = 8033

↑  fibrin  and  platelets  and  ↓  erythrocytes  with  ↔  inflammatory  cells,  N  = 135015

Atherothrombotic

↑  fibrin  with  ↔  platelets  between  aetiologies,  N  = 3794

↑  T  cells,  N  =  5434

↑  erythrocytes  and ↓  fibrin,  N  =  3228

↑  erythrocytes  and ↓  fibrin,  N  =  7964

↑  platelets,  N  = 10596

↑  erythrocytes  and ↓  fibrin  and  platelets  with  ↔  inflammatory  cells,  N  = 135015

Stroke  associated  with
cancer/hypercoagulable  state

↑  platelets,  N  = 3249

↑  fibrin  and  platelets,  N  =  15250

↑  fibrin  and  platelets,  N  =  135015

Artery  dissection
↑  erythrocytes,  N  =  2232

↑  erythrocytes,  N  =  135015

NETs: neutrophil extracellular traps.

Figure  2  Diagram  of thrombus  composition  showing  the  interface  between  platelet-/fibrin-rich  areas  and  2  erythrocyte-rich
areas. Multiple  inflammatory  and  haemostatic  agents  are  located  in the  core  of  platelet-rich  areas,  which  are  involved  in thrombus
formation.
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Figure  3  Histological  sections  of  an ischaemic  stroke  thrombus  with  specific  immunostaining  for  Cd42b+ platelets,  von  Willebrand
factor, neutrophil  elastase  (NE),  CD3+ lymphocytes,  CD45+ leukocytes,  and  calprotectin  (S100A9).  Platelet-rich  areas  are  marked
with asterisks  (*)  and  erythrocyte-rich  areas  with  a  hash  sign  (#).  The  marked  areas  are  shown  at  20×  magnification  in the lower
right corner  of  each  image.
Source:  Atherothrombosis  Laboratory,  CIMA/Universidad  de  Navarra.

rich  areas  (Figs. 1 and  2).20 This  relationship  of  fibrin
and  VWF  in platelet-rich  regions suggests  a direct  inter-
action  between  these  2  molecules,  with  a potential  to
stabilise  the  thrombus,  which  may  influence  the fibrinolytic
resistance  observed  in  some  thrombi.  Additionally,  VWF
is  involved  in the leukocyte  recruitment  process in the
thrombus  and  leukocyte  adhesion  to  the  remaining  integrin-
mediated  structures.21

In recent  years,  the concept  of immunothrombosis  has
focused  attention  on  the effects  of  inflammatory  cells  and
molecules  on the processes  of  thrombosis  and  clot  sta-
bilisation.  Thus,  the main  inflammatory  cells,  leukocytes,
have  shown  to  promote  mechanisms  of  both  venous  and
arterial  thrombosis,  through  the exposure  to  procoagu-
lant  factors,  release  of  cytokines  with  platelet  activation
capacity,  and  especially  through  the release  of  accumu-
lations  of chromatins,  histones,  and DNA  in the form  of
neutrophil  extracellular  traps  (NETs).22 Leukocytes  in  the
thrombus  are  located  in  the interface  between  platelet-rich
and  erythrocyte-rich  areas  (Figs.  2 and  3),18,20 and  higher
concentrations  have been  associated  with  cardioembolic
aetiology  in  some  studies  (Table  1);  however,  we  cannot  rule
out  the  influence  of  the age of  the  thrombus  in this associa-
tion.  Secondary  platelet  activation  and  recruitment  of  new
inflammatory  cells  by  NETs  have  shown  to  increase  thrombus
complexity  and  resistance  to  tissue  plasminogen  activator
(tPA),23 and  to  participate  in the formation  of  the external
layer of  the  thrombus  with  anti-fibrinolytic  capacity.24 Fur-
thermore,  colocalisation  of NETs  and VWF  has  been observed

in  the core  of  stroke  thrombi,20 suggesting  an interaction
between  both  molecules  with  a  proinflammatory  and  pro-
thrombotic  effect.  The  presence  of  NETs  seems  to  decrease
the  activity  of ADAMTS13,  a metalloprotease  involved  in
the  fragmentation  and  regulation  of  VWF,  favouring  the
accumulation  of  VWF and its activation.25 Likewise,  other
markers  of  neutrophil  activity,  such as  neutrophil  elastase26

or  calprotectin,  are reported  to  be  present  in  ischemic
stroke  thrombi,  with  calprotectin  (S100A9)  associated  with
platelet,  leukocyte  or  neutrophil  eslastase  concentrations
and  distribution  (Fig.  3).27

As  well  as  the  relative  composition  of each  com-
ponent,  the distribution  of  the  different  elements  has
been  described  as  one  of  the possible  aetiological  mark-
ers  to  be studied.  Thus,  the presence  of  platelets
in  the  thrombus  periphery  has  been  associated  with
atherothrombotic  aetiology,28 whereas  patchy  distribu-
tion  with  platelet-rich  areas  and  erythrocyte-rich  areas
is  included  in some  predictive  algorithms  for cardioem-
bolic  aetiology.29 This  peripheral  distribution  of  platelets
has  been  associated  with  fast  laminar  flow  in situations
of  stenosis,30 which  have  been  replicated  in microfluidic
systems.31

Furthermore,  patterns  associated  with  the age  of  the
thrombus  have  been  described.  Thus,  we  may  distin-
guish  between  fresh  thrombi,  with  hours  of  development,
which  represent  the  great  majority  of  recovered  thrombi,32

and lytic  and organised  thrombi,  in  which  a  progressive
infiltration  of  inflammatory  cells  leads  to  a  series  of pro-
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cesses  favouring  thrombus  stabilisation.28 Some  studies
found  greater  presence  of  leukocytes  in thrombi  of  cardiac
origin,33 and  others  describe  an  increased  presence  of  T
cells  in  patients  with  atherothrombotic  stroke  (Table  1).34

