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ABSTRACT

Introduction: Acute ischemic stroke (AIS) is a common and lethal cerebral vascular disease. Early thrombus removal
is crucial to the patient treatment and recovery. Clinical studies suggested that Direct Aspiration Thrombectomy (DAT)
is a promising minimally invasive treatment option for AIS patients. It is necessary to summarize the hemodynamic
studies about the DAT for further improvement of the technology. Methods: This paper reviewed the current in vitro and
computer modelling studies of the hemodynamic response in the DAT, commenting on the merits and the deficiencies
in the related research works reported in the literature. Results: Review of literature reveals that majority of current
studies were focused on the comparison of the responses produced by using various suction systems on catheters of
different calibers. For future technical improvement to facilitate clinical treatment, we suggest that further research
to concentrate on more in-depth hemodynamic analysis of the DAT procedure, including replacement of the constant
suction pressure with pulsatile suction pressure, comparison of contact aspiration and non-contact aspiration, and
optimization of catheter tip design. Conclusions: This review summarized the concurrent technical development about
the hemodynamic studies of the DAT technique and suggested directions for future improvement, which is helpful for
the improvement of the AIS treatment planning and design optimization of next generation of interventional catheters.
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Acute ischemic stroke (AIS) is a common but lethal cerebral vascular

disease. It occurs suddenly, develops rapidly, exhibits severe

University of Chinese Medicine symptoms, and causes high incidences of disability and mortality.

Xianyang, Shaanxi Province, 712046, China The pathogenesis is the acute closure of a segment of the cerebral
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artery caused by thrombosis or arteriosclerosis plaques falling
off the walls of the diseased blood vessels, which in turn causes a

series of irreversible physiological pathological reactions such as
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depolarization of tissue, inflammatory response, apoptosis etc. in
distal ischemic brain tissue.! Early removal of the thrombus and

restoration of the blood flow in the blocked vessels are essential
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in the treatment of AIS.! Based on a series of clinical randomized

o controlled trial studies,** professional bodies such as the American
asplration thrombectomy for the Stroke Association have recommended the catheter-based
treatment of acute ischemic stroke. JGMC
Nepal. 2024;17(2):187-95.
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mechanical thrombectomy (MT) as the primary treatment option for
the AIS patients.>®

Mechanical thrombectomy for AIS treatment has experienced rapid
development in the past decade, with a number of interventional
devices designed for usage in the operation.” Among the various
types of design implementations, direct aspiration thrombectomy
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(DAT) represents the latest development in the area.!®!!
Different from other implementation examples which
mostly rely on mechanical structures to trap or hook the
thrombus for clot removal, DAT exerts a sucking force
onto the thrombus surface and extracts the clot through
aspiration, which is much simpler and cheaper to conduct.
A number of review papers have been published over
the past years, to summarize the various types of MT
devices invented including the DAT and explain their
design features,>*%1012-19 to outline the scenario of MT
therapy!*162°21 and the common complications associated
to MT therapy,'®* and to compare the efficacy of different
MT devices demonstrated in clinical trials to aid device
selection.>-*91012-17.20-27 These reviews effectively depicted
the concurrent development of the MT technique including
the DAT, and served as valuable guidance for further
advancement of the MT as well as the DAT technique.

Accompanying the aspiration operation, blood flow
during DAT intervention demonstrates a complex flow
pattern, which is governed by sophisticated hemodynamic
interactions among the blood, the thrombus body, the vessel
wall, and the catheter tip. Obviously such hemodynamic
responses are directly attributed to the geometry of the
catheter tip and the operational protocol, and these in
turn strongly influence the outcome of the treatment.
Hemodynamic studies on DAT form the foundation for
the optimization of device designs to enable safer surgical
intervention and better therapeutic outcomes, thus attract
the attention of both scientific researchers and industrial
manufacturers. So far there is no systematic review on the
hemodynamic studies on DAT in the open literature. To
fill the gap we searched the literatures, summarized the
hemodynamic studies in DAT, commented on the problems
in the current studies, and suggested directions for future
efforts.

METHODS

Figure 1 illustrates the flow chart of the literature review
process in this study. We searched the mainstream
technical databases of Web of Science and PubMed using
the keywords “aspiration thrombectomy”, “hemodynamics”
and “haemodynamics” and setting the time range as from
January 1, 2004 to January 1, 2024, and retrieved a total
of 135 research papers related to thrombus aspiration,
among which 57 papers described the useful technical
information about hemodynamic studies in the aspiration
thrombectomy and were included in the current analysis.
These literatures are the main source of information and
target of analysis in the current study. The following parts
analyze the technical information collected and commented
page 188
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on the concurrent development in the DAT field.

