
ORIGINAL RESEARCH

Exploring the efficacy of cyclic vs static aspiration
in a cerebral thrombectomy model: an initial proof
of concept study
Scott Simon,1 Casey Paul Grey,2 Trisha Massenzo,2 David G Simpson,3

P Worth Longest4,5

▸ Additional material is
published online only. To view
please visit the journal online
(http://dx.doi.org/10.1136/
neurintsurg-2013-010941).
1Department of Neurosurgery,
Pennsylvania State University,
Hershey, Pennsylvania, USA
2Department of Biomedical
Engineering, Virginia
Commonwealth University,
Richmond, Virginia, USA
3Department of Anatomy and
Neurobiology, Virginia
Commonwealth University,
Richmond, Virginia, USA
4Department of Mechanical
Engineering, Virginia
Commonwealth University,
Richmond, Virginia, USA
5Department of Pharmaceutics,
Virginia Commonwealth
University, Richmond, Virginia,
USA

Correspondence to
Casey Paul Grey, Department
of Biomedical Engineering,
Virginia Commonwealth
University, 401 West Main
Street, P.O. Box 843067,
Richmond, VA 23284-3067,
USA; greycp@vcu.edu

Received 14 August 2013
Revised 24 October 2013
Accepted 27 October 2013
Published Online First
14 November 2013

To cite: Simon S, Grey CP,
Massenzo T, et al.
J NeuroIntervent Surg
2014;6:677–683.

ABSTRACT
Background and purpose Current technology for
endovascular thrombectomy in ischemic stroke utilizes
static loading and is successful in approximately 85% of
cases. Existing technology uses either static suction
(applied via a continuous pump or syringe) or flow arrest
with a proximal balloon. In this paper we evaluate the
potential of cyclic loading in aspiration thrombectomy.
Methods In order to evaluate the efficacy of cyclic
aspiration, a model was created using a Penumbra
aspiration system, three-way valve and Penumbra 5Max
catheter. Synthetic clots were aspirated at different
frequencies and using different aspiration mediums.
Success or failure of clot removal and time were
recorded. All statistical analyses were based on either a
one-way or two-way analysis of variance, Holm–Sidak
pairwise multiple comparison procedure (α=0.05).
Results Cyclic aspiration outperformed static aspiration
in overall clot removal and removal speed (p<0.001).
Within cyclic aspiration, Max Hz frequencies (∼6.3 Hz)
cleared clots faster than 1 Hz (p<0.001) and 2 Hz
(p=0.024). Loading cycle dynamics (specific pressure
waveforms) affected speed and overall clearance
(p<0.001). Water as the aspiration medium was more
effective at clearing clots than air (p=0.019).
Conclusions Cyclic aspiration significantly
outperformed static aspiration in speed and overall
clearance of synthetic clots in our experimental model.
Within cyclic aspiration, efficacy is improved by
increasing cycle frequency, utilizing specific pressure cycle
waveforms and using water rather than air as the
aspiration medium. These findings provide a starting
point for altering existing thrombectomy technology or
perhaps the development of new technologies with
higher recanalization rates.

INTRODUCTION
Thrombectomy devices for use in ischemic stroke
have undergone a stepwise evolution as each gener-
ation of technology becomes more effective without
increasing complications. Despite progress, the best
thrombectomy technology currently only achieves
recanalization in approximately 85% of cases.1 In the
interest of positive patient outcomes after ischemic
events, the continued development of thrombectomy
technology should be encouraged as it is necessary
until successful recanalization is assured in all cases.2

Current thrombectomy techniques focus on apply-
ing endovascular disruptive forces to facilitate the
removal of occluding thrombi. This can involve

mechanical entrapment and extraction of clots via a
deployable mesh-like device (eg, stent retrievers)3 or,
in suction thrombectomy (the topic of this study), an
aspiration source (eg, pump, large-gauge syringe)4–7

is used to dislodge clots from the vasculature so they
can be removed via a catheter. Each is performed
under either static suction, generated by a pump or
syringe, or flow arrest using a proximal balloon.
While these techniques are moderately successful,8

we propose the idea that applying a more nuanced or
sophisticated aspiration pressure profile could
improve current recanalization rates. The logic
behind this idea is that, generally, cyclic changes in
force induce material fatigue.9 In this way, subjecting
clots to material fatigue via cyclic aspiration might
reduce their required load-to-failure (theoretically
enabling the removal of more entrenched clots) and
the time-to-failure given a specific load (theoretically
reducing the time to reperfusion) with obvious bene-
fits to the patient.10 11

