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A new aspiration device equipped with a
hydro-separator for acute ischemic stroke
due to challenging soft and stiff clots
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Abstract
Objective: Fragile soft clots and stiff clots remain challenging in the treatment of acute ischemic stroke. This study aims to

investigate the impact of clot stiffness on the efficacy of thrombectomy devices and a new aspiration catheter with a hydro-

separator.

Methods: The Neurostar aspiration catheter has a novel hydro-separator technology that macerates clots by a stream of

saline inside the catheter. The Neurostar catheter and two commercially available devices, the SOFIA aspiration catheter and

Solitaire stent retriever, were tested in this study. We evaluated the efficacy of each device on clots with various stiffness in a

simple in vitro model. We also assessed single-pass recanalization performance in challenging situations with large

erythrocyte-rich clots and fibrin-rich clots in a realistic vascular model.

Results: We observed an inverse association between the clot stiffness and recanalization rates. The aspiration catheter,

SOFIA ingested soft clots but not moderately stiff clots. When removing soft clots with the stent retriever, fragmentation was

observed, although relatively stiff clots were well-integrated and removed. The Neurostar ingested soft clots similar to the

aspiration catheter, and also aspirated stiff clots by continuous suction with hydro-separator. In the experiments with

challenging clots, the Neurostar led to significantly higher recanalization rates than the stent retriever and aspiration

catheter.

Conclusions: The stiffness of the clots affected the efficacy of endovascular thrombectomy based on the type of device. The

Neurostar catheter with hydro-separator resulted in better success rates than a commercially available aspiration catheter

and stent retriever in this experimental model.
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Introduction

Endovascular thrombectomy with a stent retriever or
aspiration catheter has been established as the
standard-of-care treatment in patients with acute
ischemic stroke (AIS).1,2 Successful thrombectomies
in the first attempt, known as the first-pass effect, is
associated with better clinical outcomes.3,4 Despite
high recanalization rates reported with the current
technology, the rate of first-pass effect is approxi-
mately 30%.5,6 Therefore, there is need for future
improvement of the tools for early recanalization of
occluded vessels in AIS.

The properties of occlusive clots affect the techni-
cal intricacy in endovascular procedures and are
thought to be a factor against achieving a high first-
pass effect. A number of in vitro, in vivo and clinical

studies have shown that both soft erythrocyte-rich
clots and stiff fibrin-rich clots make the thrombec-
tomy challenging.7–11 Although stiffness is believed
to affect integration with stent retrievers and
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ingestion by aspiration catheters,12 the research effort
on the effect of clot stiffness on the procedural effi-
cacy is quite limited, partly because the thrombi from
patients are heterogenous and the analysis for stiff-
ness needs to be performed immediately after the clot
is retrieved.13

In this study, we created artificial clot analogues
with diverse stiffnesses to investigate the impact of
stiffness on the efficacy of conventional endovascular
thrombectomy devices and an innovative aspiration
device with a hydro-separator. We assessed the per-
formance of these devices in challenging circumstan-
ces with large soft, fragile clots and stiff fibrous clots
in a tortuous vascular region.

Materials and methods

Clot analogue

Two types of clot analogues, one novel, and another
conventional, were created in this study. The first clot
analogue was made with agar at six different concen-
trations in silicone tubing with a 3mm diameter. We
created the artificial clot analogues with six stiffness
variations and evaluated the efficacy of the thrombec-
tomy devices in capturing them. The compressive
modulus of the artificial clot analogues was con-
trolled by varying concentrations of the agar.

The second conventional clot analog was made uti-
lizing porcine blood with the dichotomy in soft
erythrocyte-rich clot and firm fibrin-rich clot. The
porcine blood was collected and anticoagulated with
sodium citrate. The erythrocyte-rich clot was pro-
duced by adding calcium chloride to whole porcine
blood. To create a fibrin-rich clot, citrated blood was
centrifuged at 550 g for 15min, and the extracted
plasma was mixed with red blood cells at a volume
ratio of 99:1.14 Calcium chloride was given to the
mixture to coagulate. This mixture was then injected
into 6mm or 4mm diameter silicone tubing.

Compression test

The compression modulus is determined by how

much a clot is deformed by the subjected compression

force and has been previously used to represent the

stiffness of human thrombi.13 A mechanical testing

machine (Instron model 5943) was used to examine

compression moduli of various artificial clot ana-

logues as previously described.15 Samples were

formed using a polydimethylsiloxane (PDMS) mold

with cylindrical geometry (5mm in diameter and

3mm in depth). The compression test was performed

at a rate of 1mm/min with a 100N load until the

sample failed (at around 60% strain level). Testing

of each clot was repeated 3 to 4 times. The compres-

sive strain (mm) and load (N) were measured using

the Bluehill Universal software and the dimensions of

the samples were measured using a digital caliper. The

compressive modulus was also determined based on

the slope of the stress-strain curve at linear region. In

addition, the compressive strength was recorded as

the force with which the loaded specimen collapses.

