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Abstract

The recent advent of endovascular procedures has created the unique opportunity to collect and analyze thrombi
removed from cerebral arteries, instigating a novel subfield in stroke research. Insights into thrombus characteristics
and composition could play an important role in ongoing efforts to improve acute ischemic stroke therapy. An increasing
number of centers are collecting stroke thrombi. This paper aims at providing guiding information on thrombus handling,
procedures, and analysis in order to facilitate and standardize this emerging research field.

Keywords
Stroke, thrombus, thrombectomy, histology, clot

Received: 23 April 2019; accepted: 28 August 2019

Introduction

With a global prevalence of 25.7 million strokes per
year, stroke is still one of the leading causes of death
and sustained disability worldwide. The vast majority
of strokes mainly are ischemic, caused by blood
thrombi that occlude cerebral blood vessels.'

Since the publication of the “positive thrombec-
tomy” trials in 2015, endovascular procedures have
emerged to mechanically remove blood thrombi from
the cerebral arteries.” ® This procedure has created the
unique opportunity to provide stroke thrombus mater-
ial for analysis. Studying thrombus pathology of
retrieved material is crucial to improve our understand-
ing, diagnosis, treatment, and secondary prevention of
acute ischemic stroke.” The availability of thrombus
material has sparked a novel subfield in stroke research
with a rapidly increasing number of studies reporting
valuable information using a wide range of techniques
and sample sizes. A recent meta-analysis, however, con-
cluded that lack of standardization may limit the gen-
eralizability of such studies.®

This paper aims to provide recommendations and
guidelines on clot collection, processing, and analysis
in order to facilitate and standardize this emerging
research field (Table 1). Supplemental File 1 provides
an overview of the most common methods and staining
procedures that were used in previous studies.

Specimen retrieval

Mechanical thrombectomy procedures provide clot
material from stroke patients. In general, histopatho-
logical analysis of stroke thrombi has been performed
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Table 1. Specific recommendations

Processing step

Retrieval

Fixation

Paraffin embedding

Sectioning

Staining

Quantitative analysis

Recommendation

Gently remove clot material from stent
retriever and transfer to non-heparinized
saline

Flush clot from aspiration device and
transfer clot material to saline

store in saline at 4°C for max. 24 h

Fixate thrombus material in 10% formalin
(3.7% formaldehyde) for 24 h

Embed in paraffin via standard dehydration
steps

Embed clot so that maximum cross sec-
tion will be achieved when sectioning

Prepare sections of 3—5 pum thick

Stain sections with
H&E (general structure)
MSB (fibrin, RBCs)
anti-CD42 antibody (platelets)
anti-CD45 antibody (WBC)
anti-VWEF antibody (VWF)

O O O O ©°

Quantify the presence of clot components
via computational color-based
segmentation analysis

Analysis of one section per thrombus for
each staining is sufficient in large scale
studies. For small scale studies, three
sections, from different parts throughout
the thrombus can be recommended
Calculate for each component positive
area as % of total thrombus section area

Remarks

A total of 20 sections is typically suffi-
cient to obtain a representative
composition analysis

MSB staining can be combined with a
hematoxylin counterstain to visualize
nucleated cells

predominantly on thrombi retrieved from stent retrie-
vers, although aspiration retrievers are also used to
remove thrombi (Supplemental File 1). Processing of
the clot starts from the moment of clot retrieval.
After retraction of the thrombectomy device, the
retrieved clot material is gently removed from the
device and transferred into saline (Figure 1(a)). It is
recommended to use non-heparinized saline or saline
free of other anticoagulants to prevent interference
with the clot. For stent retrievers, the thrombus is
entangled within the stent and needs to be carefully
removed from the device using for example forceps.
Depending on the fragility of the clot, it is either col-
lected in one piece or in multiple fragments. For aspir-
ation devices, clot material, together with aspirated
blood, is flushed from the device into a collection con-
tainer with saline. Since the aspirated blood can lead to

further clot growth, isolated clots have to be immedi-
ately transferred into a different container with fresh
saline until fixation.

Multiple procedural passes can give several frag-
ments of clot material. Typically, all collected material
from all passes in one patient are collected, processed,
and labeled together as one and the same clot. If clot
analysis per pass is desired, clot material from each pass
can be processed separately (Figure 1(b)). Such
approach can yield useful “per pass’ information and
thus insight into the composition of difficult to remove
clots and clot fragments. It, however, significantly
increases the workload involved.

Removal of the clot from the retriever allows for
easy pooling of collected material and efficient further
processing of the collected clot material. However, if
the interaction between the clot and the stent struts is
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Figure |. (a) Thrombi retrieved after thrombectomy, prior to fixation, appear heterogeneous in size, color and fragmentation.

