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ABSTRACT

BACKGROUND AND PURPOSE: Blood flow should be interrupted during mechanical thrombectomy to prevent embolization of clot
fragments. The purpose of our study was to provide a handy overview of the most common aspiration devices and to quantify their flow
characteristics.

MATERIALS AND METHODS: We assessed volumetric flow rates generated by a 60-mL VacLok vacuum pressure syringe, a Pump MAX
aspiration pump, and a Dominant Flex suction pump connected to the following: 1) an 8F long sheath, 2) an 8F balloon-guide catheter, 3) an
ACE 64 distal aspiration catheter, and 4) an AXS Catalyst 6 Distal Access Catheter. We used a water/glycerol solution, which was kept at
a constant temperature of 20°C (viscosity, 3.7 mPa-s).

RESULTS: Aspiration with the syringe and the Dominant Flex suction pump achieved the highest flows, whereas aspiration with the Pump
MAX was significantly lower (P <.001). Resistors in the aspiration system (tubing, connectors, and so forth) restricted flows, especially when
the resistance of the catheter was small (due to its large diameter) and the connected resistors became the predominant resistance (P <
.001). The syringe achieved an average vacuum pressure of —90 kPa, and the resulting flow was constant during almost the entire procedure
of filling the syringe.

CONCLUSIONS: Sixty-milliliter VacLok vacuum pressure syringes and the Dominant Flex suction pump achieved high and constant flows
likely sufficient to reverse blood flow during thrombectomy with an 8F sheath or balloon-guide catheter in the ICA and modern distal
aspiration catheters in the MCA. The Pump MAX aspiration pump is dedicated for use with distal aspiration catheters and is unlikely to
reverse blood flow in the ICA and MCA without balloon protection.

ndovascular mechanical thrombectomy is the most effective
Etreatment option for acute ischemic stroke caused by large-
vessel occlusion." In past years, the focus of neurointerventional
stroke research has shifted from establishing the method to find-
ing the optimal treatment technique.> ® Effective blood flow man-
agement during the procedure is key to safety and effectiveness.”
Chueh et al® have shown that there are thousands of small clot
fragments during thrombectomy that may occlude small arteri-
oles and capillaries. Even though small infarctions may not be
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visible on MR imaging, they can have an important clinical im-
pact.®? Hence, antegrade blood flow should be interrupted dur-
ing mechanical thrombectomy to prevent embolization of clot
fragments.” For this goal, blood is usually aspirated with syringes
or a dedicated aspiration pump proximally through the access
catheter and/or distally through an intermediate catheter.
Techniques for flow reversal differ considerably, ranging from
pump aspiration through small (5F) guide catheters in the inter-
nal carotid artery to syringe aspiration through balloon-guide
catheters. Syringes have the advantage of cost-effectiveness and,
according to some interventionalists, of subjective feedback of
aspiration force when they draw the syringe. However, the actual
vacuum pressure is not indicated, and comparably small volumes
(usually =60 mL) restrict aspiration duration and may necessitate
the use of multiple syringes, which can be impractical during an
acute stroke intervention. Aspiration pumps on the other hand
allow pressure-controlled and comparably comfortable aspira-
tion. However, their comparably high cost restricts their availabil-

ity in many hospitals. The choice between a syringe and aspiration
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pump is usually up to the interventionalist’s discretion. However,
there is not only no consensus about which method is best but also
only a little knowledge about the specific characteristics of each
method. For instance, the applied vacuum pressure of aspiration
pumps is indicated, but the vacuum pressure of a syringe is not.
Furthermore, although the flow through a bare catheter can be
calculated using the Hagen-Poiseuille equation, in practice, it is
considerably more challenging to determine the effective flow af-
ter accounting for resistors such as additional valves and connect-
ing tubes between catheters and pumps. This issue is especially
problematic because pump distributors do not indicate the resis-
tance of their tubing.

Because mechanical thrombectomy is about to become more
common, many interventionalists are going to deal with the co-
nundrum of which technique to choose. Therefore, the purpose
of our study was to provide a handy overview of the most com-
mon aspiration devices and to quantify flow characteristics and
aspiration volumes through proximal and distal access catheters with
a syringe and the 2 aspiration pumps that are currently available on
the market (Pump MAX aspiration pump; Penumbra, Alameda,
California; and Dominant Flex suction pump; Medela, Baar,
Switzerland).

