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a  b  s  t  r  a  c  t

A  virtual  reality  (VR)  based  vascular  intervention  simulation  system  is  introduced  in this  paper,  which
helps  trainees  develop  surgical  skills  and  experience  complications  in safety  remote  from  patients.  The
system  simulates  interventional  radiology  procedures,  in which  flexible  tipped  guidewires  are  employed
to  advance  diagnostic  or therapeutic  catheters  into  vascular  anatomy  of  a  patient.  A real-time  physically-
based  modeling  approach  ground  on  Kirchhoff  elastic  rod  is  proposed  to  simulate  complicated  behaviors
of  guidewires  and  catheters.  The  slender  body  of guidewire  and  catheter  is modeled  using  more  efficient
special  case  of  naturally  straight,  isotropic  Kirchhoff  rods,  and  the  shorter  flexible  tip  composed  of  straight
or angled  design  is modeled  using  more  complex  generalized  Kirchhoff  rods.  The motion  equations  for
uidewire and catheter guidewire  and  catheter  were  derived  with  continuous  elastic  energy,  followed  by a discretization  using
a linear  implicit  scheme  that  guarantees  stability  and  robustness.  In addition,  we  used  a  fast-projection
method  to  enforce  the  inextensibility  of  guidewire  and  catheter.  An adaptive  sampling  algorithm  was  also
implemented  to improve  the simulation  efficiency  without  decrease  of accuracy.  Experimental  results
revealed  that  our  system  is  both  robust  and  efficient  in a  real-time  performance.

© 2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

Vascular intervention has been widely used all over the world
or its smaller incisions, less blood loss, decreased pain and quicker
ecovery of patients [1]. However, a big challenge in vascular
ntervention is to develop inexperienced interns’ operation skills
hrough a safe and low-cost training. Traditionally, vascular inter-
ention skills of interns were developed by using animals, human
hantoms or even actual patients. However, each of these ways has

ts own limitations [20,22]. Animal cannot be considered as a good
eplacement of human body due to the anatomical differences of
ascular networks. Training on phantoms lacks credible force feed-
ack of human tissues, and it is also expensive to make a phantom

ith complex vasculature of a patient. Training on real patients
nder X-ray machine is harmful for the health of both interns
nd patients. In contrast, VR-based simulation system provides a

∗ Corresponding author. Tel.: +86 13501107710.
∗∗ Corresponding author. Tel.: +86 021 62933250.

E-mail addresses: xiehongzhi@medmail.com.cn (H. Xie), gulixu@sjtu.edu.cn
L. Gu).

ttp://dx.doi.org/10.1016/j.compmedimag.2014.08.002
895-6111/© 2014 Elsevier Ltd. All rights reserved.
promising way for intervention training with high flexibility, high
realism, low cost and no risks for patients and trainees [2,21,22,23].
Studies have shown that surgical skills learnt through VR-based
simulators can significantly decrease the time needed by a proce-
dure and reduce the frequency of medical errors compared with
traditional training methods [3].

Previously, a hybrid mass-spring model [4] was proposed to
simulate guidewire with a set of particles connected by rigid springs
with a fixed length, but it was  not able to simulate inherent bend-
ing guidewire. Alderliesten et al. [5] proposed a relatively accurate
model. It is based on the principle of energy minimization and
different optimization techniques were used to solve this model.
Although it somehow guaranteed the accuracy and stability of
simulation, real-time interaction of the method was  unsatisfying
even some approximate accelerating algorithms were used. Sub-
sequently, an incremental finite beam element model [6,7] was
introduced with an optimization scheme which used substruc-
ture decomposition to speed up the computation. Lenoir et al. [8]

developed a simulator based on this method. By avoiding resolving
the global stiffness matrix, it reduced the computational time sig-
nificantly and made real-time interaction possible. However, the
motion errors are also propagated incrementally and it is rather

dx.doi.org/10.1016/j.compmedimag.2014.08.002
http://www.sciencedirect.com/science/journal/08956111
http://www.elsevier.com/locate/compmedimag
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compmedimag.2014.08.002&domain=pdf
mailto:xiehongzhi@medmail.com.cn
mailto:gulixu@sjtu.edu.cn
dx.doi.org/10.1016/j.compmedimag.2014.08.002
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ifficult to reduce the total error to an acceptable level. Lenoir et al.
9] suggested a one-dimensional dynamic spline model to model
ire-like structures. This model, however, cannot present twist-

ng although it can effectively simulated realistic bending effects of
urgical threads.

