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Abstract

Prevention of ICH in stroke has shifted to overall evaluation of carotid atheroma within the clinical
context. In order to give a big picture view of this landscape, a bibliometric study was conducted to show
how vulnerable carotid plaque was studied by researchers between 2010-2025. 1,193 literatures were
gained from Web of Science Core Collection and analyzed by using CiteSpace to build a knowledge
network and keyword bursttime timeline. It has a trend towards faster growth, which can be seen clearly
in different stages: Stage one is acute ischemic event and macroscopic view, then the second stage is
dealing with pathobiology and micromechanism such as vasovasorum; the third one (currently) is based
on advanced non-invasive modalities like contrast-enhanced ultrasound and high-resolution MRI. Most
importantly, artificial intelligence and radiomics have become the drivers of present-day research. In
other words, it is moving out of reactive morphology and into proactive computational forecast. Future
breakthroughs will rely heavily on multidisciplinary convergence, ultimately culminating in the
development of physics-informed carotid digital twins for precise, patient-specific stroke risk
management.
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1. Introduction

Ischemic stroke is still one of the main reasons for people's death and disability in the world [1-2].
There are many studies done clinically and histopathologically to determine that these cerebrovascular
events are primarily because of the rupture of fragile atherosclerotic plaques in the carotid arteries, and
then followed by subsequent thrombosis and embolization [3-4]. In the past, clinical advice given to
prevent stroke mainly involved measuring how much luminal stenosis there was; but new information
shows that quite a few cases happen to folks who have only mild-to-medium stenosis full of very
unstable lesions [5]. It can't see that perspective as something to assess for angiographic stenoses
anymore, and it becomes to assess plaque vulnerability comprehensively [6]. Vulnerable plagues can
also be seen structurally, through their big lipid-rich necrotic core (LRNC), having much free
cholesterol, thin and highly inflamed fibrous cap, intraplaque hemorrhage (IPH) and vast number of
neovascularization from vasa vasoroum [7-8]. And also it's becoming more accepted in the literature
now that unhelpful angiogenesis and inflammatory macrophages degrade the extracellular matrix and
then break down the structure of the fibrous cap, leading to an acutely ruptured one [9].

Over the last 15 years, there has been a great change in how to evaluate carotid plaque instability. In
earlier times, it was based around the morphologic appearance of plaques and echoicitiy via standard
duplex ultrasound [10]. But due to the rapid development in the field of biomedical engineering, it's
now possible to widely apply HR-MRI [11], PET [12] and CEUS [13] for clinical use, which can
visualize the micro pathological features in vivo without invasive methods. In more recent times, the
incorporation of computational fluid dynamics (CFD) [14] and artificial intelligence (Al) [15] has
brought a new level of dimension into this field. Here, computational means to let machines perform
high-dimensional radiomics feature extraction [16] and accurately simulating biomechanics like wall
shear stress (WSS), and structure strain, which is extremely involved with plaque rupture [17].

Despite the fact that numerous initial inquiries and narrative overviews have documented such
technological leaps, there is an overall quantitative view of all this knowledge. Reviews have always
been open to selection bias and seldom capture the dynamic, interdisciplinary shift in the field [18].
Bibliometrics analysis takes the approach of mathematics and statistics to evaluate academic
publications. This means is a viable way to understand knowledge connections, follow changes over
time, and foresee future trends in studying [19]. Therefore, this paper will carry out a bibliometric and
visualization analysis of all the literature related to the topic "vulnerable carotid plaques” between
2010-2025. With respect to encouraging such an enormous leap from morphological imagining to
modeling with a computational system by institutional collaboration networks, document co-citation
clusters, and keyword burst timelines, so that we can all travel through time and look at
interdisciplinary opportunities easily with a data-driven approach towards cardiovascular digital twins
[20].
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2. Materials and Methods

2.1 Data Strategy and Search Strategy

As making use of literature search, the study has applied a systematic way for that since it involves the
WoSCC database, which has all possible citation metadata and thus is the best option for performing such
bibliometrics [21]. In order to obtain recent advances made regarding medical image computing and
biomechanics, the study time period is set between January 1st, 2010 and December 31st, 2025. The
specific search string used was: ((“carotid plaque™ OR "carotid atherosclerosis™) AND (“vulnerable” OR
"vulnerability” OR "instability"” OR "plache rupture™ OR "plache stability™)). The terms about carotid
plaque disease and vulnerable plaques can represent the key mechanisms underlying ischemic stroke risk.
Words like vulnerable, vulnerability, instability, plaque rupture, plaque stability include all the studies
which talk about the instability and rupturing potential of carotid atherosclerotic plaques, so as to
consider all kinds of works carried out in terms of carotid plaque morphology, biology, imaging, clinical
predictions regarding risk of carotid plaques. In order to maintain the academic integrity of the dataset,
only "Article” and "Review" type documents were included, and the language had to be in "English".
During both the first data retrieving step as well as during further steps followed the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-analyses) guideline to systematically exclude
non-relevant or duplicate entries [22].

