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ABSTRACT

In cerebrovascular interventional surgery, spatial position prediction navigation (SPPN) provides 3D
spatial information of the vascular lumen, reducing the spatial dimension loss from digital subtraction
angiography (DSA) and improving surgical precision. However, it is limited in its adaptability to
complex vascular environments and prone to error accumulation. To address these issues, we propose
spatial position prediction-based multimodal navigation (SPPMN), integrating minimal intraoperative
X-ray images to enhance SPPN accuracy. In the first phase, a feature-weighted dynamic time warping
(FDTW)-based branch matching algorithm is introduced for 3D topological positioning under non-
registered conditions, with a dynamic location repositioning module for real-time corrections. In the
second phase, an occlusion correction module, based on the elastic potential energy of the instrument
tip, dynamically adjusts the tip’s angle to achieve low-projection occlusion control. Experimental
validation using a high-precision electromagnetic tracking system (EMTS) on a 3D vascular model
shows that the proposed method achieves an average 3D positioning accuracy of 9.36 mm in
intracranial vascular regions, with a 78% reduction in radiation exposure, significantly enhancing both
precision and safety in interventional surgeries.

© 2025 The Author(s). Published by Elsevier B.V. on behalf of Shandong University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cerebrovascular diseases are the second leading cause of death
worldwide [1]. Vascular interventional surgery, with its mini-
mal invasiveness and rapid recovery advantages, has become the
mainstream approach for treating cerebrovascular diseases [2-4].
Physicians rely on DSA fluoroscopic images in traditional pro-
cedures to guide instruments along the vascular lumen to the
lesion site and perform treatments based on the lesion type.
However, due to the limitations of X-ray imaging, physicians can
only approximate the local 2D relative positions of instruments,
vessels, and other anatomical features. This makes it challeng-
ing to intuitively and accurately understand the 3D information
during surgery, resulting in significant reliance on personal ex-
perience and judgment [5,6]. Such constraints frequently lead
to instrument delivery deviations, causing complications such as
vascular rupture or entry into incorrect branch vessels, which can
severely endanger the patient’s life [7].
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3D positioning technology for intravascular instruments sig-
nificantly enhances surgical quality and reduces the difficulty
of surgery, which has attracted widespread attention [8-15].
Current research mainly falls into two categories: projection
mapping navigation and magnetic tracking navigation. Projection
mapping navigation uses registration algorithms to map the 2D
instrument positions from DSA into the 3D model reconstructed
from vascular CT scans for display [16]. However, due to the non-
visualization of blood vessels, this method requires the mainte-
nance of contrast agent infusion during registration. Additionally,
during the procedure, patient movements, such as breathing,
heartbeat, and shifts, cause blood vessel positioning changes,
significantly affecting the registration results. At the same time,
the X-ray radiation during the guiding process significantly in-
creases the health risks for both patients and doctors. Magnetic
tracking navigation uses interventional instruments with mag-
netic positioning capabilities to display the instrument’s position
and orientation within a registered 3D vascular model [17,18].
While this method demonstrates good positioning results in a
fixed vascular environment, patient movements like heartbeat,
breathing, and shifts during surgery introduce registration er-
rors. Moreover, the electromagnetic environment requirements
and clinical regulatory restrictions also pose challenges to the
practical application of this technology.
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The spatial position prediction navigation (SPPN) based on
spatial position prediction localization can achieve millimeter
scale 3D positioning of instruments in the main vascular seg-
ments without relying on spatial registration and external sen-
sors [19]. This method adopts a multi-stage positioning frame-
work, which includes trajectory prediction, trajectory analysis,
and spatial position prediction modules. First, the trajectory pre-
diction module generates all potential trajectories of the instru-
ment based on the vascular robot’s delivery feedback data, using a
global path planning algorithm on the preoperative computerized
tomography (CT) reconstructed 3D vascular model. Then, the
trajectory analysis module performs mechanical analysis on the
generated trajectories using constraints and a hybrid physical
model to filter out invalid trajectories. Finally, the spatial position
prediction module statistically analyzes the tip positions of the
remaining trajectories using a clustering algorithm and weighted
spherical error probable, thereby predicting the most probable
position of the instrument tip. This algorithm can achieve pre-
cise instrument positioning in the relatively simple aortic vessel
structure, but due to the complex topology of cerebrovascular
structures, it is susceptible to errors in branch localization during
the prediction process.