Figure 1: Flow chart of the literature review process
RESULTS AND DISCUSSION
Current status of the aspiration thrombectomy

For the MT implementation, usually the femoral artery is
punctured for catheter insertion. A mechanical thrombus
removal device is fixed to the distal end of the intervention
catheter. The doctor manipulates the catheter and sends
the thrombus removal device to the diseased vessel
segment for thrombus removal. A number of thrombus
removal devices have been designed for the purpose.
Among them the famous ones include the first-generation
corkscrew-shaped Merci device, the second-generation
separator and aspiration-based Penumbra device, and the
third-generation self-expandable stent based Stentriever
device.’ These thrombectomy devices rely on grabbing,
smashing, and clamping the thrombus for removal, which
can cause damage to the vessels and induce bleeding,
and lead to clot fragmentation with many micro-clots
forming and escaping from the removal device to the
downstream vessels, thus blocking more distal vessels.!
In addition, these devices sometimes develop mechanical
failure, and are unable to work on the stiff clot pieces. In
recent years, the latest generation of the DAT technique
has been developed to address the above problems.!*!
In the DAT technique, a flexible large caliber catheter is
inserted directly to the proximal side of the blood clot,
and a negative pressure is applied in the catheter to
suck and remove the thrombus. Since the DAT is entirely
based on the suction rather than mechanical lodging and
embedding, it causes much less mechanical damage to
the blood vessels and significantly reduced thrombus
fragmentation. In addition, the DAT technique does not
involve those complex mechanical structures as used in the
earlier generations of device, thus avoiding the possibility
of mechanical failures. Clinical studies have shown that
DAT can achieve the same revascularization rate’®?® and
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the same rate of first pass effect?®* (which designates a
near complete revascularization obtained after a single
device pass with no rescue therapy, and thus leads to
improved clinical outcome and decreased mortality) as
the stent retrieval devices (which is most widely used in
the clinical treatment of AIS presently),?5? with increased
safety,?® shorter operation time,*° while save approximately
$20,000 per patient in the treatment cost.?® Overall, DAT
has promising clinical prospect.

The DAT technique does not use the stent and other
expensive consumables as happened in the previous
generations of the MT system, only the suction catheter
needs to be dispensed to the proximal end of the thrombus,
and then a negative pressure is applied to suck and remove
the thrombus. This has the advantages of saving the
expense and operation time, while it also raises a new issue
of controllability: the only thing requiring control during
the DAT procedure is the suction pressure. How to set the
suction pressure to achieve a balance between efficiency
and safety becomes an important issue. For efficiency,
the magnitude of the suction pressure should be set as
high as possible, so as to quickly loosen and remove the
thrombus trapped in the vessel and suck the clot fragments
and prevent them from escaping to downstream vessels.
However, for safety reasons, the magnitude of the suction
pressure should be maintained to as low as possible, to
protect the fragile cerebral arteries. Lower magnitude of
the suction pressure helps to avoid the formation of high-
speed jet and thus the high shear stress near the vessel wall,
which is the main cause of mechanical damage to the vessel
wall. This happens in the situation of uneven thrombus
surface (which is true in most of situations) or the tilting
catheter tip. In extreme situations of careless manipulation,
the catheter tip may be tilted too much, so that the suction
is directed towards the vessel wall instead of the thrombus,
thus causing direct damage of the vessel wall and bleeding.
Therefore, setting the suction pressure level should take
into account the property parameters and the response
parameters including the surface tension of the thrombus,
the friction between the thrombus and the vessel wall, the
magnitude and the pattern of changes of the wall shear
stress, the specific location of the clotted vessel, etc.

In order to achieve the optimal treatment outcome under
the constraints of these complex and often contradictory
factors, it is necessary to observe in detail the flow
phenomenon and quantify the dynamic changes of blood
flow in the DAT procedure, and understand in-depth the
underlying mechanism of the dynamicinteractionsinvolved.
Due to the small caliber and the complex geometry of the
cerebrovascular vessels, this aim is not possible to achieve

JGMC-N | 17|

through clinical observations or animal experiments, and
has become a bottleneck in the development of the DAT
technique.

Current status of the DAT studies

To improve the DAT technique researchers have carried out
a lot of theoretical and experimental studies. These mainly
focused on the comparison of the responses produced
by using various clinical suction systems on catheters
of different calibers, and collecting results data in large
numbers of case studies to find out the most effective
aspiration parameters. To evaluate the effectiveness of
different DAT systems, Froehler et al3' measured the
suction pressure generated by three suction devices of
different brands, and the suction force and flow generated
by these devices when they acted on catheters of different
inner diameters. Nikoubashman et al.3> derived an equation
for the minimum catheter diameter based on the force
balance relation in the DAT system, and validated the
results against the data measured in pigs. Alawieh et al.®
studied the suction force and the therapeutic effect of
two suction pumps used clinically, and proved that high
suction pressure is beneficial for the improvement of the
efficiency in the operation. Yaeger et al.** used polyvinyl
alcohol gel to produce artificial thrombi, and conducted in
vitro experiments to compare the suction force generated
by applying several commercial DAT pumps on commonly
used large diameter catheters. Results showed that the
larger the inner diameter of the catheter, the greater the
suction force produced. Other researchers further used the
suction flow as the evaluation index. Simon et al.** tested the
suction pressure, suction force, and suction flow generated
by applying different DAT pumps and syringes on a series of
catheters of different calibers. Results show that under the
same suction pressure, the larger the inner diameter of the
catheter, the greater the suction flow produced. Hu et al.3
conducted similar measurements. Kallmes et al.3” pointed
out that in a considerable number of DAT operations, the
thrombus was adsorbed to the catheter tip and then taken
out of the body with the catheter withdrawal, rather than
being sucked into the catheter and discharge directly and
immediately, thus comparing the suction flow generated in
different pump and catheter combinations was not of great
practical significance.

