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Abstract
Background: The presence of an outer shell has been recently described as a common feature of acute ischemic stroke (AIS)
thrombi. We performed a systematic review of the current literature on shell genesis, structure, and clinical significance.
Methods: Following PRISMA guidelines, we searched Ovid Cochrane Central Register of Controlled Trials, Embase, Medline,
Scopus, and Web of Science for studies reporting the composition and structure of AIS thrombi and clot analogs. Identified stud-
ies were added to Covidence software for primary screening. Two reviewers independently screened titles and abstracts fol-
lowed by full-text screening.
Results: From 1290 identified studies, 10 were included in this review. Studies using histology/immunohistochemistry/immu-
nofluorescence described fibrin, platelets, von Willebrand factor, and neutrophil extracellular traps as the main components
of the shell. Scanning electron microscopy demonstrated a dense, compact fibrin/platelet-rich shell, and a core rich in poly-
hedrocytes. Microfluidics studies identified highly activated P-selectin-positive platelets and fibrin forming the core while sec-
ondary agonists adenosine diphosphate and thromboxane, along with loosely packed P-selectin-negative platelets constituted
the shell.
Conclusions: The composition, compaction, and integrity of the shell may impact thrombolysis and revascularization outcomes.
The preponderance of studies supported this conclusion.
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Introduction
The development and integration of endovascular treatment for
acute ischemic stroke (AIS) have provided the opportunity to
study clots retrieved via mechanical thrombectomy (MT),
allowing previously unanswered questions about clot composi-
tion and stroke etiology to be explored.1–6 Moreover, there has
been a growing interest in understanding the factors responsible
for the effectiveness of pharmacological and endovascular
treatment.7,8

In general, thrombi have different compositions based on the
thrombotic disorder: arterial thrombi obtained from patients
with myocardial infarction contain mainly fibrin and other com-
ponents such as platelets, red blood cells (RBCs), leukocytes,

and cholesterol crystals while venous thrombi are composed
of RBCs and fibrin with sparse platelets and leukocytes.9 AIS
thrombi are typically formed of RBC-rich and platelet-rich
areas each of them incorporating fibrin and other components
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in different amounts and distributions.8 Nevertheless, there is
evidence that fibrin forms a film on the clot surface regardless
of the formation site.9

In this context, the presence of an outer fibrin crust shell in
AIS thrombi was first described in 2016 by Ahn et al.10

Further studies exploring the shell have been sparse, with not
enough emphasis given to the shell in histological or immuno-
histochemical analysis. Di Meglio et al11 have recently
described the shell-core structure of AIS thrombi at length sug-
gesting that thrombi shell may impair fibrinolysis.

This systematic review aimed to define and assess the current
state of knowledge of the AIS thrombus shell genesis, structure
and clinical significance, while providing possible avenues of
research for future studies.

Materials and Methods

Eligibility Criteria
The current review considered all human studies investigating
the composition and organization of retrieved thrombi and
clot analogs.

We built our inclusion criteria in the PICO (Population,
Intervention, Comparison, Outcome) format; the population
included patients with AIS, the intervention was MT with/
without prior thrombolysis, and no control/comparison was
needed. For the outcomes of interest, we included studies
investigating the thrombus shell formation, structure, or clinical
significance. Articles were limited to English-language peer-
reviewed journal articles to ensure quality was upheld.

We excluded all review articles, editorials, case reports, con-
ference abstracts, and animal studies. In the case of studies with
duplicate or overlapping patient populations, only the publica-
tion with the most complete dataset was included.

Literature Search Strategy
A full electronic search was conducted on July 19, 2022 by a
medical librarian in Ovid Cochrane Central Register of
Controlled Trials (1991+), Ovid Embase (1974+), Ovid
Medline (1946+ including epub ahead of print, in-process,
and other non-indexed citations), Scopus (1823+), and Web
of Science Core Collection (Science Citation Index Expanded
1975+ and Emerging Sources Citation Index 2015+). Search
strategies were created using a combination of keywords and
standardized index terms. Full search strategies are provided
in Supplemental Table 1. The search was not extended to
unpublished studies or other sources of grey literature.

Selection and Screening Process
Once retrieved, studies were added to Covidence software for
primary screening and management. Screening was guided by
the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) flow diagram (Figure 1). Title and
abstracts yielded by the search were independently screened

by two reviewers blinded to one another using the inclusion cri-
teria, and all duplicates were removed. Full-length studies were
considered if the inclusion criteria were met or the title/abstract
suggested that the content may be relevant. The reviewers then
screened the full-text studies to evaluate whether these met the
inclusion criteria. Reasons for excluding articles at this stage
were recorded. Reviewer discrepancies were resolved by dis-
cussion or in conjugation with the senior author.

