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Highlights

* Proposed an improved SVD algorithm to reduce errors caused by electromagnetic interference, thereby enhanc-
ing the precision of surgical navigation systems.

 Validated the algorithm through puncture experiments on biomimetic tissue of angles 0°, 5°, and 10° , demon-
strating high accuracy in simulating tumor localization.

Abstract

Objective: To enhance the accuracy and efficiency of tumor ablation procedures, this study integrated tumor abla-
tion technology with a surgical navigation system and addressed errors induced by electromagnetic interference
in clinical settings. Methods: An improved singular value decomposition (SVD) algorithm was proposed, which
iteratively traversed the point set by selecting three corresponding points at a time to compute transformation
matrices. Each matrix was applied to the original dataset, and the one yielding the minimum error between the
transformed and target point sets was selected as the optimal solution. This approach mitigated the influence of
individual outlier points and significantly reduced navigation errors caused by electromagnetic interference, there-
by enhancing registration accuracy and robustness. Results: Experimental results demonstrated that the improved
algorithm achieved high accuracy in simulating lesion localization. The root mean square error (RMSE) was em-
ployed as a quantitative metric. RMSE values were 0.85, 0.82, and 0.75 at rotation angles of 0°, 5°, and 10°, re-
spectively, indicating minimal deviation between the transformed and target point clouds. Conclusion: Compared
with the conventional SVD algorithm, the improved method yielded consistently lower RMSE values, confirming its
effectiveness in minimizing electromagnetic navigation errors and enhancing registration accuracy.

Keywords: Tumor Ablation, surgical navigation system, electromagnetic interference and spatial registration

Introduction a three-dimensional spatial model based on

preoperative imaging data to accurately lo-

With the global aging population, cancer treat- calize tumors during surgery. These systems

ment faces increasing new challenges and
complexities. As a locoregional therapeutic ap-
proach, tumor ablation has gained widespread
clinical adoption due to its minimally invasive
nature, cost-effectiveness, and association
with faster recovery. Recent developments
have seen the integration of tumor ablation
techniques with surgical navigation systems,
forming a novel therapeutic paradigm in oncol-
ogy. Surgical navigation systems reconstruct

enable precise visualization of the tumor and
surrounding critical structures. Surgeons can
preoperatively plan the optimal surgical path
using dedicated software and receive real-time
feedback on instrument positioning throughout
the procedure. This allows for effective avoid-
ance of vital structures and accurate targeting
of lesions for ablation or excision [1].

As these systems continue to evolve, they are
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Figure 1. Schematic diagram of paired point-set
registration.

increasingly used in minimally invasive proce-
dures such as tumor thermal ablation, prostate
surgery, and other laparoscopic interventions.
Surgical navigation enhances anatomical clar-
ity, optimizes intraoperative decision-making,
and reduces the risk of complications. Several
commercial optical navigation systems—such
as the NDI Polaris, StealthStation, and Stryker
ADAPT, are already in clinical use [2-4].

However, electromagnetic navigation systems
remain susceptible to errors due to environ-
mental interference [5]. These inaccuracies
may lead to incomplete tumor ablation or un-
necessary damage to healthy tissue, ultimately
compromising therapeutic outcomes and in-
creasing recurrence risk [6]. Clinical equipment
and metallic instruments can reduce the accu-
racy and reliability of electromagnetic tracking
systems, while limitations in real-time perfor-
mance may further contribute to intraoperative
errors 7, 8].

This study focuses on an improved spatial
registration method based on electromagnetic
navigation, which links magnetic field pose data
with medical imaging to provide real-time visu-
alization of the ablation needle’s trajectory rel-
ative to the tumor. Specifically, we propose an
enhanced singular value decomposition (SVD)
algorithm to mitigate electromagnetic-induced
errors and improve the precision and efficiency
of the ablation procedure.

Surgical navigation systems are conceptually
composed of two core components: medical
imaging modalities and stereotactic positioning
systems. The imaging module typically includes
radiographic technologies such as X-ray, com-
puted tomography, positron emission tomog-
raphy, and magnetic resonance imaging. The
positioning subsystem encompasses optical
tracking, electromagnetic sensors, acoustic
guidance, and articulated robotic arms. A criti-
cal function of these systems is spatial co-reg-
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istration, which accurately aligns the patient’s
physical anatomy with virtual reconstructions
derived from medical imaging, thereby enabling
real-time visualization of surgical instruments
relative to the target lesion during intervention
procedures [9].

Despite advancements in medical imaging
achieving submillimeter spatial resolution and
stereotactic devices reaching micron-level
positioning accuracy through sophisticated
calibration protocols, the overall efficacy of sur-
gical navigation platforms remains limited by
deficiencies in spatial registration algorithms—
particularly in multimodal image fusion and
compensation for intraoperative tissue defor-
mation. This technological bottleneck often
results in registration errors exceeding 2-3
mm in clinical practice, significantly undermin-
ing the translation of theoretical precision into
practical surgical accuracy.

To address registration inaccuracies, Zhou et
al. employed a markerless registration method
combined with spatial drift compensation tech-
niques [10]. Li et al. applied the Coherent Point
Drift algorithm based on Gaussian Mixture
Models, to register abdominal point clouds in
scenarios lacking prominent surface features
[6]. Xiong et al. incorporated deformable self-
and cross-attention mechanisms into point
cloud registration, leveraging spatial local re-
lational information as positional embeddings
within a Spatial Deformable Transformer frame-
work [11].

Currently, most surgical navigation systems rely
on paired point-set registration, as illustrated
in Figure 1. This method computes a spatial
transformation that aligns two sets of points
captured from different coordinate systems.
It is favored for its stability, computational
simplicity, and efficiency. Reference points are
typically derived from external markers placed
on the patient’s skin or anatomical landmarks.
These markers are localized in imaging data
and linked to real-world coordinates through
stereotactic calibration, thereby completing the
co-registration between the patient’s anatomy
and the imaging dataset.

Paired point-set registration algorithms include
the three-point method, quaternion-based ap-
proaches, and the SVD matrix decomposition
method. Among them, the three-point method
offers simplicity, rapid computation, and ease
of implementation, requiring only three cor-
responding points to complete registration.
However, its low accuracy and sensitivity to
measurement errors limit its utility in high-pre-

144



Progress in Medical Devices 2025; 3 (3): 143-153. PMD24110398

cision contexts. Therefore, it is generally used
for initial alignment rather than in scenarios
requiring fine surgical navigation accuracy.

Materials and methods
SVD matrix factorization algorithm

In spatial transformation, the coordinates of
corresponding reference points in different co-
ordinate systems are often influenced by multi-
ple factors and may not align precisely. Sources
of error include device inaccuracies, stereotac-
tic localization errors, and mechanical toleranc-
es of surgical instruments. Therefore, the goal
of spatial registration algorithms is to estimate
the optimal transformation—specifically, the
rotation matrix R and translation vector T—that
minimizes the alignment error [12]. This optimi-
zation problem is defined as:

E(RT) = Z lg; — (R*ps + I (1)
i=1

In the equation, g; represents the coordinates
of the #th control point in the target coordinate
system; p, denotes the coordinates of the #th
control point in the source coordinate system.

The transformation relationship is considered
optimal, when E(R,T) is minimized. To reduce
the impact of reference point errors, m (where
m=>3) reference points are used to mitigate the
influence of erroneous data on the overall re-
sult. Before solving the transformation relation-
ship between the two-point sets, their centroids
are first calculated as follows:

1% _
Pcenter = EZ pi (l =123 m) (2)
i=1
m
1 .
Qeenter = Ez q; (l =123 m) (3)

i=1

In the equation, p..... denotes the centroid of
the control point set in the source coordinate
system; ¢...r IS the centroid in the target coor-
dinate system.

Subsequently, the point sets are centered, as
shown below.

Di = Pi — Dcenter (4)

q{ = i — Geenter (5)
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where p’; and q; are the centered coordinates
of the #th control point in the source and target
coordinate system, respectively.

With this, Equation (1) simplifies to:
m

ERT) =) lai — Rpil’ ©)
i=1

From equation (6), minimizing E(R, T) reduces
to determining the optimal rotation matrix R. To
this end, the covariance matrix H is construct-
ed:

m
H=> pia)' ™
i=1

SVD is performed on H:

H = USV (8)
In the equation, both U and V are orthogonal
matrices, and S is a diagonal matrix, with di-
agonal elements called singular values. This
decomposition retains full covariance informa-
tion and provides an important foundation for
subsequent steps.

The matrix X is then defined as:

X =vut (9)

The determinant of X is computed to detect po-
tential inversion.

1) If det(X)>0, then R = X.

2) If det(X)<0, X is a reflection matrix (indicating
inversion). In this case, V is adjusted:

If V=[v,v,v5], then let V'=[v,v,- v5]. In this case:

X' =v'ut (10)
Thus, R=X". In stereotactic navigation, however,
mirror inversion does not occur; therefore, a de-
tected det(X)<0 suggests data inconsistencies
that warrant further inspection.

Once R is obtained, the translation vector T is
derived from the centroids:

T= Qcenter — Rpcenter (11)
The R and T obtained via SVD thus represent

the optimal solution, minimizing E(R, T’).
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SVD algorithm and registration improvement
SVD registration principle

To eliminate the influence of translational dif-
ferences between point sets, the data should
first be centered so that their centroids coincide
with the origin. This preprocessing step allows
the registration process to focus solely on the
rotational relationship between the point sets,
thereby avoiding biases introduced by transla-
tion [13].

Once the point sets are centered, the covari-
ance matrix is computed. The covariance matrix
captures the linear relationship between the
two-point sets and quantifies the degree of cor-
relation between corresponding elements [14].
It is defined as:

1 n
oWua) =—=> Gi—P@-D (12)
i=1

n—14«

Where p, and ¢, represent the +th observation
points in the two-point sets, the covariance ma-
trix Z can be obtained as follows:

w(pl.,ql) w(pl_,qn)

H= € Rn (13)

0P q1) - ©0Pn qn)

Each element in the covariance matrix rep-
resents the covariance between the #th coor-
dinate of point set p and the #th coordinate in
point set g. Specifically, the diagonal elements
o(p;,q) indicate the correlation between the
+th dimension of p and the #th dimension of
g. A value close to 0 suggests no significant
correlation, a positive value indicates a positive
correlation, and a negative value implies a neg-
ative correlation.

Thus, the diagonal elements represent the vari-
ance of each dimension, providing insights into
the data distribution and the extent of transfor-
mation. The off-diagonal elements of the cova-
riance matrix represent the correlation between
different dimensions. Analyzing the covariance
matrix helps reveal linear relationships be-
tween dimensions can and the underlying data
structure. Therefore, SVD is applied to extract
key information from the covariance matrix.

Performing SVD on the covariance matrix yields
the matrices U.2. V', which are used to deter-
mine the optimal rotation matrix R. For the
rotation matrix, the least square’s objective
function is:
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E* = Z (q; — Rp)"(q; — Rpy) (14)

i=1

By simplifying the above equation, we obtain:

N
B2 =) (ala:+ppi — 247 RpD) (15)

i=1

Because the first two terms are constants, min-
imizing E” is equivalent to maximizing the last
term. We define:

N
F= Z q! Rp; (16)

The objective then becomes finding the rotation
matrix R that maximizes I. Simplifying I gives:

N N
F = Trace (Z Rpiq;r) = Trace (RZ piq;r) = Trace(RH) (17)

i=1 i=1

In the equation, H = YN, piq! .

Let A be a symmetric positive-definite matrix.
For any orthogonal matrix B, the following
holds:

Trace(A) = Trace(BA) (18)

Thus, to maximize F, it is sufficient to find the
rotation matrix R such that RH is a symmetric
positive-definite matrix. Given that H=U3V, let
R=VU'.

Substituting this into the expression for RH
gives:

RH =WUDHWzVT) =vzvT (19)

At this point, RH is a symmetric positive-defi-
nite so R=VU" maximizes F.

Improvement of SVD-based spatial registration

As discussed in Introduction, three non-collin-
ear points are sufficient to uniquely determine
a rigid transformation, including both rotation
and translation [15]. If fewer than three points
are available, the transformation cannot be
uniquely defined.

Conversely, using more than three points in-
troduces redundancy, potentially leading to an
over-constrained system. Since the goal is to
minimize the registration error E(R,T), selecting
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Table 1. Parameters of random transformations

Coordinate Axes Euler Angles (°)

Translation (mm)

9.96
7.72
3.97

X Axis 42.59
Y Axis 40.53
Z Axis -32.12
Start
Point Set A Point Set B
A
Select Select
Subset Subset
Y A
Calculate Calculate
Transformat Transformat
ion Matrix ion Matrix
Calculate
Error
Record Yes No
Corresponding Is Error
Transformation inimum?2
Matrix
End of
Jraversal
Output
Optimal

Transformation
Matrix

Figure 2. Flowchart of the improved SVD algorithm.
SVD, singular value decomposition.

o Original Data

(ww)z

Figure 3. Three-dimensional virtual elliptical point
cloud data.

three corresponding points is a practical choice
to compute the transformation [16]. However, in
real-world scenarios, visualization errors, noise,
and electromagnetic interference may distort
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the point data. To reduce the influence of any
single point on the transformation outcome,
additional points are included in the point sets.
Theoretically, with low noise levels, increasing
the number of points improves the robustness
and accuracy of the estimated transformation
matrix [17].

In practice, however, the accuracy of the newly
added points cannot be guaranteed. If points
with significant errors are introduced, the over-
all transformation accuracy may deteriorate.
To address this issue, we propose an improved
spatial registration algorithm. This method iter-
atively selects subsets of three corresponding
points from the full point set to compute can-
didate transformation matrices. Each matrix
was applied to the original source point set to
generate a transformed set, which was then
compared to the target set. The transformation
matrix yielding the smallest registration error
was selected as the optimal solution. The over-
all workflow is illustrated in Figure 2.

Experiment and results analysis
Simulation experiment

A three-dimensional point set was first generat-
ed as the source dataset. Random rotation and
translation transformations were then applied
to this point set, with the corresponding param-
eters recorded as the ground truth. To simulate
real-world conditions, random noise was added
during the transformation process, producing a
noisy target point set.

Both the standard SVD algorithm and the pro-
posed improved algorithm were used to register
the two-point sets. The resulting transformation
matrices were used to extract Euler angles
and translation vectors, which were compared
against the ground truth to evaluate registra-
tion accuracy.

The synthetic point cloud was generated using
scientific libraries such as NumPy and Pandas,
forming a three-dimensional virtual elliptical
distribution, as shown in Figure 3. A series of
random transformations was then applied to
obtain the target point cloud. The parameters
of the random transformation are summarized
in Table 1.
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Table 2. Calculated random transformation parameters

Coordinate Axes Original Transformation SVD Algorithm Improved Algorithm
X Axis 42.59 42.47 42.70
Y Axis 40.53 40.63 40.52
Z Axis -32.12 -32.54 -32.38

Note: SVD, singular value decomposition.

Figure 4. Comparison of point cloud data before and
after transformation.

Rotation matrix and transformation matrix
construction

The rotation matrix is derived from sequential

rotations around the X-, Y-, and Z-axes, as de-
fined by the following

nyz(a'ﬁ: y)= Rx(a)Ry(ﬁ)Rz(y) (20)

In the formula,

The specific expression is given by:

cosacosy —cosfsinasiny —cosfcosysina—cosasiny sinasinf
Ry, (@B,y) = [cosysina +cosacosBsiny  cosacosfcosy —sinasiny  —cosasinf (21)
sinfsiny cosysinf cosf
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Substituting the data, the rotation matrix is
solved as:

0.64372277 0.76390755 0.04545592
R,yz(a B,¥) =|-0.40408034  0.38974887 —0.82753544 (22)
—0.64987696  0.51433556  0.55957025

The translation vector is constructed based on
the translation distances:

t=[9.9572333 7.72319645 3.97196656]" (23)

By combining the rotation matrix and the trans-
lation vector, the 4x4 transformation matrix T
is formed:

=l (24)

By substituting the data:

(25)

Following established practices in registration
and point cloud matching research, Gaussian
noise was introduced during coordinate trans-
formation to simulate real-world uncertainties,
such as electromagnetic interference and
sensor measurement errors [18-20]. Specif-
ically, the transformation matrix was applied
to the original point cloud data, and random
noise was added during this process to mimic
real-world conditions, generating a new set
of point cloud data. This data is visualized in
Figure 4, where blue points represent the new
point cloud data.

Both the standard SVD algorithm and the im-
proved version were applied to the original and
noisy point clouds. Euler angles and transla-
tion vectors were computed from the resulting
transformation matrices and compared with
the ground truth parameters (Table 2).

The translation errors were minimal and are
therefore omitted. Squared differences for each
point set are shown in Figure 5.

As shown, both algorithms achieved high spa-

tial transformation accuracy. However, in prac-
tical applications—such as surgeries involving
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Table 3. Transformation parameters after adding high-error points

Coordinate Axes Original Transformation SVD Algorithm Improved Algorithm
X Axis 42.59 39.97 42.82
Y Axis 40.53 43.64 40.03
Z Axis -32.12 -34.17 -36.93

Note: SVD, singular value decomposition.

Figure 5. Squared differences for each point set.

electromagnetic tracking—metallic interference
could introduce substantial error to individual
data points. To simulate this, controlled pertur-
bations were introduced into the dataset.

In such cases, traditional SVD cannot identify
or exclude outliers, as it gives equal weight to
all correspondences. Consequently, registration
accuracy declines when outliers are present.

The improved algorithm addresses this limita-
tion by iteratively selecting subsets of three cor-
responding points and identifying the transfor-
mation matrix that minimizes registration error.
This approach effectively reduces the influence
of erroneous data points.

The experiment is repeated with a small num-
ber of deliberately introduced high-error points.
The performance of both algorithms is shown
in the Table 3. The average squared differences
for each method are shown in Figure 6.

The results clearly demonstrated that the con-
ventional SVD algorithm is vulnerable to outli-
ers. Because it incorporates all point correspon-
dences—including those with large deviations—
into its computation, it suffers from decreased
registration accuracy.

In contrast, the improved SVD algorithm em-
ployed a robust outlier rejection mechanism
prior to transformation estimation. By selec-
tively retaining geometrically consistent point
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pairs through iterative consistency evaluation,
the algorithm enhanced registration precision
and minimizes the impact of noisy or erroneous
data points.

Physical model experiment

In the physical model experiment, two coordi-
nate systems were established: the electro-
magnetic coordinate system of external fiducial
markers and their corresponding 3D coordi-
nates in the medical image space. Specifically,
electromagnetic sensors are affixed to the
patient’s skin as fiducial points. CT scanning
was then performed to acquire medical images
containing these markers. Simultaneously, the
electromagnetic navigation system continuous-
ly tracked the pose of each fiducial point in real
time.

