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Abstract: Neurodegenerative disorders (NDs) lead to progressive neuronal loss in various brain
regions and are a significant public health concern, with NDs expected to become the second-
leading cause of death globally within the next two decades. Huntington's disease (HD) is a rare
progressive ND that severely impacts patients and families due to its severe neuronal effects. HD is
caused by an autosomal dominant mutation in the huntingtin (HTT) gene, leading to progressive
motor, cognitive, and psychiatric symptoms. Given the complex nature of HD, biomarkers are
essential for early diagnosis, disease progression monitoring, and evaluation of treatment efficacy.
However, the identification of consistent HD biomarkers is challenging due to HD's heterogeneous
presentation and its multiple underlying biological pathways. To identify reliable HD biomarkers,
integration of research efforts through longitudinal studies that track disease progression, new
biomarker exploration to enhance diagnostic accuracy, and collaborative efforts to standardize
protocols and ensure reproducibility is warranted. These efforts should also advance personalized
treatment approaches and improve the overall management of HD. This study provides a
comprehensive review and bibliometric analysis of HD biomarker research over the past decade,
revealing key research trends and gaps. The findings could guide future investigations and
contribute to improving personalized treatment approaches, clinical management, and informed
decision-making in HD.

Keywords: Huntington’s Disease; Biomarkers; Rare Diseases; Neurodegenerative disorders

1. Introduction

1.1. Huntington’s Disease: An overview

Among the genetic neurodegenerative disorders (NDs), Huntington’s disease (HD, OMIM
143100, https://omim.org/entry/143100) is the primary focus of this review. HD is a monogenic
autosomal dominant progressive neurodegenerative disorder, first described in 1872 by Dr. George
Huntington. The disease results from a mutation in the huntingtin (HTT) gene, first located in 1993
to chromosome 4p16.3 [1]. The HTT gene mutation, marked by a variable expansion in the number
of cytosine—adenine-guanine (CAG) repeats in exonl of the HTT gene, causes the synthesis of
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abnormal huntingtin (HTT) protein. The expansion of CAG triplet repeats produces a toxic HTT
protein with expanded polyglutamine (polyQ) amino acids [2]. Notably, the number of CAG repeats
correlates with the risk of HD. CAG repeat lengths below 35 do not lead to the disease, and repeat
lengths between 36-39 may express the disease with low penetrance, whereas repeat lengths
exceeding 40 are considered pathogenic [1-3].

Huntington’s disease is a rare neurodegenerative disorder with an estimated incidence of 0.38
per 100,000 person-years and a global overall prevalence of 2.71 per 100,000 [3]. Though rare, its
prevalence varies greatly (more than 10-fold) across geographical areas and populations [4,5]. Its
highest prevalence is recorded within the Western/ White population (5-12 cases/ 100,000
individuals) [1]. HD has a higher prevalence in the USA (4.1-8.4/ 100,000 people) [3,4] and Europe
(1.63-9.95/100,000 individuals) [6]. HD prevalence is lower in Asia (0.5 to 1.5 per 100,000) [4] and
Africa (0.25 per 100,000) [3], although it increases in areas where intermarriage with Western
individuals occurs [4]. China has the lowest HD prevalence (0.25 cases per 100,000 people). In Japan,
the prevalence of the disorder is 0.5 cases per 100,000 people [4]. Huntington's disease rarity becomes
evident when compared to other NDs. For instance, in the USA, 9.92 million Americans suffer from
mild cognitive impairment due to Alzheimer’s Disease compared to merely 30,000 HD patients [7].
NDs impose a burden on governments worldwide; in the USA alone, the mean total annual cost per
patient with early to late-stage HD ranges from $6113 to $27,904 among commercially insured
patients [8].

