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ARTICLE INFO ABSTRACT

Keywords: Thrombus composition and mechanical properties significantly impact the ease and outcomes of thrombectomy

Thrombus procedures in patients with acute ischemic stroke. A wide variation exists in the composition of thrombi between

Imaging patients. If a relationship can be determined between the composition of a thrombus and its mechanical

Ez:;f:ict;ﬂir treatment behaviour, as well as between the composition of a thrombus and its radiological imaging characteristics, then

Mechanics there is the potential to personalise thrombectomy treatment based on each individual thrombus. This review
aims to give an overview of the current literature addressing this issue.

Here, we present a scoping review detailing associations between thrombus composition, mechanical
behaviour and radiological imaging characteristics. We conducted two searches 1) on the association between
thrombus composition and the mechanical behaviour of the tissue and 2) on the association between radiological
imaging characteristics and thrombus composition in the acute stroke setting.

The review suggests that higher fibrin and lower red blood cell (RBC) content contribute to stiffer thrombi
independent of the loading mode. Further, platelet-contracted thrombi are stiffer than non-contracted compo-
sitional counterparts. Fibrin content contributes to the elastic portion of viscoelastic behaviour while RBC
content contributes to the viscous portion. It is possible to identify fibrin-rich or RBC-rich thrombi with computed
tomography and magnetic resonance imaging vessel signs. Standardisation is required to quantify the association
between thrombus density on non-contrast computed tomography and the RBC content. The characterisation of
the thrombus fibrin network has not been addressed so far in radiological imaging but may be essential for the
prediction of device-tissue interactions and distal thrombus embolization. The association between platelet-
driven clot contraction and radiological imaging characteristics has not been explicitly investigated. However,
evidence suggests that perviousness may be a marker of clot contraction.

1. Introduction and/or mechanical removal of the occluding thrombus. Despite the ef-
ficacy of endovascular thrombectomy (EVT) for AIS due to large vessel

Acute ischemic stroke (AIS) treatments focus on the rapid recanali- occlusion (Berkhemer et al., 2015; Campbell et al., 2015; Goyal et al.,
sation of on occluded intracranial artery by pharmacological dissolution 2015; Jovin et al., 2015; Saver et al., 2015), substantial reperfusion is
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PCC, Platelet-Contracted Clot; RBC, Red Blood Cell; SVS, Susceptibility Vessel Sign; WBC, White Blood Cell; IV-rtPA, intravenous recombinant tissue plasminogen
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not achieved in 12-56% of cases (Yoo and Andersson, 2017). While the
reason for these poor revascularization rates is multifaceted, the nature
of the thrombus itself undoubtedly plays a crucial role (Fennell et al.,
2018).

Histopathological studies on thrombi retrieved with EVT have shown
that thrombi are composed of fibrin, platelets, red blood cells (RBCs),
white blood cells (WBCs), lipids and calcification (Almekhlafi et al.,
2008; Chueh et al., 2011; Marder et al., 2006; Staessens and De Meyer,
2020). Human thrombi have highly heterogeneous compositions (Chueh
et al., 2011; Staessens and De Meyer, 2020), which vary both between
patients and within the same thrombus (Alkarithi et al., 2021; Liu et al.,
2020b). This composition impacts the outcome of EVT procedures
(Brouwer et al., 2018; Choi et al., 2018). Fibrin-rich thrombi require
more recanalisation attempts, are associated with longer procedural
times and achieve lower revascularization scores (Brinjikji et al., 2017a;
Dutra et al., 2019; Maekawa et al., 2018). However, there are currently
no guidelines on the preferred use of stent retrievers, aspiration cathe-
ters or combined approaches for thrombi based on composition (Powers
et al., 2019).

The primary imaging techniques currently used in the setting of AIS
are non-contrast computed tomography (NCCT), CT angiography (CTA),
magnetic resonance imaging (MRI) and digital subtraction angiography
(DSA) (Wintermark et al., 2013). These imaging modalities can provide
both qualitative and quantitative information on the thrombus.
Thrombus characteristics that have been previously described include
dense vessel signs (NCCT and MRI), thrombus density on NCCT, pervi-
ousness on CTA and signal intensity on MRI (Liebeskind et al., 2011;
Moftakhar et al., 2013; Santos et al., 2016a; Shin et al., 2018).

The role of thrombus composition on the success of EVT is probably
mediated by the mechanical properties of the occluding thrombus
(Johnson et al., 2017). With stent retrievers or aspiration devices, a wide
variety of forces are imposed on the thrombus during the deployment,
retraction and removal stages including compressive, tensile, shear and
friction forces (Liu et al., 2020a; Mohammaden et al., 2020; Yoo and
Andersson, 2017). As the thrombus is integrated into the stent struts or
pulled into an aspiration catheter, the ability of the tissue to reshape will
depend on its viscoelasticity. Finally, the fracture properties of the
thrombus will govern thrombus fragmentation and the occurrence of
distal embolization. The mechanical behaviour of the thrombus and the
performance of intra-arterial devices are affected by the thrombus
composition (Chueh et al., 2011; Yuki et al., 2012).

It has been postulated that personalization of EVT based on the
suspected response of the thrombus may lead to better recanalization
rates and improved outcomes (Brouwer et al., 2018; Simons et al.,
2015). To eventually determine which devices and/or techniques should
be, and could be, used with certain thrombus types, two relations must
be determined. First, whether there is an association between compo-
sition and mechanical properties. If mechanics differ according to
thrombus composition, then thrombi with different compositions may
benefit from distinct types of devices and/or retrieval strategies. For
example, fibrin-rich samples have proven more difficult to retrieve (Yuki
et al., 2012) and preliminary in vitro studies demonstrate improved
recanalization rates for this thrombi when using specially designed de-
vices (Fennell et al., 2018). If we do determine that certain techniques
work better with thrombi of differing compositions, then methods to
characterise these thrombi in the setting of AIS stroke must be devel-
oped. Therefore the second association that needs to be established is
between thrombus composition and admission imaging characteristics.
Since EVT has become the standard clinical practice for large vessel
occlusion AIS, thrombi have become available for study and there is
increasing literature on both topics. This scoping review aims to sum-
marise the findings of these two associations.

2. Results

The scoping review search methods are presented in the
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supplementary file. Here, we summarise the findings from studies that
examined 1) the association between thrombus composition and me-
chanical characteristics and 2) the association between radiological
imaging characteristics and thrombus composition. There are wide
variations in the methods of assessing thrombus composition. First,
there are variations in terms of experimental methods, including gross
pathology (qualitative assessment of histological composition based on
the visual appearance of the thrombus) (Fig. 1A), thrombus analog
protocols where blood components are reconstituted in predetermined
volumetric ratios (Fig. 1B), histological stains (Hematoxylin and Eosin
[H&E] and Martius Scarlet Blue [MSB]) (Fig. 1C) and immunohisto-
chemistry (Fig. 1D). Second, there are variations in the histological
components that are analysed, including RBCs, fibrin/platelets, fibrin,
fibrinogen, platelets, WBCs, lipids and calcium. Third, there are varia-
tions in the stains used in the histological and immunohistochemistry
approaches. Finally, there are variations in the methods of quantifica-
tion. Quantitative methods can be subdivided into manual and auto-
matic image analysis. Manual methods involve colour-based
classification thresholding while automated methods apply machine
learning techniques to segment tissue composition (Orbit Image Anal-
ysis). However, most reports categorise samples into RBC-rich, fibrin-
rich or mixed thrombi. These categories are not always clearly defined
(Chueh et al., 2011) and if they are, there is a lack of uniformity between
studies on the definition of RBC-rich, fibrin-rich and mixed thrombi
(Brinjikji et al., 2017b; Fitzgerald et al., 2019b; Kirchhof et al., 2003).
Moreover, dichotomisation or categorical analysis of thrombus compo-
sition reduces statistical power. Where applicable, we have detailed
assessment methods of thrombus composition in the tables.

2.1. Thrombus composition and mechanics

Two methods of studying the association between thrombus
composition and mechanical characteristics have been observed. Ex-
periments with human material such as thrombi from EVT procedures or
thrombi dissected from tissue sources known to contribute to AIS (i.e.
carotid plaques) are most relevant for clinical practice. However,
thrombi removed by EVT procedures will have undergone supra-
physiological loading and the properties characterised ex vivo may not
accurately reflect the in vivo state. Additionally, any thrombi that were
successfully dissolved by thrombolysis or could not be retrieved with
EVT procedures cannot be included in the analysis. Therefore, the ma-
jority of studies utilise thrombus analogs (or in vitro thrombi) (Duffy
etal., 2017; Liu et al., 2020a). The advantages of this method include the
ability to produce homogeneous analogs in a largely controllable
composition and shape to conduct reproducible mechanical characteri-
sation experiments (Johnson et al., 2017). However, the formation of in
vitro thrombi in static conditions does not represent the dynamic envi-
ronment in which thrombi are formed within the human body. Addi-
tionally, there is also no clear consensus on the blood of which species
should be used in these experiments. In these studies, in vitro or ex vivo
thrombi are subject to mechanical evaluation using different loading
modes: tension and compression. The viscoelastic behaviour is primarily
evaluated using rheometry. The friction and fracture properties are also
evaluated. Fig. 2 summarises the mechanical loading that is relevant in
the context of EVT procedures. Experimental conditions and results are
detailed in Tables 1-3.

2.1.1. Compression

Six in vitro studies examined the unconfined compressive properties
of thrombus analogs, two studies examined the unconfined compressive
properties of ex vivo human thrombi and one in vitro study conducted
indentation experiments. There is a wide variation in the properties
reported for thrombi tested in unconfined compression, as illustrated in
Table 1. This makes it difficult to directly compare studies.

A linear stress-strain response is reported for thrombi formed from
platelet-rich and platelet-poor plasma (producing platelet-contracted
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(A) Gross Pathology (B) Volumetric Ratios
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(C) Histology
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Fig. 1. Overview of the primary methods used to assess thrombus composition: (A) gross pathology, (B) known from thrombus analog protocols where blood
components are reconstituted in predetermined volumetric ratios, (C) histology (for example Hemotoxylin and Eosin (H&E) and Martius Scarlet Blue (MSB) staining),
(D) immunohistochemistry (for example CD42b platelet marker). All scale bars represent 1mm. All figures depict 0% (platelet-rich), 5% and 40% red blood cell

thrombus analogs.

