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ABSTRACT

OF THE THESIS OF

Nour Al Sabah Ossaily for Master of Science
Major: Nutrition

Title: Associations Between Fat-Free Mass, Fat Mass, Basal Metabolic Rate, and
Energy Intake in Lebanese Adolescents

Background: Adolescence is a critical period of growth marked by substantial changes
in body composition and energy requirements. Although energy intake is essential for
supporting growth and development, the biological determinants regulating energy
intake during adolescence remain incompletely understood. Emerging evidence
suggests that fat-free mass, through its influence on basal metabolic rate, may play a
central role in driving energy intake, challenging traditional fat-centric models of
appetite regulation. However, data in adolescent populations, particularly from Middle
Eastern contexts, are limited.

Objectives: This study aimed to examine the associations between body composition,
basal metabolic rate, and energy intake in Lebanese adolescents.

Methods: This cross-sectional study included 150 Lebanese adolescents aged 15,18
years recruited as part of the Nutrition and Health in Arab Adolescents (NaHAR)
project. Body composition was assessed using the deuterium dilution technique as the
reference method, while basal metabolic rate was estimated by bioelectrical impedance
analysis. Energy intake was assessed using a 24-hour dietary recall. Due to non-normal
data distributions, results were summarized using medians and interquartile ranges.
Associations were examined using Spearman correlation analyses, and mediation
analysis was performed to assess the indirect role of basal metabolic rate in linking fat-
free mass and energy intake.

Results: Energy intake was positively correlated with fat-free mass and basal metabolic
rate, whereas adiposity-related measures, including fat mass index and percentage body
fat, showed inverse or weak associations with energy intake. Mediation analysis
demonstrated that basal metabolic rate significantly mediated the relationship between
fat-free mass and energy intake, while fat mass did not exert a meaningful indirect
effect. Sex-stratified analyses revealed similar patterns of association in males and
females.

Conclusion: These findings support a metabolic demand—driven model of energy intake
regulation during adolescence, whereby fat-free mass influences energy intake primarily
through its effect on basal metabolic rate. This study contributes novel evidence from a
Middle Eastern adolescent population and underscores the importance of considering
lean tissue mass, rather than adiposity alone, in understanding appetite regulation and
energy balance during adolescence.



Keywords: Adolescents; Energy intake; Fat-free mass; Basal metabolic rate; Body
composition; Appetite regulation.
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CHAPTER 1

INTRODUCTION

Adolescence is a critical developmental period characterized by rapid physical
growth, sexual maturation, and profound metabolic and psychosocial changes, all of
which substantially influence nutritional requirements and eating behavior (Larsen &
Luna, 2018; Daly et al., 2021). During this stage, energy demands increase to support
somatic growth, dynamic changes in body composition, and neuroendocrine
development (WHO, 2014; Daly et al., 2021). At the same time, adolescence represents
a vulnerable period for the emergence of unhealthy dietary behaviors and excess weight
gain, with potential long-term consequences for metabolic health (Sawyer et al., 2012).
Despite the central role of energy intake in supporting healthy growth and development,
the biological determinants regulating energy intake during adolescence remain
incompletely understood, particularly in relation to the rapid changes in body
composition that characterize this life stage (Daly et al., 2021).

Historically, research on appetite regulation and energy balance has focused
primarily on fat mass as the principal driver of energy intake through inhibitory
feedback mechanisms mediated by adiposity-related hormones such as leptin and
insulin (Blundell et al., 2012; Stubbs et al., 2018). For decades, appetite was
conceptualized largely as a response to energy deficits or surpluses, with limited
consideration given to the metabolic demands of lean tissue (Blundell et al., 2012).
However, accumulating evidence has challenged this fat-centric model by
demonstrating that fat-free mass is a major determinant of resting metabolic rate, which

accounts for the largest proportion of total daily energy expenditure (Miiller et al., 2011;



Overview of Body Composition and Measuring Adiposity, 2020). Recent studies
consistently report positive associations between fat-free mass, resting metabolic rate,
and habitual energy intake, suggesting that energy intake may be influenced not only by
energy stores but also by the energetic cost of maintaining metabolically active tissue
(Hopkins et al., 2016; Hopkins et al., 2023).

Building on this paradigm shift, contemporary models of appetite control
propose that resting metabolic rate acts as a tonic biological signal linking fat-free mass
to energy intake (Blundell et al., 2015; Hopkins et al., 2016). According to this
framework, individuals with greater fat-free mass exhibit higher resting metabolic
demands, which may stimulate increased energy intake to meet ongoing physiological
requirements (Hopkins et al., 2023). While fat-free mass appears to exert a positive
drive on energy intake, fat mass may simultaneously exert inhibitory effects; however,
these effects are inconsistent and may be attenuated with increasing adiposity due to
leptin and insulin resistance (Stubbs et al., 2018). Consequently, the relationship
between body composition and energy intake is complex and influenced by multiple
interacting factors, including sex, age, degree of adiposity, and energy balance status
(Hopkins et al., 2019). Importantly, although adult populations have been studied
extensively, the applicability of these mechanisms during adolescence remains
comparatively underexplored.

Adolescence represents a unique physiological context in which rapid accrual of
fat-free mass, particularly skeletal muscle, coincides with changes in basal metabolic
rate and total energy expenditure (Wells et al., 2020). Although emerging evidence
suggests that the association between fat-free mass, resting metabolic rate, and energy

intake is also present in adolescents, the underlying mechanisms remain poorly
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characterized (Hopkins et al., 2019; Thivel et al., 2025). Moreover, most existing
studies have been conducted in Western populations and have frequently focused on
children or adults with obesity, thereby limiting the generalizability of findings to
adolescents from diverse cultural and nutritional backgrounds (Thivel et al., 2025). This
limitation is particularly relevant given that dietary habits, physical activity patterns,
and social environments can substantially modify energy intake regulation during
adolescence (Sawyer et al., 2012).