The spatial position prediction-based multimodal instrument
navigation (SPPMN) is based on SPPN and combines with intra-
operative X-ray images for real-time correction of instrument po-
sition, which can realize 3D guidance of instruments in complex
vascular interventions such as cerebrovascular surgery. Given the
spatial distribution and scale differences of multi-source instru-
ment trajectories, similarity analysis algorithms are required to
extract features from the data across both modalities, enabling
position correction of the SPPN-based localization results. The
current trajectory similarity evaluation algorithms can be classi-
fied into the following types: Euclidean Distance calculates the
straight-line distance between trajectory points to assess the
similarity between points in space [20]. However, it does not
account for the dynamic characteristics of time series, making
it ineffective for measuring the similarity of trajectories with
different lengths, and it is sensitive to noise points. Cosine Sim-
ilarity evaluates similarity by computing the cosine of the angle
between two trajectories [21]. This method measures the direc-
tional similarity of the trajectories but is insensitive to variations
in time scale and speed changes. Pearson Correlation Coefficient
measures the linear correlation between two trajectories based
on their time series, capturing the linear relationship between
them [22,23]. However, this method performs poorly for non-
linear relationships between trajectories and is susceptible to
the influence of outliers. Frechet Distance considers the shape
and temporal synchronization of the trajectories, capturing the
shortest distance between the trajectories’ contact points [24,25].
However, its high computational complexity limits its real-time
applicability. Dynamic Time Warping aligns two trajectories non-
linearly, making it robust to local deformations in time series
data [26,27]. However, it lacks specific optimization for trajectory
direction and outliers.

Furthermore, to improve the accuracy of the SPPMN position
correction process, it is necessary to design a reasonable closed-
loop instrument control algorithm based on the vascular robot
to ensure that the instrument’s deformable region in the 2D X-
ray images during the procedure is not affected by projection
occlusion. Currently, several control methods exist for flexible
body structures: Impedance control adjusts the system rigid-
ity by setting impedance parameters, achieving flexible control
of elastic instruments. However, this method only controls a
single variable and is susceptible to interference in dynamic envi-
ronments [28,29]. Fuzzy control implements closed-loop control
in changing scenarios based on preset control rules. However,
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lacking a mathematical model makes it challenging to achieve
high-precision operation [30]. Model Predictive Control (MPC)
periodically identifies the current state information through a
sliding window, optimizing control inputs dynamically. However,
its high computational complexity and dependency on external
parameters make it challenging to meet the real-time demands
in complex scenarios [31]. Based on the Markov Decision Process
(MDP), deep reinforcement learning control achieves autonomous
instrument delivery using both online and offline operational
data. However, its large-scale data training requirements and low
interpretability limit its widespread application in clinical and
other specific scenarios [32-37].
In summary, our contributions in this work are as follows.

e This paper pioneeringly proposes a spatial position
prediction-based multimodal real-time 3D navigation al-
gorithm, enabling millimeter scale vascular intervention
instrument guidance with low radiation in cerebrovascular
interventions.

e This paper introduces an intraoperative image guidance
compensation (IIGC) module based on the proposed FDTW
algorithm, which enables trajectory similarity computation
across modalities without registration, thereby achieving
real-time correction of the predicted 3D trajectory position.

e This paper presents a state-feedback-based adaptive closed-
loop control (SACC) algorithm. By dynamically adjusting the
angle of the instrument tip’s shaping segment, it effectively
reduces projection occlusion under 2D X-ray.

e This paper quantitatively validates the system’s
performance in a real patient’s scale-model 3D soft gel
model.

2. Methodology

Fig. 1 shows the proposed SPPMN system framework. The
system utilizes a serial structure composed of the SPPN and IIGC
modules to achieve 3D spatial localization based on preoperative
CT images and dynamically calibrates the 3D localization results
through the timely fusion of intraoperative 2D images. This sec-
tion will sequentially introduce the details of the SPPN module,
as well as the components and functions of the IIGC module.

