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Abstract
Introduction: This study aimed to identify research trends and thematic structures in case reports 
related to rheumatoid arthritis (RA) and complications published between 1995 and September 
2025. By applying unsupervised machine learning (ML), the study sought to uncover longitudinal 
patterns and cross-domain relationships that may not be fully captured in traditional reviews or 
large-scale epidemiological studies.
Material and methods: Bibliographic data were collected from the Web of Science Core Collection 
using the search term “rheumatoid arthritis and complications,” limited to case reports published 
between 1995 and 2025. Titles, key words, and abstracts were combined into unified text docu-
ments and processed with natural language processing (NLP) techniques. Term Frequency–Inverse 
Document Frequency was applied for text vectorization. Topic extraction employed non-negative 
matrix factorization, and clustering was performed using K-means. The optimal number of clusters 
was determined based on the highest Silhouette Score (0.636). Analyses were conducted in Python 
(Version 3.10.5) within the PyCharm environment (Version 2022.1.3).
Results: The unsupervised ML framework identified two major and stable clusters among 1,200 
case reports: a pharmacological and immunological management cluster and a surgical and post-
operative complications cluster. Cluster 1 included 890 reports characterized by pharmacological 
and immunological terms such as “TNF,” “therapy,” and “anti,” while cluster 2 contained 310 reports 
dominated by orthopedic terms such as “arthroplasty,” “knee,” and “revision.” Reproducibility tests 
across five runs demonstrated consistent clustering patterns, supporting methodological reliability.
Conclusions: This NLP and ML-based analysis revealed a dual structure in RA complication literature, 
reflecting immunological treatment-related complications and surgical outcomes. Beyond confirming 
known domains, the study provides a data-driven characterization of their evolution and overlap,  
offering insights into the evolution of research themes in RA management. This approach demon-
strates the potential of unsupervised ML for longitudinal mapping of clinical research domains.

Key words: rheumatoid arthritis, complications, case reports, natural language processing, machi-
ne learning, topic modeling, pharmacovigilance.

Introduction

Rheumatoid arthritis (RA) is a typical autoimmune 
disease characterized by chronic inflammation of the sy-
novial membrane of joints. Delayed early diagnosis and 
treatment can lead to joint destruction and functional 
impairment, significantly impairing patients’ quality 
of life [1, 2]. In recent years, significant progress has been 

made in controlling RA with the  introduction of con-
ventional synthetic disease-modifying antirheumatic 
drugs (csDMARDs) such as methotrexate (MTX), biologic  
disease-modifying antirheumatic drugs (bDMARDs) 
including tumor necrosis factor (TNF) inhibitors, and 
targeted synthetic disease-modifying antirheumatic 
drugs (tsDMARDs) such as Janus kinase (JAK) inhibitors  
and other agents with specific molecular targets [3, 4]. 
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However, approximately 30–50% of patients do not 
respond adequately to csDMARDs such as MTX [5, 6]. 
Furthermore, up to 40% of patients may develop difficult- 
to-treat RA, defined by the European Alliance of As-
sociations for Rheumatology (EULAR) as failure of  
≥ 2 bDMARDs or tsDMARDs with different mechanisms 
of action, persistent disease activity, and problematic 
disease management as perceived by the clinician or 
patient. These patients experience intolerable adverse 
events or require complex treatment strategies [7, 8]. In 
drug-resistant or advanced cases, surgical interventions, 
including synovectomy, joint-preserving surgery, and total 
joint arthroplasty, have become an important treatment 
option [9, 10]. One Japanese study recorded 1,569 cases 
between 2004 and 2019 [11].

Treatment strategies for RA are broadly divided into 
medical management (pharmacological treatment with 
disease-modifying antirheumatic drugs [DMARDs] and 
adjunctive therapies) and surgical management (includ-
ing synovectomy, joint-preserving surgery, and total joint 
replacement). Case reports provide detailed descriptions 
of the treatment course and decision-making for individual 
cases, providing a wealth of clinical information. Additio
nally, case reports capture rare complications, unexpected 
treatment responses, and nuanced clinical decision- 
making processes that are often absent in large-scale co-
hort studies or randomized controlled trials. These reports 
serve as valuable resources for hypothesis generation, 
personalized medicine, and clinical education [12–15].

