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Abstract

Background The rapid initiation of antiretroviral therapy has become an international trend, necessitating lifelong
medication for all HIV patients. Sanger sequencing, as the gold standard for clinically detecting HIV drug resistance,
often fails to detect mutations comprising less than 20% of the total viral population. With the advancement of
detection technologies, HIV-1 drug-resistant minority variants have garnered increasing attention. Few studies have
analyzed the hotspots and trends in this field, which bibliometrics can effectively address.

Methods Publications related to HIV-1 DRMinVs from 1999 to 2024 were searched on the Web of Science Core
Collection database. Visual knowledge maps and bibliometric analyses were generated using VOSviewer and
Bibliometrix.

Results In total, 289 publications concerning HIV-1 drug-resistant minority variants were identified from 1999 to
2024, demonstrating a steady increase in publication output over the years. Although developed countries, led by the
United States, are the main contributors, 9.57% and 2.48% of the research from the top five publishing countries focus
on populations in Africa and other developing countries, respectively. Most contributing institutions are universities
and public health organizations, with the University of Washington having the highest publication output. The Journal
of Antimicrobial Chemotherapy holds the highest prominence among journals in this domain. The main hotspots
include “drug classes, “drug resistance surveillance,“mother-to-child transmission, “treatment outcomes,"and “targets
of HIV-1 drug resistance testing,’ And we found several noteworthy shifts in research trends in HIV-1 drug-resistant
minority variants studies, including changes in drug resistance testing technologies, the primary study population,
and drug classes.

Conclusions This is the first bibliometric analysis of publications related to HIV-1 DRMinVs from 1999 to 2024. We
analyzed the key research contributions across countries, institutions and journals. Based on keyword co-occurrence
and cluster analysis, we identified several noteworthy shifts in research trends in HIV-1 DRMinVs studies, including
changes in drug resistance testing technologies, the primary study population, and drug classes.
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Introduction

The rapid initiation of antiretroviral therapy (ART)
has become an international trend. By the end of 2022,
29.8 million individuals with human immunodeficiency
virus (HIV) were receiving lifelong ART [1], which has
substantially decreased global morbidity and mortality
among individuals living with HIV [2]. HIV is an RNA
virus with a high mutation rate due to the low fidelity
of its reverse transcriptase and rapid replication [3, 4].
Additionally, the accumulation of proviral variants and
genetic recombination from co-infection increases its
genetic diversity [5]. If mutations occur at specific sites
leading to drug resistance, the efficacy of ART may be
compromised [6]. The large effective population size
[7], high replication rate, high mutation rate, and high
recombination rate, combined with host immune selec-
tion pressure [8], not only drive the genetic diversity of
HIV but also lead to the emergence of various mutations
within each untreated individual on a daily basis. This
means that drug-resistant mutations (DRMs) already
exist in all patients before the initiation of treatment [9].
Even in treatment-naive patients initially infected with
wild-type viruses, some low-frequency mutations may
still be present, which can also confer drug resistance to
the virus [10, 11].

The gold standard for drug resistance detection is often
based on sanger sequencing (SS) which detects DRMs
present in >20% of the viral population; however, it
lacks reliability in detecting the presence of drug-resis-
tant minority variants (DRMinVs) within the population
of HIV-1 infected patients [12]. Fortunately, advance-
ments in drug resistance detection technologies and the
advancement of next-generation sequencing (NGS) have
revolutionized HIV-1 sequencing and the investigation
of DRMinVs. Numerous studies have demonstrated that
DRMinVs have the potential to rapidly proliferate under
selective drug pressure, leading to treatment failure [13,
14]. Although the World Health Organization (WHO)
recommends a regimen primarily based on dolutegra-
vir (DTG) as the preferred first-line therapy [15], the
majority of regions still utilize non-nucleoside reverse
transcriptase inhibitor (NNRTI)-based regimens. In
treatment-naive individuals, DRMinVs may result from
viral diversity or transmission, while in treatment-expe-
rienced patients, they often emerge from drug-resistant
strains with reduced fitness after therapy cessation [16].
Existing research indicates that both acquired and trans-
mitted NNRTI-related DRMinVs can result in virological
failure (VF) [17, 18]. A systematic review showed that,
among treatment-naive HIV individuals, 11 out of 25
studies (44.0%) reported a significant association between
HIV-1 DRMinVs and the risk of VF [19]. Despite ongo-
ing clinical controversies surrounding their relevance, it
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is undeniable that these mutations have impacted treat-
ment efficacy in certain patients.

