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Effect of overhang and stiffness on accessibility of catheter tip to
lung defects under surgical constraints
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Background: Steering a catheter tip to a defective spot on a lung during fibrin glue application under
pleurography (FGAP) constitutes a very challenging task. Accurate control of tip position/slope of steerable
catheters is critical for providing glue to air-leaking defects on lung during FGAP. Steerable catheters are
composed of multiple segments with different flexural rigidities and experience nonlinear deformation.
Therefore, predicting tip position with accuracy is difficult. The purpose of this paper is to present a novel
method that can accurately control the tip of the catheter, and thus enhance its target accessibility.
Methods: The tip position of a deflected steerable catheter can be accurately predicted using a simulation
tool depicting the curvature of a bent catheter based on a mechanics of materials analysis. The proposed
method utilizes the simulation tool to enhance the target accessibility of the catheter’s tip. This assists
medical doctors to not only select the optimal catheter prior to operation, but also to steer the catheter to
the defects effectively. Simulation reliability is tested by performing a catheter deflection experiment and
measuring the tip position.

Results: The simulation result accurately predicts the location of the catheter tip with an error of less than
5 mm to the experimental results.

Conclusions: Controlling pull-wire tensions and overhang lengths based on simulation results

substantially improves the target accessibility of the catheter tip.
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Introduction several techniques, such as bullectomy, wedge resection of

Pneumothorax is a collapsed lung due to an unusual blebs, and ligation of bullae have been utilized (2). Pleural

collection of air in the chest cavity. The symptoms of symphysis has also been performed to prevent recurrence

pneumothorax include chest pain and difficulty breathing.
Ruptured bullae or blebs that create an air-leaking point on a
lung constitutes one of the major causes of pneumothorax (1).
The air-leaking point due to rupturing is referred to
as the lung defect in this paper. To control air leakage,

© Annals of Translational Medicine. All rights reserved.

by executing visceral pleural coverage or chemical and
mechanical pleurodesis.

In cases in which patients are expected to be at high
risk of postoperative complications from an operation

under general anesthesia or postoperative prolonged air
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Figure 1 Position and angle of a catheter’ tip according to the defect spot of a lung. (A) At the apex; (B) at azygo-esophageal recess.

leakage, carrying out a surgical intervention can be unsafe.
Minimally-invasive surgery using a catheter is often
recommended for such patients. Fibrin glue application
under pleurography (FGAP) is a minimally-invasive surgery
technique to treat air leakage caused by ruptured bullae (3,4).
This procedure provides the fibrin sealant Tisseel (Baxter
Healthcare Corp., Deerfield, IL, USA), which is a viscous
fluid that blocks the air-leaking point, to the lung defects
through a catheter, as shown in Figure 1 (4).

The most important aspect of a successful pneumothorax
surgery using a catheter is controlling the distal end’s
position and angle with respect to the location of a lung
defect in order to deliver Tisseel to the exact location.
However, precise tip positioning is very challenging during
the operation, and this leads to numerous problems. Much
trial and error is requisite to position the tip to the exact
spot, which makes the operation greatly inconvenient.
Specifically, the operator is required to spend too much time
on one patient. Moreover, Tisseel is wasted if it is dropped
in the wrong area, leading to significant financial losses. This
is also stressful for both the operator and the patients.

An effective operation method for tip positioning has not
yet been developed for pneumothorax surgery. Currently, the
FGAP operation proceeds with a pigtail catheter or a small
bore catheter (5,6). A chest tube is placed in pleural space in
advance and set still, and then a catheter is inserted through the
chest tube (Figure I). Next, the overhang is adjusted, the length
of the catheter is extended beyond the chest tube, and an
appropriate rotation angle is determined. The rotation is made
about the central axis of the tube’s cross-section by turning the
proximal handle. Although currently the FGAP operation is
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not commonly employed, the procedure is very effective for
patients who cannot tolerate conventional surgery. However,
the biggest challenge of this method is tip positioning of
the catheter. Much repetition is normally needed before tip
positioning is successfully achieved. Consequently, a superior
method for tip positioning is requisite.

Using a steerable catheter, rather than a pigtail catheter,
could dramatically improve the target accessibility of the
catheter’s tip. The tip positioning of a steerable catheter is
affected by overhang, flexural rigidity of each segment of
the catheter, and pull-wire tension. These three parameters
are interconnected in a complex manner through nonlinear
beam deflection equations. Therefore, predicting and
controlling the tip position and angle are challenging.