However,  the  most  robust  evidence  probably  comes  from
those  studies  suggesting  that  there  is  greater  presence  of
leukocytes  in thrombi  of  older  age,  regardless  of  their  ori-
gin,  with  the  cardiac  cavities  being  the  most frequent  place
of  formation  of thrombi  of  older  ages.35 The  release  of
NETs  by  the  neutrophils  infiltrating  the thrombus  has  also
been  associated  with  cardioembolic  aetiology.36 However,
it seems  likely  that  age of  the thrombus,  rather  than  its
aetiology,  influences  the content  of NETs.23 With  time,  the
thrombus  causing  the vascular  occlusion  becomes  organised,
with  a  reduction  in  the  erythrocyte  component  in favour of
the  formation  of the  fibrin  mesh,  and  the appearance  of
such  phenomena  as  contraction  of the clot  and  formation
of  the  external  layer  with  some  attached  enzymes  with  the
ability  to  inhibit  fibrinolysis.18,24,37 These  enzymes  include
tissue  plasminogen  activator  inhibitor-1  (PAI-1)  and  alpha
2-antiplasmin  (A2AP)  (Fig.  2).  Another  time-dependent  pro-
cess  that  occurs  in the thrombus  and  has  an impact  on  its
structure  is thrombus  contraction  due  to  contractile  forces
mediated  by platelets  on  the fibrin  mesh.38 Currently,  this
process  is  poorly  understood,  and  further  studies  are needed
to  clarify  these  platelet-mediated  contraction  mechanisms
and  the  formation  of  dense  aggregates  of  deformed  erythro-
cytes  in the  form  of polyhedrocytes,39 and  how  this  affects
thrombus  rigidity,  permeability,  and  resistance  to  fibrinolysis
mechanisms.40

Presence  of  endothelial  cells  in the  core  of  the thrombus
is  described  in up  to  16%  of  clots  in some  series,41,42 proba-
bly associated  with  the damage  caused  by  the clot extraction
devices  to  the walls  of  the vessel  containing  the  thrombus.
However,  these  endothelial  cells  may  constitute  an original
part  of  the  thrombus  in more  organised  stages,  after  epithe-
lialisation  of  the thrombus,  which  may  hinder  the action  of
fibrinolytic  treatments.43 These  epithelialised  thrombi  have
particularly  been  observed  in association  with  clots  formed
in  hypokinetic  or  akinetic  areas  of the  left  ventricle  and
cardiac  devices.44

Over  the  past  few years,  an  increasing  number  of
studies  have  focused  on the identification  of  specific
molecular  signatures  that  may  predict  significant  char-
acteristics  of the  thrombus  and enable  a more  detailed
description  of  the pathophysiological  mechanism  involved
in its  formation.  Thus,  through  the  proteomic  charac-
terisation  of  the thrombotic  material,  protein  signatures
have been  identified  in the thrombi of  patients  with
stroke  and  associated  with  immunological  processes,  car-
diac remodelling,  and such mechanisms  as  the  TGF-�
pathway.45 Suissa et  al.46 performed  a  proteomic  analy-
sis  and  a  metabolomic  characterisation  of  cardioembolic
and  atherothrombotic  thrombi,  establishing  a combination
of  markers  that  help  predict  the aetiology  involved,  with
an  area  under  the curve  (AUC)  of 0.996  (95%  CI,  0.981-
1).  Using  a  protein  array,  other  researchers  found  data
suggesting  greater  activation  of platelet  signalling  path-
ways  in  cardioembolic  thrombi  than  in atherothrombotic

thrombi.47 A trial  currently  underway  is  sequencing  the RNA
present  in  the  thrombi  of patients  with  ischaemic  stroke
(NCT03490552).

Thrombus  in  stroke  of undetermined  cause and

other causes,  including  stroke  associated  with

cancer

Characterisation  of  the  process  underlying  thrombosis
becomes  especially  relevant  in the  case  of  ischaemic  stroke
in which no  determined  cause  is  identified  after  initial  stud-
ies  and, therefore,  no  secondary  prevention  strategy  with
proven  efficacy  can be started.  However,  the  heterogeneity
observed  in thrombi  in this  group  of patients,48 and  the pre-
viously  mentioned  absence  of  patterns  specific  to  the  main
aetiologies,  have  prevented  the development  of  this tool  as
part  of  the process  of  aetiological  characterisation  in strokes
of  undetermined  cause.

Other  underlying  thromboembolic  processes  frequently
occur  in  patients  with  ischaemic  stroke.  For instance,  a con-
siderable  percentage  of  patients  with  stroke  also  present
active  neoplasm,  with  a prothrombotic  state  and an  asso-
ciated  systemic  inflammation.  Park  et  al.49 studied  a total
of  16  thrombi  from  patients  with  active  neoplasm,  and  com-
pared  them  with  another  32  thrombi,  observing  an  increased
concentration  of  platelets  and  decreased  number  of  erythro-
cytes,  especially  in patients  with  associated  non-bacterial
thrombotic  endocarditis.  A proportion  of  platelets/fibrin
above  65%  in  the thrombus  composition  has  been  shown
to  be relatively  accurate  in predicting  the presence  of
an underlying  active  neoplasm  in a  group  of  152 anal-
ysed  thrombi  (AUC:  0.84;  P  < .001).50 This  higher  level
of  participation  of  platelet  activation  in strokes  associ-
ated  with  non-bacterial  thrombotic  endocarditis  has been
reported  in  the  literature,51 with  high  platelet  concen-
trations  observed  in post  mortem  pathological  analysis  of
vegetations.52