HD is commonly classified into three stages: presymptomatic, prodromal, and manifest. In the
presymptomatic stage, individuals carry the CAG expansion mutation but exhibit no signs or
symptoms related to HD. The prodromal stage includes individuals with the CAG expansion who
display nonspecific or possible motor abnormalities on examination and subtle yet clear cognitive
changes[9]. Manifest HD is characterized by individuals with the CAG expansion who have a greater
than 90% confidence of motor abnormalities accompanied by minor or major neurocognitive changes,
or a greater than 99% probability of motor abnormalities with unchanged cognition. For individuals
who have not undergone genetic testing but are clinically suspected of having HD, similar
classifications are applied: at risk for HD but not manifest, clinically prodromal HD, and clinically
manifest HD[3].

Individuals with HD usually lead a normal life until the prodromal stage initiates. Symptoms of
the disease generally appear in middle age, although it can present at any time from infancy to old
age [10]. The first manifestations of neurological symptoms include a change in personality,
depression, anxiety, restlessness, and deficits in social cognition, leading to stigmatization. In
addition to difficulties with detail retention, patients often experience learning, organization, and
task-planning challenges. During this stage, diagnosis is typically established, and symptoms become
progressively worse, ultimately resulting in deteriorating speech capabilities [11]. HD symptoms also
encompass weight loss, which is attributed to the increased caloric demand resulting from incessant
choreiform movements [1]. The main neuropsychiatric features of HD include deterioration of motor
functions encompassing involuntary irregular and unpredicted muscle movement, known as chorea,
and involuntary muscle contractions, known as dystonia, in addition to deterioration in coordination
skills, cognitive decline, and behavioral changes. As motor and cognitive functions decline,
complications such as falls, dysphagia, or aspiration may lead to fatal outcomes. Typically, patients
have a survival span of 15 to 20 years following diagnosis [12]. The progression of the disease
profoundly impacts both patients and their families, necessitating comprehensive support that
includes medical, psychological, and social aspects [1,13]. The detailed pathophysiology of
Huntington's disease is depicted in Figure 1.
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Figure 1. Huntington’s disease is a hyperkinetic disease with a complex pathophysiology.

The complex and progressive HD pathophysiology is underpinned by intricate molecular and

cellular processes and signaling pathways (Figure 2).
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Figure 2. The intricate molecular pathways and mechanisms underlying pathology of Huntington’s
disease.

1.2. Challenges in HD diagnosis and treatment

The mutant HD gene produces a protein with a toxic gain of function due to polyQ expansion
[14]. HD, similar to other genetic diseases with polyQ expansion such as various types of
spinocerebellar ataxia, dentatorubral-pallidoluysian atrophy, and spinobulbar muscular atrophy, has
a direct relation between disease severity and polyQ repeat length and an inverse correlation between
the repeat length and the age of disease onset [5]. Mutant huntingtin proteins (mHTT) with extended
polyQ repeats undergo protein misfolding, leading to the accumulation of unmanageable protein
aggregates, overwhelming cellular protein degradation via proteasomes and autophagic
vacuolization [15]. Aggregation of mHTT impacts many nuclear and cytoplasmic proteins involved
in vital functions such as transcription regulation, apoptosis, mitochondrial function,
neurotransmitter release, and axonal transport. However, the exact neuronal function affected by
mHTT misfolding and aggregation remains unclear [16].

Traditionally classified as a neuropsychiatric disease, recent research into the molecular
mechanisms underlying HD suggests it is better described as a systemic illness, as autonomic
symptoms often precede motor deficits by several years[10]. This shift in understanding highlights
the complexity of HD, both in its clinical presentation and underlying pathophysiology. Despite
significant research developments over the last two decades, there has been limited advancement in
medical treatment for HD [13]. Various therapeutic options, including antisense oligonucleotide
therapy, have been explored, but none have been proven effective in halting disease progression[17].
Currently, optimal care for HD patients typically involves multidisciplinary approaches primarily
aiming to manage symptoms and enhance the patient’s quality of life. Medications used in such
approaches include tetrabenazine for chorea control, selective serotonin reuptake inhibitors (SSRIs),
such as citalopram and sertraline, for addressing depression and anxiety, atypical antipsychotics for
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managing psychosis, and sertraline for handling obsessive-compulsive behaviors in certain patients
[1].