First, the coordinates of the fiducial points in
both systems were registered to derive a trans-
formation matrix between the electromagnetic
and medical image coordinate systems. Subse-
quently, an electromagnetic sensor was mount-
ed on the surgical instrument. Using the trans-
formation matrix, the instrument’s position
was displayed in the medical image coordinate
space, thereby enabling real-time image-guided
navigation to the target lesion.

Since the physical model lacks CT data, its

dimensions and lesion coordinates were
predefined. Based on the principles of im-
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Figure 6. Squared differences after adding high-error points.

%

A | :

T

Figure 7. Navigation system integrated with physical model. (A) Navigation System Overview; (B) Integration with

Phantom.

age-based coordinates, a virtual image space is
constructed. Fiducial sensors were positioned
at designated locations, and their coordinates
in the virtual environment were obtained. Given
the known location of the lesion in the physical
model, its image-space coordinates can also be
derived.

By aligning the electromagnetic and image
coordinates, the system guided the ablation
needle to the target, as illustrated in Figure 7.
The white lines indicate the planned navigation
path, and the red lines show the real-time posi-
tion of the ablation needle.

An electromagnetic sensor was affixed to the
tip of the ablation needle to capture its re-
al-time pose. A local coordinate system was
established with the sensor’s center as the or-
igin. Using the known geometry and mounting
location of the ablation needle, the needle tip’s
position in the local coordinate system was cal-
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culated. This is then transformed into the elec-
tromagnetic coordinate system. Applying the
precomputed transformation matrix, the needle
tip’s position was finally represented in the
medical image space. Since the coordinates
of the lesion are known, the needle tip can be
precisely guided into the target under real-time
image navigation.

To validate the feasibility of the proposed al-
gorithm, a series of physical experiments were
conducted. In the first experiment, six sensors
were placed on a simulated tissue to mimic the
location of potential model to emulate lesions.
Guided by the navigation software interface,
a biopsy needle was inserted into the model
based on system instructions.

During the procedure, the clinician adjusted
the needle in real time via the software inter-
face, ensuring that the virtual needle and its
tip aligned with the preplanned puncture path.
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Figure 8. Needle insertion into simulated tissue. (A) Insertion at 0°; (B) Insertion at 5°; (C) Insertion at 10°.

Table 4. Root mean square error for needle insertions at different angles using the improved SVD algorithm

0 5 10
Maximum Value 1.21 1.2 0.98
Standard Deviation 1.01 1.03 0.73

Note: SVD, singular value decomposition.

Table 5. Root mean square error for needle insertions at different angles using the traditional SVD algorithm

0 5 10
Maximum Value 1.38 1.25 1.19
Standard Deviation 1.22 1.19 0.84

Note: SVD, singular value decomposition.

As shown in Figure 8, needle insertions were
performed at three angles: 0°, 5°, and 10°.
To minimize electromagnetic interference, all
potential sources were kept at least 2 meters
away from the setup (FG <2 m).

First, a target point was defined within the sim-
ulated tissue. The navigation system was used
to identify its coordinates, and the relative po-
sitioning between the needle tip and the target
was calculated. The path was then planned
and executed accordingly. Once the needle tip
reached the target, its final position was record-
ed using the navigation system. These data
were used to evaluate localization accuracy. All
participating clinicians had prior experience op-
erating the navigation system.

To assess the precision of the experiment, the
standard deviation of multiple insertions was
calculated:

In the formula, p, represents the needle tip po-
sition in the #th insertion, and the centroid po-
sition of the point cloud formed by the needle
tip’s position in the nth insertion.

In this experiment, the accuracy was validated
by measuring the root mean square error be-
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tween the actual needle tip positions and the
target lesion location. The formula is as follows:

Z?:l I pobs,iptru,i IZ (27)
A n

RMSE =

In the formula, p,,; represents the actual nee-
dle tip position in the #th insertion, and ptru,
Pwodenotes the target lesion position for the #th
insertion.

The experimental results are presented in
Table 4. Each needle insertion angle (0°, 5°,
and 10°) was tested 100 times. For every five
insertions, the centroid of the resulting point
cloud was calculated, and its root mean square
error relative to the target lesion location was
computed.

Similarly, using the traditional SVD algorithm,
needle insertions at angles of 0°, 5°, and 10°
were repeated 100 times into the same lesion.
The centroid of the point cloud formed by the
actual needle tip positions from every five in-
sertions was calculated. The root mean square
error between each centroid and the target le-
sion position was then computed (Table 5).

The comparison results indicate that the im-
proved SVD algorithm consistently achieved
lower maximum errors and smaller standard
deviations across all insertion angles. These
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findings highlight the enhanced accuracy and
stability of the improved algorithm compared to
the traditional approach.

Notably, at angles of 10° and 15°, the reduc-
tions in both maximum error and variability
were particularly substantial, suggesting that
the improved algorithm can more effectively
limit deviation in needle trajectory. In clinical
scenarios, this capability translates into more
accurate targeting of the lesion, improved surgi-
cal success rates, and enhanced postoperative
recovery for patients.

Conclusion

In conclusion, the improved SVD algorithm
demonstrates not only theoretical advantages
but also excellent performance in practical
applications. By minimizing registration errors
caused by variations in needle insertion angles,
the algorithm significantly improves the preci-
sion and safety of tumor ablation procedures.
Its high clinical applicability and potential for
widespread implementation are evident.

Future work should focus on further optimizing
the algorithm by incorporating diverse clini-
cal datasets and applying it to various tumor
types, thereby strengthening its robustness and
broadening its scope of application in interven-
tional oncology.
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Highlights

* A novel testing device for measuring the radial support force and bending spring-back force of stent grafts has

been developed.

* A theoretical geometric model for the bending behavior of stent grafts was derived and applied in numerical sim-

ulations, significantly enhancing the simulation results.

* The device’s reliability was validated by comparing numerical simulation outcomes with physical experimental
results under varying compression diameters and bending angles.

Abstract

Objective: To design a testing device for measuring the radial support force and bending spring back force of stent
grafts and evaluate its effectiveness. Methods: A radial force and spring-back force testing device was designed
to integrate with a tensile testing machine. The radial compression and bending characteristics of stent grafts for
thoracic aorta applications were analyzed, and the corresponding conversion formulas were derived. A custom
stent ring fixture was fabricated, and a five-wave gradient stent was sewn. Both physical experiments and finite
element simulations were conducted. Radial support forces were measured by gripping 20%, 40%, and 60% of
the stent’s diameter, and bending tests were performed at angles of 60°, 90°, and 180°. The stability of the test-
ing device was analyzed through comparative tests across different compression diameters and bending angles.
Results: The device demonstrated high detection precision, stability, and accuracy, with minimal deviation across
multiple measurements. The mechanical behavior of the stent observed in both finite element simulations and
physical experiments showed consistent results. Conclusions: The testing device developed in this study effective-
ly measures the mechanical changes in large-diameter stent grafts, providing a new reference for testing large-di-

ameter stents.

Keywords: Stent grafts, testing device, bending spring back force, radial support force

| Introduction

Since Dake et al. first successfully applied
thoracic endovascular aortic repair (TEVAR)
to treat thoracic aortic aneurysms, the tech-
nique has continuously evolved [1]. Currently,
large-diameter self-expanding stents are com-
monly used for treating such conditions. Once
implanted, these stents effectively expand the
vessel and block abnormal blood flow. In addi-
tion to biocompatibility, the mechanical prop-
erties of stent grafts is closley associated with
the effectiveness of TEVAR and the occurrence
of postoperative complications [2].

Radial support force and spring-back force are
key indicators for evaluating the mechanical
performance of stents [3-5]. Insufficient radial
support force can result in poor fixation of the
stent graft within the vessel, leading to dis-
placement or endoleaks due to blood flow [6].
Conversely, excessive radial support force may
damage the vessel intima [7]. Spring-back force
refers to the inherent tendency of self-expand-
ing endografts to return to their original shape
when passively bent, such as when positioned
across the aortic arch [8]. When spring-back
force is too high, the stent graft’s apposition
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18616022898. E-mail: zhangailing@gench.edu.cn.



Progress in Medical Devices 2025; 3 (3): 154-162. PMD25010427

to the vessel wall is compromised, potential-
ly causing the “bird beak phenomenon” and
endoleaks [9]. Moreover, excessive stress at
the contact points between the stent and the
vessel wall can lead to intimal tearing, resulting
in the formation of new entry tears [10, 11].
To address these issues, prior studies have fo-
cused on enhancing stent support and compli-
ance through modifications in stent materials,
peak designs, or by adding connecting struts
[12-14]. However, assessing the effectiveness
of these modifications requires the develop-
ment of reliable and scientific testing devices.

Radial support force is commonly measured
using methods such as planar compression,
V-groove compression, and iris rolling com-
pression [15]. In planar compression, parallel
pressing plates are moved vertically to com-
press the stent, yielding a single radial support
force value, but its reference value is limited
[16, 17]. The V-groove compression method
improves upon planar compression, by subject-
ing the stent to three-directional forces during
compression [18-20]. However, different stent
outer diameters require corresponding V-groove
sizes, limiting the equipment’s applicability. The
iris rolling compression method applies radial
compression using fan-shaped blocks arranged
circumferentially. As the number of fan-shaped
blocks increases, the contact surface approx-
imates a circular shape, providing a more ac-
curate reflection of the stent’s radial support
performance [21]. However, the complex struc-
ture of the equipment makes it difficult to avoid
interference and friction among various mecha-
nisms during production, resulting in high man-
ufacturing and processing difficulty.

Methods such as cantilever beam bending,
three-point bending, and four-point bending are
commonly used to measure the spring-back
force of stents. In the cantilever beam method,
one end of the stent is fixed, and deformation
force is applied to the other end, causing the
stent to bend [20]. This method avoids the in-
fluence of stent movement on the spring-back
force test and allows for continuous measure-
ment at different angles. However, the direction
of the dynamometer may not be perpendicular
to the testing interface, and the result is a
component force. In 2000, Ormiston et al. sus-
pended a vascular stent with a steel hook and
conducted a three-point bending experiment
[22]. While the loading method was simple, it
caused uneven bending of the stent. The four-
point bending method places the sample on
two loading points and applies pressure on two
points above them, ensuring even distribution
of the bending moment and yielding more ac-
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curate results [23]. However, its complex struc-
ture limits its application.

The thoracic aortic stent graft, a type of large
vascular stent, poses significant challenges in
measuring its radial mechanical properties due
to its cylindrical structure. During bending, the
spring-back force of the stent changes continu-
ously along the vertical direction of the bending
arc, making accurate measurement difficult.
Based on these two key characteristics and
current advances in radial support force and
spring-back force detection, this study propos-
es a new testing device that is simple to man-
ufacture and can be used in conjunction with
a tensile testing machine. The feasibility of this
device is verified through physical experiments
and finite element simulations, and the reliabil-
ity of the test results is analyzed.

Il Materials and methods
Conversion formulas

The testing device for the stent graft is used in
conjunction with the tensile testing machine.
Through this device, the tensile force from the
tensile testing machine is converted into radial
compression and bending forces for the stent
graft. This allows for the precise force measure-
ment system of the tensile testing machine to
be utilized for detecting the radial support force
and spring-back force of the stent.

Compression of the stent graft requires the ap-
plication of circumferential pressure. By wind-
ing silk threads around the stent and applying
tensile force, the tensile force is converted
into circumferential pressure, causing the ring
of the stent graft to compress [24]. The rela-
tionship between the radial force from the silk
threads and the circumferential tension borne
by the stent is given by:

FR = ZHFcircle (1)

where F, represents the radial support force,
and F,., represents the circumferential ten-
sion. Since the tensile force F, of the tensile
testing machine in this experiment is twice that
of F,.. the relationship between the radial
force and the tensile force measured by the
tensile testing machine is:

FR = T[Fl (2)

The model of the testing device for the spring
back force is shown in Figure 1. By applying
tensile forces at both ends, the stent graft is
made to bend. Assuming that the target bend-
ing angle of the stent graft is «, the stent reach-
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Figure 1. Mechanical model of the spring back
force detection device.

es this angle when one end of it is bent by /2.
Let F, be the tensile force at one end of the
stent, F, be the axial support force along the
stent, and F, be the spring-back force perpen-
dicular to the axial direction of the stent. From
this, the relationship between the spring back
force and the tensile force can be derived as
follows:

Fl
~ sina

(3)

£y

Fabrication

As shown in Figure 2A, the compression device
consists of an aluminum alloy support frame,
black sliding rails, black sliders, stainless steel
fixed pulleys, nylon threads, and white stent
sleeves. The support frame provides overall
stability. The sleeves are used to fix the two
ends of the stent graft, while the sliders are
employed to position and secure the sleeves.
Four small metal pulleys are mounted on the
support frame. Two pulleys are positioned on
either side of the tensile axis of the tensile
testing machine to ensure that the tensile force
is transmitted vertically downward through the
threads. The other two pulleys are aligned par-
allel to the top surface of the stent graft, ensur-
ing that the force is applied horizontally along
the tangent of the stent after being transmitted.
The magnitude of the radial support force can
then be accurately calculated using Equation

(2).

As shown in Figure 2B, the bending and spring-
back force testing device retains rotational and
axial translational freedom when the two ends
of the stent are bent. Compared to the radial
compression device, this device replaces the
aluminum alloy support frame and adjusts the
positions of the two metal pulleys. White pul-
leys are installed on the two sliders to allow for
the release of rotational freedom. The positions
of the pulleys along the tensile axis of the ten-
sile testing machine remain unchanged. Two
metal pulleys are installed in parallel on the
bottom surfaces of the sliders through angled
stents. The thread on the left pulley is fixed to
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the right slider, and the installation method for
the thread on the other side is the same. This
configuration allows the two sliders to move in-
ward as the threads are stretched horizontally,
thereby bending the stent graft.

Physical experiments
Fabrication of the stent graft samples

A five-peak, Z-shaped, gradually varying stent
graft was used in this experiment, as shown in
Figure 3A [25]. The stent ring has a diameter of
33 mm, with a total length of 130 mm. Based
on commercially available stents, the selected
design includes seven stent rings with peak
heights ranging from 10 mm to 16 mm. Other
parameters include a stent wire diameter of 0.5
mm, a ring spacing of 18 mm, a coating film
thickness of 0.1 mm, and a fillet radius of 0.5
mm at the peak.

Since each ring in the Z-shaped stent graft is
identical, only a single-ring mold is required. As
shown in Figure 3D, the mold is a hollow cylin-
drical structure with an outer diameter of ¢=
33 mm [26]. Positioning holes corresponding
to the fillets at the ring peaks are drilled into
the mold, and adjustable pins are installed.
After winding the stent wire around the pins,
a pre-formed ring is shaped, and its ends are
joined and fixed. Finally, the ring is sewn onto
the coating film to assemble the complete stent
graft.

Experimental platform and setup

The experimental platform utilizes the INSTRON
5965 dual-column tabletop electronic universal
testing machine, which provides high-precision
load measurements with an accuracy of+0.5%
of the indicated value.

Physical experiment on radial compression

The radial support force was tested using the
previously fabricated five-peak stent graft and
the setup illustrated in Figure 2A. This device
converts the tensile force generated by the
testing machine into circumferential pressure
applied to the stent, inducing ring compression.
The machine simultaneously records displace-
ment and force output at the terminal.

Compression displacements were incrementally
increased to 20%, 40%, and 60% of the original
stent diameter. Let D, be the original diameter,
Dn the target diameter, and X the tensile dis-
placement. According to the following formula:
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Figure 2. Physical mechanical testing device. (A) Radial support force testing device; (B) Spring back force testing

device.

B

Figure 3. Mold and process for stent graft production. (A) Stent ring production mold set; (B) Support ring pro-

cessing; (C) Stent ring; (D) Stent graft.

2*X=n*Do - t*¥Dn (4)

The corresponding parameter changes are
shown in Table 1.

During testing, all threads must remain in the
same plane, and slippage at the pulleys must
be avoided to ensure measurement accuracy.
The tensile testing machine continuously mon-
itors tensile force and thread displacement
in real time, outputting data accordingly. The
recorded tensile force is converted into radial
support force using Equation (2).

Bending Experiment

The bending test employed the device illustrat-
ed in Figure 2B, with preset bending angles
of 60°, 90°, and 180°. In this configuration,
threads pull opposing sliders inward, induc-
ing bending in the stent graft. Prior to testing,
horizontal displacement must be calculated to
ensure that the stent bends to the specified an-
gles.

Assuming that the arc length along the outer
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curve of the stent remains constant during
bending, let e; be the horizontal displacement
and e, the vertical displacement of endpoints A
and B, o the bending angle, and D, the diame-
ter. Based on the geometric diagram in Figure 4,
the displacements can be derived as follows:

b e
e, = (é — %) * (1 —cos (%)) (6)

By substituting the structural parameters of the
stent graft and the specified angle a the dis-
placement values for different bending angles
can be calculated. Table 2 lists the values of e,
and e, corresponding to 60°, 90°, and 180°
bending.

Before testing, the stent should be pre-bent
by 3-5° to prevent axial compression with-
out bending. During the bending process, the
threads and the middle plane of the stent must
remain coplanar, and thread slippage on pul-
leys must be avoided to maintain measurement
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Table 1. Corresponding relationship between tensile displacement of tensile machine and support diameter

Percentage of compression diameter D,/mm D,/mm X/mm
20% 34 27.2 10.68
40% 34 20.4 21.36
60% 34 13.6 32.04

Table 2. The relationship between bending angle and tensile displacement of tensile machine

Stent length/mm Rotation angle/°

Horizontal displacement e;/mm Vertical displacement e,/mm

130 60 11.18
130 90 18.15
130 180 40.12

14.42
19.41
24.88

The small

curved side

d m / C \1

1 The large curved side
Al

Figure 4. Geometric schematic diagram of stent
bending.

accuracy. The tensile testing machine captures
and outputs tensile force and thread displace-
ment data in real time. The tensile force is
then converted into the spring-back force using
Equation (3).

Numerical simulation

The simulation platform uses ABAQUS 2021
for the finite element analysis. To ensure com-
parability between the simulation and physical
experiments, the simulation model is kept con-
sistent with the experimental setup.

The stent material is 316L stainless steel, with
a density of 8.03x107® ton/mm?3, a Young's
modulus of 200 GPa, and a Poisson’s ratio
of 0.3. The coating film is made of expanded
polytetrafluoroethylene (ePTFE), a medical poly-
mer material, with a density of 2.2x10712 ton/
mms3, a Young’'s modulus of 55.2 MPa, and a
Poisson’s ratio of 0.46.

