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Abstract

Current ageing paradigm reflects the extraordinary adaptive capacity of human beings
and constitutes an unprecedented societal success. However, reforming health and social systems
to meet the demands of this demographic shift remains a major public health challenge. In this
context, musculoskeletal disorders, especially those exacerbating aging-related conditions like
sarcopenia and frailty, are a public health priority due to their impact on adverse outcomes
(Alkhodary et al., 2020; Cruz-Jentoft etal., 2019; Sayer & Cruz-Jentoft, 2022). Despite the
knowledge about the negative consequences of these musculoskeletal pathologies, there are still
barriers and knowledge gaps. Sarcopenia, in particular, has emerged as a major concern due to its
association with loss of function, frailty and dependency. Over the last decade there have been
significant advances incorporating the importance of muscle function and introducing the concept
of muscle quality (MQ) (Cruz-Jentoft et al., 2019). MQ encompasses muscle composition factors,
including microscopic and macroscopic alterations in muscle architecture, as well as functional
performance per unit of muscle mass (de Lucena Alves et al., 2023; M. S. Fragala et al., 2015).
However, its assessment remains an emerging area with diagnostic tools still under development,
which hampers its clinical and community implementation (Cruz-Jentoft et al., 2019).

This dissertation aligns with international and national sarcopenia guidelines, ensuring
consistency with public health priorities and promoting comprehensive assessment of muscle
quality and function (Basque Government, 2019, 2021; Cruz-Jentoft et al., 2019; Spain ministry
of health, 2022; WHO, 2021). A key objective is to enhance the understanding and treatment of
sarcopenia through a comprehensive evaluation of muscle quality and function, advocating for a
shift from focusing solely on muscle mass to emphasizing strength, quality, and function. The
guidelines highlight the need to advance non-invasive tools for assessing these parameters,
establish optimal indicators, and determine which tools are accessible in different settings.
However, their use is currently limited to research environments due to technical challenges.
Therefore, a central objective is to identify the most effective and accessible tools for assessing
MQ and to facilitate their implementation in clinical and community practice.

Within the non-invasive tools for the assessment of MQ, two areas can be distinguished:
morphological tools, which assess muscle composition and architecture, and functional ones,
which assess strength in relation to muscle mass (de Lucena Alves et al., 2023; M. S. Fragala
et al., 2015). Among direct non-invasive morphological assessment tools, computed tomography
(CT) and magnetic resonance imaging (MRI) provide detailed information on muscle
composition; however, their high cost and radiation exposure restrict their use to research settings.
In contrast, ultrasound (US) has emerged as an accessible, non-invasive alternative with a
significant correlation to these imaging modalities, though it faces challenges due to the lack of
standardized protocols and operator-dependent variability. Other tools, such as bioimpedance
analysis, electromyography, and tensiomyography, are being explored for MQ assessment, but
their application requires more standardization (Virto, Rio, Méndez-Zorrilla, et al., 2024). In this
context, US is a promising technique for quantifying morphological MQ due to its accessibility,
speed, and strong correlation with more precise imaging, making it valuable for both clinical
practice and research (Virto, Rio, Angulo-Garay, et al., 2024).

However, in resource-limited settings, the assessment of muscle quality using ultrasound
(US) presents accessibility challenges despite its advantages in accuracy and correlation with
other imaging modalities. Therefore, although US is a precise tool with a high correlation to other
techniques, this study aims to explore the integration and correlation of US with more accessible
methods, such as functional muscle quantification tools. The pilot study establishes a correlation
between ultrasound geometric variables and functional variables, suggesting a more accessible
technique for community-based muscle quality assessment (Virto, Rio, Angulo-Garay, et al.,
2024). The analysis of functional MQ offers significant potential for daily use, as it involves fewer
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technical challenges, making it a practical tool in clinical and community settings with limited
resources.

As for functional methods, they allow a more accessible assessment of muscle quality,
usually quantified through the relationship between strength and muscle mass (de Lucena Alves
etal., 2023). A variety of non-invasive tools are available for assessing MQ, with handheld
dynamometers and 1RM tests being practical for community use, while isokinetic dynamometers
and power assessments are more specialized (Abe et al., 2016; American College of Sports
Medicine et al., 2009; Baechle et al., 2000; Cruz-Jentoft et al., 2019; Grgic et al., 2020; Jenner
etal., 2024). For muscle mass, MRI, CT and Dual-energy X-ray Absorptiometry (DXA) are
highly accurate but costly, whereas Bioelectric Impedance Analysis (BIA) and US offer more
accessible and cost-effective alternatives for community settings. In the following studies of this
thesis work, accessible tools were selected, given their feasibility for use in resource-limited
settings and their potential for widespread application in daily practice (Albano et al., 2020; Blake
& Fogelman, 2007; Correa-de-Araujo et al., 2017; Cruz-Jentoft et al., 2019; Faron et al., 2020;
Jain & Vokes, 2017; Niklasson et al., 2022; Oba etal., 2021; Sconfienza et al., 2018). The
measurement of strength was performed by manual handgrip dynamometer and segmental
bioimpedance analysis for body composition. Despite some variations from reference methods
like MRI, DXA, or CT, these tools correlate well with them, making them suitable for community
settings.

The final studies of this dissertation explore in depth the multifactorial nature of
sarcopenia, muscle quality, and functionality in older adults, highlighting the complex
interactions among the factors involved. The results indicate that the primary determinants of
sarcopenia include reduced muscle power, age, strength, body mass index (BMI), and sex, while
balance, muscle and fat mass, and socioeconomic status also have a significant impact on its
development and severity (Virto, Dequin, et al., 2024). Muscle quality, particularly in women, is
influenced by age, BMI, muscle mass, fat mass, gait speed, squat test time (reflecting lower limb
strength and power), balance, and socioeconomic level. Regarding functionality, which is closely
related to gait speed and the neuromuscular and cognitive decline associated with aging, lower
limb power and balance emerge as crucial factors (Virto, Rio, Mufioz-Pérez, et al., 2024).

In conclusion, this dissertation outlines guidelines for developing an exercise protocol to
improve muscle quality and sarcopenia, based on previous studies. It also presents a protocol for
selecting non-invasive muscle quality assessment tools, focusing on key parameters. This
approach aims to deepen understanding of how different factors influence sarcopenia and muscle
quality, with a focus on their assessment and targeted intervention in a more precise and accessible
manner, thus contributing to improvements in the health and functionality of older adults in
various contexts.
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1 Introduction

It always seems impossible until it's done. - Nelson Mandela

Ageing is an international phenomenon, an expression of the adaptive capacity of human
beings, both at the individual and population level. The demographic changes that our society has
faced over the last century have conditioned a demographic and epidemiological transition that
has generated a structural modification of populations, significantly increasing life expectancy
(Preston & Biddell, 2021). While this achievement reflects the development and success of
modern society, it also presents a significant challenge: the need to reform social and healthcare
systems to meet the demands of this new population paradigm.

If this population trend persists, it is estimated that by 2050, the proportion of the world's
population over 60 years of age will almost double from 12% in 2015 to 22% in 2050 (WHO,
2024). These projections require an adaptation of the current system, as the increase in life
expectancy has not led to a similar increase in healthy life years (Crimmins, 2021). Longer life
offers new opportunities; however, the focus should not only be on delaying death but on
increasing quality of life over the years, avoiding disability (Pola-Ferrandez et al., 2021).

In this endeavour to improve quality of life, sarcopenia emerges as a critical challenge
that directly impacts the functionality and general health of older adults, being associated with
increased risks of adverse outcomes such as falls, functional decline, frailty, and mortality (Cruz-
Jentoft et al., 2019). Moreover, the incidence of sarcopenia increases with age, underscoring the
importance of addressing this geriatric pathology (Dodds et al., 2017; R. Yu et al., 2014).

Over the past decade, there have been significant advancements in the field of sarcopenia.
One pivotal advancement was the recognition of sarcopenia as an independent condition, leading
to its inclusion in the International Classification of Diseases-10 in 2016 (Anker et al., 2016).
Another crucial development was the incorporation of muscle function into the definition of
sarcopenia. This emphasis on muscle function stemmed from its consistent demonstration as a
more robust predictor of clinically relevant outcomes compared to muscle mass alone (Clark &
Manini, 2008; Cruz-Jentoft & Sayer, 2019; Goodpaster et al., 2006). The updated definition
proposed by European Working Group on Sarcopenia in Older People (EWGSOP) in 2019
reflects this emphasis on muscle function, the only definition that has garnered endorsement from
various international scientific societies(Cruz-Jentoft & Sayer, 2019).

The updated definition proposed by the EWGSOP in 2019 reflects this emphasis on
muscle function, reshaping our comprehension of sarcopenia. This definition characterizes
sarcopenia as a muscle disease where diminished muscle strength takes precedence over reduced
muscle mass as the primary determinant (Cruz-Jentoft et al., 2019). Since it has been observed
that force and power losses occur earlier than mass losses (Goodpaster et al., 2006). In addition
to incorporating measures of physical functionality, it introduces the concept of muscle quality in
the diagnosis of sarcopenia (Cruz-Jentoft et al., 2019).

The definition now stands as follows: the first criterion indicating the probable presence
of sarcopenia is the characteristic decrease in muscle strength, while the reduction in muscle mass
and quality confirms the diagnosis. In cases where inferior physical performance is identified,
sarcopenia is categorized as severe (Cruz-Jentoft et al., 2019).
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Figure 1. Classification of sarcopenia.

As mentioned previously, the update from the EWGSOP-2 underscores the significance
of assessing not just the quantity of muscle but also its quality (Cruz-Jentoft et al., 2019). Muscle
quality (MQ) encompasses factors of muscle composition; including both microscopic and
macroscopic alterations in muscle architecture, as well as the functional output per unit of muscle
mass (Cruz-Jentoft et al., 2019; de Lucena Alves et al., 2023). Specifically, MQ is typically
defined by the two aforementioned domains: the morphological and the functional. The
morphological domain involves direct evaluations of muscle architecture, including both
microscopic and macroscopic aspects of muscle structure and composition. The functional
domain pertains to indirect measurements of muscle function relative to its mass (de Lucena Alves
et al., 2023). Additionally, though less frequently addressed, metabolism, thermoregulation, and
signaling/myokine production are also proposed domains of muscle quality, which require further
exploration for broader acceptance (Correa-de-Araujo et al., 2017; Correa-de-Araujo & Hadley,
2014; de Lucena Alves et al., 2023).

Muscle quality is a relatively new term, and consequently, the diagnostic tools for
assessing it are not yet well-defined (Cruz-Jentoft et al., 2019). On one hand, there are direct
guantification tools that examine the morphological domain with high sensitivity. Technigques
such as Magnetic Resonance Imaging (MRI) and X-ray Computed Tomography (CT) are
currently considered state-of-the-art in research on direct muscle quality assessment (Cruz-Jentoft
et al., 2019; Huber et al., 2020; Sabatino et al., 2024). Additionally, methods like ultrasound,
tensiomyography, and Phase Angle derived from Bioelectrical Impedance Analysis (BIA)
contribute to this field (Cruz-Jentoft et al., 2019; de Lucena Alves et al., 2023). However, due to
their high cost and lower accessibility, these imaging methods are primarily limited to research
applications (Sergi et al., 2016).

On the other hand, MQ has also been assessed using ratios of muscle strength to
appendicular skeletal muscle mass or muscle volume. These indirect methods use various
formulas to assess muscle quality (functional) and have greater accessibility, making them more
feasible for daily clinical practice and potential implementation in health programs. However,
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there is no universal consensus on the assessment methods, which represents a significant gap
highlighted by the EWGSOP (Cruz-Jentoft et al., 2019).

The EWGSOP states that there are still many unknowns regarding sarcopenia, and it
suggests addressing this gap by exploring MQ, determining optimal MQ indicators and
developing accurate, affordable tools and measurements (Cruz-Jentoft et al., 2019).

Another challenge in sarcopenia is the high prevalence of undiagnosed cases. The existing
screening tools often lack accuracy (Cruz-Jentoft et al., 2019; Cruz-Jentoft & Sayer, 2019; Ida
et al., 2018; Locquet et al., 2018; Miller et al., 2018), and their impact on early detection remains
uncertain (Cruz-Jentoft et al., 2019; Cruz-Jentoft & Sayer, 2019). Thus, a critical imperative is to
enhance tools for sarcopenia detection while promoting the maintenance of functional capacity to
mitigate disability and dependency. Globally, advocating for healthy aging is a paramount
objective, as evidenced by the World Health Organization's initiative for the Decade of Healthy
Ageing (WHO, 2021). Also, the EWGSOP acknowledges significant strides made but
underscores the ongoing necessity for a clear definition of sarcopenia and definitive diagnostic
criteriato inform clinical practice and research (Cruz-Jentoft et al., 2019). Moreover, on a national
scale, initiatives like the Roadmap for Addressing Frailty, endorsed by the Public Health
Commission in 2019 and updated in 2022, play a crucial role (Spain ministry of health, 2022).
This initiative strategically aligns with priorities outlined in the Basque Country's Science,
Technology, and Education Plan (PCTI) 2030, particularly in fostering personalized health and
promoting healthy aging (Basque Government, 2021).

These gaps in understanding and these strategic initiatives prompt us to formulate the
research questions that will guide this thesis, aiming to contribute to the advancement of
knowledge and practice in the field of sarcopenia assessment and management:

- How can muscle quality be best assessed non-invasively in older adults? What are the
most effective indicators of muscle quality predicting outcomes and analyzing the effects of
exercise interventions? What factors, such as cost, accessibility, required training, and the
distinctions between direct (morphological) and indirect (functional) non-invasive tools,
influence the adoption and implementation of muscle quality assessments?.

- Can novel methods using advanced non-invasive tools improve our understanding and
application of key muscle quality determinants in older adults in clinical and community
practice?.

- What specific factors significantly influence sarcopenia, muscle quality, and
functionality?

- How can an evidence-based exercise protocol be developed and implemented to
effectively assess and improve muscle quality in older adults, integrating non-invasive
measurement tools and tailored physical activity interventions in both clinical and community
settings?



Introduction

1.1 Hypothesis, general objective and specific objectives:

Hypothesis: It is hypothesized that non-invasive diagnostic methods, encompassing both
morphological and functional approaches, are effective for assessing muscle quality in older
adults, enabling their routine application in community settings and the identification of essential
factors for the design of exercise protocols to enhance muscle quality and functionality.

General Objective: To demonstrate the potential of non-invasive methods for
quantifying muscle quality in older adults for application in clinical and community practice,
contributing to the identification and understanding of the determinants of muscle quality and its
relationship with functionality and overall health.

Specific objective I:  To identify and review direct non-invasive tools for the
quantification of the morphological domain of muscle quality in older adults, with a focus on their
applicability and sensitivity to detect changes following exercise interventions.

Specific objective I1: To investigate effective indirect non-invasive tools for quantifying
functional muscle quality in older adults, exploring trends, limitations, and factors such as
accessibility, cost, and training, with the aim of identifying simple and accessible methods for
community use.

Specific objective I11: To establish a correlation between ultrasound-derived geometric
variables of the rectus femoris and clinical and functional variables, exploring the sensitivity of
direct muscle quantification tools and laying the groundwork for the potential use of these
functional measures as indirect indicators of muscle quality.

Specific objective 1V: To investigate the determinant factors of muscle quality and
sarcopenia in older adults, as well as their relationship with physical functionality and overall
health, using non-invasive tools for muscle quality assessment and advanced methods such as
machine learning to identify key determinants and their applicability in clinical practice.

Specific objective V: To analyze, using regression models, the direction and magnitude
of key characteristics related to functional muscle quality in older adults, with the aim of
improving the application of these findings in clinical practice.

Specific objective VI: To determine the specific factors that influence walking speed in
older adults, including muscle quality as a variable of interest, in order to improve the assessment
and management of functionality in this population.
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1.2 Research Contributions and Impact:

After presenting the framework of this dissertation, this section aims to highlight the social,
scientific, economic, technological, and health system contributions and impacts of the research.

Social impact:

Sarcopenia and frailty have become a public health priority due to their association with
multiple adverse health outcomes, particularly in relation to musculoskeletal disorders
(Alkhodary et al., 2020; Cruz-Jentoft et al., 2019; Cruz-Jentoft & Sayer, 2019). Currently, an
increasing number of individuals are surpassing the age of 65, and this trend is expected to
continue (INE, 2025). This aging population represents a significant challenge for health systems
and public policies, as the probability of suffering from sarcopenia and frailty increases with age,
leading to an increased burden on health services (Alkhodary et al., 2020; Cruz-Jentoft & Sayer,
2019). Spain, like its neighboring countries, faces a substantial social and public health challenge
linked to the progressive aging of its population and the accompanying changes in the
epidemiological pattern (WHO, 2024, 2021). This context underscores the importance of research
that can help mitigate the epidemiological burden, enhance the quality of life for the elderly
population, develop new early diagnostic tools, and alleviate the strain on healthcare systems.

This thesis project aims to align with global and national strategies that aim to contribute
significantly to public health by addressing sarcopenia and frailty in older adults. The World
Health Organization recently declared "aging well" as a global health priority, working in
accordance with the UN Decade of Healthy Aging (2021-2030) (WHO, 2021). On the national
level, the Roadmap for Addressing Frailty, approved by the Public Health Commission in 2019,
and its update in 2022, are highlighted (Spain ministry of health, 2022). Focusing on strategic
priorities at the regional level, this project aligns with several priorities outlined in the Basque
Country's Science, Technology, and Education Plan (PCTI) 2030. These include personalized
health (5.1.1.3), as the project seeks to offer individualized diagnosis and treatment. It also
addresses the goal of territorial opportunities (5.1.2) by promoting a healthy lifestyle based on
nutrition and physical exercise to preserve health. Regarding transversal driving initiatives (5.2),
the project aligns with the goal of healthy aging (5.2.1) by aiming to foster and maintain functional
capacity in older adults, thus promoting well-being in old age. Additionally, it complies with the
basic technology maps (5.3) by applying artificial intelligence to select the most important
characteristics of geriatric pathologies and their management (Basque Government, 2021).
Finally, the project aligns with the RIS3 priorities of the Basque Government in Biosciences, as
its main activity focuses on human health, including aging from both a healthcare and
technological perspective (Basque Government, 2019).

Scientific impact:

The expected scientific and research contributions of this thesis are manifold, addressing
key challenges and advancing knowledge in the fields of sarcopenia and frailty in older adults.
These challenges have been based on the documents and guidelines established by reference
agencies and bodies. The main contributions are described below:

e Integration of machine learning algorithms in clinical settings for improved
geriatric care and contribution to personalized medicine through advanced
feature selection methods.

o Exploration of direct and indirect diagnostic tools for muscle quality assessment
in aging populations.

o Comprehensive analysis of feature importance in elderly muscle quality,
sarcopenia, and gait speed.
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Economic and health system contributions:

Frailty and sarcopenia imposes substantial costs and places a significant burden on the
healthcare system during the final stages of life (Alvarez-Bustos et al., 2022; Cruz-Jentoft et al.,
2019; Cruz-Jentoft & Sayer, 2019). Understanding sarcopenia, muscle quality, and gait speed
features is crucial for improving early diagnosis and effective stratification. By accurately
identifying individuals at risk of developing sarcopenia and frailty and highlighting the most
crucial factors influencing their progression and prevention within the Basque population, health
interventions can be optimized. This approach aims to enhance both healthcare quality and the
overall health status of the population. Moreover, emphasizing physical functionality and the role
of exercise is essential. Cost-effectiveness analyses have demonstrated that multicomponent
physical exercise interventions not only reduce costs but also outperform standard care scenarios
for older adults at risk of falls and frailty (Alhambra-Borras et al., 2019).

Technologic contribution:

While current scales and tools are used for assessing frailty and sarcopenia, there are
significant gaps in our understanding, including their initiation, progression, diagnostic tools,
cutoff points, and outcomes (Cruz-Jentoft et al., 2019). This project aims to address these gaps by
focusing on which tools can quantify muscle quality (based on different domains) and which have
early assessment capabilities. Leveraging machine learning techniques, the study aims to uncover
crucial information about muscle quality, physical function and sarcopenia. This knowledge is
essential to advance personalised medicine approaches tailored to the assessment of muscle
quality and sarcopenia.
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1.3 Research methodology

This section outlines the methodology employed in this dissertation's research. Given the
study's nature, an experimental methodology was chosen because it enables rigorous testing of
hypotheses through controlled experimentation. This dissertation has been submitted as a doctoral
dissertation by publication compendium, emphasizing the dissemination of scientific publications
throughout the research process, as depicted in jError! No se encuentra el origen de la
referencia.. The steps shown in jError! No se encuentra el origen de la referencia. are
synthesized in the following paragraphs.
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Figure 2. Research methodology.

1. State of the art review: At this initial stage of the research methodology, the goal is to
analyze, understand, and evaluate the current state of the art in the non-invasive direct and
indirect quantification of muscle quality, focusing on functional and morphological measures,
identifying the most effective tools, trends, limitations, and factors influencing their selection
for clinical and community settings. To conduct the literature reviews, scientific publications
and relevant documents in the field will be examined. This will allow for the identification of
gaps, challenges, and emerging trends in the research area. Through this process, a theoretical
foundation will be established, providing insight into the strengths and limitations of the
current state of the art. This foundation will facilitate the formulation of research questions
and objectives for the thesis. This stage is crucial for subsequent phases as it provides a
comprehensive understanding of both the theoretical framework and practical aspects of the
field. The insights gained during this stage were essential in shaping the research proposal
during the PhD program and for the generation of the systematic review article.

2. Design and development: Following the literature review and the establishment of the
current theoretical basis, the identified literature gaps will guide the development of different
research proposals and questions to be explored in subsequent stages. This approach ensures
staying at the forefront of advancements in muscle quality assessment technologies and
techniques, thereby strengthening the proposals by addressing the specific gaps identified in
the literature.
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3. Experiments and evaluation: This phase addresses some of the issues generated during
the design and development phase. A preliminary study is carried out to correlate the direct
techniques with the functional variables, with results that will serve as the basis for subsequent
studies. The results obtained are carefully analyzed to measure their impact, ensuring that these
results can be effectively incorporated into the development of subsequent studies.

4. Results and final analysis: In this final phase of the research methodology, the results
obtained in the studies are analyzed and compared. This analysis not only evaluates the outcomes
within the thesis framework but also contrasts them with different approaches documented in the
literature. The main objective is to measure the effectiveness and strength of the proposed
solutions.

By examining these methodologies comparatively, their strengths and limitations are
identified, allowing for the discovery of patterns and the assessment of the implications of the
research findings, particularly regarding their clinical applicability. From this comprehensive
analysis, insights are gained to guide recommendations for future research directions and practical
applications. Finally, the dissemination of the knowledge generated through academic
publications and presentations is crucial to ensure broad impact and visibility within the academic
community.
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1.4 Structure of the thesis

This section presents an overview of the organization and content of the chapters that comprise
this dissertation. The dissertation adopts a PhD by article compendium format, in which several
chapters are included as articles published in peer-reviewed journals with an impact factor.

o Chapter 1 - Introduction: This first chapter situates the specific context of the work,
explaining the overall design, methodology, concepts to be addressed, hypotheses,
objectives, and the rationale and contributions of the thesis. Its primary objective is to
familiarize the reader with the general concepts and research scenario to be explored.

e Chapter 2 - Background and Related work: This chapter will provide an overview of
the background and related studies concerning the main case studies addressed
throughout the thesis. It will define and clarify key terms and concepts used throughout
the work, laying the groundwork for the proposed methodologies and solutions. It will
begin by discussing non-invasive tools for direct quantification of muscle quality and
their sensitivity to exercise interventions, offering essential technical context to underpin
subsequent studies. This will be followed by a further review of indirect non-invasive
tools, which aim to analyse functional muscle quality. In this way, all areas of knowledge
necessary for the following case studies will be addressed.

e Chapter 3 - Methods: This chapter sets out the research methodology of the thesis, with
a comprehensive breakdown of the approaches adopted for each case study. It details the
procedures used to ensure robust data collection, analysis and interpretation in line with
the research objectives.

e Chapter 4 - Results: This chapter presents the results of the thesis work, guiding the
reader through the various phases of studies on muscle quality quantification tools, key
features of muscle quality and sarcopenia, and their implications in clinical and
community practice. The chapter also discusses the importance of parameters influencing
gait speed in older adults. The scientific impact of the research work proposed will be
thoroughly examined in this section.

e Chapter 5 - Research mobility: In this chapter, the focus is on exploring the research
conducted during the international mobility period, focusing on how the acquired
knowledge has profoundly influenced the development of the thesis. Particularly
significant is its application in enhancing the psychological perspective, crucial for a
comprehensive understanding of aging among older adults.

e Chapter 6 - Conclusions: This chapter summarizes the primary and specific objectives
of this doctoral thesis, emphasizes the significant contributions of this research, and
proposes promising lines for future investigation.
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2 Background:

Exercise is a journey, not a destination. It must be continued for the rest of your life. We do not
stop exercising because we grow old - we grow old because we stop exercising. - Kenneth H.
Cooper.

This chapter provides a comprehensive overview of the key concepts underlying the
contributions of this thesis. It examines the most relevant literature related to the pillars of this
work, specifically the issues of frailty and sarcopenia resulting from aging. A particular focus is
placed on the latest definition by the EWGSOP, which emphasizes muscle quality as a crucial
parameter. The analysis of these concepts aims to offer the reader a clear understanding of the
current landscape regarding aging process, musculoskeletal disorders and muscle quality and its
role in major geriatric pathologies.

2.1 Aging process:

The aging process has been a subject of scientific inquiry since early human history.
However, its intricate nature has made it difficult to understand precisely and therefore to establish
a definition (Tartiere et al., 2024). Nowadays the majority of definitions of aging describe it as a
gradual and heterogeneous biological process that leads to the progressive deterioration of organ
systems. This process is driven by the accumulation of molecular and cellular damage in response
to stressors. The outcome of aging is a gradual loss of physical and physiological integrity and a
decline in tissue and organ function, which increases vulnerability to disease (Guo et al., 2022;
Moqri et al., 2023; Tartiere et al., 2024). This decline is the main risk factor for major human
pathologies (Lopez-Otin et al., 2013; Lopez-Otin, Pietrocola, et al., 2023).

Various theories on aging exist, which are mostly grouped into two main approaches:
programmed (non-stochastic) theories, which postulate that aging fulfills an evolutionary
function, and non-programmed (stochastic) theories, which consider it to be a consequence of
accumulated damage over time (Kirkwood & Melov, 2011; Tartiere et al., 2024). The inherent
complexity of this process represents one of the greatest challenges to its understanding.
Therefore, in an attempt to integrate knowledge about aging, an approach was proposed in 2013
that sought to identify and categorize the main cellular and molecular hallmarks of aging (Lopez-
Otin et al., 2013; Tartiere et al., 2024). A decade later, the same authors have updated this
conceptual model, incorporating the knowledge gained since then (Lopez-Otin et al., 2013;
Tartiere et al., 2024).

These major molecular hallmarks must fulfil three criteria. The first criteria refer to
alterations that manifest themselves progressively over time and are dependent on the aging
process. The second highlights the possibility of accelerating the aging process by intensifying
the manifestation of the characteristic. Finally, one of the most relevant to our research is that
there is the possibility of slowing down, halting or even reversing aging through specific
therapeutic interventions targeted at each hallmark of aging (Lopez-Otin, Blasco, et al., 2023;
Lopez-Otin, Pietrocola, et al., 2023). In the current state of the art, 12 hallmarks of aging have
been proposed, representing an increase of three over those suggested in the first formulation in
2013 (Lépez-Otin, Blasco, et al., 2023; Lopez-Otin et al., 2013). The 12 proposed hallmarks of
aging are as follows; genomic instability, epigenetic alterations, telomere attrition, loss of
proteostasis, impaired macroautophagy, deregulated nutrient sensing, mitochondrial dysfunction,
cellular senescence, stem cell exhaustion, altered intercellular communication, chronic
inflammation, and dysbiosis (Lopez-Otin, Blasco, et al., 2023; Ldopez-Otin, Pietrocola, et al.,
2023).
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These hallmarks coexist throughout the aging process and are interrelated, so the
intensification or attenuation of one of the hallmarks can influence all the other hallmarks. As a
result, in practice it is common to observe the interaction between many of these hallmarks
together with extrinsic factors, resulting in a dynamic and heterogeneous aging process, which is
responsible over time for the varying clinical manifestations of the disease (Lopez-Otin, Blasco,
et al., 2023; Preston & Biddell, 2021). Consequently, different aging phenotypes can be found,
determined by genetics, environment and behaviour.

With the aging of the population and the associated demographic changes, this
phenomenon has become one of the major challenges for today's society (Preston & Biddell,
2021). The modern lifestyle, a result of the great social and technological development that
humanity has experienced in recent decades, has influenced both longevity and quality of life,
generating new demands and challenges for health systems and public policies.

All countries are now experiencing an increase in both the size and the proportion of older
people in their populations. This shift in demographic distribution, which initially started in higher
income countries, has started to spread to low-income countries as well. According to the World
Health Organization (WHO), 1 in 6 people are expected to be over 60 by 2030. Moreover, it is
projected that the number of people 60 and older would rise from 1 billion in 2020 to 1.4 billion
in 2030. Furthermore, this population is predicted to double (to 2.1 billion) by 2050 (WHO, 2024).

In the Spanish context, if current demographic trends continue, the proportion of the
population aged 65 and over, currently at 20.1%, is projected to rise to approximately 30.4% by
2050 (INE, 2022, 2024). Specifically, in the Basque Country, one of the most aged communities
in Spain, individuals aged 65 and over already account for more than 25% of the population, with
Eustat projections indicating that this percentage will rise to 29% by 2029 (INE, 2019).

Although we see that life expectancy continues to increase, adding years to life can be an
ambiguous blessing if a good quality of life during those years is not assured (WHO, 2021). In
this regard, in recent years there has been a growing interest in advocating healthy aging in which
well-being and quality of life in old age are a priority, due to the increasing prevalence of age-
related diseases in this population. These pathologies include metabolic, neurodegenerative,
cardiovascular, skin and eye diseases, joint damage and cancer, all of which share aging as a
major risk factor (Ikezoe, 2020; Tartiere et al., 2024). However, it also promotes the development
of several intricate health issues that are referred to as geriatric syndromes.

During aging, complex conditions referred to as geriatric syndromes commonly emerge.
Among these, frailty stands out as particularly prevalent, characterized as "a progressive decline
in physiological systems that leads to decreased reserves of intrinsic capacity. This confers
extreme vulnerability to stressors and increases the risk of various adverse health outcomes"
(Rodriguez-Laso etal., 2018). Frailty is associated with dependency, hospitalization,
institutionalization, falls, reduced quality of life, and increased mortality (Hoogendijk et al., 2019;
Kojima, 2015, 2016, 2018; Kojima et al., 2016), as well as higher health care costs (Kojima,
2019). While sarcopenia, characterized by the progressive loss of skeletal muscle mass and
strength, also becomes more common with age, it should not be classified as a geriatric syndrome.
This is because sarcopenia can also occur in younger individuals due to factors such as physical
inactivity, malnutrition, or chronic illness (Cruz-Jentoft et al., 2019). It is estimated that between
6% and 19% of individuals aged 60 and older are affected by sarcopenia, though prevalence rates
vary depending on the definition used (Cruz-Jentoft et al., 2014, 2019).

Although each individual holds responsibility for their own healthy aging, which can be
shaped by their habits, aging is a multifactorial phenomenon also influenced by social and
structural factors. Therefore, a comprehensive public health response is essential, one that
considers the different ways people age and addresses the specific needs of older adults. In this
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context, the growing interest of social organizations in tackling these challenges is noteworthy,
as it brings an innovative approach and reinforces the relevance of this research. This creates a
synergy between individual actions, such as conducting this thesis, and collective and
organizational efforts, fostering a deeper understanding of aging and promoting well-being in
later life.

Focusing on the role of organizations, the United Nations (UN) declared the decade 2021-
2030 as the decade of Healthy Ageing and WHO is taking the lead in this initiative. It is a
collaboration between all global actors that calls for concerted, catalytic and collaborative action
to promote longer and healthier living. This action plan aims to bring together the synergy of
governments, civil society, international agencies, professionals, academia, the media and the
private sector to promote Healthy Ageing (WHO, 2021, 2025). Healthy aging is the “process of
developing and maintaining the functional ability that enables well-being in older age” (WHO,
2021). A person's physical and mental abilities, the circumstances they live in, and the manner in
which they interact with their surroundings are all reflected in their functional ability (WHO,
2021).

Targeting on the national level, the Roadmap for Addressing Frailty, approved by the
Public Health Commission in 2019 and updated in 2022, is a key reference (Spain ministry of
health, 2022). At the regional level, the strategic priorities of the Basque Country's Science,
Technology and Innovation Plan (STIP) 2030 are also aligned with the global objectives. These
priorities include personalized health (5.1.1.3), healthy lifestyle through nutrition and physical
activity to safeguard health (5.1.2). It also focuses on the objective of healthy aging (5.2.1),
focusing on the maintenance of functional capacity in older adults, thus improving well-being in
old age (Basque Government, 2021). Finally, there are priorities at regional level such as the
Basque Government's RIS3 in the field of biosciences, which focus on human health, particularly
aging, from both medical and technological perspectives (Basque Government, 2019).

We must bear in mind that it is not possible to approach aging and our well-being in
isolation, as our habits, genetics, social environment, lifestyle and access to health services
significantly influence different aspects of our lives (Lopez-Otin, Blasco, et al., 2023). In order to
know how to act, it is essential to understand the ageing process and, in this case, the effect on
the muscular system of the pathologies related to this process on which this dissertation will focus.
The purpose is to analyse how ageing affects the muscular system in the elderly, since, to prevent
and mitigate its effects, the most effective way is to understand in depth both ageing and the
related pathologies.
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2.2 Musculoskeletal disorders:

As previously discussed, the aging process can contribute to the onset of geriatric
syndromes. In this context, musculoskeletal pathologies are particularly prevalent among the
elderly, primarily driven by the natural degeneration of muscle, bone, and joint tissues (Cai et al.,
2024; Tkezoe, 2020). These conditions of the musculoskeletal system not only affect the physical
functionality of older people, but also have an impact on the quality of life of the population,
increasing the risk of falls, disability and related loss of independence, which leads to an increase
in mortality (Cai et al., 2024; McGregor et al., 2014; McLeod et al., 2016). As the body ages,
musculoskeletal tissues experience a decline in function, characterized by increased bone frailty,
diminished cartilage resilience, decreased ligament flexibility, reduced muscle strength, and a
redistribution of fat (Freemont & Hoyland, 2007; Goodpaster et al., 2006). These changes impair
the tissues' ability to perform their normal roles effectively, leading to the development of
prevalent musculoskeletal disorders such as osteoarthritis, osteoporosis, tendinopathies, and
sarcopenia (Cai et al., 2024; Minetto et al., 2020).

Focusing solely on the muscular system, aging leads to progressive muscle atrophy,
driven by alterations in both the neuromuscular system and the morphological structure of the
muscle, contributing to the reduction of muscular parameters (Clark & Manini, 2008; Minetto
etal.,, 2020; Morley etal., 2001). These reductions in muscular parameters imply both
guantitative and qualitative changes in the structure and function of skeletal muscle, leading to
the phenomenon of sarcopenia (Cruz-Jentoft et al., 2019; Larsson et al., 2019).

Sarcopenia has been defined by EWGSOP as a progressive and generalized disorder of
skeletal muscle that is associated with an increased likelihood of developing adverse health
outcomes such as falls, fractures, physical disability, frailty and mortality (Cruz-Jentoft et al.,
2019). The first criterion indicating the probable presence of sarcopenia is the characteristic
decrease in muscle strength, while the reduction in muscle mass and quality confirms the
diagnosis. In cases where inferior physical performance is identified, sarcopenia is categorized as
severe (Cruz-Jentoft et al., 2019). Sarcopenia plays a pivotal role as a key geriatric condition,
closely intertwined with frailty, although it is not always associated with aging (Cattaneo et al.,
2022; Cruz-Jentoft et al., 2019; Cruz-Jentoft & Sayer, 2019). In this context, frailty is described
as “a progressive decline in physiological systems that leads to decreased reserves of intrinsic
capacity. This confers extreme vulnerability to stressors and increases the risk of various adverse
health outcomes” (Rodriguez-Laso et al., 2018). While standardized diagnostic criteria for frailty
are not universally established, one of the most widely accepted frameworks is the Fried
phenotype model (Faller et al., 2019). According to this model, frailty is diagnosed when three or
more of the following criteria are met: unintentional weight loss, self-reported exhaustion,
reduced grip strength, slow gait speed, and low levels of physical activity (Fried et al., 2001).

Frailty and sarcopenia are distinct yet overlapping syndromes that often coexist in older
adults. While frailty is a more complex and multifactorial disorder, sarcopenia predominantly
focuses on the musculoskeletal system (Cruz-Jentoft et al., 2019; Davies et al., 2018; Landi et al.,
2015; Reijnierse et al., 2016). According to the definition of frailty phenotype by Fried et al (Fried
et al., 2001), muscle dysfunction is at the core of frailty, considering that weakness, slowness, and
impairment of the muscular system are characteristic features of frailty, sarcopenia is also likely
a crucial physiopathological contributor and is often described as the biological foundation of
physical frailty (X. Chen et al., 2014; Landi et al., 2015). Consequently, this relationship is
bidirectional; musculoskeletal disorders contribute to the development of frailty syndrome, while
frailty can exacerbate existing musculoskeletal diseases and increase the risk of developing new
ones (Cattaneo et al., 2022; Cruz-Jentoft et al., 2019). This observation is evident in practice,
where a substantial proportion of individuals with sarcopenia also experience frailty or pre-frailty.
However, the prevalence of sarcopenia among frail individuals is significantly lower (Cattaneo
et al., 2022; Davies et al., 2018; Mijnarends et al., 2015).
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2.3 Sarcopenia:

The concept of sarcopenia was first described in the 1890s, initially defined as an age-
related decline in lean body mass that adversely affected independence, nutritional status and
mobility (Cruz-Jentoft & Sayer, 2019; Rosenberg, 1997). Since that first characterisation, the
concept has undergone significant refinement, driven by scientific advances in the field. A pivotal
event for the definition of sarcopenia occurred in 2010, when the European Working Group on
Sarcopenia in Older People (EWGSOP) incorporated muscle function, along with low muscle
mass, as a defining criterion (Cruz-Jentoft et al., 2019; Fielding et al., 2011). This revised
approach, in which muscle function comes to the forefront, encompasses strength, power and
physical performance and has demonstrated greater clinical relevance compared to muscle mass
alone. The second important landmark was the recognition of sarcopenia as a separate muscle
disease, which led to its inclusion with its own diagnostic code in ICD-10-CM (Anker et al., 2016;
Cao & Morley, 2016). However, despite these advances, it remains a disease for which healthcare
professionals lack the standardized diagnostic tools required for clinical diagnosis and accurate
identification of affected patients (Cruz-Jentoft & Sayer, 2019).

The latest significant advance in the understanding of sarcopenia has been the revision of
the European consensus on its definition. This update has been enriched over the last decade by
the exploration of complementary definitions by different expert groups around the world, as well
as research on various aspects of sarcopenia by clinicians and researchers (L.-K. Chen et al., 2014;
Morley et al., 2001; Studenski et al., 2011). Sarcopenia is now recognized as a skeletal muscle
disease, or muscle failure, that can affect individuals of all ages and is not exclusively linked to
aging. Also, this updated consensus reflects the evolving understanding of the multifaceted nature
of sarcopenia, incorporating new research findings that emphasize not only the loss of muscle
mass and functionality included in the 2010 definition but also the critical role of muscle strength
(Cruz-Jentoft et al., 2010, 2019; Cruz-Jentoft & Sayer, 2019). Additionally, it highlights the
importance of muscle quality and functional performance as key factors in this new consensus.
Moreover, cut-off points are established for each diagnostic test, enabling a more precise approach
to the evaluation and management of sarcopenia (Cruz-Jentoft et al., 2019; Cruz-Jentoft & Sayer,
2019).

Following the advancements and updates discussed regarding the definition of
sarcopenia, the most widely cited definition today, supported by various scientific societies and
working groups focused on sarcopenia, is the updated definition from the EWGSOP 2019 (L.-K.
Chen et al., 2014; Cruz-Jentoft & Sayer, 2019). This definition characterizes sarcopenia as a
progressive and generalized disorder of skeletal muscle that is associated with an increased
likelihood of developing adverse health outcomes such as falls, fractures, physical disability,
frailty and mortality (Cruz-Jentoft etal., 2019). The first criterion indicating the probable
presence of sarcopenia is the characteristic decrease in muscle strength, while the reduction in
muscle mass and quality confirms the diagnosis. In cases where inferior physical performance is
identified, sarcopenia is categorized as severe (Cruz-Jentoft et al., 2019).

In these updated guidelines, the significance of muscle strength is emphasized, as it is
recognized as a more effective predictor of adverse outcomes than muscle mass (Cruz-Jentoft
et al., 2019; Ibrahim et al., 2016; Schaap et al., 2018). Additionally, the importance of muscle
quality in the context of sarcopenia is introduced and highlighted. However, technological
limitations have hindered the use of muscle quality as primary parameter in clinical practice,
relegating them mainly to research settings.
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Once the definition and diagnostic criteria have been established, people will be screened
for sarcopenia. However, as the available tools are not sufficiently accurate, sarcopenia is often
identified only after symptoms have started to manifest themselves. For this reason, case detection
is carried out by means of specific questionnaires, such as the SARC-F (Cruz-Jentoft et al., 2019;
Dent etal., 2018). The SARC-F is a self-reported 5-question questionnaire to screen for
sarcopenia risk, with research supporting its use (Dent et al., 2018; Malmstrom et al., 2016). The
questionnaire questions are based on the patient's perception of their limitations in terms of
strength, ability to walk, climb stairs, get up from a chair and previous experiences with falls
(Malmstrom et al., 2016). Once the questionnaires report symptoms or signs of the presence of
sarcopenia among individuals, a more detailed diagnosis is carried out to determine the particular
situation of each person.

For the diagnosis of sarcopenia, the EWGSOP advocates a systematic, multi-step
approach, emphasizing the evaluation of three key parameters. Initially, muscle strength is
assessed as a primary indicator. This is followed by the measurement of muscle mass and quality
and finally, physical performance is evaluated (Cruz-Jentoft et al., 2019).

As mentioned above, the first step in assessing the presence of sarcopenia is the
evaluation of muscle strength. The most commonly used tool to measure strength in the Superior
extremities is the hand grip dynamometry (HG), while in the Inferior extremities the 5 sit to stand
test (5-STS) is used. Grip strength is a widely accepted indicator of overall muscle strength
(Bohannon & Williams Andrews, 2011; Cruz-Jentoft et al., 2010; Cruz-Jentoft & Sayer, 2019;
Delinocente et al., 2021). It is measured using simple, cost-effective tests and serves as a reliable
predictor of health outcomes in individuals (Leong et al., 2015). Once the HG test is performed,
if grip strength is below reference values (<27kg for men and <16kg for women), the presence of
sarcopenia should be suspected (Cruz-Jentoft et al., 2019). However, in older adults, other
potential causes of low muscle strength, such as hand osteoarthritis or neurological disorders,
must also be considered (Cruz-Jentoft et al., 2019; Cruz-Jentoft & Sayer, 2019). Leg muscular
strength can be estimated using the chair stand test. The test consists of timing the time it takes a
person to perform five repetitions of getting up and sitting on a chair, without the help of the arms
and as quickly as possible. There are different variants of this test such as the timed standing test
which counts the number of times a patient can stand up and sit down in a chair for 30 seconds
(Cesari et al., 2009; Cruz-Jentoft et al., 2019). This test is a reliable measurement instrument
because it has shown good intra and inter-rater reliability as well as consistency over multiple
repetitions (Bohannon & Williams Andrews, 2011; Teo et al., 2013). Once the 5-STS test has
been performed, if the person has not been able to perform the test in less than 15 seconds, the
presence of sarcopenia should be suspected (Cruz-Jentoft et al., 2019).

Once sarcopenia is suspected, confirmation is sought through the measurement of muscle
guantity and quality. For measuring muscle quantity, several methods are available. Magnetic
resonance imaging (MRI) and X-ray computed tomography (CT) stand as the gold standard;
however, their use in primary care is limited due to costs, portability, and the need for specialized
personnel for their operation (Beaudart et al., 2020; Chianca et al., 2022; Cruz-Jentoft et al.,
2019). On the other hand, the most effective procedure used to date would be Dual-energy X-ray
absorptiometry (DXA). DXA provides a body composition model that includes fat, bone mineral
density, and lean mass (Blake & Fogelman, 2007; Jain & Vokes, 2017). However, while it is
considered a reference method for assessing total skeletal muscle mass, its lack of portability
limits its use in community settings (Cruz-Jentoft et al., 2019; Scafoglieri & Clarys, 2018). In
contrast to the preceding methods bioelectrical impedance analysis (BIA) is an affordable, simple,
and portable technique that uses whole-body electrical conductivity to estimate body composition
and can be used in individuals with and without limitations (Cruz-Jentoft et al., 2019; Sergi et al.,
2016). The BIA does not measure muscle mass directly but calculates it through a conversion
method based on whole body electrical conductivity, although its accuracy is limited due to a lack
of standardization (Cruz-Jentoft et al., 2019; Cruz-Jentoft & Sayer, 2019).
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On the other hand, the assessment of muscle quality is emphasized in the new EWGSOP
guidelines, highlighting the importance of evaluating not only muscle quantity but also its quality
(Cruz-Jentoft et al., 2019). Muscle quality is defined by two domains, which are the functional
and the morphological ones; the former corresponds to indirect measures of muscle function in
relation to mass, and the second entails direct evaluations of muscle architecture that pertain to
both the microscopic and macroscopic features of muscle architecture and composition (Cruz-
Jentoft et al., 2019; de Lucena Alves et al., 2023). There are a number of non-invasive methods
available at the moment for direct assessment of muscle quality (morphological domain). Once
again, MRI and CT are the leading technologies in the current state of the art; however, they
remain limited by their complexity and cost (Beaudart et al., 2020; Chianca et al., 2022; Cruz-
Jentoft et al., 2019). Furthermore, ultrasonic sonography (US) presents as a quick, inexpensive,
non-invasive imaging technique and is gaining traction in clinical practice (Perkisas et al., 2018;
Tagliafico etal., 2022; Virto, Rio, Angulo-Garay, etal., 2024). Other methods include
tensiomyography (TMG), a tool to assess neuromuscular function (Pus etal., 2023) and
myotonometry, another device used for the assessment of viscoelastic properties of muscle
(Garcia-Bernal et al., 2021). In addition, BIA-derived phase angle (PhA), a measure of cellular
integrity and body water distribution, has recently become an important parameter for the
assessment of muscle quality (Di Vincenzo et al., 2021). In contrast, the functional domain of
muscle quality is often assessed using the relationship between muscle strength and appendicular
skeletal muscle mass, muscle volume, or through other indirect measures (Barbat-Artigas et al.,
2012; C.-J. Chang et al., 2021; Lynch et al., 1999). Although not yet sufficiently defined for
clinical practice, the concept of muscle quality may prove to be a more relevant term in relation
to health.

If low values of muscle quantity and quality are detected, a diagnosis of sarcopenia is
confirmed. Finally, physical performance tests are conducted to assess the severity of sarcopenia
(Cruz-Jentoft et al., 2019).

Physical performance is a multidimensional concept that involves the functioning of
various body systems, not just the muscular one. It encompasses the musculoskeletal system, the
nervous system, and other physiological systems. It is defined as the ability to perform physical
tasks that enable independent living. It can be measured by various tests and the most commonly
used are the gait speed, the Short Physical Performance Battery (SPPB), the Timed-Up and Go
test (TUG) and the 400m test (Cruz-Jentoft et al., 2019; Cruz-Jentoft & Sayer, 2019). Gait speed
is considered a vital sign and acts as a non-invasive predictor of health and functional status in
older adults (Middleton et al., 2015). Assessments of gait speed are sensitive, valid and reliable
(Middleton et al., 2015), among the various gait speed tests with different distance measurements,
the 4 meter gait speed test is often among the most widely used (Hirabayashi et al., 2020).
Research has shown that gait speed is a crucial aspect of physical function related to sarcopenia
and functional independence, making it a significant predictor of frailty in older adults, the cut-
off point of this test is set at 0.8m/s (Middleton et al., 2015; Navarrete-Villanueva et al.,
2021).The SPPB is a commonly used clinical test for functional assessment, recognized for its
strong reliability and validity (Santamaria-Pelaez et al., 2023). This test consists of three
components: evaluating balance (in standing, semi-tandem, and tandem positions), assessing gait
speed over a distance of 4 meters (measuring the time taken to walk at a normal pace), and
conducting the five-repetition sit-to-stand test (5STS) as quickly as possible (Guralnik et al.,
1994). The highest possible score is 12, with a score of less than 8 points denoting poor physical
performance. The TUG test evaluates agility and dynamic balance by having the participant rise
from a chair, walk three meters, turn around a cone, and sit back down, all at their maximum
walking speed, with a cutoff point established at 20 seconds. The 400-meter walk evaluates
endurance and walking skills. Participants in this test have to finish 20 laps of 20 meters at their
fastest pace, with a maximum of two rest breaks permitted, the cut-off point in this test would be
6 minutes.
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Figure 3. Sarcopenia case-finding algorithm for diagnosis and severity quantification in practice.

Adapted from: Cruz-Jentoft, A. J., Bahat, G., Bauer, J., Boirie, Y., Bruyere, O.,
Cederholm, T., ... & Zamboni, M. (2019). Sarcopenia: revised European consensus on
definition and diagnosis. Age and ageing, 48(1), 16-31.

Based on these criteria established in the diagnosis of sarcopenia, a classification can be
made according to the degree of severity of sarcopenia. When the examined person only meets
the first criterion, low muscle strength, it is called mild sarcopenia or pre-sarcopenia. In case, in
addition to the first criterion, the second one is met, low muscle mass or low muscle quality, then
it is referred to as moderate sarcopenia. Finally, if, apart from meeting the above criteria, there is
a reduction in physical performance, it is categorized as severe sarcopenia (Cruz-Jentoft et al.,
2019; Cruz-Jentoft & Sayer, 2019; Sanchez-Tocino et al., 2024).

Although diagnostic criteria and cutoff points have been recently defined and
consolidated, sarcopenia remains an underdiagnosed and, consequently, undertreated condition
(Cruz-Jentoft & Sayer, 2019; Sanchez-Tocino et al., 2024). This is particularly concerning given
its already high prevalence, affecting between 6% and 19% of the population over 60, depending
on the definition used (Cruz-Jentoft etal., 2014). Although research in recent years has
significantly advanced the understanding of sarcopenia, one of the main gaps identified by
EWGSORP is the need to identify key variables that allow accurate detection and prediction of
clinical outcomes. This is essential to implement more effective interventions. They also highlight
that determining the optimal tools to measure each variable will contribute to improving both
early diagnosis and comprehensive management of sarcopenia (Cruz-Jentoft et al., 2019).
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2.3.1 Sarcopenia like conditions

In the context of sarcopenia, we identify a range of sarcopenia-like conditions, including
sarcopenic obesity, malnutrition, cachexia, kratopenia, myopenia, dynapenia, and frailty, which
collectively represent a spectrum of interrelated disorders characterized by muscle wasting. Each
of these conditions shares a common underlying pathology involving the progressive
deterioration of muscle tissue, albeit with distinct clinical presentations and contributory factors.
The conditions or concepts most closely associated with sarcopenia include kratopenia, defined
as a deficit in muscle power, which can be assessed through dynamometry or isometric
contraction tests (Cruz-Jentoft et al., 2019). Myopenia, referring to the loss of muscle mass, is
measured using tools such as BIA, DEXA, MRI, or CT, as mentioned in the previous section
(Cruz-Jentoft et al., 2019). Additionally, dynapenia, known as the loss of muscle strength, is
commonly assessed through functional tests like gait speed, the 5STS, or the TUG, among others
(Sanchez-Tocino et al., 2024). These three terms; kratopenia, myopenia, and dynapenia, are the
most directly related to sarcopenia, as they encompass the core components of the condition:
severe sarcopenia = kratopenia + myopenia + dynapenia (Cruz-Jentoft et al., 2019).

Among the conditions similar to sarcopenia is sarcopenic obesity, this pathology involves
the combination of the low muscle mass of sarcopenia combined with excess fat. This pathology
favours fatty infiltration of muscle, increasing the physical limitations observed in isolated
sarcopenia and enhances the risk of mortality (Barbat-Artigas et al., 2014; Johnson Stoklossa
etal., 2017; Kalinkovich & Livshits, 2017). The sarcopenia phenotype is also related to
malnutrition, which contributes to muscle wasting by impairing the body's ability to repair and
maintain muscle tissue. Similarly, cachexia, often associated with chronic diseases, accelerates
muscle loss due to inflammatory and metabolic disturbances (Cederholm et al., 2017; Cruz-
Jentoft et al., 2019). As highlighted above, sarcopenia and frailty are distinct but overlapping
syndromes that often coexist in older adults. While frailty is a more complex and multifactorial
disorder, sarcopenia focuses predominantly on the musculoskeletal system (Cruz-Jentoft & Sayer,
2019; Davies et al., 2018; Landi et al., 2015; Reijnierse et al., 2016).

2.3.2 Pathophysiology and determinant factors

The pathophysiology of sarcopenia is complex; in age related sarcopenia, which will be
the focus of this dissertation, the aging process disrupts the homeostasis of various systems, and
multiple interrelated factors contribute to its development. Recent research suggests that, among
these multiple factors, there are both environmental and behavioral aspects, such as physical
inactivity, immobility, and malnutrition, as well as other more physiological factors, including
cellular and molecular changes, neuromuscular aging, low-grade systemic inflammation, and
hormonal and metabolic alterations (Cho et al., 2022; Cruz-Jentoft & Sayer, 2019; Ogawa et al.,
2016).

Cellular and molecular changes in sarcopenic muscle include reductions in both the total
number and size of muscle fibers, particularly affecting type Il fibers (fast-twitch fibers). This
occurs due to the transition of type Il fibers to type | fibers as a consequence of the aging process.
Additionally, there is a reduction in mitochondrial density and a decrease in the activation of
satellite cells, which are responsible for muscle regeneration and repair (Correa-de-Araujo et al.,
2017; Cruz-Jentoft & Sayer, 2019; Ferri et al., 2020; Verdijk et al., 2014). However, type | fibers
are much less affected by these processes (Dhillon & Hasni, 2017). In terms of neurological
signalling and control mechanisms, anatomical and electrophysiological studies indicate that
ageing leads to a loss of motor neurons, which in turn leads to a reduction in satellite cell
activation and thus muscle mass (Correa-de-Araujo et al., 2017; Dhillon & Hasni, 2017; Doherty
& Brown, 1997).
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It can be posited that many of the molecular and neuromuscular changes observed are
either driven or exacerbated by hormonal alterations and systemic inflammation. However, the
precise mechanisms that initiate these changes remain unclear, and further research is needed to
fully understand the underlying processes.

It can be postulated that many of the observed molecular and neuromuscular changes are
driven or exacerbated by hormonal alterations and systemic inflammation. However, the precise
mechanisms that initiate these changes remain unclear, and more research is needed to fully
understand the underlying processes (Dhillon & Hasni, 2017). As for the hormonal role, the
decrease in anabolic hormonal signals, resulting from reduced concentrations of growth hormone,
testosterone, thyroid hormone and insulin-like growth factor, leads to loss of muscle mass and
strength. This is compounded by increased catabolic signals, mediated through pro-inflammatory
cytokines, which further aggravate this process (Dhillon & Hasni, 2017). Additionally, there is an
imbalance in protein turnover, where a disproportionate reduction in skeletal muscle protein
synthesis and/or an increase in protein degradation occurs. This leads to the accumulation of
oxidized proteins (non-contractile dysfunctional proteins) in skeletal muscle, which is a key factor
contributing to the significant decline in muscle strength seen in sarcopenia (Cruz-Jentoft &
Sayer, 2019; Fielding et al., 2011; Marcell, 2003). This process is compounded by chronic low-
grade inflammation associated with aging, an inflammatory phenomenon unrelated to infections,
which is characterized by an increase in serum levels of inflammatory markers, generating
responses that lead to tissue degeneration. This inflammation is associated with a decrease in T
and B cells, along with an increase in natural Killer cells and elevated levels of proinflammatory
cytokines. These cytokines play a crucial role in sarcopenia by altering cell signaling pathways
and negatively affecting muscle synthesis and maintenance in older adults (Cho et al., 2022;
Ogawa et al., 2016).

2.3.3 Prevention and treatment.

To date, no effective treatment for sarcopenia has been universally established. However,
in practice, different strategies, both non-pharmacological and pharmacological, are used to
manage sarcopenia. The choice between these treatment options depends on the individual
characteristics of each person and on the basis of these a personalized action plan should be
generated.

In terms of non-pharmacological therapeutic options, physical exercise and nutritional
approaches play a crucial role in the management of sarcopenia, as they can mitigate, delay or
even reverse the associated adverse effects (Bernabei et al., 2022; Casas-Herrero et al., 2022;
Cruz-Jentoft & Sayer, 2019; Najm et al., 2024; Sayer & Cruz-Jentoft, 2022). Specifically, current
clinical practice guidelines advocate strength training as one of the main strategies for the
treatment of sarcopenia (Dent et al., 2018; Sayer & Cruz-Jentoft, 2022). Research and systematic
reviews have shown the benefits of strength training, including improvements in strength, muscle
mass, muscle quality, balance, physical functioning and metabolic health in older adults with
sarcopenia (Lozano-Montoya et al., 2017; M. Seo et al., 2021; Vlietstra et al., 2018).

Despite the clear potential of strength training as a therapeutic intervention, standardized
reference programs for its clinical implementation have only recently begun to emerge and are
not routinely offered to patients (Offord et al., 2019). Furthermore, there is significant variability
in the programs that are currently delivered in clinical practice (Witham et al., 2020). This creates
a substantial gap between research findings and widespread clinical application. Addressing this
gap presents an opportunity to further develop and standardize these programs, ensuring their
integration into routine medical practice (Hurst et al., 2022; Sayer & Cruz-Jentoft, 2022). By
doing so, healthcare professionals and exercise specialists will be better equipped to apply
evidence-based strategies, ultimately improving outcomes for older adults affected by sarcopenia.
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The evidence for nutritional interventions is less consistent than that for physical exercise;
however, an increasing amount of research indicates that diet plays a significant role in the
prevention and treatment of sarcopenia. Therefore, it is essential to adhere to high-quality dietary
patterns that ensure adequate intake of proteins, antioxidant nutrients, vitamin D, and long-chain
polyunsaturated fatty acids to support muscle health and overall well-being.

Several studies have examined the combined effects of lifestyle factors, specifically
exercise and nutrition, in the treatment of sarcopenia. The effectiveness of these protocols has
been supported by large-scale trials, such as the European SPRINTT trial, which confirms that
the incorporation of nutritional interventions into exercise therapies produces a significant
positive effect on several related variables (Bernabei et al., 2022; Cruz-Jentoft & Sayer, 2019;
Sayer & Cruz-Jentoft, 2022; Shen et al., 2023). In conclusion, the multicomponent intervention
proved to be feasible, safe and effective in a highly vulnerable population such as individuals
affected by sarcopenia (Bernabei et al., 2022; Shen et al., 2023).

Even while dietary assistance and exercise regimens have been shown to be effective,
these therapy modalities are not always practical for patients with sarcopenia, particularly in
senior populations who are fragile and polymorbid (Rolland et al., 2023). As an alternative, a
number of pharmaceutical compounds have been suggested as treatment approaches. However,
progress in drug treatment developments is slow and there are no drugs approved by the US Food
and Drug Administration (FDA) or the European Medicines Agency (EMA) for sarcopenia (Cho
et al., 2022; Sayer & Cruz-Jentoft, 2022; Zazzara et al., 2021).

2.3.4 Health benefits of physical activity and exercise

Over the past decades, the relationship between physical activity and health has been
extensively documented, with a growing body of evidence reinforcing its positive impact. Two
pioneering studies in this area, the ‘London Bus Drivers’ Study* and the “Nurses” Study’, laid the
groundwork for demonstrating that increased physical activity is associated with better overall
health. These seminal works underline the value of physical activity in the prevention of non-
communicable diseases, providing an early understanding of its crucial role in health promotion
(Belanger et al., 1978; Morris et al., 1953).

Physical activity, defined as “any bodily movement produced by skeletal muscles that
results in energy expenditure” (Bull etal., 2020; Caspersen et al., 1985), has shown well-
established benefits in adults and older people, such as reducing the risk of all-cause mortality,
attenuating functional decline of systems (respiratory, musculoskeletal, cardiovascular and
immune), preventing and treating chronic diseases (some cancers, cardiovascular diseases,
hypertension and type 2 diabetes, etc.), obesity and falls. It has also been observed to improve
physical functioning and independence, musculoskeletal system, mental health, cognitive
function, sleep quality, body composition and metabolic system. This has led to a reduction in the
burden of non-communicable diseases and an increase in quality of life (American College of
Sports Medicine et al., 2009; Fiuza-Luces et al., 2013; McArdle, 2010; Pedersen & Saltin, 2015;
Ruegsegger & Booth, 2018; Zhao et al., 2020).
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Figure 4. Health benefits of physical activity and exercise

Although there is clear evidence that physical activity is beneficial to health, the central
question is how much activity is needed to maximize these benefits. To this end,
recommendations have been developed that specify the appropriate volume and intensity to
optimize health outcomes (American College of Sports Medicine et al., 2009; Bull et al., 2020).

The World Health Organisation (WHO) and the ACSM recommend that adults and older
people should engage in at least 150-300 minutes of moderate-intensity aerobic physical activity
per week, or 75-150 minutes of vigorous aerobic activity. In addition, it is advisable to incorporate
muscle-strengthening activities on two or more days per week, as well as exercises that improve
balance and coordination to prevent falls, particularly in older populations (Bull et al., 2020;
Medicine, 2013; Medicine et al., 2018). However, it should be noted that these guidelines
represent minimum recommended levels of physical activity.

Although the recommendations are well-founded, few people manage to comply with
them, especially among older adults (Fried, 2016). This lack of adherence to physical activity
guidelines has serious consequences, and is estimated to contribute to approximately 1.3 million
deaths worldwide each year (GBD, 2016). The scientific evidence is clear and consistent on the
benefits of physical activity; not only does it play a crucial role in disease prevention, but it also
helps to alleviate the effects of aging and reduce the impact of age-related diseases (Bull et al.,
2020; Fiuza-Luces et al., 2013; McArdle, 2010; Medicine, 2013; Medicine et al., 2018; Pedersen
& Saltin, 2015; Ruegsegger & Booth, 2018). This is where the promotion of physical activity and
exercise comes into play as a priority objective and therapeutic agent.

Although these two terms are often confused and confusing, it is important to highlight
their differences as they refer to different concepts. Physical exercise is a specific type of planned,
structured and repetitive physical activity that aims to improve or maintain one or more
components of physical fitness (Caspersen et al., 1985).
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Table 1. Differences between physical activity and exercise

Aspect Physical activity Exercise

Planned and structured to improve physical Any body movement that

Purpose fitness, with a specific goal. burn_s energy, without a
specific goal.
Planned and structured, intentionally performed Spontaneous and include daily
Structure ’ yp tasks (walking, cleaning,

with specific routines. gardening).

It generally involves intensity, measured at
Intensity specific levels (light, moderate, vigorous) and
adapted to specific objectives.

Generally less intense than
exercise

Can be measured more
informally and lacks
systematic tracking.

Evaluated through logs of time, frequency,

Measurement repetitions, and progression of loads.

Adapted from: Caspersen, C. J., Powell, K. E., & Christenson, G. M. (1985).
Physical activity, exercise, and physical fitness: definitions and distinctions for health-
related research. Public health reports, 100(2), 126.

In the context of aging and age-related diseases, due to the aforementioned benefits,
physical exercise is used as a therapeutic agent to mitigate age-related losses (Fiuza-Luces et al.,
2013; Izquierdo et al., 2021; Medicine et al., 2018). To this end, it is essential to understand the
different classifications of physical exercise and the health benefits each provides, including
strength training, aerobic exercise, and flexibility. To maximize the benefits of exercise and
ensure individual safety, it is important to prescribe the appropriate type of exercise, taking into
account factors such as age, fitness level, and health conditions (Izquierdo et al., 2021; Medicine
et al., 2018). The following sections will detail each type of exercise, the adaptations they
promote, and their importance in fostering an active and healthy lifestyle.

Aerobic exercise, which involves repetitive, structured activities that engage large muscle
groups and can be sustained over extended periods, is the most recognised training modality for
improving cardiorespiratory markers such as VO2max. It also promotes metabolic, cardiovascular
and neuromuscular adaptations, among others (N. Chen et al., 2021; Khalafi et al., 2022). On the
other hand, resistance training involves activities that cause muscles to contract against an
external resistance and is considered the main method for generating adaptations that cause
muscle hypertrophy leading to an increase in muscle mass, strength and quality, among others (N.
Chen et al., 2021; Khalafi et al., 2022). However, a notable degree of convergence exists between
the early physiological responses to exercise and the long-term adaptations elicited by these two
distinct exercise modalities (Fyfe et al., 2014; Fyfe & Loenneke, 2018). In addition, you can find
flexibility training which focuses on improving joint range of motion and muscle elasticity. It
includes static and dynamic stretching exercises. However, by identifying the most significant
variables and aligning with recent studies, multicomponent exercise, which includes strength,
aerobic and balance training, is the best strategy to improve health aspects as it generates a holistic
approach to overall health and functionality, especially for older adults (Izquierdo et al., 2021;
Izquierdo & Cadore, 2024).
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3 Related work:

As previously noted, the recent EWGSOP update highlights the relevance of assessing
muscle quality as a key indicator of the physiological properties of skeletal muscle tissue that
affect both muscle strength and function (Cruz-Jentoft et al., 2019). Muscle quality (MQ) Muscle
quality refers to the functional performance and physiological capacity of muscle tissue. MQ
encompasses various factors related to muscle composition, including microscopic and
macroscopic changes in muscle structure, as well as functional performance per unit of muscle
mass (Cruz-Jentoft et al., 2019; de Lucena Alves et al., 2023). Generally, MQ is defined by two
key domains: morphological and functional. The morphological domain focuses on direct
assessments of muscle architecture (taking into account the microscopic and macroscopic
characteristics of muscle structure) and composition (Coronado-Zarco & de Leoén, 2023; de
Lucena Alves et al., 2023; M. S. Fragala et al., 2015). This domain focuses on the physical
properties and architecture of the muscle rather than its functional performance. Regarding the
composition dimension of muscle, factors such as muscle density, fat, lipid infiltration, and water
content are evaluated. Essential tools for analyzing this muscle composition include CT and MR,
which provide accurate assessments of muscle quality by measuring intramuscular fat infiltration,
muscle density, and cross-sectional area. In addition, echo intensity measures the reflectivity of
the sound waves emitted to the tissue, in this case muscle tissue. This technique makes it possible
to evaluate the composition of the muscle, as connective tissue and lipids are more reflective than
muscle tissue, which is denser (Cruz-Jentoft et al., 2019; Faron et al., 2020; M. S. Fragala et al.,
2015; Oba et al., 2021). Furthermore, the architectural features of muscles are linked to their
contractile action. Key architectural characteristics that influence the force-generating ability of
muscles include the length of the muscle fibers (fascicle length) and their arrangement relative to
the direction of the force produced by the entire muscle (pennation angle). Modern B-mode
ultrasound methods allow for a thorough analysis of muscle architecture, such as, fascicle length,
pennation angle, cross sectional area and echo intensity (a proxy of muscle composition) (Correa-
de-Araujo et al., 2017). Finally, within the assessment of muscle quality from the morphological
domain, we find muscle ultrastructure. The changes in muscle ultrastructure associated with the
aging process include an increase in the stiffness of muscle fibers related to age, as well as a
reduction in contractility and specific tension (M. S. Fragala et al., 2015; Ochala et al., 2007,
Simunic et al., 2018). Tensiomyography and myotonometry are non-invasive diagnostic tools that
measure muscles mechanical properties (M. S. Fragala et al., 2015; Ochala et al., 2007; Simuni¢
et al., 2018).

