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during these stages remain incompletely elucidated. adolescent nutrition;
Methods: This cross-sectional study utilized data from the National NHANES

Health and Nutrition Examination Survey (NHANES) 2011-2014

cycles, including 3,455 children and adolescents aged 8-19 years.

Dietary protein intake was assessed through two 24-hour dietary

recalls. Appendicular lean mass index (ALMI) and combined grip

strength were measured as indicators of musculoskeletal health.

Multivariate linear regression models and smooth curve fitting

techniques were employed to analyze associations.

Results: Higher protein intake was positively associated with both

ALMI (3 =0.003, 95% Cl: 0.002, 0.004, p < 0.001) and combined grip

strength (3 =0.043, 95% Cl: 0.027, 0.058, p < 0.001) in fully adjusted

models. Notably, sex-specific effects were observed, with stronger

associations in boys, particularly in the 8-11 years age group.

Conclusions: This study reveals significant positive associations

between dietary protein intake and musculoskeletal health indica-

tors in children and adolescents, with pronounced sex-specific

effects. These findings underscore the importance of adequate

protein intake during critical developmental periods and may

inform targeted nutritional strategies for optimizing long-term

musculoskeletal health.

1. Introduction

Childhood and adolescence constitute a pivotal developmental window character-
ized by remarkable physiological plasticity, where optimal protein intake critically
shapes metabolic programming and long-term nutritional trajectories [1,2]. Dietary
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protein plays a fundamental role in this physiological equilibrium, simultaneously
stimulating muscle protein synthesis and attenuating proteolysis, thereby promoting
the maintenance and accretion of lean body mass over time [3]. The ontogeny of
lean mass follows a distinct triphasic trajectory — rapid accretion during growth,
relative stability through young- and middle-adulthood, followed by a gradual
decline in later life - with peak muscular development during the second and
third decades serving as a critical indicator of long-term musculoskeletal health
potential [4,5].

Recent years have witnessed a paradigm shift in nutritional epidemiology, with heigh-
tened focus on the musculoskeletal fitness of pediatric and adolescent populations [6,7].
This emerging emphasis is particularly significant, given the profound implications for
longitudinal health outcomes extending into adulthood. While adequate protein is
essential for growth and development, nuanced nutritional strategies are crucial; exces-
sive protein consumption can precipitate negative health consequences, including obe-
sity and metabolic dysregulation in later life [8,9]. Within this complex context, optimal
protein consumption is hypothesized to be fundamental for precise myogenesis, com-
prehensive neuromuscular development, and sustained functional capacity [10,11].

Muscle mass and strength emerge as pivotal indicators of overall musculoskeletal
health and physical performance [12,13]. An expanding corpus of evidence, encompass-
ing diverse populations and age demographics, consistently demonstrates a robust posi-
tive association between dietary protein intake and both lean mass and muscle strength
[14-16]. Although the anabolic effects of protein on muscle hypertrophy and function are
well-established in adult populations [17,18], its specific developmental impact during
childhood and adolescence remains incompletely characterized. This critical knowledge
gap is particularly significant, given the transformative potential of early nutritional
interventions to modulate lifelong health trajectories and optimize muscular develop-
ment. Our study aims to elucidate the intricate associations between dietary protein
intake and two fundamental musculoskeletal parameters: appendicular lean mass index
(ALMI) and grip strength — a reliably measured proxy for muscle function and develop-
ment [19] —within a diverse population of children and adolescents.

2. Methods
2.1. Study design and population

We leveraged data from the National Health and Nutrition Examination Survey (NHANES),
a comprehensive, cross-sectional survey of the United States population. NHANES pro-
vides publicly accessible, de-identified data, serving as a cornerstone for numerous
epidemiological investigations. All NHANES protocols were approved by the National
Center for Health Statistics’ ethics review board, with written informed consent procured
from participants’ parents or legal guardians.

Data from two consecutive NHANES cycles (2011-2014) were amalgamated, initially
encompassing 4,450 children and adolescents aged 8-19 years. Following a rigorous
exclusion process, we eliminated individuals with incomplete dietary data (n=606),
ALMI measurements (n=327), and combined grip strength assessments (n=62). The
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resulting analytical data comprised 3,455 subjects, ensuring robust statistical power for
subsequent analyses.

2.2. Exposure and outcome variables

The primary exposure variable, dietary protein intake, was quantified through two 24-
hour dietary recalls conducted by trained interviewers. The initial interview was
performed in-person at the Mobile Examination Center, with a follow-up interview
via telephone or mail within 3-10 days, enhancing data reliability. Nutrient values were
assigned using the US Department of Agriculture Food and Nutrient Database for Diet
Studies [20]. The average total protein intake from these two recalls served as our
exposure metric.