Simply defined by Wiley, ‘Fatigue refers to the modi-
fication of the properties of a material due to the appli-
cation of stress cycles whose repetition can lead to
fracture’.9 Unlike most real-world examples of fatigue,
such as the de Havilland Comet 1 plane crash in 1954
where material fatigue was unintended and undesir-
able,12 increasing the likelihood of clot failure through
fatigue mechanisms is exactly the goal of this study.
Knowing that a clot is simply an occlusive material

possessing measurable material properties (albeit
dynamic ones),13 and that cyclic loading facilitates
material failure through fatigue mechanisms,9 12 we
hypothesized that the introduction of cyclic aspiration
forces in suction thrombectomy would generate clot
fatigue. We further hypothesized that, by fatiguing the
clot, we could measurably improve aspiration per-
formance compared with the static forces characteris-
tic of current suction thrombectomy techniques.6

Moreover, as failure in fatigue is a function of total
load cycles,14 we hypothesized that increased aspir-
ation frequencies would lead to increased treatment
efficacy. To test our hypotheses, we evaluated the effi-
cacy of novel cyclic suction thrombectomy force pro-
files against the current static suction thrombectomy
force profile through their performance in aspirating
synthetic clots in a flow model.

METHODS
The cyclic impact aspiration technique
The model depicted in figure 1 involved performing
cyclic impact aspiration by placing a three-way valve
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(Harvard Apparatus, Holliston, Massachusetts, USA) between a
vacuum source (Penumbra aspiration pump, Penumbra, Alameda,
California, USA) and the catheter (Penumbra 5Max reperfusion
catheter) to establish open continuity between the vacuum
source, the catheter tip and air (the aspiration medium) when the
valve was opened. Temporarily closing the valve to air (eg, with
an index finger) allowed the pump to establish a vacuum at the
catheter tip. Subsequently removing the finger reopened the
system to air and rapidly diminished the vacuum at the catheter
tip. Impact aspiration is performed by repeatedly opening and
closing the valve to air so that cyclic pressure profiles are devel-
oped at the catheter tip. Additional tests were performed by
changing the aspiration medium to water (incompressible fluid)
rather than air (compressible fluid). This was accomplished by
submerging the three-way valve in water. Care was taken to
ensure that the system was primed with the aspiration medium
before experimentation.

Additionally, using this model allows modification of the fre-
quency profile and also the pressure profile. We describe two
general ways to cycle aspiration pressure at a specific frequency.
Down-cycling (DC) involves a brief pressure-relieving impulse in
each cycle with a majority of time spent at maximum treatment
pressure (see Results section, figure 2A,B). Up-cycling (UC)
involves a brief pressurizing impulse in each cycle with a majority
of time spent at minimum treatment pressure (see Results
section, figure 2A,B). At frequencies higher than 2 Hz the pres-
sure plateau characteristic of DC aspiration was not possible via
manual control, so we considered all aspiration above 2 Hz to be
UC as it consisted of very brief pressurization impulses.

Clot removal flow model analysis
Synthetic polyurethane clots (Concentric Medical, Mountain
View, California, USA) were extruded with a cylindrical tem-
plate cut to a specific clot size (see Results section) using
Traceable Digital Calipers (Control Company, Friendswood,
Texas, USA). They were then placed in a flow model consisting
of a Penumbra 5Max reperfusion catheter (1.37 mm tip internal
diameter) inside rigid plastic tubing (2.5 mm internal diameter,
4 mm outside diameter) submerged in water. The clots were
positioned directly adjacent to the catheter tip and exposed to
either suction alone (Penumbra aspiration pump) or cyclic aspir-
ation via our impact aspiration technique (note that the model
did not include afferent flow). The test was performed until
either the clot was removed or 5 min had elapsed. If the clot
was not completely cleared within 5 min (the standard dwell
time of current stent retrievers), the trial was considered unsuc-
cessful. To observe a successful trial video please see http://
stroke.ahajournals.org. With regard to the ADAPT technique as
described by Turk et al,15 we did not attempt to withdraw the
aspiration catheter after partial engagement. It is important to
note that the synthetic clot changes in consistency (and, presum-
ably, mechanical properties) within several days after opening,

therefore only freshly opened packages were used in
experimentation.