However, HD remains relatively understudied compared to other neurodegenerative disorders
due to its rarity, which limits the number of patients available for clinical studies. For instance, a one-
year PubMed search yields approximately 1,200 publications on HD, compared to 16,400 on
Alzheimer’s disease and 9,900 on Parkinson’s disease [18]. This lack of extensive research has resulted
in a limited understanding of HD pathophysiology, presenting challenges in diagnosis and the
development of effective treatments. Consequently, current therapeutic approaches remain primarily
symptomatic[19]. Compounding these challenges is the complexity and pleiotropy of HD clinical
symptomatology, along with variations in cellular and neurochemical changes in the brain [20].
Studies suggest that the variability in symptoms cannot be fully explained by differences in CAG
repeat numbers alone[21,22].

Adding to the complexity, brain atrophy and structural disruptions occur during the prodromal
phase, before overt symptoms manifest. This period is characterized by intricate molecular and
cellular changes that remain poorly defined [22]. Nevertheless, the premanifest stage offers a valuable
window to explore novel therapeutic interventions that could delay HD progression before
symptoms manifest [23]. These facts substantiate the search for new robust and sensitive diagnostic
and prognostic HD biomarkers to improve knowledge of the disease pathophysiology and its
underlying mechanisms, to better predict HD pathogenesis, progression, and age of symptoms onset,
and to explore patient response to potential therapies.

HD is mainly diagnosed clinically based on the development of chorea in combination with
other movement abnormalities and behavioral changes, which includes poor attention, cognitive
rigidity, irritability, and dementia. Furthermore, A family history of autosomal dominant inheritance
can support the clinical diagnosis based on observed symptoms. However, definitive diagnosis of
HD can only be confirmed through genetic testing [3,24].

This study aims to perform a comprehensive bibliometric analysis of research on biomarkers in
Huntington's disease over the past decade. By examining publication trends, the study seeks to
identify significant progress and research gaps, providing insights into the evolution of biomarker
research. These findings will provide insights into the evolution of HD biomarker research, reveal
opportunities for future investigations, and offer recommendations to enhance understanding and
development of biomarkers for effective diagnosis, progression monitoring, and therapeutic
evaluation of emerging HD therapies.

2. Methods

Publications related to biomarkers of HD were sourced from PubMed through the Bibliometrix
package in R software. Bibliometrix, an open-source R package widely utilized by researchers for
bibliometric analysis, offers comprehensive tools for quantitative analysis of scientific publications,
including data collection, preprocessing, visualization, and statistical modeling [25,26]. The search
strategy included the following terms: ("biomarkers"[All Fields] OR "biomarkers"[MeSH Terms] OR
"biomarker"[All Fields]) AND "Huntington's disease"[Title/Abstract] AND "English"[Language]
AND "journal article"[Publication Type] AND ("2014/01/01"[Date - Publication] : "2024/12/31"[Date -
Publication]). The search, conducted on 29 August 2024, covered various document types, such as
original research articles, reviews, and conference proceedings, and was filtered to include only
articles published in English.

Moreover, a literature review was conducted using PubMed to identify emerging biomarkers
for Huntington's disease (HD). The search strategy included terms such as "Huntington's disease,"
"biomarkers," and related keywords. Articles published were screened for relevance based on titles
and abstracts, and full texts were reviewed to extract data on novel biomarkers, including their
diagnostic, prognostic, and therapeutic implications.
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3. Results

3.1. Bibliometric Analysis

The analysis uncovered 730 articles related to biomarkers in Huntington's disease, published
between 2014 and 2024. The annual growth rate of publications in this field was 9.13% (table 1). n
total, 3,959 authors from diverse countries contributed to these publications, with an average of 7 co-
authors per article. A significant rise in publications was observed from 2019 to 2022, with 2022

marking the peak at 95 articles (Figure 3).

Table 1. Search analysis summary.