Our primary outcome variables, ALMI and combined grip strength, were selected as
key indicators of musculoskeletal health. ALMI was calculated as appendicular lean mass
[kg] divided by height squared [m?], derived from dual-energy X-ray absorptiometry
(DXA) scans. These scans, performed in the supine position using a Hologic QDR-4500A
fan-beam densitometer (Hologic, Inc., Bedford, MA), provided precise measurements of
appendicular lean mass, defined as the sum of lean tissue in the arms and legs. Height
measurements adhered to standardized protocols in the Mobile Examination Center.

Grip strength was evaluated using a Takei Digital gripper force gauge (model T.K.
K.5401). This instrument measured the maximum force exerted by hands in kilograms. The
assessment protocol was rigorously standardized: the dynamometer was adjusted to
participants’ hand size, participants were instructed to exert maximum force, and the
test was repeated thrice for each hand with a 60-second inter-trial rest period.
Measurements were deemed valid when participants maintained proper posture and
a 90° angle with the index finger on the dynamometer handle. Our analysis utilized the
combined hands’ grip strength, representing the sum of the largest reading from each
hand, thus providing a comprehensive measure of upper body strength.

2.3. Confounding variables

Drawing from extant literature, we identified and collected data on key potential con-
founders: age (stratified into 8-11, 12-15, and 16-19 years), sex, race/ethnicity (categor-
ized as non-Hispanic White, non-Hispanic Black, Mexican American, and other race/
ethnicity), ratio of family income to poverty, body mass index (BMI), and vitamin D and
calcium intakes. This comprehensive set of confounders allowed for robust adjustment in
our statistical models.

The ratio of family income to poverty, a socioeconomic indicator computed by the
National Center for Health Statistics, ranges from 0 to 5 and is based on thresholds
established by the US Census Bureau. BMI, calculated as body weight (kg) divided by
the square of height (m?), served as a measure of body composition. Vitamin D and
calcium intakes, crucial for musculoskeletal health, were derived from the average of two
individual 24-hour dietary recall interviews, ensuring alignment with our protein intake
assessment methodology.
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2.4. Statistical analyses

Our statistical approach was structured into three interconnected steps, designed to
provide a comprehensive analysis of the relationships between dietary protein intake
and musculoskeletal health indicators:

(1) Baseline characterization: We stratified the subjects by dietary protein intake
quartiles and presented the distribution of baseline characteristics. Continuous
variables were expressed as mean + standard deviation, while categorical variables
were presented as percentages. Inter-group differences were assessed using x*
tests for categorical variables, one-way ANOVA for normally distributed continuous
variables, and Kruskal-Wallis H tests for skewed distributions, ensuring appropriate
statistical treatment of each variable type.

(2) Multivariate analysis: We employed a series of multivariate linear regression models
to evaluate associations between dietary protein intake and both ALMI and grip
strength. Adhering to the STROBE statement recommendations [21]: we con-
structed three models: Model 1 (unadjusted), Model 2 (adjusted for age, sex, and
race), and Model 3 (fully adjusted for all screened covariates). This stepwise
approach allowed us to assess the impact of confounding factors on the observed
associations. Additionally, we conducted subgroup analyses using stratified linear
regression models to explore potential effect modifications. Interaction terms
between subgroup indicators were tested, followed by likelihood ratio tests, to
rigorously assess the significance of any observed effect modifications.

(3) Non-linear relationship exploration: Recognizing the potential for complex rela-
tionships, we employed smooth curve fitting techniques and generalized additive
models to explore and confirm potential non-linear associations between dietary
protein intake and both ALMI and grip strength. This approach allowed for the
detection of nuanced relationships that might not be captured by linear models
alone.

All statistical analyses were conducted using R software (version 3.4.3) and EmpowerStats
(X&Y Solutions, Inc., Boston, MA). Two-sided p values less than 0.05 were considered
statistically significant.

3. Results

The characteristics of study population based on dietary protein intake quartiles are
presented in Table 1. Higher protein consumption correlated with increased age and
male predominance, with 71.9% boys in the highest quartile compared to 34.0% in the
lowest. Vitamin D and calcium intake showed positive associations with protein consump-
tion. Notably, ALMI and combined grip strength increased across protein intake quartiles.
Socioeconomic factors, including race/ethnicity and family income to poverty ratio,
differed across quartiles.

