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Sarcopenia is a muscle disorder characterized by the progressive loss of muscle mass and strength, leading to diminished physical
performance. Although primarily associated with aging and chronic diseases, it is increasingly recognized in younger populations,
particularly among those with chronic illnesses. Recent evidence suggests that muscle mass and strength deficits can manifest as
early as childhood and adolescence, affecting three out of ten adolescents. Pediatric sarcopenia, while challenging to define due to
the lack of standardized diagnostic criteria, presents significant health risks, including increased susceptibility to metabolic
syndrome and chronic non-communicable diseases. Recent studies have attempted to establish normative values for muscle health
in pediatric populations, yet many rely only on assessment of either muscle mass or strength, thus limiting the understanding of
overall muscle health. In this context, the interaction between muscle mass, strength, and functionality, herein referred to as the
muscle mass-strength-functionality triad (MSFt), is crucial for understanding the onset and progression of pediatric sarcopenia. The
present review provides a perspective on concepts and operators defining pediatric sarcopenia and advocates for incorporating
novel diagnostic criteria encompassing the MSFt. Furthermore, the importance of physical literacy and the acquisition of
fundamental movement skills during childhood is highlighted, as these factors significantly influence long-term muscle health and
physical activity levels.
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IMPACT:

® This perspective review provides an insightful view of muscle health in children and adolescents centered around the definition
of pediatric sarcopenia. We discussed how to understand and describe sarcopenic-like deficits in pediatric populations.

® We propose the muscle mass-strength-functionality triad as an attribute that describes physical competence and is key to
defining pediatric sarcopenia.

® We suggest the addition of physical literacy and movement competence assessment to the current diagnostic criteria of

pediatric sarcopenia.

INTRODUCTION

Sarcopenia is recognized as a muscle disorder, commonly
associated with age, obesity, physical deconditioning, and chronic
incapacitating diseases.'? This condition is defined by three
diagnostic criteria: (i) evidence of muscle mass and strength loss,
(ii) presence of non-contractile infiltrating tissues, and (iii) reduced
physical performance.’

The current consensus in the definition of adult sarcopenia
highlights that these sarcopenic traits can be detected earlier in
life." Lower muscle mass can be found in younger, apparently
healthy individuals, with a prevalence as high as 26% during later
adolescence and early adulthood.>® Moreover, retrospective
studies have shown that poor muscle mass and strength
development can be tracked down to early childhood.”® Although

it is still unclear which is the best method to estimate muscle mass
in children and adolescents, thus making it difficult to adequately
interpret the association between muscle mass and cardiometa-
bolic risk, a substantial body of evidence shows an inverse
association between muscle mass, insulin resistance and meta-
bolic syndrome in this age group.

From the current definition of sarcopenia, it can be understood
as a muscle deficiency originating from the loss of muscle
strength, followed by mass loss, and later by reduced physical
performance. However, this progression is not sequential during
childhood and adolescence, and these events occur simulta-
neously in time but not in magnitude. The interaction between
muscle mass, muscle strength and the resultant functional
capacity progresses linearly throughout early life, allowing the
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acquisition of more complex movement patterns and motor
competence. Herein, we refer to this interaction as the muscle
mass-strength-functionality triad (MSFt). We propose that muscle
mass loss in youth may result from sub-optimal muscle growth
resulting from poor physical experiences earlier in life that
dampen strength and functionality gains. Thus, the onset and
progression of sarcopenia would be the resultant of neuromus-
cular deficits acquired earlier in life, which aligns with the
paradigm of a “central governor” that may coordinate the MSFt
through the regulation of the metabolic costs, and behavioral
aspects of exercise and physical performance (9).

The detection of MSFt deficits is not straightforward, as it
requires body composition analysis, and assessments of muscle
strength and functional capacity. Body composition methodolo-
gies at either whole-body or segmentary levels include computer
tomography, magnetic resonance imaging, dual-energy x-ray
absorptiometry (DXA), and bioelectric impedance (BIA). A caveat
of these procedures is that they are expensive and hardly
accessible for primary healthcare system beneficiaries. Secondly,
muscle strength and physical performance tests such as handgrip
strength (HGS), standing-long jump test (SLJT), and time-up and
go test, among others, although widely known, are not used as
medical screening procedures by healthcare professionals in
routine health checks. These constraints make it challenging to
ascertain sarcopenia in the general population and, particularly, in
pediatric populations. Understanding the determinants of sarco-
penia is crucial for early detection, and for developing effective
interventions and management strategies.