Fig. 2. Mechanical loading conditions asso-
ciated with endovascular retrieval tech-
niques. (A) Occluding thrombus in a vessel.
(B) Stent retriever deployment: the stent
struts compress the thrombus and additional
embedding depth can be achieved over time
(yellow segment) (Weafer et al., 2019). (C)
Stent retriever retraction: frictional and
adhesion forces exist between the thrombus
and the vessel wall (dark green arrows)

(Gunning et al., 2018; Yoo and Andersson,
2017) and the thrombus and the device (light
green arrows), a tensile force can be imposed
on the thrombus as it is retrieved (blue AL),
which may induce thrombus fracture (Liu
et al., 2020a,b). (D) Aspiration catheter. (E)
Negative pressure applied: frictional and
adhesion forces exist between the thrombus
and the vessel wall (dark green arrows)

(Gunning et al., 2018; Yoo and Andersson,
2017), the thrombus must compress and
elongate to fit within the aspiration catheter
(yellow and blue arrows) (Yoo and Ander-
sson, 2017) and the thrombus viscoelasticity

and shear behaviour will determine how the thrombus deforms to fit within the catheter (orange arrows) (Yoo and Andersson, 2017).

clots [PCC] and non-contracted clots [NCC], respectively) between 33
and 50% compressive strain (Liang et al., 2017). All other thrombus
analogs exhibited non-linear stress-strain behaviour in unconfined
compression analysis. Fibrinogen concentration is positively associated
with the elastic moduli of thrombi for both healthy subjects and patient
samples (elastic modulus ranging from 0 to 120 kdynes/cm?) (Carr and
Carr, 1995; Dempfle et al., 2008). Machi et al. (2017) also determined
that the force required to compress fibrin-rich samples to 50% of their
height is 13 times higher than that of RBC-rich thrombus analogs.
Interestingly, a non-linear dependence of compressive stiffness on RBC
content was observed in the studies of Johnson et al. (2019) and Johnson
et al. (2020). Similarly, whole blood clots (approximately 45% RBC)
were stiffer than both PCC and NCC (Liang et al., 2017). Unconfined
compression tests on PCC and NCC revealed that PCC are stiffer than
NCC (Liang et al., 2017) for all degrees of RBC concentration (Johnson

et al., 2019). PCC also have earlier onset points (the strain at which the
material transitions from low-stiffness to high-stiffness behaviour) than
NCCs (Johnson et al., 2019). Importantly, clot contraction was found to
affect the mechanical properties of the thrombi, but not the composition
(Johnson et al., 2019). Clot elastic modulus is a linear function of
platelet concentrations (Carr and Carr, 1995). In an indentation study,
Weafer et al. (2019) characterised the compressive clot stiffness of
thrombus analogs. The indenter tip was shaped to simulate a single strut
of a stent retriever as in the real-life stent retriever deployment (a
rectangular surface of 3 mm x 0.075 mm contacting the clot). The initial
thrombus compressive stiffness upon indentation was inversely related
to RBC concentration. Higher RBC concentration was also associated
with a greater maximum indentation depth due to the lower stiffness of
these samples.

Only two studies examined the unconfined compressive properties of
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Table 1
Studies that assessed the association between thrombus composition and compressive properties.
Study Type Species n Testing Properties Composition Method Composition Stress-Strain Results
(Year) Protocol Reported Analysis Behaviour
Carr and in vitro Human 15 Unconfined Elastic modulus ~ Volumetric ratios Quantitative: Not reported Clot elastic modulus
Carr (static) compression: (no strain fibrinogen (0.5, 1, is a linear function of
(1995) not described defined) 2, 3, 4, 5 mg/mL), both fibrinogen and
platelet (0, 25, 50, platelet
75,100,175 x 10° concentrations.
3 /uL) and RBC Elastic modulus
(0%, 20%, 40%) increased at 40%
concentrations RBC concentration.
Dempfle in vitro Human 552 Unconfined Elastic Modulus  Clauss assay Quantitative: Not reported Increasing
(2008) (static) a compression: (no strain fibrinogen fibrinogen
not described defined) concentration concentration
increases the elastic
modulus of the clot
(F=185.4,p <
0.0001).
Machi in vitro Human 2 Unconfined Mean radial Volumetric ratios Qualitative: white N/A White clots were 13
(2017) (static) compression: force at 50% (PCC) and red times stiffer than red
50% strain strain over 5 (WB) clots (force required
cycles 9 mN/mm? vs. 0.7
mN/mrnz).
Liang in vitro Human 3 Unconfined Tangent Volumetric ratios Qualitative: PCC, Linear Whole blood clots
(2017) (static) compression: to stiffness at 33% NCC and WB response for were stiffer than
€3304 OF €500 At and 50% strain NCC and PCC both PCC and NCC at
10 pm/s from g330,, to €330 (9 vs. 2 and 1
€500. Non- kPa) and es5q, (21 vs.
linear 4 and 2 kPa).
response for
WB clots from
€339 tO €500
Johnson in vitro Ovine 8 Unconfined Low strain Histology: MSB Quantitative: Non-linear PCCs were found to
(2019) (static) compression: stiffness (initial percent fibrin and be stiffer than NCCs
Force ramp to 10%), high RBCs with earlier onset
15 Natarate of  strain stiffness points, across all
0.5 N/min (final 2%) and hematocrits.
the onset point However, the
compositional
analysis of PCC and
NCC for the same %
RBC show little
difference. A non-
linear dependence
on hematocrit was
observed.
Weafer in vitro Ovine 5 Indentation: Compressive Volumetric ratios Semi-quantitative: ~ N/A The initial thrombus
(2019) (static) 1.5mN pre- stiffness 0% high density, compressive stiffness
load, loading at 0% low density, upon indentation
1.5 mm/min to 5%, 40% and 80% was inversely related
12.5 mN load RBC to RBC
concentration.
Johnson in vitro Ovine 4 Unconfined Peak stress at Volumetric ratios Semi-quantitative: ~ Non-linear 5% RBC had the
(2020) (static) compression: 80% 0%, 5%, 40% RBC greatest peak stress
nominal strain compression. and WB following by 0%, WB
of 80% at a Tangent and 40%. At low
constant strain- stiffness at strains (<30%), 0%
rate of 10%/s 10%, 50% and RBC had the largest
80% strain. stiffness (followed by
5%, WB and 40%, in
the order of 1 kPa
[E100]). At high
strains (>30%), 5%
RBC had the largest
stiffness (followed by
0%, WB and 40% in
the order of 10 kPa
[Es00,] and 100 kPa
[Egoos])-
Chueh ex vivo Human 9 Unconfined The onset point ~ Histology: H&E, MSB Qualitative: Non-linear Calcified thrombi
(2011) (aspiration and compression: and secant calcified (large exhibited the largest
and carotid 13 pre-load stiffness at amounts of Eo.459 (0.63 MPa)
plaques) 0.0001 N, force strains of calcium- compared with aged
ramp from 0-45%, 0-75% phosphate (0.17 MPa) and red
0.0001 to 15N and 75-95% apatite), aged samples (0.026
at 0.5 N/min (dark reddish- MPa). Calcified

(continued on next page)
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Study Type Species n Testing Properties Composition Method Composition Stress-Strain Results
(Year) Protocol Reported Analysis Behaviour
brown colour) and thrombi had earlier
red thrombi (high onset points (43%)
amounts of RBCs) compared with aged
and red thrombi
(85% and 91%).”
Calcified thrombi
exhibited the highest
stress values while
red thrombi
exhibited the highest
strain values.
Boodt ex vivo Human 41 Unconfined Tangent Histology: H&E Quantitative Non-linear F/P were associated
(2021) (stent compression: stiffness at 75% Immunohistochemistry: (automatic): with increased E;so,
retriever) 80% strain at a strain CD61 fraction of fibrin, (ap, 9 [5-13]) kPa.

rate of 10%/s

RBCs were
associated with
decreased Eyso, (af,
—9 [-13 to —5]) kPa.
High platelet values
(>70%) were
strongly associated
with increased E;so,
(ap, 56 [38-73]).

RBCs, platelets
and WBCs

N for in vitro studies indicates the number of types of thrombus analogs examined, except where otherwise indicated. Where values were not explicitly reported in the
studies, results have been approximated from the figures. E10q,, tangent stiffness at 10% strain; Esqo,, tangent stiffness at 50% strain; E;so, , tangent stiffness at 75%
strain; Eggo, tangent stiffness at 80% strain; Eq. 450, Secant stiffness between 0 and 45% strain; F/P, fibrin/platelet; H&E, Hematoxylin and Eosin; MSB, Martius Scarlet
Blue; NCC, Non-Contracted Clot; PCC, Platelet-Contracted Clot; RBC, Red Blood Cell; WB, Whole Blood; €339, 33% strain; €599, 50% strain.

@ Number of patient blood samples used to make in vitro thrombi.
b Mean values presented.

thrombi extracted from AIS patients. All the samples exhibited non-
linear stress—strain behaviour. Chueh et al. (2011) categorised thrombi
retrieved from aspiration procedures or dissected from carotid plaques
as either calcified, red or aged. Calcified thrombi had a lower onset point
(42.9 + 8.0%) compared with aged and red thrombi (85.4 + 0.9% and
91.29 + 0.82%). Calcified thrombi also exhibited the largest secant
stiffness (Eg.450,: 0.63 & 0.38 MPa) compared with aged (0.17 + 0.039
MPa) and red samples (0.026 + 0.0026 MPa). The Eg.750, and Eys5.950,
values for (calcified) thromboemboli were 0.04 & 0.01 and 0.43 + 0.06
MPa, and for non-calcified thrombi dissected from carotid plaques were
0.11 + 0.037 and 1.60 + 0.50 MPa, respectively. Boodt et al. (2021)
quantified the proportion of fibrin, RBCs, platelets and WBCs in thrombi
acquired from stent retrieval procedures. In multivariate regression
analysis, Eyse, was positively associated with F/P content (ap, 9 [5-13]
kPa) and negatively associated with RBCs (ap, —9 [-13 to —5] kPa). The
authors also observed a strong positive association between platelet
content and Eyse, but for high platelet contents only (>70%). The
average Eyso, in the study of Boodt et al. (2021) was 122 + 104 kPa,
compared with an Eg 759, range of 10 to 65 kPa in the study of Chueh
etal. (2011). The fact that all samples in the study of Chueh et al. (2011)
were acquired from aspiration procedures and qualitatively charac-
terised as ‘red’ compared with samples acquired from stent-retrieval
procedures in the study of Boodt et al. (2021) with a wide variation in
histological composition, may have contributed to the increased stiff-
ness in the latter study.

From these studies, it can be concluded that thrombus analogs have
lower low-strain stiffness compared to ex vivo thrombus data. The high-
strain behaviour of thrombus analogs is similar to the data from aspi-
rated thrombi in the study of Chueh et al. (2011) but lower than the data
from thrombi removed using stent retrievers (Boodt et al., 2021). It
should also be noted that thrombus composition cannot account for all
the variation observed in the mechanical properties of ex vivo thrombi
(Boodt et al., 2021; Chueh et al., 2011).