Several recent approaches have been proposed to address the
onlinear deformation of guidewire. Duratti et al. [10] presented an

nterventional radiology system based on Cosserat rod model. Nev-
rtheless, they just implemented the basic functionalities. Other
on-Cosserat rod approaches include simulating a guidewire using
raph-theoretical method based on the principle of minimal total
otential energy [26] and a nonphysically based forward kinect-
atics approach to predict the catheter’s tip position but assume

hat the catheter bends with zero torsion and with constant
urvature [24,25]. Tang et al. [11] have applied an implicit time inte-
ration method to Kirchhoff elastic rod model [12] for guidewire
imulation similar to ours. A path planning method was proposed
o fix the path of guidewire during its advancing. However, skills
f manipulating the guidewires with various complex curved tips
o reach a clinical target are significant in vascular intervention. In
his case, if trainees cannot control the path of guidewire advancing,
urgical skills cannot be well developed.

In this paper, we propose a robust and real-time vascular
ntervention simulation system to help trainees enhance opera-
ion skills. A physically-based hybrid modeling approach based on
irchhoff elastic rod and inextensible constraint is developed, and

t can realistically and interactively simulate the complex behaviors
f guidewires and catheters. The long slender bodies of guidewire
nd catheter are simulated by using more efficient special case
f naturally straight, isotropic Kirchhoff rods. The shorter flexible
ip composed of straight or angled design is modeled using more
omplex generalized Kirchhoff rods. We  derive the equations of
otion for guidewire and catheter with continuous elastic energy

nd discretize these equations using a linear implicit scheme that
uarantees stability and robustness. In addition, our system is fur-
her augmented by the force sensing device as input.

. System overview

Fig. 1 shows the overview of the simulation system, which is
omposed of three parts: vascular modeling, guidewire simulation
nd visualization. The vascular model is based on segmented blood
essels from CT images, in which the aorta and coronary arteries
re achieved via a semiautomatic algorithm [13]. Vascular model
s fed into guidewire simulation for collision detection between
uidewires and vessel walls. The guidewire is modeled based on
he Kirchhoff elastic rod model and discretized as a set of nodes
nd edges for numerical solution. An implicit linear is proposed to
olve this model to guarantee stability and robustness. The motion
f trainees, including pushing, pulling and twisting, is captured by
he motion sensors equipped in a customized hardware device and
ed into the implicit integrator. Finally, the intervention simulation
rocedure is visualized in 3D vascular and X-ray images and the
utput force are fed back to the trainees.

. Guidewire simulation

The guidewires and catheters used in vascular intervention (for
revity, we use “guidewire” to represent “catheter” or “guidewire”

ereafter) are modeled by thin, fixed centerlines. A centerline can
end but not stretch and it is surrounded by a finite, but thin, elas-
ic material. It is a challenging task to realistically simulate the
omplicated behaviors of guidewires in an interactive manner.
ng and Graphics 38 (2014) 735–743

3.1. Proposed guidewire model

The configuration of a guidewire with length L is described
by an adapted framed curve � = {�; d1,d2,d3} (see Fig. 2). Here
�(s,t) represents the rod’s centerline curve, the material coordi-
nate s � [0,L]along the centerline and time t. The material frame
[d1,d2,d3] is a right orthonormal basis attached to each mass
point along the centerline, containing the requisite information
for measuring bending and twisting of a guidewire. This mate-
rial frame satisfies d1(s,t)⊥d2(s,t), d1(s,t)⊥d3(s,t), d2(s,t)⊥d3(s,t),
d1(s, t) = (� ′(s, t)/|� ′(s, t)|). The length of the spatial derivative
|�’(s)| indicates the stretch of the centerline �(s). Without loss of
generality, we  assume the length of the rod to be 1. As a conse-
quence, |�’(s)| = 1 if the rod is unstretched.

3.2. Energy formulation

We  formulate the elastic energy based on the Kirchhoff elas-
tic rod [12]. However, because the geometric configurations and
mechanical properties of the tip of a guidewire differs from those of
the main slender body, it is unsuitable to apply the same simulation
model throughout the whole guidewire, which is computationally
inefficient especially since nonlinear deformation model suffers
from real-time performance issues. By modeling the slender body of
guidewire using a less expensive special case of naturally straight,
isotropic Kirchhoff rods and employing the generalized Kirchhoff
rods for flexible tip, our approach is computationally efficient.
Based on the model of the guidewire, there are three main compo-
nents of potential energy of a guidewire: bending energy Ebend(�),
twisting energy Etwist(�) and stretch energy Estretch(�).