2.2 Bibliometric and Visual Analysis

CiteSpace (version 7.0), which is a Java application used to visualize and analyze the structure of trends
in scientific literature, was employed to produce knowledge domains and cocitation networks [23]. The
global parameter timespan is from 2010-2025 with year slices (1-year) for finer temp trends, there were
enough slice numbers for the quick development of vascular images and risks. Notably, pre-2010
references will appear within the co-citation network as references for knowledge. Node selection used
the Top 30 threshold for each slice. To make things clearer and reduce visual overlap, it used the
Pathfinder algorithm along with the "Pruning sliced network™ option. Finally, it merged all the
synonymous nodes like "Erasmus University Rotterdam™ with "Erasmus MC" by using the help of
CiteSpace alias.

2.3 Statistical Metrics

In the produced network, nodes are sized according to their occurrence or citation frequency, and links
show co-occurrence or co-citation relations. Betweenness centrality is used to recognize important nodes
that acted as bridges between the different research areas; here are some of them with a purple trim as
they have a high value (=0.1). For the co-citation cluster , the LLR algorithm is used to extract semantic
cluster labels. Structurally, the significance and reliability of the cluster was objectively checked by
means of Modularity Q score and Mean Silhouette S score: When Q>0.3, there is a large network
structure present, and when S>0.7, it means the clustering was very convincing and internally consistent

[24]. The literature search and selection is shown in Figure 1.
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Figure 1. Flow Diagram of Literature Retrieval, Screening, and Inclusion for the Bibliometric

Analysis

3. Results

There were a total number of 1,193 unique records about the vulnerable carotid plaque evaluation from
2010 to 2025. From Figure 2, it can see an obvious exponential development, which goes from steady
exploration to a rapid expansion period. This huge uptick in the latter half of the decade happens at
roughly the same time as when many clinical doctors started using special brain images more often,
and there was a big change about how people think computational biomechanics and artificial

intelligence can help study heart disease.
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Figure 2. Annual and Cumulative Publication Trends of Vulnerable Carotid Plaque Research

from 2010 to 2025
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The bar is for the amount of yearly publications, and the line shows how much it has grown since 2010.
3.2 Global Collaboration Network of Countries and Institutions

From geographical cooperation topology (Figure 3), it shows a huge network of global research. The
country-level network (N=62, L=306, D=0.1618), which represents 93% of all countries that were part
of the larger network. There is a tri-polar situation in East Asia, North America, and Western Europe
(Table 1). As for leading in absolute productivity (Count=392), it is China. The centrality of Italy is
0.38; the United Kingdom is 0.29, and the US is 0.28. Western nations have the highest betweenness

centrality, which are key topological bridges to enable transcontinental knowledge flow.

Table 1. Top 5 Most Productive and Influential Countries in Vulnerable Carotid Plaque Research

Rank Country Count Centrality Year of First Appearance
1 PEOPLE'S REPUBLIC OF CHINA 392 0.13 2010
2 USA 245 0.28 2010
3 ITALY 129 0.38 2010
4 NETHERLANDS 110 0.11 2010
5 ENGLAND 98 0.28 2010

On the contrary, the micro-level institutional collaboration network is totally different. With a total of
672 organizations and 2786 collaborative links, its network density decreases greatly to 0.0124, and its
biggest CC just contains 74% (498) of all the organizations. Differences at all those levels means that
strategic collaboration will be very closely aligned at the state level, but institutional partnerships take a

bit more of a leap, fragmented clusters and inter-institutional selectivity partners.
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B
The global collaboration network of institutions
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Figure 3. The Global Collaboration Network of Countries (A) and Institutions (B)

Node size is proportional to the publication volume. Links stand for co-authorship relationships. Purple
trimmed node indicates that this place has high betweenness, with centrality >0.1, and it's an important
spot where borders and institutions switch places. The macroscopic institutional network parameters
are N =672, E=2,786, and D = 0.0124.

