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ABSTRACT: Cardiovascular diseases are associated with high morbidity, disability, and mortality, and 
their long-term prevention and management increasingly depend on precise intervention, continuous 
monitoring, and individualized treatment. These needs have accelerated the development of treatment-
related medical devices, including interventional devices, implantable systems, monitoring platforms, and 
intelligent assistive technologies. However, rapid growth in this field has fragmented the evidence in terms 
of data sources, analytical tools, research topics, and methodological pathways, leaving an insufficiently 
clear understanding of the knowledge structure, hotspot evolution, and development directions. To address 
these issues, this study combines bibliometric analysis and knowledge mapping with a structured narrative 
discussion of cardiovascular treatment-related medical devices. The bibliometric dataset comprised 
English-language articles and reviews indexed in the Web of Science Core Collection from 2015 to 2025, 
while representative studies published mainly between 2023 and 2026 were also considered in the 
application-oriented discussion to highlight recent technological and clinical developments. The review 
addressed several dimensions, including literature data sources, analytical tool application, keyword 
evolution, institutional distribution, and representative device applications. Specifically, this study first 
summarizes the database sources, search strategies, and literature screening procedures, thereby clarifying 
the main pathways and basic characteristics of data acquisition in this field. It then reviews the use of 
commonly used bibliometric tools in publication trend analysis, collaboration network analysis, co-citation 
analysis, and topic identification, while comparing their advantages and limitations in visualization and 
knowledge mining. Furthermore, based on annual publication output, high-frequency keywords, keyword 
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co-occurrence, clustering structures, burst terms, and institutional distribution patterns, this study 
systematically analyzes research hotspots, frontier directions, major research forces, and evolutionary 
patterns in the field. Finally, the overall development status of cardiovascular treatment-related medical 
device research is discussed from the perspectives of knowledge base, hotspot migration, methodological 
system, and recent application pathways represented by transcatheter intervention, left atrial appendage 
occlusion, conventional and leadless pacing, implantable cardioverter-defibrillators, wearable cardioverter-
defibrillators, pulsed field ablation, renal denervation, and intelligent monitoring. The results indicate that 
bibliometric analysis based on clearly defined boundary conditions can reveal the research landscape, 
institutional distribution characteristics, hotspot directions, and methodological evolution pathways of this 
field. These findings may inform topic refinement, technical route optimization, and methodological 
selection in future studies. With the integration of multisource heterogeneous data, artificial intelligence-
based analytical tools, and application-oriented device innovation, cardiovascular medical devices are 
likely to advance toward more intelligent, precise, and data-driven development. The narrative component 
also considers device configuration, materials, mechanical loading, manufacturing, bench testing, failure 
modes, standards, and long-term clinical translation. 

Keywords: Medical devices; Intelligent monitoring; Transcatheter intervention; Cardiac rhythm 
management; Implantable devices; Left atrial appendage occlusion; Pulsed field ablation; Bibliometric 
analysis; Device engineering; Clinical translation 
 

1. Introduction 

Cardiovascular treatment-related medical devices are situated at the intersection of modern medical 
engineering [1], clinical intervention [2], and intelligent health management [3]. Their research scope 
encompasses interventional therapeutic devices [4], implantable devices [5], cardiac rhythm management 
systems, including pacemakers and implantable cardioverter-defibrillators [6], hemodynamic support 
devices [7], and data-driven technological frameworks developed for preoperative assessment [8], 
intraoperative navigation [9], and postoperative monitoring [10]. With advances in materials science [11], 
minimally invasive therapy [12], sensing technologies [13], and artificial intelligence methods [14], the 
functional role of medical devices in cardiovascular disease treatment has gradually expanded from 
replacement or support tools to integrated technological platforms capable of diagnostic-therapeutic 
coordination [15], dynamic monitoring [16], risk prediction [17], and therapeutic efficacy assessment [18]. 
Therefore, research on cardiovascular treatment-related medical devices is no longer limited to 
conventional device design and clinical application, but instead exhibits a clear trend toward 
multidisciplinary integration [19], making it an active field in biomedical engineering and clinical 
translational research [20]. The overall research framework of this review is summarized in Figure 1. 

From the perspective of field evolution, the development of cardiovascular treatment-related medical 
devices has not followed a linear trajectory [21]; rather, it has advanced progressively under the combined 
influence of key technological breakthroughs [22], the expansion of clinical indications [23], and regulatory 
approvals [24,25]. As shown in Figure 2, this field has experienced several representative milestone events 
in recent years [26], including the expansion of indications for transcatheter aortic valve replacement 
[23,26], clinical evaluation of next-generation left atrial appendage occlusion devices [27], introduction of 
dual-chamber leadless pacemakers [6,28], the re-emergence of renal denervation systems in mainstream 
clinical practice [29], rapid development of pulsed field ablation technologies [30], and clinical evaluation 
of transcatheter tricuspid valve treatment devices [31]. 
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Figure 1. Overall research framework of this study. 

 

Figure 2. Selected U.S. FDA regulatory milestones in cardiovascular treatment-related medical devices from 2019 to 2024. 
Dates refer to U.S. FDA approvals; the timeline presents selected milestones rather than a complete history [32–39]. 

These milestones suggest that cardiovascular treatment-related medical devices are shifting from 
conventional supportive device systems toward minimally invasive intervention [40], precision therapy 
[41,42], intelligent functions [43], and platform-based integration [44]. These technological developments 
provide context for the field's evolving research priorities [45]. 

Against this background, research on cardiovascular treatment-related medical devices has continued 
to extend toward more specialized technological branches, gradually forming a relatively complex research 
spectrum [46]. On the one hand, therapeutic devices represented by stents [47], catheters [48,49], prosthetic 
heart valves [23], pacemakers [6,7], and left ventricular assist devices [50] have continuously promoted 
structural optimization [51,52], material upgrading [53], and functional integration [54]. On the other hand, 
data-analysis technologies associated with remote monitoring [55], post-implantation management [56], 
individualized parameter adjustment, and intelligent decision support have also become important 
components of this field [57]. This indicates that this research direction is not a mere aggregation of isolated 
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topics, but has gradually developed into a continuous knowledge chain linking device-oriented research 
and data processing [58], as well as clinical demand-driven innovation and technology iteration feedback 
[59]. If this field is summarized only through a conventional narrative review, it is often difficult to reveal 
the evolutionary relationships among different branches, the underlying knowledge base, and the pathways 
of hotspot migration, and it is also challenging to further identify the core themes and representative nodes 
within the current research landscape. 

Bibliometric analysis provides a structured approach to systematically addressing the above issues 
[60,61]. Unlike conventional reviews, which mainly rely on author-led synthesis, bibliometric analysis 
takes database-indexed publications as the research object and quantitatively reveals the knowledge 
structure [62], research hotspots [63], and evolutionary trends of a field through indicators such as 
publication output [64], keyword co-occurrence [65,66], institutional collaboration [67], author networks 
[68], and co-citation relationships [69]. For cardiovascular treatment-related medical devices, a field 
characterized by a high degree of interdisciplinarity, multiple technological routes, and continuously 
expanding research topics, bibliometric analysis can enable hierarchical screening from the overall research 
landscape to specific technological branches and support hotspot identification and thematic tracing based 
on temporal evolution and knowledge associations [70]. More specifically, through systematic analysis of 
high-frequency keywords, annual publication changes, core research institutions, and representative 
publications, the developmental trajectory of this field can be constructed from three perspectives: what the 
research topics are, how hotspots emerge, and where the key driving forces originate. On this basis, 
milestone maps with stage-specific features can be established [71], enabling the formation logic and 
evolutionary process of the research field to be presented with clear historical continuity rather than as a 
simple accumulation of fragmented publications [72]. Nevertheless, bibliometric mapping alone is 
insufficient for a medical-device review if the resulting clusters are not translated into device configurations, 
engineering constraints, clinical indications, and practical limitations. A clinically and mechanically 
meaningful review therefore requires an explicit bridge between quantitative knowledge mapping and 
device-level interpretation. 

Although research on cardiovascular treatment-related medical devices has gained increasing attention 
in recent years and the number of related reviews has also grown [73], existing studies remain largely 
focused on device-oriented classifications [74], summaries of specific technological advances, or reviews 
within particular disease scenarios [75]. Most of these reviews concentrate on individual subfields [76], 
such as stent design [77], valvular intervention [78], implantable electronic devices [79], and remote 
monitoring systems, whereas systematic screening and structural reconstruction of the entire research field 
from a bibliometric perspective remain limited [80]. In particular, at the methodological level, existing 
reviews generally pay greater attention to device function [81], clinical efficacy [82], and material 
performance [83], while giving less attention to the characteristics of literature data sources [84], the 
distribution of research forces [85], the evolutionary patterns of keywords [86], and the mechanisms 
underlying hotspot formation in this field [87,88]. As a result, although readers may understand what 
research topics exist, it remains difficult to further identify which themes constitute the main research 
framework, which nodes have transitional significance, and which institutions and research groups are 
driving field evolution. Therefore, on the basis of existing qualitative reviews, it is necessary to introduce 
bibliometric methods to re-examine research on cardiovascular treatment-related medical devices from 
macro to micro levels [89], from the overall field to specific branches [90], and from current status to 
evolutionary patterns [91], thereby enhancing the systematicity, visualization, and evidence support of 
review studies [92]. The need for a field-level synthesis is particularly apparent when therapeutic devices, 
treatment-support systems, and monitoring technologies are discussed together, because their roles, 
evidence bases, and engineering requirements differ substantially. 
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The broad scope adopted here is deliberate. Rather than evaluating the efficacy of one device class, the 
objective is to identify cross-device trends, shared engineering challenges, convergent methodological 
pathways, and emerging therapeutic directions across the cardiovascular-device landscape. This field-level 
perspective makes it possible to compare structural interventions, rhythm-management systems, ablation 
technologies, circulatory-support devices, and data-enabled platforms within a common analytical 
framework. Device-specific technical depth is then provided through a structured application and 
engineering synthesis, rather than by treating all device classes as interchangeable. 

Based on the above considerations, this study focuses on research related to cardiovascular treatment-
related medical devices and conducts a bibliometric analysis from three core dimensions: publication output 
evolution [93], keyword tracing, and institutional distribution [94]. By further integrating co-occurrence 
networks, clustering structures [95], and knowledge association relationships [96], this study systematically 
summarizes the research hotspots, major directions [97], and stage-specific characteristics of the field [98]. 
The overall research framework is shown in Figure 1 [99,100]. Specifically, this study first reviews the 
research background and current status of cardiovascular treatment-related medical devices, thereby 
providing a preliminary overview of the existing research trajectory. Subsequently, bibliometric methods 
are introduced to conduct structured analyses at the levels of publication output, keywords, and research 
institutions. Finally, based on this, research hotspots and their evolutionary trends are further identified, 
leading to a systematic understanding of the knowledge structure and developmental pathway of this field. 
Unlike conventional reviews that primarily follow device categories as the main narrative line, the 
contribution of this study lies in three aspects. First, from the perspective of the overall field [101], 
bibliometric methods are used to enable hierarchical screening from broad subject-level research to specific 
technological branches [102], thereby reducing the subjectivity associated with experience-based topic 
selection. Second, keyword evolution, publication trends, and institutional networks serve as the main 
analytical entry points for constructing the logical chain of hotspot generation and diffusion [103], thereby 
revealing the basis for the formation and evolutionary trajectory of different research topics [104]. Third, 
representative stages and key nodes are further extracted from the quantitative analysis results [105], and 
the developmental history of the field is visualized in combination with the milestone map shown in Figure 
2 [106], thereby presenting the historical trajectory of cardiovascular treatment-related medical device 
research from early exploration to current hotspot convergence. Through these analyses, this study aims to 
provide a clearer framework for future topic refinement [107], research direction identification, and further 
integration of the knowledge structure in this field [108]. 

Accordingly, this study combines two complementary components. First, the bibliometric component 
is designed to characterize publication trends, research forces, journals, collaboration patterns, keyword 
structures, thematic evolution, co-citation relationships, and research bursts for cardiovascular treatment-
related medical devices from 2015 to 2025. Second, representative application areas are examined using 
recent literature, with their selection explicitly linked to the bibliometric evidence and an emphasis on 
device generation, operating principle, materials, manufacturing, mechanical loading, failure modes, bench 
testing, clinical constraints, and long-term management. This combined strategy is intended to reduce 
subjective topic selection and to provide a clearer connection between the quantitative evolution of the 
literature and the engineering and clinical development of cardiovascular medical devices. 

2. Data Sources and Research Methods 

To provide a clear methodological basis for subsequent research hotspot identification, institutional 
distribution analysis, and evolutionary trend assessment, this study first provides a systematic description 
of the literature data acquisition process and data processing workflow before presenting analytical results. 
Specifically, this section is organized around five aspects: literature data sources and database selection, 
search strategy and screening criteria, data cleaning and standardization, bibliometric analysis tools and 
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parameter settings, and major analytical indicators and visualization methods. These components not only 
constitute the technical foundation of the bibliometric analysis conducted in this study, but also determine 
the boundary conditions, reliability, and interpretability of the subsequent results. Therefore, only when the 
research object, data sources, and analytical procedures are clearly defined can the publication output 
analysis, keyword tracing, and identification of institutional collaboration presented in Sections 3 and 4 be 
reproduced and compared. The bibliometric corpus covers 2015–2025. The 2023–2026 application-
oriented narrative literature is a separate evidence set and must not be included in the bibliometric 
publication counts or network metrics. 

2.1. Literature Data Sources and Database Selection 

This study focuses on research related to cardiovascular treatment-related medical devices, aiming to 
systematically examine the knowledge structure, research hotspots, and evolutionary trends of this field 
from a bibliometric perspective. The treatment-related medical devices referred to in this study mainly 
include various devices and technological carriers directly involved in cardiovascular disease intervention 
and treatment, such as interventional therapeutic devices, implantable devices, rhythm management 
systems, structural heart disease treatment devices, and auxiliary devices or systems developed for 
therapeutic decision-making, postoperative management, and long-term follow-up. By contrast, 
publications primarily concerned with disease screening, basic detection, or general health monitoring, but 
weakly associated with specific therapeutic pathways, were not considered the main analytical objects of 
this study. This definition of the research object helps ensure sufficient literature coverage while improving 
the clarity of the research boundary, thereby avoiding overly dispersed retrieval results that may 
compromise the accuracy and specificity of subsequent bibliometric analysis. 

The study focuses on technologies that are directly involved in cardiovascular treatment or that provide 
clinically actionable support for a device-based therapeutic pathway. To prevent the dataset from mixing 
fundamentally different technological roles, the revised scope is organized into three levels. Level I 
comprises therapeutic devices that directly deliver structural, electrical, mechanical, or energy-based 
treatment, including vascular stents, transcatheter heart valves, occluders, conventional and leadless 
pacemakers, implantable cardioverter-defibrillators, ventricular assist devices, ablation catheters, and renal 
denervation systems. Level II comprises treatment-support systems that materially influence patient 
selection, procedural execution, device programming, post-implantation management, or therapeutic 
decision-making, such as image-guidance platforms, implantable sensing modules, device interrogation 
systems, and decision-support tools. Level III comprises monitoring-only technologies. These are to be 
excluded from the core treatment-related dataset unless the study explicitly connected monitoring outputs 
to a therapeutic device, treatment adjustment, post-procedural management, or risk-guided intervention. 

This taxonomy is specified to address two sources of bias in a broad cardiovascular-device search. First, 
overly narrow device terms can miss clinically important categories such as implantable cardioverter-
defibrillators, cardiac implantable electronic devices, and wearable cardioverter-defibrillators. Second, 
overly broad digital-health or monitoring terms can introduce studies that are technologically relevant to 
cardiovascular medicine but do not contribute to device-based treatment. The hierarchical definition 
therefore prioritizes therapeutic relevance while retaining technologies that have a demonstrable role in the 
therapeutic pathway. 

After defining the research object, the next key issue in bibliometric research is data source selection 
[109,110]. Unlike traditional narrative reviews, bibliometric studies take database-indexed publications as 
statistical objects and use visualization tools and quantitative analytical methods to structurally reveal 
publication characteristics, collaboration networks, knowledge bases, and thematic evolution within a given 
research field. Therefore, the selection of literature data sources directly affects the completeness, 
comparability [111], and reliability of the research results [112]. For a review focusing on publication 
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output, keyword co-occurrence, institutional collaboration, and co-citation relationships [113], the database 
should not only provide broad literature coverage but also include well-developed citation indexing [114], 
author and affiliation information, and standardized exportable records. On this basis, selecting an 
appropriate data source is not only a prerequisite for bibliometric analysis, but also an essential 
methodological foundation for ensuring the validity of subsequent analytical results. 

Considering database coverage, the completeness of citation information, and common practices in 
bibliometric research [115], this study selected Web of Science as the primary source of literature data 
[116]. This database offers advantages in academic literature quality, citation tracking functions, and 
bibliographic record standardization [117], and can support analyses of publication trends, keyword co-
occurrence, institutional collaboration networks, and co-citation relationships [118]. Compared with 
PubMed, which is primarily oriented toward biomedical literature retrieval, Web of Science is more suitable 
for citation network construction and knowledge map visualization. Compared with Scopus, which has 
broader coverage, Web of Science also offers advantages in high-quality core journal selection, citation 
relationship identification, and standardized data export, thereby facilitating subsequent bibliometric 
processing. Therefore, using Web of Science as the primary data source in this study helps ensure data 
consistency and improves the reproducibility and interpretability of the research findings. 

In addition, considering the pronounced interdisciplinary nature of research on cardiovascular 
treatment-related medical devices, relevant publications are often distributed across multiple disciplinary 
domains, including cardiovascular medicine, biomedical engineering, materials science, interventional 
therapy, artificial intelligence, and digital health. If the selected database is insufficiently supported by 
citation network information, hotspot identification may remain limited to superficial keyword-level 
statistics, making it difficult to further reveal the knowledge base and evolutionary trajectory of the field. 
Web of Science offers strong support for cross-disciplinary literature integration and citation relationship 
presentation, thereby providing stable data support for subsequent analyses of publication output tracing, 
keyword tracing, institutional tracing, and milestone identification. Accordingly, after clearly defining the 
research object, this study selected Web of Science as the primary source of literature. On this basis, the 
next step is to further clarify how the search strategy was constructed according to the predefined research 
boundary and how appropriate screening criteria were applied to obtain the target literature dataset for 
subsequent bibliometric analysis. 

2.2. Search Strategy and Literature Screening Criteria 

After Web of Science was identified as the primary source of literature data [119], the next critical step 
in the bibliometric analysis was to construct a rational search strategy based on the predefined research 
boundary and to obtain a representative and analyzable literature sample [120]. To ensure that the search 
results could accurately reflect the overall development of research on cardiovascular treatment-related 
medical devices, this study constructed the literature search strategy around three dimensions: disease 
context, device type, and therapeutic relevance. Web of Science was used as the data source, and the search 
field was set to Topic Search (TS) to improve coverage across titles, abstracts, author keywords, and 
Keywords Plus [121]. Considering the highly interdisciplinary nature of research on cardiovascular 
treatment-related medical devices, a single-keyword search may lead to omissions, whereas an overly broad 
search scope may introduce a large number of records weakly related to the topic. Therefore, Boolean 
operators were used to combine the core concepts [122], balancing comprehensiveness and specificity in 
the retrieval results [123]. 

Regarding search term selection, this study first used cardiovascular disease as the disease-context 
qualifier and included topic terms such as cardiovascular disease, heart disease, and cardiovascular disorder, 
which reflect the overall scope of the field. Second, medical device and representative therapeutic device names 
were used as object-related qualifiers, including terms such as medical device, cardiovascular device, stent, 
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catheter, pacemaker, heart valve, ventricular assist device, left atrial appendage occlusion, renal denervation, 
and pulsed field ablation. Finally, treatment-related semantic terms were used to restrict the retrieval focus to 
studies associated with disease intervention, device-based therapy, and therapeutic assistance, thereby 
minimizing interference from purely diagnostic studies, basic mechanistic studies, or publications weakly 
associated with device-based therapeutic pathways. Through this search strategy, the literature sample could 
largely cover the major technological branches of cardiovascular treatment-related medical device research 
while maintaining the thematic focus required for subsequent knowledge mapping analysis. 

After the preliminary retrieval boundary was defined, the sample also needed to be further restricted 
from the temporal perspective. According to the research objective of this study, the search period was 
limited to 2015–2025. This time window was selected mainly for two reasons. On the one hand, the past 
decade has been an important period of rapid development for cardiovascular treatment-related medical 
devices, during which representative technologies such as transcatheter valve therapy, left atrial appendage 
occlusion, leadless pacing, renal denervation, and pulsed field ablation have continuously promoted 
research activity in the field. On the other hand, if the time span is too long, early publications may differ 
substantially from current research hotspots in research content, terminology, and technological systems, 
potentially reducing the focus of hotspot identification and thematic evolution analysis. Therefore, 
restricting the publication years to 2015–2025 helps present the recent research landscape, hotspot 
migration, and development trends of this field in a more focused manner. 

After determining the time range, sample quality control was further implemented through screening 
by document type and inclusion scope. To improve literature quality and ensure the academic 
representativeness of the analytical sample, this study limited the document types to Article and Review 
[124], and the language to English [125]. Articles can directly reflect original research outputs and 
technological advances in the field, whereas reviews help reveal stage-specific research hotspots and 
knowledge integration characteristics. In contrast, meeting abstracts, editorials, book reviews, news items, 
and corrections often lack complete research information or standardized citation structures, making them 
unsuitable for keyword co-occurrence analysis, co-citation analysis, and knowledge base identification; 
thus, they were excluded from this study. In addition, publications that contained the search terms but were 
weakly related to cardiovascular therapeutic devices, such as studies focusing solely on pharmacological 
therapy, purely diagnostic equipment, or general health monitoring with limited relevance to therapeutic 
pathways, were manually excluded during the screening process. Bibliographic records were exported as 
Full Record and Cited References in plain-text format for subsequent data cleaning and bibliometric 
analysis. It should be noted that publications from 2025 may be underrepresented because of possible delays 
in database indexing at the time of data retrieval. Therefore, the publication output for 2025 should be 
interpreted with caution. The literature search was conducted in the Web of Science Core Collection using 
the Topic Search (TS) field. The search covered publications from 2015 to 2025 and was restricted to 
English-language Articles and Reviews. The complete search query was as follows: TS = (...). The final 
search was conducted on [SEARCH DATE]. Records were exported as Full Record and Cited References 
in [Plain Text/CSV] format for subsequent bibliometric analysis. The initial search retrieved [N1] records. 
After removal of [N2] duplicate records, [N3] records remained for title, abstract, and keyword screening. 
A total of [N4] records were excluded because they focused primarily on pharmacological therapy, purely 
diagnostic devices, general health monitoring, or other topics with limited relevance to cardiovascular 
therapeutic devices. Finally, 1218 records were included in the bibliometric analysis. 

In implementation, this study followed a workflow consisting of initial retrieval [126], duplicate 
removal, relevance screening, and final inclusion [127]. First, original bibliographic records were obtained 
according to the predefined search query. Subsequently, duplicate records in the exported dataset were 
checked and removed. On this basis, the relevance of each publication to the research topic was further 
assessed by examining its title, abstract, and keywords. For publications with ambiguous thematic 
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boundaries or overlapping research attributes, further judgment was made based on their research objectives, 
device types, and application scenarios to minimize both erroneous inclusion and omission. Through this 
screening process, the final target literature dataset for subsequent bibliometric analysis was obtained. This 
procedure improved the consistency and comparability of the sample and provided a data foundation for 
subsequent publication trend analysis, keyword clustering analysis, institutional collaboration network 
construction, and knowledge evolution identification. 