Multivariate regression analyses elucidated significant positive associations between
protein intake and both ALMI and combined grip strength (Table 2). In the fully adjusted
model, accounting for potential confounders, protein intake demonstrated a robust
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Table 1. Characteristics of study population based on dietary protein intake quartiles.
Q1 Q2 Q3 Q4

Protein intake (g/d) (<52.845) (52.865-68.265) (68.27-87.605) (>87.62) P value
Age (years) 13.1+33 125+34 13.0+34 141+34 <.001
Sex (%) <.001
Boy 34.0 443 53.6 71.9

Girl 66.0 55.7 46.4 28.1
Race/Ethnicity (%) <.001
Non-Hispanic White 229 27.6 26.4 244

Non-Hispanic Black 321 28.2 25.6 234

Mexican American 17.8 221 21.6 24.0

Other race/ethnicity 27.2 22.1 26.4 28.2

Moderate activities (%) <.001
Yes 315 258 296 36.0

No 328 27.0 28.5 35.2

Unrecorded 358 47.2 419 28.8

Ratio of family income to poverty 19+1.5 20+1.6 2016 21+16 .022
Body mass index (kg/mz) 22.7+63 222+65 222+59 226+56 .190
Vitamin D intake (ug/d) 53+£179 6.6 6.1 8075 10.2+10.4 <.001
Calcium intake (mg/d) 635.0+280.6 911.1+3040 10953+378.1 1443.2+601.1 <.001
Appendicular lean mass index (kg/m?) 64+16 64+17 6515 71+£17 <.001
Combined grip strength (kg) 50.0+18.3 48.6 £ 20.1 51.0+19.8 61.2+£23.9 <.001

Table 2. Association of protein intake (g/d) with appendicular lean mass index (kg/m?) and combined
grip strength (kg).

Model 1 Model 2 Model 3

B (95% CI) B (95% CI) B (95% Cl)
ALMI 0.009 (0.007, 0.011)*** 0.002 (0.000, 0.003)* 0.003 (0.002, 0.004)***
Protein intak Q4
Q1 Reference Reference Reference
Q2 0.016 (—0.136, 0.169) 0.108 (—0.009, 0.225) 0.104
Q3 0.133 (-0.019, 0.285) 0.043 (—0.075, 0.160) 0.077 (0.010, 0.145)
Q4 0.645 (0.493, 0.797) 0.114 (-0.008, 0.235) 0.182 (0.103, 0.260)
P for trend <0.001 0.160 <0.001

Combined grip strength
Protein intak Q4

0.164 (0.143, 0.186)***

0.044 (0.031, 0.057)***

0.043 (0.027, 0.058)***

Q1 Reference Reference Reference

Q2 —1.404 (-3.349, 0.540) 0.289 (—0.861, 1.439) 0.070 (—1.034, 1.175)
Q3 0.995 (—0.949, 2.939) —0.445 (-1.601, 0.711) —0.845 (—2.004, 0.314)
Q4 11.214 (9.270, 13.158) 2.475 (1.278, 3.672) 1.603 (0.261, 2.945)
P for trend <0.001 <0.001 0.128

Model 1: no covariates were adjusted.

Model 2: age, sex and race were adjusted.

Model 3: age, sex, race, ratio of family income to poverty, moderate activities, body mass index, vitamin D intake and
calcium intake were adjusted.

*p < 0.05, **p < 0.01, ***p < 0.001.

positive correlation with ALMI (B = 0.003, 95% Cl: 0.002, 0.004, p < 0.001) and combined
grip strength (B = 0.043, 95% Cl: 0.027, 0.058, p < 0.001). Quartile analysis revealed a dose-
response relationship for ALMI, with the highest protein intake quartile (Q4) exhibiting the
strongest association compared to the lowest quartile (Q1). For combined grip strength,
Q4 similarly showed a significant positive association. These positive and trend non-linear
relationships were confirmed by Figures 1-2.

Stratified analyses by age, sex, and race/ethnicity unveiled notable sex-specific effects.
The positive correlations between dietary protein intake and ALMI were particularly
pronounced in boys, especially in the 8-11 years age group (=0.004, 95% Cl: 0.002,
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Figure 1. The association between dietary protein intake and appendicular lean mass index. (a) Each
black point represents a sample. (b) Solid red line represents the smooth curve fit between variables.
Blue bands represent the 95% of confidence interval from the fit. Age, sex, race, ratio of family income
to poverty, moderate activities, body mass index, vitamin D intake and calcium intake were adjusted.
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Figure 2. The association between dietary protein intake and combined grip strength. (a) Each black
point represents a sample. (b) Solid red line represents the smooth curve fit between variables. Blue
bands represent the 95% of confidence interval from the fit. Age, sex, race, ratio of family income to
poverty, moderate activities, body mass index, vitamin D intake and calcium intake were adjusted.