Another  mechanism  involved  in  cerebral  artery  occlu-
sion  is  the dissection  of  extracranial  arteries,  leading  to
local  thrombosis  and  distal  embolism  of  thrombi.  These
thrombi  consistently  present  a higher  erythrocyte  concen-
tration  than  those  caused  by other  mechanisms,  according  to
several  studies.32,53 This  observation  may  have  certain  impli-
cations  and  help  in the  selection  of  the  most  appropriate
treatment  in  these  cases,  with  no  clinical  evidence  currently
supporting  anticoagulation  or  antiplatelet  therapy.  Lastly,  a
recent  study  described  the  histological  analysis  of  a series
of  3 thrombi  from  strokes  secondary  to carotid  web,  with-
out  finding  specific  characteristics  of  this pathophysiological
mechanism.54

Thrombus  composition  and  response  to

revascularisation  treatments

Currently,  only  2  revascularisation  treatments  are  approved
for  ischaemic  stroke  with  large-vessel  occlusion:  intra-
venous  fibrinolysis  with  tissue  plasminogen  activator  (tPA)  or
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Figure  4  Histological  sections  of  an  ischaemic  stroke  thrombus  stained  with:  haematoxylin  and  eosin  (HE),  Martius  Scarlet  Blue
(MSB), and  specific  immunostaining  for  thrombin  activatable  fibrinolysis  inhibitor  (TAFI).  Platelet-rich  areas  are marked  with  asterisks
(*) and  erythrocyte-rich  areas  with  a  hash  sign  (#).  The  marked  areas  are shown  at 20×  magnification  in  the  lower  right  corner  of
each image.
Source:  Atherothrombosis  Laboratory,  CIMA/Universidad  de  Navarra.

tenecteplase  (TNK) and  mechanical  thrombectomy.  Throm-
bus  composition  and  structure  have  been shown  to  largely
influence  the response  both  to  tPA-mediated  fibrinolysis
and  to  physical/mechanical  phenomena  inherent  to  throm-
bus  extraction  with  current  intravascular  thrombectomy
techniques.55

In the  thrombus,  tPA  acts  on  fibrin-bound  plasminogen  by
triggering  its  activation  as  plasmin  and  activating  endoge-
nous  fibrinolysis.  This  achieves  arterial  recanalisation  in
20%-40%  of  patients,  with  its  efficacy  depending  on  the
delay  in  its  administration,  occlusion  level,  and  thrombus
characteristics.56 Thus,  the characteristics  of  the  fibrin  mesh
have  been  shown  to  be  one  of  the  factors  most  strongly
influencing  the response  to  fibrinolysis,57 with  compaction
of  the  mesh  in  the outer  layers  of  the  thrombus  forming
a  protective  shell  blocking  tPA  entry  to  the  inner  core.24

These  shells  also  contain  a high  concentration  of  factors
with  the  capacity  to  affect  fibrinolysis,  such as  NETs,  VWF,
or  thrombolysis  inhibitors  such  as  PAI-1.23 Another  throm-
bolysis  inhibitor,  thrombin-activatable  fibrinolysis  inhibitor
(TAFI),  has been  observed  in  variable  proportions  in the core
of  thrombi  extracted  from  patients  with  stroke,  and which
may  influence  resistance  to  tPA  (Fig.  4).18

A  considerable  number  of  studies  have reported  higher
sensitivity  to  tPA  thrombolysis  in thrombi  with  a  higher  ery-
throcyte  concentration  than  in  those  rich  in  platelets.32,58—60

Platelet-rich  areas  present  increased  cross-linking  of fib-
rin  fibres20 mediated  by  platelet-derived  FXIII,61 which  is
in  turn  responsible  for  the  binding  of  another  fibrinolysis
inhibitor,  A2AP,  to  fibrin,  which may  lead  to an increase
in  lysis  resistance.62 In  turn,  the binding  of  VWF63 and
NETs23 to the fibrin  mesh  increases  thrombolytic  resistance
through  the binding  forces  of  these  molecules  and  the
contribution  to  thrombus  contraction.25 This  clot contrac-
tion  process  leads  to the compaction  of  erythrocytes  within
the  inner  mesh  into  polyhedrocytes,  which  are associated
with  lower  tPA  permeability  of  the  clot  and  decreased  lytic
action.40

Regarding  thrombus  response  to  endovascular  treatment,
according  to  their  composition,  thrombi  with  higher  ery-
throcyte  content  are associated  with  shorter  procedure
times,  lower  numbers  of  recanalisation  manoeuvres,64,65

and higher  rates  of successful  recanalisation.66,67 These
thrombi  present  lower  stiffness68 and  lower  friction  rates,69

explaining  the greater  ease  of  their  removal  with  mechan-
ical  devices.  In  contrast,  fibrin-rich  thrombi  with  lower
levels  of erythrocytes  were  associated  with  longer  interven-
tion  times70;  and  platelet  thrombi  with  high  concentrations
of  VWF showed  poorer  recanalisation  rates.17,19 Like-
wise,  a  higher  proportion  of leukocytes  and  NETs  in
the  thrombus  is  associated  with  longer  recanalisation
times,  lower  recanalisation  rates,  and  poorer  prognosis.23,35

Similarly,  it has  been suggested  that  selection  of an
appropriate  technique  and  device,  taking  into  account
the  expected  composition  of  the  thrombus,  may  improve
the  clot/device  interaction  and  optimise  revascularisation
treatment.71,72

Regarding  complications  associated  with  endovascular
treatment,  thrombus  fragmentation  and  embolism  to distal
territories  during  the  procedure  seems  to  be more  fre-
quent  in thrombi with  higher  leukocyte  concentrations,73

as  well  as  in those  rich in  fibrin  and  with  decreased  ery-
throcyte  concentration.70 On  the  contrary,  some  in vitro
studies  have found  increased  fragmentation  in erythrocyte-
rich  thrombi,74 so  further  studies  are  needed.