Aspiration pressure analysis
Pressure profiles were generated by placing an Equus 3620
Innova Vacuum Gauge (Equus Products, Irvine, California,
USA) distal to the three-way valve during experimentation.
Using reduced speed playback of the vacuum gauge fluctuations,
we were able to record the pressures generated during static
aspiration and 15 cycles of impact aspiration at frequencies of 1
and 2 Hz, as well as a third group labeled ‘Max Hz’ where the
experimenter cycled the system as fast as possible. The ‘Max
Hz’ category was necessary to capture impact aspiration per-
formance at higher frequencies while acknowledging that accur-
ately reproducing frequencies above 2 Hz was not possible with
our manual technique. The actual frequency for the ‘Max Hz’
trials was determined by dividing the number of cycles by the
time elapsed. Limitations in our ability to manually control the
pressure cycling prevented us from testing a wider range of fre-
quencies. After noticing the increased efficacy of the UC impact
aspiration technique and with limited synthetic clot available,
we focused our efforts on obtaining as much data on the UC
technique in order to facilitate statistical analysis of the results.

Statistical analysis
All statistical analyses were based on either a one-way (static
loading vs cyclic loading and UC impact aspiration clot clear-
ance trials) or two-way analysis of variance (all other analyses),
Holm–Sidak pairwise multiple comparison procedure (α=0.05).

RESULTS
Cyclic loading: cycle dynamics
Pressure cycle dynamics for each system are approximated in
figure 2. The Penumbra pump acting alone provided an
adequate pump-down time, rapidly creates and maintains a
vacuum (figure 2A–C, dotted line).6 DC and UC cyclic aspir-
ation are shown in figure 2A,B.

Aspiration pressure dynamics
The Penumbra system alone creates a rapidly developing static
pressure curve that reaches a peak value of −24.5 in Hg. Cyclic
aspiration creates a dynamic pressure curve where the pressure
cycles between a maximum and minimum value at a specific fre-
quency (maximum and minimum relating to the magnitude
of pressure). Impact aspiration cycles between −23.8
(SD 0.09) in Hg and 0 (SD 0) in Hg at 1 Hz, between −22.0 (SD
0.11) in Hg and 0 (SD 0) in Hg at 2 Hz and between −18.9 (SD
0.8) in Hg and −5.0 (SD 2.42) in Hg at Max Hz (∼6.3 Hz)
(figure 2). The relationship between frequency and pressure dif-
ferential for the three impact aspiration values is remarkably
linear with linear curve-fitting yielding an equation of
y=47.654x − 653.4 with an r2 value of 1.

Figure 1 Aspiration flow schematic. For static load aspiration the three-way valve was modified so that continuity existed only between the
catheter and the aspiration source. For cyclic load aspiration the three-way valve was modified so that open continuity existed between the catheter,
the aspiration medium and the aspiration source. In this way it was possible to manually cycle the aspiration pressure at the catheter tip by
repeatedly covering and uncovering the valve port open to the aspiration medium.
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Clot sizing
By systematically increasing the synthetic clot diameter until the
Penumbra system could no longer successfully clear the clots
from the flow model, we created a thrombectomy model in
which suction alone would be an insufficient treatment.
Synthetic clots with a diameter of 2.16 mm and a length of
3 mm satisfied the criteria and were used in all experiments.

Strategy for analyzing aspiration success
Examining the data as a whole brings to light the complex inter-
play between the variables (static aspiration, cyclic aspiration
and, within cyclic aspiration, frequency, aspiration medium and
pressure waveform) and the ultimate results (overall clot clear-
ance rate and clot clearance time). In the following sections we
systematically examine how each individual variable affects the
experimental results.

Static loading versus cyclic loading
Aspiration with the Penumbra pump alone failed to clear a
single clot (n=10) whereas the combined clearance rate of
impact aspiration was 91.43% (64 cleared, n=70). Impact aspir-
ation was significantly better at clearing clots from the flow
model than static aspiration with the Penumbra pump
(p<0.001).