These studies have provided a wealth of knowledge about
DAT and promoted the development of the technique, but
they were mostly limited to the inspection of the suction
process, focusing on the measurement of those clinically
observable variables including the suction pressure, the
suction force, the recanalization rate, the duration of DAT
02 |
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operation, the number of thrombus fragment escaped etc.,
and the evaluation of the effectiveness of the DAT based on
the comparison of these variables in different case studies.
They have not worked on in-depth analysis of the physical
mechanism of DAT, such as how physical properties like
viscosity, surface tension etc. of the thrombus influence
the local velocity, pressure, shear stress distributions,
thus changing the interactions between the blood, the
thrombus, the vessel wall, and the catheter. In addition, in
evaluating the performance of different commercial DAT
systems, these studies over-emphasized the importance
of the bigger magnitude in the suction pressure which
facilitated the clots removal, while neglected that the high
suction pressure potentially causes mechanical damage to
the vessel wall.

New research directions for the technical improvement
of DAT

To facilitate technology transfer of DAT and its full-scale
usage in clinical practice, it is imperative for the next
stage of DAT study to focus more on the hemodynamic
analysis and study the fundamental fluid mechanics in the
thrombus aspiration process. By referring to the forefront
development of DAT, there are three potential topics
deserving to be explored for the technical improvement
of DAT: 1. Replace the constant suction pressure with
the pulsatile suction pressure: using a low amplitude
pulsatile suction pressure to replace the high amplitude
constant suction pressure currently in use, which helps
to reduce the mechanical damage to the vessel wall while
maintaining the efficiency of thrombus removal; 2. Choose
between the non-contact suction and the contact suction:
unlike the current mainstream operation which presses
the catheter tip tightly onto the proximal surface of the
blood clot, deliberately maintaining a small gap between
the catheter tip and the surface of the thrombus helps to
avoid squeezing the thrombus and causing the thrombus
fragmentation, and possibly this works more effectively; 3.
Optimize the geometry design of the catheter tip: evaluating
different geometry designs of the catheter tip and analyzing
the specific flow field changes in each case, identifying the
optimal ones which improve the efficiency of thrombus
removal and reduce the damage to blood vessels at the
same time.

Using pulsatile or constant suction pressure

Simon et al.3® connected the Penumbra 5 Max catheter to
the Penumbra suction pump to study the thrombus removal
in vitro on a mock cerebral flow test rig, and compared the
pumping efficiency under constant and periodic pulsatile
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suction pressure. They found that the aspiration speed and
the removal rate under periodic pulsatile pressure mode
were better than those for the constant pressure mode.
Arslanian et al.?° conducted similar in vitro test, and found
that using the periodic pulsatile suction helps to achieve
better first-pass success rate and reduce the occurrence of
thrombus fragmentation compared to using the constant
suction. Although these were preliminary studies and did
not advise which specific profile for the pulsatile pressure
change was conducive to clinical adoption, nevertheless
they confirmed the feasibility of using pulsatile suction in
the DAT.

Good et al.*® neglected the blood flow, and used finite
element analysis to calculate the shape change of the
thrombus under both constant and pulsatile suction. Also
they fabricated mock thrombus models with neoprene
rubber, and used the high-speed camera to record the
shape change of the mock thrombus model under both
constant and pulsatile suction. The results were compared
for verification. They found that compared to constant
suction operation, using pulsatile suction could more
effectively remove blood clots, and much lower pressure
magnitude was needed in the pulsatile mode to achieve
the same clot removal efficiency compared to the constant
suction mode. The study further supports the feasibility
of pulsatile suction in DAT. The study neglected the blood
flow and thus the dynamic interaction between the blood
flow and the thrombus, which has much influence on the
validity of the study. More studies are needed to investigate
the pulsatile versus constant pressure suction with further
improved accuracy.

Comparison of non-contact suction and contact suction

Pearce et al.*'*? first suggested that non-contact suction
helps to avoid squeezing the thrombus and minimize the
thrombus fragmentation, and helps to achieve greater
suction force. Continuing with this idea, Romero’s team
conducted numerical simulation studies of non-contact
thrombus aspiration.**** Romero’s studies used the
lumped-parameter model to describe the friction in blood
flow, the compressibility and inertia of the blood. They
used a group of small balls to model the thrombus, and the
mechanical properties of the thrombus were represented
with the spring-damper combination. The studies used an
assumed fixed proportional relationship between the blood
flow and the thrombus volume to model the interaction
between the blood and the thrombus, which might not be
reliable and needs to be re-examined. Neidlin et al.*> used
a 3D computational fluid dynamics model to study the
non-contact thrombus aspiration process in the blocked
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left middle cerebral artery, and compared the flow changes
when the catheter tip was positioned at different distances
(about five times and ten times the inner diameter of the
catheter) away from the proximal surface of the thrombus.
It is noted that the catheter tip was too far away from the
thrombus to effectively reveal the thrombus aspiration
process in this study. Chitsaz et al.*® used 3D computational
fluid dynamics to analyze the thrombus aspiration with two
types of catheters under non-contact suction, and suggested
that non-contact suction could achieve thrombus removal.
The study modelled the blood vessel as a very simple
regular short tube, which was a significant simplification
of the vessel geometry. Besides, the length of the tube used
was too short so that the pressure boundary condition
imposed at the outlet became less physical.