Enhancing  current  treatments:  thrombolysis

beyond  fibrinolysis

Greater  understanding  of thrombus  organisation  and  struc-
ture  may  enable  us to  implement  specific therapies  to
enhance  existing  treatments.

One  of the possible  mechanisms  for potentiating  fib-
rinolysis  is  the adjuvant  use  of  molecules  with  capacity
to  block  plasminogen  activator  inhibitory  pathways.75
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Thus,  in  animal  stroke  models, TAFI inhibition  decreased
microthrombosis  processes,76 and  combined  inhibition  of
TAFI  and  PAI-1  by  a bispecific  diabody  resulted  in  smaller
infarct  size  and  better  prognosis  after  stroke.77,78 Addi-
tionally,  TAFI  inhibition  by the administration  of matrix
metalloproteinase-10  (MMP-10)  has  been  shown  to  decrease
the  infarct  size  in experimental  models,  both  alone79

and  in  combination  with  tPA,80 although  the  absence  of
TAFI  in  an  experimental  model  of  ischaemic  stroke  was
associated  with  increased  neuronal  damage  after  treat-
ment  with  tPA.81 Lastly,  inhibition  of A2AP has  also
been  postulated  as  another  possible  downstream  path-
way  of  tPA,  as  it is  the main  inhibitor  of  plasminogen  in
vivo.37

The  significant  heterogeneity  observed  in the  thrombus
forces  us  to consider  other  thrombus  degradation  pathways,
facilitating  its dissolution  or  helping  revascularisation.  Some
of  the  previously  mentioned  components  have become  ther-
apeutic  targets  for  study  in this  field.  As  mentioned  above,
the  action  of  VWF in promoting  platelet  activation  and
aggregation,  as  well  as  its interrelation  with  fibrin,  may
potentially  enable  stabilisation  of  the thrombus  in patients
with  stroke.  Thus,  adding  molecules  with  capacity  to  block
the  action  of  VWF in the thrombus,  such as  ADAMTS1363,82

or  N-acetylcysteine,83 has  been  shown  to  promote  the fib-
rinolytic  effect  of  tPA  in animal  models.  In this  regard,
lower  pre-treatment  levels  of  ADAMTS13  have  been asso-
ciated  with  a lower  early  improvement  rate84 and  poorer
recanalisation  rates  after  fibrinolytic  treatment  with  tPA.85

Another  mechanism  inhibiting  this pathway  is  the blockade
of  the  interaction  between  the platelet  GpIb� receptor  and
VWF.  Several  studies  have  shown  the antithrombotic  efficacy
of  this  mechanism  in animal  models, with  better  prognosis
after  stroke.86,87

Similarly,  degradation  of  NETs  by  adding  DNase1  to
treatment  with  tPA  has  shown  a coadjuvant  effect  with
increased  thrombus  lysis  in animal  and ex  vivo  models.23,26,88

Furthermore,  thrombi  with  higher  platelet  concentrations
showed  a  greater  reduction  in weight  after  treatment  with
DNase1,  reinforcing  the association  between  platelets  and
NETs  and  its  potential  procoagulant  effect.89 Likewise,  pre-
vention  of  NET  formation  by  administering  Cl-amidine,  a
PAD4  inhibitor,  inhibits  arterial  thrombosis  in mice,  redu-
cing  the  infarct  size  and improving  functional  status  after
stroke.90

Conclusions

The great variability of  pathophysiological mechanisms involved
in thrombus formation in ischaemic stroke explains the signif-
icant heterogeneity observed in thrombus composition studies,
hindering the identification of  patterns associated with spe-
cific aetiologies. It  seems clear that the core of the thrombus
contains variable proportions of  erythrocyte-rich and platelet-
/fibrin-rich areas, which are closely interrelated and accompanied
by VWF, NETs, and fibrinolysis inhibitors, frequently creating
a protective shell at the thrombus surface. The presence of
these components, as well as their location and interrelated-
ness, have shown to have effects on resistance to different
revascularisation treatments. Therefore, therapeutic options under
development aim  to degrade some of these components, enhanc-
ing the revascularisation action of current treatments. Proteomic
studies and the  identification of potential circulating biomarkers

may help  identify specific markers for characterising the throm-
bus and adapting fibrinolytic and endovascular treatment to its
composition.
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45. Muñoz R, Santamaría E, Rubio I,  Ausín K, Ostolaza A, Labarga A,
et al. Mass spectrometry-based proteomic profiling of throm-
botic material obtained by  endovascular thrombectomy in
patients with ischemic stroke. Int J Mol Sci. 2018;19:498,
http://dx.doi.org/10.3390/ijms19020498.

46. Suissa L,  Guigonis JM, Graslin F,  Robinet-Borgomano
E, Chau Y, Sedat J,  et al. Combined omic analyzes
of cerebral thrombi: a new molecular approach to
identify cardioembolic stroke origin. Stroke. 2021,
http://dx.doi.org/10.1161/STROKEAHA.120.032129.

