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Abstract

Background: Direct aspiration thrombectomy is an increasingly utilized technique in endo-
vascular stroke treatment that relies on vacuum and suction force to remove the clot. This
report assesses the pressures and forces generated by different catheters and pumps. Meth-
ods: Vacuum pressures were measured using a vacuum gauge for several catheters (Stryker
Catalyst6, Penumbra Ace 064, Medtronic Arc 061, and Penumbra 041) and pumps (Penumbra
pump, 60-mL syringe, and the ASPIRE device). Suction forces were calculated based on pres-
sure and catheter tip size (force = area x pressure). Vacuum pressures and forces were also
assessed with a coaxial microcatheter (Rebar 18; inner diameter = 0.021 inches), mimicking a
combined aspiration and stent retriever approach. Results: All catheters transmitted similar
vacuum pressures, but suction force was proportionate to catheter tip area. Pump vacuum
pressures were also similar, although the Penumbra pump (mean -25.63 inches Hg [inHg]) was
slightly weaker than the syringe and the ASPIRE device (-27.04 and —27.58 inHg, respectively;
p < 0.001, two-way ANOVA). A coaxial microcatheter lowered the mean vacuum pressure by
only 1.2 inHg (p = 0.005), though it would theoretically create a very significant reduction in
suction force if partially blocking the aspiration catheter tip area. Conclusions: All catheters
transmit similar vacuum pressure, but the suction force on the clot is stronger with larger
catheter tips. Coaxial microcatheters will have a minimal impact on suction force as long as
they are proximal to the aspiration catheter tip. Currently available thrombectomy suction
devices, including the Penumbra pump, the ASPIRE handheld pump, and the 60-mL syringe,
all develop similar vacuum pressures. © 2017 S. Karger AG, Basel
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Introduction

Thrombectomy for acute ischemic stroke due to large vessel occlusion has become the
standard of care [1] and is being performed with increasing frequency around the world [2].
The endovascular techniques employed in thrombectomy continue to evolve rapidly and now
include the use of multiple clot retrieval devices, balloon guide catheters, and local aspiration
catheters [3-5]. One technique that has gained significant popularity is direct aspiration
thrombectomy (A Direct Aspiration first-Pass Thrombectomy [ADAPT]), wherein a large-
bore catheter is navigated directly to the proximal face of the clot, vacuum is applied to the
catheter hub, and the clot is then removed by pulling the catheter out while continuing suction
[6-8].

The ADAPT technique is particularly compelling as it offers the possibility of more rapid
recanalization [9, 10]. However, this speed relies on the efficacy of the maneuver, which in
turn relies on a reliable vacuum source (pump) and a highly navigable large-bore catheter.
Ultimately, successful thrombectomy using this technique depends on a strong vacuum force
between the tip of the catheter and the clot in order to extract it.

This static force between the catheter and the clot must be differentiated from the rate
of flow that an individual system is capable of. Specifically, the rate of flow of a fluid through
a catheter is governed by Poiseuille’s law, which states that flow is a function of radius - to
the fourth power, pressure, viscosity, and length. Others have examined the flow rates of
various thrombectomy catheters [11, 12] and found that indeed the size of the catheter is the
greatest determinant of flow. However, in direct aspiration thrombectomy, the catheter tip is
purposefully occluded by the clot, and thus flow rate is irrelevant. Rather, in this circumstance
the force exerted on the clot is simply a product of the vacuum pressure and the area of the
catheter tip (F = AP).

Just as interventional techniques have evolved rapidly, so too have new devices been
developed to enable these new approaches. In particular, several new large-bore catheters
have been released that may have potential for direct aspiration thrombectomy in acute
stroke. Furthermore, there are now several options for aspiration pumps. While the Penumbra
system has offered an electrical pump since its inception [13], many interventionalists have
opted for manual aspiration with a large syringe [14, 15]. There is also the relatively new
ASPIRE aspiration pump that has been used for peripheral thrombectomy [16] and consists
of a handle-actuated, modified syringe with valves to allow for continuous vacuum gener-
ation while purging aspirated blood. This device could also prove useful in stroke treatment,
given its ability to maintain a continuous aspiration force.