The extant literature has developed methods for
controlling the tip of a steerable catheter. For example, one
study uses a kinematic model to predict the tip position,
assuming the catheter as a pseudo-rigid cantilever beam
subjected to bending moment (7). Another investigation
developed a control formula that obtains the required pull-
wire tension in order to position a catheter’s tip to the
target location (8). Although numerous other studies have
analyzed the deflection of catheters, they usually focus on
other types of catheters. The two above-mentioned studies
specifically examine deflection of a wire-driven steerable
catheter. Unfortunately, even though these two researches
can successfully control and predict the tip position of a
catheter, they are unsuitable for pneumothorax surgery in
that they only analyze the deflection of the distal shaft and
not the entire tube. This is only applicable for operations
in which the configuration of the proximal shaft is fixed,

Ann Transl Med 2020;8(5):169 | http://dx.doi.org/10.21037/atm.2020.02.22



Annals of Translational Medicine, Vol 8, No 5 March 2020 Page 3 of 10
A Proximal Handle B
= / Proximal Shaft Distal Shaft Pull wire
Distal End
{ Central hole

I’ !’ Pull wire Lumen

| NRWA \
| {
1 I \

Pull Wires
and Tube Central Fixed Wire End
Pull Wire Lumina Hole Pull wire

Handle Knob

Figure 2 Structure of a pull-wire driven steerable catheter (9). (A) Side view; (B) cross-section view.

such as in cardiovascular interventions. Indeed, attempting
to study the entire bending of a steerable catheter with
these methods is very difficult because the analysis becomes
prohibitively complex. Moreover, the configuration of the
entire catheter tube changes in FGAP, and this necessitates
an examination of the bending of the entire tube.

In the authors’ previous study, a simulation tool that
implements a nonlinear deflection curve of a multi-
segmented steerable catheter was developed to identify the
required pull-wire tension for positioning a catheter’s tip to
the desired location (9). This simulation tool could analyze
the entire catheter’s deflection with multiple segments
of various stiffnesses. This previous study, however, did
not consider the effect of a chest tube that substantially
constrains the deflection of a catheter.

This paper presents a method that enhances the target
accessibility of the catheter tip by predicting the required
overhang, flexural rigidity, and pull-wire tension via
implementing a simulation tool developed based on Euler-
Bernoulli nonlinear beam theory. Furthermore, theoretical
analysis is performed to renovate the simulation tool to
reflect the deflection of a catheter constrained by a chest
tube. The effect of overhang and catheter stiffness on the
deflection configuration of a catheter is investigated to
evaluate catheter tip accessibility to the different lung defect
locations. This simulation tool can assist medical doctors
not only to select the best catheter prior to operation, but
also to control the catheter to reach the lung defect with the
indicated pull-wire tension and overhang.

Methods
Accessibility of catheter tip to various lung defect locations

Figure 1 shows different possible configurations of a catheter
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and a chest tube in the FGAP operation. Depending on the
location of the defect, e.g., apex or azygo-esophageal recess
(Figure 1) (10,11), the required catheter tip position and
angle are determined. The catheter tip should be positioned
in such a way that minimizes the distance to the defect
and is 90° relative to the tangent plane of the defect. The
distance and relative angle are chosen as accessibility indices
to evaluate the tip accessibility of a catheter to the lung
defect.

The structure of a steerable catheter is shown in Figure 2.
The steerable catheter comprises a proximal shaft of hard
material with relatively high stiffness and a distal shaft
of soft material with relatively low stiffness so that the
former can convey the distal shaft in a straight line as
possible with little deflection while the latter can easily
reach a defective area with a lot of deflection. The distal
end made of hard material is attached at the very end.
Since the stiffness and the length of each segment can vary
depending on catheter type, the deforming behaviors are
different for different catheters. Thus, certain catheters
can have better accessibility to designated locations than
others. The optimal catheter selection can be made by
considering the stiffness of each segment and the location
of the defect. Three available catheters are evaluated using
the accessibility indexes in this paper. Their cross-sections
are presented in Figure 3. The stiffness of each catheter by
segment is summarized in 7azble 1. The table is providing
the lengths and flexural rigidities of each segment. After
selecting the best catheter, the position and the angle of the
catheter tip can be controlled by manipulating the overhang
and the pull-wire tension. First, the overhang is adjusted,
and then an appropriate pull-wire tension is applied to bring
the catheter to an optimal configuration for a specified
defect location.
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Figure 3 Cross-sectional shape of catheters. (A) Catheter 1 (r=0.6 mm); (B) catheter 2 (r=0.8 mm); (C) catheter 3 (r=1.1 mm).