E(� ) = Ebend(� ) + Etwist(� ) + Estretch(� )

Ebend(� ) = 1
2

∫
L

Kb(� − �̄)T (� − �̄)ds

Etwist(� ) = 1
2

∫
L

Ktm
2ds

Estretch(� ) = 1
2

∫
L

Ks(|� ′(s)| − 1)2ds

(1)

where the 2-vector � = (ω1,ω2)T, ω1 = d’1·d2, ω2 = d’1·d3 represents
the centerline curvature vector, Kb = E(�r2/4), Kt = G(�r2/2), Ks =
Es�r2 [14] with E denoting the flexural modulus governing the
bending resistance, G denoting the shear modulus governing the
torsional resistance, Es denoting the stretching Young’s modulus
and r denoting the radius of the rod’s cross section. Here, �̄ is the
inherent curvature of guidewire and it equals to (0,0) for a natu-
rally straight guidewire. The formula m = d’2·d3 gives an expression
for the guidewire’s twisting. |�’(s)| represents the stretch ratio of
guidewire.

The continuous guidewire should be discretized for numeric
solution. A spatially discrete centerline representation of the afore-
mentioned continuous model is to divide �(s) into n + 1 segments
(see Fig. 3).

The slender body of the guidewire is simulated as a naturally
straight isotropic rod. The elastic energy of the discrete guidewire’s
shaft can be formulated as [12]:

Ebend(� ) = 1
2

∑n

i=1
Kb

(
�bi

l̄i/2

)2
l̄i
2

=
∑n

i=1

Kb(�bi)
2

l̄i∑n (	i+1 − 	i)
2 ∑n m2

i (2)
Etwist(� ) = i=1Kt
l̄i

=
i=1

Kt
l̄i

Estretch(� ) = 1
2

∑n

i=0
Ks

(
| ei

ēi
| − 1

)2
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Fig. 1. Overview of our simulation system.

Fig. 2. A guidewire can be resprented by a curve �(s) and a material Frame {d1(s), d2(s), d3(s)}.
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lel transport is a key notion that allows us to update the inherent
Fig. 3. The continuous guidewire can be d

here i represents segment index of guidewire after discretization,
i = xi+1 − xi, l̄i = |ēi−1| + |ēi|, xi is the coordinate position of i th
ode, 	i is the twisting angle of the ith mass point and the curvature
inormal can be formulated as:

bi = 2ei−1 × ei

|ēi−1||ēi| + ei−1 · ei
(3)

The flexible tip of the guidewire is simulated as generalized
irchhoff rod as having different mechanical properties to the shaft.
ecall that for the generalized Kirchhoff rod bending response in

ormula (1), the bending energy of the discrete guidewire’s tip is:

bend(� ) = 1
2

∑n

i=1
Kb

(
�bi − �bi

l̄i/2

)2
l̄i
2

(4)

here the 2-vector �bi is the inherent curvature binormal of
uidewire’s tip.
.3. Discrete parallel transport

As for the “inherent curvature binormal of the guidewire’s tip
b

′′
mentioned in the energy formulation part, will be changed
zed as a discrete one with n + 1 segments.

during guidewire’s movement, we use a discrete parallel trans-
port approach [12] to update the inherent curvature binormal of
the guidewire’s tip �b, resulting in a stable and fast simulation for
protecting the inherent curvature of the guidewir’s tip.

We define a rotation Pi about the curvature binormal, Pi(d
i−1
1 ) =

di
1, Pi(d

i−1
1 × di

1) = di−1
1 × di

1. By Convention, Pi is the identity if
di−1

1 = di
1, whereas Pi is not defined if di−1

1 = −di
1. Discrete paral-
Fig. 4. (a) Discrete parallel transport. (b) The rotation operation of guidewire.
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urvature binormal of the guidewire’s tip during guidewire’s move-
ent (see Fig. 4). In order to update �b, we iteratively compute:

�bi
j = Pi(�bi−1

j ) i ∈ [1,  m],  j ∈ [m + 1, n]

�b0
j = R(�bj)

(5)

here �bi
j represents the jth inherent curvature of the guidewire’s

ip �bj after discrete parallel transport iteratively from 1 to i,
 is the last node index of the slender body of the guidewire,

 is the second node index of the flexible tip of the guidewire.
i is a rotation operation with rotation axis di−1

1 × di
1 and angle

rc cos (di−1
1 · di

1/|di−1
1 ||di

1|). R is also a rotation operation with rota-
ion axis e0 and angle being the twisting angle (see Fig. 4).

.4. Collision detection and response

In vascular intervention simulation, a guidewire often collides
ith interior vessel walls. To prevent the guidewire from pene-

rating through vessel walls, every collision must be detected at
very time step, so that the reaction force can be computed as an
xternal force. The bouding-volume hierarchy method (BVH) is an
fficient collision detection algorithm, which can logarithmically
educe the time complexity. During the simulation we only update
he deformation of the guidewire because the deformation of arter-
es is considered to be very small. Therefore, we enwrap the rod

odel volume with spheres and vessel walls with discrete orienta-
ion polytopes (k-dops) [15], the k value of the optimal execution
erformance is 18 in our simulation system.

