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Following the advent of mechanical thrombectomy, occlusive clots in ischemic stroke have been amply char-
acterized using conventional histopathology. Many studies have investigated the compositional variability of

thrombi and the consequences of thrombus composition on treatment response. More recent evidence has
emerged about the spatial heterogeneity of the clot or the preferential distribution of its components and
compact nature. Here we review this emerging body of evidence, discuss its potential clinical implications,
and propose the development of adequate characterization techniques.

© 2023 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/)

Introduction

Despite the development of new treatments, ischemic stroke fea-
tures high mortality rates'. The treatment of acute ischemic stroke
aims to re-establish blood flow by disintegrating or mechanically
removing the offending blood clot. With the advent of mechanical
thrombectomy, occlusive clots, also known as thrombi, have been
subjected to histological evaluation. This fact sparked numerous
research efforts that amply characterized the histological compo-
nents of the clot and explored their associations with the clinical
aspects. Numerous recent reviews reported correlations between
clot composition and radiological findings, stroke etiology, and treat-
ment outcomes®™’. Clots retrieved from acute ischemic stroke
patients have a heterogeneous composition that has been described
in terms of the diversity of its components, including fibrin morphol-
ogies and various contents of cellular components, which frequently
involve red blood cells (RBC), white blood cells (WBC), and platelets;
protein expression; or the presence of extracellular DNA. It has been
proposed that thrombogenic mechanisms yield a core-shell structure,
which is important for designing therapeutic solutions®. Evidence has
been drawn from clots retrieved from ischemic stroke patients
regarding the spatial distribution of thrombus components and
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variations in thrombus compactness. In this systematic review, we
aimed to identify the body of evidence regarding the spatial hetero-
geneity of ischemic stroke thrombi, significance of thrombus hetero-
geneity in therapeutic approaches, limitations and advantages of
various investigative techniques for characterizing and quantifying
thrombus spatial heterogeneity; and propose novel characterization
methods.

Methods

This systematic review was performed of the PubMed database
according to Preferred Reporting Items for Systematic Reviews and
Meta-Analyses guidelines to identify all peer-reviewed articles pub-
lished in English between January 1, 2017, and November 16, 2022,
using combinations of the following predetermined search terms:

“stroke,” “clot heterogeneity,” “clot microscopy,” “clot microstruc-
ture,” “intravital contraction,” “clot retraction,” “ischemic clot ex
vivo,” “clot analysis,” “thrombus imaging ex vivo,” “thrombus struc-

ture and recanalization,” “thrombus and MRI,” and “thrombus and
CT.” Studies were included if they were original articles or case
reports describing findings regarding the spatial distribution of
thrombus components and/or novel characterization techniques for
thrombus heterogeneity. Studies were excluded if they did not report
imaging of clots retrieved from patients or the development of novel
techniques relevant for the characterization of thrombus
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heterogeneity ex vivo. Therefore, studies reporting mechanistic stud-
ies in vitro, those using clot analogs, and animal studies were
excluded.

Studies were extracted by a single author, reviewed by two
authors independently, and classified according to the imaging meth-
ods used for the thrombus heterogeneity characterization. The pres-
ent review protocol was unregistered. The last date on which the
sources were searched was November 15, 2022. The quality of the
studies included in the review was evaluated using the Quality
Assessment with Diverse Studies criteria® (Supplementary material
Table S1).

Results
The study selection process is shown in Fig. 1.
Thrombus heterogeneity in histopathological evaluation

Conventional histopathological evaluation is the gold standard for
thrombus characterization. RBC were found in various proportions in
the clots. An increased RBC content is generally associated with vul-
nerability to treatment with intravenous thrombolysis or mechanical
thrombectomy, while an increased fibrin/platelet content is associ-
ated with resistance to treatment. Staessens et al.'® observed that
clots retrieved from acute ischemic stroke (AIS) patients displayed
RBC-rich areas with limited complexity, whereas platelet-rich areas
are complex, contain dense fibrin structures aligned with von Wille-
brand factor (VWF), and are abundant in leukocytes and extracellular
DNA. These findings indicate that thrombus components are poten-
tially responsible for resistance to thrombolysis. Resistance to throm-
bectomy was also attributed'' to vWF and DNA, mostly derived from
neutrophil extracellular traps (NETs), when coexisting with