Table 1 Length (mm) and flexural rigidity (Nm”) of three catheters
by segment

Variable Catheter 1 Catheter 2 Catheter 3

Proximal shaft 255, 3.30x10™® 260, 2.49x10° 260, 2.20x107°

Distal shaft 25,0.11x10°  30,0.16x10° 30, 0.32x10°°
Distal end 15, 10, 10,

A

Fe - L .
C @
Mpest F. |

B

Fp M=T*r
Mon=My-Fpl P
IFO:FP

Figure 4 Free body diagram of catheter and chest tube. (A) Free
body diagram of deflected chest tube; (B) free body diagram of
deflected catheter inside a chest tube.

Simplified catheter deflection model constrained by a chest
tube

Exact model

Generally, a steerable catheter is bent when bending
moment, My, created by tension 7 and distance 7, is applied
(Figure 2). The current authors suggested a solution of
free catheter deflection as a nonlinear large deflection of
cantilever beam without constraint in a previous work (9).
From Eq. [1], a nonlinear beam deflection formula, Eq.
[2] was derived, where EI is the flexural rigidity of the
catheter, L is the length of the catheter, x is the horizontal
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coordinate, and y is the length of the vertical deflection
at the corresponding « value. The constant curve length
s, shown in Eq. [3], has to restrict Eq. [2] to generate an
accurate curve (12). Based on these equations, catheter
deflection simulation without a chest tube was developed in
the current authors’ previous study (9).

j M.

1 dx+C
L
y(x)=j0 'M > dx [1]
1-| [ =—=dx+C
E)CIX
2
()=
7 M M
2
s=] 1+(9] dx
dx
2
Ezz(zE—Iz)wzxz (EIY = M*%* tan—1 Mx

JEI) =M%

= =L

M
(3]
Catheter deflection becomes limited by the chest tube
during actual surgeries. As the catheter bends inside of a

chest tube of length L, the catheter comes into contact with
the tip of the chest tube at point P (Figure 4). The chest
tube begins to deflect along with the catheter due to a point
load Fp. The opposing reaction force of F, exerted on the
catheter, illustrated in Figure 4, constrains the deflection
of the catheter. The magnitude of F, can be determined
by matching the amount of the vertical deflection of the
catheter and the chest tube.

Eqs. [4] and [5] are derived from Eq. [1] and by applying
the cantilever beam conditions shown in Figure 4. EI, and
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Elis the flexural rigidity of the chest tube and the catheter,
respectively, and y, and y, is the vertical deflection of the
chest tube and the catheter, respectively. Eqgs. [4] and [5]
become constrained by the curve length formula shown in
Eqgs. [6] and [7], respectively, where s, is the curve length of
the chest tube, and s; is the curve length of the catheter.
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Figure 6 Effect of the chest tube on the deflection of the catheter.

An additional contact point between the catheter and
the chest tube is generated in the middle of the chest tube
at point Q as the catheter deflects more (Figure 5). x1 is the
length from the edge of the chest tube to point Q. Point
load F, is created, and the deflection of the catheter is
restricted to an even greater extent as the free body diagram
of the catheter inside of the chest tube in Figure 5 manifests.
The requisite pull-wire tension to reach this phase varies
depending on the type of catheter and overhang length.
Moreover, both F, and xI values change as the pull-
wire tension increases. Accurate deflection curves can
also only be simulated prior to this phase, which is very
limiting. Consequently, the simulation model becomes
too complicated, and thus such a model is infeasible. A
simplified model needs to be developed for these reasons.

Simplified model

In the simplified model, the segment of the catheter within
the chest tube and the chest tube itself are considered as
a single segment with higher stiffness. The length of the
remaining proximal shaft outside of the chest tube varies
by overhang. Deflection is analyzed as free deflection
using Eqgs. [2] and [3]. An accurate simulation result of the
constrained deflection of the catheter can be generated
based on these equations. Figure 6 shows the effect of
the chest tube by comparing the simulation results of the
deflected catheter with and without the chest tube. The tips
of the two catheters are approximately 15 mm apart at a
pull-wire tension of 8 N, which is a significant amount.

Results
Experimental setup and results

A deformation experiment is conducted to evaluate the
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reliability of the simplified model. Simulation error is
measured as a key performance indicator. A low simulation
error means that tip positioning can be controlled well
according to the simulation results, and this makes the
surgery much more effective. Deformation experiments
are repeated five times to obtain the mean value of the
experimental results. The mean value is used to compare
with the simulation result for calculating the error. The
maximum standard deviation of the experimental results
at the tip occurred at the highest pull-wire tension, and
was calculated to be approximately 3.7 mm. This means
that the probability that the lung defect will be located
within 5 mm from the tip of the catheter is greater than
82%. This confirms the reproducibility of the deformation
experiments.