Explicit dynamics analysis is employed, with
geometric nonlinearity enabled. The time
length for the simulation is set to 0.01. The
stent ring and coating film are connected by a
Tie constraint, with the stent ring as the mas-
ter surface and the coating film as the slave
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surface. The stent ring is meshed using eight-
node linear hexahedral elements (C3D8R),
with reduced integration and hourglass control,
and a mesh density of 0.2 mm. The coating
film is meshed with four-node curved thin-shell
elements, also using reduced integration, hour-
glass control, and finite membrane strain, with
a mesh density of 1 mm.

Simulation verification of radial compression

The thread curve was modeled using SOLID-
WORKS 2022. A circular sketch with a diame-
ter of 40.4 mm was created, and a helix was
inserted based on the sketch. The helix has a
starting angle of 180°, a pitch of 0.2 mm, and
one full turn. Truss elements were used to sim-
ulate the flexible rope. The thread was meshed
with T3D2 elements, and the mesh density was
set to 0.5 mm. The thread curve model was im-
ported into ABAQUS CAE 2021, assigned as a
truss section, and material properties were set
as follows: density 7.98E-09 ton/mms3, Young's
modulus 200,000 MPa, Poisson’s ratio 0.3.

The simulation is consistent with Figure 5A. Axi-
al rotation and rotational degrees of freedom of
the stent ring to which the load is applied were
constrained, as were the axial and rotational
degrees of freedom of the stretching thread.
Displacement loads with equal magnitudes and
opposite directions were applied at both ends
of the thread. The experiment was conducted
for compression displacements of 20%, 40%,
and 60% of the stent’s diameter.

The reaction force in the moving direction of
the thread’s endpoints during compression was
monitored by setting the RF2 history output
based on the global coordinate system at the
helix endpoints.

Bending simulation verification
Reference points RP1 and RP2 were defined
at the centers of the stent graft’s two end fac-

es. MPC (Multi-Point Constraint) constraints
were applied between the control points and
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Figure 5. Mechanical performance testing of stent graft. (A) Physical experiment on compression; (B) Physical
experiment on bending.
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Figure 6. Stress distribution from numerical simulation. (A) Stress nephograms of the stent graft under 20%,
40%, and 60% compression; (B) Stress nephograms of the stent graft bent at 60°, 90°, and 180°.

the nodes at the top of the stent, binding their
degrees of freedom together [27]. Equal and
opposite angular loads were applied at the
two reference points to ensure that the stent
reached the desired bending angle. The change
in the spring-back force during the bending
process was tracked by outputting the reaction
forces at the reference points. The simulation is
consistent with Figure 5B.

Ill Results

Results of radial compression experiment

The simulation results are shown in Figure 6.
During the experiment, a specially designed ra-
dial loading device, in conjunction with a tensile

testing machine, was used to apply a uniform
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radial displacement load to the stent. The ex-
periment measured the radial support perfor-
mance of the thoracic aortic stent graft. The
results showed the changes in stent morpholo-
gy and radial support force values under 20%,
40%, and 60% compression displacements,
both in physical and simulation experiments.

The simulation results indicate that the radial
support force increases gradually with the ap-
plied load. The force increases slowly within the
0-15 mm range and rises sharply after 15 mm.
In comparison, the physical experiment data
largely agree with the finite element simulation
results up to 17 mm of compression. However,
beyond 17 mm, the increase in radial support
force in the physical experiment becomes min-
imal. On the testing machine’s display, the val-

159



Progress in Medical Devices 2025; 3 (3): 154-162. PMD25010427

A

S, Mises
+1.452e+02
+1.331et+02
+1.210e+02
+1.089e+02
+9.680e+01
+8.470e+01
+7.260e+01
+6.050e+01
+4.840e+01
+3.630e+01
+2.420e+01
+1.210e+01
+0.000e+00

Spring back force/N

25 i
—+—Numerical simulation
; 2 5
~&-Physical experiment
2 L
1.5
1
0.5
0

0 20 40 60 80 100 120 140 160 180 200
Bending angle/*

Figure 7. Comparison between Physical Experiment and Numerical Simulation. (A) Curves showing the variation
of radial force in the compression experiment and simulation; (B) Curves showing the variation of spring-back
force in the physical experiment and the simulation experiment.

ues show only slight fluctuating increases.
Bending experiment results

The simulation results are shown in Figure 7.
In the physical bending and spring-back force
experiment, the stent was placed in the device
and bent to angles of 60°, 90°, and 180°.
The mechanical parameters of the stent during
bending were measured. The experimental
results showed that the stent’s mechanical
performance during bending and recoil was in
good agreement with the finite element simula-
tion results.

In the physical experiment, the spring-back
force increased rapidly during bending. After
reaching 90°, the spring-back force gradually
increased. Similarly, in the simulation, the radi-
al support force remained constant when the
stent bent within 0-15° but increased rapidly
thereafter, showing a trend consistent with the
physical experiment.

IV Discussion

The study on the radial support force and bend-
ing spring-back force of the thoracic aortic stent
graft, conducted through finite element simu-
lations and physical experiments, shows good
agreement between the two methods. This con-
sistency effectively validates the effectiveness
of the force-measuring device for the thoracic
aortic stent graft designed in this study.

The design and construction of the device are
straightforward, achieving an effective balance
between simplicity and functionality. Core com-
ponents such as sliders, sliding rails, and pul-
leys work in coordination, ensuring the stability
and reliability of the detection process. The
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overall structural design meets the required de-
tection standards.

The device’s performance test results indicate
excellent detection accuracy. When paired with
commonly used tensile testing machines, its
stability and accuracy surpass those of stan-
dard dynamometers. Additionally, repeatability
tests show minimal deviations across multiple
measurements, demonstrating good stability
and ensuring the consistency and reliability of
the detection data.

While the results of the two methods align
well in most cases, certain discrepancies exist
under specific conditions. Notably, in the later
stages of stent compression, some stent rings
in the physical experiment exhibit yielding be-
havior, resulting in almost no increase in the
radial support force. In contrast, the simulation
neglects the stent material’s plastic behavior,
as yield stress and hardening modulus are not
incorporated, which keeps the stent in the elas-
tic phase during compression. Additionally, as
the compression diameter increases, self-con-
tact behavior occurs in the stent rings, causing
the radial support force curve to become steep-
er in the simulation.

To improve the accuracy of future research,
the following improvements are recommended:
first, use a different thread material to reduce
friction; second, optimize the finite element
simulation model to more precisely account
for the nonlinear material characteristics and
complex boundary conditions; third, increase
the number of experimental samples to mini-
mize the impact of individual variations on the
results.

V Conclusions
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This study developed a mechanical property
testing device for large-vessel stents, which
can be used in conjunction with a tensile
testing machine. The device is capable of per-
forming mechanical property tests on radial
support force and bending spring-back force.
Physical experiments were conducted to test
the support and compliance properties of the
self-designed 5-peak gradient stent grafts. The
results demonstrated that the stents have good
support and excellent compliance, and the cor-
responding mechanical properties were iden-
tified. Finite element simulations were used
to model the radial compression and bending
of the stent grafts, and the corresponding me-
chanical change curves were obtained. These
curves were consistent with the physical exper-
iment results, which further validated the reli-
ability of the stent graft testing device designed
in this study.
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experiments, and processing the data. Shiju
Yan completed the design of the device. The
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Highlights

¢ Developed a 37°C constant-temperature electronic control module, including circuit board design and selection
of electronic components, ensuring stable and reliable temperature control for the water infusion system.

¢ Evaluated and optimized the layout and selection of pipelines and valves, ensuring secure, leak-proof water con-
nections, precise valve flow directions, and rapid, reliable valve operation.

* Designed an efficient tailored to the dimensions and shape of the water reservoir, determining optimal parame-
ters including heating power, structural configuration, size, and placement.

Abstract

Background: Colonoscopy is a key technique for the prevention and early detection of colorectal cancer. Water-as-
sisted colonoscopy is increasingly adopted due to its potential to reduce patient discomfort. However, the tempera-
ture of the infused water plays a crucial role in both procedural quality and patient experience. This study aimed
to optimize water-assisted colonoscopy by developing a constant-temperature water infusion system. Methods: A
two-dimensional finite element model was established using COMSOL Multiphysics to simulate the heat transfer
process between the heating base and the liquid container. The system consisted of a medical-grade 304 stain-
less steel container, a nichrome heating wire embedded in rubber, and an integrated piping network. Quadrilateral
meshing was applied to short-range solid-liquid interfaces and triangular meshing elsewhere, resulting in detailed
modeling for both natural heating (27,801 elements) and circulation heating (43,998 elements). Based on sim-
ulation results, a hardware platform was developed to deliver sterile water at a constant temperature of 37 °C
for digestive endoscopic procedures. Results: Circulation heating demonstrated superior thermal efficiency and
more uniform temperature distribution than natural heating. Under ambient conditions (25 °C ), the system reli-
ably maintained water temperature at (37+1)°C . Partitioned meshing enhanced computational precision with a
minimum element size of 0.1 mm. Solid-liquid coupling analysis confirmed stable heat conduction during dynamic
infusion. The device allows for independent temperature presetting and stepless flow rate adjustment via a control
panel. It is also compatible with standard endoscopic systems, thereby enhancing procedural efficiency and safe-
ty. Conclusion: The proposed constant-temperature water infusion system model offers a reliable and adaptable
solution for water-assisted colonoscopy, improving both diagnostic performance and patient comfort through pre-
cise thermal regulation.

Keywords: Water-assisted colonoscopy, constant-temperature control, finite element analysis, thermodynamic sim-
ulation, medical device design
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Introduction

Colorectal cancer remains a significant global
public health concern, especially in developing
countries. Early detection and prevention
through screening colonoscopy are essential
strategies for reducing both the incidence and
mortality associated with colorectal cancer [1,
2]. The detection and removal of precancerous
polyps during colonoscopy have been proven
to be effective in preventing the progression to
colorectal cancer [3]. However, conventional
colonoscopy techniques that utilize air
insufflation often cause considerable patient
discomfort, leading to decreased adherence to
screening recommendations. Such discomfort
may include abdominal pain, bloating, and
overall intolerance to the procedure, potentially
discouraging patients from undergoing
necessary follow-up examinations [4, 5].

Although sedation and analgesia are
commonly employed during colonoscopy, the
use of propofol and other anesthetic agents
is generally not recommended for patients
with significant comorbidities or high-risk
profiles. Additionally, some patients require
the presence of a family member during
anesthetized procedures, followed by a recovery
period, which may pose logistical challenges.
In recent years, water-assisted colonoscopy
(WAC) has emerged as a promising alternative
to conventional air insufflation techniques [6-
8]. WAC methods are generally classified into
two main types: water immersion and water
exchange [9]. The efficacy of WAC has been
validated in multiple randomized controlled
trials [10, 11]. A recent meta-analysis reported
that the water exchange method achieved the
highest adenoma detection rate, particularly
in the right colon and in colorectal cancer
screening cases [12].

Additionally, the Boston Bowel Preparation
Scale scores were significantly higher with
water exchange. This technique was also
associated with a higher proportion of
unsedated examinations and reduced real-
time insertion pain, making it the least
painful insertion method and potentially
improving procedural accessibility and cost-
effectiveness. Investigations have examined
the impact of water temperature on procedural
outcomes. Instilling room-temperature water
into the rectosigmoid colon has been linked
to increased mucus secretion, necessitating
additional cleansing during withdrawal [13]. A
double-blind randomized trial comparing cool
versus warm water immersion demonstrated
that, while both approaches were effective,
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warm water provided advantages in reducing
the need for auxiliary maneuvers [14]. These
findings suggest that maintaining infused water
at body temperature (37 °C) may enhance both
patient comfort and procedural efficiency.

The challenge of maintaining constant water
temperature during colonoscopy has generated
increasing interest in the development of
automated temperature control systems.
These systems need to be precise, reliable,
and capable of sustaining stable temperatures
throughout the entire procedure [15, 16].
The integration of modern technologies-such
as embedded controllers and high-precision
temperature monitoring systems-offers
promising solutions to address this challenge.

Numerical simulation
System modeling

The interaction between the heating chassis
and the liquid container was investigated
using finite element simulations conducted in
COMSOL Multiphysics. The objective was to
generate simulation data to support the design
of a constant-temperature water infusion
system. Considering the complexity of the solid-
liquid coupling problem-particularly regarding
real-time performance and computational
efficiency-a two-dimensional model was
employed to simplify the heating system. This
approach effectively reduced model complexity
and significantly shortened computation time,
while preserving the reliability of simulation
outcomes. Given the minimal wall thickness
of the hose (only 1-1.2 mm), its impact on
the overall thermodynamic behavior of the
solid-liquid system was considered negligible.
Therefore, hose wall was further simplified as a
thin boundary layer. Additionally, the container
shell was modeled as a heat transfer interface
to simulate thermal conduction.

The finite element model used in this
simulation, as illustrated in Figure 1, is divided
into two sections. The left panel shows the
key components of the thermostatic heating
system, including the liquid container, heating
plate, and piping network. The right panel
presents the geometric dimensions of the
model.

By removing the piping system, a natural
heating model was developed to facilitate a
comparative analysis of heat conduction and
fluid dynamics between the two configurations.
The liquid container is cylindrical, with a bottom
diameter labeled as R, an overall height of H,
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incorporated multiple physical
fields, including fluid flow and

Ly

multiphysics coupling. The initial
phase of the thermal boundary

condition analysis involved defining
the external air environment and the
H, internal physiological saline, as well
as setting the initial temperature of
all system components to 25 °C.

A B
/——\\
Return spool
Air —— Liquid container

Pumping L
pipe

——+——»Internal fluid
Heating W, ===

sheet

Figure 1. Finite element model used for thermal simulation. (A)

Calculations were performed using
the finite element method, specifically
employing the turbulence and solid-
liquid coupling modules.

Structural layout of the model; (B) Geometric dimensions of the

model.

Figure 2. Mesh division of the water infusion container model. (A)

Natural heating mode; (B) Circulating heating mode.

and a liquid height of Hy. The bottom heating
plate is disc-shaped, with a diameter of R,
and a thickness of Wy. The integrated piping
system comprises both long and short pipes,
each with a diameter W, lengths L and Lg,
respectively, and an inter-pipe spacing denoted
as D. Detailed geometric parameters for
each component were defined during model
construction to ensure both accuracy and
practical relevance. The specific values of these
parameters are provided in Table 1.

To ensure precise temperature control and
enhance heat transfer efficiency, the liquid
container was fabricated using medical-grade
304 stainless steel. The housing of the heating
element was made of rubber, with a nickel-
chromium alloy heating wire embedded inside.
Based on these materials and structural
characteristics, simulations were conducted to
analyze temperature distribution and heat flow
dynamics during the heating process. Further
details of these parameters are provided in
Table 2.

The simulation analysis in this study
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The finite element simulation in this
study focused on heat conduction
and fluid flow phenomena near the
short-distance interface where solid-
liquid contact occurs. A differentiated
meshing strategy was employed,
applying quadrilateral meshing to the
contact edge regions and triangular
meshing to the remainder of the
model. Particular attention was
given to the rubber heating sheet,
silicone tubing, and normal saline,
with finer mesh refinement applied
to these critical components. The
mesh distribution of the model is
illustrated in Figure 2. For the natural
heating mode, the model consisted of
27,801 domain elements and 1,016
boundary elements, with a minimum
element size of 0.2 mm. In the
circulating heating mode, the mesh comprised
43,998 domain elements and 2,133 boundary
elements, with a minimum element size of 0.1
mm.

Simulation data analysis

This study examined temperature variations
during natural and circulating heating processes
to evaluate differences in heating efficiency and
temperature distribution. Simulation results
were analyzed to visualize the temperature
fields at three critical time points (0.1 h, 0.14
h, 0.18 h) using thermal cloud maps, as shown
in Figures 3, 4, and 5. In the natural heating
mode, the heating sheet rapidly heated up and
transferred heat to the bottom of the container,
eventually reaching the lower layer of the liquid.
However, this process resulted in an uneven
temperature distribution within the liquid, with
a notable temperature gradient between the
bottom and upper middle layers, even when
the bottom temperature approached the target
value of 37 °Cat 0.18 h.

In contrast, the circulating heating mode-
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Table 1. Geometric parameters of the water infusion container model

Parameter R H Hy

W, w L Ly D

Value (mm) 140 280 220

2 6 300 100 70

Table 2. Thermophysical properties of four different materials used in the heating system

Property 304 Stainless Steel Rubber Nichrome Normal Saline
Density (kg/m®) 7,930 1,100 8,400 1,000
Melting Point (°C ) 1,398 177 1,400 -0.5

Electrical Conductivity (S/m) 1.45%106 1.0x1010 1.2x106 1.553
Thermal Conductivity (W/m-K) 16.3 0.5 30 0.6

Specific Heat Capacity (J/kgK) 500 1,300 440 4,200
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Figure 3. Heat distribution in the water infusion container model at 0.1 h. (A) Natural heating mode; (B)

Circulating heating mode.

enabled by a closed-loop pipe and valve
system-demonstrated more uniform heat
distribution and improved temperature control.
The circulating system reached the target
temperature more rapidly than the natural
heating mode, highlighting its superior thermal
efficiency.

System development

The system developed in this study consists
of three main components: the circuit control
system, the external working devices, and
the mechanical control system. A schematic
representation of the constant temperature
test platform is shown in Figure 6. The
circuit control system includes several key
components, such as a central processor
for data processing, a heating system with
a proportional-integral-derivative (PID)
adaptive algorithm, a multi-channel real-time
temperature measurement circuit, an efficient
water level alarm system, a stable power supply
module, and a multifunctional human-computer
interaction panel. Additionally, it features
various control instructions and communication
modules to facilitate system operation. The
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external working devices include sensors and
heating elements specifically designed for the
liquid container. These components transmit
signals to the circuit control system in real time,
enabling dynamic adjustments to the heating
process according to programmed instructions.
The mechanical control system is responsible
for regulating the valve channels and pump
speeds, ensuring smooth switching between
injection modes and enabling precise control
of the liquid flow rate within the container and
pipes.

Hardware design
Main control circuit

The STM32F103ZET6 was selected as the main
control chip for this study. With improvements
in key performance metrics such as data
conversion rate, storage capacity, operating
temperature range, power consumption, and
interface functionality, this chip provides
enhanced performance and flexibility, making it
ideal for complex embedded applications [17].

Heater element
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Figure 5. Heat distribution in the water infusion container model at 0.18 h. (A) Natural heating mode; (B)

Circulating heating mode.

To prevent direct contact between the heater
and the liquid during the diagnostic and
therapeutic process, a silicone rubber heating
sheet was employed in this study. The heating
sheet is designed to be directly affixed to the
bottom of the liquid container. It is made from
a nickel-chromium alloy, a material with high
resistivity, allowing it to self-generate heat when
power is applied. This design offers flexibility,
enabling customization to the shape and size
of the container while ensuring uniform surface
heating. Additionally, the heating sheet exhibits
excellent thermal inertia, which enables gradual
heat release, preventing local overheating and
maintaining the stability and reliability of the
heating process.