Bibliometric methods have been extensively used in
fields like cancer [20], diabetes [21] and artificial intelli-
gence [22] to analyze research hotspots and trends. In the
field of HIV-1 DRMinVs, which countries and institutions
have made the most significant contributions? Which
journals publish the most literature in this domain?
What are the the current state of research and hotspot
topics in this area? Therefore, the aim of this study was
to employ bibliometric methods to analyze institutions,
countries, journals, and keywords in the DRMinVs field.
This approach reveals the evolution of research trends in
HIV-1 DRMinVs and identifies current research hotspots.

Methodology

Database source

Web of Science is a widely used academic database that
includes over 12,000 high-impact journals. It is consid-
ered more comprehensive and reliable for bibliometric
analysis compared to other databases like Scopus and
PubMed [23, 24]. We used the Web of Science Core Col-
lection (WOSCC), a comprehensive and independent
global citation database covering diverse research fields,
and it is widely utilized by VOSviewer for bibliometric
analysis. Using advanced search, we retrieved literature
published from the database’s inception until Decem-
ber 31, 2024. All eligible records were exported in plain
text format, including “full record and cited references”
information.

Search strategy

This study utilized Medical Subject Headings (MeSH)
terms from the PubMed database to enhance the com-
prehensiveness of article retrieval. We conducted a
search in the WoSCC using the following search formula:
(((TS=(HIV OR HIV infections OR Acquired Immune
Deficiency Syndrome OR Human Immunodeficiency
Virus* OR AIDS)) AND TS=(minority OR low abun-
dance OR low frequency)) AND TS=(variant* OR muta-
tion* OR quasispecies)) AND TS=(“drug resistance”).

Screening protocol and criteria

A total of 665 records were retrieved based on the search
strategy. Since this study only included research papers
and was limited to English publications, two research-
ers independently conducted the screening process,
ultimately selecting 601 records. These records were
manually screened based on their title, abstract, and
keywords for relevance to “HIV-1 drug-resistant minor-
ity variants” When there was insufficient information to
make a judgment, full-text evaluation was performed.
The two researchers independently identified 273 and
304 articles, respectively. Discrepancies were resolved
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through arbitration, resulting in the inclusion of 289 arti-
cles. The screening process is illustrated in Fig. 1.

Data analysis

This study included a total of 289 articles that met the
inclusion criteria, which were exported and downloaded
in plain text format. Vosviewer is capable of display-
ing the broad external characteristics of subject areas
and offers distinct advantages, particularly in clustering
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analysis [25]. Bibliometrix package, as an open-source
R tool, allows data analysis without the need for cod-
ing, greatly reducing the barrier to entry and enabling
researchers from diverse backgrounds to easily get
started [26]. We used VOSviewer version 1.6.19 (https:/
/www.vosviewer.com/) to identify countries, institutions,
and keywords related to the articles and to create co-
occurrence maps. The bibliometrix package in R Studio
version 4.2.3 (https://www.bibliometrix.org) was used

until December 31, 2024

Web of Science Core Collection
(((TS=(HIV OR HIV infections OR Acquired
Immune Deficiency Syndrome OR Human
Immunodeficiency Virus* OR AIDS)) AND TS=
(minority OR low abundance OR low
frequency)) AND TS=(variant* OR mutation*
OR quasispecies)) AND TS=(*“drug resistance™)
search time range from the database’s inception

665 search results

64 items were excluded: 44 review
artcles; 14 proceeding papers,
early access materials, meeting

Y

abstracts, editorial content, letters,
and book chapters; 6 studies were
in languages other than English

601 artcles

Irrelevant literature was excluded
by three independent authors

Y

through the evaluation of titles,
abstracts, and full-text content

visual analysis

289 artcles were chosen for bibliometric and

Fig. 1 The process of literature retrieval and selection
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for visualizing three-field plots for authors, keywords,
and institutions, as well as for journal analysis and the
study of highly cited articles. Microsoft Office Excel 2021
was used for data management and publication trend
analysis.