Notably, there is a marked lack of research examining the associations between
fat-free mass, fat mass, basal metabolic rate, and energy intake in Lebanese adolescents.
Most available evidence originates from Western populations, limiting its applicability
to Middle Eastern contexts characterized by distinct dietary patterns, lifestyle behaviors,
and sociocultural influences. The absence of population-specific data constrains the
development of evidence-based nutritional strategies tailored to Lebanese youth.
Therefore, investigating the relationships between body composition, basal metabolic
rate, and energy intake in Lebanese adolescents is essential to advance understanding of
appetite regulation during adolescence and to inform culturally relevant interventions

aimed at promoting optimal growth and long-term metabolic health.
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CHAPTER 2

BACKGROUND

2.1. Body Composition and Energy Intake

The relationship between body composition and energy intake (EI) has been
extensively investigated over recent decades, with accumulating evidence challenging
traditional adiposity-centered models of appetite regulation. Early work by Blundell et
al. (2012) demonstrated that EI was positively associated with lean mass, but not with
fat mass (FM) or body mass index (BMI), in individuals with overweight and obesity
studied under tightly controlled conditions. These findings were further supported by
residential studies in which participants freely selected foods from automated vending
machines, showing that fat-free mass (FFM) was a stronger predictor of EI than FM,
which exhibited weaker or inverse associations (Weise et al., 2014).

Subsequent investigations conducted across laboratory-based experiments,
inpatient settings, and free-living conditions have consistently reported positive
associations between FFM and EI (Lissner et al., 1989; Caudwell et al., 2013; Hopkins
et al., 2016; Hopkins et al., 2019). Importantly, this relationship has been observed
across the life course, including in newborns (Wells et al., 2021), adolescents (Cameron
et al., 2016; Vainik et al., 2016), adults, and older populations (Hopkins et al., 2022), as
well as across diverse ethnic groups (Weise et al., 2014; Bi et al., 2019). Collectively,
these findings suggest that EI more closely reflects the energetic demands of lean tissue
than the quantity of stored adipose tissue.

Notably, Lissner et al. (1989) proposed more than three decades ago that lean

mass, rather than fat mass, is the primary determinant of EI, arguing that an exclusive
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focus on adiposity may be misplaced. Despite this early recognition, the implications of
this concept for appetite regulation have only been more fully integrated into

contemporary theoretical models in recent years.

2.2. Fat-Free Mass and Resting Metabolic Rate

Because fat-free mass is the primary determinant of resting metabolic rate
(RMR) (Johnstone et al., 2006), a key question in the literature is whether the
association between FFM and EI is mediated by the energetic cost of maintaining
metabolically active tissue or by specific molecular signals originating from lean tissue.
Several cross-sectional studies have demonstrated that the relationship between FFM
and EI is largely mediated by energy expenditure. Piaggi et al. (2015) reported that total
daily energy expenditure accounted for approximately 80% of the observed effect of
FFM on EI, while Hopkins et al. (2016, 2019) showed that RMR statistically mediated
this association.

Although these findings reflect statistical mediation rather than direct biological
mechanisms, they support the hypothesis that the energetic demands of lean tissue
constitute a major physiological driver of appetite. In addition, skeletal muscle functions
as an endocrine organ, secreting myokines that may influence appetite-regulating
hormones or central neural pathways involved in hunger regulation (Grannell et al.,
2019). However, the specific role of these molecular signals in linking FFM to EI
remains incompletely understood.

Fat-free mass is a heterogeneous compartment composed of multiple organs
with markedly different mass-specific metabolic rates, including skeletal muscle, liver,

brain, heart, and kidneys (Gallagher et al., 1998; Javed et al., 2010). Few studies have
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examined appetite regulation at the tissue-organ level. Using whole-body magnetic
resonance imaging, Casanova et al. (2022) demonstrated that fasting hunger was more
strongly associated with high—metabolic rate organs than with total FFM alone. Skeletal
muscle and liver mass, which contribute substantially to RMR, were particularly
associated with hunger ratings. These findings suggest that the influence of FFM on EI

may reflect the combined metabolic demands of its constituent tissues.

2.3. The Role of Fat Mass in Appetite Regulation

While growing evidence highlights the importance of FFM and RMR in driving
EI, fat mass remains an important component of appetite regulation through inhibitory
feedback mechanisms mediated by leptin, insulin, and other adipokines. However,
associations between FM and EI are considerably less consistent than those observed
for FFM. Previous studies have reported positive, negative, or null associations between
FM and EI depending on population characteristics and levels of adiposity (Lissner et
al., 1989; Blundell et al., 2012; Hopkins et al., 2016; Wells et al., 2021).

In lean individuals, FM appears to exert a stronger inhibitory influence on EI,
whereas this effect becomes attenuated with increasing adiposity (Cugini et al., 1998;
Casanova et al., 2021). This attenuation is commonly attributed to the development of
leptin and insulin resistance, which reduces central sensitivity to adiposity-related
satiety signals (Badman & Flier, 2005; Lean & Malkova, 2016). Consequently, the
relationship between FM and El is likely nonlinear and dependent on the degree of
adiposity.

Behavioral and psychological factors further modulate this relationship. Path

analyses incorporating measures of eating behavior have demonstrated that cognitive
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restraint may exert an independent inhibitory effect on EI, alongside weaker indirect
effects of FM mediated through energy expenditure (Hopkins et al., 2019). Together,
these findings suggest that appetite regulation reflects a balance between the tonic drive
generated by FFM and RMR and the inhibitory feedback arising from FM, shaped by

behavioral, hormonal, and environmental influences.

