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Complete separation in logistic regression leads to infinite estimates
which prevents reliable inference. Firth's penalized likelihood method
has emerged as a widely accepted and reliable solution that provides
finite and more stable estimates. Despite its growing relevance, a
thorough understanding of the global research on this topic remains
limited. This study conducts a bibliometric analysis of trends related to
complete separation in logistic regression using Firth penalized
regression. Bibliographic data were retrieved from the Scopus database
and analysed using Microsoft Excel and VOSviewer software. After
applying inclusion criteria, nine journal articles published between 2012
and 2024 were identified through a structured search conducted on
February 22, 2025. The findings reveal a small but growing body of
literature, reflecting the emerging status of research on complete
separation in logistic regression using Firth penalized regression. The
results show an upward trend in publications, particularly from 2019
onward with the United States and Malaysia identified as the most

productive countries. Influential articles contributed to methodological
development and applications in health and transportation research.
Keyword co-occurrence analysis identified thematic clusters in human
studies, statistical modelling, and estimation techniques. These findings
provide an overview of publication trends, collaboration networks, and
research gaps which could support future methodological and
multidisciplinary integration of Firth penalized regression.

1. INTRODUCTION

Logistic regression is a widely used statistical method for modelling binary outcome variables, particularly
in fields such as medicine, epidemiology, social sciences, and genetics (Gilbert, 2022; Hess & Hess, 2019).
It is commonly applied to predict outcomes such as disease occurrence, patient readmission, or treatment
efficacy (Gilbert, 2022). The technique has shown impressive results in medical research, aiding in the
identification of risk factors, assessment of disease probabilities, and support for clinical decision-making
(Olowe et al., 2024). Logistic regression models apply concepts such as odds ratios and logit transformation
to examine relationships between predictors and outcomes (Nathanson & Higgins, 2008).

However, logistic regression models can encounter serious estimation issues when the data exhibit a
phenomenon known as complete separation. Complete separation arises when a predictor or combination
of predictors perfectly discriminates between outcome categories, causing the maximum likelihood
estimates (MLE) of regression coefficients to diverge towards infinity (Allison, 2008). This problem
compromises the reliability of model interpretation, standard errors, and inference, rendering the traditional
logistic regression model unsuitable for such datasets (Botes & Fletcher, 2014).
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To address this challenge, Firth (1993) proposed a penalized likelihood approach that applies a bias-
reducing modification to the score function. This method known as Firth's penalized logistic regression that
has been demonstrated to effectively resolve issues arising from complete separation without the need to
remove covariates (Clark et al., 2023). Firth's approach quickly gained traction due to its ability to produce
finite, stable, and more reliable parameter estimates, especially in small sample sizes or sparse data
conditions. These characteristics make it particularly useful in fields such as genetics, rare disease research,
and case-control study designs (Suhas et al., 2023; D’ Angelo & Ran, 2024).

Given its rising prominence and methodological importance, a bibliometric analysis is both timely and
warranted. Bibliometric analysis is a quantitative method used to assess academic literature within a
specific field, providing a comprehensive overview of publication trends, influential works, author and
institutional productivity, collaboration networks, and thematic developments over time (Kumar, 2025).
Prior studies have highlighted its methodological strengths, little is known about its bibliometric landscape
that is, where, how, and by whom the method has been applied and studied. By examining publication
patterns, citation structures, and keyword trends, researchers can identify research gaps, emerging themes,
and identify potential areas for future exploration.

The objectives of this study are to conduct a bibliometric analysis of global research related to complete
separation in logistic regression using Firth penalized regression. Specifically, the study aims to examine
publication trends over time to understand the growth and evolution of interest in this topic. In addition, it
intends to identify the most influential articles, authors, and journals. Through this approach, the study
seeks to highlight research patterns, shifts, and contributions within the literature, providing a
comprehensive understanding of the development and impact of Firth penalized regression in addressing
complete separation in logistic regression models.

2. LITERATURE REVIEW

Complete separation in logistic regression occurs when one or more independent variables perfectly predict
the binary outcome, leading to infinite or zero maximum likelihood estimates (Botes & Fletcher, 2014;
Mansournia et al., 2017). This issue presents a significant challenge, particularly prevalent in small samples
or datasets with rare events (Mansournia et al., 2017). Traditional maximum likelihood estimation (MLE)
often fails under these conditions, leading to infinite parameter estimates. Firth's penalized likelihood
method has been widely adopted to address this issue, offering finite and more reliable estimates (Alam et
al., 2022).

