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2 Department of Interventional tion method was used to perform three-dimensional reconstruction of the hepatic

Radiology, Affiliated Hospital vasculature, with the target puncture point selected by the interventional physician.
gl’:;@:tehlis:xgnﬁg‘;ggz The puncture needle was modeled using second-order Bézier curves and arcs. Sub-
China ' sequently, the bending points were selected, and the optimal bending angles were

calculated based on the target puncture point. The puncture pathway was then veri-
fied and visualized in three dimensions using Mimics software. Data from 32 patients
who successfully underwent TIPS procedures were retrospectively collected for clinical
validation and statistical analysis.

Results: The error between the tip position of the puncture needle catheter mod-
eled with Bézier curves and the actual puncture needle was 0.15 cm, while the error
for the arc modeling was 0.19 cm. The optimal bending angle of the puncture needle
calculated by this algorithm was validated in Mimics software, successfully achieving
path planning. Among the 32 patients, the difference between the actual bending
angle of the puncture needle and the calculated bending angle was 1.06°+ 1.82°
(95% C1 0.41-1.72°). The equivalence test results indicated that there was a significant
equivalence between the measured angle and the angle calculated by the algorithm
(p<0.001).

Conclusion: This study successfully designed an algorithm for calculating the bend-
ing angle of the puncture needle in TIPS procedures, which demonstrated equivalence
with the clinically observed bending angles.

Keywords: Bending angle, Path planning, Bézier curve, TIPS, Puncture needle

Introduction

Transjugular intrahepatic portosystemic shunt (TIPS) is a commonly used and effec-
tive method for treating complications of portal hypertension [1-3], such as refractory
ascites [4] and esophageal—gastric variceal bleeding [5, 6]. Among the various steps in
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the TIPS, the puncture from the hepatic vein to the portal vein is the most critical and
challenging [7, 8]. The puncture kits commonly used in TIPS, such as the RUPS-100,
feature a fixed bending angle at the front end of the puncture needle. However, due
to the variations in the spatial positioning of the hepatic and portal veins in different
patients, the puncture needle may not be suitable for personalized treatment. Currently,
adjustments to the bending angle of the puncture needle primarily rely on the physician’s
experience, and inappropriate angle selection can lead to increased puncture attempts
and extended surgical duration. Research has demonstrated that the correct selection of
the bending angle and puncture distance of the needle is essential for accurately access-
ing the portal vein [9]. Research on the quantitative calculation of the bending angle of
puncture needles is limited. Zhu et al. [10] conducted a study to quantify the bending
angle of puncture needles; however, the designed bending region of the needle was only
from the hepatic vein to the portal vein, which does not accurately reflect real-world
conditions. Therefore, this study aims to quantitatively calculate the bending angle of
the TIPS puncture needle based on CT images and to complete three-dimensional visu-
alization for path planning, thereby laying the foundation for improving the accuracy of
portal vein puncture in TIPS.

Results

Successful modeling

In this study, a second-order Bézier curve and an arc model were utilized to model the
puncture needle. The positions of the modeled puncture needle’s P2 points were com-
pared with actual measurements. The results indicated that the error between the sec-
ond-order Bézier curve model and the actual measured values was 0.15 cm, while the
error for the arc model was 0.19 cm. Both modeling methods effectively support punc-
ture needle modeling; however, the second-order Bézier curve model exhibited a smaller
error and demonstrated higher accuracy.

Error analysis

Ten repeated measurements were conducted for the coordinates of the IP point and the
TP point. The results showed that under the current level of measurement error, the
coordinates of the IP point were (—0.40 cm +0.02 cm, —4.45 cm +0.02 cm), and the
coordinates of the TP point were (—2.18 cm +0.02 cm, —6.41 cm +0.03 cm). Based on
the Monte Carlo simulation to analyze the propagation effect of measurement errors,
the optimal bending angle for this patient was determined to be 42.19° +0.64° (95% CI
41.00-43.00°). The angle estimation exhibited high reproducibility, with a coefficient of
variation (CV) of 2.90%. The minimum portal vein diameter of the 32 patients was 0.38
cm, and the permissible range of the error angle was ultimately calculated to be 3°.