Analysis results and visualization

Analysis of publication output

According to the search strategy and selection criteria,
a total of 289 articles were included, covering the period
from January 1, 1999, to April 30, 2024. Global research
on HIV-1 DRMinVs steadily increased, peaking in 2020
with 24 publications. The lowest output occurred in 1999
and 2003, with only one article each. The average annual
output remained around 2 publications until 2005, after
which it increased sevenfold, marking 2005 as a key year
in the field’s growth (Fig. 2).

Analysis of countries and institutions

A total of 56 countries and 668 institutions were involved
in HIV-1 DRMinVs research. Developed countries, espe-
cially the United States (n=147), were the main contribu-
tors. It was noteworthy that South Africa had frequent
collaborations with the United States. Most of the con-
tributing institutions were universities and public health
organizations. Among them, the University of Wash-
ington had the highest output, with 15 publications;
however, its collaborative model remained relatively
independent, whereas other institutions had formed
more closely integrated research networks (Fig. 3).
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Subsequently, we quantified the research populations
in the top five developed countries (which totaled 282
publications). We found that 27 studies (9.57%) focused
on HIV-1 infected individuals in Africa, and 7 studies
(2.48%) focused on HIV-1 infected individuals in other
developing countries, including Mexico, Argentina,
Turkey, the Philippines, Brazil and Ghana. Addition-
ally, using Bibliometrix, we generated a three-fields plot
for the top 10 contributing institutions and the top 15
authors and keywords. The plot reveals a focus on topics
such as “failure,” “risk,” “virological failure,” “reverse-tran-
scriptase;” “transmission,” and “treatment-naive” (Fig. 4).
Analysis of journals
These 289 papers were published in 67 different jour-
nals, reflecting a diverse range of sources for research on
HIV-1 DRMinVs. The Journal of Antimicrobial Chemo-
therapy and Plos One had the highest number of publi-
cations, with the former demonstrating strong academic
influence in the field of HIV-1 DRMinVs, as indicated by
its H-index, G-index, and M-index.

Table 1 presents the top ten most influential journals
in HIV-1 DRMinVs research, ranked based on various
bibliometric indicators. H-index reflects both the pro-
ductivity and citation impact of a journal. G-index gives
more weight to highly cited articles. M-index measures
the maturation rate of a journal’s impact. TC (Total Cita-
tions) represents the total number of citations received,
while NP (Number of Publications) indicates the total
number of published articles related to HIV-1 DRMinVs.
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Fig. 2 Annual output of research of HIV-1 DRMinVs
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Fig. 3 (A) The visualization of countries with at least 5 papers. (B) The visualization of institutions with at least 8 papers. Larger nodes represent a higher
number of published papers, while thicker lines indicate a higher frequency of collaboration. Nodes of the same color indicating a closely related col-

laboration network

Analysis of most global cited documents

Table 2 lists the top ten most cited papers. The most fre-
quently cited article was “Multiple, linked human immu-
nodeficiency virus type 1 drug resistance mutations in
treatment-experienced patients are missed by standard
genotype analysis” by Palmer S et al., published in Jour-
nal of Clinical Microbiology in 2005. This paper has
been cited 411 times since publication, with an average
of 19.57 citations per year. However, in terms of annual
impact, the paper by Giinthard HF et al. had the highest
citation rate (19.86 citations/year).

Table 2 presents the ten most globally cited publica-
tions in HIV-1 DRMinVs research, ranked based on total
citations. “Total Citations” (TC) represents the overall
number of citations each paper has received. “TC per
Year” reflects the average number of citations per year
since publication. “Normalized TC” adjusts the citation
count relative to the publication year to account for dif-
ferences in citation windows.