2.1.2. Tension
One in vitro study describes the association between tensile stiffness

and thrombus composition (Liu et al., 2020a). Human thrombus analogs
exhibited a variation in the nominal stress-strain behaviour, some
samples were high non-linear while others appear closer to linear
behaviour. There is also a wide range of values reported for Eg 45 (11 —
114 kPa). Eg 45 had a strong positive correlation with fibrin concentra-
tion (r = 0.613, p < 0.001), a strong negative correlation with RBC
concentration (r = -0.609, p < 0.001) and a moderate positive correla-
tion between platelet concentration and Eg 45 (r = 0.349, p = 0.013) (Liu
et al., 2020a).

When comparing the tensile and compressive properties of thrombus
analogs and ex vivo specimens it is clear that exact comparisons are
difficult to make due in part to the different properties that are reported,
the wide range of values obtained and the differences in the histological
composition of the samples. Additionally, tensile stiffness values have
only been acquired for thrombus analogs in one study. The fewer
number of studies conducted in tension is likely due to the difficulties in
the handling of thrombus specimens required for tensile analysis
(Johnson et al., 2017; Liu et al., 2021). However, some general trends
are observed. Higher fibrin and lower RBC content contribute to stiffer
thrombi both in tensile (Liu et al., 2020a) and compressive loading
(Boodt et al, 2021; Fereidoonnezhad et al., 2021). Additionally,
thrombi contracted by platelets are stiffer in compression (Boodt et al.,
2021; Johnson et al., 2019), and a moderate positive correlation was
also found between tensile stiffness and fraction of platelets within
thrombus analogs in tension (Liu et al., 2020a). Thrombus analogs with
similar composition in tension appear to have slightly higher stiffness
values for comparable samples in compression (Johnson et al., 2020; Liu
et al., 2020a). This may be attributed to the histological assessment of
composition in the tensile study (Liu et al., 2020a) compared with the in
vitro protocol compositional ratios used in the compression study
(Johnson et al., 2020), which may underestimate the true RBC content
of the samples (Duffy et al., 2017). Finally, experiments conducted for
material parameter estimation in the study of Fereidoonnezhad et al.
(2021) demonstrate compression-tension asymmetry for 5% RBC sam-
ples. Further work is required here to uncover the compression-tension
asymmetry for other compositions.



R. Cahalane et al.

Journal of Biomechanics 129 (2021) 110816

Table 2
Studies that assessed the association between thrombus composition and viscoelastic properties.
Study Type Species Testing Protocol Properties Composition Composition Analysis Results
(Year) Reported Method
Tynngard in vitro Human Rheometry (not described)  The change in Known from Semi-quantitative: 0, Increasing number of
(2006) (static) elasticity (G’) over  thrombus 10, 30, 50, 100 and 200  platelets and fibrinogen
time analog x 10° platelets/L, PCC concentration gave higher
protocols and NCC, original elasticity values while
fibrinogen or + 2 or + increasing haematocrit
4 g/L fibrinogen, 0%, gave lower elasticity
20%, 30% or 40% RBC values. PCC have higher
elasticity values
compared with NCC.
Gersh in vitro Human Rheometry: a strain- Elastic (G), Volumetric Semi-quantitative: 0, 5, Samples with RBC
(2009) (static) controlled dynamic time viscous modulus ratios 10, 20, 30, 40, or 50% exhibited biphasic
sweep test was performed (G”’) and ratio of RBCs behaviour of G’ and G at
with a frequency of 5 rad/  viscosity to a threshold of 10% RBC.
s, 2% strain elasticity (tan &) Addition of any amount of
RBCs will influences clot
viscoelasticity by
increasing the viscous
component of the sample
relative to the elastic.”
Huang in vitro Porcine Instantaneous force Shear modulus Volumetric Semi-quantitative: 0,20 G’ decreasing with
(2011) (static) approach: 1 MHz (G’) and viscosity ratios or 40% RBC increasing RBC content
ultrasound transducer, G) (0%: 620 + 81 Pa and
sphere displacement 40%: 173 & 52 Pa [40%]).
detected using a 20 MHz G’ increased with
transducer increasing RBC content
(0%: 0.16 & 0.06 Pa«s and
40%: 0.32 £ 0.07 Pa.s).”
van in vitro Porcine Rheometry. Linear Linear: elastic (G’) Known from Qualitative: PCC, NCC G’ and G’ of PCC are
Kempen (static) viscoelasticity: the and viscous thrombus and WB slightly higher than WB
(2016) frequency of the moduli (G). Non-  analog and much higher than
oscillation is increased linear: softening, protocols NCC.
from 0.63 to 63 rad/s, with  strain stiffening Softening: more
0.01 strain amplitude. and nonlinear pronounced for WB
Nonlinear viscoelasticity: viscous compared to PCC and
(LAOS) strain amplitude is  dissipation. NCC. Strain stiffening:
increased from 0.01 to 1. more pronounced for NCC
compared with PCC and
WB. Nonlinear viscous
dissipation: more
pronounced for NCC
compared with PCC and
WB.
Liang in vitro Human Compression- Hysteresis area. Known from Qualitative: PCC, NCC Hysteresis area of WB was
(2017) (static) decompression cycles. Shear storage (G") thrombus and WB largest (5.52), followed by
Rheometry: constant and loss moduli analog PCC (2.02) and NCC
oscillatory strain of 3.3% (G"") as a function protocols (1.10). PCC have a higher
at a frequency of 1.5Hz to  of strain G’ compared with NCC,
produce a linear shear and become stiffer after
stress response to imposed loading. For both PCC and
shear strain. NCG, stiffness increased
after each cycle. For WB
clots, the stiffness
decreased after the initial
cycle.
Weafer in vitro Ovine Indentation: a constant Creep Volumetric Semi-quantitative: 0% The highest amount of
(2019) (static) force of 12.5 mN for 5 ratios high density, 0% low additional embedding
mins density, 5, 40 and 80% depth was achieved for
RBC 0% high density clots (36
+ 17% additional depth
versus ~ 10 %" for 40%
RBC over 5 mins).
Johnson in vitro Ovine Cyclic unconfined Hysteresis and Volumetric Semi-quantitative: 0, 5 Loading-unloading
(2020) (static) compression (10 cycles) percentage stress ratios and 40% RBC and WB hysteresis demonstrated
and stress relaxation (60%  relaxation for all samples. Lower
strain for 1000 s) RBC content was
associated with greater
stress relaxation (0%: 97
+ 5% and 5%: 89 + 8%)
than those with higher
RBC concentration (40%:
54 + 20% and WB: 63 +
19%).
Liu (2021) Human

(continued on next page)
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Study Type Species n Testing Protocol Properties Composition Composition Analysis Results
(Year) Reported Method
in vitro Rheometry: oscillatory Storage (G’) and Known from Qualitative: NCC and Storage and loss moduli of
(static) strain (1%, 1 Hz) loss moduli (G) thrombus WB WB clots is larger than
analog that of PPP clots (G’: 303
protocols + 80 vs. 128 + 45 Pa and
G’’: 14 vs. 3 Pa).
Chueh ex vivo Human 9 Unconfined compression: Strain Recovery Histology: Qualitative: calcified, Red thrombi from
(2011) (aspiration and 60% strain for 5 mins (%) H&E, MSB aged and red aspiration procedures
and carotid 13 followed by a recovery recovered 33 + 2% of
plaques) period of 15 mins their strain. Strain

recovery could not be
determined for calcified
samples due to the high
force required. Strain
recovery could not be
measured for aged
samples due to
fragmentation.

N for in vitro studies indicates the number of types of thrombus analogs examined. H&E, Hematoxylin and Eosin; LAOS, Large Amplitude Oscillatory Shear; MSB,
Martius Scarlet Blue; NCC, Non-Contracted Clot; PCC, Platelet-Contracted Clot; RBC, Red Blood Cell; WB, Whole Blood.

? Only platelet-poor plasma used.

2.1.3. Viscoelasticity

Eight in vitro studies and one ex vivo study examined the viscoelastic
properties of thrombi (Table 2). Studies that conducted cyclic analysis
confirmed loading—unloading hysteresis for all samples (Johnson et al.,
2020). The hysteresis area for WB clots was the largest (5.52), followed
by PCC (2.02) and NCC (1.10) (Liang et al., 2017). Johnson et al. (2020)
also performed compressive stress relaxation experiments on thrombus
analogs. All samples exhibited significant stress relaxation. Thrombi
with lower RBC concentration demonstrated greater stress relaxation
than those with higher RBC concentration (0%: 97 + 5% and 5%: 89 +
8% vs. (40%: 54 + 20% and WB: 63 + 19%). Similarly, Weafer et al.
(2019) examined the creep response of thrombus analogs with varying
RBC concentration by applying a constant force via an indenter tip in the
profile of a single stent strut. The degree of creep (additional depth)
decreased with increasing thrombus RBC concentration: 0% high den-
sity clots (36 &+ 17% additional depth versus ~ 10% for 40% RBC over 5
mins) (Weafer et al., 2019).

Six studies examined the viscoelastic properties of thrombus analogs
using rheometry (Gersh et al., 2009; Liang et al., 2017; Liu et al., 2021;
Tynngard et al., 2006; van Kempen et al., 2016) or an instantaneous
force approach (Huang et al., 2011) to determine either the elastic (G’)
and viscous (G’) moduli. Both G’ and G> moduli were found to be
dependent on RBC concentration. An increase in the RBC content
decreased the elastic portion (Gersh et al., 2009; Huang et al., 2011;
Tynngard et al., 2006) while increasing the viscous portion (Gersh et al.,
2009; Huang et al., 2011). PCC were also found to have higher moduli
than NCC (Liang et al., 2017; Tynngard et al., 2006; van Kempen et al.,
2016). In terms of non-linear viscoelastic behaviour, van Kempen et al.
(2016) described three features: softening, strain stiffening and non-
linear viscous dissipation using large amplitude oscillatory shear
deformation. WB clots exhibit higher softening behaviour compared
with PCC and NCC. NCC display larger strain stiffening and non-linear
viscous dissipation compared with PCC and WB thrombi.

Chueh et al. (2011) performed compressive stress relaxation exper-
iments on ex vivo thrombi. Red thrombi recovered 32.9 + 2.3% of their
strain. However, the authors were unable to determine the strain re-
covery of aged and calcified thrombi due to the fragmentation and high
stiffness of the samples, respectively.