2.4. Integrated Models and Implications for Obesity

Contemporary models of appetite regulation integrate tonic physiological drivers
of El—primarily FFM and its contribution to RMR—with inhibitory signals derived
from FM, alongside episodic gastrointestinal and hormonal feedback (Blundell et al.,
2015). These models emphasize that appetite emerges from the interaction of multiple
long-term and short-term signals rather than from any single physiological factor.
Within this framework, progressive increases in body weight may be partially explained
by concurrent increases in FFM, which elevate metabolic demand and drive EI, and
increases in FM, which may fail to provide adequate inhibitory feedback due to leptin
and insulin resistance. This imbalance has been proposed as a mechanism contributing
to the development and maintenance of obesity (Speakman et al., 2002). Figure 1
illustrates this integrated model of appetite regulation, highlighting how tonic
physiological drivers, inhibitory adiposity-related signals, and episodic gastrointestinal
feedback interact with central neural circuitry, physical activity, and environmental
factors to shape eating behavior over time. This conceptual framework provides the
theoretical basis for examining the role of body composition and metabolic demand in

the regulation of energy intake during adolescence.
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Figure 1. Theoretical Model of Appetite Regulation Illustrating Tonic and Episodic
Physiological Processes Through Which Body Composition Influences Energy Intake

Fat-free mass contributes to a positive drive to eat via energy expenditure, whereas fat
mass provides inhibitory feedback through adipokines. Episodic gastrointestinal and
hormonal signals interact with central neural circuitry, physical activity, and
environmental factors to shape eating behavior over time. Adapted from Blundell et al.
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CHAPTER 3

METHODOLOGY

3.1. Study Design and Participants

This cross-sectional study was conducted in Lebanon as part of the Nutrition and
Health in Arab Adolescents (NaHAR) project, funded by the International Atomic
Energy Agency (IAEA). The primary aim of the NaHAR project was to determine
optimal cut-off values for body fat percentage, BMI z-score, and waist circumference
(WC) in predicting metabolic syndrome among Lebanese adolescents aged 15—18 years
(Nasreddine et al., 2024)(El Khoury et al., 2021). The present study represents a
secondary analysis of data collected within the NaHAR project, focusing specifically on
the associations between body composition, basal metabolic rate (BMR), and energy
intake.

Ethical approval was obtained from the Institutional Review Board of the
American University of Beirut (AUB). Written informed consent was obtained from
participants aged 18 years, while parental consent and adolescent assent were obtained
for participants younger than 18 years.

A total of 150 Lebanese adolescents were recruited using purposive sampling to
ensure representation across normal weight, overweight, and obese categories. Inclusion
criteria were Lebanese nationality, age between 15 and 18 years, good general health,
and pubertal development at Tanner stages IV or V. Exclusion criteria included
underweight status (BMI z-score < —2), presence of metabolic disorders, use of
medications known to affect body composition or cardio metabolic outcomes, and pre-

pubertal or early pubertal status (World Health Organization, 2007). Pubertal status and
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eligibility were assessed using a standardized screening form developed as part of the

Nutrition and Health in Arab Adolescents (NaHAR) study (Figure 5).

3.2. Anthropometric Measurements

Anthropometric measurements were performed according to standardized
procedures. Body weight was measured to the nearest 0.1 kg using a digital scale (Seca
869) with participants wearing light clothing. Height was measured without shoes using
a Seca 213 stadiometer to the nearest 0.5 cm. Body mass index (BMI) was calculated as
weight (kg) divided by height squared (m?), and BMI z-scores were derived using WHO
AnthroPlus software (de Onis et al., 2007).

Waist circumference (WC) was measured to the nearest 0.5 cm using a non-
stretchable measuring tape (Seca 201). The measurement was taken at the midpoint
between the lowest rib and the top of the iliac crest, with participants standing upright
and following normal expiration. Two measurements were obtained, and the average of
both values was used for analysis.

Mid-upper arm circumference (MUAC) was measured using a non-stretchable
measuring tape to the nearest 0.1 cm. The midpoint between the acromion process of
the shoulder and the olecranon process of the elbow was identified, and the
circumference was measured with the arm relaxed and hanging freely at the side of the
body.

Calf circumference was assessed to the nearest 0.1 cm using a non-stretchable
measuring tape, with participants in a standing position. The tape was placed around the
largest circumference of the calf without compressing the subcutaneous tissue. Two

measurements were taken, and the average value was recorded.
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Waist-to-height ratio (WHtR) was calculated by dividing waist circumference

(cm) by height (cm).

3.3. Body Composition Assessment

Body composition was assessed using two complementary methods. The
deuterium dilution technique (DDL) was employed as the reference method.
Participants ingested 0.1 g D20/kg body weight after a 10% dilution in water, and
saliva samples were collected before dosing and three hours post-dose (Nasreddine et
al., 2024). Total body water (TBW) was determined using Fourier Transform Infrared
(FTIR) Spectrometry (portable Agilent FTIR 4500s, Agilent, Santa Clara, United
States). Fat-free mass (FFM), fat mass (FM), and percentage body fat (%BF) were
subsequently derived using age- and sex-specific hydration coefficients (Racette et al
1994). Fat mass index (FMI) and fat-free mass index (FFMI) were calculated as FM or
FFM divided by height squared. Detailed documentation of dosing, sample collection,
and laboratory measurements for the deuterium dilution technique was recorded using
standardized data collection forms (Figure 6).

Bioelectrical impedance analysis (BIA) was performed using the BIA 101
device (Akern, Via Lisbona, Italy) in accordance with standardized procedures and
manufacturer guidelines. Measurements were conducted under controlled conditions,
including overnight fasting, avoidance of exercise for at least 12 hours, and bladder
voiding prior to testing. Participants were positioned supine on a non-conductive
surface, with standardized limb positioning. Electrodes were placed on the right side of
the body at the wrist and ankle using a tetrapolar configuration. Resistance (R),

reactance (Xc), and phase angle (PA) were recorded in duplicate, and mean values were
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used for analysis. BIA-derived estimates of TBW, FFM, and FM were obtained using
the device’s proprietary software.

Basal metabolic rate (BMR) was estimated by the bioelectrical impedance
device using proprietary prediction equations based on impedance measures and

participant characteristics, and values were recorded directly from the device output.