There exist two classes of schemes to handle collisions of
eformable objects. Penalty methods lack physical plausibleness,
nd this approach requires the definition of a stiffness constant

 for each collision. Constraint methods are linear complementary
roblems that are solved by iterative methods. Thus, the resulting
ethods tend to be expensive or sensitive to numerical problems

nd require moreover effortful implementations [16]. We  present
 hybrid scheme that combines the accuracy and physical correct-
ess of constraint methods with the simplicity and efficiency of
enalty methods by applying an impulse force:

i = mi


t2

K∑
j=0

dj
i

(6)

where mi represents mass of the mass points of guidewire, 
t
s the time step, K is the max  id of vascular triangles, dj

i
is the

enetration depth that mass point i relatives to vascular triangle
.

.5. Guidewire dynamics

The movement of guidewire is governed by its energy discussed
n the part of energy formulation. The variational formulation
esults in the Lagrange equation of motion is Mẍ = −(dE(� )/dx),
here M is a 3(n  + 2) × 3(n  + 2) (diagonal) mass matrix associated to

enterline positions. We  integrate the system with a linear implicit
cheme [17] to guarantee stability and robustness of the system.[


x


v

]
= �t

[
vt + 
v

M−1f(xt + 
x,  vt + 
v)

]

f(xt + 
x,  vt + 
v)  = ft + ∂f

x  + ∂f


v

(7)
∂x ∂v

here ∂f/∂x, ∂f/∂v ∈ �3(n+2)×3(n+2) are the Jacobian matrices of
he force with respect to positions and velocities, evaluated at
xt,vt). Due to the local connectivity structure of the guidewire,
ng and Graphics 38 (2014) 735–743

these are sparse matrices. We then solve the resulting linear system
at each step

A
v = b (8)

where

A =
(

I − 
tM−1 ∂f
∂v

− 
t2M−1 ∂f
∂x

)

b = 
tM−1

(
ft + 
t

∂f
∂x

vt

) (9)

The matrix A is a structured sparse matrix, because each node
has nonzero entries for itself, back and forth; we use the PARDISO
[18] solver to solve rapidly the linear system of equations.

3.6. Enforce inextensible constraints

Guidewires tend to bend or twist rather than stretch. However,
stretch force alone is very difficult to avoid the stretch deformation
of the guidewire. Therefore, we achieve very low strain by using the
fast projection method after guidewire dynamic. Fast projection is
a velocity filter that enforces constraints. It combines the robust-
ness of using an implicit constraint direction with the efficiency of
approximate manifold projection [19]. Formally, the (j + 1)th step
of fast projection is:

C(xj+1) = C(xj + ıxj+1) ≈ C(xj) + ∇xj
C(xj)ıxj+1 (10)

ıxj+1 = −
t2M−1∇C(xj)
T ı�j+1 (11)

Substituting (10) into (11), we eliminate ıxj+1 and solve a linear
system in ı�j+1:

�t2(∇C(xj)M
−1∇C(xj)

T )ı�j = C(xj) (12)

where C(xj) is a (n + 1)-vector, the ith element of this vector is

(xi+1
j

− xi
j
)
T
(xi+1

j
− xi

j
) − |ēi|2. �C(xj) is the gradient of C(xj) with

respect to xj, which can be considered as constraint force to the
guidewire. ıxj+1 is the displacement caused by the constraint
force, �j is a (n − 1)-vector need to be determined. The matrix

t2(∇C(xj)M−1∇C(xj)

T ) ∈ �(n+1)×(n+1) is also a structured sparse
matrix; the PARDISO solver can similarly provide help for solving
the linear system of equations.

3.7. Adaptive sampling

The blood vessel structure could be extremely complex. A con-
stant interval between the sample points on the guidewire may lead
to less accurate simulation or unreasonable computational time
due to the different curvature. In order to maintain the real-time
simulation speed and enable the guidewire’s sampling resolution
fit as closely as possible to the blood vessel structure, we  design an
adaptive sampling strategy that dynamically modifies the discrete
setting of the guidewire according to the shape of the guidewire
during the insertion.