2.1.4. Friction

Gunning et al. (2018) characterised the frictional properties of ovine
thrombus analogs (0%, 5%, 20%, 40%, 80% RBC) using a custom-made
apparatus to determine the tangent of the angle at which the samples
start to slide on a polytetrafluoroethylene plate. Thrombus composition

was found to affect the frictional properties. The authors suggest a
threshold of 20% RBC; fibrin-rich thrombus have much higher co-
efficients of friction (0.51 4+ 0.19 [0%] and 0.35 + 0.13 [5%]) than
higher RBC concentration (0.26 + 0.09 [20%], 0.21 + 0.06 [40%] and
0.25 + 0.05 [80%]). The cut-off of 20% RBC was validated by deter-
mining that the coefficient of friction for a 0% RBC (~4.4) was still
approximately three times higher than that of a whole blood clot (~1.4)
on the luminal surface of a bovine aorta.

2.1.5. Fracture

Five in vitro studies and one ex vivo study examined the fracture
properties of thrombi (Table 3). Fibrinogen concentration is positively
associated with the ultimate tensile strength (Janis et al., 2001; Liu et al.,
2020a) and the ultimate tensile strain (Liu et al., 2020a; Luo et al., 2012)
of thrombus analogs. Liu et al. (2020a) also examined RBC and platelet
concentrations. RBC content is strongly negatively correlated with ul-
timate tensile strength and moderately negatively correlated with the
ultimate tensile strain. The authors also found a moderate positive
correlation between the ultimate tensile strength of samples and the
platelet concentration. In comparison to thrombi retrieved from large
vessel occlusion patients, fibrin and RBC were strongly positively and
moderately negatively associated with the ultimate tensile strength of
thrombi. Only platelet content was positively correlated with the ulti-
mate tensile strain of ex vivo samples (Liu et al., 2020b). At fracture, the
ultimate tensile stress of ex vivo samples ranged from 63 to 2396 kPa
and the ultimate tensile strain ranged from 1.05 to 4.89. These values
are higher than those acquired for the thrombus analogs (the ultimate
tensile stress ranged from 16 to 949 kPa and the ultimate tensile strain
ranged from 0.81 to 1.36). Four different fracture patterns were iden-
tified from thrombi: focal, multifocal, cavitated, or stress-concentrated
(locally at pulling clamp) fractures (Liu et al., 2020b). However, no
clear association was found between fracture patterns and histological
composition. Fereidoonnezhad et al. (2021) and Liu et al. (2021)
examined the fracture toughness and fracture energy of thrombus ana-
logs, respectively. A significant decrease in the fracture toughness of
specimens was found with increasing RBC content: 5% (0.022 kJ/mz),
20% (0.017 kJ/mz) and 40% (0.007 kJ/mz). The fracture energy of WB
clots is significantly higher than that of NCC (5.90 + 1.18 vs. 0.96 +
0.90 J/m). Collectively, these data indicate that RBC-rich clots are more
susceptible to fragmentation compared with clots that have a higher
fibrin content. A comparison of the fracture resistance of the PCC from
the study of Fereidoonnezhad et al. (2021) compared with that of the
NCC from the study of Liu et al. (2021) suggests that clot contraction
also plays an important role in fracture resistance of thrombi. This must
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Table 3
Studies that assessed the association between thrombus composition and fracture properties.
Study (Year) Type Species n Testing Protocol ~ Properties Composition Method Composition Results
Reported Analysis
Janis (2001) invitro  Swine 3 Uniaxial tension, our Known from thrombus analog Semi- oyr increased in proportion
(static) pulled at a rate of protocols quantitative: 300 to the 300 or 1000 mg/dL
2 mm/s or 1000 mg/dL fibrinogen concentration (2
fibrinogen, WB vs. 7 kPa, respectively). oyr
for WB clots were highly
variable.
Luo (2012) in vitro Swine 4 Manual Percent Known from thrombus analog Semi- The % elongation at fracture
(static) elongation elongation at protocols quantitative: 0, increased with increasing
fragmentation 50, 100 and 200 fibrinogen dose: 0 mg
mg fibrinogen (160%), 50 mg (170%), 100
dose mg (191%) and 200 mg
(211%), p < 0.01.
Liu (2020a) in vitro Human 10  Uniaxial tension, oyt and eyt Known from thrombus analog Quantitative: oyr is strongly positively
(static) pulled at a rate of protocols. Confirmed with percent RBC, correlated with fibrin (r =
0.3 mm/s histology: H&E and platelets and 0.702, p < 0.001), strongly
immunohistochemistry: CD61 fibrin negatively correlated with
RBC (r = -0.696, p < 0.001)
and moderately positively
correlated with platelet (r =
0.395, p < 0.001). eyr is
moderately positively
correlated with fibrin (r =
0.555, p < 0.001) and
moderately negatively
correlated with RBC (r =
0.536, p < 0.001).
Fereidoonnezhad in vitro Ovine 3 Notched Gic Volumetric ratios Semi- Significant decrease in Gic
(2021) (static) specimen, pulled quantitative: 5%, increasing RBC content: 5%
at a rate of 10 20% and 40% (0.022 kJ/m?), 20% (0.017
mm/min RBCs kJ/m?) and 40% (0.007 kJ/
m2).
Liu (2021) in vitro ~ Human 2 Modified lap- Fracture energy ~ Known from thrombus analog Qualitative: WB The fracture energy of WB
(static) shear (strain rate: protocols and NCC and NCC clots is 5.90 + 1.18
20/min) and J/m? and 0.96 + 0.90 J/m?,
modified double- respectively, independent of
cantilever beam loading condition.
(3 mm/min)
Liu (2020b) ex vivo Human 16 Uniaxial tension, oyr and eyt Histology: H&E Quantitative: oyr is strongly positively

pulled at a rate of
0.2 mm/s

Immunohistochemistry: CD61

percent RBC,
platelets and

correlated with fibrin (r =
0.670, p = 0.005) and

fibrin moderately negatively
correlated with RBC (r = —
0.565, p = 0.023). eyr is
strongly positively
correlated with the platelets

(r = 0.608, p = 0.012).

N for in vitro studies indicates the number of types of thrombus analogs examined. Where values were not explicitly reported in the studies, results have been
approximated from the figures. Gy, critical strain energy release rate (fracture toughness); H&E, Hematoxylin and Eosin; NCC, non-contracted clot; RBC, Red Blood

Cell; oyT, Ultimate Tensile Stress; eyt Ultimate Tensile Strain.
be confirmed in future works.
2.2. Imaging and thrombus composition

Two methods of studying the association between admission imaging
characteristics and thrombus composition have been observed. First,
admission imaging was used to characterise in vivo thrombi. This
method carries the advantage of characterising human tissue in the real-
life setting of AIS. Second, thrombus analogs were imaged using clinical
modalities in an in vitro setup. These analogs pose the advantage of
having a controllable and reproducible composition for repeatable im-
aging characteristic measurements. As previously mentioned, the for-
mation of in vitro thrombi in static conditions does not represent the
dynamic environment in which thrombi are formed within the human
body and there is also no clear consensus on the blood of which species
should be used in these experiments. Fig. 3 presents an overview of the
imaging modalities used in the setting of AIS.

2.2.1. Computed tomography

The hyperdense artery sign (HAS) is a qualitative measure that can
be obtained from non-contrast CT (NCCT) scans. The presence of a HAS
is generally defined as an artery with an increased density in comparison
to other vessels, such as the contralateral artery. The diagnosis is based
on the visual assessment of experienced neuroradiologists (Boeckh-
Behrens et al., 2016; Liebeskind et al., 2011; Shin et al., 2018; Simons
etal., 2015). More recently, HAS is defined as an artery with a density >
50HU (Fitzgerald et al., 2019b, 2019a) or when the difference in density
between the thrombus and the contralateral artery is > 4HU (Ye et al.,
2021). Table 4 presented all studies that examine the association of a
HAS and thrombus composition. The presence of a HAS is more
commonly associated with RBC-rich thrombi (Liebeskind et al., 2011;
Shin et al., 2018; Ye et al., 2021) and mixed thrombi (Liebeskind et al.,
2011). Simons et al. (2015) only found significance for RBC proportion
equal to fibrin but not RBC-rich, fibrin-rich or organised fibrin thrombi.

Quantitative studies demonstrated that thrombi with a HAS had
higher percentages of RBCs than those with an absence of a HAS (Fitz-
gerald et al., 2019b; Liebeskind et al., 2011; Shin et al., 2018; Ye et al.,
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Fig. 3. Overview of radiological imaging modalities and characteristics used in the setting of acute ischemic stroke. Computed tomography: hyperdense artery sign,
density and perviousness. Magnetic resonance imaging: susceptibility vessel sign (Darcourt et al., International Journal of Stroke (16, 8) pp: 972-980, Copyright ©
2021 by World Stroke Organization, modified by permission of SAGE Publications) and signal intensity (Bourcier et al., Journal of Neuroimaging (27, 6) pp: 577-582,
Copyright © 2021 by John Wiley & Sons, Inc., modified by permission of John Wiley and Sons). Digital subtraction angiography: proximal thrombus appearance
(adapted by permission from Springer Nature: Springer Clinical Neuroradiology (Angiographic Baseline Proximal Thrombus Appearance of M1/M2 Occlusions in

Mechanical Thrombectomy, Monch), Copyright © (2019)).

Table 4
Studies that assessed the association between thrombus composition and the presence of a hyperdense artery sign on non-contrast computed tomography.
Study Type Species n HAS Composition Method Histological Analysis Results
Method
Liebeskind in Human 20  Visual Histology: H&E Quantitative: proportion of fibrin, %RBC higher with HAS (47% vs. 22%, p =
(2011) vivo inspection RBCs and WBCs. Qualitative: RBC- 0.016). HAS more common with RBC-rich
rich, fibrin-rich, mixed (undefined). and mixed categories than fibrin-rich (100%
vs. 67% vs. 20%, p = 0.016).
Simons in Human 40  Visual Histology: H&E, CD40 Qualitative: RBC-rich, fibrin-rich, A significant association between HAS and
(2015) vivo inspection RBC proportion equal to fibrin, RBC proportion equal to fibrin composition
organised fibrin (undefined) (p < 0.05).
Boeckh- in Human 25  Visual Histology: H&E, EvG Quantitative: percentage F/P, RBCs The group with HAS showed a higher amount
Behrens vivo inspection and WBCs of RBCs (28% vs. 15%, p = 0.107).
(2016)
Shin (2018) in Human 37  Visual Histology: H&E Semi-quantitative: RBC-rich (RBC The presence of a HAS is more commonly
vivo inspection outnumbered F/P by > 15%), F/P- associated with RBC-rich thrombi. %RBCs
rich (F/P outnumbered RBCs by > higher with HAS (39% vs. 16% p = 0.001).
15%) and mixed (all others)
Quantitative: Percentage F/P, RBCs
and WBCs
Fitzgerald in Human 85 > 50HU Histology: H&E, MSB Semi-quantitative: RBC-rich (>60% Correlation between platelet-rich thrombi
(2019a) vivo Immunohistochemistry: RBCs), fibrin-rich (>60% fibrin), and the absence of a HAS (X2 =0.321,p=
CD42b platelet-rich (>15.70% fibrin), mixed 0.003).
(all others)
Fitzgerald in Human 50 > 50HU Histology: H&E Semi-quantitative: RBC-rich (>60% A positive correlation was found between clot
(2019b) vivo RBCs), fibrin-rich (>60% fibrin), composition and the presence of a HAS sign,
mixed (all others) (x*> = 6.712, p = 0.035) as well as between
RBC-rich thrombi and the presence of a HAS
(x® = 6.349, p = 0.012)."
Ye (2021) in Human 53 dHU > Histology: H&E, MSB Semi-quantitative: component HAS more associated with RBC-rich clots
vivo 4HU Immunohistochemistry: von considered rich if greater than the all-  (62.2% vs. 25.0%, p = 0.013). HAS had

Willebrand factor

over median. Quantitative: the
proportion of RBC, fibrin and
platelets

significantly higher amounts of RBCs (41.1%
vs. 20.6%, p = 0.007).

dHU, relative thrombus density; EvG, Elastica van Gieson; F/P, fibrin/platelets; HAS, hyperdense artery sign; H&E, Hematoxylin and Eosin staining; MSB, Martius
Scarlet Blue staining;, RBC, red blood cell; WBC, white blood cell; dHU, difference in density between the thrombus and the contralateral artery.