Description Results
Timespan 2013:2024
Sources (Journals, Books, etc) 319
Documents 730
Annual Growth Rate % 9.13%

Figure 2. Trends in publications over the years.

The articles were distributed across 319 different journals, with Journal of Huntington's Disease
publishing the highest number (36 articles), followed by the International Journal of Molecular
Sciences (35 articles). A summary of the top 10 journals in this research area is presented in figure 3.
In terms of international collaboration, the strongest partnerships were observed between researchers
in the USA and Germany, followed by collaborations between the USA and Australia, and the USA
and Canada (Figure 4).
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Figure 4. International collaboration network.

Through keyword analysis, we identified the top 10 most frequently occurring keywords. Of the
1,684 keywords analyzed, "humans" appeared most frequently (491 occurrences), followed by
"Huntington's disease" with 394 occurrences (figure 5). Several other keywords also emerged as
significant. This increase in keyword frequency mirrored the overall rise in publications. The co-
occurrence network of the top 50 keywords is shown in figure 6, where node size represents keyword
frequency and node color indicates clusters and relationships. The keywords clustered into three
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main groups. The largest cluster, shown in blue, includes terms such as "humans," "Huntington's
disease," and "biomarkers." The red cluster, which contains the most nodes, features terms like
"animals,” "brain," "neurodegenerative diseases," and "disease models, animal." The green cluster
includes keywords like "Alzheimer's disease," "Parkinson's disease,” and "amyotrophic lateral
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Figure 5. Most frequently used keywords.
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Figure 6. Network of the 50 most frequent keywords.

3.2. Emerging biomarkers in HD research


https://doi.org/10.20944/preprints202412.0388.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 December 2024 d0i:10.20944/preprints202412.0388.v1

3.2.1. Tau protein

Tau is a microtubule-associated protein (MAP) that is known to be involved in neurogenesis,
maintaining axons, and axonal transport. Tau has been extensively studied in Alzheimer's disease,
Parkinson's disease, and Traumatic Brain.

Injury, with research demonstrating its strong association with cognitive impairments; these
findings suggest that tau could also be a promising biomarker for Huntington's disease[27]. Emerging
evidence implicates tau pathology in HD, akin to tauopathies, suggesting that therapeutic strategies
targeting tau dysfunction, ranging from small molecules to gene modulation approaches, hold
promise for addressing cognitive decline in HD[28]. A study found that age-adjusted cerebrospinal
fluid (CSF) tau levels were significantly elevated in HD gene expansion carriers compared to healthy
controls (p = 0.002), and these levels were correlated with disease progression. Specifically, CSF tau
showed significant correlations with the Unified Huntington's Disease Rating Scale (UHDRS) total
functional capacity (r = -0.29, p = 0.004) and total motor score (r = 0.32, p = 0.002), suggesting its
potential as a biomarker for HD progression and therapeutic response[29]. A study investigating tau
pathology in HD explored its neuropathological, genetic, and clinical aspects. The researchers
identified extensive aggregates of hyperphosphorylated tau in HD brains, some of which co-localized
with mHTT, including in cases of young-onset HD. Neurotoxic tau oligomers were also detected,
further implicating tau pathology in disease progression. Moreover, genetic variations in the MAPT
gene (encoding tau) were linked to cognitive decline in HD patients, highlighting a potential role for
tau in modulating HD severity[30]. These findings suggest a significant role for tau in HD pathology
and clinical progression, highlighting potential new therapeutic targets for the disease. Another
study has demonstrated that HD pathology is associated with increased presence and aggregation of
Tau, a-synuclein (a-Syn), and TAR DNA-binding protein 43 (TDP-43) in the brain, alongside
abnormal phosphorylation of Tau and altered splicing patterns of Tau isoforms[31]. Further research
is warranted to elucidate the clinical implications of these proteinopathies in HD progression.