47. Abbasi M, Fitzgerald S, Ayers-Ringler J, Espina V, Mueller
C, Rucker S, et  al. Proteomic analysis of  cardioem-
bolic and large artery atherosclerotic clots using reverse
phase protein array technology reveals key cellular inter-
actions within clot microenvironments. Cureus. 2021;13,
http://dx.doi.org/10.7759/CUREUS.13499.

48. Heo JH, Nam HS, Kim YD, Choi JK, Kim BM,  Kim DJ,
et  al. Pathophysiologic and therapeutic perspectives based
on thrombus histology in stroke. J Stroke. 2020;22:64—75,
http://dx.doi.org/10.5853/jos.2019.03440.

49. Park H, Kim J, Ha J,  Hwang IG, Song TJ, Yoo J,
et al. Histological features of intracranial thrombi in
stroke patients with cancer. Ann Neurol. 2019;86:143—9,
http://dx.doi.org/10.1002/ANA.25495.

50. Fu CH, Chen CH,  Lin YH, Lee CW, Tsai  LK, Tang SC,  et al.
Fibrin and platelet-rich composition in retrieved thrombi hall-
marks stroke with active cancer. Stroke. 2020;51:3723—7,
http://dx.doi.org/10.1161/STROKEAHA.120.032069.

51. Nogueira RG, Jadhav AP, Haussen DC, Bonafe A, Budzik RF,
Bhuva P, et al. Thrombectomy 6 to 24 hours after stroke
with a mismatch between deficit and infarct. N  Engl J  Med.
2018;378:11—21, http://dx.doi.org/10.1056/NEJMoa1706442.

52. Biller J,  Challa VR, Toole JF, Howard VJ. Nonbacterial throm-
botic endocarditis. A neurologic perspective of  clinicopatho-
logic correlations of 99 patients. Arch Neurol. 1982;39:95—8,
http://dx.doi.org/10.1001/ARCHNEUR.1982.00510140029007.

53. Brinjiki W, Nogueira RG, Kvamme P, Layton KF, Delgado-
Almandoz JE, Hanel RA, et al. Association between clot
composition and stroke origin in mechanical thrombectomy
patients: analysis of the Stroke Thromboembolism Registry of
Imaging and Pathology. J  Neurointerv Surg. 2021;13:594—8,
http://dx.doi.org/10.1136/NEURINTSURG-2020-017167.

54. Koneru S, Nogueira RG, Osehobo E, Oprea-Ilies G, Al-Bayati
AR, Brinjiki W,  et al. Clot composition in retrieved thrombi
after mechanical thrombectomy in strokes due to carotid
web. J Neurointerv Surg. 2021;13:530—3, http://dx.doi.org/
10.1136/NEURINTSURG-2020-017112.

55. Boodt N,  Snouckaert van Schauburg PRW, Hund HM, Fereidoon-
nezhad B, McGarry JP, Akyildiz AC, et al. Mechanical characteri-
zation of  thrombi retrieved with endovascular thrombectomy in
patients with acute ischemic stroke. Stroke. 2021;52:2510—7,
http://dx.doi.org/10.1161/STROKEAHA.120.033527.

56. Bhatia R, Hill MD, Shobha N,  Menon B, Bal S, Kochar P, et  al.
Low rates of acute recanalization with intravenous recombi-
nant tissue plasminogen activator in ischemic stroke: real-world
experience and a call for action. Stroke. 2010;41:2254—8,
http://dx.doi.org/10.1161/STROKEAHA.110.592535.

57. Longstaff C, Varjú I, Sótonyi P, Szabó L, Krumrey M,
Hoell A, et  al.  Mechanical stability and fibrinolytic resis-
tance of clots containing fibrin, DNA, and histones.
J Biol Chem. 2013;288:6946—56, http://dx.doi.org/10.
1074/jbc.M112.404301.

58. Jang IK, Gold HK, Ziskind AA, Fallon JT, Holt RE, Leinbach RC,
et al. Differential sensitivity of  erythrocyte-rich and platelet-
rich arterial thrombi to lysis with recombinant tissue-type
plasminogen activator. A possible explanation for resis-
tance to coronary thrombolysis. Circulation. 1989;79:920—8,
http://dx.doi.org/10.1161/01.CIR.79.4.920.

59. Nam HS, Kim EY, Kim SH, Kim YD, Kim J, Lee HS, et al.
Prediction of  thrombus resolution after intravenous thromboly-
sis assessed by CT-based thrombus imaging. Thromb Haemost.
2012;107:786—94, http://dx.doi.org/10.1160/TH11-08-0585.

60. Tomkins AJ, Schleider N,  Murtha L, Kaps M, Levi CR, Nedelmann
M, et  al. Platelet rich clots are resistant to lysis by thrombolytic
therapy in a rat model of  embolic stroke. Exp Transl Stroke Med.
2015;7, http://dx.doi.org/10.1186/S13231-014-0014-Y.

61. Mitchell JL,  Lionikiene AS, Fraser SR, Whyte CS,  Booth
NA, Mutch NJ. Functional factor XIII-A is exposed on
the stimulated platelet surface. Blood. 2014;124:3982—90,
http://dx.doi.org/10.1182/blood-2014-06-583070.

62. Bagoly Z, Barath B, Orban-Kalmandi R,  Szegedi I,  Bogati R,
Sarkady F, et al. Incorporation of �2-plasmin inhibitor into
fibrin clots and its association with the clinical outcome of
acute ischemic stroke patients. Biomolecules. 2021;11:1—14,
http://dx.doi.org/10.3390/BIOM11030347.