2.1. SPPN

SPPN is based on a preoperative CTA 3D reconstruction model
and achieves real-time localization of the instrument tip in 3D
space by capturing the displacement and rotation angle of the
instrument during the operation of the vascular robot [19]. As
shown in Fig. 1, it adopts a three-stage sequential framework
comprising three modules: trajectory prediction, trajectory anal-
ysis, and spatial position estimation.

The trajectory prediction module employs a global path plan-
ning algorithm based on DC-A*, using delivery displacement and
the 3D trajectory curvature Curpg as constraints to generate
all potential instrument trajectories under the current delivery
displacement. Compared with traditional algorithms such as A*,
DC-A* integrates vascular centerline and vessel size information,
allowing dynamic adjustments of planning speed and direction
based on vascular characteristics, thereby achieving superior path
planning performance. Here, G(i) represents the current trajectory
cost, d(i) denotes the maximum inscribed circle diameter at the
current position, and H, refers to the hybrid terminal distance.

Next, the trajectory analysis module addresses standard vas-
cular interventional instruments’ segmented bending and tor-
sional deformation characteristics by developing a hybrid phys-
ical model based on 1R-PRB and Cosserat-rods. This model simu-
lates both motion states and establishes a mapping between the
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Fig. 1. Framework diagram of SPPMN-based 3D real-time instrument navigation.

Algorithm 1 Trajectory generation algorithm

Input: Vascular 3D environment, step-size p(i), point Y(i), delivery
distance dis, direction vectors V;
Output: Trajectory set
while min(G(i)) < dis do
i = arg min G(i)
p(i) = 4P
OP = p(i) x V;
for Each in OP do
NewNode = Y (i) + OP
if NewNode inside the blood vessel then
if Cur(i) < Curpe then
| Calculate Hc(i) and G(i), store trajectory
else
| Delete trajectory
end
end
end

end

instrument’s morphology and mechanical properties. In partic-
ular, a trajectory feature point extraction algorithm is designed
to optimize data efficiency. This method significantly reduces the
overall data volume without removing any individual trajectory.

Finally, the spatial position estimation module predicts the
most probable position of the instrument tip based on the pre-
viously computed planning and model information. This module
first employs the density-based spatial clustering of applications
with noise algorithm (DBSCAN) to classify the point cloud data
of the instrument tip, segmenting the raw unstructured point
cloud into multiple sets representing different states. Then, it in-
tegrates multi-parameter prior knowledge from each point set to
determine the highest probability set. Subsequently, a weighted
probability error sphere is applied to conduct the final statistical
analysis of this set, enabling precise prediction of the instrument’s
most probable distribution region, which is then output as the
final result.

2.2. Branch matching

This subsection aims to achieve 3D localization of vascular
branches by performing topological analysis to match the intra-
operative 2D trajectory of the instrument tip with its 3D trajec-
tory from the SPPN.

The DSA system provides the 2D intraoperative instrument
trajectory, and its external structure is shown in Fig. 2. The sys-
tem consists of the imaging system and the c-arm. The imaging
system, composed of the X-ray generator and flat panel detector,
is fixed on the c-arm. By adjusting the imaging system’s angle in
three directions, the physician can view fluoroscopic images from
different angles during the procedure.

First, we need to project the 3D instrument trajectory Ss4(i)
onto a 2D plane for correlation analysis between the 2D trajecto-
ries.

Saa() = (x(1), y(1), z(1)) (1)

Considering that variations in the X-ray projection angle (6,
0y, and 6,) may lead to affine transformations, we dynamically
adjust S34(i) based on the three-axis angles to achieve alignment
of the projection plane.

R=R; (6) - R, (6)) - Re (6) 2)
1 0 0

Ry (6x) = [ 0 cos(f) —sin(bx) } (3)
0 sin(6y)  cos (6y)

cos(6y) 0 sin(6))

Ry (6y) = 0 1 0 (4)
—sin(6,) 0 cos(6,)
cos(f#,) —sin(@,) O

R, (6;) = [ sin(6,) cos(6;) O ] (5)

0 0 1

The mapped 2D trajectory S(i) is shown in the following equa-
tion.