In vitro thrombectomy

The efficacy of two commonly used devices for AIS,

a stent retriever (Solitaire FR, Medtronic

Neurovascular) and an aspiration catheter (SOFIA

Flow Plus, MicroVention Terumo), as well as a new

aspiration catheter with a hydro-separator technology

(Neurostar, Irvine Neurovascular), were tested to

compare single-pass recanalization performance.
The Neurostar Thrombectomy System consists of

a 6F Neurostar catheter that is an aspiration device

equipped with a hydro-separator, and a Saline Drive

Unit (SDU) which creates a micro stream of saline

aimed perpendicular to the long axis on the tip of the

catheter (from the hydro-separator) to macerate the

thrombus (Figure 1). A peristaltic pump is also incor-

porated in the SDU and the clots are aspirated with

Figure 1. Neurostar Thrombectomy System. (a) Saline stream inside the tip of the Neurostar catheter to macerate the thrombus during
aspiration (hydro-separator technology). (b) Neurostar Thrombectomy System. Aspiration is initiated by the footswitch, and negative
pressure signal activates the Saline Drive Unit, creating a stream of saline on the tip of the catheter through a saline delivery tubing
within the main lumen.
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the maceration. The Neurostar catheter has 0.080”
OD and 0.062” ID with 132 cm working length. The
tip of saline delivery tubing is located< 0.5mm from
the tip of the Neurostar catheter, and the saline lumen
takes approximately six percent of the cross-sectional
area of the aspiration lumen. The injected saline
(<40ml/min) hits the opposing wall of the catheter
and deflects distally out of the tip so that the resulting
pressure that exits the tip of the catheter is <10 psi.
The low pressure and low flow rate during aspiration
prevents distal emboli, whereas the saline jet with
high pressure inside the tip of the catheter break the
clots into small pieces to be aspirated (Supplementary
video).

Two types of in vitro systems were used in this
study. The first experimental system was composed
of straight silicone tubing, where the agar artificial
clots with various concentrations were placed. This
experiment aimed to visually identify the differences
in the efficacy of endovascular devices for various
degrees of clot stiffness. A Solitaire FR stent retriever
4 x 20mm was deployed across the clot and gently
pulled after an embedding time of 3minutes. A
SOFIA Flow Plus aspiration catheter was placed
touching the clot, and aspiration was applied by an
aspiration pump (Gomco, Allied Healthcare Product)
for up to 1minute. A Neurostar catheter was also
delivered proximal to the clot, and aspiration with
hydro-separator was applied for five to 30 seconds.
Each procedure was repeated five times and recorded
with a video camera (Seiko Epson).

The second experimental system was composed of
a human intracranial vascular model connected to a
peristaltic pump, which was built as previously
described.16 The silicone vascular model contained
internal carotid artery (ICA), middle cerebral artery
(MCA), and anterior cerebral artery as well as poste-
rior communicating artery and external carotid
artery, with moderate tortuosity in the ICA and
MCA. A 60/40% water/glycerin solution mixed with
detergent was circulated in the system at 37�C with
100mmHg and 240ml/min flow in the ICA. The
erythrocyte-rich clot analog in the 6mm diameter
tube was cut into 15mm pieces. A 2mm-deep notch
was made every 3mm to make the clot more fragile
and then placed in the mid-M1 segment. The fibrin-
rich clot analog in the 4mm diameter tube was cut
into 15mm pieces, dried on surgical gauze for
3minutes to harden and placed from the distal M1
to the proximal M2 segment. The tip of a 90 cm 6Fr
Flexor Shuttle Sheath (Cook Medical) was placed in
the common carotid artery. A Solitaire FR was
deployed over the clot through a 0.027-inch Phenom
microcatheter and REACT68 (Medtronic
Neurovascular), which was placed in the cavernous
segment of the ICA. A 6 � 40mm stent was used
for the mid-M1 clot, and a 4 � 20mm stent was
used for the M1-2 clot. The stent retriever was
retrieved with aspiration through REACT68.

A SOFIA Flow Plus and Neurostar were navigated
to the occlusion using a Phenom microcatheter.
Thrombectomy with SOFIA Flow Plus was per-
formed by aspiration for 1minute using the Gomco
pump and pulling the catheter out into the Shuttle
sheath. The thrombectomy with the Neurostar
system was performed over 15 to 30 seconds, with
gently withdrawing the catheter into the supraclinoid
ICA. In order to simulate the clinical procedural
steps, all thrombectomies were performed under fluo-
roscopy (Artis Zeego, Siemens AG). A video clip was
also taken during the thrombectomy procedures to
observe the behaviors of the clot and its interaction
with the device. Procedures were rated as successful if
the clot was removed without visible fragmentation.
Each procedure was repeated ten times.