Finally, some users advocate a combined technique using a stent retriever and an aspi-
ration catheter for thrombectomy in stroke [17, 18]. When using such a coaxial approach, the
stent retriever delivery microcatheter may partially occlude the aspiration catheter and
thereby potentially reduce the vacuum force. Therefore, some have recommended a “bare-
wire thrombectomy” technique wherein the delivery catheter is removed prior to aspiration
and thrombectomy [19]. These authors have also assessed flow rates through the aspiration
catheter with and without the microcatheter in place (Poiseuille fluid dynamics), but have not
assessed the static suction force in this scenario.

In light of these developments and considerations, we aimed to assess vacuum pressure
at the catheter tip in the newer generation of highly navigable catheters in combination with
three aspiration pumps: the Penumbra pump, a 60-mL syringe, and the ASPIRE device. We
also performed a substudy to determine the effect of a coaxial stentretriever delivery catheter
on the suction force at the tip of the aspiration catheter.
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Fig. 1. a—c The three pumps test-
ed were the Penumbra Max elec-
trical pump (a), a 60-mL locking
syringe (b), and the ASPIRE de-
vice (c). d The vacuum pressure
testing apparatus consisted of
a rotating hemostatic valve at-
tached to 3/8-inch silicon tubing,
which was connected to an oil-
filled vacuum pressure gauge. The
system was filled with water dur-
ing all testing.

Methods

A variety of new-generation catheters were tested to evaluate the vacuum pressure transmitted to the
tip of the catheter: the Penumbra (Alameda, CA, USA) Ace 064 (inner diameter = 1.63 mm), the Stryker
(Fremont, CA, USA) Catalyst6 (inner diameter = 1.52 mm), the Medtronic (Dublin, Ireland) Arc 061 (inner
diameter = 1.55 mm), as well as the older Penumbra 041 aspiration catheter (inner diameter = 1.04 mm).
The Penumbra 041 was used as a comparator, given its smaller inner diameter compared to the other cath-
eters.

Three different aspiration pumps were tested (Fig. 1a-c): the new-generation Penumbra Max electrical
pump, a 60-mL locking syringe (Medallion; Merit Medical, Inc.), and the ASPIRE aspiration device (Control
Medical Technology, LLC). Each device was used according to the manufacturer’s instructions and to typical
use. The Penumbra pump is an electrical pump with a collection canister and a control knob for vacuum
pressure, which was turned to the highest setting. The ASPIRE device is a handheld pump that utilizes a
barrel and plunger to create a vacuum when the handle is squeezed, with a one-way valve that allows the
barrel to purge when the handle is released. Finally, the 60-mL locking syringe has a mechanism to hold the
plunger against resistance (locking it in place) and was always tested at the maximum withdrawal position.
However, in comparison to the other two devices, no mechanism exists to purge the syringe without releasing
the vacuum. The Penumbra pump was attached to the catheter via the Penumbra aspiration tubing, the
syringe was attached directly to the catheter via a Luer lock, and the ASPIRE device was attached to the
catheter with the included Luer lock adapter tube.

The vacuum pressure testing apparatus (Fig. 1d) consisted of a rotating hemostatic valve (RHV) attached
to 3/8-inch silicon tubing, which was connected to a DuraChoice 2-inch oil-filled vacuum pressure gauge
(DuracChoice, Irving, TX, USA). The gauge has a range of 0 to -30 inches Hg (inHg). The system was filled with
water during all testing, and the gauge was calibrated to atmospheric pressure.

Before each pressure test, the catheter was flushed and filled with water. The extension tubing of the
aspiration source was filled with water if applicable. First, the aspiration source itself was directly connected
to the pressure gauge apparatus, and the vacuum force was measured three times. The catheter was inserted
into the RHV on the vacuum gauge system and locked in place. The aspiration source was then activated, and
the gauge was monitored. Aspiration continued until the vacuum pressure remained static. For the Penumbra
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Table 1. Vacuum pressures
measured at catheter tips
(in inches Hg)

Sample 1 Sample2 Sample3 Mean

Penumbra pump

No catheter 26 26 26 26.00
Catalyst6 26.5 25 26 25.83
Ace 064 25.5 26 26 25.83
Arc 061 25.5 25.5 26 25.67
Penumbra 041 25.5 25 25 25.17
60-mL locking syringe

No catheter 27 27 27 27.00
Catalyst6 27 28 27.5 27.50
Ace 064 25 27.5 27.5 26.67
Arc 061 27 27 27.5 27.17
Penumbra 041 26.5 27 27 26.83
ASPIRE device

No catheter 27.5 27.5 28 27.67
Catalyst6 28 28 28 28.00
Ace 064 27.5 28 28 27.83
Arc 061 27.5 27.5 28 27.67
Penumbra 041 26.5 27 27 26.83

pump, the valve on the extension tubing was opened to activate suction. The syringe was used by pulling the
plunger back to the 60-mL mark and locking it in place. The ASPIRE device was used by pulling the handle
repeatedly (typically 3-7 times) until the vacuum gauge remained static. Each measurement was repeated
three times.

