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ABSTRACT

BACKGROUND AND PURPOSE: Large-bore catheters allow mechanical thrombectomy in ischemic stroke by engaging and retrieving
clots without additional devices (direct aspiration first-pass technique [ADAPT]). The purpose of this study was to establish a model for
minimal catheter diameters needed for ADAPT.

MATERIALS AND METHODS: We established a theoretic model for the calculation of minimal catheter diameters needed for ADAPT. We
then verified its validity in 28 ADAPT maneuvers in a porcine in vivo model. To account for different mechanical thrombectomy tech-
niques, we factored in ADAPT with/without a hypothetic 0.021-inch microcatheter or 0.014-inch microwire inside the lumen of the
aspiration catheter and aspiration with a 60-mL syringe versus an aspiration pump.

RESULTS: According to our calculations, catheters with an inner diameter of �0.040 inch and �0.064 inch, respectively, are needed to be
effective in the middle cerebral artery (2.5-mm diameter) or in the internal carotid artery (4 mm) in an average patient. There was a
significant correlation between predicted and actual thrombectomy results (P � .010). Our theoretic model had a positive and negative
predictive value of 78% and 79%, respectively. Sensitivity and specificity were 88% and 64%, respectively.

CONCLUSIONS: Our theoretic model allows estimating the minimal catheter diameters needed for successful mechanical thrombec-
tomy with ADAPT, as demonstrated by the good agreement with our animal experiments. Our model will be helpful to interventionalists
in avoiding selecting catheters that are likely too small to be effective.

ABBREVIATIONS: ADAPT � direct aspiration first-pass technique; MT � mechanical thrombectomy

Endovascular mechanical thrombectomy (MT) with stent re-

trievers is the most effective treatment option for acute isch-

emic stroke caused by large-vessel occlusion.1 Newly developed

large-bore catheters, which can be placed in close proximity to the

intracranial occlusion site, allow engagement and retrieval of a

clot without additional devices (so-called direct aspiration first-

pass technique [ADAPT]).2 The concept of ADAPT is to engage a

clot, clog the catheter tip, and retrieve the catheter and clot to-

gether. This simple technique is promising for establishing MT in

a wider range of hospitals and may reduce the risk of procedure-

related subarachnoid hemorrhage.3,4 However, the effectiveness

of ADAPT is an issue that needs to be resolved; failure rates for

ADAPT and the need to change the MT strategy have been re-

ported in 22%– 44% of cases.4-7

The size and composition of the clot on the one hand and suction

force at the catheter tip on the other are supposedly the most crucial

factors for successful MT with ADAPT.8 While the size and compo-

sition of a clot cannot be influenced, the force at the catheter tip is the

product of applied pressure and cross-sectional area of the catheter.

Consequently, the catheter with the largest tip diameter will apply the

greatest force. Instinctively, one would think it would be best to fol-

low the principle of “the bigger the better” and use the largest avail-

able catheter, but smaller catheters leave more spare lumen in the

access catheter for proximal aspiration and have the advantage of

better maneuverability and therefore allow easier and less traumatic

access to the occlusion site. Hence, the ideal catheter is as small as

possible and as large as necessary. However, the force needed to en-

gage a given clot is unknown. The purpose of this study was to de-

velop a theoretic model for calculating the minimal catheter diame-

ters necessary for MT with ADAPT and to validate this model in an in

vivo porcine experiment.
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MATERIALS AND METHODS
Theoretic Model
For clot retrieval, the force at the catheter tip must exceed

the force that keeps the clot in position. In a minimal model, the

total force effectively acting on a clot can be expressed as FTotal �

FAspiration � FAdhesion (Fig 1). To estimate these forces (see below),

we used a simplified model, in which the clot is a fully occlusive

impervious rigid body, the vessel is a rigid tube with a constant

diameter, and there is no flow in the aspiration catheter and con-

sequent head loss. Furthermore, our model neglects possible con-

tributing factors such as the thickness of the catheter wall and

pulsatile blood flow around the clot.

FAspiration is the suction force at the tip of the aspiration cath-

eter and is defined as FAspiration � ACatheter�PCatheter, with

ACatheter being the area at the tip and �PCatheter being the pressure

in the tubing system (white arrow in Fig 1). The respective surface

is subtracted from the area of the catheter tip to account for vari-

ations of the ADAPT technique with a microcatheter or a mi-

crowire introduced into the catheter.