3.4. Energy Intake and Questionnaires

Dietary intake was assessed using a single 24-hour dietary recall administered to
each participant. Adolescents were asked to report all foods and beverages consumed
during the previous day, including portion sizes and preparation methods. The 24-hour
dietary recall was administered using a standardized data collection form (Figure 7).
Total daily energy intake (kcal/day) was calculated using Nutripro software.
Macronutrient intake (carbohydrates, proteins, and fats) was estimated and used for
descriptive purposes. Energy intake was examined in relation to body composition
measures, including fat-free mass, fat mass, and basal metabolic rate.

Participants also completed a questionnaire assessing demographic
characteristics, socioeconomic status (crowding index), dietary behaviors, physical
activity, and smoking habits, based on the Global School-based Student Health Survey

(GSHS) (Centers for Disease Control and Prevention, 2014).

3.5. Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics (version 25).

Data normality was assessed using visual inspection of histograms and the Shapiro—
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Wilk test. As most continuous variables were not normally distributed, non-parametric
statistical methods were applied.

Continuous variables are presented as median and interquartile range (IQR),
while categorical variables are presented as frequencies and percentages. Sex
differences in continuous variables were assessed using the Mann—Whitney U test.
Associations between energy intake, anthropometric measures, body composition
variables, and metabolic parameters were examined using Spearman’s rank correlation
coefficient (p). Correlation strength was interpreted as negligible (p < 0.30), low (0.30 <
p <0.50), moderate (0.50 < p < 0.70), or strong (p > 0.70).

Scatterplots were generated to visually examine relationships between energy
intake and key body composition variables, including fat-free mass, fat mass, and basal
metabolic rate. Correlation matrices were visualized as a heat map using Python, based
on Spearman correlation coefficients derived from SPSS.

To examine whether basal metabolic rate mediates the association between body
composition and energy intake, a mediation analysis was conducted using a regression-
based approach. Fat-free mass and fat mass were specified as independent variables,
basal metabolic rate as the mediator, and energy intake as the dependent variable. The
model was adjusted for age and sex. Standardized regression coefficients (f) were
reported for direct effects. Indirect effects were estimated using bootstrap resampling
(5,000 samples), with bias-corrected 95% confidence intervals used to assess statistical
significance.

Sex-stratified correlation and scatterplot analyses were conducted as sensitivity
analyses and are presented in the Supplementary Material. All statistical tests were two-

sided, and a p-value < 0.05 was considered statistically significant.
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CHAPTER 4

RESULTS

4.1. Sample Characteristics

A total of 150 Lebanese adolescents aged 15—18 years were included in the
analysis. As most study variables were not normally distributed, continuous data are
presented as median and interquartile range (25th—75th percentile). Overall sample
characteristics are summarized in Table 1, while sex-stratified characteristics are
presented in Table 2.

Males exhibited higher fat-free mass, body cell mass, basal metabolic rate, and
total daily energy intake compared with females, whereas females had higher fat mass
and percentage body fat. Macronutrient distribution, expressed as percentage of total

energy intake, was broadly comparable between sexes.

Table 1: Anthropometric Characteristics, Body Composition, and Dietary Intake of the
Study Population

Sample Characteristics Median (P25-P75)
Height (cm) 165.1 (159.6-173.6)
Weight (kg) 65.6 (57.7-76.2)
BMI (kg/m?) 24.1 (20.9-27.5)
Fat-free mass (kg) 48.8 (39.8-56.9)
Fat mass (kg) 18.1 (11.4-24.5)
FFMI (kg/m?) 17.3 (15.5-19.7)
FMI (kg/m?) 6.8 (4.1-9.3)

Body fat (%) 26.5 (19.9-36.5)

22



Basal metabolic rate (kcal/day)
Total body water (kg)
Intracellular water (kg)
Extracellular water (kg)
Body cell mass (kg)

Energy intake (kcal/day)
Carbohydrate intake (g/day)
Protein intake (g/day)

Fat intake (g/day)
Carbohydrate (% energy)
Protein (% energy)

Fat (% energy)

1503 (1362-1658)
34.8 (29.2-41.4)
19.0 (15.5-23.2)
16.3 (13.7-18.3)
26.0 (21.2-31.3)
1695 (1307-2592)
199.5 (139.2-301.7)
54.5 (36.6-75.5)
77.0 (55.2-116.2)
46.3 (41.3-53.2)
12.1 (10.4-14.6)

40.4 (35.9-45.7)

BMI Body Mass Index, FFMI Fat free mass index, FMI Fat Mass Index.

Table 2. Sex-stratified Anthropometric Characteristics, Body Composition, and Dietary

Intake of the Study Population
Sample characteristics

Body weight (kg)

Height (cm)

BMI (kg/m?)

Fat-free mass (kg)

Fat mass (kg)

Body fat (%)

Body cell mass (kg)

Basal metabolic rate (kcal/day)
24-h energy intake (kcal/day)

Carbohydrate intake (%)

Males, Median (P25-P75)

68.10 (62.60-79.25)
173.65 (164.93-176.08)
23.05 (20.88-27.30)

56.24 (51.53-63.22)

13.96 (7.57-20.80)

21.00 (12.80-25.57)

31.10 (28.40-35.65)
1653.80 (1572.90-1784.15)
2152.36 (1478.86-2996.00)

44.86 (40.12-53.26)

23

Females, Median (P25—
P75)
61.60 (53.43-71.88)

159.98 (154.91-165.86)
24.50 (20.88-28.00)

40.01 (36.08-46.56)

21.53 (15.72-30.60)

33.97 (27.54-41.39)

21.25 (20.05-23.53)
1366.40 (1331.25-1431.40)
1486.28 (1088.62-1904.26)

48.41 (42.22-53.28)



Lipid intake (%) 41.37 (35.98-47.09) 40.24 (35.98-44.44)

Protein intake (%) 12.82 (10.82-15.12) 11.39 (9.48-13.84)

Carbohydrate intake (g) 227.40 (156.25-344.78) 180.44 (114.22-258.26)

Lipid intake (g) 99.03 (67.24-149.07) 67.18 (48.78-94.16)

Protein intake (g) 67.55 (48.51-105.30) 39.64 (30.96-62.90)
BMI Body Mass Index.