63.  Denorme F, Langhauser F,  Desender L, Vandenbulcke A,
Rottensteiner H, Plaimauer B, et al. ADAMTS13-mediated
thrombolysis of t-PA-resistant occlusions in ischemic stroke
in mice. Blood. 2016;127:2337—45, http://dx.doi.org/10.
1182/blood-2015-08-662650.

64. Maekawa K,  Shibata M, Nakajima H, Mizutani A, Kitano Y,
Seguchi M,  et al.  Erythrocyte-rich thrombus is  associated
with reduced number of maneuvers and procedure time
in  patients with acute ischemic stroke undergoing mechan-
ical thrombectomy. Cerebrovasc Dis Extra. 2018;8:39—49,
http://dx.doi.org/10.1159/000486042.

65.  Liu M, Hao Z, Li R, Cai  J, Jiang C, Li Y.  Erythrocyte-rich
thrombi related to serum iron contribute to single stent
retrieval and favorable clinical outcomes in acute ischemic
stroke by endovascular treatment. Thromb Res. 2020;195:8—15,
http://dx.doi.org/10.1016/J.THROMRES.2020.06.038.

66. Shin JW, Jeong HS, Kwon HJ, Song KS, Kim J. High red blood
cell composition in clots is  associated with successful recanal-
ization during intra-arterial thrombectomy. PLoS One. 2018;13,
http://dx.doi.org/10.1371/journal.pone.0197492.

67. Hashimoto T, Hayakawa M,  Funatsu N, Yamagami H, Satow
T, Takahashi JC, et al. Histopathologic analysis of  retrieved
thrombi associated with successful reperfusion after acute
stroke thrombectomy. Stroke. 2016;47:3035—7, http://dx.
doi.org/10.1161/STROKEAHA.116.015228.

68. Johnson S, Chueh J,  Gounis MJ, Mccarthy R,  Mcgarry JP,
Mchugh PE, et  al. Mechanical behavior of  in vitro blood

86

dx.doi.org/10.1111/jth.14370
dx.doi.org/10.1136/NEURINTSURG-2021-017310
dx.doi.org/10.1136/NEURINTSURG-2018-014041
dx.doi.org/10.1002/ANA.21404
dx.doi.org/10.1016/J.JNS.2020.117142
dx.doi.org/10.3390/ijms19020498
dx.doi.org/10.1161/STROKEAHA.120.032129
dx.doi.org/10.7759/CUREUS.13499
dx.doi.org/10.5853/jos.2019.03440
dx.doi.org/10.1002/ANA.25495
dx.doi.org/10.1161/STROKEAHA.120.032069
dx.doi.org/10.1056/NEJMoa1706442
dx.doi.org/10.1001/ARCHNEUR.1982.00510140029007
dx.doi.org/10.1136/NEURINTSURG-2020-017167
dx.doi.org/10.1136/NEURINTSURG-2020-017112
dx.doi.org/10.1136/NEURINTSURG-2020-017112
dx.doi.org/10.1161/STROKEAHA.120.033527
dx.doi.org/10.1161/STROKEAHA.110.592535
dx.doi.org/10.1074/jbc.M112.404301
dx.doi.org/10.1074/jbc.M112.404301
dx.doi.org/10.1161/01.CIR.79.4.920
dx.doi.org/10.1160/TH11-08-0585
dx.doi.org/10.1186/S13231-014-0014-Y
dx.doi.org/10.1182/blood-2014-06-583070
dx.doi.org/10.3390/BIOM11030347
dx.doi.org/10.1182/blood-2015-08-662650
dx.doi.org/10.1182/blood-2015-08-662650
dx.doi.org/10.1159/000486042
dx.doi.org/10.1016/J.THROMRES.2020.06.038
dx.doi.org/10.1371/journal.pone.0197492
dx.doi.org/10.1161/STROKEAHA.116.015228
dx.doi.org/10.1161/STROKEAHA.116.015228


Neurología  40  (2025)  77—88

clots and the implications for acute ischemic stroke treat-
ment. J Neurointerv Surg. 2019:1—6, http://dx.doi.org/10
.1136/neurintsurg-2019-015489.

69. Gunning GM, Mcardle K, Mirza M,  Duffy S, Gilvarry M,  Brouwer
PA. Clot friction variation with fi brin content; implications for
resistance to thrombectomy. J  Neurointerv Surg. 2018:34—8,
http://dx.doi.org/10.1136/neurintsurg-2016-012721.

70. Sporns PB, Hanning U, Schwindt W,  Velasco A, Buerke B, Cnyrim
C, et al. Ischemic stroke: histological thrombus composition and
pre-interventional CT attenuation are associated with interven-
tion time and rate of secondary embolism. Cerebrovasc Dis.
2017;44:344—50, http://dx.doi.org/10.1159/000481578.

71. Hernández-Fernández F, Ramos-Araque ME, Barbella-Aponte R,
Molina-Nuevo JD, García-García J,  Ayo-Martin O,  et  al. Fibrin-
Platelet Clots in Acute Ischemic Stroke. Predictors and clinical
significance in a mechanical thrombectomy series. Front Neurol.
2021;12, http://dx.doi.org/10.3389/FNEUR.2021.631343.

72. Dumitriu LaGrange D, Bernava G,  Reymond P, Wanke
I, Vargas MI, Machi P, et al. A high resolution scan-
ning electron microscopy analysis of intracranial thrombi
embedded along the stent retrievers. Sci Rep. 2022;12,
http://dx.doi.org/10.1038/S41598-022-11830-4.

73. Kaesmacher J, Boeckh-Behrens T,  Simon S, Maegerlein C, Kleine
JF, Zimmer C, et al. Risk of thrombus fragmentation dur-
ing endovascular stroke treatment. AJNR Am J  Neuroradiol.
2017;38:991—8, http://dx.doi.org/10.3174/AJNR.A5105.