Firth (1993) laid the foundational work by introducing a general bias-reduction method for MLEs
through penalized likelihood. Although originally proposed for exponential family models, its application
in logistic regression proved particularly impactful. The technique modifies the score function to counteract
the first-order bias of MLE, thereby producing finite and less biased estimates. Subsequent research by
Heinze and Schemper (2002) adapted Firth’s approach specifically to logistic regression, demonstrating its
superiority over traditional methods when complete or quasi-complete separation occurs. Their simulations
revealed that Firth’s method not only yields finite estimates but also improved coverage probabilities for
confidence intervals, particularly in small-sample settings.

Puhr et al. (2017) evaluated Firth’s logistic regression under rare event conditions and found that
although it effectively reduced bias in parameter estimates, it tended to skew predicted probabilities toward
0.5 in imbalanced datasets. To address it, they proposed post-hoc and augmentation-based corrections to
improve predictive accuracy without undermining bias reduction. Walker and Smith (2019) found that
sparseness in binary predictors introduces substantial bias with small sample sizes, which Firth’s procedure
can effectively correct. Karabon (2020) emphasized Firth's method as a solution for rare events and
complete separation, demonstrating its advantages over other approaches such as Fisher's Exact test and
Exact logistic regression. Stolte et al. (2024) provided a broader review of bias-reduction methods, stating
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that Firth’s estimator often performs best across circumstances. Rainey and McCaskey (2021) demonstrated
that the penalized maximum likelihood estimator reduces both bias and variance when compared to
standard MLE, yielding significant improvements in small samples (e.g., 50 observations) and perceptible
gains even in larger datasets (e.g., 1,000 observations). Zorn (2005) supported the use of Firth’s logistic
regression in political science, stressing its advantages for stratified datasets prone to separation. While
recognizing its effectiveness, he observed that its application remained limited beyond biostatistics,
indicating a need for broader disciplinary dissemination.

Collectively, the scholarly contributions establish a strong foundation for the current study. They
illustrate the development and application of Firth penalized regression, its empirical advantages, and its
disciplinary adoption. However, several gaps persist in the literature (De Oliveira et al., 2019). First, while
the methodological effectiveness of Firth’s correction is well-documented, the bibliographic and thematic
evolution of its usage remains uncharted. Second, little is known about the global research network, citation
patterns, and institutional contributions to this domain. Lastly, despite the increasing volume of studies
employing Firth regression, no bibliometric study has yet attempted to comprehensively map the literature.
The present study addresses these gaps by conducting a detailed bibliometric analysis of scholarly works
on complete separation in logistic regression using Firth’s penalized method. This study uses bibliometric
tools and approaches to find publication trends, influential authors, leading journals, collaboration patterns,
and emerging themes. This provides a meta-perspective on how the area has evolved and where future
research prospects exist. The literature covered here not only informs the conceptual and methodological
foundations of this work, but it also demonstrates its importance in furthering understanding of the scholarly
effect and trend of Firth penalized regression. Fig. 1 depicts the phases of bibliometric analysis.

PHASE 1

Determine the search keywords

NS

PHASE 2

Initial search in PoP Software using chosen keywords

NS

PHASE 3

Refinement of findings

NS

PHASE 4

Compile the data statistics

NS

PHASE 5

Data analysis using VOSviewer

Fig. 1. The phase of bibliometric analysis of shift scheduling

Source: Sarudin et al. (2023)

3. METHODOLOGY

This study retrieved bibliographic data from the Scopus database on February 22, 2025. Scopus was
selected as the primary database because it is one of the largest and most comprehensive abstract and
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citation databases of peer-reviewed literature. It is widely recognized for its extensive multidisciplinary
coverage and is frequently used in bibliometric and literature review studies (Rojas-Flores et al., 2023;
Sarudin et al., 2024). Compared to other digital databases, Scopus has been found to offer the most diverse
field coverage (Yaman et al., 2019). To ensure data integrity, records were cross-checked for duplicate
entries by comparing titles, authors, and publication years.