In contrast, the functional domain refers to indirect assessments of muscle performance
in relation to its mass (Barbat-Artigas et al., 2012; de Lucena Alves et al., 2023; M. S. Fragala
et al., 2015; Naimo et al., 2021). In this domain, the goal is to quantify how efficiently a muscle
can generate force relative to its size, which is represented as a muscle quality index. From this
functional perspective, evaluating muscle quality requires assessing key aspects of muscle
performance, such as strength, power, or function, in relation to quantitative parameters of muscle
size, including muscle mass, lean mass, muscle thickness, and cross-sectional area. These
indicators can be measured both in specific body regions and across the whole body, providing a
comprehensive view of the muscle's functional capacity (Barbat-Artigas et al., 2012; de Lucena
Alves et al., 2023; M. S. Fragala et al., 2015; Naimo et al., 2021). It is important to highlight in
this domain the interrelation between muscle quality, muscle strength and mass, as the definition
of this functional domain is; muscle strength or power per unit of muscle mass (McGregor et al.,
2014). Muscle quality indices are often defined as muscle strength relative to muscle quantity;
however, it is important to consider the type of movement (isometric, isotonic, or isokinetic) and
the anatomical location (upper or lower extremities) (M. S. Fragala etal., 2015).
Another recognized approach is the Muscle Quality Index (MQI), proposed by Barbat-Artigas et
al. This index is calculated by dividing handgrip strength by relative skeletal muscle mass. The
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MQI has been utilized in numerous studies, demonstrating its reliability in assessing muscle
quality (Barbat-Artigas et al., 2012; M. S. Fragala et al., 2015).
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Figure 5. Muscle quality domains

In addition, although less frequently discussed, other aspects such as metabolism,
thermoregulation and the production of signaling molecules or myokines have been suggested as
additional domains of muscle quality (Correa-de-Araujo et al., 2017; Correa-de-Araujo & Hadley,
2014; de Lucena Alves et al., 2023).

Age-related changes in muscle quality appear earlier than muscle mass loss, suggesting
that muscle quality may be a more sensitive marker of muscle function than mass alone (de
Lucena Alves et al., 2023). This observation is relevant, as changes in muscle quality may help
to explain, more precisely, the losses in muscle strength and function associated with aging
(Kuschel et al., 2022). In this context, maintaining and monitoring muscle quality is crucial in
older adults to help prevent the deterioration of muscle mass and strength and slow down
alterations in muscle metabolism (Distefano & Goodpaster, 2018). Furthermore, it is important to
note that muscle quality is a relatively novel concept, and the diagnostic tools for its assessment
are not yet fully established (Cruz-Jentoft et al., 2019), highlighting the necessity for further
research in this area. Finally, a number of assessment tools can provide valuable information on
muscle quality and are detailed below.

Techniques for assessing muscle quality can be categorized into three main groups. First,
there are direct invasive techniques. Second, direct non-invasive techniques are available. Finally,
there are indirect non-invasive techniques.

Direct and invasive muscle quantification techniques include mainly muscle biopsy and
invasive electromyography. In the field of muscle biopsy, the most commonly used techniques
include the Bergstrom needle biopsy and the Well-Blakesley conchotome, which provide accurate
data on muscle fibre distribution, capillarisation, intramuscular fat content and muscle
metabolism (Ekblom, 2017; Naimo et al., 2021). Although needle biopsy technigues have made
significant advances, they are still invasive procedures that require the removal of muscle tissue
(Townsend et al., 2015). Invasive electromyography is another invasive diagnostic option,
involving the insertion of needle electrodes directly into the muscle to record and analyse its
electrical activity, providing detailed information on muscle and nerve function at the level of
individual motor units (Rubin, 2019).
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On the other hand, there are direct non-invasive muscle quality quantification tools that
examine the morphological domain with high sensitivity. Techniques such as Magnetic
Resonance Imaging (MRI) and X-ray Computed Tomography (CT) are currently considered
state-of-the-art in research on direct muscle quality assessment (Beaudart et al., 2020; Chianca
et al., 2022; Cruz-Jentoft et al., 2019). Additionally, methods like ultrasound, tensiomyography,
myotonometry and Phase Angle derived from Bioelectrical Impedance Analysis (BIA) contribute
to this field (Cruz-Jentoft et al., 2019; Perkisas et al., 2018; Pus et al., 2023; Sergi et al., 2016;
Tagliafico et al., 2022). However, due to their high cost and lower accessibility, these imaging
methods are primarily limited to research applications (Sergi et al., 2016).

Finally, muscle quality has also been assessed using non invasive indirect measurement,
which uses ratios of muscle strength to muscle mass or muscle volume, among others. These
indirect methods rely on various formulas to evaluate muscle quality and offer greater
accessibility, making them more practical for routine clinical use and potential integration into
health programs. However, the lack of a universal consensus on the assessment techniques
remains a significant limitation, as highlighted by the EWGSOP (Cruz-Jentoft et al., 2019).
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Figure 6. Muscle quality assessment techniques.
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The EWGSOP, along with other recognized working groups, has indicated that one of
the current challenges in the diagnosis and recognition of sarcopenia could be addressed through
the exploration of muscle quality, identifying the most effective indicators and developing
measurement tools that are accurate and affordable (Cruz-Jentoft et al., 2019). To achieve this,
the assessment of muscle quality faces some key questions;

e What is the best way to assess muscle quality? What are the most effective indicators of
muscle quality in predicting outcomes? Which tools and methods provide accurate and
affordable measurements?

Moreover, although direct non-invasive imaging techniques can capture key factors
related to muscle quality, there is a need to develop more practical methods to implement these
evaluations in community and clinical settings (xx). In this context, the question arises;

e What strategies or tools can be used to adapt and optimize non-invasive imaging
techniques for assessing muscle quality, ensuring they are accessible, viable, and
effective in clinical and community settings?
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3.1 Article I: Non invasive techniques for direct muscle quality assessment after
exercise intervention in older adults: a systematic review.

This section introduces the first of the two systematics reviews and four case studies that
comprise this dissertation. It provides an overview of the non-invasive techniques utilized to
directly assess muscle quality in older adults following physical exercise interventions, one of the
gaps presented and the objectives of this dissertation. Since the EWGSOP highlighted the
importance of muscle quality in the diagnosis of sarcopenia in 2019, there has been a growing
recognition of its significance, along with the analysis and measurement of the morphological and
functional characteristics of skeletal muscle, which serve as crucial indicators of muscle quality.
However, gaps remain in the understanding of the most effective non-invasive tools for assessing
muscle quality in older adults (Cruz-Jentoft et al., 2019).

Accordingly, the aim is to present a comprehensive understanding of the various non
invasive technigues and methods available for measuring muscle architecture and composition,
thereby elucidating the best approaches to evaluate muscle quality. Additionally, it analyzes the
predominant parameters or indicators currently recognized, along with the techniques employed
and the priority assigned to them. Recent advancements in the development of new non-invasive
tools for quantifying muscle quality are also examined. By addressing these questions, the article
aims to fill another gap in the existing literature regarding the most effective indicators of muscle
quality morphological domain and the tools and methods that yield precise and affordable
measurements. Furthermore, it evaluates the effectiveness of various exercise programs (e.g.,
resistance, aerobic, and concurrent training) in improving or preserving muscle quality. These
objectives align with the overarching aims of the dissertation.

A comprehensive review was conducted to assess non-invasive techniques to directly
measure muscle quality in older adults, analyzing 34 studies that met the inclusion criteria. This
framework was used to draw conclusions about the efficacy of various exercise interventions and
the tools used to measure muscle quality to answer the research questions. It is clear that recent
advances in these techniques have provided significant information, allowing researchers to
assess muscle quality more accurately and to tailor exercise programmes aimed at optimizing
health outcomes for older adults.

This paper is published in the journal BMC Geriatrics (IF: 3.4 [Q1]) and was accepted on
the 31th of July 2024. It includes the original full version of the manuscript.
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Non invasive techniques for direct muscle ==

quality assessment after exercise intervention
in older adults: a systematic review

Naiara Virto'"®, Xabier Rio?®, Amaia Méndez-Zorrilla'® and Begofia Garcia-Zapirain'

Abstract

Background The aging process induces neural and morphological changes in the human musculoskeletal system,
leading to a decline in muscle mass, strength and quality. These alterations, coupled with shifts in muscle metabo-
lism, underscore the essential role of physical exercise in maintaining and improving muscle quality in older adults.
Muscle quality’s morphological domain encompasses direct assessments of muscle microscopic and macroscopic
aspects of muscle architecture and composition. Various tools exist to estimate muscle quality, each with specific
technical requirements. However, due to the heterogeneity in both the studied population and study methodologies,
there is a gap in the establishment of reference standards to determine which are the non-invasive and direct tools

to assess muscle quality after exercise interventions. Therefore, the purpose of this review is to obtain an overview

of the non-invasive tools used to measure muscle quality directly after exercise interventions in healthy older adults,
as well as to assess the effects of exercise on muscle quality.

Main text To address the imperative of understanding and optimizing muscle quality in aging individuals, this review
provides an overview of non-invasive tools employed to measure muscle quality directly after exercise interventions
in healthy older adults, along with an assessment of the effects of exercise on muscle quality.

Results Thirty four studies were included. Several methods of direct muscle quality assessment were identified.
Notably, 2 studies harnessed CT, 20 utilized US, 9 employed MR, 2 opted for TMG, 2 adopted myotonometry, and 1
incorporated BIA, with several studies employing multiple tests. Exploring interventions, 26 studies focus on resist-
ance exercise, 4 on aerobic training, and 5 on concurrent training.

Conclusions There is significant diversity in the methods of direct assessment of muscle quality, mainly using
ultrasound and magnetic resonance imaging; and a consistent positive trend in exercise interventions, indicating
their efficacy in improving or preserving muscle quality. However, the lack of standardized assessment criteria poses

a challenge given the diversity within the studied population and variations in methodologies.. These data emphasize
the need to standardize assessment criteria and underscore the potential benefits of exercise interventions aimed

at optimizing muscle quality.
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Introduction

The aging process generates neural [1] and morphologi-
cal [2] changes in the human musculoskeletal system
triggering a reduction in muscular parameters [3+]. Given
the increase in life expectancy [4], it is imperative to pro-
mote active and healthy aging that improves the quality
of life of older adults [5, 6]. Muscle quality is an impor-
tant indicator of the overall health status of older adults
[3, 7+]. The decline in muscle quantity and quality with
age is a normal process that affects everyone [8, 9], which
can lead to frailty, dependence, decreased quality of life
and increased mortality [10, 11, 12.].

Maintaining and controlling muscle quality is of vital
importance in the older adult, as it can help prevent the
decline in muscle mass, strength and regenerative capac-
ity, as well as slowing or preventing alterations in mus-
cle metabolism [13]. Physical exercise interventions have
been shown to be an effective means of prolonging aver-
age life expectancy [14, 15], as well as preventing and
delaying the deterioration and loss of muscle quality
inherent to aging [13, 14]. Research has shown that physi-
cal exercise not only enhances muscle quality [16, 17+e,¢¢]
and function [18] but also improves functional fitness
and metabolic health [12, 19.]. Additionally, it contrib-
utes to the stability and integrity of the cell membrane
[20, 21, 22], which are key markers currently indicative of
muscle quality. This scenario indicates that physical exer-
cise plays a crucial role in mitigating the decline of mus-
cle regeneration, boosting the number and activation of
satellite cells, increasing myogenic potential, and reduc-
ing fibrosis formation. Furthermore, exercise effectively
reduces the accumulation of age-related intermuscular
fat and influences the composition of intramyocellular
lipids [13]. Among exercise strategies, strength training,
in its various forms, has proven to be a powerful tool to
combat age-associated muscle decline [17, 23]. Firstly,
moderate- to high-repetition strength training followed
by high- and moderate-intensity aerobic exercise is a
potential strategy to reverse the molecular features of
skeletal muscle aging [24+], with power training being a
preferred exercise modality in clinical populations [25].
Additionally, various strategies are explored, ranging
from traditional strength training [23] to low-volume
HIIT [26], as well as resistance methods such as plyomet-
rics [27]. Equally important is recognizing the vital role
of dietary interventions in promoting muscle health [28].

However, it is important to monitor, through sys-
tematic assessment, changes in muscle tissue after a
physical exercise intervention in order to evaluate its
effectiveness [29]. The European Working Group on
Sarcopenia in Older People (EWGSOP) emphasizes the
importance of assessing not only the quantity of muscle,
but also its quality [30++]. Muscle quality is characterized
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by functional and morphological domains; the first one
aligns with indirect measurements of muscle function
relative to mass, while the second involves direct assess-
ments of muscle architecture referring to the microscopic
and macroscopic aspects of muscle architecture and
composition [31+]. Despite the lack of a precise defini-
tion of muscle quality, it’s crucial to analyze its construct
and its relation to physical performance and muscle func-
tion [32¢]. Our focus will be on analysing muscle quality
through direct techniques that measure muscle architec-
ture and composition.

Currently, there are several non-invasive techniques for
monitoring muscle quality, but our focus will be on direct
techniques measuring muscle architecture and composi-
tion [33—35]. These techniques are relatively easy to per-
form, do not require the insertion of invasive devices,
and are an important tool for evaluating the effectiveness
of physical exercise interventions in older adults [36].

Radiological imaging techniques allow the investigation
of degenerative processes in individual muscle groups.
These techniques can identify and quantify abnormali-
ties, monitor patient progress and evaluate therapeutic
interventions. Magnetic resonance imaging (MRI) and
X-ray computed tomography (CT) stand as the current
state-of-the-art in muscle quality assessment research
[37-39]. CT, considered the gold standard for body com-
position analysis, excels in assessing muscle mass and
quality, and diagnosing abnormal body composition phe-
notypes [40]. Notably, it offers exceptional visualization
of intermuscular and intramuscular fat in tomographic
sections [41]. Whereas, the development of new MRI
sequences and tools has further increased the accuracy
allowing for simultaneous assessment of body composi-
tion and identification of muscle quality issues such as
disruption, edema, myosteatosis, and myofibrosis with
the latter two tending to increase within muscles during
aging [37, 42, 43]. In contrast, Dual-energy X-ray absorp-
tiometry (DXA) is recommended as a reference in most
EWGSOP guidelines to diagnose sarcopenia in clinical
practice [30, 44«+]. DXA provides a body composition
model that includes fat, bone mineral density, and lean
mass [45, 46], but even though it is a reference method
for measuring total skeletal muscle mass, it cannot evalu-
ate an individual muscle or assess muscle quality [7, 47].

In addition, ultrasound sonography (US) is a fast, non-
invasive, and affordable imaging modality. The use of
musculoskeletal ultrasound (MSK-US) for muscle quality
assessment is rapidly gaining traction in clinical practice
[40, 48]. A major advantage over other methods is that
different muscle groups can be examined separately [49].
Common tissue characterization parameters measured
include morphological measures of muscle thickness,
pennation angle, cross-sectional area, echo intensity, and
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fascicle length [50¢], which have shown correlations with
muscle mass and strength [51]. Perkisas et al. [50+] stand-
ardized the use of ultrasound to assess muscle quality. In
recent years, several qualitative tools aimed at identifying
muscle quality loss have been developed in various care
settings [52, 53]. Recent meta-analyses [54] underline the
comparable and superior performance of MRI and CT
in quantifying age-related morphological changes, high-
lighting their robustness in assessing muscle quality. In
contrast, ultrasound, does not show a comparable level of
accuracy in capturing age-related morphological changes
[54, 55].

Another current non-invasive method is tensiomyogra-
phy (TMG), a valuable tool for assessing neuromuscular
function in older adults. The method is sensitive to mus-
cle composition, architecture, and pre-atrophic changes
in skeletal muscles, and may be sensitive to changes in
muscle quality in aging and diseased populations [56,
57]. On the other hand, myotonometry is another tool
that has been studied for the assessment of muscle vis-
coelastic properties [58]. Additionally, Bioelectrical
Impedance Analysis (BIA) is a non-invasive, quick, and
accessible technique that uses whole-body electrical con-
ductivity to estimate body composition [59]. Notably, the
Phase Angle (PhA) derived from BIA, a measure of cellu-
lar integrity and body water distribution, has become an
important parameter for muscle quality assessment [60].
In fact, the European Working Group on Sarcopenia in
Older People (EWGSOP) incorporates BIA-derived PhA
in their criteria for muscle quality assessment, highlight-
ing its potential for identifying sarcopenia [30e¢].

Thus, there is a need for a comprehensive review to
compile and analyze the existing scientific evidence on
the techniques mentioned in the evaluation of muscle
architecture and composition in the field of promotion,
intervention and design of physical exercise in the clinic
of the older adult. Therefore, the aim of this systematic
review is to obtain an overview of the non-invasive tools
used to measure muscle quality directly after exercise
interventions in healthy older adults. We aim to iden-
tify the different tools, measurement methods and their
applicability in the direct assessment of muscle quality,
providing a solid guide in the field of assessment and
application of physical exercise interventions in older
adults for future research in this area.

To achieve this goal, our research questions are as fol-
lows: (1) Which are the direct non-invasive tools used
to measure muscle quality in older adults after exercise
interventions?; (2) What are the effects of physical exer-
cise programs on muscle quality in older adults measured
by non-invasive tools?; (3) Which multisource objec-
tive parameters are predominantly utilized in the state
of the art, and what priority have they shown in papers
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to measure muscle quality in older adults after exercise
intervention?; and (4) What recent trends or advance-
ments have been observed in the development of new
non-invasive tools for quantifying muscle quality in older
adults after exercise interventions?.

Methods

Registration

The systematic review was registered on the Open Sci-
ence Framework (OSF) platform (https://osf.io/anjr4/?
view_only=05969¢336a0847028766e96f574eb63e),
in October 24, 2023 (registration DOI: https://doi.
org/https://doi.org/10.17605/OSE.IO/3GD6Y).

Procedures

The review was conducted following the Preferred
Reporting Items for Systematic Reviews and Meta-Analy-
ses (PRISMA) 2020 guidelines [61].

Eligibility criteria

Original, peer-reviewed, full-text studies were included/
excluded using the PICOS method (participants, inter-
ventions, comparators, outcomes, and study design) [62].
The selection criteria are summarized in Table 1.

Literature search and screening process

Search strategy was developed by one reviewer (NV) spe-
cifically for PubMed (added below), and it was applied
to the title, abstract, and keywords. This search strategy
was later modified to align with the syntax and relevant
subject headings of other databases. The literature search
was performed in the electronic databases PubMed,
Web of Science and Scopus, using the Boolean operators
AND/OR, in combinations with the keywords (resistance
OR strength* OR exercise* OR aerobic* OR multicompo-
nent) AND (aged OR old OR elder* OR aging OR frail*
OR older OR senior OR geriatric) AND ("contraction
time" OR "reaction time" OR "contraction sustain time"
OR "relaxation time" OR "muscle tone" OR stiffness OR
"echo intensity” OR "pennation angle" OR "fat infiltration"
OR "muscle lipid" OR "muscle hydration" OR "muscle
microscopic fat" OR "macroscopic fatty infiltration" OR
radiodensity OR "skeletal muscle radiodensity” OR "mus-
cle density” OR "intermuscular adipose tissue" OR "extra-
cellular water” OR "intracellular water" OR "phase angle"
OR "muscle quality" OR "muscle composition”) AND
(muscle). The search was performed without date restric-
tion and was updated until October 2023.

One author (NV) conducted the initial search, dur-
ing which all the entries gathered from the databases
were uploaded to the Rayyan QCRI website for the pur-
pose of removing duplicates. Two reviewers (NV and
XR) screened identified potentially eligible titles and
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Table 1 Eligibility criteria

Page 4 of 19

Category Inclusion criteria

Exclusion criteria

Participants ~ Healthy older adults (+60 years)

Interventions Exercise interventions

Comparators - Different exercise interventions and control groups

- Testing procedures used for direct quantification of muscle

quality
Outcomes

Studies that reported muscle quality outcomes before and after

Studies that included participants under 60 years of age and health
problems (e.g., injuries or chronic pathologies)

No exercise intervention
Not applicable

Muscle quality asses indirectly or invasively

exercise intervention. Testing procedures used for direct quantifi-

cation of muscle quality

Study design
and one group studies

Randomized controlled and non-randomized controlled trials

Studies including case, observational studies, and systematic
reviews

abstracts, resolving disagreements together to mitigate
interpretation bias. The full text of potentially eligible
records was analyzed following the eligibility criteria for
final inclusion. Reasons for exclusions were identified.
When articles were not available we solicited authors by
e-mail.

We decided not to include noninvasive imaging tech-
niques in the search, given that our research question
about the best noninvasive methods for assessing muscle
quality could introduce bias by prejudging the results.
Therefore, we chose to focus the search on relevant
results related to muscle quality without explicitly incor-
porating the noninvasive techniques used. This decision
was made to maintain impartiality in identifying the
available evidence.

Data collection

Data from the included studies were collected and coded
in Microsoft Excel (Microsoft Corp). The following infor-
mation was extracted from each included study: (1) ref-
erence, author and year of publication, (2) participants
characteristics (sample size; sex; age and health status),
(3) intervention characteristics (frequency, type, dura-
tion), (4) muscle quality assessment procedures and out-
comes, (5) group of muscles on which the measurement
has been performed, and (6) results of the exercise inter-
vention on muscle quality.

Risk of bias
To ensure the transparency and reliability of the results
and findings, a Bias Risk Assessment has been performed
for each study included in this review, using the Physi-
otherapy Evidence Database (PEDro) scale. The reliabil-
ity of the PEDro scale in rating the quality of randomised
controlled trials has been documented in a paper by
Mabher et al. [63].

To ascertain the overall risk of bias across the stud-
ies, the following convention was employed. The highest

attainable score is ten, as the initial item is not included
in the PEDro score computation. The methodological
quality of the studies was classified as excellent when
scores ranges from eight to ten, high with scores between
six and seven, moderate with scores from four to five, and
low with scores of three or below.

Results

Study selection

From scientific databases, potential studies were
directly exported into Rayyan (https://www.rayyan.ai/)
for removing duplicates and performing the screen-
ing applying inclusion and exclusion criteria previously
determined. After the above procedure was completed,
the following 6465 records were identified. A flow chart
illustrating the study selection process is shown in Fig. 1.
Duplicate records were removed (n=3297). After titles
and abstracts were screened, 2985 records were removed
and 183 full texts were evaluated. An additional 143 stud-
ies were excluded after full text assessments for eligibil-
ity. Thereafter, 40 studies were considered eligible for the
systematic review. After eliminating the original non-pri-
mary studies [64], a total of 34 studies were included.

Risk of bias of the included studies

The median score of the PEDro checklist (Table 2) was
five (some risk of bias-moderate quality). 28 studies
achieved four to fivepoints (some risk of bias-moderate
quality) and six studies achieved six to seven points (low
risk of bias-good quality).

Study characteristics

The characteristics of the included studies are detailed in
Table 3. A total of 1,040 participants, with an age older
than 60 years, were analyzed in this systematic review.
Regarding participants sex, 21 studies reported a sample
consisting of both male and females (n: 632, 61% of total
participants). Five studies were composed of only men (n:
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Records found through database searching (n:
6,465) (Pubmed: 1,765, Scopus: 2,028, WOS:
2,647.)

Records duplicates removed (n: 3,297)

Records excluded based on title and abstract

Records screen after duplicates removed (n:
3,168)

(n:2,985)

Intervention related reasons (n: 297)
Wrong population (youngers than 60, disease, mourines)
(n:1,292)
Irrelevant topic (n: 1165), Wrong study type: (n: 128)

Other reasons (n: 103)

Full text asses for eligibility (n: 183)

Full text articles excluded (n: 143)

Intervention related reasons (n: 23)
Wrong population (youngers than 60, disease) n:49
Muscle quality indirectly asses (n: 51)

Other reasons (n: 20)

Articles assessed for systematic review (n: 40)

\

Studies included in systematic review (n: 34)

INCLUSION ’ ‘ ELIGIBILITY H SCREENING ’ LIDENTIFICATIONJ

40 (34 articles and 6 systematic reviews)

Fig. 1 Flow diagram of the systematic search process

116, 11% of total participants) and nine groups involved
only females (n: 292, 28% of total participants).

From the analyzed articles, two articles use CT, 18
use US, nine use MRI, two use TMG, two use myo-
tonometry and one use BIA (there are articles with
more than one test). Among the articles that ana-
lyze more than one test, one MRI+US and one
tensiomyography + myotonometry.

As for the interventions performed in the studies ana-
lyzed, 25 studies conducted only resistance exercise,
four studies only aerobic activity, five studies performed
concurrent training. The frequency of the weekly ses-
sions ranged from two to five sessions per week, with
the majority of studies conducting two sessions per week
(n: 14, 39%) and three sessions per week (n: 18, 50%). A
total of 891 participants were enrolled in the intervention
groups. This number exceeds that of the control groups,
a discrepancy attributable to the inclusion of multiple
studies evaluating diverse training regimens.

In our results, CT was predominantly used to evalu-
ate cross-sectional areas, IMAT, thigh muscle density,
total adipose tissue in the thigh, and muscle attenuation,
focusing on the quadriceps and hamstrings muscles [71,
87]. MRI provided a wide range of muscle assessments,
cross-sectional area analysis constituted 66.67% of the

assessments, while IMAT and fat infiltration accounted
for 22.22%, single assessments of muscle fat/water ratio,
muscle mechanical quality, and intramuscular non-
contractile tissue (IMNCT) comprised the remainder
of the evaluations. The majority of MRI measurements
(88.89%) targeted the quadriceps, except for one evalua-
tion (11.11%) which assessed the BB [66, 68, 72, 74, 75,
88, 90-92].

US imaging revealed echo intensity as the most com-
mon measurement at 66.7%, predominantly analyzed
in the RF (ten studies) and VL (seven studies). Penna-
tion angle and fascicle length were assessed in 50% and
38.9% of studies, respectively, with the VL as the pri-
mary muscle of interest. CSA was examined in 22.2% of
cases, focusing mainly on the RF and VL [43, 65-67, 69,
70, 73, 76, 77, 80—86, 89, 93—-95]. Another muscle qual-
ity assessment tool highlighted in this review is the BIA,
conducted in one study, to measure the PhA.

Building on this, the systematic review also reveals
that TMG primarily assessed contraction time and dis-
placement in the VL, along with the RF, BF, TA, GM,
and GL [32, 96.]. Similarly, myotonometry [32, 78]
measured muscle tone and stiffness, focusing on the RF
and TA, with additional tests on the BF, gluteus major,
gastrocnemius, and VL. To conclude, a comprehensive
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Table 2 The median score of the PEDro checklist
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Baptista et al.,, 2016 [65]
Bruseghini et al, 2019 [66]
Cepedaetal, 2015 [67]

Da boilt et al, 2016 [68]

Franchi et al., 2019 [69]

Gallo et al, 2019 [70]
Goodpaster et al., 2008 [71]
Greig etal, 2011 [72]

Hill et al,, 2022 [73]

Jacobs et al, 2014 [74]
Konopka et al.,, 2018 [75]
Labata-Lezaun N, 2023 [32]
Lopez et al, 2020 [76]
Lopez-Lopez et al, 2021 [77]
Molla-Casanova et al., 2023 [78]
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summary outlining the specific outcomes measured to
assess muscle quality using non-invasive tools is pro-
vided in Table 4.

For exercise effects on muscle quality in our system-
atic review, echo intensity decreased in eight studies
(43, 73,77, 80-82, 94, 95], while it remained unchanged
in four [76, 85, 89, 93]. Within the review, seven arti-
cles reported improvements in pennation angle [65-67,
69, 70, 84, 86], while three articles observed no change
[77, 83, 85]. In the systematic review we conducted, we
observed that resistance exercise interventions improve
CSA [66, 68, 75, 84, 85, 88, 90, 92] or maintain it [74,

77,91, 95]. Also, our findings indicate improvements in
fascicle length in two studies [65, 67], while five others
reported no change [65, 70, 83-85].

Discussion

One of the key objectives of this systematic review
was to collect and analyze studies focused on the use
of non-invasive tools for direct assessment of muscle
quality in older adults after exercise interventions. In
addition, we aimed to understand the impact of these
interventions on muscle quality.
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Table 4 Specific outcomes measured to assess muscle quality using non-invasive tools

Tool Outcomes Measured

Magnetic Resonance Imaging

Intramuscular fat infiltration, cross-sectional area, intermuscular adipose tissue

Computed Tomography
Ultrasonography

Bioelectrical Impedance Analysis
Tensiomyography
Myotonometry

Intramuscular fat infiltration, cross-sectional area, muscle density

Cross-sectional area, echo intensity, echo variation, fascicle length, pennation angle

Phase Angle (PhA)

Muscle contractile properties (contraction time and maximal radial displacement), muscle tone
Muscle stiffness, compliance, elasticity

Direct non-invasive muscle quality measurement tools
Non-invasive techniques provide a comprehensive
assessment of muscle quality by evaluating factors such
as muscle architecture, composition, fat infiltration,
fibrosis, and neural activation [12.]. The following discus-
sion will delineate the array of tools employed to directly
measure muscle quality after physical exercise inter-
ventions. Direct methods for assessing muscle quality,
involve the direct measurement of muscle architecture,
addressing both microscopic and macroscopic aspects of
muscle composition and structure [30+].

Among the non-invasive tools employed to directly
assess muscular quality, the review of the literature
revealed that US was utilized in 18 articles, MRI in nine,
while CT, TMG, and myotonometry were each applied in
two articles, and BIA was used in one, with some articles
incorporating more than one diagnostic modality.

CT and MRI are essential for analyzing muscle com-
position, providing precise assessments of muscle qual-
ity through measures of intramuscular fat infiltration and
cross-sectional area, both approved methodologies by
EWGSOP2 for determining skeletal muscle quantity and
quality [30, 39, 97-99..], these results are consistent with
those obtained in this review. While CT offers rapid and
cost-effective muscle quality analysis, it does generate
radiation exposure. In contrast MRI ensures a radiation-
free alternative at a higher cost. Notably both showed
concordance in clinical muscle quality assessment [39,
98].

Ultrasonography is emerging as a fast, non-invasive,
and accessible imaging modality for musculoskeletal
assessment [100e]. Current B-mode ultrasound tech-
niques enable detailed examination of muscle archi-
tecture, including cross-sectional area, echo intensity,
fascicle length, and pennation angle, which are critical
markers of muscle quality [97]. Our results highlight that
the quadriceps is the most studied muscle due to its size
and accessibility, corroborating what the scientific litera-
ture mentions [101]. Recent systematic reviews assessing
the validity and reliability of ultrasonography for skel-
etal muscle evaluation have revealed strong interclass
correlation coefficients and confirmed its comparative

validity against other imaging modalities [35, 101, 102].
Although efforts to standardize these measurements are
ongoing, these measurements are still highly depend-
ent on operator expertise and do not provide definitive
results for the early detection of muscle quality loss [50,
77+]. These findings are in line with the observations of
the EWGSOP, which identifies ultrasound as a promising
method for assessing skeletal muscle although it empha-
sizes the need for further research for its clinical applica-
tion [30es].

BIA, through PhA analysis, emerges as an effective
non-imaging method to characterize muscle quality com-
ponents. BIA-derived PhA can be used to detect muscle
quality and identify sarcopenia [60, 97]. Recent studies
have started to recognize it as a significant predictor of
muscle quality in older adults, associated with adverse
clinical outcomes, including mortality [103, 104]. Also,
the EWGSOP incorporates BIA-derived PhA in their cri-
teria for muscle quality assessment [30e¢].

Expanding on these techniques TMG and myotonom-
etry are non-invasive diagnostic tools that measure mus-
cles mechanical properties. TMG utilizes electrodes to
assess muscle contractile properties and tone in superfi-
cial muscles by quantifying radial deformation resulting
from electrically induced contractions [105, 106+]. TMG
has proven to be a valuable tool for assessing neuromus-
cular function in older adults, as it is sensitive to changes
in muscle composition, architecture, and pre-atrophy of
skeletal muscles [57]. A promising tool for the non-inva-
sive assessment of muscle quality in aging and diseased
populations [57]. Myotonometry measures muscle stiff-
ness by monitoring radial tissue deformation in response
to a perpendicular force applied through a hand-held
device. It evaluates key muscle biomechanical and vis-
coelastic properties, including stiffness, compliance and
elasticity [107]. Compared to elastography and TMG,
myotonometry is fast, portable and cost-effective, dis-
playing higher reliability and validity for differentiating
muscle stiffness levels [107]. While existing studies affirm
its reliability and validity within musculoskeletal diagnos-
tics [108—111], further extensive validation is necessary
for its routine clinical application. The research suggests
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that changes in muscle architecture, such as an increase
in pennation angle, can impact tetanic tension and ulti-
mately influence contractile properties [112]. This inter-
play between morphology, architecture, and contractile
capacity in human pennate muscle is reflected in spe-
cific adaptation responses to intensive resistance training
[112]. Additional studies emphasize the substantial influ-
ence of architectural parameters on muscular contractile
dynamics, underscoring the relevance of architectural
properties in the analysis of contractile behavior [113,
114].

Exercise effects on muscle quality

The heterogeneity in defining and assessing muscle archi-
tecture and composition contributes to the variance in
results across different studies. This variation is further
influenced by different training protocols and measure-
ment techniques, which could explain the outcomes
observed.

The mechanisms underlying the association between
echo intensity and MQ are not fully elucidated, but it
is hypothesized that intramuscular content alterations
reflect performance outcomes [115]. Higher echo inten-
sity usually denotes lower muscle quality and perfor-
mance due to increased fibrous and adipose infiltration,
conversely, reduced echo intensity tends to indicate
enhanced performance [9, 115, 116]. The results of our
systematic review, in which echo intensity decreased,
aligns with findings from systematic reviews in which
echo intensity is improved after exercise training [115].
Although ultrasound-based echo intensity is a com-
mon method for assessing the quadriceps femoris, its
use raises questions in both research and clinical set-
tings, particularly regarding the physiological interpre-
tation of echo intensity changes and potential technical
inconsistencies.

Also, exercise can influence the pennation angle of
muscles, which is a potential indicator of muscle hyper-
trophy, the plasticity of muscle architecture, and the
efficiency of force transmission [117]. Other reviews cor-
roborate our findings, with seven studies noting improve-
ments in pennation angle in older adults and others
showing no change [118++]. These discrepancies may
stem from the eccentric nature of resistance training or
the short duration of certain studies [83, 85¢].

During the aging process, there is a reduction in the
size and number of muscles fibers, leading to atrophy and
a reduction in cross-sectional area (CSA) [118, 119+¢]. In
the systematic review we conducted, we observed that
resistance exercise interventions improve CSA [66, 68,
75, 84, 85, 88, 90, 92] or maintain it [74, 77, 91, 95]. These
improvements are attributed to muscle hypertrophy and
myofibrillar protein turnover [85]. The results of our
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review are consistent with the results of other studies and
reviews [118—121++], [119, 120].

Fascicle length is related to maximal shortening veloc-
ity and the force—length relationship. Such lengthening
can result from an increase in serial sarcomere number
or hypertrophy along the muscle fibers [115++]. As seen
some studies resistance training increased it in older men
[122, 123]. Yet, our results align with research showing
some or no muscle architecture changes after certain
training periods [124, 125].

When exploring the assessment of muscle quality, it
allows us to unravel the implications that aging generates
on it. Aging-associated fatty infiltration of skeletal mus-
cle has been linked to negative health effects and func-
tional deficits [74, 126]. There is a connection between
fat infiltration in skeletal muscle and physical inactivity
in elderly persons. Less is known about the idea that an
exercise program can alter an older adult’s IMAT level
measured by MRI [126]. This justifies the improvement
of fat infiltration and IMAT [66, 75] with some exercise
interventions analyzed in the systematic review, while
being maintained in others [68, 72, 74]. Prior research
has looked at how resistance and multimodal exercise
training affect older adults’ muscle composition and
has demonstrated the ability to reduce IMAT [74, 127,
128]. Whereas others cite no change in fat infiltration
with exercise interventions [129, 130]. It has also been
observed that physical exercise is capable of generating
significant changes in CSA [130, 131]. In our system-
atic review CSA improves in three [88, 90, 92] studies
and remains unchanged in one [91]. Other studies have
shown positive changes in CSA with moderate intensity
resistance training, but did not obtain improvements
with low intensities [130]. Also, in another study only
those with a high percentage of IMAT improved CSA
[74].

While exploring the effects of age and exercise inter-
ventions on muscle composition, CT is crucial for assess-
ing muscle quality by quantifying muscle attenuation
and fat content, based on the specific attenuation of each
tissue measured in Hounsfield units (HU). Increases
in these areas are linked to poorer muscle quality and
higher mortality risk [132]. Age-related increases in
these fat deposits have been associated with metabolic
and muscular dysfunction [126]. Our systematic review
elucidates that physical exercise prevents the increase
of intermuscular fat and the decrease of muscle density,
compared to control [71], while another study shows that
exercise improves muscle attenuation without increasing
IMAT [133]. The findings align with existing research, a
study with a similar population showed that while mus-
cle CSA remained unchanged, there was a reduction in
subcutaneous fat and IMAT [134]. In obese older adults,
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interventions including exercise and nutrition are proven
to enhance subcutaneous and intermuscular fat, muscle
CSA, and muscle attenuation [126, 132, 133, 135, 1364].

Moreover, aging leads to a decline in muscle contrac-
tile properties, often due to the loss of type II fibers [56].
TMG measured Tc has been found to correlate with mus-
cle fiber composition, in muscles such as vastus lateralis
[56], while Dm correlates with muscle atrophy [56]. As
far as we have been able to observe the vast majority of
interventions focus on young populations, where a regu-
lar decrease in dm is a common post-training response
to strength training [57, 96, 137, 138]. Improvements in
BB Dm and Tc have also been reported [139], although
in some studies Dm has improved but Tc has remained
unchanged [140]. These results agree with those obtained
in the systematic review [32, 964].

In the findings of our systematic review, it is observed
that resistance training notably enhances muscle stift-
ness, whereas aerobic training maintains muscle tone and
frequency [32, 78] assessed by myotonometry. Compa-
rable populations have shown improvements in muscle
tone, stiffness, and elasticity following neck stabilization
exercises [141], with muscle stiffness responding more
noticeably than tone or elasticity to upper-extremity
rehabilitation post-stroke [142].A field review reveals
that resistance training effects on muscle are inconsist-
ent, while plyometric training improves muscle stiffens
also in pathological cases, exercise normalizes stiffness,
but further study is needed [143¢].

Furthermore, as evidenced by the results of the
review, resistance exercise increases BIA-derived PhA
[79], aligning with the literature linking resistance with
improvements in strength and PhA in older adults [79,
104, 144]. Likewise, these studies associate PhA with
changes in muscle strength [145]. To enhance PhA, a

Table 5 Indirect measures of muscle quality
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program of at least twelve weeks is recommended, with
three weekly sessions of six to ten exercises, as applied
in the intervention analyzed [104].

Primary multisource parameters in muscle quality
assessment research

Among the articles incorporating multiple tests, some
specifically combined different methodologies like
MRI+US and tensiomyography+ myotonometry [32,
66¢]. MRI and US provide detailed images of muscle
composition and structure, while tensiomyography and
myotonometry assess muscle mechanical properties
and stiffness, respectively.

Muscle quality is characterized by functional and
morphological domains; the first one aligns with indi-
rect measurements (Table 5) of muscle function relative
to mass, while the second involves direct assessments of
muscle architecture [31+]. Our review shows that stud-
ies often use both methods for a holistic understanding
[17++]. Direct measurements offer precision for clinical
research, yet are costly and require specialized skills.
Indirect methods are prized for their speed and practi-
cality [31.]. Employing both allows for cross-validation
and a more comprehensive understanding of muscle
quality, blending structural and functional insights.

Moreover, the inclusion of functional capacity tests in
many articles of the systematic review [32, 68, 71, 72,
76,79, 80, 82, 90, 91, 93, 94, 146, 147+,¢¢] is justified by
the association between muscle quality and functional
capacity, especially in older adults [148]. Therefore,
functional capacity tests provide valuable information
on how muscle quality translates into daily practical
performance.

Author

Definition of indirect muscle quality assessment

Formula

Da boilt et al, 2016 [68]
in isometric position

Goodpaster et al,, 2008 [71]

Greig etal, 2011 [72]
(MVC) per unit of muscle volume

Nunes et al,, 2019 [79]
mass (SMM) in kilograms

Radaelli et al,, 2013 [80]

Radaelli, et al,, 2019 [82]

Strength per unit of cross-sectional area (CSA) of the knee extensor muscle

Knee extensor strength per unit area of the quadriceps muscle
Mechanical quality of the muscle, defined as maximum voluntary contraction

Muscle Quality Index (MQI)=Total 1RM force divided by total skeletal muscle
Maximum dynamic strength of the knee extensors divided by the sum

of the muscular thickness of the quadriceps (MT QUAsum)
MQI maximum rate of torque development (MRTD) and muscle power, calcu-

Strength (N) / CSA (cm?)

Strength (N) / Quadriceps area (cm?)
MVC (N) / Muscle volume (I)

1RM (kg) / SMM (kg)
Unilateral 1RM knee extension (kg) /

MT QUAsum (mm)
MRTD (Nm/s) / MQEI (Nm/s/mm)

lated by dividing MRTD by muscle echo intensity (MQEI)

Tracy etal, 1999 [90]
by muscle volume values

Vojciechowski et al., 2021 [91]

The values of isometric strength and 1-RM (N and kg, respectively) were divided

Relationship between torque (T) and muscular cross-sectional area (CSA)

Strength (N or kg) / Muscle volume

T (Nm) / CSA (cm2)
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Trends in direct muscle quality assessment tools

From the perspective of the EWGSOP, which empha-
sizes the importance of evaluating not just muscle
quantity but also quality, our review reveals that a
defined criterion for selecting one evaluation tool over
another based on an individual’s specific characteristics
has not yet been established [30+¢]. This underscores
the urgency of further researching the concept of mus-
cle quality and how new technologies, combined with
current physiological knowledge, can be appropriately
applied to assess muscle quality depending on each
individual’s unique characteristics. Innovative technol-
ogies such as tensiomyography and myotonometry are
emerging as important tools in this field [32¢]. Phase
angle measurements using BIA also show promise as a
biomarker for monitoring muscle quality in older adults
[103, 104]. In addition, recent advances in quantitative
ultrasound techniques, such as echogenicity analysis,
texture parameters, elastography and acoustic wave
properties, are moving forward although so far, their
clinical application has been limited [101, 149].

Conclusions

To our knowledge, this study represents one of the
most comprehensive syntheses of evidence aimed at
assessing muscle quality (microscopic and macroscopic
aspects of muscle architecture and composition) in
older adults through direct methods following physi-
cal exercise interventions. Key findings include: (1) the
results of this review reflect that the most commonly
used methods for the direct assessment of muscle qual-
ity after an exercise intervention are ultrasound (US)
and magnetic resonance imaging (MRI). US imaging
commonly reported outcomes such as echo intensity,
pennation angle, fascicle length, and cross-sectional
area (CSA) in the rectus femoris (RF) and vastus later-
alis (VL). MRI, primarily assessed CSA, intramuscular
adipose tissue (IMAT), and fat infiltration, with a pre-
dominant focus on the quadriceps. Exercise-induced
reductions in echo intensity, improvements in penna-
tion angle, and CSA enhancements were observed with
ultrasound. MRI highlighted benefits in fat infiltration
and IMAT; (2) a general tendency of exercise interven-
tions to improve or maintain muscle quality; (3) the fre-
quent combination of direct measures of muscle quality
with indirect methods and functional capacity tests in
current research. The majority of the reviewed arti-
cles employ both direct and indirect methods to assess
muscle quality; and (4) an emerging development of
technological innovation in the design of new tools
for the direct detection of muscle quality, exemplified
by tools such as US and phase angle measurement,
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although their clinical application remains limited in
the target population.

Regarding the limitations of the study, the condition
imposed to include studies, where muscle quality had to
be measured directly in conjunction with exercise inter-
ventions, significantly limited the number of articles eli-
gible for this review. Furthermore, a limitation has been
observed in the inclusion of studies using phase angle as
a parameter, this is because the studies did not perform
a comparative analysis with muscle quality, which could
have left out relevant articles. Likewise, no studies were
found that employ all the direct measurement param-
eters of muscle quality together. The lack of a standard-
ized protocol and the diversity in the evaluation methods
used by different authors prevent an accurate and unified
comparison of the results. The decision not to perform a
meta-analysis on the effects of exercise on muscle qual-
ity is grounded in the notable diversity observed in the
included studies. Variability in the tools used to measure
muscle quality, differences in the muscles assessed, and
the various aspects measured contribute to a significant
level of methodological heterogeneity, compromising the
necessary comparability for a robust meta-analysis.

A promising direction for future research is the devel-
opment of personalized protocols for the selection of
measurement tools, tailored to the specific conditions
of each patient. This would include the identification
of which tool is the most appropriate according to the
individual profile and needs. In parallel, it is crucial to
investigate advanced non-invasive techniques in sports
medicine and rehabilitation to measure muscle quality
with greater precision and sensitivity, which could lead to
the creation of personalized physical exercise programs
based on each person’s specific muscle weaknesses. Fur-
thermore, there is a need to explore the effectiveness of
these tools in different muscles, determining the most
effective one in which to perform the measurements in
order to extrapolate the data to the diagnosis of muscle
diseases in clinical settings.

Abbreviations

BB Biceps Brachii

BF Biceps Femoris

BF Biceps Femoris

BIA Bioimpedance

BR Brachialis

CSA Cross-Sectional Area

CcG Control Group

CON Low-intensity +normal speed

cT Computed Tomography

Dm Maximal radial displacement

DXA Dual Energy X-ray Absorptiometry
EG Exercise Group

EWGSOP  The European Working Group on Sarcopenia in Older People
GL Gastrocnemius Lateralis

GM Gastrocnemius Medialis

HITT High-Intensity Interval Training
IMAT Intramuscular Adipose Tissue
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LST Low-intensity + slow movement
MRI Magnetic Resonance Imaging
MRI Magnetic Resonance Imaging
MSK-US Musculoskeletal Ultrasound

PA Pennation Angle

PhA Phase Angle

QF Quadriceps Femoris

RF Rectus Femoris

RT Resistance Training

S/W Session/Week

TA Tibialis Anterior

Tc Time contraction

™G Tensiomyography

us Ultrasound Sonography

VI Vastus Intermedius

VL Vastus Lateralis

VM Vastus Medialis
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Muscle quality in aging

3.2 Article II: Non invasive techniques for muscle quality functional domain
monitoring in older adults: a scoping review.

This section presents the second of two systematics reviews and four case studies included
in this dissertation. It provides a summary of non-invasive methods used to indirectly assess
muscle quality in older adults, addressing one of the previously identified research gaps and
aligning with the dissertation's main objectives. Since the EWGSOP emphasized the importance
of muscle quality in diagnosing sarcopenia in 2019, there has been increasing recognition of its
relevance. This includes the analysis and measurement of skeletal muscle's morphological and
functional properties, which are key indicators of muscle quality (Cruz-Jentoft et al., 2019).

While the previous review helped bridge knowledge gaps regarding the most effective
non-invasive tools for assessing morphological muscle quality in older populations, an additional
gap has been identified concerning indirect non-invasive tools. These tools focus on evaluating
functional muscle quality. This article aims to identify such indirect non-invasive tools and
explore factors such as accessibility, cost, and required training, ultimately working towards the
development of simple and accessible methods for use in community settings.

To evaluate functional muscle quality, tools commonly used are designed to measure both
muscle strength or power and muscle mass. These measurements are essential as they form the
foundation for calculating the muscle quality index, which is derived from indirect assessments
of muscle performance relative to muscle mass (Cruz-Jentoft et al., 2010; de Lucena Alves et al.,
2023; Virto, Rio, Méndez-Zorrilla, et al., 2024). The purpose of this scoping review is to
systematically examine and summarize the current evidence on non-invasive tools for assessing
functional muscle quality in older adults. This review will identify the most effective methods, as
well as highlight recent trends and advancements in the field. Additionally, it aims to assess the
main limitations associated with current tools and investigate the factors influencing the selection
of each technique. Specifically, it will evaluate aspects such as accessibility, cost, and training
requirements, with the goal of encouraging the use of simple and accessible methods in
community settings. A scoping review is chosen for this work due to its broad and general
approach, suitable for mapping out the wide range of available tools and evidence in this area.

Below is a table that justifies the choice of a scoping review, compares it to a systematic

review and sets out the reasons why each approach was selected to best suit the needs of each of
the reviews and case studies.
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Table 2. Differences between scoping and systematic reviews.

Aspect Scoping Review Systematic Review

Broad: Exploration of non-invasive tools for ~ Specific: Evaluation of non-invasive tools for
measuring functional muscle quality in older measuring muscle quality after exercise interventions,

adults, their principles, limitations, and effects of exercise programmes, and advances in tools
Approach contextual factors. after interventions.

General mapping of the literature to identify ~ Answer specific questions about the effectiveness of

available tools, limitations, and external tools and parameters measured following exercise
Principal factors affecting their implementation inthe  interventions in older adults and review recent
objective community. advances in measurement technology.

Focus on evaluating the effectiveness of interventions
Explore the big picture (what tools exist, their (effects of exercise on muscle quality) and specific
Nature of the principles, general trends and choice factors  details about the predominant tools and parameters in
questions such as cost or accessibility). intervention studies.

Adequate to map the field, understand the Adequate to answer concrete questions, evaluate the
general context, and define areas for future effectiveness of interventions, and critically analyse
Adequacy to research without conducting an exhaustive relevant studies around specific tools and effects of

the review critical synthesis. exercise programmes.

Descriptive: Identification and description of  Critical and Analytical: Synthesis of results and
Type of key issues, trends and knowledge gaps about  analysis of effectiveness of exercise interventions in
Analysis non-invasive tools in the community. specific studies, with emphasis on validated methods.

To achieve the referred goal, a comprehensive review was conducted to assess non-
invasive techniques to indirectly measure muscle quality in older adults, analyzing 79 studies that
met the inclusion criteria. This framework served as the basis for drawing conclusions on the
effectiveness of various tools used to measure the functional domain of muscle quality, addressing
the initial research questions. It has identified the different definitions and underlying principles
associated with these definitions, as well as the measurement techniques commonly employed in
the scientific literature. This comprehensive analysis not only enhances our understanding of
functional muscle quality assessment but also offers practical recommendations. These
recommendations are tailored to support the selection and application of assessment tools,
considering factors such as budgetary constraints and the specific needs of community practice
settings.

This article was submitted to the International Journal of Sports Science & Coaching (IF:
1.5 (Q2 SJR, Q3 JCR) and it is currently under review.
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As we have mentioned earlier, recent updates from the EWGSOP, along with other
established groups, highlight the significance of evaluating muscle quality (MQ) as a vital
measure of skeletal muscle tissue's physiological characteristics, which affect both muscle
strength and functional abilities (Cruz-Jentoft et al., 2019). MQ refers to the physiological
capacity and performance of muscle (Cruz-Jentoft et al., 2019). MQ encompasses several factors
related to muscle composition, including both the microscopic and macroscopic properties of
muscle structure, as well as its functional performance in relation to muscle mass (Cruz-Jentoft
et al., 2019; de Lucena Alves et al., 2023). Consequently, it is usually categorized into two main
areas: morphological and functional. The morphological area involves direct assessments of
muscle structure, examining both the microscopic and macroscopic traits of muscle and its
composition (Cruz-Jentoft et al., 2019; de Lucena Alves et al., 2023; M. S. Fragala et al., 2015;
Virto, Rio, Méndez-Zorrilla, et al., 2024). In contrast, the functional area focuses on indirect
evaluations of muscle performance in relation to its mass. This aspect aims to assess the efficiency
of force production relative to muscle size, often quantified through a muscle quality index
(Barbat-Artigas et al., 2012; Coronado-Zarco & de Leon, 2023; Cruz-Jentoft et al., 2019; Naimo
etal., 2021). Evaluating muscle quality from a functional perspective involves analyzing
performance metrics like strength and power (such as peak torque, 1RM, 5RM, isometric strength,
etc.), along with quantitative measures of muscle size, including mass, lean tissue, muscle
thickness, volume, and/or cross-sectional area (Barbat-Artigas et al., 2012; Coronado-Zarco & de
Ledn, 2023; Cruz-Jentoft et al., 2019; Naimo et al., 2021).

Muscular quality may be a more sensitive measure of muscular function than muscle
mass alone, as age-associated changes in muscle quality typically take place before any
discernible decrease in muscle mass8. This observation holds significance because changes in
muscle quality may provide a more coherent explanation for the typical aging-related decreases
in muscular strength and function. The fact that muscle quality is a relatively new concept and
that diagnostic techniques for assessing it are not yet completely standardized (Cruz-Jentoft et al.,
2019) should also be considered, highlighting the need for more study in this area. Muscle quality
evaluation methods can be categorized into three main groups: the first category includes invasive
methods; the second consists of direct non-invasive techniques; and the third group involves
indirect non-invasive approaches that assess muscle quality through external indicators or
approximations (Barbat-Artigas et al., 2012; Coronado-Zarco & de Leodn, 2023; Correa-de-
Araujo et al., 2017)(Cruz-Jentoft et al., 2019; de Lucena Alves et al., 2023; Virto, Rio, Méndez-
Zorrilla, et al., 2024). This scoping review will specifically concentrate on the indirect methods
used to assess the functional aspect of muscle quality. These techniques are relatively simple to
conduct, do not necessitate the use of invasive instruments, and serve as a valuable tool for
evaluating functional muscle quality in older populations (Coronado-Zarco & de Le6n, 2023;
Correa-de-Araujo et al., 2017; Cruz-Jentoft et al., 2019).

To assess functional muscle quality, instruments typically measure both muscle strength
or power and mass, which are essential for calculating the muscle quality index through indirect
assessments of muscle performance in relation to muscle mass (Barbat-Artigas et al., 2012;
Coronado-Zarco & de Leoén, 2023; de Lucena Alves et al., 2023; Naimo et al., 2021). In clinical
practice a variety of instruments are used for these measurements, for example in the case of
strength, isometric dynamometers and MRI strength tests are used as simple measurement
methods, while more advanced devices such as power meters and isokinetic analysers provide
more accurate assessments (American College of Sports Medicine et al., 2009; Baltzopoulos &
Brodie, 1989; Chamorro et al., 2017; Cruz-Jentoft et al., 2019; Ramirez-Campillo et al., 2022;
Reid & Fielding, 2012). For clinical application, various devices are available, ranging from
simpler tools like isometric dynamometers and RM strength tests to more advanced equipment
such as power gauges and isokinetic testers, which provide more comprehensive assessments of
strength (American College of Sports Medicine et al., 2009; Baltzopoulos & Brodie, 1989;
Chamorro et al., 2017; Cruz-Jentoft et al., 2019; Ramirez-Campillo et al., 2022; Reid & Fielding,
2012). Additionally, muscle mass is typically measured through techniques such as BIA, DXA,
B-mode ultrasound, CT, and MRI, each offering unique insights into muscle composition,

49



Related work

including lean mass, muscle thickness, and cross-sectional area (Correa-de-Araujo et al., 2017,
Faron et al., 2020; Niklasson et al., 2022; Scafoglieri & Clarys, 2018; Sconfienza et al., 2018;
Sergi et al., 2016). Despite strong recommendations from prominent organizations like ICFSR
and EWGSOP to standardize definitions and improve assessment methods for muscle quality,
determining the most effective tools for these evaluations remains a challenge. This underscores
the importance of a comprehensive review to synthesize and analyze the existing evidence on
non-invasive tools for assessing functional muscle quality in older adults. This review will not
only evaluate the effectiveness of current methods but also highlight recent trends and
advancements in the field. Furthermore, it aims to explore the practical considerations that
influence the choice of tools, such as accessibility, cost, and training requirements, with the
ultimate goal of promoting the use of accessible, simple methods in community settings (Correa-
de-Araujo et al., 2017; Cruz-Jentoft et al., 2019).

The scoping review was conducted following the guidelines set forth by the 2020
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) standards. The
main objective was to address several key research questions.

1. Which non-invasive techniques and their underlying concepts are employed to assess
the functional domain of muscle quality in the elderly?

2. Which non-invasive techniques have been found to be the most reliable and successful
for evaluating the functional domain of muscle quality in older adults?

3. Which are the primary disadvantages of the non-invasive methods used today to assess
the quality of older persons' functional domain muscles?

4. What aspects, such price, ease of use, and necessary training, affect the selection of
non-invasive instruments for evaluating the quality of functional muscles, especially in
community contexts, and how may easy and approachable techniques be used to promote their
application in the community? What developments or trends have been noticed recently?

To ensure a thorough and systematic approach, the review adhered to the PICOS
framework (participants, interventions, comparators, outcomes, and study design) to define the
inclusion and exclusion criteria for studies. The review included studies focusing on healthy older
adults (60 years and above) and assessed tools that measured functional muscle quality, excluding
studies involving participants under 60 years or those with muscle diseases that might impact
muscle quality measurement. Furthermore, studies that did not focus on the functional domain of
muscle quality or employed invasive techniques were excluded.

The literature search was initiated using a tailored search strategy for PubMed, focusing
on titles, abstracts, and keywords. This search strategy was then adjusted for other databases, such
as Web of Science and Scopus, using boolean operators to combine relevant keywords
systematically. The search was conducted up until October 2024. The search strategy was as
follows, healthcare keywords: "aged" OR "old" OR "elder*" OR "aging" OR "frail*" OR "older"
OR "senior" OR "geriatric". Technique keywords: "measure*" OR "determine" OR "analyze" OR
"evaluate” OR “sensitivity and specificity” OR "screening” OR "tool*" OR "assess*" OR
"diagnostic accuracy". Muscle quality keywords: "muscle function” OR "muscle performance"
OR "muscle functional performance” OR "muscle functional capacity" OR "muscle quality” OR
"functional domain™ OR "muscle quality index".

The review specifically excluded non-invasive imaging methods for monitoring muscle
quality due to concerns that including these techniques could introduce bias by influencing the
results. Instead, the focus was on studies that directly assessed muscle quality, ensuring a more
objective approach to evaluating the available evidence.
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For the purpose of eliminating duplicates and subsequently filtering them according to
the predetermined inclusion and exclusion criteria, potential research were directly exported from
scientific databases into Rayyan (https://www.rayyan.ai/). Following these procedures, 10,559
records in all were found. Figure 1 describes the study selection procedure. 6,382 records were
eliminated after titles and abstracts were screened, and duplicates (n=6,591) were eliminated. 209
full-text articles remained for additional assessment. After a full-text examination for eligibility,
130 more papers were disqualified. In the end, it was decided that 79 papers qualified for the
scoping review.

2
o
=
< Records found through database searching (n: .
Records duplicates removed (n: 3.968
E 10.559) (Pubmed: 1.752, Scopus: 3092, WOS: et P ( )
=
= 5.715.)
w
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5 type: (n:132); Muscle qualitydirectly assess (n:
w 597); Other reasons (n: 564 ); Musculardisorders +
musde transplants (n: 357)
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Figure 7. Flow diagram of the systematic search process.

The details of the characteristics of the studies included in this review are presented in
Table 2. A total of 32,892 participants aged over 60 years were analyzed. Of these, 42 studies
involved both male and female participants (n: 26,572, accounting for 80.8% of the total sample).
Thirty studies consisted solely of female participants (n: 3,719, 11.3% of the total), and seven
studies focused only on male participants (n: 2,601, 7.9% of the total). The studies included in
this review were published between 1999 and 2024, with approximately one-third published since
2021 (n: 24, 30%).
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Table 3. Descriptive features of participants, muscle quality definitions, assessment methods, targeted
muscle groups, and the effectiveness and limitations of the measurement tools.

Referenc Participants Muscle quality Assessment methods (test  Assess  Advantages and disadvantages
e and definition and principles of ment
country measurement) site
Assessment: HGS, Knee
extensors (KE) 1RM, HGS and BIA are affordable and widely
94 community isokinetic KE and peak Lower available, making them well-suited for both
residents MQ ratio standard torque. clinical and community settings, though more
(Abdalla Ider adul | h s S heo i . and d di . hni f
etal older adults (musc e strengt Tools: Strength: : isometric Superior advanced imaging techniques offer greater
- (69.1% normalized by body dynamometer (HGS), .. specificity. Isokinetic dynamometers and DXA
2021) - A extremit .
female, 69 size). isokinetic dynamometer ios reliably measure leg strength and mass, but
6.1 years) (inferior extremity muscle); ' their high cost and need for specialized training
DXA and BIA for muscle restrict their use beyond clinical settings
mass.
Forearm MQ, ratio of
HGS to forearm ulna
muscle thickness Assessment: HGS. These dynamometers are effective in assessing
. (HGS/MT). Tools: For strength . functional MQ and suitable for community
(Abe 135 active - : o : Superior : - :
Relative HGS ratio of  assessment: isometric . programs, while ultrasound provides precise
et al., elderly males H f inh  d H d extremit M houah its hiah q
2016) (77 + 4 years) GS to forearm _glrt ynamom_eter (HGS) and to ies Q assessments, thoug |t_s ig g:o_st an
- (HGS/forearm girth) muscle thickness US (B- ' reliance on operator expertise limit its
and aratioof HGSto ~ mode). accessibility in community settings.
body mass
(HGS/body mass).
143 older Assessment: HGS. HGS and BIA are affordable and widely
(Baek individuals HGS per unit of bod Tools: For strength: isometric ~ Superior  available, making them well-suited for both
etal., (69% female, wei hri y dynamometer (HGS); for extremit  clinical and community settings, though more
2022) mean age 74 ght: muscle mass and body ies. advanced imaging techniques offer greater
+ 6 years) composition BIA. specificity.
Formula for MQ: Assessment: HGS and 30
(Banitaleb 63 female (Leg second chair stand test. Inferior
ietal., (65-80 eérs) lengthx0.4 body Tools: Strength: : isometric extremit HGS and DXA provide reliable assessments for
2020) y massxgravityx10/tim  dynamometer (HGS); for y (leg). community use, but the high cost and equipment
e sit-stand) body mass: DXA. demands of DXA may limit its accessibility.
Muscle Quality Index
(MQL): strength per unit Assessment: HGS and . . .
of muscle mass. MQI is easier to access, but it may not measure
: . KEstrength (KES) test. Lower - . .
Superior extremity : . . the entire range of muscle quality that tools like
(Barbat- . Tools: Muscle strength: and -
. 1219 female (80 HGS by superior . - . MRI or CT can capture. While DXA offers
Artigas 7. isometric dynamometer HGS,  Superior . .
* 4 years). extremities muscle mass . : ... dependable assessments for community settings,
etal., 2013) - maximum voluntary contraction extremitie .~ " L -
(kPaskg). Inferior . its high cost and need for specialized equipment
2 for KES; for muscle mass S. o
extremity : KEstrength may restrict its broader use.
o L DXA.
by inferior extremities
muscle mass (kPa/kg).
94 community  MQ, leg power Assessment: Leg extension Inferior
. : power. .
(Brady residents older normalized for lower- . . . extremity
. Tools: For leg extension power: -
etal.,2014) female (73.6 + body mineral-free lean : . (quadricep
5.4) mass (watts/kg) nottingham power rig; for 5) DXA accurately assesses muscle mass, but the
' 9)- muscle mass, DXA. ' advanced equipment needed restricts accessibility.
ierd?J?(;eLzals MQ, isometric peak %srieessment: KE isometric Inferior
(Briggs . KE force by the . . extremity MRI is useful, but its community application is
post-hip fracture - Tools: Muscle strength: - . .
etal., 2018) quadriceps lean muscle . """ . (quadricep expensive and complicated.
(mean age 77 £ mass (N/cm?) isokinetic dynamometer and for s
12 years) ' muscle mass MRI.
. . —_— o Inferior  Isokinetic dynamometers and DXA reliably
(Brightwell 23 healthy MQ, strength per unit .Of Assessment. Isokinetic (120%/5) extremity measure leg strength and mass, but their high cost
sedentary to muscle mass. Isokinetic peak - - S ; .
etal., 2019) (quadricep and need for specialized training restrict their use

low-active older peak torque of the right torque strength test.

S). beyond clinical settings
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individuals (73 leg divided by right leg Tools: Isokinetic dynamometer
* 4 years) lean mass (torque/kg).  to measure muscle strength and
for muscle mass DXA.

MQI: Determined by ~ Assessment: 5-repetition sit-to- A practical index for mortality prediction, though

4510 older sit-to-stand time, body  stand. less precise for detailed MQ assessment. It ma

individuals ina weight, and leg length. ~ Tools: For functional strength:  Inferior P ; 1 y
(Brown L - - ; ... help quantify age-related locomotor decline,

longitudinal [(L - 0.5) x body mass x time analysis of 5STS; extremitie . . . h
etal., 2016) _ - . - crucial for physical function and longevity,

cohort study g x5=]/Tsittostand;  Anthropometric measurements s. .

L emphasizing the need for further research to
(=60 years) where 0.5 (m), Leg (m), for leg length and a digital scale
complement other methods.
g (m/s2). for body mass.

867 (445 MQ, isokinetic strength Assessment: Knee extensor

females) older ' 9™ isokinetic strength. . Isokinetic dynamometers and DXA reliably
(Canon & .~ .°. - per unit muscle mass. L Inferior S

L individuals in a Tools: Kin-Com dynamometer ... measure leg strength and mass, but their high cost

Crimmins, L Knee extensor strength/ .~~~ . extremitie - S : .

longitudinal (isokinetic strength) for and need for specialized training restrict their use
2011) leg skeletal muscle . S. L -

cohort study mass strength; for muscle mass, beyond clinical settings

(=60 years). ' DXA.

180 older .
(C.-J. individuals with MQ, HGS ratio to Assessment. HGS . Superior

. - Tools: Strength: : isometric s . ]
Chang et al., T2DM (725 + relative appendicular dynamometer (HGS); for extremitie HGS and DXA provide reliable assessments for
2021) 5.3 years, muscle mass ’ s community use, but the high cost and equipment
o muscle mass, DXA. g b
53.3% males) demands of DXA may limit its accessibility.
MQ, force per unit of .