S(i) = (R - S3a(i))y (6)

After achieving alignment of the projection angles, the spatial
positions of the two trajectories need to be unified. To this end,
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Fig. 2. Schematic diagram of a C-arm driven DSA fluoroscopy machine. The X-
ray generator and flat panel detector can dynamically adjust their angles in three
directions.

we extract n points with the highest curvature from both trajec-
tories to perform spatial alignment based on feature information.

Stopn = {S(l) | ie TOPD(K)} (7)

Propn = {P24(i) | i € Topn(x )} (8)

Stopn and Pyp, represent the sequences of the top n points
with the highest curvature values from the trajectory S(i) and the
intraoperative 2D trajectory P,4(i), respectively. Top n(x ) denotes
the indices of the top n points with the highest curvature values.

After adjusting the spatial scale, the trajectories of S(i) and
P4(i) are accurately aligned. As shown in Eq. (9), the mean
alignment error between the feature point sets Siopn and Pigpn iS
first calculated and used as the translation vector t. Then, the
translation vector t is applied to shift P,4(i) in order to minimize
the alignment error E(t).

n

1
t= [tm ty]T = H Z [Stop(i) - Ptop(i)]T (9)
i=1
E(t) =Y |Swp(k) +t — Pup(k)||” (10)
k=1

To better achieve the correlation analysis between the tra-
jectories, we unified the head and tail lengths L; and L, of the
different trajectories to improve alignment accuracy.

i1—1

L= IStk +1) = S(k)] (11)
k=1
N-1

L= IS(k+ 1) = S(k)| (12)
k=in

Here, i; and i, represent the indices of the trajectory points
whose distances from the head and tail feature points of the tra-
jectory S(i) are Ly and L,, respectively. Trajectory points beyond
this range will be removed.

To further improve the alignment accuracy of trajectories with
lower unidirectional feature information, we designed the FDTW
algorithm, which integrates vascular curvature information Cur
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and vascular diameter constraint D at the nodes.

m n
dDTw*S,P = min wi,'-dSi,Pi 13
(S, P) W;;(n (S(i), P(i)) (13)
Here, d(S(i), P(i)) represents the euclidean distance between
the nodes. X is the correction factor, set to 5. m and n represent
the number of nodes in the trajectories S(i) and P(i), respectively.
D(i) represents the vessel diameter at the position of the ith point

in trajectory S(i) in the 3D vascular scene.
1

W) = L Cur(s(®) — Cur(P Q) e

N , d(S(i), P(i)) > D(i)
d(S(i), P(i)) = . . . . .
(5. P(D) { d(s(i), P(i)),  d(S(i). P(i)) < D)
Ultimately, the branch with the smallest trajectory correlation
distance dp;, will be identified as the target branch, enabling
dynamic matching of the 3D vascular branches. The pseudocode
of the algorithm in this section is shown in Algorithm 2.

(15)

Algorithm 2 Branch matching algorithm based on FDTW

1: Input: {S34(1), S34(2), ..., S34(k)} {Set of k 3D instrument
trajectory}

2: Input: P {2D instrument intraoperative trajectory}

3: Input: A {Curvature weighting parameter}

4: Input: D; {Distance threshold}

5: Minimum distance dp,;, < 00

6: best_match_index « —1

7: fori=1to k do

8: Step 1: Projection Angle Alignment

9:  Project S34(i) to 2D using R

10:  Step 2: Feature Position Alignment

11:  Adjust the spatial scale of Py4(i) to match Ss4(i)

12:  Extract top n curvature points from S(i) and Po4(i)

13:  Compute t = [ty, ty]

14:  Apply translation to P,4(i) (get P(i))

15:  Step 3: Correlation calculation

16:  Trim the start and end of S(i) and P(i) using L, and L,

17:  Initialize the cost matrix dprw* of size m x n

18:  Set the initial condition: dprw+(0,0) <— 0

19: forj=1tomdo

20: for = 1tondo

21: Compute the weighted distance w(i,j) based on
curvature

22: Compute the Euclidean distance d(S(i), P(i))

23: Update dprw+:  dprw* U, l) <~ mlrl(dDTw*(_] —

LD, dorw+(j, 1 — 1), dprw+( — 1,1 = 1)) + w(i,j) -
d(s(i), P(i))

24: end for

25:  end for

26:  Extract the final distance from dpmw=(m, n)