The adaptive sampling strategy splits the edges of the guidewire
into smaller ones when the curvature of the guidewire is large but
these edges’ length is not small enough to describe the guidewire
behavior more precisely. On the other hand, merge small edges of
the guidewire into larger ones to reduce computation when the
curvature of the guidewire is small. More detailed principle of the
adaptive sampling is shown in Fig. 5.
4. Experiments and evaluation

We  developed and tested our simulation system on a PC with
Intel(R) Xeon(R) E3-1230 V2 3.3GHz CPU, 4G memory and an
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Fig. 5. Adaptive sampling of the guidewire. (a) AB and BC are merged to form large
edge AC. (b) BD is divided into two edges BC and BD.

Fig. 6. Our simulation system for improving surgical skills.

N
w
e
w
m
g

the twist force is mainly marked when the guidewire or cathether
are twisted. The contact force is generated by formula (6) and the
twist force can be calculated by making derivation for Etwist(�) in
formula (2). In this experiment we  demonstrate that our system

F

vidia GeForce GTX 760 GPU. A customized hardware device
as equipped for motion sensing and force feedback in order to

nhance immersive feeling within arterial vessels. A snapshot of the
hole system is shown in Fig. 6. We  performed a series of experi-
ents to evaluate the robustness and effectiveness of the proposed

uidewire simulation method as well as the system.
ig. 7. The guidewires of various shapes were inserted into the blood vessel. (a) Straight 
ng and Graphics 38 (2014) 735–743 739

4.1. Guidewire simulation of various shapes

During the vascular intervention surgery, different shaped
guidewires were selected at different cases. Therefore, our pro-
posed guidewire simulation method should handle various tipped
guidewire composed of straight or curved design for further sim-
ulator’s scalability. Fig. 7 illustrates the simulation results of the
guidewire of various shapes being inserted into the blood vessel.

4.2. Effectiveness of adaptive sampling

We conducted an experiment to evaluate the effectiveness of
adaptive sampling. As adaptive sampling has obvious advantages
in complicated vascular structure, the coronary artery was used as
the experimental subject. We  compared the behavior of adaptive
guidewire whose edge length was  between 0.5 mm  and 1.5 mm,
with two uniformly sampled resolution guidewires with an edge
length of 0.5 mm and 0.8 mm respectively. As shown in Fig. 8,
the adaptive guidewire can achieve almost identical accuracy with
the uniformly sampled high-resolution guidewire, whereas the
adaptive guidewire is almost twice as efficient as the high-
resolution guidewire. The results of experiment reveal that
adaptive sampling of the guidewire model can achieve both high
simulation efficiency and accuracy.

4.3. Percutaneous coronary intervention simulation procedure

The percutaneous coronary intervention was considered as a
typical example to evaluate the robustness of our system. We
inserted the guidewires and catheters from the femoral artery into
the aortic arch to reach the left stenosis coronary artery, then stent
was placed at coronary stenosis by balloon catheter inflation. Fig. 9
shows the total percutaneous coronary intervention simulation
procedure.

4.4. Haptic feedback

Real-time haptic feedback to users is essential to the inter-
vention simulation system. In our intervention simulator, after
detecting collisions between vessel walls and guidewires, a con-
tinuous response force needs to be computed and provided to the
trainee with haptic devices. The haptic feedback is composed of
contact force and twist force. The contact force is mainly marked
when the guidewire or cathether are pushed and pulled, whereas
tipped guidewire. (b) Angled tipped guidewire. (c) Semicircle tipped guidewire.
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Fig. 8. High-resolution, low-resolution and adaptive guidewires were inserted into the coronary artery. (a) A high-resolution guidewire with 142 nodes. (b) A low-resolution
guidewire with 88 nodes. (c) An adaptive guidewire with 75 nodes and the same accuracy as the high-resolution.

Fig. 9. Overview of the percutaneous coronary intervention simulation procedure: a guidewire insertion procedure starting from the femoral artery into the aortic arch on
the  upper left two figures. The upper right two  images shows the complex-curve catheter is advanced over the guidewire, then guidewire is removed and the catheter head
recover bending shape. The cathether rotated and its tip engages the origin of the left coronary artery, then the more flexible guidewire inserted along the catheter into the
left  stenosis coronary artery, finally the stent is placed at coronary stenosis by balloon catheter inflation on the bottom three figures.
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F
b

ig. 10. Haptic Feedback with different guidewire parameters and manipulation inputs. (a
end  modulus. (c) Haptic feedback with different shear modulus and twisting angle. (d) H

Fig. 11. The mean completion time of Group A, Grou
) Haptic feedback with different pushing velocity. (b) Haptic Feedback with different
aptic Feedback of guidewire tip with different shapes.

p B and Group C under the real environment.
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Table 1
Computation time (millisecond).