This study used natural language processing (NLP) 
and unsupervised machine learning (ML) to analyze  
bibliographic data on case reports related to “rheu-
matoid arthritis and complications” listed in the  Web 
of Science (WoS) from 1995 to September 2025. Unlike 
traditional reviews or meta-analyses that rely on manual 
selection and thematic coding, NLP/ML methods enable 
scalable, reproducible, and data-driven identification of 
hidden patterns across thousands of  reports. This ap-
proach can capture both prevailing pharmacological and 
surgical management trends and emerging clinical chal-
lenges, providing a more nuanced picture of RA manage-
ment. However, to date, few studies have specifically ap-
plied NLP or ML techniques to RA case reports. By using 
NLP and ML, this study aims not only to confirm known 
complication domains but also to quantify their relative 
prominence, temporal evolution, and inter-cluster rela-
tionships, providing a more data-driven and longitudinal 
understanding of RA management.

Study purpose and scope

The purpose of this study is to systematically analyze 
case reports listed in the WoS database regarding RA 
treatment and complications, aiming to extract clinical 

characteristics and challenges that are not fully cap-
tured by existing large-scale epidemiological studies.  
It is expected that this study will provide new insights 
into treatment selection and complication management 
for RA patients.

Significance and contribution

This study represents a  large-scale analysis of RA 
and its complications using case report data from WoS, 
applying NLP and ML techniques. By systematically 
extracting and categorizing clinical topics, this research 
identifies prevailing trends in RA-related complications 
and treatment strategies while highlighting previously 
underexplored areas such as the distinct role of arthro-
plasty in surgical management. The findings may support 
clinicians, researchers, and policymakers in understand-
ing evolving research priorities, identifying safety-related 
concerns, and guiding future investigations.

Material and methods

Data collection and preprocessing

This study collected case reports related to “rheu-
matoid arthritis and complications” from the  WoS da-
tabase in September 2025. Each case report contained  
an article title, key words, and abstract. The study selec-
tion procedure consisted of the following steps:
1.	Initial search: A total of 8,435 records were retrieved 

using the  topic search query “rheumatoid arthritis 
and complications”.

2.	Document type filtering: The dataset was further re-
stricted to include case reports, by adding the  filter 
“case reports,” yielding a dataset of 1,283 records.

3.	Year filtering: The records were refined to include only 
those published between 1995 and 2025, resulting in 
1,200 records.

These three fields were concatenated into a  single 
text string per case report. The  preprocessing pipeline 
handled missing values by replacing them with empty 
strings. All text data underwent conversion to lowercase 
and tokenization for subsequent analysis.

Text vectorization using Term Frequency–
Inverse Document Frequency

The study applied Term Frequency–Inverse Docu-
ment Frequency (TF-IDF) vectorization to transform 
textual data into numerical representations using the  
TfidfVectorizer from the scikit-learn Python library [16], 
a widely used open-source ML tool in Python. The vec-
torization process removed common English stop words 
and excluded terms appearing in more than 95% of doc-
uments or fewer than 2 documents (Max_df = 0.95, 
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Min_df = 2). This approach generated a sparse matrix 
that captured the  relative importance of  each term 
across the corpus [17] and has been effectively applied 
in emotional text classification tasks [18].

Topic modeling with non-negative matrix 
factorization

The analysis implemented topic modeling employing 
non-negative matrix factorization (NMF) [19] with an op-
timal number of components (topics) determined by sil-
houette score evaluation ranging from 2 to 15. The opti-
mal number of components (topics) was selected based 
on the average silhouette score across 10 independent 
runs for each topic count ranging from 2 to 15.

Clustering with K-means

The study applied K-means clustering [20], a widely 
used unsupervised learning algorithm based on itera-
tive centroid optimization, to the NMF feature matrix to 
categorize case reports based on their topic distributions. 
The  number of  clusters was set equal to the  optimal 
number of topics identified through NMF. The clustering 
was performed multiple times with random initializa-
tion to assess stability. Each report received cluster label 
assignment, and visualization displayed the distribution 
of reports across clusters. The clustering algorithm used 
random initialization (i.e., the  random state was not 
fixed); therefore, the results may vary across runs.

Statistical characterization of clusters

The analysis calculated the number of reports, mean, 
and standard deviation of  the  NMF feature values for 
each cluster. These metrics provided insights into the in-
ternal consistency and density of  individual clusters. 
The study compiled all results into summary tables and 
exported them as Excel files for further examination.

Validation of clustering quality

Clustering quality was evaluated using three estab-
lished metrics: the Silhouette Score [21], the Calinski- 
Harabasz Index [22], and the Davies-Bouldin Index [23].

Reproducibility assessment of topic 
modeling

The analysis conducted five independent runs of the 
NMF topic modeling process using different random seeds 

to evaluate model stability. For each topic, the study com-
pared the top 10 key words across all runs and calculated 
their overlap with the original key word set. The average 
key word overlap across runs served as a reproducibility 
score, indicating the  consistency of  topic identification. 
Note that this study used the simple number of key word 
matches (overlap count) to evaluate NMF reproducibility 
and did not use ratio-based metrics such as the Jaccard 
Index or percentage overlap.