Thrombi can also be analyzed in a per pass manner. (b) Thrombi retrieved can display marked heterogeneity per pass. (c) After

fixation, thrombi are processed and embedded in paraffin blocks.

(c)
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to be examined, the complete stent with the retrieved
clot can be further processed as a whole.

Fixation

After collection and rinsing of the clot in saline, the
specimen needs to be fixated to preserve its structure.
Although immediate fixation after thrombus retrieval
and rinsing is recommended, our experience is that
thrombi can be stored in saline up to 24h without
the occurrence of significant morphological changes
in the thrombus. This time window allows protocol
flexibility for thrombi that cannot be fixated immedi-
ately. For fixation, a solution of 10% formalin (3.7%
formaldehyde) is routinely used (Supplemental File
1). If electron microscopy analyses are required, an
appropriate fixation method for the different electron
microscopy techniques is to be applied. We recom-
mend fixation for 24h. After fixation, it is recom-
mended to start the embedding process. Longer

fixation times are possible but can affect subsequent
staining procedures by irreversibly masking antigens
of interest. Our experience is that fixation protocols
lasting longer than one week increase the autofluores-
cence of clot material, and we recommend that sam-
ples are stored in 10% formalin for no longer than
one month, if they cannot be further processed after
24 h of fixation. If further processing of the clot is not
feasible at the site of thrombectomy, the clot can be
transported in a sealed container containing 10% for-
malin or saline for further processing. In addition, if
mechanical analyses on the clot are to be performed,
fixation should be avoided.

Paraffin embedding

After fixation, samples are embedded in paraffin. This
results in good preservation of tissue morphology and
allows ecasy long-term storage of the embedded clot
material at room temperature until sectioning. We

International Journal of Stroke, 0(0)
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Figure 2. Recommended histological staining procedures for thrombi retrieved from acute ischemic stroke thrombi.
Consecutive thrombus sections were stained with (a) classical H&E, (b) MSB and antibodies against (c) CD42b (platelets), (d) VWF
and (e) CD45 (leukocytes). Left panels (scale =2 mm) represent an overview of the complete thrombus section. Right panels
(scale =100 pm) show a magnification. Classical H&E provides a general overview of the thrombus. On MSB staining, red areas
show the presence of fibrin, whereas red blood cells are depicted in yellow. Positive signal in an immunohistochemical staining (c—
e) is depicted in purple, red blood cells and nuclei are depicted in light brown and green, respectively.
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recommend standard dehydration and paraffin embed-
ding procedures, including sequential dehydration via
increasing concentrations of ethanol (70%, 80%, 95%,
3 x 100%), followed by two immersions in xylene, and
two immersions in paraffin. We recommend that the
clot is embedded such that the largest cross-sectional
area will be achieved, typically along the length of the
thrombus (Figure 1(c)). All retrieved material from one
patient can be embedded in one block, or material from
each pass can be kept separate and embedded in separ-
ate blocks if per pass information is desired. Paraffin
blocks containing stroke thrombi can be easily and
safely transported to other research centers for further
study.

Sectioning

In previous studies, section thickness has varied from 2
to 10 um (Supplemental File 1) but a thickness of 4 to
5 um is mainly used. Thinner sections can minimize the
complication of several structures lying on top of each
other and facilitate ease of quantification of main com-
ponents by image analysis software, but require more
skill to section. We recommend a thickness of 3 to 5 um
as optimum.

The paraffin block should be trimmed until a full-
face section of the clot material is reached and serial
sections taken from this point. Depending on the size of
the clot fragment, multiple serial sections can be added

to each slide. The total number of sections taken will
depend on the number of tests and replicates being
performed.

It is our experience that the composition of
embedded thrombus does not vary considerably from
superior to inferior aspect, suggesting that the whole
thrombus may not need to be sectioned, depending
on the research question. We suggest that, for standard
analyses, the first 20 whole-face sections may be suffi-
cient (see further information on intra-thrombus
variability).

Staining

After sectioning, thrombus composition can be studied
via various staining procedures. Depending on the com-
ponent of interest, hematoxylin and eosin staining
(H&E), Martius Scarlet Blue (MSB) staining, and
immunohistochemistry procedures have been typically
used. A detailed literature overview of histological pro-
cedures can be found in Supplemental File 1. Most
studies have been focusing on the presence of red
blood cells, fibrin, platelets, and white blood cells
(Supplemental File 1). However, different staining
methods with various degrees of specificity have been
used per composition marker, which can impede easy
comparison of the results. Quantification of thrombus
composition is preferably based on staining procedures
that have good specificity.