Records identified through the searched
database (PubMed)
n = 7451

A 4

Abstracts screened
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microcalcifications at the core of a clot retrieved with 11 thrombec-
tomy passes. Essig et al.'? confirmed that NETs are almost exclusively
located in fibrin-rich areas and indicated that neutrophils tend to
encircle fibrin-rich structures. Fitzgerald et al.”® studied the per-pass
histological composition of clots retrieved from patients with large
vessel occlusion (LVO) and observed that later passes were associated
with significantly higher fibrin and platelet content and smaller clot
area. Such findings could indicate that the thrombus structure is
most fragile at the interface between RBC-rich regions and fibrin/
platelet regions and that, for equivalent compositions, a more hetero-
geneous structure would be more difficult to retrieve.

Liu et al.'* recently quantified the heterogeneity of thrombus
composition by analyzing histological images divided into grids. This
study defined the spatial heterogeneity index (SHI), used artificial
neural network models to describe the extent of non-uniformity of
RBC distribution, and explored correlations with endovascular treat-
ment (EVT) efficacy. An endeavor of mechanical thrombectomy is to
achieve complete recanalization, typically described as Thrombolysis
In Cerebral Infarction grade 2c or 3 at the first thrombectomy pass,
also known as the first-pass effect (FPE). The authors found that clot
heterogeneity can affect the clot’s response to thrombectomy devi-
ces, with a higher SHI (more heterogeneous structures) associated
with lower FPE rates.

Di Meglio'® used conventional histopathology techniques along
with immunofluorescence staining of whole clots and scanning elec-
tron microscopy (SEM) to delineate the fibrin-rich and RBC-rich
regions in clots retrieved from AIS patients. This study showed that
all clots shared a fibrin shell as a common feature that most likely
formed through platelet-driven mechanisms. The thrombi cores dis-
played variable compositions. Importantly, the shell thickness was
not significantly different among clots with various etiologies or
between clots from patients who received thrombolytic treatment
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Fig. 1. Chart illustrating the study selection process for this review.
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(with intravenous tissue plasminogen activator [IVtPA]) before EVT
versus patients who underwent direct EVT. In ex vivo thrombolysis
experiments, platelet-rich shells appeared to be resistant to throm-
bolysis, while the core of the thrombus was preferentially released.
Despite these limitations, the shell model accounting for resistance
to thrombolysis was challenged by recent histopathological studies.
Following an analysis of 1000 clots from patients included in the
RESTORE registry, Rossi et al.'® found that thrombolysis reduced clot
size and proportionally reduced all histological clot components,
including RBC, fibrin, platelets, collagen, and calcifications. These
findings were in agreement with those of another large study that
analyzed 1430 clots retrieved from patients enrolled in the Stroke
Thromboembolism Registry of Imaging and Pathology'’ and reported
no changes in histological composition following tPA treatment.
However, changes in thrombus structural integrity nevertheless
occur, with IVtPA augmenting the fragility of the clot, because studies
show that thrombolytic treatment prior to mechanical thrombec-
tomy increases the risk of embolization.'®'® In a much smaller study
than the one by Di Meglio'®, Mereuta et al.>’ showed that thrombi
can deviate from the core-shell model: two of 10 thrombi displayed
an RBC-rich core surrounded by fibrin/platelets, while eight of 10
thrombi displayed interspersed RBC-rich and fibrin/platelet regions.