Clinical effect evaluation

Among the 32 patients who underwent TIPS, the a values calculated based on the algo-
rithm were compared with the a values actually measured during surgery (Table 1). Sta-
tistical analysis revealed that both the measured a values and the algorithm-calculated
a values followed a normal distribution. The mean difference between the two was 1.06°
+1.82 (95% CI 0.41-1.72°), with a Cohen’s d effect size of 0.14, indicating a small effect



Liao et al. BioMedical Engineering OnLine (2025) 24:66 Page 3 of 12

Table 1 Target penetration point and bending angle

Patient IP(x,y) TP(x,y) Intraoperative o/° Calculated a/°
1 (=1.08, —6.76) (=3.00,-10.39) 24.81 28.00
2 (=039, =5.51) (—1.87,—-8.84) 19.33 20.00
3 (=0.18, —4.62) (=1.76, —6.74) 37.19 36.00
4 (=043, -5.81) (=2.43,-7.60) 48.84 48.00
5 (0.29, -6.52) (=2.79,-10.74) 3251 36.00
6 (=0.29, —4.51) (—1.68, —7.68) 25.63 24.00
7 (—0.24, —4.56) (—1.32,—6.65) 23.30 28.00
8 (0.27,=5.79) (=2.10,-8.72) 36.78 40.00
9 (—=0.93,-4.82) (=2.60,—7.39) 33.59 32.00
10 (=0.69, —3.46) (=2.22, -6.56) 28.77 28.00
11 (=0.63, —3.99) (=4.15, -6.75) 46.77 48.00
12 (=0.32,—6.35) (—=3.35,—10.50) 31.89 36.00
13 (=1.03,-548) (=348, -7.70) 26.54 28.00
14 (=0.21,—4.85) (=1.82,-9.13) 20.16 22.00
15 (—0.36, —5.59) (—3.18,-9.64) 3291 34.00
16 (=040, —4.47) (=2.17,—-6.40) 3850 42.00
17 (—=0.39, —5.38) (=295, —8.50) 41.17 40.00
18 (=045, =5.16) (=2.05,-7.08) 40.07 40.00
19 (=0.23, —4.16) (=2.77,-7.50) 38.95 38.00
20 (=046, —4.42) (=3.39,-7.34) 4398 46.00
21 (=0.51,-3.92) (—2.80, —6.80) 38.27 38.00
22 (—=0.64, —4.46) (=241, -6.87) 36.72 36.00
23 (=0.29, =5.24) (—3.60,-10.21) 31.88 34.00
24 (=043, —4.93) (—=3.04,-7.24) 45.03 48

25 (=0.27,=5.15) (=291, -844) 41.08 40
26 (—0.39, =5.48) (=1.79,-8.82) 2218 24
27 (=0.20, —3.23) (—1.89, —6.00) 3249 32
28 (=0.52, =5.64) (=2.33,-7.98) 3515 36
29 (=0.21,=5.21) (=3.07,-9.25) 34.65 36
30 (=0.70, —=4.73) (=3.25,-823) 33.69 36
31 (—=0.53,-5.48) (=1.99, —=7.24) 3942 40
32 (—0.28,—5.42) (=3.37,-1041) 29.73 32

IP insertion point, TP target point, « bending angle of the penetration needle

size for the difference. Within the pre-defined clinically acceptable equivalence margin
(£ 3°), the two values demonstrated significant equivalence (p< 0.001). Additionally,
detailed clinical statistical results for the 9 cases of initial puncture failure are provided
in Table 2.

Discussion

The TIPS technique is distinguished by its minimal invasiveness and a reduced likeli-
hood of adverse events. Nevertheless, it necessitates a proficient level of technical exper-
tise, notably during the crucial stage of puncturing between the hepatic vein and the
portal vein [11, 12]. Given the intricate anatomical configuration of the hepatic vascula-
ture and notable interpatient variability, it is imperative to carefully adjust the bending
angle of the puncture needle prior to the intervention. Improper choice of the puncture
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Table 2 Statistical data of initial puncture failure cases in TIPS surgery

Patient Number of Puncture Initial puncture Final puncture  Calculated o/°
punctures time/min al® af®
a 2 11.23 3191 45.03 48
b 3 4485 30.84 41.08 40
C 3 22.06 38.27 22.18 20
d 2 0.30 3254 3249 32
e 2 097 33.58 35.15 36
f 2 127 3441 34.65 36
g 3 28.95 3392 33.69 36
h 3 60.82 25.05 3942 40
i 3 338 30.21 29.73 32

angle may result in recurrent punctures or puncture failure [13]. Moreover, the act of
repeatedly bending the needle during the puncture procedure could lead to a decrease in
support strength [14].