Table 2. Top 10 Highly Productive Institutions after Synonym Consolidation

Rank Institution Count Centrality Year of First Appearance
1 Erasmus MC / Erasmus Univ Rotterdam* 102 0.04 2010
2 Univ Washington / Univ Washington Seattle* 78 0.06 2010
3 Capital Medical University 65 0.07 2010
4 Maastricht University 35 0.04 2010
5 Karolinska Institutet 32 0.06 2010
6 Utrecht University 30 0.03 2010
7 University of Cambridge 29 0.08 2010
8 Harvard University 28 0.16 2010
9 Mayo Clinic 27 0.02 2010
10 Tsinghua University 25 0.03 2016

The publication count for places like Erasmus MC/Erasmus University Rotterdam, and University of
Washington/University of Washington Seattle, was summed up by adding the different synonymous
variations so that it is correct. Centrality is the largest number in the combined entity.

Despite the fragment. The most prolific is Capital Medical University with its large scale patients.

Harvard University is shown to have the most centrality (0.16) serving as the main structural bridge,
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after which there are hubs such as the University of Cambridge, Mayo Clinic, Erasmus MC, and
Karolinska Institutet. Moreover, engineering organizations like Tsinghua University, Shanghai Jiao
Tong University, as well as clinical hospitals, which are more evident convergence between these two
disciplines of diagnostics and engineering algorithms.

3.3 Document Co-citation Analysis and Knowledge Clusters

The study formed a 589 nodes, 2055 links, with a density equaling 0.0119 for the document co-citation
network to understand how knowledge evolves in vulnerable carotid plague assessment. A strong and
meaningful community was observed from the network with both the validation methods, Modularity
(Q) =0.7462 and Mean Silhouette = 0.8248 (Figure 4).

Figure 4. The Document Co-citation Network and Cluster Visualization

Different colored sections denote the main research fields which were derived from the LLR algorithm.
The size of a node is the citation frequency of the references. The network has a very strong sense of
community and can be reliably clustered (Modularity Q = 0.7462, Mean Silhouette = 0.8248; N =589, E
= 2,055, Density = 0.0119)

Table 3 shows the five largest clusters found with the LLR algorithm. The big clusters were all the same

on their own, reflecting specific thematic concentrations.
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Table 3. Top 5 Largest Document Co-citation Clusters and Their Core Evolutionary

Characteristics

Cluster ID Size  Silhouette

Mean (Year)

Top Terms (LLR Algorithm)

narrative review; vulnerable carotid plaque; carotid

0 100 0.727 2017 artery  stenosis; atherosclerotic cardiovascular
disease; stroke risk prediction
systematic review; artificial intelligence; diagnostic
1 83 0.845 2021 accuracy;  diagnostic  performance;  carotid
atherosclerosis
carotid  plaque neovascularization;  vascular
medicine; using contrast-enhanced ultrasound;
2 50 0.834 2010
intraplaque neovascularization; carotid
atherosclerosis
positron emission tomography; complementary
3 48 0.768 2009 value; cardiac fdg pet; investigating vulnerable

atheroma; CT angiography

Cluster labels are derived from the log-likelihood ratio (LLR). If the silhouette score was larger than

0.7, this cluster is cohesive and trustworthy. Size is how many referenced within the cluster.

3.4 The Chronological Paradigm Shift: From Morphology to Artificial Intelligence

When mapping those clusters over to a timeline view (Harmonic Mean Q, S=0.7835), it's clear enough

that there was a noticeable paradigm shift and this time it happens chronologically according to how

biomedical engineering technologies develop (Figure 5).
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Figure 5. Timeline View of the Document Co-citation Clusters
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This is the evolution of research foci for years 2008 - 2025. Same horizontal line nodes are in one group
and they’re placed based on when it was published. The visualisation shows the paradigm change
between first morphological image and now artificial intelligence application (Harmonic Mean Q, S =
0.7835).