MATERIALS AND METHODS

Experiment

We assessed the volumetric flow rate (simply referred to as “flow”
in the article) generated by a 60-mL VacLok vacuum pressure
syringe (Merit Medical Systems, South Jordan, Utah), a Penum-
bra Pump MAX aspiration pump, and a Medela Dominant Flex
suction pump, connected to the following: 1) an 8F long sheath
(Shuttle Select; Cook, Bloomington, Illinois), 2) an 8F balloon-
guide catheter (FlowGate?; Stryker Neurovascular, Kalamazoo,
Michigan), 3) an 0.064-inch ACE 64 distal aspiration catheter
(Penumbra), and 4) a 0.06-inch AXS Catalyst 6 Distal Access
Catheter (Stryker Neurovascular). We connected catheters and
aspiration devices with a 3-way valve (Discofix; Braun, Melsun-
gen, Germany) and a hemostatic Y-adapter (Gateway Plus; Bos-
ton Scientific, Fremont, California) using the tubing of the man-
ufacturer. Syringes were connected directly to the 3-way valve. No
additional resistors (tubing, air filters, and so forth) were added to
achieve the highest possible flow.

To simulate the rheologic properties of blood at body temper-
ature, we aspirated a solution of glycerol and water, which was
kept at a constant temperature of 20°C to ensure a viscosity of 3.7
mPa-s and a density of 1.11 g/mL."° We measured aspiration
flow with pumps as reported previously: We aspirated the solu-
tion, which was kept in a reservoir, and assessed the weight of the
aspirated fluid in grams. The results of 7 measurements were av-
eraged and converted to a volumetric dimension (milliliters). The
aspiration flow (milliliters/second) was obtained by dividing the
collected volume by the aspiration time.” Aspiration with a sy-
ringe was assessed as aspirated volume with time. For measure-
ments through the sheath and balloon catheter, we used an ultra-
sonic flow meter (HT110 Bypass Flowmeter & Tubing Sensor;
Transonic, Ithaca, New York), due to the high flow through these
catheters. The Penumbra pump was set on the recommended
vacuum pressure of —25.5 inches Hg (=~—86.4 kPa). The Medela
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FIG 1. Flow through an 8F long sheath (Shuttle Select), an 8F balloon-
catheter (FlowGate? Balloon Guide Catheter), an ACE 64 distal aspi-
ration catheter, and an AXS Catalyst 6 Distal Access Catheter. Left,
Syringe; middle, Medela pump; right, Penumbra pump. Dark gray hor-
izontal lines mark the blood flow in the internal carotid artery and the
middle cerebral artery in an average patient.

pump was set on a comparable pressure of —86.0 kPa. Measure-
ments were repeated 7 times. The pressure generated with the
syringe and the pressure loss from maximal pressure with time
was recorded in 20 measurements using an analog manometer
(class 1.6; Riegler Customer Solutions, Bad Urach, Germany).

Statistical Analysis

We compared experimental results with each other using the
ANOVA test, and we compared experimental results with ideal
values using a Student ¢ test. P values of an « level =<.05 were
defined as significant. All statistical analyses were performed with
SPSS 23 software (IBM, Armonk, New York).

RESULTS

The results of our flow measurements are summarized in the On-
line Table and Fig 1. Aspiration with the syringe and the Medela
pump achieved the highest flows, whereas aspiration flow with the
Penumbra pump was significantly lower. Subtotal vacuum and,
first and foremost, the resistors in the aspiration system (tubing,
connectors, and so forth) restricted flows, in particular when the
resistance of the catheter was small (due to its large diameter) and
the connected resistors became the predominant resistance (On-
line Table and Fig 1). The experimentally determined resistance of
the Y-adapter and 3-way valve was approximately 212 X 10°
Pa - s/m” and 1406 X 10° Pa * s/m’, respectively.

Syringe

A fully drawn 60-mL syringe achieved a relatively high maximum
average vacuum pressure of —90 kPa. Drawing approximately 7
and 20 mL achieved approximately —50 kPa and —75 kPa, re-
spectively. Flow was constant during almost the entire procedure
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FIG 2. Exemplary flow measurements through an 8F long Shuttle Select sheath and an 8F
FlowGate? balloon catheter with a syringe. Note that the flow is comparably constant and the
flow decrease occurs within approximately half a second before the syringe has completely filled.
Syringes achieve a comparably constant flow despite the unavoidable pressure loss during filling
because it is not the pressure loss that predominantly restricts flow but the resistors (syringe tip,

3-way valve, and hemostatic valve).

of filling the syringe (Fig 2). Consequently, the syringe achieved
comparably high flows. As anticipated, aspiration duration
was limited due to high flow on the one hand and restricted
syringe volume on the other. The resistance of the narrow tip of
the syringe, as well as the connected Y-adapter and 3-way
valve, reduced flows significantly (P < .001). When the syringe
was drawn but no aspiration was performed, the pressure de-
creased (from —90 kPa to —60 kPa) by 10 kPa every 91 seconds
or 6.6 kPa per minute on average, due to air leakage through
the valves and connections.