3.2.224(. S) hydroxycholesterol (240OHC)

24 (S) hydroxycholesterol (24OHC), a significant cholesterol metabolite in the brain, is notably
reduced in the plasma of individuals with HD. This decrease correlates with a reduction in caudate
volume[32], suggesting that 24OHC may serve as an indicator of progressive neuronal loss in HD[33].
Researchers have analyzed 24OHC levels in plasma from gene-expanded individuals and found
notable differences across patient groups. Specifically, 24OHC concentrations decreased with
advancing disease stages, with this decline appearing more substantial than changes in cognitive and
motor function or neuroimaging alterations. Additionally, reduced levels of cholesterol precursors,
such as lanosterol and lathosterol, as well as the bile acid precursor 27-hydroxycholesterol, were
observed in HD patients[34]. To validate this metabolite as a reliable biomarker, long-term
monitoring of patients is suggested to track changes in metabolic markers throughout HD
progression[33].

3.2.3. Neurophysiological Biomarkers (EEG and fMRI)

Electroencephalography (EEG) is a noninvasive method that measures brain oscillatory activity
changes, reflecting synaptic dysfunction and progressive neurodegeneration in Huntington's disease
(HD). There has documented changes in EEG power among patients with manifest HD, notably an
increase in delta power and a decrease in alpha power[35-37]. In individuals with premanifest HD
(PreHD) and early manifest HD (EMHD), there has been a reported reduction in power within the
low alpha band and at the theta-alpha border[35,38,39]. Moreover, research has shown that the
number of CAG repeats in the HTT gene correlates with EEG changes and cognitive decline in both
preclinical and early manifest HD patients[38,40,41]. A recent cross-sectional observational study
aimed to identify neurophysiological alterations in preclinical and early manifest HD by analyzing
EEG and fMRI resting-state functional connectivity (rsFC) and examining their interrelationships.
This study demonstrated that EEG and fMRI can effectively reveal neurophysiological changes
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associated with HD. Specifically, it found decreased power in certain EEG frequency ranges in both
preclinical (preHD) and early manifest (EMHD) stages compared to healthy controls. These EEG
changes were linked with disrupted functional connectivity in fMRI analyses, particularly within
frontal, putamen-cortical, and cortico-cerebellar networks. The findings suggest that integrating EEG
and fMRI provides valuable insights into HD, with decreased alpha and theta-alpha power
correlating with increased connectivity in large-scale brain networks, which may contribute to
cognitive decline[42]. While these findings are promising, the utility of EEG as a reliable biomarker
for HD is still under investigation, highlighting the need for further research to establish its
effectiveness and applicability in clinical settings.

3.2.4. Muscle Atrophy related biomarkers

Transcriptional abnormalities linked to HD extend beyond the central nervous system (CNS)
and can also be observed in non-neuronal tissues, including muscles[43,44]. The pathophysiology of
HD in skeletal muscle involves high expression levels of mHTT, leading to mitochondrial
dysfunction, oxidative stress, inflammation, and impaired protein quality control systems.
Addressing these mechanisms through enhanced macroautophagy and proteasome-mediated
protein degradation represents a promising therapeutic strategy[45]. A study investigated
transcriptional changes related to muscle atrophy in HD and identified a set of biomarkers linked to
altered purine metabolism and energy homeostasis in skeletal muscles. Findings included significant
upregulation of genes associated with muscle disuse and energy imbalance, such as Ampd3, Prkaal,
and Pdk4, as well as changes in purine metabolism-related genes like Pnp and Xdm. These
biomarkers may be useful for tracking disease progression and developing targeted therapies,
particularly given their potential applicability to both HD and related conditions like muscle cachexia
in cancer models[46]. More recently, a study utilized the YAC128 murine model to investigate
mitochondrial dysfunction and bioenergetic failure in the context of Huntington's disease (HD) and
aging. The study revealed an increased mitochondrial volume fraction in the axons and dendrites of
older mice, along with age- and genotype-dependent variations in mitochondrial DNA copy number
(mtDNAcn) in the striatum and skeletal muscle, but not in the cortex. Additionally, mtDNA deletions
were observed in striatal and skeletal muscle tissues across various ages and genotypes. These
findings underscore the role of mitochondrial dynamics in HD pathogenesis and suggest that
mtDNAcn in skeletal muscle may serve as a potential biomarker for further exploration in human
HD [47]. Further research is necessary to clarify whether muscle dysfunction in HD is primary or
secondary to nerve degeneration, and to elucidate the differential organ susceptibility to mutant
Huntingtin's effects across various tissues.