Number of nodes 100 200 300 380
Handing collision 0.68 0.92 1.16 1.27
Inextensible constraints 0.26 0.52 0.79 0.99
Adaptive sampling 0.02 0.03 0.04 0.05
Physics computation 1.02 2.13 3.14 3.98

c
I
n
f
i
t
p
i
m
W
m
C
d
C
a
h
o
c
p

4

a
t
f
p
E
l
a

4

t
c
o
d
d

v
e
w
t
v
B
A
t
c
A
r
t
c
r
i

ing  and computer-assisted intervention. Springer: MICCAI; 2005. p. 534–42.
Rending 2.05 2.45 2.98 3.54
Total time 5.65 8.34 11.03 13.07

an provide accurate and continuous haptic feedback in real-time.
n the haptic feedback test, we simulated the percutaneous coro-
ary intervention procedure and recorded the resulting feedback

orce as a function of the insertion length of guidewires. Fig. 10
llustrates the haptic feedback with different guidewire parame-
ers and manipulation inputs. When the guidewire was constantly
ushed by the trainee, the minimum insertion velocity had the min-

mum haptic feedback (Chart A in Fig. 10) and the maximum bend
odulus had the maximum haptic feedback (Chart B in Fig. 10).
hen the guidewire was twisted by the trainee, the larger shear
odulus and twisting angle had the larger haptic feedback (Chart

 in Fig. 10). Furthermore, various tipped guidewire would pro-
uce different haptic feedback of guidewire tip. As illustrated in
hart D in Fig. 10, the haptic feedback of guidewire tip with the
ngled shape and semicircle shape were obviously lower than the
aptic feedback of guidewire tip with straight shape. The results
f experiment proved that the angled tipped guidewire and semi-
ircle tipped guidewire can decrease the risk of vessel walls being
ierced.

.5. Time performance

Our simulation system has been demonstrated to be physically
ccurate and robust. More importantly, it has to be also efficient
o run in real-time. Table 1 summarizes the computational time
or handing collision, inextensible constraints, adaptive sampling,
hysics computation and rending with different number of nodes.
xperiment demonstrates that our system’s time complexity is
inear with respect to number of nodes yet the simulation is easily
chieved in real-time at 75 fps.

.6. Clinical values

To evaluate the clinical training values of our simulation sys-
em, experiments have been conducted based on the percutaneous
oronary intervention procedure. We  evaluated the performance
f trainees based on the metrics of completion time, which was
irectly related to the total radiation exposure during the proce-
ure. The less completion time, the better the performance is.

We invited 10 medical school students and 3 experienced inter-
entionists to participate in the experiments. The students did not
xperienced vascular intervention surgery and they had no contact
ith our simulator before the experiments. They were divided into

wo groups A and B with 5 students each. The 3 experienced inter-
entionists formed the third group C. First, all students of Group

 were asked to finish the training 20 times by using our system.
fter that, all participants in 3 groups were asked to complete the

ask in the real environment, in which a vascular phantom and real
atheters and guidewires were used. Meanwhile, trainees in Group

 and Group C were asked to complete the task in the real envi-
onment directly without pre-training. For all the 3 groups, each

rainee was asked to repeat the task 10 times and we  recorded
ompletion time each time. We  then analyzed the experimental
esults to evaluate if the training on our system can contribute to
mprovement of vascular intervention skills.
ng and Graphics 38 (2014) 735–743

Fig. 11 shows the evaluation results of Group A, Group B and
Group C in the real training environment, where Group B demon-
strated better performance than Group A and completed the task
in less than 30 s. It was  also observed that Group C had better
performance than Group B in every training, but the difference of
timing performance between Group B and Group C was small. This
experiment shows that our simulator is able to improve vascular
intervention skills.

5. Discussion and conclusion

A VR based simulation system has been proposed and developed
for vascular intervention training. It focuses on the training of steer-
ing the guidewires and catheters to reach a clinical target through
blood vessels. The simulation results show the percutaneous coro-
nary intervention simulation procedure can be carried out without
difficulty using our method. Furthermore, our method can han-
dle various tipped guidewire and will produce different haptic
feedback in real-time interaction. As for other existing method,
they mainly used the mass-spring model [4], energy minimization
model [5] and finite element model [6,7]. Compared with the mass-
spring model, our method can be more realistic since it is more
physically plausible in algorithm principle. Energy minimization
model and finite element model are relatively accurate, but they
hardly satisfy real-time interaction even using some approximate
accelerating algorithms.

There still remain some future improvements. Our model
neglects the influence of the blood flow inside arteries, whereas
the blood flow may  increase the difficulty of reaching a desirable
subbranch artery. The measurement of the difference between the
real manipulation of the guidewire and the simulation results must
be carried out before clinical application. However, as this paper
presented a pilot research, it could only be visually checked by
interventionist that simulation results is realistic compared with
the real behavior of guidewire and catheter. The measurement will
be implemented in our future work. After quantitative evaluation,
the system could train residents the whole surgical procedure with
force feedback and an immersive virtual reality environment.