27: if dDTw*(m, Tl) < dpin then

28: Update dp;, < dprw=(m, n)

29: Update best_match_index <« i {Best match trajectory
index}

30:  end if

31: end for

32: Output: best_match_index
33: Output: dp,i,

As shown in Fig. 3, subfigures a to d illustrate the results of
the branch matching module’s serial operation. Specifically, in
subfigure c, the two-dimensional intraoperative X-ray instrument
trajectory, after curvature feature point extraction, is dynam-
ically matched with the curvature feature points of the two-
dimensional trajectory projected from the original three-
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Fig. 3. Schematic plot of the branch matching process.(a) Original 3D instrument positioning trajectory; (b) Projection of the 3D trajectory onto the 2D guidance
plane; (c) Original 2D real-time guidance trajectory; (d) 2D real-time guidance trajectory after feature matching.

dimensional SPPN trajectory in subfigure b. The aligned two-
dimensional intraoperative X-ray trajectory is shown in subfigure
d. In both subfigures b and c, Curpg, represents the point with
the maximum curvature value in Sop, and Pyops, Which is used to
demonstrate the trajectory alignment effect.

2.3. Location repositioning

After achieving dynamic matching of the vascular branches,
this subsection will utilize the real-time intraoperative 2D instru-
ment position to correct the SPPN localization results, enabling
location repositioning.

Firstly, as shown in the following equation, the 3D centerline
trajectory node, projected onto the 2D plane, that is closest to the
current real-time position P(i) of the instrument is matched.

Jji=arg mjin (IIP2p(1) — Secen (D) (16)

d3D(S(i), Scen(ji))

= \/(5; - s,c)2 + (s, — sy)2

Next, using the current 3D position S(i) and the 3D centerline
node Scen(j;) matched to the 2D real-time position, the unit error
vector (i) between the two is computed.

. Seen(i) — S(i
U(l) — CE"(J‘I) (‘) (18)
lISeen(Gii) — S

Finally, using a suitable correction parameter A, and the error

distance between the paired nodes, the corrected 3D instrument

(17)

real-time position S'(i) is given by the following equation. Here,
), is set to a conventional value of 0.7.

S'(i) = S(i) + A2 - d3p(S(i), Scen(ii)) - V(i) (19)
2.4. Occlusion correction

This subsection designs the SACC algorithm based on the
instrument’s bending potential energy, aiming to avoid position
recognition errors caused by the 2D projection occlusion of the in-
strument tip’s deformable region, thereby improving the accuracy
of the 3D guidance.

The curved section (i.e., the shaping section) is located at the
anterior end of the guidewire and is pre-shaped into a specific
arc before the procedure to optimize its adaptability for entering
different vascular branches. As shown in Fig. 1, this section, to-
gether with the support section, forms the fundamental structure
of a conventional vascular interventional guidewire.

As shown below, we first trim the head-end nodes of the
2D real-time trajectory, which consists of h points, so that its
total length Ly, is approximately equal to the length of the
instrument’s plastic segment.

P(s) = (xs5,y5), se€1,2,...,h (20)

h—1
Lot = Y _ IP(s + 1) = P(s)| 1)
s=1

Next, we calculate the straight-line distance L, between the
start and end points of the 2D head-end trajectory to assess the
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Fig. 4. Plot of trajectory elastic potential energy data analysis. (a) Original data; (b) Data after wavelet filtering; (c) Periodic analysis results; (d) Peak detection

results.

bending potential energy of the trajectory.

Lo = |P(h) — P(1)] (22)

The bending elastic potential energy A of the trajectory
based on the elastic rod is given by Eq. (23), where « is a linear
adjustment factor, set to 1 here [38,39]. Ly is the total length
of the elastic rod, calculated by summing the distances between
the discretized nodes.

Avotal = o - (Leotal — LO)Z (23)

Subsequently, as shown in Fig. 4, this subsection conducts a
two-stage data acquisition and analysis of the elastic potential
energy of the plastic segment trajectory under constant-speed
rotation of the instrument. In the first stage, we apply wavelet
transform to decompose the original signal into multiple scales,
remove high-frequency noise at higher scales, and then recon-
struct the original signal. In the second stage, the signal’s period
T is calculated using a peak detection algorithm to analyze the
signal’s periodicity and peak value Ayay.