4.2. Associations Between Energy Intake and Body Composition

Scatterplots illustrating the relationships between energy intake and fat-free
mass, fat mass, and basal metabolic rate are shown in Figure 2. Energy intake
demonstrated a positive association with fat-free mass and basal metabolic rate, whereas
associations with fat mass appeared weaker and inverse.

Spearman correlation analyses supported these visual observations. Energy intake
was positively correlated with fat-free mass expressed in kilograms (p = 0.26, p =
0.002) and with basal metabolic rate (p = 0.32, p <0.001). In contrast, energy intake
was not significantly correlated with fat mass expressed in kilograms (p =—0.14, p =
0.090). However, significant inverse correlations were observed between energy intake
and fat mass index (p = —0.22, p = 0.008) as well as percentage body fat (p =—0.23,p =

0.006).
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Figure 2. Scatterplots Illustrating the Relationships Between Energy Intake (EI) and (A)
Body Composition (Fat-Free Mass (FFM), and Fat Mass (FM)), and (B) Basal
Metabolic Rate (BMR)

Lines represent fitted trends. Associations were assessed using Spearman correlation
coefficients.
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4.3. Correlation Heat Map

The correlation heat map in Figure 3. provides an overview of the strength and
direction of associations between anthropometric characteristics, body composition
parameters, metabolic variables, and dietary intake, including total energy and
macronutrient intakes. Fat-free mass (FFM) and lean tissue-related indices
demonstrated consistent positive correlations with energy intake as well as with
absolute macronutrient intakes (carbohydrate, fat, and protein, expressed in grams).
Basal metabolic rate (BMR), body cell mass (BCM), and total body water (TBW)
exhibited the strongest positive correlations with energy intake and with all
macronutrients, highlighting their central role in metabolic demand and habitual food
consumption.

In contrast, adiposity-related measures, including fat mass index (FMI) and
percentage body fat, showed inverse correlations with energy intake and macronutrient
intakes, indicating lower reported intake with higher levels of adiposity. The ratio of fat-
free mass to fat mass (FFM/FM) was positively correlated with energy and
macronutrient intakes, whereas the inverse ratio (FM/FFM) demonstrated consistent
negative correlations, further emphasizing the opposing roles of lean and fat tissue in
energy intake regulation.

Numerical values of the Spearman correlation coefficients and corresponding
significance levels are displayed within the heat map for clarity, and the complete

correlation matrix is provided in Table 3.
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Energy Intake (kcal) CHO () Fat (g} Protein (g}

Weight (kg)

Height (cm)
05
BMI

04
Fat mass (kg)

03
Body fat (%)

FEM (kg) 92

FFMI (kg/m2) 0.1

FMI (kg/m2) -0.0

BMR (keal)
- -0

BCM (Kg)
--0.2
TBW (L)

--0.3
FFM/FM

FM/FFM -.279%* -.228% - 272% -.263*%

Figure 3. Heat Map of Spearman Correlation Coefficients Illustrating Associations
Among Anthropometric Measures, Body Composition, Metabolic Variables, And
Dietary Intake

Blue shades indicate positive correlations and lighter shades indicate weaker or inverse
associations. Abbreviations: BMI: Body mass index; FFM: Fat-free Mass; FFMI: Fat-
free Mass Index; FMI: Fat Mass Index; BMR: Basal Metabolic Rate; BCM: Body Cell
Mass; TBW: Total Body Water; *p<0.05; **p<0.0.

4.4. Mediation Analysis: Role of Basal Metabolic Rate

In contrast, adiposity-related measures, including fat mass index and percentage
body fat, showed inverse associations with energy intake, reinforcing the differential
roles of lean and fat mass in energy intake regulation.

Given the observed associations between fat-free mass, basal metabolic rate, and
energy intake, a mediation analysis was conducted to examine whether basal metabolic

rate mediates the relationship between body composition and energy intake (Figure 4).
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Fat-free mass was strongly and positively associated with basal metabolic rate (3
=0.90, p <0.001), and basal metabolic rate was positively associated with energy
intake (f = 0.59, p = 0.002). After adjusting for basal metabolic rate, the direct
association between fat-free mass and energy intake was no longer statistically
significant (B =—0.26, p = 0.161), indicating that the relationship between fat-free mass
and energy intake is largely mediated through basal metabolic rate. The indirect effect
of fat-free mass on energy intake via basal metabolic rate was statistically significant (3
=0.53, 95% bootstrap confidence interval: 0.18—0.83).

In contrast, fat mass showed no meaningful indirect effect on energy intake
through basal metabolic rate (B = 0.02, 95% bootstrap confidence interval: —0.02 to
0.09), suggesting that adipose tissue does not substantially drive energy intake once

metabolic demand is accounted for.

[ FFM S e -0.26/(p=0.161)

BMR 0.59 (p=0.002) { El }

0.90 (p<0.001)

0.54 (p=0.298)

[ M T -0.19 (p=0.019)

Figure 4. Mediation model examining the role of basal metabolic rate (BMR) in the
association between body composition and energy intake (EI).

