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Fig. 3 The results of Experiment 1 with the microcatheter placed in the straight position.
The relationship between the loading force and the force discrepancy generated inside the microcatheter were
presented according to the coil brand (A: GDC, B: ED Coil, C: Orbit Galaxy Coil, D: Micrus Coil). As the
loading force increases, the force discrepancy increased linearly. GDC and ED Coil showed relatively similar
trends to each another, but they were different from Orbit Galaxy Coil and Micrus Coil. There was no obvious
difference among the delivery wire insertion speeds.

Fig. 4 The results of Experiment 2 by microcatheter positions.
A: a microcatheter is positioned linearly. B: a microcatheter is bent (R=25), C: a microcatheter is bent (R=15).
In each case, the force discrepancy increased as the loading force increased. Target Coil presented a higher force
discrepancy than GDC and ED Coil. GDC and ED Coil showed relatively similar results.
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Fig. 5 The results of Experiment 2 by each coil brand (A: GDC, B: ED Coil, C: Target Coil).
The force discrepancy increased linearly as the loading force increased. The force discrepancy also tended to
increase when the wire was bent more. With Target Coil, a force discrepancy occurred only by inserting the
wire into a bent microcatheter. GDC and ED Coil showed relatively similar results, which were different from
Target Coil. The slope of the regression line changed depending on the radius of the curvature with GDC and
ED Coil, but the change of the slope was small with Target Coil.

DISCUSSION

Evaluation of the force discrepancy generated inside the microcatheter

Intracranial aneurysm coil embolization is a technique in which coils are inserted inside
aneurysmal sac through a microcatheter. When the coils are filled in the aneurysm, the force to
push forward the coil delivery wire increases. The increase of coil insertion force was felt by
the feedback that interventionists experienced at their fingertips via the delivery wire. By law of
action and reaction, the stress that the coil exerts on the aneurysm at the tip of microcatheter is
equal to the reaction force of the coil delivery wire. However, since the interventionist inserts
the coil via the delivery wire inserted through an approximately 150 cm-long microcatheter, the
coil insertion force felt at the hand does not directly reflect the load on the aneurysm. Lamano
et al reported that they have measured the coil insertion force stressing on the aneurysm wall by
using silicone aneurysm,' and Matsubara et al and their group reported that they have measured
the coil insertion force that the operator felt at his fingertips by a Y-connector sensor connected
to the hub of the microcatheter.>® However, the former assessed only the force at the front-tip
of the microcatheter and delivery wire, and the latter only assessed the force measured at the
end-tip of them. Thus, the difference in coil insertion forces between the front and end tips of
the delivery wire (i.e., inside the microcatheter) was still not assessed. Therefore, the present
research analyzed the force discrepancy by finding the difference between the loading force of
the delivery wire tip and the delivery wire insertion force. All experimental results demonstrated
that the larger the loading force, the greater became the force discrepancy generated in the
microcatheter. Friction force occurring as the coil delivery wire passes through the microcatheter
may be the main factor generating the force discrepancy although it is difficult to estimate to
what extent delivery wire contacts inside the microcatheter and produces the friction. In addition,
other factors such as delivery wire’s physical property might also influence. Then, measurement
results of the force discrepancy by changing conditions, such as type of coil delivery wires
and microcatheter positions, showed that some of the causes underlying the differences in force
discrepancy were types of coil delivery wire and microcatheter bending.

Influence by the coil delivery wire
Depending on the coil brand, coil detachment system or structure of the delivery wire are
different. Moreover, there are differences in physical and mechanical properties among coil
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delivery wires. Previous studies have researched on the properties of the coil itself*®*; whereas
very few have examined the details of delivery wire structure.” Since the coil delivery wire is
transitioned by a proximal portion of the wire which is firm to increase pushability and gradual
flexibility towards the tip, and there is a connection portions midway where the wire rigidity
changes. The delivery wire is predominantly made of stainless steel, but there are variations in
the superficial coating which affects the coefficient of friction. We believe that these differences
in various characteristics manifested in the results between coil delivery wires.