Overall, the search strategy and screening criteria developed in this section were designed to balance 
research coverage and thematic focus. By appropriately defining the search field, keyword combinations, 
time span, document types, and inclusion and exclusion criteria, this study obtained representative 
publications on cardiovascular treatment-related medical devices while providing raw data with clear 
boundaries and standardized structures for subsequent data cleaning, standardization, and visualization 
analysis. These steps constitute the foundational stage of the bibliometric research and are essential for 
ensuring the credibility and interpretability of subsequent analytical results. However, the completion of 
retrieval and screening does not mean the data can be used directly for analysis. Raw bibliographic records 
may still exhibit substantial heterogeneity in terms of authors, institutions, and keywords; therefore, further 
cleaning and standardization of the sample data are necessary. 

2.3. Data Classification and Standardization 

After literature retrieval and screening, the target literature sample was essentially established [128]. 
However, the originally exported bibliographic records were not directly suitable for subsequent 
bibliometric analysis [129]. This is because inconsistencies often exist across different records in terms of 
author names, institutional affiliations, keyword formats, and abbreviation conventions. If co-occurrence 
analysis, collaboration network analysis, or clustering identification is performed without preprocessing, 
the same research object may be counted repeatedly, synonymous terms may be fragmented into separate 
statistical units, and collaboration relationships may be incorrectly split. These issues can compromise the 
accuracy and interpretability of analytical results. Therefore, before formal visualization and bibliometric 
analysis, systematic data cleaning and standardization were required to improve the consistency and 
comparability of the sample data. 

Data standardization was first implemented by controlling the completeness and uniqueness of 
bibliographic records. After literature screening, this study first checked and removed duplicate records 
from the exported dataset. Although the data structure of Web of Science is relatively standardized, 
duplicate entries may still occur during the actual data export due to overlapping search queries, repeated 
downloads, or record updates. If duplicate records are not removed, they may directly affect annual 
publication counts, source journal distributions, and high-frequency keyword statistics. Therefore, 
duplicate records were identified and deleted based on information such as title, authors, publication year, 
and source title [130], ensuring that each included publication was counted only once in the analytical 
sample [131]. This step not only improved the reliability of the basic statistical results, but also provided a 
standardized data foundation for subsequent network relationship analysis. 

After duplicate removal, another major source of data heterogeneity was the inconsistency of keyword 
expressions. In keyword processing, this study focused on normalizing synonyms, abbreviations, 
capitalization differences, and variant expressions. Because research on cardiovascular treatment-related 
medical devices is highly interdisciplinary, different authors often use different terms to describe the same 
research topic. For example, some keywords may appear in both abbreviated and full forms, while certain 
technical concepts may differ in singular and plural forms, word order, or synonymous expressions. 
Without unified processing, the same research hotspot may be dispersed into multiple nodes in the keyword 
co-occurrence network, thereby weakening the accuracy of hotspot identification and thematic clustering. 
Accordingly, while preserving the original semantic information, this study standardized and merged 
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keywords to ensure that subsequent keyword co-occurrence analysis, clustering analysis, and burst 
detection could more accurately reflect the distribution characteristics and evolutionary trajectory of 
research hotspots in the field. 

Before network analysis, duplicate records should be removed using title, DOI, authorship, publication 
year, and source-title information. Keyword preprocessing should be performed separately for Author 
Keywords and Keywords Plus because these fields have different origins and can produce different thematic 
structures. Generic terms that do not identify a cardiovascular technology, clinical problem, engineering 
mechanism, or evidence domain should be excluded from the principal keyword network. Examples 
identified in the current manuscript include year, month, technology, and model. Terms such as study, 
method, patient, and similar high-frequency but low-specificity items should also be assessed using a 
documented stop-word list rather than removed ad hoc after visualization. 

Synonyms, spelling variants, abbreviations, and singular/plural forms should be merged using a 
thesaurus file. At minimum, the revised analysis should unify TAVR/TAVI, LAAO/LAAC, pulsed field 
ablation/PFA, implantable cardioverter-defibrillator/ICD, cardiac implantable electronic device/CIED, 
wearable cardioverter-defibrillator/WCD, and other device-specific variants identified during 
preprocessing. The final thesaurus and stop-word list should be provided in the Supplementary Information 
so that the keyword network can be reproduced. 

In addition to keywords, the standardization of author names and institutional names was also an 
important component of data preprocessing [132]. Different publications may present author names and 
institutional affiliations in inconsistent forms because of abbreviations, omissions, prefixes or suffixes, and 
spelling variations. As a result, the same author or institution may appear in different forms in the raw 
dataset. If these variations are not unified, collaboration networks may be artificially fragmented, thereby 
affecting the identification of core authors, major research institutions, and institutional collaboration 
patterns. For this reason, this study combined author information, affiliation information, and contextual 
information in the exported records to merge different expressions that clearly referred to the same entity, 
thereby improving the accuracy and stability of author collaboration network and institutional collaboration 
network analyses. 

Institution names should be normalized to a consistent organizational level before ranking or 
collaboration analysis. University systems, individual medical schools, affiliated hospitals, and umbrella 
health networks should not be mixed in a single ranking unless the analytical level is explicitly defined. A 
normalization file should record each original affiliation string, the standardized institutional name, the 
organizational level, and any merging rule used. Country and institutional outputs should be reported using 
both full counting and fractional counting to show the effect of multi-country and multi-institutional 
collaboration on publication totals. 

After standardizing keywords, authors, and institutions, it was also necessary to further ensure the 
thematic focus of the sample. For some publications that were weakly related to the research topic but 
overlapped with the search query at the keyword level, this study conducted an additional manual review 
during the preprocessing stage based on titles, abstracts, and keywords. This step was designed to further 
exclude marginal records that might affect thematic focus. The purpose was to reduce noise introduced by 
the relatively broad coverage of search terms and to avoid interference with subsequent hotspot 
identification and thematic evolution analysis. Through the combined use of automated screening and 
manual verification, this study maintained sufficient sample coverage while further improving the thematic 
consistency of the literature dataset. 

Dataset validity should be assessed by a documented sample check. A random subset of records should 
be reviewed against the inclusion criteria to estimate precision, and a sensitivity analysis should examine 
whether modest changes in search terms or keyword thresholds materially alter the dominant clusters. This 
validation step is particularly important because the study intentionally adopts a broad field-level scope. 
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Literature data preprocessing and standardization are not merely technical steps [133], but essential 
preliminary steps that determine the quality of bibliometric results [134]. By removing duplicate records, 
normalizing keywords, standardizing author and institutional names, and re-screening marginal publications, 
this study substantially reduced the interference of raw data heterogeneity with analytical results and 
improved the accuracy of subsequent publication trend statistics, keyword co-occurrence analysis, 
collaboration network construction, and knowledge structure identification. These procedures provided a 
more stable and standardized data foundation for subsequent visualization analysis using tools such as 
VOSviewer, CiteSpace, and Bibliometrix. After the data foundation was unified and refined, the next issue 
to be addressed was how to select appropriate bibliometric tools according to different analytical objectives 
and how to improve the clarity and interpretability of the results through reasonable parameter settings. 

2.4. Bibliometric Analysis Tools and Parameter Settings 

After cleaning and standardizing the literature data, the sample publications met the basic requirements 
for quantitative analysis and visual mining. At this stage, selecting analytical tools that are consistent with 
the research objectives and clarifying the specific analytical tasks undertaken by each tool became a key 
step in establishing a complete methodological framework. To comprehensively reveal the publication 
characteristics, knowledge structure, and hotspot evolution patterns of research on cardiovascular 
treatment-related medical devices, this study employed three bibliometric analysis tools, VOSviewer, 
CiteSpace, and Bibliometrix, for visualization and quantitative analysis. A single software package was not 
used to complete all analytical tasks because these tools differ substantially in network construction logic 
[135], visualization mode, and analytical focus [136]. By comparison, VOSviewer is better suited to 
constructing and clustering high-frequency keyword co-occurrence, author collaboration, and institutional 
collaboration networks. CiteSpace places greater emphasis on temporal characteristics of knowledge 
evolution and is well-suited to burst term detection, co-citation analysis, and research frontier tracking. 
Bibliometrix, together with its visual interface Biblioshiny, has strong advantages in annual publication 
statistics, source journal analysis, country and institutional distribution statistics, and thematic evolution 
description. Based on the complementary functions of these tools, this study adopted a multi-software joint 
analysis strategy to cross-validate the research object from multiple dimensions, thereby enhancing the 
systematicity and reliability of the results. 

Specifically, VOSviewer was mainly used to construct keyword co-occurrence networks, author 
collaboration networks, and institutional collaboration networks in research on cardiovascular treatment-
related medical devices [137]. This tool is based on nodes and links, where node size reflects the occurrence 
frequency or influence of a given object, link strength represents the strength of association between 
different objects [138], and colors are used to distinguish different clustering modules [139]. Owing to its 
concise visualization interface, clear clustering structure, and intuitive network relationship presentation, 
VOSviewer is highly applicable to research hotspot identification, characterization of research force 
distribution, and thematic structure summarization. In this study, VOSviewer was used to analyze co-
occurrence relationships among high-frequency keywords, collaboration links among different research 
institutions, and the distribution characteristics of author groups within the field, thereby providing 
knowledge map-based evidence for subsequent hotspot clustering and knowledge structure analysis. 

If VOSviewer is more oriented toward the presentation of static structural relationships, then tools that 
emphasize evolutionary characteristics are needed to further capture the dynamic migration of research 
topics over time. For research on cardiovascular treatment-related medical devices, which is characterized 
by rapid technological iteration and frequent hotspot updates, high-frequency keyword statistics alone are 
insufficient to fully reveal frontier directions and stage-specific changes. By contrast, time-slicing analysis 
and burst term detection using CiteSpace help determine the migration of research focus from a dynamic 
evolutionary perspective. Accordingly, this study used CiteSpace to analyze keyword bursts and combined 
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co-citation networks to identify the knowledge bases and core publications of different stages, thereby 
strengthening the interpretability of hotspot formation mechanisms and evolutionary pathways. 

On this basis, to integrate the overall statistical characteristics of the sample publications more 
systematically, an additional tool better suited for descriptive statistics and overall structural summarization 
was required. Bibliometrix and its visual interface Biblioshiny were mainly used to conduct basic 
descriptive statistical analysis and partial thematic evolution analysis. This tool can systematically organize 
basic indicators such as annual publication output, source journals, core authors, and country and 
institutional distributions, and present the overall characteristics of the research object through standardized 
statistical charts. Compared with VOSviewer, which excels in network relationship visualization, and 
CiteSpace, which is more suitable for temporal evolution analysis, Bibliometrix offers greater flexibility in 
overall bibliographic information integration and statistical analysis, thereby improving the completeness 
and hierarchy of result presentation. Therefore, this study used Bibliometrix to conduct descriptive 
statistical analysis of the sample publications, providing basic data for subsequent annual publication trend 
analysis, journal distribution statistics, and research force distribution analysis. 

After clarifying the functions of each tool, parameter control was required to ensure the readability and 
comparability of different mapping results. In terms of parameter settings, this study appropriately defined 
thresholds and visualization rules for the relevant tools according to the characteristics of different 
analytical tasks. For keyword co-occurrence analysis and collaboration network analysis, the minimum 
occurrence frequency or minimum publication threshold was set according to the overall size of the sample 
publications, so as to remove low-frequency nodes that were overly scattered and insufficiently 
representative, thereby improving the clarity and readability of the network structure. For clustering 
analysis, key nodes that could reflect major research topics and core collaboration relationships were 
preferentially retained to avoid excessive network density that might obscure cluster boundaries. For 
temporal evolution analysis in CiteSpace, time slices were defined according to the research period, and 
research frontiers and key publications were comprehensively evaluated by integrating indicators such as 
burst strength, burst duration, and node centrality. Through appropriate parameter control, this study aimed 
to improve the interpretive efficiency and visual expression of mapping results while maintaining 
information completeness. 

It should be noted that different bibliometric analysis tools vary in algorithmic logic and output format; 
therefore, the same dataset may yield somewhat different visual outputs across different software platforms. 
Such differences do not necessarily indicate contradictions among analytical results, but rather reflect the 
complementary emphases of different tools. The purpose of adopting a multi-tool joint analysis strategy in 
this study was not to repeatedly present the same information, but to reveal the multi-level characteristics 
of research on cardiovascular treatment-related medical devices from different perspectives. For example, 
VOSviewer is more suitable for presenting the static association patterns among research topics, CiteSpace 
is more suitable for revealing the dynamic migration of research frontiers, and Bibliometrix is more 
advantageous for systematically summarizing overall publication characteristics. The combined use of 
these three tools enables the construction of a relatively comprehensive analytical framework for this field, 
ranging from basic statistics to knowledge structure and from hotspot identification to trend assessment. 

The combined application of VOSviewer, CiteSpace, and Bibliometrix provided methodological 
support for publication trend statistics, keyword co-occurrence analysis, clustering structure identification, 
institutional collaboration network construction, and hotspot evolution analysis in this study. By selecting 
appropriate tools for different analytical tasks and combining them with reasonable threshold and temporal 
parameter settings, this study substantially improved the clarity, stability, and interpretability of the 
bibliometric results. This analytical tool system not only constituted the technical foundation for the 
subsequent results chapters, but also provided necessary support for systematically identifying the research 
landscape of this field from three dimensions: publication output tracing, keyword tracing, and institutional 
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tracing. However, tool selection represents only the technical condition for implementing the analysis. The 
logical presentation of the results is ultimately determined by which analytical indicators are adopted and 
which types of maps are used to present them. Therefore, it is necessary to further describe the major 
analytical indicators and visualization methods used in this study. The complementary functions of these 
tools and the parameter categories to report are summarized in Figure 3. 

 

Figure 3. Complementary functions of bibliometric analysis tools and parameter categories for reporting: VOSviewer, CiteSpace, 
and Bibliometrix/Biblioshiny. This conceptual overview does not display analytical results or prescribe the settings used in this study. 

2.5. Major Analytical Indicators and Visualization Methods 

After clarifying the analytical tools and their respective functions, the next step was to further define 
the specific indicators on which these tools were applied and to determine how the different results should 
be represented through appropriate knowledge maps. To systematically reveal the overall landscape, 
thematic structure, and evolutionary patterns of research on cardiovascular treatment-related medical 
devices, this study constructed an analytical indicator system from three dimensions: basic statistical 
indicators, relational network indicators, and dynamic evolution indicators. In combination with multiple 
visualization formats, including bar charts, network maps, clustering maps, overlay visualization maps, and 
burst detection maps, the results were presented and interpreted. The design of these indicators and maps 
not only supports an overall understanding of the current research status, but also aims to reveal, from 
different dimensions, the formation mechanisms of research hotspots, the organization of the knowledge 
base, and potential future development directions in this field. 

In terms of basic statistical indicators, this study focused on annual publication output, source journal 
distribution, publication counts by countries and institutions, and publication performance of core authors. 
Among these indicators, annual publication output was mainly used to reflect changes in research activity 
over time and to further determine the developmental stages and growth characteristics of the field. Source 
journal distribution helped identify the major publication venues for relevant research outputs, thereby 
reflecting the journal concentration characteristics of knowledge dissemination in this field. Publication 
counts by countries, institutions, and authors could, to some extent, reveal the distribution pattern of major 
research forces and their academic activity. These basic statistical indicators formed the descriptive 
analytical foundation of the study and provided contextual support for subsequent analyses of collaboration 
networks, knowledge structures, and hotspot evolution. 

After characterizing the overall quantitative features, it was necessary to further examine the 
association structures among different research objects. In terms of relational network indicators, this study 
mainly employed keyword co-occurrence, author collaboration, institutional collaboration, and co-citation 
relationships to analyze the structural associations among research entities in the field. Keyword co-
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occurrence relationships can be used to identify the co-occurrence frequency and association strength 
among high-frequency terms within the same literature set, thereby helping summarize current research 
hotspots and thematic modules. Author collaboration networks and institutional collaboration networks 
help characterize the collaboration patterns and knowledge exchange relationships among major research 
groups, reflecting whether research forces exhibit concentration, clustering, or cross-regional collaboration. 
Co-citation analysis can reveal the knowledge base and representative core publications of the field from 
the perspective of citation structure, providing a basis for identifying academic development trajectories 
and important research nodes. Through these relational network indicators, this study structurally analyzed 
research on cardiovascular treatment-related medical devices from three perspectives: how research topics 
are associated, how research actors collaborate, and how the core knowledge base is formed. 

However, identifying static association relationships alone is insufficient to fully explain the 
developmental trends of this field. For a research area characterized by rapid technological updates and 
continuous hotspot migration, the temporal dimension must also be introduced to track research frontiers. 
Therefore, dynamic evolution indicators were used to trace research frontiers and stage-specific changes in 
research topics. Keyword burst detection was mainly used to identify terms whose attention increased 
rapidly during specific periods, thereby helping determine research frontiers and directions of hotspot shifts 
at different stages. Overlay visualization maps integrate keywords, publications, or nodes with temporal 
information, allowing the activity level and evolutionary pathway of different research topics to be 
displayed more intuitively over time. By combining annual publication trends with burst detection results, 
the developmental stages of the research field can be further divided, and key transition points can be 
identified, such as the shift from early accumulation to rapid growth and from conventional technologies to 
emerging technological routes. For cardiovascular treatment-related medical devices, a field with rapid 
technological renewal and continuous hotspot migration, dynamic evolution indicators enhance the 
explanatory power of research frontier analysis from the temporal perspective and provide quantitative 
support for the subsequent construction of milestone maps. 

After the analytical indicators were defined, the mode of result presentation became another key factor 
influencing interpretability. In terms of visualization, this study adopted bar charts, network maps, clustering 
maps, and evolution maps according to the analytical objectives of different indicators. Bar charts were mainly 
used to present basic statistical results, such as annual publication output and publication distribution by 
countries and institutions, providing an intuitive representation of quantitative changes and distributional 
differences. Network maps were mainly used to display associations among keywords, authors, and 
institutions, where node size generally represents occurrence frequency or influence, while link strength 
reflects the closeness of relationships between different nodes. Clustering maps were mainly used to identify 
thematic modules of keywords or co-cited publications, which helps summarize research directions from an 
overall perspective. Overlay visualization maps and burst detection maps were used to highlight the temporal 
evolution characteristics of research hotspots and changes in research frontiers. By combining multiple types 
of knowledge maps, this study ensured the clarity of visual presentation while enhancing the hierarchy and 
explanatory depth of the research conclusions. Network maps should report the meaning of node size, link 
thickness, node color, clustering method, and counting method in the corresponding caption. Software-
generated clusters should be distinguished from author-defined thematic categories. Where the manuscript 
assigns an interpretive label to a software cluster, the label should be presented as an author interpretation 
based on its highest-weighted terms rather than as a software-generated title. 

Figures should be regenerated directly from the analytical software or source data at publication 
quality. Fonts, line weights, color scales, figure labels, and captions should be standardized across all 
bibliometric figures. Device photographs or externally sourced product images should be replaced by 
author-drawn schematics or permission-cleared images, with source and permission information 
documented where applicable. 
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It should be noted that mapping results themselves do not directly constitute research conclusions; 
rather, they provide evidence for further academic interpretation. Therefore, in the process of visualization 
analysis, this study did not remain at the level of graphical display or superficial description. Instead, the 
results of various indicators were interpreted in combination with the technological background of the field, 
key device development milestones, and changes in research topics, so as to further explain the academic 
implications behind different maps. For example, an increase in annual publication output not only reflects 
a rise in research volume but may also correspond to the approval of important devices, the expansion of 
clinical indications, or the emergence of new technological routes. Keyword clustering not only indicates 
thematic distribution but also reflects the intrinsic logical relationships among different research directions. 
The occurrence and duration of burst terms can reveal the frontier status and influence range of a given 
technology during a specific stage. Accordingly, when applying visualization maps, this study consistently 
followed an analytical approach that integrates data results, structural features, evolutionary patterns, and 
academic interpretation, thereby enhancing the systematicity of the discussion. 

The analytical indicators and visualization methods established in this section together constituted the 
result-output framework of the bibliometric analysis conducted in this study. By using basic statistical 
indicators to reveal the overall research landscape, relational network indicators to identify knowledge 
structures and collaboration patterns, and dynamic evolution indicators to determine research frontiers and 
stage-specific changes, combined with diverse mapping formats for result presentation, this study 
comprehensively characterized the quantitative, structural, and temporal features of research on 
cardiovascular treatment-related medical devices. This indicator system not only provided a clear pathway 
for the results analyses in Sections 3 and 4, but also enabled the entire study to form a relatively complete 
analytical loop around three core dimensions: publication output tracing, keyword tracing, and institutional 
tracing. At this point, Section 2 has completed the methodological description, from data source definition 
to the construction of the result-output framework, thereby laying the methodological foundation for the 
subsequent analysis of publication characteristics, research hotspots, and evolutionary trends. The 
analytical indicators and visualization framework are summarized in Figure 4. 

 

Figure 4. Bibliometric analysis framework. 
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3. Overall Bibliometric Characteristics of Publications in the Medical Device Field 

After defining the literature data sources, search and screening criteria, data standardization procedures, 
and analytical tool system, this study further analyzed the overall bibliometric characteristics of the 
included publications. Compared with directly conducting keyword clustering or hotspot evolution analysis, 
an initial examination of basic dimensions, such as annual publication output, country and regional 
distribution, research institutions, source journals, and highly cited publications, is helpful for 
understanding the overall research scale, major research forces, and knowledge output pattern of the field. 
In other words, only after clarifying how the volume of research has changed, where the major research 
forces are located, and which platforms primarily disseminate the research outputs can the subsequent 
interpretation of keyword co-occurrence, thematic clustering, and hotspot evolution be supported by a 
clearer background. Accordingly, this section first examines the annual publication trend to analyze the 
overall development of research on cardiovascular treatment-related medical devices from 2015 to 2025. 
On this basis, it further investigates the bibliometric characteristics of countries and regions, institutions, 
journals, and high-impact publications. 

3.1. Annual Publication Trends 

As shown in Figure 5, the annual publication output from 2015 to 2025 provides a direct basis for 
evaluating the developmental activity and changes in research attention in cardiovascular treatment-related 
medical device research [1]. By counting the number of publications across different years, it is possible to 
intuitively assess the stage-specific changes, growth rate, and correspondence with key technological 
milestones within a given research direction. For research on cardiovascular treatment-related medical 
devices, annual publication trends not only reflect changes in publication volume but also indirectly reveal 
the evolution of cardiovascular therapeutic technologies from conventional device improvements toward 
minimally invasive interventions, intelligent assistance, and data-driven approaches. Therefore, before 
conducting more in-depth analyses of countries, institutions, and keywords, it is necessary to first examine 
the overall changes in annual publication output in this field [2]. 

 

Figure 5. Annual publication output of cardiovascular treatment-related medical device research from 2015 to 2025. 
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The annual publication output of relevant literature indexed in the Web of Science Core Collection 
from 2015 to 2025 was statistically analyzed [140], and the annual publication trend is shown in Figure 5 
[141]. Overall, the annual number of publications on cardiovascular treatment-related medical devices 
showed a fluctuating upward trend during 2015–2025. The number of publications was 54 in 2015 and 
reached 175 in 2024, representing the peak value within the study period. In 2025, the number of 
publications was 171, remaining at a relatively high level. A total of 1218 relevant publications were 
identified during the study period, with an average annual output of approximately 111 publications. 
Compared with 2015, the publication output in 2025 increased by approximately 216.7%, indicating 
sustained attention from the academic community, clinical medicine, and engineering technology fields 
over the past decade. These results suggest that research on cardiovascular treatment-related medical 
devices is not a short-term or incidental hotspot but has gradually evolved into a relatively stable growth 
area driven by clinical demand, device innovation, and multidisciplinary integration. To further reveal the 
stage-specific characteristics underlying this growth, it is necessary to analyze the developmental process 
in terms of annual changes in publications. 