Bibliographic data can also be retrieved using software such as Publish or Perish, developed by Anne-
Will Harzing (Harzing, 2023). However, it imposes a limit of 1,000 records per query (Sarudin et al., 2023).
This constraint reduces its suitability for comprehensive bibliometric reviews. Scopus, in contrast, allows
for larger and more flexible data retrieval (Baas et al., 2020). Although Dimensions has emerged as a
potential alternative to Scopus and Web of Science and often provides similar coverage (Harzing, 2019;
Martin-Martin et al., 2021), it still showed reduced yield for this specific topic. Google Scholar was also
excluded due to reproducibility limitations. In contrast, Scopus offers more stable and reproducible results
across regions (Pozsgai et al., 2020), which is critical for ensuring the transparency and reliability of
bibliometric analyses.

The data are obtained using the topic search query, as illustrated in Fig. 2. The initial search string used
was TITLE-ABS-KEY ((“complete separation" OR "separation issue”) AND (“logistic regression””) AND
(“Firth" OR "Firth's correction" OR "penalized regression”)). The results then underwent a filtering process
based on several criteria including document type, year of publication, and language. The refined Scopus
search string was including document type, year of publication, and language. The refined Scopus search
string was TITLE-ABS-KEY ( ( "complete separation" OR "separation issue" ) AND ( "logistic regression"
) AND ( "Firth" OR "Firth's correction" OR "penalized regression" ) ) AND ( LIMIT-TO ( PUBYEAR ,
2012 ) OR LIMIT-TO ( PUBYEAR , 2017 ) OR LIMIT-TO ( PUBYEAR , 2018 ) OR LIMIT-TO (
PUBYEAR, 2019 ) OR LIMIT-TO ( PUBYEAR , 2022 ) OR LIMIT-TO ( PUBYEAR , 2023 ) ) AND (
LIMIT-TO ( DOCTYPE, "ar" ) ) AND ( LIMIT-TO ( LANGUAGE , "English" ) ).

e, o ——— — — ——my

STEP 1: CENTRAL TOPIC SEARCH
TITLE-ABS-KEY ((“complete separation” OR. "separation issue™) AND (“logistic
regression”) AND (*Firth" OR "Firth's correction" OR "penalized regression™)) s
Result: 10 documents

.
-
STEP 2: FILTER DOCUMENTS

- Only journals and articles were selected.

Exclude current year publication (2025)

Limit the language of publication (English only)

TITLE-ABS-KEY ( ( "complete separation” OR "separation issue" ) AND ( "logistic regression” )
AND ( "Firth" OR "Firth's correction” OR "penalized regression" ) ) AND ( LIMIT-TO ( PUBYEAR .

2012) OR LIMIT-TO ( PUBYEAR , 2017) OR LIMIT-TO (PUBYEAR ,2018) OR LIMIT-TO (
PUBYEAR . 2019) OR LIMIT-TO ( PUBYEAR , 2022) OR LIMIT-TO ( PUBYEAR _2023))
AND ( LIMIT-TO ( DOCTYPE , "a" ) ) AND ({ LIMIT-TO ( LANGUAGE , "English" ) )

- Result: 9 documents

DATA COLLECTION

STEP 3: BIBLIOMETRIC ANALYSIS
- Research trends
a) Publication trends
b) Leading country of authorship
¢) Influential Articles, Authors and Journals
Keywords co-occurrence trends and evolution

DATA

ANALYSIS

Fig. 2. Workflow of data retrieval and analysis for the bibliometric review

The inclusion criteria consisted of journal articles journal articles published in English between 2012
and 2024. Only English-language publications were included in the analysis to ensure consistency in text-
mining, keyword analysis, and citation matching, as non-English articles often lack standardized metadata
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in bibliographic databases. In addition, multiple investigations suggest that restricting reviews to English-
language publications has minimal effect on overall conclusions (Nussbaumer-Streit et al., 2020; Dobrescu
et al., 2021).

The remaining documents are then analyzed to determine research trends in leading countries. The
analysis also identifies prominent authors and journals that actively publish articles related to complete
separation in logistic regression using Firth penalized regression. Additionally, frequently used keywords
from previous research were examined. Initially, ten documents on this topic were identified in the Scopus
database, covering the period from 2012 to 2025. Of these, nine articles met the inclusion criteria of being
journal articles published in English up to the year 2024 as suggested by Sarudin et al. (2023) and Ilmasari
et al. (2022). These articles were then exported in Comma-Separated Values (CSV) format for bibliometric
analysis.