Spatial heterogeneity, which can occur with respect to other
thrombus components, has been less investigated to date. In the
search for novel biomarkers, Osakada et al.?! found that clots with
different etiologies but similar histological compositions (fibrin, pla-
telets, WBC, or RBC) displayed different expression patterns of the
oxidative marker 4-hydroxyl-2-nonenal (HNE). HNE, a well-known
modulator of oxidative stress signaling, cell proliferation, transforma-
tion, and cell death,?? is also a proatherogenic compound that con-
tributes to plaque destabilization and rupture?*?4, a known cause of
ischemic stroke. Osakada et al.?! highlighted that the localized distri-
bution of HNE is a distinctive feature of clots from large artery athero-
sclerosis sources, which helps distinguish them from clots of other
etiologies with 100% sensitivity and 82% specificity.

The findings from studies that used histopathological evaluation
or electron microscopy to analyze thrombus heterogeneity are sum-
marized in Table 1.

Thrombus heterogeneity observed with electron microscopy

Electron microscopy, scanning electron microscopy (SEM) in par-
ticular, provides topographical details and concomitant information
about composition that are unavailable on typical histopathological
evaluations. Although in coronary arterial thrombi but not thrombi
retrieved from AIS patients, Chernysh et al.>®> showed the value of
electron microscopy for evaluating RBC shape and compactness,
describing the flow-induced preferential orientation of fibrin fibers,
and estimating the porosity of fibrin regions. Khismatullin et al.>®
confirmed that, for most cerebral thrombi, the core-shell model is
valid. They found that common features among the retrieved clots
are a compact core structure composed of tessellated RBC with a
polyhedral shape and a fibrin-platelet mesh distributed toward the
periphery. These features were induced by intravital contraction or
retraction of the clot, a mechanism triggered by platelet activation.
However, some thrombi were formed by alternating layers of RBC
and fibrin with platelets, a structure that was associated with more
favorable outcomes. Thrombi with a high leukocyte content, espe-
cially those in which leukocytes were found in clusters, were associ-
ated with a fatal outcome. For assessing the extent of intravital
contraction in clots retrieved from AIS patients, Khismatullin et al.?’
developed a “contraction ruler” based on in vitro experiments and
the quantification of polyhedral/biconcave RBC ratio. The clinical sig-
nificance of clot contraction gained more attention in recent
studies?®?°. Gao et al.?® indicated that the percentage of polyhedral
RBC in the clot was higher in patients with diabetes mellitus, while
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the proportion of impervious clots was also higher in this group than
in healthy individuals. Non-porous thrombi in SEM were also less
pervious according to He et al.?%; they were also more difficult to
retrieve. Compact regions of thrombi tended to evade attachment
onto the stent retriever, while porous regions favored attachment
onto the stent through wrapping, adhesion, or acting as protrusion
sites®®. At a smaller scale, variations in fibrin morphology and the
spatial distribution of platelets and WBC were observed on 3D-SEM
(or serial block-face SEM).?° In a case report, combining SEM and
transmission electron microscopy (TEM) observations enabled the
visualization of neutrophil accumulation, dense fibrin, and deformed
RBC in a thrombolysis-resistant thrombus.>!

Volumetric techniques for evaluating thrombus heterogeneity

To ensure a thorough characterization of thrombus heterogeneity,
it is necessary to develop techniques capable of depicting three-
dimensional structural information over large-volume regions. Two
studies reporting technical developments >? >* and a pilot study>* are
available to date (Table 2). Optical clearing and immunofluorescence
staining were successfully employed to visualize thrombi within mil-
limeter depths, with structures such as deformed RBC and compact
cores preserved >, High-resolution propagation-based X-ray micro-
tomography proved useful for depicting the spatial distribution and
quantification of porosity, RBC content, and extent of regions contain-
ing microcalcifications.>® Through co-registration with SEM images,
the study identified the correlation between gray-level organization
in microtomography and thrombus structural features, which
allowed for segmentation and quantification of relevant volume
regions. The micro-computed tomography (CT) evaluation of clots
retrieved from patients and fixed in formalin was proposed as an
easy-to-use method for evaluating the extent of intravital contraction
and calcifications®** when segmentation is performed based on den-
sity distinct thresholds.