Considering the known errors in the signal period T and peak
value Anqx Of elastic potential energy, this subsection designs a
multi-parameter state feedback control strategy. By controlling
the instrument’s directional rotation, the strategy aims to max-
imize the elastic potential energy, ensuring the complete display
of the tip’s plastic region.

The state vector can be represented as

x[k] = [ 2%;3 ]

The control input u[k] is applied to minimize the phase error
Ag¢lk] and the peak error AA[k]. The state feedback gain param-
eters ky and k4 are designed with a three-segment approach and
are dynamically adjusted based on A¢[k] and AA[k], respectively.
Specifically, the control law is defined as follows:

u[k] = —Kx[k]

=—[ ks ka ][

(24)

Aplk] ] (25)

AA[K]
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3. Experimental settings

This section addresses clinical needs by designing and con-
structing an experimental verification platform based on an ac-
tual patient’s 3D full-body vascular model and an EMTS to quan-
titatively validate the positioning accuracy and control perfor-
mance of robot-assisted instrument delivery under SPPMN guid-
ance.

3.1. Experimental environment

3.1.1. Vascular robot

The vascular surgery robot in this study adopts a master-slave
structure, where the slave execution mechanism is driven via the
master-end control system over a network. The execution mech-
anism delivers or rotates the guidewire using two clamping roller
motors, with these actions achieved through forward-backward
rotation or longitudinal relative movement. During delivery, the
maximum error is 0.38 mm [19]. Within the typical control speed
range, the maximum longitudinal delivery error of the instrument
is 0.24 mm, and the maximum retraction error is 0.38 mm [19].
The execution mechanism operates at a specified speed and can
provide real-time feedback on its current operating state.

3.1.2. Experiment preparation

The system operates in a Windows 10 environment with an
Intel(R) Core(TM) i7-10700 CPU. To minimize the impact of ex-
ternal light reflection, internal light refraction, and low texture
contrast during visible light observation, a transparent model
optical imaging environment, as shown in Fig. 5, was constructed
to enhance the image signal-to-noise ratio. In the experiment, the
NDI-Aurora EMTS was selected as the reference for the instru-
ment’s spatial position, with real-time data acquisition via serial
communication. The system’s positioning accuracy is 1.1 mm,
with a maximum measurement frequency of 40 Hz. The visible
light camera on top captures high-contrast trajectories of the
dark instrument, simulating the instrument’s X-ray image results.
The instrument used in the experiment is a standard hydrophilic
membrane guidewire commonly used in intracranial interven-
tional surgeries, with a length of 190 cm and a diameter of 0.035
inches.

3.1.3. EMTS space registration

Since the coordinate systems and scales of EMTS and SPPMN
differ, a 3D scaling transformation and spatial registration are
required. To achieve this, we applied the normal distribution
transform (NDT) algorithm, using EMTS to sequentially collect the
coordinates of 20 marker points on the external model and match
them with the corresponding coordinates in the SPPMN [40].
The points were then processed using least squares iteration to
improve the registration accuracy. After registration, the average
error between the two systems was 0.93 mm, with a maximum
error of 1.46 mm.

3.2. Implementation details

3.2.1. Spatial positioning accuracy experiment

This experiment aims to evaluate the accuracy of the 3D
positioning of the SPPMN system during intracranial vascular
intervention procedures. The experimental area covers common
surgical vascular regions from the common iliac artery to the
intracranial arteries. As shown in Fig. 5, the tracking probe of
the EMTS is fixed at the tip of the intervention instrument to
collect real-time position reference values. The initial position of
the instrument is set at the bifurcation of the common iliac artery,
a location with distinct anatomical features, while the target posi-
tion is the middle section of the six intracranial arteries shown in
Fig. 6. The initial position of the instrument was corrected by the
EMTS system, ensuring that the positional error in the delivery
direction is controlled within 2 mm. Simulated blood with density
and viscosity is similar to real blood, and a blood circulation
pump is used to replicate hemodynamic conditions better and
simulate the real vascular environment. During the experiment,
the surgical robot autonomously operates the instrument with
periodic delivery intervals of 10 mm, thus enabling a smooth
evaluation of the positioning error in the vascular region. Each
group of experiments is repeated five times.