Current state of research and hotspot topics

Furthermore, we utilized VOSviewer to perform cluster
analysis on keywords with at least three occurrences. The
keywords within each cluster were synthesized to iden-
tify commonalities in the research. Figure 5 illustrates
five themes represented by different colors, with each
color corresponding to a specific research focus within
HIV-1 DRMinVs.

The red cluster focuses on “drug classes,” including
antiretroviral agents, integrase inhibitor, protease inhibi-
tor, nucleoside reverse transcriptase inhibitor, high-
throughput sequencing, allele-specific real-time PCR,

ultra-deep pyrosequencing, and transmission. The blue
cluster pertains to “drug resistance surveillance,” com-
prising surveillance drug resistance mutations, transmit-
ted drug resistance, genotypic resistance testing, sanger
sequencing, deep sequencing, next-generation sequenc-
ing, single-genome sequencing, raltegravir, and bioinfor-
matics. The yellow cluster is linked to “mother-to-child
transmission,” featuring mother-to-child HIV transmis-
sion, prevention of mother-to-child transmission, anti-
retroviral therapy, nevirapine, quasispecies, and drug
resistance. The green cluster relates to “treatment out-
comes,” encompassing non-nucleoside reverse transcrip-
tase inhibitor, efavirenz, rilpivirine, treatment failure,
allele-specific PCR, real-time PCR, ultra-deep sequenc-
ing, and pyrosequencing. The purple cluster is associated
with “targets of HIV-1 drug resistance testing,” including
drug resistance mutations, reverse transcriptase, prote-
ase, integrase, subtype, Illumina MiSeq.

We also constructed a keyword co-occurrence map
over the past decade based on temporal evolution (Fig. 6),
providing a visual representation of the dynamic changes
in research hotspots on HIV-1 DRMinVs over time. The
transition from green to red rectangles highlights that the
research focus in the past five years has been on topics
such as “antiretroviral agents,” “next-generation sequenc-

”

ing;” “integrase inhibitor,” and “protease inhibitor”

Discussion

Bibliometric analysis can identify trends within a specific
academic field by offering a comprehensive overview of
the current research landscape [27]. Since 1999, the num-
ber of publications has steadily increased, while the rapid
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Fig. 4 (A) The main contributors are developed countries in terms of publication output and research populations. (B) The three-field plot of authors,
keywords, and institutions. Darker colors indicate a greater contribution to the field, while larger rectangles suggest a broader range of research involve-

ment in the field

increase in publication output in 2005 can be attributed
to revolutionary advancements in the study of HIV-1
DRMinVs, facilitated by the emergence of NGS [28].
Developed countries have shown significant attention
to Africa, one of the regions most severely affected by
the epidemic. One of the research focuses is on women
and infant populations [29], particularly regarding drug
resistance and treatment outcomes after the use of anti-
retroviral drugs for preventing mother-to-child transmis-
sion, as well as studies on adolescents [30], a vulnerable
group. The Journal of Antimicrobial Chemotherapy is the
most prominent journal contributing to HIV-1 DRMinVs

research, covering a wide range of topics, including the
pathogenesis, epidemiology, and therapeutic outcomes of
HIV-1 DRMinVs.

Based on the retrieved data, the most cited paper
was authored by Sarah Palmer and colleagues from the
National Cancer Institute in the United States. They
developed a single-genome sequencing technology with
greater sensitivity than SS, capable of detecting muta-
tions below 20% and linked drug resistance mutations,
enhancing our understanding of viral evolution and
ART responses [16]. The second most cited publication
comes from Chunlin Wang and colleagues at Stanford
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Table 1 Top ten most influential journals for research on HIV-1