Cyclic loading: frequency comparison
Impact aspiration had successful clearance rates of 84% (1 Hz,
n=25), 100% (2 Hz, n=25) and 90% (Max Hz, n=20) and
clearance times of 35.1 (SD 22.8) s (1 Hz, n=21), 40.7 (SD
55.4) s (2 Hz, n=25) and 7.8 (SD 6.8) s (Max Hz, n=18).
Aspirating at Max Hz was significantly faster at clearing clots
than at 1 Hz (p<0.001) or 2 Hz (p=0.024). There were no sig-
nificant differences between frequencies when considering the
general ability to clear clots from the flow model.

Cyclic loading: aspiration medium comparison
When air was used as the aspirating medium, impact aspiration
had an overall clearance rate of 85% (n=40) and an average
clearance time of 34.7 (SD 49.3) s (n=34). When water was
used as the aspirating medium, impact aspiration had an overall
clearance rate of 100% (n=30) and an average clearance time of
23.8 (SD 22.7) s (n=30). Impact aspiration using water as the
aspirating medium was significantly more effective at clearing
clots than when air was used as the aspirating medium
(p=0.019). There were no significant differences between the
two aspirating mediums in clearance time.

Cyclic loading: cycle dynamics comparison
Using DC pressure profiles in impact aspiration resulted in a
clearance rate of 60% (n=10) and an average clearance time of

Figure 2 Examples of down-cycling (DC) and up-cycling (UC), two cyclic aspiration pressure profiles used in this study. DC involves brief
pressure-relieving impulses while UC involves brief pressurizing impulses. The Penumbra pump produces a static pressure profile (A–C, dotted lines)
whereas, in impact aspiration, the pressure profile dynamically changes (A–C, solid lines). (A) 1 Hz DC (first two cycles) and UC (last two cycles)
pressure profiles. (B) 2 Hz DC (first three cycles) and UC (last three cycles) pressure profiles. (C) Max Hz pressure profile (∼6.3 Hz). While the
differences between DC and UC pressure profiles may seem trivial, the UC pressure profile significantly outperformed the DC pressure profile in both
clot clearance time and clearance success rate (p<0.001).
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80.7 (SD 94.8) s (n=6). Using UC pressure profiles resulted in a
clearance rate of 96.67% (n=60) and an average clearance time
of 24.3 (SD 24.8) s (n=58). Compared with DC, UC pressure
profiles were both significantly more effective in the general
ability to clear clots from the flow model (p<0.001) and signifi-
cantly faster at clearing the clots from the flow model
(p<0.001).

UC impact aspiration clot clearance trials
Max Hz cycling with water as the aspiration medium was sig-
nificantly faster than 1 Hz cycling with either air (p=0.015) or
water as the aspiration medium (p=0.025). While clearance
time clearly trended downwards with increasing aspiration fre-
quency, no other differences were found to be statistically sig-
nificant (figure 3).

DISCUSSION
From our results we believe that cyclic loading may eventually
supplant static loading as the base aspiration profile for the
treatment of ischemic stroke. Although none were observed in
this study, in the interest of preventing the distal migration of
thrombi, impact aspiration would have to be performed either
in conjunction with continuous aspiration or as a stand-alone
treatment with a minimum frequency such that a vacuum is
maintained throughout testing. In this study ∼6.3 Hz (Max Hz)
was the only frequency that maintained uninterrupted net aspir-
ation pressure as both 1 Hz and 2 Hz had minimum pressures
of 0 in Hg. Implementing a pressure-controlling device would
allow flexibility in aspiration frequency due to the increased
control over minimum pressure. As with current static aspiration
techniques, we believe cyclic aspiration would pair successfully
with supplemental treatment methods such as the use of a separ-
ator wire.

Cyclic versus static loading
While the dips in the pressure–time curve (figure 2) show that
cyclic loading delivers less total force to the clot than static

loading, we found that cyclic loading is superior to static
loading in clearing clots from our flow model (p<0.001). The
discrepancy between total force delivered and experimental
outcome indicates that the dynamics of loading play a significant
role in the success of the procedure.

Frequency
While Max Hz cycling was not 100% successful in this study (it
is worthwhile to note that all clearance failures occurred with
air as the medium), the downward trend in clot clearance time
shown in figure 3 is a good indicator that increasing frequency
is the correct path to more effective treatments. We believe that
additional dimensions of frequency and amplitude modulation
may be added to this technique in which their values are tem-
porally adjusted to increase treatment efficacy.