FPressure is determined by the pressure difference before and

behind the clot and the surface of the clot exposed to this pressure.

Hence FPressure � Aclot�PVessel, with AClot being the area of the

clot minus the area of the catheter tip and �PVessel being the in-

travascular pressure difference before and behind the clot (black

arrows in Fig 1). The effective pressure difference depends on the

presence of collaterals that maintain blood pressure behind the

clot.9 In our model, we use a gradient of 60 mm Hg, which Sori-

machi et al10 have assessed on average in occlusions of the internal

carotid artery and the M1 segment of the MCA in 36 patients with

stroke.

The adhesion force (FAdhesion) between the clot and the

vessel wall is unknown and may be small when it is determined

by mechanical friction alone or very large if the clot is wedged

or if there is protein binding between the clot and the vessel

wall (gray arrows in Fig 1).11 Because a clot does not constantly

migrate in a vessel, the minimal adhesion force that keeps the

clot in position can be estimated as FAdhesion � FPressure, which

equals FAdhesion � C FPressure, with C being a constant that is

�1. Romero et al11 estimated the adhesion forces between clots

and the vessel wall in the MCA with a bond graph model for the

aspiration device and found that typical adhesion forces

ranged between 0.01 and 0.1 N. Chueh et al12 experimentally

determined adhesion forces in a rabbit model and indicated

adhesion forces of 0.7 N after 5 hours

of clot/vessel interaction. These values

lie in the range of our model, which

provides for C � 1 adhesion forces be-

tween 0.014 and 0.16 N for clotted ves-

sels with diameters between 1.5 and 5

mm, respectively.

Hence, FTotal � ��RCatheter
2 �

RInnerCatheter
2 ��PCatheter � ��RVessel

2 �

RCatheter
2 ��PVessel � �RVessel

2 �PVessel,withR

representing the respective radii. The

minimal catheter radius needed to move

the clot, FTotal � 0, can be calculated as

follows:

RCatheter � �RInnerCatheter
2 �PCatheter � 2 RVessel

2 �PVessel

�PCatheter � �PVessel
.

We calculated the catheter diameters needed for ADAPT in

vessels with diameters from 1.5 to 5 mm, which are typical for

cerebral arteries. To take into account different MT techniques,

we compared ADAPT techniques with/without a hypothetic

0.021-inch microcatheter (outer diameter, 0.8 mm) or a 0.014-

inch microwire (outer diameter, 0.46 mm) inside the lumen of the

aspiration catheter and factored in vacuum pressure generated

with a 60-mL syringe (experimentally determined maximal vac-

uum pressure of �0.89 bar) or generated with an aspiration pump

([Pump MAX; Penumbra, Alameda, California], vacuum pres-

sure of �0.86 bar, which corresponds to the manufacturer’s rec-

ommended pressure).

Animal Model
To verify our theoretic model, we performed ADAPT maneuvers

in an in vivo porcine animal model and compared the predictions

with the actual results. All experiments were performed in 2 fe-

male Landrace swine (average weight, 58 kg) with peri- and in-

trainterventional management as reported previously.13 The ex-

periments were performed in accordance with the German

legislation governing animal studies following the Guide for the

Care and Use of Laboratory Animals (National Research Council,

8th ed, 2011) and the “Directive 2010/63/EU on the Protection of

Animals Used for Scientific Purposes” (Official Journal of the Eu-

ropean Union, 2010). Official permission was granted from the

governmental animal care and use office (Landesamt für Natur,

Umwelt und Verbraucherschutz Nordrhein-Westfalen, Reckling-

hausen, Germany).

One week before the procedures, we produced whole-blood

clots in a Chandler loop to have radiopaque and solid clots that

can be engaged with the aspiration catheter without being aspi-

rated into it.14,15 We then injected the clots into various branches

of the subclavian artery with diameters ranging from 1.5 to 6 mm.

Before the ADAPT maneuvers, we measured the diameters of the

occluded vessels as well as the pressure before and behind the clot

with a Trevo Pro 18 microcatheter (Stryker, Kalamazoo, Michi-

gan) using a PowerLab 16/35 workstation (AdInstruments, Dun-

edin, New Zealand) and LabChart 8 Software (AdInstruments).