Temperature measuring circuit

In this study, negative temperature coefficient
thermistors were primarily employed as
temperature sensors to meet the measurement
requirements. The sensor has a resistance
value of 10K at room temperature, which
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varies with changes in the surrounding
temperature, making it suitable for applications
within the range of -55 °C to 300 °C [18].
The thermoplastic elastomer waterproof
temperature probe is the actual sensor used,
as it is compact enough to be integrated into a
micro device and strategically positioned at a
critical monitoring location within the container.
The experimental setup includes a total of 12
pre-established temperature measurement
points, with each sensor connected to the
circuit control module via data transmission
lines in the positioning bracket [19].

Temperature control circuit

The temperature control circuit developed
in this study primarily consists of a PC817
optocoupler, an S8050 low-power NPN silicon
transistor, and an SLA-12VC-SL-A relay. The
circuit employs an electrical isolation drive
scheme, as shown in Figure 7. It includes three
main interfaces: the general purpose input/
output control port on the left, which is directly
connected to the main control circuit; the power
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Figure 6. Prototype of the developed water infusion
system.

Figure 7. Temperature control circuit of the
developed water infusion system. GND, Ground.

input port for 220 V AC; and the connection
port for the heating component [20].

Upper computer display

This study employs LabVIEW software to
develop an upper computer program for display
purposes. The program facilitates real-time
monitoring and management of the lower
electrical circuit and its operational status.
The system interface and component block
diagram are shown in Figure 8 and Figure 9,
respectively. The software platform includes
indicators, drawing tools, and user components.
Various communication protocols supported by
LabVIEW are utilized to configure parameters,
collect temperature data, plot real-time change
curves, and perform other core functions [21].

PID algorithm

To achieve precise temperature control, this
study primarily employs the PID algorithm
within the control system. The PID equation
(using the coefficient method) is applied for this
purpose.

u(k) = Kp * (e(k) -e(k - 1)) + Ki *ek) + Kd * (e(k) - 2e(k -1) +e(k -2))

In the equation, u (k) represents the controller
output, while e (k) denotes the control
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deviation. The numerical signal is transmitted
to the main control chip through the general
purpose input/output port via the temperature
acquisition circuit, and the PID calculation is
performed in milliseconds [22]. Subsequently,
the pulse width modulation (PWM) generator is
used to adjust the heating power of the heating
sheet. Once the proportional coefficient Kp,
integral coefficient Ki, and derivative coefficient
Kd are determined through calibration, the
system is able to regulate the temperature of
the static liquid with an error margin of less
than 1 °C [23].

Functional verification and performance
testing

Experimental setup

To implement the system, the following steps
should be taken: First, activate the power
module switch to initiate the system and bring
the device to a ready state. Second, activate the
pressure sensors to monitor the water injection
process. The control panel will immediately
display the amount of water injected into the
liquid container, while the system will maintain
minimum and maximum alarm limits for the
water level. If the liquid level drops below the
minimum threshold, a continuous beep will
sound until the level rises above this threshold.

The system also includes a maximum
water level alarm to prevent overflow, with
the maximum water level set at 4 L for the
container in use. Once the liquid reservoir is
filled, the heating temperature can be preset
using the control panel button, and the pump
speed can be adjusted. After completing the
preparation, open the second valve to initiate
the internal circulation function. Once the
device is started, the heating system should be
activated to begin the heating process. This will
cause the bottom heating element to rapidly
heat the liquid to the desired temperature.
Temperature distribution within the liquid can
be closely monitored using the temperature
measurement points, numbered from No. 1 to
No. 12, located on the positioning bracket, as
shown in Figure 10.

During the experiment, the core components
of the temperature control system operated
continuously to monitor the liquid temperature
and transmit data to the central control unit
in real time. The system automatically adjusts
the operation of the heating device using an
advanced control algorithm, which compares
the real-time temperature with the preset
target value. To ensure the precision of the
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Figure 8. System interface of the developed water infusion system.

Figure 9. Component block diagram of the developed water infusion system.

experiment, the No. 1 valve remains closed until
the liquid temperature reaches the required
conditions. Once the liquid temperature
reaches the target value, a progress indicator
appears on the control panel, signaling the
operator to manually initiate the water injection
process. This involves adjusting the No. 1 valve
and the pump speed control to accurately inject
water into the simulated intestine through the
injection port.

Results

Finite element simulation results
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After conducting a comprehensive evaluation of
the thermostatic heating system's performance,
significant conclusions were drawn, particularly
regarding the heating mode with constant
temperature control. When relying solely on
control for heating, the slow natural convection
within the liquid leads to inefficient heat
transfer, resulting in uneven temperature
distribution. The maximum temperature
difference can reach up to 5 °C, highlighting
the limitations of a single thermostatic control
mode in maintaining a uniform internal liquid
temperature.

To address this issue, a proposal was made to
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9~12

]

as an indicator of the system's
efficiency in raising the water
temperature to the desired level.
This analysis aims to provide a
comprehensive understanding
of the dynamic response of the
temperature control system and
its ability to adapt to varying
experimental conditions, thereby
informing enhancements in
the design and operational
strategies of the experimental
setup.

The study focuses on monitoring
the maximum and minimum
temperatures during the

Figure 10. Multi-point temperature measurement stent for prototype heating process, as well as

performance testing. (A) Layout drawing; (B) Physical connection.

enhance heat transfer by increasing the return
flow of the pipeline as an auxiliary measure.
This approach accelerates temperature
equalization by enhancing liquid heat circulation
during heating, reducing the maximum
temperature difference to approximately 1 °C.
This not only visually illustrates the temperature
variation between the upper and lower levels
in the natural heating mode but also highlights
the importance of pipeline reflux in improving
the accuracy of liquid temperature control.
Furthermore, the circulating method results
in significantly more consistent liquid heat
distribution compared to a simulation model
without the circulating pipe and valve system.

Experimental platform results

In this study, the initial temperature of the
liquid was set to approximately 25.5 °C,
reflecting the ambient room temperature. The
liquid volume was maintained at a constant 3.5
L, with a target temperature of 37 °C, designed
to simulate the internal temperature of an
organism. To ensure data accuracy and system
stability, any extreme outliers were excluded
from the temperature measurements. The
temperature difference (At = t_max - t_min)
was then calculated based on the highest and
lowest values from the remaining data.

The experiment identifies two key time points:
t1, which marks the onset of significant
temperature fluctuations (AT exceeding
approximately 0.5 °C), indicating the
responsiveness of the heating system; and
12, which represents the time required for the
system to reach the target temperature (T_set),
determined by the mean of the remaining 10
temperature readings. This time point serves
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the variations in the maximum
temperature difference between
them. Dynamic temperature changes at 200 W
without pump-assisted convection are shown
in Figure 11. This figure highlights the natural
temperature distribution pattern in the absence
of external forces and emphasizes the potential
maximum temperature gradient under these
conditions. The optimal configuration, identified
after screening, involves circulating heating at
200 W power and 300 rpm, as shown in Figure
12. The temperature fluctuations observed in
this setup demonstrate how precise control of
heater power and pump speed can enhance
the uniformity and efficiency of the heating
process.

The system's thermal dynamic response
characteristics were analyzed during
initial startup under specific experimental
environmental conditions, including normal
atmospheric pressure and room temperature
(25 °C). Analysis of the experimental
data revealed an initial lack of significant
temperature change in both liquid groups,
which can be attributed to inherent system
response time delays and heat transfer
buffering effects. This indicated limited heat
conduction efficiency at the onset of system
operation, leading to a transient temperature
stability phase. However, after approximately
50 seconds, a noticeable temperature increase
was observed in both experimental conditions.
Subsequently, the liquid temperature exhibited
a trend toward stabilization, eventually reaching
a relatively constant state. The temperature
fluctuations around the designated value
indicated that the system had achieved thermal
equilibrium.

The pump body was not employed for heating in
the experimental group. As a result, the gradual
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Figure 11. Temperature variation of the prototype water infusion device at 200 W, O rpm. (A) Minimum maximum
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Figure 12. Temperature variation of the prototype water infusion device at 200 w, 300 rpm. (A) Minimum
maximum temperature; (B) Maximum temperature difference.

increase in liquid temperature led to increasing at approximately 0.4 °C, underscoring the
inhomogeneity in temperature distribution. circulating heating system's effectiveness
This was evident from the significant rise in enhancing heating uniformity. Once the
in the temperature difference between the target temperature (T_set) was reached,
highest and lowest recorded points, which the temperature difference stabilized at
reached a maximum of approximately 1.8 approximately 0.5 °C, despite a brief overshoot
°C, with isolated instances exceeding 2.6 °C. in the maximum reading. As the experiment
The fluctuation underscores how the absence progressed, the temperature difference
of the pump body significantly affects liquid between the two measurement points gradually
temperature distribution. Around 8 minutes diminished, ultimately converging to near
into the experiment, a notable inflection point uniformity.
was observed in the temperature data from
the two measurement points, indicating that Discussion
the liquid temperature was approaching the
target temperature (T_set), eventually achieving This study focused on the development of a
the preset value of 37 °C. Although the liquid 37 °C water infusion device for colonoscopy
temperature stabilized thereafter, a noticeable diagnosis and treatment, addressing several
disparity between the highest and lowest key research and development issues. Firstly, it
temperatures remained. was demonstrated that the circulating heating
mode, as opposed to natural convection
Analysis of the two temperature measurement heating, enhances heating efficiency and
points revealed a significant reduction in ensures uniform temperature distribution of the
internal temperature variation after heating, infusion water. Secondly, the device effectively

Progress in Medical Devices 171



Progress in Medical Devices 2025; 3 (3): 163-173. PMD25020428

maintains a steady 37 °C temperature for the
infusion water in room temperature settings.

In the finite element simulation section of
this study, two distinct heating modes were
compared for liquid containers: natural
convection heating mode and cyclic uniform
temperature control heating mode. The
comparison aimed to assess heating efficiency
and temperature distribution uniformity
between the two modes.

The numerical simulation results indicated that
the circulating uniform-temperature control
heating mode exhibited significant advantages.
A temperature control scheme combining a
PID control algorithm with PWM technology
was utilized in the prototype development. This
scheme integrates the precise adjustment
capabilities of the PID algorithm with the
dynamic power output control enabled by
PWM technology. It not only allows for efficient
regulation of system heating power but also
optimizes energy utilization and reduces system
energy consumption. Compared to traditional
PID technology, this combined approach offers
more precise control by linking the PID output
with the PWM duty cycle. This integration allows
the system to respond more quickly to changes,
thereby enhancing the dynamic performance of
the system.

By appropriately adjusting the pump flow rate
and implementing this temperature control
scheme, the continuity and uniformity of
the infusion water heating process can be
maintained, ensuring safety, quality, and
improved patient tolerance during endoscopic
diagnostic and treatment procedures.

Conclusion

In this study, a device was developed to provide
constant-temperature water for WAC via water
infusion. The device underwent functional
verification and performance evaluation through
both numerical simulation and prototype
testing. Simulation results demonstrated that
the cyclic uniform heating mode, as opposed
to natural convection heating, significantly
enhances heating efficiency and ensures more
uniform infusion water temperature. Prototype
testing further confirmed that the temperature
control scheme-integrating PID control with
PWM technology-offers superior accuracy, rapid
response, and stability. The implementation
of 37 °C constant-temperature water infusion
in WAC is expected to significantly improve
the efficiency, safety, and patient satisfaction
associated with endoscopic procedures.

Progress in Medical Devices

However, several aspects of this study
remain to be fully explored. To address these
limitations, future work will focus on the
following areas for improvement and further
discussion. Subsequent research may consider
incorporating fuzzy control technology to
optimize the control process and enhance the
system's resistance to external disturbances.
Additionally, the adoption of multiple control
schemes is proposed, allowing operators to
control functions-such as starting and stopping
the water infusion system-without the need for
manual operation.
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Highlights

(« A total of 289 patient CT datasets were analyzed, and 15 optimal radiomic features were identified using ANOVA,\
correlation analysis, and random forest ranking, ensuring high discriminative power and clinical interpretability.

* The proposed model demonstrated excellent performance (Accuracy: 0.98, Area Under the Curve: 0.99) in train-
ing set, demonstrating robust learning capacity and the ability to distinguish lesion subtypes from multidimensio-
nal radiomic features.

* By leveraging serialized radiomic trends rather than isolated feature analysis, this study provides a new paradigm

\_ for early screening and personalized diagnosis of lung adenocarcinoma. )

Abstract

Objective: To develop and validate a Transformer-based radiomics model for classifying lung adenocarcinoma sub-
types from computed tomography imaging data. Methods: We retrospectively collected 289 computed tomography
images of lung adenocarcinoma, including adenocarcinoma in situ, minimally invasive adenocarcinoma, and in-
vasive adenocarcinoma. Correlation-based feature analysis was employed and identified 15 optimal radiomic fea-
tures. A Transformer-based classification model incorporating multi-head attention and position-wise feed-forward
Networks was subsequently constructed. Results: The proposed model achieved a training accuracy of 0.98, test
accuracy of 0.914, training recall of 0.942, test recall of 0.874, training F1-score of 0.940, test F1-score of 0.871,
training area under the curve of 0.99, and test area under the curve of 0.88. Conclusion: This Transformer-based
radiomics model effectively classifies lung adenocarcinoma subtypes, aiding early screening, diagnosis, and per-
sonalized treatment strategies to improve patient prognosis.

Keywords: Computed tomography, lung adenocarcinoma subtype analysis, radiomic characteristics, deep learning,
transformer network model

Introduction

Cancer remains one of the most prevalent
malignancies worldwide, with lung cancer ex-
hibiting the highest incidence and mortality
rates in China, showing an upward trend over
recent decades [1-4]. Lung adenocarcinoma is
the predominant histological type of lung can-
cer. According to the World Health Organization
pathological classification, lung adenocarcino-
ma is categorized into pre-invasive lesions [e.g.,
atypical adenomatous hyperplasia, adenocar-
cinoma in situ (AIS)], minimally invasive adeno-
carcinoma (MIA), and invasive adenocarcinoma

(IAC) [5-8].

Lung adenocarcinoma typically manifests as
pulmonary nodules on CT. With continuous ad-
vancements in CT technology and deep learn-
ing, the screening and detection of pulmonary
nodules have rapidly increased [9-12]. Deep
learning algorithms enable precise medical
image segmentation and feature extraction.
Recent studies have shown that Transform-
er-based and Convolutional Neural Network
models significantly improve the accuracy of
semantic segmentation and predictive classi-
fication in medical imaging [13-15]. Jing and
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Research Workflow of Disease Subtype Analysis Based on Multidimensional Lesion Layer Features in Recurrent Networks
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Figure 1. Flowchart of the proposed lung adenocarcinoma subtype classification framework.

Table 1. Baseline characteristics of the included patients

Parameters/Features Contents

CT equipment
Scanning parameters
1 mm; Matrix: 512x512

Reconstruction algorithm
Radiation dose

United Imaging 760 CT; Siemens SOMATOM Emotion 16 CT
Tube current: 42-126 mA/34-123 mA; Tube voltage: 120-130 kV; Slice thickness:

Standard reconstruction algorithm
Conventional low-dose chest CT scans (42-126 mA; 34-123 mA)

Sex 113 males (39.1%); 176 females (60.9%)
Age 40-75 years (mean 56.3+9.2 years)

Smoking history
Pathological classification

85 smokers (29.4%); 204 nonsmokers (70.6%)
AIS: 50 cases (17.3%); MIA: 172 cases (59.5%); IAC: 67 cases (23.2%)

Note: CT, computed tomography; AlS, adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma; IAC, invasive adenocar-

cinoma.

Hussein et al. analyzed CT images of pulmonary
nodules using specialized software and showed
that radiological and imaging characteristics
can assist clinicians in differentiating disease
subtypes, thereby enhancing model accuracy
[16, 17].

In this study, we adopted feature analysis, ma-
chine learning, and recurrent neural networks
(Figure 1). By integrating imaging and radio-
logical features from a lung adenocarcinoma
dataset, we applied appropriate feature-selec-
tion algorithms to identify predictive features for
disease subtype classification. Using targeted
radiomics feature sequences, we developed a
classification model that combined radiomics
and Transformer networks. The integrated ap-
proach facilitated early screening and diagnosis
of lung adenocarcinoma and supported clini-
cians in formulating differentiated treatment
strategies for specific patient subtypes, thereby
optimizing therapeutic outcomes and prognosis.

Materials and methods
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Data source

This study analyzed low-dose chest CT images
from 289 patients with histopathologically con-
firmed lung adenocarcinoma. The cohort com-
prised 172 cases of MIA, 50 cases of IAC, and
67 cases of AIS. All patients underwent low-
dose chest CT scans using two systems: the
United Imaging 760 CT (42-126 mA, 120 kv, 1
mm slice thickness, matrix 512x512) and the
Siemens Emotion 16 CT (34-123 mA, 130 kY,
1 mm), both employing standard reconstruction
algorithms and conventional low-dose modes.
Baseline demographic and clinical variables
included sex, age, smoking history, and patho-
logical grade (Table 1).

The dataset comprised CT images from 289
patients, capturing multi-slice imaging features
with continuous lesion layers. Lesions were
initially segmented by radiologists, who placed
seed points at the lesion centers. Subsequently,
a region-growing algorithm was applied to au-
tomatically delineate three-dimensional lesion
boundaries, and radiomics feature were ex-
tracted using specialized software. This process
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Table 2. Selected radiomic features and their meanings

Raw Feature

Feature Meanings

Original_shape2D_PixelSurface
Square_gldm_DependenceNonUniformity
Original_firstorder_Energy
Original_shape2D_MinorAxisLength

Wavelet-LL_gldm_SmallDependenceHighGraylLev-
elEmphasis

Original_firstorder_RobustMeanAbsoluteDeviation
Wavelet-LL_firstorder_RobustMeanAbsoluteDeviation
Square_firstorder_InterquartileRange

Original_shape2D_MeshSurface

Original_gldm_SmallDependenceHighGraylLevelEm-
phasis

Logarithm_glcm_Idn

Gradient_glrim_ShortRunLowGrayLevelEmphasis

2D pixel surface shape feature of the original image.

Dependence nonuniformity derived from the gray level
dependence matrix of the square-shaped image.

First-order energy feature of the original image.

2D minor axis length shape feature of the original image.

Small dependence high gray level emphasis derived from
the gray level dependence matrix of the LL sub-band of
the wavelet-transformed image.

First-order robust mean absolute deviation feature of the
original image.