To address the aforementioned challenges, this study utilized preoperative contrast-
enhanced CT imaging to determine the hepatic vein puncture IP point and portal vein
puncture TP point. The puncture needle was modeled using Bézier curves to quanti-
tatively calculate its bending angle, combined with Mimics software for three-dimen-
sional path planning, aiming to reduce puncture attempts and surgical difficulty [15].
Compared with existing methods, our approach demonstrates several advantages: first,
unlike conventional methods (such as Zhu et al’s approach calculating the bending angle
based on the relative position of target puncture points [10], or techniques shaping the
puncture needle by measuring the relative positions of the IP and TP points [16]), our
method incorporates not only the spatial relationship between the right hepatic vein
and the target portal vein puncture point, but also integrates the anatomical relation-
ship with the inferior vena cava. Furthermore, we validated whether the planned path
conformed to the vascular spatial anatomy. Second, compared with methods calculat-
ing bending angles using three-dimensional path planning software [17], our approach
eliminates the need for additional arterial catheterization and angiography [18], thereby
significantly reducing radiation exposure and contrast agent dosage. This advantage is
particularly valuable for cases where the portal vein is poorly visualized due to wedged
hepatic venography—a common challenge when using existing three-dimensional path
planning software.

This study retrospectively analyzed data from 32 patients who underwent TIPS pro-
cedures, including 2 cases with atypical hepatic vasculature, and compared the actual
bending angles of the puncture needle during surgery with the bending angles calcu-
lated based on the algorithm. Statistical analysis revealed that the angles calculated by
the algorithm demonstrated good equivalence with the actual angles required for suc-
cessful puncture, providing strong evidence for the feasibility of the algorithm in clinical
applications. Among the 2 cases with atypical hepatic vasculature, the errors between
the actual bending angles during surgery and the algorithm-calculated angles were 1.09°
and 2.31°, respectively, indicating that the algorithm maintains high accuracy even in
complex anatomical structures. Although certain errors exist in the measurement of the
IP point and TP point coordinates, Monte Carlo simulation analysis demonstrated that



Liao et al. BioMedical Engineering OnLine (2025) 24:66 Page 5 of 12

these measurement errors had an impact of less than 1° on the optimal bending angle,
which is within the clinically acceptable range. Additionally, the angle estimation in this
study exhibited high reproducibility, with a CV of 2.90%, further validating the effective-
ness and stability of the algorithm in clinical practice.

Nine cases of initial puncture failure during TIPS surgeries were analyzed. Among
them, three cases of puncture failure were attributed to the improper selection of the
bending angle of the puncture needle. This was mainly due to the insufficient preopera-
tive evaluation of the anatomical structure of the hepatic blood vessels. Given the com-
plex relationship between the portal vein and the hepatic veins, the puncture angle could
not be precisely planned, resulting in the puncture path deviating from the target. The
longest puncture time reached 44.85 min, which significantly increased the radiation
exposure of both patients and medical staff. In addition, three cases of puncture failure
were caused by the improper puncture direction, as the doctors inaccurately evaluated
the spatial relationship between the hepatic veins and the portal vein during the opera-
tion. One case was due to the significantly enhanced hardness of the liver tissue caused
by liver cirrhosis, which increased the puncture resistance. One case was caused by the
cavernous transformation of the portal vein, leading to a remarkable increase in the
difficulty of puncture, indicating the significant influence of anatomical factors on the
complexity of the surgery. There was another case where puncture failure occurred due
to the poor visualization of the portal vein. Although successful puncture was achieved
after the placement of a positioning catheter, the operation time was prolonged. These
findings highlight the importance of quantitatively calculating the bending angle of the
puncture needle and conducting preoperative path planning.