Using in vitro experimental study combined with 3D
computational fluid dynamics simulation, Lally et al.*’
compared the contact and non-contact suction in a straight
glass tube which served as the simplified cerebral artery
model, and concluded that non-contact suction could not
achieve thrombus removal. The study did not give sufficient
technical details about the experimental conditions and
calculation process. To further investigate the effectiveness
of non-contact suction, Shi et al.*® studied the relationship
between the suction distance (defined as the distance
between the catheter tip and the proximal surface of the
thrombus) and the suction force using 3D computational
fluid dynamics simulation. Both contact suction and non-
contact suction were analyzed in the study. It was found
that the suction force increased exponentially as the suction
distance was reduced, and the suction force generated when
the suction distance was reduced to 0.1 mm was slightly
greater than the theoretical suction force value calculated
when the catheter tip was in full contact with the thrombus.
The result supported the feasibility of non-contact suction.
The study also used a simple straight tube to represent the
artery vessel, and the thrombus was modelled as a rigid
body fixed to the vessel wall.

Overall, these studies suggested the possibility of using
non-contact suction for thrombus removal. However, they
used greatly simplified models for analysis, and have not
given a systematic comparison between the contact and
non-contact suction with respect to the advantages and
disadvantages in each. There is a significant need for more
studies in this area.

Optimization of the catheter tip geometry

Pearce et al.***?*° designed a non-contact suction catheter
which has spiral cuts in the inner cylindrical surface of the
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catheter tip, and they named this Gwen Pearce (GP) device.
The idea was that the spiral grooves in the inner cylindrical
surface of the catheter tip facilitated the formation of strong
vortex flow near the catheter tip during the suction process,
and this local vortex flow would make the thrombus
removal easier. Besides, the non-contact suction operation
could reduce the formation of thrombus fragments. Pearce
et al.*»*%° measured the flow characteristics and the
suction force generated with the GP device in the in vitro
cerebral flow test rig, tested its efficiency and efficacy,
evaluated the influence of the thrombus removal process
to the vascular tissue, and compared the results of the GP
device with those of using the mainstream stent retriever
and the current commercial DAT devices. They concluded
that the performance of the GP device was superior to the
mainstream thrombus removal devices.

Pearce et al. in their works set a good example for the
optimization of the DAT catheter design. It is possible that
more sophisticated geometry designs in the catheter tip
could induce more significant performance improvement
in the DAT system, and this could be effectively examined
using a combination of computer simulation and in vitro
experimental study, which could have much impact to
the future design of new generation of neurosurgical
equipment.

Other directions for further research

Besides the above potential research directions suggested,
there are other important aspects about DAT which need to
be explored. For example, navigating the catheter through
the tortuous arteries to arrive at the thrombus location
has always been a challenging task, especially in the DAT
when larger caliber catheters are used.>!*2*5! The histology
and the mechanical behavior of the clots have significant
influence on the thrombectomy procedure and success
rate.’5” These studies need joint efforts from biomedical
engineers and clinical researchers.

CONCLUSIONS

DAT as a promising minimal invasive treatment option
for the AIS therapy has attracted much attention among
researchers. Plenty of clinical, in vitro, and computer
modelling studies have been conducted to analyze the
hemodynamic response in the DAT for the advancement
of the technique. Most of these were focused on the
measurement of clinically observable variables (suction
pressure, suction flow, recanalization rate etc.) for the
evaluation of the effectiveness of the DAT. Further research
can be planned to study more of the physical mechanism
about the DAT, for example to consider the technical
02|
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possibilities of issues of replacing the constant suction
pressure with pulsatile suction pressure, comparison
of contact aspiration and non-contact aspiration, and
optimization of catheter tip design.

CONFLICTS OF INTEREST: None declared
SOURCE OF FUNDING

This workwas supported by the Natural Science Foundation
of Shaanxi Province, China (2021JM-468); the China High
Education Innovation Fund for Industry, Research and
Development, Ministry of Education, China (Alibaba Cloud
University Digital Innovation Program 2021ALA01002);
the Open Research Grant from the Beijing Key Laboratory
of Fundamental Research on Biomechanics in Clinical
Application, China (2022KF02); and the Key R&D grant
from the Xianyang Municipal Science and Technology
Bureau, China (L2022ZDYFSF051).

AUTHORS’ CONTRIBUTIONS

YS designed the study, performed the literature search and
selection, extracted and analyzed the data, and wrote and
revised the manuscript. HY analyzed the data and revised
the manuscript. JD and PB revised the manuscript. All
authors granted the final approval for submission.

REFERENCES

1. Gao E Chen K, Zhang X, Han ], Zhang Y, Zhang X.
Interventional therapy for acute ischemic stroke. in:
progress in interventional therapy of ischemic cerebral
vascular diseases 2015. People’s Medical Publishing
House Co. Ltd; 2015:140-156.

2. Yeo LLL, Sharma VK. The quest for arterial
recanalization in acute ischemic stroke-the past,
present and the future. ] Clin Med Res. 2013;5(4):251-
265.DOI: 10.4021 /jocmr1342w PMID: 23864913.

3. Bhaskar S, Stanwell P, Cordato D, Attia ], Levi C.
Reperfusion therapy in acute ischemic stroke: dawn of
a new era? BMC Neurol. 2018;18(1):8. DOI: 10.1186/
$12883-017-1007-y PMID: 29338750.

4. Balasubramaian A, Mitchell P Dowling R, Yan B.
Evolution of endovascular therapy in acute stroke:
implications of device development. ] Stroke.
2015;17(2):127-137. DOI: 10.5853/j0s.2015.17.2.127
PMID: 26060800.