From the perspective of stage-specific changes, the publication output in this field from 2015 to 2025 
did not follow a simple linear growth pattern, but rather exhibited the characteristics of steady growth in 
the early stage, moderate fluctuation in the middle stage, and rapid increase in the later stage. The period 
from 2015 to 2018 can be regarded as a relatively stable growth stage, during which the annual publication 
output increased from 54 to 96, indicating that research on cardiovascular treatment-related medical devices 
had already established a relatively stable foundation during this period. Studies in this stage mainly focused 
on conventional interventional devices, implantable devices, cardiac rhythm management systems, and 
improvements in cardiovascular therapeutic technologies, with an emphasis on structural device 
optimization, material performance enhancement, safety evaluation, and validation of clinical application 
effects [142]. On this basis, the publication outputs in 2019, 2020, and 2021 were 89, 89, and 103, 
respectively, showing a mild fluctuation overall. Although no continuous rapid increase was observed 
during this stage, the annual output remained substantially higher than in 2015 and 2016, suggesting that 
the field had gradually shifted from early accumulation to a relatively stable expansion stage. Subsequently, 
the annual publication output increased markedly from 2022 to 2025, rising rapidly from 103 in 2021 to 
147 in 2022, and reaching 149, 175, and 171 in 2023, 2024, and 2025, respectively, indicating a further 
increase in research activity in recent years [143]. 

This stage-specific growth was not merely due to the natural accumulation of publication volume but 
was closely related to technological iteration and clinical translation of cardiovascular therapeutic medical 
devices. In recent years, important progress has been made in transcatheter aortic valve replacement, left 
atrial appendage occlusion, leadless pacemakers, renal denervation, pulsed field ablation, and transcatheter 
tricuspid valve repair or replacement, which has continuously expanded cardiovascular disease treatment 
toward minimally invasive, precision-oriented, and device-platform-based approaches. Meanwhile, 
artificial intelligence, sensing technologies, remote monitoring, and digital health methods have gradually 
been integrated into cardiovascular device research. As a result, relevant publications are no longer limited 
to the structural design of individual devices or the evaluation of clinical efficacy, but have also extended 
to preoperative risk assessment, intraoperative navigation optimization, long-term postoperative follow-up, 
and therapeutic decision support. Therefore, the increase in annual publication output not only reflects the 
expansion of research scale, but also indicates the continuous broadening of research objects and 
technological connotations in this field. These temporal associations should be interpreted as contextual 
correspondence rather than evidence that any single regulatory event caused the increase in publications. 

Further examination of specific time points shows that publication output increased markedly after 
2022, suggesting that the field has entered a stage of hotspot convergence and rapid expansion in recent 
years. The number of relevant publications increased from 103 in 2021 to 147 in 2022, corresponding to an 
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increase of approximately 42.7%, which represents one of the most notable growth points during the entire 
study period. This change may be associated with the concentrated advancement of multiple emerging 
cardiovascular therapeutic devices and related clinical studies. For example, the expansion of indications 
for transcatheter valve therapy promoted the growth of research on structural heart disease interventional 
devices; the development of leadless pacing technology facilitated the evolution of cardiac rhythm 
management devices toward miniaturization and reduced invasiveness; the reapproval and clinical 
reintroduction of renal denervation systems made device-based treatment of hypertension an important 
direction in cardiovascular intervention once again; and the emergence of pulsed field ablation promoted 
the transition of atrial fibrillation ablation from conventional thermal ablation toward non-thermal ablation. 
These technological milestones not only represent changes in clinical treatment strategies, but also reshape 
the keyword distribution and thematic structure of related research to some extent. Therefore, changes in 
annual publication output should not be regarded as an isolated quantitative phenomenon, but rather as a 
comprehensive reflection of the continuous expansion of cardiovascular therapeutic device systems and the 
ongoing renewal of research themes. 

Based on the above trends, research on cardiovascular treatment-related medical devices from 2015 to 
2025 can be broadly divided into three stages. The first stage is the foundation accumulation stage, mainly 
covering 2015–2018, during which the number of publications gradually increased from 54 to 96, indicating 
that relevant research had established a relatively stable foundation in conventional therapeutic devices and 
clinical application evaluation. The second stage is the adjustment and expansion stage, mainly covering 
2019–2021, during which annual publication output fluctuated between 89 and 103, suggesting that 
research topics were in a transitional period from conventional device improvement toward the expansion 
of multiple therapeutic platforms. The third stage is the rapid growth stage, mainly covering 2022–2025, 
during which annual publication output exceeded 140 each year and peaked at 175 in 2024. This indicates 
that emerging minimally invasive therapeutic devices, intelligent assistive systems, and data-driven 
methods are becoming important forces driving the development of the field. This stage-based classification 
suggests that research on cardiovascular treatment-related medical devices has gradually shifted from 
conventional device improvement toward a development stage driven by multi-technology collaborative 
innovation and clinical translation. 

It is worth noting that the publication output in 2025 was 171, slightly lower than the 175 publications 
recorded in 2024, yet still at a high level. This slight decrease does not necessarily indicate a decline in 
research activity and may be related to the annual statistical period, database indexing lag, or stage-specific 
adjustments in research topics. From the overall trend, publication output in this field has remained within 
a high range since 2022, indicating that research on cardiovascular treatment-related medical devices has 
entered a highly active developmental stage. Particularly under the combined influence of clinical demand, 
device innovation, digital health, and artificial intelligence methods, this field is expected to continue to 
grow and undergo further thematic subdivision in the future. The exact search date must therefore 
accompany the final interpretation of the 2025 endpoint. 

Overall, the annual publication trend analysis indicates that research on cardiovascular treatment-
related medical devices maintained a high level of activity during 2015–2025 and exhibited an evolutionary 
trend from conventional therapeutic devices toward minimally invasive, intelligent, and data-driven 
approaches. Changes in publication output not only reflect the expansion of research scale, but also suggest 
continuous updates in the knowledge structure and hotspot themes of the field. However, annual publication 
output can only reveal temporal changes in research activity and cannot explain which countries, regions, 
or research institutions are the main contributors to this body of work. Therefore, after clarifying the overall 
growth trend of the field, it is necessary to further analyze the publication distribution and collaboration 
patterns among major countries, regions, and research institutions to reveal the spatial distribution 
characteristics and academic organizational structure of research forces in this field. 



Intell. Sustain. Manuf. 2026, 3(2), 10026. doi:10.70322/ism.2026.10026 19 of 70 

 

3.2. Country and Regional Distribution 

As shown in Figure 6, the country and regional publication distribution provides a spatial perspective 
for identifying the major contributing research forces in cardiovascular treatment-related medical device 
research from 2015 to 2025. Although the annual publication trend clarifies changes in research activity 
over time, analysis from the temporal dimension alone remains insufficient to fully reveal the 
developmental landscape of this field. Annual publication output can indicate changes in research activity 
across different years, but it cannot further explain which countries or regions primarily drive this research, 
nor can it reflect differences in academic participation and research contributions among countries. 
Therefore, based on annual publication trend analysis, it is necessary to further conduct publication output 
statistics by country and region to reveal the spatial distribution characteristics of research forces in this 
field. In this study, country and regional information exported from the Web of Science Core Collection 
was used to analyze the major contributing countries and regions in research on cardiovascular treatment-
related medical devices from 2015 to 2025. 

 

Figure 6. Top 10 countries and regions by publication output in cardiovascular treatment-related medical device research. 

The publication output of research on cardiovascular treatment-related medical devices exhibited a 
relatively pronounced concentration at the country and regional levels. The United States ranked first with 
500 publications, well above other countries and regions, indicating its strong research foundation, clinical 
resources, and sustained output capacity in this field. China ranked second with 226 publications, 
suggesting that its participation and academic productivity in cardiovascular treatment-related medical 
device research have continued to increase [144]. Italy, the United Kingdom, and Germany ranked third to 
fifth with 147, 137, and 133 publications, respectively, constituting important European research forces in 
this field. France, Canada, Australia, India, and The Netherlands published 87, 85, 83, 78, and 67 publications, 
respectively, and also formed a certain scale of research accumulation. It should be noted that country and 
regional publication counts are usually calculated based on the countries of the authors’ affiliations. 
Publications involving international collaboration may be counted for multiple countries simultaneously; 
therefore, these results mainly reflect the relative research activity of each country or region in this field, 
rather than representing the proportion of mutually independent publications [145]. Full-count totals represent 
participation and do not partition the 1218-paper corpus into mutually exclusive national shares. 



Intell. Sustain. Manuf. 2026, 3(2), 10026. doi:10.70322/ism.2026.10026 20 of 70 

 

From the ranking structure, the United States showed a particularly prominent advantage in this field, 
with a publication output approximately 2.21 times that of China, indicating a leading position in research 
on cardiovascular treatment-related medical devices. This phenomenon may be closely associated with its 
long-established cardiovascular clinical research system, medical device industry foundation, approval 
mechanisms for innovative devices, and multicenter clinical trial resources [146]. China ranked second, 
indicating that with the increasing burden of cardiovascular diseases, improvements in independent medical 
device innovation capacity, and the continuous strengthening of clinical translational research, China has 
achieved a considerable scale of research output in this direction. Meanwhile, European countries such as 
Italy, the United Kingdom, Germany, and France also maintained high publication output, reflecting 
Europe’s sustained academic influence in structural heart disease interventions, rhythm management, 
implantable devices, and clinical evidence-based research. These findings suggest that an international 
research landscape has formed in this field, with the United States as the leading contributor, China showing 
rapid development, and multiple European countries participating actively [147]. 

Further analysis of regional distribution characteristics shows that research on cardiovascular 
treatment-related medical devices is mainly concentrated in North America, Europe, and East Asia, where 
medical research and the medical device industry are relatively well developed. This distribution pattern is 
closely associated with the demand for cardiovascular disease prevention and treatment, medical device 
research and development capacity, the maturity of clinical trial systems, and the regulatory and 
translational environment. On the one hand, as cardiovascular disease is one of the major chronic diseases 
worldwide, its therapeutic technologies and device innovation have long received extensive attention from 
both the medical and engineering communities. On the other hand, treatment-related medical devices often 
involve multiple stages, including material design, device manufacturing, clinical evaluation, regulatory 
approval, and long-term follow-up, placing high demands on research platforms, clinical resources, and 
translational capacity. Therefore, countries and regions with higher publication outputs usually not only 
possess stronger scientific productivity, but also have more advanced healthcare systems, industrial 
foundations, and clinical translation conditions. 

From the internal structure of the top ten countries and regions, the top five contributors, namely the 
United States, China, Italy, the United Kingdom, and Germany, produced a total of 1143 full-count country 
credits, accounting for approximately 74.1% of the total publication count among the top ten countries and 
regions. This indicates that the main literature output in this field is concentrated in a small number of 
countries with strong research foundations. Among them, the United States accounted for approximately 
32.4% of the total publication count among the top ten countries and regions, while China accounted for 
approximately 14.6%; together, they contributed nearly half of the total output of the top ten countries and 
regions. This suggests that although research on cardiovascular treatment-related medical devices is 
characterized by international participation, the core knowledge output still shows a strong leading-country 
concentration effect. At the same time, the publication differences among European countries such as Italy, 
the United Kingdom, and Germany were relatively small, indicating that European research forces are not 
concentrated in a single country, but instead show a pattern of multi-country co-development. The 
denominator for these descriptive percentages is 1543 country credits across the ten listed countries, not 1218 
unique publications. These arithmetic corrections do not substitute for recalculation from a normalized dataset. 

Differences in publication output among countries and regions not only reflect the scale of scientific 
research output, but also, to some extent, indicate differences in research priorities and technological 
pathways. The United States and European countries have accumulated substantial research foundations in 
rapidly translated clinical areas such as transcatheter valve therapy, left atrial appendage occlusion, leadless 
pacing, pulsed field ablation, and cardiac assist devices. China has gradually increased its research 
investment in cardiovascular interventional devices, artificial intelligence-assisted diagnosis and treatment, 
remote monitoring, and domestic medical device innovation. Although India, The Netherlands, Australia, 
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and Canada have lower overall publication outputs than the United States and China, they still participate 
in certain clinical studies, engineering technology research, and multicenter collaborative studies. Therefore, 
country and regional distribution should not be regarded simply as a quantitative ranking but as a pattern 
jointly shaped by clinical demands, the medical device industry’s layout, engineering technology 
accumulation, and policy support across countries. 

From an international collaboration perspective, research on cardiovascular treatment-related medical 
devices has distinct interdisciplinary and cross-regional characteristics. Research in this field generally 
requires the joint participation of cardiovascular clinical centers, biomedical engineering teams, medical 
device enterprises, data analysis groups, and regulatory and follow-up platforms. A single research institution 
or country often cannot independently cover the complete chain from device design and performance 
evaluation to clinical validation and long-term follow-up [148]. Therefore, countries and regions with higher 
publication outputs not only represent stronger independent research capabilities, but may also serve as 
important nodes in international collaboration networks. In particular, countries with high publication outputs, 
such as the United States, China, the United Kingdom, Germany, and Italy, are generally more likely to 
participate actively in international multicenter clinical trials, guideline updates, and multicenter data sharing, 
thereby further promoting the expansion of the knowledge network in this field [149]. 

It should be noted that publication ranking is not equivalent to academic influence. Although some 
countries and regions have high publication outputs, their literature impact, international collaboration 
intensity, proportion of highly cited papers, and originality in core technologies still need to be further 
evaluated in combination with subsequent analyses. Conversely, some countries or regions with relatively 
low publication output may still contribute to knowledge base construction through representative 
achievements in specific device directions or key clinical trials. Therefore, country and regional publication 
distribution analysis is mainly used to reveal the spatial pattern of research output, whereas the evaluation of 
specific academic influence and knowledge contribution still requires comprehensive analysis in combination 
with indicators such as institutional distribution, highly cited publications, and co-citation networks. 

Overall, the country and regional publication distribution results indicate that research on 
cardiovascular treatment-related medical devices has formed an international research landscape involving 
multiple countries and regions. The United States occupies a clear leading position, China shows strong 
developmental momentum, and European countries such as Italy, the United Kingdom, Germany, and 
France also constitute important research forces in this field. This pattern suggests that research on 
cardiovascular treatment-related medical devices is driven not only by global clinical demands, but also by 
medical device innovation systems, clinical translation platforms, and international collaboration networks. 
However, country and regional statistics remain relatively macroscopic and cannot reveal the organizational 
structure and contribution differences of specific research entities. Therefore, after analyzing the 
distribution of major countries and regions, it is necessary to further identify the core academic forces in 
this field from an institutional perspective, to clarify which universities, hospitals, research institutes, or 
enterprises play key roles in advancing research on cardiovascular treatment-related medical devices. 

3.3. Major Research Institutions 

As shown in Figure 7, the institutional publication distribution further reveals the specific 
organizational foundation and major research entities involved in cardiovascular treatment-related medical 
device research from 2015 to 2025. Based on the country- and region-level publication distribution analysis, 
further identification of major research institutions helps clarify which universities, hospitals, research 
institutes, or clinical translation platforms play core driving roles in this field. Country- and region-level 
statistics can reflect the overall research activity of different areas [150]. However, this analytical scale 
remains relatively macroscopic and cannot further clarify the contribution differences among specific 
research organizations. Therefore, after clarifying the distribution pattern of major countries and regions, it 
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is necessary to further analyze literature output at the institutional level to identify the core research entities 
and their knowledge production characteristics. In this study, institutional information exported from the 
Web of Science Core Collection was used to analyze the major contributing institutions in research on 
cardiovascular treatment-related medical devices from 2015 to 2025 [151]. 

 

Figure 7. Original unnormalized top-ten institutional output in cardiovascular treatment-related medical device research. 

The institutional publication output of research on cardiovascular treatment-related medical devices 
exhibited a clear leading-group concentration. Harvard University ranked first with 73 publications, 
indicating its strong research foundation and sustained productivity in this field. Harvard University 
Medical Affiliates ranked second with 68 publications, further demonstrating the prominent influence of 
Harvard University and its affiliated medical system in research on cardiovascular treatment-related 
medical devices [152]. The University of California System ranked third with 50 publications, followed by 
Harvard Medical School with 43 publications and the University of London with 42 publications. In 
addition, the Institut National de la Santé et de la Recherche Médicale (INSERM) and the University of 
Texas System each published 41 papers, while Assistance Publique–Hôpitaux de Paris (APHP), Mayo 
Clinic, and Université Paris Cité each published 40 papers, together forming the top ten most productive 
institutional groups in this field [153]. Because these entries mix university systems, medical schools, 
affiliated organizations, and hospital networks, the original counts are retained as pre-normalization results 
and are not directly comparable measures of independent institutional output. 

In terms of institutional composition, the top ten institutions were mainly concentrated in the United 
States, France, and the United Kingdom, with U.S. institutions showing a clear advantage. Harvard 
University, Harvard University Medical Affiliates, the University of California System, Harvard Medical 
School, the University of Texas System, and Mayo Clinic are all located in the United States, with a 
combined output of 315 publication counts, accounting for approximately 65.9% of the total publication 
counts of the top ten institutions. In France, INSERM, APHP, and Université Paris Cité contributed a total 
of 121 publication counts, accounting for approximately 25.3%. The University of London contributed 42 
publication counts, accounting for approximately 8.8%. This distribution is consistent with the country and 
regional publication output analysis discussed above, indicating that the leading position of the United 
States in this field is reflected not only at the national level, but also in the sustained contributions of 
multiple leading universities, medical centers, and clinical research networks. The inclusion of French and 
British institutions also suggests that Europe maintains strong participation in structural heart disease 
intervention, cardiovascular clinical research, and multicenter collaboration. 
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Further analysis shows that the leading institutions are not confined to a single institutional type, but 
include comprehensive universities, medical schools, university-affiliated medical systems, public hospital 
networks, national medical research institutes, and large clinical centers. This feature is closely related to 
the disciplinary nature of research on cardiovascular treatment-related medical devices. This field is neither 
purely an engineering design problem nor solely a clinical observation problem; rather, it involves multiple 
components, including device structural design, material and mechanical performance evaluation, imaging 
and navigation technologies, clinical trials, long-term follow-up, and real-world assessment. Therefore, 
highly productive institutions usually need to possess basic research platforms, clinical case resources, 
interdisciplinary collaboration networks, and medical device translational capabilities. Institutional clusters 
represented by Harvard University and its affiliated medical system can rely on the basic research strengths 
of comprehensive universities and the clinical resources of affiliated hospitals to generate continuous 
outputs in cardiovascular interventional devices, implantable devices, treatment strategy optimization, and 
multicenter clinical studies. Large clinical medical systems, such as Mayo Clinic and APHP, place greater 
emphasis on clinical application, evaluation of therapeutic efficacy, and the accumulation of real-world 
follow-up data. 

It is noteworthy that Harvard University, Harvard University Medical Affiliates, and Harvard Medical 
School all appeared among the top ten institutions, indicating a marked cluster effect of the Harvard-related 
medical research network in this field. From a bibliometric perspective, this phenomenon may partly reflect 
the fact that different units within the Harvard system are separately counted in the Web of Science 
institutional enhancement field. At the same time, it indicates the high level of participation by this 
institutional group in research on cardiovascular treatment-related medical devices [154]. Because 
cardiovascular device research commonly depends on collaboration among medical schools, affiliated 
hospitals, engineering laboratories, and clinical research centers, different institutional units within the 
same university system may appear separately in publication affiliations and institutional statistics. For the 
sake of data reproducibility, this study retained the institutional enhancement field exported from the Web 
of Science Core Collection for analysis, while interpreting these entries as evidence of the strong organized 
output of the Harvard medical research network in this research direction [155]. 

The correspondence between institutional country distribution and the preceding country and regional 
analysis further indicates that the relatively large number of highly productive U.S. institutions reflects a 
leading position supported not merely by a few publications, but by multiple high-level universities, 
medical centers, and clinical research organizations. As large university systems, the University of 
California System and the University of Texas System reflect the advantages of U.S. higher education in 
cross-campus, multidisciplinary, and multicenter research organization. Mayo Clinic represents the 
important role of large clinical medical centers in the clinical evaluation and translational research of 
cardiovascular devices. By contrast, highly productive French institutions mainly reflect the linkage among 
national medical research institutes, high-level public hospital systems, and university-based research 
networks, as represented by INSERM, APHP, and Université Paris Cité, all of which have strong medical 
research and clinical collaboration attributes. These findings suggest that research on cardiovascular 
treatment-related medical devices is not driven solely by isolated academic institutions but rather depends 
on collaborative innovation among universities, hospitals, and national research platforms. 

From the perspectives of research collaboration and translational output, the concentration of highly 
productive institutions further reflects the dependence of this field on clinical resources and multicenter 
collaboration. Research on cardiovascular treatment-related medical devices generally requires a complete 
research chain, ranging from device design and experimental validation to clinical trials and long-term 
follow-up. This is particularly true for emerging technological directions such as transcatheter valve therapy, 
left atrial appendage occlusion, leadless pacing, renal denervation, and pulsed field ablation, which often 
require multidisciplinary teams and multicenter clinical data support. Therefore, institutions with high 
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publication output not only represent strong research productivity but may also contribute to patient sample 
accumulation, clinical trial organization, the establishment of device evaluation standards, and the 
optimization of therapeutic pathways. In other words, high institutional output is not an isolated quantitative 
phenomenon, but reflects the comprehensive dependence of cardiovascular treatment-related medical 
device research on clinical platforms, engineering technologies, and translational systems. 

It should be noted that institutional publication output is not fully equivalent to institutional academic 
influence or original contribution. Because a publication involving multiple institutions may be counted by 
several institutions simultaneously, institutional publication output is better suited to measuring 
institutional participation and research activity than to being interpreted simply as completely independent 
publication counts among institutions. In addition, some institutions with relatively lower publication 
outputs may still contribute in specific device directions, key clinical trials, or highly cited studies. 
Therefore, institutional publication distribution analysis is mainly used to identify the activity level and 
organizational structure of research entities. Further evaluation of institutional academic influence should 
be conducted in combination with highly cited publications, co-citation networks, collaboration strength, 
and keyword clustering results. 

Overall, the distribution of major research institutions indicates that research on cardiovascular 
treatment-related medical devices has formed an organizational structure dominated by high-level 
comprehensive universities, medical schools, university-affiliated medical systems, and large clinical 
centers. Harvard University and its affiliated medical system occupy a prominent position, while U.S. 
institutions such as the University of California System, the University of Texas System, and Mayo Clinic 
jointly constitute important knowledge-producing forces in this field. French institutions such as INSERM, 
APHP, and Université Paris Cité reflect the continued participation of the European medical research 
system. Taken together with the country- and region-level publication distribution results, these findings 
suggest that knowledge production in this field exhibits both clear regional concentration and institution-
level characteristics of clinical translation and multicenter collaboration. However, institutional distribution 
can only reveal the organizational sources of research forces and cannot explain through which academic 
platforms the relevant outputs are primarily disseminated. Therefore, after analyzing major research 
institutions, it is necessary to further examine source journals to clarify the publication venues and 
disciplinary distribution characteristics of research outputs in this field. 

3.4. Source Journal Distribution and Interdisciplinary Characteristics 

As shown in Figure 8, the source journal distribution provides a direct basis for understanding the 
academic dissemination platforms and interdisciplinary affiliations of research on cardiovascular treatment-
related medical devices from 2015 to 2025. After clarifying the distribution of major countries, regions, 
and research institutions, further analysis of source journals can help reveal the academic channels through 
which relevant findings are disseminated and the disciplinary domains that primarily host the knowledge 
outputs of this field. Country, regional, and institutional distributions mainly reflect who is conducting the 
research and where the research forces are concentrated, whereas source journal analysis further answers 
through which academic channels the relevant findings are disseminated and which disciplinary domains 
primarily support the knowledge production of this field. Therefore, after completing the analysis at the 
level of research actors, it is necessary to conduct statistical analysis of the sample publications from the 
perspective of source journals to further understand the academic publication landscape and 
interdisciplinary characteristics of this field. In this study, source journal information exported from the 
Web of Science Core Collection was used to analyze the major journals publishing research on 
cardiovascular treatment-related medical devices from 2015 to 2025. 
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Figure 8. Top 10 source journals by publication output in cardiovascular treatment-related medical device research. 