Table 2 provides a comprehensive summary of the different types of biomarkers investigated in
Huntington's disease research, including their sources, clinical utility, advantages, and limitations.
This detailed overview complements the emerging biomarker subsections by offering a broader
perspective on the diverse biomarker landscape in HD, supporting their potential roles in diagnosis,
progression monitoring, and therapeutic evaluation. Additionally, Figure 7 highlights how these
biomarkers function across various stages of HD, emphasizing their significance in understanding
and managing the disease.

Table 2. Summary of biomarker types in Huntington's Disease research and their characteristics.

Bi k
l?rn;:l; . Examples Source Clinical Utility Advantages Limitations Reference
Disease
. progression . Limited
Protein  Mutant monitorin Directly sensitivit [48-50],
Biomarker huntingtin Blood, CSF thera eutigc’ linked to HD challen ir}lll [51],
s (mHTT) p pathology 88 155 531, [54]

targeting quantification
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Figure 7. The role of biomarkers in Huntington's Disease.

4. Discussion

Huntington’s disease poses a serious threat to individuals globally, imposing significant
economic and social burdens on nations due to its high management costs and complex symptoms.
This highlights the critical need for research into HD to improve understanding and treatment of the
disease. The development of fast and reliable methods for diagnosis, progression monitoring and
therapeutic success evaluation of neurodegenerative disorders is a key research domain. Biomarkers
serving as indicators of disease encompass genetic markers, neuroimaging markers, and biofluid
markers, such as proteins, immunological markers, and microRNAs found predominantly in blood
and cerebrospinal fluid (CSF) [49]. Early detection of NDs in general and of HD in particular is crucial
for the evaluation of targeted medications that may delay the disease progression [65]. Diagnosis of
HD in patients with family history is usually straight forward, however around 8% of the patients do
not have affected family member, which require quick and reliable diagnostic tools [5]. Biomarkers
extend beyond diagnostic purposes; they are also designed for prognostic, predictive, and staging
applications. Throughout the disease's progression, biomarkers can detect its presence, assess
severity, monitor its advancement, and evaluate treatment responses[65].

While CSF has traditionally been considered the most reliable biofluid for biomarker collection,
the difficulty in its collection methods has led researchers to develop blood-based biomarkers, which
offer a faster and easier evaluation process. Although blood-based biomarkers have shown promise,
further research is needed to refine their accuracy and understand the factors affecting their levels
before they can be routinely used in clinical laboratories[49]. This study represents the first
bibliometric analysis linking biomarkers with Huntington's disease research, offering a
comprehensive overview of research trends over the past decade.

The analysis identified 730 relevant articles published between 2014 and 2024, a substantial
number that reflects significant research activity in this area. The substantial number of publications
highlights a robust and ongoing commitment to advancing biomarker research, which is vital for
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improving the diagnosis and management of Huntington's disease. Early detection of
neurodegenerative diseases like Huntington's is essential for evaluating therapies that might slow
disease progression, with biomarkers playing key roles in diagnosis, prognosis, staging, and
monitoring treatment responses[65]. The average of seven co-authors per article highlights the
collaborative nature of research in this field. Such collaboration is essential, as it brings together
diverse perspectives and expertise, which are crucial for addressing the complex challenges
associated with biomarker discovery and validation. The increase in publication numbers,
particularly the surge observed in recent years, further highlights the growing recognition of the
importance of biomarkers in HD research[91]. This trend suggests that the scientific community is
increasingly focused on developing biomarkers that can lead to more targeted therapies and better
patient outcomes.