10 sedentar muscle mass. The 1RM ﬁ;ss)essment. KES (stronger Inferior
(Correa elderl femgles value of the stronger Tgo'IS' 1RM KE dvhamometers extremity The 1RM test and US provide accurate muscle
etal., 2012) 67 +3é ears) leg/ muscle volume of for strén th: for m)l/JscIe volume (quadricep quality assessments, but the high cost of US and

0y the stronger leg g, S) its reliance on operator expertise limit its

US (B-mode).

(kg/cm?) accessibility in community settings.
(da Costa cl)|7d66posp|tallzed MQI: ratio of muscle Assessment: HGS. Superior HGS and BIA are affordable and widely available,
- oo strength to appendicular Tools: Strength: : isometric perior making them well-suited for both clinical and
Pereira individuals (>60 . extremitie . .
skeletal muscle dynamometer (HGS); BIA for community settings, though more advanced
etal., 2023) years, 43.8% | M hni i ifici
females) mass (ASMM). muscle mass assessment. imaging techniques offer greater specificity.
Assessment: Knee extension
. Tools: To assess muscle . Isokinetic dynamometers and DXA reliably
330 sarcopenic  Leg strength (peak . - Inferior S
(Cramer - strength: maximal voluntary ... measure leg strength and mass, but their high cost
older adults torque) relativetoleg . .2 - extremitie o e ; .
etal., 2016) isokinetic peak torque in leg and need for specialized training restrict their use
(=65 years) muscle mass (Nm/kg). S : L -
extension; for muscle mass: beyond clinical settings
DXA.
MQ, specific force per  Assessment: Knee extension, L
; ower L .
62 females unit of muscle mass. chest press and preacher curl. and These_z dynamometers are efficient in eva_luatlng
(Cunha (68.6+50 Sum of the best IRM  Tools: Muscle strength assessed Superior functional MQ and suitable for community
etal., 2018) N values for the 3 by the combined 1RM of three perior programs, whereas DXA offers a thorough mass
years) . . extremitie ) : -
exercises by the skeletal exercises; total skeletal muscle assessment but is restricted to clinical
- s. . o
muscle mass. mass measured with DXA. environments due to its high cost.
1367 well-
functioning Assessment: KE torque. Inferior
older For muscle quality Tools: Strength: , Kin-Com extremitie
individuals (726 assessment knee dynamometer for isokinetic s Isokinetic dynamometry and CT provide in-depth
(Delmonico men, 70-79 extensor torque per unit strength; CT for CSA evaluations, yet their high cost and limited
et al., 2008) years) of thigh CSA. measurement. practicality hinder widespread use.
Assessment: KE, CP and Lower These dynamometers are efficient in evaluating
Total strength (sum of  preacher curl. and functional MQ and suitable for community
34 sarcopenic  the 3 1RM tests) Tools: Strength: , sum of IRM  Superior programs, whereas DXA offers a thorough mass
(Dos Santos older females relative to skeletal of three exercises; for total extremitie assessment but is restricted to clinical
et al., 2024) (>60 years) muscle mass. skeletal muscle mass: DXA. S. environments due to its high cost.
58
healthy older Assessment: HGS.
individuals (71 HGS relative to Tools: Strength: : isometric HGS and DXA provide reliable assessments for
(Emerson  + 6 years, 33 appendicular lean dynamometer (HGS); for Superior community use, but the high cost and equipment
etal., 2014) females) mass. muscle mass, DXA. extremity demands of DXA may limit its accessibility.
23 community Inferior  CT offers precise assessments but relies on
(Dalle et al., residents, non  Isometric strength per extremity specialized equipment, restricting its use in
2021) sarcopenic older unit of muscle mass. Assessment: Isometric KE. . community settings. These dynamometers
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individuals (65-

Tools: Strength: : isometric

effectively evaluate functional MQ and are

83 years) dynamometer, for muscle mass practical for community programs.
CT.
For muscle quality the  Assessment: KE test.
ratio of strength to body Tools: Strength: : PLLE Power
(M. S. 23 older mass. Leg extension Lift KE machine for muscle Inferior
Fragala individuals (61- strength/lean quadriceps mass and body composition: extremitie DXA accurately assesses muscle mass, but the
etal., 2014) 85 years) muscle mass (kg/kg).  DXA. S. advanced equipment needed restricts accessibility.
MQI: Determined by
sit-to-stand time, body
weight, and leg length.  Assessment: 5 Sit-to-stand MQI is suitable for community use, reliably
25 older MQI= ((leg length x (STS). Leg length detecting improvements and reflecting functional
(M. S. individuals 0.4) x body mass x Tools: STS performance, to Inferior  MQ, with potential in clinical and community
Fragala (706 £6.1 gravity x 10)/ time sit to measure body mass and leg extremitie care. However, DXA’s high cost and equipment
et al., 2015) years) stand. length DXA. S needs limit its accessibility.
Assessment: KE test.
(Gadelha, 246 community- Tools: Isokinetic dynamometer Inferior  Isokinetic dynamometers and US are effective for
Neri, dwelling older for stronger leg strength; US extremity accurate muscle quality assessments, but their
Nobrega,  females (68.1 = Peak torque per unit of (B-mode) to measure muscle (stronger high cost and dependence on operator expertise
et al., 2018) 6.2 years) thigh muscle thickness. thickness. leg thigh). limit their accessibility in community settings.
Assessment: KE test.
(Gadelha, Tools: Isokinetic dynamometer Inferior  Isokinetic dynamometers and US are effective for
Neri, 167 for stronger leg strength; US extremity accurate muscle quality assessments, but their
Bottaro, females (68.1 + Ratio of peak torque to  (B-mode) to measure muscle  (stronger high cost and dependence on operator expertise
et al., 2018) 6.2 years) thigh muscle thickness. thickness. leg thigh). limit their accessibility in community settings.
1. Maximum isokinetic
hip/leg extensor MRI offers accurate volume measurements, it is
strength (MILES) per more costly and less widely available; isokinetic
43 older men  unit of mid-thigh Assessment: KE. dynamometers and DXA reliably measure leg
(Ghasemika with intra-fascia volume. Tools: Strength: : isokinetic leg Inferior  strength and mass, but their high cost and need for
ramet al.,  osteosarcopenia 2. MILES/ thigh muscle press; for muscle volume MRI; extremity specialized training restrict their use beyond
2021) (78 £ 4 years)  mass. for muscle mass DXA. clinical settings
Assessment: Knee extensor
1880 older isokinetic strength. Inferior Isokinetic dynamometers and DXA reliably
individuals Tools: Strength: ; Kin-Com extremitie MEASUre leg strength and mass, but their high cost
(735 +2.38 Isokinetic torque per dynamometer (isokinetic and need for specialized training restrict their use
(Goodpaster years, 51.6% unit of leg lean mass strength); for muscle mass: beyond clinical settings
et al., 2006) females) (Nm/Kkg) DXA.

Assessment: HGS and

quadriceps strength. Tools: For Upper and
strength: Jamar isometric Inferior
MQ, ratio of strength ~ dynamometer, spring gauge on extremitie
per unit of mass in both legs separately measuring s HGS and DXA provide reliable assessments for
(Hairi et al., 1705 older men lower and upper inferior extremity muscle); for (quadricep community use, but the high cost and equipment
2010) (=70 years) extremities. muscle mass: DXA S) demands of DXA may limit its accessibility.
Assessment: 5RM bench press
and 5RM leg press.
Tools: Strength assessment
included bench press (free- These dynamometers are efficient in evaluating
65 healthy older Upper and lower body  weight and half-rack) and leg ~ Upper and functional MQ and suitable for community
(Herda & individuals muscle strength press (45° plate-loaded hip Inferior  programs, whereas DXA offers a thorough mass
Nabavizade (66.5+7.09 (1RM) relative to sled); lean mass measured via ~ extremitie assessment but is restricted to clinical
h, 2021) years) respective lean mass. DXA. S environments due to its high cost.
MQI: Determined by
sit-to-stand time, body MQI is suitable for community environments,
weight, and leg length.  Assessment: 5 STS and Leg offering reliable sensitivity to detect
MQI= ((leg length x length. improvements and reflecting functional muscle
(Jerez- 28 older 0.4) x body mass x Tools: 5STS performance; for  Inferior  quality, making it a valuable tool for both clinical
Mayorga  females (66.2 + gravity x 10)/ time sit to body mass BIA, leg length was extremitie and community care. However, more specialized
et al., 2020) 5.6 years) stand measured manually. S imaging methods exist.
Muscle-specific torque,
1512 older defined as peak torque Inferior  Isokinetic dynamometry and CT provide in-depth
(Katsiaras  individuals (70— relative to cross- Assessment: KE and knee extremitie evaluations, yet their high cost and limited
et al., 2005) 79 years) sectional area flexors. S practicality hinder widespread use.
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(strength/CSA), was
used as a muscle quality
index.

Tools: Strength: , isokinetic
dynamometer in knee extensors
and flexors; for CSA CT.

MQ: ratio of muscle

strength to
muscle volume
(Nm/cm3) Assessment: KE. Upper and
1. MQ isometric Tools: Strength was assessed  Inferior
strength/vol unilaterally using isokinetic and extremitie
2. MQ concentric KE measurements s Isokinetic dynamometry and CT provide in-depth
(Kennis 72 older men concentric on a Biodex System 3 (separatel evaluations, yet their high cost and limited
etal., 2013) (60-80 years) strength/vol ~ dynamometer, volume via CT. y) practicality hinder widespread use.
Assessment: KE.
Tools: Strength assessed via HGS and BIA are affordable and widely available,
170 older Muscle quality assess  hand-held dynamometer at the  Inferior ~ making them well-suited for both clinical and
(Nonaka females (aged by leg strength relative ankle; muscle mass measured  extremitie community settings, though more advanced
et al., 2020) 65-79 years) to mass (kg/kg). with BIA. S imaging techniques offer greater specificity.
Assessment: Knee extensor
2307 well isokinetic strength.
functioning Tools: Sstrength assessed via Isokinetic dynamometers and DXA reliably
older Muscle quality: muscle Kin-Com dynamometer Inferior  measure leg strength and mass, but their high cost
(Koster individuals, strength divided by leg (isokinetic strength); for muscle extremitie and need for specialized training restrict their use
etal.,,2011) (70-79 years) lean mass (Nm/kg). mass: DXA. s beyond clinical settings
1. MQ upper extremity,
handgrip strength by Assessment: HGS and knee Upper and
arm lean mass (kg/kg). extension. Inferior
2. MQ lower extremity, Tools: Strength: isometric extremitie
56 older strength of isometric dynamometer (HGS) and S HGS and DXA provide reliable assessments for
(Liao et al., females (67.3 + quadriceps by leg lean handheld dynamometer (leg);  (separatel community use, but the high cost and equipment
2018) 5.1 years) mass (N/kg). mass: DXA. y) demands of DXA may limit its accessibility.
Isometric MQ: Ratio of Assessment: Plantar flexor
maximum isometric isometric and dynamic strength.
contraction to plantar ~ Tools: Strength: isokinetic
flexor thickness. dynamometer (MVIC) and
Dynamic MQ: Ratio of dynamic plantar flexor Isokinetic dynamometers and US are effective for
24 older plantar flexor strength  assessment at 30°/s.; US (B- Inferior  accurate muscle quality assessments, but their
(Lopez females (66.3 + at 30°/s to muscle mode) to measure muscle extremitie high cost and dependence on operator expertise
et al., 2020) 5.8 years) thickness. thickness. S limit their accessibility in community settings.
1. Muscle quality:
HGS per unit of body ~ Assessment: HGS. Superior
1679 older weight (kg/kg) Tools: Strength: isometric extremit
individuals 2. MQ: HGS divided dynamometer (HGS); muscle ies HGS and DXA provide reliable assessments for
(Maltais (753 by arm fat free mass mass DXA. (arm).  community use, but the high cost and equipment
etal., 2019) 4.4years) (kg/kg). demands of DXA may limit its accessibility.
60 apparently Muscle_quallty asSesS A ccossment: HGS. Superior
healthy older by relative strength with Tools: o . -
S - ools: Strength: isometric extremit - :

(McCormac individuals grip strength d HGS): f . HGS and DXA provide reliable assessments for
k et al. (70.7 £ 6.2 normalized to arm lean ynamometer ( ); forarm ies community use, but the high cost and equipment
’ muscle lean mass DXA. (arm). ) L9 -

2013) years) mass (kg/kg). demands of DXA may limit its accessibility.
184 older Assessment: KE. Isokinetic dynamometers provide precise
individuals Tools: Strength, isokinetic assessments of leg strength and mass, but their
(73.6 +6.83 MQ: Ratio of KE dynamometer for knee Inferior  high cost and need for specialized equipment and
(Michel years, 81% strength normalized to  extensors; for fat-free mass, extremitie training restrict their use outside clinical
et al., 2024) females) fat-free mass (Nm/kg).  Sergi’s equation. S environments.
MQ and leg strength
(sum of peak extension
and flexion torque Assessment: Isokinetic leg
55 healthy older measured by isokinetic extension and flexion. Isokinetic dynamometers and DXA reliably
individuals dynamometer) adjusted nstrument: Strength: isokinetic Inferior  measure leg strength and mass, but their high cost
(Misic et al., (69.3+5.5 for leg mineral-free lean dynamometer; DXA body extremitie and need for specialized training restrict their use
2007) years) mass. composition. S beyond clinical settings
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MQ, knee-extension

Assessment: KE.
Tools: Strength: isokinetic

Inferior  Isokinetic dynamometry and CT provide in-depth

(Moore 786 adults (66.3 strength per muscle dynamometer in knee extensors extremitie evaluations, yet their high cost and limited
etal., 2014) years) CSA. and flexors; for CSA CT. S practicality hinder widespread use.

MQ, specific tension

formula, ratio between Assessment: KE. Inferior

the KELIRM/2 and the  Tools: Strength, 1RM test; for extremitie The 1RM test and US provide accurate muscle

35 older men  sum of the squared quadriceps femoris volume US s quality assessments, but the high cost of US and

(Miiller (65.8+3.9 quadriceps femoris (B-mode) derived muscle (quadricep its reliance on operator expertise limit its
et al., 2020) years) muscles (N/cm?). thickness. S) accessibility in community settings.

222 community

residents
(Neri et al., females
2021) (>60 years).

MQ, muscle strength
per unit of muscle mass.
Specific torque (ratio of
peak knee extension
torque to leg lean mass
of the same limb,
expressed in Nm/kg.

Assessment: KE.
Tools: Strength, isokinetic

dynamometer; for lean mass,

DXA.

Isokinetic dynamometers and DXA reliably
Inferior  measure leg strength and mass, but their high cost
extremitie and need for specialized training restrict their use
S beyond clinical settings

246 community

MQ, muscle strength
per unit of muscle mass.
Specific torque (ratio of
peak knee extension

Assessment: KE.

Isokinetic dynamometers and DXA reliably

residents torque to leg lean mass  Tools: Strength: , isokinetic Inferior  measure leg strength and mass, but their high cost

(Neri et al., females (>60 of the same limb, dynamometer; for lean mass, extremitie and need for specialized training restrict their use
2020) years). expressed in Nm/kg. DXA. S beyond clinical settings

Field MQI: highest

value divided by the

subject’s body mass Assessment: HGS. Superior

index. Tools: Strength: isometric extremit

Laboratory MQI: ratio  dynamometer (HGS); for arm ies

of grip strength to total  muscle lean mass DXA (body (arm)

64 obese older
(Neto et al., females (67.05
+ 5.46 years)

2023)

arm muscle mass in
kilograms measured by
DXA.

composition).

HGS and DXA provide reliable assessments for
community use, but the high cost and equipment
demands of DXA may limit its accessibility.

88 obese

(Neto et al., females (69.4 +

1. Laboratory MQI:
ratio of predicted 1RM
leg extension to total
lower limb muscle mass
in kilograms measured
by DXA.

2. Field MQI: ratio of
predicted 1RM leg
extension divided by

Assessment: KE.

Tools: Strength: leg extension
via 10RM test; for lean mass,

These dynamometers are efficient in evaluating

functional MQ and suitable for community
Inferior  programs, whereas DXA offers a thorough mass
extremitie assessment but is restricted to clinical

2022) 6.06 years) BMI. DXA. S environments due to its high cost.

(Nogueira Assessment: HGS. Superior

Paranhos 220 MQ, ratio of HGS to Tools: Strength: isometric extremit HGS and DXA provide reliable assessments for
Amorim octogenarians  arm muscle mass dynamometer via HGS; DXA ies community use, but the high cost and equipment
etal., 2021) (=80 years) (kg/kg). for the arm muscle lean mass. (arm).  demands of DXA may limit its accessibility.

Test: Chest press (CP), KE(KE)

and preacher curl (PC).

66 older MQI: Total Strength Tools: Strength: 1RM test
females with 1RM (sum of load in kg assessed on CP, KE, and PC; Upper and These dynamometers are effective in assessing
previous RT from 1RM tests in CP,  for skeletal muscle mass, Kim  Inferior  functional MQ and suitable for community
experience KE, PC) divided by et al. proposed a formula for extremitie programs, while BIA is affordable and accessible
(Nunes (68.8 +4.6 total body skeletal lean soft tissue values based on s for community settings but lacks the accuracy of
etal., 2019) years) muscle mass. BIA. (together) imaging techniques.
MQ: ratio of strength to
muscle mass. Assessment: KE. Isokinetic dynamometers and DXA reliably

38 older
(Ohetal., females (>70
2017) years)

Ratio of isokinetic knee
torque to leg lean mass
(Nm/kg).

Tools: Strength: isokinetic

dynamometer; DXA for lean

mass.

Inferior  measure leg strength and mass, but their high cost
extremitie and need for specialized training restrict their use
S beyond clinical settings
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Functional MQ: muscle

Assessment: KE.
Tools: isometric knee extensor
strength in the stronger leg

These dynamometers are effective in assessing
Inferior  functional MQ and suitable for community
extremitie programs, while ultrasound provides precise MQ

156 older strength to muscle mass using a handheld dynamometer; s assessments, though its high cost and reliance on
(Osuka females (65-79 ratio(muscle for muscle mass B-mode (quadricep operator expertise limit its accessibility in
etal., 2022) years) thickness). ultrasound. s). community settings.
MQ: muscle strength
relative to regional
muscle mass (Nm/kg).
Specific force of the leg Assessment: HGS and KE. Upper and
normalized to leg Tools: Strength: Isometric Inferior
muscle mass or specific dynamometer (HGS) and extremitie Isokinetic dynamometers and DXA reliably
2618 older force of the arm isokinetic dynamometer for KE s measure leg strength and mass, but their high cost
(Park et al., individuals (70- adjusted for arm muscle strength and for arm or leg (separatel and need for specialized training restrict their use
2006) 79 years) mass. muscle mass assessment DXA. y) beyond clinical settings
Muscle quality of the
stronger leg: ratio of Assessment: KE. HGS and BIA are affordable and widely available,
30 stable isometric quadriceps Tools: Strength measured by Inferior  making them well-suited for both clinical and
(Pancera inpatients ( peak torque (PT) to leg computerized dynamometer and extremitie community settings, though more advanced
etal., 2024) 6818 years) lean mass (Nm/kg). BIA for muscle mass. S imaging techniques offer greater specificity.

36 sedentary

(Pinto et al., elderly females

MQ, strength relative to
muscle mass.
Determined by dividing
the 1RM knee extension
value by the total
quadriceps femoris
muscle thickness.

Assessment: KE stronger leg.
Tools: Strength: 1RM in knee
extension test; for quadriceps
femoris volume B-mode
ultrasound derived muscle

These dynamometers are effective in assessing
Inferior  functional MQ and suitable for community
extremitie programs, while ultrasound provides precise MQ
S assessments, though its high cost and reliance on
(quadricep operator expertise limit its accessibility in

2014) (66.0 8 years) thickness. S) community settings.
MQ, maximal strength
produced per
unit of muscle mass.
Calculated by dividing
maximal rate of Assessment: KE. Isokinetic dynamometers and DXA reliably
26 adult torque development by  Tools: Strength: , isokinetic Inferior  measure leg strength and mass, but their high cost
(Radaelli ~ females (64.8  muscle quality echo dynamometer; for muscle echo extremitie and need for specialized training restrict their use
etal.,2019) + 3.2 years) intensity. intensity B-mode ultrasound S beyond clinical settings
MQ, knee extension 1- These dynamometers are effective in assessing
RM value of the Assessment: KE stronger leg.  Inferior  functional MQ and suitable for community
27 stronger leg was Tools: Strength: , IRM testin  extremitie programs, while ultrasound provides precise MQ
postmenopausal divided by the MT knee extension; for quadriceps s assessments, though its high cost and reliance on
(Radaelli females (67.6 £ of the quadriceps of the femoris volume US (B-mode)  (quadricep operator expertise limit its accessibility in
etal.,2014) 5.1 years) stronger leg. derived muscle thickness. S) community settings.
1. Upper limb MQ: Assessment: HGS and
handgrip strength isometric leg extension.
normalized to arm lean  Tools: Strength: HGS via Upper and
mass (kg/kg). isometric dynamometer, Inferior  These dynamometers are effective for assessing
2. Lower limb MQ: custom-built isometric extremitie functional MQ and suitable for community
32 older isometric quadriceps dynamometer for leg strength s programs, while DXA provides precise MQ data;
(Ravaet al.,, females (>65 strength relative to leg  assessment; DXA for muscle  (separatel however, its cost and equipment requirements may
2017) years) lean mass (kg/kg). mass evaluation. y) limit its use in community settings.
Assessment: KE stronger leg.
2725 older MQ, the proportion of ~ Tools: Strength: 1RM knee
individuals muscle strength to extension and isokinetic Inferior  Isokinetic dynamometry and CT provide in-depth
(Reinders  (74.8 £4.7 muscle cross-sectional ~dynamometer; leg muscle area  extremitie evaluations, yet their high cost and limited
etal., 2015) years) area. assessed via CT. S practicality hinder widespread use.
Assessment: Chest press (CP),
1.MQI: 1RM load from knee extension (KE) and Upper and
the chest press (CP), preacher curl (PC). Inferior  These dynamometers are effective for assessing
knee extension (KE),  Tools: Strength: , LRM test extremitie functional MQ and suitable for community
and preacher curl (PC) assessed on CP, KE, and PC S programs, while DXA provides precise MQ data;
(Ribeiro 34 older normalized to fat-free  performed in this exact order ~ (together however, its cost and equipment requirements may

etal., 2022) females

mass.

and DXA for fat free mass.

and limit its use in community settings.

57



Related work

2. Superior

extremity MQ: 1RM
from PC relative to arm
lean mass.

3. Inferior

extremity MQ: 1RM
from KE relative to leg
lean mass.

separately

)

1.MQI: 1RM load from
the chest press (CP),
knee extension (KE),
and preacher curl (PC)
normalized to fat-free
mass.

2. Superior

extremity MQ: 1RM
from PC relative to arm

Upper and
Inferior
extremitie

Assessment: Chest press (CP),
knee extension (KE) and

25 physically  lean mass. preacher curl (PC). S These dynamometers are effective for assessing
independent 3. Inferior Tools: Strength: , 1RM test (together functional MQ and suitable for community
older females  extremity MQ: 1RM  assessed on CP, KE, and PC and programs, while DXA provides precise MQ data;
(Ribeiro (676 £5.1 from KE relative to leg performed in this exact order ~ separately however, its cost and equipment requirements may
etal., 2016) years) lean mass. and DXA for fat free mass. ) limit its use in community settings.
159 older
individuals
admitted in Assessment: Isometric leg
physical extension test and HGS.
medicine and Tools: Strength: handgrip These dynamometers effectively assess functional
rehabilitation strength (HGS) and leg Superior MQ and are suitable for community programs,
division (80.3 extension assessed via isometric extremitie while DXA provides precise MQ data but may be
(Rondanelli years, 107 MQ, strength relative to dynamometer; muscle mass s (for both less accessible due to its cost and equipment
etal., 2014) females) muscle mass. measured using DXA. arms) requirements.
Assessment: HGS.
For muscle quality, Tools: For strength assessment
(Salas- 47 older muscle strength Camry Digital Hand HGS and DXA provide reliable assessments for
Groves individuals normalized to lean body Dynamometer and DXA to Superior  community use, but the high cost and equipment
et al., 2024) (mean 70 years) mass (kg/kg). measure muscle mass. extremity demands of DXA may limit its accessibility.
MQ, maximal Assessment: Bilateral leg press,
composite strength leg flexion and extension, These dynamometers effectively assess functional
score in kilograms latissimus pull-down, and CP. . MQ and are suitable for community programs,
88 older divided by total lean Tools: Strength: , IRM test in  Inferior ~ while DXA provides precise MQ data but may be
(Schroeder individuals (=65 mass measured by DXA LP, LE, LF, LPD and CP; for  extremitie less accessible due to its cost and equipment
etal., 2011) years) in kilograms (kg/kg). lean mass DXA. S requirements.
Assessment: KE stronger leg.
MQ is defined as Tools: Strength: isokinetic
59 older maximal contraction per dynamometer via KE test, LRM Inferior  Isokinetic dynamometry and CT offer detailed
(M.-W. Seo females muscle mass measured test in KE and CT for leg extremitie assessments but are expensive and less feasible for
et al., 2020) (=65 years) as CSA. muscle CSA. S broad application.
MQ, muscle strength
(maximal voluntary
contraction) relative to
mineral-free lean mass
(MFLM).
1. MQ Upper legs: sum
of knee extension MVC
and knee flexion MVC  Assessment: Knee extension
divided by MFLM of  and flexion and ankle
the upper legs. plantarflexion and dorsiflexion.
2. MQ Ankle: sum of  Tools: Strength: Isokinetic
MVC for ankle dynamometer used for
72 older dorsiflexion and assessing knee extension, knee Isokinetic dynamometers and DXA reliably
individuals plantarflexion divided  flexion, ankle dorsiflexion, and Inferior  measure leg strength and mass, but their high cost
(Shinetal., (69.5+6.1 by MFLM of the lower ankle plantarflexion; for lean  extremitie and need for specialized training restrict their use
2012) years) leg. mass measurement, DXA. S beyond clinical settings
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*Strength from both
legs combined and
normalized by the total

MFLM.

MQI: muscle strength/

muscle mass.
Upper body:
1. Field MQL:
HGS/BMI

2. Lab MQI: HGS/arm
lean mass (DXA)

Assessment: HGS and leg
extension.
Tools: Strength: Isometric

Upper and

Inferior  These dynamometers effectively assess functional

Lower body: dynamometer (HGS) and 10 extremitie MQ and are suitable for community programs,
39 older 3. Lab MQI: 10RM leg RM from the leg extension S while DXA provides precise MQ data but may be
(SilvaPR, females (69.0 + extension/lean mass exercise; for muscle and lean  (separatel less accessible due to its cost and equipment
2021) 6.2 years) (DXA) mass evaluation, DXA. y) requirements.
Assessment: HGS.
838 older Tools: Strength: for HGS HGS and DXA provide reliable assessments for
(Spira et al., individuals (60- MQ: HGSin relation to Smedley Hand Dynamometer ~ Superior community use, but the high cost and equipment
2016) 82 years) arm muscle mass. and DXA for muscle mass. extremity demands of DXA may limit its accessibility.
Assessment: Trunk flexion and
Trunk muscle quality as extension. Isokinetic devices provide reliable targeted
strength relative to lean Tools:For strength measurements but are expensive for regular
74 older mass: Absolute trunk measurement trunk flexion and community use. BIA is affordable and accessible,
individuals flexion and extension  extension via isokinetic making it ideal for community and clinical
(Stotz et al., (76.8 xyears, torque divided by lean  concentric dynamometer; for settings, though it lacks the ability to offer detailed
2023) 38 men) tissue mass. lean tissue mass Inbody (BIA). Trunk assessments.
96 community  MQ, leg extension Assessment: KE.
(Straight residents older  power relative to lower Tools: Muscle power via Inferior
etal., females (73.9 £ body mineral-free lean  Nottingham power ring and extremitie DXA accurately assesses muscle mass, but the
2015b) 5.6 years) mass (W/kg). lean mass via DXA. S advanced equipment needed restricts accessibility.
Assessment: HGS.
Tools: Strength: HGS
via isometric dynamometer; HGS and DXA provide reliable assessments for
(Suietal, 342oldermen MQ: HGS in relation to DXA for muscle mass and body Superior community use, but the high cost and equipment
2022) (60-96 years)  arm lean mass. composition assessment. . extremity demands of DXA may limit its accessibility.
Assessment: KE.
MQ, strength relative to Tools: Strength: 1RM strength
muscle volume test, isometric force production,
(kg/cm3). Isometric and and isokinetic peak torque were Inferior
1-RM strength values  measured for the knee extremitie Isokinetic devices provide reliable targeted
23 older (N and kg, respectively) extensors; muscle mass and S assessments but are expensive, while MRI is
(Tracy individuals (65- divided by muscle volume were assessed using (quadfrice highly effective yet costly and too complex for
etal., 1999) 75 years) volume (cm3). MRI. ps) community use.
MQ, ratio of muscle
strength to lean mass.
1. Superior extremity :
HGS/ lean mass of the
dominant Superior Assessment: HGS and knee
extremity (ka/kg). extension. These dynamometers effectively assess functional
2. Inferior extremity : ~ Tools: Strength via portable Upper and MQ and are suitable for community programs,
75 older bilateral KES / lean hydraulic dynamometer and Inferior  while DXA provides precise MQ data but may be
(Vilaga females (65-80 mass of the Inferior 1RM via KE test; for muscle extremitie less accessible due to its cost and equipment
etal., 2014) years) extremity (kg/kg). composition and mass, DXA. s requirements.
MQ, ratio of muscle
strength to lean mass.
1. Superior extremity :
HGS/ lean mass of the
dominant Superior
extremity (ka/kg). Assessment: HGS and KE. These dynamometers effectively assess functional
2. Inferior extremity :  Tools: Strength via portable Upper and MQ and are suitable for community programs,
77 active older  bilateral KES (lean hydraulic dynamometer and Inferior  while DXA provides precise MQ data but may be
(Vilaga females (65-80 mass of the Inferior 1RM via KE test; for muscle extremitie less accessible due to its cost and equipment

etal., 2013) years)

extremity (kg/kg).

composition and mass, DXA.

S requirements.
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Assessment: HGS.

Upper and HGS and BIA are affordable and widely available,

(Virto, Rio, 1253 older Tools: Strength assessed by . . - S
Muiioz- individuals MQI: HGS (kg) divided Camry EH101 electronic '”fe”of . making them wgll-suned for both clinical and
. - extremitie community settings, though more advanced
Pérez, etal., (78.1+5.8 by relative skeletal handheld dynamometer (HGS) s imaging techniques offer greater specificity
2024) years) muscle mass (kg). and BIA for muscle mass. '
Assessment: Knee extension
and flexion, ankle dorsiflexion
and plantarflexion.
Tools: Strength: Isokinetic
dynamometer for assessing
knee extension, knee flexion, Inferior  Isokinetic devices provide reliable targeted
(Vojciecho 46 older MQ, quadriceps peak  ankle dorsiflexion, and ankle  extremity assessments but are expensive, while MRI is
wski et al., females (69 £4 torque to quadriceps plantarflexion; MRI for cross-  (quadricep highly effective yet costly and too complex for
2021) years) CSA. sectional area measurement. S) community use.
Assessment: Ankle dorsiflexion
and plantar flexion.
Tools: Strength: Handheld
dynamometer for muscle
strength; muscle cross-sectional These dynamometers effectively evaluate
MQ: ratio of ankle area measured at 66% of the Inferior  functional muscle quality and are suitable for
835 older strength (dorsiflexion + tibial length, starting from the  extremitie community programs, while pQCT offers detailed
(Volpato individuals (65+ plantarflexion) per tibiotarsal joint, using s (ankle, density analysis but is costly and less accessible
etal., 2012) years) muscle area (kg/cm?).  peripheral quantitative CT. plantar)  for community settings.
1. Upper leg MQ: the
total peak torque of
knee flexors and
extensors divided by
upper leg muscle
mass.
2. Lower leg MQ: the
total maximum torque
of ankle plantar flexors
and dorsiflexors divided
by lower leg muscle
mass. Assessment: Knee flexors and
3. Total leg MQ: the extensors test, ankle
25 not sum of all strength plantarflexion and dorsiflexion
institutionalized measurements divided  test. Isokinetic dynamometers and DXA reliably
older by the combined muscle Tools: Strength: isokinetic Inferior  measure leg strength and mass, but their high cost
(Walsh individuals (66 mass of the upper and  dynamometer and DXA to extremitie and need for specialized training restrict their use
etal., 2022) +9 years) lower leg (Nm/kg). measure muscle mass. S beyond clinical settings
347 healthy Assessment: Knee extension Inferior
older Tools: Strength: isokinetic extremitie Isokinetic dynamometer and ultrasound provide
individuals (81 MQ: KE torque divided dynamometer for KE and S accurate muscle quality assessments, but their
(M. Yamada + 7 years, 247 by the quadriceps quadriceps femoris US (B- (quadricep expense and reliance on skilled operators reduce
etal.,2017) females) femoris MT (Nm/cm).  mode) for muscle thickness. S) their accessibility in community settings.
340 older Assessment: HGS. Superior HGS and BIA are affordable and widely available,
individuals with  MQ: HGS normalized  Tools: Strength: HGS via extremitie making them well-suited for both clinical and
(Yamaguchi T2DM (=65 to skeletal muscle mass isometric dynamometer and s community settings, though more advanced
et al., 2022) years) (ka/kag) BIA to measure muscle mass. imaging techniques offer greater specificity.
MQ: ratio of strength
measured to the entire  Assessment: KE. Isokinetic dynamometers and DXA reliably
corresponding leg Tools: Strength: isokinetic Inferior  measure leg strength and mass, but their high cost
(Yoon et al., 269 older men  muscle mass in kg dynamometer for KE testand  extremitie and need for specialized training restrict their use
2016) (65+ years) measured by DXA. DXA for mass S beyond clinical settings
Assessment: HGS. Superior HGS and BIA are affordable and widely available,
475 older MQ: HGS normalized  Tools: Strength: HGS via extremitie making them well-suited for both clinical and
X. Yu individuals (>60 to skeletal muscle mass isometric dynamometer and s community settings, though more advanced

et al., 2024) years)

(kg/kg)

BIA to measure muscle mass.

imaging techniques offer greater specificity.
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In line with findings from the literature (Coronado-Zarco & de Ledn, 2023; de Lucena
Alves et al., 2023) the results of this review show significant variation in the definitions of muscle
quality. Definitions regarding functional muscle quality mainly entail indirect evaluations of
muscle performance in relation to muscle mass, generally defined as strength per unit of muscle
mass. Although 70 research have embraced this definition, which is based on the same basic idea
of the strength-to-mass ratio, heterogeneity results from the differences in how strength and
muscle mass are measured. As a result, even when a comparable conceptual framework for
muscle quality is used, different measuring methods lead to inconsistent results, which
emphasizes the necessity of methodological standardization to improve study comparability. The
variation shown in functional muscle quality evaluations is mostly caused by the range of
instruments used to quantify muscle mass and strength. The literature study found that 16 research
used handheld dynamometers to measure HGS, one of the non-invasive methods used to quantify
muscle strength. Twenty-three studies utilized isokinetic dynamometers, six employed handheld
isometric dynamometers, and one used both techniques for knee extension. Furthermore, ten
studies evaluated strength using RM, four evaluated leg power and eleven examined combined
upper and lower extremity strength.

Assessing muscle force output is a crucial aspect of clinical evaluation, and dynamometry
is considered one of the most reliable techniques for objectively measuring strength. This method
quantifies and provides precise measurements of force, torque, or power in the course of muscle
contractions, making it the primary laboratory-based approach for strength assessment. Several
methods of dynamometry exist, each designed to meet specific evaluation requirements. The
literature identifies isokinetic and handheld (isometric) dynamometry as the main types.
Isokinetic dynamometry is widely regarded as the gold standard due to its high validity and
reliability in measuring muscle force. These advanced machines offer a range of metrics related
to muscle force, enabling precise measurements at different angles and speeds while reducing
potential issues in the measurement process (Baltzopoulos & Brodie, 1989; R. C. Li et al., 2006;
Stark et al., 2011). Nevertheless, isokinetic devices are costly and lack portability, limiting their
application in routine clinical practice (Baltzopoulos & Brodie, 1989; R. C. Li et al., 2006). In
contrast, isometric dynamometers, such as handheld devices (HHD), are portable, which enhances
their accessibility in therapeutic settings due to their ease of use and lower cost compared to
isokinetic machines. While they provide a more limited range of data, primarily offering a
practical method for measuring isometric muscle strength and power, their lower cost may justify
their widespread clinical use. Although HHD are considered reliable and valid, they offer less
detailed information compared to isokinetic systems, even though correlations between the two
types of measurements have been reported (Beere et al., 2022; Bohannon, 2006; Chamorro et al.,
2017; Grootswagers et al., 2022; Martin et al., 2006; Stark et al., 2011; Surburg et al., 1992).

In contrast, one of the most commonly employed field tests for assessing strength is the
one repetition maximum (1RM) test, which is defined as the heaviest weight that can be lifted
once while maintaining proper technique. This test serves to accurately evaluate the maximum
force for a particular movement, being straightforward, safe, cost-effective, and considered the
benchmark in non-laboratory settings. Moreover, it follows patterns similar to those seen in
regular training sessions or everyday activities, thus enabling the assessment of strength in multi-
joint exercises (American College of Sports Medicine et al., 2009; Grgic et al., 2020; Levinger
et al., 2009; Medicine et al., 2018).

Assessing power is essential for evaluating a persons capacity to generate force quickly,
which results from the combination of force and velocity (American College of Sports Medicine
et al., 2009). Power can be quantified through the use of isokinetic dynamometers or other
specialized techniques, such as the Nottingham Power Rig and the PLEE Power Lift, which are
employed in the studies reviewed in this article. Both instruments offer high accuracy in assessing
explosive power by combining force and velocity. When comparing the two, the Nottingham
Power Rig is especially effective for clinical populations or tests involving isolated leg
movements, while the PLEE Power Lift is principally designed to assess athletic performance

61



Related work

during functional movements, making it more difficult to execute safely with older populations
(Bassey & Short, 1990; Hurst et al., 2018; Reid & Fielding, 2012; van der Woude et al., 2022).

Several non-invasive techniques can be used to assess muscle mass. In the studies
reviewed, DXA was the most commonly used, appearing in 44 studies, followed by ultrasound in
11 studies, BIA in 12, MRI1 in 4, and CT in 8. Both MRI and CT are regarded as the gold standard
for muscle composition assessment, with MRI being especially recommended by EWGSOP2 (5).
These approaches allow for qualitative and quantitative measurements of body composition, with
a strong capacity to differentiate between tissue types, such as intramuscular fat, muscle mass,
cross-sectional dimensions, and other structural properties (Faron et al., 2020; Niklasson et al.,
2022; Oba et al., 2021). While CT is faster and more affordable, it involves radiation exposure,
whereas MRI, although free of radiation, is more expensive and requires higher technical
proficiency. Although these methods are strongly correlated in clinical settings for evaluating
muscle quantity and quality, their high costs, the need for specialized equipment, and trained
personnel limit their routine use in community practice (Faron et al., 2020; Niklasson et al., 2022;
Oba et al., 2021).

DXA is another widely used technique for assessing muscle composition, and it is the
most commonly employed method in clinical settings for evaluating body composition and
diagnosing sarcopenia (Albano et al., 2020; Cruz-Jentoft et al., 2019). This is supported by the
findings of the review, which revealed that 56% of the studies analyzed used DXA to assess
muscle mass. Although, there is ongoing debate in the literature regarding whether DXA should
be considered the "gold standard.” While DXA is regarded as a precise, reliable, reproducible,
and readily accessible imaging method for quantifying lean mass, appendicular muscle mass, fat,
and bone mineral density, it also serves as a useful indicator of the muscle strength-muscle mass
relationship, it does not assess muscle composition at a more detailed structural level.
Additionally, it is influenced by hydration levels, relatively costly, and lacks portability (Albano
et al., 2020; Blake & Fogelman, 2007; Cruz-Jentoft et al., 2019; Jain & Vokes, 2017; Klement
et al., 2023).

Ultrasonography is becoming more widely acknowledged as a quick, non-invasive, and
easily accessible way to evaluate the musculoskeletal system, allowing for the measurement of
qualitative as well as qualitative muscle parameters (Correa-de-Araujo et al., 2017; Lopez et al.,
2018; Perkisas et al., 2018; Sconfienza et al., 2018). The use of ultrasound has been shown to
have strong interclass correlation coefficients and to be comparable with alternative imaging
modalities in recent systematic reviews evaluating its validity and reliability for skeletal muscle
evaluation (Correa-de-Araujo et al., 2017; Cruz-Jentoft et al., 2019; Lopez et al., 2018; Neira
Alvarez et al., 2021; Perkisas et al., 2018; Sconfienza et al., 2018). While continuous attempts at
standardizing these metrics, their high operator dependency highlights the need for more study to
improve their lack of reference and clinical usefulness (Correa-de-Araujo et al., 2017; Lopez
et al., 2018; Perkisas et al., 2018; Sconfienza et al., 2018). Significantly, new research has started
to show robust relationships between parameters obtained from ultrasonography and other muscle
mass reference measurements (Neira Alvarez et al., 2021; Prell et al., 2024).

BIA is a valuable non-invasive approach for estimating skeletal muscle mass, either total
or appendicular, by assessing the electrical conductivity of the body and utilizing predictive
models. Although it is a fast, accessible, and non-invasive method, its precision largely depends
on the specific predictive model used and can be influenced by factors such as hydration status
(Beaudart et al., 2020; Distefano & Goodpaster, 2018; Kyle et al., 2003; Sergi et al., 2016). When
compared to more established techniques such as DXA and CT, BIA may either slightly
overestimate or underestimate muscle mass, but overall, it shows a strong level of agreement with
these reference methods (Achamrah et al., 2018; Cruz-Jentoft et al., 2019; Ribeiro et al., 2022;
Zuo et al., 2024).
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One of the main difficulties with the tools mentioned is the lack of universally accepted
assessment standards, which complicates the process of identifying the most effective and
validated techniques. The most reliable and well-supported tools for evaluating the functional
aspect of MQ are those that provide accurate measurements of multiple facets of muscle function
(such as strength and power), while also accounting for the structural features of the muscle (such
as muscle mass). The tools employed must be dependable, reproducible, and capable of delivering
objective and clinically relevant data that accurately reflect the muscle's capacity to perform
functional tasks. In this regard, methods like CT, MRI, and DXA are considered more precise for
evaluating the compositional and structural aspects of muscle. MRI and DXA are potentially more
practical than CT, as they do not involve radiation and are more easily accessible in some clinical
environments. On the other hand, US and BIA might provide more convenient and budget-
friendly options, particularly when quick and non-invasive evaluations are needed, though they
tend to have slightly reduced precision (Correa-de-Araujo et al., 2017; Cruz-Jentoft et al., 2019;
Sconfienza et al., 2018; Sergi et al., 2016). When assessing strength, isokinetic dynamometry, the
1RM test, and handheld isometric dynamometers are used, each differing in terms of precision,
cost, and practicality. Isokinetic dynamometry provides the highest accuracy but is limited by its
expense and lack of portability. The 1RM test is cost-effective and straightforward but does not
offer the detailed metrics found in isokinetic machines. Handheld dynamometers are more
accessible and affordable but offer fewer comprehensive data (American College of Sports
Medicine et al., 2009; Baltzopoulos & Brodie, 1989; Chamorro et al., 2017; Grootswagers et al.,
2022; Martin et al., 2006; Medicine et al., 2018). Each method relies on different technologies
and targets specific facets of functional MQ, highlighting the need for careful selection depending
on the assessment objectives and available resources.

The lack of established standards and substantial methodological variability are the main
limitations of the non-invasive techniques currently used to evaluate the functional domain of
muscle quality in older persons. This unpredictability makes it difficult to compare studies
directly and makes it more difficult to determine which instrument is best for this goal. Notably,
the variety of assessment methodologies has been cited as a challenge in other muscle quality
publications and reviews as well (Correa-de-Araujo et al., 2017; de Lucena Alves et al., 2023;
Virto, Rio, Méndez-Zorrilla, et al., 2024).

The EWGSOP emphasizes the significance of evaluating muscle amount and quality5.
Our review does point out that there is currently no clear standard for choosing a particular
evaluation tool based on an individual's characteristics (Correa-de-Araujo et al., 2017; Cruz-
Jentoft et al., 2019). The selection of non-invasive methods for evaluating the functional domain
of muscle quality is influenced by multiple aspects. Cost, accessibility, and the degree of training
needed to utilize the technology efficiently are some of these. Despite their high cost, restricted
accessibility, and requirement for specialized personnel, reliable and verified techniques like
DXA and MRI are commonly utilized in clinical settings. Even though these direct approaches
yield trustworthy data, their restricted accessibility makes it difficult for them to be widely used,
particularly in non-clinical settings (Correa-de-Araujo et al., 2017; Cruz-Jentoft et al., 2019;
Sabatino etal., 2024). Consequently, more straightforward, portable, and cost-effective
techniques like BIA or ultrasound are becoming increasingly popular in everyday clinical
practice, although they tend to have a moderate or lower level of accuracy compared to the
advanced methods previously discussed (Perkisas et al., 2018). The growing integration of
portable ultrasound and BIA devices in community settings underscores their potential to provide
accessible and affordable solutions in these contexts (Cruz-Jentoft et al., 2019; Nagae et al.,
2023). These approaches offer an effective way to bridge the gap between clinical and community
environments, making muscle quality assessments more attainable, particularly when resources
are limited. Whereas higher-cost techniques are frequently confined to clinical applications,
simpler and more economical alternatives are better suited for community use, where ease of use
and affordability are crucial for broad adoption (Cruz-Jentoft et al., 2019; Sabatino et al., 2024).
The emphasis on accessible tools is particularly significant because muscle quality changes often
occur before other functional impairments, and identifying these changes early may serve as a
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more sensitive indicator of muscle function, potentially preventing further health deterioration
(de Lucena Alves et al., 2023; Kuschel et al., 2022).

Since changes in muscle quality often manifest earlier than alterations in other functional
variables, it is crucial to extend the assessment of this parameter to the community level (de
Lucena Alves et al., 2023; Kuschel et al., 2022). This covers a wide spectrum of applications,
from health promotion programmes and community activities to integration into training and
fitness centres specifically designed for older people. As noted above, accessibility and speed of
measurement are critical, especially in contexts where the volume of individuals is high and the
resources available are limited. In this sense, the development and use of tools that are fast,
accurate and economically viable could represent a key solution (de Lucena Alves et al., 2023).
Formulas for measuring functional quality, estimated from indirect assessments of muscle
performance in relation to muscle mass, offer a promising alternative (Correa-de-Araujo et al.,
2017). When muscle assessments are performed using accessible tools, these formulas could be
effectively incorporated into community settings, enabling large-scale monitoring and promotion
of muscle health. Among the most affordable and commonly used tools for assessing muscle
strength are handheld dynamometers, suitable for both upper and lower limbs, including 1RM
evaluations. For muscle mass measurement, the most accessible options in community settings
are US and BIA, with BIA being the simplest and most practical choice for widespread
application.

A number of new developments in the past few years have brought attention to the
growing use of readily available instruments, such the MQI, for functionally evaluating the
connection amongst muscle mass and strength. Significant progress is being made in community-
based implementations thanks to these innovative techniques, which include using BIA and US
for this strength measurement.
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4 Methods

There’s no substitute for hard work. If you work hard and prepare yourself, you might get beat,
but you’ll never lose. — Nancy Lieberman.

This chapter elucidates the methodology of each of the studies that make up the thesis.
Encompassing the four case studies, the first one presents an approach and preliminary results,
the completion of which enables the subsequent three studies. The objective of this chapter is to
clarify the protocol and general methodology of the studies constituting the thesis.

4.1 Overall methodology.

Before initiating the thesis work and the accompanying articles, a comprehensive work
plan was established, detailing a specific methodology. This methodology is illustrated in Figure
1, which summarizes the process followed during the development of the systematic review and
the three case studies.

Design and
Development

Validation stage Application stage Conclusion

1. Identify target group . v

2. ldentify literature gap | Pilot study Studies IV, V and VI
and work objetives :

3 Data collection :
methods N Study population & Study population &
. ethics comitte ethics comitle

Study variables &

- - Study variables & Indirect muscle guality
Systematic review and — assessment allow azseszment Sarcopenia
Scoping review. i f i
ping instruments instruments Gait Spead

Studies | and Il

Social and functionsl varisbles

Ulrasound — Muscle guality

Clinical and functional variables Results analysis
B and clinical
applications

Resulis analysis
and correlation

Figure 8. Summary of methodology stages.

The key aspects of the design and development phase involve determining the essential
questions and objectives within the identified literature gap. Additionally, the study group and
data collection methods have been established based on the clinical characteristics to be measured
and the study's stage. Specifically, the study population consists of adults over 65 years old, with
or without sarcopenia and frailty. The measurement instruments will vary depending on the study
phase, ranging from direct methods of muscle quantification to indirect measures.
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Upon completing the initial design phase, the validation phase begins. In this phase, a
pilot study is conducted to correlate direct muscle quality quantification tools with relevant
functional and clinical variables. If a correlation is found, this will allow the use of indirect muscle
quality measures obtained through functional tests, as these are simpler and could facilitate the
assessment of muscle quality in clinical practice. In order to ensure the appropriateness of the
studies, the first case study was approved by the ethical committee, the appropriate study variables
were selected, and data collection was performed by professionals.

After completing the pilot study, the obtained results were then applied in the subsequent
three case studies to further investigate the relationship between muscle quality and functional
outcomes in older adults. Considering all these criteria and establishing the collaborative channels
required to engage with the selected sample of participants, diverse methodologies were employed
across all the studies. A description of the procedures used in each of them can be found in the
following section.

4.2 Methodology of case study I:

4.2.1 Participants

For this initial study, participants were consecutively recruited from the scheduled patient list of
the Falls Unit and the outpatient clinics at the University Hospital of Albacete. A total of 66
participants were enrolled, comprising 55 women (83.3%) and 11 men (16.7%), all of whom
met the inclusion criterion of being aged 70 years or older. The inclusion and exclusion criteria
will be detailed in
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Table 5.

Table 4. Case study I participants

Type of sampling ~ Sample size Gender distribution

Consecutive sampling N: 66 Females: 55
Males: 11
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Table 5. Inclusion and exclusion criteria.

Criteria Details
Inclusion criteria
Age Age of at least 70 years.
Gender Either gender.

Informed consent
Functional tests

Hospital exercise cohort

Ability to provide informed consent.
Ability to perform all the functional tests.

Ability to participate in the physical exercise program (for hospital exercise
cohort only).

Exclusion criteria

Expected survival
Barthel Scale score
Cognitive impairment
Refusal to participate
Medical conditions

Existing exercise
program

Expected survival of <1 year.
Barthel Scale score <70.
Moderate-to-severe cognitive impairment.
Refusal to participate.
Medical conditions that may compromise or impede follow-up assessments.

Older adults already enrolled in regular physical exercise programs.

Termination criteria

Participation refusal

Complications

Refusal to continue participation.

Complications during or between examinations and intervention.
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4.2.2 Clinical variables and assessment tools

Data processing will be carried out independently of the recruitment and follow-up of the
cohort in this preliminary study. Furthermore, only anonymised data will be transmitted to the
data evaluation center. Specifically, data evaluation will take place at the University of Deusto.

In terms of data collection for the study variables, each will be explained in detail below,
starting with the primary variable, the ultrasound evaluation. Ultrasound aims to assess muscle
quality and mass using the portable linear scanner L7 HD3 (Clarius Mobile Health Corp.,
Vancouver, BC, Canada), designed for point-of-care ultrasound (POCUS). The scanner
incorporates an imaging package designed to enhance B-mode image quality for musculoskeletal
examinations, along with a research package for capturing raw backscattering ultrasound data. To
conduct the ultrasound examination, patients were positioned supine on a bed with knees fully
extended and relaxed. The ultrasound transducer was positioned perpendicular to both the
longitudinal and transverse axes of the quadriceps rectus femoris to capture both transverse and
longitudinal images. Placement of the transducer was standardized at the midpoint between the
upper pole of the patella and the anterior superior iliac spine along the length of the femur. Each
imaging session comprised 12 B-scan frames, including three transverse and three longitudinal
views for both the right and left thighs.

During the examination, morphometric ultrasound measurements are recorded using the
scanner’s interface. These include:

e Transverse view measurements of the rectus femoris:
o Thickness (mm) at the mid-section point
o Cross-sectional area (CSA, cm?)
o Perimeter (mm) of the muscle surface

e Longitudinal view measurement of the rectus femoris:
o Pennation angle (°)

Measurements [ <€ Measurements | ¢

T — Thickness: 17.95 mm
Pennation angle A:
S— Cross-sectional surface: 20.29°

9.22 cm?

P— Perimeter: 139.23 mm

Figure 9. Ultrasound measurements of rectus femoris include (A) thickness, cross-sectional area, and
perimeter of the rectus femoris in transverse view, and (B) pennation angle in longitudinal view.

Ultrasound measurements were conducted by trained geriatricians with prior experience
in performing ultrasound examinations. Furthermore, to ensure accurate imaging acquisition and
analysis during the study, all ultrasound images underwent supervision by a qualified radiologist.
The radiologist assessed their appropriateness and approved each collected file.
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Among the other evaluation instruments, Table 6 provides an overview of the tools used
to gather data across health domains within the study cohort. These domains include
anthropometry, frailty, sarcopenia, disability, physical function, nutrition and demographic. Each
instrument or scale is designed specifically to assess aspects of health status, providing a range
that indicates the severity or level of each condition evaluated. This compilation facilitates a
comprehensive assessment of individuals' health and well-being, supporting clinical research and
healthcare interventions.

Table 6. Clinical variables and assessment tools

Domain Assessment/Tool Range/Description

Below 18.5: Underweight; 18.5 — 24.9:
BMI (Body Mass Index) Healthy Weight; 25.0 — 29.9: Overweight;
30.0 and Above: Obesity

Anthropometry
DXA (Dual-energy X-ray i
absorptiometry)
FRAIL Scale 0-5 (0: not frail, 5: very frail)
Frailty
. 0-5 (>3: frail, 1-2: pre-frail or intermediate, O:
Frailty Phenotype not frail)
Sarcopenia SARC-F Scale 0-10 (higher score |nd|c§tes higher risk of
sarcopenia)
Charlson Comorbidity Index 0-1 (no comorbl_dlty), 2 (10W _comorbldlty), >3
(high comorbidity)
Barthel Index (Activities of ) .
Disability Daily Living) 0-100 (100: total independence)

Lawton and Brody Index

(Instrumental Activities of Daily 0-8 women, 0-5 men (higher score indicates

higher independence)

Living)
Short Physical Performance 0-12 (higher score indicates better physical
Battery (SPPB) function)

Physical Function Gait Speed Test (4m test) Seconds (lower time indicates better physical

function)
Grip Strength with Jamar Kilograms (higher strength indicates better
Dynamometer physical function)

Demographic

: Age, sex, gender... -
variables 86, 5eX, 8

70



Muscle quality in aging

4.2.3 Statistical Analysis

In the statistical analysis conducted, the correlation between ultrasound morphometric
parameters and clinical variables was assessed in a hospital-based subset of 66 participants.
Correlation coefficients were used to examine the relationships between ultrasound parameters
and clinical measures during the baseline examination. Significant weak correlations were noted
when the coefficient was (r < 0.4), while moderate and strong correlations were observed when
(r > 0.4). All reported correlations were assessed with a statistical significance level of P < 0.05.

4.2.4 Ethics

The study from which the data for this case study | was obtained has been
approved by the Research Ethics Committee of Albacete, Spain, under reference number
CEIm-2021-51 (Annex 1). The research will be conducted following the ethical principles for
medical research involving human subjects as stated in the Declaration of Helsinki by the World
Medical Association. Prior to participation, all participants will provide written informed consent.
Their data will be managed according to the Health Insurance Portability and Accountability Act
(HIPAA) guidelines, ensuring that no personally identifiable patient information, other than the
unique trial identification number, will be included in the metadata associated with the ultrasound
and biomarker data. This data will be uploaded to a HIPAA-compliant cloud service provided by
the ultrasound system manufacturer, allowing for centralized evaluation by the research team.

4.3 Methodology of studies I1, III and IV

In the methodology section of this thesis, the explanation of the participants, clinical
variables, ethical committee and data collection procedures of case studies Il, 1l and IV have
been presented together. This approach was chosen because these case studies share the same
database and the same group of participants. However, the statistical analyses are treated
separately to address the specific objectives and analytical approaches specific to each study. This
structure allows for a comprehensive presentation of the shared elements between studies while
highlighting the different methodological considerations of the statistical analyses.

4.3.1 Participants

The participants for these three articles were chosen via a non-probabilistic convenience
sampling method from among older adults enrolled in the "Health for the Elderly" program,
supported by the Bilbao City Council. In total, 1253 individuals (89.5% women), aged over 60
years, with a mean age of 78.1 £ 5.8, were recruited.

Table 7. Case study I, 11l and IV participants.

Type of sampling Sample size Gender distribution
Non-probabilistic convenience N: 1253 Females: 1121
Males: 132
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4.3.2 Clinical variables and assessment tools

Participants were examined at specified centers and times according to the program
organized by the Bilbao City Council, with evaluators attending daily. Due to the study's large
participant cohort, supplementary personnel were recruited to aid in data collection. To ensure
impartiality and uphold data integrity, individuals from the Higher-Level Training Cycle in
Teaching and Socio-sports Animation underwent specialized training conducted by fitness
professionals. This training covered the necessary tests and subsequent data collection
procedures. The following tests were conducted to gather the data.

Anthropometry:

Segmental bioimpedance analysis was performed using the Tanita BC-601 Segment
analyzer (Tanita Corp., Tokyo, Japan). This method provides data on weight (W), body fat
percentage (fat %), and muscle mass in kilograms (Kg_Muscle). The Tanita BC-601 Segment is
recognized as a reliable and non-invasive technique that delivers highly accurate measurements
(R2=0.98) (Y. Yamada et al., 2021). Furthermore, measurements of height were taken using the
Tanita HR 001 Leicester portable stadiometer.

Functional assessment:

Functional assessment involves the systematic evaluation of physical performance
through standardized batteries of tests. In these studies, we will employ three specific tests to
comprehensively measure functional capabilities.

The Short Physical Performance Battery (SPPB): The SPPB is a highly reliable and
valid clinical functional assessment tool frequently used to evaluate functional mobility in
community-dwelling older adults (Santamaria-Peldez et al., 2023). It objectively measures
balance, lower extremity strength, and functional capacity through three specific domains:
balance assessment (in standing, semi-tandem, and tandem positions), a 4-meter gait assessment
(timed walk over 4 meters at a normal pace), and the five-repetition chair stand test (5STS)
completed as quickly as possible. Each component is scored from 0 to 4, with 0 being the lowest
score. The composite score, ranging from 0 to 12 points, is obtained by summing the individual
component scores (Guralnik et al., 1994).

For the balance assessment, participants are required to maintain unsupported standing
for 10 seconds in three progressively challenging positions: feet together, semi-tandem, and full
tandem (Guralnik et al., 1994). The 4-meter gait assessment uses a soft tape measure and
stopwatch to measure the time taken to walk the distance at a normal pace. The 5STS involves
performing five repetitions of rising from a chair of 49 cm height as quickly as possible, timed
using a stopwatch (Alcazar et al., 2018).

Manual Grip Strength: The hand grip strength of participants was measured using the
Camry EH101 electronic hand dynamometer, which is certified as medical equipment by the
Spanish Agency for Medicines and Health Products. During testing, individuals maintained a
posture with slight shoulder abduction (approximately 10°), full elbow extension, and the forearm
and hand in a neutral position (Suni, J., Husu, P., & Rinne, M., 2009). Each participant underwent
two trials, and the highest recorded value was used for analysis. This dynamometer, chosen for
its excellent reliability and validity, is recognized as a dependable, cost-effective, and practical
device for assessing grip strength in geriatric clinical environments (Huang et al., 2024).
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Relative Power and Absolute Power: Mechanical power, a product of strength and
speed, plays a crucial role in functional assessments of physical performance (Siglinsky et al.,
2015). The 5STS test serves as a tool for evaluating lower extremity muscle power in clinical or
field settings (Alcazar et al., 2018). From the 5STS results, both absolute and relative lower limb
power were derived (Baltasar-Fernandez et al., 2021; Ferrari et al., 2016).

The mean absolute power was calculated using the equation formulated by Alcazar et al.,
2018, which incorporates performance metrics from the 5STS (measured as time to complete five
sit-to-stand repetitions), along with factors such as body mass, body height, and chair height
(Alcazar et al., 2018). For relative data normalization, the calculated absolute power was adjusted
relative to body weight.

Muscle Quality Index:

To indirectly assess muscle quality, the method of dividing handgrip strength by relative
skeletal muscle mass, as proposed by Barbat-Artigas et al. and Chang et al. was utilized (Barbat-
Artigas et al., 2012; C.-J. Chang et al., 2021). Muscle quality was categorized based on the criteria
established by Barbat-Artigas et al. (2012). For men, the muscle quality categories were defined
as normal (greater than 1.53), low (greater than 1.36 but less than or equal to 1.53), and poor (less
than or equal to 1.36). For women, the categories were normal (greater than 1.53), low (greater
than 1.35 but less than or equal to 1.53), and poor (less than or equal to 1.35) (Barbat-Artigas
etal., 2012).

Socioeconomic information:

The socioeconomic and physical environment of a region are interconnected with health
statistics and have a direct impact on the population, so this variable has been considered (Molero
Jurado & Pérez Fuentes, 2011). For this purpose, the Euskadi 2021 socioeconomic index was
used, created using the same approach as the MEDEA project (Dominguez-Berjon et al., 2008).
The definition of this variable is based on the average personal income (in euros) for each
neighbourhood in the municipality of Bilbao. As a result, three socioeconomic levels have been
identified: low income (<20,000 euros), medium income (20,000 - 30,000 euros), and high
income (>30,000 euros), depending on the neighbourhood from which each individual comes
(Eustat, 2023).
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4.3.3 Statistical Analysis case study II

This section details the process of preparing data for the analysis of the second case study,
with the aim of developing a predictive algorithm and selecting relevant features for sarcopenia
and MQI. Machine learning techniques were selected because they are widely used in clinical
settings for diagnosing and predicting diseases. Many studies have utilized ML to identify key
factors in predicting sarcopenia and frailty (Kang et al., 2019; Tarekegn et al., 2020; Zupo et al.,
2023).

Before commencing the analysis, data subsets were processed for the MQI and sarcopenia
tests. After data processing, machine learning (ML) feature selection was employed to identify
the most relevant features for training predictive models. This approach is particularly effective
in addressing the challenge of small sample sizes commonly encountered in medical studies.
Specifically, four feature selection methods were utilized in this study: Spearman correlation,
Ordinary Least Squares (OLS), Random Forest (RF), and Support Vector Machine (SVM). Each
method generated data subsets that were subsequently used for classification tests.

Following the classification tests, the selected features were ranked and aggregated. This
step aimed to evaluate the model's performance with different numbers of features from the
aggregated list. Consequently, data subsets were created using the first four features, the first eight
features, and the entire list of features from the aggregated list. These subsets were then compared
in classification tests, along with those created from each individual selection method, to
determine if including more features improves the model's performance.

To identify the most effective method for predictive modelling of sarcopenia and MQI,
data subsets were created from the feature selection techniques. Eight ML algorithms were
employed: K-nearest Neighbors (KNN), Gradient Boosting (GB), Decision Tree (DT), Gaussian
Naive Bayes (NB), Stochastic Gradient Descent (SGD), Random Forest (RF), Multi-Layer
Perceptron (MLP), and Support Vector Machine (SVM), all implemented with the Sci-Kit Learn
library.

4.3.4 Statistical Analysis casevstudy III

The initial dataset contained 1,253 cases and 16 original variables (see Table 1). Derived
variables such as the Muscle Quality Index (MQI), MQI_max, relative muscle mass, body mass
index (BMI), 4-meter walking speed, walking test points, mean power, relative power, squat test
score, total Short Physical Performance Battery (SPPB) score, frailty classification based on
SPPB, and sarcopenia status were calculated. To enhance data quality for MQI analysis, several
data preprocessing steps were conducted, leading to the exclusion of 31 individuals due to missing
data (n = 14) or implausible values (n = 17), resulting in 1,222 participants.

MQI is traditionally calculated from right-hand grip strength, assuming it as the dominant
hand. However, in this study, 425 older adults showed greater grip strength in the left hand, with
200 showing a difference greater than 10%. Therefore, incorporating the maximum grip strength
from either hand (MQI_max) was found to be more accurate, and MQI_max was used as the
primary variable for analysis.

The sample included 1,091 women and 131 men, totalling 1,222 participants. Significant
sex-based differences were observed in several key variables, particularly MQI and the prevalence
of conditions such as sarcopenia and frailty (see Tables 20, 21, and 22). Due to these differences,
separate analyses for men and women were conducted. Initial models suggested strong
interactions between sex and variables, leading to the decision to estimate sex-stratified models.
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After an initial test, the regression model was expanded to include nearly all independent
variables, and separate models were built for each sex due to observed disparities.

Women Model:

The first model for women included age, BMI, fat mass, muscle mass, 4-meter gait speed,
balance test (EQ3), ID2, and squat test performance. BMI was used instead of weight and height
due to collinearity. A Generalized Additive Model (GAM) was employed to handle non-linear
relationships, and most variables were included linearly. However, 4-meter walking speed and
squat test performance showed nonlinearity. For the 4-meter walk, the relationship was linear
once walk time was converted to gait speed (m/s). The squat test revealed a saturation effect,
where longer times were associated with lower MQI_max values, up to a threshold of 13.7
seconds, beyond which the relationship levelled off. Squat test performance was categorized into
three levels to improve model interpretability. Redundant variables like weight and height were
excluded, as were EQ1 (all participants reached the maximum score) and EQ2 (no effect). The
SPPB composite score was also excluded as its components were already accounted for.

Male Model:

For men, similar procedures were followed, and it was found that all variables, including
chair squat time, could be included linearly, except for relative power, which showed a nonlinear
pattern. Despite this, the model with chair squat time was selected for its simplicity, as the model
with relative power produced similar results.

In both models, the analysis was performed using R software 4.2.2, with the mgcv
package for the GAM models.

4.3.5 Statistical Analysis case study IV

This section outlines the data preparation process for the analysis of the fourth case study.
To commence data analysis, Levene's test was conducted to assess variance homogeneity, while
the normality of continuous variables was examined using Kolmogorov—Smirnov, Cramer-von
Mises, and Anderson-Darling tests. Pearson's x2 test was employed to explore potential
dependencies between variables, followed by Cramér's V to determine effect size (ES),
categorized as "small" (< 0.2), "medium" (0.2 to 0.6), or "large" (> 0.6). Subsequently,
correspondence analysis was performed to investigate relationships between variables.