The distribution of source journals for research on cardiovascular treatment-related medical devices 
exhibited both concentration and interdisciplinarity. Among them, Sensors ranked first with 37 publications, 
indicating a high level of research activity in sensors, monitoring technologies, signal acquisition, and 
intelligent sensing within this field. European Heart Journal ranked second with 25 publications, suggesting 
that research on cardiovascular treatment-related medical devices remains closely associated with high-
level cardiovascular clinical studies [156]. Journal of Clinical Medicine ranked third with 21 publications, 
further indicating that clinical evaluation, therapeutic efficacy analysis, and patient management remain 
important publication topics in this field. In addition, BMJ Open, Catheterization and Cardiovascular 
Interventions, Circulation, IEEE Access, Biomedical Signal Processing and Control, PLOS ONE, and 
Advanced Science entered the top ten with 19, 14, 14, 14, 12, 12, and 11 publications, respectively. The 
top ten source journals published a total of 179 papers, accounting for approximately 14.7% of the total 
included literature. This indicates that publications in this field show a certain degree of journal 
concentration, while they are not highly concentrated in a single journal, but instead are distributed across 
multiple platforms with different disciplinary attributes [157]. 

From the perspective of journal categories, the leading source journals can be broadly classified into 
three groups. The first group consists of cardiovascular medicine and interventional cardiology journals 
represented by European Heart Journal, Circulation, and Catheterization and Cardiovascular Interventions. 
These journals primarily focus on cardiovascular disease treatment strategies, interventional device 
applications, clinical efficacy evaluation, patient prognosis, and optimization of therapeutic pathways, and 
serve as important dissemination platforms for clinical research outputs in this field. The second group 
consists of journals related to sensing technologies, engineering applications, and signal processing, 
represented by Sensors, IEEE Access, and Biomedical Signal Processing and Control. These journals place 
greater emphasis on sensor systems, remote monitoring, data acquisition, biomedical signal analysis, 
intelligent algorithms, and digitally assisted diagnosis and treatment, reflecting the expansion of 
cardiovascular treatment-related medical device research toward intelligent, information-based, and data-
driven directions. The third group includes general medical, open-access, and interdisciplinary journals 
represented by Journal of Clinical Medicine, BMJ Open, PLOS ONE, and Advanced Science. These 
journals have broad coverage and can accommodate various types of studies, including clinical observations, 
engineering technologies, material innovation, data analysis, and translational medicine, thereby reflecting 
the diversification of research topics in this field. 
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This source journal distribution is highly consistent with the disciplinary attributes of research on 
cardiovascular treatment-related medical devices. This field is neither a purely clinical medical issue nor a 
purely engineering technical issue; rather, it represents an interdisciplinary research system jointly 
composed of clinical demands, device development, material and structural optimization, imaging 
navigation, signal acquisition, data analysis, and long-term follow-up. The presence of cardiovascular 
medicine journals indicates that clinical therapeutic efficacy, safety evaluation, and evidence-based 
evidence remain important foundations of this field. The relatively high publication output in engineering 
technology and signal processing journals suggests that intelligent monitoring, sensing systems, and data 
processing are becoming important growth areas in cardiovascular medical device research. The 
participation of general and interdisciplinary journals also shows that relevant research outputs have 
transcended single-disciplinary boundaries and show an integrated development pattern involving clinical 
medicine, engineering technology, data science, and translational medicine. 

Further combined with the preceding results on country, regional, and institutional distributions, the 
diversity of source journals also corresponds to the diversity of research actors. The previous analysis 
showed that this field is mainly driven by the United States, China, multiple European countries, as well as 
high-level universities, medical schools, affiliated hospitals, and large clinical centers. Different research 
actors differ in their research objectives and publication pathways. Studies led by large medical centers and 
affiliated hospitals are more likely to be published in journals related to cardiology, interventional therapy, 
and clinical medicine [158]. Studies led by engineering teams, sensor system research groups, or data 
science teams are more likely to appear in journals related to sensors, signal processing, medical informatics, 
and engineering applications. Research involving material innovation, intelligent algorithms, multisource 
data fusion, or interdisciplinary methodological development may be published in general or high-level 
interdisciplinary journals. Therefore, the structure of source journals essentially reflects the multi-level 
research chain of this field, extending from clinical application to engineering development and further to 
intelligent management [159]. 

From the specific journal distribution, the first-place ranking of Sensors is representative. This suggests 
that sensor and data acquisition technologies have become important supporting components in research 
on cardiovascular treatment-related medical devices. With the development of implantable devices, 
wearable devices, remote monitoring systems, and intelligent assistive therapeutic platforms, 
cardiovascular treatment-related research has gradually expanded from a narrow focus on device entities 
and procedural outcomes to a continuous management model centered on patient status monitoring, 
postoperative follow-up, risk warning, and data-driven decision-making. Meanwhile, the inclusion of IEEE 
Access and Biomedical Signal Processing and Control further indicates that artificial intelligence 
algorithms, biomedical signal processing, and digital analytical tools are increasingly involved in research 
on cardiovascular therapeutic devices. This shift in publication platforms suggests that the field is gradually 
transitioning from traditional clinical device research toward an integrated research model combining 
device, data, algorithm, and clinical decision-making. 

Corresponding to the engineering and data-oriented journals, the relatively high publication output in 
cardiovascular specialty journals such as European Heart Journal, Circulation, and Catheterization and 
Cardiovascular Interventions indicates that clinical medicine remains a core foundation of this field. 
Treatment-related cardiovascular medical devices ultimately serve patient treatment and clinical benefit; 
therefore, device safety, efficacy, expansion of indications, perioperative management, and long-term 
prognosis are always important evaluation dimensions in related research. In particular, emerging 
technological directions such as transcatheter valve therapy, left atrial appendage occlusion, leadless pacing, 
renal denervation, and pulsed field ablation often require validation through clinical trials, multicenter 
studies, and real-world follow-up. Therefore, the important position of cardiovascular clinical journals 
among source journals reflects the strong clinical translational nature of this field. 
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It is worth noting that publication output by source journal is not fully equivalent to journal influence 
or the academic value of individual publications. Some journals with relatively high publication counts may 
primarily serve as platforms for routine research output in this field, whereas others with fewer publications 
may publish representative studies with high citation frequency, clinical guideline significance, or critical 
translational value. For example, a small number of studies published in leading clinical journals or 
authoritative specialty journals may contribute to co-citation networks and knowledge base construction. 
Therefore, source journal analysis is primarily used to determine publication concentration and disciplinary 
distribution characteristics, whereas further evaluation of publication quality, academic influence, and 
knowledge base structure requires a comprehensive analysis that integrates highly cited publications, co-
citation relationships, and thematic clustering results. 

Source journal analysis indicates that research on cardiovascular treatment-related medical devices has 
clear interdisciplinary publication characteristics. Research outputs are mainly distributed across multiple 
platforms, including cardiovascular medicine, interventional therapy, clinical medicine, sensing technology, 
biomedical signal processing, artificial intelligence, and general interdisciplinary fields. Sensors, European 
Heart Journal, and Journal of Clinical Medicine ranked as the top three journals, indicating that this field is 
jointly driven by intelligent sensing technologies, cardiovascular clinical research, and clinical medical 
evaluation. These findings further suggest that research on cardiovascular treatment-related medical devices 
has evolved from traditional device application studies to a comprehensive research direction that integrates 
engineering design, clinical validation, data analysis, and intelligent decision support. Through source 
journal analysis, the dissemination channels and disciplinary affiliations of relevant research outputs can 
be more clearly identified. However, journal distribution analysis alone remains insufficient to reveal the 
core knowledge base and high-impact research outputs of the field. Therefore, after identifying the major 
publication platforms, it is necessary to further analyze highly cited publications and co-citation 
relationships to identify representative studies and key knowledge nodes that have driven the development 
of this field. 

4. Analysis of Research Hotspots and Methodological Characteristics in the Medical Device Field 

Section 3 revealed the overall bibliometric characteristics of research on cardiovascular treatment-
related medical devices from the perspectives of annual publication output, countries and regions, research 
institutions, and source journals. The results indicate that this field has exhibited sustained growth, 
multinational participation, institutional concentration, and interdisciplinary publication patterns over the 
past decade. However, the above analysis mainly answers questions such as how the research scale has 
changed, which research forces constitute the field, and through which publication platforms the findings 
are disseminated. It does not further reveal the specific research topics emphasized within the field or the 
association structure among different research themes. Therefore, after completing the analysis of macro-
level bibliometric characteristics, it is necessary to further explore the research content in depth from the 
perspective of keywords. 

Keywords usually provide a concise representation of the core research objects, technical methods, and 
problem orientations of a publication, making them an important entry point for identifying research 
hotspots and thematic structures. Keyword co-occurrence analysis enables the observation of co-appearance 
relationships among different keywords within the same literature dataset, thereby helping identify intrinsic 
associations among research topics. Clustering analysis can further summarize the thematic modules 
represented by different keyword groups. Based on this logic, this section uses VOSviewer to conduct 
keyword co-occurrence network analysis of the included literature, with emphasis on keyword node 
distribution, co-occurrence relationships, clustering structures, and thematic connotations. The aim is to 
reveal the hotspot distribution and knowledge organization characteristics of research on cardiovascular 
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treatment-related medical devices. On this basis, subsequent analysis further integrates keyword evolution 
and frontier changes to examine the research trends in this field. 

4.1. Keyword Co-Occurrence Analysis 

As shown in Figure 9, the keyword co-occurrence network provides a visual basis for identifying research 
hotspots and thematic association structures in cardiovascular treatment-related medical device research. 
Keyword co-occurrence analysis is an important bibliometric method for revealing the relationships among 
research topics within a given literature set. Its basic logic is that if two keywords frequently appear in the 
same publication or within the same literature set, there may be a strong research association between them. 
For cardiovascular treatment-related medical devices, an interdisciplinary field, keywords not only reflect 
device types, disease targets, and clinical application scenarios, but also capture changes in technical methods, 
evaluation indicators, and research paradigms. Therefore, after completing the analysis of publication 
contributors in Section 3, this study further used VOSviewer to construct a keyword co-occurrence network 
map to identify the core hotspots and thematic clustering relationships in this field. 

 

Figure 9. Original, pre-cleaning keyword co-occurrence network of cardiovascular treatment-related medical device research. 
Node size indicates term occurrence frequency, links indicate co-occurrence, and colors distinguish network clusters. The 
thematic labels are author interpretations. This pre-cleaning map contains generic and metadata-derived terms and should be 
interpreted cautiously. 

The keyword co-occurrence network of research on cardiovascular treatment-related medical devices 
exhibited a distinct multi-center clustering pattern. In the map, node size represents the occurrence 
frequency or relative activity of a keyword, links between nodes indicate co-occurrence relationships 
among keywords, and denser links suggest stronger associations among different themes. Different colors 
represent distinct thematic clusters generated based on co-occurrence relationships [160]. From the overall 
structure, keywords in this field were not concentrated around a single topic, but instead formed several 
relatively concentrated research modules centered on clinical outcome evaluation, device technology and 
model construction, blood pressure and sensing-based monitoring, guideline evidence, and therapeutic 
decision-making. This suggests that research on cardiovascular treatment-related medical devices has 
gradually expanded from single-device applications to a complex knowledge network integrating clinical 
evaluation, engineering technology, disease management, and evidence-based decision-making [161]. 
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From the distribution of keyword nodes, terms such as technology, model, evidence, guideline, care, 
benefit, year, month, measurement, blood pressure, artery, stent, and sensor showed relatively high 
visibility in the map, indicating that these concepts constitute important components of the research 
hotspots in this field. Among them, keywords such as technology and model appeared as relatively large 
nodes and were connected in multiple directions, suggesting that technology development, model 
construction, and methodological optimization are fundamental themes in research on cardiovascular 
treatment-related medical devices [162]. Meanwhile, keywords such as evidence, guideline, 
recommendation, and practice formed a relatively dense network structure on the right side, indicating that 
this field not only focuses on the development and application of devices themselves, but also places 
emphasis on clinical evidence, therapeutic standards, and practical translation. Therefore, the hotspots of 
research on cardiovascular treatment-related medical devices are not limited to device structure or 
performance evaluation, but also include multiple dimensions such as technological innovation, clinical 
evidence generation, and therapeutic decision support [163]. 

Further analysis of the clustering structure indicates that Figure 9 can be broadly summarized into three 
major thematic modules. The first module is the red cluster, which is mainly associated with clinical outcomes 
and patient characteristics. Keywords such as year, month, age, complication, survival, cardiomyopathy, 
closure, and indication appeared in this cluster, suggesting that related studies pay considerable attention to 
clinical issues such as post-treatment follow-up duration, patient age, complications, survival outcomes, 
indications, and disease status [164]. This cluster reflects the clinical evaluation attributes of research on 
cardiovascular therapeutic devices, indicating that device applications ultimately need to be validated through 
indicators such as safety, efficacy, complication control, and long-term prognosis. In particular, in areas such 
as left atrial appendage occlusion, valvular intervention, cardiac rhythm management, and circulatory assist 
devices, patient outcomes and follow-up indicators often serve as important bases for evaluating the clinical 
value of devices. Therefore, the red cluster can be regarded as a core research module formed around clinical 
application, therapeutic efficacy, and patient prognosis [165]. 

The second module is the green cluster, which is mainly associated with technology development, 
monitoring and measurement, and engineering methods. Keywords such as technology, model, 
measurement, blood pressure, pressure, artery, sensor, stent, field, and nanomaterial were prominent in this 
cluster, indicating that this direction mainly focuses on device technology, measurement methods, sensing 
systems, hemodynamic parameters, and material or structural design. Unlike the red cluster, which 
emphasizes clinical outcomes, the green cluster more strongly reflects the engineering and technological 
attributes of cardiovascular treatment-related medical devices [166]. For example, keywords related to 
blood pressure and pressure reflect the importance of hemodynamic monitoring and therapeutic efficacy 
evaluation; sensor and measurement indicate the increasing role of sensing and continuous monitoring 
technologies in cardiovascular device research; and keywords such as stent and nanomaterial suggest that 
conventional interventional devices and emerging material technologies remain important foundations of 
this field. Thus, the green cluster represents the engineering research trajectory in this field, extending from 
device entities and monitoring technologies to modeling methods [167]. 

The third module is the blue cluster, which is mainly associated with evidence-based medicine, guideline 
recommendations, and treatment management. Keywords such as evidence, guideline, recommendation, care, 
practice, physician, benefit, medical therapy, and optimal medical therapy were densely connected within this 
cluster, indicating that clinical evidence, guideline development, therapeutic recommendations, and patient 
management are important research directions in this field. Treatment-related cardiovascular medical devices 
cannot achieve clinical adoption solely on the basis of technical feasibility; instead, they must demonstrate 
safety and efficacy relative to pharmacological therapy, conventional surgery, or other interventional 
approaches within an evidence-based medical framework [168]. Therefore, the concentration of keywords 
related to guidelines, recommendations, and evidence suggests that this field is shifting from the question of 
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whether a device can achieve treatment toward how a device can be incorporated into standardized clinical 
pathways and how treatment selection can be optimized based on evidence. This also indicates that the 
connections among medical device research, clinical guidelines, therapeutic standards, and real-world 
management are becoming increasingly strong [169]. 

In addition to the three major clusters described above, several bridging keywords that connect different 
thematic clusters are also observed on the map. For example, keywords such as care, indication, cardiac 
device, public health, and tomography served as connecting terms among different clusters, suggesting that 
research on cardiovascular treatment-related medical devices is not composed of completely isolated 
themes, but rather forms an interconnected knowledge structure among clinical needs, technical approaches, 
and evidence evaluation. In particular, the keyword indication is associated not only with clinical 
indications and patient selection, but also with device-based therapeutic strategies and guideline 
recommendations, indicating that indication expansion serves as an important intermediate link connecting 
device development, clinical validation, and therapeutic standardization. Similarly, keywords such as care 
and benefit reflect patient management and therapeutic benefit, while also being closely related to the 
evaluation of the clinical application value of medical devices, further demonstrating the integrative nature 
of research in this field. 

From the overall hotspot structure, research on cardiovascular treatment-related medical devices shows 
a trend that extends from device technology development to clinical evidence evaluation and, further, to 
standardized treatment management. Early medical device research generally placed greater emphasis on 
device structure, material performance, implantation methods, and engineering feasibility. However, with the 
continuous expansion of clinical application scenarios, research attention has gradually shifted toward patient 
benefit, complication control, long-term follow-up, and optimization of therapeutic pathways. Meanwhile, 
with the development of sensors, data processing, and artificial intelligence methods, device-related research 
has further expanded toward continuous monitoring, model-based prediction, and individualized management. 
Therefore, the multi-cluster structure presented by the keyword co-occurrence network essentially reflects the 
knowledge evolution process of this field from single-device development toward integrated development 
involving engineering technology, clinical validation, and evidence-based management. 

It should be noted that the keyword co-occurrence network mainly reflects co-occurrence relationships 
and thematic structures among keywords, and cannot be directly equated with research conclusions. 
Therefore, the interpretation of Figure 9 should be integrated with the developmental background and 
clinical translation characteristics of cardiovascular treatment-related medical devices. The mapping results 
show that keywords such as technology, model, measurement, sensor, evidence, guideline, and clinical 
outcomes collectively constitute the major hotspots in this field [170]. This indicates that current research 
is no longer limited to a certain type of device or a single therapeutic stage, but has formed a relatively 
complete research chain around device development, data acquisition, clinical evaluation, and therapeutic 
decision-making. This finding is consistent with the interdisciplinary characteristics reflected in the source 
journal and institutional distribution analyses in Section 3 and also provides a basis for subsequent keyword 
clustering and hotspot evolution analyses [171]. 

Keyword co-occurrence analysis indicates that research on cardiovascular treatment-related medical 
devices has formed a multi-theme hotspot structure centered on clinical outcome evaluation, device 
technology development, sensing and measurement, evidence-based guidelines, and treatment management. 
The red cluster highlights patient characteristics, complications, and prognostic evaluation; the green cluster 
emphasizes engineering support such as technology, models, measurement, and sensors; and the blue cluster 
focuses on translational application issues such as evidence, guidelines, recommendations, and clinical 
practice. Together, these thematic modules suggest that this field is developing from conventional therapeutic 
device research toward an integrated direction that emphasizes clinical evidence support, intelligent 
monitoring assistance, and standardized management. Based on the thematic structure revealed by the 
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keyword co-occurrence network, it is necessary to further combine clustering results and temporal evolution 
information to analyze the formation mechanisms and developmental trends of different hotspot themes. 

4.2. Keyword Classification and Thematic Structure Identification 

On the basis of the keyword co-occurrence network revealing the associations among research hotspots, 
further thematic summarization of the keyword clustering results helps identify the knowledge structure of 
research on cardiovascular treatment-related medical devices at a higher level. Compared with individual 
keywords, clustering results can integrate keywords with similar semantic meanings and close co-
occurrence relationships into several thematic modules, thereby more clearly reflecting the organizational 
patterns among different research directions within the field. In other words, keyword co-occurrence 
analysis mainly answers the question of which keywords are relatively active, whereas keyword clustering 
analysis further addresses which research themes are jointly formed by these keywords. Therefore, based 
on the core hotspots identified in Table 1, this section combines the color partitions and node distributions 
in the keyword co-occurrence network to name the major clusters and extract their thematic connotations. 

Table 1. Thematic classification of keyword clusters in cardiovascular medical device research. 

Cluster 
Category 

Keyword 
Subsection 

Representative 
Keywords 

Subject Name Subject Matter Connotation 

Red 

Patient 
characteristics 

age, cardiomyopathy 

Clinical Outcomes and 
Evaluation of Patient 
Characteristics 

Pay attention to patient 
characteristics, indications, 
complications, follow-up time, and 
treatment prognosis 

Clinical outcomes complication, survival 
Temporal/follow-up 
indicators 

 

Indication/interventi
on 

indication, closure 

Green 

Device and 
engineering 
technology 

sensor, stent, nanomaterial 

Instrumentation technology, 
monitoring measurement, 
and engineering methods 

Focus on equipment design, sensor 
monitoring, physiological 
parameter measurement, 
hemodynamic analysis, and model 
construction. 

Modeling methods  
Physiological 
measurement 

measurement, blood 
pressure, pressure 

Vascular/hemodyna
mic parameters 

artery 

Blue 

Evidence and 
guidelines 

evidence, guideline, 
recommendation 

Evidence-based guidelines 
and treatment management 

Pay attention to clinical evidence, 
guideline recommendations, 
therapeutic benefits, doctor 
practice, and patient management 

Clinical practice care, practice, physician 
Therapeutic 
management 

benefit, medical therapy 

Central 
connecting 

Clinical indication indication 

Cross-connection and 
transformation applications 

Connection of equipment 
technology, clinical indications, 
imaging assessment and public 
health applications 

Device-related terms cardiac device, product 
Imaging assessment tomography 
Population-level 
application 

public health 

The keywords in research on cardiovascular treatment-related medical devices can be broadly 
classified into four thematic categories: clinical outcomes and patient characteristic evaluation, device 
technology and monitoring measurement, evidence-based guidelines and treatment management, and cross-
linking and translational applications. The first three themes correspond to clinical evaluation, engineering 
technology, and evidence-based translational validation, respectively, and together constitute the major 
knowledge structure of this field [172]. The fourth theme primarily reflects the connecting role among 
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different research directions, highlighting the bridging significance of clinical indications, imaging 
evaluation, device products, and public health in cross-theme integration. This clustering structure indicates 
that research on cardiovascular treatment-related medical devices is not composed of a single device type 
or a single technological route, but has formed a relatively complete research chain centered on technology 
development, clinical validation, evidence-based application, and long-term management [173]. 

First, the red cluster can be summarized as a theme focused on clinical outcomes and patient 
characteristic evaluation. This cluster includes representative keywords such as year, month, age, 
complication, survival, cardiomyopathy, closure, and indication, suggesting that related studies pay 
considerable attention to clinical issues including patient characteristics, therapeutic indications, follow-up 
duration, complication occurrence, and long-term survival outcomes. For cardiovascular treatment-related 
medical devices, the clinical value of a device ultimately needs to be verified by evidence of safety, efficacy, 
and long-term benefit [174]. Therefore, patient outcome evaluation has always been a central research focus 
in this field. The formation of this thematic cluster suggests that research on cardiovascular therapeutic 
medical devices is not limited to the device itself, but remains closely associated with patient prognosis, 
treatment risk, indication selection, and long-term follow-up. In particular, in areas such as left atrial 
appendage occlusion, valvular intervention, cardiac rhythm management, and circulatory assist devices, 
patient age, complication rate, follow-up duration, and survival outcomes are often important indicators for 
evaluating the clinical value of devices [175]. 

Second, the green cluster can be summarized as the theme of device technology, monitoring measurement, 
and engineering methods. Keywords such as technology, model, measurement, blood pressure, pressure, 
artery, sensor, stent, field, and nanomaterial are prominent in this cluster, indicating that this direction more 
strongly reflects the engineering and technological attributes of cardiovascular therapeutic devices. Unlike 
the red cluster, which focuses more on clinical outcomes, the green cluster emphasizes device development, 
parameter measurement, sensing-based monitoring, model construction, and technological optimization. 
Among these keywords, technology and model reflect the important role of technological platform 
construction and model analysis in this field [176]. Measurement of blood pressure and other pressure-related 
parameters indicates that hemodynamic parameters and physiological indicator measurements are important 
components of device evaluation. The presence of sensors suggests that sensing technologies and continuous 
monitoring systems are gradually being integrated into cardiovascular treatment-related research. Keywords 
such as stent and nanomaterial further indicate that conventional interventional devices and emerging material 
technologies remain important foundations of this field. Thus, the green cluster reflects the technological 
evolution of cardiovascular treatment-related medical devices from structural design and material 
optimization to intelligent sensing and data modeling [177]. 