Solid arrows represent direct effects and dashed arrows represent non-significant direct
paths. Values are standardized regression coefficients () with corresponding p-values.
Indirect effects were estimated using bootstrap resampling (5,000 samples).
Abbreviations: FFM: Fat-free Mass; FM: Fat Mass; BMR: Basal Metabolic Rate; EI:
Energy Intake.
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4.5. Sex-Stratified Sensitivity Analyses

Sex-stratified scatterplots and Spearman correlation analyses demonstrated
broadly similar directions and magnitudes of associations between fat-free mass, basal
metabolic rate, and energy intake in males and females (Figures 8 and 9), supporting the

robustness of the main findings.
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CHAPTER 5

DISCUSSION

The present study examined the relationships between body composition, basal
metabolic rate (BMR), and energy intake (EI) in Lebanese adolescents, with particular
emphasis on the mediating role of BMR in linking fat-free mass (FFM) to EI. The main
findings indicate that EI is positively associated with FFM and BMR, whereas
adiposity-related measures show weaker or inverse associations with EI. Importantly,
mediation analysis demonstrated that the association between FFM and EI was largely
explained by BMR. Collectively, these findings support contemporary models of
appetite regulation that emphasize metabolic demand driven by lean tissue rather than
fat mass alone (Blundell et al., 2015; Hopkins et al., 2016; Hopkins et al., 2023; Stubbs
et al., 2018).

The positive association between FFM and EI observed in this cohort is
consistent with a growing body of evidence identifying lean tissue mass as a key
biological determinant of habitual energy intake. Fat-free mass is the primary
contributor to BMR, which represents the largest component of total daily energy
expenditure (Miiller et al., 2011; Wells & Fewtrell, 2020). Consequently, individuals
with greater FFM have higher baseline energy requirements to sustain essential
physiological functions. Numerous studies in adults have shown that EI scales with
FFM and resting metabolic demands, independent of fat mass or BMI (Blundell et al.,
2012; Hopkins et al., 2015; Hopkins et al., 2016). The present findings extend this
evidence to adolescents, suggesting that metabolic demand related to lean tissue also

plays an important role in shaping EI during late puberty.
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In contrast, fat mass expressed in absolute terms was not significantly associated
with EI, while fat mass index and percentage body fat demonstrated inverse associations
with EI. These findings challenge traditional adipocentric models of appetite regulation,
which have historically emphasized fat mass and adiposity-related hormonal feedback
as primary drivers of EI (Blundell et al., 2012). The observed inverse associations are
more consistent with evidence suggesting that adiposity may exert inhibitory effects on
appetite through signals such as leptin and insulin (Stubbs et al., 2018). However, these
mechanisms are complex and may be attenuated with increasing adiposity due to
hormonal resistance, contributing to the inconsistent associations between fat mass and
EI reported across studies. During adolescence, a period marked by substantial
endocrine and metabolic changes, appetite regulation may be particularly variable and
influenced by multiple interacting biological and environmental factors (Sawyer et al.,
2012).

Basal metabolic rate emerged as a central variable in the present study, showing
strong associations with FFM and a significant positive association with EI. Mediation
analysis revealed that BMR largely accounted for the relationship between FFM and EI,
as the direct association between FFM and EI was no longer statistically significant
after adjustment for BMR. This finding provides empirical support for the hypothesis
that BMR acts as a physiological mediator linking lean tissue mass to EI, as proposed
by contemporary appetite control frameworks (Blundell et al., 2015; Hopkins et al.,
2016; Hopkins et al., 2023). These results are consistent with experimental and
observational studies demonstrating that resting metabolic demands are strong
predictors of self-selected meal size and daily EI under both laboratory and free-living

conditions (Hopkins et al., 2015).
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The present findings further indicate that absolute macronutrient intakes
(including carbohydrate, fat, and protein expressed in grams per day) were positively
associated with total energy intake and demonstrated association patterns similar to
those observed for fat-free mass, basal metabolic rate, and other lean tissue-related
indices. This observation is consistent with previous literature showing that increases in
energy intake driven by metabolic demand are accompanied by proportional increases
in the absolute intake of all macronutrients, rather than selective regulation of individual
macronutrients (Blundell et al., 2012; Hopkins et al., 2016; Stubbs et al., 2018). These
findings support the concept that appetite regulation primarily governs overall food
consumption and energy provision, with macronutrient intake scaling in parallel with
total energy intake. From a physiological perspective, absolute macronutrient intake is
considered more relevant than relative intake when examining metabolic demand,
energy balance, and appetite regulation, as it reflects the quantity of nutrients required
to meet the energetic needs of metabolically active tissues (Livingstone & Black, 2003).

Similar mechanisms have recently been reported in adolescents with obesity.
Thivel et al. (2025) demonstrated that the association between FFM and daily EI was
largely mediated by resting metabolic rate, accounting for approximately 96% of the
observed relationship, while fat mass showed no meaningful direct association with EI.
Together with the present findings, this evidence suggests that metabolic demand—
driven regulation of energy intake may represent a robust physiological mechanism
operating across adolescent populations with varying body composition profiles.

Although the direction and hierarchy of associations observed in the present
study are consistent with contemporary models of appetite regulation, the magnitude of

the observed correlations appears attenuated compared with those reported in controlled
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studies conducted predominantly in Western populations (Blundell et al., 2015; Hopkins
et al., 2016; Hopkins et al., 2023; Thivel et al., 2025). This attenuation may reflect
differences in age group, study setting, dietary assessment methods, and ethnic context,
all of which are known to influence observed relationships between energy intake, body
composition, and metabolic rate (Livingstone & Black, 2003). In this regard, the present
findings contribute Lebanese-specific evidence to the NaHAR initiative, which aims to
generate regionally and ethnically relevant data for understanding adiposity, metabolic
demand, and cardiometabolic risk in Arab adolescents.

Adolescence represents a unique developmental window characterized by rapid
accrual of fat-free mass, particularly skeletal muscle, alongside changes in BMR and
total energy expenditure (Wells et al., 2020). While the FFM—-BMR-EI relationship has
been well established in adults, evidence in adolescents remains limited (Hopkins et al.,
2019; Thivel et al., 2025). The present study contributes to this gap by demonstrating
that this metabolic demand—driven pathway is evident in adolescents during late
puberty, despite ongoing growth and maturation. These findings underscore the
importance of considering developmental stage when examining appetite regulation and
energy balance.