The correlation analysis aimed to establish relationships among quantitative variables by
assessing their strength using R2 and aimed to detect multicollinearity among independent
quantitative variables to prevent biases in the interpretation of regression coefficients.
Subsequently, a regression analysis was performed to identify the most suitable explanatory
variables for the final regression model, with a specific focus on gait speed as the dependent
variable. Following the regression analysis, the inclusion of the categorical variable
(Socioeconomic environment) led to conducting a one-way ANOVA to determine variations in
gait speed across different socioeconomic groups. Statistical analyses were conducted using R
version 4.2.2 67 and RStudio version 2022.12.0.353 68 (Rstudio Team, 2022).

For internal validation, k-fold cross-validation (10 folds, five replicates) was used to
avoid overfitting, removing data with standardized residuals (SRE) > 3. The final regression
model included 1209 participants after outlier analysis. Power analysis included 1209
participants, establishing a medium ES (f2 = 0.54) with 99% power at o = 0.05 for future multiple
linear regressions utilizing G*Power software based on R2 = 0.35 and seven predictors.
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4.3.6 Ethics

The present research project adhered to the Helsinki Declaration by the World Medical
Association concerning ethical principles for medical research involving human subjects (General
Assembly of the World Medical Association, 2014). Data collection was conducted anonymously,
ensuring confidentiality rights were respected by securely storing personal information and
adhering strictly to the Organic Law 3/2018 of December 5, regarding the Protection of Personal
Data and the Guarantee of Digital Rights (Spanish Government, 2018).

The project, from which case studies I, 111 and IV were derived, received approval from
the Ethics Committee of the University of Deusto (Annex 2), reference ETK-32/18-19. Prior to
participation, participants provided written informed consent, understanding the general
objectives of the articles, the voluntary nature of their involvement, and the anonymity of their
participation. Participants were also informed of their right to withdraw from the study at any
time.
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5 Results

Those who think they have no time for exercise will sooner or later have to find time for
illness. - Edward Stanley.

This chapter presents the four case studies (one pilot study and three articles) that form
the core of this dissertation, following the two systematic reviews that have provided an in-depth
understanding of the topic at hand. These studies were designed to validate the hypothesis of this
work, addressing research questions that arose from identifying gaps in the literature. Each study
in this section aims to objectively determine the validity of this hypothesis. The studies are
included in the format in which they were published in four different impact factor journals. For
ease of reference, each article is preceded by a summary of its main contributions and objectives,
its role within the overall thesis work, and details of where and when it was published.
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Table 8 shows a summary of the main conclusions of each of the publications, which
respond to the objectives and hypotheses set out in this project. The case study is not shown in
the table because it is not presented as an article in this doctoral thesis.:

78



Muscle quality in aging

Table 8. Summary of the articles and results presented that make up the thesis.

Type of article Article Objective Conclusions
1. Systematic Virto, N., Rio, X., Méndez-Zorrilla, A., & 1 There is significant diversity in the methods of direct
review Garcia-Zapirain, B. (2024). Non invasive assessment of muscle quality, mainly using ultrasound
techniques for direct muscle quality and magnetic resonance imaging; and a consistent
assessment after exercise intervention in positive trend in exercise interventions, indicating their
older adults: a systematic review. BMC efficacy in improving or preserving muscle quality.
geriatrics, 24(1), 642. However, the lack of standardized assessment criteria
https://doi.org/10.1186/s12877-024- poses a challenge given the diversity within the studied
05243-3 population and variations in methodologies.
2. Scoping review Under review, pending publication. 2 This review highlights the heterogeneity in MQ,
particularly in the methods used to assess muscle strength
Virto, N., Rio, X., Méndez-Zorrilla, A., & and mass. A variety of non-invasive tools are available for
Garcia-Zapirain, B. Non invasive assessing MQ, with handheld dynamometers and 1RM
techniques for muscle quality functional tests being practical for community use, while isokinetic
domain monitoring in older adults: a dynamometers and power assessments are more
scoping review. specialized. For muscle mass, MRI, DXA, and CT are
highly accurate but costly, whereas BIA and ultrasound
offer more accessible and cost-effective alternatives for
community settings.
3. Observational Virto, N., Dequin, D. M., Rio, X., 4 Exploring the factors that affect sarcopenia and MQI in
Descriptive Méndez-Zorrilla, A., & Garcia-Zapirain, older adults, this study highlights that relative power, age,
B. (2024). Exploring determinant factors weight, and the 5STS are significant determinants. While
influencing muscle quality and sarcopenia considering these clinical markers and using a holistic
in Bilbao’s older adult population through approach, this can provide crucial information for
machine learning: A comprehensive designing personalized and effective interventions to
analysis approach. PloS one, 19(12), promote healthy aging.
e0316174.
Suggests possible sex-specific differences in factors
4. Observational Under review, pending publication. 5 influencing MQI in older adults, with muscle mass,
Descriptive fat mass, and functional performance (gait speed,
Virto, N, Rio, X., Méndez-Zorrilla, A., & squat time, and balance) being significant predictors
Garcia-Zapirain, B. Functional muscle in women, whereas age, BMI, squat time, and
quality and its determinants in older balance were relevant in men. The smaller male
adults: analysis ?If key factors and their sample and lower variability in their performance
influences. measures may have influenced the model's
predictive power. These findings underscore the
importance  of  considering  gender-specific
characteristics in MQ assessment, highlighting the
need for further research to enhance generalisability.
5. Observational Virto, N., Rio, X., Mufioz-Pérez, 1., 6 Exploring the factors that affect walking speed in older
Descriptive Méndez-Zorrilla, A., & Garcia-Zapirain, adults, this study highlights that age, relative power and

B. (2024). Gait speed in older adults:
exploring the impact of functional,
physical and social factors. Retos, 61,
552-566.
https://doi.org/10.47197/retos.v61.109902

balance are significant determinants. These clinical
markers provide crucial information for designing
personalized and effective interventions to promote
healthy aging.

*The case study is not shown in the table because it is not presented as an article in this doctoral thesis.
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Results

Table 9 shows the characteristics of the journals in which the above-mentioned articles have
been published.

Table 9. Journal Quality Index.

Journal eISSN  Country Categoy IF Q Editorial
BMC 1471- England Medicine: Geriartics and 34 SJR: Q1  Springer
Geriatrics 2318 Gerontology (2023) Nature
JCR
JCI: Q1
JIF: Q2
Plos One 1932- United Multidisciplinary SJR: Q1 PLOS
6203 States
JCR
JCI: Q1
JIF: Q1
1.2
Retos 1579- Spain Health Professions: Physical SJR: Q2
1726 Therapy, Sports Therapy and
Rehabilitation JCR: Q3

Medicine: Orthopedics and
Sports Medicine

Note: ISSN: International Standard Serial Number; IF: Impact Factor (JCR 2024); Q: quartile

80



Muscle quality in aging

Last, Table 10 specifies the exact participation of each of the authors in each article.
Subsequently, each article is accompanied by an abstract.

Table 10. Participation of the authors in each of the articles.

Contribution Paper 1 Paper 2 Paper 3 Paper 4 Paper 5
Conceptualisation N.V N.V N.V N.V N.V
Data collection N.V N.V X.R X.R X.R
Formal analysis N.V N.V N.V and D.D. N.V N.V., X.R.,
.M
Research N.V N.V N.Vand X.R N.Vand X.R N.Vand X.R
Methodology N.V N.V N.V., X.R,, N.V N.V., X.R,,
D.D .M
Supervision X.R,AM.Z, XR,AMZ, XRAMZ XRAMZ XR AMZ,
B.G.Z B.G.Z B.G.Z B.G.Z B.G.Z
Validation N.Vand X.R N.Vand X.R N.V., X.R, N.V., X.R, N.V., X.R,
AM.Z,B.G.Z AM.Z, AM.Z,B.G.Z
B.G.Z,
Initial drafting of the N.V N.V N.V., X.R., N.V. N.V
article D.D and X.R
Writing-revisingand  N.V., X.R,, N.V., X.R,, N.V., X.R,, N.V., X.R,, N.V., X.R,,
editing AM.Z., AM.Z., D.D.,,AM.Z, AM.Z., .M., AM.Z.,
B.G.Z B.G.Z B.G.Z B.G.Z B.G.Z

Nota: N.V= Naiara Virto; X.R. = Xabier Rio; A.M.Z = Amaia Mendez Zorrilla; B.G.Z= Begofia Garcia Zapirain;
D.D: Danielle Dequin; 1.M: Iker Mufoz.
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5.1 Case Study I: Pilot Study

This research builds upon the findings of two previous studies (systematic reviews) on
muscle quality in older adults, extending the analysis to the study of direct methods, particularly
the use of ultrasound, within the framework of this thesis. The two initial studies have established
a solid theoretical foundation by identifying non-invasive methods to assess both functional and
morphological aspects of muscle quality, laying the groundwork for the next steps in the
investigation. On the one hand, the first systematic review focused on identifying the most
effective non-invasive tools for assessing morphological muscle quality in older adults,
highlighting ultrasound as a key direct method. On the other hand, the second review completed
the theoretical analysis of muscle quality quantification by evaluating and determining indirect
methods for assessing muscle quality, also known as functional muscle quality. Functional muscle
quality is based on muscle performance in relation to muscle mass and is obtained through indirect
assessments that measure functional capacity in specific health contexts.

The first systematic review lays the foundation for the use of ultrasound as a direct
method for analyzing morphological muscle quality. This leads us to the need to explore the
correlations between the geometric variables of the rectus femoris derived from ultrasound and
clinical and functional variables, in order to explore the sensitivity of direct muscle quantification
tools and compare the potential correlation with functional variables. This approach paves the
way for the potential use of these functional measures as indirect indicators of muscle quality.
Currently, these muscle quality parameters are predominantly used in research settings and not
routinely in clinical and community practice, mainly due to the technical challenges associated
with their measurement (Buckinx et al., 2018; Masanés et al., 2017; McGregor et al., 2014;
Trevifio-Aguirre et al., 2014). This is why we are looking for ways to overcome these limitations
by exploring simpler and more accessible assessment tools that could bridge the gap between
research and practical application.

To this end, a pilot study was conducted on a cohort of 66 older adults, revealing that the
geometric variables derived from ultrasound images of the rectus femoris muscle significantly
correlate with clinical and functional indicators. This finding provides compelling evidence of the
potential for ultrasound-based assessments to capture meaningful aspects of muscle health in
older populations. Moreover, it lays the groundwork for the use of these functional measures as
indirect indicators of muscle quality, which could contribute to the development of more
accessible assessments for muscle quality quantification in older adults, both in clinical and
community settings.
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5.1.1 Pilot Study I:

The assessment of muscle quality and mass in clinical and research settings typically
relies on quantitative methods, as examined in our prior study (systematic review). Our analysis
highlighted that the most frequently employed approaches for evaluating morphological muscle
quality are direct measurement techniques, which capture both microscopic and macroscopic
characteristics of muscle architecture, composition, and structure (Cruz-Jentoft et al., 2019).
Among the non-invasive tools identified for directly assessing muscle quality, ultrasound (US)
was the most commonly utilized, followed by magnetic resonance imaging (MRI). In contrast,
computed tomography (CT), tensiomyography (TMG), myotonometry, and bioelectrical
impedance analysis (BIA) were used less frequently.

Given the increasing focus on identifying sarcopenia and frailty, two related yet distinct
conditions that often develop during the ageing process, there is a growing need for accessible
and reliable tools to assess muscle quality (Davies et al., 2018; Oviedo-Briones et al., 2021;
Reijnierse et al., 2016). In line with this, international health organizations now emphasize the
importance of incorporating muscle quality evaluation into sarcopenia diagnostics,
acknowledging that muscle function and composition play a critical role beyond simple mass
measurements.

Muscle deterioration is associated with negative health outcomes, yet these can be
prevented, delayed, or even reversed through timely detection and appropriate interventions, such
as tailored exercise programs and nutritional strategies (Casas-Herrero et al., 2022; X. Chen et al.,
2014; Landi et al., 2015). To address this, it is crucial to have precise and reliable tools to assess
muscle quality and its relevance to frailty (Davies et al., 2018; Oviedo-Briones et al., 2021;
Reijnierse et al., 2016). Among the available options, ultrasound has emerged as a widely used
technique due to its affordability, noninvasive nature, and rapid application in musculoskeletal
assessments (Patil & Dasgupta, 2012; Sconfienza et al., 2018). Traditional B-mode ultrasound
imaging is currently used to estimate muscle morphology and mass by analyzing parameters such
as muscle thickness, cross-sectional area, pennation angle, echo intensity, and fascicle length
(Lopez Jiménez et al., 2023; Perkisas et al., 2018; Ramirez-Fuentes et al., 2019). Nevertheless,
despite being portable and cost-effective, these assessments remain largely inaccessible in
community settings. Despite its portability and cost-effectiveness, the use of ultrasound remains
limited in community settings due to financial constraints and a lack of accessibility, hindering
its widespread application for assessing morphological muscle quality in older adults (Paris &
Mourtzakis, 2021; Sanabria et al., 2019). This limitation highlights the need to further understand
the morphological aspects of muscle quality to optimize assessment techniques.

The morphological domain of muscle quality focuses on the direct assessment of muscle
architecture and composition, considering both its microscopic and macroscopic structural
characteristics. Unlike approaches centered on functional performance, this domain primarily
examines the physical properties and structural configuration of muscle tissue (Coronado-Zarco
& de Leon, 2023; Cruz-Jentoft et al., 2019; de Lucena Alves et al., 2023; M. S. Fragala et al.,
2014). Within the composition dimension, factors such as muscle density, lipid infiltration, fat
content, and water distribution are analyzed. In contrast, architectural characteristics are closely
related to the muscle's contractile capacity. Key architectural features influencing muscle force
generation include muscle fiber length (fascicle length) and their angular arrangement relative to
the direction of force produced by the entire muscle (pennation angle) (Correa-de-Araujo et al.,
2017). Advanced B-mode ultrasound techniques have facilitated detailed assessments of muscle
architecture, allowing accurate measurements of fascicle length, pennation angle, cross-sectional
area and echo intensity, all of which are indicators of muscle composition (Correa-de-Araujo
etal., 2017; M. Fragala et al., 2015; Perkisas et al., 2018; Virto, Rio, Méndez-Zorrilla, et al.,
2024). Finally, the assessment of muscle quality from a morphological perspective also involves
examining muscle ultrastructure (M. Fragala et al., 2015; Ochala et al., 2007; Simuni¢ et al.,
2018).
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Therefore, understanding the relationship between morphological muscle quality and
functional outcomes is crucial for evaluating the potential of functional assessments as accessible
alternatives to morphological measurements, particularly in community settings. In line with this,
the aim of this study is to establish correlations between ultrasound-derived geometric variables,
which serve as indicators of morphological muscle quality, and functional measures. By exploring
these correlations, future research may better integrate muscle quality assessment based on
functional performance, thereby facilitating its broader implementation in clinical and community
settings.

In line with the study’s objectives, the findings reveal correlations between ultrasound-
derived geometric variables and functional measures, suggesting that functional assessments may
serve as viable proxies for evaluating morphological muscle quality in community-based settings.

Table 11. Preliminary correlations at baseline visit for hospital cohort (n=66).

Correlations (p value) Thickness  Cross Pennation
sectional angle
area

SARC-F (Strength, Assistance with walking, -0.098 -0.236 -0.158

Rising from a chair, Climbing stairs, and Falls)  (0.353) (0.023) (0.108)

Grip strength 0.240 0.372 (0.000) 0.105

(0.021) (0.321)

Short Physical Performance Battery total 0.288 0.355 (0.001) 0.197

(0.005) (0.044)
Gait speed 0.168 0.327 (0.002) 0.241

(0.112) (0.014)
Frailty Phenotype (Fried) -0.101 -0.211 -0.044

(0.339) (0.043) (0.680)
FRAIL (short five-questions assessment of -0.125 -0.284 -0.034
Fatigue, Resistance, Aerobic capacity, IlInesses (0.237) (0.006) (0.731)

and Loss of weight)

aSignificant moderate and strong correlations (r>0.4); "Significant correlations (P<.05); °Significant weak
correlations (r<0.4).

Significant but weak correlations were identified between functional variables (gait
speed, handgrip strength, and the SPPB) and morphometric parameters obtained by ultrasound
(CSA, muscle thickness, and PA of the rectus femoris). However, it is important to note that,
within the context of our research, the focus is particularly on the relationship and correlation of
functional variables with geometric parameters, specifically CSA and PA, as these are the two
markers that most directly reflect morphological muscle quality.

Based on this analysis and the information gathered from the initial systematic review, it
is noteworthy that geometric parameters measured by ultrasound, such as pennation angle and
CSA, show correlations with functional variables. These results serve as a foundational baseline
for the possibility of using functional variables as a basis to calculate muscle quality in a
functional manner, thereby developing a simpler and more accessible formula to effectively assess
muscle quality in community settings.

84



Muscle quality in aging

It is important to highlight that previous studies using ultrasound (US) measurements
have also identified a relationship between morphological muscle quality and strength, functional
variables, or functional performance, supporting the usefulness of these correlations (Bartley &
Studenski, 2017; Benton et al., 2021; Lopez et al., 2020; Patil & Dasgupta, 2012; Ramirez-
Fuentes etal.,, 2019; Scanlon etal., 2014; Sconfienza etal., 2018; Whang etal., 2025).
Furthermore, when morphological muscle quality is measured with different tools such as CT or
MRI, these relationships are also found (Cameron et al., 2023; Cleary et al., 2015; Farrow et al.,
2021; Klupp et al., 2019; Millor et al., 2020; Oba et al., 2021).

In conclusion, this study validates the relationship between morphological muscle quality

and functional variables, which allows for the exploration and justification of using functional
measurements as an accessible alternative to assess muscle quality in community settings.
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5.2 Case Study II: Article I1I: Exploring determinant factors influencing muscle
quality and sarcopenia in Bilbao's older adult population through machine
learning: A comprehensive analysis approach.

This study represents the next step in the analysis of muscle quality in older adults, as
addressed within the framework of this thesis. Preliminary studies have provided a solid
theoretical basis by identifying non-invasive tools for the assessment of muscle quality, both
functional and morphological, setting the bases for more advanced research. In this regard, the
findings from the pilot study, conducted on a cohort of 66 older adults, demonstrated that
geometric variables derived from ultrasound imaging of the rectus femoris muscle (a relevant
measure within the morphological domain of muscle quality) show significant correlations, albeit
weak, with clinical and functional indicators. This result is particularly noteworthy as it aligns
with previous findings suggesting that functional measures could serve as proxy indicators of
muscle quality. While not a direct substitute, these functional assessments could provide a viable
alternative for estimating muscle quality in clinical and community settings, supporting the
exploration of more accessible and practical indirect methods (Barbat-Artigas et al., 2012).

These tools, being more accessible and less complex than direct measures, would not only
streamline the evaluation process but also enhance their integration into routine clinical and
community practice. In this way, one of the key aims of this thesis would be achieved: to improve
the accessibility and feasibility of muscle quality assessment, thereby increasing its applicability
in both clinical and community settings.

The functional domain involves evaluating muscle performance indirectly in relation to
its mass (Barbat-Artigas et al., 2012; Coronado-Zarco & de Ledn, 2023; de Lucena Alves et al.,
2023). The objective in this domain is to measure the efficiency with which a muscle produces
force in proportion to its size, often expressed as a muscle quality index. This approach has gained
increasing support in the literature as a more accessible method for quantifying functional muscle
quality. As a strategy in line with these trends, both the findings of our scoping review and the
results of the aforementioned case study further corroborate the feasibility of using functional
measures to assess muscle quality, reinforcing the rationale for adopting this method in resource-
limited community settings.

With this in mind, this study aims to investigate the determinants of muscle quality and
sarcopenia in older adults, as well as their relationship with functionality and general health. To
achieve this, anthropometric, functional and socioeconomic factors associated with muscle
quality and sarcopenia will be analysed using machine learning approaches to identify key
determinants for possible integration into clinical practice. Analysis data will be obtained using
indirect and non-invasive muscle quality assessment tools and advanced techniques, such as
machine learning, will be used to uncover critical patterns that influence muscle quality in older
adults.

This approach aims not only to deepen our understanding of the factors that influence
muscle quality, but also to propose innovative ways to integrate these tools into clinical practice.
By recognizing that proxy measures can be derived from functional indicators, this study aims to
optimize assessment strategies and advance towards more accessible and effective interventions.
In doing so, it not only expands the knowledge base on muscle quality and sarcopenia but also
explores their potential to transform current assessment and treatment methods. Ultimately, by
identifying the factors influencing muscle quality and sarcopenia in this cohort of older adults in
Bilbao, we aim to uncover key determinants that impact these variables. This knowledge will
facilitate the development of exercise programs tailored to promote healthy aging, grounded in a
deeper understanding of the underlying pathophysiology.

In this study, 1,253 older adults with a mean age of 78.13 + 5.78 years participated
voluntarily. Functional, anthropometric, geriatric pathology and socioeconomic tests were
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examined to identify determinants of sarcopenia and the Muscle Quality Index (MQI) using
machine learning techniques. The key predictors for both conditions include relative power, age,
weight, and the 5STS. Since no single factor alone is sufficient to predict either condition, the
study highlights the importance of a comprehensive approach, considering all selected features,
to better understand and address sarcopenia and MQI in older adults.

This paper is published in the journal PLoS ONE (IF: 2.9 [Q1 SJR and JCR]) and was
accepted on the 31th of December of 2024. It includes the original full version of the manuscript.
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Abstract

Background

Sarcopenia and reduced muscle quality index have garnered special attention due to their
prevalence among older individuals and the adverse effects they generate. Early detection
of these geriatric pathologies holds significant potential, enabling the implementation of
interventions that may slow or reverse their progression, thereby improving the individual’'s
overall health and quality of life. In this context, artificial intelligence opens up new opportuni-
ties to identify the key identifying factors of these pathologies, thus facilitating earlier inter-
vention and personalized treatment approaches.

Objectives

investigate anthropomorphic, functional, and socioeconomic factors associated with muscle
quality and sarcopenia using machine learning approaches and identify key determinant
factors for their potential future integration into clinical practice.

Methods

A total of 1253 older adults (89.5% women) with a mean age of 78.13 + 5.78 voluntarily par-
ticipated in this descriptive cross-sectional study, which examines determining factors in
sarcopenia and MQI using machine learning techniques. Feature selection was completed
using a variety of techniques and feature datasets were constructed according to feature
selection. Three machine learning classification algorithms classified sarcopenia and MQl in
each dataset, and the performance of classification models was compared.

Results

The predictive models used in this study exhibited AUC scores of 0.7671 for MQI and
0.7649 for sarcopenia, with the most successful algorithms being SVM and MLP. Key fac-
tors in predicting both conditions have been shown to be relative power, age, weight, and
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the 5STS. No single factor is sufficient to predict either condition, and by comprehensively
considering all selected features, the study underscores the importance of a holistic
approach in understanding and addressing sarcopenia and MQI among older adults.

Conclusions

Exploring the factors that affect sarcopenia and MQI in older adults, this study highlights that
relative power, age, weight, and the 5STS are significant determinants. While considering
these clinical markers and using a holistic approach, this can provide crucial information for
designing personalized and effective interventions to promote healthy aging.

Introduction

Aging is marked by a progressive loss of physical and physiological capacities, resulting in a
decline in functions and heightened vulnerability to death [1]. This deterioration stands as the
primary risk factor for major human pathologies [2]. The concurrent increase in life expec-
tancy, coupled with a growing elderly population, raises substantial concerns about public
health [3]. Consequently, a rising demand emerges for the development of effective solutions
to address age-related pathologies, with frailty and sarcopenia taking center stage among the
most prevalent geriatric conditions [4, 5]. The universal decline in both muscle quantity and
quality with age further intensifies these concerns, highlighting the acute necessity for targeted
interventions and tools to mitigate the consequences of age-related muscular deterioration [6].

Frailty and sarcopenia are related yet distinct conditions associated with aging. While sarco-
penia primarily affects the musculoskeletal system, frailty is a more multifactorial syndrome
[7]. According to the European Working Group on Sarcopenia in Older People (EWGSOP-2),
the first criterion indicating the probable presence of sarcopenia is the characteristic decrease
in muscle strength, while the reduction in muscle mass and quality confirms the diagnosis. In
cases where inferior physical performance is identified, sarcopenia is categorized as severe [8].
The EWGSOP-2 underscores the significance of assessing not just the quantity of muscle, but
also its quality [8]. Muscle quality (MQ) encompasses both microscopic and macroscopic
alterations in muscle architecture, as well as the functional output per unit of muscle mass [9].

An essential sign of an older adult’s general health is the overall condition of their muscles
[10]. Age-related declines in muscle mass and quality are prevalent for everyone, leading to
frailty and sarcopenia, reduced independence, compromised quality of life, and heightened
mortality risk [6, 9]. It is imperative to comprehend factors influencing muscle quality, along-
side actively maintaining and regulating it, to stave off declines in muscle mass, strength, and
regenerative capabilities [11].

One of the possible strategies that maintains optimal health during aging is regular physical
activity, as aging, even in healthy individuals, is associated with a progressive decline in muscu-
lar, neural and cognitive function, leading to deficits in functionality [12]. These interventions
result in an improvement of the features of sarcopenia and muscle quality by optimizing
changes in body composition, improving strength and mobility, increasing physical activity
levels and improving the cardiorespiratory system, among others [13-15].

The mentioned geriatric pathologies have been given special attention due to their preva-
lence among older individuals and the adverse events they generate [4, 16]. Additionally, early
detection holds significant potential, enabling the implementation of interventions that may
slow or reverse progression, reduce health costs, and enhance quality of life [8, 16].
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In community and clinical settings, developing specific machine learning (ML) models tai-
lored to predict sarcopenia and MQ based on the characteristics of the studied population is
presented as a crucial asset. Machine learning, a subset of artificial intelligence, is a computa-
tional technique that enables computers to automatically learn from data to identify patterns
and make predictions in order to identify key factors contributing to the risk of health con-
cerns such as MQ and sarcopenia [17]. Machine learning is commonly applied in clinical set-
tings for disease diagnosis and prognosis [18]. Several studies have used ML to discover
important factors for predicting sarcopenia and frailty [3, 19, 20]. Enhancing the detection of
physiological, environmental, social, and lifestyle factors contributing to frailty and sarcopenia
in older individuals will refine prediction models and enhance healthcare system policies and
practices [21].

Artificial intelligence opens new opportunities to advance personalized medicine and
understand relevant characteristics in pathophysiology, with recent research demonstrating its
effectiveness [21, 22]. Utilizing these developments in personalized medicine using ML per-
mits the identification of complex patterns in large datasets, the anticipation of health risks,
and aids in the design of intervention strategies. Integrating these techniques into clinical prac-
tice, this study aims to investigate anthropomorphic, functional and socioeconomic factors
associated with muscle quality and sarcopenia, using ML approaches.

Methods
Study design and population

This descriptive cross-sectional study investigates dynamometric, anthropometric, and Short
Physical Performance Battery (SPPB) test outcomes, including balance, gait speed test and
chair stand test alongside socioeconomic index data. Participants were selected from the
"Health for the Elderly" program sponsored by the Bilbao City Council. Inclusion criteria for
participants encompass being aged 60 or older, currently enrolled in the "Health for the
Elderly" program, and voluntarily participating, with the inability to walk independently serv-
ing as the exclusion criteria. Most of the patients are of Basque origin, sharing similar demo-
graphic, racial, and body characteristics. This homogeneity in the sample may limit the
generalizability of the model, as it does not adequately capture the variability found in a more
diverse population. The data collection of the study was approved by the University of Deusto
Ethics Committee (reference # ETK-32/18-19), started on May 1st, 2019 and finished on May
31st, 2019 and written informed consent was obtained from each participant prior to study.

Ethics approval

The data collection of the study was approved by the University of Deusto Ethics Committee
(reference # ETK-32/18-19) and written informed consent was obtained from each participant
prior to study.

Measurement protocol

Manual grip strength. A Camry EH101 electronic hand dynamometer, approved as med-
ical equipment by the Spanish Agency for Medicines and Health Products, was used to mea-
sure hand grip strength. The testing protocol involved individuals adopting a posture with a
slight shoulder abduction (approximately 10°), with the elbow in full extension and the fore-
arm and hand in a neutral position [23]. Each participant underwent two tests, with the higher
recorded value used for analysis. The CAMRY EH101 dynamometer, employed in this study,
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demonstrated excellent reliability and validity. This device stands out as a reliable, cost-effec-
tive, and practical tool for evaluating grip strength in geriatric clinical settings [24].

Anthropometry. Body composition variables were analyzed using segmental bioimpe-
dance with the Tanita BC-601 segment analyzer. This approach yields information regarding
body fat percentage, weight, and muscle mass (kg). The Tanita BC-601 is a reliable non-inva-
sive method that offers precise measurements [25]. Furthermore, the Tanita HR 001 Leicester
portable stadiometer was utilized for measuring height.

Socioeconomic index. The socioeconomic and physical environment of a region are
interconnected with health statistics, exerting a direct impact on the well-being of the elderly
population [26]. The Euskadi 2021 socioeconomic index was created using the same approach
as the MEDEA project [27]. This variable’s definition is based on the average personal income
(in euros) for each type of financial category throughout city neighbourhoods in the munici-
pality of Bilbao in 2021. As a result, three socioeconomic indices, low rent (<20,000 euros),
medium rent (>20,000 and <30,000 euros), and high rent (>30,000 euros), have been identi-
fied [28].

Functional assessment: SPPB. The Short Physical Performance Battery (SPPB) is a com-
monly used clinical assessment tool renowned for its strong reliability and validity, reporting
an excellent inter-rater reliability and test-retest reliability [29, 30]. The SPPB consists of three
components: a balance assessment (including standing, semi-tandem, and tandem positions),
a four-meter walk test (measuring the time taken to walk four meters at a normal pace), and a
five-repetition sit-to-stand test (5STS) performed as rapidly as possible [31]. Each component
is scored from zero to four, with zero representing the lowest score. Moreover, a combined
score, which ranges from zero to 12 points, is calculated by adding together the scores obtained
from the three components [31].

Relative power. The 5STS test, utilized to assess lower extremity muscle power in clinical
or field environments, demonstrates good intra-rater, inter-rater, and test-retest reliability,
making it a dependable measurement tool suitable for both experienced and inexperienced
raters [32]. To compute the mean absolute value, the equation developed by Alcazar et al.,
2018 was utilized, taking into account performance in the 5STS (measured as time to complete
five STS repetitions), body mass, body height, and chair height [33]. To standardize the data,
the result was divided by body weight [33].

Muscle Quality Index (MQI). In this research, muscle quality was indirectly evaluated
using the method proposed by Barbat-Artigas et al. and Chang et al. [34, 35], which involves
dividing handgrip strength by relative skeletal muscle mass. The classification of muscle qual-
ity was based on the thresholds established by Barbat-Artigas et al. (2012). Participants are cat-
egorized into normal (>1.53), low (>1.36 and <1.53) and poor (<1.36) muscle quality for
men, and normal (>1.53), low (>1.35 and <1.53) and poor (<1.35) muscle quality for women
[35].

Within the data this feature is referred to as cut off points with integer values one through
three; one corresponding to normal muscle quality and three corresponding to poor muscle
quality. This feature is subsequently used for feature selection and classification tests of MQL

Sarcopenia. For sarcopenia tests the feature sarcEWGSOP was used as the dependent vari-
able. This feature represents the level of sarcopenia with integer values zero through two: zero
corresponding to the absence of sarcopenia, one with moderate presence, and two with severe
sarcopenia, as defined by EWGSOP-2 [8]. The calculation of sarcopenia levels was carried out
using the gender-specific cut-off values for males and females, according to the EWGSOP-2
criteria.

Frailty. Frailty in older adults can be operationally defined using the Short Physical Per-
formance Battery (SPPB), which provides a total score ranging from 0 to 12 points. This score
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enables the classification of frailty into four categories: non-frail (10-12 points), pre-frail (7-9
points), mild to moderate frailty (4-6 points), and severe frailty (0-3 points) [31].

Data preparation and preprocessing. We prepared the data for analysis, including sepa-
rate processes for the MQI and sarcopenia tests. The raw dataset contained 1,253 individual
entries with 39 features. The key preprocessing steps involved data cleaning, filtering relevant
variables, applying one-hot encoding to nominal variables, and scaling ordinal variables to
ensure comparability. A normalised and standardised dataset was then created to facilitate fea-
ture selection using support vector machines.

Specific processing for MQI. Seventeen variables were selected for MQI tests: socioeconomic
index (3), age, weight, bmi, fat mass, balance 1, balance 2, balance 3, gait speed (m/s), 4m test,
58TS, mean power, relative power, SPPB, frailty, groups, sarcopenia (v). One-hot encoding was
applied to nominal variable sarcopenia (v). Ordinal features socioeconomic index (3), frailty,
and groups were scaled.

Specific processing for sarcopenia. Eleven variables were selected for sarcopenia tests: socio-
economic index (3), sex, age, height, weight, bmi, fat mass, muscle, 5STS, relative power, points
balance. Socioeconomic index (3) was scaled.

Feature selection methods. Feature selection in ML is the process of selecting features rel-
evant for training a prediction model. Feature selection provides many benefits, including
reducing computation time, improving prediction performance, and a better understanding of
the data in machine learning [36, 37]. A common problem within medical ML studies is small
sample size [38]. Feature selection techniques have been shown to provide possible solutions
to this, while also helping medical researchers identify the underlying mechanisms that relate
to diseases [39, 40].

Four methods were employed in this study for feature selection: Spearman correlation,
Ordinary Least Squares (OLS), Random Forest (RF), and Support Vector Machine (SVM). A
subset of the data was created using the chosen features from each method. These subsets are
subsequently used for classification tests.

Spearman correlation. Spearman correlation was used as a filter method to select a subset of
the features based on the relationship between the features and the target class. We chose to use
Spearman correlation because it is suited to handle data such as the one used in this study which
contains both non-normally distributed continuous data and ordinal data [41]. The strength of
the relationship between the features and target class was measured using the correlation coeffi-
cient. Previous works were utilized for interpreting the correlation coefficient [41, 42].

The following steps were followed to select features using Spearman correlation:

1. Compute the correlation between all variables with the target variable.

2. Select those with an absolute value of the correlation coefficient above a threshold of 0.3.
Anything less was considered a weak correlation.

3. Check selected variables for correlation with each other. From each pair of features that are
strongly correlated, remove the one that is less correlated with the target. Anything with a
coefficient above 0.5 is considered strongly correlated.

OLS. An OLS wrapper method was used by iteratively selecting a subset of features and
passing it to the model. Based on feature performance another set of features is selected or the
process terminates [43]. Feature performance was evaluated based on p-value. The feature
with the highest p-value was removed from the selected features. This process was repeated
until there were no more features with a p-value above 0.5.

Random forest. An embedded method with a random forest ML model was employed to
extract features based on importance. Embedded methods use intrinsic properties of the
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classifier to select the subset of features [43]. We used the meta-transformer SelectFromModel
from Scikit-Learn to select features based on importance weights. Feature importances were
computed as the mean and standard deviation of accumulation of the impurity decrease within
each tree in the random forest [44].

SVM. Feature selection using SVM recursive feature elimination was performed using a lin-
ear kernel, inspired by previous work [45]. Features were ranked using the sum of the absolute
value of the coefficients. In this process, the feature with the lowest rank is removed and a
model is trained on the remaining features. When evaluating the weights of the features we
found that the lowest ranked 35% of features had a significantly lower weight. Therefore, we
decided to repeat the process until less than 65% of the features remain.

Aggregated select features and importance rank. The selected features were ranked and
aggregated to create a list of features. The purpose was to investigate model performance with
a different number of features from this aggregated list of selected features.

Feature rank is calculated as follows:

1. Each feature is given a rank per selection method. If it is not chosen for a method, it is given
the rank of “last place”. For example, in the MQI dataset there are 17 features, and any
unchosen feature is given a rank of 17.

2. The rank sum for each feature is the sum of all rankings across all methods.
3. The aggregated feature rank is calculated as one divided by rank sum.

Subsets of data were then created based on the first four, first eight, and the full list of the
features from the select feature list. These subsets were then compared in classification tests,
alongside the subsets created from each individual selection method, to investigate if using
more features provides a better performing model.

Sarcopenia and MQI classification modeling using machine learning. Using the subsets
of data created from feature selection techniques mentioned above we aimed to see if a particu-
lar method for selecting features was ideal to establish a prediction model for both sarcopenia
and MQI. For the tests, we used eight ML algorithms including K-nearest Neighbors (KNN),
Gradient Boosting (GB), Decision Tree (DT), Gaussian Naive Bayes (NB), Stochastic Gradient
Descent (SGD), Random Forest (RF), Multi-Layer Perceptron (MLP), and Support Vector
Machine (SVM). All of the models employed come from the Sci-Kit Learn library. Generally,
deep learning (DL), a subfield of ML, offers multiple benefits over traditional ML methods
[46]. However, when training on small datasets, such as in our case, ML models are preferred
over DL models, since a dataset with less than 100,000 samples is considered insufficient for
DL [47].

Classification experiments. Two steps were employed to compare classification results
using the different feature selection methods: baseline test and hyperparameter tuning. All
tests were completed using a total of nine datasets. This includes the four subsets of data cre-
ated to compare classification performance across feature selection methods, as well as the
three subsets using the aggregated select features. Classification results are compared against
the full dataset as well as a normalized version of the dataset as a baseline. In all tests we chose
to perform cross validation instead of a train-test split. Previous works show that, with small
datasets such as ours, a train-test split can lead to unreliable test metrics, and therefore cross-
validation as a better option [48, 49].

Baseline test. For the baseline performance tests we trained a total of 16 models using the
aforementioned ML algorithms: eight models for prediction of sarcopenia and eight for MQL
Classifier performance was reported using accuracy, area under ROC curve (AUC) and
f1-score. Each model was evaluated based on prediction AUC using test samples from the
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data. Accuracy is included because it is a commonly reported metric in ML. Our analysis
focuses on AUC to compare models due to its ability to handle multiclass classification with
class imbalances [50]. F1-score, the harmonic mean between precision and recall, is also
reported as it is a common metric in multiclass classification tasks [51]. In both cases we used
macro averaging, the arithmetic mean of the score of each class, to not give extra weight to
larger classes. For example, a high Macro-F1 value indicates that the algorithm has good per-
formance across all classes [51]. To determine the performance of a given model with each
subset of the data created using feature selection, we conducted a five-fold cross-validation,
resulting in the average performance across all folds.

Standard parameters were chosen for the baseline experiments, with non-standard parame-
ters used in only a few cases. For all models that have the parameter random_state we gave a
value of 42 to improve result reproducibility. To ensure reproducibility of models that do not
have this parameter, we also set a seed in the environment to 42. For MLP it was necessary to
set the value of max_iter to 5000, as the standard input 200 was not sufficient for convergence.
For SVM we used a linear kernel for the baseline experiments, to see if the data are linearly sep-
arable before moving on to more complex kernels. To allow for the ability to compute AUC
for certain classifiers, we set probability to True for SVM, and used the log_loss function for
SGD.

Multilayer perceptrons and SVMs are both sensitive to feature scales [52]. For MLPs stan-
dardization is used to increase model performance and decrease the number of epochs
required for model convergence [53]. Therefore, all tests involving MLP and SVM include a
pipeline with a step to standardize the data before they are fed to the model. The pipeline uti-
lized StandardScaler from Sci-Kit Learn.

Hyperparameter tuning and final results. Default hyperparameters are not guaranteed to
give optimal performance [54]. Therefore, using the results of the baseline experiments we
selected the three best performing models for further tests to discover the optimal hyperpara-
meters. The three models that we found to have the highest AUC scores for both sarcopenia
and muscle quality prediction tasks include RF, SVM, and MLP. With these models we ran
hyperparameter tuning using GridSearchCV from Scikit-Learn, with a five-fold cross-valida-
tion. The hyperparameter options tested are shown in Table 1 in S1 File. The best performing
models from this stage gave us the final classification results.

Results
Participant characteristics

A total of 1253 patients aged 60 or older were included in this study: 1121 being female and
132 male. Table 1 shows the anthropometric and functional measurements of the study

Table 1. Anthropometric and functional measurements of the study participants.

Variable Mean + SD Med [Min-Max]
Age 78.13 £5.78 79 [60-93]
Handgrip Strength (right) 20.7 + 6.57 20 [6-55]
Muscle Mass (kg) 39.37 + 5.58 38 [24-65]
Fat Mass (kg) 38.02 + 5.98 39 [15-64]
BMI 28.44 £ 4.08 28 [16-46]
Gait Speed (m/s) 0.99 % 0.25 0.99 [0.33-2.94]
Mean Power (weightxBMI)/5STS 121.71 £+ 44.5 116.7 [29.24-352.13]
Relative Power (mean power/kg) 1.8 £0.53 1.74 [0.5-4.46])
SPPB 9.75 + 1.68 10 [4-12]
MQI 1.25+£0.37 1.2 [0.33-3.46]

https://doi.org/10.1371/journal.pone.0316174.t001
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Table 2. Prevalence of disease within the study population.

Variable Healthy Moderate Severe
Sarcopenia (sarcEWGSOP) 513 587 153
MQI (cut off points) 215 201 837
Frailty 748 451 54

https://doi.org/10.1371/journal.pone.0316174.t002

participants. The degree of disease present within the study population, including MQ], frailty,
and sarcopenia is shown in Table 2. Most patients (837) had a poor level of muscle quality,
with 201 showing moderate degradation and 215 presenting with healthy MQI. Regarding sar-
copenia 513 patients presented as healthy, with 587 showing moderate and 153 showing severe
sarcopenia. 748 patients were found to have normal levels of frailty, with 451 showing moder-
ate and 54 showing more advanced levels of frailty.

Feature selection

Sarcopenia feature selection frequency and ranking. The calculated importance of the
selected features for sarcopenia are shown in Fig 1A. Relative power and age have a relatively
close level of importance for sarcopenia, with an over 50% drop in importance for the next
highest ranking feature, 55TS. The aggregated select features includes all of the features from
the full sarcopenia dataset, thereby not reducing the number of features.

MQI feature selection frequency and ranking. The calculated importance of each of the
features within the aggregated select features for MQI is shown in Fig 2A. The variables in the
x-axis are displayed in order of importance, with relative power being the most important fea-
ture. After relative power, the importance of each feature drops by over 50%.

Classification results

The results of the models are compared using the AUC score for both MQI and sarcopenia
classification. Each of the eight ML models was trained on nine datasets separately. Through
this we can compare the various selection methods for each disease classification task. A
detailed list of the features included in each dataset are shown in Table 4 for MQI and Table 5
for sarcopenia in S1 File.

Baseline results. The three models that perform best for both tasks across all datasets are
MLP, RF, and SVM. The NB models had similar results to the other highest performing mod-
els when classifying sarcopenia, but quite poorer performance when classifying MQI, as shown
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Fig 1. Calculated importance of selected features for sarcopenia.

https://doi.org/10.1371/journal.pone.0316174.9001
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Fig 2. Calculated importance of the features selected based on relevance to MQI.

https://doi.org/10.1371/journal.pone.0316174.9002

in Figs 3 and 4. The relatively high AUC values indicate that the models are good at distin-
guishing between classes by assigning a higher probability to the correct class. Accuracy results
are overall higher for MQI prediction, indicating that the models’ ranking ability align closer
to their overall ability to classify correctly. The complete performance metrics reported for
each test for the baseline experiments are shown Table 6 for sarcopenia and Table 7 for MQI
in S1 File.

Hyperparameter tuning results. The hyperparameters investigated are as follows: n_esti-
mators and max_features for RF, hidden_layer_sizes, activation, and learning_rate for MLP,
and C, kernel, and degree for SVM. The best hyperparameters found for each model and data-
set combination are shown in Table 2 for sarcopenia and Table 3 for MQI in S1 File. The
results of hyperparameter tuning are shown in Fig A. for sarcopenia and Fig 5B. for MQI. The
y-axis in all subplots shows the mean test AUC across all folds using only one of the datasets,
with the same process being repeated for each of the nine datasets.

RF hyperparameters. A random forest fits a number of DT classifiers on various sub-sam-
ples of the dataset and uses averaging to improve the predictive AUC score. The parameter
n_estimators controls the number of trees in the forest. Increasing the number of trees

SVM NB KNN RF MLP GB DT SGD
Dataset
Spearman Select 0.6512
OLS Select 0.6456 0.750
RF Select 0.6521 0.725
SVM Select 0.6606 iy
0.675
Aggregated First 4 0.6341
0.650
Aggregated First 8 0.6514
0.625
Aggregated All 0.6664
0.600

Full 0.6664

Full Normalized 0.6880

Fig 3. Baseline results for sarcopenia classification, shown in AUC.

https://doi.org/10.1371/journal.pone.0316174.g003
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SVM NB KNN RF MLP GB DT SGD
Dataset
Spearman Select 0.6091

i 0.75

OLS Select 0.6718 593 0.7553
RF Select 0.6644 0.7554 0.70

SVM Select 0.6579 0.7563
0.65

Aggregated First 4 0.6500 | O 0.7501
Aggregated First 8 0.6644 0.7538 0.60

Aggregated All 0.7018 0.6579 0.5941 MNEIS]
0.55

Full 0.6698 0.6655 0.7492

Full Normalized 0.6830 0.6830 0.6631 0.7491

Fig 4. Baseline results for MQI prediction, shown in AUC.
https://doi.org/10.1371/journal.pone.0316174.9004

improves AUC, but also the computation time. It can be seen in both Fig 5A.1. and 5B.1. that
model performance increases as this value increases.

Max_features is the number of features to consider when looking for the best split. Empiri-
cally good values often depend on the type of task. For both MQI and sarcopenia classification,
‘sqrt’ is the best value across the majority of the datasets.

MLP hyperparameters. The number of neurons in the neural network are represented by
hidden_layer_sizes, with the ith value in the tuple representing the number of neurons in the
ith layer. For either classification task a larger network does equate to better results, with the
best framework for sarcopenia being (100,) or (200,) depending on the dataset, and the best for
MQI being (10,10,10) or (200,).

Al. Random Forest Classifier hyperparameters. B1. Random Forest Classifier hyperparameters.
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Fig 5. Hyperparameter tuning results for sarcopenia and MQI.
https://doi.org/10.1371/journal.pone.0316174.9005
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The activation parameter represents the activation function for the hidden layer. For sarco-
penia a logistic function is shown to be the best activation function, whereas tanh is better for
MQI classification.

The learning_rate represents the schedule for weight updates. A higher value leads to faster
learning by determining the step size taken into the gradient direction in backpropagation.
Too small learning rate can lead to very slow learning and increased computation time, while
too large a value can lead to early convergence with poor performance. The average test score
shown in Fig 5A.2. and 5B.2. do not show a difference between adaptive or constant with the
dataset displayed. However, as shown in Table 2 and Table 3 in S1 File a constant learning rate
is best.

SVM hyperparameters. C is the regularization parameter. It controls the tradeoff of gener-
alizability and overfitting by modifying the width of the margin of the hyperplane between
classes. A smaller number corresponds to a larger margin, which will generalize better to
unseen data. In the case of sarcopenia and MQI classification the results show a smaller value
for C being ideal.

The parameter kernel specifies the kernel type to be used in the algorithm. The results show
a linear algorithm to be the best for both sarcopenia and MQI classification.

When using a polynomial kernel, degree specifies the degree of the function. There is not a
significant difference in performance using different polynomial degrees, as shown in Fig
5A.3. and 5B.3, however, the best value across all datasets is a degree of three.

Final sarcopenia classification results. The AUC score of sarcopenia classification for
each dataset and model combination are shown in Fig 6. Multilayer perceptrons perform best
for sarcopenia classification. The highest AUC score was 0.7649, which is held by an MLP
trained on the dataset containing the first 8 variables in the aggregated select features dataset.
The SVM selected data has worked well for training a MLP on this task, with a similar AUC of

MLP RF SVM

Dataset
0.76
Pearson Select
OLS Select 0.7574 - 0.75
RF Select 0.7540 L 274
SVM Select 0.7604
Aggregated First 4 -0.73
Aggregated First 8 —
Aggregated All
0.71

Full
0.7491

Fig 6. Final sarcopenia classification results shown in AUC across all dataset and model combinations.

https://doi.org/10.1371/journal.pone.0316174.g006

Full Normalized
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Fig 7. Final classification results shown in AUC across all dataset and model combinations for MQI.

https://doi.org/10.1371/journal.pone.0316174.9007

0.7640. The complete performance metrics reported for each test are shown in Table 8 for sar-
copenia in S1 File.

Final MQI classification results. The AUC results for each dataset and model combination
are shown in Fig 7. The best AUC score achieved for MQI classification was 0.7671, which was
given by an SVM trained on the RF selected features. Multilayer perceptrons and SVMs overall
perform well at this task with very similar results using all datasets, except for when trained on
the Spearman selected dataset. The complete performance metrics reported for each test are
shown in Table 9 for MQI in S1 File.

Discussion

This study aimed to investigate anthropomorphic, functional, and socioeconomic factors asso-
ciated with muscle quality and sarcopenia, using machine learning approaches. We performed
several experiments using feature selection and classification to build predictive models for
MQI and sarcopenia and find underlying risk factors. The prediction models showed an AUC
performance of 0.7649 for sarcopenia and 0.7671 for MQ], using few features. There was little
variation between feature selection methods, highlighting the importance of the features we
had originally selected to inspect for both conditions. The explored prediction models have
shown a slight increase in predictive power when estimating sarcopenia over MQI. Further-
more, we have demonstrated SVMs and MLPs to have higher overall AUC in predicting each
condition. Utilizing an aggregation of feature selection techniques, we were able to investigate
the variables most associated with sarcopenia and MQI. For sarcopenia we have found relative
power and age to be the most influential features, with relative power being the most significant
for predicting muscle quality.
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We investigated four approaches to feature selection, which largely agree on selected fea-
tures. Spearman correlation and SVM methods both use a threshold, which is one cause for
the discrepancy present in the features selected. There is not a set rule regarding which thresh-
old should be used for either method. Previous studies using the correlation coefficient make
use of different thresholds based on the specific field of research [42, 55]. When using SVM for
feature selection there are a variety of approaches to selecting a threshold, including a thresh-
old based on the percentage of features [56], dataset complexity, or other empirically proven
threshold values [57]. Determining an appropriate threshold is not a simple task, with too high
a threshold possibly removing relevant risk factors for disease and too low including those that
are unrelated [58]. One study has suggested automatically selecting a threshold based on
model performance [55]. Future work investigating MQI and sarcopenia feature selection
could automate the threshold selection process and derive a deeper insight into risk factors for
each disease.

From a clinical and data science perspective we believed it was crucial to avoid including
pre-established diagnostic variables for feature selection and model training tasks. For our
experiments we removed the variables that form part of the clinical diagnostic batteries of each
disease, such as handgrip and gait speed (m/s) in the case of sarcopenia. Incorporating these
variables in our dataset could cause both feature selection and model training tasks to replicate
the existing diagnostic process rather than helping us to discover other potentially relevant
characteristics that could be associated with sarcopenia or MQI. One related study compared
sarcopenia prediction amongst different ML algorithms and reported accuracies of 91.7% and
upward [59]. However, that study included features such as handgrip and gait speed in the
training data. If we re-run our classification test and add these features to our training data, we
also can report higher AUC scores, such as 96.49% when training a RF to predict sarcopenia.
However, this does not provide us further insight into understanding sarcopenia. By removing
these variables, we were able to investigate underlying and potentially unknown risk factors,
thus contributing to a deeper understanding of each disease and improved clinical interven-
tion strategies.

By training prediction models on the different datasets, we were able to further evaluate the
importance of each feature for both sarcopenia and MQI. Spearman correlation selected the
least number of features for both MQI and sarcopenia; one and three features respectively.
With MQI there is marked performance increase when including up to the first four most
important features. Performance remains the same as more of the selected variables are used
in training, indicating that the variables beyond the first four in the list do not provide signifi-
cant information. However, prediction is best when using the full, unfiltered dataset. With sar-
copenia the performance increases up until and including use of the full dataset. This
demonstrates the collective importance of each of these features in our relatively low-dimen-
sional data, where we had already reduced from the original 39 features. The optimal predic-
tion performance for sarcopenia and MQI can be ensured by considering the selected features
collectively. In other words, sarcopenia and MQI need to be explained by comprehensively
considering all selected features.

Relevant features for sarcopenia

In our study the variables selected using machine learning that influence sarcopenia, as shown
in Fig 1, are the following:

o Relative power is the largest contributing factor in the identification of sarcopenia. Sarcope-
nia is initially identified by low muscle strength and confirmed by diminished muscle quan-
tity or quality. The severity is established when low physical performance is also detected [8].
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Muscle power is defined as the result of muscle force multiplied by contraction velocity [60].
Furthermore, it stands out as one of the most dependable indicators of muscle function,
showing a robust correlation with functional strength performance among older individuals
[13, 60, 61]. Age-related decline in muscle power happens at a faster rate compared to the
loss of strength and mass [62, 63], likely due to a decrease in the size of type II fibers or atro-
phy of the remaining fibers, among other contributing factors [62-64]. Given its tendency to
decline early on, muscle power emerges as a feature in the evolution of sarcopenia, as its
decline can serve as a key marker of the loss of functionality, muscle mass, and strength asso-
ciated with this condition. Additional studies corroborate muscle power as a predictor in the
assessment of sarcopenia [65, 66].

Age is an influential feature. Sarcopenia, traditionally exclusively associated with the aging
process, is now recognized as a multifactorial phenomenon that may manifest in earlier
stages of life [8]. However, it remains closely related to aging and its effects, which involve a
decline in muscular, neuronal and cognitive function [8, 67]. Beyond the age of 50, a gradual
loss of muscle mass (1-2% annually) and strength (1.5-5% annually) is evident [68]. Hand-
grip strength and walking speed, two dependent variables in the sarcopenia model, also
decline with age in both sexes [8, 67], emphasizing the importance of age as a determining
factor [13].

The 58TS test is also regarded as a feature describing sarcopenia, as the time to complete the
test provides insight into strength and locomotor capacity and can be used as a proxy for the
strength of leg muscles [8, 69]. As noted above, muscle strength is prioritized as the main
parameter for assessing probable sarcopenia within the diagnostic framework, underlining
its pivotal role [8, 70].

Height, weight and BMI are features relevant to sarcopenia. BMI is calculated by dividing a
person’s weight in kilograms by the square of their height in meters [71]. It is well recognized
that individuals with sarcopenia frequently have lower BMIs, both worldwide [72] and
within Spanish populations [73, 74]. In addition, BMI is highlighted in other studies as an
important feature in several prediction models [75, 76]. This relationship can be explained
by the fact that an increase in BMI, usually accompanied by an increase in both muscle mass
and body fat in adults, is associated with lower mortality and a reduced risk of cardiovascular
diseases [72, 74]. Furthermore, it may be advantageous to be slightly overweight [77]; while
excess body fat has been associated with increased all-cause and disease mortality, people
with low, lean body mass have higher mortality rates [72, 74]. As BMI only considers total
body mass and not body composition, it may not be a suitable indicator for older people as it
does not distinguish between fat and muscle mass [72, 78].

Fat mass is also regarded as a feature describing sarcopenia. In older populations, it may be
advantageous to be slightly overweight [77]. However, obesity and excess fat mass exacerbate
the risk of sarcopenia, as fat infiltration into the muscle reduces physical function [72, 74].
Additionally, this fat mass is associated with metabolic issues that can affect sarcopenia, and
it has differing effects depending on gender. In women, very low percentages of body fat can
detrimentally affect muscle status since adipose tissue is an essential endocrine organ that
regulates hormonal levels [72, 79]. Excess fat mass also contributes to health conditions, but
these impact both genders and entail heightened risks of sarcopenia [72, 80].

Another influential factor is sex, with studies revealing sex-specific etiopathogenic patterns
in age-related sarcopenia [61, 81]. Although the diagnostic tools are the same, the cut off
points vary between genders [8]. Epidemiological data on the prevalence of sarcopenia
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among elderly men and women are also contradictory, although many highlight a higher
prevalence in men [82, 83]. These differences in risk factors between sexes emphasize the
importance of considering sex as a predictive factor when assessing and predicting sarcope-
nia in older adults.

Balance is another factor influencing sarcopenia. The severity of sarcopenia is determined by
physical performance, a multidimensional concept that encompasses not only muscular
aspects but also the central and peripheral nervous systems, including balance [8]. Muscle
weakness, sarcopenia, and frailty are correlated with an incapacity to maintain balance and
results from different studies indicate inferior balance capabilities among those with sarco-
penia [84, 85]. Additionally, maintaining balance is crucial to prevent falls, and from a
pathophysiological perspective, sarcopenia and decreased balance could increase the risk of
falls, thereby worsening the initial pathological condition [85, 86].

To confirm sarcopenia once the loss of strength has been identified, the loss of muscle mass
becomes a relevant factor [8]. This progressive age-related process results in substantial
declines in both the functional and quantitative aspects of muscle, leading to significant mus-
cle loss [87], and lower muscle mass ratios are linked with sarcopenia [72, 88]. This under-
scores the importance of preserving muscle mass and strength, given the elevated mortality
risk associated with muscle disorders [72, 88]. In addition, there are gender differences that
influence the mechanisms of age-related muscle loss; men tend to experience higher absolute
rates of muscle loss than women, possibly due to greater initial mass and varied responses to
anabolic and catabolic stimuli [89, 90].

o Socioeconomic index is also noted as a feature influencing sarcopenia. It is consistent with

the literature, as the prevalence of better health and functional outcomes tends to be found
in individuals with higher income and education [91, 92].

Relevant features for MQI

In our study the variables selected using machine learning that influence MQI, as shown in Fig
2, are the following:

o The results highlight the importance of relative power in the assessment of MQI. Muscle

quality index is defined as the muscular force per unit of muscle mass [35], thus highlighting
the functional relevance of muscle architecture and the characteristics of musculoskeletal tis-
sue [93]. The production of maximum force, a key indicator in muscular function, is influ-
enced by morphological factors, muscular architectural features and neural factors [35].
Relative power is an important component of MQ], since it captures the functional impor-
tance of the muscular architecture, determining force production capacity and physical func-
tion [94]. Several studies find that muscle quality influences muscle power [95, 96] and that
reduction in muscle quality is associated with a decrease in strength and power in aged indi-
viduals [97]. The loss of muscle power might suggest a decline in muscle quality, as it reflects
the organization of neuromuscular factors and the muscle’s ability to produce force, which
cannot be fully explained by the reduction in muscle mass alone [35].

Fat mass, weight and BMI have also been shown to be important features describing MQI.
Obesity characterized by an excessive accumulation of body fat mass increases the infiltra-
tion of fat into muscle, lowering physical function and an unfavorable burden on muscle
quality [8, 98]. Research has found negative associations between fat mass and obesity with
MQI [98, 99]. Other studies have also observed these associations in individuals with
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pathologies, as higher body fat is linked to MQI deterioration [100]. The same applies to
BMLI, as elevated BMI has been associated with increased fat infiltration into skeletal muscle.
This occurs when BMI is high due to elevated fat mass and decreased muscle mass [100,
101]. However, BMI is not able to distinguish between fat and muscle mass [100, 101]. Addi-
tionally, as people age, instead of the loss of muscle mass and strength resulting in weight
loss, muscle is often replaced by visceral fat, leading to a preservation of weight but increased
muscle weakness [102].

Another influential feature is the 58TS test, a commonly employed functional test to assess
lower body strength, power, and functional capacity [103, 104]. Although MQI is considered
a more comprehensive measure of muscle quality than muscle strength alone, this indirect
measure of muscle quality is based on a ratio between overall strength and muscle mass,
which may explain why it influences the assessment. Therefore, the 5STS provides valuable
information about the lower limb that complements the evaluation of MQI [104, 105]. Addi-
tionally, several studies have correlated higher MQ with increased strength, function, and
physical performance [94, 106].

Gait speed, also regarded as a feature describing MQ], is seen as a crucial indicator of health
and functional condition in elderly individuals [107]. Various walking speed tests are avail-
able, with one common option being the 4m gait speed test [108]. Gait speed, indicating
physical function and mobility, may be influenced by muscle quality. Good MQ suggests
stronger muscles relative to mass, potentially leading to an improvement in walking speed
and overall physical performance. This is supported by various studies, which demonstrate
that muscle quality significantly impacts walking speed [109, 110]. However, it is worth not-
ing that not all findings align in the same direction, as some articles have found no signifi-
cant relationship between gait velocity and muscle quality [111].

o Age emerges as an influential feature in MQI. The aging process induces neural and morpho-
logical alterations in the human musculoskeletal system, leading to a decline in muscular
parameters [112]. This reduction in muscular parameters subsequently contributes to the
loss of MQI. Various factors contribute to this loss, including compositional changes such as
fat infiltration or fibrosis, diminished aerobic capacity, and alterations in metabolism and
neural activation [95, 113].

o Balance also emerges as an important feature in MQI. However, the literature presents con-
troversy regarding the associations between balance and MQ]I, tending to link them with
dynamic balance and fear of falling rather than static balance [114, 115].

Conclusion

This research aimed to explore the determinant factors influencing muscle quality and sarco-
penia in the older adult population of Bilbao through a machine learning approach. The study
encompassed a thorough analysis of participant characteristics, feature selection processes,
and classification results to unveil the intricate relationships between various anthropometric,
functional, and socioeconomic factors with muscle quality index (MQI) and sarcopenia.

The predictive models used in this study exhibited accuracy rates of 72.78% for MQI and
74.14% for sarcopenia using limited features, with the most successful algorithms being SVM
and MLP. This underscores the importance of the features that were used to train the models
as well as the effectiveness of machine learning approaches in understanding complex health
conditions.
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The exploration of feature selection methodologies revealed the collective importance of
selected features in predicting both sarcopenia and MQI accurately. Notably, this investigation
highlights the pivotal role of features such as relative power, age, weight, and the 58TS test in
predicting both conditions. However, no single factor is sufficient to predict either condition,
and by using more features we are able to achieve better predictive results. By comprehensively
considering all selected features, the study underscores the importance of a holistic approach
in understanding and addressing sarcopenia and MQI among older adults.

The study has several limitations; firstly, the number of patients in the database is small,
which limits the ability to obtain results. In addition, the profile of the users is not as diverse as
the general world population, as most of the patients are Basque, with similar demographic,
racial and body characteristics. This homogeneity in the sample reduces the generalisability of
the model, as it does not adequately reflect the variability of a more diverse population, which
could lead to biases in the results and limitations in the applicability of the conclusions to a
global context.

This research contributes to advancing our understanding of the determinants of muscle
quality and sarcopenia, offering valuable insights for developing targeted intervention strate-
gies and improving clinical outcomes in older adult populations. Moving forward, further
research endeavors could focus on refining feature selection methodologies, exploring addi-
tional factors influencing muscle quality and sarcopenia, and devising tailored interventions to
mitigate the burden of these conditions on public health.
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Results

5.3 Case Study III: Article I'V: Functional muscle quality and its determinants in
older adults: analysis of key factors and their influences.

This study builds upon previous research on muscle quality in older adults within the
framework of this thesis. In Article 111, we developed a predictive algorithm and identified the
most relevant features associated with muscle quality and sarcopenia. However, we did not assess
the direction and magnitude of these key features of muscle quality, which would be essential to
improve their translation into practice in clinical and community settings.

Building on previous findings, this study takes a further step in advancing the
understanding of muscle quality in older adults. While our previous work identified the most
relevant features through feature selection, this study aims to determine the magnitude of their
effect. Specifically, it seeks to answer key questions such as: To what extent do these factors
influence muscle quality? And how can the age-related decline in muscle quality be more
effectively assessed and managed in both clinical and community settings, given its longstanding
underdiagnosis and undertreatment?. By estimating the effect size and direction through
regression analysis, we aim to pinpoint the key variables that should be prioritized. This
understanding will help lay the groundwork for more targeted and effective interventions.

To this end, this study analyzes the direction and magnitude of key variables associated
with muscle quality in older adults using regression models. By quantifying their impact, we aim
to clarify how these variables influence muscle quality and their relationship with functional
capacity and overall health. Gaining a deeper understanding of these associations will enhance
the implementation of muscle quality assessments in both clinical and community settings,
ultimately facilitating the development of more personalized and effective interventions for older
populations.

To achieve this, the final sample for analysis consisted of 1,222 participants, with 1,091
females and 131 males. Significant differences between males and females were found in several
key measures, including the MQI and the prevalence of geriatric conditions such as sarcopenia
and frailty. Given these differences, separate analyses were conducted for each gender. The
regression model for females included age, BMI, muscle mass, fat mass, 4-meter walking speed,
chair squat time, balance test, and socioeconomic background (divided into two groups), with an
R2 = 0.3321. For males, the model included age, BMI, chair squat time, and balance, resulting in
an R2=10.2427. This difference is likely due to the smaller sample size of males and their generally
better health status, which led to less variability in performance measures.

This article was submitted to the Aging Clinical and Experimental Research (IF: 3.4 (Q2
SJR, Q2 JCR) and it is currently under peer review.
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In this study, we will emphasize indirect non-invasive methods for evaluating muscle
quality, with a focus on the functional domain, which reflects the muscle's performance relative
to its mass (de Lucena Alves etal.,, 2023). This perspective considers the role of muscle
architecture, the force generating capacity and general tissue properties (Naimo et al., 2021).
Although there are multiple ways to assess the functional domain of muscle quality (de Lucena
Alves et al., 2023), one widely accepted approach is the Muscle Quality Index (MQI) (M. Fragala
et al., 2015). Developed by Barbat-Artigas et al., the MQI is determined by calculating the ratio
of hand grip strength to relative skeletal muscle mass (Barbat-Artigas et al., 2012). Many studies
have consistently used this method to accurately evaluate the quality of muscles (Baek et al.,
2022; Chiles Shaffer et al., 2017; Emerson et al., 2014; Nunes et al., 2019; Yoda et al., 2012; You
et al., 2023). Furthermore, as previously mentioned, the reviews and the case study conducted
allow us to highlight the correlation between morphological variables of muscle quality assessed
by ultrasound and functional variables, which are crucial for evaluating functional muscle quality.
This supports the use of indirect non-invasive methods for assessing muscle quality, making it
accessible for evaluating muscle quality in our sample.

While it is well established that muscle quality is affected by multiple factors, including
genetics, comorbidities, and nutrition (Davis et al., 2021; Dubé & Laveneziana, 2018; Xia et al.,
2024), this study concentrates on examining the influence of functional factors. We aim to clarify
the direction and magnitude of their effects, as these aspects are not yet well defined. Gaining
insight into these relationships is crucial for designing targeted interventions and preventive
strategies to preserve and enhance muscle quality in older adults.

A comprehensive description of the methodology employed in this study is
provided in the previous chapter.

Table 12 provides an overview of the participants' demographic information. The overall
sample consisted of 1222 individuals, with a breakdown of 1091 women and 131 men. Gender-
based differences were identified across multiple assessments, including key MQI-related
variables and the occurrence of conditions like sarcopenia and frailty (Table 12 and Table 13). In
light of these disparities, distinct analyses were carried out for men and women.