Although this study is a retrospective one and has not been directly compared with
traditional surgical methods, existing research has shown that constructing a three-
dimensional model using Mimics software and estimating the bending angle of the
puncture needle based on the spatial relationship [19], or designing a"body surface posi-
tioning guide plate"and a"puncture angle corrector"based on CT data for preoperative
planning and intraoperative guidance can effectively reduce the incidence of periopera-
tive complications, shorten the operation time, reduce the number of punctures, and
improve the success rate of the surgery [20]. In this study, the bending angle of the punc-
ture needle was optimized through an algorithm, and the potential of this approach in
reducing the risk of puncture failure and improving surgical efficiency was preliminar-
ily verified. Future research will design prospective clinical trials to systematically com-
pare key indicators such as the fluoroscopy time and the surgical success rate of the two
methods, so as to further validate the clinical advantages of this algorithm.

This study has certain limitations: (1) there may be measurement errors when meas-
uring the IP point, TP point, and the bending angle «. In subsequent studies, these will
be improved by using more precise measurement tools or methods. (2) Due to human
physiological activities (such as respiratory movements and vascular pulsations), the
puncture site may be displaced, which affects the puncture accuracy to a certain extent.
In future research, patients will be guided to hold their breath during calm breathing
through preoperative scans and during intraoperative puncture to reduce the impact
of respiratory movements on puncture accuracy. (3) The morphological changes at the
proximal end of the puncture needle during bending, as well as the minute compression
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and deformation the needle experiences during the puncture process, were overlooked.
In future research, the incorporation of physiological and mechanical factors will be

undertaken to enhance the accuracy and practicality of the puncture needle model.

Conclusion

In conclusion, this study has devised an algorithm for determining the optimal bending
angle of the puncture needle used in TIPS, along with a three-dimensional path planning
method, aimed at guiding the implementation of TIPS procedures. Comparative analysis
was conducted on patients who underwent successful TIPS procedures, demonstrating
that this method is rational, effective, and holds potential for clinical application.

Methods

Mathematical modeling

First, mark the puncture needle tip of the RUPS100 puncture kit at specific points, as
shown in Fig. 1. The starting point of the bend is designated as PO, the endpoint of the
bend at the end of the gray catheter is P2, and the needle tip is labeled as P3. The angle
between the tangent at the bending point and the tangent at the needle tip is defined as
B, and the intersection of the two tangents is denoted as P1. The length of the bent por-
tion of the gray catheter is L. The initial state of the puncture needle was measured for
angle and length, yielding the following data: L= 5.5 cm, = 20°, POP1 =2.4 cm, P1P2
=3.0 cm, and P2P3 =3.0 cm. A Cartesian coordinate system was established with point
PO as the origin (0, 0); the long axis of the puncture needle aligns with the y-axis, while
the perpendicular direction represents the x-axis. Through geometric relationships,
the coordinates of point P1 were calculated as (0, —2.4), P2 as (—1.03, —5.22), and P3 as
(—2.06, —8.04). The following section introduces two methods for modeling the puncture
needle: one is based on second-order Bézier curves, and the other utilizes arc modeling.

Second-order Bessel curve modeling

The bending section of the puncture needle from PO to P2 can be approximated as
a Bézier curve, as shown in Fig. 2a. The Bézier curve is a smooth curve developed
by the French mathematician Pierre Bézier through mathematical methods and has
been widely used. It is commonly applied in data fitting and graphic design. Given the

=
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Fig. 1 The morphology of the puncture needle. The picture is sourced from the Internet. a Marking of the tip
position of the puncture needle. b RUPS100 puncture kit
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Fig. 2 Modeling of the puncture needle. a Modeling a puncture needle using Bézier curves. b Modeling a
puncture needle with arc lines

coordinates of points PO and P1, the angle {3, and the length L of the catheter. On this
basis, according to the equation of the line:

y:kx+b. (1)

The linear equation between points P1 and P2 is determined by substituting the
given data. Next, iterate through each point on the line, assuming the point as P2, and
substitute it into the equation of a second-order Bézier curve:

By = (1—6)?P0+2(1 — t)P1 + t*P2,t € [0,1]. ()

Dividing the parameter t in the formula into 10 equal segments within the inter-
val [0, 1], the coordinates of points on the Bézier curve B(t) are determined through
piecewise computation. Using the curve integral formula:

b
L = /a 1/x(2t) +y§t)dt,t € [0,1]. (3)

Bézier curve length is calculated in segments. When the sum of the lengths
approaches 5.50 cm, the position of point P2 is determined. By substituting relevant
data the coordinates of point P2 ultimately calculated to be (—1.08, —5.36).