Bioethical standards

Due to the nature of the study, the consent of the 
bioethics committee was not required.

Results 

Overview of clustering outcomes

Using TF-IDF vectorization, NMF, and K-means cluster-
ing, two major thematic clusters were identified among 
the case reports related to “rheumatoid arthritis and com-
plications” published between 1995 and September 2025. 

This study used a method to quantify the importance 
of words in a text (TF-IDF), a method to identify hidden 
features and trends within the text (NMF), and a method 
to group papers with similar content (K-means cluster-
ing). As a result, the optimal number of clusters was 
determined as 2, based on the Silhouette Score (0.636), 
along with the Calinski-Harabasz Index (2733.643) and 
the Davies-Bouldin Index (0.531), indicating that the clus-
ters are well separated and internally cohesive, as reflect-
ed by the high Silhouette Score and Calinski-Harabasz 
Index and the low Davies-Bouldin Index (Table I).

Cluster 1 contained 890 case reports (n = 890), while 
cluster 2 contained 310 case reports (n = 310). The rela
tively low standard deviations of  the  average TF-IDF 
scores across both clusters (cluster 1 = 0.0364, cluster 2 
= 0.0645) indicate consistent internal text similarity and 
term importance (Table II). The  temporal evolution over 
the 30-year literature is characterized by the rapid growth 
of cluster 1 after 2000, with an explosive increase espe-
cially after 2020, while cluster 2 has only shown a gradual 
increase (Fig. 1).

Topic-specific key words and weight 
distribution

The  top-ranked key words and their corresponding  
TF-IDF scores within each cluster are presented in Table III. 

Table I. Clustering validity

Optimal topic count Silhouette Score Calinski-Harabasz Index Davies-Bouldin Index

2 0.63638533 2,733.643464 0.531957014
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and “anti”, suggesting a focus on disease pathogenesis 
and biologic treatment (Fig. 2, Table III). By contrast, clus-
ter 2 centered around “arthroplasty,” “knee,” “elbow,” and 
“revision,” indicating a distinct focus on surgical compli-
cations and orthopedic outcomes (Fig. 3, Table III).

These findings indicate an initial clear separation 
between medical-therapeutic and surgical-mechanical 
domains of RA complications, particularly in earlier pub-
lication periods. Within each cluster, the words used 
were internally consistent, supporting stable cluster 
assignment despite increasing inter-cluster overlap over 
time (Figure 4).

Clustering validity and reproducibility

To evaluate the quality of the clustering results, this 
study employed three metrics: the  Silhouette Score,  
the Calinski-Harabasz Index, and the Davies-Bouldin In-

Table II. Cluster statistics

Cluster Topic label Number of reports Mean TF-IDF score TF-IDF standard deviation

1 RA, arthritis, rheumatoid 890 0.043621009 0.03643496

2 Patients, arthroplasty, total 310 0.067337745 0.06456454

RA – rheumatoid arthritis, TF-IDF – Term Frequency–Inverse Document Frequency.

Fig. 1. Temporal evolution of two clusters 
(1995–2025).
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Table III. Topic key word scores

Topic Key word TF-IDF score

1 RA 0.491735426

1 Arthritis 0.468112257

1 Rheumatoid 0.468084563

1 TNF 0.460721937

1 Disease 0.447705025

1 Therapy 0.422323735

1 Patients 0.397992105

1 Alpha 0.382348399

1 Anti 0.37630643

1 Case 0.37118593

2 Patients 0.47450481

2 Arthroplasty 0.432641023

2 Total 0.363353083

2 Knee 0.351021459

2 Elbow 0.318907035

2 Surgery 0.266615052

2 Revision 0.263702504

2 Years 0.249892609

2 Follow 0.236676265

2 Fusion 0.232738428

RA – rheumatoid arthritis, TF-IDF – Term Frequency–Inverse Docu-
ment Frequency, TNF – tumor necrosis factor.

0	 0.1	 0.2	 0.3	 0.4	 0.5

Fig. 2. Analysis of rheumatoid arthritis treat-
ment and complications using Term Frequency–
Inverse Document Frequency scores cluster 1.