The chest tube used in this study is 200 mm long, and
has an inner diameter of 6 mm and outer diameter of
8 mm. The flexural rigidity of the chest tube is
1.98x107 Nm’. Figure 7 presents a test setup, in which
catheters inserted through a chest tube are tested to
acquire their deflected curves under various wire tensions.
The deflected curve shape of a catheter is recorded by
measuring the displacement of four pre-selected points
at 210, 255, 285, and 295 mm along the catheter tube. A
1 mm resolution graph paper that lies beneath the catheter
is utilized to measure the displacement of these points.
Multiple tests are carried out under different wire tensions.

The test is performed with catheter 1. The experimental
results and simulation of the simplified model are compared
in Figure 8. The simplified model achieves results that are
close to the experimental data until a pull-wire tension of
10.5 N. Simulation errors of the simplified model for each
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Figure 8 Comparison of deflection curves of catheter 1 inside of
the chest tube by test and simulation at different wire tensions. (A)
Wire tension at 5.1 N; (B) wire tension at 7.8 N; (C) wire tension
at 10.5 N; (D) wire tension at 12.8 N.
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Table 2 Position errors at four points between the simulation and
the experimental results of catheter 1
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Table 3 Segment curvature and tip slope at a wire tension of 10 N
restricted by a 200 mm chest tube

Position error at four points (mm)

Catheter Curvature (L/m) Tip slope
Force (N)
P1(210) P2 (255) P3 (280) P4 (295) type Proximal shaft Distal shaft (degrees)
5.1 1.1 0.2 0.9 1.8 1 212 65.6 93
7.8 1.8 1.8 1.4 2.5 2 3.21 491 84
10.5 1.2 1.3 2.8 4.0 3 5.00 34.4 59
[ — various deforming behaviors of different catheters and
Catheter2 the location of the defect. Parameter selections are based
on the parameters of the simulation generating the best
100 PR . . .
= | accessibility indexes defined in the previous section.
E
>
50 Effect of segment stiffness on catheter deflection
Simulation results with different catheters constrained by
the chest tube are presented in Figure 9. Segment curvatures
0 : ‘ ‘ . . . o .
0 50 100 150 200 250 300 and tip slope information for a pull-wire tension of 10 N

x [mm]

Figure 9 Comparison of the deflection of different catheters under
the constraint of the chest tube of 200 mm at 10 N tension.

wire tension are listed in 7ible 2. The maximum position
error of 4 mm occurs at 10.5 N, which is reasonable for the
purpose of FGAP.

The simulation result reveals a substantial error at a wire
tension of 12.8 N, as shown in Figure §D. The gap between
the tips of the simulation and the actual catheter is more
than 10 mm. The experimental result shows much less
bending at the chest tube area than that of the simulation
result. This might be due to the effect of a complex
interaction between the catheter and the chest tube when
bending exceeds a certain amount. Increasing contact points
between the catheter and the chest tube can also lead to
energy loss, which constrains the deflection to an even
greater extent. Therefore, bending a catheter beyond a
wire tension of 10 N is not only difficult to predict with the
simulation, but also inefficient.

Parameters affecting target accessibility of catheter tip

The FGAP operation can be performed more effectively
by selecting the best type of catheter and determining
the optimum overhang and wire tension. Catheter
selection and parameter decisions are made considering
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are summarized in 7able 3. The tip slope in the table is the
angle that the distal end makes relative to the angle at the
end of the proximal shaft.

Catheter 3 has excessive deflection at the proximal shaft
compared to the other two catheters due to its relatively
small stiffness at the proximal shaft. Furthermore, catheter 3
has a relatively small deflection at the distal shaft because of
its high stiffness. Although the distance between the chest
tube and the surface of the lung can vary for different FGAP
operations, the area in the chest cavity where catheters can
deform is usually very narrow. Therefore, a large deflection
of the proximal shaft reduces the area for the distal shaft
to deform. Since distal shaft deformation is critical for a
better angle index, a large deflection of the proximal shaft
is undesirable. For this reason, catheter 3 is not effective
for any kind of FGAP operation. Catheter 1 and catheter 2,
on the other hand, can be desirable since they have a large
range of tip slope. Catheter 1, with the smallest curvature at
the proximal shaft and the biggest tip slope, is thus the most
desirable.