Sex-stratified analyses revealed similar directions and magnitudes of
associations between FFM, BMR, and EI in males and females, despite expected sex
differences in absolute body composition and energy intake. This suggests that the
underlying physiological mechanisms linking lean tissue mass to EI may be broadly
comparable across sexes during late adolescence. Previous studies have reported mixed
findings regarding sex differences in appetite regulation, with some suggesting stronger

associations in males due to greater lean mass accrual, while others report similar
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regulatory patterns once body composition is accounted for (Hopkins et al., 2019;
Thivel et al., 2025). The present findings support the latter interpretation.

To our knowledge, this study is the first conducted in Lebanon and among the
first in the Middle East to examine the regulation of energy intake in adolescents using a
body composition and metabolic demand framework rather than an adiposity-centered
approach. By integrating fat-free mass, basal metabolic rate, and mediation analysis, the
present work extends contemporary models of appetite regulation to an understudied
population and provides regionally relevant evidence aligned with the objectives of the
NaHAR project. These findings contribute to a more nuanced understanding of energy
balance regulation during adolescence and underscore the importance of considering
lean tissue—driven metabolic demand when interpreting dietary intake and cardio
metabolic risk in Middle Eastern youth.

Several strengths of this study warrant consideration. The use of the deuterium
dilution technique as a reference method for body composition assessment provides
accurate and reliable estimates of FFM and fat mass (Schoeller et al., 1990). In addition,
the combined use of non-parametric correlation analyses, graphical visualization, and
mediation modeling enabled a comprehensive examination of both direct and indirect
relationships between body composition and EI. Nonetheless, several limitations should
be acknowledged. The use of a single 24-hour dietary recall may not fully capture
habitual energy intake and is subject to reporting bias. In particular, individuals with
overweight or obesity may underreport their energy intake, a phenomenon that has been
well documented in dietary assessment research (Livingstone & Black, 2003). In
addition, basal metabolic rate was estimated using bioelectrical impedance analysis

rather than being measured by indirect calorimetry, which is considered the gold
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standard for assessing resting energy expenditure. Although BIA-derived BMR
estimates are commonly used in epidemiological studies, they may be subject to
prediction error compared to indirect calorimetry (Compher et al., 2006). Moreover,
while the focus on Lebanese adolescents addresses a significant gap in the literature, it
may limit generalizability to other populations. At the same time, the scarcity of data
from Middle Eastern adolescents highlights the importance of this population-specific

contribution.
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CHAPTER 6

CONCLUSION

In conclusion, this study provides evidence that energy intake in Lebanese
adolescents is primarily regulated by metabolic demand associated with lean tissue mass
rather than adiposity. Fat-free mass was positively associated with energy intake, and
this relationship was largely mediated by basal metabolic rate, highlighting the central
role of resting metabolic demands in shaping habitual energy intake during late
adolescence. In contrast, adiposity-related measures showed weak or inverse
associations with energy intake, challenging traditional fat-centric models of appetite
regulation.

These findings extend contemporary metabolic demand—driven frameworks of
appetite control to an adolescent population, a developmental period characterized by
rapid changes in body composition and energy requirements. The results suggest that
physiological signals arising from lean tissue and basal energy needs may play a
dominant role in appetite regulation during growth, irrespective of sex.

From a public health and clinical perspective, these findings underscore the
importance of considering fat-free mass and metabolic rate when evaluating energy
requirements and dietary behaviors in adolescents. Approaches that focus exclusively
on body fat or weight status may overlook key biological drivers of energy intake.
Future longitudinal and experimental studies are needed to establish causal relationships
between body composition, and energy intake across adolescence and into adulthood,
and to inform developmentally appropriate and culturally relevant nutritional

interventions.
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APPENDIX 1

NUTRITION AND HEALTH IN ARAB ADOLESCENTS
(NAHAR) SCREENING FORM

Screening Mumber: e
Screening Date (DOMBARSYY): o

Mutrition and Health in Arab Adolescents (NaHAR)

Screening Form

Section 1: Background Information of the Participant

1.1 Date of Birth (DO/MMAYYY): e

1.3 Mationality: .o v

1.4 Do you have any inborn errors of metabolism or other medical conditions: [YES/NO)
If yos, please specify: ..

1.5 Do you take any medications: (YES/NO)
If yes, please specify: e

1.6 Tanner Stage: ...

The next questions are about changes that may be happening to your body during
adolescence. Please do your best to answer carefully. If you do not understand a
question or do not know the answer, just choose "l don’t know™.

For Boys

Question Mot started yet | Barely started | Definitely started Seems complete | don"t know

1) Would you say that your
growth im height:

2) How about the growth of
your body hair (Body hair
means hair any place other
than your head, such as under
your arms). Would you say
that your body hair growth:

3} Hawve you noticed any skin
changes, especially pimples?
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4} Have you noticed a
deepening of your voice?
5) Have you begun to grow
hair on your face?

For Girls

Question Mot started yet | Barely started | Definitely started Seems complete | don"t know

1) Would you say that your
growth in height:

2) How about the growth of
your body hair [Body hair
means hair any place other
than your head, such as under
your arms). Would you say
that your body hair growth:

3) Have you noticed any skin
changes, especially pimples?
4} Have you noticed that your
breasts have begun to grow?
5a) Have you begun to Yes
menstruate (started to have
your period)?

5b) If yes, how old were you
when you started to
menstruate?

Mo

Scoring: For all questions except menarchal status: “not yet started” = 1 point, “barely
started” = 2 points, “definitely started” = 3 points, “seems complete™ = 4 points, "I
don't know" = 0. For menarche, “ne” = 1 point, “yes” = 4 points.