Before the ADAPT maneuvers, there was a pause of at least 10

FIG 1. Schematic depicting forces affecting the clot. The suction force at the tip of the catheter
(white arrow) must exceed the force of the blood pressure (black arrows) and the adhesion force that
hold the clot in its position (gray arrows). Arrows represent the direction and idealized amount of
force.
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minutes to allow reocclusion of the channel produced by the mi-

crocatheter. ADAPT maneuvers were conducted approximately

20 – 60 minutes after injection of the clots. We performed ADAPT

maneuvers with Sofia 5F and 6F aspiration catheters (Micro-

Vention, Tustin, California), which were introduced through an

8F long sheath (Flexor Shuttle Guiding Sheath; Cook, Blooming-

ton, Indiana). Aspiration was applied with a an aspiration pump

(Penumbra Pump MAX), which was connected to the aspiration

catheter via a standard 3-way valve (Discofix C; Braun, Melsun-

gen, Germany) and a hemostatic Gateway Adapter (Boston Sci-

entific, Fremont, California) with the standard tubing, on the rec-

ommended setting of 25.5 inHg (	0.86 bar). Because our aim was

to verify our ADAPT model, ADAPT was only considered suc-

cessful if the clot could be engaged (indicated by clogging of the

aspiration catheter) and removed with 1 pass (Fig 2), whereas

complete ingestion of the clot was not regarded as successful. To

prevent ingestion of a clot, the thrombectomy maneuver was per-

formed 5–10 seconds after presumed contact between the catheter

and the clot.

Statistical Analysis
Continuous parametric variables are presented as means 
 SD;

ordinal and nonparametric variables, as medians; and categoric

variables, as frequencies. Fisher exact, �2, Student t, and Mann-

Whitney U tests were used whenever applicable after testing our

data for normal distribution with a Shapiro-Wilk test. P values of

an 	 level � .05 were significant. All statistical analyses were per-

formed with SPSS 23 software (IBM, Armonk, New York).

RESULTS
Theoretic Model
Figure 3 depicts the minimum inner diameters needed to over-

come the force that keeps a clot in its position in a vessel with a

given diameter using ADAPT with manual aspiration in an aver-

age patient with stroke. Using an additional microcatheter neces-

sitates a significantly larger aspiration catheter (P � .024), but

introducing a microwire does not (P � .368). When a pump in-

stead of a syringe is used for aspiration, catheters need to be ap-

proximately 1% larger than indicated in Fig 3. However, the use of

a pump instead of a syringe has no significant impact on the re-

quired catheter diameters (P � .839).

Animal Model
We performed 28 ADAPT maneuvers, 19 of which were with the

Sofia 5F catheter and 9 with the Sofia 6F catheter. The mean vessel

diameter was 3.8
1.1 mm, ranging from 1.9 to 5.9 mm. The median

pressure gradient before and behind the clot was 39.5 mm Hg (inter-

quartile range, 34 mm Hg), ranging from 2 to 116 mm Hg. According

to our model predictions, our catheters were oversized by 0.11 


0.020 inch on average, ranging from largely undersized cases (�0.030

inch) to largely oversized cases (�0.043 inch).

Nine maneuvers were performed with catheters that were sup-

FIG 2. Fluoroscopic angiography of an ADAPT maneuver. Angiogra-
phy shows a clot (A, white arrow) in a branch of the axillary artery with
a diameter of 1.9 mm. The pressure gradient before and behind the
clot is 38 mm Hg, necessitating an aspiration catheter with an inner
diameter of at least 1.9F for clot removal, according to our calcula-
tions. The clot (A–D: white arrow), which is partially radiopaque, is
engaged with a Sofia 5F catheter (B, black arrow). When the catheter
is pulled back (C and D, black arrow), the larger portion of the clot can
be removed (C and D, white arrow). However, there is fragmentation
of the clot, with a small portion of the clot remaining in the vessel (C
and D, arrowhead).

FIG 3. Correlations between minimal catheter size and vessel diameter
in an average patient. Graphs represent the minimal inner catheter diam-
eter (y-axis) needed to overcome the force that keeps a clot in its posi-
tion in a vessel with a given diameter (x-axis), using ADAPT with manual
aspiration in an average patient (ie, a pressure gradient of 60 mm Hg
before and behind the clot). The continuous line represents the ADAPT
technique without microcatheters or microwires in the aspiration cath-
eter. Dotted lines represent the ADAPT technique with an additional
microcatheter (MC) or microwire (MW) in the aspiration catheter. Gray
areas under the curves correspond to catheter diameters that are not
large enough for ADAPT. Given the lower pressure provided by a pump,
catheters need to be approximately 1% larger than indicated in the figure
when a pump instead of a syringe is used for aspiration. Black horizontal
lines represent the inner diameters of various commercially available
catheters: Sofia (MicroVention); AXS Catalyst 6 (CAT6; Stryker); and
5MAX, 5MAX ACE, and ACE64 (Penumbra).
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posedly too small for successful thrombectomy according to our