Table 12. Average values of the measured variables by gender.

Women (SD) Men (SD)

n 1,091 131
Hand Right 19.3 (4.55) 32.1(6.3)
MQI 1.2 (0.29) 1.8 (0.37)
MQI_max 1.2 (0.28) 1.8 (0.36)
Age 78.0 (5.88) 78.9 (5.18)
Height 1.5 (0.06) 1.6 (0.06)
Weight 66.2 (10.09) 76.0 (10.33)
Fat Mass 38.7(5.4) 31.3(6.17)
Muscle 38.1 (4.01) 49.6 (6.02)
BMI 28.5 (4.12) 28.2 (3.32)
4m 4.4 (1.26) 4.1(1.17)
Sit to Stand test  14.8 (4.41) 14.0 (3.52)
Relative Power 1.7 (0.5) 2.2 (0.61)
EQ2 9.9 (0.81) 9.9 (0.91)
EQ3 8.6 (3.32) 9.0 (2.69)
SPPB 9.7 (1.69) 10.1 (1.52)
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Table 13. Prevalence of health conditions in the study population by gender.

Condition Women (n = 1091) Men (n = 131)

Healthy
Moderate

Severe

Healthy
Moderate

Severe

Healthy
Moderate

Severe

Sarcopenia

386 (35.3%)

550 (50.4%)

156 (14.3%)
MQI

110 (10.1%)

175 (16.0%)

807 (73.9%)
Frailty

643 (58.9%)

399 (36.5%)
50 (4.6%)

110 (84.6%)
19 (14.6%)
1 (0.8%)

91 (70.0%)
22 (16.9%)
17 (13.1%)

88 (67.7%)
40 (30.8%)
2 (1.5%)

Results

In the final model, an Ordinary Least Squares (OLS) regression analysis was conducted,
incorporating all variables in their linear form to assess their impact on MQI_max. For females,
the regression model included factors such as age, BMI, muscle mass, fat mass, 4m walking
speed, chair squat duration, balance performance, and socioeconomic status (split into two
categories). This model demonstrated a strong fit, with an R2 of 0.3321. In contrast, for males, the
regression model considered age, BMI, chair squat time, and balance, yielding an R2 of 0.2427.
The lower explanatory power in the male model is likely due to the smaller sample size and the
generally better health status of the male participants, leading to reduced variability in

performance across these measures.

Table 14. Regression outcomes using MQOI _max as the criterion in the women's model

R?= 0.3321.

Estimate Std. Error t value Pr(>|t|)

(Intercept)
Age
BMI
Fat Mass
Muscle Mass
4m test speed (m/s)

1.5262
-0.0098
-0.0565
0.0257
0.0234
0.1308

Squat test (3 quartiles) 0.0511

Balance 3
ID2

-0.0416
-0.0443

0.1532  9.96 0.0000
0.0013 -7.48 0.0000
0.0035 -16.24 0.0000
0.0021 12.10 0.0000
0.0025 9.38 0.0000
0.0349 3.75 0.0002
0.0102 5.00 0.0000
0.0181 -2.30 0.0218
0.0147 -3.01 0.0027
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Table 15. Regression outcomes using MQI max as the criterion in the male's model R?
=0.2427.

Estimate Std. Error t value Pr(>[t])

(Intercept) 4.0633 0.5608 7.25 0.0000

Age -0.0137  0.0056 -2.43 0.0166

BMI -0.0428 0.0086 -4.96 0.0000

Squat test (3 quartiles) -0.0171  0.0082 -2.08 0.0396
Points EQ 3 0.1349 0.0557 2.42 0.0170

To assess the linearity assumption, the gvima linearity test was conducted, analyzing the
residuals for any consistent patterns. All tests were successfully passed, indicating that the
assumption of linearity was valid and no adjustments to the model were necessary. In the case of
the male model, all tests were met except for the heteroscedasticity test. To address this, robust
standard errors (White’s correction) were applied to the models. While the results remained
mostly consistent, the Relative Power with threshold variable was found to be marginally non-
significant at the 5% significance level (p = 0.058905).

Building on the previous analysis, the factors influencing MQI_max in older adults were
further explored using Ordinary Least Squares (OLS) regression analysis, adding every variable
to a linear model. For the female group, the final regression model incorporated variables such as
age, BMI, muscle mass, fat mass, 4-meter walking speed, chair squat duration, balance test
performance, and socioeconomic status (grouped into two categories), showing a strong fit (R2 =
0.3321). On the other hand, for males, the model included only age, BMI, chair squat duration,
and balance, yielding a lower explanatory value (R2 = 0.2427). This difference can likely be
attributed to the smaller number of male participants and their generally better health, which led
to less variation in their performance data. Nonetheless, these results underscore the importance
of both physical capabilities and body composition factors in understanding muscle quality,
particularly in females, where a wider range of variables played a role in explaining the outcomes.

The sample of women was significantly larger and displayed more health challenges
compared to their male counterparts. On the other hand, the male participants not only had better
overall health but were also fewer in number, which might explain the reduced number of
significant predictors identified in their model. For example, almost all men scored well on EQ2
and EQ3, with just two participants performing poorly on EQ2. Likewise, only a small number
of men showed suboptimal results in the physical assessments. This uniformity in the male group,
both in terms of health and sample size, may have constrained the detection of meaningful
correlations, as the limited variation in health status and the smaller sample size likely hindered
the identification of substantial relationships between the variables.

Studies routinely demonstrate that elderly men are much less likely than women to
participate in health promotion programs, with participation percentages often matching or
slightly higher than those seen in this study (Howell et al., 2023; Ory et al., 2014; Smith et al.,
2014; Smith & Ory, 2014). This lower engagement can be attributed to a combination of
biological, socio-economic, and cultural factors that influence both genders' healthcare access and
behaviors (Anderson et al., 2016; European Institute for Gender Equality, 2024; Howell et al.,
2023). Men are culturally less inclined to seek assistance, often perceiving it as a sign of
weakness. Contributing factors include societal expectations, environments within programs
perceived as female-oriented, and the overwhelming presence of female participants and
facilitators (Anderson et al., 2016; Howell et al., 2023). Consequently, the limited involvement
of men in these programs represents a significant societal issue, reducing their chances to enhance
their health. Potential solutions may involve endorsements from male community figures,
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advertisements targeting men, and modifying program structures to better resonate with them
(Anderson et al., 2016; Howell et al., 2023). The relatively small and homogeneous male sample
in this study hampers the detection of meaningful associations. A majority of male participants
had no difficulty in health assessments, suggesting they were healthier than the general elderly
male population (Abizanda Soler et al., 2011; Cabrero-Garcia et al., 2012; Rio et al., 2021). This
could imply that men attending health promotion programs are healthier than the broader male
elderly demographic, exhibiting a more robust profile.

As mentioned earlier, men typically perform better in functional assessments, reflected
in the lower occurrence of conditions such as frailty and sarcopenia. In this study, more than 84%
of men were classified as healthy concerning sarcopenia, with 67% showing no signs of frailty,
and fewer than 2% experiencing severe cases of either condition. While frailty and sarcopenia are
often linked to aging and have similarities, they are two different conditions: frailty is a
multifactorial condition that involves deficits across numerous physiological systems, while
sarcopenia mainly impacts the musculoskeletal system (Davies et al., 2018; Reijnierse et al.,
2016). It has been shown in a number of research studies that older persons with frailty had a
higher prevalence of sarcopenia than frailty (Davies et al., 2018; Mijnarends et al., 2015;
Nishiguchi et al., 2015), and our population reflects this pattern. This is consistent with previous
research showing that among older persons living in the community, sarcopenia is more common
(1-29%) than frailty (12%) (Cruz-Jentoft et al., 2014; Falaschi, 2021; O’Caoimh et al., 2018)(55—
57). Women, on the other hand, have worse health indicators, with a significantly higher incidence
of frailty and sarcopenia. Specifically, 50.4% of women were categorized with moderate
sarcopenia, 14% with severe sarcopenia, 36.5% with moderate frailty, and 4.6% with severe
frailty.

Moreover, the findings suggest that the deterioration of muscle quality is notably more
widespread than the geriatric conditions mentioned, affecting both men and women. This is likely
due to the fact that the decline in muscle quality associated with aging occurs before significant
muscle mass loss, making it a more sensitive marker of muscle function (Barbat-Artigas et al.,
2012; de Lucena Alves et al., 2023; Straight et al., 2015b). As people age, muscle strength and
power deteriorate swiftly, however power deteriorates the most, exacerbating the loss of muscle
quality. Research indicates that the main driver of muscle weakness in older adults is the decline
in muscle quality, rather than a reduction in muscle mass (Riviati & Indra, 2023). Therefore,
variations in muscle quality could provide a more accurate explanation for the decline in muscle
strength and function associated with aging. Our results align with this trend, as the loss of MQI
in both women and men surpasses the prevalence of the geriatric conditions described earlier
(Table 2). Moreover, existing evidence suggests that the rate of decline in muscle quality is greater
than that of sarcopenia, which is consistent with our findings (Straight et al., 2015b) This
highlights the importance of evaluating and tracking muscle quality, as it reflects physiological
changes that occur before the development of aging-related diseases. It emphasizes the need to
identify critical factors and assess their effects in order to create effective preventive
interventions.

The effect of age on MQI is particularly noteworthy. In the regression analysis, a
significant negative correlation between age and MQI was observed. The impact of age was
moderately reduced in women (—0.010) compared to men (—0.014), meaning that for each
additional year, MQI decreases by 0.010 units for women and 0.014 units for men, with other
variables held constant. These results are in keeping with earlier research indicating that the
gradual deterioration of metabolic, neurological, and muscular processes leads to a decrease in
MQI with agin (Abe et al., 2016; Delmonico et al., 2008; Goodpaster et al., 2006; Hairi et al.,
2010; Newman et al., 2003; Straight et al., 2015b). Furthermore, gender-based differences in this
process have been documented, with men experiencing a more pronounced and faster loss of
muscle mass compared to women (de Jong et al., 2023; Tay et al., 2015; Zamboni et al., 2003).
Although men generally possess higher muscle mass initially, they lose muscle at a faster rate and
suffer almost double the strength loss in comparison to women (Cruz-Jentoft et al., 2019; Gheller
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et al., 2016; Goodpaster et al., 2006; Tay et al., 2015). Additionally, studies have found that the
quality of arm muscles decreases more sharply in men than in women (Lynch et al., 1999).
However, women tend to maintain muscle quality better as they age, especially when it comes to
eccentric peak torque (Lindle et al., 1997).

The performance on balance tests influences the Muscle Quality Index (MQI), as a
positive correlation is observed between balance and MQI. This is most evident when comparing
the 892 women who get the best score possible in the three balance tests to the 215 women who
failed to do so. Those who attained the highest points demonstrated an MQI value approximately
0.0422 units higher than those who did not, with other variables controlled. In men, the
relationship follows a similar trend, but the effect is more pronounced in the highest score group.
For men, each point increase in the balance score, while keeping other factors constant, results in
an increase of 0.1349 units in MQI. This observation supports earlier studies, which highlight the
role of muscle quality in supporting balance (Balogun et al., 2018; Gadelha, Neri, Nobrega, et al.,
2018), improving the complexity of postural control, which is indicative of better balance and
lower risks of falls and fear of falling (Gadelha, Neri, Bottaro, et al., 2018; Gadelha, Neri,
Nobrega, etal., 2018; Michel etal.,, 2024; Nogueira Paranhos Amorim et al., 2021). The
connection between muscle quality and balance can be partly explained through neuromuscular
processes. A decline in muscle quality, indicated by a decrease in strength relative to muscle mass,
is associated with the loss of motor neurons, remodeling of motor units, and decreased cortical
excitability and nerve conduction velocity, all of which are vital for maintaining postural control
(M. Fragala etal., 2015; Walsh et al., 2022). Effective postural control depends on precise
neuromuscular outputs, meaning that deteriorating muscle quality can disrupt balance and elevate
fall risks. On the other hand, preserving muscle quality may support the integrity of motor neurons
and neuromuscular function, thus helping to maintain balance in older individuals (Gadelha, Neri,
Nobrega, et al., 2018; Walsh et al., 2022).

The findings suggest that measuring walking speed, specifically through the 4-metre
walking test, results in a more consistent and meaningful relationship with MQI than using the
total time taken to cover the same distance. In particular, each increase of 1 metre per second in
gait speed is associated with a rise of 0.1320 units in MQI. This is consistent with other research
highlighting muscle quality as an important factor influencing gait speed, which is a crucial
indicator of both functionality and mobility in people with varying health statuses (Hirano et al.,
2022; Lin et al., 2021; Volpato et al., 2012; Yoshiko et al., 2019). Nonetheless, it is essential to
recognize that not all studies confirm this link. Some have found no substantial connection
between muscle quality and gait velocity (Martinikorena et al., 2016; Millor et al., 2020), maybe
as a result of self-selected gait velocity, which is more impacted by personal habits and coping
mechanisms than by inherent muscle strength (Martinikorena et al., 2016). Additionally, it’s
important to consider that different approaches to measuring muscle quality yield different
correlations with gait performance. For instance, morphological assessments, which examine
muscle structure and composition, tend to give a clearer picture of muscle health and show
stronger correlations with gait speed, possibly because they directly reflect the muscles engaged
in walking. On the other hand, strength-to-mass ratios offer a broader measure of neuromuscular
health but may not align as closely with walking performance (Rech et al., 2014). Moreover, the
specific location of muscle quality measurement plays a critical role, with studies focusing on the
rectus femoris, an essential muscle for walking mechanics, tending to show stronger links with
walking ability (Guadagnin et al., 2019; Martinikorena et al., 2016).
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Results

There is a significant relationship between MQI and the variable 1D2, which is divided
into two categories. When all other factors are held constant, women in the lower socioeconomic
group (ID2 level 2) have an estimated MQI value that is 0.0425 units lower than those in the more
prosperous socioeconomic group (ID2 level 1). This outcome aligns with previous research,
which indicates that higher income and education levels are linked to better health and functional
outcomes (Malkowski et al., 2023; Noppert et al., 2018; Shankar et al., 2010; Stringhini et al.,
2018; Wang & Wei, 2024). Additionally, individuals facing socioeconomic disadvantage are
often at a higher risk for chronic diseases and experience a quicker decline in physical function
(Shankar et al., 2010; Stringhini et al., 2018).

The muscle variable has a significant impact for women but not for men. MQI is predicted
to rise by 0.0236 units for every kilogram of muscle. There is a complicated interaction between
muscle size and muscle quality. Although more muscle mass has historically been linked to
stronger muscles and, thus, better muscular quality, scientific research shows varying outcomes.
The connection between muscle mass and strength is a well-known physiological principle
(Naimo et al., 2021), but research suggests that the ability to generate force depends more on the
quality of skeletal muscle than on its volume alone (Fukumoto et al., 2012; Goodpaster et al.,
2006). Some studies, in line with our findings, highlight a link between muscle mass and muscle
quality (Akazawa et al., 2022; Stotz et al., 2024; Streb et al., 2023). Moreover, other researches
emphasize that muscle reduction due to aging can negatively impact strength in older adults (Rech
et al., 2014).

Muscle quality is commonly understood as the force or power generated per unit of
muscle mass (de Lucena Alves et al., 2023). In some cases, individuals with less muscle mass
may exert less force compared to those with greater muscle volume, due to the non-linear
relationship between muscle size and strength (Barbat-Artigas et al., 2012). Significant muscular
hypertrophy is not always necessary for strength gains to occur (Dankel et al., 2018, 2019), and
increases in muscle size can also happen without corresponding increases in force
production(Reggiani & Schiaffino, 2020). Indeed, some studies suggest that larger muscle mass
might be negatively correlated with muscle quality, emphasizing that muscle mass alone is not a
reliable predictor of functional improvements (Barbat-Artigas et al., 2012, 2013). Thus, while
muscle mass remains a significant element, the relationship is influenced by various other aspects,
such as architecture, composition, metabolism, and neural activation, all of which contribute to
the total strength production ability (McGregor et al., 2014; Michel et al., 2024). According to
our findings, the correlation between muscle mass and quality appears to show that gains in
strength occur along with mass growth in our group, indicating that the hypertrophy is functional
rather than merely a mechanically insignificant increase in muscle volume. Otherwise, according
to the method used to evaluate muscle quality, muscle quality should decline if the gain in mass
is not accompanied by an increase in strength (Barbat-Artigas et al., 2012, 2013).

Given the substantial collinearity across anthropometric variables, BMI was incorporated
into the model because it was more appropriate than height and weight. The impact of BMI on
MQI is marginally higher for women (about -0.050) than for males (approximately -0.042). With
all other factors held constant, MQI is predicted to drop by 0.050 units for every unit increase in
BMI. nevertheless is a complicated link between older persons' BMI and muscle quality. A higher
BMI is commonly associated with an increase in fat accumulation within muscle tissue, especially
when this index rises due to an excessive amount of fat and a reduction in muscle mass (Salmon-
Gomez et al., 2023; Volpato et al., 2012). Although individuals with a higher BMI tend to have a
smaller chance of experiencing a decline in appendicular lean mass, this condition also correlates
with a heightened risk of impaired muscle quality. Therefore, a larger BMI might suggest greater
muscle mass, but it does not necessarily result in improved muscle function or quality in older
adults (Cooper et al., 2014). In addition, BMI does not distinguish between the types of mass, fat
or muscle, and focuses solely on total body weight, making it an inadequate metric for assessing
older populations (Liu, Cheng, et al., 2023; Liu, Wong, et al., 2023; Salmén-Gomez et al., 2023;
Volpato et al., 2012). The loss of muscle mass and strength that comes with aging does not always
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lead to weight reduction. Instead, muscle tissue is frequently replaced by fat, particularly visceral
fat, which can keep body weight stable while worsening the decline in muscle function (Y. Chen
et al., 2023).

Our results indicate that muscle quality is significantly impacted by fat mass in women
but not in males. Given that men have larger levels of visceral fat, which has a more detrimental
metabolic effect, and women tend to collect more subcutaneous fat, these disparities in body
composition and fat distribution among both sexes may help to explain this (Almeida et al., 2018;
Straight et al., 2015b). Subcutaneous fat may act as a beneficial "metabolic sink™ for the
preservation of extra energy, particularly in the lower body (Lumish et al., 2020). Additionally,
there may be an acceptable level of adiposity where fat accumulation starts to impair muscle
performance, rather than a strictly linear connection between fat mass and muscle quality (Abidin,
2023; Koster et al., 2011). We might be in a range where fat mass does not have a negative impact
Or even serves as an energy reserve for maintaining muscular function, since none of the women
in our group are morbidly obese or have extremely high levels of adiposity (Abidin, 2023; Straight
et al., 2015a). However, extremely elevated fat content may cause muscle quality to deteriorate
and favor myosteatosis, or the migration of ectopic fat into the muscle (Streb et al., 2023).

Various strategies were investigated for integrating squat test data, all demonstrating a
non-linear correlation with MQI_max, likely due to saturation effects. To mitigate this, the test
results were categorized into three distinct intervals: [0;11.2), [11.2;13.7), and [13.7; ), in
accordance with established frailty thresholds, such as those used in the SPPB. It's interesting to
note that these cut-points matched our sample's natural dispersion quite well, confirming their
ability to accurately identify notable variations in muscle quality. This alignment made it easier
to linearize the model and guaranteed that the SPPB assessment battery's levels accurately
represented the functional performance differences in the sample we used (Guralnik et al., 1994).
The model's final predictions showed that transitioning to a lower time category was associated
with an increase of 0.0511 units in the estimated MQI value. In addition, as the 5STS is a
commonly utilized functional evaluation of lower body strength, power, and total functional
capacity, power—despite not being explicitly incorporated in the model—is indirectly captured
via squat test results. Numerous investigations support our findings, showing a correlation
between muscle power and squat tests and muscle quality (Lopez et al., 2017; Millor et al., 2020;
Wilhelm et al., 2014; Yuan & Kim, 2023). As people age, their physical strength and power both
drastically decrease, with power suffering the most. Since relative power is a crucial component
of MQI, indicating the functional importance of muscular architecture and impacting force output
and physical function, this makes the loss of muscle quality worse (Jerez-Mayorga et al., 2020;
Millor et al., 2020; Riviati & Indra, 2023). For instance, engaging in physical activity or exercise
may reduce or even reverse these declines (Izquierdo et al., 2021; Izquierdo & Cadore, 2024;
Lizama-Pérez et al., 2023).

Based on distinct models for men and women, this study raises the possibility of sex-
specific variations in the factors impacting MQI in older persons. While age, BMI, squat time,
and balance were the only factors linked to MQI in males, muscle mass, fat mass, and functional
capacity (gait speed, squat time, and balance) were revealed to be important predictors in women.
The reduced sample size and males' superior overall health may have contributed to the model's
lower predictive value for them by lowering performance measure variability. Care must be taken
if these results are to be interpreted together due to the significant variation in sample size between
the sexes. The statistical power to identify relationships may have been restricted by the
significantly fewer male sample, and the observed patterns may have been influenced by the lower
variability in their indicators of performance. Consequently, further study with balanced numbers
of participants is required to confirm these disparities and improve the generalizability of the
findings, even though the results suggest that the assessment of muscle quality should take gender-
specific features into account, particularly given the greater impact of body composition and
functional capacity in women.
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Results

5.4 Case Study I'V: Article V: Gait speed in older adults: exploring the impact of
functional, physical and social factors.

Finally, we conclude this research by examining the factors that influence walking speed
in older adults, a key marker of functionality. To do so, we build on the knowledge gained from
previous studies on muscle quality and physical functioning, focusing on a key indicator of health
and autonomy in this population.

Throughout the thesis, we have highlighted that sarcopenia and muscle quality are two
critical aspects that need to be monitored during ageing. We have identified the determinants,
their impact on muscle quality and sarcopenia, and the key characteristics that need to be
addressed to prevent physical disability and maintain optimal health in old age. As EWGSOP
points out, it is not only essential to detect and treat loss of muscle mass, strength and quality, but
also to assess and preserve muscle function (Cruz-Jentoft et al., 2019).

The muscles of the lower limbs are the first to be affected by age-related changes, making
gait speed a particularly relevant marker of function in this region (Cruz-Jentoft et al., 2019; Zhai
et al., 2023). Moreover, as has been pointed out throughout the thesis, muscle quality deteriorates
before strength and muscle mass, which makes it a more sensitive marker of age-related changes
and an early sign of functional decline in the context of sarcopenia and other musculoskeletal
disorders. Therefore, its assessment, together with the analysis of gait speed, allows a more
accurate approximation of the state of health and functionality of the musculoskeletal system in
older adults.

If we combine this information and, in addition to monitoring muscle quality, monitor
gait speed as a reflection of regional changes that first affect the lower limbs, we could establish
markers that allow us to anticipate and address musculoskeletal complications before they
manifest clinically, facilitating more effective preventive and therapeutic strategies. Therefore,
this latest study aims to assess the determinants that influence gait speed in older adults.

A total of 1,253 older adults (89.5% female) with a mean age of 78.1 £ 5.8 years
voluntarily participated in this descriptive cross-sectional study, which examines functional
capacity test scores and socioeconomic data in older adults. The final regression model showed
that gait speed was partially significantly explained (R2=0.35; p<0.01) by socioeconomic
background, age, balance and relative power. At the same time, belonging to a higher
socioeconomic background was associated with lower relative power (p<0.01; n2=0.07). These
results provide information on clinical markers that influence the design of effective personalised
interventions that promote healthy ageing.

This paper is published in the journal Retos (IF: 1.2 (Q2 SJR, Q3 JCR) and was accepted
on the 31th of December of 2024. It includes the original full version of the manuscript.
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Gait speed in older adults: exploring the impact of functional, physical and social factors
Velocidad de la marcha en adultos mayores: explorando el impacto de factores funcionales, fisicos y
sociales
Naiara Virto, Xabier Rio, Iker Mufioz-Pérez, Amaia Méndez-Zorrilla, Begona Garcia-Zapirain
Universidad de Deusto (Espana)

Abstract. Purpose: With age there is a neuromuscular and cognitive decline that impacts on functional ability. One of the most
characteristic and easily recognisable signs of this decline is a decrease in usual gait speed. For older adults, gait speed is a non-invasive
indicator of health and functional status and is regarded as a vital sign. As it predicts various conditions later in life, measuring usual
walking speed is crucial in the clinical setting. Therefore, analysing and determining the association between walking speed and the
impact of functional and socio-economic variables may facilitate the prevention of associated health problems and the maintenance of
physical function in older adults. This study aims to identify the key factors that influence walking speed in older adults, as well as to
examine the influence of socio-economic status on walking speed. Methods: A total of 1253 older adults (89.5% women) with a mean
age of 78.1 £ 5.8 voluntarily participated in this descriptive cross-sectional study, which examines the results of functional capacity
tests and socioeconomic data in older adults. To assess physical function, SPPB tests (chair stand test, balance tests, gait speed test),
manual grip strength, muscle quality index, and power were conducted, in addition to measuring body composition and socioeconomic
status. Results: The final regression model showed that gait speed was significantly partially explained (R?=0.35; p<0.01) by the
socioeconomic environment, age, balance, and relative power. At the same time, belonging to a higher socio-economic environment
is linked to lower relative power (p<<0.01; 12=0.07). Conclusions: Exploring the factors that affect walking speed in older adults, this
study highlights that age, relative power and balance are significant determinants. These clinical markers provide crucial information
for designing personalized and effective interventions to promote healthy aging.

Keywords: Frailty, gait speed, elderly, relative power, socioeconomic status.

Resumen. Objetivo: Con la edad, se produce un deterioro neuromuscular y cognitivo que afecta la capacidad funcional. Uno de los
signos mas caracteristicos y facilmente reconocibles de este deterioro es la disminucion de la velocidad de marcha habitual. En los
adultos mayores, la velocidad de la marcha es un indicador no invasivo del estado de salud y funcional, y se considera un signo vital.
Dado que predice diversas condiciones en etapas posteriores de la vida, medir la velocidad de marcha habitual es crucial en el ambito
clinico. Por lo tanto, analizar y determinar la asociacion entre la velocidad de la marcha y el impacto de las variables funcionales y
socioeconomicas puede facilitar la prevencion de problemas de salud asociados y el mantenimiento de la funcion fisica en los adultos
mayores. Este estudio tiene como objetivo identificar los factores clave que influyen en la velocidad de marcha en adultos mayores, ast
como examinar la influencia del estado socioeconémico sobre la velocidad de marcha. Métodos: Un total de 1,253 adultos mayores
(89.5% mujeres) con una edad media de 78.1 T 5.8 afios participaron voluntariamente en este estudio transversal descriptivo, que
examina los resultados de pruebas de capacidad funcional y datos socioeconomicos en adultos mayores. Para evaluar la funcion fisica,
se realizaron pruebas SPPB (prucba de levantarse de la silla, pruebas de equilibrio, prueba de velocidad de la marcha), fuerza manual,
indice de calidad muscular y potencia, ademas de medir la composicion corporal y el estado socioeconémico. Resultados: El modelo
de regresion final mostro que la velocidad de la marcha fue explicada significativamente de forma parcial (R2=0.35; p<0.01) por el
entorno socioeconoémico, la edad, el equilibrio y la potencia relativa. Al mismo tiempo, pertenecer a un entorno socioeconémico mas
alto se asocia con una menor potencia relativa (p<0.01; 12=0.07). Conclusiones: Este estudio destaca que la edad, la potencia relativa
y el equilibrio son determinantes significativos de la velocidad de la marcha en los adultos mayores. Estos marcadores clinicos propor-
cionan informacion crucial para disehar intervenciones personalizadas y efectivas que promuevan un envejecimiento saludable.
Palabras clave: Fragilidad, velocidad de la marcha, adulto mayor, potencia relativa, estatus socioeconémico.

Fecha recepcion: 12-09-24. Fecha de aceptacion: 19-09-24
Naiara Virto
naiara.v(@deusto.es

Introduction

The hallmark of aging is the gradual loss of physiological
and physical abilities, which results in diminished function
and increased mortality risk (Lopez-Otin et al., 2023). Ag-
ing, even in healthy individuals, is associated with a progres-
sive decline in muscular, neuronal, and cognitive function
leading to deficits in functionality (Hortobagyi et al., 2015).
Functional disability is a growing global problem that be-
comes more pronounced as we age (Hu etal., 2022; Na-
varrete-Villanueva et al., 2021). While the average trend
shows declining health and function with age, individual ex-
periences vary greatly (Rothermund et al., 2023). One of
the most characteristic and easily recognizable signs of this
decline is a decrease in usual walking speed (Abellan Van
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Kan etal., 2009; Andrews et al., 2023; Bohannon & Wil-
liams Andrews, 2011). This slowing of usual walking pace
stands out as a significant indicator, potentially declining up
to 16% per decade beginning at the age of 60 years (Hor-
tobagyi et al., 2015).

Gait speed is considered a vital sign which serves as a
non-invasive predictor of health and functional status in
older adults (Middleton etal., 2015). Walking speed tests
have become widely used in clinical and research contexts
because of their sensitivity, validity, and reliability (Middle-
tonetal., 2015). There are several walking speed tests with
different distance ranges, one of the commonly employed
tests for measuring gait speed is the 4m gait speed test (Hir-
abayashi et al., 2020; Lin et al., 2021). It has been demon-
strated that the 4m gait speed is an important component of
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physical function related to sarcopenia and functional inde-
pendence, serving as a significant predictor of frailty in
older adults (Middleton et al., 2015; Navarrete-Villanueva
etal., 2021).

Predicting various conditions later in life, measuring
usual walking speed is crucial. A walking speed that exceeds
1 m/s is typically considered normal among the elderly
population without disabilities (Hainline etal., s.f.).
Speeds below 0.6 m/s are predictive of adverse events,
while a threshold below 0.8 to 1 m/s is commonly recog-
nised as a reliable indicator of frailty (Castell etal., 2013;
Cawthon et al., 2021). However, the walking speed gener-
ally used and associated with adverse health outcomes is less
than 0.8 m/s (Abellan Van Kan etal., 2009; Studenski
etal., 2011). Having a gait speed lower than 0.8m/s rep-
resents a risk factor for functional dependence, frailty, cog-
nitive decline, falls, hospitalization, cardiovascular events,
and all-cause mortality (Abellan Van Kan etal., 2009; M*
Lourdes etal., 2024; Middleton etal., 2015; Studenski
etal., 2011). Furthermore, it is essential to recognize that
these implications extend beyond individual health; slow
walking also increases the financial cost of care, due to the
greater need for long-term nursing home assistance (Lyons
etal., 2016). While additionally contributing to the overall
burden of morbidity, specific diseases, and geriatric deficits
(Piotrowicz et al., 2023).

Consequently, there is a significant interest in identify-
ing elements that influence reduced walking speed, aiming
to enhance primary prevention and maintain functionality
(Lara etal., 2024). Several factors that can affect gait speed
can be categorized into four aspects: socio-cultural, gender
and age, medical and psychological factors (Franz, 2016;
Manjavong et al., 2023). Socio-cultural factors, such as eco-
nomic status, industrialization level, population size, cli-
mate, cultural values, education, and feelings of loneliness,
can influence gait speed, with more industrialized countries
often exhibiting faster walking speeds (De Bartolo & losa,
2018). Furthermore, health and socioeconomic position
take the form of a gradient, where more advantaged indi-
viduals show better health indicators and a higher walking
speed (Malkowski etal., 2023; Radford, 2021). Second,
there are gender differences, with men exhibiting swifter
gait, while walking speed generally diminishes with age
(Aboutorabi et al., 2016; Bohannon & Williams Andrews,
2011; Cordova-Leon etal., 2024; Frutos et al., 2022; Si-
alino etal., 2021). Additionally, individuals with elevated
discase burdens, higher body mass indices (BMI), and in-
creased levels of pain are more prone to experience slower
gait speeds (Duan-Porter et al., 2019; Sialino et al., 2021).
Beyond clinical aspects, psychological factors, like purpose
in life or depression, might play a role in determining walk-
ing speed and its alterations over time (Sialino et al., 2021;
Sutin et al., 2024).

Given the nature of walking speed as a clinical outcome
influenced by numerous factors, understanding how each
determinant impacts walking speed in older adults can aid
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in developing effective intervention programs. Despite pre-
vious research highlighting the roles of socioeconomic sta-
tus, personal characteristics and functional factors, physical
activity, and health conditions, the specific contributions of
these factors to different walking speed profiles in a cohort
of healthy older Spanish adults remain unclear. Our objec-
tive is to identify key factors that effectively differentiate
between different walking speed profiles. Additionally, we
seek to evaluate the influence of socioeconomic status on
walking speed to provide comprehensive insights into the
determinants of mobility among older adults.

However, the proportion in which each factor contrib-
utes to gait speed performance is not well established. Thus,
this study aims to investigate the impact, separate and com-
bined, of functional and strength variables, anthropometric
and socioeconomic factors on gait speed of older adults us-
ing a multivariable regression models to determine which
factors most significantly explain variations in walking
speed. We hypothesize that functional and strength varia-
bles will have a more significant impact on gait speed com-
pared to socioeconomic factors, and that socioeconomic
status will also play a notable role in gait speed variations.
To achieve this, we will use multivariable regression models
to identify which factors most significantly explain varia-
tions in walking speed. This analysis will involve validating
the model through k-fold cross-validation and evaluating
performance with metrics such as root mean square error
(RMSE) and R?. Additionally, we will assess the influence
of socioeconomic status on gait speed using one-way
ANOVA, with significance set at p <0.05. This approach
will help identify key determinants and inform targeted in-
tervention strategies for improving mobility in older adults.

Methods

Participants and Procedure

This descriptive cross-sectional study investigates dyna-
mometric, anthropometric, and Short Physical Perfor-
mance Battery (SPPB) test outcomes, including balance,
gait speed test and chair stand test alongside socioeconomic
index data. A group of 1253 participants (89.5% women),
with more than 60 years old with a mean age of 78.1 +5.38
voluntarily participated in this descriptive cross-sectional
study. Participants were selected through non-probabilistic
convenience sampling from the "Health for the Elderly"
program sponsored by the Bilbao City Council. Inclusion
criteria for participants encompassed being aged 60 or
older, currently enrolled in the "Health for the Elderly"
program, and voluntarily participating, with the inability to
walk independently serving as the exclusion criteria.

The subjects were examined by evaluators who went to
the centres at the times specified by the programme. As this
was a study with a large number of participants, auxiliary
personnel were required for data collection. To avoid bias
and ensure the quality of the data, personnel from the
Higher Level Training Cycle in Teaching and Socio-sports
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Animation received specialized training from physical exer-
cise professionals. This training covered the tests to be con-
ducted as well as subsequent data collection procedures.

Measures and Material

Functional assessment: SPPB and Manual Grip Strength

The Short Physical Performance Battery (SPPB) is a
widely utilized clinical functional assessment test known for
its high reliability and validity (Santamaria-Pelaez etal.,
2023). The SPPB comprises three parts: balance assessment
(in the standing, semi-tandem, and tandem positions), a 4-
meter gait assessment (time taken to walk 4 meters at nor-
mal pace), and the five-repetition chair stand test (5STS)
performed as quickly as possible (Guralnik etal., 1994).
Scores range from zero to four for each component, with
zero indicating the lowest score. Additionally, a composite
score, ranging from zero to 12 points, is derived by sum-
ming the scores from the three components (Guralnik
etal., 1994).

This test provides knowledge of the relationship be-
tween balance, strength and power of the lower body and
is of vital importance to identify individuals at risk in old
age, since deficits in these neuromuscular components are
associated with an increased risk of injury and falls (Baltasar-
Fernandez, Alcazar, Mafias, et al., 2021), closely related to
gait speed (Kirk etal., 2023). Due to this, the following
balance test results are collected. In the first position, the
individual must stand with their feet together, side by side,
for 10 seconds. The second position involves standing in a
semi-tandem stance, with the side of the heel of one foot
touching the big toe of the other foot for 10 seconds. Fi-
nally, the full tandem position is performed, standing with
the heel of one foot in front and touching the toes of the
other foot for 10 seconds, using the more comfortable foot
in front.

For the 4m gait speed test, the protocol established by
the SPPB battery was followed. The test was explained
along with instructions to perform it as they normally walk.
Subsequently, in the prepared space, measured and marked
with a 4-meter tape (Softee tape), the test was timed with
a stopwatch.

Lastly, the 5STS test was performed. This test has
demonstrated excellent intra- and inter-rater reliability, as
well as consistency across successive repetitions, making it
a reliable measurement tool for both experienced and nov-
ice raters (Bohannon & Williams Andrews, 2011; Teo
etal., 2013). This test was chosen over the minimum chair
height standing test because of its greater efficacy in patients
with osteoarthritis (Reider & Gaul, 2016), a condition with
a significant prevalence (70%) in individuals over the age of
65 years (Wilson et al., 1990). For the 5STS, a chair with a
height of 49 cm and a stopwatch were used (Alcazar et al.,
2018). First, the test and the procedure were explained to
the participants, mentioning that the test measures leg
strength and that they should perform the chair poses as
quickly as possible, five times without stopping between
repetitions. To begin, they should cross their arms over
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their chest and sit down so that their feet are on the floor;
they should then stand up with their arms crossed over their
chest and repeat until they have completed all five repeti-
tions.

MGS was conducted utilizing a Camry EH101 elec-
tronic handheld dynamometer from Sensun Weighing Ap-
paratus Group Ltd., located in Guandong, China. This dy-
namometer is recognized as medical equipment approved
by the Spanish Agency of Medicines and Health Products.
The testing protocol involved maintaining a standing posi-
tion with the shoulder slightly abducted (approximately
10°), the elbow fully extended, and the forearm and hand
positioncd ncutrally (Fitnessjﬁr Health: The ALPHA-FIT Test
Battery for Adults Aged 18—69. Tester’s Manual — ScienceOpen,
s. f.). Each participant underwent the test twice, and the
higher of the two recorded values was considered for anal-
ysis.

Relative Power and Absolute Power

The mechanical power, the result of strength and speed,
experiences a more pronounced decline compared to other
muscle attributes such as muscle mass and strength (Siglin-
sky etal., 2015). Above the age of 70, relative power (nor-
malized to body mass) decreases due to the loss of absolute
power (both specific power and lean mass in the legs) (Al-
cazar et al., 2020). The 5STS test, explained in the previous
section, is utilized to assess lower extremity muscle power
in clinical or field environments (Ferrari etal., 2022).
Based on the 5STS, both the absolute and relative power of
the lower limbs were calculated (Baltasar-Fernandez, Alca-
zar, Losa-Reyna, et al., 2021). To calculate the mean abso-
lute value, the equation developed by Alcazar et al., 2018
was applied, which considers performance in the 5STS
(measured in time to complete five STS repetitions), body
mass, body height, and chair height (Alcazar et al., 2018).
To relativize the data, the result was divided by body
weight.

Muscle Quality Index

Muscle Quality Index (MQI) is a useful indicator for as-
sessing total muscle integrity (Mayrink Ivo et al., 2023).
There is a remarkable diversity in the definitions and meth-
ods used to assess muscle quality in older adults (de Lucena
Alves et al., 2023). In this study, muscle quality index was
defined as handgrip strength (kg) divided by relative skeletal
muscle mass (Barbat-Artigas etal., 2012; Chang etal.,
2021).

Anthropometry

Currently, there are new perspectives on the association
between anthropometry, functionality and mortality (Ceo-
lin et al., 2024). Body composition variables were analyzed
using segmental bioimpedance with the Tanita BC-601 Seg-
ment analyzer (Tanita Corp., Tokyo, Japan). This method
provides information on weight (W), body fat percentage
(fat %), and kilograms of muscle (Kg_Muscle). The Tanita
BC-601 Segment is considered a reliable and non-invasive
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method that yields accurate measurements (R* = 0.98)
(Yamada etal., 2021). Additionally, the Tanita HR 001
Leicester portable stadiometer was employed for height
measurements.

Socioeconomic Environment

The socioeconomic and built environment of an area is
interrelated with health data and directly influences the
quality of life of the elderly (Ding & Gebel, 2012; Molero
Jurado & Pérez Fuentes, 2011). There is a significant asso-
ciation between social frailty and functional limitations,
cognitive impairment and depressive symptoms in older
adults (Huang et al., 2024). This frailty can impact both in-
trinsic and functional capacity, key aspects for healthy ag-
ing.

The Euskadi 2021 socioeconomic deprivation index was
constructed following the methodology used in the ME-
DEA project described in Dominguez-Berjon et al.
(2008)(Dominguez-Berjon et al., 2008). This variable has
been defined on the basis of the average personal income of
the municipality of Bilbao by city neighborhoods, according
to type of income (in euros) for the year 2021. Thus, 3 so-
cioeconomic indexes have been extracted, defined as SI1
(low rent_<20.000 euros), SI2 (medium rent_20.000-
30.000 euros) and SI3 (high rent >30.000 curos).(Eustat,
s. )

Statistical Analysis

The data homogeneity of variance test was performed
using Levene’s test, and Kolmogorov—Smirnov, Cramer-
von Mises, and Anderson-Darling tests were used to analyze
the normal distribution of all continuous variables.

First, X’ Pearson test was performed to check possible
dependencies between variables. If the previous analysis
showed a significant association, Cramérs’s V was set to es-
tablish the effect size (ES); thresholds or effects were: <0.2
“small”, 0.2 < 0.6 “medium”, and > 0.6 “large”. A subse-
quent correspondence analysis was performed to determine
the proximity relationship between the variables.

A correlation analysis was carried out with two objec-
tives. First, we analysed whether there was a relationship
between the quantitative variables and then determined the
magnitude and action of this relationship (R2). Secondly,
possible multicollinearity between independent quantita-
tive variables was checked to avoid biases in the interpreta-
tion of future regression coefficients. Consequently, before
performing the regression analyses, a correlation matrix be-
tween the independent variables was established. The prob-
ability of collinearity was correlated with a Pearson corre-
lation coefficient > 0.8 (Shrestha, 2020; Vatcheva etal.,
2016). Therefore, one of the variables was eliminated if a
high correlation coefficient (R* >0.8) was observed be-
tween them.

Following this initial test, the regression model took
into account nearly all independent variables. The explana-
tory variables: MGS, MQI vs. right MGS, weight vs. BMI,

relative vs. mean power, squat vs. mean power, squat vs.
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relative power, SPPB vs four meters walking, and SPPB vs.
squat showed a high correlation (R*>0.8). Thus, left MGS,
MQI, weight, mean power, squat and four meters walking
variables were removed. For the final regression model the
best explanatory independent variables were selected using
a stepwise regression approach based on the Ordinary Least
Squares (OLS), for performing this analyzes R’s package
olsrr (Hebbali, 2024) was used.

After completing these preliminary tests, we set up a
multiple regression model with gait speed as the dependent
variable. Simultaneously, the interaction between categori-
cal (socioeconomic environment) and other quantitative
variables was considered for the regression model. The in-
teraction is a combination of variables, creating a new one
that has a significantly larger effect on the dependent varia-
ble than the sum of individual independent variables alone.

For internal validation, a k-fold cross-validation (10
folds and five repetitions) was pcrformcd. Internal valida-
tion was performed to reduce possible overfitting of the
model (Bullock et al., 2021).

The R package dplyr was used to identify possible out-
liers and improve the fitting of the regression model (Wick-
ham etal., 2022). Outlier data in the multiple regression
model were identified and removed when the absolute
value of the studentized residual (SRE) was 2 3. After this
analysis, a final sample of 1209 participants was considered
for the final regression model.

The Shapiro-Wilk test was used to check the normal
distribution of the residuals in the regression model. In
turn, the homoscedasticity of the regression model was
checked using the Breusch-Pagan test.

The model performance was assessed using the root
mean square error (RMSE) and R?. The RMSE is the error
of the model reported in the outcome units (i.e., min:s).

After the regression analysis, whether the categorical
variable (Socioeconomic environment) was taken into ac-
count as a predictive variable, a subsequent one-way
ANOVA was set to determine different significations of gait
speed and socioeconomic belonging group. When the
ANOVA test showed significant differences between fac-
tors, partial eta squared (1)2) was used as a measure of ES,
using the reference values of small (N2 =.01), medium (12
=.06), and large (N2 =.14). A subsequent post-hoc Holm’s
test was performed to compare potential differences be-
tween the factors. For significant differences, Cohen’s d
was used as a measure of ES, using the reference values of
small (d = .2), medium (d = .5) and large (d = .8) for in-
terpreting them, as suggested by Cohen (Ellis, 2010).

In all statistical analyses, the significance level was set at
p <0.05. Statistical analysis was conducted using R software
4.2.2 (Team, R. C, 2022) and RStudio version
2022.12.0.353 (Rstudio Team, 2022)(Rstudio Team,
2022).

After previous statistical analyses, 1209 participants
were included in the power analysis. To establish the ES and
power in the future linear multiple regression, post-hoc
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power analysis was performed using the G*Power soft-
ware. The power analysis was performed based on R’=0.35
and considering seven predictors (see the Results section,
Table 2). Statistical analyses established a medium ES (f=

0.54) at a power of 99% and an & of 0.05.

Results

The descriptive characteristics of the participants are

Table 1.

presented in Table 1. First, the total number of participants
(n:1253) in the study is shown. The participants are then
divided by gender, indicating the number of females
(n:1121) and males (n:132). Additionally, the participants
are segmented based on their socioeconomic index, with
segment 1 representing the highest values. Finally, the re-
maining results are presented according to the established
segmentation.

Mean values by sex and socioeconomic index of the physical and functional parameters analyzed (n = 1,253).

gait speed  gait speed

Total Sex Soc_Index BMI Muscle Fat MGS M_Pow Rel_Pow MQI 5STS SPPB Balance
m/s 4m
Women Ageh'(]:o:g?s g BIGN P4G0) BOG3) 19763) 0920.2) 453(10) 1967.2) 162(0.5) 1.2103) 17063 926(15) 36906
(N=1121)—S5———
Aged: ZINZTD) 0 73.8) 37.9(3.9) 38.0(5.3) 19.6(5.3) 0.99(0.2) 431(1.2) 111 (#1.7) 1.69(0.5) 1.22(0.3) 15.7(+.9) 9.51(1.7) 3.63(0.7)
78.0 Aged: 78.9 (5.9)
N=1,253 (5.85) Agjd(-N7;64-8(35) 6 28.9 (4.1) 38.2(4.0) 39.3(5.4) 19.2(4.8) 0.98(0.2) 4.37(1.2) 120(37.6) 1.79(0.4) 1.17(0.3) 14.1(3.8) 9.87(1.6) 3.71(0.6)
Aged: 78.1 — .
1(N=1)
(5.78) Men Aged: 79.0 () 31.0 (-) 53.0 (-) 30.,0(-)  20.0(-) 1.01(-) 3.97() 102 (-) 1.28 (-) 1.01 (-) 22.1(-) 8.00 (-) 3.00 (-)
(N=132) 2 (N=55) 27.9 (3.6) 49.3(6.5) 31.3(7.9) 31.4(6.5) 1.07(0.2) 4.03(1.2) 161(56.6) 2.14(0.6) 1.72(0.3) 14.5(3.5) 9.87(1.5) 3.71(0.7
Agedl 789 Aged: 80.0.(5.0) 279 G0 49365 31379 314(65) 10702 403(12) 161(566) 2140.6) 1703 145035 987(1.5) 37107
(5.18) 3 (N=76)
28.3(3.0) 49.8(5.6) 31.5(4.6) 32.8(6.9) 1.04(0.2) 4.09(1.1) 176(56.0) 2.28 (0.5) 1.79(0.3) 13.6(3.3) 10.30 (1.4) 3.82 (0.5)

Aged: 78.1 (5.1)

Data presented as mean (SD). BMI (Body Mass Index_weight (kg)/ [height (m)]? ;Muscle (kg); Fat (%); MGS (kg); gait speed m/s; gait speed 4m (s); M_Pow (Mecan
Power_(weight*0,9%9,81%(height*0,5-0,49))/(5STS*0,1); Rel_Pow (Relative Power_Mean Power/weight); MQI (Musque Quality Index_MGS (kg)/relative skeletal muscle mass; 5STS
(five-repetition chair stand test in second); SPPB (Short Physical Performance Battery in points 0-12); Balance (In points 0-4).

Pearson’s X? test showed a significant association between SPPB and Socioeconomic Environment (X2 (16) = 33.4, p = 0.007; Cramer’s V = 0.115). The subsequent correspondence analysis

revealed a tendency to achieve higher SPPB scores in low sociocconomic environments (Figure 1). Nevertheless, this relationship must be interpreted cautiously because of the small effect size.
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Figure 1. Correspondence analysis between SPPB scores and socioeconomic en-
vironments.

Correlation analysis revealed several significant rela-
tionships between the quantitative variables (Figure 2). As
expected, certain variables displayed very high relationships
(R*>0.8) (i.e., MGS, MQI vs. right MGS, weight vs. BMI,
relative vs. mean power, squat vs. mean power, squat vs.
relative power, SPPB vs four meters walking, and SPPB vs.
squat) (Figure 2). Therefore, the regression analysis only
considered the following independent variables: MGS,
BMI, relative power, socioeconomic environment, fat %,
kilograms of muscle, SPPB, and the interaction between so-
cioeconomic environment and all anterior quantitative in-
dependent variables.
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Figure 2. Correlation analysis between the quantitative variables. Note. For bet-
ter understanding, the non-significant correlations were not provided on the fig-
ure (they were shown as “X”). The magnitude of the circle was in accordance

with R?, as explained in the legend.

After OLS regression, five independent variables (soci-
oeconomic environment, age, balance, relative power, and
socioeconomic environment*relative power) were used to
predict gait speed. The final regression model showed in
Table 2 (R? =0.35, 95%CI1 0.31-0.39, RMSE= 0.18 m.s™;
p<0.001). Although some independent variables that con-
structed the model were not significant, the recommended
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stepwise regression was included in the final model to im-
prove prediction and decrease the RMSE.

Table 2.
Regression results using gait speed as the criterion.
Predictor b STD. Error  t-value  p-value
Intercept 0.98 0.12 8.35  <0.001
Soc_Index (middle) 0.02 0.08 0.29 0.77
Soc_Index (low) 0.09 0.08 1.14 0.25
Age -0.01 0.00 -7.07  <0.001
Relative_Power 0.23 0.05 5.17  <0.001
Balance 0.03 0.01 3.25 0.001
Soc_Index (middle)*Rel_Pow 0.01 0.05 0.23 0.82
Soc_Index (low)*Rel_Pow -0.05 0.05 -1.08 0.28

Note. A significant b-weight indicates the beta-weight and semi-partial correlation
are also significant. b represents unstandardized regression weights. beta indicates
the standardized regression weights. sr” represents the semi-partial correlation
squared. r represents the zero-order correlation. LL and UL indicate the lower
and upper limits of a confidence interval, respectively.

The proposed model met the criteria for homoscedas-
ticity and showed no multicollinearity; however, the resid-
uals were not normally distributed. Therefore, transfor-
mation and standardization of the independent variables

were performed to achieve a normal distribution. How-
ever, the resulting regression did not meet the normality
criterion. For this reason, the final model was based on a
generalized linear model (GLM).

After the generalized regression model was established,
its internal validation was verified using a cross-validation
model. The results were nearly identical to those of the pro-
posed model (R’=0.37, RMSE=0.18 m.s"). Thus, there is
a lack of evidence for the possible overfitting of the pro-
posed generalized linear model.

Subsequently, and based on previous regression analy-
sis, a one-factor ANOVA was conducted to establish possi-
ble differences in relative power based on the Socioeco-
nomic Environment of belonging. There was a significant
difference between these two variables (p < 0.001;
12=0.07). Post-hoc analysis showed that the higher income
group was related to lower relative power than the lower
income group (p=0.03; d=-0.37), and the lower-income
group disp]ayed a significantly higher power than the mid-
dle-income group (p=0.03; d=-0.17) (Figure 3).

Fweien(2. 175.25) = 7.06. p = 1.13e-03, n; = 0.07. Clgss, [0.02, 1.00]. ngps = 1,209
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Figure 3. One-factor ANOVA to establish possible differences in relative power as a function of the socioeconomic environment to which they belong.
Discussion was limited, our main objective was to better understand

This study examined the determinants of gait speed in a
population of older adults from the Spanish locality of Bil-
bao, focusing not only on the predictive capacity of the re-
gression model but also on exploring the interactions
among variables related to gait speed. It is important to note
that, while the predictive capacity of the regression model
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the underlying mechanisms influencing this health marker,
aiming to identify relationships among the different varia-
bles.

The impact of age on gait speed is noteworthy. In the
presented regression model, a significant negative associa-
tion is evident between the coefficient of age and gait speed,

highlighting the impact of aging on gait speed. Specifically,
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there is an average decrease of 0.01 m/s for each additional
year of age in older adults. These findings are consistent
with the existing literature on the progressive decline in
muscular, neuronal, and cognitive functions impacting the
reduction of gait speed with age (Abellan Van Kan etal.,
2009; Andrews etal., 2023; Bohannon & Williams An-
drews, 2011). In line with the results obtained, a previous
study has identified the reduction in gait speed as a signifi-
cant indicator of these age-related changes, suggesting a po-
tential reduction of 16% per decade from the age of 60
(Hortobagyi et al., 2015).

On the other hand, as for power, regression analysis
highlighted it as a significant predictor of gait speed in our
sample. We found that a one unit increase in relative power
was associated with a 0.23 m/s increase in walking speed
on average. Power, especially in the legs, plays an im-
portant role in gait speed and overall mobility in older peo-
ple (Baltasar-Fernandez, Alcazar, Manas, etal., 2021;
Cuoco etal., 2004). As gait speed increases, an increase in
both power and mechanical work of the lower limb joints is
required (da Silva et al., 2020).

In this sense, and in relation to power and age, a de-
crease in the power of the plantar flexors has been ob-
served, which is linked to a significant functional limitation
in the gait of older adults as these muscles are critical for
forward propulsion and the initiation of foot swing
(Aboutorabi etal., 2016; DeVita & Hortobagyi, 2000;
Franz, 2016; Gill et al., 2022). This results in a decrease in
ankle power (Aboutorabi etal., 2016; DeVita & Horto-
bagyi, 2000; Morfis & Gkaraveli, 2021). Additionally, de-
creases in knee power are observed in older subjects
(Aboutorabi etal., 2016; DeVita & Hortobagyi, 2000).
These reductions in plantar flexor power lead to a redistri-
bution of power generation towards more proximal leg
muscles, increasing hip extensor and/or flexor strength.
This effect may represent a neuromuscular compensation
that counteracts distal weakness and allows for slower gait
production (Aboutorabi et al., 2016; Franz, 2016; Kerri-
gan ctal., 1998). Similar patterns have also been identi-
fied in populations with pathologies, such as traumatic
brain injuries, which compensate for decreased ankle
power by relying more on hip muscles (Gill et al., 2022).
This suggests that a portion of age-related gait speed re-
duction may be biomechanically mediated, through in-
creases in proximal muscle recruitment compensating for
reductions in plantar flexor power generation during
push-off.

The role of balance in gait speed in older adults is es-
sential, as evidenced by the results of our regression
model. Notably, the positive coefficient associated with
balance in the model suggests that better balance is related
to higher walking speeds. This underscores the im-
portance of addressing balance deficits in interventions
aimed at improving mobility in older adults (Aliza-
dehsaravi et al., 2022; WEI et al., 2023). Balance is es-
sential for the majority of activities of daily living and sta-
bility during ambulation. It has a multicomponent nature
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in which it integrates information from the sensory and
musculoskeletal systems. Balance control in older adults in-
volves a combination of factors, such as muscle strength,
proprioception, vestibular function and tactile sensitivity,
which contribute to maintaining stability and preventing
falls (Osoba etal., 2019; Wang & Fu, 2022). During the
aging process the systems that contribute to stabilization
tend to deteriorate (Halvarsson etal., 2015; Osoba et al.,
2019; Wang & Fu, 2022), leading to a decline in balance
and an increased risk of falling. This loss of balance and fear
of falling can lead to a reduction in step length and increased
time spent in the support phase of the gait cycle, resulting
in a slower walking speed. This compensatory strategy is
adopted in order to maintain a more stable state during gait
(Aboutorabi etal., 2016; Halvarsson etal., 2015; Osoba
etal., 2019).

In exploring the relationship between socioeconomic
status and health indicators, particularly walking speed, the
results offer an intriguing insight. The results reveal that so-
cioeconomic status does not show a significant direct asso-
ciation with walking speed. However, the association be-
tween physical functionality, measured by the SPPB, and
socioeconomic environment suggests a tendency towards
better performance in lower-income settings, albeit with a
small effect size. Additionally, ANOVA revealed significant
differences in relative power based on socioeconomic envi-
ronment, indicating a trend towards better values in lower-
income groups. These findings present a contrast to the
broader literature, where higher income and education lev-
els are commonly associated with better functional and
health outcomes (Malkowski et al., 2023; Noppert etal.,
2018; Shankar et al., 2010; Stringhini et al., 2018). Socio-
economic disadvantages are typically linked to earlier de-
clines in physical functionality and greater risk of non-com-
municable diseases (Shankar et al., 2010; Stringhini et al.,
2018). However, the observed variation in this Bilbao-
based sample suggests that local factors, such as urban de-
sign and resource distribution, may play a pivotal role in
shaping these outcomes.

One hypothesis is that the city's topography contributes
to these differences. For instance, neighborhoods with
lower socioeconomic status, often situated at higher alti-
tudes or with hilly terrain, may present greater mobility
challenges (topographic map, 2024). However, these envi-
ronmental obstacles might paradoxically promote the
maintenance of functional capacities over time due to in-
creased physical activity levels associated with navigating
such environments (Maharana & Nsoesie, 2018). This ur-
ban design factor could explain why lower-income partici-
pants in Bilbao exhibit relatively better functional perfor-
mance than might be expected based on their socioeco-
nomic status alone. Moreover, various studies suggest that
prevention strategies aimed at addressing unfavorable soci-
oeconomic circumstances, along with common risk factors
for non-communicable diseases, could be crucial for pro-
moting healthy aging (Caballero-Mora etal., 2020; De la
Camara et al., 2020; Stringhini et al., 2018). For example,
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participation in community programs could mitigate the
disparities observed in physical functionality among differ-
ent socioeconomic groups, and it is noteworthy that these
participants are part of a specific program, such as the
"Health for the Elderly" program sponsored by the Bilbao
City Council(Shankar et al., 2010; Stringhini et al., 2018).

Upon further analysis, we observed that MGS and MQI
were not included in the final regression model. These two
variables showed a high correlation with each other but ul-
timately did not reveal clinical significance within the
model. This could be attributed to the fact that, while grip
strength is a widely used indicator of overall muscle
strength (Bohannon et al., 2012; Cruz-Jentoft et al., 2010;
Delinocente et al., 2021), its ability to reflect specific lower
limb muscle strength is debatable (Ogawa et al., 2022; Ta-
tangelo etal., 2022; Yeung etal., 2018). In the literature,
MGS has been highlighted as a relevant indicator for detect-
ing slow gait speeds (<0.8m/s) (Alley etal., 2014; Du-
chowny etal., 2017; Lin etal., 2021); however, this rela-
tionship is attenuated in populations with faster gaits (Busch
etal., 2015; Fragala et al., 2016), such as ours. The con-
nection between MGS and gait speed may vary depending
on various factors, such as the level of physical activity and
the general health of the population studied (Yeung etal.,
2018). For example, the presence of severe MGS weak-
ness affects gait speed, although the relationship between
MGS and gait speed is less evident in stronger individuals
(Buchner et al., 1996; Fragala et al., 2016). Additionally,
studies have shown that a higher level of daily physical ac-
tivity was significantly associated with higher knee exten-
sion strength (KES), but not with MGS, in community-
dwelling older adults (Ikenaga etal., 2014; Samuel &
Rowe, 2012). Lastly, itis important to note that the effect
of decreased limb mobility and reduced physical activity
associated with aging, coupled with the predominant role
of the upper limb in daily activities, results in a more pro-
nounced deterioration of lower limb strength compared
to the upper limb (Nogueira et al., 2013; Tatangelo et al.,
2022). This difference in decline rates could also be a hy-
pothesis to explain the contradictory results. Therefore,
since lower limbs are particularly crucial for gait speed,
the importance of considering strength measures that may
be more related to this specific motor function such as the
KNE test or power test is emphasized (Tatangelo etal.,
2022; Yeung et al., 2018).

As with the MGS, when calculating the MQI using the
MGS indicator, no relationships were found in this con-
text either. In this research, MQI was assessed indirectly
by employing the approach suggested by Barbat-Artigas et
al. (2012) and Chang et al. (2021) (Barbat-Artigas ctal.,
2012; Chang etal., 2021), MGS/ skeletal muscle mass.
The optimal method for quantifying MQI is unclear and
varies in cost, complexity and availability and this formula
provides an accessible one (Heymstfield et al., 2015). Re-
sults from other research suggest that assessing MQI
through MGS could serve as a reliable indicator of upper
body functional abilities among older individuals but may
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not be an ideal indicator for the lower extremity (Felicio
etal., 2014; Nascimento et al., 2020; Yeung et al., 2018).
The inclusion of a muscle quality indicator more tailored to
the specific characteristics of the legs or the general body
could provide a more complete and accurate understanding
of the relationship between gait speed and muscle quality.

The findings of this study provide valuable insights into
the factors influencing gait speed in older adults. A key con-
tribution of this research is its potential application in clini-
cal practice, specifically addressing these influential factors.
The most important consideration for exercise prescription
is that it must be individualized, taking into account not
only functional capacity and tolerance but also risk factors
and medical history (Izquierdo etal., 2021; Izquierdo & Ca-
dore, 2024). By focusing on the most significant variables
identified and aligning with recent studies, the optimal
training approach would involve a multicomponent pro-
gram (generally including various combinations of strength,
power, gait, balance, and functional training) (Izquierdo &
Cadore, 2024). In this case, the program should include
power and balance exercises as key components to effec-
tively enhance gait speed.

Power training is a type of muscle training that com-
bines force production with speed. It is considered a sub-
category of strength training. While strength training fo-
cuses on the ability to overcome resistance, power training
emphasizes overcoming that resistance as quickly as possible
(Izquierdo et al., 2021). Age-related power loss occurs be-
fore strength and muscle mass decline, primarily due to a
reduction in the size of type II fibers, atrophy of remaining
fibers, or changes in neural recruitment (Chodzko-Zajko et
al., 2009; Izquierdo etal., 2021). These findings justify the
inclusion of power training as a key component of concur-
rent training approaches. For optimal power training, con-
centric contractions should be performed rapidly, followed
by a slower eccentric phase, always avoiding reaching con-
centric failure. Power is optimized using loads that repre-
sent 30-45% of the one-repetition maximum (1RM) for up-
per limbs and 60-70% 1RM for lower limbs. Heavy loads
during resistance training can simultaneously improve mus-
cle strength and power in older adults. However, for frail
individuals or those with reduced force production capac-
ity, moderate loads (40-60% 1RM) have also been shown
to provide benefits (Izquierdo et al., 2021; Izquierdo & Ca-
dore, 2024).

As for the balance and gait training, progressions should
involve increasing difficulty of the exercise as they tolerate
it, just as with strength and power training, when a load is
no longer challenging enough they adapt. To achieve this
there are different strategies such as narrowing or disrup-
tion of the base of support, proprioceptive or visual de-
crease, dual tasking... (Izquierdo & Cadore, 2024).

For the strengths of this study, it benefits from a large
sample size, which enhances its representativeness and pro-
vides valuable insights into improving gait interventions for
older adults. The results fill a gap in the literature, offering
guidance for more effective public health strategies. As for
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the limitations, the study's reliance on convenience sam-
pling and the non-representative gender distribution may
affect the generalizability of the findings. Additionally, the
use of postal codes alone for socioeconomic status limits our
understanding of the reasons behind variations in gait speed
compared to other current studies. Furthermore, including
a more tailored muscle quality indicator could yield a more
comprehensive understanding of the relationship between
gait speed and muscle quality. Another limitation of the
study is the absence of a specific measure for lower limb
strength, such as the KNE test, which could have provided
amore precise assessment of this particular motor function.

Conclusion

This study explored factors influencing gait speed in older
adults. Age was a significant predictor of gait speed decline,
in line with age-related declines in neuromuscular and cogni-
tive function. Lower limb power emerged as an important
marker, hypothesising that declines in plantar flexor power
affect gait propulsion. In addition, better balance was associ-
ated with higher walking speeds, highlighting the importance
of balance interventions for mobility.

Although socioeconomic status did not directly impact
gait speed, low-income settings showed better physical func-
tioning, possibly due to greater physical activity in challeng-
ing environments. Further studies on the involvement of
MGS and indirect muscle quality are needed to validate their
usefulness as reliable indicators of lower limb specific muscle
strength and quality in older adults and determinants of gait
speed. In general, understanding the determinants of gait
speed is essential to promote healthy aging to maintain indi-
vidual functional capacity. These determinants, such as
power and balance, provide valuable information on the
functionality of older adults, which will enable more effective
and personalised interventions to be designed to promote
healthy aging in clinical practice.
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Results

5.5 Results discussion:

Musculoskeletal disorders, especially those that can aggravate common pathologies in
ageing, such as sarcopenia and frailty, have become a public health priority due to their close
association with multiple adverse health outcomes (Alkhodary et al., 2020; Cruz-Jentoft et al.,
2019; Cruz-Jentoft & Sayer, 2019). Despite the knowledge about the negative consequences of
these musculoskeletal pathologies, there are still barriers and knowledge gaps around this topic,
as stated in the research questions of this thesis. For this reason, this thesis project aims to align
with global and national strategies that seek to make a significant contribution to public health by
addressing sarcopenia and muscle quality in older adults.

To achieve this, research questions have been formulated in line with international and
national guidelines, ensuring alignment with current public health priorities. One of the key
objectives of the European Working Group on Sarcopenia in Older People (EWGSOP) is to
improve the understanding and treatment of sarcopenia through comprehensive assessment of
muscle quality and function (Cruz-Jentoft et al., 2019). The updated EWGSOP2 guidelines
underline the fundamental role of muscle quality, recognising it as an essential component in the
assessment of sarcopenia. In this context, the diagnosis of sarcopenia is now primarily
characterised by the assessment of muscle strength, while muscle quality and quantity are
considered as confirmatory factors. This paradigm shifts from focusing solely on muscle mass to
a more qualified analysis of muscle strength, quality and function underlines the need for more
accurate and meaningful indicators of muscle health. Accordingly, the guidelines emphasise the
importance of advancing non-invasive tools and methodologies to improve the assessment of
muscle quality parameters, determining optimal muscle quality indicators and developing
accurate and affordable tools that will ultimately improve clinical outcomes. This approach
effectively bridges individual research initiatives, such as this thesis, with broader collective and
organisational strategies, which ultimately enhance the understanding of aging and promote well-
being in later life.

Furthermore, these international bodies also note that, at present, these muscle quality
parameters are predominantly used in research settings rather than routinely in clinical and
community practice, primarily due to the technical challenges associated with their measurement
(Buckinx et al., 2018; Masanés et al., 2017; McGregor et al., 2014; Trevifio-Aguirre et al., 2014).
For this reason, the aim is not only to determine the most effective non-invasive tools for muscle
quality assessment but also to bring the opportunity for muscle quality quantification closer to the
community by using tools that are more accessible, affordable, and easier to implement.