Boys [add points relative to Girls {add points relative to
Correspondence to Tanner staging | volce changes, facial and body body hair and breast growth
hair growth as indicated in the and consider menarche as

seoring above) indicated in the scoring above)
1 (pre-pubertal) 3 points 3 points
4-5 points (with no 3-point
2 (early-pubertal) 3 points (with no menarche)
ANSWers)
6-8 points (with no 4-point
3 (mid-pubertal) 4-8 points (with no menarche)
ANSWErs)
4 (late-pubertal) 9-11 points 1-7 points (with menarche)
5 |post-pubertal ) 12 points 2 points (with menarche)
1.7 Measured weight: [ -
Measured height: U |
BMI: ceerernen RSP

BMI classification:
Eligible (Yes/NO): .o

Figure 5. Nutrition and Health in Arab Adolescents (NaHAR) Screening Form Used to
Assess Eligibility and Pubertal Development
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APPENDIX 2

DEUTERIUM DILUTION TECHNIQUE DATA COLLECTION
FORM FOR BODY COMPOSITION ASSESSMENT

Deuterium Dilution Technigue for Body Fat Assessment

Procedure

Time of Last Meal (hromin)

Dose Bateh Numiber

Dwose Enrichment (mgfg)

Dose Bottle Mumber

Weight of Empiy Bottle + Cap (g)

Weight of Bottle + Cap + Dose (g]

Wedght of Dose Given (g)

Was Dose Completely Consumed? (Yes/No)

Motes on Dose Administration Until 30 Minutes
After Dosing

When and What Did the Participant Eat and
Dirink Between the Dosing and Post-dose
Sarmpling?

Time Dosing Was Completed (hr:min)

Time Post-dose Saliva Collection Started
(b rovim)

Any Other Notes

Lab Results

Deuterium Oxide Abundance in Saliva (mg/kg)

Pre-dose (mg'kg) #1: #2:

Post-dose (mg/lkg) #1: #2:

Figure 6. Deuterium Dilution Technique Data Collection Form Used For Body
Composition Assessment
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APPENDIX 3

24-HOUR DIETARY RECALL DATA COLLECTION FORM

2d:keour dietary recall

Recall what you abe and drank from the time you wioke up yesterday until the next morning |before
brealdast|, induding all focds you ate during day and night atfor cutside hame.

Date of intervies (DOV MBS Wieskday or weekend?

Is thils woaur wsual eating pattern?
a. Yes

b Mo

1 7, P ST BT .o ettt cr s e et e et ettt e

Tima Fand or drink consumaid Deseriptian/ingredients

MealFlace [type, method of cooking, size)

Amaunt

consumed

Weight

equivalent {g)

Do you take 2y witamin and mineral supplements?
a. Wes
b Mo

if ves, please speofy whiat |brard if possible] and why?

Figure 7. 24-Hour Dietary Recall Data Collection Form
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APPENDIX 4

24-HOUR DIETARY RECALL DATA COLLECTION FORM

Table 3. Spearman Correlations Between Energy Intake, Macronutrient Intake, and
Body Composition Variables

Variable El CHO intake | Fat intake | Protein intake
Heloht 0.414% 0.406%* 0.358%* 0.383%*
1g (p<0.001) | (p<0.001) (p<0.001) (p<0.001)
Weight 0.118 0.144 0.075 0.122
€12 (p=0.156) | (p=0.084) (p=0.366) (p=0.142)
BMI ~0.105 ~0.070 ~0.130 ~0.060
(p=0209) | (p=0.403) (p=0.119) (p=0.475)
BMR 0.325%* 0.300%* 0.275%* 0.355%*
(p<0.001) | (p<0.001) (p=0.001) (p<0.001)
0.104 0.091 0.076 0.156
FFMI (p=0226) | (p=0.290) (p=0.379) (p=0.069)
~0.146 ~0.083 —0.175% ~0.123
FM (kg) 0000) | (p=0333) (p=0.041) (p=0.151)
FMI —0.225%* ~0.164 —0.243%* —0.201%
(p=0.008) | (p=0.056) (p=0.004) (p=0.019)
0.264% 0.246%* 0.218* 0284+
FFM (kg) (p=0.002) | (p=0.004) (p=0.010) (p=0.001)
—0.232%% —0.180* —0.233%* —0.220%*
1)
Body fat % (p=0.006) | (p=0.035) (p=0.006) (p=0.010)
TBW 0.352%% 0.336%* 0297+ 0.356%*
(p<0.001) | (p<0.001) (p<0.001) (p<0.001)
oW 0337+ 0.286%* 0.314%* 0.369%*
(p<0.001) | (p=0.003) (p=0.001) (p<0.001)
ECW 0347+ 0.354%% 0292+ 0316%*
(p<0.001) | (p<0.001) (p=0.002) (p=0.001)
BCM 0.325% 0.300%* 0.276% 0355+
(p<0.001) | (p<0.001) (p=0.001) (p<0.001)

EI energy intake, CHO carbohydrate intake, BMR basal metabolic rate, BMI body mass
index, FFM fat-free mass, FFMI fat-free mass index, FM fat mass, FMI fat mass index,
BF% body fat percentage, TBW total body water, ICW intracellular water, ECW
extracellular water, BCM body cell mass.
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APPENDIX 5

SCATTERPLOTS ILLUSTRATING THE RELATIONSHIPS
BETWEEN ENERGY INTAKE (EI) AND (A) FAT-FREE
MASS (FFM), (B) FAT MASS (FM), AND (C) BASAL
METABOLIC RATE (BMR) IN MALES AND FEMALES

(A)
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Simple Scatter with Fit Line of BMR by EI
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Figure 8. Scatterplots Illustrating the Relationships Between Energy Intake (EI) and (A)
Fat-Free Mass (FFM), (B) Fat Mass (FM), and (C) Basal Metabolic Rate (BMR) In
Males

Lines represent fitted trends. Associations were assessed using Spearman correlation
coefficients.
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Simple Scatter with Fit Line of FMinKg by El (females)

R Linear =0.017
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Figure 9. Scatterplots Illustrating the Relationships Between Energy Intake (EI) and
(A) Fat-Free Mass (FFM), (B) Fat Mass (FM), and (C) Basal Metabolic Rate (BMR) in

Females

Lines represent fitted trends. Associations were assessed using Spearman correlation

coefficients.
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