@ Same trend observed for manual readings but was not significant.

2021). Boeckh-Behrens et al. (2016) also observed this trend (but not
significantly). A previous meta-analysis demonstrated that the mean %
RBC in thrombi with a HAS is 45% compared with 23% for those with
the absence of a HAS (Brinjikji et al., 2017a). Besides fibrin and RBCs,
one study examined the association of platelets and found a significant
association between platelet-rich thrombi (>15.7% platelets) and the

absence of a HAS (Fitzgerald et al., 2019a). In general, all in vivo studies
found significant (or near significant) associations between the presence
of HAS and either the RBC-rich thrombus (qualitative or semi-
quantitative) or a higher percentage of RBC (quantitative analysis).
Table 5 presents the findings for thrombus density. Thrombus
density can be quantified by measuring the density of the thrombus on
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Table 5
Studies that assessed the association between thrombus composition and density on non-contrast computed tomography.
Study Study type Species n Imaging CT Slice Density Compositional Method Compositional Results
method Thickness Measurement Analysis
(mm)
Kirchhof in vitro Human 5 3 ROIs Not Mean HU Histology: H&E, MSB Semi-quantitative: red The HU values of red
(2003) (static) described (<10% fibrin), white (71 £10and 76 + 9
(<10% RBC) and HU), white (24 + 8
mixed (all others) HU) and mixed
thrombi (36 + 8 and
52 + 6 HU) different
significantly, p <
0.05.
Brinjikji in vitro (6 Ovine 7 1 ROI <25 Mean HU Histology: H&E, MSB Quantitative: Clot attenuation
(2017b) static, 1 percentage RBCs (99%, increased with RBC
dynamic™) 62%, 36%, 18% and content at all CT
low and high density energy levels.
0% RBC)
Borggrefe in vitro Ovine 3 1 ROI 0.67 Mean HU Known from thrombus Semi-quantitative: CT density was
(2018) (static) analog protocols fibrin-rich (0% RBC), positively associated
RBC-rich (99% RBC) with RBC content:
and mixed (35% RBC) fibrin-rich (23.6 +
1.1 HU), RBC-rich
(46.7 + 1.6 HU) and
mixed (34.9 £ 1.6
HU), p < 0.001.
Ding in vitro Human 5 1 ROI 1 Mean HU Histology: MSB Quantitative: relative Mean HU values for
(2020) (dynarnich) densities of RBC and F/ 75% and 95% RBC
P were significantly
higher than those for
5%, 25% and 50%
RBC (p < 0.001).
Velasco in vitro Ovine 9 Multiple 1 Mean, Histology: H&E, MSB Quantitative: percent Max HU values were
Gonzalez (static or ROIs maximum and fibrin, RBCs and WBCs positively correlated
(2020) dynamic®) minimum HU with RBCs (r = 0.894,
p < 0.001), WBCs (r
= 0.608, p < 0.001)
and negatively with
fibrin (r = -0.897 , p
< 0.001).
Niesten in vivo Human 22 3 ROIs 3 Mean (relative) Histology: H&E, MSB Quantitative: percent Mean HU values
(2014) HU RBC, platelets and moderately positively
fibrin correlated with RBC
(r=0.401,p =
0.049), and weakly
negatively correlated
with platelets (r =
-0.368, p = 0.09).
Boeckh- in vivo Human 22 1 ROI Not Undefined Histology: H&E, EvG Quantitative: fraction No significant
Behrens described of F/P, RBCs, and correlations between
(2016) WBCs HU values and RBCs
(r=0.255p=
0.253), F/P (r =
-0.79, p = 0.727) or
WBCs (r =-0.31,p =
0.890).
Sporns in vivo Human 180  Multiple Not Median Histology: H&E, EvG, PB Quantitative: percent %RBC positively
(2017) ROIs described (relative) HU Immunohistochemistry: RBCs, fibrin, WBCs and correlated with rHU
CD3, CD20, CD68 other values (r = 0.828; p
< 0.001). %fibrin
inversely correlated
with rHU values (r =
-0.795; p < 0.001).
Maekawa in vivo Human 43 1 ROI 5 Mean HU Histology: H&E Quantitative: fractions %RBC was weakly
(2018) of RBCs, fibrin and correlated with
WBCs thrombus HU values
Qualitative: fibrin-rich (r =0.3, p = 0.06).
and RBC-rich RBC-rich thrombi
(undefined) had higher HU values
than fibrin-rich
thrombi (48 vs. 32
HU, p = 0.04%).
Fitzgerald in vivo Human 85 Multiple Unknown Mean and Histology: H&E, MSB Quantitative: percent An inverse
(2019a) ROIs maximum HU Immunohistochemistry: platelets correlation observed
CD42b between %platelets

10

and mean HU (p =
-0.243, p = 0.025).

(continued on next page)
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Study Study type Species n Imaging CT Slice Density Compositional Method Compositional Results
method Thickness Measurement Analysis
(mm)
Fitzgerald in vivo Human 50 Multiple Unknown Mean and Histology: H&E, MSB Quantitative: percent %RBCs positively
(2019b) ROIs maximum HU RBCs, fibrin and WBCs corelated with mean
HU values (r = 0.280,
p = 0.049°).
Songsaeng in vivo Human 54 1 ROI 1.250r1.50  Mean HU Histology: H&E, MSB Qualitative: red, white The density of red
(2019) and mixed (undefined) thrombi (75.5 HU)
are significantly
higher than those of
mixed (60 HU) or
white (55 HU), p =
0.043 and p =
0.001."
Patel in vivo Human 40 2-3 ROIs 0.5 Mean HU Histology: H&E, MSB Quantitative: No significant
(2021) percentage F/P, RBC correlations between
and WBC HU values and %F/P
(r =-0.004, p =
0.978), %RBC (r =
0.009, p = 0.955) or
%WBC (r = -0.036, p
= 0.825).
Ye (2021) in vivo Human 53 1 ROI 5 mm aHU, dHU, rHU Histology: H&E, MSB Semi-quantitative: dHH and rHU were
Immunohistochemistry: component considered significantly

von Willebrand factor

rich if greater than the

positively correlated

with RBC content (r
=0.337,p = 0.014
and r = 0.365, p =
0.007), while aHU
was not (r = 0.146, p
= 0.296).

all over median.
Quantitative
(automated): the
proportion of RBC,
fibrin and platelets

N for in vitro studies indicates the number of types of thrombus analogs examined, except where otherwise indicated. EvG, Elastin van Gieson; F/P, Fibrin/Platelet;
H&E, Hematoxylin and Eosin staining; HU, Hounsfield Unit; MSB, Martius Scarlet Blue staining; PB, Prussian Blue; RBC, Red Blood Cells; ROI(s), Region(s) of Interest,
rHU, relative HU; WBC, White Blood Cells, aHU, absolute density (mean density); dHU, difference in density between thrombus and contralateral artery; rHU, relative

density.
@ Modified Chandler Loop Technique.
b Spun at 20 rpm.
¢ Manual contraction of non-contracted clots using a centrifuge.
4 Median values.

¢ Histological composition assessed with Adobe Photoshop; r = 0.291, p = 0.040 when assessed with Orbit Image Analysis.

NCCT in one or multiple small regions of interest in the thrombus. The
density as assessed on NCCT is expressed in Hounsfield Units (HU).
Because thrombus density measurements are affected by haematocrit,
some groups have measured also density in the corresponding collateral
artery to calculate a relative density (thrombus density divided by the
density of the contralateral artery (Santos et al., 2016b, 2016c) or the
difference in density between the thrombus and the contralateral artery
(Ye et al., 2021)). Although mean, minimal and maximal densities have
been reported, the most recent study identified maximal density as the
measure with the greatest accuracy for distinguishing thrombus histol-
ogy categories (Velasco Gonzalez et al., 2020). Santos et al. (2016¢)
showed that absolute thrombus density measurement has superior
interobserver agreement compared with relative density, and interob-
server variation is smaller when multiple ROIs are used. In vitro studies
demonstrated that the mean HU values for RBC-rich, fibrin-rich and
mixed thrombi are significantly different (Borggrefe et al., 2018;
Kirchhof et al., 2003). Ding et al. (2020) found that the mean HU values
for 75% and 95% RBC content were significantly higher than the mean
HU values for 5%, 25% and 50% RBC content. While thrombus analog
density was shown to increase also with increasing RBC content (Brin-
jikji et al., 2017b), only one in vitro study performed correlative anal-
ysis. Velasco Gonzalez et al. (2020) observed that maximum HU values
were positively correlated with %RBCs (r = 0.894, p < 0.001).

Nine clinical studies evaluated thrombus density. Four studies found
a relationship between RBC-rich thrombi and increased thrombus den-
sity. Two studies found a relationship between RBC-rich thrombi and
increased relative thrombus density. Seven studies performed a corre-
lation analysis between quantitative RBC concentration and thrombus

11

density, of which one found a significant positive correlation (r = 0.8),
two moderate correlations (r = 0.4) and two weak correlations (r = 0.3)
between RBC concentration and thrombus density. These largely posi-
tive associations are to be expected as density is linearly correlated with
the concentration of haemoglobin (New and Aronow, 1976). However,
Patel et al. (2021) and Boeckh-Behrens et al. (2016) reported very
different findings: no linear association was found between density and
RBC. The only striking difference about this study, and a possible
explanation for the conflicting findings, is that the slice thickness (0.5
mm) was smaller than all other studies (1-5 mm). The authors did
observe that higher density thrombi (>60HU) had higher amounts of
RBC than lower density thrombi (<60HU) (51% vs. 42%), in line with
others (Boeckh-Behrens et al., 2016; Borggrefe et al., 2018; Kirchhof
et al., 2003), although the findings were not significant. Two studies
assessed the correlation between platelet concentration and thrombus
density. Niesten et al. (2014) found a weak negative correlation with
borderline significance, while Fitzgerald et al. (2019a) found a statisti-
cally significant negative correlation.