Data Extraction
The following information was collected and extracted from the
eligible studies by reviewers: general information: (1) first author
name, year of publication, journal; (2) type of study; (3) sample
type and size; (4) objective(s) of the study; and (5) main findings;
methodology: (1) conventional histology; (2) immunohistochem-
ical (IHC)/immunofluorescence (IF) analysis, and whole mount
tissue immunostaining; (3) microfluidic assays and intravital
microscopy; and (4) scanning electron microscopy (SEM). The
data extracted were synthesized into tables and text to explain
the characteristics and relevant findings for each study. The
extracted data were double-checked for validation.

Methodology Used to Characterize the Mechanisms of
Thrombus Formation and Composition
Traditional histology, IHC/IF, and whole-mount tissue immunos-
taining aimed to identify various components of AIS thrombi and
offered descriptive and qualitative data. SEM revealed clot archi-
tecture and ultrastructural features (ie, intravital contraction) that
cannot be observed using routine histological techniques.
Microfluidic assays allowed to interrogate AIS thrombus forma-
tion and growth under flow as well as biological processes such
as platelet activation. Details on the methodologies used and their
advantages and limitations are presented in Table 1.

Macroscopic Evaluation. Macroscopic evaluation of retrieved
thrombi was carried out in two studies.8,12

Histology and IHC/IF. Six of the ten studies used conventional
histopathology such as Hematoxylin & Eosin (H&E) or
Martius Scarlett Blue (MSB) stainings as well as IHC/IF to
describe the main clot components.8,10,11,13–15 Khismatullin
et al13 used Picro-Mallory stain for the age-dependent differen-
tiation of fibrin. Another study employed Feulgen’s reaction to
stain extracellular DNA.8

Five studies performed IHC/IF to better visualize and quan-
tify specific components within the thrombi such as platelets via
CD42b (Glycoprotein1b, GP1b) antibody, von Willebrand
Factor (vWF), and fibrin.8,10,11,14,15 Two studies used glyco-
phorin A to identify RBCs.11,14 Leukocytes were stained with
CD45 antibody,8 the serpins plasminogen activator inhibitor
(PAI-1), and protease nexin-1 (PN-1) were labeled in one
study.11 Neutrophil extracellular traps (NETs) were targeted
using citrullinated histone H3 (CitH3) in two studies.11,15
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Di Meglio et al11 performed whole-mount immunostaining
using Filipin and Syto64 to target membrane cholesterol (3-β
hydroxysterols) and nucleic acids/polyphosphates, respectively.

Microfluidic Assays. Three studies utilized microfluidic assays to
test their hypotheses and describe the flow conditions under
which the shell-core architecture of thrombi arises.16–18

Platelets were labeled with CD41/CD61 (GIIb/IIIa) antibody
as well as with an antibody against the transmembrane cell
adhesion protein P-selectin (CD62P), which is also expressed
by the endothelial cells.

SEM Analysis. SEM was performed in three studies to gain a
better understanding of the AIS clot ultrastructure and to
describe the interaction between AIS thrombi and MT
devices.11–13

Results

Search Results and Study Selection
The search from the electronic databases retrieved 1290 peer-
reviewed journal articles (Embase: 318; Medline: 269; Scopus:
346; Web of Science: 330; CENTRAL: 27). A further 10 articles
that appeared relevant were included manually. Upon removing
duplicates and irrelevant records, 80 articles were assessed for eli-
gibility by full-text screening. Of these, 10 articles were included
in the review; the rest did notmeet the inclusion criteria (Figure 1).

Summary of Study Characteristics
A summary of the studies included is presented in Table 2. The
studies were published over a period of 6 years (2016-2022) in
different journals.

Figure 1. PRISMA flowchart of the electronic database search and selection of the studies.
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The majority were cohort studies (40%) with varying cohort
sizes, ranging from 36 to 199 thrombi retrieved from AIS
patients. Two case series of four and eight patients were also
included. In addition to retrieved thrombi, clot analogs were
used in two studies. In three studies (30%), computational
fluid dynamics was performed to investigate clot formation
under varying physical and flow conditions.