PEDIATRIC SARCOPENIA: IT IS TIME FOR A PROPER DEFINITION
AND CHARACTERIZATION

It has been shown that approximately 20% of apparently healthy
adolescents have low muscle mass according to DXA-derived total
lean tissue mass relative to body mass cutoff points of 66.1% in
males and 56.3% in females.>* This suboptimal muscle mass is a
potent risk factor for metabolic syndrome, central obesity,
hypertension and dyslipidemia, independently of the nutritional
status.>*° Here, the question arises, whether this deficit should be
considered pediatric sarcopenia? First, the concept of pediatric
sarcopenia is challenging, as it involves alterations in still
developing muscles lacking mature neuromuscular control and a
stable structure. Moreover, defining sarcopenia in children and
adolescents is complicated by the absence of uniform definitions
and diagnostic criteria.

Defining pediatric sarcopenia solely based on muscle mass loss
fails to consider the impact of this deficiency on muscle strength
and functionality. Consequently, it does not align with current
diagnostic criteria for sarcopenia.! Several studies have proposed
cutoff points and references for muscle mass in chronically
diseased children and adolescents'®'3; however, these parameters
are often arbitrarily set against small samples of age-matched
healthy controls, thus limiting conclusions about the state of
muscle health in these populations. Muscle mass loss, as the main
determinant of sarcopenic-like phenotypes, has been associated
with reduced survival, prolonged hospitalization, and increased
complications in several chronic ailments affecting children and
adolescents, including cancer, chronic heart disease, liver and
kidney diseases, inflammatory bowel diseases, and neuromuscular
disorders'>'*2% (reviewed elsewhere''3?%). The interplay of
several factors contributes to muscle mass loss in these cases,
either hindering muscle gain by reducing protein synthesis or
altering the cellular microenvironment through metabolic and
inflammatory factors that promote protein degradation.

Key factors contributing to reduced muscle mass in chronically
ill pediatric populations include malnutrition, physical inactivity,
chronic inflammation, and the psychological effects of living with
chronic iliness.""'¥232%27 Moreover, the presence of chronic
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inflammation can worsen the effects of malnutrition and inactivity,
creating a vicious cycle that further contributes to muscle loss by
inducing muscle atrophy. Additionally, the alarming rise in
sedentary behavior, along with the characteristics of educational
models in schools, are interacting factors that further reduce daily
physical activity, and negatively impact muscle mass develop-
ment. While a reduction in muscle mass alone may not
significantly impact health, a decline in muscle strength and
quality of movement, regardless of mass, can reduce physical
performance, exacerbate sedentary behavior, and increase the
risks of several diseases and disability.?® This underscores the need
for better assessments of the developmental and neuromuscular
factors that may influence muscle growth and strength gain.

DEFINING PEDIATRIC SARCOPENIA USING THE MUSCLE MASS-
STRENGTH-FUNCTIONALITY TRIAD
Over the past decade, researchers have established normative
values for muscle mass and strength in healthy children from
various countries.”**~** However, none of these references have
considered the mass-strength-functionality triad, limiting the
characterization of muscle health to the assessment of each
isolated component in this population. Consequently, the extent
of deficient muscle health from an early age remains unclear.
Notably, recent studies have progressed towards the incorpora-
tion of the MSFt for the identification of sarcopenic-like
dysfunctions in diseased pediatric populations.2®*44>

Liver transplant patients face significant challenges that can
exacerbate muscle loss during recovery, including immunosup-
pressant treatment and nutritional restrictions. Ooi et al. first
investigated sarcopenia in post-transplanted children using the
triad criteria. This comparative study assessed body composition
by DXA, muscle strength (HGS, bent-knee push-up test, and the
30-s sit-to-stand test), physical performance (6-minute walk test
and the stair climb test), and dietary and physical activity factors in
children with end-stage liver failure one year after transplant, and
in age- and sex-matched control children.?® Low muscle mass was
defined by DXA-derived skeletal muscle mass (SMM) z-scores
<—1.5SD for post-transplanted children, whereas weak HGS and
poor physical performance were defined by -2 SD below the mean
values for age- and sex-matched healthy controls. Sarcopenia was
identified in 8 out of 22 post-transplanted children, including two
cases with severe sarcopenia. In the transplanted group, low
muscle strength and reduced physical performance were more
common than low muscle mass, although, the data suggested
children with high fat-free mass had higher HGS, regardless of the
diagnosis. Interestingly, no differences were found in other
physical performance tests, dietary quality, daily physical activity,
and sleep factors between groups.?®