DRMinVs
Journal H_index G_index M_index TC NP
Journal of Antimicro- 14 20 0.737 487 31
bial Chemotherapy
Plos One 13 24 0.684 623 27
Journal of Infectious 12 15 0.500 819 15
Diseases
AIDS Il 17 0.550 691 17
Journal of Clinical 11 13 0407 702 13
Microbiology
Journal of Virology 11 12 0440 595 12
Journal of Virological 10 13 0.588 207 13
methods
Journal of Clinical 8 13 0.381 203 13
Virology
Aids Research and 7 11 0412 128 12
Human Retroviruses
Antimicrobial Agents 7 7 0412 239 7
and Chemotherapy
Table 2 Top ten most globally cited documents on HIV-1
DRMinVs
Paper Dol Total TC Nor-
Citations per mal-
Year ized
TC
PALMER'S, 2005, J https://doi.org/10.1 411 19.57 246
CLIN MICROBIOL 128/JCM.43.1.406-4
13.2005
WANG CL, 2007, https://doi.org/10.11 338 1779 381
GENOME RES 01/gr.6468307
SIMEN BB, 2009, J https://doi.org/10.10 332 19.53 546
INFECT DIS 86/596736
JOHNSON JA, 2008, https://doi.org/10.1 307 1706 3.86
PLOS MED 371/journal.pmed.0
050158
JABARA CB, 2011, P https://doi.org/10 287 19.13 645
NATL ACAD SCIUSA  .1073/pnas.11100
64108
HENN MR, 2012, PLOS  https://doi.org/10.1 255 1821 5.01
PATHOG 371/journal.ppat.10
02529
HOFFMANN C, 2007,  https://doi.org/10.10 184 968 2.07
NUCLEIC ACIDS RES 93/nar/gkm435
METZNER KJ, 2009, https://doi.org/10.10 169 994 278
CLININFECT DIS 86/595703
ZAGORDI O, 2010, https://doi.org/10.10 153 9.56 3.69
NUCLEIC ACIDS RES  93/nar/gkq655
GUNTHARD HF, 2019, https://doi.org/10.10 139 1986 538
CLIN INFECT DIS 93/cid/ciy463

University, who also investigated the detection of DRM-
inVs using ultra-deep pyrosequencing in clinical sam-
ples. They developed a statistical method to differentiate
between true minority variants in clinical samples and
sequencing errors [31].
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Our bibliometric analysis reveals several noteworthy
shifts in research trends in HIV-1 DRMinVs studies.

The shift of drug resistance testing technologies

Common methods for detecting DRMinVs include
Allele-Specific PCR (AS-PCR), 454 pyrosequencing,
and the Ilumina NGS platform. AS-PCR is more sensi-
tive than traditional sequencing, with a detection limit
ranging from 0.01 to 2%, and is commonly used in treat-
ment-naive patients [32, 33]. But it can only detect one
mutation at a time and cannot analyze linked mutations
[34]. Pyrosequencing provides a more comprehensive
picture of drug resistance, with a detection threshold
ranging from 0.1-2% [35, 36]. and researchers commonly
use a 1% threshold to exclude novel sequence varia-
tions and sequencing artifacts [37]. However, due to its
higher error rate and cost, along with the emergence of
NGS platforms like Illumina, pyrosequencing is gradually
being phased out.

NGS has shown high concordance with Sanger
sequencing at a 20% detection threshold in several
studies [38, 39]. However, NGS is particularly prone to
artifacts, such as PCR errors and APOBEC-mediated
hypermutation, which are less common in SS [40]. The
Primer-ID approach effectively addresses these issues
[41]. Nonetheless, the optimal detection threshold for
NGS in clinical applications remains unclear. Earlier
studies recommended a 5% threshold [42, 43], while
recent analysis by Emma R. Lee and colleagues suggested
that a 2% threshold may be more reliable for detecting
and reporting DRMs using NGS technologies [44]. Fur-
thermore, caution is advised when using thresholds that
significantly reduce sequencing accuracy, especially in
relation to sensitivity for minority variants below 1% [45].
Therefore, the question of when NGS should comple-
ment sanger sequencing requires further investigation,
and future research should focus on developing more
cost-effective and technologically simpler methods for
detecting DRMinVs.