The results of Experiment 1 demonstrated the difference in the way that force discrepancy
changed among each delivery wire. Experiment 2 also presented the difference in coil brands.
Additionally, Experiment 2 showed the characteristic findings of Target Coil. A force discrepancy
was generated without loading force just by inserting the delivery wire to the bent microcatheter,
which we believed were due to static friction. On the other hand, the change in the force
discrepancy associated with loading force (i.e., slope of the regression line) was almost constant
in Target Coil, in contrast to the other coils. This result seemed to reflect the characteristics
of Target Coil. In our experience, delivery wire of Target Coil empirically tends to be pushed
with constant feedback feeling at the fingertips. Koyama et al assessed structural differences in
the supple tip part of the delivery wire by using various coils.” They reported that since the
structure and the elasticity of the tip of delivery wire differs among coil brands, understanding
these characteristics are essential to perform safe treatment. In our research as well, we found
that the force discrepancy generated in the microcatheter differs depending on the coil brand;
thus, it is helpful to understand each of their characteristics in performing coil embolization.

Influence by the rigidity of coil delivery wire

Rigidities of an object are classified in flexural rigidity, axial rigidity, torsional rigidity, and
shearing rigidity. Since there are no torsional manoeuvers of the wire in coil embolization, flexural
and axial rigidity of the wire are involved in the procedure. In the present study, we created a
condition in which the wire tip does not get stuck and could advance forward, which reduced
the effects of axial rigidity which deforms the wire longitudinally. The soft tip and transition
part of the delivery wire are less rigid and easily deformed. Hence, the flexural rigidity of the
wire might be mainly involved in producing the discrepancy inside the microcatheter. However,
in actual coil embolization, sometimes the coil does not advance smoothly into the aneurysm and
stagnates at the tip. In this situation, the wire deformation in the axial direction (axial rigidity)
may also have an effect, thereby further increasing the force discrepancy inside the microcatheter.

Influence by the microcatheter condition (degree of bending)

In Experiment 2, the microcatheter was placed in a straight and bent position and we found
that the force discrepancy was higher the more bent the microcatheter was. From a physics
perspective, in analyzing this phenomenon that occurs by bending the catheter, we can assume
that it was due to the friction caused by increased contact between the delivery wire and catheter
luminal wall due to bending of the microcatheter. By increasing the bend of the catheter, the
friction of the delivery wire inside the microcatheter increases, thereby increasing the resistance
further.

In contrast, in Experiment 1, the force discrepancy increased as the loading force increased,
even though the microcatheter was placed in a straight position. Although microcatheter was
positioned linearly to minimize the friction between the delivery wire and the inner lumen, parts
with low flexural rigidity such as the tip or the transitions of the delivery wire might deform
and droop when the loading force was increased. This mechanism is the presumed one of the
cause of the generation of discrepancy. However, in the present research, the interior of the
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microcatheter could not be observed; therefore, we could not perform detailed analysis of the
exact location and degree of the friction occurring inside the microcatheter, and remains to be
examined in future studies.

Influence by the coil delivery wire insertion speed

In Experiment 1, the force discrepancy was barely affected by the coil delivery wire insertion
speed. Previous papers on coil insertion force reported differences in insertion force generation
patterns according to the insertion speed; however, it is mainly affected by coil behavior that
changes according to the insertion speed.>!*!! The insertion force increases more easily when the
coil insertion speed is high because of the coil bouncing against the aneurysm wall, whereas a
slow speed also increases the insertion speed because of statistical friction occurring from stagnant
coil movement. Only when the insertion speed is adequate will the coil move smoothly without
increasing the insertion force. In this study, the wire could advance forward simply because the
coil was removed, and there might be no obvious differences due to speed.

Significance of this research in clinical practice

In clinical practice, a strong resistance feeling is occasionally experienced to insert the coil
delivery wire at times especially in the final stage of coil embolization. Likewise, a resistance
feeling at the fingertips is more likely to occur at coil insertion when the microcatheter is more
curved. The results of this research revealed that the force discrepancy in passing the delivery
wire through the microcatheter increased as the loading force increased and it was affected
by the degree of microcatheter bend. These findings explained why the gap between the coil
insertion force at the fingertips and the stress directly on the aneurysm widened as the coil
embolization progressed. The results of the present research seemed to adequately reflect actual
clinical experiences at the process of the coil embolization. Although it is highly possible that
the stress at the tip is not high despite the feeling of a strong resistance feeling at the fingertips
in the final stage of the coil embolization, a similar resistance felt in the early stage of the
embolization must be treated with caution.

CONCLUSIONS

As the loading force increases, the force discrepancy generated inside the microcatheter
through that the coil delivery wire passes increases. This result means that when the stress at
the tip of delivery wire increases, the coil insertion force that the interventionist feels at his
fingertips also increases. This force discrepancy is impacted by the delivery wire properties and
microcatheter curvature. In order to perform a safe coil embolization for intracranial aneurysms,
it is important to understand that the force discrepancy generated in the microcatheter increases
according to the stress on the lesion.
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