5. Powers W], Rabinstein AA, Ackerson T, Adeoye OM,
Bambakidis NC, Becker K, et al. 2018 Guidelines for

page 192 JGMC-N 17

the early management of patients with acute ischemic
stroke: a guideline for healthcare professionals from
the American Heart Association/American Stroke
Association.  Stroke. 2018;49(3):e46-e110. DOI:
10.1161/STR.0000000000000158 PMID: 29367334.

Bai X, Zhang X, Zhang Y, Yang W, Wang T, Feng Y, et
al. Mechanical thrombectomy in nonagenarians: a
systematic review and meta-analysis.Transl Stroke
Res. 2021;12(3):394-405. DOI: 10.1007/s12975-021-
00894-5 PMID: 33532934.

Shafie M, Yu W. Recanalization therapy for acute
ischemic stroke with large vessel occlusion: where
we are and what comes next? Transl Stroke Res.
2021;12(3):369-381. DOI: 10.1007/s12975-020-
00879-w PMID: 33409732.

Kang R, Gamdzyk M, Tang H, Luo Y, Lenahan C, Zhang
JH. Delayed recanalization—how late is not too late?
Transl Stroke Res. 2021;12(3):382-393. DOI: 10.1007/
s12975-020-00877-y PMID: 33215347.

Spiotta AM, Chaudry MI, Hui FK, Turner RD, Kellogg
RT, Turk AS. Evolution of thrombectomy approaches
and devices for acute stroke: a technical review.
] Neurointerventional Surg. 2015;7(1):2-7. DOI:
10.1136/neurintsurg-2013-011022 PMID: 24385554

. Lally F, Grunwald 1Q, Sanyal R, Natarajan I, Roffe C.

Mechanical thrombectomy in acute ischaemic stroke: a
review of the literature, clinical effectiveness and future
use. CNS Neurol Disord Drug Targets. 2013;12(2):170-
190. DOI: 10.2174/18715273112119990054 PMID:
23394538.

. Turk AS, Frei D, Fiorella D, Mocco ], Baxter B, Siddiqui

A, et al. ADAPT FAST study: a direct aspiration first
pass technique for acute stroke thrombectomy. ]
Neurointerventional Surg. 2018;10(Suppl 1):i4-i7.
DOI: 10.1136/neurintsurg-2014-011125.rep PMID:
30037944.

. Przybylowski C], Ding D, Starke RM, Durst CR, Crowley

RW, Liu KC. Evolution of endovascular mechanical
thrombectomy for acute ischemic stroke. World ] Clin
Cases. 2014;2(11):614-622. DOI: 10.12998/wijcc.
v2.i11.614 PMID: 25405185.

. Mokin M, Khalessi AA, Mocco J, Lanzino G, Dumont TM,

HanelRA, etal. Endovasculartreatmentofacuteischemic
stroke: the end or just the beginning? Neurosurg Focus.
2014;36(1):E5. DOI: 10.3171/2013.10.FOCUS13374

2024



Hemodynamics in direct aspiration thrombectomy

Review Article

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

PMID: 24380482.

Hasan TF, Todnem N, Gopal N, Miller DA, Sandhu SS,
Huang JF, et al. Endovascular thrombectomy for acute
ischemic stroke. Curr Cardiol Rep. 2019;21(10):112.
DOI: 10.1007/s11886-019-1217-6 PMID: 31471811.

Hameed A, Zafar H, Mylotte D, Sharif F. Recent trends
in clot retrieval devices: a review. Cardiol Ther.
2017;6(2):193-202. DOI: 10.1007 /s40119-017-0098-2
PMID: 28702878.

Yeo LLL, Jing M, Bhogal P, Tu T, Gopinathan A, Yang C, et
al. Evidence-based updates to thrombectomy: targets,

new techniques, and devices. Front Neurol. 2021;12.
DOI: 10.3389/fneur.2021.712527 PMID: 34566856.

Kang DH, Park J. Endovascular stroke therapy focused
on stent retriever thrombectomy and direct clot
aspiration: historical review and modern application.]
Korean Neurosurg Soc. 2017;60(3):335-347. DOI:
10.3340/jkns.2016.0809.005 PMID: 28490161.

Latchaw RE. Mechanical
for treating acute ischemic stroke. Endovasc Today.
2007;6(5):68-74.

thrombectomy devices

Yoo AJ, Frei D, Tateshima S, Turk AS, Hui FK, Brook AL,
et al. The Penumbra stroke system: a technical review.
] Neurointerventional Surg. 2012;4(3):199-205. DOI:
10.1136/neurintsurg-2011-010080 PMID: 21990525.

Kang DH, Hwang YH. Frontline contact aspiration
treatment for emergent large vessel occlusion: a review
focused on practical techniques. ] Stroke.2019;21(1):10-
22.DO0I: 10.5853/j0s.2018.03076 PMID: 30732439.

Maingard ], Foo M, Chandra RV, Leslie-Mazwi TM.
Endovascular treatment of acute ischemic stroke. Curr
Treat Options Cardiovasc Med. 2019;21(12):89. DOI:
10.1007/s11936-019-0781-9 PMID: 31823080.