Zembura et al. investigated sarcopenia in Polish adolescents
with obesity, the so-called sarcopenic obesity,* a condition that
exacerbates metabolic disturbances associated with obesity.** The
authors used different “sarcopenic indexes” cutoff points, includ-
ing weak HGS, <10th centile from ref. 43 and low skeletal muscle
mass percentage (SMM% <2nd or 9th centile) or low muscle-to-fat
ratio (MFR: mean - 2 SD of the middle fifth of the BMI) from ref. 3°,
The prevalence of sarcopenic obesity varied considerably based
on these references. Using weak HGS and low BIA-derived SMM%,
sarcopenia diagnosis ranged from 6.3 to 12.6%, increasing to 18%
with DXA-derived SMM% references. Notably, the authors
incorrectly assumed that the BIA-derived centile references
established by McCarthy et al. applied to DXA, even though the
latter authors did not use this method. This error invalidates the
DXA-derived SMM% references. With McCarthy's MFR cutoff
points, the prevalence of sarcopenia rose to ~98%, regardless of
whether the MFR was derived from DXA or BIA.

Based on the criteria of weak HGS and low SMM% (< 9th
centile), sarcopenia prevalence was 18% (n=17 out of 95, 10
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girls). Surprisingly, no differences were found in body composition
parameters, except for whole-body muscle mass expressed in
kilograms, between those with and without sarcopenia. Relying
solely on total SMM in kg lacks clinical relevance, as it does not
account for age and pubertal development—an important
limitation considering the number of participants around the
age at peak high velocity. It is widely recognized that growth
spurts primarily result from increases in muscle and skeletal
masses, significantly affecting muscle strength and physical
performance during adolescence. Thus, expressing muscle mass
as a percentage of body mass (SMM%), or relative to body fat
mass accounts for age, sex and body fat influences, is particularly
relevant in peri-pubertal adolescents. Unfortunately, the authors
did not standardize the analyses over these factors. Based on SMM
% and sample size provided (mean + SD [n]; overall: 26.52 + 2.6%
[95]; females: 24.6+1.55% [43]; males: 28.1+2.17% [52]), the
calculated 95% confidence interval fell below McCarthy's 9th
centile, indicating that 92 of 95 participants had sarcopenia. This
explains the lack of significant differences in SMM% between
individuals with and without sarcopenia, despite low HGS. A
similar rationale applies to the low-to-moderate correlation
between SMM% and physical performance outcomes, including
HGS, 6mWT distance, and time-up and go test.

Next, the authors used Dodds’ 10th centile as the threshold for
weak HGS. However, this value was not explicitly considered as cut-
off; weak HGS was defined as =2.5 SDs below the sex-specific peak
mean HGS.* If this criterion was applied to the data, no children
would qualify as having weak HGS. Overall, while the study aimed
to advance the understanding of pediatric sarcopenia, several
conceptual and methodological errors complicate the assessment
of muscle mass and strength deficits in children with SO.

Recently, Barbosa et al. (2024) revealed that sarcopenia is highly
prevalent in Brazilian children with chronic kidney disease (CKD).
They found that 50% of CKD patients (with or without dialysis) had
low HGS (59% of cases), poor physical performance on the 60-
second sit-to-stand test (100%) and reduced mid-upper arm
circumference (MUAG; 77%).** As all three criteria were fulfilled,
the authors argued that sarcopenia was present. However, MUAC
is an anthropometric measure used to assess nutritional status
that has not been included as a proxy for muscle mass
quantification in current sarcopenia diagnostic criteria."6*®
Furthermore, early studies indicated that MUAC underestimated
age-related changes in upper arm fat and muscle tissue, making it
unsuitable as a muscle mass proxy.* Conversely, recent studies
have found a strong positive correlation between HGS and MUAC
in pediatric populations.® Additionally, another study reported a
strong correlation (r=0.7) between appendicular SMMI and
MUAC for predicting of low muscle mass in community-dwelling
middle-aged and older Chinese adults®'. These findings suggest
that simple measures like MUAC can be clinically relevant
indicators of reduced muscle mass and/or strength in pediatric
populations.

The 60-s sit-to-stand test (60-s STS, maximal number of sit-to-
stand transitions within a minute) has been validated and is
recommended to determine physical function in adult CKD
patients®'~>3, but its use in pediatrics remains limited.?** Given
its strong correlation with other parameters and established
reliability, it may serve as a valuable alternative to more commonly
used physical performance tests like the TUG test, especially in
settings with limited space, such as inpatient facilities or in small
classrooms.