3.2.2. Instrument angle control accuracy experiment

After evaluating the spatial positioning accuracy, we quanti-
tatively assessed the autonomous angle control function of the
instrument shaping segment implemented by the occlusion cor-
rection module. During the experiment, the instrument tip was
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E Unit: mm'\b
RSCA RCCARVA LVA LCCALSCA

9.02 9.43 8.97 11.16 9.65 10.27

€ Unit : mm
RSCA RCCARVA LVALCCA LSCA

251 2.03 3.17 249 1.28 2.36
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Unit: mm
S, S, S; S,
6.70 7.18 6.63 8.46

Fig. 6. Plot of the 3D instrument localization error under multiple regions.

Table 1 Table 2
Table of multi-algorithm branch matching results. Ablation experiment results of the FDTW algorithm. (PA and CC denote whether
Method Accuracy Reim the feature position alignment and correlation calculation modules are enabled,
- respectively).
Euclidean 33.33% 0.72 3
Cosine 16.67% 0.39 Metho PA CcC Accuracy Rsim
Pearson 33.33% 0.01 FDTW - - 16.67% 0.15
Frechet 33.33% 0.40 v - 16.67% 0.20
DTW 50.00% 0.24 - v 50.00% 0.43
Ours 83.33% 0.61 v v 83.33% 0.61
placed in the unobstructed camera regions of the middle sections Table 3
. . . . . . . able
O.f the six lr_ltracr%mal arter1e§ Shown_ n Flg: 6 to improve the Table of ANOVA results for different directions of 3D navigation.
51gna.1—to—n01se. ratio. The elastic potential setting value was se.t.to Catalog df MS F P — value Forit
0.8 times the signal peak value A4 to ’ensure better the stability MSB(X) 2 161.19 129 027 2.40
of the control process and the system’s robustness. Each group MSE(X) 240 124.31 - - -
of experiments was repeated five times for different vascular MSB(Y) 4 4.94 0.04 0.99 2.40
regions. MSE(Y) 240 123.32 - - -
MSB(Z) 4 703.39 1.14 0.34 2.40
MSE(Z) 240 616.38 - - -

4. Results and discussion
4.1. Guidance performance results

The spatial positioning accuracy experiment results quanti-
fied the positioning accuracy of SPPMN, demonstrating that the

SPPMN system can achieve millimeter scale spatial positioning
accuracy in both aortic and intracranial vascular interventions. As
shown in Fig. 6, we divided the proximal and middle segments of
the aorta and intracranial vessels into several sections according



L. Zhang, S. Liu, X. Xie et al.

RSCA

RCCA RVA

Fig. 7. Pie chart of the X-ray dependent area (camera-on) proportion under
SPPMN guidance in different intracranial vascular branch surgeries. The yellow
area represents X-ray dependency, and the gray area represents X-ray-free
guidance. The green numbers represent the average time, respectively.

to their anatomical structure. The average spatial localization
error of SPPMN in the aortic vessel region (i.e., from S1 to S4)
is 6.01 mm, with an average spatial localization error of 2.43 mm
in the delivery direction.

(26)

Subsequently, after manually placing the catheter, we quan-
titatively evaluated the branch match performance for six in-
tracranial vascular branches shown in the figure. As shown in
Table 1, we compared our method with five common trajectory
similarity measurement algorithms. To better analyze the algo-
rithm’s ability to distinguish correct trajectories, we proposed
the dissimilarity ratio parameter Ry, which can be applied to
any monotonic evaluation function. The results show that the
proposed FDTW algorithm outperforms existing algorithms in
accuracy and R, demonstrating superior trajectory matching
performance.

To evaluate the performance gains of the feature position
alignment and correlation calculation modules in the FDTW al-
gorithm, an ablation study was conducted. As shown in Table
2, with the gradual activation of the feature position alignment
and correlation calculation modules, both the branch matching
accuracy and the dissimilarity ratio Ry, of the FDTW algorithm
improve. When both modules are enabled simultaneously, the
algorithm achieves optimal performance.