Ye G, Lu J, Qi P, Yin X, Wang L, Wang D. Firstline a direct
aspiration first pass technique versus firstline stent
retriever for acute basilar artery occlusion: a systematic
review and meta-analysis. ] Neurointerventional
Surg. 2019;11(8):740-746. DOLI: 10.1136/
neurintsurg-2018-014573 PMID: 30692214.

Baker WL, Colby JA, Tongbram V, Talati R, Silverman
IE, White CM, et al. Neurothrombectomy devices for
the treatment of acute ischemic stroke: state of the
evidence. Ann Intern Med. 2011;154(4):243-252. DOI:
10.7326/0003-4819-154-4-201102150-00306 PMID:

JGMC-N 17

24,

25.

26.

27.

28.

29.

30.

31.

02

21242342.

Jeon JP, Kim SE, Kim CH. Primary suction thrombectomy
for acute ischemic stroke: A meta-analysis of the current
literature. Clin Neurol Neurosurg. 2017;163:46-52. DOI:
10.1016/j.clineuro.2017.09.014 PMID: 29055224.

Wei D, Mascitelli JR, Nistal DA, Kellner CP, Fifi JT, Mocco
JD, et al. The use and utility of aspiration thrombectomy
in acute ischemic stroke: a systematic review and meta-
analysis. AJNR Am ] Neuroradiol. 2017;38(10):1978-
1983. DOI: 10.3174/ajnr.A5309 PMID: 28751516.

Saber
Narayanan S. Comparison of the

H, Rajah GB, Kherallah RY, Jadhav AP
efficacy and
safety of thrombectomy devices in acute stroke:
A network meta-analysis of randomized trials. ]
Neurointerventional Surg. 2018;10(8):729-734. DOI:
10.1136/neurintsurg-2017-013544 PMID: 29246906.

Ospel JM, McTaggart R, Kashani N, Psychogios M,
AlmekhlafiM, Goyal M. Evolution of stroke thrombectomy
techniques to optimize first-pass complete reperfusion.
Semin Interv Radiol. 2020;37(2):119-131. DOI:
10.1055/s5-0040-1709153 PMID: 32419724.

Turk AS, Turner R, Spiotta A, Vargas ], Holmstedt
C, Ozark §,
treatment approaches for acute ischemic stroke: cost

et al. Comparison of endovascular
effectiveness, technical success, and clinical outcomes.
J Neurointerventional Surg. 2015;7(9):666-670. DOI:
10.1136/neurintsurg-2014-011282 PMID: 25028502.

Ducroux C, Piotin M, Gory B, Labreuche |, Blanc R,
Ben Maacha M, et al. First pass effect with contact
aspiration and stent retrievers in the Aspiration versus
Stent Retriever (ASTER) trial. ] Neurointerventional
Surg. 2020;12(4):386-391. DOI: 10.1136/
neurintsurg-2019-015215 PMID: 31471527.

Martini M, Mocco ], Turk A, Siddiqui AH, Fiorella D, Hanel
RA, et al. “Real-world” comparison of first-line direct
aspiration and stentretriever mechanical thrombectomy
for the treatment of acute ischemic stroke in the anterior
circulation: a multicenter international retrospective
study. ] Neurointerventional Surg. 2019;11(10):957-
963. DOI: 10.1136/neurintsurg-2018-014624 PMID:
30975738.

Froehler MT. Comparison of vacuum pressures and
forces generated by different catheters and pumps
for aspiration thrombectomy in acute ischemic

stroke. Interv Neurol. 2017;6(3-4):199-206. DOI:

2024 page 193



Review Article

Hemodynamics in direct aspiration thrombectomy

32.

33

34.

35.

36.

37.

38.

39.

40.

page 194

10.1159/000475478 PMID: 29118797.

Nikoubashman O, Nikoubashman A, Biisen M, Wiesmann
M. Necessary catheter diameters for mechanical
thrombectomy with ADAPT. AJNR Am ] Neuroradiol.
2017;38(12):2277-2281. DOI: 10.3174/ajnr.A5401
PMID: 29025728.

. Alawieh A, Chalhoub R, Korson C], Anadani M, Lena

], Spiotta A. Impact of reperfusion pump power on
technical and clinical outcomes after direct aspiration
thrombectomy (ADAPT). ] Neurointerventional
Surg. 2020;12(6):579-584. DOLI: 10.1136/
neurintsurg-2019-015297 PMID: 31653754.

Yaeger K, Iserson A, Singh P, Wolf ], Vidal E, Oxley
T, et al. A technical comparison of thrombectomy
vacuum aspiration systems. ] Neurointerventional
Surg. 2020;12(1):72-76. DOLI: 10.1136/
neurintsurg-2019-014929 PMID: 31273074.

Simon SD, Grey CP. Hydrodynamic comparison of the
Penumbra system and commonly available syringes in
forced-suction thrombectomy. ] Neurointerventional
Surg. 2014;6(3):205-211. DOLI: 10.1136/
neurintsurg-2012-010638 PMID: 23531712.

Hu YC, Stiefel MF. Force and aspiration analysis of the
ADAPT technique in acute ischemic stroke treatment.
] Neurointerventional Surg. 2016;8(3):244-246. DOI:
10.1136/neurintsurg-2014-011563 PMID: 25618896.

Kallmes DF, Sadasivan C, Fiorella D. The truth and
fiction in aspiration physics: may the forces be with
you. ] Neurointerventional Surg. 2018;10(11):1029-
1030. DOIL: 10.1136/neurintsurg-2018-014446 PMID:
30309996.