RA – rheumatoid arthritis, TF-IDF – Term Frequency–Inverse Docu-
ment Frequency, TNF – tumor necrosis factor.
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The  analysis of  case reports related to “rheumatoid 
arthritis and complications” published between 1995 
and September 2025 revealed the  following clusters: 
the first cluster (cluster 1) consisted of case reports re-
lated to “rheumatoid arthritis disease and treatment” 
(890 cases), and the second cluster (cluster 2) consisted 
of case reports related to “rheumatoid arthritis surgery 
and follow-up” (310 cases).

Cluster 1 was characterized by immunological and 
pharmacological terms such as “TNF,” “therapy,” “alpha,” 
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dex. The optimal topic number of two clusters achieved 
the best clustering validity with the indicators (Table I). 
Validation metrics indicated that the  model produced 
well-separated and compact clusters, supporting the ro-
bustness of topic differentiation.

Reproducibility tests were conducted across 5 in-
dependent runs, each yielding highly consistent top-
ic assignments with full overlap (average overlap  
count = 10 for both clusters). These results suggest high 
stability and reproducibility of the clustering model 
(Table IV).

Interpretation of topic structures

Cluster 1 (“RA, arthritis, rheumatoid”) primarily in-
cluded reports describing systemic inflammatory mecha
nisms, immunotherapy responses, and biologic drug- 
related complications such as TNF inhibitor-induced 

infections or autoimmune exacerbations. The presence 
of high-weight key words such as “TNF,” “therapy,” and 
“anti” further suggests a dominant focus on pharmaco-
logical management and immunological outcomes.

Cluster 2 (“patients, arthroplasty, total”) represent-
ed literature dealing with orthopedic complications 
following joint replacement procedures in RA patients, 
particularly knee and elbow arthroplasties. Terms such 
as “revision,” “fusion,” and “follow” reflected the clinical 
and surgical follow-up nature of these case reports. This 
cluster therefore captures the mechanical and postoper-
ative dimension of RA-related complications.

Summary

The unsupervised ML framework successfully re-
vealed two distinct and stable thematic structures with-
in 30 years of RA complication literature:
– �pharmacological/medical management cluster: focus-

ing on pathophysiology, TNF-related therapy, and bio-
logic drug–induced complications;

– �surgical and postoperative complication cluster: con-
centrating on postoperative complications, prosthesis 
outcomes, and joint revision surgery.

These findings highlight the  dual landscape of  RA 
complications research, encompassing both conserva-
tive treatment and surgical treatment, and suggest that 
future interdisciplinary approaches should integrate 
both aspects to achieve comprehensive patient mana
gement. The strong reproducibility of the clustering re-
sults further supports the robustness of this ML-based 
framework for long-term bibliometric trend analysis.

Discussion

This ML-based analysis of case reports on “rheuma-
toid arthritis and complications” from 1995 to Septem-
ber 2025 revealed two major thematic clusters that cor-
respond to distinct clinical domains: pharmacological/
medical complications and surgical and postoperative 
complications. The  former was characterized by phar-
macological and immunological terms such as “TNF,” 
“therapy,” “alpha,” and “anti,” highlighting the  domi
nance of  biologic treatments and their associated ad-
verse effects, such as infection and secondary autoim-
mune responses. The latter cluster was centered around 
surgical and orthopedic terminology such as “arthro-

0	 0.1	 0.2	 0.3	 0.4

Fig. 3. Analysis of rheumatoid arthritis treat-
ment and complications using Term Frequency– 
Inverse Document Frequency scores, cluster 2.

RA – rheumatoid arthritis, TF-IDF – Term Frequency–Inverse Docu-
ment Frequency.
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Fig. 4. Interrelationship between two clusters over 
time.

Table IV. Reproducibility summary

Topic Average overlap count

1 10

2 10
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plasty,” “knee,” “elbow,” and “revision,” indicating the 
ongoing challenges of  joint replacement, prosthesis 
management, and surgical complications in patients 
with advanced RA.

These findings indicate that research on RA com-
plications has evolved into two parallel streams over 
the  past three decades: one driven by advances in 
pharmacological and immunological management, and 
another by surgical and postoperative interventions. 
While these domains are clinically recognized, this study 
provides a novel contribution by systematically quanti-
fying their representation, temporal evolution, and inter- 
cluster relationships across 30 years of  literature.  
This longitudinal mapping offers a data-driven perspec-
tive that complements traditional expert reviews.

The increasing co-occurrence of terms related to 
immunosuppressive therapy and surgical revision sug-
gests a growing intersection between pharmacological 
failure and orthopedic intervention – an emerging clini-
cal pattern not systematically captured in prior reviews. 
This insight may inform future research on treatment 
sequencing and risk stratification in difficult-to-treat RA.