74. Maegerlein C, Prothmann S, Lucia KE, Zimmer C, Friedrich
B, Kaesmacher J. Intraprocedural thrombus fragmenta-
tion during interventional stroke treatment: a compar-
ison of direct thrombus aspiration and stent retriever
thrombectomy. Cardiovasc Intervent Radiol. 2017;40:987—93,
http://dx.doi.org/10.1007/S00270-017-1614-4.

75. Henderson SJ, Weitz JI, Kim PY. Fibrinolysis: strategies
to enhance the treatment of  acute ischemic stroke. J
Thromb Haemost. 2018;16:1932—40, http://dx.doi.org/10.
1111/JTH.14215.

76. Mertens JC, Boisseau W, Leenaerts D, DiMeglio L, Loyau
S, Lambeir AM, et  al. Selective inhibition of carboxypep-
tidase U  may reduce microvascular thrombosis in  rat
experimental stroke. J  Thromb Haemost. 2020;18:3325—35,
http://dx.doi.org/10.1111/JTH.15071.

77. Wyseure T, Rubio M, Denorme F, De Lizarrondo SM, Peeters
M, Gils A, et  al. Innovative thrombolytic strategy using
a heterodimer diabody against TAFI and PAI-1  in mouse
models of  thrombosis and stroke. Blood. 2015;125:1325—32,
http://dx.doi.org/10.1182/blood-2014-07-588319.

78. Denorme F, Wyseure T,  Peeters M, Vandeputte N, Gils A,
Deckmyn H, et  al. Inhibition of  thrombin-activatable fibrinol-
ysis inhibitor and plasminogen activator inhibitor-1 reduces
ischemic brain damage in mice. Stroke. 2016;47:2419—22,
http://dx.doi.org/10.1161/STROKEAHA.116.014091.

79. Orbe J, Barrenetxe J, Rodriguez JA, Vivien D, Orset C,
Parks WC, et al. Matrix metalloproteinase-10 effectively
reduces infarct size in experimental stroke by enhancing
fibrinolysis via a thrombin-activatable fibrinolysis inhibitor-
mediated mechanism. Circulation. 2011;124:2909—19,
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.047100.

80. Roncal C, Martinez de Lizarrondo S,  Salicio A, Chevil-
ley A, Rodriguez JA, Rosell A, et al. New thrombolytic
strategy providing neuroprotection in experimental ischemic
stroke: MMP10 alone or in combination with tissue-type
plasminogen activator. Cardiovasc Res. 2017;113:1219—29,
http://dx.doi.org/10.1093/cvr/cvx069.

81. Orbe J, Alexandru N,  Roncal C, Belzunce M, Bibiot P,
Rodriguez JA, et al. Lack of  TAFI increases brain dam-
age and microparticle generation after thrombolytic ther-

apy in ischemic stroke. Thromb Res. 2015;136:445—50,
http://dx.doi.org/10.1016/j.thromres.2015.06.010.

82. South K, Denorme F, Salles-Crawley II, DeMeyer SF,
Lane DA. Enhanced activity of  an ADAMTS-13 vari-
ant (R568K/F592Y/R660K/Y661F/Y665F) against platelet
agglutination in vitro and in a murine model of  acute
ischemic stroke. J  Thromb Haemost. 2018;16:2289—99,
http://dx.doi.org/10.1111/JTH.14275.

83. Martinez de Lizarrondo S, Gakuba C, Herbig BA, Repessé Y,  Ali C,
Denis CV, et al. Potent thrombolytic effect of N-acetylcysteine
on arterial thrombi. Circulation. 2017;136:646—60,
http://dx.doi.org/10.1161/CIRCULATIONAHA.117.027290.

84. Putzer AS, Worthmann H, Grosse GM, Goetz F, Martens-
Lobenhoffer J, Dirks M,  et al. ADAMTS13 activity is associated
with early neurological improvement in acute ischemic
stroke patients treated with intravenous thrombolysis. J
Thromb Thrombolysis. 2020;49:67—74, http://dx.doi.org/10
.1007/S11239-019-01941-7.

85. Bustamante A, Ning M, García-Berrocoso T, Penalba A,
Boada C, Simats A, et  al. Usefulness of  ADAMTS13 to pre-
dict response to recanalization therapies in acute ischemic
stroke. Neurology. 2018;90:e995—1004, http://dx.doi.org/10
.1212/WNL.0000000000005162.

86. LeBehot A, Gauberti M, MartinezDeLizarrondo S, Montagne
A, Lemarchand E, Repesse Y,  et  al. GpIb�-VWF blockade
restores vessel patency by dissolving platelet aggregates formed
under very high shear rate in mice. Blood. 2014;123:3354—63,
http://dx.doi.org/10.1182/BLOOD-2013-12-543074.

87. Momi S, Tantucci M, VanRoy M, Ulrichts H, Ricci G, Gre-
sele P. Reperfusion of cerebral artery thrombosis by the
GPIb-VWF blockade with the Nanobody ALX-0081 reduces
brain infarct size in guinea pigs. Blood. 2013;121:5088—97,
http://dx.doi.org/10.1182/BLOOD-2012-11-464545.

88. Jiménez-Alcázar M,  Rangaswamy C, Panda R, Bitterling J,  Sim-
sek YJ,  Long AT, et  al. Host DNases prevent vascular occlusion
by  neutrophil extracellular traps. Science. 2017;358:1202—6,
http://dx.doi.org/10.1126/science.aam8897.