Once testing was completed with all of the catheters, a Rebar 18 (inner diameter = 0.021 inches) was
inserted into the catheter through an RHV. Both were filled with water and then inserted into the vacuum
gauge apparatus in a coaxial manner. Aspiration testing was then repeated as above, the only difference being
that the aspiration source was connected to the side arm of the RHV on the large-bore catheter to allow for
the coaxial Rebar 18. Again, measurements were taken three separate times.

Finally, the theoretical maximum pulling force was mathematically calculated based on the actual
vacuum pressure values and catheter sizes. Mean vacuum pressures were converted to Pascals and multi-
plied by the area of the catheter tip in m? (using the manufacturer’s reported inner diameter at the tip),
yielding the theoretical pulling force in newtons (N). The following tip areas for each of the catheters used
were: Stryker Catalyst6, 1.81 x 10 m?% Penumbra Ace 064, 2.08 x 10° m?; Medtronic Arc 061, 1.88 x
107° m?% and Penumbra 041, 8.49 x 1077 m?

Results

There were 14 different catheter and aspiration source combinations and the vacuum
pressure was measured three times each, for a total of 42 pressure measurements. The
vacuum pressures measured at the catheter tips are shown in Table 1, and the mean pres-
sures for each catheter and pump combination are shown in Figure 2. In general, there were
no major differences in vacuum pressure between catheters or between aspiration pumps,
with pressures ranging from -25 to -28 inHg. There was no difference between catheters,
with mean vacuum pressures of -27.11 inHg for the Stryker Catalyst6, -26.78 inHg for the
Penumbra Ace 064, -26.83 inHg for the Medtronic Arc 061, and -26.28 inHg for the Penumbra
041 aspiration catheter. Mean vacuum pressure across all catheters was -25.63 inHg for the
Penumbra pump, -27.04 inHg for the syringe, and -27.58 inHg for the ASPIRE device. Differ-
ences between catheters and pumps were assessed by two-way ANOVA, which showed a
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Table 2. Vacuum pressures with
the Rebar 18 coaxial
microcatheter (in inches Hg)

Sample 1 Sample 2 Sample3 Mean

ASPIRE device

Catalyst6 + Rebar 18 26.5 27 26.5 26.67
Ace 064 + Rebar 18 27 26.5 26.5 26.67
Arc 061 + Rebar 18 26.5 26.5 26.5 26.50
Overall mean 26.61

Penumbra pump

Catalyst6 + Rebar 18 25 25 26.5 25.50
Ace 064 + Rebar 18 23 25 24.5 24.17
Arc 061 + Rebar 18 23.5 25 24 24.17
Overall mean 24.61
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Fig. 2. Mean vacuum pressures in 3
inches Hg (inHg) measured at the S 101
catheter tip for each catheter and [53
pump combination. The differ- 2 54
ences between pumps were sta-
tistically significant, but the dif- 0 . ) . )
ferences between catheters were Penumbra pump 60-mL syringe ASPIRE device
not (two-way ANOVA).

statistically significant difference between pumps (p < 0.001), but no significant difference
between catheters (p = 0.105). Post hoc comparison between the mean vacuum pressures of
all three pumps showed that it was significantly different (lower) in the Penumbra pump than
in the syringe and in the ASPIRE device (p < 0.01; Tukey honest significant difference).

Catheters were then compared with the Rebar 18 microcatheter in place (Table 2), with
the purposeful exclusion of the Penumbra 041 catheter and the 60-mL syringe, as these would
not be expected to be used in such a scenario in modern clinical practice. The mean vacuum
pressure for the Penumbra Ace 064 when the microcatheter was within the aspiration
catheter was -24.61 inHg, and -26.61 inHg for the ASPIRE device (p < 0.0001; Student t test).
Overall, the presence of the microcatheter resulted in a reduction in vacuum pressure of 1.2
inHg, a small but statistically significant difference (p = 0.005).