This study employs several analytical tools to analyze and visualize the findings. VOSviewer will be
used to conduct country co-authorship analysis and keyword co-occurrence analyses. It will also illustrate
the results through network visualizations that show the connections between documents, authors, or
countries in the dataset (Van Eck & Waltman, 2023; Ilmasari et al., 2022). The stronger the correlation
between two nodes, the higher the link strength assigned (Ilmasari et al., 2022). According to Perianes-
Rodriguez et al. (2016), VOSviewer offers two counting methods: full counting and fractional counting.

In VOSviewer, the country co-authorship analysis was conducted using full counting, where each co-
author’s country receives full credit for a publication regardless of the number of co-authors from other
countries. Full counting is straightforward to interpret and provides an intuitive measure of total
participation, making it particularly suitable for identifying absolute productivity and visibility of countries
in a small dataset (Iskandar et al., 2020). An alternative is fractional counting, where each publication’s
credit is divided proportionally among co-authors’ countries. It offers a more precise representation of
relative contribution. It can underrepresent the role of countries engaged in large and highly collaborative
projects (Donner, 2020).

In this study, the dataset contains nine publications and collaboration patterns are relatively sparse, full
counting was preferred as it avoids diminishing the visibility of countries involved in multi-country papers.
Besides, it assigns integer values to link strength based on the number of co-authored documents (Van Eck
& Waltman, 2023). In addition to VOSviewer, Microsoft Excel will be used to compute data metrics and
generate table.

4. FINDINGS

This bibliometric analysis presents results in two subsections: (1) research trends and (2) keyword evolution
across chronological groupings. The findings aim to help future researchers understand the development of
this area and identify opportunities for new topics or algorithms.

4.1 Research trends

The research trends related to complete separation in logistic regression using Firth penalized
regression are examined in this section. The discussion covers publication trends, authorship by country,
and influential articles, authors, and journals.

4.1.1 Publication Trends

Based on data obtained from the Scopus database, the number of publications on the topic of complete
separation in logistic regression using Firth penalized regression has shown significant growth particularly
over the past decade. This trend reflects a growing interest and ongoing advancements in the field. A total
of ten documents published between 2012 and 2025 were identified where the topic appeared in the title,
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abstract, or keywords. Among these, journal articles were the most common publication type, accounting
for all ten documents. After the screening phase, only English-language journal articles published up to the
year 2024 were selected, resulting in a final dataset of nine journal articles. All nine articles included in this
study are published in peer-reviewed, properly archived journals indexed in Scopus, ensuring scholarly
quality and long-term accessibility. This improves the reliability of the sources and the strength of the
bibliometric mapping.

As shown in Fig. 3, the highest number of publications occurred in 2023, 2022, and 2019, with two
articles each. In contrast, only one article was published in 2018, 2017, and 2012. An analysis of the
publication trends on complete separation in logistic regression using Firth penalized regression reveals a
clear pattern across two distinct phases. In the initial phase (2012-2018), only three articles were published,
accounting for 33.33% of the total. In the development phase (2019-2024), the number increased to six
articles, representing 66.67% of the publications. This growth indicates an increasing research interest and
a broader exploration of methodologies, indicating significant progress in the field.

Documents

0 - ® L \

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Year

Fig. 3. Annual publication trends based on Scopus data, 2012-2024

4.1.2 Leading country of authorship

The geographical distribution of research on complete separation in logistic regression using Firth
penalized regression demonstrates worldwide interest in this study area and highlights collaborative efforts.
This subsection examines contributions from various countries, focusing on the leading countries with the
most articles published in the Scopus database. VOSviewer was used to analyze and visualize international
collaboration through network maps. The co-authorship analysis was conducted with full counting,
considering only countries with at least one article and a maximum of 25 countries per document.

As a result, eight countries published articles on complete separation in logistic regression using Firth
penalized regression between 2012 and 2024. The United States contributed two articles (Noor & Asmael,
2023; Choi et al., 2018), while Malaysia also produced two articles (Abdullah et al., 2022a; Abdullah et al.,
2022b), making them the most productive countries in this area. Malaysia began its contributions in 2022,
while the United States started in 2018. In addition, Slovenia, India, South Korea, Poland, Iraq, and
Australia each contributed one article. Beyond focusing the leading countries, this study also explores
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international collaboration in this research domain. International collaborations among these eight countries
were analyzed using VOSviewer and are visualized in a network map (Fig. 4). All eight countries met the
inclusion threshold at least one document per country and a maximum of 25 countries per document.