Characteristics of AIS Retrieved Thrombi and Clot
Analogs: the Presence of Shell
Overall, the studies aimed to investigate the composition and
organization of AIS thrombi and their impact on the resistance
or sensitivity of thrombi to fibrinolysis and endovascular
treatment.

Macroscopically, thrombi appeared to be heterogeneous in
size, shape, and color.8 Histologically, several studies classified
clots based on the predominant component using different
cut-off values and criteria to establish this. Staessens et al8

found that most of the clots consisted of RBC-rich areas and
platelet-rich areas interspersed with each other and therefore,
classified them as RBC-rich/platelet-poor, mixed, and
RBC-poor/platelet-rich. Furthermore, IHC/IF analysis showed
that RBC-rich areas contained densely packed RBCs and thin
fibrin strands while platelet-rich areas showed dense fibrin
structures aligned with vWF and platelets. Leukocytes and
NETs were found in the platelet-rich areas and at the interface
between platelet-rich and RBC-rich regions.

In another study, AIS thrombi were classified as RBC-rich,
fibrin-rich, and thrombi with intermediate composition.12 Ahn
et al10 described the characteristics of thrombi based on
stroke etiology. RBCs were the most abundant component in
arteriogenic clots, followed by fibrin. In cardiogenic clots,
fibrin was the most abundant component, followed by RBCs.
The proportions of white blood cells (WBCs) and platelets
did not differ significantly between the two types of thrombi.
Thrombi with undetermined etiology had a composition
similar to cardiogenic thrombi.

Despite the heterogeneity of AIS thrombi, the presence of a
surface shell was a common feature that may represent the
structural basis for resistance to recombinant tissue plasmino-
gen activator (rt-PA) treatment.

Staessens et al showed that some AIS thrombi had an
RBC-rich core surrounded by platelet-rich material that could
hamper thrombolysis.8 Ahn et al10 demonstrated that arterio-
genic thrombi present a “fibrin crust” constituting the outer
shell and platelets distributed underneath which may inhibit
the initial action of rt-PA on the surface of thrombi.
Moreover, activated platelets may release rt-PA inhibitors
such as PAI-1 or PN-1. The immunohistologic analysis per-
formed by Di Meglio et al11 showed high variability of the
inner core in terms of proportion and organization of the fibril-
lary and cellular content whereas the shell typically contained
fibrin with altered morphology forming dense matted deposits,
platelets, vWF, NETs as well as PAI-1 and PN-1. IncreasedT
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amount of fibrin, platelets, vWF, WBCs, and NETs within the
shell was demonstrated in all 164 thrombi analyzed out of
199 total AIS thrombi (82%) included in the study.
Moreover, the shell thickness varied between 31 and 54 µm
and was not influenced by the AIS etiology, patient characteris-
tics, or treatment. The authors also examined the shell-core
structure of 30 AIS thrombi using SEM analysis and revealed
that 24 thrombi (80%) had a compacted, sealed outer shell sur-
rounding a loose RBC-rich core.

Overall, these important findings indicate that majority of
AIS thrombi present an outer shell covering entirely or partially
their surface.

Khismatullin et al13 found that young fibrin was mostly located
at periphery and characterized cardioembolic clots. Older fibrin
was predominant in clots retrieved from patients who underwent
thrombolytic treatment suggesting that rt-PA may have dissolved
the young fibrin at the periphery of thrombi.

Larco et al15 analyzed the composition of intraprocedural or
postprocedural thrombi related to flow diverters or coiling pro-
cedures for the treatment of intracranial aneurysms. The authors
found that all thrombi were predominantly composed of RBCs
and had an outer shell. The expression of CD42b, vWF, and
CitH3 was higher in the shell compared to the overall expres-
sion in thrombi. Therefore, these thrombi may respond better
to GPIIb/IIIa-inhibitors rather than rt-PA.

The study of Khismatullin et al13 assessed the intravital con-
traction of AIS thrombi and its correlation with clinical charac-
teristics. The quantitative analysis of the scanning electron
micrographs showed that RBCs were the predominant cell
type with deformed RBCs representing more than 80%. The
platelet-driven contraction and compression of the thrombus
caused the formation of polyhedral RBCs in the core, while
fibrin/platelets were found at periphery. Moreover, the high
content of deformed RBCs, platelet aggregates, and leukocytes
correlated with stroke severity. Fibrin content, specifically
fibrin bundles, was significantly higher in cardioembolic
thrombi than in atherothrombogenic ones.

Therefore, the tight compaction of shell components, the
integrity of the shell and increased clot stiffness are factors
capable of impairing thrombolysis.