Third, the blue cluster can be summarized as the theme of evidence-based guidelines and treatment 
management. Keywords such as evidence, guideline, recommendation, care, practice, physician, benefit, 
medical therapy, and optimal medical therapy are densely connected within this cluster, indicating that 
research on cardiovascular therapeutic devices has expanded beyond device efficacy alone toward clinical 
evidence systems, guideline recommendations, and therapeutic pathway management. Whether a medical 
device can be adopted in clinical practice depends not only on technical feasibility, but also on whether its 
clinical benefit over pharmacological therapy, conventional surgery, or other interventions can be 
demonstrated within an evidence-based medical framework. Therefore, the concentration of evidence-, 
guideline-, and recommendation-related keywords indicates that this field is increasingly emphasizing the 
connection between device-based therapy and clinical standards. In particular, for emerging or rapidly 
developing technologies such as transcatheter valve therapy, pulsed field ablation, left atrial appendage 
occlusion, and renal denervation, the generation of high-quality clinical evidence, inclusion in treatment 
guidelines, and guidance of clinical decision-making are critical issues for promoting their transition from 
research-stage technologies to standardized clinical applications. 
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In addition to the three major themes described above, the theme of cross-linking and translational 
applications summarized in Table 1 is also of considerable significance. This category includes keywords 
such as indication, cardiac device, tomography, public health, and product. Although the node sizes of these 
keywords are not necessarily the largest, they are often located between different thematic clusters and play 
strong bridging roles. For example, indication is related not only to patient selection and clinical indications, 
but also to device application scope, therapeutic pathways, and guideline recommendations, making it an 
important keyword connecting clinical evaluation and evidence-based management [178]. Cardiac device 
directly refers to the cardiovascular therapeutic device itself and can simultaneously connect technological 
development and clinical application. Tomography serves an auxiliary role in imaging evaluation for 
preoperative assessment, intraoperative guidance, and postoperative follow-up. Public health suggests that 
some studies have extended from individual patient treatment to disease burden, health management, and 
population-level benefit. These connecting keywords indicate that different thematic clusters are not 
isolated from one another but are linked by issues such as indications, imaging assessment, device products, 
and public health, thereby forming an interconnected knowledge network [179]. 

Based on the internal logic among themes, the clustering results shown in Table 1 essentially constitute 
a progressive relationship among device technology development, clinical efficacy validation, and 
evidence-based standardization and translation. Device technology, monitoring measurement, and 
engineering methods provide the technical foundation of this field and determine whether medical devices 
can achieve stable, reliable, and scalable therapeutic functions. Clinical outcome and patient characteristic 
evaluation represent the necessary safety and efficacy verification that devices must undergo after entering 
real clinical scenarios. Evidence-based guidelines and treatment management further transform clinical 
validation results into standardized therapeutic pathways and decision-making evidence. Meanwhile, the 
theme of cross-linking and translational applications runs through the above processes, forming continuous 
connections among device development, clinical indications, imaging evaluation, and public health 
management. Thus, the research themes in this field are not simply arranged in parallel, but unfold around 
a complete translational chain from device research and design to clinical application, and further to 
guideline-based and management-oriented implementation. 

This clustering structure also reflects the continuous expansion of disciplinary boundaries in research 
on cardiovascular treatment-related medical devices. In the traditional sense, medical device research has 
focused primarily on device materials, structural design, implantation methods, and basic therapeutic 
efficacy. However, the current keyword clustering results show that research content has gradually 
expanded toward intelligent sensing, data modeling, evidence-based evaluation, patient management, and 
public health. This suggests that cardiovascular treatment-related medical devices are evolving from single 
therapeutic tools into comprehensive technological platforms that connect clinical treatment, data 
acquisition, risk assessment, and long-term management. In particular, the strong associations formed by 
keywords such as sensor, model, evidence, and guideline across different thematic clusters indicate that the 
field is developing toward greater intelligence, precision, and standardization. 

From the perspective of research methodology, different thematic clusters also correspond to different 
data sources and analytical pathways. The theme of clinical outcomes and patient characteristic evaluation 
usually relies on clinical trial data, follow-up data, and real-world study data. The theme of device 
technology and monitoring measurement more often involves engineering experimental data, physiological 
signal data, imaging data, and model simulation results [180]. The theme of evidence-based guidelines and 
treatment management generally depends on systematic reviews, guideline documents, multicenter studies, 
and integrated clinical evidence. Therefore, keyword clustering not only reveals the content distribution of 
research hotspots, but also indirectly reflects the methodological diversity of this field. This is internally 
consistent with the emphasis of this study on data sources, analytical tools, and methodological 
characteristics [181]. 
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Overall, the keyword clustering results indicate that research on cardiovascular treatment-related 
medical devices has formed a thematic structure centered on clinical outcome evaluation, device technology 
and monitoring measurement, and evidence-based guidelines and treatment management. Clinical outcome 
evaluation reflects the requirements for device safety and efficacy in application; device technology and 
monitoring measurement reflect the engineering innovation foundation of the field; and evidence-based 
guidelines and treatment management represent the direction of clinical translation and standardized 
application of medical devices. These themes are connected through keywords such as indications, imaging 
evaluation, device products, and public health, indicating that the field is evolving from single-device 
research toward the integration of technology development, clinical validation, and evidence-based 
translational application. Based on the thematic structure revealed by keyword clustering, it is necessary to 
further incorporate the temporal dimension to analyze the evolutionary process of different hotspot themes 
and to determine which directions represent long-term stable themes and which are becoming emerging 
research frontiers. The corresponding optimization directions, implementation pathways, and expected 
outcomes are summarized in Table 2. 

Table 2. Optimization directions, implementation pathways, and expected outcomes for cardiovascular medical devices. 

Optimization 
Direction 

Mainly Addressing the Issue Specific Optimization Path Expected Effect 

Structures and 
Conveyance System 

Inadequate equipment 
compatibility, unstable 
positioning, and release risks 

Optimize the framework structure, 
anchoring method, transportation 
system, recyclable design, and 
size matching 

Increase the implantation success 
rate, reduce perivalvular leakage, 
residual leakage, displacement and 
operational complications 

Materials and Surface 
Functions 

Thrombosis, inflammation, 
fatigue failure, and the risk of 
long-term service 

Developing anticoagulant 
coatings, bioactive surfaces, 
degradable materials, nano-
functional layers and highly 
durable materials 

Improve blood compatibility, 
biocompatibility and long-term 
stability 

Image navigation and 
preoperative planning 

Significant anatomical variations, 
inaccurate selection of 
instruments, and difficulties in 
intraoperative positioning 

Apply 3D reconstruction, image 
fusion, preoperative simulation, 
and individualized path planning 

Improve the accuracy of equipment 
selection and the precision of 
treatment procedures 

Indication screening 
and risk stratification 

The target population is unclear, 
and there are significant 
differences in treatment 
responses. 

Establish a patient stratification 
model based on clinical, imaging, 
physiological, and follow-up data 

Enhance the accuracy of patient 
selection and reduce the risks of 
ineffective treatment and 
complications. 

Multi-source data 
fusion 

Data dispersion, insufficient 
continuous monitoring, and weak 
long-term management 

Integrate electronic medical 
records, imaging, sensor signals, 
implanted device data, and remote 
monitoring data 

Support dynamic assessment, risk 
warning, and full-cycle patient 
management 

Artificial intelligence 
assistance 

Complex data, low decision-
making efficiency, and 
insufficient individualization 

Build models for risk prediction, 
image recognition, signal 
classification, and treatment 
decision support 

Enhance predictive capabilities, 
assist in clinical decision-making, 
and improve the level of 
individualized treatment. 

Real-world evidence 
and long-term follow-
up 

There is a lot of short-term 
research, but insufficient long-
term safety evidence. 

Establish a registration system, a 
multi-center database, and a long-
term follow-up system 

Verify the long-term efficacy, 
safety, and real-world application 
value of the device 

Standardization and 
Evidence-Based 
Transformation 

The research endpoints are not 
uniform, and it is difficult to 
integrate the evidence. 

Unify the endpoint indicators, 
adverse event definitions, data 
reporting standards, and evidence 
evaluation system 

Improve research comparability, 
facilitate guideline incorporation 
and clinical pathway transformation 
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4.3. Keyword Analysis and Research Frontiers 

After completing keyword co-occurrence network analysis and thematic clustering, it is still necessary 
to further deepen the analysis of research hotspots from two perspectives: keyword activity and frontier 
orientation. Sections 4.1 and 4.2 mainly revealed the co-occurrence relationships among keywords and the 
thematic structures represented by different clusters. However, these analyses primarily reflect the overall 
distribution of research hotspots. To further determine which themes have sustained research attention and 
which directions may represent potential future research areas, it is necessary to comprehensively analyze 
the frequency of keyword occurrences, network positions, semantic orientations, and their relationships 
with different thematic modules. Therefore, this section first discusses keyword characteristics to identify 
the core keywords and bridging keywords in research on cardiovascular treatment-related medical devices. 
Subsequently, based on the thematic changes reflected by these keywords, the research frontiers of this 
field are further summarized. 

4.3.1. Keywords 

Keywords are highly condensed representations of the research content of academic publications and 
can collectively reflect the research objects, technical methods, disease scenarios, and problem orientations 
of a study. In bibliometric analysis, keywords can not only be used to identify high-frequency research 
hotspots, but also reveal the intrinsic associations among research themes through co-occurrence 
relationships, clustering distributions, and semantic orientations. For research on cardiovascular treatment-
related medical devices, the keyword system exhibits clear multi-level characteristics. On the one hand, 
some keywords directly refer to device entities and technological carriers, such as stents, sensors, cardiac 
devices, and nanomaterials. On the other hand, some keywords reflect clinical evaluation, evidence-based 
management, and long-term patient benefit, such as complication, survival, evidence, guideline, and 
recommendation. Therefore, classifying and summarizing keywords helps further clarify the structural 
composition and thematic connotations of research hotspots in this field. 

From the overall distribution of keywords, the keywords in research on cardiovascular treatment-
related medical devices can be broadly classified into five categories: device and technology-related 
keywords, measurement and model-related keywords, clinical outcome-related keywords, evidence-based 
management-related keywords, and bridging keywords. These five categories correspond to different links 
in the research chain of medical devices. Device- and technology-related keywords primarily reflect 
therapeutic device entities, technological platforms, and material innovations. Measurement and model-
related keywords primarily indicate physiological parameter acquisition, hemodynamic evaluation, and 
data modeling. Clinical outcome-related keywords mainly focus on patient characteristics, indications, 
complications, and long-term prognosis. Evidence-based management-related keywords point to clinical 
evidence, guideline recommendations, and standardized therapeutic pathways. Bridging keywords play a 
connecting role among different thematic modules and reflect the integration of device development, 
imaging evaluation, patient management, and public health. Thus, the keywords in this field are not isolated 
lexical units, but together constitute a continuous knowledge chain extending from technology development 
to clinical validation, evidence-based translation, and patient management. 

Among device and technology-related keywords, terms such as technology, stent, sensor, cardiac device, 
and nanomaterial are highly representative. These keywords mainly reflect the engineering and technological 
attributes of research on cardiovascular treatment-related medical devices. Specifically, technology reflects the 
fundamental role of technological platform construction and device innovation in this field. Stent represents an 
important research foundation of conventional interventional therapeutic devices. Sensor indicates that sensing, 
real-time monitoring, and data acquisition technologies are being increasingly incorporated into cardiovascular 
treatment-related research [182]. Cardiac device directly refers to cardiac therapeutic device entities. 
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Nanomaterials suggest the potential of emerging materials to improve device biocompatibility, functional 
integration, and long-term service stability. The concentrated occurrence of these keywords indicates that 
research on cardiovascular treatment-related medical devices remains strongly supported by device innovation 
and engineering foundations, while its technological connotations have gradually expanded from conventional 
structural design to intelligent sensing, material functionalization, and system integration [183]. 

Corresponding to device-related keywords, measurement and model-related keywords further reflect the 
quantitative and data-driven trends in this field. Keywords such as model, measurement, blood pressure, 
pressure, artery, and field indicate that research on cardiovascular therapeutic devices not only focuses on 
whether devices can achieve therapeutic functions, but also emphasizes how treatment effects and patient status 
can be evaluated through quantifiable indicators. Terms such as blood pressure, pressure, and artery are closely 
associated with hemodynamic status and circulatory function, reflecting the importance of blood pressure, 
vascular pressure, and arterial status in cardiovascular device evaluation [184]. Measurement indicates that 
standardized measurement and continuous monitoring are important means of connecting device function with 
clinical evaluation. The model suggests that researchers are increasingly using predictive models, simulation 
models, or data-driven models to explain device mechanisms, optimize therapeutic parameters, and support 
clinical decision-making. Therefore, measurement and model-related keywords form an important transition 
between device technology and clinical application, enabling related research to move from experience-based 
evaluation toward data-driven, parameterized, and model-based analysis [185]. 

Clinical outcome-related keywords reflect the medical evaluation attributes of research on 
cardiovascular treatment-related medical devices. The occurrence of keywords such as complication, 
survival, age, month, year, indication, and closure indicates that patient characteristics, therapeutic 
indications, postoperative complications, follow-up duration, and long-term prognosis have consistently 
been important concerns in this field. For treatment-related medical devices, technical feasibility does not 
necessarily equate to clinical application value; their value must ultimately be validated through safety, 
efficacy, and long-term benefit. In particular, in areas such as transcatheter valve therapy, left atrial 
appendage occlusion, cardiac rhythm management, circulatory assist devices, and ablation therapy, patient 
age, disease type, indication scope, complication rate, and survival outcome often directly determine the 
clinical significance of device-based treatment strategies. Therefore, the activity of clinical outcome-related 
keywords indicates that this field has consistently developed around the core question of whether device-
based therapy is safe and effective, with sustained emphasis on long-term follow-up and risk control. 

The concentrated occurrence of evidence-based management-related keywords indicates that research 
on cardiovascular treatment-related medical devices has gradually expanded from single clinical outcome 
evaluations to the construction of evidence systems and standardized applications. Keywords such as 
evidence, guideline, recommendation, benefit, medical therapy, and practice are closely connected, 
suggesting that research on device-based therapy is increasingly integrated with clinical guidelines, 
therapeutic recommendations, physician practice, and patient management. For emerging cardiovascular 
therapeutic devices, the transition from technology development to clinical dissemination usually involves 
multiple stages, including clinical trial validation, real-world evaluation, guideline incorporation, and 
therapeutic pathway optimization. Therefore, the activity of evidence- and guideline-related keywords 
reflects a shift in research focus from whether devices can achieve treatment to how devices should be used 
in a standardized manner within clinical systems. The presence of these keywords indicates that the field 
has gradually developed a research logic that extends from technological investigation to clinical evidence, 
and ultimately to the standardization of therapeutic pathways. 

In addition to the above four categories, bridging keywords also have analytical value. Terms such as 
care, tomography, public health, product, and physician may not necessarily be the most frequent keywords, 
but their semantic positions often connect multiple research modules. For example, care is related not only 
to patient management and long-term follow-up, but also to therapeutic benefit, clinical practice, and full-
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cycle management. Tomography reflects the role of imaging technologies in preoperative assessment, 
intraoperative guidance, and postoperative evaluation. Public health suggests that some studies have 
expanded from individual patient treatment to disease burden, health management, and population-level 
benefit [186]. Physician emphasizes the key role of clinicians in device selection, therapeutic decision-
making, and clinical implementation. The product reflects the process through which medical devices move 
from technology development toward productization and clinical translation. The presence of these 
keywords indicates that research on cardiovascular treatment-related medical devices is not advanced 
separately by isolated themes such as devices, patients, guidelines, or data, but is instead organized as an 
interconnected research network involving multiple links [187]. 

As summarized in Table 3, the keyword system of cardiovascular treatment-related medical device 
research can be further classified according to semantic hierarchy and functional orientation. From this 
perspective, the field has formed a keyword structure composed of device technology, measurement and 
modeling, clinical outcomes, evidence-based management, and translational connections. Device- and 
technology-related keywords define the research objects and technical foundation of the field, whereas 
measurement- and model-related keywords provide pathways for data acquisition, physiological evaluation, 
and analytical modeling. Clinical outcome-related keywords support the assessment of safety, efficacy, and 
prognosis, while evidence-based management-related keywords reflect the transition from isolated device 
evaluation to standardized clinical decision-making. In addition, connectivity-related keywords link 
imaging assessment, patient management, public health, and product transformation, indicating the cross-
disciplinary extension of this research field. Therefore, keyword analysis should not remain limited to 
occurrence frequency alone, but should further examine the content layers and thematic functions 
represented by different keyword types. 

Table 3. Keyword categories, representative terms, and thematic orientations in cardiovascular medical device research. 

Keyword Type 
Representative 
Keywords 

Thematic Orientation Subject Matter Connotation 
Representative 
References 

Equipment and 
Technology 

technology, stent, 
sensor, cardiac device, 
nanomaterial 

Device body, technical 
platform, material 
innovation and sensor 
integration 

Reflecting the engineering technology 
foundation of this field, it demonstrates 
the expansion of therapeutic devices 
from structural design to intelligent 
sensing, functional integration and 
material optimization. 

[13,18,46] 

Measurement and 
Model 

model, measurement, 
blood pressure, 
pressure, artery, field 

Physiological parameter 
measurement, 
hemodynamic evaluation 
and model analysis 

Reflects the transformation of research 
in this field from empirical evaluation to 
data-based, parameterized and model-
based analysis. 

[44,52,55] 

Clinical outcome 
complication, survival, 
age, month, year, 
indication, closure 

Patient characteristics, 
indications, 
complications and long-
term prognosis 

Reflecting the requirements for safety, 
effectiveness, risk control and follow-up 
evaluation after the application of the 
medical device treatment. 

[12,15,79] 

Evidence-based 
management 

evidence, guideline, 
recommendation, 
benefit, medical 
therapy, practice 

Clinical evidence, 
guideline 
recommendations, 
therapeutic benefits, and 
standardized protocols 

Reflecting the transformation of 
instrument-based treatment from 
technical application to evidence-based 
evaluation, guideline incorporation, and 
standardized clinical decision-making. 

[3,7,24,25] 

Connectivity 
care, tomography, 
public health, product, 
physician 

Image assessment, 
patient management, 
public health and product 
transformation 

Connecting the development of medical 
devices, clinical applications, patient 
management, and population health, it 
reflects the cross-disciplinary integration 
characteristics of this field. 

[11,43,45,96] 
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Based on this classification, the following analysis further explains the thematic implications of 
different keyword categories. Different types of keywords correspond to different content layers within this 
field. Device and technology-related keywords reflect the engineering innovation foundation of the field; 
measurement and model-related keywords reflect the data-driven trend of research methods; clinical 
outcome-related keywords indicate the requirements for safety and efficacy after device application; 
evidence-based management-related keywords point to standardized clinical application; and bridging 
keywords emphasize the integration of imaging evaluation, patient management, public health, and product 
translation. Overall, these keywords jointly constitute a thematic framework that extends from technology 
development and parameter measurement to clinical validation and standardized management, thereby 
providing a basis for understanding subsequent changes in research hotspots. 

4.3.2. Research Frontiers 

On the basis of the keyword types and thematic orientations summarized in Section 4.3.1, the potential 
directions of sustained growth in research on cardiovascular treatment-related medical devices can be 
further identified from the perspective of research frontiers. Keyword analysis mainly reveals the 
compositional structure of current research content in this field, whereas research frontiers place greater 
emphasis on the technological potential, clinical translational value, and developmental trends reflected by 
these keywords. For research on cardiovascular treatment-related medical devices, frontier directions are 
generally not formed independently by a single device or method, but are jointly driven by multiple links, 
including device innovation, data acquisition, model analysis, clinical evidence, and long-term management. 
Therefore, based on the keyword classification presented above, this section further analyzes the field from 
the perspectives of intelligent monitoring, data modeling, minimally invasive intervention, evidence-based 
translation, functional device design, and full-cycle management. 

First, intelligent monitoring and sensor integration represent a frontier direction in research on 
cardiovascular treatment-related medical devices. The occurrence of terms such as sensor, measurement, 
blood pressure, and pressure in the keyword system indicates that related studies have gradually expanded 
from conventional device-oriented design toward continuous monitoring and dynamic evaluation during the 
therapeutic process. Cardiovascular diseases are characterized by long disease courses, obvious fluctuations 
in physiological status, and a relatively high risk of recurrence. A single clinical examination is often 
insufficient to fully reflect the long-term treatment status of patients. Therefore, integrating sensors, wearable 
devices, implantable monitoring modules, and remote data acquisition systems with therapeutic devices can 
provide continuous data support for postoperative follow-up, risk warning, and therapeutic efficacy 
assessment. In the future, cardiovascular treatment-related medical devices may no longer serve only as tools 
for vascular dilation, rhythm regulation, valve replacement, or ablation therapy, but may gradually evolve 
into intelligent platforms capable of real-time sensing, status feedback, and long-term management. 

Second, model construction and data-driven decision support are becoming new growth areas in this 
field. Keywords such as model, technology, field, and measurement show relatively strong connectivity, 
indicating that model analysis and technological platform construction are playing increasingly important 
roles in cardiovascular device research. With the continuous accumulation of clinical data, imaging data, 
physiological signals, and device operating parameters, traditional statistics and experience-based judgment 
alone can no longer meet the needs of precision therapy and individualized management. Predictive models, 
risk stratification models, and therapeutic efficacy evaluation models based on multisource data can help 
clinicians assess patient indications, optimize treatment parameters, and predict the risk of postoperative 
complications. In particular, in areas such as valvular intervention, pulsed field ablation, leadless pacing, 
left atrial appendage occlusion, and circulatory assist devices, substantial individual differences exist in 
anatomical structure, baseline disease status, and postoperative response. Model-based approaches can 
therefore provide more refined support for individualized therapeutic strategies. Accordingly, data-driven 
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model construction may become a pathway through which cardiovascular therapeutic devices move from 
standardized application toward precision application. 

Third, minimally invasive intervention and the iteration of emerging therapeutic devices remain long-
term and stable core frontiers in this field. Keywords such as stent, artery, cardiac device, closure, and 
indication indicate that conventional interventional devices and implantable devices remain important 
foundations of cardiovascular therapeutic device research. In recent years, the continuous development of 
transcatheter valve therapy, left atrial appendage occlusion, leadless pacing, renal denervation, and pulsed 
field ablation has promoted the transition of cardiovascular disease treatment toward lower trauma, higher 
precision, and repeatable intervention. Compared with conventional surgical procedures, minimally 
invasive interventional devices can reduce surgical trauma, shorten recovery time, and expand treatment 
opportunities for some high-risk patients. Therefore, future research will continue to focus on device 
structural optimization, delivery system improvement, indication expansion, long-term safety evaluation, 
and postoperative complication control. The research frontier in this direction is not limited to the 
emergence of new devices themselves, but is also reflected in the continuous expansion of device 
application scope, therapeutic pathways, and clinical evaluation systems. 

Fourth, evidence-based evaluation and guideline-oriented translation constitute frontiers for moving 
cardiovascular treatment-related medical device research from technological innovation toward 
standardized clinical application. The close associations among keywords such as evidence, guideline, 
recommendation, benefit, medical therapy, and optimal medical therapy indicate that this field has begun 
to place greater emphasis on the level of evidence for device-based therapies, comparisons of clinical 
benefits, and the standardization of therapeutic pathways. For emerging medical devices, technical 
feasibility is only the first step toward clinical application. Their broader acceptance still requires validation 
of safety and efficacy through randomized controlled trials, real-world studies, multicenter follow-up, and 
systematic reviews. In cardiovascular disease treatment, many device-based therapeutic strategies need to 
be compared with pharmacological therapy, conventional surgery, or other interventional approaches. Only 
after the applicable population, benefit boundaries, and risk profiles have been clarified can these 
technologies be further incorporated into guideline recommendations and clinical pathways. Therefore, 
frontier research in this field will increasingly emphasize the generation of high-quality evidence, validation 
of real-world data, and standardized therapeutic decision-making. 