Finally, the study reported high frequency of low HGS and low
MUAC, reduced mean SMMI, and preserved fat mass in all three
CKD groups. However, no correlation was found between HGS,
physical performance established via 60-s STS, and SMMI. On the
other hand, recent studies in healthy pediatric populations have
reported high correlations between HGS and muscle mass
(r=0.92).*° We have observed similar strong associations between
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HGS, SMM, and physical performance tests in healthy children and
adolescents. These observations underscore the value of the HGS
test as a representative measure of whole-body muscle strength.
Overall, these results suggest that a loss in the mass-strength-
functional capacity relationship—Iless HGS per gram of muscle
mass—is a determining factor of sarcopenic-like phenotypes in
diseased pediatric populations.

As stated previously, the sarcopenic state in pediatric popula-
tions should be understood as a muscle mass-strength-
functionality deficiency syndrome affecting the individual at a
whole-body level. However, differences in the level of impairment
between the upper and lower body may exist despite a strong
association observed in the performance of either isometric or
functional strength tests between upper and lower limbs.>* This
suggests that factors contributing to force development, such as
motor unit recruitment, motor unit firing rate, muscle synergies,
and movement skills may be altered or poorly developed. Further
research including this, and other parameters is needed to
elucidate this possibility.

It is worth noticing that an individual’s pubertal maturation
stage, peak height velocity, and nutritional status must be
included in the analysis to fully integrate the components of the
MSFt. Together, this evidence clearly shows that, even though
well-defined cutoff points identify a deficiency in muscle mass or
strength, these thresholds alone are insufficient to effectively
characterize the multilayered complexity of muscle health. Thus,
body composition and muscle strength assessments must be
conducted in conjunction and analyzed together to define how
much an individual’s muscle health is compromised.

In summary, a sarcopenic-like phenotype in chronically ill
children reflects a disturbance in the age- and maturity-
dependent relationship between muscle mass, strength, and
functionality. Whether this defect indicates a global deficit
affecting other muscle groups remains unclear. Muscle strength
deficiency, with or without changes in muscle mass may be better
understood in the context of other contributing factors affecting
muscle strength. Further research is needed to elucidate these
relationships.

MOTOR SKILLS AND PHYSICAL LITERACY: WHAT LIES BEHIND
PEDIATRIC SARCOPENIA?
Proper development of muscle mass, strength and functionality
during childhood enables children and adolescents to efficiently
explore their environment and solve the physical demands of
daily physical activities (i.e., exercise and sports).>> These factors
are also protective against cardiometabolic, mental, musculoske-
letal, and bone health problems, and are critical components of
their overall quality of life.">**® Conversely, not achieving an
optimal level of muscle strength during development can be
considered a limiting factor for physical, cognitive, emotional, and
behavioral development, and a risk factor for chronic
disease.”>>°7¢1

Weaker muscle strength is a potent all-cause mortality risk
factor.? Adolescents at the lowest level of muscle strength have a
significantly higher risk for major causes of death in young
adulthood, such as suicide and cardiovascular diseases.®> Muscle
strength deficiencies in the context of chronic diseases will
accelerate the loss of muscle mass and predispose to physical
disability that may also hasten the progression of the underlying
pathology. Several prospective studies analyzing the trajectory of
muscle strength across life course show that weak children have
an increased risk of maintaining this level of muscle weakness in
adolescence and adulthood.®*%* Moreover, muscular weakness in
adolescence has been described as a strong predictor of disability
30 years later in life.%®

Muscle strength/power derives from the progressive acquisition
of fundamental movement skills (FMS) throughout childhood and
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sarcopenia/dynapenia and associated health risks are highlighted. Lower panel: This section visually contrasts the outcomes of an optimal

muscle development, above the Mass-strength-functionality barrier,
potential consequences of low physical activity on cardiometabolic

adolescence (i.e,, basic locomotor, object control, and stability
movements), is a prerequisite for the development of neuromus-
cular proficiency, and more demanding and mature movement
patterns associated with physical activities later in life.°® Partici-
pating in physical activities is an attribute acquired from an early
age and relates to the convergence of motivation, confidence,
physical competence, knowledge, and understanding of the
health benefits of an active lifestyle. These factors favorably
influence the responsibility to maintain physical actions and goals
throughout life.>® This multidimensional construct is defined as
“physical literacy” (PL).5”®® PL encompasses four dynamic and
interconnected domains: 1) affective (motivation and confidence),
2) physical (motor competence), 3) cognitive (knowledge and
understanding), and 4) behavioral (participation in a physically
active lifestyle)® (Fig. 1). PL is a crucial factor associated with the

SPRINGER NATURE

the so-called strength reserve, with strength deficiency, highlighting the
risk factors.

ability of children and adolescents to understand, interpret, and
apply information related to physical activity and movement,®’
and it is necessary for maintaining healthy habits, cardiorespira-
tory and muscle fitness, and adherence to daily physical activity
recommendations.>>®° Adolescents with a higher PL exhibited
greater muscle mass, strength/power and participation in muscle-
strengthening exercises compared to their peers with lower
perceived PL. In addition, the progressive acquisition of FMS such
as jumping, hopping, static balance, and overhead throwing
should be considered health-related skills due to their positive
impact on muscle strength and cardiorespiratory fitness develop-
ment, and the maintenance of an active lifestyle in
adulthood.®%7%7!