First-order robust mean absolute deviation feature of the
LL sub-band of the wavelet-transformed image.
First-order interquartile range feature of the square-
shaped image.

2D mesh surface shape feature of the original image.

Small dependence high gray level emphasis derived from
the gray level dependence matrix of the original image.
Inverse Difference Normalized (Idn) derived from the gray
level co-occurrence matrix of the logarithmic image.
Short run low gray level emphasis derived from the gray
level run length matrix of the gradient image.

yielded 963 radiomics features, including spa-
tial relationships, morphological characteristics,
density, and higher-order texture descriptors.
Among these, 11 were categorical variables,
while 952 were continuous. As the categorical
features primarily described spatial and mor-
phological characteristics with limited predictive
relevance, subsequent feature processing fo-
cused on screening and dimensionality reduc-
tion of the continuous variables. High-contrast
features were selected for model training to
enhance objectivity and reproducibility.

Feature extraction

During the feature extraction phase, analy-
sis of variance-was initially applied to screen
variables. Columns with a variance<1 were
removed to eliminate features contributing min-
imally to the results, leaving 515 continuous
variables. Using the corr() function in Python for
correlation analysis, we quantified inter-variable
relationships and identified highly correlated or
weakly informative features, reducing the data-
set to 194 variables. Subsequently, the tsfresh
package was used to generate time-series-
based descriptors. The 1,667x194 feature ma-
trix was processed with the extract_features al-
gorithm and partitioned into 289 groups based
on “group” and “group_id” columns. For each
group of 194 variables, we derived maxima, au-
tocorrelation, and other features, forming a new
dataset of 289x150,336 dimensions. Subse-
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quently, the select_features function was then
applied to assess feature relevance and remove
uninformative variables, retaining approximately
5% of features and producing a reduced data-
set of 289x79,220.

Finally, a random forest algorithm was employed
for feature ranking and optimization. Feature
importance scores were computed with respect
to the target outcome, enabling the identifica-
tion of highly predictive variables. The top 15
most important features were selected and
mapped back to the original dataset, forming
the final optimized feature subset (Table 2).

Model architecture

A classification model was constructed based
on the multi-head attention mechanism and
Transformer network (Figure 2). Within this
framework, multiple self-attention units were
integrated, and their outputs were concatenat-
ed, enabling efficient parallel training.

By combining multi-head attention with posi-
tion-wise feed-forward networks, the Trans-
former eliminated the need for additional
convolutional or recurrent layers, simplifying
the architecture while enhancing parallel com-
puting efficiency without compromising model
performance [18]. The parameters of the mod-
el are detailed in Table 3.
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Figure 2. Multiple attention mechanisms and Transformer model diagrams.
Table 3. Model parameters and their specifications
Parameter Description Value
NUM_head Number of heads in the multi-head attention mechanism 6
Dropout Dropout rate to prevent overfitting 0.1
Hidden Dimension of the hidden layer 512
LR Learning rate (controls the update speed of parameters during training) le-3
Vocab_size Vocabulary size 15
Embed_dim Embedding dimension of the feature vectors 120
Epoch Number of training epochs 150
Batch_size Mini-batch size for training 64

The proposed model adopts an encoder-de-
coder architecture. The encoder integrates
multi-head self-attention and position-wise
feed-forward layers to extract high-dimension-
al dependencies from the input features. The
decoder further refines these representations
by incorporating encoder-decoder attention
and projecting the output through a softmax
classifier. Positional encoding helps preserve
the sequential nature of radiomic data. This
architecture effectively captures long-range de-
pendencies and complex feature relationships
derived from CT images, thereby supporting ac-
curate subtype classification.

Assessment indicators

To comprehensively evaluate the segmentation
performance of the model, the following key
evaluation metrics were employed:

Accuracy

Accuracy reflects the proportion of predictions
correctly classified by the model. It integrates
true positives (TP), true negatives (TN), false
positives (FP), and false negatives (FN), thus
indicating whether the overall predictions are
correct. In lung adenocarcinoma subtype clas-
sification, higher accuracy indicates that the
model correctly identifies a larger proportion of
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cases. The calculation formula is as follows:

N (TP+TN),

A 1
couracy= g Vict o rp e,
1

Recall

Recall represents the proportion of samples
belonging to a given positive class that are
correctly identified by the model. In the deep
learning-driven three-class classification of lung
adenocarcinoma, when any subtype is desig-
nated as the positive class, a high recall indi-
cates that the model can effectively capture its
pathological features, thus reducing the risk of
underdiagnosis. The formula is as follows:

N (TP);
=1 (Tp+EN),

Recall= L
N

F1-Score

The F1-score is the harmonic mean of precision
and recall. Since precision and recall may trade
off against each other, relying on a single indi-
cator may not fully reflect model performance.
The Fl-score integrates both measures, and a
higher value indicates that the model achieves
a better balance between precision and recall,
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Table 4. Performance metrics of the Transformer model

Accuracy F1-score Recall AUC
Training 0.980 0.942 0.940 0.990
Validation 0.914 0.874 0.871 0.880

Note: AUC, area under the curve.

thereby providing a more comprehensive as-
sessment of its ability to classify lung adenocar-
cinoma subtypes. The calculation formula is as
follows:

Precision*Recall
F1-score=2% ———— 3)

Precisiont+Recall

Area under the curve (AUC)

AUC refers to the area under the receiver oper-
ating characteristic curve, which plots the false
positive rate (FPR) on the x-axis and the true
positive rate (TPR) on the y-axis. The FPR and
TPR are defined as:

FP

FPR= (4)
FP+TN

TPR=—2 (5)
TP+FN

AUC values range from 0.5 to 1.0, with larger
values indicating a stronger ability to discrim-
inate between classes. In the classification of
lung adenocarcinoma subtypes, a higher AUC
value indicates that the model can more effec-
tively distinguish among the three lung adeno-
carcinoma subtypes.

Results

The performance metrics of the Transformer
model, including accuracy (training_accuracy
and val_accuracy), Fl-score, recall, and AUC,
are detailed in Table 4.

Figure 3A depicts the accuracy curves for the
training and validation sets over 150 epochs,
clearly illustrating the progression of model ac-
curacy. Accuracy typically increases as training
proceeds, eventually approaching a plateau. As
expected, the training accuracy remains consis-
tently higher than the validation accuracy.

Figure 3B illustrates the loss variation curve
per epoch during Transformer model training.
This curve tracks loss values at each epoch or
batch during the training process, serving as a
key metric for monitoring model performance
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and fine-tuning hyperparameters. In the initial
phase, losses typically decrease as training
iterations progress, demonstrating the mod-
el’'s gradual acquisition of more features and
patterns. Subsequently, losses may plateau or
fluctuate when the model reaches local optima
and achieves optimal data fitting. If losses start
to increase, this indicates either overfitting the
training data or improper hyperparameter con-
figuration.

In this study, Figure 3C and Figure 3D demon-
strate the classification performance of the
Transformer model across training and test
datasets, as assessed by receiver operating
characteristic curves and their AUC values. The
receiver operating characteristic curve serves
as a crucial metric for assessing model classifi-
cation accuracy, and its AUC provides a compre-
hensive measure of model performance across
various thresholds.

A higher AUC indicates stronger discriminative
capability, while appropriate adjustment of the
decision threshold can balance TPR and FPR,
thereby improving prediction precision. The
Transformer model achieved an AUC of 0.990
on the training set, demonstrating exceptional
classification accuracy and strong learning ca-
pacity. On the validation set, the AUC reached
0.880-slightly lower but still indicative of satis-
factory generalization to unseen data.

Overall, the Transformer model exhibited su-
perior classification performance across both
datasets, establishing a solid foundation for
future research and clinical applications. Future
studies could further investigate the impact
of different threshold settings to optimize the
model’s classification effectiveness.

The Transformer model achieved a classifica-
tion accuracy of 0.980 in the training set and
0.914 in the validation set. The corresponding
recall rates were 0.942 and 0.874, Fl-scores
were 0.940 and 0.871, and AUC values were
0.990 and 0.880, respectively. Meanwhile, the
loss function approached zero, indicating stable
convergence. These findings demonstrate that
the model combining multi-head attention and
Transformer architecture delivers robust per-
formance in classifying lung adenocarcinoma
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Figure 3. Performance evaluation of the Transformer model in training and validation sets. (A) Accuracy curves
of training and validation sets across 150 epochs, showing steady improvement and convergence; (B) Training
loss curve, indicating rapid reduction and stabilization with minimal overfitting; (C) ROC curve of the training set,
demonstrating high classification capability with an AUC of 0.99; (D) ROC curve of the validation set, indicating
good generalization with an AUC of 0.88. ROC, receiver operating characteristic; AUC, area under the curve.

subtypes from CT images. Moreover, the results cancer, achieving an accuracy of approximately
suggest that variations in radiological features 0.860 [20]. Although these studies highlight the
captured by CT imaging can effectively reflect potential of traditional methods and early-stage
lesion types, highlighting the model’s potential deep learning approaches, further optimiza-
as a valuable auxiliary diagnostic tool. tion remains possible. The Transformer model
introduced in this study effectively captures
Discussion global contextual information and long-range
dependencies, which is particularly important
This study presents a Transformer-based model for identifying complex subtypes of lung ad-
incorporating multi-head self-attention mecha- enocarcinoma. Furthermore, the multi-head
nisms for classifying the three major subtypes self-attention mechanism enables the model
of lung adenocarcinoma. By integrating radio- to analyze feature relationships from multiple
mics and imaging features, the model achieved perspectives, enabling more precise differentia-
excellent performance on the training and val- tion among subtypes. This innovative approach
idation sets, demonstrating high accuracy and demonstrates clear advantages in processing
robustness in lung adenocarcinoma subtype high-dimensional radiomic data, resulting in
classification. superior model performance compared to previ-
ous studies.
Previous research has reported encouraging
results using deep learning for similar tasks. This study also has several limitations. First,
Ma et al. developed a deep learning model for the relatively small dataset may affect feature
predicting lymph node metastasis in lung ad- extraction and parameter optimization during
enocarcinoma, achieving AUC values of 0.948 radiological classification. Additionally, insuffi-
and 0.961 in the training and validation sets, cient training samples are a critical issue, since
respectively [19]. Additionally, Liu et al. pro- high-quality predictive models require adequate
posed an image-omics-based multi-subtype data to prevent overfitting, particularly for deep
classification model for non-small cell lung learning architectures like Transformer net-
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works, which typically demand massive training
datasets. Thus, sample scarcity remains a key
constraint on prediction accuracy. Second, the
current approach relies exclusively on CT im-
aging for radiological feature extraction, which
may compromise disease analysis precision
due to limited diagnostic scope. While the mod-
el effectively classifies lesions through pattern
recognition, feature selection variations could
introduce bias. Furthermore, while trend analy-
sis demonstrates potential for lesion identifica-
tion, its limited applicability in clinical decision
support, rule discovery, and interpretability may
compromise diagnostic reliability. Collectively,
these factors may reduce model accuracy and
limit its effectiveness as an auxiliary diagnostic
tool.

Clinical interpretability and practical signifi-
cance

The radiomics model developed in this study
not only achieves accurate classification of lung
adenocarcinoma subtypes (AIS, MIA, IAC) but
also demonstrates good clinical interpretability.
In clinical practice, this model is designed to
function as an auxiliary tool for radiologists rath-
er than a replacement. By leveraging radiom-
ics-derived risk scores and subtype predictions,
radiologists can obtain quantitative information
regarding lesion spatial structure, morphologi-
cal features, density variations, and texture pat-
terns, thereby enhancing their routine CT image
evaluations.

By integrating the model’s feature-importance
rankings with imaging characteristics, physi-
cians can more intuitively identify which radio-
logical features most effectively distinguish
pathological subtypes. For instance, higher-or-
der texture features may indicate intra-tumor
heterogeneity, while morphological parameters
can reflect tumor margin infiltration. Such
gquantitative insights facilitate comprehensive
decision-making in surgical planning, lesion
grading, and follow-up strategy formulation. Fur-
thermore, collaboration between Al models and
clinicians enhances diagnostic efficiency. Physi-
cians can utilize these models to rapidly screen
suspected subtypes and verify the predictions
using their expertise, fostering an “Al-assisted,
physician-guided” diagnostic workflow. This ap-
proach promotes evidence-based decision-mak-
ing while mitigating the risks of misdiagnosis
associated with over-reliance on Al systems.

Future work

Future research will focus on addressing the
current limitations of this study. In terms of data
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and sample size, we will expand the dataset
through multi-institutional collaborations and
apply data augmentation techniques to enrich
training samples. These strategies will provide
the model with a broader and more diverse
learning foundation to effectively mitigate over-
fitting.

For image selection, we plan to incorporate
multimodal imaging techniques such as MRI
and X-ray for joint analysis, capturing lesion
characteristics from multiple perspectives and
improving diagnostic accuracy. Regarding fea-
ture selection, we will optimize screening algo-
rithms and integrate clinical prior knowledge
to enhance the effectiveness of feature-trend
analysis in lesion identification, reducing the
impact of feature variations on classification
results. Additionally, we will prioritize improving
the model’s utility in clinical decision support by
enhancing interpretability and mining decision
rules, allowing the system to better assist radiol-
ogists and enhance its applicability in routine
practice.

As an emerging classification method, multi-
dimensional lesion feature analysis based on
recurrent networks enhances prediction accura-
cy by integrating clinical and imaging features,
thereby facilitating early cancer detection and
precision therapy. This approach is poised for
expanded applications in medicine, bioinfor-
matics, computer vision, and related fields. With
technological advancements, more efficient
automated classification methods are expected
to drive breakthroughs in disease diagnosis and
therapeutic innovation.

Conclusion

This study developed a Transformer-based
deep learning framework for classifying lung
adenocarcinoma subtypes (MIA, AIS, IAC). The
framework enhances sequence feature learn-
ing capabilities through multi-head attention
mechanisms and fully connected layers, thereby
improving model generalization and reducing
overfitting. This approach enables effective
training and accurate classification of radiomics
features.

Experimental results demonstrate that the
proposed Transformer model, integrating CT-de-
rived radiomics features, exhibits superior per-
formance in classifying lung adenocarcinoma
subtypes. These findings validate both the diag-
nostic capabilities of imaging features and the
clinical utility of the model. Meanwhile, radiom-
ics provide diagnostic support from multidimen-
sional perspectives, including morphology and
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grayscale, while the sequential analysis of fea-
ture variations offers greater diagnostic value
than isolated features, providing new insights
for incorporating radiological characteristics into
clinical decision-making.

Author contributions: Linrong Yuan, Yutong
Xie, and Danhong Li jointly designed the study,
developed the Transformer-based classification
model, and drafted the manuscript. Jianghui
Li, Miao Yu, Sigi Wang and Yu Wang were re-
sponsible for CT image preprocessing, radiomic
feature extraction, model training, and perfor-
mance evaluation. He Ren supervised the proj-
ect, provided critical revisions, and approved
the final version of the manuscript.

References

[1] Chen W, Zhang S, Zou X. Zhongguo Fei Ai Za
Zhi 2010;13(5):488-493.

[2] Han B, Zheng R, Zeng H, et al. Cancer
incidence and mortality in China, 2022. J Natl
Cancer Cent 2024;4 (1):47-53.

[3] Li H, Zhao M, Fei G, et al. Epidemiological
trends and incidence prediction of lung
cancer in China based on the Global Burden
of Disease study 2019. Front Med (Lausanne)
2022;9:969487.

[4] Guo L, Zhu C, Cai L, et al. Global burden of
lung cancer in 2022 and projected burden in
2050. Chin Med J (Engl) 2024;137 (21):2577-
2582.

[5] Li X, Zhang W, Yu Y, et al. CT features and
quantitative analysis of subsolid nodule lung
adenocarcinoma for pathological classification
prediction. BMC Cancer 2020;20(1):60.

[6] Chen H, Carrot-Zhang J, Zhao Y, et al.
Genomic and immune profiling of pre-
invasive lung adenocarcinoma. Nat Commun
2019;10(1):5472.

[7] Su H, Chen L, Wu J, et al. Proteogenomic
characterization reveals tumorigenesis
and progression of lung cancer manifested
as subsolid nodules. Nat Commun
2025;16(1):2414.

[8] Wu Z, Zhao Y, Peng Y, et al. LncRNA TMEM99
Complexes with IGF2BP2 to Inhibit Autophagy
in Lung Adenocarcinoma. Adv Sci (Weinh)
2025;12(33):e202507871.

[9] Wang J, Lin L, Zhao S, et al. Sheng Wu Yi Xue
Gong Cheng Xue Za Zhi 2019;36(4):670-676.

Progress in Medical Devices

(10]

(11]

[12]

(14]

(15]

(17]

(18]

(19]

[20]

Zhou J, Hu B, Feng W, et al. An ensemble
deep learning model for risk stratification of
invasive lung adenocarcinoma using thin-slice
CT. NPJ Digit Med 2023;6(1):119.

Shuvo S, Mamun TB. AutoLungDx: A Hybrid
Deep Learning Approach for Early Lung Cancer
Diagnosis Using 3D Res-U-Net, YOLOv5, and
Vision Transformers. 2023.

Yu P, Zhang H, Wang D, et al. Spatial
resolution enhancement using deep learning
improves chest disease diagnosis based on
thick slice CT. npj Digit Med 2024;7(1):335.
Kuang H, Wang Y, Liu J, et al. Hybrid CNN-
Transformer Network With Circular Feature
Interaction for Acute Ischemic Stroke Lesion
Segmentation on Non-Contrast CT Scans.
IEEE Trans Med Imaging 2024;43(6):2303-
2316.

Azad B, Adibfar P, Fu K. TransDAE: Dual
Attention Mechanism in a Hierarchical
Transformer for Efficient Medical Image
Segmentation. arXiv arXiv:2409.02018,
2024.

Zhang Y, Xi R, Wang W, et al. Low-Contrast
Medical Image Segmentation via Transformer
and Boundary Perception. IEEE Trans Emerg
Top Comput Intell 2024;8(3):2297-2309.

Jing R, Wang J, Li J, et al. A wavelet features
derived radiomics nomogram for prediction
of malignant and benign early-stage lung
nodules. Sci Rep 2021;11(1):22330.

Hussein S, Gillies R, Cao K, et al. TumorNet:
Lung nodule characterization using multi-view
Convolutional Neural Network with Gaussian
Process. 2017 IEEE 14th International
Symposium on Biomedical Imaging (ISBI
2017) 2017;1007-1010.

Papagiannopoulou A, Angeli C. Social Media
Text Summarization: A Survey Towards a
Transformer - based System Design. Adva Sci,
Technol Eng Syst J 2023;8(6):26-36.

Ma X, Xia L, Chen J, et al. Development and
validation of a deep learning signature for
predicting lymph node metastasis in lung
adenocarcinoma: comparison with radiomics
signature and clinical - semantic model. Eur
Radiol 2023;33(3):1949-1962.