CT, computed tomography; pilot study, a study that tests a certain
volumetric technique at small scale; technical development study, a
study that establishes the rationale for using a new volumetric tech-
nique, demonstrates its principle and feasibility, and highlights its
practical potential; cCLOT, optical clearing method; RBC, red blood
cells

Thrombus heterogeneity in clinical imaging

Many studies agree that clinical imaging can provide qualitative
information about thrombus composition, with RBC-rich thrombi
being recognizable by the hyperdense artery sign on non-contrast CT
(NCCT) and susceptibility vessel sign on magnetic resonance imaging
(MRI) scans.>>° Although ex vivo characterization provides informa-
tion regarding the spatial distribution of thrombus components,
thrombus heterogeneity in clinical imaging is an underexplored
topic. Hashimoto et al. *® recently reported that NCCT thrombi are
heterogeneous, with higher density on the proximal versus distal
aspect of the occlusion, and that the difference between the two
aspects is positively correlated with thrombus length. Based on these
observations and on the inverse correlation between heterogeneity
in NCCT and onset-to-imaging time, the authors hypothesized an
underlying thrombus growth mechanism consisting of secondary
thrombosis at the proximal side of the occlusion. Histopathological
studies confirmed that thrombus maturation occurs during pro-
longed onset-to-treatment time (>4 h) and increases the content of
components that make the thrombus less susceptible to treatment
(fibrin, vWF, and NETs).2” Another clinical study failed to confirm an
association between the onset-to-imaging time and radiological
characteristics of the thrombus.®® Differences in findings among
studies can be attributed to differences in image analysis methods.
Tolhuisen et al.*® averaged the densities obtained in three regions of
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Summary of studies using histopathological evaluation and/or electron microscopy to investigate thrombus spatial heterogeneity and potential significance of

their findings.

Author, year Number of analyzed

Evaluation technique Analyzed thrombus

Findings about spatial

Significance

thrombi retrieved from components and heterogeneity
AIS patients features
Staessens et al., 2020 177 Histopathology Fibrin, RBC, VWF, plate-  Distinct regions: Resistance to
lets, WBC and DNA -RBC-rich thrombolysis
-platelets/fibrin/vWF
rich
WBC and DNA at the
interface between the
regions
Staessens et al., 2021 1 Histopathology Fibrin, RBC, VWF, plate-  core of extracellular Resistance to therapy
lets, WBC, DNA, DNA, VWF,
calcifications microcalcifications
Essig et al,, 2020 37 Histopathology Fibrin, collagen, RBC, NETs localized in fibrin-  Stroke etiology
neutrophils, NETs rich areas Resistance to therapy
Neutrophils accumu-
late at the periphery
of fibrin-rich areas
Neutrophils are rare
and homogeneously
distributed in RBC-
rich areas
Fitzgerald et al., 2021 612 fragments (441 Histopathology RBC, WBC, fibrin, plate-  Later passes were asso-  Stroke etiology
patients) lets, collagen ciated with signifi- Therapeutic
cantly higher fibrin approach
and platelets content Clot fragmentation
and smaller clot area
Liuetal,, 2021 157 Histopathology RBC, fibrin, platelets Clots which required Clot fragmentation
multiple passes to be Therapeutic
removed had higher approach
heterogeneity than
those with FPE
Di Meglio et al., 2019 164 histopathology Histopathology Histopathology: fibrino- Concentration of fibrin, ~ Resistance to therapy
30 SEM SEM gen, fibrin, VWF, platelets, WBC, VWF,
CDA42b, plasminogen NETs, and RBC in the
activator inhibitor 1, outermost layer of
protease nexin-1, his- thrombi
tone H4 citrulline 3, Surface shell that cov-
Shell thickness ers and seals throm-
SEM: shell thickness bus surface
and compaction; core Variable inner core
composition, com- Thrombus outer shell
pactness and is more resistant to ex
organization vivo tPA than the
thrombus core
Osakada et al., 2021 52 Histopathology RBC, WBC, fibrin, plate-  LAA have a localized Stroke etiology
lets, CD42b and oxida-  pattern of HNE
tive/hypoxic stress expression, clots with
markers other etiologies have a
diffuse pattern or HNE
is absent
Khismatullin et al,, 2022 24 Histopathology Polyhedrocyte/bicon- Quantification of intravi- Thrombus age, fragmen-
(in addition to 13 SEM cave RBC tal contraction: modi- tation,
venous thrombi and Fibrin, platelets fications in shell pathophysiology
six pulmonary throm- thickness and core
botic emboli) size
Chernysh et al., 2020 NA SEM Fibrin (individual fibers, Polyhedrocites, clot con- Therapeutic
(45 coronary arterial bundles, sponge); traction approach
thrombi, compared individual platelets, Flow induced, aniso-
with 25 venous platelet aggregates, tropic directionality of
thrombi and 10 pul- and degranulated pla- fibrin fibers
monary emboli) telets; RBC (biconcave,
polyhedral, interme-
diate forms, balloon-
like forms, echino-
cytes); WBC; cellular
microvesicles; and
space between
structures
Khismatullin et al., 2020 41 SEM Fibrin (individual fibers, intravital contraction: Stroke severity