The overall composition and shell-core organization of AIS
thrombi may also impact the success of thrombectomy. Von
Seckendorff et al14 used two types of clot analogs (RBC-rich
and platelet-rich) to simulate cerebral arterial thrombectomy
in vitro and found that platelet-rich thrombi required more
stent retriever passes to achieve complete recanalization than
RBC-rich thrombi which were more prone to fragmentation
and distal embolization. The retrieved thrombi displayed histo-
logical features similar to thrombi from AIS patients with a
platelet/fibrin/DNA-rich outer layer encapsulating an
RBC-rich core. This outer layer was thicker in the platelet-rich
thrombi than in the RBC-rich ones, surrounding a heteroge-
neous inner core formed of RBC-rich areas with thin fibrin
fibers or platelet-rich areas with dense fibrin networks.

Dumitriu LaGrange et al12 investigated the interaction between
AIS thrombi and stent retrievers using SEM. RBC-rich thrombi

had a core rich in polyhedrocytes and an outer fibrin layer
while fibrin-rich thrombi had a sheet-like morphology with
layers of fibrin bundles forming aggregates and layers of porous
fibrin. Thrombi with intermediate composition showed RBCs
aggregates embedded in a dense matrix of fibrin and platelets.
The core regions with compacted polyhedrocytes are less suscep-
tible to fibrinolysis and did not allow stent struts to protrude inside
the thrombus. The loosely packed regions of RBC-rich thrombi
were attached to the stent struts suggesting their ability to
deform. The intermediate and fibrin-rich thrombi were wrapped
all around the struts but were able to deform when wetting the
stent surface. The fibrin-rich thrombus was folded around the
stent struts without making close contact.

Hypotheses of Shell Formation
Three microfluidic studies investigated the mechanism of
thrombus formation under flow conditions and the potential
factors responsible for the shell-core architecture of AIS clots.

Herbig et al16 studied thrombus formation in stagnation points
by using a microfluidic device with a thrombotic collagen/tissue
factor (TF) surface that was then subjected to a perpendicular
flow of whole blood. They found that thrombus morphology
was influenced by the inlet flow rates, with a dendritic structure
forming in low flow and an evenly spread thrombus in high flow,
likely due to the higher shear gradients that deform and densify
the platelet mass to an even mass. Thrombi formed at both
flow rates had a distinct shell-core architecture with a highly acti-
vated platelet P-selectin-positive and fibrin-rich core and a less
dense platelet P-selectin-negative shell suggesting that vWF
found in the core could be a combination of plasma and platelet
vWF. Platelet adhesion and vWF deposition near stagnation
point at both flow rates were significantly reduced by adding
N-acetylcysteine (NAC). Moreover, inhibiting the fibrin poly-
merization did not change thrombus structure or the accumula-
tion of platelets/vWF.

Kadri et al17 described the shell-core structure with the core
responsible for attaching the clot to the vessel wall and stopping
the blood loss while the shell represents a source of the patho-
genic embolism leading to thrombosis and fatal complications.
The core and shell of thrombi have a distinct molecular compo-
sition due to the limited diffusion of certain larger particles from
the core toward the outer parts of thrombi. The core is formed
by soluble agonists released at the site of injury, particularly
thrombin which triggers platelet activation in the core. This
results in a densely packed platelet core, fibrin deposition,
and decreased solute transport. In contrast, the shell comprises
loosely packed platelets, high solute transport, and no fibrin.
The activated platelets in the core release α-granules causing
a secondary gradient of smaller agonists, such as adenosine
diphosphate (ADP) and thromboxane (TxA2) that recruit, acti-
vate and stabilize additional platelets within the shell.
Furthermore, the authors proposed that the P-selectin positivity
of the core compared to the shell may be due to P-selectin orig-
inating from multiple sources such as damaged endothelial cells
and activated platelets.
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DeCortin et al18 designed a new microfluidic device with
extended channel height to increase the occlusion time and inves-
tigate clot stability by perfusing whole blood over collagen/TF
and buffer exchange. The authors found that TF, and thus throm-
bin, increased clot stability and the number of activated platelets at
high and low shear rates. Thrombin inhibition reduced the number
of P-selectin-positive platelets and thrombus stability confirming
that thrombin is a key activator of platelets. Fibrin inhibition
increased the number of P-selectin-positive platelets but did not
reduce thrombus stability suggesting that fibrin resides only in
the P-selectin-positive, shear-resistant core. P-selectin-positive
platelets were found to be more stable than P-selectin-negative
platelets. Soluble agonist inhibitors such as acetylsalicylic acid
(ASA), which blocks the production of TxA2 and MRS-2179,
an ADP inhibitor, were also used to test clot stability. ASA-
treated thrombus eroded more under increased shear and buffer
conditions but the P-selectin-positive platelets remained stable
under high shear rates. ADP inhibition lowered P-selectin-
positive platelets during the growth period but when switching
to buffer, P-selectin-positive platelets remained stable suggesting
that TxA2 production by the core is crucial in stabilizing shell
platelets whereas ADP may be more important in the initial plate-
let aggregation. Therefore, secondary agonists stabilize platelets
in the shell region that are more likely to be sheared off.