Acknowledgment

This research work is partially supported by the Chinese NSFC
research fund (61190120, 61190124 and 61271318).

References

[1] Fu Y, Liu H, Huang W,  Wang S, Liang Z. Steerable catheters in minimally invasive
vascular surgery. Int J Med  Robot Comput Assist Surg 2009;5(4):381–91.

[2] Aggarwal R, Black S, Hance J, Darzi A, Cheshire N. Virtual reality simulation
training can improve inexperienced surgeons’ endovascular skills. Eur J Vasc
Endovasc Surg 2006;31(6):588–93.

[3] Seymour NE, Gallagher AG, Roman SA, O’Brien MK,  Bansal VK, Andersen DK,
et  al. Virtual reality training improves operating room performance: results of
a  randomized, double-blinded study. Ann Surg 2002;236(4):458.

[4] Luboz V, Blazewski R, Blazewski R, Gould D, Bello F. Real-time guidewire sim-
ulation in complex vascular models. Vis Comput 2009;25(9):827–34.

[5] Alderliesten T, Bosman PA, Niessen WJ.  Towards a real-time minimally-
invasive vascular intervention simulation system. IEEE Transact Med  Imaging
2007;26(1):128–32.

[6] Dequidt J, Marchal M,  Duriez C, Kerien E, Cotin S. Interactive simulation of
embolization coils: modeling and experimental validation. In: Medical image
computing and computer-assisted intervention. Springer: MICCAI; 2008. p.
695–702.

[7] Cotin S, Duriez C, Lenoir J, Neumann P, Dawson S. New approaches to catheter
navigation for interventional radiology simulation. In: Medical image comput-
[8] Lenoir J, Cotin S, Duriez C, Neumann P. Interactive physically-based simulation
of catheter and guidewire. Comput Graph 2006;30(3):416–22.

[9] Lenoir J, Meseure P, Grisoni L, Chaillou C. Surgical thread simulation. In: ESAIM:
Proceedings, EDP Sciences. 2002.

http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0005
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0010
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0015
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0020
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0020
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0020
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0020
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0020
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0020
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0020
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0020
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0020
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0020
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0020
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0020
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0020
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0020
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0020
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0020
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0020
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0020
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0020
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0020
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0020
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0020
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0020
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0025
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0025
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0025
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0025
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0025
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0025
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0025
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0025
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0025
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0025
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0025
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0025
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0025
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0025
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0025
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0025
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0025
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0025
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0025
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0025
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0025
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0025
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0030
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0035
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0040
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0040
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0040
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0040
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0040
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0040
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0040
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0040
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0040
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0040
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0040
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0040
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0040
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0040
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0040
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0040
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0040
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0040
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0040
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0040
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0045
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0045
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0045
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0045
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0045
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0045
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0045
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0045
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0045
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0045
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0045
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0045
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0045
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0045
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0045
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0045
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0045


 Imagi

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[25] Ganji Y, Janabi-Sharifi F. Catheter kinematics for intracardiac navigation. IEEE
M.  Luo et al. / Computerized Medical

10] Duratti L, Wang F, Samur E, Bleuler H. A real-time simulator for interven-
tional radiology. In: Proceedings of the 2008 ACM symposium on virtual reality
software and technology, ACM. 2008.

11] Tang W,  Lagadec P, Gould D, Wan  T, Zhai J, How T. A realistic elastic rod model for
real-time simulation of minimally invasive vascular interventions. Vis Comput
2010;26(9):1157–65.

12] Bergou M,  Wardetzky M,  Robinson S, Audoly B, Grinspun E. Discrete elastic
rods. In: ACM transactions on graphics (TOG), ACM. 2008.

13] Luo Z, Cai J, Wang S, Zhao Q, Peters TM,  Gu L. Magnetic navigation for thoracic
aortic stent-graft deployment using ultrasound image guidance. IEEE Transact
Biomed Eng 2013;60(3):862–71.

14] Spillmann J, Teschner M.  C o R d E: Cosserat rod elements for the
dynamic simulation of one-dimensional elastic objects. In: Proceedings of
the  2007 ACM SIGGRAPH/Eurographics symposium on computer animation.
2007.

15] Klosowski JT, Held M,  Mitchell JSB, Sowizral H, Zikan K. Efficient collision detec-
tion using bounding volume hierarchies of k-DOPs. IEEE Transact Vis Comput
Graph 1998;4(1):21–36.
16] Spillmann J, Becker M, Teschner M.  Non-iterative computation of contact forces
for  deformable objects.; 2007.