Simon S, Grey CP, Massenzo T, Simpson DG, Longest PW.
Exploring the efficacy of cyclic vs static aspiration in a
cerebral thrombectomy model: an initial proofof concept
study. ] Neurointerventional Surg. 2014;6(9):677-
683. DOI: 10.1136/neurintsurg-2013-010941 PMID:
24235098.

Arslanian RA, Marosfoi M, Caroff ], King RM, Raskett
C, Puri AS, et al. Complete clot ingestion with cyclical
ADAPT
reduces distal embolization. ] Neurointerventional
Surg. 2019;11(9):931-936. DOLI: 10.1136/
neurintsurg-2018-014625 PMID: 30718384.

increases first-pass recanalization and

Good BC, Simon S, Manning K, Costanzo F. Development
of a computational model for acute ischemic stroke

JGMC-N 17

41.

42.

43.

44,

45.

46.

47.

48.

49.

02

recanalization through cyclic aspiration. Biomech Model
Mechanobiol. 2020;19(2):761-778. DOI: 10.1007/
s10237-019-01247-w PMID: 31686306.

Pearce G, Patrick JH, Perkinson ND. A new device for
the treatment of thromboembolic strokes. ] Stroke
Cerebrovasc Dis. 2007;16(4):167-172. DOI: 10.1016/j.
jstrokecerebrovasdis.2007.03.003 PMID: 17689413.

Pearce G, Perkinson ND, Wong ], Burley M, Spence ],
Brookfield P, et al. The “GP” mechanical thrombectomy
device. ] Stroke Cerebrovasc Dis. 2009;18(4):288-293.
DOI: 10.1016/j.jstrokecerebrovasdis.2008.11.011
PMID: 19560683.

Romero G, Martinez ML, Maroto ], Felez ]. Blood
clot simulation model by wusing the Bond-Graph
technique. Sci World ]. 2013;2013:519047. DOI:
10.1155/2013/519047 PMID: 24453867.

Talayero C, Romero G, Pearce G, Wong ]. Numerical
modelling of blood clot extraction by aspiration
thrombectomy. Evaluation of aspiration catheter
geometry. ] Biomech. 2019;94:193-201. DOI: 10.1016/j.
jbiomech.2019.07.033 PMID: 31420154.

Neidlin M, Biisen M, Brockmann C, Wiesmann M,
Sonntag SJ, Steinseifer U, et al. A numerical framework
to investigate hemodynamics during endovascular
mechanical recanalization in acute stroke. Int ] Numer
Methods Biomed Eng. 2016;32(4):e02748. DOI:
10.1002/cnm.2748 PMID: 26420012.

Chitsaz A, Nejat A, Nouri R. Three-dimensional
numerical simulations of aspiration process: evaluation
of two Penumbra aspiration catheters performance.
Artif Organs. 2018;42(12):E406-E419. DOI: 10.1111/

aor.13300 PMID: 30444047.

Lally F Soorani M, Woo T, Nayak S, Jadun C, Yang Y,
et al. In vitro experiments of cerebral blood flow
during aspiration thrombectomy: potential effects
on cerebral perfusion pressure and collateral flow. ]
Neurointerventional Surg. 2016;8(9):969-972. DOI:
10.1136/neurintsurg-2015-011909 PMID: 26320121.

Shi Y, Cheshire D, Lally F, Roffe C. Suction force-suction
distance relation during aspiration thrombectomy
for ischemic stroke: A computational fluid dynamics
study. Phys Med. 2017;3:1-8. DOI: 10.1016/j.
phmed.2016.11.001

Pearce G, Perkinson ND, Wong ], Roffe C, Brooker L, Jones
K, et al. In vitro testing of a new aspiration thrombus

2024



Hemodynamics in direct aspiration thrombectomy

Review Article

50.

51.

52.

53.

device. ] Stroke Cerebrovasc Dis. 2010;19(2):121-129.
DOI: 10.1016/j.jstrokecerebrovasdis.2009.03.017
PMID: 20189088.

Tennuci C, Pearce G, Wong ], Nayak S, Jones T, Lally
F, et al. Comparison of the effectiveness of three
methods of recanalization in a model of the middle
cerebral artery: thrombus aspiration via a 4F catheter,
thrombus aspiration via the GP thromboaspiration
device, and mechanical thrombectomy using the
Solitaire thrombectomy device. Stroke Res Treat.
2011;2011:186424.D0I:10.4061/2011/186424 PMID:

21603169.

Boisseau W, Escalard S, Fahed R, Lapergue B, Smajda S,
Maier B, et al. Direct aspiration stroke thrombectomy:
a comprehensive review. ] Neurointerventional
Surg. 2020;12(11):1099-1106. DOI:  10.1136/

neurintsurg-2019-015508 PMID: 32532857.

Brinjikji W, Duffy S, Burrows A, Hacke W, Liebeskind
D, Majoie CBLM, et al. Correlation of imaging and
histopathology of thrombi in acute ischemic stroke
with etiology and outcome: a systematic review. ]
Neurointerventional Surg. 2017;9(6):529-534. DOI:
10.1136/neurintsurg-2016-012391 PMID: 27166383.