UC versus DC
The more efficacious UC method differs from DC impact aspir-
ation in that its pressure dynamics are characterized by two
rapid perturbations (pressure on and off) with virtually no static
loading between them. DC impact aspiration, on the other
hand, has a relatively long static loading period between its two
perturbations. In this study it appeared that the prolonged static
force actually decreased the efficacy of the technique. We there-
fore believe the mechanism of successful clot disruption lies in
the perturbations applied to the clot, not in the static force.

Air versus water
In our clot model, why might a closed system containing water
be more effective at clearing clots than one containing air? An
analysis of hydraulics (dealing with liquids such as water) and
pneumatics (dealing with gases such as air) reveals that the likely
answer is that water is non-compressible and therefore transfers
the changes in pressure actuated at the valve to the catheter tip
much more faithfully than highly compressible air. Krivts states
that ‘Aspects that make a hydraulic actuator useful are the low
compressibility of hydraulic fluids and high stiffness which leads
to an associated high natural frequency and rapid response …

[conversely] owing to the compressibility characteristics of the
air and high friction force, the pneumatic actuator system is
very highly nonlinear, and the system parameters are time
variant with changes in the environment.’16 Our experimental
design did not allow for the sophisticated type of measurements
required to prove this general principle by recording the
detailed pressure transitions between recorded highs and lows.
Nonetheless, using these principles to attempt to interpret the
data, it is possible to construct a theoretical pressure curve for
both water and air that explains the observed results (figure 4).
It is likely that the pressure reaches maximum and minimum
more quickly with water, providing more total time at
maximum pressure, more abrupt pressure perturbations and
steeper pressure development slopes in the ramping phases. This
is detailed in our theoretical perturbation curves and provides
an explanation for increased efficacy with water as the aspiration
medium.

Impact aspiration as a departure from current techniques
A technique that bears some similarity to the topic of this study
is ultrasound augmented fibrinolysis. The ultrasonic oscillations
in this technique, delivered transcranially or via a catheter, are
designed to increase the penetration of fibrinolytic agents into
the clot so that the clot breaks up and flows distally.17–19 The
benefits of ultrasound augmented fibrinolysis, however, may not
outweigh the increased risk of hemorrhage.17 By comparison,

Figure 3 Up-cycling (UC) impact aspiration clot clearance times with
SE bars. A one-way analysis of variance was used to determine the
relationship between different UC impact aspiration groups and their
performance with regard to clot clearance time. Significant differences
are marked with * and †.
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impact aspiration employs much lower frequency and higher
amplitude oscillations aimed at mechanically dislodging and dis-
rupting the clot so that it can be aspirated from the vessel.

Possible risks
There may be concerns regarding an increased risk of hemor-
rhage, especially in light of reports of increased hemorrhage

after the application of ultrasound in stroke treatment.17 While
these risks are possible, the risks associated with ultrasound
treatment appear to be frequency dependent, with kHz fre-
quencies posing a much larger risk than MHz.20 On the other
hand, physiological frequencies of ∼1–3 Hz are part of normal
circulation where the natural elasticity of the vessel walls
allows for safe expansion and contraction. We hypothesize that
there is a range of unsafe frequencies where the risk of com-
promising vessel walls is increased, leading to increased rates of
hemorrhage. This unsafe range (∼kHz)20 would be character-
ized by frequencies too high to allow the vessel walls to elastic-
ally accommodate the perturbations, rendering their
deformation as plastic, and amplitudes large enough to cause
significant mechanical damage. Above this unsafe frequency
range (eg, MHz frequencies) the amplitudes are not large
enough to cause significant wall damage, accounting for the
decreased rate of hemorrhage, although these frequencies are
associated with increased thermal tissue damage.21 Impact
aspiration uses low frequency mechanical perturbations that
should not exceed local elastic limits. Alternatively, it is possible
that high frequency vibrations may lie within the harmonic res-
onance frequencies of the surrounding blood vessels. This
could result in unintentional amplification of the source
signal22 to magnitudes that are high enough to cause tissue
damage. While testing would have to confirm that the pertur-
bations associated with impact aspiration do not increase the
risk of hemorrhage, low frequency perturbations should be suf-
ficiently similar to physiological circulatory frequencies not to
result in increased rates of hemorrhage.