Effect of overhang and pull-wire tension on catheter
tip positioning

Figure 10 shows the simulated deflection curves of catheter 1
constrained by the chest tube as both the overhang and the
tension is varied. Controlling the tip slope can be achieved
more effectively through changing the wire tension rather
than changing the overhang. Overhang control is useful for
approaching the defect area. Specifically, a longer catheter
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overhang is superior for reaching defects in the apex,
while a shorter overhang is better for defects in the lateral
surface. Once the overhang is adjusted depending on the
location of the lung defect, the tip slope can be optimally
controlled by wire tension. During an actual operation,
overhang can be controlled through linear motor and
tension can be controlled by determining the handle knob
rotation angle. Knob would be connected to a rotary motor
in which the position control will be performed.

Evaluation of target accessibility of a catheter on a lung
model

Two cases, shown in Figure 11, are explored to make
optimal choices through simulation. The point of origin
is positioned at the lower left-hand corner of the lung, as
indicated in Figure 11. The defect coordinate is selected
as (200 mm, 47 mm) for case 1 and (160 mm, 25 mm) for
case 2. The slope of the tangent plane of the defect relative
to the horizontal line is 36.8° and 36.7° for case 1 and 2,
respectively. The tip of the chest tube is placed at (80 mm,
40 mm). A 40 mm distance from the surface of the lung to

50
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Figure 11 Simulation results of catheter accessibility to lung defect. (A) Case 1: defect near apex; (B) case 2: defect azygo-esophageal recess.
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Table 4 Accessibility indexes of simulated results of different

catheters
(x,y, 6)
Variable Case 1 Case 2
(200, 47, 36.8)" (160, 25, 36.7)"
Catheter 1
Overhang (mm) 166 104
Tension (N) 9.5 6.5
Distance index (mm) 0.88 0.78
Angle index (degrees) 77 40
Catheter 2
Overhang (mm) 150 96
Tension (N) 6.8 5.1
Distance index (mm) 0.74 0.83
Angle index (degrees) 48 24

Y, coordinate and angle of defect 1; ™, coordinate and angle
of defect 2.

the chest tube is a reasonable distance for FGAP operations.
Catheters 1 and 2 are considered for evaluating accessibility.

The required tension and overhang for each catheter is
found by trial and error with simulation. The accessibility
indexes for each catheter are determined, as shown in Table 4.
Both catheters exhibit very good distance indexes; whereas,
the angle index is generally poor. Catheter 1 is the best choice
for both cases 1 and 2 concerning angle index. The angle
index of catheter 1 is noticeably better than that of catheter 2.

Figure 12 illustrates a test setup of a catheter inserted
through a chest tube approaching different defect locations
using a real-size human lung model. The relative catheter
position between the catheter and the lung is set the same
as the simulation environment. Catheter 1 is used for the
experiment, and the corresponding tension and overhang
found from the simulation are applied. The experimental
results are compared in Tzble 5. The maximum distance
error of the tip to the designated defect location occurring
at case 1 is approximately 6 mm, which is acceptable for
FGAP operations.

During the actual FGAP operations using the proposed
method, the operator first determines the coordinate of the
defective spot on a lung using X-rays. Then, the simulation
tool is used prior to operation for selecting the best catheter
type and determining the appropriate overhang and pull
wire tension. After all the parameters have been defined

© Annals of Translational Medicine. All rights reserved.
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Figure 12 Catheter accessibility test on a real-size lung model. (A)

Case 1: overhang 166 mm; (B) case 2: overhang 104 mm.

Table 5 Experimental results on a real-size lung model

Variable Case 1 Case 2
Overhang (mm) 166 104
Tension (N) 9.5 6.5
Tip position (mm) (194, 48) (158, 25)
Error (mm) 6 2

through simulation, the surgery can be performed using the
determined parameters improving the target accessibility of
the tip.

Conclusions

Steerable catheters are currently regarded as an efficient tool
for the intervention of sealant injection to air-leaked defects
of lung. The main problem is controlling the position and
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slope of a catheter tip to the precise defect location. This
paper proposes a method which can assist medical doctors
to select a desirable catheter configuration, and even an
optimal pull-wire tension and overhang length, for superior
intervention using catheter deflection simulation software
developed by the authors. The new findings are as follows:

(I) The optimal catheter configuration is selected
depending on the location of the lung defects;

(II) The simplified simulation model can accurately
reflect the deflection of a catheter constrained by a
chest tube with an error of less than 5 mm;

(IIT) Excessive deflection at the proximal shaft reduces
the accessibility of the tip to the defect by limiting
the space for the distal shaft to deflect;

(IV) Controlling the overhang and wire tension
according to the simulation result enables effective
target accessibility of the tip of the catheter.

Ultimately, overhang and tension control should be

automated through use of motors. In the future, catheter
handle capable of controlling overhang and tension through
motors will be designed. Also, the relationship between the
pull wire extension length and the tension will be investigated.
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