Chueh JY, Wakhloo AK, Hendricks GH, Silva CF
Weaver |JP, Gounis M]. Mechanical characterization
ischemic stroke and

of thromboemboli in acute

JGMC-N 17

54.

55.

56.

57.

02

laboratory embolus analogs. AJNR Am ] Neuroradiol.
2011;32(7):1237-1244. DOL: 10.3174/ajnr.A2485
PMID: 21596804.

Johnson S, Chueh ], Gounis M], McCarthy R, McGarry JP,
McHugh PE, et al. Mechanical behavior of in vitro blood
clots and the implications for acute ischemic stroke
treatment. ] Neurointerventional Surg. 2020;12(9):853-
857. DOI: 10.1136/neurintsurg-2019-015489 PMID:
31780453.

Johnson S, McCarthy R, Fahy B, Mereuta OM, Fitzgerald
S, Gaudirc ], et al. Development of an in vitro model
of calcified cerebral emboli in acute ischemic
stroke for mechanical thrombectomy evaluation. ]
Surg. 2020;12(12):1002-1007.

10.1136/neurintsurg-2019-015595PMID:

Neurointerventional
DOI:
31900353.

Yuki I, Kan I, Vinters HV, Kim RH, Golshan A, Vinuela
FA, et al. The impact of thromboemboli histology on the
performance of a mechanical thrombectomy device.
AJNR Am ] Neuroradiol. 2012;33(4):643-648. DOI:
10.3174/ajnr.A2842 PMID: 22207297.

Heo JH, Nam HS, Kim YD, Choi JK, Kim BM, Kim D], et al.
Pathophysiologic and therapeutic perspectives based on
thrombus histology in stroke. ] Stroke. 2020;22(1):64-
75.DOI: 10.5853/j0s.2019.03440 PMID: 32027792.

2024 page 195



	_Hlk115252908
	_Hlk115252955
	_Hlk115252924
	_Hlk104450752
	_heading=h.3znysh7
	_heading=h.z3gkqy7c57d3
	_heading=h.cbihkvzufqo
	_heading=h.3dy6vkm
	_heading=h.1t3h5sf
	_heading=h.g23owa6i8z5g
	_heading=h.b0v7o2iqd4bj
	_Hlk153962501
	_heading=h.4d34og8
	_GoBack
	_Hlk167218294
	_GoBack
	_GoBack
	_GoBack
	_GoBack
	_GoBack
	_GoBack
	_Hlk159955888
	_Hlk168560624
	_Hlk168566635
	_Hlk168823713
	_Hlk168578207
	_Hlk168567235
	_Hlk168823889
	_Hlk168567660
	_Hlk168824010
	_Hlk168567812
	_Hlk168824141
	_Hlk168566570
	_Hlk168566825
	_Hlk168566775
	_Hlk168566748
	_Hlk168565192
	_Hlk168567444
	_Hlk168567496
	_Hlk168567589
	_Hlk168567699
	_Hlk168567724
	_Hlk168567787
	_Hlk168567852
	_Hlk168567882
	_Hlk168567917
	_Hlk168568707
	_Hlk168590515
	_Hlk168568858
	_Hlk168572237
	_Hlk168569028
	_Hlk168824690
	_Hlk168572621
	_Hlk168572909
	_Hlk168573043
	_Hlk168565672
	_Hlk168517832
	_Hlk168568757
	_Hlk168568785
	_Hlk168568899
	_Hlk168568916
	_Hlk168568936
	_Hlk168569092
	_Hlk168569136
	_Hlk168573169
	_Hlk168572273
	_Hlk168572300
	_Hlk168572953
	_Hlk168573016
	_Hlk168573258
	_Hlk168573299
	_Hlk168663926
	_GoBack
	_GoBack
	_Hlk160533577
	_Hlk157160431
	_Hlk157160490
	_Hlk157160513
	_Hlk157160550
	_Hlk158125190
	_Hlk157162635
	B13
	_GoBack
	_GoBack
	_Hlk159420940
	_Hlk159421086
	_Hlk159421296
	_Hlk159421412
	_Hlk159421774
	_Hlk159421856
	_Hlk159422281
	_Hlk159422138
	_Hlk159422353
	_Hlk159422443
	_Hlk159422527
	_Hlk166319363
	_Hlk154760938
	_GoBack
	_GoBack
	_Hlk169025261
	_Hlk173760593
	_Hlk140431625
	_Hlk140171916
	_Hlk140172016
	_Hlk169032516
	_GoBack
	_Hlk168731406
	_30j0zll
	_1fob9te
	_3znysh7
	_2et92p0
	_tyjcwt
	_3dy6vkm
	_1t3h5sf
	_26in1rg
	_lnxbz9
	_ENREF_1
	_ENREF_2
	_ENREF_4
	_ENREF_6
	_ENREF_9
	_ENREF_10
	_ENREF_12
	_ENREF_13
	_ENREF_14
	_ENREF_17
	_ENREF_46
	_ENREF_15
	_ENREF_16
	_ENREF_18
	_GoBack
	_ENREF_19
	_ENREF_20
	_ENREF_21
	_heading=h.gjdgxs
	_GoBack
	_Hlk170221199
	_Hlk170309440
	_GoBack
	_GoBack
	_GoBack
	_GoBack
	_Hlk173356910
	_Hlk68180016
	_GoBack
	_Hlk129377782
	_GoBack
	_Hlk176870002
	_GoBack