Discussion
In the present systematic review, we focused on the existing
knowledge of the AIS thrombus shell through two broad
lenses: histopathology/SEM and computational fluid dynamics.
The studies employing histopathology and SEM described a
dense, compact, fibrin-, and platelet-rich shell which may
explain the resistance to fibrinolytic treatment. Moreover, the
intravital contraction of thrombi compresses and deforms
RBCs to polyhedrocytes forming dense clusters within the
core and causing decreased clot porosity that may also impact
thrombolysis. The studies using microfluidic models explored
the genesis of the shell-core architecture that can be viewed
in the context of fluid forces. These studies found that platelet
activation and the behavior of different components (and their
agonists) that comprise thrombi may be responsible for the for-
mation of the shell.

Computational fluid dynamics and SEM require high exper-
tise level and equipment; conventional histology and IHC/IF
were employed by more groups as standard protocols to inves-
tigate thrombus composition and structure. All histopathology/
SEM studies included in this review provided a comprehensive
analysis of the AIS thrombus shell and unanimously described a
dense, compacted, fibrin- and platelet-rich shell surrounding an
RBC-dominant core mainly formed of polyhedrocytes.8,11,13

The shell and core represent two separate entities with distinct
cellular characteristics as the core retains visible individual
cells and fibers whereas the shell shows altered morphology
characterized by the lack of clear cell borders due to compaction
and densely matted fibrin with no identifiable fibers induced by
oxidation, carbamylation, or exposure to platelet factor 4.11

Therefore, the shell has reduced porosity and is more resistant
to rt-PA treatment than the core. The presence of fibrin, plate-
lets, WBCs, vWF, NETs (Figure 2), along with factors such
as PAI-1 and PN-1 may explain the shell’s increased structural
and functional integrity which is another important aspect as
thrombi with disrupted shell undergo lysis much faster than
intact clots.11

SEM analysis showed the ultrastructural organization of AIS
thrombi and demonstrated that intravital contraction of thrombi
driven by activated platelets is critical for the formation of the
shell through the redistribution of the platelet-fibrin meshwork
to the periphery and compacted RBCs to the core. A higher pro-
portion of deformed RBCs suggests greater compaction and is
associated with increased stroke severity and lower fibrinolytic
susceptibility.13 While histology/IHC helped to study the
impact of thrombus composition on the efficacy of thrombec-
tomy,14 SEM highlighted the interaction between various com-
ponents (Figure 2).13,19 SEM also evaluated the interaction
between thrombi and stent retrievers based on the composition
of thrombi and the adhesive affinity for the stent surface.12

Microfluidics uses and manipulates fluids at geometrically
constrained scales, micrometers, to study the effect of surface
forces on them. The studies using microfluidic models high-
lighted the importance of blood flow and vessel characteristics
and inferred different theories of shell formation. The distinct
shell-core structure of AIS thrombi formed at both low and
high flow rates with a highly activated P-selectin positive,
dense platelet and fibrin-rich core from which secondary ago-
nists ADP and TxA2 flow outwards. P-selectin is proposed to
confer the core its dense compaction and stability against
erosion.16,17 In contrast, the shell consisted of a loose layer of
P-selectin-negative platelets with little to no fibrin present.16,18

The presence of the shell in AIS thrombi has important ther-
apeutic implications. First, the authors went into detail8,10,11,15

elucidating several shell components that are known to have
specific inhibitors such as platelets (i.e, GPIIb/IIIa-inhibitors),
vWF (ie, ADAMTS13 and NAC), NETs, and extracellular
DNA (i.e, DNAse 1).20–22 Furthermore, PAI-1 and PN-1 may
also represent potential therapeutic targets. Therefore, future
reperfusion therapies may benefit from targeting the non-fibrin
components of the shell, which could be particularly efficient in
platelet/vWF-rich thrombi and may also help partially dissolve
the shell. Moreover, targeting these factors in addition to rt-PA
will benefit AIS treatment regardless the etiology since the pres-
ence of the shell and its thickness are not influenced by patient
characteristics or the source of thrombi.