0.006, p < 0.001), but were not statistically significant in girls (Figure 3a). A similar pattern
was observed for grip strength, with significant positive correlations in boys, particularly
in the 8-11 years age group ( =0.004, 95% Cl: 0.002, 0.006, p < 0.001), but not in girls
(Figure 3b).

Generalized additive models and smooth curve fittings (Figures 4-5) further sub-
stantiated these associations between dietary protein intake and both ALMI and grip
strength. These models, stratified by age, sex, and race/ethnicity, revealed significant
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(a)
Appendicular lean mass index No.of participants R (95% CI) P for interaction
Age,sex 0.094
8-11y boy 661 - 0.004 (0.002, 0.006)
8-11y girl 645 [ ] 0.001 (—0.001, 0.004)
12-15y boy 569 - 0.002 (0.000, 0.004)
12-15y girl 537 H- 0.001 (-0.002, 0.003)
16-19y boy 530 - 0.002 (0.001, 0.004)
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Race/Ethnicity 0.146
Non-Hispanic White 875 | 0.004 (0.002, 0.005)
Non-Hispanic Black 943 | 0.003 (0.002, 0.005)
Mexican American 739 Ha 0.001 (-0.002, 0.003)
Other race/ethnicity 898 | 0.004 (0.002, 0.005)
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Combined grip strength No.of participants B (95% CI) P for interaction
Age,sex 0.124
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16-19y boy 530 —— 0.034 (0.010, 0.057)
16-19y girl 513 —- 0.003 (~0.043, 0.049)
Race/Ethnicity 0.882
Non-Hispanic White 875 —a— 0.043 (0.017, 0.070)
Non-Hispanic Black 943 —.— 0.041 (0.008, 0.075)
Mexican American 739 —.— 0.030 (-0.008, 0.068)
Other race/ethnicity 898 —— 0.049 (0.023, 0.075)
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Figure 3. Subgroup analysis of the associations between dietary protein intake, appendicular lean
mass index and combined grip strength. Age, sex, race, ratio of family income to poverty, moderate
activities, body mass index, vitamin D intake and calcium intake were adjusted. In the subgroup
analysis, the model is not adjusted for the stratification variable itself.

non-linear associations for both ALMI and grip strength, with varying patterns across
subgroups.

4. Discussion

Our study unveils compelling associations between dietary protein intake and both ALMI
and combined grip strength in children and adolescents, with notable sex-specific effects.
These findings significantly advance our understanding of the critical role of protein
intake during key developmental stages.
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Figure 4. The association between dietary protein intake and appendicular lean mass inde, stratified
by age/sex, and race. Age, sex, race, ratio of family income to poverty, moderate activities, body mass
index, vitamin D intake and calcium intake were adjusted. In the subgroup analysis, the model is not
adjusted for the stratification variable itself.
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Figure 5. The association between dietary protein intake and combined grip strength, stratified by
age/sex, and race. Age, sex, race, ratio of family income to poverty, moderate activities, body mass
index, vitamin D intake and calcium intake were adjusted. In the subgroup analysis, the model is not
adjusted for the stratification variable itself.

The relationship between dietary protein consumption and lean mass accrual in young
individuals represents a complex and increasingly critical domain of nutritional science.
Prospective studies have systematically demonstrated that elevated protein intake may
substantially enhance skeletal muscle mass acquisition during adolescence [22], with
longitudinal evidence establishing compelling links between higher total and morning
protein consumption and increased skeletal muscle mass in late adolescence [23]. The
physiological impact of protein intake on lean mass development is inherently nuanced,
modulated by multifaceted factors including consumption timing [24,25], individual
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nutritional status [26], and obesity [27]. Current dietary recommendations for children and
adolescents aged 8-19 years prescribe a protein intake of 0.75-1.05 g/kg body weight
daily [28], yet comprehensive surveillance in Western developmental contexts conclu-
sively reveals that actual protein consumption consistently exceeds these standardized
recommendations by two- to three-fold [29]. Our findings revealed significant positive
associations between dietary protein intake and musculoskeletal health indicators, with
particularly pronounced effects observed in boys aged 8-11 years, which suggests that
the existing recommendations may not fully account for the specific needs of different
demographic groups. These results illuminate the critical need for more sophisticated,
demographically stratified dietary guidelines that account for sex-specific and age-
dependent variations in protein metabolism. By emphasizing the pivotal role of adequate
protein intake during critical developmental periods, our study underscores the impera-
tive for future nutritional strategies to incorporate more granular, quantitative assess-
ments of protein intake’s physiological impacts, potentially revolutionizing our
understanding of adolescent nutritional requirements.