Statistical analysis

Comparisons of successful thrombectomy between
the type of thrombectomy devices and clots were
made using a two-way analysis of variance
(ANOVA). Comparisons of results between throm-
bectomy devices with each clot were then made
using one-way ANOVA. Following each ANOVA,
pairwise comparisons were performed by Tukey’s
honestly significant difference test. The significance
of statistical analyses was set at 0.05. All analyses
were performed using R.

Results

Stiffness of artificial clots

The compressive moduli of the artificial clot ana-
logues enhanced from 23.07� 4.16 KPa to 327.67�
17.39 KPa as the agar concentration was increased
from 1 to 6% (Figure 2(a)). Similarly, compressive
strength, which is the force at failure, also increased
with agar concentration (Figure 2(b)). The compres-
sive moduli of the artificial clots from 1 to 6% exhib-
ited the similar range of the stiffness of human
thrombi reported before.13 Among them, the stiffness
of the clots with 1.5% and 2% concentrations showed
close to the mean stiffness of human thrombi
obtained by mechanical thrombectomy.13

Efficacy of thrombectomy devices by stiffness

To evaluate the efficacy of each thrombectomy device
by stiffness, we performed in vitro thrombectomies of
artificial clot analogue at each agar concentration.
The success rate of each device is shown in Figure 3
(a). The SOFIA Flow Plus ingested 1% and 1.5% soft
clots in less than a minute; clots above 2% were not
aspirated in a minute, and the proximal part of the clot
was corked into its tip. The clots were removed with a
low success rate by gently pulling the entire system.
The Solitaire showed high efficacy for the 1.5% to
2.5% concentration clots. The Solitaire fully expanded
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against 1% soft clot analogues in the tubing, but the

fragmented clots remained after stent retrieval

(Figure 3(b)). As the clot stiffness increased, stent

expansion against the clot was gradually limited, and

no integration was observed with the 3% clots. The

Neurostar aspirated soft clots with 1-1.5% concentra-

tion similarly to the SOFIA Flow Plus. In addition,

the 2-3% stiffer clots were also aspirated by continu-

ous suction with the aid of the hydro-separator tech-

nology without intraluminal obstruction.

Clot retrieval in human vascular model

To assess the efficacy of each thrombectomy device in

challenging situations, two experimental scenarios

were designed: a large and fragile soft clot in the

M1 segment and a stiff clot in the tortuous M1-M2

segment (Figure 4(a) and Supplementary Figure).

Access to the clot was achieved by every device. The

success rates of the thrombectomy devices for each

clot was shown in Figure 4(b). The rate of success

with the Neurostar was consistently higher than

other devices. Although the results for each clot did

not reach statistical significance, the total results

showed significantly better thrombectomy outcomes

in the Neurostar group than the SOFIA and Solitaire.

The intra-procedural video showed that clot fragmen-

tation occurred by both aspiration with SOFIA and

thrombectomy with Solitaire against large M1 clots.

For the M1-M2 clots, SOFIA tended to lose the clots

Figure 3. Results of in vitro experiment using artificial clots with various stiffness. (a) Success rates of thrombectomy using the indicated
device for clots of each agar concentration. (b) Top: Stent retriever deployed over the clot in the tubing. White bars indicate the degree of
stent expansion. Bottom: Stent retriever and clot after the procedure. Fragmented clots remain in the tubing after the procedure when
removing 1% clots. The integration of the stent retriever into clots reduces as the concentration increases.

Figure 2. Results of the compression test. Compression modulus (a) and compression strength (b) of artificial formed by varying agar
concentrations. (Error bars indicate standard error of the means, asterisks mark significance levels of p< 0.05 (*), p< 0.01 (**), p< 0.001
(***), and p< 0.0001 (****)).
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around the tortuosity between the M1 and M2 seg-

ments in the model. Although Solitaire exhibited

better outcomes than SOFIA, the stent was stretched

and collapsed in the tortuous region, and the clots

remained in the same place. The Neurostar catheter

macerated and aspirated clots within 5 seconds in
most cases, even in the tortuous regions. The

Neurostar catheter was slowly withdrawn into the

supraclinoid ICA, and intermittent angiograms

could be performed without removing the catheter

out of the guide sheath.

Discussion

In this study, we demonstrated the stiffness of the clot

analogues affected the thrombectomy performance of

the three different devices in achieving first pass
recanalization. The aspiration catheter was beneficial

for soft clots (<50 kPa) whereas the stent retrievers

effectively removed moderately stiff clots (50–

100 kPa).
In addition, we showed that the new aspiration

catheter with unique hydro-separator technology
retrieved both the soft and moderately stiff clots.