However, the analysis also reveals a significant gap in international collaboration, particularly
with countries in Africa. The lack of research contributions from this region is concerning, as it limits
the global understanding of HD. While it is possible that the lower prevalence of HD in Africa
contributes to this disparity[3], it indicates the need for more inclusive research efforts that involve
diverse populations. Greater collaboration with researchers from underrepresented regions could
provide valuable insights and enhance the generalizability of biomarker findings.

Future directions in HD biomarker research involve several key areas. First, conducting
longitudinal studies is crucial to track disease progression and treatment outcomes over extended
periods, ensuring the reliability and clinical relevance of identified biomarkers[23]. Second, extensive
research efforts should be focused on exploring emerging biomarkers aimed at deepening our
understanding of disease mechanisms and enhancing diagnostic accuracy. Third, collaborative
efforts among researchers and clinicians are essential to accelerate biomarker discovery and
validation processes. By standardizing protocols and ensuring reproducibility across diverse study
populations and settings, these initiatives aim to advance personalized approaches to effectively
managing Huntington's disease.

Keyword analysis in this study revealed that terms associated with other neurodegenerative
diseases, such as Parkinson's disease (PD), Alzheimer's disease (AD), and amyotrophic lateral
sclerosis (ALS), were less frequently used in the context of HD research. This is somewhat surprising,
given that HD shares several pathological and clinical features with these disorders[92]. The
relatively lower emphasis on these related conditions suggests an area of potential growth in HD
research. Exploring the relationships between HD and other neurodegenerative diseases could yield
important insights, particularly in identifying common biomarkers or therapeutic targets that span
multiple disorders.

6. Study Limitations

This bibliometric analysis has some limitations that should be acknowledged. A primary
limitation is the restriction to articles sourced solely from the PubMed database, which may narrow
the scope of the findings. Expanding the search to include other databases, such as Scopus or Web of
Science, could provide a more comprehensive and nuanced view of the research landscape. Another
limitation is the exclusion of non-English publications, which may have led to the omission of
valuable insights from studies conducted in other languages and cultural contexts. Additionally, the
reliance on bibliometric data does not account for the quality or impact of the publications analyzed,
which could influence the interpretation of the findings. Lastly, while the analysis provides a
quantitative overview, it does not delve deeply into the specific methodologies or findings of
individual studies, which may limit its applicability to guiding specific research directions.

7. Conclusion

In conclusion, this study offers a comprehensive review and bibliometric analysis of HD
biomarker research, highlighting the substantial number of publications and the evident
collaboration among researchers in this field. However, the lack of representation from certain
geographical regions and the limited exploration of connections with other neurodegenerative
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diseases reveal important gaps that warrant future attention. Addressing these disparities can
enhance the global understanding of HD and improve outcomes for HD patients.

Despite advancements, identifying reliable biomarkers for HD remains a significant challenge
due to HD heterogeneous presentation, encompassing diverse and variable motor, cognitive, and
psychiatric symptoms. Longitudinal observational studies have provided valuable insights into
disease progression through imaging techniques and clinical tests, identifying key neurological,
behavioral, motor, and cognitive alterations [93-96]. However, these efforts have yet to yield
consistent and dependable HD biomarkers.

Huntington protein involvement in multiple biological pathways—including protein
aggregation, neuroinflammation, and mitochondrial dysfunction—complicates biomarker
identification. Moreover, factors beyond the primary HTT gene mutations, such as genetic modifiers
and environmental influences, add more variability to disease onset, progression, and presentation,
further complicating the identification of reliable biomarkers. Therefore, HD presents a multifaceted
pathology, underscoring the challenge of finding a single biomarker that accurately reflects the
disease process and necessitating the use of a panel of HD biomarkers [23].

These complexities are exacerbated by difficulties in recruiting and retaining patients for long-
term studies. Such studies are critical for validating potential biomarkers and ensuring their clinical
relevance. Moving forward, focused efforts on addressing these challenges through collaborative
research, innovative methodologies, and inclusive study designs will be essential for advancing HD
biomarker discovery and improving clinical outcomes.
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