Clinical and research implications

The results of this study revealed that research and 
treatment trends related to RA complications can be 
broadly divided into two clusters. Each cluster has im-
portant implications for medical practice and research.

The  first cluster is related to drug therapy. Since 
the  2000s, new drugs such as TNF inhibitors and JAK 
inhibitors have emerged, bringing significant advances 
in RA treatment [24, 25]. However, these drugs are asso-
ciated with safety concerns, such as the risk of infection 
(particularly herpes zoster reactivation) and thrombosis 
[26, 27]. This study applied unsupervised ML techniques 
to quantitatively identify how these side effect risks are 
manifested in the literature.

The second cluster is related to surgical procedures. 
Although the  introduction of  new drugs such as TNF 
and JAK inhibitors has led to significant advances in 
the treatment of RA, patients with severe RA may deve
lop joint damage that requires orthopedic intervention 
(joint replacement) [28, 29]. In this second cluster, terms 
such as “revision,” “fusion,” and “prosthesis” frequen
tly appear, revealing that issues include post-operative 
complications, the lifespan of artificial joints, infection, 
and mechanical problems.

Significance as a research method

In this study, unsupervised ML was used to iden-
tify meaningful groups (clusters) from a  large amount 
of  WoS research data without human intervention. 

The  clusters were also highly reproducible (Silhouette 
Score = 0.636, number of overlaps in repeated runs = 10), 
confirming the reliability of this method.

This type of  ML-based analysis can help discover 
new trends and rare complications that would be diffi-
cult to find using traditional human reviews alone and 
is expected to serve as a  starting point for precision 
medicine and new research [30]. While the complication 
categories identified in this study are clinically estab-
lished, the reproducible application of data-driven tem-
poral quantification and automated clustering is a novel 
contribution that may be useful for future longitudinal 
and pharmacovigilance analyses. Moreover, the repro-
ducibility test across five independent runs confirmed 
the  model’s stability, which is important for ensuring 
the  reliability and validity of unsupervised ML applica-
tions in medical literature analysis.

Study limitations

Despite its contributions, several limitations should 
be acknowledged. First, the  study relies exclusively on 
the  WoS database, which, while comprehensive, may 
introduce selection bias. Certain journals, case series, 
or non-English publications not indexed in WoS could 
have been excluded, potentially leading to incomplete 
representation of  the  global literature. Second, case  
reports inherently reflect publication bias, favoring un-
usual, severe, or novel complications rather than typi-
cal or negative outcomes. This may overemphasize rare 
phenomena at the  expense of  everyday clinical expe
rience. Third, the study’s text-based modeling approach 
does not incorporate full-text content or structured clin-
ical data such as patient demographics, laboratory re-
sults, or treatment duration. Consequently, the extract-
ed topics reflect textual emphasis rather than detailed 
clinical causality. Lastly, as unsupervised ML involves 
algorithmic abstraction without expert supervision, 
topic labeling was inferred from high-frequency terms 
rather than domain-curated validation, which may limit 
semantic precision.

Future research should aim to integrate data from 
multiple bibliographic sources (e.g., PubMed, Scopus), 
incorporate multilingual text mining, and apply hybrid 
supervised–unsupervised approaches to enhance both 
the accuracy and interpretability of topic identification. 
The inclusion of full-text and metadata analysis would 
further deepen understanding of  complication mecha-
nisms and risk stratification in RA.

Conclusions

This study used NLP and unsupervised ML to identify 
two distinct and stable thematic structures (pharmaco-
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therapy cluster and surgical cluster) in case reports on 
“rheumatoid arthritis and its complications” published 
between 1995 and September 2025. The former focuses 
on complications related to drug therapy, driven by ad-
vances in biological and molecular-targeted drug thera-
pies such as TNF and JAK inhibitors. The latter focuses 
on postoperative complications following arthroplasty 
and arthrodesis, reflecting the  ongoing challenges of 
surgical management in patients with advanced RA.

This study applies ML-based analytic methods, re-
flecting the recent expansion of  ML-related research 
in the medical field [30]. Methodologically, this study 
demonstrates the potential of unsupervised ML for ex-
tracting clinically meaningful insights from large-scale 
literature data.

The high reproducibility of the clustering results sup-
ports the robustness of this analytical method. By un-
covering longitudinal trends, cross-domain overlaps, and 
emerging intersections between pharmacological and 
surgical complications, this study demonstrates how  
ML-based text analysis can complement expert-driven 
reviews and support future applications in precision medi-
cine, pharmacovigilance, and automated literature surveil-
lance. This framework provides a scalable and reproducible 
approach that may be extended to track evolving treatment 
paradigms and safety-related trends in rheumatology.
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