Liu J, Cui J, Liu F, et al. Multi-subtype
classification model for non-small cell lung
cancer based on radiomics: SLS model. Med
Phys 2019;46(7):3091-3100.

181



Progress in Medical Devices
ISSN: 2957-5478

Review Article

https://doi.org/10.61189/220864jklusg

Application of recurrent laryngeal nerve monitoring
technology in thyroid and parathyroid surgery

Yong Wang, Yu Zhou

School of Health Science and Engineering, University of Shanghai for Science and Technology, Shanghai 200093,
China.

Corresponding author: Yu Zhou.
Declaration of conflict of interest: None.
Received December 8, 2024; Accepted February 26, 2025; Published September 30, 2025

Highlights

¢ A systematic introduction to the electrophysiological principles of recurrent laryngeal nerve (RLN) monitoring, the
principles of RLN monitoring equipment, and the main RLN monitoring devices currently available.

¢ A discussion of the standardized procedures for RLN monitoring, along with methods for managing abnormal
conditions during surgery.

¢ An analysis of the development status and future prospects of RLN monitoring technology.

Abstract

Protecting the recurrent laryngeal nerve (RLN) and superior laryngeal nerve during thyroid and parathyroid surgery
remains a significant challenge. Traditional methods primarily rely on visual identification and regional protection
techniques to minimize nerve injury. However, these approaches often face challenges such as limited working
space, high procedural difficulty, and incomplete tissue removal. Intraoperative nerve monitoring uses neuro-
physiological techniques to assess the functional integrity of nerves, aiming to prevent or reduce nerve damage.
Intraoperative nerve monitoring for laryngeal nerve protection during thyroid and parathyroid surgery provides
an effective means of evaluating RLN damage. For successful RLN monitoring, both monitoring personnel and
surgeons need a solid understanding of nerve monitoring principles, follow of standardized surgical procedures,
and be able to troubleshoot abnormal signals during surgery. With ongoing advancements in technology, nerve
monitoring devices are expected to become more sensitive, offering rapid and precise waveform analysis, and en-
hancing user-friendliness. Additionally, minimally invasive thyroidectomy and robot-assisted surgical systems hold
promising potential for the future of thyroid surgery. This paper reviews the use of Intraoperative nerve monitoring
and RLN monitoring, incorporating the latest research from both domestic and international studies. It discusses
the importance of RLN monitoring, the principles of monitoring technologies, current research on RLN monitoring
technology, guidelines for nerve monitoring, and strategies for managing and analyzing abnormal monitoring sig-
nals.

Keywords: Intraoperative nerve monitoring, recurrent laryngeal nerve, thyroid

Introduction

Thyroid cancer has become one of the fast-
est-growing solid malignancies worldwide, with
rising incidence and prevalence. According to a
2013 analysis of data from 255 cancer regis-
tries conducted by the National Cancer Registry
Center, thyroid cancer ranks as the seventh
most common cancer overall and the fifth
most common among women with a significant
upward trend in its incidence [1]. Recurrent
laryngeal nerve (RLN) injury remains one of

the most common and serious complications
associated with thyroidectomy. Several factors
contribute to RLN injury, including age, differ-
entiated thyroid carcinoma, and skin color. The
overall incidence of RLN injury within 30 days
following thyroid surgery is reported to be 6.0%
[2]. RLN injury is widely recognized as a major
complication of thyroid surgery. In China, the
incidence of intraoperative RLN injury ranges
from 2.23% to 7.40% [3].

Intraoperative neurophysiological monitoring
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(IONM) applies electrophysiological principles to
assess nerve function through electrical stimu-
lation, which induces nerve impulses that travel
along the monitored nerve, triggering muscle
contractions and generating electromyography
(EMG@G) signals [4]. The advantages of IONM
include enhanced nerve identification and the
prevention of nerve injury. IONM is particular-
ly valuable in protecting motor nerves during
thyroid and parathyroid surgeries, especially in
high-risk procedures involving nerve damage,
minimally invasive laparoscopic surgeries with
limited working space, and surgeries where vo-
cal function preservation is critical [5, 6].

Although RLN monitoring offers numerous tech-
nical advantages, its effectiveness depends
on proper implementation. Surgical staff must
undergo specialized training in laryngeal nerve
recording to ensure accurate functional as-
sessment and provide effective assistance to
the surgeon. This article aims to introduce key
aspects of RLN monitoring in thyroid surgery to
help clinicians better understand, standardize,
and appropriately apply RLN monitoring tech-
nology in clinical practice.

Significance of RLN monitoring

Protecting the RLN has always been a key focus
in thyroid surgery. Since the late 19th century,
surgeons have employed various anatomical
techniques to safeguard the RLN, requiring
meticulous dissection and leaving a portion of
thyroid tissue to protect the nerve. These tech-
niques include the “nerve palpation protection
technique” and the “anatomical exposure tech-
nique.” The nerve palpation technique involves
gently identifying and isolating the RLN through
tactile exploration during surgery, while the an-
atomical exposure technique requires detailed
dissection to directly visualize and protect the
nerve. Both approaches aim to minimize the
risk of RLN injury during thyroidectomy, which
is essential for preserving vocal function and
preventing postoperative complications. Howev-
er, incomplete removal of surrounding tissues
poses a risk of requiring multiple surgeries to
excise tumors, which in turn increases the like-
lihood of RLN injury.

In 1966 and 1970, Shedd and Flisberg inde-
pendently proposed the use of nerve monitor-
ing technology during thyroid surgery to help
surgeons assess RLN function and detect po-
tential damage during procedures [7, 8]. Since
then, RLN monitoring has gained increasing
attention from surgeons.

The RLN is a branch of the vagus nerve that
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emerges after the nerve enters the thoracic
cavity. The terminal branches of the RLN inner-
vate the mucosa below the glottis and all laryn-
geal muscles except the cricothyroid muscle,
making it the primary motor nerve for these
muscles. Clinically, unilateral RLN injury can
result in unilateral vocal cord paralysis, while
bilateral RLN damage may lead to aphonia, re-
spiratory distress, and even suffocation [9].

In addition, a rare anatomical variation known
as the nonrecurrent laryngeal nerve (NRLN)
exists, where the right RLN arises directly from
the main trunk of the vagus nerve in the upper
neck, bypassing its usual course and entering
the larynx near the lower pole of the thyroid.
This variation is often associated with the right
subclavian artery, which originates from the left
side of the aortic arch. The incidence of this
variation is higher on the right side than on the
left [10].

Relevant data indicate that the incidence of
NRLN ranges from 0.5% to 1.0% [11]. While
the likelihood of this variation is relatively low, it
remains a significant factor contributing to RLN
injury. Failing to recognize the presence of an
NRLN increases the risk of RLN damage during
surgery [12, 13]. Therefore, a thorough preop-
erative assessment and understanding of the
anatomical and physiological structure of the
NRLN are crucial.

Principle of RLN monitoring

RLN monitoring technology operates by using a
stimulation electrode to generate an electrical
current of specific intensity. This electrical stim-
ulation induces nerve impulses in the motor
neurons, which are transmitted to the inner-
vated muscles, causing muscle contractions
and generating EMG signals. The monitoring
electrode, in contact with the muscle, detects
these EMG signals and transmits them back to
the nerve-monitoring device for amplification
and processing. The processed signals are dis-
played as an EMG trace and accompanied by
an auditory alert, depending on the results [14].

The nerve monitoring system primarily consists
of the monitoring device, stimulation equip-
ment, recording equipment, and other related
devices. A schematic diagram of the monitoring
process is presented in Figure 1.

Monitoring device main unit
The main unit of the monitoring device is

the core component of the nerve monitoring
system. It generates electrical stimulation sig-
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nals, processes EMG signals, issues alerts,
and displays and stores information. Several
parameters of the main unit can be adjusted
during operation, including the event threshold,
stimulation current intensity, stimulation fre-
quency, and pulse width. The event threshold
refers to the minimum amplitude that triggers
a response from the system and can be set
based on surgical requirements. Establishing
an appropriate event threshold is crucial for
optimizing early warning effectiveness in nerve
injury detection.

The most widely used intraoperative nerve
monitoring devices include the Medtronic se-
ries, Inimed series, and Dr. Langer Medical se-
ries.

(1) Medtronic Series: The Medtronic series
includes three products: NIM-Response 3.0,
NIM-Neuro 3.0, and NIM Vital.

NIM-Response 3.0 is specifically designed for
RLN monitoring during thyroid and neck surger-
ies. It supports unilateral nerve monitoring and
provides both audio and visual feedback on
nerve function.
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NIM-Neuro 3.0 offers multi-channel functional-
ity, making it ideal for complex, high-risk surger-
ies.

NIM Vital (introduced in 2020) features a wire-
less design for both the patient interface and
the console, making it portable and easy to po-
sition.

(2) Inimed Series: The Inimed series includes
the C2 NerveMonitor and ISIS IOM System.

C2 NerveMonitor is designed for RLN mon-
itoring, supporting bilateral stimulation and
multi-channel recording.

ISIS IOM System is a comprehensive intraoper-
ative nerve monitoring system that can monitor
the RLN, facial nerve, and peripheral nerves
simultaneously, making it suitable for complex
surgeries, including neurosurgical applications.

(3) Dr. Langer Medical Series: The Dr. Langer
Medical series includes the Neurosign 400 and
Neurosign V4.

Neurosign 400 is specifically designed for RLN
monitoring, allowing unilateral nerve monitoring
with rapid nerve stimulation and feedback.

Neurosign V4 is a multifunctional nerve moni-
toring device with multi-channel capability, sup-
porting various types of nerve monitoring.
Principle of electrical stimulation

The stimulating device, also known as the stim-

ulation electrode, delivers electrical currents to
depolarize motor nerve fibers, generating ac-
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Figure 3. Schematic of a biphasic electrical stimulation pulse.

tion potentials that are transmitted to the vocal
cord muscles innervated by the nerve. Stimula-
tion electrodes come in two main types: monop-
olar and bipolar, with various probe designs,
including spherical, needle-shaped, and hook-
shaped electrodes. These electrodes differ in
size, shape, electrode type, and contact form,
allowing selection based on specific needs.
Additionally, combining anatomical or endo-
scopic instruments with stimulation probes has
gained attention for enhancing nerve monitor-
ing precision during surgery. Wu et al. used ten
different stimulation probes to stimulate the
laryngeal nerves and monitor nerve function,
demonstrating that monopolar electrodes, bi-
polar electrodes, and stimulating anatomical
instruments are all effective in inducing nerve
impulses, thus supporting RLN monitoring [15].

Electrical stimulation can be categorized into
monopolar and bipolar modes based on the
type of electrode used. In monopolar stimula-
tion, the current is emitted from the stimulator,
passes through tissue or nerve, and returns
to the stimulation device via the return elec-
trode plate. Due to the relatively large distance
between the stimulator and the return elec-
trode plate, current distribution in monopolar
stimulation is more diffuse, making it suitable
for locating the general course of nerves. In
contrast, bipolar stimulation involves current
flow between two probes placed a few millime-
ters apart, resulting in a more focused current
distribution, which is particularly effective for
precise nerve localization [15].

Electrical stimulation that induces nerve im-
pulses can be generated using either a con-
stant-voltage source or a constant-current
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source. The latter is preferred due to its stable
current delivery, controllable stimulation ef-
fects, and reduced risk of overstimulation. Key
parameters involved in electrical stimulation
include pulse intensity, pulse width, pulse fre-
quency, and stimulation waveform [16]. For
RLN stimulation, the typical current range is 0-5
mA, with a pulse width of approximately 50-200
us, a pulse interval of 100 pus, and a frequency
of 1-4 Hz. These pulse parameters are illustrat-
ed in Figure 2.

Both positive and negative pulses can induce
nerve impulses, though the mechanisms dif-
fer slightly. During negative pulse stimulation,
the negative charge on the electrode causes a
redistribution of charges on the axonal mem-
brane [17]. Negative charges accumulate on
the membrane’s exterior beneath the elec-
trode, while positive charges inside the mem-
brane move toward the electrode. This leads to
depolarization beneath the electrode and hy-
perpolarization farther from it. When the mem-
brane potential reaches the threshold voltage,
an action potential is triggered. Positive pulses
induce the opposite effect: positive charges
accumulate on the electrode, moving negative
charges inside the membrane toward the elec-
trode, leading to depolarization further from the
electrode and hyperpolarization near it. When
the membrane potential reaches threshold,
an action potential is triggered. The action po-
tentials induced by both positive and negative
pulses are illustrated in Figure 3.

Regarding stimulation waveforms, the main
types are monophasic pulse, symmetric bipha-
sic pulse, and asymmetric biphasic pulse [16].
Domestic researchers have verified various
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pulse signals, including the Cathodic Monopha-
sic Pulse, Anodic Monophasic Pulse, Cathodic
First Charge Balanced Biphasic Pulse, Anodic
First Charge Balanced Biphasic Pulse, Cathodic
First Charge Balanced Anterior Pseudomono-
phasic Pulse, and Anodic First Charge Balanced
Posterior Pseudomonophasic Pulse. The exci-
tation induced by these waveforms, from larg-
est to smallest, is as follows: Cathodic Mono-
phasic Pulse, Cathodic First Charge Balanced
Anterior Pseudomonophasic Pulse, Cathodic
First Charge Balanced Biphasic Pulse, Anodic
First Charge Balanced Posterior Pseudomo-
nophasic Pulse, Anodic First Charge Balanced
Biphasic Pulse, and Anodic Monophasic Pulse.
These waveforms are illustrated in Figure 4. For
RLN stimulation, biphasic pulse stimulation is
generally preferred to avoid charge imbalance
on the nerve and prevent electrode corrosion.
The first phase of a biphasic pulse is a negative
pulse to activate neurons, while the second
phase is a positive pulse to balance the charge.

Principle of EMG signal acquisition

The purpose of the recording device is to cap-
ture EMG signals from muscles innervated by
the nerve. Neuronal discharge activates numer-
ous muscle fibers, and the cumulative activity
of these fibers generates the EMG signal. As
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the force exerted by the body increases, more
muscle fibers are recruited, resulting in a corre-
sponding increase in the amplitude of the EMG
signal [18]. The EMG signal is shown in Figure
5. By analyzing the waveform, amplitude, and
latency of the EMG signal, nerve damage can
be assessed. A detailed description of the EMG
signal is provided in Figure 6.

The EMG signal can be captured using surface
electrodes on the monitoring catheter in direct
contact with the vocal cords or by inserting
a needle electrode into the lower and lateral
parts of the thyroid cartilage’s anterior horn.
Zhao et al. compared three types of recording
electrodes using pigs: monitoring catheter
surface electrodes, thyroid cartilage adhesive
electrodes, and thyroid cartilage needle elec-
trodes [19]. Their findings indicated that the
monitoring performance of all three electrodes
was nearly identical. However, non-invasive,
indwelling monitoring via catheter electrodes is
more commonly used in clinical practice [20].

To visualize the EMG signal, it is important to
recognize that EMG signals are weak bioelec-
trical signals with small amplitudes (1 mV to
10 mV) and a frequency range of 0-500 Hz.
These signals are highly susceptible to exter-
nal interference, such as power-line noise,
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equipment-generated noise, and movement
artifacts. Therefore, the raw EMG signal must
be amplified several thousand times and fil-
tered to remove unwanted noise [18]. In the
circuit, an instrumentation amplifier is used
with a main amplifier to amplify the EMG signal.
The instrumentation amplifier provides a high
common-mode rejection ratio (CMRR), initially
amplifying the signal by several tens of times.
The main amplifier further amplifies the signal
by tens to hundreds of times. A filtering circuit,
including high-pass and low-pass filters, iso-
lates the primary frequency range of the EMG
signal. A notch filter is employed to eliminate
power-line interference. Finally, the processed
EMG data is converted into a digital signal and
processed by a microcontroller [21]. The flow-
chart of the EMG signal acquisition process is
shown in Figure 7. Other devices, such as line
connection devices, storage equipment, and
printing devices, are also used.

Current research status of RLN monitoring
technology

RLN monitoring technology has been widely
adopted worldwide, and decades of develop-
ment have led to continuous innovation in this
field. Current advancements in RLN monitoring
technology focus on four main areas: the stimu-
lation end, signal acquisition, monitoring instru-
ment software, and application methods.

Innovation in the stimulation end involves
integrating anatomical instruments with stim-
ulation probes, resulting in devices like the
stimulating dissector. This tool allows surgeons
to seamlessly switch between anatomical in-
struments and stimulation probes, improving
convenience and efficiency [22-24]. The most
common signal acquisition method is using
an endotracheal tube with surface electrodes,
which is non-invasive and easy to use. Recent
innovations include the thyroid cartilage needle
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electrode, which indirectly contacts the effector
muscles, offering more precise signal acquisi-
tion with enhanced sensitivity [19, 25].

Innovations in monitoring instrument software
aim to improve signal sensitivity, automate
waveform analysis, enhance anti-interference
capabilities, and provide user-friendly features.

Regarding application methods, two key inno-
vations have emerged. The first is minimally
invasive thyroidectomy assisted by endoscopy,
using endoscopic forceps equipped with nerve
monitoring capabilities. This procedure can be
performed via axillary or bilateral axillary-breast
approaches or through natural orifice surgery.
Minimally invasive thyroidectomy offers high
cosmetic satisfaction and comparable surgical
outcomes and complication rates to traditional
thyroidectomy [26, 27]. The second innovation
is robot-assisted thyroidectomy, which leverag-
es the precision and flexibility of robotic sys-
tems to overcome the limitations of traditional
and endoscopic thyroidectomy, offering new
directions for surgical innovation [28, 29].

Monitoring process

The monitoring process is complex and requires
collaboration among various professionals, in-
cluding the surgeon, anesthesiologist, technical
experts, and neuro-monitoring staff. Each plays
a specific role and contributes to the process.
If neuro-monitoring personnel lack proper train-
ing or if neuro-monitoring procedures are not
standardized, it can lead to inaccurate neuro-
physiological data, potentially misleading the
surgeon. Therefore, adherence to standardized
neuro-monitoring protocols, accurate analysis
of abnormal conditions, and the identification
of appropriate patient populations are essential
for maximizing the benefits of this technique.

Steps of RLN monitoring technique

To ensure successful RLN monitoring, standard-
ized operational procedures must be followed.
The international guidelines for RLN monitoring,
published in 2011 and 2013, outline the steps
for intraoperative nerve monitoring, including
preoperative laryngoscopy, preoperative vagus
nerve identification, postoperative vagus nerve
detection, and postoperative laryngoscopy [20,
30].