Aspiration Pumps

The Medela pump achieved high flow, mostly due to the low
resistance of the connecting tubing (3251 X 10° Pa - s/m?). De-
spite a similarly high vacuum pressure, the Penumbra pump
achieved significantly lower flow in all experiments (P < .001),
mostly due to the high resistance of the connecting tubing, which
was 18,776 X 10° Pa - s/m” and thus almost 6 times higher than
the resistance of the Medela tubing. Notably, the resistance of the
old model of the Penumbra tubing (23,756 X 10° Pa-s/m>),
which was distributed until 2016, was approximately 20% higher
compared with the new tubing and resulted in significantly lower
flows (P < .001).

DISCUSSION

Syringes and pumps have been established as basic tools used
during mechanical thrombectomy. Aspiration with syringes or
pumps can be used to generate a pressure gradient that results in
aforce at the catheter tip, thereby establishing contact between the
catheter and the clot (direct aspiration first-pass technique
[ADAPT], Stent-retriever Associated Vacuum-locked Extraction
[SAVE], and Aspiration-Retriever Technique for Stroke [ARTS]
technique, and so forth) and generating backward flow to prevent

*611 The force at the catheter tip depends on

clot embolization.
only the catheter diameter and the applied pressure and is there-
fore not altered by resistors.'> The flow, however, is highly influ-
enced by additional resistors; thus, any additional tubing and
valves should be avoided whenever a backward flow is desired.
Minimizing the resistance in the aspiration system is crucial be-
cause the necessary flow rate of aspirated blood is rather high:
When the aim is to reverse blood flow, antegrade flow in the

respective artery should be surpassed. In an average patient and

no stent retriever in its lumen) barely
reaches 240 mL/min, we discourage us-
ing small guiding catheters for flow con-
trol in the ICA.”

In summary, the ideal aspiration sys-
tem generates a high and constant pres-
sure gradient and has minimal resistance.
The latter is particularly important be-
cause our results show that pumps
achieve similar pressure gradients but significantly differing effec-
tive flows because of their differing tubing systems. The resistance
is not an inherent constant, but a coefficient that depends on
variables such as flow speed and flow direction as well as fluid
density and viscosity. However, because pump distributors do not
provide any information about their tubing system, it is impossi-
ble for clinicians to estimate effective aspiration flow. We have
quantified flow characteristics of various means of flow control
and found significant differences among the methods.

Sixty-Milliliter VacLok Vacuum Pressure Syringe

The 60-mL syringe achieved high flows that surpassed blood flow
in the ICA with an 8F sheath and an 8F balloon-guide catheter.
With the newest generation of distal access catheters (ACE 64),
aspiration flow was high enough to surpass blood flow in the
MCA. This would even be the case with a stent retriever in the
catheter, which reduces flow by approximately 15%.> Syringes
provide constant and high flow during an acceptable time (Fig 2),
a finding that we did not expect because filling the syringe results
in a loss of the pressure gradient. The nonlinear pressure loss, the
resistors (syringe tip, 3-way valve, and hemostatic valve), and the
inertia of the aspirated blood may be the main reasons for syringes
achieving a comparably constant flow despite the unavoidable
pressure loss during filling. Whether a syringe should be drawn
gradually during the thrombectomy maneuver or drawn and
locked before the maneuver has been a subject of discussion. In-
terventionalists, who draw syringes gradually during the throm-
bectomy maneuver, report that a tremble during manual aspira-
tion (probably due to the Bernoulli effect) precedes collapse of the
vessel and therefore helps anticipate it. However, insufficient flow
remains an issue. In our experience, the average interventionalist
easily generates approximately 50 kPa (56%) of the maximal 90
kPa vacuum pressure by drawing the first 7 mL of a 60-mL sy-
ringe. However, drawing a further 13 mL to achieve 75 kPa and
drawing the whole 60-mL syringe for a maximal vacuum pressure
of 90 kPa are disproportionally more difficult. Hence, manual
feedback when drawing the syringe may give a disproportionate
impression of effective flow. Also, maintaining a specific pressure
gradient without a pressure gauge is challenging. Furthermore,
switching from one syringe to another results in a temporary flow
arrest during mechanical thrombectomy.
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FIG 3. Syringe setup. To avoid flow arrest when switching from one
syringe to another, one should connect 2 syringes in parallel to double
aspiration volume and thus aspiration time. The 3-way valve, which is
in a locked position, is then connected to the hemostatic Y-adapter
of the respective aspiration catheter. Before the thrombectomy ma-
neuver starts, the syringes are fully drawn and locked to generate
vacuum pressure, while the 3-way valve is still in a locked position.
When the thrombectomy maneuver starts, the 3-way valve is set to
be open for both syringes at the same time, thereby doubling aspira-
tion volume and thus aspiration time.