Arc modeling

The bent portion of the puncture needle approximately forms an arc. The central
angle of this arc is denoted as 0, with a radius of R, starting from point p0 to point
p2, with an arc length of L. The tangents of the arc at its two endpoints intersect at
point P1, forming an angle 3, as illustrated in Fig. 2b. Establish the Cartesiancoordi-
nate system as described above, where it is evident from geometric relationships that
6 = B. The coordinates of point P2 can then be expressed as (—R + Rcosf, —Rsinf). By
substituting the data into the formula for arc length:
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It is computed that the coordinates of point P2 are (—0.95, —5.39).

Second-order Bessel curves and arcs
Error calculation of the P2 point coordinates of the actual puncture needle compared
to the puncture needle modeling of second-order Bessel curves and arc modeling. The

error calculation formula is as follows:

d= \/(xﬂ —xp)* + (ya —yb)z, (5)

where (x,,y,) represents the coordinates of the modeled puncture needle’s P2 point, and
(xp, ¥p) corresponds to the coordinates of the actual puncture needle’s P2 point. By sub-
stituting relevant data for error calculation, it is concluded that the modeling error of
the second-order Bézier curve is relatively small. Therefore, the Bézier curve is used for
modeling and calculation of the puncture needle.

Calculation and validation

Puncture point selection

The portal venous phase CT images were imported into Mimics software, where a com-
bination of thresholding and morphological operations was used to extract the hepatic
and portal veins, enabling three-dimensional visualization. Based on the requirements
of the TIPS clinical practice guidelines [21] and the spatial anatomical relationships
between the hepatic and portal veins, interventional radiologists selected multiple punc-
ture points. The method is as follows: three initial points (IP) are selected at a distance
of 1-2 cm from the bifurcation of the inferior vena cava at the right hepatic vein. Simi-
larly, three portal vein terminal points (TP) are selected at the bifurcation of the portal
vein and 1.5 cm distally. For patients with atypical hepatic vasculature, the target punc-
ture points were selected individually based on their vascular anatomical character-
istics. Additionally, based on the doctor’s experience, at an appropriate level, the four
endpoints (anterior, posterior, left, and right) of the inferior vena cava are selected as the
starting points (P0) for the bending of the puncture needle. Finally, three points are cho-
sen from the aforementioned selections as the tentative points for IP, TP, and PO.

Construction of the puncture plane

Based on the selected IP, TP and PO points, use the geometric modeling function of
the Mimics software to establish the puncture plane. Taking the direction in which the
puncture needle enters as the y-axis and the direction perpendicular to the puncture
needle’s entry direction as the x-axis, establish a Cartesian coordinate system. Use the
second-order Bézier curve modeling in the coordinate system to draw the initial shape
of the puncture needle, connect point P2 and point P3, and mark the positions of point
IP and point TP, as shown in Fig. 3.
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Fig. 3 Puncture needle and target puncture point. a Liver blood vessels and target puncture point, IVC
inferior vena cava, PV portal vein. b Created puncture plane. ¢ Position of the puncture needle curve modeled
with a second-order Bézier curve in the established Cartesian coordinate system

Bending angle calculation

Firstly, determine whether the puncture needle in the initial state can puncture
through point IP to point TP. If it cannot puncture, then subsequent optimization
steps are required. (1) Uniformly select nine candidate bending points M on the
curve from point PO to point P2. Rotate the curve part from point M to point P3
around point M. The formula for rotation coordinates is as follows:

x' = (x—rx) x cosd — (y —ry) x sinf + yx {ON 0}
{y/:(x—rx)xsin8+gy—ry Xcose+ry’9€ 0° ~40 |, (6)

where (x, y) represents any point, (rx, ry) is the coordinates of the rotation center, and 6
is the rotation angle. (x,y’) denotes the new coordinates after rotation. Substitute the
points on the curve MP2 and the straight line P2P3 into Formula 6 to obtain the rotated
curve and straight line, and then curve of the bent puncture needle can be obtained. (2)
To determine the optimal bending angle, the error between the slope of line P2'P3” and
the slope of line IPTP is calculated for each rotational angle. The formula for the slope
error is as follows:

y3—y2 _JYr—Ji
X3 — X2  XT — X[

kpy p3y-kaprp) = (7)
When the slope errors of both are minimized, the line P2'P3’ is approximately par-
allel to the line IPTP. (3) The coordinate difference between P2/ and IP is:

Ax = Xp — %
{ A (8)

Ay=Yp—y,"

After bending, the curve coordinates of the puncture needle move by (+Ax, +Ay)
so that point P2’coincides with point IP, and point TP lies on or near the line P2'P3,
facilitates the puncture needle piercing from point IP to point TP, as shown in Fig. 4.
This corresponds to the optimal bending angle « = 6 + B
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44 ---- Rotated Curve -6°
---- Rotated Curve -8°
3 ---- Rotated Curve -10°
---- Rotated Curve -12°
24 ---- Rotated Curve -14°
---- Rotated Curve -16°
14 -=--- Rotated Curve -18°
---- Rotated Curve -20°
Po ---- Rotated Curve -22°
---- Rotated Curve -24°
PO’ ---- Rotated Curve -26°
---- Rotated Curve -28°
- Rotated Curve -30°
Rotated Curve -32°
M Rotated Curve -34°
Rotated Curve -36°
Rotated Curve -38°
Rotated Curve -40°
—— Best_Rotated Curve -18°
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8 7 6 5 -4 3 -2 A1 0 1 2 3 4 5 6 7 8 9 0 1"
X-axis

Fig. 4 Rotation of the puncture needle curve around point M. The blue curve represents the initial path

of the puncture needle, while the purple, green, and other colors depict the trajectory of the needle after
bending around point M. The green curve in the lower right corner represents the trajectory of the puncture
needle after bending at the optimal angle and translating

Evaluation of outcomes

Select 10 points uniformly along the translated puncture needle curve and mark them in
the puncture plane. These points should then be connected to form a curve, along with
the IP and TP points, allowing for the completion of puncture path planning. The appro-
priateness of the puncture pathway is verified by assessing the position of the curve
within the blood vessel. If the puncture pathway is deemed unsuitable, the M point is to
be adjusted; should all M points be deemed unsuitable, a change in the puncture plane is
warranted. The flowchart of the entire algorithm is illustrated in Fig. 5.

Clinical trial

Retrospective collection of preoperative enhanced CT images, intraoperative DSA
images, and postoperative CT images was conducted for 32 patients who underwent
TIPS surgery at this hospital between January 2023 and April 2025, including 9 cases
with initial puncture failure. The locations of the preoperative CT images IP and TP
points were determined based on the stent placement observed in the postoperative
CT images, and the bending angle « of the puncture needle was measured from the
DSA images during the procedure. The interventional radiologist selected an appro-
priate PO point for each case, and the optimal bending angle o was calculated using
the methods described above.

Page 10 of 12
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Fig. 5 Algorithm flowchart. This figure was created by Figdraw

Error calculation

To evaluate the impact of measurement errors on angle calculations, the coordinates
of the puncture points (IP, TP) were measured 10 times by an interventional radiolo-
gist for a randomly selected patient. Based on these measurements, 1,000 samples were
randomly generated using Monte Carlo simulation, and the angle distribution was cal-
culated using the aforementioned algorithm. By analyzing the simulation results, the
influence of measurement errors on angle calculations was quantified, thereby assessing
the robustness of the algorithm. In addition, the diameter of the portal vein at the punc-
ture plane was measured for 32 patients in this study. By iterating through the puncture
needle bending angles in increments of 1°, the angle corresponding to the movement of
point P3 to the minimum portal vein diameter was calculated and defined as the permis-
sible range of error angles.

Statistical analysis

In this study, Python 3.10.9 was used for statistical analysis. For quantitative data, the
mean +standard deviation was used for description, and the Shapiro—Wilk test was
performed to assess the normality of the data. An equivalence test was conducted to
evaluate whether the measured bending angle and the calculated bending angle were
equivalent within a clinically acceptable range.

Abbreviations

TIPS Transjugular intrahepatic portosystemic shunt
cT Computed tomography

1P Initial points

TP Terminal points

DSA  Digital subtraction angiography

v Coefficient of variation
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