As for non-invasive tools for the detection of muscle quality, these have been classified
into two distinct domains depending on the areas of muscle quality they assess. On the one hand,
there are tools that measure morphological muscle quality, which focus on direct assessments of
muscle architecture and muscle composition (de Lucena Alves et al., 2023; M. Fragala et al.,
2015). Among them, CT and MRI are essential for analysing muscle composition, providing
measures of intramuscular fat infiltration and cross-sectional area (Correa-de-Araujo et al., 2017;
Cruz-Jentoft et al., 2019; Faron et al., 2020; Niklasson et al., 2022; Oba et al., 2021). CT offers a
quick and cost-effective analysis of muscle quality; however, it generates radiation exposure. In
contrast, MRI provides a radiation-free alternative at a higher cost (Niklasson et al., 2022; Oba
et al., 2021). Pon the other hand, ultrasound has emerged as a rapid, non-invasive and accessible
imaging modality for musculoskeletal assessment, allowing detailed analysis of muscle
architecture (Correa-de-Araujo etal., 2017; Sconfienza etal., 2018). Furthermore, it has
demonstrated significant correlation with other imaging modalities, as reported in previous
studies (Casey et al., 2022; Nijholt et al., 2020; Price & Earthman, 2019). Although major
international guidelines recognise its potential as a promising tool, challenges remain due to the
lack of standardised protocols. Operator experience remains a determining factor, limiting its
ability to provide definitive results in the early detection of muscle quality loss (Cruz-Jentoft
etal., 2019; Lopez-Lopez et al., 2021; Perkisas et al., 2018). Another emerging tool is BIA,
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specifically through the analysis of PhA, which has been identified as an effective non-imaging-
based method for characterising muscle quality components (Correa-de-Araujo et al., 2017; Di
Vincenzo et al., 2021). Recent studies have recognised PhA as a significant predictor of muscle
quality in older adults, with strong associations with adverse clinical outcomes, including
increased risk of mortality (Duarte Martins et al., 2023; Norman et al., 2023). However, its use
still requires standardisation and validation, as PhA measurements are sensitive to external factors
such as hydration status and temperature (Duarte Martins et al., 2023; Norman et al., 2023).
Finally, Tensiomyography (TMG) and Myotonometry are non-invasive tools used to assess the
contractile and mechanical properties of muscles. TMG measures parameters such as contraction
time and maximal radial displacement, being sensitive to changes in muscle composition,
architecture, and pre-atrophy phases of skeletal muscles. Despite its reproducibility and
portability, this technique requires specialized equipment and operator expertise, as well as facing
challenges related to standardization (Cular et al., 2023; Lohr et al., 2019; McGowen et al., 2022).
On the other hand, Myotonometry evaluates muscle stiffness, elasticity, and compliance,
presenting a faster, more portable, and cost-effective option compared to TMG, with higher
reliability and validity for differentiating muscle stiffness levels. However, its routine clinical
application remains uncertain due to the need for further validation and limitations in depth
measurement and adipose tissue interference (Brazier et al., 2014; Cular et al., 2023; Ilahi et al.,
2020; Lohr et al., 2019; McGowen et al., 2022; Morgan et al., 2019; White et al., 2018; Wilson
et al., 2023).

Among the methods identified in the literature review, ultrasound emerges as the most
appropriate technique, given its alignment with the characteristics of the study and the
requirements of the subsequent analysis. Although more accurate modalities, such as computed
tomography (CT) and magnetic resonance imaging (MRI), offer a detailed assessment, their
application is currently restricted to research settings or as complementary examinations in
specific primary indications, due to their high cost and potential associated complications for the
patient. Furthermore, ultrasound has demonstrated a significant correlation with these imaging
modalities, as documented in previous studies (Casey et al., 2022; Nijholt et al., 2020; Price &
Earthman, 2019; Yoshiko et al., 2018, 2021; Zubac et al., 2019), which reinforces its validity as
an assessment tool. In this context, a growing interest in the use of ultrasound techniques to
quantify muscle quality and assess musculoskeletal pathologies has been observed, consolidating
as a promising approach in clinical practice and research (Bartley & Studenski, 2017; Dubois
et al., 2018; Patil & Dasgupta, 2012; Ruby et al., 2021; Sconfienza et al., 2018).

Nevertheless, in resource-limited settings, the assessment of muscle quality using
ultrasound techniques presents accessibility challenges. For this reason, although one of the
studies in this dissertation employs ultrasound due to its advantages in accuracy and correlation
with other imaging modalities, we have also explored the integration of this morphological
quantification tool with more accessible methods. In particular, we have considered indirect
muscle quantification tools that assess muscle quality from a functional perspective (Barbat-
Artigas et al., 2012). Through this initial study (Pilot Study 1), a correlation has been established
between the geometric variables obtained via ultrasound and functional variables, providing a
potentially more accessible technique for community-based muscle quality assessment. Notably,
the analysis of functional muscle quality presents considerable potential for daily application, as
the technical challenges associated with its measurement are significantly lower. This makes it a
viable tool for implementation in clinical and community settings with limited resources, and
several studies have already adopted these tools (Baek et al., 2022; Chiles Shaffer et al., 2017;
Emerson et al., 2014; Nunes et al., 2019; Yoda et al., 2012; You et al., 2023). This is particularly
relevant, as the ability to perform accurate assessments across diverse contexts, adapting tools to
the specific needs of each setting, is crucial for optimizing therapeutic interventions. Without
precise evaluation, the effective implementation of improvement and treatment strategies remains
unattainable.
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As for the functional domain, it offers greater accessibility for the assessment of muscle
quality, as it is commonly quantified by the ratio of strength per muscle mass. Assessment
methods within this domain vary considerably in terms of complexity and technical requirements.
Some procedures require specialised equipment and operator expertise to ensure accurate
measurements, which may limit their applicability in resource-limited settings. Among these
specialised methods, we would find; force assessment tools which may include isokinetic
dynamometers or power assessment devices. These tools tend to require specialised equipment
and trained personnel, making them less suitable for widespread application outside of clinical or
research settings (Bassey & Short, 1990; Chamorro et al., 2017; Hurst et al., 2018; Jenner et al.,
2024; Luna-Heredia et al., 2005; Martin et al., 2006; Reid & Fielding, 2012). In addition, for
muscle mass assessment, reference tools such as MRI, DXA and CT offer exceptional accuracy
and validity. However, while they allow for a comprehensive analysis of body composition, their
high cost and operational complexity often limit their use to specialised settings, making them
difficult to apply in community or resource-limited settings (Albano et al., 2020; Blake &
Fogelman, 2007; Correa-de-Araujo et al., 2017; Cruz-Jentoft et al., 2019; Faron et al., 2020; Jain
& Vokes, 2017; Niklasson et al., 2022; Oba et al., 2021).

Nonetheless, many of these methods are simple, time-efficient and accessible, requiring
minimal equipment, which facilitates their implementation in a variety of clinical and community
settings without compromising the reliability of the results. In this study, we will focus on one of
these easily accessible indices, given its feasibility for use in resource-limited settings and its
potential for widespread application in daily practice. Among these more accessible methods, we
find the different force measurement tools where hand-held dynamometers and 1RM tests stand
out as the simplest and most practical options, especially for community applications (Abe et al.,
2016; American College of Sports Medicine et al., 2009; Baechle et al., 2000; Cruz-Jentoft et al.,
2019; Grgic et al., 2020; Jenner et al., 2024; Medicine et al., 2018). For determining muscle mass,
more accessible alternatives, such as BIA and US, offer scalable and cost-effective solutions,
making them suitable for use in community settings (Correa-de-Araujo et al., 2017; Cruz-Jentoft
et al., 2019; Niklasson et al., 2022; Sconfienza et al., 2018).

As we have seen throughout the thesis, all muscle quality measurement tools have been
carefully selected. Through this figure we illustrate the decision-making process for choosing the
appropriate muscle quality assessment tools depending on the context. It takes into account key
parameters such as accessibility, measurement accuracy, budget level, training requirements and
the need to assess morphological or functional outcomes. The diagram provides a structured
approach to selecting appropriate tools for various research contexts and practical applications,
including advanced and community settings.
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Figure 10. Key parameters for the election of muscle quality assessment methods

After evaluating various measurement methods, we selected the most appropriate ones
for the following studies, aiming to identify the specific factors that significantly influence
sarcopenia, muscle quality, and functionality. We employed the index proposed by Barbat and
Artigas, which has gained considerable recognition in recent years. This index is calculated by
dividing handgrip strength by relative skeletal muscle mass, providing a valuable indicator of
muscle quality. Handgrip strength was measured in a community setting using a Camry EH101
electronic hand dynamometer, certified as medical equipment by the Spanish Agency for
Medicines and Health Products. To assess body composition, we used segmental bioimpedance
analysis. Although BIA may slightly overestimate or underestimate skeletal muscle mass
compared to gold-standard methods like DXA and CT, it consistently shows strong correlations
with these reference techniques (Achamrah et al., 2018; Cruz-Jentoft et al., 2019; Ribeiro et al.,
2016; Zuo et al., 2024).

Through the completion of the final studies, this dissertation thoroughly investigates the
multifactorial nature of sarcopenia, muscle quality, and functionality in older adults, emphasizing
the complex interactions among the various contributing factors. The findings reveal that the key
determinants of sarcopenia include declining muscle power, advanced age, strength, body mass
index (BMI), and sex, while balance, muscle and fat mass, and socioeconomic status also
significantly influence its development and severity. Muscle quality, particularly in women, is
affected by age, BMI, muscle mass, fat mass, gait speed, squat test time (which encompasses both
lower limb strength and power), balance, and socioeconomic level. Regarding functionality,
which is closely related to gait speed and analyzed in relation to neuromuscular and cognitive
decline associated with aging, lower limb power and balance play crucial roles.
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Although certain factors, such as age and gender, are not modifiable, this thesis
strategically focuses on enhancing those variables that can be influenced by physical exercise
intervention. In addition, the lower adherence rates observed among men will be addressed
through the implementation of specific recruitment strategies supported by the literature. Gender
has been identified as a significant factor in the representation of men in health promotion
programmes, with participation rates remaining worryingly low at around 20% or even lower, as
evidenced in this study (Anderson et al., 2016; Howell et al., 2023; Ory et al., 2014; Smith et al.,
2014; Smith & Ory, 2014). Key barriers include rigid gender roles, the perception of programmes
as predominantly female and the overrepresentation of female participants and instructors
(Anderson et al., 2016; Howell etal., 2023). With this in mind, in order to increase male
recruitment, it would be interesting to employ different strategies proposed by different scientific
studies. These include support from male community leaders, advertisements tailored to male
audiences, and tailoring programme content to resonate more effectively with this demographic
(Anderson et al., 2016; Howell et al., 2023).

Before starting any exercise programme, it is essential to identify the presence of risk
factors and to perform a preliminary assessment of the individual's health status. This process
allows personalisation of the intervention, considering not only functional capacity and exercise
tolerance, but also specific risk factors and relevant medical history (Medicine, 2013; Ozemek
et al., 2025). As most physiological and anatomical systems undergo functional and structural
deterioration during ageing, health status and functional capacity often provide more information
than mere chronological age. In this context, a comprehensive screening will be carried out, in
line with the recommendations of organisations such as the ACSM (Campbell et al., 2019;
Medicine, 2013; Ozemek et al., 2025). Such screening will focus on assessing the current level of
physical activity, the presence or absence of known diseases (both symptomatic and
asymptomatic) and the existence of previous injuries. In addition, given the focus of this thesis
on musculoskeletal pathologies, a targeted functional analysis for the detection of sarcopenia and
frailty will be included. To enhance this approach, an assessment of muscle quality will also be
conducted, guided by the decision-making process illustrated in the figure above, which outlines
the key parameters for the selection of muscle quality assessment methods.

From this comprehensive assessment and having previously identified, from previous
studies, the most relevant variables on which intervention is desired, a training approach will be
designed that considers the relevant factors. By focusing on the significant variables identified
and aligning with the most recent research, the optimal training approach will consist of a
multicomponent programme, typically incorporating a combination of strength, power, gait,
balance and functional training (Izquierdo & Cadore, 2024). Furthermore, to ensure the success
of interventions and promote positive physiological adaptations through training, it is essential to
assess and take into account key factors such as frequency, intensity, duration and type of
exercise, which is in line with the FITT (Frequency, Intensity, Time and Type) principle
(Campbell et al., 2019; Medicine, 2013; Medicine et al., 2018; Ozemek et al., 2025).
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Table 16. FITT principle for exercise prescription.

Frequency Intensity Time Type Special considerations
3-5 days per week if  Moderate 20-60 Multicomponent  Exercise should be stopped
the intensity mix is intensity (5- minutes per  programme. immediately and followed by
moderate to 6 borg session medical evaluation if any of
vigorous. If it is scale) to (varies the following occur:
moderate closerto 5  vigorous depending dizziness, chest pain,
and vigorous it could  (7-8) on unexplained shortness of
be reduced to 3 days intensity). breath, retinal hemorrhage,
a week. lower extremity edema,

vasovagal response, blood
*Gradually exceed glucose <70 mL-dL—1,
the minimum systolic BP >220 mm Hg,
recommended levels diastolic BP >105 mm Hg,
of physical activity syncope, or orthostasis.

to improve or
maintain physical
fitness and better
manage chronic
diseases and health
conditions, as
tolerated.

Adapted from: American College of Sports Medicine. (2013). ACSM's
guidelines for exercise testing and prescription. Lippincott williams & wilkins.

Taking into account the established FITT principles, exercise prescription should be
individualised, having carried out the relevant assessment of risk factors, function, etc... Ideally,
prior to beginning aerobic training, deficiencies in strength, power, gait, or balance should ideally
be addressed. Progressive increases in exercise volume, intensity, and complexity should be a part
of multi-component programs.

Within a multicomponent training approach, resistance training should be a core
component of exercise prescription for all older adults, unless contraindicated, as muscular
strength is essential for aging successfully and maintaining independence. To address muscular
strength in healthy older adults, exercises involving one or multiple joints (one to three sets)
should be included. These exercises can be performed using free weights, machines, bodyweight
exercises, or a combination of these modalities. When performing unilateral exercises, it is
important to note that they increase exercise intensity. It is recommended to perform between 1
to 3 sets per exercise to avoid fatigue, while refraining from training to muscular failure. The
exercise load should be moderate to moderately high (60%-75% of 1-RM), with a rep range of 8-
12 repetitions performed at a high velocity. However, decisions regarding resistance training
should be tailored to the current strength and load stability of older adults, their prior experience
with resistance training, and the potential for injury. Nevertheless, muscular strength can be
optimized by progressively increasing the load from low-moderate (20-50% 1-RM) to higher
loads (70-80% 1-RM), adapting the intensity to the individual's condition (Campbell et al., 2019;
Medicine, 2013; Medicine et al., 2018; Ozemek et al., 2025).
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Power training, a subset of strength training, focuses on the rapid application of force.
While traditional strength training emphasizes the capacity to overcome resistance, power training
prioritizes the speed at which this resistance is executed (Izquierdo et al., 2021). In the aging
population, declines in power precede reductions in strength and muscle mass. This early decline
is mainly attributed to a decrease in the size of type Il muscle fibers, atrophy of the remaining
fibers, or alterations in neural activation patterns (Chodzko-Zajko et al., 2009; Izquierdo et al.,
2021). These insights support incorporating power training as a vital element in combined training
strategies. For effective power development, it's recommended to perform concentric muscle
actions swiftly, followed by a controlled, slower eccentric phase, ensuring that concentric failure
is avoided. Optimal power outputs are achieved with loads approximating 30-45% of one-
repetition maximum (1RM) for upper body exercises and 60-70% 1RM for lower body
movements. Utilizing heavier loads in resistance training can enhance both muscle strength and
power in older adults. However, for those who are frail or have diminished force production
capabilities, moderate loads (40-60% 1RM) have also demonstrated benefits (Chodzko-Zajko
et al., 2009; Izquierdo et al., 2021; Izquierdo & Cadore, 2024).

In terms of training for balance and gait, progressions must involve boosting the
workout's complexity as they can handle it; similarly, with strength and power training, they
adjust when a load becomes too easy. Many techniques, including proprioceptive or visual
decline, dual tasking, restricting or disrupting the base of support, etc., can be used to accomplish
this (Izquierdo & Cadore, 2024). In terms of aerobic training in the older adult, it is essential to
first establish a basic level of strength before starting with more intense aerobic exercise. Once
this level has been reached, it is recommended to start with 5-10 minute sessions, progressively
increasing to 15-30 minutes. Suggested activities include walking, cycling, stair climbing or
dancing, always adapting the modality according to the person's walking ability and functional
status. In addition, it is important to monitor intensity to ensure safe and effective progression
(Chodzko-Zajko et al., 2009; Izquierdo et al., 2021; Izquierdo & Cadore, 2024).

While total body weight, muscle mass and muscle cross-sectional area may decrease with
age, strength and power training can maintain strength relative to muscle mass (eventually
increasing muscle mass) and limit fat infiltration, potentially improving overall physical function
in older adults (M. S. Fragala et al., 2019; Goodpaster et al., 2008; Marzuca-Nassr et al., 2024;
Orssatto et al., 2020). In this context, the proposed exercise protocol not only seeks to improve
the specific parameters it targets but also aims to mitigate these adverse effects by significantly
optimising key metabolic parameters, such as fat mass, muscle mass and BMI, which have been
shown to directly influence sarcopenia and muscle quality.
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¢ International stay:

During the third year of the doctoral program, an international research stay was
conducted to enhance research activities and foster collaboration. This stay took place at Ruhr
University Bochum, under the supervision of Dr. Markus Reichert. Over the course of three
months (September 2024 to December 2024), the primary objectives were to engage with
international experts, exchange knowledge, and advance the research agenda. The stay provided
key opportunities for networking, learning, and enriching the research focus. A particular
emphasis was placed on examining how physical activity and exercise can promote psychological
well-being, especially in the context of major depressive disorders that are related with
sarcopenia. This broadened the scope of the dissertation, integrating the psychological dimension
into the analysis, which had not been previously explored during this work plan.

It is essential to emphasize that this dissertation has thoroughly examined the physical
aspects of musculoskeletal pathologies and the role of muscle quality. However, aging and the
geriatric conditions that may arise from this process are closely linked to depressive disorders, a
critical component that transcends the purely physical realm. In this regard, the international stay
aimed to broaden this physical perspective by integrating a new analysis of the psychological
dimension, seeking a more holistic understanding that had not been addressed during the
dissertation. This approach, which will be explored further during the international stay, will
enable us to investigate how factors related to physical activity and exercise can serve as essential
promoters of psychological well-being. This is crucial for a comprehensive approach to healthy
aging, sarcopenia prevention, and the maintenance of independence. As a result of the research
stay, a comprehensive exploration of major depressive disorders, along with the impact of just-
in-time interventions and physical activity, culminated in the publication of a journal article.

The relationship between sarcopenia and common mental disorders, such as depression
and anxiety, has gained recognition in recent years. While the influence of body composition on
metabolic and cardiovascular diseases has been extensively studied, the implications of body
composition for the development of psychological disorders are now under investigation (K.-V.
Chang et al., 2017; Pasco et al., 2015; Zhong et al., 2023). In this regard, pathophysiological
pathways have been found to be shared between sarcopenia and psychiatric diseases, including
neurotrophins, oxidative stress and inflammation, all modulated by lifestyle-related behaviours
(Z.Lietal., 2022; Pasco et al., 2015; Zhong et al., 2023). Focusing on the role of skeletal muscle,
skeletal muscle contraction plays a key role in releasing neurotrophic factors, which have been
shown to be crucial in the regulation of mood and mental health (Pasco et al., 2015). Additionally,
muscle activity influences the immune and inflammatory system, contributing to the reduction of
muscle catabolism and improves emotional well-being (Zhong et al., 2023). Evidence suggests
that sarcopenia, especially in terms of loss of muscle strength, is strongly associated with
depression, and this association persists even when adjusting for factors such as gender, age and
other comorbidities (K.-V. Chang et al., 2017; Fukumori et al., 2015; Hayashi et al., 2019; Z. Li
et al., 2022; Sanders et al., 2012; Szlejf et al., 2019; Zhong et al., 2023). Recent meta-analyses
and studies show a significant association of low grip strength and slow gait with an increased
risk of depressive symptoms in older people (K.-V. Chang et al., 2017; Fukumori et al., 2015;
Hayashi et al., 2019; Z. Li et al., 2022; Sanders et al., 2012; Szlejfet al., 2019; Zhong et al., 2023).

Major depressive disorder (MDD) is a prevalent mental illness that stands as the leading
cause of disability, affecting approximately 185 million people worldwide (GBD, 2019; WHO,
2017).Treatment guidelines for depression generally advise the use of medication, psychotherapy,
or a combination of both approaches (Marx etal., 2023). One of the most prominent
psychotherapeutic approaches is behavioral activation, which aims to modify how individuals
engage with their environment by encouraging participation in activities that provide positive
reinforcement (Janssen et al., 2020). This approach helps alleviate depressive symptoms by
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improving mood and overall well-being (Janssen et al., 2020). Recent studies emphasize the
interactions between physical activity and perceived energy levels in daily life as a potential
intervention target for major depressive disorder (Timm et al., 2024). While structured exercise
is already well-established as an effective treatment for MDD (Heissel et al., 2023; Schuch et al.,
2016), non-exercise activities, such as brief, informal actions like taking the stairs, plays a
significant role (Packheiser et al., 2024). Within this framework, the MASE project aims to
develop individually tailored BA interventions that focus on increasing physical activity and,
consequently, subjective energy levels to reduce depressive symptoms and prevent relapse.
Moreover, real-time dynamic interventions, such as just-in-time adaptive interventions, are
proposed as a promising alternative to static interventions.
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7 Conclusions:

Have no fear of perfection; you'll never reach it. — Marie Curie.

This chapter introduces the most relevant conclusions drawn after the development of
this work. These findings will be introduced following the completion of the different research
questions outlined in the introduction chapter.

Aging is a global phenomenon that reflects the extraordinary adaptability of human
beings. This process has led to significant demographic changes, resulting in a population
transition that has increased life expectancy. While this achievement represents a remarkable
social success, it also poses a crucial challenge: the need to reform social and healthcare systems
to meet the demands of this new population paradigm (Preston & Biddell, 2021). Projections
indicate that this demographic trend will continue, bringing multiple challenges for public health
(Crimmins, 2021). Among them, musculoskeletal diseases stand out due to their impact on
functionality and quality of life in older adults, highlighting the importance of addressing them
effectively (Cruz-Jentoft et al., 2019).

In this context, it is crucial to have effective tools to assess muscle quality not only in
clinical settings, but also in the community, allowing early and accessible detection (Cruz-Jentoft
et al., 2019). In response to this need, this thesis has investigated the tools available for muscle
quality assessment, identifying their key parameters and analysing which are best suited to
different settings and needs. It has also explored the factors that influence muscle quality,
highlighting the need for solutions that facilitate more effective diagnosis and treatment in clinical
and community settings. Finally, an exercise protocol has been proposed based on non-invasive
muscle quality measurement tools, selected for their accessibility and efficacy in the community,
and aimed at improving muscle quality through evidence-supported interventions that address the
key characteristics identified in the analysis conducted throughout the thesis.

The conclusions derived from this work will be presented throughout this section. Firstly,
the hypothesis stated in Chapter 1, Introduction, is as follows: “It is hypothesized that non-
invasive diagnostic methods, encompassing both morphological and functional approaches, are
effective for assessing muscle quality in older adults, enabling their routine application in
community settings and the identification of essential factors for the design of exercise protocols
to enhance muscle quality and functionality”.

Based on the findings of this thesis, it can be affirmed that the proposed hypothesis is
largely supported. The results indicate that, among the morphological measures for quantifying
muscle quality in older adults, US and MRI are the most used for direct assessment after an
exercise intervention. Other methods include CT, EMG, myotonometry, and BIA. Additionally,
US stands out as an emerging tool for direct muscle quality assessment, driven by ongoing
technological advancements.

Current research frequently integrates direct assessments of muscle quality with indirect
methods and functional capacity tests. Within this framework, the heterogeneity in defining
muscle quality in the functional domain arises from methodological variability in strength and
muscle mass assessment, despite a common conceptual foundation linking strength to the muscle
mass-to-strength ratio (Cruz-Jentoft et al., 2019; de Lucena Alves et al., 2023; Virto, Rio,
Méndez-Zorrilla, et al., 2024). The findings of this thesis work indicate that while hand-held
dynamometry and 1RM testing are feasible for community-based applications, isokinetic
dynamometry and power assessments, despite their superior precision, remain specialized tools.
Regarding muscle mass evaluation, reference techniques such as MRI and DXA offer high
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accuracy but are constrained by cost, whereas alternative methods like BIA and ultrasound
provide more accessible and cost-efficient options for broader implementation (Albano et al.,
2020; Blake & Fogelman, 2007; Correa-de-Araujo et al., 2017; Cruz-Jentoft et al., 2019; Faron
et al., 2020; Jain & Vokes, 2017; Niklasson et al., 2022; Oba et al., 2021; Sconfienza et al., 2018).

In relation to the determinants of muscle quality, this study has identified that, in older
women, muscle mass, fat mass and functional performance (gait speed, squat time, including the
importance of power and balance) are significant predictors of muscle quality. On the other hand,
in men, factors such as age, BMI, squat time and balance were relevant, although the hypothesis
in men could not be fully clarified due to the smaller male sample and lower variability in their
performance measures, which may have influenced the predictive power of the model.

The following is a summary of the contributions made in this doctoral thesis within the
field of muscle quality in older adults. These contributions provide insights into the research
questions posed in chapter 1 of the introduction and are structured accordingly:

- How can muscle quality be best assessed non-invasively in older adults? What are the
most effective indicators of muscle quality predicting outcomes and analyzing the effects of
exercise interventions? What factors, such as cost, accessibility, required training, and the
distinctions between direct (morphological) and indirect (functional) non-invasive tools,
influence the adoption and implementation of muscle quality assessments?.

In this thesis, the non-invasive assessment of muscle quality in older adults has been
thoroughly investigated, establishing a crucial differentiation between the morphological (direct
non-invasive measurement) and functional (indirect non-invasive measurement) domains of
muscle quality. This distinction has allowed a more precise analysis of the available tools,
highlighting that the choice of methodology depends not only on the domain assessed, but also
on practical factors such as cost, accessibility and the training required for its correct application.
In addition, the most appropriate tools for measuring each key variable and indicator of muscle
quality have been identified, helping to fill the knowledge gaps identified as priorities by
EWGSOP (Cruz-Jentoft et al., 2019).

As for the morphological domain, it is characterised by a focus on direct assessments of
muscle architecture, considering both microscopic and macroscopic characteristics of the muscle
structure, as well as its composition (e.g., amount of muscle tissue, fat infiltration, water content)
(Coronado-Zarco & de Leodn, 2023; de Lucena Alves et al., 2023; M. Fragala et al., 2015). The
following table presents the most effective tools for assessing morphological muscle quality,
along with the key indicators associated with each tool for predicting muscle quality and robustly
analysing the effects of exercise interventions. On the other hand, ultrasound is presented as a
rapid, non-invasive and accessible modality to assess muscle architecture, with good correlation
with other imaging techniques (Correa-de-Araujo etal., 2017; Price & Earthman, 2019;
Sconfienza et al., 2018). Although international guidelines acknowledge its potential, the lack of
standardization and reliance on operator expertise constrain its use for the early detection of
muscle quality loss (Cruz-Jentoft & Sayer, 2019; Lopez-Lopez et al., 2021; Perkisas et al., 2018).
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Table 17. Specific outcomes measured to assess morphological muscle quality using

non-invasive tools.

Tool

Outcomes Measured

Advantages

Disadvantages

Magnetic Resonance Imaging
(Correa-de-Araujo et al., 2017; Faron
et al., 2020; Niklasson et al., 2022; Oba
etal., 2021)

Computed Tomography
(Correa-de-Araujo et al., 2017; Faron
et al., 2020; Niklasson et al., 2022; Oba
etal., 2021)

Ultrasonography

(Bartley & Studenski, 2017; Correa-de-
Araujo et al., 2017; Dubois et al., 2018;
Lopez-Lopez et al., 2021; Patil &
Dasgupta, 2012; Perkisas et al., 2018;
Ruby et al., 2021; Sconfienza et al.,
2018)

Bioelectrical Impedance Analysis
(Cruz-Jentoft et al., 2019; Di Vincenzo
etal., 2021; Sergi et al., 2016)

Tensiomyography

(Brazier et al., 2014; Cular et al., 2023;
llahi et al., 2020; Lohr et al., 2019;
McGowen et al., 2022; Morgan et al.,
2019; White et al., 2018; Wilson et al.,
2023).

Myotonometry

(Brazier et al., 2014; Cular et al., 2023;
lahi et al., 2020; Lohr et al., 2019;
McGowen et al., 2022; Morgan et al.,
2019; White et al., 2018; Wilson et al.,
2023).

Intramuscular fat
infiltration, cross-
sectional area,
intermuscular adipose
tissue.

Intramuscular fat
infiltration, cross-
sectional area, muscle
density.

Cross-sectional area,
echo intensity, echo
variation, fascicle
length, pennation angle.

Phase Angle (PhA)

Muscle contractile
properties (contraction

- The most accurate tool

for measuring
composition (muscle
volume and quality).

- No radiation exposure.

- Very high validity.
- Quantitative and
qualitative assessment.

- High validity and
accuracy in the
assessment of muscle
quality.

- Quantitative and
qualitative assessment.

- It measures muscle
architecture as an
accurate marker of
muscle quality.

- Good precision.

- It is non-invasive, no

radiation, fast and can be

portable.

- Recently recognized as a
key predictor of muscle
quality.

- Non-invasive, quick,

and accessible technique.

-Non-invasive, measures
muscles mechanical

time and maximal radial properties.

displacement), muscle
tone.

Muscle stiffness,
compliance, elasticity.

- Sensitive to changes in
muscle composition,

architecture, and pre-atrophy

of skeletal muscles

-Reproducible and relatively

portable
- Compared to TMG, fast,

portable and cost-effective,
displaying higher reliability

and validity for
differentiating muscle
stiffness levels.

- Very costly and not
accessible for most
community studies.

- Operational
complexity, non portable
equipment and training
requirements.

- High cost and
radiation exposure.
- Not routinely
applicable in
community studies.
- Non portable

- Measurements
highly dependent on
operator expertise.

- Intermachine and
interoperator
variability.

- Intermediate cost
and technical training
requirement.

- Lower accuracy
compared to tools
such as MRI or CT.

- Sensitive to external
variables (hydration,
temperature).

- Specialized equipment
and need of operator
expertise.

- Standardization
issues.

- Not widely available
due to their cost

- Need of validation for
its routine clinical
application.

- Limited depth and
adipose tissue
interference.
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The literature shows a remarkable diversity in approaches for the direct assessment of
muscle quality, two of the tools mainly used in the quantification of muscle quality are ultrasound
and MRI. In particular, ultrasound emerges as a promising method for skeletal muscle assessment,
as it offers a more accessible and cost-effective alternative to MRI. However, it emphasises the
need for further research into its clinical application to ensure consistent and validated
measurements in various population contexts.

In the functional assessment of muscle quality in older adults, various non-invasive
techniques are available, with accessible technologies gaining popularity in both clinical and
community settings. Hand-held dynamometry and 1RM testing are among the most practical and
widely applicable strength assessment tools, particularly for community-based use. In contrast,
power assessments and isokinetic dynamometry, while offering greater precision, are more
specialized and less feasible for routine application outside clinical or research environments.
Regarding muscle mass evaluation, reference methods such as MRI, DXA, and CT provide high
validity and accuracy; however, their cost and complexity often limit their widespread
implementation. More accessible alternatives, such as BIA and US, offer scalable and cost-
effective solutions, making them well-suited for community-based applications (Albano et al.,
2020; Blake & Fogelman, 2007; Correa-de-Araujo et al., 2017; Cruz-Jentoft et al., 2019; Faron
et al., 2020; Jain & Vokes, 2017; Niklasson et al., 2022; Oba et al., 2021; Sconfienza et al., 2018).

In conclusion, a comprehensive assessment of muscle quality should integrate both
morphological and functional measurements, as each provides complementary and essential
information. However, when considering the resources required for each type of assessment,
indirect methods for quantifying functional muscle quality emerge as the most accessible and
feasible option in settings with budgetary and personnel constraints. These methods not only
require less infrastructure but also demand minimal specialized training, facilitating their
implementation in both community and clinical environments with limited resources. Conversely,
in settings with greater financial capacity and trained personnel, the combination of
morphological and functional assessments represents the optimal approach, offering a more
thorough evaluation of muscle quality. This approach is summarised in Figure 10, which provides
a visual representation of the proposed framework for assessing muscle quality across different
contexts.

- Can novel methods using advanced non-invasive tools and machine learning techniques
improve our understanding and application of key muscle quality determinants in older adults in
clinical practice?.

New optimisation methods using advanced non-invasive tools may represent a significant
advance towards a more efficient and effective approach to muscle quality assessment. As
highlighted in chapter 2, sarcopenia and muscle quality measurements are under-diagnosed (Cruz-
Jentoft & Sayer, 2019; Sanchez Tocino et al., 2024) due to the lack of consolidated diagnostic
criteria and heterogeneity in measurement tools. However, the emerging consolidation of
advanced methods, such as ultrasound, offers a promising solution.

The use of portable and non-invasive technologies, such as ultrasound, facilitates the
implementation of clinical protocols in hospital and primary care settings, improving access and
applicability of muscle quality assessments. In addition, the correlation between ultrasound-
derived geometric parameters and functional variables allows optimisation of muscle quality
assessment strategies in community practice. This not only enables more accurate and accessible
assessments, but also promotes early intervention and ongoing monitoring of muscle health in
older adults, directly addressing current limitations in the diagnosis and management of
sarcopenia.
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- What specific factors significantly influence sarcopenia, muscle quality, and
functionality?

This thesis has comprehensively assessed the factors influencing sarcopenia, muscle
quality and functionality in older adults, highlighting its multifactorial profile, which involves
complex interactions between biological, functional and social factors. Our analyses indicate that
the most important variables in the diagnosis of sarcopenia are influenced by key factors such as
loss of muscle power, advanced age, strength, body mass index (BMI), and gender. Additionally,
balance, muscle and fat mass, as well as socioeconomic status, significantly affect the
development and severity of the condition. Regarding muscle quality, our detailed analysis
revealed that, for women, the final regression model included age, BMI, muscle mass, fat mass,
performance in the 4-meter walk test, time in the squat test, balance, and socioeconomic
background (classified into two groups).

Functionality, on the other hand, was assessed primarily by gait speed, which is
recognised as a vital sign and non-invasive predictor of health status and functionality in older
adults (Middleton et al., 2015). Age was found to significantly predict gait speed decline, in line
with age-related declines in neuromuscular and cognitive function. In addition, lower limb power
was highlighted as a key marker. Better balance was also associated with higher walking speeds,
highlighting the importance of balance-focused interventions to improve mobility.

These determinants provide valuable information on muscle quality and functionality in
older adults, allowing the design of specific and effective interventions that address these markers,
contributing to a more accurate and personalised approach to the assessment and management of
musculoskeletal pathologies and functionality in clinical and community practice.

- How can an evidence-based exercise protocol be developed and implemented to
effectively assess and improve muscle quality in older adults, integrating non-invasive
measurement tools and tailored physical activity interventions in both clinical and community
settings?.

To develop and implement an evidence-based exercise protocol that effectively assesses
and improves muscle quality in older adults, it is crucial to integrate non-invasive measurement
tools and tailor physical activity interventions to the most relevant determinants of muscle quality.
As demonstrated in this work, muscle quality encompasses multiple domains, so it is essential to
use a multidimensional approach that combines various non-invasive measurement tools.

Different measurement strategies are proposed based on a decision-making process,
which is detailed in the results chapter (Figure 10. Key parameters for the election of muscle
quality assessment methods). This process takes into account key factors such as tool
accessibility, measurement accuracy, available budget, training requirements, and the need to
assess both morphological and functional outcomes. To bring these measurements closer to
community practice, tools such as ultrasound for analyzing muscle architecture, bioimpedance
analysis (BIA) to assess phase angle and body composition, and functional tests to measure
strength and generate the muscle quality index (strength relative to mass) are recommended.
These tools, in addition to being accessible and cost-effective, allow for a comprehensive and
effective assessment of muscle quality in various settings, both clinical and community-based.
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On the other hand, regarding the exercise intervention, by understanding the specific
factors that most significantly influence muscle quality, such as muscle power, balance, body
composition, and socioeconomic context, the exercise protocol has been adapted to address these
determinants. While some of these specific elements are non-modifiable, such as sex or age, the
focus of the study is on intervening in variables that are susceptible to improvement through
multicomponent physical exercise programs. These programs should integrate strength, power,
walking, and balance training, following principles such as FITT. Additionally, specific
challenges, such as low adherence to health programs among men, are addressed by proposing
potential strategies to improve the low participation rates of men in these programs (Campbell
et al., 2019; Medicine, 2013; Medicine et al., 2018; Ozemek et al., 2025).

A multicomponent training approach for older adults should include resistance training
as a core component, as it is essential for maintaining independence and aging successfully.
Exercises involving one or more joints, performed with free weights, machines, or bodyweight,
should focus on moderate to moderately high loads (60%-75% 1-RM) with 8-12 repetitions per
set, avoiding fatigue and muscular failure. Power training, which emphasizes the rapid application
of force, is equally important, as declines in muscle power precede reductions in strength and
muscle mass in older adults. To optimize power, concentric actions should be performed swiftly
with a controlled eccentric phase, using loads of 30-45% 1-RM for upper body exercises and 60-
70% 1-RM for lower body movements. For frail individuals, loads can be reduced to 40-60% 1-
RM to better match their initial capabilities, as moderate loads have also shown benefits.
Additionally, balance and gait training should progressively increase in complexity, incorporating
techniques such as dual-tasking and altering the base of support. Aerobic exercise should start
with basic strength development and progressively increase in intensity. The exercise protocol
aims to improve muscle strength and power, mitigate age-related muscle mass decline, and
optimize key metabolic parameters like fat mass, muscle mass, and BMI to counteract sarcopenia
and improve overall physical function (Campbell et al., 2019; Medicine, 2013; Medicine et al.,
2018; Ozemek et al., 2025).
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7.1 Limitations and Future research:

While the present study provides valuable insights into the evaluation of muscle quality
in older adults, several limitations must be acknowledged. This section will identify these
limitations and provide suggestions for future research to address these.

Firstly, although a comprehensive assessment of non-invasive tools was conducted, the
absence of a standardized gold standard for muscle quality evaluation represents a significant
limitation. This lack of consensus and the diversity in the evaluation methods leads to variability
in the parameters measured across studies, complicating direct comparisons with other studies
that use similar methodologies but assess different key indicators of muscle quality. Also, studies
that did not explicitly mention muscle quality in their title or abstract, or those that defined muscle
quality differently from pre-established definitions, may have been excluded.

On the other hand, in the first case study, although ultrasound was identified as a
promising method for assessing skeletal muscle, its use may be influenced by the lack of
standardised protocols and operator dependence, which could introduce variability in
measurements. Similarly, in the following investigations, the use of an MQI based on the strength-
to-mass ratio primarily focuses on one aspect of muscle quality, leaving room to explore other
relevant dimensions that could provide a more nuanced understanding. Nevertheless, these results
serve as a fundamental basis to implement further research aimed at expanding the current
knowledge. So, the crucial aspect for this line of future research would be the validation of a
single functional muscle quality index that can be used in a standardized manner across
community studies. This would enable more robust comparisons between different studies using
non-invasive tools to measure muscle quality and, in turn, facilitate the implementation of
interventions in communities with limited infrastructure.

Moreover, in the 4,5 and 6 analysis the relatively small number of male participants limits
the ability to generalize the results to a broader male population. Additionally, the sample lacks
sufficient diversity, with most participants being Basque, which introduces a potential bias due to
shared demographic, racial, and physiological characteristics. This homogeneity may not reflect
the variability found in more diverse populations. Furthermore, a limitation of this study is the
reliance on a muscle quality index based solely on the strength-to-mass ratio, which does not
consider other key aspects of muscle quality, such as muscle composition, architecture, and
ultrastructure. Incorporating these additional dimensions could provide a more comprehensive
and accurate understanding of muscle quality, potentially offering new avenues for improving
diagnostic accuracy and treatment strategies. In the context of future research, it is suggested to
apply the findings of this study to a cohort of older adults in order to evaluate the effectiveness of
an exercise program based on the recommendations presented in this work, with particular
emphasis on the key features identified as determinants for improving muscle quality. The goal
would be to replicate this study in a community setting, which would allow for testing the
feasibility and effectiveness of interventions designed to promote musculoskeletal health in this
population. Additionally, the simultaneous evaluation of muscle quality from both morphological
and functional approaches should be considered, aiming to compare which of these methods is
more sensitive to exercise-induced changes. The comparison of both domains could provide a
deeper understanding of the dynamics between muscle quality and functionality in older adults,
as well as identify the most suitable method for monitoring them in community contexts.

Future studies could build on the findings of this research by incorporating the knowledge
gained about muscle gquality assessment into the development of more comprehensive assessment
tools and methodologies. Expanding the scope of the study to include a wider range of dimensions
of muscle quality, such as muscle composition, architecture and ultrastructure, could provide a
more nuanced understanding of muscle function.
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8 Contributions

In addition to the scientific publications that underpin this research, this section presents
additional work derived from the knowledge acquired in the area throughout this doctoral thesis.
These collaborative publications, developed with other researchers, are listed below.

8.1 Scientific contributions.

Table 18. Publication I - International Journal with Impact Factor

Title Effects of a 12-week exercise intervention on glycated hemoglobin (HbAZLc) levels in
cancer patients.

Authors  Virto, N., Etayo-Urtasun, P., Isla, J. R. S., Arietanizbeaskoa, M. S., Gallastegui, N. M.,
Grandes, G., ... & Rio, X.

Journal Retos
IF Quartile SJR: Q2
Date 30 Jan 2023
DOI https://doi.org/10.47197/retos.v48.96221

Table 19. Publication II - International Journal with Impact Factor

Title Development of Continuous Assessment of Muscle Quality and Frailty in Older Patients
Using Multiparametric Combinations of Ultrasound and Blood Biomarkers: Protocol for
the ECOFRAIL Study.

Authors Virto N, Rio X, Angulo-Garay G, Garcia Molina R, Avendafio Céspedes A, Cortés
Zamora E, Gomez Jiménez E, Alcantud Cércoles R, Rodriguez Mafias L, Costa-Grille
A, Matheu A, Marcos-Pérez D, Lazcano U, Vergara |, Arjona L, Saeteros M, Lopez-de-
Ipifia D, Coca A, Abizanda Soler P, Sanabria S.

Journal JMIR Research Protocols
IF Quartile SJR: Q3
Date 23 Feb 2024
DOI https://doi.org/10.47197/retos.v48.96221
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Table 20. Publication III - International Journal with Impact Factor

Title Ultrasound quantitative monitoring of muscle quality changes in sarcopenia patients
after supervised exercise intervention

Authors Morelva Saeteros, Naiara Virto, Ignacio Oyarzabal, Xabier Rio de Frutos, Rafael Garcia,
Almudena Avendafio, Elisa Belén Cortés, Elena Gomez, Pedro Abizanda, Leocadio
Rodriguez-Mafias, Ander Matheu, Uxue Lazcano, Itziar Vergara, Laura Arjona, Aitor
Coca, Sergio J Sanabria

Journal IEEE International Ultrasonics Symposium
IF Quiartile
Date 3 Sept 2023
DOI 10.1109/1US51837.2023.10307573

Table 21. Thesis Publication I - International Journal with Impact Factor

Title Non invasive techniques for direct muscle quality assessment after exercise intervention
in older adults: a systematic review.

Authors Virto, N., Rio, X., Méndez-Zorrilla, A., & Garcia-Zapirain, B.
Journal BMC Geriatrics
IF Quartile SJR: Q1
Date 31 July 2024
DOl 10.1186/512877-024-05243-3
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Table 22. Thesis Publication III - International Journal with Impact Factor

Title Gait speed in older adults: exploring the impact of functional, physical and social
factors.

Authors Virto, N., Rio, X. ., Mufioz-Pérez, I., Méndez-Zorrilla, A. ., & Garcia-Zapirain, B.

Journal Retos
IF Quartile SJR: Q2
Date 31 July 2024
DOl https://doi.org/10.47197/retos.v61.109902

Table 23. Publication VI - International Journal with Impact Factor

Title Effects of 12 weeks of short-duration isometric strength training in university students

Authors Leguina, A. S., Mojas, E., Virto, N., Fernandez, J. R., Gémez, R., & Rio, X.
Journal European Journal of Human Movement
IF Quartile SJR: Q3
Date 30 June 2024
DOI https://doi.org/10.21134/eurjhm.2024.52.8

Table 24. Publication VII - Deusto Engineering Journal

Title Evaluacién continua de fragilidad muscular en sujetos mayores mediante inteligencia
artificial aplicada a ecografia y biomarcadores

Authors Saeteros Ortiz, Celida Morelva; Virto Castro, Naiara; Rio De Frutos, Xabier; Arjona
Aguilera, Laura; Sanabria Martin, Sergio José; Lopez De Ipifia Gonzalez De Artaza,

Diego
Journal European Journal of Human Movement
Date 2024
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Table 25. Thesis Publication III - International Journal with Impact Factor

Title Exploring determinant factors influencing muscle quality and sarcopenia in Bilbao’s
older adult population through machine learning: A comprehensive analysis approach.

Authors Naiara Virto, Danielle Marie Dequin, Xabier Rio, Amaia Méndez-Zorrilla, Begofia
Garcia-Zapirain

Journal Plos One
IF Quiartile SJR: Q1
Date 31 Dec 2024
DOI 10.1371/journal.pone.0316174
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8.2 Communication contributions:

Table 26. Publication I - Conference

Ultrasound quantitative evaluation of morphometric changes in rectus femoris after

Title
a 16-week supervised exercise programme in elderly frail subjects.
Authors Presented by Naiara Virto. Naiara Virto, Xabier Rio, Garazi Angulo, Rafael Garcia
Molina, Almudena Avendafio Céspedes, Elisa Belen Cortés Zamora, Elena Gomez
Jimenez, Pedro Abizanda Soler, Leocadio Rodriguez Mafias, Ander Matheu, Uxue
Lazcano, Itziar Vergara, Laura Arjona, Morelva Saeteros, Aitor Coca, Sergio J
Sanabria.
Conference International Conference on
Frailty & Sarcopenia Research
Date and 22-24 March 2023, Toulouse.
Place

Table 27. Publication II - Conference

Point-of-care automatic assessment of muscle morphometry for sarcopenia

Title
monitoring in community care based on automatic U-Net segmentation of rectus
femoris.
Authors Morelva Saeteros, Laura Arjona, Naiara Virto, Xabier Rio, Rafael Garcia,,
Almudena Avendafio, Elisa Belén Cortés, Elena Gomez, Esther L6pez, Marta Neira,
Raquel Ramirez, Cristina Alonso, Concha Grau, Patricia Pérez, Maria Alcantara,
Maria Alcantud, Carmen Rosa Hernandez, Diego Lépez-de-Ipifia, Pedro Abizanda,
Leocadio Rodriguez, Ander Matheu, Itziar Vergara, Aitor Coca, Sergio J Sanabria.
Conference International Conference on
Frailty & Sarcopenia Research
Date and 22-24 March 2023, Toulouse.
Place
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Table 28. Publication 11l — Conference

Title Evaluacién Ecografica De Cambios Morfométricos Del Recto Femoral Tras
Intervencion De Programa De Ejercicio Supervisado En Adultos Mayores Frégiles.

Authors Virto, Naiara; Rio De Frutos, Xabier; Garcia, Rafael; Gdmez, Elena; Abizanda,
Pedro; Sanabria, Sergio.

Conference Sociedad Castellano Manchega de Geriatria y Gerontologia
Date and 3-4 March 2023, Toledo.
Place

Table 29. Publication IV - Conference

Title Efectos de 12 semanas de entrenamiento de fuerza isométrica de corta duracion en
la Hemoglobina glicada (HbALc) en estudiantes universitarios.

Authors Virto, N, Mojas, E, Fernandez, R, Roberto Gomez, R, Santisteban, A , Rio, X.
Conference Congreso Internacional de la Asociacién Espafiola del Deporte
Date and 21-24 June 2023, Madrid.
Place

Table 30. Publication V - Conference

Title Efectos de 12 semanas de entrenamiento de fuerza isométrica de corta duracién en
el angulo de fase.

Authors Mojas, E , Virto, V, Fernandez, R, Roberto Gémez, R, Santisteban, A , Rio, X.
Conference Congreso Internacional de la Asociacion Espafiola del Deporte
Date and 21-24 June 2023, Madrid.
Place
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Table 31. Publication VI - Conference

Title Physical exercise, physical function and geometric muscle ultrasound. ecofrail
study.
Authors Lopez Jiménez, Esther; Morelva Saeteros Ortiz, Celida; Marcos Pérez, Diego;

Costa Grille, Alba; Martinez Sanchez, Esther; Paterna Mellinas, Gema; Garcia
Molina, Rafael; Alcantud Corcoles, Rubén; Virto Castro, Naiara; Cruces Salguero,
Sara; Rodriguez Mafias, Leocadio; Matheu Fernandez, Ander; Sanabria Martin,
Sergio Jose; Abizanda, Pedro.

Conference European Geriatric Medicine Society Congress,
Date and 18-20 September 2024, Valencia.
Place

Table 32. Publication VIII - Conference

Title Muscle ultrasound and physical function. ecofrail study.

Authors Lépez Jiménez, Esther; Morelva Saeteros Ortiz, Celida; Marcos Pérez, Diego;
Costa Grille, Alba; Martinez Sanchez, Esther; Paterna Mellinas, Gema; Garcia
Molina, Rafael; Alcantud Corcoles, Rubén; Virto Castro, Naiara; Cruces Salguero,
Sara; Rodriguez Mafias, Leocadio; Matheu Fernandez, Ander; Sanabria Martin,
Sergio José; Abizanda, Pedro.

Conference European Geriatric Medicine Society Congress,
Date and 18-20 September 2024, Valencia.
Place

Table 33. Publication VII - Conference

Title Ultrasound quantitative monitoring of muscle quality changes in sarcopenia patients
after supervised exercise intervention

Authors Morelva Saeteros, Naiara Virto, Ignacio Oyarzabal, Xabier Rio de Frutos, Rafael
Garcia, Almudena Avendafio, Elisa Belén Cortés, Elena Gomez, Pedro Abizanda,
Leocadio Rodriguez-Mafas, Ander Matheu, Uxue Lazcano, Itziar Vergara, Laura

Arjona, Aitor Coca, Sergio J Sanabria

Conference IEEE International Ultrasonics Symposium
Date and 3 Sept, 2023, Canada.
Place
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8.3 Other scientific activities:

Table 34. Other scientific activities

Other scientific activities (reviews...)

2023 Summer School Liege (September 17-23, 2023)
Certificate of membership in the AFDySalud research team
Certificate of membership in the eVida research team
2024 Review activity for "The Journal of Frailty & Aging"
2024 Review activity for "Retos"
2025 Review activity for "The Journal of Frailty & Aging"
2024 International stay, Ruhr University Bochum (Germany)

159



Annex

9 Bibliography

Abdalla, P. P., Bohn, L., da Silva, L. S. L., dos Santos, A. P., Tasinafo Junior, M. F., Venturini, A.
C. R., dos Santos Carvalho, A., Gomez, D. M., Mota, J., & Machado, D. R. L. (2021).
Identification of muscle weakness in older adults from normalized upper and lower
limbs strength: A cross-sectional study. BMC Sports Science, Medicine and
Rehabilitation, 13(1), 161. https://doi.org/10.1186/s13102-021-00390-1

Abe, T., Thiebaud, R. S., & Loenneke, J. P. (2016). Forearm muscle quality as a better indicator
of physical performance than handgrip strength in older male ground golf players aged
70 to 89. Journal of Musculoskeletal & Neuronal Interactions, 16(4), 296-301.

Abidin, N. Z. (2023). The “Fat or Fit Paradox” in Postmenopausal Women: A Cross-Sectional
Study on the Association Between Skeletal Muscle Mass, Adiposity, and Muscle
Strength. Muscle Ligaments and Tendons Journal, 13, 494.
https://doi.org/10.32098/mltj.03.2023.20

Abizanda Soler, P., Lopez-Torres Hidalgo, J., Romero Rizos, L., Lopez Jiménez, M., Sanchez
Jurado, P. M., Atienzar Nufiez, P., Esquinas Requena, J. L., Garcia Nogueras, 1.,
Hernandez Zegarra, P., Bardales Mas, Y., Campos Rosa, R., Martinez Penalver, M., de
la Osa Nieto, E., Carion Gonzalez, M., Ruiz Gomez, A., Aguilar Cantos, C., Mafiueco
Delicado, P., & Oliver Carbonell, J. L. (2011). Fragilidad y dependencia en Albacete
(estudio FRADEA): Razonamiento, disefio y metodologia. Revista Espariola de
Geriatria y Gerontologia, 46(2), 81-88. https://doi.org/10.1016/j.regg.2010.10.004

Achamrah, N., Colange, G., Delay, J., Rimbert, A., Folope, V., Petit, A., Grigioni, S.,
Déchelotte, P., & Coéffier, M. (2018). Comparison of body composition assessment by
DXA and BIA according to the body mass index: A retrospective study on 3655
measures. PLOS ONE, 13(7), €0200465. https://doi.org/10.1371/journal.pone.0200465

Akazawa, N., Kishi, M., Hino, T., Tsuji, R., Tamura, K., Hioka, A., & Moriyama, H. (2022).

Relationship between muscle mass and fraction of intramuscular adipose tissue of the

160



Muscle quality in aging

quadriceps in older inpatients. PLOS ONE, 17(2), €0263973.
https://doi.org/10.1371/journal.pone.0263973

Albano, D., Messina, C., Vitale, J., & Sconfienza, L. M. (2020). Imaging of sarcopenia: Old
evidence and new insights. European Radiology, 30(4), 2199-2208.
https://doi.org/10.1007/s00330-019-06573-2

Alcazar, J., Losa-Reyna, J., Rodriguez-Lopez, C., Alfaro-Acha, A., Rodriguez-Maiias, L., Ara,
L., Garcia-Garcia, F. J., & Alegre, L. M. (2018). The sit-to-stand muscle power test: An
easy, inexpensive and portable procedure to assess muscle power in older people.
Experimental Gerontology, 112, 38-43. https://doi.org/10.1016/j.exger.2018.08.006

Alhambra-Borras, T., Dura-Ferrandis, E., & Ferrando-Garcia, M. (2019). Effectiveness and
Estimation of Cost-Effectiveness of a Group-Based Multicomponent Physical Exercise
Programme on Risk of Falling and Frailty in Community-Dwelling Older Adults.
International Journal of Environmental Research and Public Health, 16(12), Article 12.
https://doi.org/10.3390/ijerph16122086

Alkhodary, A. A., Aljunid, S. M., Ismail, A.,, M, N. A, & S, S. (2020). THE ECONOMIC
BURDEN OF FRAILTY AMONG ELDERLY PEOPLE: A REVIEW OF THE
CURRENT LITERATURE. Malaysian Journal of Public Health Medicine, 20(2),
Article 2. https://doi.org/10.37268/mjphm/vol.20/no.2/art.304

Almeida, E. dos P., Sabino Pinho, C. P., Ledo, A. P. D, Rodrigues, 1. G., Diniz, A. da S., Arruda,
I. K. G. de, Almeida, E. dos P., Sabino Pinho, C. P., Ledo, A. P. D., Rodrigues, 1. G.,
Diniz, A. da S., & Arruda, I. K. G. de. (2018). Razon entre grasa visceral y subcutanea
como predictor de alteraciones cardiometabdlicas. Revista chilena de nutricion, 45(1),
28-36. https://doi.org/10.4067/s0717-75182018000100028

Alvarez-Bustos, A., Rodriguez-Sanchez, B., Carnicero-Carrefio, J. A., Sepulveda-Loyola, W.,
Garcia-Garcia, F. J., & Rodriguez-Maiias, L. (2022). Healthcare cost expenditures
associated to frailty and sarcopenia. BMC Geriatrics, 22(1), 747.

https://doi.org/10.1186/s12877-022-03439-z

161



Annex

American College of Sports Medicine, Chodzko-Zajko, W. J., Proctor, D. N., Fiatarone Singh,
M. A., Minson, C. T., Nigg, C. R., Salem, G. J., & Skinner, J. S. (2009). American
College of Sports Medicine position stand. Exercise and physical activity for older
adults. Medicine and Science in Sports and Exercise, 41(7), 1510-1530.
https://doi.org/10.1249/MSS.0b013e3181a0c95¢

Anderson, C., Seff, L. R., Batra, A., Bhatt, C., & Palmer, R. C. (2016). Recruiting and Engaging
Older Men in Evidence-Based Health Promotion Programs: Perspectives on Barriers
and Strategies. Journal of Aging Research, 2016(1), 8981435.
https://doi.org/10.1155/2016/8981435

Anker, S. D., Morley, J. E., & von Haehling, S. (2016). Welcome to the ICD-10 code for
sarcopenia. Journal of Cachexia, Sarcopenia and Muscle, 7(5), 512-514.
https://doi.org/10.1002/jcsm.12147

Baechle, T. R., Earle, R. W., & National Strength & Conditioning Association (U.S.) (with
Internet Archive). (2000). Essentials of strength training and conditioning. Champaign,
I11. : Human Kinetics. http://archive.org/details/essentialsofstre0Onsca

Baek, J. Y., Jang, 1.-Y., Jung, H.-W.,, Park, S. J., Lee, J. Y., Choi, E., Lee, Y. S., Lee, E., & Kim,
B.-J. (2022). Serum irisin level is independent of sarcopenia and related muscle
parameters in older adults. Experimental Gerontology, 162, 111744,
https://doi.org/10.1016/j.exger.2022.111744

Balogun, S., Winzenberg, T., Wills, K., Scott, D., Jones, G., Callisaya, M., & Aitken, D. (2018).
Longitudinal associations between serum 25-hydroxyvitamin D, physical activity, knee
pain and dysfunction and physiological falls risk in community-dwelling older adults.
Experimental Gerontology, 104, 72-77. https://doi.org/10.1016/j.exger.2018.01.026

Baltasar-Fernandez, 1., Alcazar, J., Manas, A., Alegre, L. M., Alfaro-Acha, A., Rodriguez-
Manas, L., Ara, 1., Garcia-Garcia, F. J., & Losa-Reyna, J. (2021). Relative sit-to-stand
power cut-off points and their association with negatives outcomes in older adults.

Scientific Reports, 11(1), 19460. https:/doi.org/10.1038/s41598-021-98871-3

162



Muscle quality in aging

Baltzopoulos, V., & Brodie, D. A. (1989). Isokinetic Dynamometry. Sports Medicine, 8(2), 101-
116. https://doi.org/10.2165/00007256-198908020-00003

Banitalebi, E., Faramarzi, M., Ghahfarokhi, M. M., SavariNikoo, F., Soltani, N., &
Bahramzadeh, A. (2020). Osteosarcopenic obesity markers following elastic band
resistance training: A randomized controlled trial. Experimental Gerontology, 135,
110884. https://doi.org/10.1016/j.exger.2020.110884

Barbat-Artigas, S., Pion, C. H., Leduc-Gaudet, J.-P., Rolland, Y., & Aubertin-Leheudre, M.
(2014). Exploring the role of muscle mass, obesity, and age in the relationship between
muscle quality and physical function. Journal of the American Medical Directors
Association, 15(4), 303.e13-20. https://doi.org/10.1016/j.jamda.2013.12.008

Barbat-Artigas, S., Rolland, Y., Zamboni, M., & Aubertin-Leheudre, M. (2012). How to assess
functional status: A new muscle quality index. The Journal of nutrition, health and
aging, 16(1), 67-77. https://doi.org/10.1007/s12603-012-0004-5

Barbat-Artigas, S., Vellas, B., & Aubertin-Leheudre, M. (2013). Muscle Quantity Is Not
Synonymous With Muscle Quality. Journal of the American Medical Directors
Association, 14. https://doi.org/10.1016/j.jamda.2013.06.003

Bartley, J. M., & Studenski, S. A. (2017). Muscle Ultrasound As a Link to Muscle Quality and
Frailty in the Clinic. Journal of the American Geriatrics Society, 65(12), 2562-2563.
https://doi.org/10.1111/jgs.15075

Basque Government. (2019, febrero 6). RIS3 Euskadi.
https://www.euskadi.eus/informacion/ris3/web01-a2kulind/es/

Basque Government. (2021, agosto 26). PCTI 2030. https://www.euskadi.eus/pcti-2030/web01-
a2pcti30/es/

Bassey, E. J., & Short, A. H. (1990). A new method for measuring power output in a single leg
extension: Feasibility, reliability and validity. Furopean Journal of Applied Physiology
and Occupational Physiology, 60(5), 385-390. https://doi.org/10.1007/BF00713504

Beaudart, C., Bruyére, O., Geerinck, A., Hajaoui, M., Scafoglieri, A., Perkisas, S., Bautmans, 1.,

Gielen, E., Reginster, J.-Y., & Buckinx, F. (2020). Equation models developed with

163



Annex

bioelectric impedance analysis tools to assess muscle mass: A systematic review.
Clinical Nutrition ESPEN, 35, 47-62. https://doi.org/10.1016/j.clnesp.2019.09.012

Beere, M., Ebert, J. R., Joss, B., & Ackland, T. (2022). Isometric dynamometry, dependent on
knee angle, is a suitable alternative to isokinetic dynamometry when evaluating
quadriceps strength symmetry in patients following anterior cruciate ligament
reconstruction. The Knee, 34, 124-133. https://doi.org/10.1016/j.knee.2021.11.007

Belanger, C. F., Hennekens, C. H., Rosner, B., & Speizer, F. E. (1978). The nurses’ health study.
The American Journal of Nursing, 78(6), 1039-1040.

Benton, E., Liteplo, A. S., Shokoohi, H., Loesche, M. A., Yacoub, S., Thatphet, P.,
Wongtangman, T., & Liu, S. W. (2021). A pilot study examining the use of ultrasound to
measure sarcopenia, frailty and fall in older patients. The American Journal of
Emergency Medicine, 46, 310-316. https://doi.org/10.1016/j.ajem.2020.07.081

Bernabei, R., Landi, F., Calvani, R., Cesari, M., Del Signore, S., Anker, S. D., Bejuit, R.,
Bordes, P., Cherubini, A., Cruz-Jentoft, A. J., Di Bari, M., Friede, T., Gorostiaga
Ayestaran, C., Goyeau, H., Jonsson, P. V., Kashiwa, M., Lattanzio, F., Maggio, M.,
Mariotti, L., ... Zgud, W. (2022). Multicomponent intervention to prevent mobility
disability in frail older adults: Randomised controlled trial (SPRINTT project). The
BMJ, 377, ¢068788. https://doi.org/10.1136/bmj-2021-068788

Blake, G. M., & Fogelman, 1. (2007). The role of DXA bone density scans in the diagnosis and
treatment of osteoporosis. Postgraduate Medical Journal, 83(982), 509-517.
https://doi.org/10.1136/pgmj.2007.057505

Bohannon, R. W. (2006). Hand-held dynamometry: Adoption 1900-2005. Perceptual and Motor
Skills, 103(1), 3-4. https://doi.org/10.2466/pms.103.1.3-4

Bohannon, R. W., & Williams Andrews, A. (2011). Normal walking speed: A descriptive meta-
analysis. Physiotherapy, 97(3), 182-189. https://doi.org/10.1016/j.physi0.2010.12.004

Brady, A. O., Straight, C. R., Schmidt, M. D., & Evans, E. M. (2014). Impact of body mass

index on the relationship between muscle quality and physical function in older women.