The microfluidic studies also proposed possible targets with
platelets/vWF and secondary agonists being the most important.
While NAC interferes with the platelet/vWF and vWF-vWF
interactions reducing the overall platelet deposition,16 the
P-selectin-negative shell is more prone to erosion by shear
stress when treated with ASA compared to the thrombus core.18

Secondly, it has been recognized that overall composition of
AIS thrombi impacts the efficacy of MT with platelet-rich
thrombi being more resistant to MT and RBC-rich thrombi
more prone to fragmentation.7,14 Other components such as
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NETs were shown to be associated with increased number of
passes required for recanalization.22 The incorporation of AIS
thrombi into the stent retrievers is also influenced by thrombus
composition.12 These findings suggest that certain components
of the shell (ie, association of vWF and NETs with fibrin) could
make AIS thrombi more difficult to retrieve by MT but further
investigations are necessary to better understand the mecha-
nisms involved.

This systematic review points toward the importance of
thrombus analysis in other thrombotic disorders. In addition, the
choice of appropriate methodology to study thrombus composi-
tion requires careful consideration. Despite the compositional dif-
ferences between arterial and venous thrombi, the presence of a

fibrin film on the surface of thrombi is a common feature that
may account for similar therapeutic strategies. Moreover, the
surface of coronary thrombi contains more fibrin and platelets
and few RBCs while the inner part is rich in densely packed poly-
hedrocytes. Notably, polyhedrocyte formation increases with
ischemic time.9 Polyhedrocytes and intermediate forms represent
the main constituents of venous and pulmonary emboli.23

Regardless of the origin of thrombi, the presence of polyhedro-
cytes is a sign of clot contraction and indicates a common mech-
anism of thrombus formation. Nonetheless, it is crucial to
acknowledge the role of local conditions at sites of thrombus ini-
tiation and growth (ie, blood flow and vessel wall) in defining the
final thrombus characteristics.

Figure 2. Shell-core structure of acute ischemic stroke thrombi revealed in three representative cases using histology/immunohistochemistry
(IHC)/immunofluorescence (IF) and scanning electron microscopy (SEM). In the left panel, gross photo of a thrombus shows a thin white layer
at the surface of the clot representing the outer shell which surrounds a red blood cell (RBC)-rich core. Hematoxylin & Eosin (H&E) and
Martius Scarlet Blue (MSB) stainings were performed. IHC for platelets (CD42b), von Willebrand factor (vWF), fibrin/fibrinogen, and
citrullinated histone H3 (CitH3) demonstrate their presence in the shell. IHC images are higher magnifications of the clot areas in rectangle in
the H&E/MSB images. Arrows indicate the shell while the asterisk corresponds to the core. IF shows the presence of DNA (DAPI), CitH3, and
vWF as well as their co-localization in the shell. IF images are higher magnification views of the area indicated by arrow in the MSB staining of
another thrombus. In the right panel, SEM reveals the ultrastructure of a third thrombus presenting a dense, compacted shell (A-D) which
surrounds an RBC-dominant core mainly formed of polyhedrocytes (E-H). Multiple folds and ridges are seen on the surface of the clot. Arrow
(A, shell) and asterisk (E, core) correspond to the locations analyzed by SEM. (B-D) Higher magnifications of the surface show integration of
components and mature organization. Some normal RBC that are not embedded in the thrombus are evident which may be due to insufficient
rinsing of the fragment after retrieval. (F-H) Magnified view of the core displays compacted polyhedrocytes indicative of limited integration and
immature structure. Scale bar (left panel)= 750 µm (gross photo), 500 µm (H&E, MSB), 200 µm (CD42b/vWF/CitH3 IHC), 100 µm (fibrin IHC),
2 mm (MSB) and 20 µm (IF); Scale bar (right panel)= 500 µm (A, E), 100 µm (B, F), 50 µm (C, G) and 10 µm (D, H).
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The studies included in this review had several limitations.
The major limitation in analyzing retrieved thrombi is that only
thrombi that have not dissolved, spontaneously or during throm-
bolysis, and were successfully retrieved can be assessed. The
structural integrity of the thrombi may be impacted during
MT leading to fragmentation in many cases,10 hence evaluation
of thrombi as a whole is not possible. In addition, the rt-PA
treatment prior to MT may cause morphological changes.
Furthermore, it is not possible to evaluate the presence of the
shell in thrombi that rt-PA dissolved completely. The clot
analogs used in these studies were representative for only two
types of thrombi (RBC-rich and platelet-rich). Therefore, the het-
erogeneity and complete spectrum of AIS thrombi were not cap-
tured. The case series included in this review were single-center
studies with small sample sizes. Multi-institutional registries and
larger cohorts are warranted to confirm the findings presented in
this review. Lastly, the microfluidic assays allow to investigate
thrombus growth, stability and morphology but cannot perfectly
model physiological flow or mimic more complex geometries of
the cerebral vasculature.