Thus, for the sake of simplicity and safety of flow control, we
advocate drawing and locking the syringes for aspiration. To
avoid flow arrest when switching from one syringe to another, 2
syringes should be connected in parallel and drawn and locked
before the thrombectomy maneuver to comfortably double aspi-
ration volume and thus aspiration time (Fig 3). Attention should
be paid to drawing the syringes immediately before the throm-
bectomy maneuver because we found, for our setup, a pressure
loss of approximately 10 kPa every 91 seconds or 6.6 kPa per
minute on average because the syringes and the valves are not
perfectly sealed.

Penumbra Pump

To our surprise, the Penumbra pump achieved a rather low flow
through an 8F long sheath or an 8F balloon-guide catheter and is
therefore very unlikely to reverse blood flow in the ICA (On-line
Table and Fig 1). This low flow is due to the high resistance of the
tubing, which has a narrowing at the connection site and at the
on/off switch, which are considerably smaller than the diameter of
an 8F catheter. The pump is dedicated for use with distal aspira-
tion catheters; nonetheless, many interventionalists use it for as-
piration in the ICA, a practice that is not only discouraged by the
manufacturer but is also futile according to our experiments.
Also, even with the newest generation of distal aspiration cathe-
ters (ACE 64), the Penumbra pump barely achieves flow that can
reverse blood flow in the MCA. Thus, the pump with its current
tubing should not be used for flow control but rather for tech-
niques in which the force at the catheter tip, not the flow, is essen-
tial (for example, ADAPT)."?
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Medela Pump

The Medela pump achieved high flow that surpassed blood flow
in the ICA with an 8F sheath and an 8F balloon-guide catheter.
With the newest generation of distal access catheters (ACE 64),
aspiration flow was high enough to surpass blood flow in the
MCA, even with a stent retriever in the catheter, which reduces
flow by approximately 15%. Because high flow may cause vessel
collapse, attention should be paid during aspiration.

Limitations

The major limitation of our study is the lack of experiments
with blood and the limited number of investigated catheters.
However, we deliberately chose to conduct a concise study,
which captures the essential issues while keeping our results as
simple and valid as possible, especially because data in the
literature suggest that the viscosity of blood is altered contin-
gently by the necessary anticoagulants.'” We did not aspirate
the water-glycerol solution in a model with tubes that match
the diameters of the actual target vessels. Because the vessel
diameter has an impact on possible flow volume, we chose to
conduct our experiments with a reservoir to reduce the num-
ber of possible confounding factors. Hence, our results repre-
sent flow rates under ideal conditions; actual flow rates, in
particular flow rates in small vessels such the M1 segment of
the MCA of a patient, are likely to be even smaller.

CONCLUSIONS

Aspiration with syringes or pumps can be used to generate a pres-
sure gradient with the following results: 1) a force at the catheter
tip, thereby establishing contact between the catheter and the clot
(ADAPT, SAVE, and ARTS technique, and so forth), or 2) back-
ward flow to prevent clot embolization. The force at the catheter
tip depends only on the catheter diameter and the applied pres-
sure and is therefore not altered by resistors. The flow, however, is
highly influenced by additional resistors. The ideal aspiration sys-
tem generates a high and constant pressure gradient and has min-
imal resistance. The 60-mL VacLok vacuum pressure syringe and
the Medela pump achieved constant and high flows that are likely
to be sufficient to reverse blood flow during thrombectomy with
an 8F sheath or balloon-guide catheter in the ICA and modern
distal aspiration catheters in the MCA. The Penumbra pump is
dedicated for use with distal aspiration catheters and should not
be used with its current tubing for flow control in the ICA and
MCA without proximal balloon protection.
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