In the network, the country co-authorship network based on the identified publications. Each node
represents a country, and the spatial distribution suggests limited collaboration among countries as no
visible links (edges) are present between the nodes. This indicates that the publications in the dataset were
largely authored within single countries without international co-authorship. Countries such as the United
States and Malaysia appear more prominently, which may reflect a higher number of publications rather
than actual collaboration. In contrast, countries like Iraq, India, Poland, and South Korea are represented as
isolated nodes, suggesting opportunities for strengthening international research ties in this area.

ingdia souttilkorea

augtria paland

malaysia iraq

a _ unitedi§tates
%, VOSviewer

Fig. 4. Network visualization map of international collaboration on complete separation in logistic regression using
Firth penalized regression research from 2012 to 2024.

Source: Online map: https://tinyurl.com/27vfxvfs

These countries were clustered into groups based on the frequency of collaboration using the Louvain
algorithm for modularity optimization (Van Eck & Waltman, 2017; Blondel et al., 2008). This method
detects communities by maximizing modularity, grouping together countries that collaborate more
frequently with each other than with those outside the group. The number of clusters is not pre-defined. It
is determined automatically by the algorithm based on the underlying network structure (Blondel et al.,
2024; Rahiminejad et al., 2019).

In this dataset, the algorithm produced seven distinct clusters which reflects the relatively sparse
collaboration patterns among countries in this research area. Countries that collaborate frequently tend to
have similar co-authorship patterns (Sarudin et al., 2024). The clustering results were as follows: Cluster 1
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(red) included Australia and the United States, indicating academic collaboration between them. Cluster 2
(green) consisted of Austria, Cluster 3 (blue) included only India, Cluster 4 (yellow) included Iraq, Cluster
5 (purple) consisted of Malaysia, Cluster 6 (sea blue) included Poland, and Cluster 7 (orange) consisted of
South Korea.

4.1.3 Influential articles, authors, and journals

Table 1 presents the ranking of articles related to complete separation in logistic regression using Firth
penalized regression based on the total number of citations. The highest-ranked article is “Maximum
Likelihood and Firth Logistic Regression of the Pedestrian Route Choice,” published in 2017 in the
International Regional Science Review with a total of 39 citations, contributing approximately 38.61% to
the overall citation count. This study authored by Gim and Ko (2016), suggests a significant impact in this
research area. In the context of specialized statistical methodology studies where speciality topics often
attract fewer total citations than broader applied research, accumulating nearly 40 citations over seven years
can be considered relatively high.

The second highest-ranked article is “Bring more data! — A good advice? Removing separation in
logistic regression by increasing sample size,” published in 2019 in the International Journal of
Environmental Research and Public Health with 18 citations and approximately 17.82% contribution. This
article authored by Sinkovec et al. (2019), also demonstrates substantial influence on subsequent research.
Other significant contributions include the article "Firth’s penalized logistic regression: A superior
approach for analysis of data from India’s National Mental Health Survey, 2016," published in 2023 in the
Indian Journal of Psychiatry with 13 citations and about 12.87% contribution of the total, authored by Suhas
et al. (2023).

Another significant article is "Evaluating statistical approaches to leverage large clinical datasets for
uncovering therapeutic and adverse medication effects," published in 2018 in Bioinformatics with 12
citations and approximately 11.88% contribution. It was authored by Choi et al. (2018). Interestingly,
several recent articles have already gained considerable attention, suggesting the growing relevance of
research on complete separation in logistic regression. Conversely, the article "A Study on Interstate Freight
Mode Choice Between Trucks and Trains Used to Transport Oil Products: A Case Study of Iraq," published
in 2023 in Transport Problems by Noor and Asmael (2023) has yet to accumulate citations at the time of
analysis. This may be due to its recent publication date or narrower topical scope. It may require more time
to gain recognition within the academic community.

Some journals within the dataset hold particularly strong influence in their respective fields. For
example, Bioinformatics is a leading outlet in computational biology and bioinformatics, with a 2024
Impact Factor (IF) of 5.4 (Q1) and an SCImago Journal Rank (SJR) of approximately 2.45. These metrics
reflect its high visibility and academic prominence. Similarly, the Journal of Statistical Software is widely
regarded in the field of statistical methodology, with a 2024-2025 Impact Score of approximately 5.8, an
SJR of 2.72, and a QI ranking, underscoring its methodological impact and widespread citation.