bundles, sponge,
debris); balloon-like
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Functional outcome

(continued)
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Table 1 (Continued)
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Author, year

Number of analyzed Evaluation technique Analyzed thrombus

Findings about spatial

Significance

thrombi retrieved from components and heterogeneity
AIS patients features
platelets, platelet fibrin-platelet aggre-
aggregates; RBC gates at the periphery
(biconcave, polyhe-
dral, spherocytes,
echinocytes);
WBC
Gao et al., 2022 55 SEM Polyhedrocyte/bicon- Intravital contraction: Stroke severity
(30 with ahDM, 25 cave RBC polyhedrocites core CT imaging features —
non-DM) Fibrin, platelets perviousness
Functional outcome
He et al., 2022 49 SEM RBC (biconcave, polyhe- Clot contraction in non-  Vulnerability to throm-
dral, spherocytes, porous thrombi bectomy
echinocytes), fibrin CT imaging features —
(bundle, sponge), perviousness
porosity
Dumitriu LaGrange et 8 SEM Polyhedral/biconcave Integration in stent Vulnerability to
al., 2022 RBC, RBC aggregates retrievers differs thrombectomy
Fibrin, porosity according to varia-
tions in thrombus
compactness
Core-shell structure
for red thrombus
RBC aggregates in
compact fibrin matri-
ces for intermediate
thrombi
Mereuta et al., 2021 10 Histopathology Histopathology: RBC- Histopatholog: Distribu- Thrombus behavior
3D-SEM rich and fibrin/plate- tion of RBC-rich and toward treatment
let-rich areas fibrin/platelet-rich
3D-SEM: RBC packing, areas: core-shell
fibrin (fibers, sponge, structure vs inter-
fragments), platelets, spersed
degranulated plate- 3D-SEM: polyhedral
lets, WBC RBC as a marker of
clot contraction
Li et al., 2020 2 SEM RBC, WBC, fibrin, plate-  Density of the inner Effect of thrombolysis
TEM lets structures can be dif-

Vacuolar particles,
mitochondria, cellular
content

ferent than the den-
sity of the surface
structures and
affected by
thrombolysis

3D, three-dimensional; ahDM, diabetes mellitus complicated by admission hyperglycemia; CD42b, Cluster of Differentiation 42b; DNA, deoxyribonucleic acid;
NETs, neutrophil extracellular traps; non-D, no diabetes mellitus; RBC, red blood cells; TEM, transmission electron microscopy; VWF, von Willebrand factor;
WABC, white blood cells; SEM, scanning electron microscopy.

interest for each thrombus — proximal, middle, and distal — on NCCT
scans. Hashimoto et al.*® made a clear distinction between the proxi-
mal and distal sides of the occlusion and analyzed them separately.
Quantitative information regarding thrombus imaging heteroge-
neity was provided by radiomics. Some proof-of-concept studies
established associations between quantitative imaging features that

describe textural heterogeneity and treatment outcomes,>9~4!
between texture features and clot histological composition,*>*> or
between imaging features and stroke pathogenesis**** (Table 3).
However, to date, no correlations between thrombus imaging fea-
tures and the spatial distribution of the actual biological features of
thrombi have been reported.