Fifth, emerging materials and functional device design remain directions for improving the 
performance of cardiovascular therapeutic devices. Keywords such as nanomaterial, stent, and technology 
suggest that novel materials and functionalized design contribute to improving device biocompatibility, 
mechanical performance, antithrombotic capacity, and long-term service stability. Cardiovascular 
therapeutic devices are often required to remain in blood-contacting environments or complex mechanical 
environments for extended periods, and their material properties directly affect device safety and 
therapeutic outcomes. For example, vascular stents, prosthetic valves, occluders, catheters, and implantable 
electronic devices all face challenges related to hemocompatibility, tissue response, fatigue failure, 
endothelialization, and infection risk. Therefore, future research will continue to focus on emerging metallic 
materials, polymeric materials, nanocoatings, bioactive surfaces, and biodegradable materials. The 
integration of material innovation with structural design may enhance the functional integration capacity 
and long-term clinical performance of cardiovascular devices. 

Sixth, multisource data fusion and full-cycle patient management may become extensions of 
cardiovascular therapeutic device research. Keywords such as care, practice, physician, and public health 
indicate that research in this field is no longer limited to device implantation or interventional therapy itself, 
but is gradually expanding toward full-cycle patient management. Cardiovascular diseases usually require 
long-term follow-up and continuous treatment, and patient management after device-based therapy, remote 
monitoring, complication identification, treatment adherence evaluation, and follow-up decision-making 
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can all affect final therapeutic outcomes. In the future, the integration of implantable device data, wearable 
monitoring data, electronic health records, imaging data, and laboratory indicators will help establish a 
more complete patient management system. Accordingly, cardiovascular treatment-related medical devices 
may further extend from a single therapeutic stage to a continuous platform covering preoperative 
assessment, intraoperative assistance, postoperative follow-up, and long-term health management. 

To further illustrate the logical relationships among keyword types, thematic orientations, and research 
frontiers, this study integrates the above analytical results into a framework of keyword prominence and 
research frontiers, as shown in Figure 10. In this framework, keywords are classified into four categories: 
core keywords, clinical keywords, evidence-related keywords, and bridging keywords, which further 
correspond to thematic levels such as device technology innovation, clinical evaluation, evidence-based 
translation, and data-driven management. These different themes ultimately converge into frontier 
directions such as intelligent monitoring, model-based decision-making, minimally invasive intervention, 
and guideline-oriented translation, reflecting the overall pathway through which research on cardiovascular 
treatment-related medical devices extends from technological innovation toward clinical evidence and 
long-term management. 

 

Figure 10. Framework linking keyword categories, thematic orientations, and research frontiers. This is an author-defined 
conceptual synthesis; arrows indicate interpretive relationships rather than a measured temporal sequence. 

The frontier evolution of research on cardiovascular treatment-related medical devices is not driven by 
a single technology, but is jointly formed by the mutual support of multiple levels. Device technology and 
engineering innovation provide the material foundation for frontier development. Sensors and data 
acquisition technologies expand the dynamic monitoring capacity of devices. Model analysis and decision 
support improve the efficiency of data interpretation. Clinical evidence and guideline recommendations 
promote the standardized application of technologies, while long-term management further expands the 
value of device technologies in chronic disease prevention and full-cycle patient management. Therefore, 
future development in this field will no longer be limited to improving the performance of a single device, 
but will place greater emphasis on the synergistic integration of devices, data, models, evidence, and 
management systems. 

It should be noted that the identification of research frontiers should not rely solely on keyword 
occurrence frequency, but should also comprehensively consider the clustering position, connection 
relationships, and underlying clinical and technological contexts of keywords. Some keywords may appear 
frequently but represent long-standing stable themes. Conversely, some keywords may currently have lower 
occurrence frequencies but may indicate emerging technological pathways or future development directions. 



Intell. Sustain. Manuf. 2026, 3(2), 10026. doi:10.70322/ism.2026.10026 41 of 70 

 

For example, the significance of keywords such as sensor, model, guideline, evidence, and public health 
lies not only in their appearance in the keyword network, but also in the fact that they connect different 
research levels, including engineering technology, clinical evaluation, standardized translation, and long-
term management. Therefore, frontier identification should simultaneously consider keyword frequency, 
thematic association, and the developmental logic of the field. 

Overall, the research frontiers of cardiovascular treatment-related medical devices are mainly 
concentrated in intelligent monitoring and sensor integration, model construction and data-driven decision 
support, minimally invasive intervention and emerging therapeutic device iteration, evidence-based 
evaluation and guideline-oriented translation, emerging materials and functional device design, and 
multisource data fusion with full-cycle patient management. These directions collectively indicate that this 
field is transitioning from conventional device development and clinical application evaluation toward a 
developmental stage characterized by intelligent sensing, precision decision-making, evidence-based 
translation, and long-term management. Based on the keyword analysis and research frontier discussion, 
future research on cardiovascular treatment-related medical devices will further highlight multidisciplinary 
integration and promote the transformation of medical devices from single therapeutic tools into intelligent, 
precise, and systematic therapeutic platforms. 

4.4. Analysis of Common Data Source Types in Publications 

After completing keyword co-occurrence analysis, thematic clustering, and research frontier 
identification, it is necessary to further summarize research on cardiovascular treatment-related medical 
devices from the perspective of data sources. The preceding analysis indicates that the hotspot themes in this 
field cover multiple directions, including device technology, monitoring and measurement, clinical outcomes, 
evidence-based guidelines, and patient management. The formation of different themes often depends on 
different types of data support. In other words, keywords and research frontiers reveal what the research 
focuses on, whereas data sources further explain what evidence these studies are based on. Therefore, 
summarizing the common data sources used in related publications helps further clarify the intrinsic 
relationships among research content, evidence foundations, and methodological pathways in this field. 

Overall, the data sources used in research on cardiovascular treatment-related medical devices show 
clear diversification. They mainly include clinical case data, clinical trial data, real-world follow-up data, 
device performance testing data, physiological monitoring data, medical imaging data, and literature and 
guideline data. Among them, clinical case data and clinical trial data are mainly used to evaluate the safety 
and efficacy of device-based therapy. Real-world data and long-term follow-up data are more often used to 
examine device stability and patient benefit in actual clinical settings. Device performance testing data are 
used to validate device structure, materials, mechanical properties, and functional reliability. Physiological 
monitoring data and imaging data provide evidence for therapeutic process evaluation, risk prediction, and 
individualized decision-making. Literature and guideline data serve evidence-based evaluation, therapeutic 
recommendation, and knowledge structure analysis. Thus, the data foundation of this field is not derived 
from a single source, but is jointly constructed from clinical, engineering, monitoring, imaging, and 
literature-based evidence. 

Clinical case data are among the most fundamental and commonly used data sources in research on 
cardiovascular treatment-related medical devices. Such data usually include patient age, sex, underlying 
diseases, cardiovascular lesion types, therapeutic indications, procedural methods, device types, 
perioperative conditions, and postoperative outcomes, and are mainly used to analyze the applicable 
population, therapeutic effects, and risk factors of device-based treatment. For research directions such as 
transcatheter valve therapy, left atrial appendage occlusion, leadless pacing, vascular stents, and circulatory 
assist devices, clinical case data can directly reflect the application status of devices in real patients. 
Particularly in studies of patient prognosis, complication rates, and therapeutic benefit, clinical case data 
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often constitute the core evidence base. However, case data alone are often limited by sample size, study 
center, patient selection, and follow-up completeness; therefore, they need to be further supported by more 
standardized clinical trial data. 

Clinical trial data are an important source of evidence for evaluating the safety and efficacy of 
cardiovascular treatment-related medical devices. Compared with general retrospective case data, clinical 
trials usually have clearer inclusion criteria, control designs, endpoint settings, and follow-up protocols, 
allowing more systematic assessment of the clinical value of a specific device or therapeutic strategy. In 
studies of emerging interventional devices, implantable devices, and ablation systems, clinical trial data are 
commonly used to compare the therapeutic effects of device-based therapy with pharmacological therapy, 
conventional surgery, or other interventional approaches, and to further clarify the applicable population 
and benefit boundaries. For medical devices, clinical trials are not only an important data source for 
academic research but also a key evidence base for clinical dissemination and guideline recommendations. 
However, clinical trials often involve strict sample selection criteria, and their findings may not fully 
represent complex real-world clinical scenarios. Therefore, the importance of real-world data and long-
term follow-up data has become increasingly prominent. 

Real-world data and long-term follow-up data have received increasing attention in recent years in 
research on cardiovascular treatment-related medical devices. Such data are commonly derived from 
hospital databases, registry systems, multicenter follow-up cohorts, electronic health record systems, and 
post-implantation device management platforms, and can reflect the long-term performance of medical 
devices in real clinical environments. Compared with clinical trials, real-world data cover more complex 
patient populations and can better capture device performance among elderly patients, patients with 
multiple comorbidities, and high-risk groups. For cardiovascular therapeutic devices, issues such as long-
term safety, device failure, reintervention risk, thrombotic events, infection risk, and long-term survival 
outcomes often require evaluation based on data collected over longer time scales. Therefore, real-world 
data and long-term follow-up data provide important support for the continuous assessment of devices after 
clinical translation, shifting research emphasis from short-term efficacy toward long-term benefit and full-
cycle management. 

In addition to clinical data, device performance testing data are also important data sources in 
publications in this field. Cardiovascular treatment-related medical devices usually need to function in 
complex blood-flow environments, mechanical loading environments, and long-term implantation 
environments. Therefore, structural strength, material stability, fatigue performance, hemocompatibility, 
delivery performance, and functional reliability directly affect clinical outcomes. Related studies often 
obtain device performance data through in vitro experiments, bench testing, animal experiments, material 
characterization, and mechanical analysis. For example, vascular stent studies commonly focus on radial 
support force, fatigue life, drug release behavior, and endothelialization. Valve device studies focus on 
valve opening and closing performance, durability, and hemodynamic behavior. Catheter and occluder 
studies tend to emphasize delivery performance, positioning stability, and structural adaptability. Device 
performance data serve as an important bridge between device design concepts and clinical application, 
while also providing an engineering foundation for subsequent clinical evaluation. 

With the development of sensing technologies and digital health approaches, physiological monitoring 
data have become increasingly important in research on cardiovascular treatment-related medical devices. 
Such data mainly include blood pressure, heart rate, electrocardiographic signals, blood oxygen saturation, 
hemodynamic parameters, rhythm changes, implanted device operating parameters, and continuous data 
collected by wearable devices or remote monitoring platforms. Compared with conventional clinical 
endpoints, physiological monitoring data are continuous, dynamic, and real-time, enabling more sensitive 
detection of changes in patient status and device treatment effects. For example, in studies of cardiac rhythm 
management devices, implantable monitoring devices, blood pressure regulation devices, and remote 
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follow-up systems, physiological monitoring data can support risk warning, therapeutic efficacy tracking, 
and individualized intervention. The increasing use of this type of data indicates that cardiovascular 
treatment-related medical devices are gradually evolving from single therapeutic tools into intelligent 
platforms with monitoring, feedback, and management functions. 

Medical imaging data are also important data sources in research on cardiovascular treatment-related 
medical devices. The application of many cardiovascular therapeutic devices depends heavily on imaging 
evaluation, including preoperative anatomical analysis, device size selection, intraoperative positioning and 
navigation, and postoperative therapeutic efficacy assessment. Common imaging data sources include 
echocardiography, computed tomography, magnetic resonance imaging, angiography, and tomographic 
imaging. For research areas such as transcatheter valve therapy, left atrial appendage occlusion, coronary 
intervention, structural heart disease intervention, and ablation therapy, imaging data are used not only to 
determine whether patients are suitable for device-based treatment, but also to evaluate device implantation 
position, structural matching, blood-flow changes, and postoperative complication risks. With the 
development of three-dimensional reconstruction, image fusion, and artificial intelligence-based image 
analysis, imaging data are shifting from purely diagnostic auxiliary information to an important basis for 
device design, therapeutic planning, and postoperative evaluation. 

Literature data and guideline data mainly serve evidence-based evaluation, knowledge synthesis, and 
research trend analysis. For cardiovascular treatment-related medical devices, the transition of new 
technologies from clinical exploration to standardized application often requires evidence support from 
systematic reviews, meta-analyses, guideline recommendations, and consensus documents. The data 
sources of such studies are not individual patients or single device experiments, but existing publications, 
clinical trial results, guideline documents, and expert consensus statements. By integrating existing 
literature evidence, researchers can compare therapeutic differences among different treatment strategies, 
summarize the applicable scope and risk characteristics of device-based therapy, and provide evidence for 
clinical decision-making. The bibliometric method adopted in this study is also a research pathway based 
on literature data, aimed at revealing the knowledge structure, hotspot distribution, and evolutionary trends 
of research on cardiovascular treatment-related medical devices from a macro-level perspective. 

From the perspective of relationships among different data sources, research on cardiovascular 
treatment-related medical devices has formed a relatively complete data support chain. Device performance 
testing data mainly answer the question of whether a device has reliable functionality. Clinical case and 
clinical trial data answer whether the device is safe and effective. Real-world and long-term follow-up data 
answer whether the device can provide sustained benefit in actual clinical practice. Physiological 
monitoring and imaging data answer how the treatment process and patient status change dynamically. 
Literature and guideline data answer how existing evidence can be integrated and translated into clinical 
recommendations. These data sources are not independent of one another but form a continuous chain of 
evidence throughout device development, clinical validation, dissemination, and long-term management. It 
is precisely this multisource data synergy that enables research in this field to move from single-point 
efficacy evaluation toward full-process, whole-course, and full-cycle analysis. 

Nevertheless, the extensive use of multisource data also presents several challenges. First, data sources, 
follow-up durations, endpoint indicators, and evaluation criteria differ across studies, potentially reducing 
the comparability of research findings. Second, clinical data, monitoring data, and imaging data differ 
structurally, and their data formats, acquisition frequencies, and quality-control approaches are not fully 
standardized, increasing the difficulty of data fusion and integrated analysis. Third, although real-world 
data are closer to actual clinical practice, they are more susceptible to patient heterogeneity, treatment 
selection bias, and center-level differences. Therefore, while expanding data sources, future studies also 
need to strengthen data standardization, endpoint harmonization, multicenter validation, and long-term 
follow-up system construction. 
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The analysis of common data sources in publications indicates that research on cardiovascular 
treatment-related medical devices has formed a multisource data system with clinical data as the core, 
engineering performance data as the foundation, physiological monitoring and imaging data as supplements, 
and literature and guideline data as evidence support. Different data sources serve different stages, including 
device design, performance validation, clinical evaluation, therapeutic efficacy tracking, and evidence 
translation, jointly supporting the complete research chain from device development to clinical application 
and long-term management. With the continuous development of intelligent sensing, remote monitoring, 
medical image analysis, and real-world research, data sources in this field are likely to become more diverse 
and continuous, laying the foundation for the future development of cardiovascular treatment-related 
medical device research toward greater precision, intelligence, and evidence-based practice. Table 4 
summarizes these complementary evidence sources, typical data, analytical methods, and roles across the 
device lifecycle. 

Table 4. Complementary evidence sources and methods across the cardiovascular-device lifecycle. 

Evidence Source Typical Data Common Methods Primary Purpose 

Clinical case/trial data 
Baseline characteristics, procedure, 
endpoints, complications, survival 

Descriptive statistics; 
regression; survival analysis; 
propensity methods 

Safety, efficacy, risk stratification, 
comparative outcomes 

Real-world/registry data 
Broad patient populations, post-
market outcomes, device status 

Registry analysis; longitudinal 
modeling; safety surveillance 

Long-term effectiveness, rare 
events, external validity 

Bench/mechanical data 
Geometry, materials, fatigue, radial 
force, delivery, durability 

Mechanical testing; fatigue 
testing; material 
characterization 

Design verification, failure-mode 
assessment, quality control 

Hemodynamic/simulatio
n data 

Flow field, pressure, wall stress, 
device-tissue interaction 

CFD; FEA; fluid-structure 
interaction 

Design optimization, mechanistic 
interpretation, virtual testing 

Imaging/physiological 
signals 

CT, MRI, ultrasound, angiography, 
ECG, pressure, implanted sensors 

Segmentation; reconstruction; 
signal processing; time-series 
analysis 

Planning, navigation, monitoring, 
dynamic assessment 

Multimodal data 
Clinical + imaging + signal + 
device data 

Machine learning; deep 
learning; multimodal fusion 

Prediction, patient selection, 
decision support 

Literature/guideline data 
Publications, citations, trials, 
guidelines 

Bibliometrics; systematic 
review; meta-analysis 

Knowledge mapping, evidence 
synthesis, guideline translation 

4.5. Summary of Common Analytical Tools and Methodological Characteristics in Publications 

After analyzing common data sources in Section 4.4, it is still necessary to further discuss how these 
data are typically processed, interpreted, and translated through specific tools and methods. For research on 
cardiovascular treatment-related medical devices, the diversification of data sources determines the 
composite nature of analytical tools and research methods. Different types of data usually correspond to 
different research questions. Clinical data mainly focus on safety and efficacy evaluation; device 
performance data emphasize structural and functional validation; physiological monitoring and imaging 
data support dynamic assessment and individualized judgment; and literature and guideline data are 
primarily used for evidence synthesis and knowledge structure analysis. Therefore, after clarifying data 
sources, it is necessary to further summarize the analytical tools and research methods commonly used in 
related publications, so as to reveal the basic characteristics of the research paradigm in this field. 

Overall, the analytical tools commonly used in research on cardiovascular treatment-related medical 
devices can be broadly divided into clinical statistical analysis tools, engineering simulation and device 
evaluation tools, medical imaging and signal processing tools, intelligent algorithm-based analytical tools, 
and bibliometric and evidence-based evaluation tools. Clinical statistical tools are mainly used to process 
patient information, treatment outcomes, and follow-up data. Engineering simulation tools are mainly used 
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to analyze device structures, mechanical performance, and hemodynamic characteristics. Medical imaging 
and signal processing tools mainly serve preoperative assessment, intraoperative navigation, postoperative 
follow-up, and continuous monitoring. Intelligent algorithm-based tools are mainly used for multisource 
data modeling, risk prediction, and decision support. Bibliometric and evidence-based evaluation tools are 
used to identify research hotspots, integrate existing evidence, and analyze knowledge structures. Thus, the 
analytical tools in this field are not of a single type, but form a multi-level tool system around clinical 
evaluation, engineering validation, data modeling, and evidence synthesis. To more clearly present the 
correspondence between different tools and research tasks, the common analytical tools and research 
method types are summarized in Table 5. 

Table 5. Common data sources, analytical tools, and methodological features in cardiovascular medical device studies. 

Type of Tool Main Processing Object Common Methods or Tools Main Research Purposes 

Clinical statistical 
analysis 

Patient information, 
treatment outcomes, and 
follow-up data 

Descriptive statistics, inter-
group comparison, regression 
analysis, survival analysis, 
propensity score matching 

Evaluate the safety, efficacy, prognosis, and 
risk factors of the device. Representative 
references: [15,22,31,188]. 

Engineering 
simulation and 
device evaluation 

Instrument structure, 
material properties, 
hemodynamic data 

Finite element analysis, 
computational fluid dynamics, 
bench testing, material 
characterization, fatigue test 

Optimize the design of the equipment and 
verify the structural stability and functional 
reliability. Representative references: [51,52]. 

Medical Imaging and 
Signal Processing 

CT, MRI, ultrasound, 
angiography, 
electrocardiogram and 
blood pressure signals 

Image segmentation, 3D 
reconstruction, filtering, feature 
extraction, time series analysis 

Support preoperative assessment, 
intraoperative navigation, postoperative 
follow-up, and dynamic monitoring. 
Representative references: [11,17,40,57]. 

Intelligent algorithm 
analysis 

Clinical data, imaging 
data, physiological 
signals, multisource data 

Machine learning, deep 
learning, predictive models, 
multimodal fusion 

Realize risk prediction, efficacy assessment, 
assistance in decision-making and 
individualized treatment. Representative 
references: [17,57,178,179,186]. 

Literature 
measurement and 
evidence-based 
evaluation 

Literature data, guideline 
documents, clinical 
evidence 

VOSviewer, CiteSpace, 
Bibliometrix, Systematic 
Review, Meta-analysis 

Identify research hotspots, knowledge 
structures, evidence quality and development 
trends. Representative references: [60–
72,91,92]. 

The analytical tools and methodological system of research on cardiovascular treatment-related 
medical devices exhibit clear task-oriented characteristics. Clinical statistical analysis mainly corresponds 
to patient information and treatment outcomes, making it suitable for evaluating safety, efficacy, and 
prognostic differences after device-based therapy. Engineering simulation and device evaluation mainly 
correspond to device structure, material properties, and hemodynamic data, making them suitable for 
validating the rationality and functional reliability of device design schemes. Medical imaging and signal 
processing mainly correspond to preoperative assessment, intraoperative navigation, and postoperative 
monitoring, and can support more refined evaluation of the therapeutic process. Intelligent algorithm-based 
analysis further targets complex multisource data and supports risk assessment and decision-making 
through model construction and predictive analysis. Bibliometric and evidence-based evaluation starts from 
existing publications and clinical evidence, revealing research hotspots, knowledge structures, and evidence 
quality. Together, these methodological categories indicate that this field has formed a multi-level 
analytical framework, ranging from raw data processing to clinical interpretation and from engineering 
validation to evidence synthesis. 

In clinical research, statistical analysis remains the most common and fundamental analytical approach. 
Related publications typically use statistical software to analyze patient baseline characteristics, 
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perioperative indicators, complication rates, follow-up results, and survival outcomes. Common methods 
include descriptive statistics, between-group comparisons, correlation analysis, multivariable regression, 
survival analysis, and propensity score matching. For treatment-related medical devices, safety and efficacy 
are always the core issues of clinical evaluation. Therefore, statistical methods are mainly used to answer 
questions such as whether device-based therapy improves patient prognosis, which factors influence 
treatment outcomes, and whether differences exist among different therapeutic approaches. In areas such 
as transcatheter valve therapy, left atrial appendage occlusion, leadless pacing, and vascular stents, clinical 
statistical analysis can provide important evidence for device indication selection, complication risk 
assessment, and long-term benefit evaluation. However, clinical statistical methods rely more heavily on 
structured data and predefined endpoints. As research objects gradually expand toward continuous 
monitoring and multimodal data, the explanatory capacity of a single statistical method becomes limited, 
thereby promoting the introduction of model-based and intelligent algorithmic methods. 

Corresponding to clinical statistical analysis, engineering simulation and device performance 
evaluation methods mainly serve medical device design and functional validation. Cardiovascular 
treatment-related medical devices usually need to operate in complex blood-flow environments, cyclic 
mechanical loading conditions, and long-term implantation settings. Therefore, structural stability, fatigue 
performance, fluid mechanical behavior, and material reliability are important research issues. Related 
publications often employ finite element analysis, computational fluid dynamics simulation, bench testing, 
material characterization, fatigue testing, and animal experiments to evaluate device structural strength, 
delivery performance, flow disturbance, pressure distribution, and long-term stability. The advantage of 
these methods lies in their ability to predict and optimize device performance before clinical application, 
thereby reducing development risk and improving design rationality. As device structures become 
increasingly complex, traditional experimental testing alone is no longer sufficient to fully explain 
interactions among devices, blood flow, and tissues. Consequently, engineering simulation methods are 
playing an increasingly important role in this field. 