The theoretical clot pulling force was calculated for each pump and catheter based on
measured vacuum pressure and catheter tip area. These calculated suction forces are shown
in Figure 3. The mean suction forces for the catheters across all pumps were 0.167 N for the
Stryker Catalyst6, 0.189 N for the Penumbra Ace 064, 0.171 N for the Medtronic Arc 061, and
0.0756 N for the Penumbra 041. The Penumbra Ace 064 catheter showed the highest potential
force at the catheter tip, given its comparatively larger distal inner diameter, whereas the
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Fig. 3. Calculated theoretical pull- § 0.10 +
ing forces at the catheter tip in %
newtons (N). Force was calculat- =
ed as the product of the vacuum 0.05 +
pressure in Pascals multiplied by
the inner area of the catheter tip
in meters. This force reflects the 0 . . .
theoretical clot extraction capa- Catalyst6 Ace 064 Arc 061 Penumbra 041
bility.

Penumbra 041 catheter has about half as much theoretical suction force, given its relatively
small diameter. Suction forces were slightly higher for the ASPIRE device, given its modestly
higher vacuum pressures as measured.

Discussion

This study showed that, in general, all catheters transmit roughly equivalent vacuum
pressure, regardless of diameter. However, the suction force that is generated at the catheter
tip is a product of the vacuum pressure and the catheter area, and larger catheters have a
significant theoretical advantage in this regard.

There was not much difference in maximum vacuum pressure between the three pumps,
all generating -26 to -28 inHg of vacuum. This value approaches the theoretical maximum for
a vacuum, which is equal to the ambient atmospheric pressure (the normal barometric
pressure at sea level is 29.92 inHg). There was a small but statistically significant difference
between the pressure of the Penumbra pump and the other two, though this difference may
not be functionally significant. Perhaps more important are factors that could allow decay of
the vacuum. Specifically, when aspirating within a blood vessel, the system may start to fill
with blood before the catheter tip becomes occluded by the clot. If that blood cannot be
purged, then the absolute pressure of the vacuum generated will be reduced. The Penumbra
pump has a collection canister for this purpose and is thus able to apply continuous suction.
In this regard the syringe is a poor choice, as blood may enter the catheter and/or syringe and
reduce the vacuum force. The ASPIRE device works like a syringe, but has a built-in valve that
allows the chamber to purge when the handle is released. This allows the device to maintain
a vacuum while purging so that additional aspiration can be performed.

While the transmitted vacuum pressures were similar between all catheters, the force
calculations revealed more significant differences. It is this suction force which is most
importantin directaspiration thrombectomy, and thus maximizing both the vacuum pressure
and the catheter tip area can have a significant impact on the effectiveness of thrombectomy.
Others have previously shown differences in aspiration flow rates between different cath-
eters [11, 12], which is a function of the catheter radius to the fourth power. In contrast, force
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is the product of pressure and area, where the area of a circle is a function of the radius
squared. So while the radius of the catheter does have less of an effect on force than it does
on flow, it is still an exponential function, and thus larger catheters still offer the potential of
better function.

We also showed that the presence of a microcatheter within the aspiration catheter has
a minimal, but measurable, effect on the amount of vacuum pressure transmitted. However,
as we have seen with the force calculations for individual catheters, the open area of the
catheter tip has a substantial impact on the amount of suction force exerted on the clot.
Therefore, one would expect that suction force would be significantly reduced if the micro-
catheter tip was allowed to protrude through the aspiration catheter tip. Importantly, if the
microcatheter is pulled back to be just inside the catheter tip and not protrude through it, it
should not have an impact on the suction area. In that scenario, suction force would only be
minimally impacted by the slight reduction in transmitted vacuum pressure. Therefore, it
would seem that the microcatheter does not need to be removed completely, as others have
advocated with the “bare-wire thrombectomy” technique [19], but rather simply be pulled
back so that the microcatheter tip is proximal to the aspiration catheter tip.

The results of these experiments suggest that the theoretical ideal thrombectomy condi-
tions are created by a catheter with a large opening at the tip combined with a strong vacuum
pump that will not decay, with the tip of the aspiration catheter beyond the coaxial micro-
catheter tip (if one is used). Among the catheters and pumps tested in these experiments,
there was little difference in vacuum pressure generation or transmission. There were more
significant differences in calculated suction force at the catheter tip, which is a function of
catheter size. Since it is this suction force that is most relevant in direct aspiration throm-
bectomy, future aspiration catheters may be optimized with larger tip diameters.
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