Table 2
Summary of studies reporting volumetric techniques (other than 3D-SEM) for thrombus analysis.

Author, year Study type Volumetric technique Sample preparation Size of volume regions ~ Thrombus components
analyzed
Hook et al. 2017 Technical development Light microscopy cCLOT optical clearing In-depth, millimeter Polyhedral/biconcave
range RBC; compact core;
fibrin
Saghamanesh et al., Technical development High-resolution propa-  Critical point drying Large fragments of RBC individual shape

2022 gation-based X-rays thrombi (cubic milli- and aggregates
microtomography meters) microcalcifications
porosity
Dumitriu LaGrange et Pilot Micro-CT attenuation-  Fresh sample, formalin- whole thrombus Compact RBC core

al., 2022 based fixed or paraffin-

embedded

(cubic millimeters)
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Hofmeister et al., 2020 NCCT, CTA

Sarioglu et al., 2022

Hanning et al., 2021

Chung et al., 2019

Delayed-phase images:
site of occlusion indicated
by the filling defect of con-
trast

NCCT: establish the proxi-
mal and distal ends
of the thrombus

NCCT, CTA Slice by slice segmentation
of axial view on NCCT,
after co-registration with

CTA for guidance

Slice by slice segmentation
of axial view on NCCT,
after co-registration with
CTA for guidance

NCCT, CTA Slice by slice segmentation
of axial view on NCCT,
after co-registration with

CTA for guidance

NCCT, CTA Segmentation on CTA.
Small-diameter
ROIs
to capture vessel walls
and thrombi; large-diame-
ter
ROIs
to reflect peri-vascular
tissue responses. ROIs
extracted from NCCT after
co-registration with CTA.

Manual thrombus segmen-
tation on CTA was guided
by co-registration of CTA
with DSA. Thrombus seg-
mentation on NCCT
defined based on CTA
segmentation

Single axial slice ROIs indi-
cating the blooming
artifact

NCCT, CTA

GRE, 3T MRI

aged for the proximal and
distal halves of thrombus
length, each delineated
with ROIs

manually placed in the
axial,

coronal, and sagittal
planes on NCCT

Radiomics: high-order sta-
tistical textural informa-
tion — single feature
vectors calculated by
mean value of
each feature across all the
voxels within the throm-
bus, on NCCT, CTA and the
difference between NCCT
and CTA.

Radiomics: high-order sta-
tistical textural informa-
tion from NCCT and
filtered NCCT images

Radiomics: high-order sta-
tistical parameters from
NCCT after intensity
rescaling

Radiomics: texture features
from CTA and NCCT

Radiomics: texture features
from CTA and NCCT

Features for machine learn-
ing are the intensity pro-
files perpendicular to the
centerline of ROIs

erogeneous.
Higher thrombus density
on the
proximal aspect compared
with the
distal aspect; a positive
correlation
with thrombus length and
an inverse correlation
with
time from last-known-
well to imaging regardless
of
stroke subtype

thrombus heterogeneity
is associated with recana-
lization with intravenous
alteplase

First-attempt recanalization
was negatively
associated with
heterogeneity
of the clot and coarser
texture.

Heterogeneous clot texture

associated with FPE failure

Homogeneity of
homogeneous zones
(GLZLM_ZP) as indepen-
dent predictor
of FPE

Texture features more
important for differentiat-
ing RBC-rich than fibrin-
rich thrombi

Highly significant
correlations between tex-
ture features and throm-
bus composition,
potentially its
compactness

Intensity profiles differ for
clots related to AF com-
pared to clots not related
to AF