89. Zhou P, Li T, Jin J, Liu Y, Li B, Sun Q,  et al. Inter-
actions between neutrophil extracellular traps and acti-
vated platelets enhance procoagulant activity in acute
stroke patients with ICA occlusion. EBioMedicine. 2020;53,
http://dx.doi.org/10.1016/J.EBIOM.2020.102671.

90. Peña-Martinez C, Duran-Laforet V, Garcia-Culebras A,
Ostos F, Hernandez-Jimenez M,  Bravo-Ferrer I,  et  al.
Pharmacological Modulation of Neutrophil Extracellular
Traps Reverses Thrombotic Stroke tPA (Tissue-Type Plas-
minogen Activator) resistance. Stroke. 2019;50:3228—37,
http://dx.doi.org/10.1161/STROKEAHA.119.026848.

91. Marder VJ, Chute DJ, Starkman S, Abolian AM, Kidwell
C, Liebeskind D, et  al. Analysis of thrombi retrieved
from cerebral arteries of  patients with acute ischemic
stroke. Stroke. 2006;37:2086—93, http://dx.doi.org/10.
1161/01.STR.0000230307.03438.94.

92. Liebeskind DS, Sanossian N,  Yong WH, Starkman S, Tsang
MP, Moya AL, et  al. CT  and MRI early vessel signs reflect
clot composition in acute stroke. Stroke. 2011;42:1237—43,
http://dx.doi.org/10.1161/STROKEAHA.110.605576.

93. Sato Y, Ishibashi-Ueda H, Iwakiri T, Ikeda Y,  Matsuyama T,
Hatakeyama K, et al.  Thrombus components in cardioembolic
and atherothrombotic strokes. Thromb Res. 2012:278—80, http:
//dx.doi.org/10.1016/j.thromres.2012.04.008.

94. Kim SK, Yoon W,  Kim TS, Kim HS, Heo TW, Park MS.
Histologic analysis of retrieved clots in acute ischemic
stroke: correlation with stroke etiology and gradient-echo
MRI. AJNR Am J Neuroradiol. 2015;36:1756—62, http://dx.doi
.org/10.3174/AJNR.A4402.

87

dx.doi.org/10.1136/neurintsurg-2019-015489
dx.doi.org/10.1136/neurintsurg-2019-015489
dx.doi.org/10.1136/neurintsurg-2016-012721
dx.doi.org/10.1159/000481578
dx.doi.org/10.3389/FNEUR.2021.631343
dx.doi.org/10.1038/S41598-022-11830-4
dx.doi.org/10.3174/AJNR.A5105
dx.doi.org/10.1007/S00270-017-1614-4
dx.doi.org/10.1111/JTH.14215
dx.doi.org/10.1111/JTH.14215
dx.doi.org/10.1111/JTH.15071
dx.doi.org/10.1182/blood-2014-07-588319
dx.doi.org/10.1161/STROKEAHA.116.014091
dx.doi.org/10.1161/CIRCULATIONAHA.111.047100
dx.doi.org/10.1093/cvr/cvx069
dx.doi.org/10.1016/j.thromres.2015.06.010
dx.doi.org/10.1111/JTH.14275
dx.doi.org/10.1161/CIRCULATIONAHA.117.027290
dx.doi.org/10.1007/S11239-019-01941-7
dx.doi.org/10.1007/S11239-019-01941-7
dx.doi.org/10.1212/WNL.0000000000005162
dx.doi.org/10.1212/WNL.0000000000005162
dx.doi.org/10.1182/BLOOD-2013-12-543074
dx.doi.org/10.1182/BLOOD-2012-11-464545
dx.doi.org/10.1126/science.aam8897
dx.doi.org/10.1016/J.EBIOM.2020.102671
dx.doi.org/10.1161/STROKEAHA.119.026848
dx.doi.org/10.1161/01.STR.0000230307.03438.94
dx.doi.org/10.1161/01.STR.0000230307.03438.94
dx.doi.org/10.1161/STROKEAHA.110.605576
dx.doi.org/10.1016/j.thromres.2012.04.008
dx.doi.org/10.1016/j.thromres.2012.04.008
dx.doi.org/10.3174/AJNR.A4402
dx.doi.org/10.3174/AJNR.A4402


J.  Marta-Enguita,  F.J.D.  Machado,  J.  Orbe  et al.

95. Goebel J, Gaida BJ,  Wanke I, Kleinschnitz C, Koehrmann
M, Forsting M, et  al. Is histologic thrombus composition
in acute stroke linked to stroke etiology or to interven-
tional parameters? AJNR Am J Neuroradiol. 2020;41:650—7,
http://dx.doi.org/10.3174/AJNR.A6467.

96. Fitzgerald S, Dai D, Wang  S, Douglas A, Kadirvel R, Lay-
ton KF, et al. Platelet-rich emboli in cerebral large vessel
occlusion are associated with a large artery atherosclero-
sis source. Stroke. 2019;50:1907—10, http://dx.doi.org/10
.1161/STROKEAHA.118.024543.

88

dx.doi.org/10.3174/AJNR.A6467
dx.doi.org/10.1161/STROKEAHA.118.024543
dx.doi.org/10.1161/STROKEAHA.118.024543

	Thrombus composition and its implication in ischemic stroke assessment and revascularization treatments
	Introduction
	Development
	Thrombus composition and underlying pathophysiological process
	Thrombus in stroke of undetermined cause and other causes, including stroke associated with cancer
	Thrombus composition and response to revascularisation treatments
	Enhancing current treatments: thrombolysis beyond fibrinolysis

	Conclusions
	Funding
	Declaration of competing interest

	References