The Thyroid Surgery Committee of the Chi-
nese Medical Association’s Surgical Physician
Branch has published clinical guidelines for
intraoperative nerve monitoring during thyroid
and parathyroid surgeries in 2013, 2017, 2019,
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Table 1. RLN monitoring steps

Abbreviations Specific steps

L1 Preoperative Laryngeal Examination

Vi Preoperative Vagus Nerve Detection

R1 After precisely locating the RLN, detect the RLN

S1 Pre-Thyroid Upper Pole Vascular Handling: Detection of the External Branch of the Superior
Laryngeal Nerve

S2 Post-Thyroid Upper Pole Vascular Handling: Detection of the External Branch of the Superior
Laryngeal Nerve

R2 Postoperative Detection of the RLN

V2 Postoperative Detection of the vagus nerve

L2 Postoperative Laryngeal Examination

Note: RLN, Recurrent Laryngeal Nerve.
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Figure 7. EMG signal acquisition. ADC, analog-to-digital converter; EMG, electromyography.

and 2023. These guidelines define standard-
ized procedures for nerve monitoring and offer
recommendations.

Since the release of the first Chinese guidelines
in 2013, the procedures for RLN monitoring
have gained widespread recognition in the
medical community. The monitoring process
has evolved from an initial six-step method to
an eight-step method (Table 1). These steps in-
clude: preoperative laryngeal examination (L1),
preoperative vagus nerve detection (V1), RLN
detection (R1), detection of the external branch
of the superior laryngeal nerve before handling
the thyroid upper pole vessel (S1), detection of
the external branch of the superior laryngeal
nerve after handling the thyroid upper pole
vessel (S2), postoperative RLN detection (R2),
postoperative vagus nerve detection (V2), and
postoperative laryngeal examination (L2).

By comparing signals before and after surgery,
the function of the nerve can be assessed,
providing valuable information for subsequent
diagnosis and treatment.

Analysis and handling of abnormal EMG sig-
nals

Abnormal EMG signals are characterized by
a significant decrease in the amplitude of the
EMG signal during surgery, compared to the
normal signals obtained preoperatively. In a
dry environment, with an electrical stimulation
intensity of 1-2 mV, if the amplitude of the EMG
signal drops below 100 pV and there is no
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laryngeal or glottic twitching, it is considered
as the loss of the EMG signal [31]. Abnormal
EMG signals may be caused by issues with the
monitoring system or nerve damage. When
abnormal signals are detected, it is crucial to
identify the cause quickly and take appropriate
measures to minimize RLN damage and adjust
the surgical plan if necessary.

During surgery, the first step when abnormal
EMG signals are detected is for the surgeon
to assess the laryngeal spasm response. This
involves stimulating the ipsilateral vagus nerve
and observing the laryngeal muscle tremor.
The surgeon should palpate the cricothyroid
muscle at the posterior aspect of the cricoid
cartilage to monitor for muscle contraction. If
a laryngeal spasm response is observed, it in-
dicates that the stimulation system and neural
function are intact, suggesting the abnormal
signal may be due to issues with the recording
equipment. The most common problem with re-
cording equipment is electrode misplacement,
which can occur due to catheter displacement,
improper depth placement, or poor contact. In
such cases, the monitoring catheter should be
repositioned.

It is also important to check for poor contact
with the grounding electrode. Sweat accumu-
lation may cause the grounding electrode to
detach or shift. If no laryngeal spasm response
is observed, the issue may lie with the stimula-
tion system. The first step is to verify whether
the stimulation current is sufficient. If the cur-
rent is abnormal, it could be due to a malfunc-

188



Progress in Medical Devices 2025; 3 (3): 182-190. PMD24120406

tion of the stimulation electrode or incorrect
stimulation channel settings. In this case, the
stimulation electrode should be replaced or the
stimulation channel adjusted. If the stimulation
current is normal, the issue could be caused by
excess fluid in the surgical field, leading to cur-
rent dispersion. In such cases, the surgical field
should be dried.

Neural injury analysis and management

If the initial EMG signal is normal and a suf-
ficiently strong stimulation current is applied
to the nerve, but the EMG signal becomes
abnormal or disappears without any laryngeal
spasm response under laryngoscopy, a thor-
ough review of the lost EMG signal is required.
If no issues are found with the monitoring
system, the surgeon should strongly suspect
nerve injury. Neural injuries detected through
IONM can be categorized into two types. Type
| injury, also known as segmental injury, refers
to the identification of a specific point or site
of injury in the RLN. This type of injury is most
commonly caused by excessive traction, clamp-
ing, or thermal injury, with traction being the
most frequent cause [4, 32]. Type II injury, or
complete injury, occurs when no EMG signals
are detected in both the RLN and the ipsilateral
vagus nerve, but signals are present in the con-
tralateral RLN and vagus nerve. In Type I injury,
no specific point or segment of injury can be
identified, and the underlying mechanism re-
mains unclear.

Traction-induced RLN injury is the most com-
mon form, with the EMG signal gradually de-
creasing in proportion to the extent of traction.
If detected early and addressed promptly, the
EMG signal may recover. If the RLN signal drops
to 50% or less of its normal amplitude, this
serves as an early warning of potential nerve
injury [33]. In such cases, surgery should be
paused, and a 20-30-minute observation pe-
riod should be allowed to assess whether the
signal recovers, while the possible causes are
analyzed. If the EMG signal recovers, surgery
can resume, but extra caution should be taken
to avoid further injury. If the EMG signal does
not recover, it may be necessary to adjust the
surgical plan accordingly [34].

Summary

IONM technology provides an effective means
of assessing RLN injury during surgery, offering
valuable support to surgeons. However, chal-
lenges remain in the application of RLN moni-
toring technology: monitoring personnel must
receive specialized training, surgeons must be
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skilled in standardized procedures, and they
must be able to troubleshoot abnormal signals
effectively. IONM technology requires rapid and
precise physiological signal acquisition and
response, imposing stringent demands on both
hardware and software. To meet these chal-
lenges, nerve monitoring devices must improve
sensitivity, automate waveform analysis, and
enhance anti-interference capabilities, minimiz-
ing the risk of intraoperative nerve injury.

As technology continues to advance, nerve
monitoring equipment is expected to evolve
toward greater sensitivity, faster and more
accurate waveform analysis, and enhanced
user-friendliness. Moreover, minimally invasive
thyroidectomy and robot-assisted thyroidectomy
are likely to be key areas of focus for the future
development of thyroid surgery.
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Highlights
(. This review explores advancements in leadless pacemaker technology, focusing on optimized wireless communi—\
cation, energy-efficient strategies, and artificial intelligence-enhanced clinical applications.
¢ As a minimally invasive innovation, these devices enhance patient outcomes through adaptive algorithms and
secure data transmission. Key developments include load modulation to maintain signal integrity and intelligent
remote monitoring for real-time diagnostics.
* The review also addresses cybersecurity challenges and underscores the transformative potential of integrated
\ intelligent systems in revolutionizing cardiac therapeutics. y,

Abstract

Leadless pacemakers have emerged as a mainstream clinical solution, and their communication capabilities,
crucial for reliable pacing and device monitoring, continue to evolve. This review systematically examines the
fundamental principles of leadless pacemaker communication systems, current design requirements, existing
challenges, and future development trends. We outline the bidirectional communication mechanism between
leadless pacemakers and external programmers through wireless technologies, focusing on radio-frequency field
communication coupled with load modulation techniques to optimize energy efficiency and transmission reliability.
Additionally, we analyze the role of artificial intelligence in adaptive communication protocols and explore the clini-
cal potential of remote monitoring and control systems. This comprehensive analysis aims to serve as a reference
for the development of communication architectures for leadless pacemakers.

Keywords: Pacemaker, leadless, wireless communication, radio frequency field, programming, remote control

Introduction

Leadless pacemakers represent a transforma-
tive advancement in cardiac rhythm manage-
ment, offering a minimally invasive alternative
to traditional lead-based systems by eliminating
the need for transvenous leads and subcutane-
ous pockets. These devices mitigate lead-relat-
ed complications such as infection, lead frac-
ture, and dislodgement, while also improving
patient comfort and cosmetic outcomes.

As the technology evolves, leadless pace-
makers have expanded from single-chamber
ventricular pacing to dual-chamber and even
multi-chamber systems, enabling more physio-
logical pacing modes.

However, the absence of physical leads neces-
sitates robust wireless communication systems
to ensure reliable bidirectional data transmis-
sion between the implanted device and exter-
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physics, School of Basic Medical Sciences, Xi’an Jiaotong University, 76 Yanta West Road, Yanta Cam-
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Figure 1. Schematic diagram of communication structure of the pacemaker in vivo and in vitro. ECG, electrocar-

diogram.

nal programmers, as well as among multiple
devices within the heart.

The communication system is integral to the
functionality of leadless pacemakers, enabling
not only real-time telemetry and parameter
adjustment but also advanced features such
as adaptive pacing and remote monitoring. De-
spite significant progress, challenges remain in
achieving energy-efficient, high-fidelity commu-
nication through biological tissues while mini-
mizing power consumption and electromagnetic
interference. This review provides a comprehen-
sive overview of current state of leadless pace-
maker communication technologies, including
methods based on radio frequency (RF), load
modulation, energy harvesting, and the emerg-
ing role of artificial intelligence in enhancing
adaptive communication and cybersecurity.
We also discuss clinical applications, ongoing
challenges, and future directions aimed at op-
timizing the performance and safety of these
innovative devices.

Communication with a leadless pacemaker

Basic communication functions of leadless
pacemakers

For patients with arrhythmia, heart block, or
cardiac insufficiency, a permanent cardiac
pacemaker is commonly implanted to deliver
electrical stimulation pulses at the required
frequency and intensity, restoring sinus rhythm
[1]. Pacemakers can be classified into leaded
and leadless types, based on the presence or
absence of leads. Leadless pacemakers are
smaller and differ from leaded pacemakers
in terms of size and implantation site. With-
out leads traversing blood vessels or cardiac
chambers, leadless pacemakers offer simpler
implantation, reduced trauma, and a lower risk
of associated complications. Additionally, the
absence of subcutaneous implantation device,
further reduces the risk of infection. Leadless
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pacemakers also offer advantages such as
lighter weight, smaller size, and minimal inter-
ference with daily activities [2]. Currently, lead-
less pacemakers are the mainstream choice
among implantable cardiac pacemakers in clin-
ical practice.

The primary communication requirement of
leadless pacemakers pertains to bidirectional
signal transmission between the implantable
device and the external programming unit. The
implantable component of a leadless cardiac
pacing system includes a stimulation circuit,
electrode, communication system, battery,
and protective housing. For pacemakers with
adaptive functions, a sensing circuit may also
be included to capture specific signals such as
acceleration, pressure, and pH. The communi-
cation system includes signal acquisition, pro-
cessing, and conversion modules, along with
signal transmitter and receiver modules [3]. It
functions by converting physiological signals,
such as electrocardiogram (ECG), into digital
signals via analog-to-digital conversion and
transmitting them to the external programming
device. The receiver module accepts command
signals from the external programming system,
decodes them through digital-to-analog conver-
sion, and adjusts the pacing pulse amplitude
and frequency accordingly. This facilitates
real-time, bidirectional wireless transmission
of both data and commands [4]. Figure 1 illus-
trates the interaction between the intracavity
and extracavity structures of the pacemaker
communication system.

Wireless communication methods for leadless
pacemakers

Since the leadless pacemaker is directly im-
planted in the heart chamber, 6-10 cm beneath
the body surface, and its position changes with
cardiac motion, wireless communication is the
only viable method for achieving two-way com-
munication between the pacemaker and the
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Figure 2. Configuration and intracardiac communication of a dual-chamber leadless pacemaker. (A) Schematic
diagram of the implantation position of the dual-chamber leadless pacemaker in the heart. The two pacemakers
are typically located in the right atrium and right ventricle respectively; (B) The intracavitary and extracavitary
communication mode diagram of the dual-chamber pacemaker.

external programmer. Common wireless com-
munication methods include Bluetooth, Wi-Fi,
5G, and RF field communication [5].

Currently, most pacemakers used in clinical
practice rely on RF electromagnetic waves for
communication between pacemakers and
program controllers [6]. Research and develop-
ment by universities and companies primarily
focus on improving RF-based communication
between pacemakers and external devices.

This method requires both the pacemaker and
the program controller to have coil structures
for signal transmission and reception. When
the pacemaker sends a signal to the program
controller, effective coupling between the coils
of the pacemaker and the program controller is
necessary to ensure efficient and accurate sig-
nal transmission.

The microprocessor first converts the signal
through analog-to-digital coding, then modu-
lates it using a modulation circuit. The signal
is then transmitted as a high-frequency elec-
tromagnetic wave capable of penetrating the
pacemaker housing and human tissues. The
modulated signal is amplified by the power
amplification circuit and transmitted via the
transmitting coil. The receiver circuit in the
program controller receives the signal, sepa-
rates the high-frequency carrier signal using a
demodulation circuit, and decodes it to obtain
the original ECG signal and other data collected
by the pacemaker. The process by which the
program controller sends control signals to the
pacemaker follows a similar mechanism.

For dual-chamber or multi-chamber pacing sys-
tems, communication is required not only be-
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tween the internal pacemaker and the external
programming device but also between pace-
makers in different cardiac chambers to ensure
synchronized pacing between the atrium and
the ventricle [7]. In a dual-chamber pacemaker
system, for example, the pacemaker implanted
in the atrium initiates the pacing pulse, and the
pacemaker implanted in the ventricle follows
suit. Thus, only one-way communication from
the atrium to the ventricle is needed [8]. While
the distance between the two pacemakers is
minimal, strict requirements for pacing time
intervals, communication transmission rates,
and the safety and accuracy of communication
still make RF field communication the preferred
method.

In this system, the atrial pacemaker serves as
the master pacemaker, communicating bidirec-
tionally with the external programming device
while simultaneously sending control signals
to the ventricular pacemaker. The ventricular
pacemaker, as a slave pacemaker, receives
control signals from the atrial pacemaker, en-
ters a period of atrioventricular delay, and then
delivers pacing pulses to control ventricular
pacing. Figure 2 depicts the communication
relationship between the components of the
dual-chamber pacing system. A similar commu-
nication mode applies to multi-chamber pace-
makers.

Design requirements for communication sys-
tems in leadless pacemakers

The communication system of a leadless pace-
maker includes modules for signal acquisition,
processing, and conversion, as well as signal
transmitter and receiver modules. These com-
ponents convert ECG signals into digital data,
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which is transmitted to the external device. This
communication is bidirectional: the pacemaker
transmits information about its working state,
parameters, and collected electrophysiological
signals to the external programming device for
analysis and storage for future research [9]. In
turn, the external device can send control com-
mands to adjust pacing parameters, such as
pacing frequency, threshold, maximum pulse
stimulation amplitude, and refractory period to
optimize the pacemaker’s performance [10-12].

For a leadless pacemaker to function effective-
ly, its communication system must fulfill several
hardware and software requirements:

e Accurate and Secure Two-Way Communica-
tion: The pacemaker must reliably receive and
interpret signals from the external programming
device to avoid incorrect responses that could
harm the user’s health.

e Basic Communication Functions: These in-
clude collecting the intracavity ECG, heart rate,
and real-time supply voltage of the pacemaker.

* Minimized Resource Consumption: The pace-
maker’'s communication system should be de-
signed to minimize energy use while ensuring
normal operation, aiming to keep the average
operating current at microampere levels or
lower. Alternatively, external devices should pro-
vide power for the pacemaker’s communication
system.

e Adaptability to Multi-Parameter Adjustment:
The communication system should facilitate
easy and fast adjustment of pacing parameters
across multiple levels to avoid complications
caused by mismatches between pacemaker
settings and the user’s physiological needs.

» Support for Optimization and Additional Func-
tions: The system should support functions
such as achieving a transmission rate of 20 kb/
s or higher and maintaining normal operation
under MRI conditions.

Challenges in leadless pacemaker communi-
cation

Ideally, the communication function of a pace-
maker should be instant, controllable, and
resource-efficient. However, due to the current
technological limitations, achieving these re-
quirements simultaneously remains difficult.
Based on a comprehensive analysis of leadless
pacemaker products, such as Medtronic Micra
and St. Yoda Nanostim, approved by the US
Food and Drug Administration or undergoing

Progress in Medical Devices

clinical trials, several communication challeng-
es need to be ddressed [13-16].

» Excessive Resource Consumption by the Com-
munication Module: While leadless pacemak-
ers are designed to be small to fit within the
heart chamber, the size of the communication
module often exceeds that of the pacemaker
itself, reducing available space for the battery
and pacing circuits. This reduces the pacemak-
er's battery life. Additionally, the communica-
tion function contributes significantly to the
internal power consumption of the pacemaker,
as it requires signal amplification, processing,
and bidirectional transmission. If not carefully
managed, this can lower battery life.

e Limited Communication Range and Interfer-
ence: The communication signal must pene-
trate both the pacemaker’s metal housing and
the human chest during transmission. This re-
sults in significant signal attenuation, meaning
the external programming device must be po-
sitioned close to the chest to maintain normal
signal transmission. Otherwise, the pacemaker
may fail to transmit signals, or severe signal
distortion may occur.

e Communication Efficiency Challenges: The
pacemaker must perform signal acquisition,
processing, transmission, analysis, and re-
ception within a short time frame—typically
less than one second—since the R-R interval
between heartbeats is around 1 second, and
can shorten to about 0.6 seconds during in-
tense exercise or with certain medications. If
the pacemaker’s communication system fails
to meet this speed requirement, pacing may
be delayed or even induce arrhythmias. Achiev-
ing such high communication speeds poses
significant challenges for both the hardware
and algorithms. The need for interchamber
communication, which has higher efficiency de-
mands, further complicates this issue. Current-
ly, leadless pacemakers struggle to meet these
requirements due to algorithm limitations,
hardware constraints, and space limitations,
particularly for interchamber communication,
where effective solutions are lacking.

Leadless pacemaker communication technolo-
gy

Factors influencing communication efficiency
and accuracy

Like other medical devices with communication
functions, evaluating the communication per-
formance of leadless pacemakers requires a
comprehensive analysis of both internal system
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factors and external influences on communica-
tion efficiency and accuracy.

In wireless communication systems, the signal
transmission rate is a key factor affecting com-
munication efficiency. The transmission rate
between the sending and receiving devices is
determined by Shannon’s formula (Equation
(1)), where C represents the maximum trans-
mission rate (in bits per second), W represents
the channel bandwidth (in Hertz), S is the sig-
nal power, and N is the noise power (both in
watts). As shown in Equation (1), the transmis-
sion rate is mainly determined by the Channel
Bandwidth and the Signal-to-Noise Ratio (SNR).
Channel bandwidth is typically determined by
network equipment (e.g., switches, routers,
hubs), topology, data type, the number of devic-
es, and other factors.