Figure 3. Comparison between various immunohistochemical substrate colors in stroke thrombi. (a) Development of a VWF

staining using DAB (brown) with a hematoxylin counterstain. (b) Development of a VWF staining using a purple substrate with a

methyl green counterstain. The purple substrate allows for better discrimination between positive staining and unstained red

blood cells (light brown).
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Classical H&E is mostly used to visualize the general
overall structure of the thrombus. Staining with H&E
stains acidophilic components (e.g. cytoplasm, fibrin)
pink and basophilic components (e.g. nuclei) blue

(Figure 2(a)). Although not very specific, we do recom-
mend including the use of H&E as a quick and easy
procedure for general purpose but not for quantitative
determination of thrombus composition due to a lack

Figure 4. (2) Quantitative example of an MSB staining using color-based segmentation analysis in Image J. In panel a, an image of
the staining before application of a threshold is shown (left), as well as the same image after applying a threshold for fibrin (middle)
and for red blood cells (right). (b) Quantitative example of an MSB staining using color-based machine learning techniques in Orbit
Image Analyzer before (left) and after (right) software analysis. (c) Quantitative example of a VWEF staining using color-based
segmentation analysis in Image ] before (left) and after (right) applying and selecting the color-based segmentation.

International Journal of Stroke, 0(0)
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Figure 5. (a—h) Intra-thrombus variability measured in eight stroke thrombi stained with MSB and analyzed for the amount of

fibrin and red blood cells. Percentages of fibrin and red blood cells in the thrombus are shown for all sections analyzed throughout

the entire thrombus (1) (approximately every 75 pum, each data point represents one section), or when only three sections,

located at the end of the first, second and third quarter of the thrombus, were analyzed, representing a scenario in which not all

sections are stained (2) or when the first three sections that are 75 pm apart were analyzed, representing a scenario in which only

the first part of the thrombus is sectioned (3).
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of specificity. Instead, we recommend Martius Scarlet
Blue (MSB) staining for quantification of RBC and
fibrin content (Figure 2(b)). MSB staining allows for
the selective demonstration of fibrin, which is stained
red using a crystal scarlet solution and of RBC that are
stained yellow using a Martius yellow solution.
Although not common in stroke thrombi, collagen
appears blue with a methyl blue solution. The distinct
yellow and red colors are easy to discriminate and allow
for a quick, cost-effective and selective determination of
RBC and fibrin, which is practical for large-scale, high-
throughput studies.

Besides RBC and fibrin, we believe that three other
components are of general interest and should become
standard for thrombus analysis. These are white blood
cells (WBC), platelets, and von Willebrand factor
(VWF), which each are best visualized through immu-
nohistochemical staining procedures (Figure 2(c) to (e)).

For platelets and white blood cells, antibodies
against various epitopes are available but the consensus
is that CD42 and CD45 are the most specific epitopes
for platelets and white blood cells, respectively.
Commercial antibodies against VWF are available
and give reliable results on VWF content.” Additional
antibodies, e.g. against different subsets of leukocytes
or other proteins of interest, can be added.
Immunohistochemical stains are typically based on
the precipitation of 3,3’-diaminobenzidine (DAB),
a substrate with a brown color in combination with
a hematoxylin counterstain. In our hands, this
method often gives unsatisfactory results because the
specific brown staining of the antigen is not easily dis-
criminated from unstained red blood cells that also
have a brownish color (Figure 3(a)). In order to per-
form accurate color-based segmentation quantification,
we recommend the use of other colored substrates, such
as a purple-colored substrate in combination with
a methyl green counterstain (Figure 3(b)).

Analysis

Besides uniform staining procedures, standardized
quantitation algorithms to calculate thrombus compos-
ition are also important to improve generalizability in
the field. In the past, both manual quantifications and
color-based segmentation analysis have been used
(Supplemental File 1). Manual quantification is primar-
ily used to count the number of cells per mm?, but can
be labor-intensive, especially in large-scale studies.
Computational color-based segmentation analysis pro-
vides a better way to obtain quantitative information
on thrombus composition (RBC, fibrin, WBC, plate-
lets, and VWF). Various software programs such as
ImageJ, Adobe Photoshop and Orbit Image Analyzer
are available to apply thresholds for color and good

selective quantification of specific colors/components
(Figure 4(a) to (c)).'”'® These software-based analyses
provide data in a partially automated manner and pro-
duce quantitative results (% of total thrombus section
area) that are easy to compare across multiple studies/
centers. In our experience, software-based computa-
tional analysis produces thrombus composition data
that strongly correlate with manual quantification
methods. The very considerable time saving makes soft-
ware-based analysis a very attractive option.