Conclusions
The presence of the shell represents a common feature of AIS
thrombi that may affect thrombolysis and MT. Further analysis
is required to identify novel constituents of the shell and
develop new pharmacological strategies for clot lysis. Advanced
technologies such as proteomics and Fourier-transform infrared
spectroscopy may represent valid tools for studying signaling
pathways and detecting biochemical parameters that could
provide a definite shell signature and advance AIS treatment.

Data Availability
Data are available from the corresponding author upon reasonable
request.

Declaration of Conflicting Interests
The author(s) declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding
The author(s) disclosed receipt of the following financial support for
the research, authorship, and/or publication of this article: This work
was supported by the National Institutes of Health (R01 NS105853).

ORCID iDs
Oana Madalina Mereuta https://orcid.org/0000-0003-3741-3784
Tamanna Agarwal https://orcid.org/0000-0002-4508-4776

Supplemental Material
Supplemental material for this article is available online.

References

1. Boeckh-Behrens T, Schubert M, Förschler A, et al. The impact of
histological clot composition in embolic stroke. Clin Neuroradiol.
2016;26(2):189-197.

2. Sporns PB, Hanning U, Schwindt W, et al. Ischemic stroke: What
does the histological composition tell us about the origin of the
thrombus? Stroke. 2017;48(8):2206-2210.

3. Fitzgerald S, Rossi R, Mereuta OM, et al. Per-pass analysis of
acute ischemic stroke clots: Impact of stroke etiology on extracted
clot area and histological composition. J Neurointerv Surg.
2021;13(12):1111-1116.

4. Brinjikji W, Nogueira RG, Kvamme P, et al. Association between
clot composition and stroke origin in mechanical thrombectomy
patients: Analysis of the Stroke Thromboembolism Registry of
Imaging and Pathology. J Neurointerv Surg. 2021;13(7):594-598.

5. Aliena-Valero A, Baixauli-Martin J, Torregrosa G, et al. Clot compo-
sition analysis as a diagnostic tool to gain insight into ischemic stroke
etiology: A systematic review. J Stroke. 2021;23(3):327-342.

6. Mereuta OM, Abbasi M, Larco JA, et al. Correlation of von
Willebrand Factor and platelets with acute ischemic stroke etiol-
ogy and revascularization outcome: An immunohistochemical
study. J Neurointerv Surg. 2023;15(5):488-494.

7. Jolugbo P, Ariëns R. Thrombus composition and efficacy of
thrombolysis and thrombectomy in acute ischemic stroke.
Stroke. 2021;52(3):1131-1142.

8. Staessens S, Denorme F, Francois O, et al. Structural analysis of
ischemic stroke thrombi: Histological indications for therapy
resistance. Haematologica. 2020;105(2):498-507.

9. Alkarithi G, Duval C, Shi Y, et al. Thrombus structural composi-
tion in cardiovascular disease. Arterioscler Thromb Vasc Biol.
2012;4(9):2370-2383.

10. Ahn SH, Hong R, Choo IS, et al. Histologic features of acute
thrombi retrieved from stroke patients during mechanical reperfu-
sion therapy. Int J Stroke. 2016;11(9):1036-1044.

11. Di Meglio L, Desilles JP, Ollivier V, et al. Acute ischemic
stroke thrombi have an outer shell that impairs fibrinolysis.
Neurology. 2019;93(18):e1686-e1698. doi: 10.1212/WNL.0000
000000008395

12. Dumitriu LaGrange D, Bernava G, Reymond P, et al. A high res-
olution scanning electron microscopy analysis of intracranial
thrombi embedded along the stent retrievers. Sci Rep. 2022;12(1):
8027. doi:10.1038/s41598-022-11830-4

13. Khismatullin RR, Nagaswami C, Shakirova AZ, et al. Quantitative
morphology of cerebral thrombi related to intravital contraction and
clinical features of ischemic stroke. Stroke. 2020;51(12):3640-3650.