The shift in the primary study population

In resource-limited settings, single-dose nevirapine
(NVP) was widely utilized as a preventive measure for
HIV-1 mother-to-child transmission [46]. Researchers at
the time focused on the presence of DRMinVs in moth-
ers and infants exposed to NVP and their impact on viro-
logical outcomes. NVP-resistant viruses can persist as
low-frequency variants for several years post-exposure,
potentially influencing virological outcomes when moth-
ers and infants continue using regimens containing NVP
[47-49]. In 2017, the WHO included dolutegravir DTG-
ART in its first-line treatment recommendations [50].
However, the impact of DTG on virological outcomes
in this population remains an area requiring further
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investigation. Subsequent studies have shifted their focus
to treatment failure and ART-naive individuals. In AIDS
Clinical Trials Group study 398, Elias K. Halvas et al.
demonstrated that NNRTI DRMinVs were more fre-
quently detected in treatment-experienced individuals
and were associated with an increased risk of VF [51].
However, the impact of baseline DRMinVs on virological
outcomes in ART-naive patients remains contentious [52,
53], underscoring the need for extensive clinical studies
to clarify these findings. HIV-1 genetic diversity and deep
sequencing errors can contribute to DRMinVs in ART-
naive patients. These mutations may also be transmitted
during acute or recent seroconversion, but there is no
strong evidence for transmission among men who have
sex with men [54, 55], making it a controversial area for
future research.

The shift in drug classes

Common DRMs associated with reverse transcriptase
inhibitors, such as K103N and Y181C, have been shown
to adversely affect treatment outcomes [13, 56]. It is note-
worthy that DRMinVs have a broad range of mutation
loads, suggesting that future research should not focus
solely on the impact of mutation frequency on treatment
outcomes [57]. The genetic barrier is high for PIs, neces-
sitating the presence of multiple mutations to impart
substantial resistance [58]. In treatment-naive patients
initiating a first-line regimen with a protease inhibitor
(PI) like atazanavir or lopinavir, those achieving viro-
logical success showed a higher baseline prevalence of PI
minority resistant variants compared to patients with VF
[59]. This suggests indirectly that these mutations have
a limited impact on the virological response to an initial
Pl-based treatment regimen, consistent with the findings
of Marine Perrier et al's study [60]. However, Ross LL et
al’s study have demonstrated the detection of DRMinVs
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Fig. 6 Temporal keywords co-occurrence analysis in HIV-1 DRMinVs (occurrence >3 times). The color transition from purple to red represents the pro-

gression of time

related to protease inhibitors (PIs) in patients on PI-
based regimens upon treatment failure [61]. Currently,
resistance to integrase strand transfer inhibitors (INSTT)
is rarely observed in antiretroviral-naive patients, with
major DRMs primarily presenting as DRMinVs [62-65].
Despite this, several studies have consistently shown that
the presence of DRMinVs at baseline has a limited impact
on the virological response to INSTI-based regimens
[66-68]. However, compelling evidence suggests that
ultrasensitive assays can detect DRMinVs of EVG and
DTG, potentially influencing the predicted susceptibil-
ity profiles of these drugs, especially in individuals with
prior experience with INSTIs [62, 69].

However, our study still has limitations. Constrained
by the functionality of the analysis software, our data is
solely derived from the WoSCC database, potentially
overlooking some relevant research. Moreover, the exclu-
sion of non-English studies may lead to an underestima-
tion of the contribution of these papers.

Conclusion

In conclusion, HIV-1 DRMinVs have become a globally
important topic of interest. This study utilizes literature
from the WoSCC to identify the key contributors and
their scientific collaborations in the field of HIV-1 DRM-
inVs research from 1999 to 2024. Based on keyword co-
occurrence and cluster analysis, we identified several
noteworthy shifts in research trends in HIV-1 DRMinVs
studies, including changes in drug resistance testing
technologies, the primary study population, and drug
classes. It is noteworthy that the high frequency of the
keyword “NGS” in recent years reflects the close atten-
tion of researchers to this area.
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