Other journals, such as the International Journal of Environmental Research and Public Health,
Australian Veterinary Journal, and International Regional Science Review, also demonstrate moderate to
strong standing in their respective domains, typically ranking in Q2 or Q3 quartiles. This mix of high- and
mid-tier outlets indicates that the selected articles are drawn from both methodologically influential and
applied research venues, providing balanced perspective on the scholarly landscape of research on complete
separation in logistic regression using Firth penalized regression.

Table 1. The most influential article on complete separation in logistic regression using Firth penalized regression

Total Contribution

No. Title of article Year Journal citations rate (%)
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Maximum Likelihood and Firth Logistic International Regional

1. Regression of the Pedestrian Route Choice (Gim 2017 Science Review 39 38.61
& Ko, 2016)
Bring More Data! —A Good Advice? Removing International Journal of

2. Separation in Logistic Regression by Increasing 2019 Environmental Research and 18 17.82
Sample Size (Sinkovec et al., 2019) Public Health
Firth’s Penalized Logistic Regression: A
Superior Approach for Analysis of Data from . .

3. India’s National Mental Health Survey, 2016 2023 Indian Journal of Psychiatry 13 12.87
(Suhas et al., 2023)
Evaluating Statistical Approaches to Leverage

4 Large Clinical Datasets for Uncovering 2018 Bioinformatics 12 11.88

Therapeutic and Adverse Medication Effects
(Choi et al., 2018)
Separation-Resistant and Bias-Reduced Logistic Journal of Statistical
5. Regression: STATISTICA Macro 2012 Software 10 9.90
(Fijorek & Sokolowski, 2012)
Identification of Blood-Based Multi-Omics

6 Biomarkers for Alzheimer's Disease Using 2022 Pertanika Journal of Science 6 504
’ Firth's Logistic Regression (Abdullah et al., and Technology ’

2022a)
A Review of 91 Canine and Feline Red-Bellied
Black  Snake (Pseudechis  Porphyriacus) Australian Veterinary

7. . 2022 2 1.98
Envenomation Cases and Lessons for Improved Journal
Management (Wun et al., 2022)
Discovering Potential Blood-Based Cytokine

3 Biomarkers for Alzheimer’s Disease Using Firth 2019 Epidemiology Biostatistics 1 0.99
Logistic Regression and Public Health ’
(Abdullah et al., 2022b)
A Study on Interstate Freight Mode Choice

9 Between Trucks and Trains Used to Transport 2023 Transport Problems 0 0.00

Oil Products: A Case Study of Iraq (Noor &
Asmael, 2023)

4.2 Keyword co-occurrence trends and evolution

The analysis explores the keyword co-occurrences in research on complete separation in logistic
regression using VOSviewer. The analysis included all keywords identified by the author or indexed in the
database. This clustering facilitates the identification of thematic groupings within the field, outlining the
primary research areas and methodological focus present in the existing literature. Only documents
containing at least two occurrences of a keyword were considered. As a result, 12 out of 151 keywords met
the threshold and were visualized in Fig. 3. These twelve keywords were grouped into three distinct clusters
as shown in Table 2.

In VOSviewer, total link strength (TLS) represents the overall strength of co-occurrence links between
a given keyword (node) and all other keywords in the network. A higher TLS indicates that a keyword has
stronger or more frequent associations with other keywords, reflecting its centrality and importance in the
research field. TLS is calculated by summing the co-occurrence frequencies of the keyword with all others
in the dataset (Van Eck & Waltman, 2017). In this study, keywords with higher TLS are considered more
influential within the network as they are more strongly connected to multiple thematic areas.

The keyword “human” being the most frequently occurring keyword with three occurrences and a TLS
of 13. This was followed by “logistic regression analysis” and “article,” both with three occurrences and a
TLS of 11. Additionally, “logistic models,” “statistical model,” and “humans” each appeared twice, also
with a TLS of 11. This highlights that research on complete separation in logistic regression most often
focuses on applications involving human studies.