14. Freiherr von Seckendorff A, Delvoye F, Levant P, et al. Modeling
large vessel occlusion stroke for the evaluation of endovascular
therapy according to thrombus composition. Front Neurol.
2022;12:815814. doi:10.3389/fneur.2021.815814

15. Larco JA, Abbasi M, Liu Y, et al. Postprocedural thrombosis fol-
lowing endovascular treatment of intracranial aneurysm with flow
diverters or coiling: A histologic study. AJNR Am J Neuroradiol.
2022;43(2):258-264.

16. Herbig BA, Diamond SL. Thrombi produced in stagnation point
flows have a core-shell structure. Cell Mol Bioeng. 2017;10(6):
515-521.

Mereuta et al 11

https://orcid.org/0000-0003-3741-3784
https://orcid.org/0000-0003-3741-3784
https://orcid.org/0000-0002-4508-4776
https://orcid.org/0000-0002-4508-4776
https://doi.org/10.1212/WNL.0000000000008395
https://doi.org/10.1212/WNL.0000000000008395
https://doi.org/10.1038/s41598-022-11830-4
https://doi.org/10.1038/s41598-022-11830-4
https://doi.org/10.1038/s41598-022-11830-4
https://doi.org/10.1038/s41598-022-11830-4
https://doi.org/10.3389/fneur.2021.815814


17. Kadri OE, Surblyte M, Chandran VD, et al. Is the endothelial
cell responsible for the thrombus core and shell architecture?
Med Hypotheses. 2019;129:109244. doi: 10.1016/j.mehy.2019.
109244

18. DeCortin ME, Brass LF, Diamond SL. Core and shell platelets
of a thrombus: A new microfluidic assay to study mechanics
and biochemistry. Res Pract Thromb Haemost. 2020;4(7):
1158-1166.

19. Li Y, Wang H, Zhao L, et al. A case report of thrombolysis
resistance: Thrombus ultrastructure in an ischemic stroke
patient. BMC Neurol. 2020;20(1):135. doi:10.1186/s12883-020-
01706-3

20. Denorme F, Langhauser F, Desender L, et al. ADAMTS13-
mediated Thrombolysis of tPA-resistant occlusions in ischemic
stroke in mice. Blood. 2016;127(19):2337-2345.

21. Martinez de Lizarrondo S, Gakuba C, Herbig BA, et al. Potent
thrombolytic effect of N-acetylcysteine on arterial thrombi.
Circulation. 2017;136(7):646-660.

22. Ducroux C, Di Meglio L, Loyau S, et al. Thrombus neutrophil
extracellular traps impairs tPA-induced thrombolysis in acute
ischemic stroke. Stroke. 2018;49(3):754-757.

23. Chernysh IN,NagaswamiC,KosolapovaS, et al.Thedistinctive struc-
ture and composition of arterial and venous thrombi and pulmonary
emboli. Sci Rep. 2020;10(1):5112. doi: 10.1038/s41598-020-59526-x

12 Clinical and Applied Thrombosis/Hemostasis

https://doi.org/10.1016/j.mehy.2019.109244
https://doi.org/10.1016/j.mehy.2019.109244
https://doi.org/10.1186/s12883-020-01706-3
https://doi.org/10.1186/s12883-020-01706-3
https://doi.org/10.1186/s12883-020-01706-3
https://doi.org/10.1186/s12883-020-01706-3
https://doi.org/10.1038/s41598-020-59526-x
https://doi.org/10.1038/s41598-020-59526-x
https://doi.org/10.1038/s41598-020-59526-x
https://doi.org/10.1038/s41598-020-59526-x

	 Introduction
	 Materials and Methods
	 Eligibility Criteria
	 Literature Search Strategy
	 Selection and Screening Process
	 Data Extraction
	 Methodology Used to Characterize the Mechanisms of Thrombus Formation and Composition
	 Macroscopic Evaluation
	 Histology and IHC/IF
	 Microfluidic Assays
	 SEM Analysis


	 Results
	 Search Results and Study Selection
	 Summary of Study Characteristics
	 Characteristics of AIS Retrieved Thrombi and Clot Analogs: the Presence of Shell
	 Hypotheses of Shell Formation

	 Discussion
	 Conclusions
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