calculations (Sofia 5F, n � 6, and Sofia 6F, n � 3). In fact, 7 of

these 9 maneuvers failed, and 2 were successful (1 case each with a

Sofia 5F and 6F). Conversely, 4 of 19 maneuvers that were pre-

dicted to be successful failed (2 cases each with a Sofia 5F and 6F).

There was a significant correlation between predicted and actual

thrombectomy results (P � .010). Our theoretic model had a

positive and negative predictive value of 78% and 79%, respec-

tively. Sensitivity and specificity were 88% and 64%, respectively.

Figure 4 depicts the correlation among vessel diameter, pres-

sure gradient, catheter diameter, and predicted-versus-actual

outcome of all 28 ADAPT maneuvers. Successful ADAPT maneu-

vers were performed in significantly smaller vessels (3.1 
 0.8 mm

versus 4.7 
 0.9 mm; P � .001) and with significantly oversized

catheters (�0.21 
 0.016 inch versus �0.006 
 0.013 inch; P �

.001). Pressure gradients were comparable in successful and un-

successful cases (median, 38.0 mm Hg, versus 41.0 mm Hg; P �

.378). The 4 cases in which the ADAPT failed unexpectedly were

performed in significantly larger vessels compared with cases with

correct predictions (4.9 
 1.3 mm versus 3.5 
 1.1 mm; P �

.025). Catheters in both groups had a comparable marginal over-

size (�0.008 
 0.006 inch versus �0.012 
 0.022 inch; P � .437),

and pressure gradients did not differ significantly (median, 29.5

mm Hg, versus 39.0 mm Hg; P � .607).

DISCUSSION
The rationale of the ADAPT technique is to engage a clot with a

large-bore catheter and establish constant adherence between the

clot and the catheter with suction force. This force can be calcu-

lated easily, given that it is the product of the cross-sectional area

at the catheter tip and the pressure. Because the cross-sectional

area increases by the square of the radius, small changes of diam-

eter result in a large change of force. For instance, a 27% increase

of the inner diameter of the Sofia 6F catheter compared with the

Sofia 5F catheter (0.07 versus 0.055 inch) results in a 62% increase

of force. Recently, Nikoubashman et al16 and Hu and Stiefel8 have

characterized various commercially available catheters and calcu-

lated the flow through them and the force at the tip of these cath-

eters. However, knowledge of this force is of little use if the force

needed to engage a clot is unknown. We approached this problem

with a simplified theoretic model and calculated the minimal

catheter diameter necessary for clot retrieval with ADAPT. A sig-

nificant correlation between our experimental and theoretic

models validates the latter and provides a justification for the

approximations used (Fig 4).

We estimated a minimal catheter diameter below which MT is

unlikely to be successful in an average patient with stroke (Fig 3).

The negative predictive value of 78% and the positive predictive

value of 79% derived from our in vivo experiment support the

hypothesis that there is a minimal catheter size required for

ADAPT but that larger catheters do not necessarily result in suc-

cessful recanalization. We calculated that in an average patient,

catheters with an inner diameter of �0.040 and �0.064 inch,

respectively, are needed to be effective in an MCA with a diameter

of 2.5 mm or in the terminal segment of the internal carotid artery

with a diameter of 4 mm (Fig 3). If collaterals are better than in the

average patient and there is a pressure gradient of 40 mm Hg

instead of 60 mm Hg, catheters with an inner diameter of �0.033

and �0.053 inch, respectively, would be sufficient to be effective

in the MCA and terminal segment of the internal carotid artery.

Hence, our calculations imply that in most cases, the available

aspiration catheters should be sufficient for ADAPT in the MCA

and that the aspiration catheters of the newest generation are suf-

ficient to extract most occlusions in the average patient (Fig 3).

This finding is in accordance with results by Turk et al,5 who

reported that recanalization (TICI 2b/3a) was achieved often with

the 5MAX catheter (Penumbra) (75%) but significantly more of-

ten with the larger 5MAX ACE catheter (Penumbra) (82%). Con-

versely, this result is also in line with our clinical experience that

ADAPT with smaller catheters (ie, 5F) is more frequently (but not

always) successful in the MCA than in the internal carotid artery.