Table 3
Summary of studies reporting heterogeneity features of clinical imaging.
Imaging techniques Method used for thrombus ~ Method used for image Findings Significance
delineation heterogeneity
Hashimoto et al,, 2022 NCCT, CTA CTA: Comparing HU density aver- Occlusive thrombi are het- ~ Pathophysiological mecha-

nism in stroke: secondary
thrombosis

Predicting recanalization
with intravenous alteplase

Predicting recanalization
with mechanical
thrombectomy

Predicting recanalization
with mechanical
thrombectomy

Predicting clot histological
composition

Predicting thrombus compo-
sition and stroke etiology
(cardio-embolic vs. non-
cardioembolic)

Predictor of atrial fibrillation
as stroke cause

AF, atrial fibrillation; CTA, computed tomography angiography; DSA, digital subtraction angiography; FPE, first-pass effect; GLZLM_ZP, gray-level zone length matrix, zone
percentage; GRE, gradient-echo sequence; HU, Hounsfield units; MRI, magnetic resonance imaging; NCCT, non-contrast computed angiography; ROIs, regions of interest.

Discussion
Clinical significance of thrombus heterogeneity and future directions

Variability in the spatial heterogeneity of thrombi can be clinically
significant in various ways. Studies to date®>*° have reported that
thrombi with a compact core are less pervious. However, the presence
of a compact core and the extent of intravital contraction may have an

357

ambivalent effect on thrombus permeability. While an increased extent
of intravital contraction is expected to increase thrombus compactness
and decrease perviousness, the retraction process could potentially
decrease thrombus diameter and allow flow to permeate the thrombus
surface and vessel wall.*® Perviousness measures obtained for entire
thrombus segmentation are associated with favorable functional out-
comes.”” It is important to understand the effect of intravital contraction
on stroke severity and treatment outcomes.
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Table 4

Comparison of various investigation techniques evaluating thrombus spatial heterogeneity.
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Technique

Advantages

Disadvantages

Histopathology

SEM

3D-SEM (SBFSEM)

Well established methods — gold standard technique
Probing a variety of structural elements (new and aged fibrin,
cellular content, proteins, DNA)
Long specimen shelf life

Topographical information, evaluation of thrombus composition
and organization: the number and the shapes of the cells, fibrin
morphologies and orientation, porosity
Information can be gathered at several levels of magnitude, and
in various directions across the sample upon sectioning

Provides information about relative spatial distribution of throm-

Thin 2D sections, which might not be relevant for the entire speci-
men
Specimens more distorted compared to other preparation tech-
niques
Single and predetermined specimen orientation for slicing

Many observations are necessary, across multiple cuts in different
directions, to obtain a information about a heterogeneous speci-
men
Qualitative or semi-quantitative method unless a very large
number of observations are performed

Analyzes a small volume of sample (< 10~ mm?)

bus components with high level of detail
TEM Provides details about cellular content
Volumetric techniques: optical Microscopes available at many institutions

X-rays based volumetric techniques

Analysis of a large volume of thrombus or whole thrombus
Provides information about compactness, calcifications, about

the shape and organization of red blood cells
Quantitative information, which is relevant for comparing vol-
umes of interest within thrombus and will help define new var-
iables, useful for studying associations with stroke etiology,
thrombus clinical imaging features, thrombus fragmentation or

treatment outcome

Sample is destroyed during observations
Analyzes only small sample regions

Sample preparation can be a delicate process
Limitations related with the optical path in thrombus
Image reconstruction to the level of whole thrombus might not
be possible

Tradeoff between field of view and resolution — need to optimize
number of observations
Equipment for high-resolution imaging can be expensive

3D-SEM, three-dimensional scanning electron microscopy; DNA, deoxyribonucleic acid; SBFSEM, serial block-face scanning electron microscopy; TEM, transmission electron

microscopy.