Limited exposure to movement stimuli in children from an early
age, known as “physical illiteracy”, reduces participation in
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physically demanding sports activities. These children are weaker,
more prone to adopting sedentary behaviors, and have higher risks
of cardiometabolic and musculoskeletal alterations.”>””” This
suggests that physical illiteracy can also be considered an early
driving factor of pediatric sarcopenia. Based on Seefeldt's profi-
ciency barrier hypothesis that explains that children with poor
motor experiences would experience limitations to developing
skillful and more mature movement patterns later in life,”®
Faigenbaum et al. coined the term “strength barrier” to highlight
the importance of muscle strength and resistive skills in the
acquisition of proficient physical capacities.>® This strength barrier is
considered a limiting factor for physical performance (endurance,
power, speed) throughout childhood, as this ability is critical for
neuromuscular maturation, quality of movement, and adherence to
active play, exercise, and sport.52 We believe that muscle mass and
physical functionality should be included as components of this
barrier, thus establishing the MSFt barrier to define deficient or
optimal gains in muscle health in pediatric populations

By adhering to daily moderate-to-vigorous physical activity
recommendations, particularly strengthening and resistive exer-
cises, children and adolescents can gain muscular mass, strength
and functionality above this barrier, thus building up strength
reserves that will contribute to meeting progressive physical
demands and increasing their workload tolerance. Facing adult-
hood, these strength reserves will provide a solid foundation for
engaging in a healthier, more active lifestyle, and will prevent
cardiometabolic diseases. On the other hand, deficiencies below
this mass-strength-functionality barrier threshold, dampen the
acquisition of FMS, reduce participation in physical activities, and
increase the risk of metabolic disturbances and musculoskeletal
injury, ultimately leading to muscle mass loss*>°747°#% (reviewed
by Orsso et al.”’).

CONCLUSIVE REMARKS

Sarcopenia is a complex muscle disorder that affects individuals
across their lifespan, with multifactorial influences such as age,
nutrition, and physical activity. The interplay between muscle
mass, strength, and functionality is critical to understanding not
only the onset of sarcopenia but also its progression, particularly
in pediatric populations where early deficits can have long-lasting
consequences. As evidence suggests that muscle mass loss can
occur even in healthy adolescents, it is imperative to establish
clear diagnostic criteria and effective interventions tailored to this
population. The exploration of pediatric sarcopenia, particularly
through the lens of the MSFt, reveals critical gaps in current
research and understanding. While recent studies have made
strides in applying comprehensive diagnostic criteria to conditions
such as sarcopenic obesity and sarcopenia associated with chronic
diseases, methodological inconsistencies and the lack of standar-
dized definitions hinder the accurate assessment of muscle health
in children. This perspective review underscores the necessity for
robust normative data that encompasses all triad components,
and the importance of incorporating relevant factors such as
dietary intake, daily physical activity level, physical literacy, and
neuromuscular efficacy evaluations. Recognizing pediatric sarco-
penia as a distinct pathological entity needs a comprehensive
approach that includes the assessment of fundamental motor
skills and physical literacy. The interplay between muscle strength,
movement proficiency, and overall health underscores the
importance of early intervention and consistent physical activity.
By addressing these factors, we can mitigate the risks associated
with muscle weakness and promote healthier growth trajectories
for children and adolescents, ultimately enhancing their quality of
life and reducing the long-term burden of chronic diseases.
Understanding pediatric sarcopenia is essential for developing
effective prevention and intervention strategies that foster
optimal growth and development, and enable healthcare

Pediatric Research

M. Flores-Opazo et al.

professionals to implement proactive strategies, ensuring better
health and quality of life for young people at risk. A comprehen-
sive approach combining body composition, strength assess-
ments, and motor control measures is necessary to accurately
evaluate pediatric muscle health. Finally, addressing the chal-
lenges of detection and management, particularly in primary
healthcare settings, is crucial for preventing the adverse health
outcomes associated with pediatric sarcopenia, and in this way,
achieve the desired health goal of adding health to the extra years
that current populations are living.
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