164



Muscle quality in aging

The Journal of Nutrition, Health & Aging, 18(4), 378-382.
https://doi.org/10.1007/s12603-013-0421-0

Brazier, J., Bishop, C., Simons, C., Antrobus, M., Read, P. J., & Turner, A. N. (2014). Lower
Extremity Stiffness: Effects on Performance and Injury and Implications for Training.
Strength & Conditioning Journal, 36(5), 103-112.
https://doi.org/10.1519/SSC.0000000000000094

Briggs, R. A., Houck, J. R., Drummond, M. J., Fritz, J. M., Lastayo, P. C., & Marcus, R. L.
(2018). Muscle Quality Improves with Extended High-Intensity Resistance Training
After Hip Fracture. The Journal of Frailty & Aging, 7(1), 51-56.
https://doi.org/10.14283/jfa.2017.31

Brightwell, C. R., Markofski, M. M., Moro, T., Fry, C. S., Porter, C., Volpi, E., & Rasmussen, B.
B. (2019). Moderate-intensity aerobic exercise improves skeletal muscle quality in older
adults. Translational Sports Medicine, 2(3), 109-119. https://doi.org/10.1002/tsm2.70

Brown, J. C., Harhay, M. O., & Harhay, M. N. (2016). The muscle quality index and mortality
among males and females. Annals of Epidemiology, 26(9), 648-653.
https://doi.org/10.1016/j.annepidem.2016.07.006

Buckinx, F., Landi, F., Cesari, M., Fielding, R. A., Visser, M., Engelke, K., Maggi, S., Dennison,
E., Al-Daghri, N. M., Allepaerts, S., Bauer, J., Bautmans, 1., Brandi, M. L., Bruy¢re, O.,
Cederholm, T., Cerreta, F., Cherubini, A., Cooper, C., Cruz-Jentoft, A., ... Kanis, J. A.
(2018). Pitfalls in the measurement of muscle mass: A need for a reference standard.
Journal of Cachexia, Sarcopenia and Muscle, 9(2), 269-278.
https://doi.org/10.1002/jcsm.12268

Bull, F. C., Al-Ansari, S. S., Biddle, S., Borodulin, K., Buman, M. P., Cardon, G., Carty, C.,
Chaput, J.-P., Chastin, S., Chou, R., Dempsey, P. C., DiPietro, L., Ekelund, U., Firth, J.,
Friedenreich, C. M., Garcia, L., Gichu, M., Jago, R., Katzmarzyk, P. T., ... Willumsen,
J. F. (2020). World Health Organization 2020 guidelines on physical activity and
sedentary behaviour. British Journal of Sports Medicine, 54(24), 1451-1462.

https://doi.org/10.1136/bjsports-2020-102955

165



Annex

Cabrero-Garcia, J., Mufioz-Mendoza, C. L., Cabafiero-Martinez, M. J., Gonzalez-Llopis, L.,
Ramos-Pichardo, J. D., & Reig-Ferrer, A. (2012). Valores de referencia de la Short
Physical Performance Battery para pacientes de 70 y mas afios en atencion primaria de
salud. Atencion Primaria, 44(9), 540-548. https://doi.org/10.1016/j.aprim.2012.02.007

Cai, Y., Han, Z., Cheng, H., Li, H., Wang, K., Chen, J., Liu, Z.-X., Xie, Y., Lin, Y., Zhou, S.,
Wang, S., Zhou, X., & Jin, S. (2024). The impact of ageing mechanisms on
musculoskeletal system diseases in the elderly. Frontiers in Immunology, 15.
https://doi.org/10.3389/fimmu.2024.1405621

Cameron, J., McPhee, J., Jones, D., & Degens, H. (2023). Decrements of mobility and power in
recreationally active septuagenarians is related to loss of force, but not slowing of the
muscle: A 5-year longitudinal study. EUROPEAN JOURNAL OF APPLIED
PHYSIOLOGY, 123(6), 1369-1379. https://doi.org/10.1007/s00421-023-05160-0

Campbell, K. L., Winters-Stone, K. M., Wiskemann, J., May, A. M., Schwartz, A. L., Courneya,
K. S., Zucker, D. S., Matthews, C. E., Ligibel, J. A., Gerber, L. H., Morris, G. S., Patel,
A. V., Hue, T. F., Perna, F. M., & Schmitz, K. H. (2019). Exercise Guidelines for Cancer
Survivors: Consensus Statement from International Multidisciplinary Roundtable.
Medicine & Science in Sports & Exercise, 51(11), 2375.
https://doi.org/10.1249/MSS.0000000000002116

Canon, M. E., & Crimmins, E. M. (2011). Sex differences in the association between muscle
quality, inflammatory markers, and cognitive decline. The Journal of Nutrition, Health
& Aging, 15(8), 695-698. https://doi.org/10.1007/s12603-011-0340-x

Cao, L., & Morley, J. E. (2016). Sarcopenia Is Recognized as an Independent Condition by an
International Classification of Disease, Tenth Revision, Clinical Modification (ICD-10-
CM) Code. Journal of the American Medical Directors Association, 17(8), 675-677.
https://doi.org/10.1016/j.jamda.2016.06.001

Casas-Herrero, A., Saez de Asteasu, M. L., Anton-Rodrigo, 1., Sanchez-Sanchez, J. L., Montero-
Odasso, M., Marin-Epelde, 1., Ramon-Espinoza, F., Zambom-Ferraresi, F., Petidier-

Torregrosa, R., Elexpuru-Estomba, J., Alvarez-Bustos, A., Galbete, A., Martinez-Velilla,

166



Muscle quality in aging

N., & Izquierdo, M. (2022). Effects of Vivifrail multicomponent intervention on
functional capacity: A multicentre, randomized controlled trial. Journal of Cachexia,
Sarcopenia and Muscle, 13(2), 884-893. https://doi.org/10.1002/jcsm.12925

Casey, P., Alasmar, M., McLaughlin, J., Ang, Y., McPhee, J., Heire, P., & Sultan, J. (2022). The
current use of ultrasound to measure skeletal muscle and its ability to predict clinical
outcomes: A systematic review. Journal of Cachexia, Sarcopenia and Muscle, 13(5),
2298-2309. https://doi.org/10.1002/jcsm.13041

Caspersen, C. J., Powell, K. E., & Christenson, G. M. (1985). Physical activity, exercise, and
physical fitness: Definitions and distinctions for health-related research. Public Health
Reports (Washington, D.C.: 1974), 100(2), 126-131.

Cattaneo, F., Buondonno, 1., Cravero, D., Sassi, F., & D’ Amelio, P. (2022). Musculoskeletal
Diseases Role in the Frailty Syndrome: A Case—Control Study. International Journal of
Environmental Research and Public Health, 19(19), 11897.
https://doi.org/10.3390/ijerph191911897

Cederholm, T., Barazzoni, R., Austin, P., Ballmer, P., Biolo, G., Bischoff, S. C., Compher, C.,
Correia, 1., Higashiguchi, T., Holst, M., Jensen, G. L., Malone, A., Muscaritoli, M.,
Nyulasi, 1., Pirlich, M., Rothenberg, E., Schindler, K., Schneider, S. M., de van der
Schueren, M. a. E., ... Singer, P. (2017). ESPEN guidelines on definitions and
terminology of clinical nutrition. Clinical Nutrition (Edinburgh, Scotland), 36(1), 49-
64. https://doi.org/10.1016/j.clnu.2016.09.004

Cesari, M., Kritchevsky, S. B., Newman, A. B., Simonsick, E. M., Harris, T. B., Penninx, B. W.,
Brach, J. S., Tylavsky, F. A., Satterfield, S., Bauer, D. C., Rubin, S. M., Visser, M.,
Pahor, M., & Health, Aging and Body Composition Study. (2009). Added value of
physical performance measures in predicting adverse health-related events: Results
from the Health, Aging And Body Composition Study. Journal of the American
Geriatrics Society, 57(2), 251-259. https://doi.org/10.1111/j.1532-5415.2008.02126.x

Chamorro, C., Armijo-Olivo, S., De la Fuente, C., Fuentes, J., & Javier Chirosa, L. (2017).

Absolute Reliability and Concurrent Validity of Hand Held Dynamometry and

167



Annex

Isokinetic Dynamometry in the Hip, Knee and Ankle Joint: Systematic Review and
Meta-analysis. Open Medicine (Warsaw, Poland), 12, 359-375.
https://doi.org/10.1515/med-2017-0052

Chang, C.-J., Lin, C.-H., Hsieh, H.-M., Lo, W.-Y., Lai, Y.-H., Peng, L.-N., & Chen, L.-K.
(2021). Risk of sarcopenia among older persons with Type 2 diabetes mellitus with
different status of albuminuria: A dose-responsive association. Archives of Gerontology
and Geriatrics, 95, 104338. https://doi.org/10.1016/j.archger.2021.104338

Chang, K.-V., Hsu, T.-H., Wu, W.-T., Huang, K.-C., & Han, D.-S. (2017). Is sarcopenia
associated with depression? A systematic review and meta-analysis of observational
studies. Age and Ageing, 46(5), 738-746. https://doi.org/10.1093/ageing/afx094

Chen, L.-K., Liu, L.-K., Woo, J., Assantachai, P., Auyeung, T.-W., Bahyah, K. S., Chou, M.-Y.,
Chen, L.-Y., Hsu, P.-S., Krairit, O., Lee, J. S. W., Lee, W.-J., Lee, Y., Liang, C.-K.,
Limpawattana, P., Lin, C.-S., Peng, L.-N., Satake, S., Suzuki, T., ... Arai, H. (2014).
Sarcopenia in Asia: Consensus report of the Asian Working Group for Sarcopenia.
Journal of the American Medical Directors Association, 15(2), 95-101.
https://doi.org/10.1016/j.jamda.2013.11.025

Chen, N., He, X., Feng, Y., Ainsworth, B. E., & Liu, Y. (2021). Effects of resistance training in
healthy older people with sarcopenia: A systematic review and meta-analysis of
randomized controlled trials. European Review of Aging and Physical Activity, 18(1),
23. https://doi.org/10.1186/s11556-021-00277-7

Chen, X., Mao, G., & Leng, S. X. (2014). Frailty syndrome: An overview. Clinical Interventions
in Aging, 9, 433-441. https://doi.org/10.2147/CIA.S45300

Chen, Y., Lin, W, Fu, L., Liu, H,, Jin, S., Ye, X., Pu, S., & Xue, Y. (2023). Muscle quality index
and cardiovascular disease among US population-findings from NHANES 2011-2014.
BMC Public Health, 23(1), 2388. https://doi.org/10.1186/s12889-023-17303-1

Chianca, V., Albano, D., Messina, C., Gitto, S., Ruffo, G., Guarino, S., Del Grande, F., &
Sconfienza, L. M. (2022). Sarcopenia: Imaging assessment and clinical application.

Abdominal Radiology, 47(9), 3205-3216. https://doi.org/10.1007/s00261-021-03294-3

168



Muscle quality in aging

Chiles Shaffer, N., Fabbri, E., Ferrucci, L., Shardell, M., E. M. Simonsick, & Studenski, S.
(2017). Muscle quality, strength, and lower extremity physical performance in the
baltimore longitudinal study of aging. Journal of Frailty & Aging, J Frailty Aging
20176(4), 183-187.

Cho, M.-R., Lee, S., & Song, S.-K. (2022). A Review of Sarcopenia Pathophysiology,
Diagnosis, Treatment and Future Direction. Journal of Korean Medical Science, 37(18),
e146. https://doi.org/10.3346/jkms.2022.37.e146

Chodzko-Zajko, W. J., Proctor, D. N., Fiatarone Singh, M. A., Minson, C. T., Nigg, C. R.,
Salem, G. J., & Skinner, J. S. (2009). Exercise and Physical Activity for Older Adults.
Medicine & Science in Sports & Exercise, 41(7), 1510.
https://doi.org/10.1249/MSS.0b013e3181a0c95c¢c

Clark, B. C., & Manini, T. M. (2008). Sarcopenia =/= dynapenia. The Journals of Gerontology.
Series A, Biological Sciences and Medical Sciences, 63(8), 829-834.
https://doi.org/10.1093/gerona/63.8.829

Cleary, L. C., Crofford, L. J., Long, D., Charnigo, R., Clasey, J., Beaman, F., Jenkins, K. A.,
Fraser, N., Srinivas, A., Dhaon, N., & Hanaoka, B. Y. (2015). Does computed
tomography-based muscle density predict muscle function and health-related quality of
life in patients with idiopathic inflammatory myopathies? Arthritis Care & Research,
67(7), 1031-1040. https://doi.org/10.1002/acr.22557

Cooper, R., Hardy, R., Bann, D., Aihie Sayer, A., Ward, K. A., Adams, J. E., Kuh, D.,
Kritchevsky, S., & the MRC National Survey of Health and Development Scientific and
Data Collection Team. (2014). Body Mass Index From Age 15 Years Onwards and
Muscle Mass, Strength, and Quality in Early Old Age: Findings From the MRC
National Survey of Health and Development. The Journals of Gerontology: Series A,
69(10), 1253-1259. https://doi.org/10.1093/gerona/glu039

Coronado-Zarco, R., & de Leon, A. O.-G. (2023). Muscle quality an evolving concept. Journal

of Frailty, Sarcopenia and Falls, 8(4), 254-260. https://doi.org/10.22540/JFSF-08-254

169



Annex

Correa, C., LaRoche, D., Cadore, E., Reischak-Oliveira, A., Bottaro, M., Kruel, L., Tartaruga,
M., Radaelli, R., Wilhelm, E., Lacerda, F., Gaya, A., & Pinto, R. (2012). 3 Different
Types of Strength Training in Older Women. INTERNATIONAL JOURNAL OF
SPORTS MEDICINE, 33(12), 962-969. https://doi.org/10.1055/s-0032-1312648

Correa-de-Araujo, R., & Hadley, E. (2014). Skeletal muscle function deficit: A new terminology
to embrace the evolving concepts of sarcopenia and age-related muscle dysfunction.
The Journals of Gerontology. Series A, Biological Sciences and Medical Sciences,
69(5), 591-594. https://doi.org/10.1093/gerona/glt208

Correa-de-Araujo, R., Harris-Love, M. O., Miljkovic, L., Fragala, M. S., Anthony, B. W., &
Manini, T. M. (2017). The Need for Standardized Assessment of Muscle Quality in
Skeletal Muscle Function Deficit and Other Aging-Related Muscle Dysfunctions: A
Symposium Report. Frontiers in Physiology, §.
https://www.frontiersin.org/articles/10.3389/fphys.2017.00087

Cramer, J., Cruz-Jentoft, A., Landi, F., Hickson, M., Zamboni, M., Pereira, S., Hustead, D., &
Mustad, V. (2016). Impacts of High-Protein Oral Nutritional Supplements Among
Malnourished Men and Women with Sarcopenia: A Multicenter, Randomized, Double-
Blinded, Controlled Trial. Journal of the American Medical Directors Association, 17,
1044-1055. https://doi.org/10.1016/j.jamda.2016.08.009

Crimmins, E. M. (2021). Recent trends and increasing differences in life expectancy present
opportunities for multidisciplinary research on aging. Nature Aging, 1(1), Article 1.
https://doi.org/10.1038/s43587-020-00016-0

Cruz-Jentoft, A. J., Baeyens, J. P, Bauer, J. M., Boirie, Y., Cederholm, T., Landi, F., Martin, F.
C., Michel, J.-P., Rolland, Y., Schneider, S. M., Topinkova, E., Vandewoude, M., &
Zamboni, M. (2010). Sarcopenia: European consensus on definition and diagnosis:
Report of the European Working Group on Sarcopenia in Older People. Age and
Ageing, 39(4), 412-423. https://doi.org/10.1093/ageing/afq034

Cruz-Jentoft, A. J., Bahat, G., Bauer, J., Boirie, Y., Bruyére, O., Cederholm, T., Cooper, C.,

Landi, F., Rolland, Y., Sayer, A. A., Schneider, S. M., Sieber, C. C., Topinkova, E.,

170



Muscle quality in aging

Vandewoude, M., Visser, M., Zamboni, M., & Writing Group for the European Working
Group on Sarcopenia in Older People 2 (EWGSOP2), and the Extended Group for
EWGSOP2. (2019). Sarcopenia: Revised European consensus on definition and
diagnosis. Age and Ageing, 48(1), 16-31. https://doi.org/10.1093/ageing/afy169

Cruz-Jentoft, A. J., Landi, F., Schneider, S. M., Ziiiiga, C., Arai, H., Boirie, Y., Chen, L.-K.,
Fielding, R. A., Martin, F. C., Michel, J.-P., Sieber, C., Stout, J. R., Studenski, S. A.,
Vellas, B., Woo, J., Zamboni, M., & Cederholm, T. (2014). Prevalence of and
interventions for sarcopenia in ageing adults: A systematic review. Report of the
International Sarcopenia Initiative (EWGSOP and IWGS). Age and Ageing, 43(6), 748-
759. https://doi.org/10.1093/ageing/aful 15

Cruz-Jentoft, A. J., & Sayer, A. A. (2019). Sarcopenia. The Lancet, 393(10191), 2636-2646.
https://doi.org/10.1016/S0140-6736(19)31138-9

Cular, D., Babi¢, M., Zubac, D., Kezi¢, A., Macan, ., Peyré-Tartaruga, L. A., Ceccarini, F., &
Padulo, J. (2023). Tensiomyography: From muscle assessment to talent identification
tool. Frontiers in Physiology, 14.
https://www.frontiersin.org/articles/10.3389/fphys.2023.1163078

Cunha, P. M., Tomeleri, C. M., Nascimento, M. A. do, Nunes, J. P., Antunes, M., Nabuco, H. C.
G., Quadros, Y., Cavalcante, E. F., Mayhew, J. L., Sardinha, L. B., & Cyrino, E. S.
(2018). Improvement of cellular health indicators and muscle quality in older women
with different resistance training volumes. Journal of Sports Sciences, 36(24), 2843-
2848. https://doi.org/10.1080/02640414.2018.1479103

da Costa Pereira, J. P., Diniz, A. da S., de Lemos, M. C. C., Pinho Ramiro, C. P. S., & Cabral, P.
C. (2023). Frailty but not low muscle quality nor sarcopenia is independently associated
with mortality among previously hospitalized older adults: A prospective study.
Geriatrics & Gerontology International, 23(10), 736-743.
https://doi.org/10.1111/ggi.14660

Dalle, S., Van Roie, E., Hiroux, C., Vanmunster, M., Coudyzer, W., Suhr, F., Bogaerts, S., Van

Thienen, R., & Koppo, K. (2021). Omega-3 Supplementation Improves Isometric

171



Annex

Strength But Not Muscle Anabolic and Catabolic Signaling in Response to Resistance
Exercise in Healthy Older Adults. The Journals of Gerontology. Series A, Biological
Sciences and Medical Sciences, 76(3), 406-414. https://doi.org/10.1093/gerona/glaa309

Dankel, S. J., Buckner, S. L., Jessee, M. B., Grant Mouser, J., Mattocks, K. T., Abe, T., &
Loenneke, J. P. (2018). Correlations Do Not Show Cause and Effect: Not Even for
Changes in Muscle Size and Strength. Sports Medicine, 48(1), 1-6.
https://doi.org/10.1007/s40279-017-0774-3

Dankel, S. J., Kang, M., Abe, T., & Loenneke, J. P. (2019). Resistance training induced changes
in strength and specific force at the fiber and whole muscle level: A meta-analysis.
European Journal of Applied Physiology, 119(1), 265-278.
https://doi.org/10.1007/s00421-018-4022-9

Davies, B., Garcia, F., Ara, 1., Artalejo, F. R., Rodriguez-Manias, L., & Walter, S. (2018).
Relationship Between Sarcopenia and Frailty in the Toledo Study of Healthy Aging: A
Population Based Cross-Sectional Study. Journal of the American Medical Directors
Association, 19(4), 282-286. https://doi.org/10.1016/j.jamda.2017.09.014

Davis, J. A., Mohebbi, M., Collier, F., Loughman, A., Staudacher, H., Shivappa, N., Hébert, J.
R., Pasco, J. A., & Jacka, F. N. (2021). The role of diet quality and dietary patterns in
predicting muscle mass and function in men over a 15-year period. Osteoporosis
International: A Journal Established as Result of Cooperation between the European
Foundation for Osteoporosis and the National Osteoporosis Foundation of the USA,
32(11), 2193-2203. https://doi.org/10.1007/s00198-021-06012-3

de Jong, J. C. B. C., Attema, B. J., van der Hoek, M. D., Verschuren, L., Caspers, M. P. M.,
Kleemann, R., van der Leij, F. R., van den Hoek, A. M., Nieuwenhuizen, A. G., &
Keijer, J. (2023). Sex differences in skeletal muscle-aging trajectory: Same processes,
but with a different ranking. GeroScience, 45(4), 2367-2386.
https://doi.org/10.1007/s11357-023-00750-4

de Lucena Alves, C. P,, de Almeida, S. B., Lima, D. P., Neto, P. B., Miranda, A. L., Manini, T.,

Vlietstra, L., Waters, D. L., Bielemann, R. M., Correa-de-Araujo, R., Fayh, A. P., &

172



Muscle quality in aging

Costa, E. C. (2023). Muscle Quality in Older Adults: A Scoping Review. Journal of the
American Medical Directors Association, 24(4), 462-467.e12.
https://doi.org/10.1016/j.jamda.2023.02.012

Delinocente, M. L. B., de Carvalho, D. H. T., Maximo, R. de O., Chagas, M. H. N., Santos, J. L.
F., Duarte, Y. A. de O., Steptoe, A., de Oliveira, C., & Alexandre, T. da S. (2021).
Accuracy of different handgrip values to identify mobility limitation in older adults.
Archives of Gerontology and Geriatrics, 94, 104347.
https://doi.org/10.1016/j.archger.2021.104347

Delmonico, M. J., Zmuda, J. M., Taylor, B. C., Cauley, J. A., Harris, T. B., Manini, T. M.,
Schwartz, A., Li, R., Roth, S. M., Hurley, B. F., Bauer, D. C., Ferrell, R. E., Newman,
A. B., & for the Health ABC and MrOS Research Groups. (2008). Association of the
ACTN3 Genotype and Physical Functioning With Age in Older Adults. The Journals of
Gerontology: Series A, 63(11), 1227-1234. https://doi.org/10.1093/gerona/63.11.1227

Dent, E., Morley, J. E., Cruz-Jentoft, A. J., Arai, H., Kritchevsky, S. B., Guralnik, J., Bauer, J.
M., Pahor, M., Clark, B. C., Cesari, M., Ruiz, J., Sieber, C. C., Aubertin-Leheudre, M.,
Waters, D. L., Visvanathan, R., Landi, F., Villareal, D. T., Fielding, R., Won, C. W., ...
Vellas, B. (2018). International Clinical Practice Guidelines for Sarcopenia (ICFSR):
Screening, Diagnosis and Management. The Journal of Nutrition, Health & Aging,
22(10), 1148-1161. https://doi.org/10.1007/s12603-018-1139-9

Dhillon, R. J., & Hasni, S. (2017). Pathogenesis and Management of Sarcopenia. Clinics in
geriatric medicine, 33(1), 17-26. https://doi.org/10.1016/j.cger.2016.08.002

Di Vincenzo, O., Marra, M., Di Gregorio, A., Pasanisi, F., & Scalfi, L. (2021). Bioelectrical
impedance analysis (BIA) -derived phase angle in sarcopenia: A systematic review.
Clinical Nutrition, 40(5), 3052-3061. https://doi.org/10.1016/j.clnu.2020.10.048

Distefano, G., & Goodpaster, B. H. (2018). Effects of Exercise and Aging on Skeletal Muscle.
Cold Spring Harbor Perspectives in Medicine, 8(3), a029785.

https://doi.org/10.1101/cshperspect.a029785

173



Annex

Dodds, R. M., Granic, A., Davies, K., Kirkwood, T. B. L., Jagger, C., & Sayer, A. A. (2017).
Prevalence and incidence of sarcopenia in the very old: Findings from the Newcastle
85+ Study. Journal of Cachexia, Sarcopenia and Muscle, 8(2), 229-237.
https://doi.org/10.1002/jcsm.12157

Doherty, T. J., & Brown, W. F. (1997). Age-related changes in the twitch contractile properties
of human thenar motor units. Journal of Applied Physiology (Bethesda, Md.: 1985),
82(1), 93-101. https://doi.org/10.1152/jappl.1997.82.1.93

Dominguez-Berjon, M. F., Borrell, C., Cano-Serral, G., Esnaola, S., Nolasco, A., Pasarin, M. 1.,
Ramis, R., Saurina, C., & Escolar-Pujolar, A. (2008). Construccion de un indice de
privacion a partir de datos censales en grandes ciudades espafolas: (Proyecto MEDEA).
Gaceta Sanitaria, 22(3), 179-187.

Dos Santos, V. R., Antunes, M., dos Santos, L., Nascimento, M. A., Pina, F. L. C., Carneiro, N.
H., Trindade, M. C. C., Venturini, D., Barbosa, D. S., & Cyrino, E. S. (2024). Effects of
Different Resistance Training Frequencies on Body Composition, Muscular Strength,
Muscle Quality, and Metabolic Biomarkers in Sarcopenic Older Women. The Journal of
Strength & Conditioning Research, 38(9), e521.
https://doi.org/10.1519/JSC.0000000000004827

Duarte Martins, A., Paulo Brito, J., Batalha, N., Oliveira, R., Parraca, J. A., & Fernandes, O.
(2023). Phase angle as a key marker of muscular and bone quality in community-
dwelling independent older adults: A cross-sectional exploratory pilot study. Heliyon,
9(7), e17593. https://doi.org/10.1016/j.heliyon.2023.e17593

Dubé, B.-P., & Laveneziana, P. (2018). Effects of aging and comorbidities on nutritional status
and muscle dysfunction in patients with COPD. Journal of Thoracic Disease, 10(Suppl
12), S1355-S1366. https://doi.org/10.21037/jtd.2018.02.20

Dubois, G. J. R., Bachasson, D., Lacourpaille, L., Benveniste, O., & Hogrel, J.-Y. (2018). Local
Texture Anisotropy as an Estimate of Muscle Quality in Ultrasound Imaging.
Ultrasound in Medicine & Biology, 44(5), 1133-1140.

https://doi.org/10.1016/j.ultrasmedbio.2017.12.017

174



Muscle quality in aging

Ekblom, B. (2017). The muscle biopsy technique. Historical and methodological considerations.
Scandinavian Journal of Medicine & Science in Sports, 27(5), 458-461.
https://doi.org/10.1111/sms.12808

Emerson, N. S., Fukuda, D. H., Stout, J. R., Robinson, E. H., McCormack, W. P., Scanlon, T. C.,
Warren, A. M., Wells, A. J., Gonzalez, A. M., Mangine, G. T., Fragala, M. S., &
Hoffman, J. R. (2014). Physical working capacity at fatigue threshold (PWCFT) is
associated with sarcopenia-related body composition and measures of functionality in
older adults. Archives of Gerontology and Geriatrics, 59(2), 300-304.
https://doi.org/10.1016/j.archger.2014.04.012

European Institute for Gender Equality. (2024, diciembre 10). Health | European Institute for
Gender Equality. https://eige.europa.eu/gender-mainstreaming/policy-
areas/health?language content entity=en

Eustat. (2023). Renta personal media de la C.A. de Euskadi por barrio de residencia de las
capitales, segun tipo de renta (euros). 2021.
https://www.eustat.eus/elementos/ele0006200/renta-personal-media-de-la-ca-de-
euskadi-por-barrio-de-residencia-de-las-capitales-segun--tipo-de-renta-
euros/tbl0006267 c.html

Falaschi, P. (2021). Orthogeriatrics. Springer Nature.

Faller, J. W., Pereira, D. do N., Souza, S. de, Nampo, F. K., Orlandi, F. de S., & Matumoto, S.
(2019). Instruments for the detection of frailty syndrome in older adults: A systematic
review. PLOS ONE, 14(4), €0216166. https://doi.org/10.1371/journal.pone.0216166

Faron, A., Sprinkart, A. M., Kuetting, D. L. R., Feisst, A., [saak, A., Endler, C., Chang, J.,
Nowak, S., Block, W., Thomas, D., Attenberger, U., & Luetkens, J. A. (2020). Body
composition analysis using CT and MRI: Intra-individual intermodal comparison of
muscle mass and myosteatosis. Scientific Reports, 10(1), Article 1.
https://doi.org/10.1038/s41598-020-68797-3

Farrow, M., Biglands, J., Tanner, S. F., Clegg, A., Brown, L., Hensor, E. M. A., O’Connor, P.,

Emery, P., & Tan, A. L. (2021). The effect of ageing on skeletal muscle as assessed by

175



Annex

quantitative MR imaging: An association with frailty and muscle strength. Aging
Clinical and Experimental Research, 33(2), 291-301. https://doi.org/10.1007/s40520-
020-01530-2

Ferrari, R., Fuchs, S., Kruel, L., Cadore, E., Alberton, C., Pinto, R., Radaelli, R., Schoenell, M.,
Izquierdo, M., Tanaka, H., & Umpierre, D. (2016). Effects of Different Concurrent
Resistance and Aerobic Training Frequencies on Muscle Power and Muscle Quality in
Trained Elderly Men: A Randomized Clinical Trial. AGING AND DISEASE, 7(6), 697-
704. https://doi.org/10.14336/AD.2016.0504

Ferri, E., Marzetti, E., Calvani, R., Picca, A., Cesari, M., & Arosio, B. (2020). Role of Age-
Related Mitochondrial Dysfunction in Sarcopenia. International Journal of Molecular
Sciences, 21(15), 5236. https://doi.org/10.3390/ijms21155236

Fielding, R. A., Vellas, B., Evans, W. J., Bhasin, S., Morley, J. E., Newman, A. B., Abellan van
Kan, G., Andrieu, S., Bauer, J., Breuille, D., Cederholm, T., Chandler, J., De Meynard,
C., Donini, L., Harris, T., Kannt, A., Keime Guibert, F., Onder, G., Papanicolaou, D., ...
Zamboni, M. (2011). Sarcopenia: An undiagnosed condition in older adults. Current
consensus definition: prevalence, etiology, and consequences. International working
group on sarcopenia. Journal of the American Medical Directors Association, 12(4),
249-256. https://doi.org/10.1016/j.jamda.2011.01.003

Fiuza-Luces, C., Garatachea, N., Berger, N. A., & Lucia, A. (2013). Exercise is the real polypill.
Physiology (Bethesda, Md.), 28(5), 330-358.
https://doi.org/10.1152/physiol.00019.2013

Fragala, M., Kenny, A., & Kuchel, G. (2015). Muscle Quality in Aging: A Multi-Dimensional
Approach to Muscle Functioning with Applications for Treatment. SPORTS
MEDICINE, 45(5), 641-658. https://doi.org/10.1007/s40279-015-0305-z

Fragala, M. S., Cadore, E. L., Dorgo, S., Izquierdo, M., Kraemer, W. J., Peterson, M. D., &
Ryan, E. D. (2019). Resistance Training for Older Adults: Position Statement From the
National Strength and Conditioning Association. The Journal of Strength &

Conditioning Research, 33(8), 2019. https://doi.org/10.1519/JSC.0000000000003230

176



Muscle quality in aging

Fragala, M. S., Jajtner, A. R., Beyer, K. S., Townsend, J. R., Emerson, N. S., Scanlon, T. C.,
Oliveira, L. P., Hoffman, J. R., & Stout, J. R. (2014). Biomarkers of muscle quality: N-
terminal propeptide of type III procollagen and C-terminal agrin fragment responses to
resistance exercise training in older adults. Journal of Cachexia, Sarcopenia and
Muscle, 5(2), 139-148. https://doi.org/10.1007/s13539-013-0120-z

Fragala, M. S., Kenny, A. M., & Kuchel, G. A. (2015). Muscle Quality in Aging: A Multi-
Dimensional Approach to Muscle Functioning with Applications for Treatment. Sports
Medicine, 45(5), 641-658. https://doi.org/10.1007/s40279-015-0305-z

Freemont, A. J., & Hoyland, J. A. (2007). Morphology, mechanisms and pathology of
musculoskeletal ageing. The Journal of Pathology, 211(2), 252-259.
https://doi.org/10.1002/path.2097

Fried, L. P. (2016). Interventions for Human Frailty: Physical Activity as a Model. Cold Spring
Harbor Perspectives in Medicine, 6(6), a025916.
https://doi.org/10.1101/cshperspect.a025916

Fried, L. P., Tangen, C. M., Walston, J., Newman, A. B., Hirsch, C., Gottdiener, J., Seeman, T.,
Tracy, R., Kop, W. J., Burke, G., McBurnie, M. A., & Cardiovascular Health Study
Collaborative Research Group. (2001). Frailty in older adults: Evidence for a
phenotype. The Journals of Gerontology. Series A, Biological Sciences and Medical
Sciences, 56(3), M146-156. https://doi.org/10.1093/gerona/56.3.m146

Fukumori, N., Yamamoto, Y., Takegami, M., Yamazaki, S., Onishi, Y., Sekiguchi, M., Otani, K.,
Konno, S., Kikuchi, S., & Fukuhara, S. (2015). Association between hand-grip strength
and depressive symptoms: Locomotive Syndrome and Health Outcomes in Aizu Cohort
Study (LOHAS). Age and Ageing, 44(4), 592-598.
https://doi.org/10.1093/ageing/afv013

Fukumoto, Y., Ikezoe, T., Yamada, Y., Tsukagoshi, R., Nakamura, M., Mori, N., Kimura, M., &
Ichihashi, N. (2012). Skeletal muscle quality assessed from echo intensity is associated
with muscle strength of middle-aged and elderly persons. European Journal of Applied

Physiology, 112(4), 1519-1525. https://doi.org/10.1007/500421-011-2099-5

177



Annex

Fyfe, J. J., Bishop, D. J., & Stepto, N. K. (2014). Interference between concurrent resistance and
endurance exercise: Molecular bases and the role of individual training variables. Sports
Medicine (Auckland, N.Z.), 44(6), 743-762. https://doi.org/10.1007/s40279-014-0162-1

Fyfe, J. J., & Loenneke, J. P. (2018). Interpreting Adaptation to Concurrent Compared with
Single-Mode Exercise Training: Some Methodological Considerations. Sports Medicine
(Auckland, N.Z.), 48(2), 289-297. https://doi.org/10.1007/s40279-017-0812-1

Gadelha, A. B., Neri, S. G. R., Bottaro, M., & Lima, R. M. (2018). The relationship between
muscle quality and incidence of falls in older community-dwelling women: An 18-
month follow-up study. Experimental Gerontology, 110, 241-246.
https://doi.org/10.1016/j.exger.2018.06.018

Gadelha, A. B., Neri, S. G. R., Nobrega, O. T., Pereira, J. C., Bottaro, M., Fonséca, A., & Lima,
R. M. (2018). Muscle quality is associated with dynamic balance, fear of falling, and
falls in older women. Experimental Gerontology, 104, 1-6.
https://doi.org/10.1016/j.exger.2018.01.003

Garcia-Bernal, M.-1., Heredia-Rizo, A. M., Gonzalez-Garcia, P., Cortés-Vega, M.-D., & Casuso-
Holgado, M. J. (2021). Validity and reliability of myotonometry for assessing muscle
viscoelastic properties in patients with stroke: A systematic review and meta-analysis.
Scientific Reports, 11(1), Article 1. https://doi.org/10.1038/s41598-021-84656-1

GBD. (2016). Global Burden of Disease Study 2016 (GBD 2016) Data Resources | GHDx.
https://ghdx.healthdata.org/gbd-2016

GBD, G. B. of D. C. Network. (2019). Global Burden of Disease Study 2019. Global Burden of
Disease Collaborative Network. Institute for Health Metrics and Evaluation.
https://vizhub.healthdata.org/gbd-results

General Assembly of the World Medical Association. (2014). World Medical Association
Declaration of Helsinki: Ethical principles for medical research involving human
subjects. The Journal of the American College of Dentists, 81(3), 14-18.

Ghasemikaram, M., Engelke, K., Kohl, M., von Stengel, S., & Kemmler, W. (2021). Detraining

Effects on Muscle Quality in Older Men with Osteosarcopenia. Follow-Up of the

178



Muscle quality in aging

Randomized Controlled Franconian Osteopenia and Sarcopenia Trial (FrOST).
Nutrients, 13(5), Article 5. https://doi.org/10.3390/nu13051528

Gheller, B. J. F,, Riddle, E. S., Lem, M. R., & Thalacker-Mercer, A. E. (2016). Understanding
Age-Related Changes in Skeletal Muscle Metabolism: Differences Between Females
and Males. Annual Review of Nutrition, 36(Volume 36, 2016), 129-156.
https://doi.org/10.1146/annurev-nutr-071715-050901

Goodpaster, B. H., Chomentowski, P., Ward, B. K., Rossi, A., Glynn, N. W., Delmonico, M. J.,
Kritchevsky, S. B., Pahor, M., & Newman, A. B. (2008). Effects of physical activity on
strength and skeletal muscle fat infiltration in older adults: A randomized controlled
trial. Journal of Applied Physiology, 105(5), 1498-1503.
https://doi.org/10.1152/japplphysiol.90425.2008

Goodpaster, B. H., Park, S. W., Harris, T. B., Kritchevsky, S. B., Nevitt, M., Schwartz, A. V.,
Simonsick, E. M., Tylavsky, F. A., Visser, M., & Newman, A. B. (2006). The loss of
skeletal muscle strength, mass, and quality in older adults: The health, aging and body
composition study. The Journals of Gerontology. Series A, Biological Sciences and
Medical Sciences, 61(10), 1059-1064. https://doi.org/10.1093/gerona/61.10.1059

Grgic, J., Lazinica, B., Schoenfeld, B. J., & Pedisic, Z. (2020). Test-Retest Reliability of the
One-Repetition Maximum (1RM) Strength Assessment: A Systematic Review. Sports
Medicine - Open, 6(1), 31. https://doi.org/10.1186/s40798-020-00260-z

Grootswagers, P., Vaes, A. M. M., Hangelbroek, R., Tieland, M., van Loon, L. J. C., & de Groot,
L. C. P. G. M. (2022). Relative Validity and Reliability of Isometric Lower Extremity
Strength Assessment in Older Adults by Using a Handheld Dynamometer. Sports
Health, 14(6), 899-905. https://doi.org/10.1177/19417381211063847

Guadagnin, E. C., Priario, L. A. A., Carpes, F. P., & Vaz, M. A. (2019). Correlation between
lower limb isometric strength and muscle structure with normal and challenged gait
performance in older adults. Gait & Posture, 73, 101-107.

https://doi.org/10.1016/j.gaitpost.2019.07.131

179



Annex

Guo, J., Huang, X., Dou, L., Yan, M., Shen, T., Tang, W., & Li, J. (2022). Aging and aging-
related diseases: From molecular mechanisms to interventions and treatments. Signal
Transduction and Targeted Therapy, 7(1), 1-40. https://doi.org/10.1038/s41392-022-
01251-0

Guralnik, J. M., Simonsick, E. M., Ferrucci, L., Glynn, R. J., Berkman, L. F., Blazer, D. G.,
Scherr, P. A., & Wallace, R. B. (1994). A short physical performance battery assessing
lower extremity function: Association with self-reported disability and prediction of
mortality and nursing home admission. Journal of Gerontology, 49(2), M85-94.
https://doi.org/10.1093/geron;j/49.2.m85

Hairi, N. N., Cumming, R. G., Naganathan, V., Handelsman, D. J., Le Couteur, D. G., Creasey,
H., Waite, L. M., Seibel, M. J., & Sambrook, P. N. (2010). Loss of muscle strength,
mass (sarcopenia), and quality (specific force) and its relationship with functional
limitation and physical disability: The Concord Health and Ageing in Men Project.
Journal of the American Geriatrics Society, 58(11), 2055-2062.
https://doi.org/10.1111/1.1532-5415.2010.03145.x

Hayashi, T., Umegaki, H., Makino, T., Cheng, X. W., Shimada, H., & Kuzuya, M. (2019).
Association between sarcopenia and depressive mood in urban-dwelling older adults: A
cross-sectional study. Geriatrics & Gerontology International, 19(6), 508-512.
https://doi.org/10.1111/ggi.13650

Heissel, A., Heinen, D., Brokmeier, L. L., Skarabis, N., Kangas, M., Vancampfort, D., Stubbs,
B., Firth, J., Ward, P. B., Rosenbaum, S., Hallgren, M., & Schuch, F. (2023). Exercise as
medicine for depressive symptoms? A systematic review and meta-analysis with meta-
regression. British Journal of Sports Medicine, 57(16), 1049-1057.
https://doi.org/10.1136/bjsports-2022-106282

Herda, A. A., & Nabavizadeh, O. (2021). Short-term resistance training in older adults improves
muscle quality: A randomized control trial. Experimental Gerontology, 145, 111195.

https://doi.org/10.1016/j.exger.2020.111195

180



Muscle quality in aging

Hirabayashi, R., Takahashi, Y., Nagata, K., Morimoto, T., Wakata, K., Nakagawa, A.,
Tachikawa, R., Otsuka, K., & Tomii, K. (2020). The validity and reliability of four-
meter gait speed test for stable interstitial lung disease patients: The prospective study.
Journal of Thoracic Disease, 12(4), 1296-1304. https://doi.org/10.21037/jtd.2020.02.57

Hirano, Y., Yamada, Y., Matsui, Y., Ota, S., & Arai, H. (2022). Lower limb muscle quality and
phase angle contribute to the reduced walking speed among older adults. Geriatrics &
Gerontology International, 22(8), 603-609. https://doi.org/10.1111/ggi.14423

Hoogendijk, E. O., Romero, L., Sanchez-Jurado, P. M., Flores Ruano, T., Viiia, J., Rodriguez-
Manias, L., & Abizanda, P. (2019). A New Functional Classification Based on Frailty
and Disability Stratifies the Risk for Mortality Among Older Adults: The FRADEA
Study. Journal of the American Medical Directors Association, 20(9), 1105-1110.
https://doi.org/10.1016/j.jamda.2019.01.129

Howell, B. M., Peterson, J. R., & Corbett, S. (2023). Where Are All the Men? A Qualitative
Review of the Barriers, Facilitators, and Recommendations to Older Male Participation
in Health Promotion Interventions. American Journal of Health Promotion, 37(3), 386-
400. https://doi.org/10.1177/08901171221123053

Huang, S.-T., Lu, W.-H., Lee, W.-J., Peng, L.-N., Chen, L.-K., & Hsiao, F.-Y. (2024). Dose-
Responsive Impacts of Social Frailty on Intrinsic Capacity and Healthy Aging among
Community-Dwelling Middle-aged and Older Adults: Stronger Roles of Social
Determinants over Biomarkers. The Journal of Frailty & Aging.
https://doi.org/10.14283/jfa.2024.8

Huber, F. A., Grande, F. D., Rizzo, S., Guglielmi, G., & Guggenberger, R. (2020). MRI in the
assessment of adipose tissues and muscle composition: How to use it. Quantitative
Imaging in Medicine and Surgery, 10(8), 1636649-1631649.
https://doi.org/10.21037/qims.2020.02.06

Hurst, C., Batterham, A. M., Weston, K. L., & Weston, M. (2018). Short- and long-term
reliability of leg extensor power measurement in middle-aged and older adults. Journal

of Sports Sciences, 36(9), 970-977. https://doi.org/10.1080/02640414.2017.1346820

181



Annex

Hurst, C., Robinson, S. M., Witham, M. D., Dodds, R. M., Granic, A., Buckland, C., De Biase,
S., Finnegan, S., Rochester, L., Skelton, D. A., & Sayer, A. A. (2022). Resistance
exercise as a treatment for sarcopenia: Prescription and delivery. Age and Ageing, 51(2),
afac003. https://doi.org/10.1093/ageing/afac003

Ibrahim, K., May, C., Patel, H. P., Baxter, M., Sayer, A. A., & Roberts, H. (2016). A feasibility
study of implementing grip strength measurement into routine hospital practice
(GRImP): Study protocol. Pilot and Feasibility Studies, 2, 27.
https://doi.org/10.1186/s40814-016-0067-x

Ida, S., Kaneko, R., & Murata, K. (2018). SARC-F for Screening of Sarcopenia Among Older
Adults: A Meta-analysis of Screening Test Accuracy. Journal of the American Medical
Directors Association, 19(8), 685-689. https://doi.org/10.1016/j.jamda.2018.04.001

Ikezoe, T. (2020). Age-Related Change in Muscle Characteristics and Resistance Training for
Older Adults. Physical Therapy Research, 23(2), 99-105.
https://doi.org/10.1298/ptr.RO009

Ilahi, S., T. Masi, A., White, A., Devos, A., Henderson, J., & Nair, K. (2020). Quantified
biomechanical properties of lower lumbar myofascia in younger adults with chronic
idiopathic low back pain and matched healthy controls. Clinical Biomechanics, 73, 78-
85. https://doi.org/10.1016/j.clinbiomech.2019.12.026

INE. (2019). Instituto Nacional de Estadistica. Esperanza de vida en buena salud.
https://www.ine.es/ss/Satellite?LL=es ES&c=INESeccion C&cid=1259926378861&p=\
&pagename=ProductosY Servicios/PY SLayout&param1=PY SDetalle&param3=125992
4822888

INE. (2022). Instituto Nacional de Estadistica. (National Statistics Institute). INE.
https://ine.es/dynt3/inebase/es/index.htm?padre=11448&capsel=11475

INE. (2024). INEbase / Demografia y poblacion /Cifras de poblacion y Censos demograficos
/Proyecciones de poblacion / Ultimos datos. INE.
https://ine.es/dyngs/INEbase/es/operacion.htm?c=Estadistica C&cid=1254736176953

&menu=ultiDatos&idp=1254735572981

182



Muscle quality in aging

INE. (2025). Tercera edad: Poblacion Esparia 2002-2024. Numero de habitantes de 65 afios o
mas en Espafia de 2002 a 2024. https://es.statista.com/estadisticas/630678/poblacion-de-
espana-mayor-de-65-anos/

Izquierdo, M., & Cadore, E. L. (2024). Multicomponent exercise with power training: A vital
intervention for frail older adults. The Journal of Nutrition, Health & Aging, 28(4),
100008. https://doi.org/10.1016/j.jnha.2023.100008

Izquierdo, M., Merchant, R. A., Morley, J. E., Anker, S. D., Aprahamian, 1., Arai, H., Aubertin-
Leheudre, M., Bernabei, R., Cadore, E. L., Cesari, M., Chen, L.-K., de Souto Barreto,
P, Duque, G., Ferrucci, L., Fielding, R. A., Garcia-Hermoso, A., Gutiérrez-Robledo, L.
M., Harridge, S. D. R., Kirk, B, ... Singh, M. F. (2021). International Exercise
Recommendations in Older Adults (ICFSR): Expert Consensus Guidelines. The Journal
of nutrition, health and aging, 25(7), 824-853. https://doi.org/10.1007/s12603-021-
1665-8

Jain, R. K., & Vokes, T. (2017). Dual-energy X-ray Absorptiometry. Journal of Clinical
Densitometry, 20(3), 291-303. https://doi.org/10.1016/j.jocd.2017.06.014

Janssen, N. P., Hendriks, G.-J., Baranelli, C. T., Lucassen, P., Oude Voshaar, R., Spijker, J., &
Huibers, M. J. H. (2020). How Does Behavioural Activation Work? A Systematic
Review of the Evidence on Potential Mediators. Psychotherapy and Psychosomatics,
90(2), 85-93. https://doi.org/10.1159/000509820

Jenner, B., Nottle, C., Walters, J. L., Saunders, S. W., Leicht, A. S., Palmer, B. L., & Crowther,
R. G. (2024). The Use of Dynamometry for Lower Limb Strength Assessment in
Female Team Sport Athletes: A Scoping Review. Journal of Science in Sport and
Exercise. https://doi.org/10.1007/s42978-023-00266-5

Jerez-Mayorga, D., Delgado-Floody, P., Intelangelo, L., Campos-Jara, C., Arias-Poblete, L.,
Garcia-Verazaluce, J., Garcia-Ramos, A., & Chirosa, L. J. (2020). Behavior of the
muscle quality index and isometric strength in elderly women. Physiology & Behavior,

227, 113145, https://doi.org/10.1016/j.physbeh.2020.113145

183



Annex

Johnson Stoklossa, C. A., Sharma, A. M., Forhan, M., Siervo, M., Padwal, R. S., & Prado, C. M.
(2017). Prevalence of Sarcopenic Obesity in Adults with Class II/IIl Obesity Using
Different Diagnostic Criteria. Journal of Nutrition and Metabolism, 2017, 7307618.
https://doi.org/10.1155/2017/7307618

Kalinkovich, A., & Livshits, G. (2017). Sarcopenic obesity or obese sarcopenia: A cross talk
between age-associated adipose tissue and skeletal muscle inflammation as a main
mechanism of the pathogenesis. Ageing Research Reviews, 35, 200-221.
https://doi.org/10.1016/j.arr.2016.09.008

Kang, Y.-J., Yoo, J.-1., & Ha, Y.-C. (2019). Sarcopenia feature selection and risk prediction
using machine learning: A cross-sectional study. Medicine, 98(43), e17699.
https://doi.org/10.1097/MD.0000000000017699

Katsiaras, A., Newman, A. B., Kriska, A., Brach, J., Krishnaswami, S., Feingold, E.,
Kritchevsky, S. B., Li, R., Harris, T. B., Schwartz, A., & Goodpaster, B. H. (2005).
Skeletal muscle fatigue, strength, and quality in the elderly: The Health ABC Study.
Journal of Applied Physiology, 99(1), 210-216.
https://doi.org/10.1152/japplphysiol.01276.2004

Kennis, E., Verschueren, S. M., Bogaerts, A., Coudyzer, W., Boonen, S., & Delecluse, C.
(2013). Effects of Fitness and Vibration Training on Muscle Quality: A 1-Year
Postintervention Follow-Up in Older Men. Archives of Physical Medicine and
Rehabilitation, 94(5), 910-918. https://doi.org/10.1016/j.apmr.2012.12.005

Khalafi, M., Sakhaei, M. H., Rosenkranz, S. K., & Symonds, M. E. (2022). Impact of
concurrent training versus aerobic or resistance training on cardiorespiratory fitness and
muscular strength in middle-aged to older adults: A systematic review and meta-
analysis. Physiology & Behavior, 254, 113888.
https://doi.org/10.1016/j.physbeh.2022.113888

Kirkwood, T. B. L., & Melov, S. (2011). On the Programmed/Non-Programmed Nature of
Ageing within the Life History. Current Biology, 21(18), R701-R707.

https://doi.org/10.1016/j.cub.2011.07.020

184



Muscle quality in aging

Klement, R. J., Joos, F. T., Reuss-Borst, M. A., & Kdmmerer, U. (2023). Measurement of body
composition by DXA, BIA, Leg-to-leg BIA and near-infrared spectroscopy in breast
cancer patients — comparison of the four methods. Clinical Nutrition ESPEN, 54, 443-
452. https://doi.org/10.1016/j.clnesp.2023.02.013

Klupp, E., Cervantes, B., Schlaeger, S., Inhuber, S., Kreuzpointer, F., Schwirtz, A., Rohrmeier,
A., Dieckmeyer, M., Hedderich, D. M., Diefenbach, M. N., Freitag, F., Rummeny, E. J.,
Zimmer, C., Kirschke, J. S., Karampinos, D. C., & Baum, T. (2019). Paraspinal Muscle
DTI Metrics Predict Muscle Strength. Journal of Magnetic Resonance Imaging, 50(3),
816-823. https://doi.org/10.1002/jmri.26679

Kojima, G. (2015). Frailty as a Predictor of Future Falls Among Community-Dwelling Older
People: A Systematic Review and Meta-Analysis. Journal of the American Medical
Directors Association, 16(12), 1027-1033. https://doi.org/10.1016/j.jamda.2015.06.018

Kojima, G. (2016). Frailty as a predictor of hospitalisation among community-dwelling older
people: A systematic review and meta-analysis. Journal of Epidemiology and
Community Health, 70(7), 722-729. https://doi.org/10.1136/jech-2015-206978

Kojima, G. (2018). Frailty as a Predictor of Nursing Home Placement Among Community-
Dwelling Older Adults: A Systematic Review and Meta-analysis. Journal of Geriatric
Physical Therapy (2001), 41(1), 42-48. https://doi.org/10.1519/JPT.0000000000000097

Kojima, G. (2019). Increased healthcare costs associated with frailty among community-
dwelling older people: A systematic review and meta-analysis. Archives of Gerontology
and Geriatrics, 84, 103898. https://doi.org/10.1016/j.archger.2019.06.003

Kojima, G., lliffe, S., Jivraj, S., & Walters, K. (2016). Association between frailty and quality of
life among community-dwelling older people: A systematic review and meta-analysis.
Journal of Epidemiology and Community Health, 70(7), 716-721.
https://doi.org/10.1136/jech-2015-206717

Koster, A., Ding, J., Stenholm, S., Caserotti, P., Houston, D. K., Nicklas, B. J., You, T., Lee, J.
S., Visser, M., Newman, A. B., Schwartz, A. V., Cauley, J. A., Tylavsky, F. A.,

Goodpaster, B. H., Kritchevsky, S. B., Harris, T. B., & for the Health ABC study.

185



Annex

(2011). Does the Amount of Fat Mass Predict Age-Related Loss of Lean Mass, Muscle
Strength, and Muscle Quality in Older Adults? The Journals of Gerontology: Series A,
66A(8), 888-895. https://doi.org/10.1093/gerona/glr070

Kuschel, L. B., Sonnenburg, D., & Engel, T. (2022). Factors of Muscle Quality and
Determinants of Muscle Strength: A Systematic Literature Review. Healthcare, 10(10).
https://doi.org/10.3390/healthcare10101937

Kyle, U. G., Genton, L., Hans, D., & Pichard, C. (2003). Validation of a bioelectrical impedance
analysis equation to predict appendicular skeletal muscle mass (ASMM). Clinical
Nutrition, 22(6), 537-543. https://doi.org/10.1016/S0261-5614(03)00048-7

Landi, F., Calvani, R., Cesari, M., Tosato, M., Martone, A. M., Bernabei, R., Onder, G., &
Marzetti, E. (2015). Sarcopenia as the Biological Substrate of Physical Frailty. Clinics
in Geriatric Medicine, 31(3), 367-374. https://doi.org/10.1016/j.cger.2015.04.005

Larsson, L., Degens, H., Li, M., Salviati, L., Lee, Y. il, Thompson, W., Kirkland, J. L., & Sandri,
M. (2019). Sarcopenia: Aging-Related Loss of Muscle Mass and Function.
Physiological Reviews, 99(1), 427-511. https://doi.org/10.1152/physrev.00061.2017

Leong, D. P, Teo, K. K., Rangarajan, S., Lopez-Jaramillo, P., Avezum, A., Orlandini, A., Seron,
P, Ahmed, S. H., Rosengren, A., Kelishadi, R., Rahman, O., Swaminathan, S., Igbal, R.,
Gupta, R, Lear, S. A., Oguz, A., Yusoff, K., Zatonska, K., Chifamba, J., ... Prospective
Urban Rural Epidemiology (PURE) Study investigators. (2015). Prognostic value of
grip strength: Findings from the Prospective Urban Rural Epidemiology (PURE) study.
Lancet (London, England), 386(9990), 266-273. https://doi.org/10.1016/S0140-
6736(14)62000-6

Levinger, 1., Goodman, C., Hare, D. L., Jerums, G., Toia, D., & Selig, S. (2009). The reliability
of the 1RM strength test for untrained middle-aged individuals. Journal of Science and
Medicine in Sport, 12(2), 310-316. https://doi.org/10.1016/j.jsams.2007.10.007

Li, R. C., Jasiewicz, J. M., Middleton, J., Condie, P., Barriskill, A., Hebnes, H., & Purcell, B.

(2006). The Development, Validity, and Reliability of a Manual Muscle Testing Device

186



Muscle quality in aging

With Integrated Limb Position Sensors. Archives of Physical Medicine and
Rehabilitation, 87(3), 411-417. https://doi.org/10.1016/j.apmr.2005.11.011

Li, Z., Tong, X., Ma, Y., Bao, T., & Yue, J. (2022). Prevalence of depression in patients with
sarcopenia and correlation between the two diseases: Systematic review and meta-
analysis. Journal of Cachexia, Sarcopenia and Muscle, 13(1), 128-144.
https://doi.org/10.1002/jcsm.12908

Liao, C.-D., Tsauo, J.-Y., Huang, S.-W., Ku, J.-W., Hsiao, D.-J., & Liou, T.-H. (2018). Effects of
elastic band exercise on lean mass and physical capacity in older women with
sarcopenic obesity: A randomized controlled trial. Scientific Reports, 8(1), 2317.
https://doi.org/10.1038/s41598-018-20677-7

Lin, Y.-H., Chen, H.-C., Hsu, N.-W., & Chou, P. (2021). Using hand grip strength to detect slow
walking speed in older adults: The Yilan study. BMC Geriatrics, 21(1), 428.
https://doi.org/10.1186/s12877-021-02361-0

Lindle, R. S., Metter, E. J., Lynch, N. A., Fleg, J. L., Fozard, J. L., Tobin, J., Roy, T. A., &
Hurley, B. F. (1997). Age and gender comparisons of muscle strength in 654 women
and men aged 20-93 yr. Journal of Applied Physiology, 83(5), 1581-1587.
https://doi.org/10.1152/jappl.1997.83.5.1581

Liu, C., Cheng, K. Y.-K., Tong, X., Cheung, W.-H., Chow, S. K.-H., Law, S. W., & Wong, R. M.
Y. (2023). The role of obesity in sarcopenia and the optimal body composition to
prevent against sarcopenia and obesity. Frontiers in Endocrinology, 14.
https://doi.org/10.3389/fendo.2023.1077255

Liu, C., Wong, P. Y., Chung, Y. L., Chow, S. K.-H., Cheung, W. H., Law, S. W., Chan, J. C. N.,
& Wong, R. M. Y. (2023). Deciphering the “obesity paradox” in the elderly: A
systematic review and meta-analysis of sarcopenic obesity. Obesity Reviews, 24(2),
e13534. https://doi.org/10.1111/0br.13534

Lizama-Pérez, R., Chirosa-Rios, L. J., Contreras-Diaz, G., Jerez-Mayorga, D., Jiménez-Lupion,

D., & Chirosa-Rios, I. J. (2023). Effect of sit-to-stand-based training on muscle quality

187



Annex

in sedentary adults: A randomized controlled trial. PeerJ, 11, e15665.
https://doi.org/10.7717/peerj.15665

Locquet, M., Beaudart, C., Reginster, J.-Y., Petermans, J., & Bruyére, O. (2018). Comparison of
the performance of five screening methods for sarcopenia. Clinical Epidemiology, 10,
71-82. https://doi.org/10.2147/CLEP.S148638

Lohr, C., Schmidt, T., Medina-Porqueres, 1., Braumann, K.-M., Reer, R., & Porthun, J. (2019).
Diagnostic accuracy, validity, and reliability of Tensiomyography to assess muscle
function and exercise-induced fatigue in healthy participants. A systematic review with
meta-analysis. Journal of Electromyography and Kinesiology, 47, 65-87.
https://doi.org/10.1016/j.jelekin.2019.05.005

Lopez Jiménez, E., Neira Alvarez, M., Ramirez Martin, R., Alonso Bouzoén, C., Amor Andrés,
M. S., Bermejo Boixareu, C., Brafias, F., Menéndez Colino, R., Arias Mufiana, E.,
Checa Lopez, M., Grau Jiménez, C., Pérez Rodriguez, P., Alcantud Ibafiez, M., Vasquez
Brolen, B., Oliva, J., Pefia Longobardo, L. M., Alcantud Corcoles, R., Cortés Zamora,
E. B., Gomez Jiménez, E., ... Abizanda, P. (2023). «<SSARCOPENIA MEASURED BY
ULTRASOUND IN HOSPITALIZED OLDER ADULTS» (ECOSARC): Multi-centre,
prospective observational study protocol. BMC Geriatrics, 23(1), 163.
https://doi.org/10.1186/s12877-023-03891-5

Lopez, P., Crosby, B., Robetti, B., Turella, D., Weber, T., de Oliveira, M., & Rech, A. (2020).
Effects of an 8-week resistance training intervention on plantar flexor muscle quality
and functional capacity in older women: A randomised controlled trial.
EXPERIMENTAL GERONTOLOGY, 138. https://doi.org/10.1016/j.exger.2020.111003

Lopez, P, Pinto, R. S., Radaelli, R., Rech, A., Grazioli, R., Izquierdo, M., & Cadore, E. L.
(2018). Benefits of resistance training in physically frail elderly: A systematic review.
Aging Clinical and Experimental Research, 30(8), 889-899.

https://doi.org/10.1007/s40520-017-0863-z

188



Muscle quality in aging

Lopez, P., Wilhelm, E. N., Rech, A., Minozzo, F., Radaelli, R., & Pinto, R. S. (2017). Echo
intensity independently predicts functionality in sedentary older men. Muscle & Nerve,
55(1), 9-15. https://doi.org/10.1002/mus.25168

Lopez-Lopez, S., Pareja-Galeano, H., Almazan-Polo, J., Cotteret, C., Tellez-Gonzalez, P.,
Calvo-Lobo, C., Perea-Unceta, L., & Romero-Morales, C. (2021). Quantitative
Ultrasound Changes in Echotexture and Functional Parameters after a Multicomponent
Training Program in Pre-Frailty Individuals: A Pilot Randomized Clinical Trial.
HEALTHCARE, 9(10). https://doi.org/10.3390/healthcare9101279

Lopez-Otin, C., Blasco, M. A., Partridge, L., Serrano, M., & Kroemer, G. (2013). The hallmarks
of aging. Cell, 153(6), 1194-1217. https://doi.org/10.1016/j.cell.2013.05.039

Lépez-Otin, C., Blasco, M. A., Partridge, L., Serrano, M., & Kroemer, G. (2023). Hallmarks of
aging: An expanding universe. Cell, 186(2), 243-278.
https://doi.org/10.1016/j.cell.2022.11.001

Lopez-Otin, C., Pietrocola, F., Roiz-Valle, D., Galluzzi, L., & Kroemer, G. (2023). Meta-
hallmarks of aging and cancer. Cell Metabolism, 35(1), 12-35.
https://doi.org/10.1016/j.cmet.2022.11.001

Lozano-Montoya, 1., Correa-Pérez, A., Abraha, 1., Soiza, R. L., Cherubini, A., O’Mahony, D., &
Cruz-Jentoft, A. J. (2017). Nonpharmacological interventions to treat physical frailty
and sarcopenia in older patients: A systematic overview - the SENATOR Project
ONTOP Series. Clinical Interventions in Aging, 12, 721-740.
https://doi.org/10.2147/CIA.S132496

Lumish, H. S., O’Reilly, M., & Reilly, M. P. (2020). Sex Differences in Genomic Drivers of
Adipose Distribution and Related Cardiometabolic Disorders. Arteriosclerosis,
Thrombosis, and Vascular Biology, 40(1), 45-60.
https://doi.org/10.1161/ATVBAHA.119.313154

Luna-Heredia, E., Martin-Pefia, G., & Ruiz-Galiana, J. (2005). Handgrip dynamometry in
healthy adults. Clinical Nutrition (Edinburgh, Scotland), 24(2), 250-258.

https://doi.org/10.1016/j.clnu.2004.10.007

189



Annex

Lynch, N. A., Metter, E. J., Lindle, R. S., Fozard, J. L., Tobin, J. D., Roy, T. A., Fleg, J. L., &
Hurley, B. F. (1999). Muscle quality. I. Age-associated differences between arm and leg
muscle groups. Journal of Applied Physiology (Bethesda, Md.: 1985), 86(1), 188-194.
https://doi.org/10.1152/jappl.1999.86.1.188

Malkowski, O. S., Kanabar, R., & Western, M. J. (2023). Socio-economic status and trajectories
of a novel multidimensional metric of Active and Healthy Ageing: The English
Longitudinal Study of Ageing. Scientific Reports, 13(1), 6107.
https://doi.org/10.1038/s41598-023-33371-0

Malmstrom, T. K., Miller, D. K., Simonsick, E. M., Ferrucci, L., & Morley, J. E. (2016). SARC-
F: A symptom score to predict persons with sarcopenia at risk for poor functional
outcomes. Journal of Cachexia, Sarcopenia and Muscle, 7(1), 28-36.
https://doi.org/10.1002/jcsm.12048

Maltais, M., Boisvert-Vigneault, K., Rolland, Y., Vellas, B., & de Souto Barreto, P. (2019).
Longitudinal associations of physical activity levels with morphological and functional
changes related with aging: The MAPT study. Experimental Gerontology, 128, 110758.
https://doi.org/10.1016/j.exger.2019.110758

Marecell, T. J. (2003). Sarcopenia: Causes, consequences, and preventions. The Journals of
Gerontology. Series A, Biological Sciences and Medical Sciences, 58(10), M911-916.
https://doi.org/10.1093/gerona/58.10.m911

Martin, H. J., Yule, V., Syddall, H. E., Dennison, E. M., Cooper, C., & Aihie Sayer, A. (2006). Is
hand-held dynamometry useful for the measurement of quadriceps strength in older
people? A comparison with the gold standard Bodex dynamometry. Gerontology, 52(3),
154-159. https://doi.org/10.1159/000091824

Martinikorena, 1., Martinez-Ramirez, A., Gomez, M., Lecumberri, P., Casas-Herrero, A.,
Cadore, E. L., Millor, N., Zambom-Ferraresi, F., Idoate, F., & Izquierdo, M. (2016).
Gait Variability Related to Muscle Quality and Muscle Power Output in Frail
Nonagenarian Older Adults. Journal of the American Medical Directors Association,

17(2), 162-167. https://doi.org/10.1016/j.jamda.2015.09.015

190



Muscle quality in aging

Marx, W., Penninx, B. W. J. H., Solmi, M., Furukawa, T. A., Firth, J., Carvalho, A. F., & Berk,
M. (2023). Major depressive disorder. Nature Reviews Disease Primers, 9(1), 1-21.
https://doi.org/10.1038/s41572-023-00454-1
Marzuca-Nassrt, G. N., Alegria-Molina, A., SanMartin-Calisto, Y., Artigas-Arias, M., Huard, N.,
Sapunar, J., Salazar, L. A., Verdijk, L. B., & van Loon, L. J. C. (2024). Muscle Mass
and Strength Gains Following Resistance Exercise Training in Older Adults 65-75 Years
and Older Adults Above 85 Years. International Journal of Sport Nutrition and Exercise
Metabolism, 34(1), 11-19. https://doi.org/10.1123/ijsnem.2023-0087
Masanés, F., Rojano I Luque, X., Salva, A., Serra-Rexach, J. A., Artaza, 1., Formiga, F., Cuesta,
F., Lopez Soto, A., Ruiz, D., & Cruz-Jentoft, A. J. (2017). Cut-off Points for Muscle
Mass—Not Grip Strength or Gait Speed—Determine Variations in Sarcopenia
Prevalence. The Journal of Nutrition, Health & Aging, 21(7), 825-829.
https://doi.org/10.1007/s12603-016-0844-5
McArdle, W. D. (with Internet Archive). (2010). Exercise physiology: Nutrition, energy, and
human performance. Baltimore, MD : Lippincott Williams & Wilkins.
http://archive.org/details/exercisephysiolo0007mcar

McCormack, W. P, Stout, J. R., Emerson, N. S., Scanlon, T. C., Warren, A. M., Wells, A. J.,
Gonzalez, A. M., Mangine, G. T., Robinson, E. H., Fragala, M. S., & Hoffman, J. R.
(2013). Oral nutritional supplement fortified with beta-alanine improves physical
working capacity in older adults: A randomized, placebo-controlled study. Experimental
Gerontology, 48(9), 933-939. https://doi.org/10.1016/j.exger.2013.06.003

McGowen, J. M., Hoppes, C. W., Forsse, J. S., Albin, S. R., Abt, J., & Koppenhaver, S. L.
(2022). The Utility of Myotonometry in Musculoskeletal Rehabilitation and Human
Performance Programming. Journal of Athletic Training. https://doi.org/10.4085/1062-
6050-0616.21

McGregor, R. A., Cameron-Smith, D., & Poppitt, S. D. (2014). It is not just muscle mass: A

review of muscle quality, composition and metabolism during ageing as determinants of

191



Annex

muscle function and mobility in later life. Longevity & Healthspan, 3(1), 9.
https://doi.org/10.1186/2046-2395-3-9

McLeod, M., Breen, L., Hamilton, D. L., & Philp, A. (2016). Live strong and prosper: The
importance of skeletal muscle strength for healthy ageing. Biogerontology, 17(3), 497-
510. https://doi.org/10.1007/s10522-015-9631-7

Medicine, A. C. of S. (2013). ACSM s Guidelines for Exercise Testing and Prescription.
Lippincott Williams & Wilkins.