Figure 5 Concept impact aspiration device designs. The top device employs an electromagnetic pressure controlling mechanism while the bottom
device employs a simple mechanical pressure controlling mechanism. Additional designs are detailed online in the supplementary figures I-III (please
see http://stroke.ahajournals.org).

Figure 4 Theoretical perturbation curves when using air or water as
the aspiration medium. ‘C’ and ‘O’ represent the points in a cycle
where the valve is closed (initiating pressure) and opened (relieving
pressure), respectively.
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Distal emboli in cerebral thrombectomy are a significant
concern, and not all currently available methods appear to be
equal in this regard.15 As the pressure curves reveal, higher fre-
quency oscillations were more effective at removing the syn-
thetic clot in this limited experimental model and also never
returned to 0 mm Hg. This technique can therefore be opti-
mized to provide uninterrupted net reverse flow to prevent
distal migration. The limited model and data produced in this
paper are to inform further research and not to recommend that
practitioners immediately adopt a new model or technique.
That being said, it is not hard to extrapolate that high frequency
oscillation of the suction source would be at a similar risk for
distal emboli as current Penumbra aspiration that is low risk
because there is always reverse flow in the system. Additionally,
throughout the study no distal emboli were observed.

Limitations of experimental clot material
The polyurethane clot material used in this study was taken
from a training course for the TREVO device. This material was
also used during MERCI training courses. Using clinical experi-
ence as a reference, qualitative evaluation revealed that the bulk
mechanical properties were similar to that of clots successfully
removed during thrombectomy cases. While our clot model is
only an approximation of a biological clot, Chueh et al23 con-
ceded that ‘it is currently not possible with these models to rep-
resent the entire diversity of the human specimens that we
measured’. The study by Chueh et al also encountered limita-
tions including the small number of human samples (n=9), the
sampling bias inherent in testing only successfully removed spe-
cimens, the inability to test calcified specimens and the untested
hypothesis that specimens from carotid plaques will manifest
the properties of future middle cerebral artery clots. Given these
limitations and the material variability of clots, it was not pos-
sible to conclude that one or another type of clot was ideal for
testing. Chueh et al appropriately state that finding such a
material ‘is the focus of our future research’. While the search
for the ideal thrombectomy clot model undoubtedly continues,
we believe an approximated clot model is appropriate for
exploratory research in order to highlight possible efficacy dif-
ferences between thrombectomy techniques.

Next steps with this technology
The narrow purpose of this experiment is not to recommend a
new method that surgeons should attempt in patients based on
this study alone. Nonetheless, all current methods involve either
flow arrest or static aspiration pressure, which begs the question if
oscillation of the pressure source could produce a better result.
Representing the first step to answering this question, we set out in
this study to determine whether, given the approximate sizes,
materials and forces encountered in the majority of cerebral
thrombectomy cases, oscillating the suction source increases the
efficiency of clot removal. In order to truly identify aspiration
dynamics as the critical factor, we performed this work in a simpli-
fied model with all other variables held constant.

Only now, with these pilot data established, does it seem
prudent to embark on future research to classify further how
the many variables involved —for example, frequency, differen-
tial amplitude range, pressure waveform—can be optimized.
Furthermore, these data make it worthwhile to develop a device
that can vary the frequency and pressure more precisely. This
will allow much more detailed examination of suction variation
that might be able to be a stand-alone technique or to augment
current techniques by replacing flow arrest or static suction
(figure 5).

Complete testing of all types of clot with many different
suction profiles will undoubtedly require computer modeling
(eg, computational fluid dynamics with fluid-solid interactions).
It is our opinion that, only when this type of data has been gath-
ered and analyzed, of which the data presented here are the
initial step, can meaningful and preclinical animal testing be
performed.

CONCLUSION
We demonstrate that cyclic loading with our impact aspiration
technique significantly outperforms static loading with the
Penumbra pump at clearing synthetic clots in an experimental
model. Within our impact aspiration technique, aspirating at a
higher frequency (eg, 6.3 Hz vs 1 Hz) using the UC pressure
waveform and water as the aspirating medium is the most effect-
ive way to clear synthetic clots from the flow model.
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