For leadless pacemakers, increasing the band-
width requires advanced network hardware,
which would place additional strain on the
pacemaker’s power supply [17]. Therefore,
increasing the transmission rate by expanding
channel bandwidth is generally not consid-
ered feasible in leadless pacemakers. Instead,
enhancing the signal transmission rate by im-
proving the SNR is a more feasible strategy in
pacemaker design [18]. To improve the SNR,
two approaches can be employed:

Designing appropriate filters based on the fre-
quency of the effective signal to exclude inter-
ference at the acquisition end.

Amplifying the effective signal to facilitate
transmission without significantly increasing
the resource consumption of the transmission
circuit [19].

C=W=log,(1+S/N) (1)

Communication accuracy refers to the reliability
of the communication system, commonly mea-
sured by the Bit Error Rate and Mean Time Be-
tween Failures. The bit error rate is influenced
by factors such as channel noise, transmission
distance, data rate, and the transmission pow-
er and receiving sensitivity. Since reducing the
communication distance between the internal
communication module of the pacemaker and
the external programming device is challeng-
ing, and the data rate is constrained by the
hardware at the time of implantation, efforts to
minimize Bit Error Rate focus on two areas:

« Limiting the interference from external noise,
particularly electromagnetic radiation and sig-
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nal interference from other electronic devices.

* Increasing the transmission power and im-
proving the receiving sensitivity of the commu-
nication module, while ensuring user safety and
maintaining efficient resource consumption.

In addition to the communication system itself,
the environment in which the system operates
also affects communication efficiency. Wire-
less signals inevitably experience loss as they
penetrate obstacles, and the material of the
obstacles significantly influences signal attenu-
ation [20]. Additionally, nearby equipment such
as switching power supplies, high-voltage grids,
welding machines, or other high-frequency de-
vices can negatively impact the pacemaker’s
communication function [21]. For example,
patients with traditional pacemakers cannot
undergo MRI scans unless their pacemaker
is specifically designed for MRI compatibility.
Even with MRI-compatible pacemakers, the de-
vice must be adjusted to the “ventricle paced,
none sensed, none response” mode or another
pacing-only mode during MRI operation [22].
Failure to do so may result in severe electro-
magnetic interference that disrupts the pace-
maker’s sensing and communication functions,
posing significant risks to the patient’s health
and safety.

Energy-efficient solutions for communication

Several solutions have been proposed to ad-
dress energy consumption issues in leadless
pacemakers, including advanced battery tech-
nologies and wireless power transfer (WPT)
techniques.

The core issue limiting the lifetime and commu-
nication functionality of leadless pacemakers
is their small size, which limits battery capac-
ity. Once implanted in the heart chamber, the
pacemaker is difficult to retrieve for recharging
or replacement, and attempting to do so could
cause significant harm to the patient. As a
result, the communication power and trans-
mission efficiency of the pacemaker are often
constrained, which can lead to complications or
misdiagnosis during follow-up due to communi-
cation issues [23].

A direct solution to this issue is to use batteries
with higher energy storage capacities. Biofuel
cells and micro-nuclear batteries are promising
alternatives. However, biofuel cells have limited
energy storage and lifespan, while nuclear pow-
er batteries, although efficient and clean, pose
uncontrollable risks, such as potential radia-
tion leakage and disposal issues after patient
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death. Moreover, both types of batteries are
still too bulky for compact, implantable medical
devices like leadless pacemakers.

WPT technology, which allows wireless energy
transfer from an external source to the pace-
maker, offers a more sustainable solution by
reducing dependence on the pacemaker’s
internal power supply [24]. Near-field WPT
technology enables non-invasive, contact-free
energy delivery from an external source to the
pacemaker, extending its battery life and reduc-
ing the need for additional surgeries.

Two main types of near-field WPT exist: induc-
tive coupling and magnetic resonance cou-
pling. Inductive coupling uses magnetic field
induction, where two resonating coils transfer
energy. Magnetic resonance coupling, on the
other hand, employs oscillating electromagnet-
ic fields to transmit energy between the coils,
offering higher efficiency, larger coupling dis-
tances, and greater resistance to interference.
When applying WPT to leadless pacemakers, it
is necessary to consider the limited space and
geometry of the coils within the pacemaker,
as well as the uncertainty of pacemaker posi-
tioning after implantation [25]. This requires
careful selection of operating frequencies and
optimization of the inductor’s quality factor in
the design of the transmission system.

The combination of WPT and RF technology
has become one of the most effective methods
for overcoming the limited battery capacity in
communication systems [26]. Load modulation
enables both signal transmission and energy
delivery by sending carrier signals from the
transmitting unit to the receiving unit. In lead-
less pacemakers, load modulation works by
sending a carrier signal from the external pro-
gramming device to the implanted device. The
load change in the receiving unit is reflected as
a voltage deviation at the transmitting unit, and
the timing of this deviation serves as a time ref-
erence.

The advantage of this approach is that the re-
ceiver unit can communicate with the external
device without additional power consumption,
while also establishing synchronization be-
tween leadless pacemakers. In dual-chamber
leadless pacemakers, load modulation facili-
tates communication between the atrial and
ventricular modules. If the atrium generates a
depolarized ECG due to contraction, a voltage
deviation signal is sent after a delay of T,, and
after T,, it is received and recognized by the
envelope detection circuit in the ventricle. The
ventricular module then depolarizes according-
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ly. The time interval between atrial and ventric-
ular depolarization meets the interval T, shown
in Equation (2), where T represents the error
time due to signal recognition.

T,=T,+T,+7 2)

Another way to reduce the communication pow-
er consumption is through the use of mixed-sig-
nal Application-Specific Integrated Circuits,
which enable low-power signal transmission.
These Application-Specific Integrated Circuits
can implement pulse width modulation to facil-
itate signal transmission. Besides the channel
for collecting intracardiac ECG, the pacemaker
includes channels for extracting the phase and
amplitude of intracardiac impedance, a pulse
generator for myocardial stimulation, and a
transmitter for signal transmission.

Additionally, digital/analog converters and
low-voltage module bias generators are used
for acquiring bioelectric signals, while high-volt-
agebias generators are used for stimulation
[27]. Application-Specific Integrated Circuits
convert biological signals into pulse width mod-
ulation signals, which are transmitted to the
transmitter through the switching circuit without
requiring additional analog-to-digital conversion
or digital modulation [28]. This approach reduc-
es the power consumption of the pacemaker,
with the bulk of signal processing occurring in
the external device, while the implanted pace-
maker provides minimal conversion power.

Enhancing signal transmission efficiency

As previously mentioned, improving the SNR is
the most effective strategy to enhance signal
transmission efficiency in leadless pacemakers.
This requires the pacemakers to have better fil-
tering and amplification capabilities. A feasible
solution involves using an antenna implanted
within the pacemaker to collect RF energy
from outside the body, which is then used for
pacemaker pulse delivery and communication.
Deeply implantable conformal antennas based
on this design have shown good impedance
matching characteristics in High Frequency
Structure Simulator and Tissue Simulation
Liquid experiments. These antennas exhibit
radiation patterns similar to planar microstrip
antennas in free space and can be integrated
with commercial pacemakers.

Compared to previous compact rectifier anten-
nas, the size of the antenna increases by only
about 4 mm when integrated with the pace-
maker, and it can still be implanted via cathe-
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Table 1. Comparison of characteristics of different types of adaptive sensors

Sensor Types Sensing speed Perceive proportionality Perceived specificity Perceptual sensitivity
Body movement High Low Low Low

Q-T interval Low Medium High Medium

Arterial diastolic pressure Lower Higher Medium Low

Ventilation per minute Medium High Medium Low

Combination sensor Higher High High Medium

ter. Additionally, using the emerging Wide Band
Numerical Model has further improved the
antenna’s design, offering more flexible reso-
nant frequencies, lower return loss in the same
frequency band, and a further reduction in the
antenna’s size [29]. The integrated antenna di-
ameter is only about 7 mm.

Tissue Simulation Liquid experiments reveal
that blood is a highly attenuating medium, and
the pacemaker’s communication effectiveness
decreases as the blood content in the cardi-
ac chamber increases. The Human Genome
Organisation (HUGO) simulation experiments
also showed a 3.1 dB difference in received
power during systole and diastole, and a 1.3 dB
difference in external communication received
power. By continuously monitoring and analyz-
ing the received power, it is possible to deter-
mine whether the heart is in systole or diastole
without additional energy expenditure for heart
state detection. This analysis helps the signal
transmitting module select the optimal com-
munication time, minimizing mismatch effects,
enhancing coupling between the transmitting
(T,) and receiving (R,) antennas, and improving
communication efficiency while reducing com-
munication frequency. The received power nor-
malization formula at the R, end is as follows.

1521 |norm = |521|/\/1 - |ST|2\/1 — |SgI? (3)

In Equations (3), |S,11.0m represents the
normalized standard received power. |S,,|
represents the received power before normal-
ization, and S; and Si represent the return loss
of T, and R,, respectively.

Adaptive communication systems in pacemak-
ers

Adaptive pacemakers, which have been in de-
velopment since the 1980s, can adjust pacing
parameters based on physiological signals,
unlike traditional pacemakers that require
manual adjustment after implantation. These
pacemakers use sensors or algorithms to cre-
ate a closed-loop system, calculating the differ-
ence between the desired pacing rate and the
actual pacing rate, and automatically adjusting
the pacing rate and amplitude. Adaptive func-
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tionality has become a core trend in leadless
pacemaker development, aiming to address the
mismatch between pacemaker performance
and user needs.

Currently, most adaptive pacemakers are
frequency adaptive, using body movement or
physiological parameters such as ventricular
blood impedance, arterial diastolic pressure, or
minute ventilation for adjustment [30]. Table 1
lists the characteristics of adaptive pacemak-
ers based on different sensor types.

The basic principle and communication mode
of adaptive pacemakers are similar to those
of other pacemakers. However, adaptive pace-
makers require enhanced anti-interference
capabilities for their algorithms and automatic
programming due to frequent pacing parameter
adjustments. Multi-sensing pacemakers, which
combine multiple sensors, offer stronger resis-
tance to interference from the chest and exter-
nal sources. By stacking, fusing, or cross-check-
ing sensor data with appropriate algorithms,
the pacemaker can determine the optimal pac-
ing mode for the user, making the pacing more
suitable for the user’s physiological needs.

Compared to traditional pacemakers that
require manual programming, adaptive pace-
makers can self-learn, eliminating the need
to set pacing rate slopes, upper/lower limits,
and sensor thresholds [31]. This reduces the
pacemaker’s resource usage and minimizes
communication-related issues, especially in
children and the elderly with complex physiolog-
ical conditions [32].

New trends in pacemaker communication

Role of artificial intelligence in pacemaker
communication

Currently, pacemaker parameter adjustments
are primarily based on manual analysis of user
data, which is time-consuming, labor-inten-
sive, and not real-time. Even pacemakers with
adaptive functions rely on pre-set algorithms,
adjusting pacing parameters within a limited
range based on the user’s physiological state.
However, as patients with permanent pacemak-
ers age or develop acute or chronic conditions,
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their physiological parameters often change
in ways that are not autonomously detected
and adjusted by the pacemaker [33, 34]. In
special conditions such as intense exercise or
large amplitude movements after prolonged
rest, pacemaker algorithms may fail to make
necessary adjustments, leaving the pacemaker
unable to meet the user’s heart requirements.

Al can address this issue by enabling pacemak-
ers to autonomously update their algorithms in
response to changes in the user’s physiological
state, optimizing the structure and algorithm
of the pacemaker. For example, a deep learn-
ing-based method using multi-dimensional
features can detect ECG signals under com-
pressed sampling conditions. A multi-channel
convolutional neural network can identify pacing
and non-pacing heart rates, avoiding missed
detection of pacemaker spikes, even at low
sampling rates. Al also reduces errors in manu-
al pacemaker control and improves pacemaker
algorithm performance. Using tools like Matlab
and Simulink, deep reinforcement learning can
be applied to pacemaker algorithms to achieve
high-precision continuous control [35].

One significant challenge in pacemaker com-
munication is low SNR, especially when the
pacemaker battery voltage is low, making it
difficult to detect pacing spikes. T, address this,
an improved ECG signal processing algorithm
based on convolutional networks was proposed,
with its performance evaluated using Leave-
One-Out Cross-Validation to test robustness
[36]. The robustness of the pacemaker can
be improved using the Mitchell and Schaeffer
model, commonly used in cardiac electrophys-
iology. This model helps derive the recovery
curve of Action Potential Duration under single
or multiple stimuli. Equations (4) and (5) show
the improved Mitchell and Schaeffer model,
where J, is the externally applied voltage, v,
is the transmembrane potential, h is the gate
variable of the incoming current, and T, T, T,
T, are the four time constants affecting the four
phases of the transmembrane potential.

Considering the possible malfunction of the
pacemaker in the communication process, it
has been proposed that software agents can
continuously verify the behavior of implantable
pacemakers based on Colored Pett-net and Hi-
erarchical Fuzzy Colored Pett-net [37].

The autonomy and intelligence of Al software
can be used to help pacemakers avoid behav-
ior delay or decision-making errors caused by
faults, especially in checking the operation
rules of the pacemaker and enhancing the
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communication decision-making with more
than 90% efficiency improvement.

/0t = R (v = vp) (L = v)/Tin = (L =R/ To +Js (4)

(1-n/T, vy,<vy,

—h/T. v, >y, ©)

ah/ot = {

Remote monitoring (RM) and control technolo-
gies for pacemakers

Postoperative follow-up for implantable pace-
makers is crucial to prevent malfunctions or
complications that could harm the patient’s
health. However, data shows that approximately
a quarter of pacemaker users fail to follow up
as scheduled [38]. RM functions allow pace-
makers to send real-time data to medical pro-
fessionals, overcoming the limitation of face-to-
face follow-ups and improving patient prognosis
[39]. RM enables continuous monitoring of
changes in pacing threshold, pacemaker du-
ration, and remaining battery life. This allows
for early detection of when pacemaker re-
placement is needed and assists in diagnosing
changes in the user’s physiological state, iden-
tifying complications or maladaptive symptoms.

For hospitals, RM facilitates the collection and
aggregation of patient data via online channels
such as the Internet, significantly reducing the
difficulty and time required for postoperative fol-
low-up [40]. Additionally, big data analysis mod-
els can be introduced to provide personalized
diagnosis and treatment recommendations for
patients. RM also helps reduce care disparities
across patients, facilitating cross-referencing of
pacing statuses to better address individual dif-
ferences. For patients, RM serves as a real-time
monitoring and alert system, with studies show-
ing that the survival rate is positively correlated
with RM usage. It can also reduce unnecessary
pacing shocks and improve the overall comfort
of the pacemaker experience [41].

RM has shown significant value in pacemaker
fault detection. By constructing a Petri net mod-
el of the leadless pacemaker, targeted check-
points can be integrated to create a fault diag-
nosis network. This allows pacemaker data to
be sent as check codes, enabling medical staff
to assess the pacemaker’s operational status
and the patient’s health remotely. RM-based
follow-up has demonstrated a better ability to
identify rare pacemaker failures, particularly
overwork situations where the pacemaker
operates beyond its normal capacity. These ab-
normalities, such as atrial/ventricular episodes
exceeding daily limits, excessive pacemaker
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mode switching, or high heart rates during
switching periods, can be observed and record-
ed over extended time frames, providing crucial
data for diagnosis.

For frail populations, such as the elderly, RM
offers a valuable solution. Since these patients
often have difficulty attending regular follow-ups
due to mobility issues, RM enables healthcare
providers to remotely monitor patients, signifi-
cantly reducing the cost and burden of postop-
erative care and making it more convenient and
accessible for both patients and their families.

However, there are ongoing concerns about the
validity and reliability of RM. The primary issue
is the potential risk of information leakage
through remote communication and vulnera-
bilities in the communication network, which
could be exploited by hackers [42]. Such at-
tacks could render the pacemaker inoperative
or cause disruptions in communication, such
as sensing failures or oversensing, leading to
serious clinical complications. Additionally,
hackers may access sensitive personal data,
resulting in privacy breaches. To mitigate these
risks, medical device manufacturers must reg-
ularly assess the security of pacemaker com-
munication systems, identifying and addressing
software vulnerabilities promptly. Moreover,
cooperation between manufacturers, hospitals,
and governments is essential to strengthen
medical network systems and enhance penal-
ties for unauthorized access to medical device
communications.

A potential solution to protect pacemaker com-
munications involves using specialized commu-
nication firmware to establish a secure, direct
link between the pacemaker and the manu-
facturer’s server. However, this firmware must
be regularly updated, which could temporarily
disrupt communication with the pacemaker. Al-
though the likelihood of update failures and pa-
rameter loss is minimal, these risks should not
be overlooked. Furthermore, adding additional
hardware to improve security can increase the
device’s resource consumption and failure risk.

Conclusion and future directions

Leadless pacemakers are one of the most
widely adopted and promising technologies in
active implantable medical devices. As a criti-
cal component for ensuring proper pacing, the
communication system of leadless pacemakers
has seen substantial advancements in both
hardware design and algorithm development,
with significant clinical applications. As clinical
usage grows, the design requirements for pace-
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maker communication systems have become
more defined, highlighting both achievements
and challenges.

Current research and development efforts
focus primarily focus on optimizing energy
utilization and improving signal transmission
efficiency. WPT technology supports low-power
signal transmission, while load modulation en-
ables the replacement of internal batteries by
utilizing externally transmitted energy, address-
ing the limitations of traditional batteries’ low
energy storage efficiency and short lifespan.
These advances reduce the physiological risks
and surgical burden associated with frequent
pacemaker replacements. To further enhance
communication efficiency, software optimiza-
tion strategies, such as improved signal filtering
and amplification algorithms, are widely ad-
opted, alongside hardware enhancements in
antenna design to improve signal transmission
reliability.

Adaptive pacing technologies, which incorpo-
rate automatic programming and anti-interfer-
ence communication mechanisms, enhance
the pacemaker’s sensing speed, compatibility,
specificity, and sensitivity. These innovations
minimize the need for manual programming
and reduce the dependency on regular fol-
low-ups.

Al-driven cardiac pacing algorithms are emerg-
ing as a key research direction, enabling pace-
makers to autonomously adjust pacing modes
and parameters according to patients’ physio-
logical condition. This improves the precision of
medical assistance and enhances the overall
user experience. With the growing integration
of telemedicine, pacemaker programming and
follow-up are shifting toward remote manage-
ment, and RM technology is playing a crucial
role in this evolution. As Al and RM technolo-
gies become increasingly embedded in lead-
less pacemakers, addressing their reliability
and cybersecurity remains vital. This includes
ensuring the protection of patients’ personal
data in the digital era and safeguarding against
unauthorized access or potential malicious
hardware attacks.
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