Perviousness is assessed by subtracting the thrombus’ mean density
on NCCT from its mean density on CTA. Thereby, perviousness repre-
sents the permeability of thrombus for contrast material, measured on
single-phase imaging (Berndt et al., 2018; Borggrefe et al., 2018; Santos
et al., 2016a). Table 6 presents the studies that assessed the association
between thrombus perviousness and composition. An in vitro study
found that fibrin concentration was positively associated with contrast
uptake after 3 days (Borggrefe et al. 2018). Similarly, two in vivo studies
found that permeable thrombi retrieved from AIS patients versus non-
permeable thrombi were composed of more fibrin/platelet
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Studies that assessed the association between thrombus composition and perviousness on non-contrast and contrast-enhanced computed tomography.

Compositional Method

Compositional Analysis

Results

Study Type Species n Imaging Perviousness
Method Method
Borggrefe in vitro Ovine 3 1 ROI Increase in HU
(2018) (static) (undefined)
Berndt in vivo Human 32 Undefined Increase in HU
(2018) (undefined)
Benson in vivo Human 57  Multiple Pervious (increase
et al. ROIs of > 10HU) and
(2020) impervious
(increase of <
10HU)
Patel in vivo Human 40 2-3ROIs High or low
(2021) perviousness
(increase of >
23.75HU or <
23.75HU,
respectively)
Wei in vivo Human 77  Undefined Visual
(2021)
Ye (2021) in vivo Human 47 1 ROI S8HU, eHU. Pervious

clots, SHU > 11.
Impervious clots,
SHU < 11.

Known from thrombus analog
protocols

Histology: H&E

Histology: MSB

Histology: H&E

Histology: H&E

Histology: H&E,
MSBImmunohistochemistry:
von Willebrand factor

Semi-quantitative: fibrin-
rich (0% RBC), RBC-rich
(99% RBC), mixed (35%
RBC)

Quantitative: percent F/P,
RBC, WBC

Quantitative: relative
densities of RBCs, WBCs,
fibrin, and platelets. Semi-
quantitative: RBC-rich
(>49%), WBC-rich (>3.9%),
fibrin-rich (>28.7%), and
platelet- rich (>16.3%)

Quantitative (automated):
percent F/P, RBC and WBC

Quantitative: percent F/P,
RBCs, WBCs

Semi-quantitative:
component considered rich
if greater than the all over
median. Quantitative
(automated): the proportion
of RBC, fibrin and platelets

Contrast enhancement
significantly increased after
prolonged exposure with
fibrin-rich thrombi (p <
0.05) and is independently
associated with thrombus
type (p < 0.01).

Positive correlation with F/
P (r = 0.43, p = 0.016),
WBC (r = 0.34, p = 0.06)
and negative correlation
with RBC (r = — 0.46, p =
0.01).

Positive linear association
with RBC (p = 0.04) and a
negative linear association
with fibrin (p = 0.01).
Pervious thrombi had
higher %RBC (49.8% vs.
33%, p = 0.006) and lower
%fibrin (17.8% vs. 23.2%,
p = 0.02). Pervious thrombi
were more likely to be RBC-
rich (60.5%) than
impervious thrombi
(31.6%). A trend towards
increased platelet content in
impervious clots (p = 0.06).
Positive correlation with F/
P (r =0.496, p = 0.001) and
negative correlation with
RBC (r =-0.491,p =
0.001). High perviousness
thrombi had higher
fractions of F/P (55% vs.
40%, p = 0.042). Low
perviousness thrombi had
higher fractions of RBC
(53% vs. 38%, p = 0.040).
Association with the RBC
content (b = 215%
erythrocytes; 95% CI: 224,
26.2). Pervious thrombi
contained higher amounts
of RBCs (46%) than
impervious samples (34%).
Pervious clots had
significantly lower platelet
fractions (19.0% vs. 33.9%,
p = 0.003) and platelet-rich
clots (31.0% vs. 77.8%, p =
0.002). Perviousness
showed a significantly
negative correlation with
platelet content [HU (r =
—0.577, p < 0.001), eHU (r
= —0.573, p < 0.001)].

N for in vitro studies indicates the number of types of thrombus analogs examined. F/P, Fibrin/Platelet; H&E, Hematoxylin and Eosin; HU, Hounsfield Unit; MSB,
Martius Scarlet Blue; RBC, Red Blood Cell; ROI, Region of Interest; WBC, White Blood Cell; 8HU, absolute perviousness; eHU, relative perviousness.

conglomerations and fewer RBCs (Berndt et al. 2018, Patel et al. 2021).
Contrasting to the previous results, Benson et al. (2020) and Wei et al.
(2021) found that perviousness was associated with a higher degree of
RBC and a lower degree of fibrin. Apart from RBC and fibrin content,
Benson et al. (2020) found a trend towards increased platelet content in
impervious thrombi. These results are confirmed by Ye et al. (2021) who
demonstrated that impervious thrombi had significantly higher platelet
fractions (34% vs. 19%, p = 0.003). Platelet content was negatively
correlated with perviousness (8HU [r = — 0.577, p < 0.001) =], eHU [r
= — 0.573, p < 0.001]) (Ye et al., 2021). There are some things to
consider with regards to these conflicting findings. First, fibrin proteins

12

attract iodine (contrast agent) (Hertig et al., 2017; McDonald et al.,
2014). Second, different methods of in vivo contrast penetration
(through the thrombus structure, or gaps between the thrombus and the
arterial wall (Wei et al., 2021)) may be contributing to the confusing
results. Third, MSB staining allows for the differentiation of platelets
from fibrin, while H&E does not (Fitzgerald et al., 2019a). Clot
contraction forms tightly-packed RBCs (polyhedrocytes) that may
inhibit contrast agent penetration (Cines et al., 2014). This clot
contraction is driven by activated platelets (Lam et al., 2011). In line
with the Johnson et al. (2019) mechanical data, where clot mechanics
differed according to clot contraction, the perviousness of thrombi may
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be influenced by the degree of contraction (Ye et al., 2021). Supporting
these findings, Gersh et al. (2009) found that permeability of non-
contracted clots were not associated with clot histological composi-
tion. These experiments should be repeated comparing contracted and
non-contracted clots of the same composition. Additionally, Berndt et al.
(2018) found a positive correlation between WBC fraction and pervi-
ousness, while other studies did not (Benson et al., 2020; Patel et al.,
2021). However, the authors warn that this result should be taken with
caution due to the small amounts of WBCs present.

2.2.2. Magnetic resonance imaging

Table 7 presents the findings for the presence of a Susceptibility
Vessel Sign (SVS) and thrombus composition. SVS on MRI is mostly
determined on T2w gradient recalled echo (GRE) sequences and is
defined as a hypointense area or signal loss, which may distort the vessel
margins. All studies except one determined an association between
thrombus compositions and a SVS. The presence of a SVS is associated
with higher amounts of RBCs, and the absence of a SVS with higher
amounts of fibrin (Choi et al., 2018; Darcourt et al., 2021; Kim et al.,
2015; Liebeskind et al., 2011; Shin et al., 2018). In another study where
the gross appearance of the thrombi were qualitatively characterised as
white or red-black from photographs, the presence of a SVS also pre-
dicted red-black thrombi (Bourcier et al., 2020). In contrast, Horie et al.
(2019) did not observe a correlation between RBC concentration and
SVS status. The authors postulated that the histology of extracted
thrombi may not match that of the in vivo thrombus due to fragmen-
tation and sample damage. However, it should also be noted that this
study did not describe the MRI sequence or the definition used for an
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SVS. Similarly, RBC content, quantified with haemoglobin enzyme-
linked immunosorbent assays and colouration with formic acid, did
not differ between thrombi with the presence or absence of SVS (Di
Meglio et al., 2020). Here, the authors suggest that semi-quantitative
analysis of thrombus composition on histology may be a source of bias
as it evaluates only a part of the thrombus. Additionally, they attribute
the lack of standardisation of MRI sequences as another explanation for
the contrasting findings.

A two-layered SVS is an inhomogeneous SVS that contains a lower
intensity core surrounded by a higher intensity signal (Yamamoto et al.,
2015). RBC concentration did differ between thrombi with or without a
two-layered SVS (Di Meglio et al., 2020). Bourcier et al. (2020) did not
observe a similar relationship between red-black thrombus and a two
layered-SVS. Di Meglio et al. (2020) recommend two layered-SVS as a
more reliable marker of RBC-rich thrombus based on their quantitative
assay analysis. The authors also investigated the proportion of WBCs in
thrombi, but these percentages were not significantly related to SVS.