17] Nealen A, Müller M, Keiser R, Boxerman E, Carison M.  Physically based
deformable models in computer graphics. In: Computer Graphics Forum, Wiley
Online Library; 2006.

[

ng and Graphics 38 (2014) 735–743 743

18] Schenk O, Gärtner K. On fast factorization pivoting methods for sparse
symmetric indefinite systems. Electron Transact Numer Anal 2006;23:
158–79.

19] Goldenthal R, Harmon D, Fattal R, Bercovier M, Grinspun E. Efficient simulation
of  inextensible cloth. ACM Transact Graph (TOG) 2007;26(3):49.

20] Dawson DL, Meyer J, Lee ES, Pevec WC.  Training with simulation improves
residents’ endovascular procedure skills. J Vasc Surg 2007;45(1):149–54.

21] Tsang J, Naughton P, Leong S, Hill A, Kelly C, Leahy A. Virtual reality simulation
in  endovascular surgical training. Surgeon 2008;6(4):214–20.

22] Neequaye SK, Aggarwal R, Herzeele I, Darzi A, Cheshire NJ. Endovascular skills
training and assessment. J Vasc Surg 2007;46(5):1055–64.

23] Ahmed K, Keeling AN, Fakhry M,  Ashrafian H, Aggarwal R, Naughton PA, et al.
Role  of virtual reality simulation in teaching and assessing technical skills in
endovascular intervention. J Vasc Interv Radiol 2010;21(1):55–66.

24] Ganji Y, Janabi-Sharifi F. Kinematic characterization of a cardiac ablation
catheter. Intelligent Robots and Systems, 2007. IROS 2007. In: IEEE/RSJ Inter-
national Conference on IEEE. 2007.
Transact Biomed Eng 2009;56(3):621–32.
26] Xu L, Tian Y, Jin X, Chen J, Schafer S, Hoffmann K, et al. An improved endovascular

guidewire position simulation algorithm. Biomedical Imaging (ISBI). In: 2012
9th IEEE international symposium on IEEE. 2012.

http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0050
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0055
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0060
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0060
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0060
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0060
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0060
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0060
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0060
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0060
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0060
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0060
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0060
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0060
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0060
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0060
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0060
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0060
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0060
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0060
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0060
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0060
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0060
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0065
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0070
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0075
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0080
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0080
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0080
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0080
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0080
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0080
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0080
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0080
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0080
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0080
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0080
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0080
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0080
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0080
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0080
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0085
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0090
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0090
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0090
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0090
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0090
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0090
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0090
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0090
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0090
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0090
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0090
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0090
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0090
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0090
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0090
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0090
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0090
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0090
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0090
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0090
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0090
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0090
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0095
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0095
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0095
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0095
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0095
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0095
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0095
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0095
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0095
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0095
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0095
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0095
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0095
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0095
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0095
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0095
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0095
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0095
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0095
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0095
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0100
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0100
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0100
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0100
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0100
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0100
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0100
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0100
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0100
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0100
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0100
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0100
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0100
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0100
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0100
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0100
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0100
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0100
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0100
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0100
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0100
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0100
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0105
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0105
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0105
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0105
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0105
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0105
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0105
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0105
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0105
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0105
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0105
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0105
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0105
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0105
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0105
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0105
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0105
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0105
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0105
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0105
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0105
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0105
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0105
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0110
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0110
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0110
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0110
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0110
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0110
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0110
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0110
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0110
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0110
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0110
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0110
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0110
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0110
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0110
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0110
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0110
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0110
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0110
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0110
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0110
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0115
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0120
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0125
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0125
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0125
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0125
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0125
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0125
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0125
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0125
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0125
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0125
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0125
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0125
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0125
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0125
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0125
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0125
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130
http://refhub.elsevier.com/S0895-6111(14)00138-4/sbref0130

	A robust and real-time vascular intervention simulation based on Kirchhoff elastic rod
	1 Introduction
	2 System overview
	3 Guidewire simulation
	3.1 Proposed guidewire model
	3.2 Energy formulation
	3.3 Discrete parallel transport
	3.4 Collision detection and response
	3.5 Guidewire dynamics
	3.6 Enforce inextensible constraints
	3.7 Adaptive sampling

	4 Experiments and evaluation
	4.1 Guidewire simulation of various shapes
	4.2 Effectiveness of adaptive sampling
	4.3 Percutaneous coronary intervention simulation procedure
	4.4 Haptic feedback
	4.5 Time performance
	4.6 Clinical values

	5 Discussion and conclusion
	Acknowledgment
	References