Medicine, A. C. of S., Riebe, D., Ehrman, J. K., Liguori, G., & Magal, M. (2018). ACSM s
guidelines for exercise testing and prescription (10th ed). Wolters Kluwer.
https://cir.nii.ac.jp/crid/1130000795261958144

Michel, E., Zory, R., Guerin, O., Prate, F., Sacco, G., & Chorin, F. (2024). Assessing muscle
quality as a key predictor to differentiate fallers from non-fallers in older adults.
European Geriatric Medicine, 15(5), 1301-1311. https://doi.org/10.1007/s41999-024-
01020-y

Middleton, A., Fritz, S. L., & Lusardi, M. (2015). Walking Speed: The Functional Vital Sign.
Journal of aging and physical activity, 23(2), 314-322.
https://doi.org/10.1123/japa.2013-0236

Mijnarends, D. M., Schols, J. M. G. A., Meijers, J. M. M., Tan, F. E. S., Verlaan, S., Luiking, Y.
C., Morley, J. E., & Halfens, R. J. G. (2015). Instruments to assess sarcopenia and
physical frailty in older people living in a community (care) setting: Similarities and
discrepancies. Journal of the American Medical Directors Association, 16(4),301-308.
https://doi.org/10.1016/j.jamda.2014.11.011

Miller, J., Wells, L., Nwulu, U., Currow, D., Johnson, M. J., & Skipworth, R. J. E. (2018).
Validated screening tools for the assessment of cachexia, sarcopenia, and malnutrition:
A systematic review. The American Journal of Clinical Nutrition, 108(6), 1196-1208.
https://doi.org/10.1093/ajcn/nqy244

Millor, N., Cadore, E. L., Gomez, M., Martinez, A., Lecumberri, P., Martirikorena, J., Idoate, F.,

& Izquierdo, M. (2020). High density muscle size and muscle power are associated with

192



Muscle quality in aging

both gait and sit-to-stand kinematic parameters in frail nonagenarians. Journal of
Biomechanics, 105, 109766. https://doi.org/10.1016/j.jbiomech.2020.109766

Minetto, M. A., Giannini, A., McConnell, R., Busso, C., Torre, G., & Massazza, G. (2020).
Common Musculoskeletal Disorders in the Elderly: The Star Triad. Journal of Clinical
Medicine, 9(4), 1216. https://doi.org/10.3390/jcm9041216

Misic, M. M., Rosengren, K. S., Woods, J. A., & Evans, E. M. (2007). Muscle Quality, Aerobic
Fitness and Fat Mass Predict Lower-Extremity Physical Function in Community-
Dwelling Older Adults. Gerontology, 53(5), 260-266.

Molero Jurado, M. del M., & Pérez Fuentes, M. del C. (2011). Salud y calidad de vida en
adultos mayores institucionalizados. International Journal of Developmental and
Educational Psychology: INFAD. Revista de Psicologia, 4(1), 249-258.

Moore, A., Caturegli, G., Metter, E., Makrogiannis, S., Resnick, S., Harris, T., & Ferrucci, L.
(2014). Difference in Muscle Quality over the Adult Life Span and Biological
Correlates in the Baltimore Longitudinal Study of Aging. JOURNAL OF THE
AMERICAN GERIATRICS SOCIETY, 62(2), 230-236. https://doi.org/10.1111/jgs.12653

Moqri, M., Herzog, C., Poganik, J. R., Biomarkers of Aging Consortium, Justice, J., Belsky, D.
W., Higgins-Chen, A., Moskalev, A., Fuellen, G., Cohen, A. A., Bautmans, 1.,
Widschwendter, M., Ding, J., Fleming, A., Mannick, J., Han, J.-D. J., Zhavoronkov, A.,
Barzilai, N., Kaeberlein, M., ... Gladyshev, V. N. (2023). Biomarkers of aging for the
identification and evaluation of longevity interventions. Cell, 186(18), 3758-3775.
https://doi.org/10.1016/j.cell.2023.08.003

Morgan, G., Martin, R., Welch, H., Williams, L., & Morris, K. (2019). Objective assessment of
stiffness in the gastrocnemius muscle in patients with symptomatic Achilles tendons.
BMJ Open Sport & Exercise Medicine, 5(1), €000622. https://doi.org/10.1136/bmjsem-
2019-000622

Morley, J. E., Baumgartner, R. N., Roubenoff, R., Mayer, J., & Nair, K. S. (2001). Sarcopenia.
Journal of Laboratory and Clinical Medicine, 137(4), 231-243.

https://doi.org/10.1067/mlc.2001.113504

193



Annex

Morris, J. N., Heady, J. A., Raffle, P. A., Roberts, C. G., & Parks, J. W. (1953). Coronary heart-
disease and physical activity of work. Lancet (London, England), 262(6795), 1053-
1057. https://doi.org/10.1016/s0140-6736(53)90665-5

Miiller, D. C., Izquierdo, M., Boeno, F. P., Aagaard, P., Teodoro, J. L., Grazioli, R., Radaelli, R.,
Bayer, H., Neske, R., Pinto, R. S., & Cadore, E. L. (2020). Adaptations in mechanical
muscle function, muscle morphology, and aerobic power to high-intensity endurance
training combined with either traditional or power strength training in older adults: A
randomized clinical trial. European Journal of Applied Physiology, 120(5), 1165-1177.
https://doi.org/10.1007/s00421-020-04355-z

Nagae, M., Umegaki, H., Yoshiko, A., & Fujita, K. (2023). Muscle ultrasound and its
application to point-of-care ultrasonography: A narrative review. Annals of Medicine,
55(1), 190-197. https://doi.org/10.1080/07853890.2022.2157871

Naimo, M. A., Varanoske, A. N., Hughes, J. M., & Pasiakos, S. M. (2021). Skeletal Muscle
Quality: A Biomarker for Assessing Physical Performance Capabilities in Young
Populations. Frontiers in Physiology, 12. https://doi.org/10.3389/fphys.2021.706699

Najm, A., Niculescu, A.-G., Grumezescu, A. M., & Beuran, M. (2024). Emerging Therapeutic
Strategies in Sarcopenia: An Updated Review on Pathogenesis and Treatment
Advances. International Journal of Molecular Sciences, 25(8), Article 8.
https://doi.org/10.3390/ijms25084300

Navarrete-Villanueva, D., Gomez-Cabello, A., Marin-Puyalto, J., Moreno, L. A., Vicente-
Rodriguez, G., & Casajus, J. A. (2021). Frailty and Physical Fitness in Elderly People:
A Systematic Review and Meta-analysis. Sports Medicine, 51(1), 143-160.
https://doi.org/10.1007/s40279-020-01361-1

Neira Alvarez, M., Vazquez Ronda, M. A., Soler Rangel, L., Thuissard-Vasallo, . J., Andreu-
Vazquez, C., Martinez Martin, P., Rabago Lorite, 1., & Serralta San Martin, G. (2021).
Muscle Assessment by Ultrasonography: Agreement with Dual-Energy X-Ray
Absorptiometry (DXA) and Relationship with Physical Performance. The Journal of

Nutrition, Health & Aging, 25(8), 956-963. https://doi.org/10.1007/s12603-021-1669-4

194



Muscle quality in aging

Neri, S. G. R., Harvey, L. A., Tiedemann, A., Gadelha, A. B., & Lima, R. M. (2020). Obesity
and falls in older women: Mediating effects of muscle quality, foot loads and postural
control. Gait & Posture, 77, 138-143. https://doi.org/10.1016/].gaitpost.2020.01.025

Neri, S. G. R,, Pereira, J. C., David, A. C. de, & Lima, R. M. (2021). The Influence of Body Fat
Distribution on Postural Balance and Muscle Quality in Women Aged 60 Years and
Over. https://journals.humankinetics.com/view/journals/jab/37/3/article-p182.xml

Neto, 1., Diniz, J. de S., Alves, V. P,, Ventura Oliveira, A. R., Barbosa, M. P. de S., da Silva
Prado, C. R., Alencar, J. A., Vilaga e Silva, K. H. C., Silva, C. R., Lissemerki Ferreira,
G. M., Garcia, D., Grisa, R. A., Prestes, J., Rodrigues Melo, G. L., Burmann, L. L.,
Gomes Giuliani, F. N., Beal, F. L. R., Severiano, A. P., & Nascimento, D. da C. (2023).
Field-Based Estimates of Muscle Quality Index Determine Timed-Up-and-Go Test
Performance in Obese Older Women. Clinical Interventions in Aging, 18, 293-303.
https://doi.org/10.2147/CIA.S399827

Neto, I., Nascimento, D., Prestes, J., da Fonseca, E., Celes, R., Rolnick, N., Barbalho, Y., Silva,
A., Stival, M., de Lima, L., & Funghetto, S. (2022). Initial Muscle Quality Affects
Individual Responsiveness of Interleukin-6 and Creatine Kinase following Acute
Eccentric Exercise in Sedentary Obese Older Women. BIOLOGY-BASEL, 11(4).
https://doi.org/10.3390/biology 11040537

Newman, A. B., Haggerty, C. L., Goodpaster, B., Harris, T., Kritchevsky, S., Nevitt, M., Miles,
T. P., Visser, M., & Health Aging And Body Composition Research Group. (2003).
Strength and muscle quality in a well-functioning cohort of older adults: The Health,
Aging and Body Composition Study. Journal of the American Geriatrics Society, 51(3),
323-330. https://doi.org/10.1046/j.1532-5415.2003.51105.x

Nijholt, W., Jager-Wittenaar, H., Raj, I. S., van der Schans, C. P., & Hobbelen, H. (2020).
Reliability and validity of ultrasound to estimate muscles: A comparison between
different transducers and parameters. Clinical Nutrition ESPEN, 35, 146-152.

https://doi.org/10.1016/j.clnesp.2019.10.009

195



Annex

Niklasson, E., Borga, M., Dahlqvist Leinhard, O., Widholm, P., Andersson, D. P., Wiik, A.,
Holmberg, M., Brismar, T. B., Gustafsson, T., & Lundberg, T. R. (2022). Assessment of
anterior thigh muscle size and fat infiltration using single-slice CT imaging versus
automated MRI analysis in adults. The British Journal of Radiology, 95(1133),
20211094. https://doi.org/10.1259/bjr.20211094

Nishiguchi, S., Yamada, M., Fukutani, N., Adachi, D., Tashiro, Y., Hotta, T., Morino, S.,
Shirooka, H., Nozaki, Y., Hirata, H., Yamaguchi, M., Arai, H., Tsuboyama, T., &
Aoyama, T. (2015). Differential Association of Frailty With Cognitive Decline and
Sarcopenia in Community-Dwelling Older Adults. Journal of the American Medical
Directors Association, 16(2), 120-124. https://doi.org/10.1016/j.jamda.2014.07.010

Nogueira Paranhos Amorim, D., Nascimento, D. C., Stone, W., Alves, V. P., Moraes, C. F., &
Coelho Vilaga e Silva, K. H. (2021). Muscle Quality Is Associated with History of Falls
in Octogenarians. The Journal of nutrition, health and aging, 25(1), 120-125.
https://doi.org/10.1007/s12603-020-1485-2

Nonaka, K., Murata, S., Shiraiwa, K., Abiko, T., Goda, A., Yasufuku, Y., Nakano, H., Iwase, H.,
& Horie, J. (2020). Correlations between physical performance and muscle mass,
strength, and quality in obese and normal-weight community-dwelling older Japanese
women. 4sian Journal of Gerontology and Geriatrics, 15, 17-22.
https://doi.org/10.12809/ajgg-2019-356-0a

Noppert, G. A., Brown, C. S., Chanti-Ketterl, M., Hall, K. S., Newby, L. K., Cohen, H. J., &
Morey, M. C. (2018). The Impact of Multiple Dimensions of Socioeconomic Status on
Physical Functioning Across the Life Course. Gerontology and Geriatric Medicine, 4,
2333721418794021. https://doi.org/10.1177/2333721418794021

Norman, K., Herpich, C., & Miiller-Werdan, U. (2023). Role of phase angle in older adults with
focus on the geriatric syndromes sarcopenia and frailty. Reviews in Endocrine &
Metabolic Disorders, 24(3), 429-437. https://doi.org/10.1007/s11154-022-09772-3

Nunes, J., Ribeiro, A., Silva, A., Schoenfeld, B., dos Santos, L., Cunha, P., Nascimento, M.,

Tomeleri, C., Nabuco, H., Antunes, M., Cyrino, L., & Cyrino, E. (2019). Improvements

196



Muscle quality in aging

in Phase Angle Are Related With Muscle Quality Index After Resistance Training in
Older Women. JOURNAL OF AGING AND PHYSICAL ACTIVITY, 27(4), 515-520.
https://doi.org/10.1123/japa.2018-0259

Oba, H., Matsui, Y., Arai, H., Watanabe, T., Iida, H., Mizuno, T., Yamashita, S., Ishizuka, S.,
Suzuki, Y., Hiraiwa, H., & Imagama, S. (2021). Evaluation of muscle quality and
quantity for the assessment of sarcopenia using mid-thigh computed tomography: A
cohort study. BMC Geriatrics, 21(1), 239. https://doi.org/10.1186/s12877-021-02187-w

0’Caoimh, R., Galluzzo, L., Rodriguez-Laso, A., Van der Heyden, J., Ranhoff, A. H., Lamprini-
Koula, M., Ciutan, M., Lopez-Samaniego, L., Carcaillon-Bentata, L., Kennelly, S.,
Liew, A., & Work Package 5 of the Joint Action ADVANTAGE. (2018). Prevalence of
frailty at population level in European ADVANTAGE Joint Action Member States: A
systematic review and meta-analysis. Annali Dell Istituto Superiore Di Sanita, 54(3),
226-238. https://doi.org/10.4415/ANN _18 03 10

Ochala, J., Frontera, W. R., Dorer, D. J., Van Hoecke, J., & Krivickas, L. S. (2007). Single
skeletal muscle fiber elastic and contractile characteristics in young and older men. The
Journals of Gerontology. Series A, Biological Sciences and Medical Sciences, 62(4),
375-381. https://doi.org/10.1093/gerona/62.4.375

Offord, N. J., Clegg, A., Turner, G., Dodds, R. M., Sayer, A. A., & Witham, M. D. (2019).
Current practice in the diagnosis and management of sarcopenia and frailty—Results
from a UK-wide survey. Journal of Frailty, Sarcopenia and Falls, 4(3), 71-77.
https://doi.org/10.22540/JFSF-04-071

Ogawa, S., Yakabe, M., & Akishita, M. (2016). Age-related sarcopenia and its
pathophysiological bases. Inflammation and Regeneration, 36, 17.
https://doi.org/10.1186/s41232-016-0022-5

Oh, S.-L., Kim, H.-J., Woo, S., Cho, B.-L., Song, M., Park, Y.-H., Lim, J.-Y., & Song, W.
(2017). Effects of an integrated health education and elastic band resistance training

program on physical function and muscle strength in community-dwelling elderly

197



Annex

women: Healthy Aging and Happy Aging II study. Geriatrics & Gerontology
International, 17(5), 825-833. https://doi.org/10.1111/ggi. 12795

Orssatto, L. B. R., Bezerra, E. S., Shield, A. J., & Trajano, G. S. (2020). Is power training
effective to produce muscle hypertrophy in older adults? A systematic review and meta-
analysis. Applied Physiology, Nutrition, and Metabolism = Physiologie Appliquee,
Nutrition Et Metabolisme, 45(9), 1031-1040. https://doi.org/10.1139/apnm-2020-0021

Ory, M. G., Smith, M. L., Parker, E. M., Jiang, L., Chen, S., Wilson, A. D., Stevens, J. A.,
Ehrenreich, H., & Lee, R. (2014). Fall prevention in community settings: Results from
implementing tai chi: moving for better balance in three States. Frontiers in Public
Health, 2, 258. https://doi.org/10.3389/fpubh.2014.00258

Osuka, Y., Kojima, N., Nishihara, K., Sasai, H., Wakaba, K., Tanaka, K., & Kim, H. (2022). B-
Hydroxy-B-Methylbutyrate Supplementation May Not Enhance Additional Effects of
Exercise on Muscle Quality in Older Women. Medicine and Science in Sports and
Exercise, 54(4), 543-550. https://doi.org/10.1249/MSS.0000000000002836

Oviedo-Briones, M., Laso, A. R., Carnicero, J. A., Cesari, M., Grodzicki, T., Gryglewska, B.,
Sinclair, A., Landi, F., Vellas, B., Checa-Lopez, M., & Rodriguez-Mafas, L. (2021). A
Comparison of Frailty Assessment Instruments in Different Clinical and Social Care
Settings: The Frailtools Project. Journal of the American Medical Directors
Association, 22(3), 607.e7-607.e12. https://doi.org/10.1016/j.jamda.2020.09.024

Ozemek, C., Bonikowske, A., Christle, J., & Gallo, P. (2025). ACSMs Guidelines for Exercise
Testing and Prescription. Lippincott Williams & Wilkins.

Packheiser, J., Hartmann, H., Fredriksen, K., Gazzola, V., Keysers, C., & Michon, F. (2024). A
systematic review and multivariate meta-analysis of the physical and mental health
benefits of touch interventions. Nature Human Behaviour, 8(6), 1088-1107.
https://doi.org/10.1038/s41562-024-01841-8

Pancera, S., Lopomo, N. F., Porta, R., Sanniti, A., Buraschi, R., & Bianchi, L. N. C. (2024).
Effects of Combined Endurance and Resistance Eccentric Training on Muscle Function

and Functional Performance in Patients With Chronic Obstructive Pulmonary Disease:

198



Muscle quality in aging

Randomized Controlled Trial. Archives of Physical Medicine and Rehabilitation,
105(3), 470-479. https://doi.org/10.1016/j.apmr.2023.09.004

Paris, M. T., & Mourtzakis, M. (2021). Muscle Composition Analysis of Ultrasound Images: A
Narrative Review of Texture Analysis. Ultrasound in Medicine & Biology, 47(4), 880-
895. https://doi.org/10.1016/j.ultrasmedbio.2020.12.012

Park, S. W., Goodpaster, B. H., Strotmeyer, E. S., de Rekeneire, N., Harris, T. B., Schwartz, A.
V., Tylavsky, F. A., & Newman, A. B. (2006). Decreased muscle strength and quality in
older adults with type 2 diabetes: The health, aging, and body composition study.
Diabetes, 55(6), 1813-1818. https://doi.org/10.2337/db05-1183

Pasco, J. A., Williams, L. J., Jacka, F. N., Stupka, N., Brennan-Olsen, S. L., Holloway, K. L., &
Berk, M. (2015). Sarcopenia and the Common Mental Disorders: A Potential
Regulatory Role of Skeletal Muscle on Brain Function? Current Osteoporosis Reports,
13(5), 351-357. https://doi.org/10.1007/s11914-015-0279-7

Patil, P., & Dasgupta, B. (2012). Role of diagnostic ultrasound in the assessment of
musculoskeletal diseases. Therapeutic Advances in Musculoskeletal Disease, 4(5), 341-
355. https://doi.org/10.1177/1759720X12442112

Pedersen, B. K., & Saltin, B. (2015). Exercise as medicine — evidence for prescribing exercise
as therapy in 26 different chronic diseases. Scandinavian Journal of Medicine &
Science in Sports, 25(S3), 1-72. https://doi.org/10.1111/sms.12581

Perkisas, S., Baudry, S., Bauer, J., Beckwee, D., De Cock, A.-M., Hobbelen, H., Jager-
Wittenaar, H., Kasiukiewicz, A., Landi, F., Marco, E., Merello, A., Piotrowicz, K.,
Sanchez, E., Sanchez-Rodriguez, D., Scafoglieri, A., Cruz-Jentoft, A., & Vandewoude,
M. (2018). Application of ultrasound for muscle assessment in sarcopenia: Towards
standardized measurements. European Geriatric Medicine, 9(6), 739-757.
https://doi.org/10.1007/s41999-018-0104-9

Pinto, R. S., Correa, C. S., Radaelli, R., Cadore, E. L., Brown, L. E., & Bottaro, M. (2014).
Short-term strength training improves muscle quality and functional capacity of elderly

women. Age, 36(1), 365-372. https://doi.org/10.1007/s11357-013-9567-2

199



Annex

Pola-Ferrandez, E., Zuza-Santacilia, 1., Gil-Tarragato, S., Justo-Gil, S., Campos-Esteban, P.,
Loépez-Franco, M.-A., Pola-Ferrandez, E., Zuza-Santacilia, 1., Gil-Tarragato, S., Justo-
Gil, S., Campos-Esteban, P., & Lopez-Franco, M.-A. (2021). Promocion del
envejecimiento saludable a través del abordaje de la fragilidad. Revista Espariola de
Salud Publica, 95. https://scielo.isciii.es/scielo.php?script=sci_abstract&pid=S1135-
57272021000100004&Ing=es&nrm=iso&tlng=es

Prell, T., Grimm, A., & Axer, H. (2024). Uncovering sarcopenia and frailty in older adults by
using muscle ultrasound—A narrative review. Frontiers in Medicine, 11.
https://doi.org/10.3389/fmed.2024.1333205

Preston, J., & Biddell, B. (2021). The physiology of ageing and how these changes affect older
people. Medicine, 49(1), 1-5. https://doi.org/10.1016/j.mpmed.2020.10.011

Price, K. L., & Earthman, C. P. (2019). Update on body composition tools in clinical settings:
Computed tomography, ultrasound, and bioimpedance applications for assessment and
monitoring. European Journal of Clinical Nutrition, 73(2), Article 2.
https://doi.org/10.1038/s41430-018-0360-2

Pus, K., Paravlic, A. H., & Simunig, B. (2023). The use of tensiomyography in older adults: A
systematic review. Frontiers in Physiology, 14.
https://www.frontiersin.org/articles/10.3389/fphys.2023.1213993

Radaelli, R., Brusco, C. M., Lopez, P., Rech, A., Machado, C. L. F., Grazioli, R., Miiller, D. C.,
Tufano, J. J., Cadore, E. L., & Pinto, R. S. (2019). Muscle quality and functionality in
older women improve similarly with muscle power training using one or three sets.
Experimental Gerontology, 128, 110745. https://doi.org/10.1016/j.exger.2019.110745

Radaelli, R., Wilhelm, E., Botton, C., Rech, A., Bottaro, M., Brown, L., & Pinto, R. (2014).
Effects of single vs. Multiple-set short-term strength training in elderly women. AGE,
36(6). https://doi.org/10.1007/s11357-014-9720-6

Ramirez-Campillo, R., Garcia-Pinillos, F., Nikolaidis, P., Clemente, F., Gentil, P., & Garcia-

Hermoso, A. (2022). Body composition adaptations to lower-body plyometric training:

200



Muscle quality in aging

A systematic review and meta-analysis. BIOLOGY OF SPORT, 39(2), 273-287.
https://doi.org/10.5114/biolsport.2022.104916

Ramirez-Fuentes, C., Minguez-Blasco, P., Ostiz, F., Sanchez-Rodriguez, D., Messaggi-Sartor,
M., Macias, R., Muniesa, J. M., Rodriguez, D. A., Vila, J., Perkisas, S., Escalada, F., &
Marco, E. (2019). Ultrasound assessment of rectus femoris muscle in rehabilitation
patients with chronic obstructive pulmonary disease screened for sarcopenia:
Correlation of muscle size with quadriceps strength and fat-free mass. Furopean
Geriatric Medicine, 10(1), 89-97. https://doi.org/10.1007/s41999-018-0130-7

Rava, A., Pihlak, A., Ereline, J., Gapeyeva, H., Kums, T., Purge, P., Jiirimée, J., & Padsuke, M.
(2017). Body Composition, Neuromuscular Performance, and Mobility: Comparison
Between Regularly Exercising and Inactive Older Women. Journal of Aging and
Physical Activity, 25(1), 58-64. https://doi.org/10.1123/japa.2016-0019

Rech, A., Radaelli, R., Goltz, F. R., da Rosa, L. H. T., Schneider, C. D., & Pinto, R. S. (2014).
Echo intensity is negatively associated with functional capacity in older women. Age,
36(5), 9708. https://doi.org/10.1007/s11357-014-9708-2

Reggiani, C., & Schiaffino, S. (2020). Muscle hypertrophy and muscle strength: Dependent or
independent variables? A provocative review. European Journal of Translational
Myology, 30(3), 9311. https://doi.org/10.4081/ejtm.2020.9311

Reid, K. F., & Fielding, R. A. (2012). Skeletal muscle power: A critical determinant of physical
functioning in older adults. Exercise and Sport Sciences Reviews, 40(1), 4-12.
https://doi.org/10.1097/JES.0b013e31823b5f13

Reijnierse, E. M., Trappenburg, M. C., Blauw, G. J., Verlaan, S., de van der Schueren, M. A. E.,
Meskers, C. G. M., & Maier, A. B. (2016). Common Ground? The Concordance of
Sarcopenia and Frailty Definitions. Journal of the American Medical Directors
Association, 17(4), 371.e7-12. https://doi.org/10.1016/j.jamda.2016.01.013

Reinders, 1., Murphy, R. A., Koster, A., Brouwer, L. A., Visser, M., Garcia, M. E., Launer, L. J.,
Siggeirsdottir, K., Eiriksdottir, G., Jonsson, P. V., Gudnason, V., & Harris, T. B. (2015).

Muscle Quality and Muscle Fat Infiltration in Relation to Incident Mobility Disability

201



Annex

and Gait Speed Decline: The Age, Gene/Environment Susceptibility-Reykjavik Study.
The Journals of Gerontology: Series A, 70(8), 1030-1036.
https://doi.org/10.1093/gerona/glv016

Ribeiro, A. S., Picoloto, A., Nunes, J. P., Bezerra, E. S., Schoenfeld, B. J., & Cyrino, E. S.
(2022). Effects of Different Resistance Training Loads on the Muscle Quality Index in
Older Women. The Journal of Strength & Conditioning Research, 36(5), 1445.
https://doi.org/10.1519/JSC.0000000000003667

Ribeiro, A. S., Schoenfeld, B. J., Souza, M. F., Tomeleri, C. M., Venturini, D., Barbosa, D. S., &
Cyrino, E. S. (2016). Traditional and pyramidal resistance training systems improve
muscle quality and metabolic biomarkers in older women: A randomized crossover
study. Experimental Gerontology, 79, 8-15. https://doi.org/10.1016/j.exger.2016.03.007

Rio, X., Guerra-Balic, M., Gonzalez-Pérez, A., Larrinaga-Undabarrena, A., & Coca, A. (2021).
Valores de referencia del SPPB en personas mayores de 60 afios en el Pais Vasco.
Atencion Primaria, 53(8), 102075. https://doi.org/10.1016/j.aprim.2021.102075

Riviati, N., & Indra, B. (2023). Relationship between muscle mass and muscle strength with
physical performance in older adults: A systematic review. SAGE Open Medicine, 11,
20503121231214650. https://doi.org/10.1177/20503121231214650

Rodriguez-Laso, A., Mora, M. A., Sanchez, I. G., Mafias, L., Bernabei, R., Gabrovec, B.,
Hendry, A., Liew, A., O’Caoimh, R., Roller-Wirnsberger, R., Antoniadou, E., Carriazo,
A., Galluzzo, L., Redodn, J., & Targowski, T. (2018). Updated state of the art report on
the prevention and management of frailty.
https://www.semanticscholar.org/paper/Updated-state-of-the-art-report-on-the-
prevention-Rodr%C3%ADguez-Laso-
Mora/638673a0c175ff69ca7b7b0£34496e3163b461d8

Rolland, Y., Dray, C., Vellas, B., & Barreto, P. D. S. (2023). Current and investigational
medications for the treatment of sarcopenia. Metabolism: Clinical and Experimental,

149, 155597. https://doi.org/10.1016/j.metabol.2023.155597

202



Muscle quality in aging

Rondanelli, M., Guido, D., Opizzi, A., Faliva, M. A., Perna, S., & Grassi, M. (2014). A path
model of sarcopenia on bone mass loss in elderly subjects. The Journal of Nutrition,
Health & Aging, 18(1), 15-21. https://doi.org/10.1007/s12603-013-0357-4

Rosenberg, 1. H. (1997). Sarcopenia: Origins and clinical relevance. The Journal of Nutrition,
127(5 Suppl), 990S-9918. https://doi.org/10.1093/jn/127.5.990S

Rstudio Team. (2022). 2022.12.0+353. https://dailies.rstudio.com/version/2022.12.0+353/

Rubin, D. I. (2019). Needle electromyography: Basic concepts. Handbook of Clinical
Neurology, 160, 243-256. https://doi.org/10.1016/B978-0-444-64032-1.00016-3

Ruby, L., Sanabria, S. J., Martini, K., Frauenfelder, T., Jukema, G. N., Goksel, O., & Rominger,
M. B. (2021). Quantification of immobilization-induced changes in human calf muscle
using speed-of-sound ultrasound: An observational pilot study. Medicine, 100(11),
€23576. https://doi.org/10.1097/MD.0000000000023576

Ruegsegger, G. N., & Booth, F. W. (2018). Health Benefits of Exercise. Cold Spring Harbor
Perspectives in Medicine, 8(7), a029694. https://doi.org/10.1101/cshperspect.a029694

Sabatino, A., Sola, K. H., Brismar, T. B., Lindholm, B., Stenvinkel, P., & Avesani, C. M. (2024).
Making the invisible visible: Imaging techniques for assessing muscle mass and muscle
quality in chronic kidney disease. Clinical Kidney Journal, 17(3), sfae028.
https://doi.org/10.1093/ckj/sfae028

Salas-Groves, E., Alcorn, M., Childress, A., & Galyean, S. (2024). The Effect of Web-Based
Culinary Medicine to Enhance Protein Intake on Muscle Quality in Older Adults:
Randomized Controlled Trial. JMIR Formative Research, 8, ¢49322.
https://doi.org/10.2196/49322

Salmén-Gomez, L., Catalan, V., Frithbeck, G., & Gomez-Ambrosi, J. (2023). Relevance of body
composition in phenotyping the obesities. Reviews in Endocrine and Metabolic
Disorders, 24, 1-15. https://doi.org/10.1007/s11154-023-09796-3

Sanabria, S. J., Martini, K., Freystitter, G., Ruby, L., Goksel, O., Frauenfelder, T., & Rominger,

M. B. (2019). Speed of sound ultrasound: A pilot study on a novel technique to identify

203



Annex

sarcopenia in seniors. European Radiology, 29(1), 3-12. https://doi.org/10.1007/s00330-
018-5742-2

Sanchez Tocino, M. L., Cigarran, S., Urena, P., Gonzalez Casaus, M. L., Mas-Fontao, S., Gracia
Iguacel, C., Ortiz, A., & Gonzalez Parra, E. (2024). Definiciéon y evolucion del concepto
de sarcopenia. Nefrologia, 44(3), 323-330. https://doi.org/10.1016/j.nefro.2023.08.001

Sanchez-Tocino, M. L., Cigarran, S., Urefia, P., Gonzalez-Casaus, M. L., Mas-Fontao, S.,
Gracia-Iguacel, C., Ortiz, A., & Gonzalez-Parra, E. (2024). Definition and evolution of
the concept of sarcopenia. Nefrologia (English Edition), 44(3), 323-330.
https://doi.org/10.1016/j.nefroe.2023.08.007

Sanders, J. B., Bremmer, M. A., Deeg, D. J. H., & Beekman, A. T. F. (2012). Do depressive
symptoms and gait speed impairment predict each other’s incidence? A 16-year
prospective study in the community. Journal of the American Geriatrics Society, 60(9),
1673-1680. https://doi.org/10.1111/j.1532-5415.2012.04114.x

Santamaria-Peléez, M., Gonzalez-Bernal, J. J., Da Silva-Gonzalez, A., Medina-Pascual, E.,
Gentil-Gutiérrez, A., Fernandez-Solana, J., Mielgo-Ayuso, J., & Gonzalez-Santos, J.
(2023). Validity and Reliability of the Short Physical Performance Battery Tool in
Institutionalized Spanish Older Adults. Nursing Reports (Pavia, Italy), 13(4), 1354-
1367. https://doi.org/10.3390/nursrep13040114

Sayer, A. A., & Cruz-Jentoft, A. (2022). Sarcopenia definition, diagnosis and treatment:
Consensus is growing. Age and Ageing, 51(10), afac220.
https://doi.org/10.1093/ageing/afac220

Scafoglieri, A., & Clarys, J. P. (2018). Dual energy X-ray absorptiometry: Gold standard for
muscle mass? Journal of Cachexia, Sarcopenia and Muscle, 9(4), 786-787.
https://doi.org/10.1002/jcsm.12308

Scanlon, T. C., Fragala, M. S., Stout, J. R., Emerson, N. S., Beyer, K. S., Oliveira, L. P., &
Hoffman, J. R. (2014). Muscle architecture and strength: Adaptations to short-term
resistance training in older adults. Muscle & Nerve, 49(4), 584-592.
https://doi.org/10.1002/mus.23969

204



Muscle quality in aging

Schaap, L. A., van Schoor, N. M., Lips, P., & Visser, M. (2018). Associations of Sarcopenia
Definitions, and Their Components, With the Incidence of Recurrent Falling and
Fractures: The Longitudinal Aging Study Amsterdam. The Journals of Gerontology.
Series A, Biological Sciences and Medical Sciences, 73(9), 1199-1204.
https://doi.org/10.1093/gerona/glx245

Schroeder, E., He, J., Yarasheski, K., Binder, E., Castaneda-Sceppa, C., Bhasin, S., Dieli-
Conwright, C., Kawakubo, M., Roubenoff, R., Azen, S., & Sattler, F. (2011). Value of
measuring muscle performance to assess changes in lean mass with testosterone and
growth hormone supplementation. European journal of applied physiology, 112, 1123-
1131. https://doi.org/10.1007/s00421-011-2077-y

Schuch, F. B., Deslandes, A. C., Stubbs, B., Gosmann, N. P., Silva, C. T. B. da, & Fleck, M. P.
de A. (2016). Neurobiological effects of exercise on major depressive disorder: A
systematic review. Neuroscience and Biobehavioral Reviews, 61, 1-11.
https://doi.org/10.1016/j.neubiorev.2015.11.012

Sconfienza, L. M., Albano, D., Allen, G., Bazzocchi, A., Bignotti, B., Chianca, V., Facal de
Castro, F., Drakonaki, E. E., Gallardo, E., Gielen, J., Klauser, A. S., Martinoli, C.,
Mauri, G., McNally, E., Messina, C., Miron Mombiela, R., Orlandi, D., Plagou, A.,
Posadzy, M., ... Tagliafico, A. S. (2018). Clinical indications for musculoskeletal
ultrasound updated in 2017 by European Society of Musculoskeletal Radiology (ESSR)
consensus. European Radiology, 28(12), 5338-5351. https://doi.org/10.1007/s00330-
018-5474-3

Seo, M., Jung, S., Kim, S., Lee, J., Jung, H., & Song, J. (2021). Effects of 16 Weeks of
Resistance Training on Muscle Quality and Muscle Growth Factors in Older Adult
Women with Sarcopenia: A Randomized Controlled Trial. INTERNATIONAL
JOURNAL OF ENVIRONMENTAL RESEARCH AND PUBLIC HEALTH, 18(13).
https://doi.org/10.3390/ijerph18136762

Seo, M.-W., Jung, S.-W., Kim, S.-W.,, Jung, H. C., Kim, D.-Y., & Song, J. K. (2020).
Comparisons of Muscle Quality and Muscle Growth Factor Between Sarcopenic and

205



Annex

Non-Sarcopenic Older Women. International Journal of Environmental Research and
Public Health, 17(18), 6581. https://doi.org/10.3390/ijerph17186581

Sergi, G., Trevisan, C., Veronese, N., Lucato, P., & Manzato, E. (2016). Imaging of sarcopenia.
European Journal of Radiology, 85(8), 1519-1524.
https://doi.org/10.1016/j.ejrad.2016.04.009

Shankar, A., McMunn, A., & Steptoe, A. (2010). Health-Related Behaviors in Older Adults:
Relationships with Socioeconomic Status. American Journal of Preventive Medicine,
38(1), 39-46. https://doi.org/10.1016/j.amepre.2009.08.026

Shen, Y., Shi, Q., Nong, K., Li, S., Yue, J., Huang, J., Dong, B., Beauchamp, M., & Hao, Q.
(2023). Exercise for sarcopenia in older people: A systematic review and network meta-
analysis. Journal of Cachexia, Sarcopenia and Muscle, 14(3), 1199-1211.
https://doi.org/10.1002/jcsm.13225

Shin, S., Valentine, R. J., Evans, E. M., & Sosnoff, J. J. (2012). Lower extremity muscle quality
and gait variability in older adults. Age and Ageing, 41(5), 595-599.
https://doi.org/10.1093/ageing/afs032

Siglinsky, E., Krueger, D., Ward, R. E., Caserotti, P., Strotmeyer, E. S., Harris, T. B., Binkley,
N., & Buehring, B. (2015). Effect of age and sex on jumping mechanography and other
measures of muscle mass and function. Journal of Musculoskeletal & Neuronal
Interactions, 15(4), 301-308.

Silva PR, N. D., DE Sousa Neto IV, Funghetto SS, Tibana RA, Navalta JW, Beal FLR, Prestes J.
(2021). Effects of Resistance Training on Muscle Quality Index, Muscle Strength,
Functional Capacity, and Serum Immunoglobulin Levels between Obese and Non-obese
Older Women (rayyan-577583199).

Simuni¢, B., Pisot, R., Rittweger, J., & Degens, H. (2018). Age-Related Slowing of Contractile
Properties Differs Between Power, Endurance, and Nonathletes: A Tensiomyographic
Assessment. The Journals of Gerontology: Series A, 73(12), 1602-1608.

https://doi.org/10.1093/gerona/gly069

206



Muscle quality in aging

Smith, M. L., & Ory, M. G. (2014). Measuring success: Evaluation article types for the public
health education and promotion section of frontiers in public health. Frontiers in Public
Health, 2, 111. https://doi.org/10.3389/fpubh.2014.00111

Smith, M. L., Ory, M. G., Ahn, S., Kulinski, K. P., Jiang, L., Horel, S., & Lorig, K. (2014).
National dissemination of chronic disease self-management education programs: An
incremental examination of delivery characteristics. Frontiers in Public Health, 2, 227.
https://doi.org/10.3389/fpubh.2014.00227

Spain ministry of health. (2022). PUBLIC HEALTH STRATEGY 2022 ESP 2022 Improving the
Health and Well-Being of the Population. chrome-
extension://efaidnbmnnnibpcajpcglclefindmkaj/https://www.sanidad.gob.es/ciudadanos/
pdf/Public_Health Strategy 2022 Pending NIPO.pdf

Spanish Government. (2018). BOE-A4-2018-16673 Ley Organica 3/2018, de 5 de diciembre, de
Proteccion de Datos Personales y garantia de los derechos digitales.
https://www.boe.es/buscar/act.php?id=BOE-A-2018-16673

Spira, D., Walston, J., Buchmann, N., Nikolov, J., Demuth, 1., Steinhagen-Thiessen, E., Eckardt,
R., & Norman, K. (2016). Angiotensin-Converting Enzyme Inhibitors and Parameters
of Sarcopenia: Relation to Muscle Mass, Strength and Function: Data from the Berlin
Aging Study-II (BASE-II). Drugs & Aging, 33(11), 829-837.
https://doi.org/10.1007/s40266-016-0396-8

Stark, T., Walker, B., Phillips, J. K., Fejer, R., & Beck, R. (2011). Hand-held Dynamometry
Correlation With the Gold Standard Isokinetic Dynamometry: A Systematic Review.
PM&R, 3(5), 472-479. https://doi.org/10.1016/j.pmrj.2010.10.025

Stotz, A., Mason, J., Groll, A., & Zech, A. (2023). Which trunk muscle parameter is the best
predictor for physical function in older adults? Heliyon, 9(10), €20123.
https://doi.org/10.1016/j.heliyon.2023.e20123

Stotz, A., Mason, J., & Zech, A. (2024). The relationship between muscle quality index and
physical function in older adults. Isokinetics and Exercise Science, 32(1), 65-72.

https://doi.org/10.3233/IES-230051

207



Annex

Straight, C. R., Brady, A. O., & Evans, E. (2015a). Sex-specific relationships of physical
activity, body composition, and muscle quality with lower-extremity physical function
in older men and women. Menopause, 22(3), 297.
https://doi.org/10.1097/GME.0000000000000313

Straight, C. R., Brady, A. O., & Evans, E. M. (2015b). Muscle quality and relative adiposity are
the strongest predictors of lower-extremity physical function in older women.
Maturitas, 80(1), 95-99. https://doi.org/10.1016/j.maturitas.2014.10.006

Streb, A. R., Benedet, J., Rosa, F., de Barcelos, G. T., Gerage, A. M., & Del Duca, G. F. (2023).
Association between muscle mass quantity and quality and muscle strength in adults
with obesity. Sport Sciences for Health, 19(1), 211-217. https://doi.org/10.1007/s11332-
022-01021-z

Stringhini, S., Carmeli, C., Jokela, M., Avendafio, M., McCrory, C., d’Errico, A., Bochud, M.,
Barros, H., Costa, G., Chadeau-Hyam, M., Delpierre, C., Gandini, M., Fraga, S.,
Goldberg, M., Giles, G. G., Lassale, C., Kenny, R. A., Kelly-Irving, M., Paccaud, F., ...
Kivimiki, M. (2018). Socioeconomic status, non-communicable disease risk factors,
and walking speed in older adults: Multi-cohort population based study. BMJ, 360,
k1046. https://doi.org/10.1136/bmj.k1046

Studenski, S., Perera, S., Patel, K., Rosano, C., Faulkner, K., Inzitari, M., Brach, J., Chandler, J.,
Cawthon, P., Connor, E. B., Nevitt, M., Visser, M., Kritchevsky, S., Badinelli, S., Harris,
T., Newman, A. B., Cauley, J., Ferrucci, L., & Guralnik, J. (2011). Gait Speed and
Survival in Older Adults. JAMA, 305(1), 50-58. https://doi.org/10.1001/jama.2010.1923

Sui, S. X., Williams, L. J., Holloway-Kew, K. L., Hyde, N. K., Leach, S., & Pasco, J. A. (2022).
Associations Between Muscle Quality and Cognitive Function in Older Men: Cross-
Sectional Data From the Geelong Osteoporosis Study. Journal of Clinical Densitometry,
25(2), 133-140. https://doi.org/10.1016/j.jocd.2021.03.007

Suni, J., Husu, P., & Rinne, M. (2009). Fitness for Health: The ALPHA-FIT Test Battery for
Adults Aged 18—69. Tester s Manual — ScienceOpen.

https://www.scienceopen.com/document?vid=5fa902af-0975-4d8a-8319-b6c5d0ea9d40

208



Muscle quality in aging

Surburg, P. R., Suomi, R., & Poppy, W. K. (1992). Validity and reliability of a hand-held
dynamometer applied to adults with mental retardation. Archives of Physical Medicine
and Rehabilitation, 73(6), 535-539.

Szlejf, C., Suemoto, C. K., Brunoni, A. R., Viana, M. C., Moreno, A. B., Matos, S. M. A.,
Lotufo, P. A., & Bensefior, [. M. (2019). Depression is Associated With Sarcopenia Due
to Low Muscle Strength: Results From the ELSA-Brasil Study. Journal of the American
Medical Directors Association, 20(12), 1641-1646.
https://doi.org/10.1016/j.jamda.2018.09.020

Tagliafico, A. S., Bignotti, B., Torri, L., & Rossi, F. (2022). Sarcopenia: How to measure, when
and why. La Radiologia Medica, 127(3), 228-237. https://doi.org/10.1007/s11547-022-
01450-3

Tarekegn, A., Ricceri, F., Costa, G., Ferracin, E., & Giacobini, M. (2020). Predictive Modeling
for Frailty Conditions in Elderly People: Machine Learning Approaches. JMIR Medical
Informatics, 8(6), e16678. https://doi.org/10.2196/16678

Tartiere, A. G., Freije, J. M. P., & Lopez-Otin, C. (2024). The hallmarks of aging as a
conceptual framework for health and longevity research. Frontiers in Aging, 5.
https://doi.org/10.3389/fragi.2024.1334261

Tay, L., Ding, Y. Y., Leung, B. P,, Ismail, N. H., Yeo, A., Yew, S., Tay, K. S., Tan, C. H., &
Chong, M. S. (2015). Sex-specific differences in risk factors for sarcopenia amongst
community-dwelling older adults. Age (Dordrecht, Netherlands), 37(6), 121.
https://doi.org/10.1007/s11357-015-9860-3

Teo, T. W., Mong, Y., & Ng, S. S. (2013). The repetitive Five-Times-Sit-To-Stand test: Its
reliability in older adults. International Journal of Therapy and Rehabilitation, 20(3),
122-130. https://doi.org/10.12968/ijtr.2013.20.3.122

Timm, I., Giurgiu, M., Ebner-Priemer, U., & Reichert, M. (2024). The Within-Subject
Association of Physical Behavior and Affective Well-Being in Everyday Life: A
Systematic Literature Review. Sports Medicine (Auckland, N.Z.), 54(6), 1667-1705.

https://doi.org/10.1007/s40279-024-02016-1

209



Annex

Townsend, J., Hoffman, J., Fragala, M., Oliveira, L., Jajtner, A., Fukuda, D., & Stout, J. (2015).
A Microbiopsy Method for Immunohistological and Morphological Analysis: A Pilot
Study. Medicine and science in sports and exercise, 48.
https://doi.org/10.1249/MSS.0000000000000772

Tracy, B., Ivey, F., Hurlbut, D., Martel, G., Lemmer, J., Siegel, E., Metter, E., Fozard, J., Fleg,
J., & Hurley, B. (1999). Muscle quality. II. Effects of strength training in 65- to 75-yr-
old men and women. JOURNAL OF APPLIED PHYSIOLOGY, 86(1), 195-201.
https://doi.org/10.1152/jappl.1999.86.1.195

Trevifio-Aguirre, E., Lopez-Teros, T., Gutiérrez-Robledo, L., Vandewoude, M., & Pérez-
Zepeda, M. (2014). Availability and use of dual energy X-ray absorptiometry (DXA)
and bio-impedance analysis (BIA) for the evaluation of sarcopenia by Belgian and Latin
American geriatricians. Journal of Cachexia, Sarcopenia and Muscle, 5(1), 79-81.
https://doi.org/10.1007/s13539-013-0126-6

van der Woude, D. R., Ruyten, T., & Bartels, B. (2022). Reliability of Muscle Strength and
Muscle Power Assessments Using Isokinetic Dynamometry in Neuromuscular
Diseases: A Systematic Review. Physical Therapy, 102(10), pzac099.
https://doi.org/10.1093/ptj/pzac099

Verdijk, L. B., Snijders, T., Drost, M., Delhaas, T., Kadi, F., & van Loon, L. J. C. (2014).
Satellite cells in human skeletal muscle; from birth to old age. Age (Dordrecht,
Netherlands), 36(2), 545-547. https://doi.org/10.1007/s11357-013-9583-2

Vilaga, K. H. C., Alves, N. M. C., Carneiro, J. A. O., Ferriolli, E., Lima, N. K. C., & Moriguti, J.
C. (2013). Body composition, muscle strength and quality of active elderly women
according to the distance covered in the 6-minute walk test. Brazilian Journal of
Physical Therapy, 17(3), 289-296. https://doi.org/10.1590/s1413-35552012005000093

Vilaga, K. H. C., Carneiro, J. A. O., Ferriolli, E., Lima, N. K. da C., Paula, F. J. A. de, &
Moriguti, J. C. (2014). Body composition, physical performance and muscle quality of
active elderly women. Archives of Gerontology and Geriatrics, 59(1), 44-48.

https://doi.org/10.1016/j.archger.2014.02.004

210



Muscle quality in aging

Virto, N., Dequin, D. M., Rio, X., Méndez-Zorrilla, A., & Garcia-Zapirain, B. (2024). Exploring
determinant factors influencing muscle quality and sarcopenia in Bilbao’s older adult
population through machine learning: A comprehensive analysis approach. PLOS ONE,
19(12), e0316174. https://doi.org/10.1371/journal.pone.0316174

Virto, N., Rio, X., Angulo-Garay, G., Molina, R. G., Céspedes, A. A., Zamora, E. B. C,,
Jiménez, E. G., Cércoles, R. A., Maiias, L. R., Costa-Grille, A., Matheu, A., Marcos-
Pérez, D., Lazcano, U., Vergara, 1., Arjona, L., Saeteros, M., Lopez-de-Ipifia, D., Coca,
A., Soler, P. A., & Sanabria, S. J. (2024). Development of Continuous Assessment of
Muscle Quality and Frailty in Older Patients Using Multiparametric Combinations of
Ultrasound and Blood Biomarkers: Protocol for the ECOFRAIL Study. JMIR Research
Protocols, 13(1), €50325. https://doi.org/10.2196/50325

Virto, N., Rio, X., Méndez-Zorrilla, A., & Garcia-Zapirain, B. (2024). Non invasive techniques
for direct muscle quality assessment after exercise intervention in older adults: A
systematic review. BMC Geriatrics, 24(1), 642. https://doi.org/10.1186/s12877-024-
05243-3

Virto, N., Rio, X., Muifioz-Pérez, I., Méndez-Zorrilla, A., & Garcia-Zapirain, B. (2024). Gait
speed in older adults: Exploring the impact of functional, physical and social factors.
Retos, 61, 552-566. https://doi.org/10.47197/retos.v61.109902

Vlietstra, L., Hendrickx, W., & Waters, D. L. (2018). Exercise interventions in healthy older
adults with sarcopenia: A systematic review and meta-analysis. Australasian Journal on
Ageing, 37(3), 169-183. https://doi.org/10.1111/ajag.12521

Vojciechowski, A. S., Silva, C. T. D. S., Rodrigues, E. V., Gallo, L. H., Melo Filho, J., &
Gomes, A. R. S. (2021). Does Physical Dance Training with Virtual Games Change
Muscle Quality of Community-Dwelling Older Women? Games for Health Journal,
10(6), 391-399. https://doi.org/10.1089/g4h.2020.0223

Volpato, S., Bianchi, L., Lauretani, F., Lauretani, F., Bandinelli, S., Guralnik, J. M., Zuliani, G.,

& Ferrucci, L. (2012). Role of Muscle Mass and Muscle Quality in the Association

211



Annex

Between Diabetes and Gait Speed. Diabetes Care, 35(8), 1672-1679.
https://doi.org/10.2337/dc11-2202

Walsh, G. S., Low, D. C., & Arkesteijn, M. (2022). The Relationship between Postural Control
and Muscle Quality in Older Adults. Journal of Motor Behavior, 54(3), 363-371.
https://doi.org/10.1080/00222895.2021.1977602

Wang, Y., & Wei, X. (2024). Sarcopenia, the Economic Challenges in Healthcare and Individual
Struggles Arise. Open Access Library Journal, 11(7), Article 7.
https://doi.org/10.4236/0alib.1111687

Whang, C. Q. Y., Debenham, M. 1. B., Ogalo, E., Ro, H. J., Wu, H., & Berger, M. J. (2025). The
strength of associations between ultrasound measures of upper limb muscle morphology
and isometric muscle strength: An exploratory study. Muscle & Nerve, 71(1), 73-79.
https://doi.org/10.1002/mus.28297

White, A., Abbott, H., Masi, A. T., Henderson, J., & Nair, K. (2018). Biomechanical properties
of low back myofascial tissue in younger adult ankylosing spondylitis patients and
matched healthy control subjects. Clinical Biomechanics, 57, 67-73.
https://doi.org/10.1016/j.clinbiomech.2018.06.006

WHO. (2024). Ageing and health. https://www.who.int/news-room/fact-sheets/detail/ageing-
and-health

WHO, W. H. O. (2017). Depression and other common mental disorders: Global health
estimates (WHO/MSD/MER/2017.2). Article WHO/MSD/MER/2017.2.
https://iris.who.int/handle/10665/254610

WHO, W. H. O. (2021). Decade of healthy ageing: Baseline report. World Health Organization.

WHO, W. H. O. (2025). Ageing. https://www.who.int/health-topics/ageing

Wilhelm, E. N., Rech, A., Minozzo, F., Radaelli, R., Botton, C. E., & Pinto, R. S. (2014).
Relationship between quadriceps femoris echo intensity, muscle power, and functional
capacity of older men. AGE, 36(3), 1113-1122. https://doi.org/10.1007/s11357-014-

9625-4

212



Muscle quality in aging

Wilson, M. T., Hunter, A. M., Fairweather, M., Kerr, S., Hamilton, D. L., & Macgregor, L. J.
(2023). Enhanced skeletal muscle contractile function and corticospinal excitability
precede strength and architectural adaptations during lower-limb resistance training.
European Journal of Applied Physiology, 123(9), 1911-1928.
https://doi.org/10.1007/s00421-023-05201-8
Witham, M. D., Chawner, M., Biase, S. D., Offord, N., Todd, O., Clegg, A., & Sayer, A. A.
(2020). Content of exercise programmes targeting older people with sarcopenia or
frailty—Findings from a UK survey. Journal of Frailty, Sarcopenia and Falls, 5(1), 17-
23. https://doi.org/10.22540/JFSF-05-017
Xia, W., Luo, K., Gu, Z., Hu, J., Liu, X., & Xiao, Q. (2024). Correlational analysis of sarcopenia
and multimorbidity among older inpatients. BMC Musculoskeletal Disorders, 25(1),
309. https://doi.org/10.1186/s12891-024-07412-2
Yamada, M., Kimura, Y., Ishiyama, D., Nishio, N., Abe, Y., Kakehi, T., Fujimoto, J., Tanaka, T.,
Ohji, S., Otobe, Y., Koyama, S., Okajima, Y., & Arai, H. (2017). Differential
Characteristics of Skeletal Muscle in Community-Dwelling Older Adults. Journal of the
American Medical Directors Association, 18(9), 807.¢9-807.¢16.
https://doi.org/10.1016/j.jamda.2017.05.011

Yamada, Y., Yamada, M., Yoshida, T., Miyachi, M., & Arai, H. (2021). Validating muscle mass
cutoffs of four international sarcopenia-working groups in Japanese people using DXA
and BIA. Journal of Cachexia, Sarcopenia and Muscle, 12(4), 1000-1010.
https://doi.org/10.1002/jcsm.12732

Yamaguchi, Y., Greiner, C., Lee, S.-C., Ryuno, H., Yen, H.-Y,, Lin, C.-F,, Lee, T.-1., & Lee, P.-H.
(2022). Lifestyle factors associated with muscle quality in community-dwelling older
people with type 2 diabetes in Japan and Taiwan: A cross-sectional study.
Psychogeriatrics: The Official Journal of the Japanese Psychogeriatric Society, 22(5),
736-742. https://doi.org/10.1111/psyg.12878

Yoda, M., Inaba, M., Okuno, S., Yoda, K., Yamada, S., Imanishi, Y., Mori, K., Shoji, T.,
Ishimura, E., Yamakawa, T., & Shoji, S. (2012). Poor muscle quality as a predictor of

213



Annex

high mortality independent of diabetes in hemodialysis patients. Biomedicine &
Pharmacotherapy, 66(4), 266-270. https://doi.org/10.1016/j.biopha.2011.11.001

Yoon, J. W., Ha, Y. C., Kim, K. M., Moon, J. H., Choi, S. H., Lim, S., Park, Y. J., Lim, J. Y.,
Kim, K. W, Park, K. S., & Jang, H. C. (2016). Hyperglycemia Is Associated with
Impaired Muscle Quality in Older Men with Diabetes: The Korean Longitudinal Study
on Health and Aging. Diabetes & Metabolism Journal, 40(2), 140-146.
https://doi.org/10.4093/dmj.2016.40.2.140

Yoshiko, A., Kaji, T., Kozuka, T., Sawazaki, T., & Akima, H. (2021). Evaluation of
rehabilitation exercise effects by using gradation-based skeletal muscle echo intensity in
older individuals: A one-group before-and-after trial study. BMC Geriatrics, 21(1), 485.
https://doi.org/10.1186/s12877-021-02423-3

Yoshiko, A., Natsume, Y., Makino, T., Hayashi, T., Umegaki, H., Yoshida, Y., Cheng, X. W.,
Kuzuya, M., Ishida, K., Koike, T., Oshida, Y., & Akima, H. (2019). Higher and Lower
Muscle Echo Intensity in Elderly Individuals Is Distinguished by Muscle Size, Physical
Performance and Daily Physical Activity. Ultrasound in Medicine & Biology, 45(9),
2372-2380. https://doi.org/10.1016/j.ultrasmedbio.2019.05.029

Yoshiko, A., Tomita, A., Ando, R., Ogawa, M., Kondo, S., Saito, A., Tanaka, N. L., Koike, T.,
Oshida, Y., & Akima, H. (2018). Effects of 10-week walking and walking with home-
based resistance training on muscle quality, muscle size, and physical functional tests in
healthy older individuals. European Review of Aging and Physical Activity: Official
Journal of the European Group for Research into Elderly and Physical Activity, 15, 13.
https://doi.org/10.1186/s11556-018-0201-2

You, Y., Chen, Y., Zhang, Q., Yan, N., Ning, Y., & Cao, Q. (2023). Muscle quality index is
associated with trouble sleeping: A cross-sectional population based study. BMC Public
Health, 23(1), 489. https://doi.org/10.1186/s12889-023-15411-6

Yu, R., Wong, M., Leung, J., Lee, J., Auyeung, T. W., & Woo, J. (2014). Incidence, reversibility,

risk factors and the protective effect of high body mass index against sarcopenia in

214



Muscle quality in aging

community-dwelling older Chinese adults. Geriatrics & Gerontology International, 14
Suppl 1, 15-28. https://doi.org/10.1111/ggi.12220

Yu, X., Wu, D, Li, F., Qiao, W., & Chen, X. (2024). Correlation Between Intrinsic Capacity and
Muscle Strength and Quality in Older Patients with Cardiovascular Disease: A Cross-
Sectional Study. Clinical Interventions in Aging, 19, 1703-1711.
https://doi.org/10.2147/CIA.S485817

Yuan, H., & Kim, M. (2023). Meta-Analysis on the Association between Echo Intensity, Muscle
Strength, and Physical Function in Older Individuals. Annals of Geriatric Medicine and
Research, 27(4), 329-337. https://doi.org/10.4235/agmr.23.0101

Zamboni, M., Zoico, E., Scartezzini, T., Mazzali, G., Tosoni, P., Zivelonghi, A., Gallagher, D.,
De Pergola, G., Di Francesco, V., & Bosello, O. (2003). Body composition changes in
stable-weight elderly subjects: The effect of sex. Aging Clinical and Experimental
Research, 15(4), 321-327. https://doi.org/10.1007/BF03324517

Zazzara, M. B., Penfold, R. S., & Onder, G. (2021). The Future of Drugs in Sarcopenia. En N.
Veronese, C. Beaudart, & S. Sabico (Eds.), Sarcopenia: Research and Clinical
Implications (pp. 181-208). Springer International Publishing.
https://doi.org/10.1007/978-3-030-80038-3 14

Zhai, M., Huang, Y., Zhou, S., Jin, Y., Feng, J., Pei, C., Wen, L., & Wen’s, L. (2023). Effects of
age-related changes in trunk and lower limb range of motion on gait. BMC
Musculoskeletal Disorders, 24(1), 234. https://doi.org/10.1186/s12891-023-06301-4

Zhao, M., Veeranki, S. P., Magnussen, C. G., & Xi, B. (2020). Recommended physical activity
and all cause and cause specific mortality in US adults: Prospective cohort study. BM.J,
370, m2031. https://doi.org/10.1136/bmj.m2031

Zhong, Q., Jiang, L., An, K., Zhang, L., Li, S., & An, Z. (2023). Depression and risk of
sarcopenia: A national cohort and Mendelian randomization study. Frontiers in

Psychiatry, 14. https://doi.org/10.3389/fpsyt.2023.1263553

215



Annex

Zubac, D., Paravlic, A., Koren, K., Felicita, U., & Simunic, B. (2019). Plyometric exercise
improves jumping performance and skeletal muscle contractile properties in seniors.
JOURNAL OF MUSCULOSKELETAL & NEURONAL INTERACTIONS, 19(1), 38-49.

Zuo, J., Zhou, D., Zhang, L., Zhou, X., Gao, X., Hou, W., Wang, C., Jiang, P., & Wang, X.
(2024). Comparison of bioelectrical impedance analysis and computed tomography for
the assessment of muscle mass in patients with gastric cancer. Nutrition, 121, 112363.
https://doi.org/10.1016/j.nut.2024.112363

Zupo, R., Moroni, A., Castellana, F., Gasparri, C., Catino, F., Lampignano, L., Perna, S.,
Clodoveo, M. L., Sardone, R., & Rondanelli, M. (2023). A Machine-Learning Approach
to Target Clinical and Biological Features Associated with Sarcopenia: Findings from
Northern and Southern Italian Aging Populations. Metabolites, 13(4), Article 4.

https://doi.org/10.3390/metabo 13040565

216



Muscle quality in aging

10 Annex

10.1 Annex1

&/ \

GERENCA
OC ATENCION INTEGRADA
DF ALBACETE

COMITE DE ETICA DE LA
INVESTIGACION CON
MEDICAMENTOS

Informe
Conformidad del CEIm

D2, Karen Nieto Rodriguez, Vicepresidenta del Comité de Ftica de la Investigacidn con Medicamentos de ls Gerencls

de Atencidn Integrada de Albacete
INFORMA

Que este Comité en su reunion de fecha 21 de diciembre de 2021, Acta 1172021, evalud el proyecto con codigo
interno N® 2021-151.

TITULADO: DESARROLLO DE EVALUACION CONTINUA DE LA FRAGILIDAD Y LA CALIDAD MUSCULAR EN

SUJETOS MAYORES MEDIANTE OMICAS MULTI-PARAMETRICAS BASADAS EN ECOGRAFIA Y

SANGRE. ESTUDIO ECOFRAIL.

ca

Investigador Principal: D, Pedro Ablzanda Soler.

Considera que: Se cumplen los requisitos necesarios de Idoneidad del proyecto en refackin con ¥os objetivos del
estudio.

La capacidad del Investigador y los medios disponities son apropiados para llevar acabo & estudio.
Es adecuado el precedimiento para obtener el consentimiento informado.

Revisadas las adaraciones por la Comisidn Permanente del CEIm, esta emite: INFORME FAVORABLE,

Este Comité en sus funciones, compasicon y en los PNT ‘s cumple con las normas de BPC-CPMP/ICH/135/95 v &
P Real Decreto 1090/2015 v que su composicion actual es la sigulente:

En ¢l caso de que algdn miembro participe en un estudio bien como Investigador, colaborador o tenga akgdn confiicto
de interés, no habra participado ni en la evaluacion ni eén o dictamen de autorizacion del mismo, en cumplimiento de

la normativa legal,

D. Pedro Abizanda Soler

D2 Karen Nieto Rodriguez
D*. M* Angeles Lioret Callejo
D. Juan José Nufiez Tendero
D. Fernando Andrés Pretel
D2, Dolores Jativa Gasco

DA, Pilar Corcoles Jiménez
D*. Syonghyun Nam Cha

PRESIDENTE. Dr. en Medicina, S. Geriatria.

VICEPRESIDENTA. Dra, en Psiquiatna. S. Psiguiatria
SECRETARIA TECNICA, Licendiada en Farmraca, S Fanmada Aenddn Primare

Licenclado en Derecho, Ajeno & ls profesion sanitara

Ingeniero Técnico Informdtico de Gestidn.

Vocal representante de los pacientes. Ajeno 2 b profesion sanitana

Diplomada en Enfermerfa. Supervisora de Investigackin y Docencia

Licenciada en Medicina. S. Anatomia Patologica.

D", Maria Soledad Ferndndez de Cordoba Dra. en Medicing. S. Cirugie Pedidtrica

D?. Carmen Diaz Delgado
D. Alberto Sénchez Romero
D. Ignacio Parraga Martinez

Dra. en Biologia. Profesora Titular de Histologia UCLM
Dr. en Medicina. S, Farmacalogia Clinica
Dr. en Medicina. Centro de Salud La Roda

D7, MP, del Carmen Carmascosa Romero  Licenciada en Medicina. S. Pediatria

D. Manuel Gerdnimo Pardo
D3, Luisa Maria Charco Roca
D. Jes(s Lépez-Torres Hidalgo
D. Sebastia Sabater Marti

D. Rall Godoy Mayoral

D. Francisco Javier Collajas Gonzalez
D*, Maria Rosa Ortiz Navarro
D2, Belén Serna Serrano

D2, Cristina del Pozo Carlavilla

Dr. en Medicina, S. Anestesiolegla

Licenciada en Medicina. S. Anestesiclogla y Reanimacidn
Dr. en Medicina. Centro de Salud Zona VIl

Dr. en Medicina. S. Oncologia Radicterdpica

Dr. en Medicing. 5. Reumologla

Dr. en Medicina. S. Neumnologia

Licenciade en Farmacia. Farmacla Hospitalaria

Residents de Farmada Hospitalaria

Residente de Farmacia Hospitalaria

Albacete, 17 de encroyde 28

217



Annex

10.2 Annex 2

Deusto

Comité de Etica en Investigacicn

DICTAMEN DEL COMITE DE ETICA EN LA INVESTIGACION DE LA
UNIVERSIDAD DE DEUSTO
Ref: ETK-32/18-19

Tras la evaluacion del proyecto de tesis Funcionalidad v prevalencia de la fragilidad en el
programa de salud del Avuntamiento de Bilbao, realizada por I, Xabier Rio de Fruios, v que
¢l Dr. I Aitor Coca Nufiee presenta para su evaluacion, en calidad de Investigador Principal
v Responsable de Investigacion del Equipe de Ciencias de la Actividad Fisica v del Deporte
de la Facultad de Psicologia v Educacion, el Comité de Etica en Investigacion de la
Universidad de Dewsto, 1al v como se hace constar en ¢l acta de la reuniom del 4 de abnl de
2019 en la que se tom el acuerdo, emite un INFORME FAVORABLE,

El Comité de Etica en Tnvestigacion considera que desde ¢l punto de vista &ico el provecto cs
adecuado en todo lo referente a la proteccidn ¥ evitacion de riesgos a los participanies y el
respeto a la autonomia, Asimismo, s¢ ajusta a los principios metodologicos, éticos ¥ juridicos
que debe tener este tipo de investigacion, Mo se observan riesgos de ningin tipo para los
participantes vy se establecen medidas adecuadas que ofrecen suficientes parantias éticas
durante su desarrollo,

El provecto tiene en cuenta la régulacion sobre de proteccidn de datos personales (UE
20016/679) aprobada por la Comision v el Consgjo de la UE en abnl de 2016 en relacion al i)
procedimiento de consentimiento informado; ii) acceso a datos personales; iii) el uso de datos
para el interés pablico; v iv) las responsabilidades de los investigadores responsables del
proyecto

El Comité de Etica ha examinado toda la documentacion para recabar el consentimiento, en el
que se lacilita de manera adecuada toda la informaciin necesana para la participacion,
garantizando el cumplimiento de  todas las  exigencias &hicas de  consentimiento y
confidencialidad,

Y para que asi conste,

I

] '-\._ 'y | ]
Aue A8 b o

Dra. Diia. Cristina de la Cruz Ayuso
Coordinadora de la Comision de Etica en Investigacion
Universidad de Deusto

En Bilbao a 5 de Abnl de 2019

218



	Non invasive techniques for€direct muscle quality assessment after€exercise intervention in€older adults: a€systematic review
	Abstract 
	Background 
	Main text 
	Results 
	Conclusions 

	Introduction
	Methods
	Registration
	Procedures
	Eligibility criteria
	Literature search and€screening process
	Data collection
	Risk of€bias

	Results
	Study selection
	Risk of€bias of€the€included studies
	Study characteristics

	Discussion
	Direct non-invasive muscle quality measurement tools
	Exercise effects on€muscle quality
	Primary multisource parameters in€muscle quality assessment research
	Trends in€direct muscle quality assessment tools

	Conclusions
	Acknowledgements
	References


		2025-04-29T23:11:48+0200
	MENDEZ ZORRILLA AMAIA - 78878448V


		2025-04-30T00:04:13+0200
	Begoña García-Zapirain Soto


		2025-05-01T14:16:36+0200
	NAIARA VIRTO CASTRO