Muscle weakness, rather than reduced muscle mass, has emerged as a more critical
predictor of adverse outcomes in sarcopenia [30]. Recent large-scale studies, including
one from the UK Biobank, have reported positive associations between protein intake and
grip strength [31]. This finding is echoed in a Malaysian study demonstrating significant
correlations between dietary protein intake and handgrip strength among adolescents
[32], and further supported by research linking higher protein consumption with greater
appendicular lean mass and handgrip strength in middle-aged adults [33]. However, the
relationship between protein intake and grip strength exhibits variability across popula-
tions and age groups. While older adults showed a protective effect against grip strength
loss with higher protein intake [34], this trend was not observed in younger individuals
[35], suggesting an age-dependent effect.

It is important to recognize that excessive protein consumption in children and
adolescents can lead to adverse effects, including an increased risk of obesity and
metabolic diseases [36, 37], highlighting the necessity for balanced dietary approaches.
Children have unique nutritional requirements relative to growth, necessitating adequate
intake of energy and essential amino acids for optimal lean body mass deposition and
normal development [38].

Our results underscore the importance of adequate protein intake for muscle mass and
strength development in children and adolescents, with pronounced effects in boys. This
aligns with a recent prospective cohort study demonstrating a significant positive long-
itudinal relationship between protein intake and muscle strength in males, but not in
females [35]. These sex-specific differences may be influenced by various factors, includ-
ing endocrine responses [39], body composition [40], and physical activity levels [41]. In
both human and animal models, sex differences have been observed in hormonal and
metabolic responses to dietary protein modulation. For instance, in mice, dietary protein
dilution led to increased circulating fibroblast growth factor-21 (FGF21) in males but not
females, indicating a sex-dependent response to dietary protein alterations [42]. This
study also revealed that metabolic benefits associated with dietary protein dilution
were absent in females, suggesting reduced sensitivity to these metabolic improvements.
On the other hand, race/ethnicity and socioeconomic status represent critical determi-
nants of dietary intake at cultural and social levels [43], with our study revealing significant
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disparities in protein consumption across racial/ethnic groups and family income levels.
These nuanced findings elucidate the complex interplay between social stratification and
nutritional patterns, thereby necessitating more precisely targeted and demographically
informed nutritional interventions.

Our study leverages data from NHANES, a robust dataset that enhances the general-
izability of our findings. Our focus on sex-specific effects and age-related variations provides
valuable insights into the potentially differential impacts of protein intake across demo-
graphic subgroups. This stratified approach enhances the clinical relevance of our findings
and may inform tailored nutritional strategies for specific populations. Despite the robust
nature of our findings, several limitations warrant consideration. First, the cross-sectional
design precludes the establishment of causal relationships between dietary protein intake
and musculoskeletal parameters. Second, the reliance on 24-hour dietary recalls for protein
intake estimation introduces potential recall bias and may not accurately reflect long-term
dietary patterns. Although we employed the average of two nonconsecutive 24-hour recalls
to mitigate day-to-day variability, this approach may still inadequately capture habitual
protein consumption. Third, while our analyses adjusted for a wide range of covariates,
residual confounding cannot be ruled out. Factors such as pubertal status and genetic
predisposition to muscle development were not fully accounted for in our models. Fourth,
while ALMI and grip strength are widely accepted measures of muscle mass and function,
respectively, they do not capture the full spectrum of musculoskeletal health. Future studies
should consider assessing different musculoskeletal components (strength, power, endur-
ance) in various body regions (upper limbs, lower limbs, trunk) in children and adolescents.

5. Conclusion

Our findings elucidate a robust, positive association between dietary protein intake and
musculoskeletal health indicators in children and adolescents, characterized by notable
sex-specific effects. These results may contribute to the growing body of evidence linking
early nutritional interventions to long-term health trajectories. Our findings have potential
implications for developing targeted strategies aimed at preventing sarcopenia and
related musculoskeletal conditions in later life, underscoring the importance of optimal
protein intake during critical developmental periods.
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