In the first exploratory period of year 2008-2010, which is shown by clusters 2, 3, and 4. The advanced
imaging (PET, CMR) is used to correlate macroscopic pathology (such as neovasculature and rupture)
with patient symptoms. The next one was in the theoretical solidification phase (Cluster 0, ~2017),
where it became a descriptive term like narrative reviews and stroke risks, which shows a different set
of criteria to form into a clinical risk model. Cluster 1 (2021-present) is the age of Al. Diagnostic
performances have been proved, modern research goes beyond simple visual checks with automated
deep learning radiomic features and maintains much better prediction of risks for strokes

3.5 Keyword Co-occurrence and Burst Detection

Keyword co-occurrence network (114 nodes, 144 links, density 0.1528; Figuare6) shows a lot of
structure close together. The most important terms at the heart include atherosclerosis, carotid plaque,
intima-media thickess and carotid stenosis. Intraplague hameorrhages and inflammation show up as
main pathologic hallmarks in risk and ischemic strokes: Furthermore , the words such as
classification , progression and endarterectomy illustrate that research covers all aspects of

pathobiological processes and treatment approaches.\
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Figure 6. Keyword Co-occurrence Network of Carotid Plaque Vulnerability Research

Figure 6 is made with CiteSpace (2010-2025). Nodes are keywords, and size shows how often they
appear. Links stand for cooccurrence of keywords. Colors go from old (blue) to new (red). Corresponds

with the years of appearance, there are 114 nodes and 144 links (density=0.1528), which shows a lot of
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the big theme words like atherosclerosis, ischemic stroke, intraplaque hemorrhage, carotid stenosis.
The keywords are the main academic ideas in this literature corpus. To chase after development trends
and where they are headed, it first makes the keyword cooccurrence network: a burst-detecting analysis

using Klinkers' algorithm (Figure 7).

Top 25 Keywords with the Strongest Citation Bursts

Keywords Year Strength Begin End 2010 - 2025
positron emission tomography 2010 8 2010 2017 2010 2015 2020 2025
myocardial infarction 2010 5.89 2010 2013
rupture 2010 4.78 2010 2012
transient ischemic attack 2010 4.73 2010 2012
atherosclerotic plaques 2010 4.67 2010 2014
in vivo 2011 10.14 2011 2017
fibrous cap 2011 6.13 2011 2015
high resolution 2011 5.7 2011 2015
coronary artery disease 2010 9.51 2012 2018
angiogenesis 2010 7.99 2012 2015
intravascular ultrasound 2012 4.86 2012 2014
magnetic resonance imaging 2010 491 2012 2017
intraplaque neovascularization 2013 4.84 2013 2015
artery stenosis 2014 11.49 2014 2018
vasa vasorum 2012 5.83 2014 2020
mechanisms 2015 6.62 2018 2022
coronary 2010 5.31 2018 2019
cerebrovascular events 2019 5.17 2019 2020 e T S
plaque vulnerability 2015 8.14 2021 2025
mri 2010 4.54 2022 2023
plaque 2012 10.37 2023 2025
atherosclerotic lesions 2010 6.35 2023 2025
contrast-enhanced ultrasound 2015 5.25 2023 2025
prevalence 2023 5.06 2023 2025 i
ultrasound 2011 4.89 2023 2025 ——

Figure 7. Top 25 Keywords with the Strongest Citation Bursts from 2010 to 2025

The Figure 7 finds bursts using an algorithm called Kleinberg. The dark blue line is for the whole study
period, and the red lines are for when citations were really increasing. Those were periods of great
interest in academia.

Keywords bursting means progression on 3 levels. The first one is the early event driven (2010-2014)
and this one was mostly about positron emission tomography, rupture, transient ischemic attack. The

second micro-mechanisms era (2012-2018) shifted focus to underlying pathobiology. The words such
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as vasa vasorum, intraplaque neo-vascularization, angiogenesis and in-travascular ultrasounograph
bursting led to the conclusion that the micro-environmental pro-liferation was the root cause of
instability. Very importantly within the recent advance image period (2018-2025), it can observe active
bursts in the research area for contrast-enhanced ultrasound, mri as well as plaque vulnerability. The

frontier is signifiant transition fro invansive quanitative risk characterization.

4. Discussion

4.1 The Evolution of Plaque Assessment: From Events to Biological Mechanisms

Now, all this bibliometric analysis is painting some certain developmental trajectory during the last 15
years. At first, it was rather reactive in the field of clinical, mainly concerning acute ischemic events
that happened and noticing big plaque ruptures [25]. However, it is fairly convincing about
medium-term bursts such as vasa vasorum and intraplacental neovascularization. The scientific
community now thinks in terms of the continuum of pathology and not an abrupt mechanical break [26].
The maladaptive angiogenesis is the big culprit for the fibrous cap's breaking down, and it's because
there's such little oxygen in the thick part of the artery [27]. When oxygen is low, there's creation of
immature and breakable vessels coming from adventital vasa vasorum, which set up the stage for
recurring IPH, rapid lipid core expansion, and subsequent rapid progression [28]. Intravascular
ultrasound (IVUS), optical coherence tomography (OCT), histologically confirmed the microscopic act,
however, this kind of invasive technique at a great deal of cost and narrow fields of view should not be
used in preventive wide-screen if the person has no clinical signs [29].