However, conclusive data to support this hypothesis are lacking

because no study has specifically addressed the correlation be-

tween target vessel and recanalization, to our knowledge.

Turk et al5 published a series of 100 ADAPT cases with 15%

ICA occlusions, which were predominantly treated with 5MAX

and 5MAX ACE catheters and reported successful recanalization

(TICI 2b/3) in 78% of all cases. Supporting the hypothesis that

ADAPT recanalization in the ICA is less likely to be successful,

Kowoll et al7 had a higher proportion of ICA occlusions (26%)

and a lower recanalization rate of 56% in their series of 54 patients

while exclusively using the larger 5MAX ACE catheter. However,

Delgado Almandoz et al,4 who treated 45 patients with an even

higher proportion of ICA occlusions (42%), reported a compara-

bly high recanalization rate of 71%, using the 5MAX ACE in most

cases (89%). Also on the contrary, Möhlenbruch et al,6 who had a

comparably low proportion of ICA occlusions (17%) in their se-

ries of 85 patients, used the largest available catheter (Sofia 6F)

and reported a relatively low recanalization rate of 65%. This

lower rate may be partly due to varying study designs, because

Möhlenbruch et al performed 1.5 passes on average before chang-

FIG 4. Plot of all 28 ADAPT experiments. The shaded plane indicates the
minimal inner catheter diameter (z-axis) needed to engage a clot in a
vessel with a given diameter (x-axis) when a specific pressure gradient
(y-axis) is applied. Filled and open symbols indicate experiments, in which
the removal of the clot was successful or failed, respectively. In case of
perfect agreement between theory and experiment, all filled symbols lie
above the dividing plane, whereas all open symbols lie below it. Note that
most deviating points (open symbols above the shaded plane and filled
symbols below the shaded plane) are located so close to the dividing
surface that small variations in the measurement of the vessel diameter
and/or pressure gradient could lead to a substantially better agreement
between theory and experiments.
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ing the MT strategy, whereas Delgado Almandoz et al performed

2.5 passes. Also, various nonmanipulable factors such as collateral

situation (ie, pressure gradient along the clot) and clot composi-

tion may have had an impact on recanalization results.

In summary, our theoretic model is a helpful tool to select the

most efficient catheters, also for techniques in which a combina-

tion of stent-retriever thrombectomy and ADAPT is used.17,18

The strength of our ADAPT model is that it considers all relevant

forces in the system that play a role when the clot is engaged with

the catheter. Flows, however, which are altered by resistors such as

3-way valves, hemostatic valves, and additional tubing for the

aspiration system, play no considerable role in ADAPT when con-

tact between the catheter and the clot is established and the force

at its tip becomes constant. Hence, our model requires only knowl-

edge of the applied vacuum pressure and the diameter of the vessel to

estimate the necessary catheter diameter. Thus, our model lends itself

to clinical situations in which time is of the essence.

However, even though we made great effort to validate our

model, it has several limitations that might affect its accuracy:

First, the nature of our experiments did not allow a systematic

analysis of all possible settings because we were restricted by the

porcine anatomy. Also, our theoretic model does not consider

actual collateral status and adhesion force and clot burden; this

feature is likely the reason why our model did not correctly predict

the failure of clot removal in very large vessels. In addition, our

model does not account for wedging of clots, which may occur in

bifurcations and make thrombectomy more difficult. Our model

also neglects clot composition, which possibly has an impact on clot

fragmentation (Fig 2) and thrombectomy by clot aspiration. This is a

potentially important mechanism in the context of soft clots and

large-bore catheters and may have occurred unnoticed in some of

our experiments. Last, vessel access (ie, balloon catheter versus large

sheath), which may have an impact on thrombectomy results, was an

unstudied factor in our model. Despite these limitations, the good

agreement between our theoretic model and our experimental re-

sults implies that our theoretic model captures the essential physics of

the problem, and our study provides a useful step toward better un-

derstanding and controlling clot removal with ADAPT.

CONCLUSIONS
Our theoretic model allows estimating the minimal catheter di-

ameters needed for successful MT with ADAPT, as demonstrated

by the good agreement with our animal experiments. Our model

may be helpful to interventionalists in avoiding selecting catheters

that are too small to be effective.
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