Other in vitro studies quantified the signal intensities from various
MRI sequences and associated the findings against thrombus composi-
tion using either histology, spectroscopy or known component ratios
(Table 8). Fujimoto and colleagues were able to distinguish RBC-rich
and fibrin-rich thrombus analogs using mean thrombus signal in-
tensities in both an in vitro and a swine model. Bourcier et al. (2019)
found a significant negative correlation between the T2* relaxation time
and the RBC concentration of 7 different thrombus analogs. Another
study used R2* quantitative susceptibility mapping and proton density
fat fraction maps to characterise thrombus analogs with varying he-
matocrit, in addition to calcific and lipidic components (Christiansen

Table 7
Studies that assessed the association between thrombus composition and the presence of a susceptibility weighted vessel sign on magnetic resonance images.
Study Type Species n MRI Imaging SVS Compositional Method Compositional Analysis  Results
Sequence Sign Method
Liebeskind in Human 32 GRE SVS Visual Histology: H&E Quantitative: proportion RBC content was greater with
(2011) vivo inspection of fibrin, RBCs and WBCs. SVS (42% vs. 23%, p = 0.011).
Qualitative: RBC-rich, SVS was more common in
fibrin-rich, mixed RBC-rich and mixed thrombi
(undefined). compared to fibrin-rich
thrombi (100% vs. 63% vs.
25%, p = 0.002).
Kim (2015) in Human 37 GRE SVS Visual Histology: H&E Quantitative: percent RBC was greater with SVS
vivo inspection Immunohistochemistry: RBC, fibrin, platelets and (48% vs. 1.9%, p < 0.001).
CD61 WBCs Fibrin and platelets were
greater without SVS (26.4%
vs. 57%, p < 0.001 and 22.6%
vs. 36.9%, p = 0.011).
Choi (2018)  in Human 52 GRE SVS Visual Histology: H&E, MSB Quantitative: percent Higher RBC tertiles were more
vivo inspection RBC, F/P and WBCs. commonly associated with
Semi-quantitative: RBC SVS (91.7% vs. 66.7% vs. 50%,
tertiles. p = 0.022).
Shin (2018)  in Human 37 GRE SVS Visual Histology: H&E Quantitative: percent RBCs was higher in thrombi
vivo inspection RBC, F/P and WBCs with a SVS (39% vs. 16% p =
0.001).
Horie in Human 65 Undefined SVs Undefined Histology: H&E Quantitative: percent The presence of a SVS was not
(2018) vivo RBC and fibrin correlated with the percentage
of RBCs.
Bourcier in Human 139 GRE SVS and Visual Photographs (visual) Qualitative: white or SVS was an independent
(2020) vivo TL-SVS inspection red-black predictor for red thrombus
(odd ratio 8.31, 95% CI 2.30 to
32, p value < 0.001).
Di Meglio in Human 84 GRE or SVS and Visual ELISA, colouration with Quantitative: total HG TLSVS thrombi had a higher
(2020) vivo SWI TL-SVS inspection formic acid, flow cytometry ~ content HG content (278 [221-331]
ug/mg) than those without
TLSVS (196 [139-301] pg/
mg), p = 0.01.
Darcourt in Human 102 T2*GRE SVS Visual Histology: H&E Quantitative: percent SVS thrombi had significantly
(2021) vivo inspection RBC, F/P higher amounts of RBCs (42.4

+ 25.7%) and lower amounts
of F/P (57.6 + 25.7%).

GRE, Gradient-Echo Recalled; ELISA, Enzyme-Linked Immunosorbent Assay; HG, Haemoglobin; H&E, Hematoxylin and Eosin staining; MSB, Martius Scarlet Blue
staining; RBC, Red Blood Cell; SVS, Susceptibility Vessel Sign; SWI, Susceptibility Weighted Imaging; WBC, White Blood Cell.
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Table 8
Studies that assessed the association between thrombus composition and signal intensity on magnetic resonance images.
Study Type Species n MRI Magnet Imaging Compositional Compositional Results
Sequence Method Method Analysis
Fujimoto in vitro Swine 2 GRE, 3T Mean signal Known from Qualitative: RBC-rich FLAIR and T2W were able
(2013) (static) FLAIR and intensity thrombus analog and fibrin-rich to identify the RBC from
T2W protocols other components.
Bourcier in vitro Ovine 7 GRE 15T 1 ROI, mean Histology: H&E Quantitative: percent F/ A strong negative
(2019) (static and T2*RT P, RBC and WBC correlation was found
dynamic™) between T2*RT and RBC
content (r = -0.834, p <
0.001).
Christiansen in vitro Porcine 8 3D multi- 3T 1 ROI, mean Volumetric ratios Semi-quantitative: 10%, R2* and QSM maps can be
(2019) (static) echo GRE and SD Ry, 20%, 30%, 40%, 50%, used to determine
QSM and FF and 60% RBC, sample thrombus RBC
maps containing lipid or composition. QSM and FF
calcium carbonate maps can distinguish
between lipid and
calcification.
Bretzner in vitro Ovine 12 3D multi- 7T R2* Absorption Quantitative: RBC R2* values were positively
(2020) (static) echo GRE relaxometry spectrometry (iron counting correlated with RBC
concentrations) and content (r = 0.80, p =
histology: MY and SR 0.02) and iron content (r =
(RBC) 0.79, p = 0.02).
Janot (2020) in vitro Ovine 9 GRE, SWI, 3T 1 ROI, mean Histology: H&E Quantitative: percent RBC content is inversely
(static and FLAIR signal RBC. Semi-quantitative: related to the signal
dynamic®) intensity no RBCs, >50% RBCs, intensity from SWI and

50% RBCs and < 50%
RBCs.

GRE sequences for four
different regression

models: r = 0.981; 0.986;
0.994, and 0.971.

N for in vitro studies indicates the number of types of thrombus analogs examined. FF, proton density Fat Fraction; FLAIR, Fluid-Attenuated Inversion Recovery; F/P,
Fibrin/Platelet; H&E, Hematoxylin and Eosin; MSB, Martius Scarlet Blue; MY, Martius Yellow; QSM, Quantitative Susceptibility Mapping; RBC, Red Blood Cell; ROI,
Region of Interest; SD, standard deviation; SR, Scarlet Red; T2W, T2-Weighted; WBC, White Blood Cell.

@ Modified Chandler Loop technique.

et al., 2019). With these maps, thrombi of varying hematocrit, as well as
lipid and calcium areas, could be distinguished from each other. Bretz-
ner et al. (2020) used R2* relaxometry of thrombus analogs to determine
the correlation between texture maps and thrombus composition and
analysed the spatial distribution of the composition. R2* values were
positively correlated to the RBC concentration and iron concentration.
These results conducted on a 7 T MRI complement those by Bourcier
etal. (2019) and Christiansen et al. (2019). The signal intensity ratios of
susceptibility-weighted imaging and T2-weighted gradient-echo nega-
tively correlated with RBC concentration, but were unable to distinguish
RBC concentration > 54% and < 23% (Janot et al., 2020). RBC con-
centration could be quantified by combining T2-weighted gradient-
echo, susceptibility-weighted imaging and fluid-attenuated inversion
recovery sequences.

2.2.3. Digital subtraction angiography

Only one study compared thrombus imaging characteristics from
DSA images to thrombus composition (Monch et al., 2019). The prox-
imal end of the thrombus was categorised as cut off, tapered, meniscus,
or tram-track in 144 patients. The ratios of fibrin/platelets, RBCs and
WBCs from H&E-stained sections were compared between the groups.
However, proximal thrombus appearance could not be associated with
thrombus composition. The authors suggest that future studies with
larger patient numbers might find associations between thrombus
appearance and histological composition.

3. Discussion
3.1. Is it clinically relevant to image thrombus composition?

Thrombus composition has proved to be associated with EVT pro-
cedure metrics, recanalization, and clinical outcomes. RBC-rich thrombi
have been associated with shorter procedural duration, a lower number
of device passes (Maekawa et al., 2018; Sporns et al., 2017), and
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successful recanalization (Froehler et al., 2013; Hashimoto et al., 2016;
Jolugbo and Ariéns, 2021; Mokin et al., 2015; Shin et al., 2018). On the
other hand, RBC-rich thrombi are more prone to migration than fibrin-
rich thrombi (Sporns et al., 2020). Further, in per-pass analyses of
thrombus composition, it was demonstrated that the RBC content of
fragments retrieved in the initial passes are higher than those retrieved
in the later passes (Boodt et al., 2021; Duffy et al., 2019). This is in line
with previous studies demonstrating that fibrin-rich thrombi require a
higher number of attempts to retrieve than RBC-rich thrombi (Yuki
et al., 2012). Finally, hard thrombus analogs displayed an increased
number of visible embolic particles compared with soft clot analogs that
were prone to release much smaller embolic particles during in vitro
thrombectomy (Chueh et al., 2013). Collectively, these findings support
the clinical need to determine the thrombus composition prior to EVT.

3.2. Is thrombus composition related to mechanical properties?

Our review provides evidence that thrombus mechanics are related
to thrombus composition under a variety of loading conditions. RBC-rich
thrombi are less stiff than fibrin-rich thrombi. This explains why fibrin-
rich thrombi are more difficult to retrieve (Sporns et al., 2017; Yuki
et al., 2012). The reduced stiffness of RBC-rich thrombi allows stent
struts to penetrate deeper into the thrombus matrix (Weafer et al., 2019)
and enhance the interaction between the thrombus and the device. In
contrast, the increased stiffness of fibrin-rich samples does not allow the
stent struts to immediately indent into the clot leading to failed retrieval
attempts. Most studies had not considered the viscoelastic behaviour of
the thrombi and how this may affect stent strut indentation. Weafer et al.
(2019) determined that an embedding time is more relevant for fibrin-
rich thrombi and identified stretching of the fibrin networks as the
primary mechanism of additional embedding of the stent strut. These
results complement that of a previous study that found that the push and
fluff technique, combined with 5 mins of embedding time, versus stan-
dard unsheathing and no embedding time, maximized the integration of
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the Trevo stent-retriever with hard inelastic clots (Van Der Marel et al.
2016).

Fibrin-rich thrombi also have higher coefficients of friction than
RBC-rich thrombi (Gunning et al. 2018) The samples were tested on an
artificial surface, and the results were validated on a bovine aortic sur-
face. This test describes the friction between fresh thrombi and a healthy
vessel wall. However, friction forces also exist between EVT devices and
the thrombus, which have yet to be determined. Furthermore, ex vivo
thrombi have exhibited surface endothelialisation and an organised
structure (Boeckh-Behrens et al., 2016; Niesten et al., 2014) that may
affect the adhesion properties between the thrombus and the vessel wall.

Mechanical characterisation studies suggest that fibrin-rich clots are
more resistant to fragmentation compared with clots that have a higher
RBC content. The clinical evidence of the relation between clot
composition and thrombus fragmentation is not as conclusive. Ye et al.
(2020) and Kaesmacher et al. (2017) observed trends towards higher
RBC fractions and periprocedural thrombus fragmentation, however,
the results were not statistically significant in multivariable analysis.
Sporns et al. (2017) found the opposite association with fibrin-rich
thrombi causing more periprocedural secondary embolisms. An in
vitro study by Chueh et al. (2013) examined embolic particles with
respect to size. Here, hard (bovine) and soft (human) thrombus analogs
were prone to release larger and smaller emboli, respectively. However,
the results are not analysed according to composition. With clinical
imaging, it may be difficult to capture embolic particles smaller than the
resolution of the imaging modality. Kaesmacher et al. (2017) did find an
association between WBCs and thrombus fragmentation. The studies of
Fereidoonnezhad et al. (2021) and Liu et al. (2021) suggest that clot
contraction also affects the fracture properties of thrombi. Further, the
RBC content of fragments retrieved in the initial passes is higher than
those retrieved in the later passes (Boodt et al., 2021; Duffy et al., 2019),
suggested that thrombi will fragment at the interface of differential
compositions. These associations (WBCs, clot contraction and in-
terfaces) have not been examined in mechanical characterisation studies
yet.