4.2 Current Frontiers: Advanced Modalities and Non-invasive Characterization

The study is limited by constrained invasive histology, the authors have experienced times where
non-invasive diagnosis has giant steps forward due to progress in biomedical engineering. CEUS+MRI
consistent citation burst aligns with the medical need to see what lies inside of intraplaque
micro-environments [30]. For all these reasons, high-resolution MRI has been considered the reference
technique to evaluate all main plague components and most precisely, volumetric quantification of IPH
as well as the lipid-rich necrotic core [31]. However, CEUS with intravascular microbubbles that was
proved as one of the strongest real-time neovascularization quantifiers, which is an easy to come by
cheap surrogate marker that replaces vasovasor proliferation and also can overcome the spatial
limitations of normal Doppler Ultrasound [32]. And it's at the very same time that moving from a
plaque vulnerability measurement to a larger one (strong prevalence burst) is also a strategy. To
examine systemic and overall examination of population rather than localized mechanism
investigations based on their level for predicting individuals at epidemiological risk aims to individuals
having a cerebrovascular before it happens [33].

4.3 Future Perspectives: Multidisciplinary Convergence and the Digital Twin

Despite CEUS and HR-MRI being super famous now in hospitals, one huge problem keeps popping up

again: it is still subjective about these cool new scans' measurements, just like doctors did before and it
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is forgotten all about blood pressure constantly pushing [34]. Plaque rupture is actually a biophysical
event which happens whenever the pressure exceeds the stuff power in that fibrous cover. Bringing the
current hot high-end imaging keyword with the co-citation cluster result of Al (cluster 1) and it's now
clear what its path is heading towards a multi-discipline.

The next step is, of course, more deep embedding of Al, radiomics, and multiple modalities of imaging.
The use of deep learning algorithms for automatically discovering high-dimensional textural and
morphological feature spaces can generate strong causative relationships between imaging biomarkers
and longitudinal clinical outcomes with minimal inter-observer variation [35]. The final step in the
algorithmic leapfrogging mentioned previously is to finally achieve personalization and the creation of
a personalized carotid digital twin [36]. The traditional CFD model is quite accurate in calculating
WSS but very expensive in terms of computation and thus cannot be used in real-time clinic
applications. By integrating physics-informed neural networks (PINNSs) with CFD, it can embed the
Navier-Stokes equation inside the loss functions of deep learning models. In this way, there would be
no translation gap between static radiomics features and dynamic physical laws [37]. In a merged
type calculation like integrated computational framework, it could be feasible for constant and
immediate non-puncture simulation of how plaque grows in many distinct physiological situations
switching stroke peril dealing with from reactive morphological inspection into proactive
individualizing computations. But getting all these fancy computation models used in everyday doctors'
workflow is a big problem. As technology moves forward with Al radiomics and PINN space, there is
some work to be done on generalizing algorithms, data heterogeneity from other centers running
different protocols for imaging studies, and inevitably a blackbox of deep learning models [38]. In the
future, it will have to do more explainable Al or XAl as well as larger, prospective, and multicenter
clinical trials. And setting up the standard picture gathering plans as well as federated learning
operation should be important to confirm the validity of the predicted model while safeguarding
people's health information [39].

4.4 Limitations of the Study

It provides an overall review though the paper is limited. Firstly, the search limited to the WoSCC will
miss some papers in databases such as PubMed or Scopus. Secondly, language constraints will bring
some publication bias. Thirdly, because it was done through citation accumulation via CiteSpace,
which means that the topological impact of recent publications is underestimated. Future work could

use NLP for full text mining to fill in with our citations-based mapping.

5. Conclusion

Over the last 15 years, characterizing vulnerable carotid plagues has moved forward from its beginning
roots of event-driven characterization to the future leading of interdisciplinary areas with
state-of-the-art non-invasive imagination and computing intelligence. In all, it has been seen that the

current driving force, which includes artificial intelligence, CEUS, and MRI, is used to quantify plaque
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vulnerability. Looking forward, breakthroughs in science will hinge on deep interdisciplinary
effort—weaving clinical images together with clever engineering formulas—to form integrated

prediction models, bringing about those physics-armed digital twins for accurate stroke prediction.
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