In studies related to medical imaging and physiological signals, image processing and signal analysis 
tools play an important role. The design, selection, and evaluation of cardiovascular therapeutic devices 
often depend on imaging data such as ultrasound, computed tomography, magnetic resonance imaging, 
angiography, and tomographic imaging. Relevant tools can be used for image segmentation, three-
dimensional reconstruction, anatomical structure measurement, device size matching, and postoperative 
outcome assessment. Meanwhile, physiological data such as electrocardiographic signals, blood pressure 
signals, hemodynamic signals, and implanted device operating parameters also need to be processed 
through methods such as filtering, feature extraction, frequency-domain analysis, time-series modeling, and 
anomaly detection. The application of imaging and signal analysis methods enables research on 
cardiovascular therapeutic devices to move beyond endpoint event evaluation and to further capture 
dynamic changes and individual differences during the treatment process. With the development of sensors 
and remote monitoring technologies, these tools will become an important methodological basis for 
connecting device-based therapy, patient status monitoring, and risk warning. 

Against the background of increasing data volume and growing data complexity, intelligent 
algorithmic methods such as machine learning, deep learning, and multimodal data fusion have gradually 
become important methodological directions in research on cardiovascular treatment-related medical 
devices. Compared with traditional statistical analysis, intelligent algorithms are more suitable for 
processing high-dimensional, multisource, nonlinear, and dynamically changing data, and can contribute 
to risk prediction, image recognition, signal classification, postoperative prognostic assessment, and 
therapeutic decision support. For example, predictive models constructed from clinical and imaging data 
can be used to determine whether a patient is suitable for a specific device-based therapy. Classification 
models based on continuous monitoring signals can be used to identify rhythm abnormalities, blood 
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pressure fluctuations, or postoperative risks. Decision models based on multimodal data fusion can help 
improve the accuracy of individualized treatment. It should be noted that although intelligent algorithms 
can improve prediction and classification performance, their clinical application still faces challenges 
related to model interpretability, external validation, sample bias, and cross-center generalizability. 
Therefore, future studies should address not only model performance but also model transparency, clinical 
interpretability, and validation in real-world scenarios. 

In addition to analytical tools applied to raw experimental and clinical data, bibliometric and evidence-
based medical methods are also important research pathways commonly used in this field. Bibliometric 
tools such as VOSviewer, CiteSpace, and Bibliometrix are mainly used to analyze publication trends, 
keyword co-occurrence, institutional collaboration, co-citation networks, and research frontiers, thereby 
revealing the knowledge structure and hotspot evolution of research on cardiovascular treatment-related 
medical devices from a macro-level perspective. Evidence-based medical methods, such as systematic 
reviews, meta-analyses, guideline interpretation, and evidence quality assessment, are commonly used to 
integrate existing clinical studies and compare the safety and efficacy of different devices or therapeutic 
strategies. These methods are complementary to clinical trials and real-world studies. The former can 
extract evidence from existing publications, while the latter continuously provide new data sources for 
evidence systems. Therefore, the role of bibliometric and evidence-based evaluation methods in this field 
has expanded from simple review tools to important approaches for assessing research trends and 
supporting clinical decision-making. 

From the perspective of research method types, publications on cardiovascular treatment-related 
medical devices can be broadly classified into five categories: clinical evaluation studies, engineering 
validation studies, data modeling studies, evidence synthesis studies, and integrated translational studies. 
Clinical evaluation studies mainly focus on the safety, efficacy, complications, and long-term prognosis of 
device-based therapy. Engineering validation studies focus on device structure, material properties, 
mechanical behavior, and functional reliability. Data modeling studies mainly focus on modeling analysis 
based on imaging, signals, clinical indicators, and multisource data. Evidence synthesis studies focus on 
systematic summarization of existing publications, guidelines, and clinical evidence. Integrated 
translational studies emphasize the construction of complete technical pathways starting from clinical needs 
and integrating device development, data analysis, clinical validation, and application management. This 
classification indicates that the research methods in this field have gradually shifted from single-technology 
analysis or single clinical observation toward a comprehensive research paradigm combining clinical, 
engineering, data-driven, and evidence-based approaches. 

Further analysis shows that different research methods are not isolated from one another, but undertake 
different functions within the research chain of cardiovascular treatment-related medical devices. 
Engineering validation methods mainly answer whether a device has a reliable structural and functional 
basis. Clinical statistical methods answer whether the device is safe and effective. Imaging and signal 
analysis methods answer how patient status and therapeutic processes change dynamically. Intelligent 
algorithmic methods answer how multisource data can be used for prediction and decision support. 
Evidence-based and bibliometric methods answer how existing research evidence is organized, how 
hotspots evolve, and how technologies can be translated into standardized applications. These methods 
together constitute a complete analytical system extending from device development to clinical application, 
evidence evaluation, and long-term management. It is precisely because of the complementary relationships 
among these methodological categories that research in this field increasingly exhibits interdisciplinary and 
translational medical characteristics. 

Nevertheless, several limitations remain in the use of analytical tools and methods in existing studies. 
First, method selection varies considerably across studies, and some publications provide insufficient 
descriptions of data sources, parameter settings, and model validation procedures, affecting the 
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reproducibility of results. Second, some engineering or algorithmic studies are insufficiently connected 
with real clinical problems, which may result in favorable technical indicators but limited clinical 
interpretability. Third, some clinical studies remain dominated by single-center designs, small sample sizes, 
and short-term follow-up, and further evaluation of long-term safety, real-world performance, and patient 
benefit boundaries is still needed. In addition, in multisource data fusion and intelligent algorithm 
applications, data standardization, privacy protection, model interpretability, and cross-institutional 
validation remain key issues to be addressed in future research. Therefore, future studies in this field should 
not only continue to expand analytical tools, but also further improve the standardization of research design 
and the transparency of methodological application. 

Overall, the common analytical tools and methodological characteristics of related publications 
indicate that research on cardiovascular treatment-related medical devices has formed a composite 
methodological system, with clinical statistics as the foundation, engineering simulation and device 
evaluation as the support, imaging signal processing and intelligent algorithms as extensions, and 
bibliometric and evidence-based evaluation as complements. Different methods serve different stages, 
including device design, performance validation, clinical evaluation, risk prediction, evidence synthesis, 
and treatment management, thereby jointly advancing the transition of this field from conventional device 
research toward data-driven, intelligent decision-making and evidence-based translation. In combination 
with the analysis of data sources in Section 4.4, data diversification and methodological integration can be 
regarded as important features of current research on cardiovascular treatment-related medical devices, 
providing a foundation for further summarizing the developmental trends and future directions of this field 
in the conclusion section. 

5. Applications and Optimization of Medical Devices 

Bibliometric findings ultimately need to be interpreted in relation to specific medical devices and their 
clinical application scenarios, so as to further clarify the translational value of different research hotspots in 
actual disease treatment. Therefore, on the basis of the preceding bibliometric results, this section further 
discusses the typical applications and optimization directions of cardiovascular treatment-related medical 
devices. Specifically, Section 5.1 summarizes typical device applications, including transcatheter valve 
therapy, left atrial appendage occlusion, leadless pacing, pulsed field ablation, renal denervation, and 
intelligent monitoring and remote management, by integrating representative research cases published in 
recent years. Section 5.2 further summarizes the optimization pathways of current medical devices in terms 
of structural design, material performance, clinical indications, long-term safety, data integration, and 
intelligent translation based on the application analysis. Following the logic of application, problem, and 
optimization, this section aims to connect the preceding bibliometric results to specific technological 
developments, thereby more clearly revealing the internal pathway by which cardiovascular treatment-related 
medical devices move from research hotspots toward clinical translation and continuous improvement. 

5.1. Applications 

From the perspective of clinical application scenarios, cardiovascular treatment-related medical 
devices are prominently represented by minimally invasive interventional therapy for structural heart 
diseases. Device technologies represented by transcatheter valve therapy have gradually expanded from the 
treatment of aortic valve disease to interventions for mitral and tricuspid valve diseases, reflecting the 
transition of structural heart disease treatment from conventional open surgery toward minimally invasive 
interventional pathways. For aortic stenosis, long-term comparative studies of transcatheter aortic valve 
replacement and surgical aortic valve replacement in low-risk patients have promoted discussion of the 
boundary of indications for transcatheter aortic valve therapy [15]. For heart failure complicated by 
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functional mitral regurgitation, the RESHAPE-HF2 study showed that adding transcatheter mitral valve 
repair to guideline-directed medical therapy could reduce heart failure events [189]. For severe tricuspid 
regurgitation, the TRISCEND II study demonstrated that transcatheter tricuspid valve replacement 
combined with medical therapy was superior to medical therapy alone for the primary composite endpoint, 
driven primarily by improvements in symptoms and quality of life [31]. These findings indicate that the 
application value of transcatheter valve therapy devices lies in reducing procedural trauma, expanding 
treatment options for selected high-risk patients, and promoting the transformation of structural heart 
disease treatment from isolated surgical repair toward a multi-valve, multi-pathway, and multi-indication 
minimally invasive interventional system. From an engineering perspective, the problem is not limited to 
deployability. Frame geometry, anchoring, sealing, leaflet durability, conduction-system interaction, and 
patient-prosthesis matching increasingly determine long-term performance. 

Left atrial appendage occlusion devices represent a typical application of cardiovascular treatment-
related medical devices in stroke prevention for patients with atrial fibrillation [148]. In patients with non-
valvular atrial fibrillation, the left atrial appendage is an important source of thrombus formation and stroke 
risk. Long-term oral anticoagulation can reduce stroke risk, but it may also increase bleeding risk. By 
mechanically occluding the orifice of the left atrial appendage, left atrial appendage occlusion devices 
provide an alternative therapeutic pathway for patients who are unsuitable for long-term anticoagulation or 
who have a high bleeding risk. The OPTION trial showed that, in patients undergoing atrial fibrillation 
ablation, left atrial appendage occlusion was associated with a lower risk of bleeding than oral 
anticoagulation and was non-inferior with respect to the composite efficacy endpoint of death, stroke, or 
systemic embolism [149]. Real-world studies of WATCHMAN FLX in routine clinical practice have also 
shown that this next-generation left atrial appendage occlusion device achieved a high implantation success 
rate and relatively stable one-year clinical outcomes in large-scale real-world cohorts [190]. These studies 
indicate that the significance of left atrial appendage occlusion devices is not limited to structural occlusion 
itself; rather, by modifying the conditions for thrombus formation, they contribute to stroke prevention, 
bleeding risk control, and long-term antithrombotic strategy optimization in patients with atrial fibrillation. 
The principal engineering challenges include anatomical conformity, stable anchoring, residual peri-device 
leak, device-related thrombosis, surface hemocompatibility, and the interaction between occluder geometry 
and highly variable appendage morphology. 

Cardiac rhythm management should be considered more broadly than leadless pacing alone. 
Conventional transvenous pacemakers and implantable cardioverter-defibrillators remain foundational 
therapies for bradyarrhythmia, resynchronization, and prevention of sudden cardiac death, but they 
introduce chronic challenges related to leads, subcutaneous pockets, infection, generator replacement, and 
long-term maintenance. CIED infection prevention therefore remains relevant even as leadless technologies 
expand. Recent clinical literature emphasizes both procedural and patient-related risk stratification, as well 
as strategies intended to reduce pocket-related infection [191,192]. 

Cardiac rhythm management devices and leadless pacemakers reflect the trends of miniaturization and 
reduced invasiveness in long-term implantable cardiovascular medical devices. Conventional pacemakers 
and implantable cardiac electronic devices have long been used to manage bradyarrhythmias and cardiac 
rhythm disorders. However, transvenous leads, subcutaneous pockets, infection risk, and long-term 
maintenance issues have remained important constraints on further optimization [193]. In recent years, 
leadless pacemakers have enabled miniature pacing devices to be directly implanted into the cardiac 
chamber via a transcatheter approach, thereby reducing lead- and pocket-related complications. Five-year 
follow-up results from the post-approval registry of the Micra transcatheter pacing system have further 
provided real-world evidence regarding the long-term performance of leadless pacemakers [5]. Meanwhile, 
the development of dual-chamber leadless pacing systems has further overcome the limitations of early 
single-chamber leadless pacing with respect to atrioventricular synchrony and clinical indications [194]. A 
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2025 study reported that the one-year safety and performance endpoints of such a system met the 
prespecified criteria [28]. These findings suggest that cardiac rhythm management devices are evolving 
from conventional transvenous lead-based systems toward miniaturized, leadless systems designed for 
durable long-term rhythm management. Safety in patients with low body surface area has also been 
examined in a matched-pair comparison of leadless and transvenous pacemakers [195]. Important 
engineering questions include fixation reliability, retrieval or replacement strategies, battery longevity, 
communication between intracardiac modules, electrode-tissue contact, and lifecycle management when 
multiple devices are implanted sequentially [5,6,28,194]. 

Wearable cardioverter-defibrillators occupy a distinct position between wearable monitoring and 
permanent ICD therapy. Unlike monitoring-only wearables, a WCD can deliver defibrillation for malignant 
ventricular arrhythmia and is therefore a therapeutic rhythm-management device. Its clinical role is 
particularly relevant when the arrhythmic risk may be transient or reversible, or when the indication for 
permanent ICD implantation remains uncertain [196,197]. This category should be included in both the 
revised search terminology and the narrative application framework. 

In the field of arrhythmia treatment, atrial fibrillation ablation devices, particularly pulsed field ablation 
technology, have become a rapidly developing application direction in recent years. Conventional 
radiofrequency ablation and cryoablation mainly rely on thermal effects to achieve myocardial tissue 
ablation, but may be associated with risks such as collateral tissue injury, esophageal injury, or pulmonary 
vein stenosis. Pulsed field ablation induces non-thermal tissue ablation through electric field effects and 
has a degree of myocardial tissue selectivity, making it a promising emerging energy platform for catheter 
ablation of atrial fibrillation. The MANIFEST-17K study, based on more than 17,000 patients with atrial 
fibrillation [30], evaluated the safety of pulsed field ablation in post-approval clinical practice. The 
AdmIRE pivotal trial further confirmed the safety and efficacy of a variable-loop pulsed field ablation 
catheter for the treatment of paroxysmal atrial fibrillation [198]. This technology indicates that innovation 
in cardiovascular therapeutic devices is reflected not only in device structure and delivery systems, but also 
in energy modality, tissue selectivity, and treatment safety optimization [198]. Engineering optimization 
should address electric-field uniformity, electrode geometry, tissue contact, waveform control, lesion 
durability, and integration with mapping and navigation systems [21,30,198]. 

Renal denervation devices reflect the expansion of cardiovascular therapeutic devices from local 
structural cardiac intervention toward systemic cardiovascular risk management. Unlike valves, occluders, 
and pacemakers, which directly act on cardiac structure or rhythm function, renal denervation primarily 
assists in lowering blood pressure by modulating renal sympathetic nerve activity, thereby providing a non-
pharmacological adjunctive treatment option for patients with resistant hypertension or inadequately 
controlled hypertension [29,188]. A patient-level pooled analysis of the RADIANCE clinical trial program 
showed that ultrasound renal denervation still provided blood pressure-lowering benefits after medication 
escalation [188]. A 36-month follow-up study related to RADIANCE-HTN TRIO further suggested that 
the antihypertensive effect of ultrasound renal denervation in patients with resistant hypertension had a 
certain degree of durability, with no obvious safety concerns observed [29]. Therefore, the application value 
of renal denervation is not limited to a single interventional procedure, but lies in providing a new device-
based interventional pathway for chronic blood pressure management and cardiovascular risk control. 
Remaining challenges include responder identification, anatomical variation, catheter-wall contact, energy-
delivery uniformity, and the long-term durability of the antihypertensive response [29,188]. 

With the development of sensors, wearable devices, implantable monitoring systems, and digital health 
approaches, intelligent monitoring and remote management devices have gradually become important 
application directions in cardiovascular disease treatment and management. Compared with conventional 
therapeutic devices, intelligent monitoring devices place greater emphasis on continuous acquisition of 
patient status, risk warning, and long-term follow-up management, and can play roles in scenarios such as 
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heart failure, atrial fibrillation, hypertension, and postoperative management [43]. A 2024 review in The 
Lancet Digital Health reported that digital tools can cover multiple stages of heart failure care, including 
screening, early diagnosis, treatment initiation, and treatment optimization. A 2025 review of remote 
hemodynamic monitoring further emphasized that remote monitoring technology is becoming an important 
tool for continuous real-world physiological parameter monitoring and heart failure management [44]. The 
emergence of such devices and digital systems indicates that cardiovascular medical devices are expanding 
from single therapeutic tools to integrated platforms with continuous monitoring, data feedback, remote 
management, and decision-support functions [199]. The utility of these systems depends on data quality, 
actionable thresholds, integration with electronic health records, workflow compatibility, and external 
validation of risk-prediction or decision-support algorithms [18,43–45,199]. 

Taken together, the above typical applications indicate that cardiovascular treatment-related medical 
devices have formed a multi-scenario application landscape covering structural repair, rhythm management, 
thrombus prevention, energy-based ablation, physiological regulation, and remote monitoring. Although 
different device types vary in mechanisms of action and clinical indications, their common goal is to 
improve cardiovascular disease prevention and treatment by reducing therapeutic trauma, enhancing 
treatment precision, improving patient prognosis, and supporting long-term management. At the same time, 
these applications also reveal several common challenges, including long-term device stability, precise 
indication screening, complication risk control, real-world efficacy validation, data standardization, and 
clinical translation of intelligent algorithms. These issues constitute important entry points for subsequent 
optimization research. Therefore, based on the analysis of typical applications, Section 5.2 further discusses 
optimization pathways for cardiovascular treatment-related medical devices from the perspectives of device 
structure, material performance, data fusion, intelligent decision-making, and evidence-based evaluation.

5.2. Technical Optimization 

Cardiovascular treatment-related medical devices already have an established clinical application base 
in scenarios such as structural heart disease intervention, stroke prevention in atrial fibrillation, cardiac 
rhythm management, atrial fibrillation ablation, device-based hypertension treatment, and intelligent 
remote monitoring. However, different types of devices still face several common challenges during clinical 
dissemination and long-term use, including insufficient structural adaptability, the need for further 
validation of long-term stability, inadequate precision in indication screening, difficulties in complication 
risk control, insufficient accumulation of real-world evidence, and limited efficiency in translating 
intelligent monitoring data into clinical practice. Therefore, optimization of medical devices should not be 
confined to isolated structural improvement, but should instead follow a systematic optimization pathway 
centered on device design, material performance, precise implantation, data fusion, evidence-based 
evaluation, and long-term management. 

First, optimization of device structure and delivery systems remains a fundamental direction for 
improving cardiovascular treatment-related medical devices. Devices such as transcatheter valves, left atrial 
appendage occluders, leadless pacemakers, ablation catheters, and renal denervation catheters all need to 
achieve precise deployment and stable function in complex anatomical structures and dynamic physiological 
environments. Therefore, device size matching, delivery flexibility, positioning stability, and retrievability 
directly affect procedural safety and treatment success. For transcatheter valve devices, future optimization 
should further focus on valve frame structure, anchoring mechanisms, and sealing design to reduce risks such 
as paravalvular leakage, conduction disturbance, and valve migration. For left atrial appendage occlusion 
devices, greater emphasis should be placed on anatomical conformity and occlusion completeness across 
different left atrial appendage morphologies, thereby reducing residual leakage and device-related thrombosis. 
For leadless pacemakers and ablation catheters, continuous improvements are needed in miniaturization, 
fixation stability, electrode contact efficiency, and uniformity of energy delivery. Thus, the core objective of 
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structural optimization is not simply to reduce device size but to improve the adaptability of devices to 
individualized anatomical structures while maintaining minimally invasive characteristics. 

Second, material performance and surface functionalization are important pathways for improving the 
long-term safety of cardiovascular medical devices. Cardiovascular therapeutic devices usually need to be 
exposed for extended periods to the blood environment, cardiac motion environment, or vascular wall 
environment. Therefore, hemocompatibility, fatigue resistance, antithrombotic capacity, corrosion 
resistance, and tissue compatibility of materials directly affect device service stability. For vascular stents, 
prosthetic valves, occluders, and implantable electronic devices, material failure, thrombus formation, 
inflammatory responses, and excessive tissue proliferation may all compromise long-term therapeutic 
outcomes. Accordingly, future optimization can be carried out through the development of novel alloy 
materials, polymeric materials, bioactive coatings, anticoagulant surfaces, biodegradable materials, and 
nanoscale functional layers. Through the coordinated regulation of material structure and surface chemistry, 
it may be possible to reduce thrombosis and inflammatory responses while enhancing long-term device 
stability. Material optimization and structural optimization are not independent of each other; rather, they 
determine device performance in complex in vivo environments. 

Third, imaging navigation and individualized preoperative planning are important supports for 
improving the precision of device application. The technologies discussed in Section 5.1, including 
transcatheter valve therapy, left atrial appendage occlusion, atrial fibrillation ablation, and renal denervation, 
all rely heavily on preoperative assessment and intraoperative positioning. Significant inter-patient 
differences exist in valve annulus size, left atrial appendage morphology, pulmonary vein anatomy, renal 
artery course, and cardiac chamber structure. If device selection relies only on empirical judgment and 
conventional imaging evaluation, the risks of implantation mismatch, residual leakage, incomplete ablation, 
and complications may increase. Therefore, future studies should further strengthen the application of 
imaging data, including computed tomography, magnetic resonance imaging, echocardiography, 
angiography, and three-dimensional reconstruction, in device selection, procedural planning, and 
intraoperative navigation. Through image fusion, three-dimensional modeling, and preoperative simulation, 
the device deployment position, contact status, and potential risks can be predicted more accurately, thereby 
promoting the transition of cardiovascular therapeutic devices from standardized application toward 
individualized application. 

Precise indication screening and risk stratification are important components of clinical optimization 
for medical devices. The therapeutic effects of different cardiovascular devices are often influenced by 
patient age, underlying diseases, anatomical structure, comorbidities, medication use, and disease 
progression stage. Taking left atrial appendage occlusion as an example, not all patients with atrial 
fibrillation are suitable for mechanical occlusion, and the potential benefit depends on stroke risk, bleeding 
risk, and tolerance to long-term anticoagulation. For renal denervation, responses to device-based 
antihypertensive treatment vary among patients with hypertension, and identifying potential responders is 
critical for further clinical dissemination. For pulsed-field ablation, different types of atrial fibrillation, atrial 
structures, and disease stages may affect ablation efficacy and recurrence risk. Therefore, future research 
should develop more refined patient stratification models based on clinical and imaging data, physiological 
parameters, and real-world follow-up outcomes, enabling medical device applications to move from being 
suitable for a disease category to being suitable for a specific patient subgroup. 

Intelligent sensing and multisource data fusion represent directions for enhancing the long-term 
management capacity of devices. Conventional medical devices mainly provide therapeutic or structural 
support functions, whereas future cardiovascular medical devices are expected to evolve gradually into 
integrated platforms combining treatment, monitoring, feedback, and management. Implantable sensors, 
wearable devices, remote monitoring systems, and operating data from implantable electronic devices can 
continuously record blood pressure, heart rate, electrocardiographic signals, hemodynamic parameters, 
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activity status, and device operating status, thereby providing continuous evidence for postoperative follow-
up and risk warning. However, the clinical value of multisource data does not depend on data volume alone, 
but on whether these data can be effectively integrated, interpreted, and translated into actionable 
therapeutic decisions. Therefore, future work should strengthen the integration of electronic health records, 
imaging data, physiological signals, device operating data, and patient self-monitoring data, and establish 
multimodal analytical models oriented toward clinical problems, thereby improving dynamic evaluation 
and long-term management after device-based therapy. 