The representativeness of thrombus analogs for mechanical charac-
terization of thrombi is a matter of debate. A common conclusion is that
thrombus analogs span the range of stiffness displayed by human sam-
ples (Chueh et al., 2011; Liu et al., 2020a) or that they match high-strain
(but not low-strain) stiffness (Johnson et al., 2019). Considering the
wide degree of variability exhibited by human tissue (Chueh et al., 2011;
Liu et al., 2020b), this conclusion is not surprising. Findings from recent
histopathological analysis of EVT retrieved thrombi must be used to
develop more realistic thrombus analogs (Staessens et al., 2020). In vitro
studies should also strive to include a range of analogs with varying
compositions to represent this diversity (Johnson et al., 2017; Weafer
et al., 2019). However, in vitro studies in the current review include as
little as two types of thrombi (Janis et al., 2001; Machi et al., 2017).
Moreover, the volumetric ratio of RBC in the thrombus analogs does not
produce thrombi with equivalent RBC content (Duffy et al., 2017).
Another issue arises from the fact that human thrombi are formed under
dynamic conditions of physiological pressure and flow, and this pro-
duces thrombi with heterogeneous compositions. Almost all thrombus
analogs utilised in the studies in this review were formed under static
conditions. Those formed under dynamic conditions consisted of a
modified Chandler Loop setup or spun during maturation in a centrifuge.
Additionally, a further set of loading is applied to thrombi during the
EVT retrieval. It has been shown that repeated deformations can alter
the structure of a thrombus (Miinster et al., 2013). Mechanisms for such
permanent effects include protein unfolding, fibre deformations (buck-
ling, bending and reorientation), densification of the fibrin network and
the expulsion of fluid from the system (Brown, 2009; Kim et al., 2014;
Liang et al., 2017; Piechocka et al., 2010). This would also explain the
difficulty in the retrieval of fibrin-rich samples and could also indicate
that with each pass, the sample may be increasingly difficult to retrieve.
Only two studies applied a pre-load to thrombus analogs prior to
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indentation (Weafer et al., 2019) or unconfined compression (Chueh
et al., 2011). However, these pre-loads were likely too small to replicate
the supraphysiological loading experienced by EVT specimens during
retrieval. This may also explain the differences that occur in the low-
strain behaviour of thrombus analogs compared with human thrombi.

3.3. Is it useful and feasible to assess compositional and mechanical
properties quantitatively with imaging?

Clot signs such as the HAS and the SVS can successfully identify RBC-
rich samples. However, the highly heterogeneous nature of AIS thrombi
will limit the use of these categorical analyses (Jolugbo and Ariéns,
2021). In this regard, efforts should be made to work towards quantified
measures such as density or signal intensity for future studies.

DSA measurements are qualitative and cannot be reliably done
before the treatment technique or device is chosen, so it will likely not
help increase EVT effectiveness. MRI may be a useful modality for
thrombus characterisation. However, the time required to complete an
MRI scan is longer than that of a CT scan. It has also been shown that the
diagnostic accuracy of the SVS measured on different MRI scanners
using the same sequences can vary significantly (Bourcier et al., 2017).
While quantitative signal intensity mapping has been recommended, it
is not currently used in radiological imaging stroke protocols (Janot
et al., 2020). Some of these imaging protocols are readily transferrable
to the clinic (Christiansen et al., 2019), while others are not (Bretzner
et al., 2020). In terms of the three primary modalities discussed here,
computed tomography is already performed before thrombectomy in
most centres, as it is the gold standard in acute stroke diagnosis.
Therefore, CT holds the most promise for introducing a pretreatment
thrombus characterisation step into the stroke management workflow.

CT can be performed with or without contrast enhancement. With
NCCT it is possible to quantitatively assess the density values. The ma-
jority of studies found a positive correlation between RBC concentration
and thrombus density. This quantified thrombus density and RBC per-
centages could be useful for predicting exact mechanics. However, the
clinical applicability of quantified thrombus density depends on the
coefficient and significance of the relationship, which is variable
(Table 5). This may be attributed to the variation in CT acquisition
protocols and characteristics such as slice thickness, a parameter known
to affect CT density outcomes (Tolhuisen et al., 2017). Moreover, in
multi-centre studies, the image acquisition protocols can vary and the
resulting scan parameters are often not reported. In this regard, it is
difficult to directly compare studies. More standardized subsequent or
retrospective studies with larger sample sizes should be performed, so
that results can be directly compared and definitive conclusions can be
drawn.

With CTA it is possible to determine the thrombus perviousness, a
proxy for thrombus permeability. While there are some contrasting re-
sults so far on the association of thrombus perviousness with thrombus
composition, perviousness is a recently developed radiological imaging
thrombus characteristic so a small number of studies are currently
conducted on this association. Furthermore, with in vivo studies, it is
difficult to know whether an increase in density is caused by the diffu-
sion of the contrast agent through the thrombus matrix or whether a gap
exists between the thrombus and the arterial wall, which may create a
false increase in density. Some recent results have suggested that
perviousness is associated with platelet-driven clot contraction since
trends are evident between thrombus perviousness and platelet content
(Benson et al., 2020; Ye et al., 2021). This hypothesis may be best
resolved by conducting in vitro perviousness or permeability tests in a
controlled environment similar to previous work by Gersh et al. (2009).

Thrombus stiffness is largely driven by the fibrin network. There is
currently no clinical means of characterising the fibrin network in vivo.
Given this, if one assumes that the fibrin content and the RBC content are
largely the opposite of one another, then quantifying density on NCCT
would inversely reflect the general stiffness of the thrombus. There are
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conflicting results in the literature stating that either fibrin-rich or RBC-
rich thrombi respond better to contact aspiration or stent retrieval
(Bourcier et al., 2018; Madjidyar et al., 2020; Mohammaden et al.,
2020). Knowledge of the device-tissue interaction should shed some
light on this topic. There are currently two EVT approaches (a stent
retriever or aspiration catheter) and three methods of deploying a stent
retriever: the standard unsheathing, the puff and fluff technique
(Haussen et al., 2015) and the use of an embedding time (Weafer et al.,
2019). As demonstrated by Weafer et al. (2019), the indentation of stent
strut into the thrombus matrix is determined by the stretching of fibrin
fibres in thrombi with lower RBC content and the rupture of fibres are
higher RBC content. Similar studies are required that characterise the
deformability and viscoelasticity of thrombus with differing composi-
tions upon contact with an aspiration catheter tip. An embedding time is
most relevant for fibrin-rich thrombi in the case of stent retrievers. This
may also be the case for aspiration catheters. Alternatively, RBCs have
exhibited high deformability (Dobbe et al., 2002) that may be relevant
for shape change upon introduction into the smaller catheter. Different
studies suggest that either RBC-rich samples (Maegerlein et al., 2018;
Yuki et al., 2012) or fibrin-rich samples (Kaesmacher et al., 2017; Sporns
et al.,, 2017) are more likely to fragment. Moreover, the differential
composition of thrombi retrieved in sequential passes indicates that
thrombi may fragment at the boundary between fibrin-rich and RBC-
rich portions (Duffy et al., 2019). A further complication includes the
choice of EVT device: either an aspiration catheter or a stent-retriever.
Aspiration catheters only make contact with the proximal segment of
the thrombus and do not contact the distal portion to provide any sup-
port against fragmentation (Mohammaden et al., 2020). However, it was
also found that the embedding of stent struts into RBC-rich samples
increased the fibrin-rupture observed (Weafer et al., 2019), this may, in
turn, increase the risk of distal embolization with the use of stent re-
trievers. The key to understanding this fragmentation is the fracture
properties of the fibrin network. Tutwiler et al. (2020) have previously
examined the fracture behaviour of pure fibrin networks. However, the
introduction of other cellular components is known to alter this network
architecture. A dense fibrin network is associated with the platelet
content (Staessens et al., 2020), while higher amounts of RBCs results in
a thinner network of thicker fibres (Gersh et al., 2009; Staessens et al.,
2020). Therefore, to understand the risk of thrombus fragmentation we
need to examine the fracture properties of fibrin networks with the
(heterogeneous) inclusion of the relevant cellular (and molecular)
components and characterise the fibrin network architecture by exam-
ining the fibre density, diameter, orientation, pore size, branching and
cross-linking.

3.4. What else should be considered besides thrombus composition?

While this review highlights the intimate link between thrombus
composition and mechanics, there is quite some variation in the find-
ings. There are some factors besides thrombus composition that can play
a role in the observed mechanical characteristics.

Samples that underwent platelet-driven clot contraction were
found to be stiffer in compression and shear (Johnson et al., 2019; Liang
et al., 2017). Preliminary data also suggest that contracted clots have
different failure properties than non-contracted clots (Fereidoonnezhad
et al., 2021). Importantly, this change in clot mechanics was observed
without an appreciable difference in clot histological composition
(Johnson et al., 2019). This is relevant as stroke patients can exhibit
impaired clot contraction (Tutwiler et al., 2017). The effect of clot
contraction on admission imaging characteristics has not been examined
yet. As mentioned previously, it is hypothesised that perviousness re-
flects the degree of clot contraction, but this hypothesis remains to be
tested.

Bridging intravenous recombinant tissue plasminogen activator (IV-
rtPA) with EVT is the current standard of care for large vessel occlusion
patients in patients eligible to receive IV-rtPA (Powers et al., 2019). Ex
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vivo and in vitro analyses suggest that while IV-rtPA administration
reduces the clot size or mass (Dwivedi et al., 2021; Rossi et al., 2021), it
does not alter clot composition (Kaesmacher et al., 2017; Patel et al.,
2021; Rossi et al., 2021). To the authors’ knowledge, only one study has
directly examined the effect of IV-rtPA administration on clot mechan-
ical properties in an in vitro setup (Dwivedi et al., 2021). Despite the
unchanged clot composition after IV-rtPA, Dwivedi et al. (2021) report
that both clot stiffness and viscoelastic behaviour are affected by IV-rtPA
exposure. The question remains whether alterations in thrombus me-
chanics caused by IV-rtPA can be identified in admission imaging.

In summary, knowledge of the thrombus composition prior to
retrieval will identify which methods are most suitable on a case-by-case
basis. The three primary properties of thrombi that will govern its
response to EVT treatment include stiffness (the resistance to deform in
response to a force), friction (the resistance of motion between the
thrombus and the vessel wall or the device) and fracture (the tendency
to fragment). Currently, it is possible to identify RBC-rich or fibrin-rich
thrombi using vessel signs on CT and MRI scans. To reliably predict
thrombus stiffness using admission NCCT, quantified thrombus density
values must be associated with quantified RBC content in a standardised
manner. However, the focus of radiological imaging may need to shift
from RBC quantification to the characterisation of the fibrin network
architecture to predict device-tissue interaction and the risk of thrombus
fragmentation. In addition to clot composition, perviousness may be
able to determine the degree of clot contraction.
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