The prominence of the keyword “human” indicates that research on complete separation in logistic
regression is most commonly applied in studies involving human subjects. This is consistent with its
https://doi.org/10.24191/jcrinn.v10i2.535
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relevance in biomedical, psychological, and clinical research where issues of separation frequently arise
due to rare outcomes or sparse data structures (Mansournia et al., 2017). Such conditions make traditional
logistic regression unreliable, thereby necessitating bias-reduction methods such as Firth’s penalized
likelihood. This observation is further supported by findings that Firth’s correction is particularly effective
in small or imbalanced human-subject datasets (Alam et al., 2022). These findings highlight the potential
for broader adoption of this method in health-related applications.

Cluster 1 which exhibit strong co-occurrence links to both methodological and application-related
terms, giving it high degree centrality in the network. It contains six keywords: “human,” “logistic
regression analysis,” “article,” “logistic models,” “statistical model,” and “humans”. "Human" stands out
as the most influential keyword with three occurrences and a high TLS of 13, showing strong connections
with other terms in the cluster. Both "logistic regression analysis" and "article" follow closely with strong
connections, each with three occurrences and a TLS of 11. The keywords "logistic models," "statistical
model," and "humans" each occur twice and also have a TLS of 11, indicating their significant in the
research network.

EEINT3

”

Cluster 2 includes four keywords: “biomarkers,” “complete separation,” “Firth logistic regression,”
and “logistic regression”. Within this group, "Firth logistic regression" and "complete separation” are
closely linked, highlighting their relevance in addressing separation issues in logistic regression models.
Cluster 3 contains two keywords: “regression analysis” and “estimation method”. This cluster emphasizes
the methodological aspects of logistic regression, focusing on estimation techniques and analytical
methods.

Table 2. Clusters of keywords and their total link strength (TLS)

Cluster Keyword Occurrences Total Link Strength
Cluster 1 (Red) Human 3 13
Logistic regression analysis 3 11
Article 3 11
Logistic models 2 11
Statistical model 2 11
Humans 2 11
Cluster 2 (Green) Logistic regression 2 9
Firth logistic regression 3 4
Complete separation 3 3
Biomarkers 2 2
Cluster 3 (Blue) Regression analysis 2 10
Estimation method 2 10

Fig. 6 presents a network visualization of keyword co-occurrences related to complete separation in
logistic regression using VOSviewer. The analysis includes 11 keywords that met the minimum threshold
of two occurrences. The network map organizes the keywords into three distinct clusters based on their co-
occurrence patterns and total link strength.

The thickness of the lines connecting the nodes represents the strength of the relationships between the
keywords (Sarudin et al., 2024). For instance, “human” shows strong connections with other keywords
within Cluster 1, indicating that research on logistic regression in human-related data is a major focus. In
contrast, the relatively weaker links between Cluster 2 and Cluster 3 suggest that methodological
developments such as the Firth correction are less connected to applications involving human related data.
This indicates a potential research gap. Such gaps from this network map can be determined by examining
the links between nodes. If two keywords lack a connection, it suggests a promising area for future
exploration in complete separation in logistic regression research.
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Fig. 6. Network node map of the exploration phase of complete separation in logistic regression research from 2012-
2024.

Source: Online map: https:/tinyurl.com/2brypyl9

5.  CONCLUSION

This study presents the bibliometric analysis of research trends on complete separation in logistic regression
using Firth penalized regression. By assessing nine selected articles published between 2012 and 2024, the
study reveals a growing scholarly interest, particularly after 2019 with the United States and Malaysia
emerging as the most productive contributors. Based on VOSviewer’s co-authorship analysis, the United
States also showed the highest collaboration connectivity, while Malaysia demonstrated strong regional
collaboration despite its recent entry into the field. Influential articles primarily advanced methodological
frameworks and applied solutions in health and transportation research. Keyword co-occurrence analysis
identified main thematic clusters, such as human studies, statistical modelling, and estimation techniques,
while also revealing underexplored areas. Although the small dataset reflects the niche and emerging nature
of this research, the bibliometric analysis revealed significant trends in collaborations, publications, and
thematic keyword evolution. The study acknowledges limitations such as the broad nature of some
keywords such as 'human' and 'article', suggesting keyword normalization techniques for future research to
improve thematic specificity. These findings lay a foundation for expanding interdisciplinary applications
and addressing research gaps. Ultimately, this work not only enhances understanding of the academic
landscape but also paves the way for methodological advancements and broader applications of Firth's
approach in logistic regression.
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