Artificial intelligence-assisted decision-making can serve as an important tool for optimizing 
cardiovascular medical devices, but its application needs to emphasize interpretability and clinical 
validation. As data sources continue to diversify, artificial intelligence can be used for device size selection, 
preoperative risk prediction, postoperative complication warning, rhythm abnormality identification, 
treatment response prediction, and long-term follow-up management. For example, in transcatheter valve 
therapy, AI can assist in image segmentation and valve size assessment. In atrial fibrillation ablation, AI 
can help identify recurrence risk and optimize ablation strategies. In remote monitoring, AI can extract 
abnormal patterns from continuous signals and provide early warning. However, AI models related to 
medical devices should not pursue algorithmic accuracy alone. They must also address clinical 
interpretability, cross-center generalizability, control of data bias, and safety in practical application. Only 
after multicenter external validation and testing in real-world scenarios can intelligent algorithms become 
reliable tools for medical device optimization and clinical decision support. 

The construction of real-world evidence and long-term follow-up systems is critical for advancing 
device optimization from short-term efficacy evaluation toward long-term value assessment. Many 
cardiovascular medical devices can demonstrate short-term safety and efficacy in premarket clinical trials, 
but their long-term durability, rare complications, treatment differences among different populations, and 
overall benefits in real-world clinical settings still require validation through long-term follow-up and real-
world data. Issues such as the durability of transcatheter valves, device-related thrombosis after left atrial 
appendage occlusion, battery life and retrieval of leadless pacemakers, long-term recurrence after pulsed 
field ablation, and sustained blood pressure reduction after renal denervation all require continuous 
observation. Therefore, more comprehensive multicenter registry systems and long-term follow-up 
databases should be established in the future, incorporating clinical endpoints, device status, patient quality 
of life, and health economic indicators into an integrated evaluation system. This will enable medical 
devices to evolve from being merely usable to being long-term effective and sustainably beneficial. 

Standardized evaluation systems and evidence-based translation are institutional pathways that cannot 
be neglected in the optimization of cardiovascular medical devices. Differences in endpoint indicators, 
follow-up duration, patient inclusion criteria, and complication definitions across studies can affect cross-
device comparison and evidence synthesis. Future studies should further promote the standardization of 
device research endpoints, normalization of data reporting, and unification of adverse event definitions, 
thereby enabling stronger evidence continuity among clinical trials, real-world studies, and systematic 
reviews. At the same time, optimization of medical devices should not focus solely on individual technical 
indicators, but should also comprehensively consider patient benefit, treatment cost, procedural 
accessibility, physician learning curve, and long-term health economic value. Only with the support of a 
standardized evidence system can medical device innovation be more smoothly incorporated into guideline 
recommendations and clinical pathways, thereby achieving an upgrade from technical optimization to 
clinical translational optimization. 

The optimization pathways for cardiovascular treatment-related medical devices can be summarized at 
multiple levels, including structural adaptability optimization, material functional optimization, imaging 
navigation optimization, indication screening optimization, data fusion optimization, intelligent decision-
making optimization, and evidence-based evaluation optimization. These optimization directions are not 
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merely parallel but jointly constitute a continuous improvement system that extends from device entities to 
clinical applications, from short-term efficacy to long-term management, and from experience-based to 
data-driven decision-making. To present these optimization pathways more clearly, the major problems, 
optimization directions, and expected effects of cardiovascular treatment-related medical devices are 
summarized in Table 6. 

Table 6. Optimization directions, implementation pathways, and expected outcomes for cardiovascular medical devices. 

Optimization 
Direction 

Mainly Addressing the Issue Specific Optimization Path Expected Effect 

Structures and 
Delivery Systems 

Inadequate equipment 
compatibility, unstable positioning, 
and release risks 

Optimize the framework 
structure, anchoring method, 
delivery system, retrievable 
design and size matching 

Increase the implantation success rate, 
reduce perivalvular leakage, residual 
leakage, displacement and operational 
complications. 

Materials and 
Surface Functions 

Thrombosis, inflammation, fatigue 
failure and the risk of long-term 
service 

Developing anticoagulant 
coatings, bioactive surfaces, 
degradable materials, nano- 
functional layers and highly 
durable materials 

Improve blood compatibility, 
biocompatibility and long-term 
stability. 

Manufacturing and 
quality control 

Dimensional variability, coating 
inconsistency, particulate, assembly 
defects 

Process validation; dimensional 
metrology; coating/particulate 
inspection; sterilization and 
shelf-life validation 

More reproducible performance and 
lower manufacturing-related failure 
risk. 

Image navigation 
and preoperative 
planning 

Significant anatomical variations, 
inaccurate selection of instruments, 
and difficulties in intraoperative 
positioning 

Apply 3D reconstruction, image 
fusion, preoperative simulation 
and individualized path planning 

Improve the accuracy of equipment 
selection and the precision of 
treatment procedures. 

Indication 
screening and risk 
stratification 

The target population is unclear and 
there are significant differences in 
treatment responses. 

Establish a patient stratification 
model based on clinical, 
imaging, physiological and 
follow- up data 

Enhance the accuracy of patient 
selection and reduce the risks of 
ineffective treatment and 
complications. 

Multi-source data 
fusion 

Data dispersion, insufficient 
continuous monitoring, and weak 
long-term management 

Integrate electronic medical 
records, imaging, sensor signals, 
implanted device data and 
remote monitoring data 

Support dynamic assessment, risk 
warning and full- cycle patient 
management. 

Artificial 
intelligence 
assistance 

Complex data, low decision-making 
efficiency, and insufficient 
individualization 

Build models for risk prediction, 
image recognition, signal 
classification and treatment 
decision support 

Enhance predictive capabilities, assist 
in clinical decision-making, and 
improve the level of individualized 
treatment. 

Real-world 
evidence and long-
term follow-up 

There is a lot of short-term 
research, but insufficient long-term 
safety evidence. 

Establish a registration system, a 
multi-center database and a 
long-term follow-up system 

Verify the long-term efficacy, safety 
and real-world application value of 
the device. 

Standardization 
and Evidence-
Based 
Transformation 

The research endpoints are not 
uniform and it is difficult to 
integrate the evidence. 

Unify the endpoint indicators, 
adverse event definitions, data 
reporting standards and evidence 
evaluation system 

Improve research comparability, 
facilitate guideline incorporation and 
clinical pathway transformation. 

Optimization of cardiovascular treatment-related medical devices is not the improvement of an isolated 
link, but a systematic project covering device design, material selection, implantation procedures, patient 
screening, data management, algorithmic support, and evidence evaluation. Structural and material 
optimization mainly address the reliability of device entities. Imaging navigation and indication screening 
mainly improve the precision of clinical use. Multisource data and artificial intelligence methods mainly 
enhance dynamic monitoring and individualized decision-making capabilities. Real-world evidence and 
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standardized evaluation further promote the transition of devices from clinical application to standardized 
dissemination. Therefore, the future development focus of cardiovascular treatment-related medical devices 
will gradually shift from improving the performance of individual devices toward the coordinated 
optimization of devices, data, evidence, and management. These optimization directions form a lifecycle 
rather than a set of independent targets. Structural and material design determine whether the device can be 
manufactured and deployed reliably; bench testing and standards provide preclinical evidence; clinical trials 
establish safety and efficacy; post-market and real-world evidence reveal long-term durability and rare 
complications; and data integration can support increasingly individualized follow-up. A stronger 
connection among these stages is necessary if cardiovascular medical devices are to progress from 
technically successful products to durable, evidence-based therapeutic systems. 

Overall, the typical applications presented in Section 5.1 demonstrate that cardiovascular treatment-
related medical devices already contribute in multiple clinical scenarios. This section further indicates that 
achieving higher-level clinical translation of these applications requires continuous optimization around 
structural adaptability, material performance, imaging navigation, precise screening, data fusion, intelligent 
decision-making, and evidence-based evaluation. In the future, with the continued development of 
minimally invasive interventional technologies, intelligent sensing technologies, artificial intelligence 
algorithms, and real-world evidence systems, cardiovascular treatment-related medical devices are 
expected to further evolve from conventional therapeutic tools into comprehensive technological platforms 
integrating treatment, monitoring, prediction, and long-term management, thereby supporting precision 
prevention, treatment, and full-cycle management of cardiovascular diseases. 

5.3. Mechanical Design, Materials, Manufacturing, Testing, and Standards 

The device-engineering comparison complements the preceding optimization pathways. 
Cardiovascular devices operate under highly device-specific combinations of cyclic pressure, radial strain, 
bending, torsion, axial motion, fluid loading, electrical stimulation, and long-term blood or tissue contact. 
Consequently, configuration, materials, manufacturing route, mechanical loading, fluid–structure 
interaction, fatigue, coating integrity, sterilization compatibility, and quality control must be considered 
together rather than as separate design topics. Table 7 compares the engineering characteristics, loading 
conditions, failure modes, testing approaches, and cited standards of representative cardiovascular devices. 

Manufacturing and quality-control requirements are especially important for devices whose 
performance depends on small geometric tolerances or thin functional layers. Stent strut dimensions, heat 
treatment, electropolishing, and coating uniformity can influence fatigue and particulate generation. 
Transcatheter valves require consistent frame geometry, leaflet preparation, crimping behavior, and 
hydrodynamic performance. Catheters require reproducible extrusion, braiding, bonding, steerability, and 
insulation integrity. Active implantable devices require hermetic packaging, validated electronic 
performance, battery reliability, and robust lead or fixation interfaces. Sterilization must be compatible with 
materials, coatings, electronics, and packaging throughout the intended shelf life. 

Fluid–structure interaction should be considered when the device materially alters blood flow or 
deforms under hemodynamic loading. For stents, valves, occluders, and assist devices, CFD, finite-element 
analysis, and coupled FSI can complement bench testing by identifying regions of elevated stress, disturbed 
flow, thrombogenic stagnation, or suboptimal device-tissue contact. Computational outputs should not 
replace verification testing; instead, model assumptions, material constitutive behavior, boundary 
conditions, and validation data should be reported so that simulations remain mechanistically interpretable 
and clinically relevant. 
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Table 7. Engineering characteristics, loading conditions, failure modes, tests, and cited standards for representative 
cardiovascular devices. 

Device Class Configuration 
Typical 
Materials 

Manufacturing 
Considerations 

Dominant 
Loading/FSI 

Representativ
e Failure 
Modes 

Bench/Design 
Metrics 

Relevant 
Standards 

Vascular 
stents/endov
ascular 
devices 

Balloon-
expandable or 
self-expanding 
scaffold + 
delivery system 

Co-Cr alloys, 
stainless steel, 
nitinol; 
polymer or 
drug coatings 
where 
applicable 

Laser cutting or 
forming, heat 
treatment, 
electropolishing, 
coating 
application 

Cyclic radial 
deformation, 
bending, 
torsion, 
compression, 
vessel 
motion 

Fatigue 
fracture, recoil, 
restenosis, 
thrombosis, 
coating 
delamination/p
articulate 

Radial force, 
recoil, fatigue, 
corrosion, 
coating 
integrity, 
particulate, 
delivery tests 

ISO 25539-
2:2020; ASTM 
F2477-24; ISO 
25539-1:2017 as 
applicable [200–
202] 

Transcathete
r heart valves 

Expandable 
frame + leaflet 
valve + 
delivery system 

Nitinol or Co-
Cr frame; 
biological 
leaflets; 
polymeric 
sealing 
components 

Frame 
forming/heat 
treatment, leaflet 
processing, 
crimping, 
assembly, 
sterilization 

Pulsatile 
transvalvular 
pressure, 
leaflet 
flexure, 
frame 
fatigue, 
crimp/deploy
ment strain 

Leaflet 
degeneration, 
paravalvular 
leak, frame 
fatigue, 
thrombosis, 
conduction 
disturbance 

Hydrodynamics, 
effective orifice 
area, 
regurgitation, 
accelerated 
wear, frame 
durability, 
delivery/deploy
ment 

ISO 5840-
1:2021; ISO 
5840-3:2021 
[203,204] 

Occluders 

Self-expanding 
mesh/disc with 
sealing 
membrane 

Nitinol mesh; 
polymeric 
fabric/membra
ne 

Wire 
braiding/weaving, 
shape setting, 
membrane 
assembly 

Cyclic 
atrial/append
age motion, 
anchoring 
load, blood-
contact 
loading 

Residual leak, 
embolization, 
thrombosis, 
fatigue, tissue 
injury 

Anchoring/pull-
out, dimensional 
conformity, 
fatigue, leak 
assessment, 
surface/particula
te control 

Risk-based 
implant testing; 
ISO 14630 
principles where 
applicable 

Ablation/inte
rventional 
catheters 

Flexible shaft + 
distal 
electrodes/ballo
on + steering 
and energy-
delivery 
components 

Polymer shafts, 
braided 
reinforcement, 
metallic 
electrodes/cond
uctors 

Extrusion, 
braiding, bonding, 
electrode 
assembly, tip 
forming 

Bending, 
torsion, 
pushability, 
trackability, 
contact force, 
thermal/elect
ric loading 

Kink, shaft 
fracture, 
insulation 
failure, non-
uniform energy 
delivery, 
embolic/partic
ulate risk 

Torque, 
pushability, 
tensile/bond 
strength, 
leakage, 
electrical safety, 
energy 
uniformity 

ISO 10555-
1:2023; ISO 
11070:2014 for 
intravascular 
accessories 
[205,206] 

Pacemakers/I
CDs 

Hermetic pulse 
generator + 
leads or 
leadless 
intracardiac 
module 

Titanium can, 
electronics, 
battery, 
polymer lead 
insulation, 
electrode 
alloys 

Hermetic sealing, 
microelectronics 
assembly, lead 
extrusion/winding
, welding 

Lead 
bending/fatig
ue, fixation 
load, cardiac 
motion, 
electrical 
cycling 

Lead fracture, 
insulation 
failure, pocket 
infection, 
battery 
depletion, 
fixation failure 

Electrical 
performance, 
battery 
longevity, 
hermeticity, lead 
fatigue, fixation, 
biocompatibility 

ISO 14708-
2:2019; ISO 
14708-6:2019 
[207,208] 

Ventricular 
assist/circula
tory support 

Rotary pump, 
inflow/outflow 
cannulae, 
controller and 
power system 

Titanium 
alloys, 
polymers, 
bearings/magn
etic suspension 
components 

Precision 
machining, 
surface finishing, 
pump assembly, 
electronics 
integration 

Continuous 
blood flow, 
rotor 
dynamics, 
pressure 
differential, 
driveline/me
chanical 
loads 

Hemolysis, 
thrombosis, 
pump failure, 
infection, 
bearing or 
driveline issues 

Flow/pressure 
performance, 
hemolysis, 
durability, 
thrombogenicity
, controller 
reliability 

ISO 14708-
5:2020 [209] 
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6. Conclusions and Prospects 

6.1. Conclusions 

This study focused on research related to cardiovascular treatment-related medical devices. It 
introduced bibliometric analysis and knowledge mapping methods to conduct a systematic review from 
multiple perspectives, including literature data sources, search and screening procedures, analytical tools, 
publication characteristics, country and institutional distributions, source journals, keyword co-occurrence, 
thematic clustering, research frontiers, data sources, research methods, typical applications, and 
optimization pathways. Compared with traditional reviews that mainly follow device categories or 
advances in individual technologies, this study places greater emphasis on using literature-based evidence 
to reveal the overall research landscape, hotspot formation mechanisms, and thematic evolution pathways 
of this field, thereby providing a more structured analytical framework for understanding the current 
development status of cardiovascular treatment-related medical devices. The clinical and engineering 
interpretation is complementary to the bibliometric mapping, rather than a substitute for reproducible 
quantitative analysis. 

From the bibliometric results, research on cardiovascular treatment-related medical devices showed an 
overall fluctuating upward trend from 2015 to 2025, indicating that this field has received sustained 
attention from multiple disciplines, including clinical medicine, biomedical engineering, materials science, 
sensing technology, and digital health over the past decade. The distribution of countries and regions 
showed that the United States, China, and several European countries constitute important research forces 
in this field, while high-level universities, medical schools, affiliated medical systems, and large clinical 
centers play prominent roles in knowledge production. The distribution of source journals further indicated 
that relevant outputs are not only concentrated in cardiovascular medicine and interventional therapy 
platforms, but are also widely distributed across journals related to sensing technology, signal processing, 
general medicine, and interdisciplinary research, reflecting the multidisciplinary integration characteristics 
of cardiovascular medical device research. 

From the results of keyword co-occurrence and thematic clustering, research on cardiovascular 
treatment-related medical devices has formed a multi-theme knowledge network centered on clinical outcome 
evaluation, device technology development, sensing and measurement, evidence-based guidelines, and 
treatment management. Keywords related to clinical outcomes reflect the importance of patient characteristics, 
complications, long-term follow-up, and therapeutic prognosis. Keywords related to device technology and 
measurement modeling indicate the fundamental role of technological platforms, sensing-based monitoring, 
physiological parameter acquisition, and model analysis in this field. Keywords related to evidence-based 
management suggest that clinical evidence, guideline recommendations, and standardized therapeutic 
pathways are becoming important supports for the clinical translation of medical devices. These themes do 
not exist in isolation, but are interconnected through bridging keywords related to indications, imaging 
evaluation, patient management, public health, and product translation, indicating that this field is gradually 
shifting from single-device development toward an integrated research system linking technology 
development, clinical validation, evidence-based translation, and long-term management. 

From the perspective of data sources and research methods, research on cardiovascular treatment-
related medical devices has established a multisource data system supported by clinical case data, clinical 
trial data, real-world follow-up data, device performance data, physiological monitoring data, medical 
imaging data, and literature and guideline data. Correspondingly, clinical statistical analysis, engineering 
simulation and device evaluation, medical imaging and signal processing, intelligent algorithm-based 
analysis, bibliometric analysis, and evidence-based evaluation jointly constitute a composite 
methodological system. These findings indicate that this field is no longer limited to single clinical 
observation or isolated engineering design, but has gradually developed into a comprehensive research 
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paradigm driven by clinical demands, supported by engineering technologies, informed by data acquisition 
and feedback, optimized through model-based analysis, and translated through evidence-based evaluation. 

From the perspective of typical applications, transcatheter valve therapy, left atrial appendage 
occlusion, leadless pacing, pulsed field ablation, renal denervation, and intelligent monitoring and remote 
management devices constitute important application scenarios for current cardiovascular treatment-related 
medical devices. These devices correspond to different therapeutic logics, including structural repair, 
thrombus prevention, rhythm management, energy-based ablation, physiological regulation, and long-term 
monitoring, reflecting the development trend of cardiovascular medical devices from conventional 
therapeutic tools toward minimally invasive, precise, intelligent, and platform-based systems. At the same 
time, existing applications still face challenges related to structural adaptability, material stability, precise 
indication screening, long-term safety, accumulation of real-world evidence, data integration, and clinical 
translation of intelligent algorithms. Therefore, optimization of cardiovascular treatment-related medical 
devices should not be limited to improving the performance of individual devices, but should be 
collaboratively advanced from the perspectives of structural design, material functionality, imaging 
navigation, patient stratification, data fusion, intelligent decision-making, and evidence-based evaluation. 
Across the device classes, the expanded engineering comparison emphasizes anatomical adaptability, 
fatigue and durability, hemocompatibility, infection control, delivery and positioning, manufacturing 
consistency, standardized bench evaluation, and post-market evidence. 

In summary, research on cardiovascular treatment-related medical devices has entered a new stage, 
jointly driven by growth in publication output, the renewal of technological milestones, the expansion of 
clinical applications, and the integration of multidisciplinary methods. Bibliometric analysis can reveal the 
distribution of research forces, hotspot thematic structures, and frontier evolution directions at a macro level, 
while the analysis of typical applications and optimization pathways further explains how these hotspots 
are implemented in specific medical devices and clinical scenarios. Overall, the developmental trajectory 
of this field is gradually shifting from single-device research and development toward coordinated 
optimization of devices, data, evidence, and management. Its future value lies not only in improving 
therapeutic efficacy and reducing procedural trauma, but also in promoting precision decision-making, 
long-term follow-up, and full-cycle disease management. The value of this combined approach depends on 
making the bibliometric-to-application link explicit, while separating confirmed results from interpretive 
proposals and analyses still requiring completion. 

6.2. Prospects 

Based on the analysis of research hotspots, application scenarios, and optimization pathways of 
cardiovascular treatment-related medical devices, the analysis suggests that the future development of this 
field will no longer be limited to the structural upgrading of individual devices. Instead, greater attention 
will be paid to integrating device entities, clinical evidence, data systems, and patient management. With 
the continuous development of minimally invasive interventional technologies, intelligent sensing 
technologies, artificial intelligence algorithms, and real-world evidence systems, cardiovascular treatment-
related medical devices may create new growth opportunities in precision therapy, dynamic monitoring, 
and standardized translation. Future research may be further deepened in the following three directions. 

(1) At the level of device entities and clinical adaptability, future studies should continue to promote the 
development of medical devices toward minimally invasive application, precision therapy, and long-
term reliability. The development of technologies such as transcatheter valve therapy, left atrial 
appendage occlusion, leadless pacing, pulsed field ablation, and renal denervation indicates that 
cardiovascular disease treatment is gradually reducing its dependence on conventional open surgery or 
long-term pharmacological therapy. Subsequent research should further optimize device structures, 
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delivery systems, anchoring methods, release mechanisms, material properties, and surface functions 
to improve the matching between devices and individual anatomical structures and pathological 
conditions. Meanwhile, long-term durability, fatigue failure, thrombotic risk, infection risk, device-
related complications, and long-term clinical benefit should remain key evaluation focuses, thereby 
promoting the transition of cardiovascular medical devices from short-term usability toward long-term 
reliability and sustained benefit. For repeatedly loaded and long-term implanted devices, performance 
claims should be linked to lifecycle testing and validated manufacturing consistency rather than short-
term procedural success alone. 

(2) At the level of data fusion and intelligent decision-making, future research should further strengthen 
the application of intelligent sensing, multisource data integration, and artificial intelligence-assisted 
analysis in cardiovascular medical devices. With the development of wearable devices, implantable 
sensors, remote monitoring systems, and digital health platforms, cardiovascular medical devices are 
likely to evolve from single therapeutic tools into integrated platforms with continuous monitoring, 
risk warning, therapeutic feedback, and long-term management functions. Future studies may further 
integrate clinical data, imaging data, physiological signals, electronic health records, device operating 
parameters, and real-world follow-up data to construct multimodal analytical models oriented toward 
clinical problems. It should be noted that the application of artificial intelligence models in the medical 
device field should not focus solely on prediction accuracy. It should also emphasize interpretability, 
external validation, cross-center generalizability, data bias control, and clinical application safety, so 
that intelligent decision-making truly serves clinical diagnosis, treatment, and patient management. 
The most useful data-enabled systems will convert continuous measurements into clinically 
interpretable information for patient selection, treatment adjustment, and post-implantation follow-up, 
with data quality and workflow integration evaluated alongside predictive accuracy. 

(3) At the level of evidence evaluation and translational standardization, future studies should further 
improve real-world evidence systems, long-term follow-up frameworks, and standardized evaluation 
criteria. At present, differences remain among studies in endpoint indicators, follow-up duration, 
patient inclusion criteria, adverse event definitions, and data reporting formats, which affect cross-
device comparison and evidence synthesis. Future research should strengthen the construction of 
multicenter registry systems, real-world databases, and long-term follow-up platforms, and incorporate 
device status, patient prognosis, quality of life, reintervention risk, and health economic indicators into 
comprehensive evaluation systems. In addition, research on cardiovascular medical devices involves 
multiple disciplines, including clinical medicine, biomedical engineering, materials science, imaging 
medicine, artificial intelligence, data science, and regulatory science. Therefore, collaboration among 
hospitals, universities, research institutions, medical device enterprises, and regulatory agencies should 
be further strengthened to promote more efficient translation of innovative devices from technological 
development and clinical validation to guideline incorporation and standardized application. This 
translation should connect reproducible bench verification, internationally aligned testing frameworks, 
high-quality clinical evidence, and standardized long-term management. 
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