Furthermore, we evaluated the guidance accuracy for each
intracranial vascular branch. The average spatial localization error
of the six major intracranial vascular branches is 9.75 mm, while
the average spatial localization error along the delivery direction
is 5.62 mm. Compared to the smoother aorta, the narrow and tor-
tuous intracranial vessels caused frequent irregular deformations
of the instrument tip, which in turn reduced the prediction accu-
racy to some extent. Additionally, we compared the positioning
accuracy optimization effects before and after enabling location
repositioning. The average 3D positioning accuracy improvement
€ for each branch was 2.30 mm, with the RVA vascular branch,
which underwent more significant deformation, achieving the
highest optimization effect, with an improvement of 3.17 mm.
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At the same time, in this task, the positioning accuracy of pro-
jection mapping and EMTS navigation under ideal laboratory
conditions is approximately 2 mm, which is superior to SPPMN.
However, both are limited by registration issues in the complex
surgical environment, such as patient breathing, heartbeat, and
movement, as well as the increased size of the instruments. In
contrast, SPPMN can achieve greater guiding robustness in clinical
scenarios using conventional instruments.

To validate the variance in the EMTS three-axis data, we per-
formed an Analysis of Variance (ANOVA). In Table 3, X, Y, and Z
represent the data in the three directions. MSB and MSE denote
the between-group and within-group variances, respectively. The
results show that the MSB for the X and Z axes is significantly
larger than the MSE, with a P-value far smaller than 0.05. In
contrast, the MSB for the Y-axis is much smaller than the MSE,
with a P-value greater than 0.95. This indicates that the data
in the X and Z axes exhibit large between-group differences,
suggesting that the instrument tip’s positioning along the X and
Z axes is highly random.

Finally, this subsection presents a statistical analysis of the
X-ray dependency area, precisely the proportion of the range
required for the RGB camera to be activated, as shown in Fig. 5. As
shown in Fig. 7, compared to traditional X-ray guidance, SPPMN
significantly reduces radiation time in six common intracranial
vascular branch surgeries, with an average reduction of 134.5 s
and an average decrease rate of 78%.

4.2. Instrument operation performance results

The quantitative control results of instrument angles in multi-
ple intracranial vascular branches demonstrate the superiority of
the autonomous control system. Fig. 8 shows that the instrument
angle closed-loop control in all six vascular branches achieved
stable closure. Using elastic potential energy as the evaluation
criterion, the mean absolute error (MAE) was 0.001, and the mean
relative error (MRE) was 2.20%. The experimental results confirm
that the Occlusion Correction module can effectively realize the
automatic quantitative rotation control of the instrument tip,
reducing projection occlusion in the plastic region.

5. Conclusion

This paper proposes a spatial position prediction-based multi-
modal navigation system (SPPMN), which enables low X-ray radi-
ation exposure, 3D millimeter scale instrument guidance, and au-
tonomous control during intracranial vascular intervention surg-
eries. In the initial implementation of SPPMN, the proposed IIGC
module performs non-registered feature analysis on intraoper-
ative real-time images and 3D predicted trajectories, enabling
dynamic matching of vascular branches and repositioning of the
instrument tip. Subsequently, through closed-loop control for
the quantitative rotation of the instrument tip, the projection
occlusion of the instrument’s plastic segment is reduced, fur-
ther improving the guidance accuracy of SPPMN. Additionally,
we quantitatively validate the guidance and instrument control
performance of SPPMN on a scaled 3D soft gel vascular model of
real clinical patients.

Our future research will focus on two main areas. First, we
plan to analyze the impact of hemodynamics and vascular elas-
tic deformation on instrument guidance to improve the posi-
tioning accuracy further. Second, we will design comparative
experiments and conduct validation on animal models to as-
sess the system’s performance and reliability in a real biological
environment.
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Fig. 8. Plot of experimental results for instrument angle autonomous control in different intracranial vascular branches.
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Appendix A

The following are the abbreviations used in the text. Right
Subclavian Artery (RSCA), Right Common Carotid Artery (RCCA),
Right Vertebral Artery (RVA), Left Vertebral Artery (LVA), Left
Common Carotid Artery (LCCA), Left Subclavian Artery (LSCA).
Appendix B. Supplementary data

Supplementary material related to this article can be found
online at https://doi.org/10.1016/j.birob.2025.100233.
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