Thrombus spatial heterogeneity is related to mechanical throm-
bectomy efficacy, with evidence suggesting that more heterogeneous
structures are difficult to retrieve. However, the effect of heterogene-
ity on thrombolytic treatment is unclear, as histopathological evalua-
tions do not confirm a preferential response of thrombus
components to treatment. The degree of variability of RBC-rich
thrombi has not yet been elucidated in terms of extent of compact
core regions consisting of tessellated RBC versus porous regions.
Thrombi can display longitudinally multiple regions of compact RBC
alternating with loosely packed regions along the thrombus length.>°
Thrombus embolization following mechanical thrombectomy, an
undesired event with unfavorable effects on functional recovery,'? is
associated with RBC-rich composition*® '° and thrombus length.'®
Further explorations are needed to elucidate how thrombus spatial
heterogeneity in terms of distribution and extent of compact core
regions affects its fragmentation behavior as well as how variations
in compactness relate to other thrombus characteristics such as
thrombus length that determine treatment efficacy.

Clinical imaging has not yet been explored for its full potential to
describe the spatial heterogeneity of thrombi. Decreasing the CT slice
thickness**°° and disposing of automatic segmentation®! > might
increase the ability of clinical imaging to depict clot heterogeneity.
High-resolution and ultra-high-resolution photon counting detectors
are finding their way to clinical CT scanners and bring a beneficial
tradeoff between patient dose and image quality®>**. Dual-energy CT
and post-processing methods using virtual monoenergetic imaging
algorithms could also lead to new developments in this direction.”
~57 Radiomic techniques encounter technical challenges®®>° that pre-
vent their introduction in the near foreseeable future in clinical prac-
tice for the characterization of thrombus spatial heterogeneity.
Among the commonly recognized limitations are the lack of stan-
dardization in the process of selecting radiomic features and model
training, risk of bias due to the lack of adequate dataset size and
imbalanced data, overfitting tendency, and poor generalizability
across various centers and scanners. Depictions of thrombus spatial
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heterogeneity may benefit from the future development of MRI tech-
niques. Multimodality imaging can help increase MRI sensitivity for
LVO detection, for example, by using the bright vessel sign on arterial
spin labeling in combination with magnetic resonance angiography
or digital subtraction angiography.®® Recent developments in vessel
wall imaging techniques have improved thrombus detection and
delineation.®’®? T1-weighted cube imaging has advantages such as
high-resolution, isotropic imaging, and blood signal suppression.®!
Three-dimensional proton density-weighted variable refocusing flip
angle pulse and turbo spin-echo sequences with volume isotropic
turbo spin-echo acquisition enables distinguishing the blood vessels
and the occluded lesion from the brain parenchyma and cerebrospi-
nal fluid based on their different intensities.®” These approaches,
along with quantitative T2* mapping,®® can help establish correla-
tions between clinical imaging features and the spatial distribution of
thrombus biological features, for example, by helping differentiate
the compositions of the proximal and distal regions.

A major setback in understanding thrombus heterogeneity and
defining its clinical implications is the lack of characterization techni-
ques that can provide quantitative results. A comparison of various
techniques used to date is presented in Table 4. Conventional histo-
pathology and SEM offer sectional views from which parameters
such as porosity or compact core extent are averaged and extrapo-
lated for the entire thrombus volume. Volumetric techniques for ex
vivo examination, such as CT techniques with improved resolution,
can help overcome the current drawbacks and provide meaningful
quantitative variables for thrombus heterogeneity characterization.

A limitation of our systematic review stems from not including
unpublished data.

Conclusions
There is a sufficient body of evidence acquired through ex vivo

investigations to support the fact that thrombi in vivo frequently
adopt a core-shell configuration. The degree to which thrombi with
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similar compositions vary in terms of compactness and the spatial
distribution of their components remains unknown. More explor-
atory studies are necessary to determine how thrombus heterogene-
ity influences thrombus response to treatment, incorporation into
thrombectomy devices, and correlation with frequency of emboliza-
tion. Therefore, it is important to develop quantitative volumetric ex
vivo characterization techniques that can help provide insight into
the variability of thrombus heterogeneity and its clinical significance.

Understanding the heterogeneous nature of thrombi is essential

for developing new devices and therapeutic strategies to improve
functional outcomes in the treatment of patients with AIS.

Supplementary materials

Supplementary material associated with this article can be found

in the online version at doi:10.1016/j.neurad.2023.01.004.
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