The Neurostar catheter resulted in better recanaliza-

tion after first pass in challenging experimental set-

tings reproduced with large soft, fragile clots, and stiff

clots in tortuous anatomy.

Although clot stiffness is a well-known factor that
affects the efficacy of the thrombectomy, there are
few reports studying the stiffness of the human clots
related to AIS. Chueh et al. reported that the com-
pression moduli of the clots collected from patients
with AIS and noncalcified thrombi collected during
carotid endarterectomy widely varied from approxi-
mately 15 to 330 kPa.13 To investigate the impact of
stiffness, we developed simple agar clot analogues
because the compositional changes of artificial
blood clots affect not only stiffness but also friction,
fragility and deformability. Our artificial clot ana-
logues reproduced the observed range through adjust-
ment of the concentration of the agar (Figure 2(a)).

Our study using the artificial clot analogues with
various stiffnesses showed that increased stiffness
reduces the efficacy of thrombectomy devices due to
less integration and traction of the aspiration catheter
and stent retriever. This finding is consistent with
prior in vitro studies with soft erythrocyte-rich clots
and hard fibrin-rich clots. Weafer et al. reported that
fibrin-rich clots exhibited high compression moduli
compared with erythrocyte-rich clots and less integra-
tion into stent struts.17 Similarly, van der Marel dem-
onstrated that hard clots were resistant to integration
into the stent retriever as well as expansion by push-
ing technique.11 In vivo and clinical studies also have
shown that fibrin-rich clots are associated with

Figure 4. In vitro thrombectomy in challenging scenarios using a silicone vascular model. (a) Top: large erythrocyte-rich clot in the M1
segment. Bottom: fibrin-rich clot in the tortuous M1-M2 segment. Left: digital subtraction angiogram before the procedure. Right: video
taken during the procedure for the evaluation of the clot and device behavior. (b) Success rates of clot removal using each device.
* p< 0.05.
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multiple passes and longer procedure times.7,8,10 In
this study, stiff clot analogues with compression
moduli greater than 100 kPa could not be retrieved
by any device. Although other factors rather than
stiffness may affect the efficacy of thrombectomy
devices, our results suggest that increased stiffness
reduces the integration of thrombectomy devices
with clots, leading to poor angiographic outcomes.

On the other hand, very soft clot analogues with
compression moduli less than 30 kPa were fragmented
by complete opening of the stent retriever.
Concordantly, data from in vitro,11,18 animal7,10 and
clinical studies9 indicated that soft clots tend to cause
fragmentation and/or distal embolization after clot
removal with stent retrievers. Our results also
showed that clot analogues with softness in this
range could be digested and efficiently removed by
the aspiration catheter. This suggests that fragment
formation by stent retrievers may be prevented with
the combined use of an aspiration catheter. However,
current imaging techniques are unable to distinguish
very soft clots (less than 30 kPa) from other
erythrocyte-rich clots. Therefore, a balloon guiding
catheter or a combined technique with an aspiration
catheter could be a good option to prevent distal
migration if soft clots are expected after imaging find-
ings suggest erythrocyte-rich clots by hyperdense
MCA signs on CT or susceptibility vessel sign on
susceptibility-weighted imaging (SWI).

The Neurostar catheter could provide a relatively
steady aspiration performance in the whole spectrum
of the clot stiffness. The catheter is designed to
remove the thrombus by aspiration while macerating
clots inside the catheter by the hydro-separator tech-
nology. The experiments using artificial clot ana-
logues showed soft to moderately stiff clots (<
100 kPa) were macerated in the catheter tip by the
hydro-separator technology and removed by aspira-
tion. In the experiments with a human vascular
model, the Neurostar catheter retrieved large soft fri-
able erythrocyte-rich clots and stiff fibrin-rich clots
more successfully than in SOFIA or Solitaire. In addi-
tion to the better performance, the experiments
revealed advantages of the Neurostar, including
rapid clot removal and in situ treatment without
removing the catheter out of the body.

This study has several limitations. We utilized arti-
ficial clot analogues to focus on the stiffness. However,
the efficacy of thrombectomy can be affected by other
mechanical properties of thrombi such as friction,19

platelet activation,20,21 and Neutrophil Extracellular
Traps.22 Besides, the experiments were performed in
in-vitro systems, which may not represent the com-
plexities encountered in actual clinical settings.

Conclusions

The efficacy of thrombectomy was largely affected by
the clot stiffness and each thrombectomy device

shows specific efficacy in a discrete clot stiffness
range. Mechanical thrombectomy with the new aspi-

ration system with a unique hydro-separator technol-
ogy resulted in higher thrombectomy performance
than a commercially available stent retriever and aspi-

ration catheter in this experimental model in a wider
range of clot stiffness. Further in vivo or clinical stud-
ies should be performed to confirm the safety of the
device and the efficacy observed in this study.
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