A key question performing quantitative analysis is
whether intra-thrombus heterogeneity, and thus the
location of the section within the thrombus, affects
quantitative conclusions. Macroscopically, thrombi
appear heterogeneous in size, color, shape, and frag-
mentation. Most quantitative studies have taken the
data obtained from only one section per thrombus as
representative for the whole thrombus. To better
understand intra-thrombus variability, we completely
sectioned eight thrombi from ischemic stroke patients
and analyzed multiple sections throughout the throm-
bus (approximately 75 um apart). We used MSB stain-
ing to quantify the presence of fibrin and RBC on each
section (Figure 4). As expected, in each of the eight
thrombi, some degree of intra-thrombus variation is
observed throughout the thrombus but measurements
from different sections of one thrombus cluster around
the mean value with an acceptable spread. Sectioning
the whole thrombus to analyze multiple sections
throughout the clot might give a more accurate of the
mean value of the composition but is not practical for
larger studies. Partial sectioning of the thrombus, com-
bined with analysis of only one to three sections reduces
the workload and still provides a good estimate of
thrombus composition, as shown in Figure 5. A similar
approach was used to assess the intra-thrombus vari-
ability of the presence of VWF and platelets (via immu-
nostaining) in three thrombi, yielding similar results
(data not shown). Based on our experience, we recom-
mend the use of one thrombus section per staining to
estimate thrombus composition in large-scale studies,
as large sample sizes will compensate the minor intra-
thrombus variability. For small sample size studies and
testing of novel markers, we do recommend the use of
three sections per staining to account for potential
intra-thrombus variability (Figure 5(a) to (h)).

Collection of patient data

Understanding thrombus composition has a number of
potential implications for clinical treatment. Despite
recent advances in endovascular procedures, still 20%
of thrombi are not retrievable.'"* Although these
thrombi are not available for analysis, linking throm-
bus composition to both clinical and procedural
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information can provide useful insights that can guide
stroke therapy. For example, fibrin-rich thrombi have
been associated with an increased coefficient of friction,
a higher number of retraction maneuvers, and increased
thrombus extraction times.'>'” Evidently, linking
thrombus composition with other clinical aspects such
as stroke etiology and stroke outcome can provide cru-
cial information. Therefore, when collecting thrombi
for histological analysis, we recommend keeping a gen-
eral data abstraction form that includes both clinical
and procedural information per thrombus. To prevent
a selection bias, we also recommend collecting the clin-
ical information of those thrombi that are not retriev-
able (TICI 0 or where no thrombus material was found
in the stent). Supplemental file 2 provides an example of
a data abstraction form that contains the ‘must-have’
data. So far, thrombus composition studies have
reported a wide variety of clinical and procedural infor-
mation with a particular focus on stroke severity
(National Institute of Health Stroke Scale; NIHSS),
recanalization success (Thrombolysis in Cerebral
Infarction Scale; TICI), stroke ectiology (Trial of Org
10172 in Acute Stroke Treatment; TOAST), functional
outcome (modified Ranking Score; mRS), and proced-
ural information (amount of retraction maneuvers and
thrombus extraction time). In addition, we recommend
the collection of complete blood counts as well as other
clinical parameters such as for example comorbidities
in order to have a detailed clinical history of the patient
(Supplemental File 2). Standardization of the ‘must-
have’ information (Supplemental file 2) will increase
generalizability among studies. Record keeping of this
information must be embedded in the clinical standard
operating procedures of the thrombectomy unit. The
move towards the development of national stroke regis-
tries in Europe will also facilitate correlation between
thrombus composition and clinical information.

Limitations

The analysis of thrombi retrieved from ischemic stroke
patients has some limitations that are worth consider-
ation. Rolling, movement, or fragmentation of the
thrombus in the thrombectomy device during the extrac-
tion procedure hinder exact knowledge on the original
orientation of the thrombus in the occluded blood vessel.
Importantly, only those thrombi that did not dissolve
spontaneously or after administration of tissue plas-
minogen activator (t-PA) and thrombi that could be suc-
cessfully retrieved via thrombectomy are accessible for
study. This impedes the assessment of thrombi that
were t-PA  susceptible or thrombectomy resistant.
Nevertheless, specific attention to those thrombi that
were difficulty to retrieve could provide useful informa-
tion on thrombi that are impossible to retrieve.

Conclusion

In this rapidly evolving field, best practices for throm-
bus characterization and data collection will become
important. This effort will maximize the generalizability
of the results to make important in roads with respect
to discrimination of stroke etiology and informed sec-
ondary prevention measures, as well as optimizing
the thrombectomy procedure to maximize clinical
outcomes.
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