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Abstract

Purpose Body composition can be estimated using anthropometric-based regression models, which are population-specific
and should not be used interchangeably. However, the widespread availability of predictive equations in the literature makes
selecting the most valid equations challenging. This systematic review compiles anthropometric-based predictive equations
for estimating body mass components, focusing on those developed specifically for athletes using multicomponent models
(i.e. separation of body mass into >3 components).

Methods Twenty-nine studies published between 2000 and 2024 were identified through a systematic search of international
electronic databases (PubMed and Scopus). Studies using substandard procedures or developing predictive equations for
non-athletic populations were excluded.

Results A total of 40 equations were identified from the 29 studies. Of these, 36 were applicable to males and 17 to females.
Twenty-six equations were developed to estimate fat mass, 10 for fat-free mass, three for appendicular lean soft tissue, and
one for skeletal muscle mass. Thirteen equations were designed for mixed athletes, while others focused on specific con-
texts: soccer (n=_8); handball and rugby (n =3 each); jockeys, swimming, and Gaelic football (n =2 each); and futsal, padel,
basketball, volleyball, American football, karate, and wheelchair athletes (n=1 each).

Conclusions This review presented high-standards anthropometric-based predictive equations for assessing body composition
in athletes and encourages the development of new equations for underrepresented sports in the current literature.
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Introduction

Quantifying body composition is essential for assessing
health status and monitoring the effects of training or nutri-
tional interventions (Paoli and Campa 2024). As a result,
research increasingly focuses on developing and apply-
ing methods to determine body composition with greater
accuracy (Lohman and Milliken 2020). Typically, this pro-
cess involves measuring physical dimensions (e.g., height,
girths, skinfolds, body volume) or estimating the proportions
of body mass components, such as fat, muscle, and bone
(Paoli and Campa 2024). Since these components cannot
be directly measured in living individuals, they are quanti-
fied using indirect or doubly indirect methods (Lohman and
Milliken 2020). Indirect methods include imaging [e.g., dual
X-ray absorptiometry (DXA), magnetic resonance imaging,
and computed tomography] and dilution techniques. These
methods rely on theoretical assumptions, such as those
related to water or density, and are considered criterion or
“gold-standard” procedures for the in vivo body composition
assessment (Heymsfield et al. 2005). However, these basic
assumptions have been questioned and their application for
the estimation of body composition is uncertain (Martin
et al. 1985). Moreover, their high cost and limited portability
significantly constrain their applicability beyond laboratory

settings (Lohman and Milliken 2020). Doubly indirect
methods use regression models developed against indirect
methods as reference and include bioelectrical impedance
analysis and surface anthropometry (Campa et al. 2024). The
paradigm of in vivo assessment of body mass components
is depicted in Fig. 1.

Surface anthropometry allows for the direct measure-
ment of heights, girths, skinfolds, and other dimensional
characteristics. These parameters can then be used in pre-
dictive equations to estimate molecular and tissue compo-
nents of body mass (Paoli and Campa 2024). The literature
is rich in anthropometric equations, each developed using
different reference methods and populations (Marano et al.
2020; Cerqueira et al. 2022; Abdalla et al. 2023; Duarte
et al. 2023). The variety of equations exists because they
are not interchangeable among populations (e.g., athletes
and non-athletes or males and females) (Vaquero-Cristdbal
et al. 2020; Baglietto et al. 2024) and should be selected
with care, much like choosing the right outfit for a specific
occasion. Indeed, there are predictive equations tailored for
specific age groups, such as children, adults, or the elderly,
whose validity depends on factors like sex, geographical
origin, physical activity level, or sports discipline (Marano
et al. 2020; Cerqueira et al. 2022; Abdalla et al. 2023; Duarte
et al. 2023). A key advantage of anthropometry is that it
offers a more portable, non-invasive, and cost-effective alter-
native to indirect methods. In this regard, it is important to
note that, due to the lack of agreement among these labora-
tory techniques (Heard-Lipsmeyer et al. 2020; Cabre et al.
2021), two different equations for estimating fat mass may
yield different results, primarily depending on the reference

Fig. 1 In-vivo assessment of
body mass components
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procedure involved in their development (Petri et al. 2020).
Furthermore, even equations developed using the same indi-
rect methods can yield different outputs depending on the
characteristics of the subjects involved in the development
procedures (Campa et al. 2023).

Although predictive equations enable an ecological quan-
tification of body mass components, they still present esti-
mation errors, which can become more pronounced when
applied to populations different from those used in the origi-
nal studies (Campa et al. 2023). Among those populations
with specific body composition features that require ongoing
monitoring and optimization are athletes (Silva 2019). An
athlete is an individual engaged in competitive sports, either
individually or as part of a team, who demonstrates high
physical performance and follows a specific training regimen
(Campa and Coratella 2021) Athletes, in particular, benefit
from muscle mass in terms of strength and power produc-
tion, while excessive fat can sometimes act as a mechani-
cal obstacle, limiting movement efficiency (Brocherie et al.
2014). The secular trend is leading athletes to become dis-
tinct populations, not only compared to the general popula-
tion but also due to a high degree of phenotypic variation
between different sports (Holway et al. 2024; Petri et al.
2024). Indeed, endurance sports typically feature athletes
who are particularly lean but have less muscle mass com-
pared to velocity/power athletes (Silva 2019). Furthermore,
certain playing positions require specific physical attributes
that set them apart from teammates within the same sport
(Holway et al. 2024; Petri et al. 2024). These factors make
the study of body composition a crucial aspect that is moni-
tored throughout the season, as well as during transitional
periods of the competition (Silva et al. 2016).

Advances in body composition research have led to the
development of models that allow the division of body mass
it into multiple compartments, thus enabling greater accu-
racy in quantifying each individual component (Lohman and
Milliken 2020). These approaches have helped overcome
the limitations of two-compartment models, which may not
account for the variability of key components of fat-free
mass, such as water and bone, among individuals (Wang
et al. 2002). In this context, appropriate equations are those
developed using multicomponent models (i.e., separation
of body mass into >3 components), with a preference for
approaches that account for all relevant moderating fac-
tors (e.g., physical activity level, sport discipline, age, and
sex) (Umapathysivam et al. 2017; Campa et al. 2024). The
widespread use of these predictive equations in the literature
makes it difficult for researchers and practitioners to identify
the most appropriate formula for quantifying the variable of
interest. In fact, many studies apply generalized equations to
athlete samples, which may result in inaccuracies when pre-
dicting body composition (Campa et al. 2021; Coratella et al.
2021). Systematic reviews that summarize predictive models

developed using doubly indirect methods provide valuable
support for researchers and practitioners engaged in body
composition assessment. In this regard, a recent systematic
review has analysed the predictive equations for estimating
body composition through bioelectrical impedance analysis,
providing a list of appropriate equations for different popula-
tions (Campa et al. 2024).

Despite the widespread use of anthropometry, no study
has systematically reviewed and summarized all the avail-
able equations. Consequently, the present scoping review
aimed to analyze the relevant literature to identify anthro-
pometric-based predictive equations developed using mul-
ticomponent models specifically for athletes. Additionally,
summarizing the current state of body composition predic-
tion will aid in improving the development of new equations
by addressing gaps in the existing literature.

Methods
Search strategy and eligibility criteria

The present study was carried out following the Preferred
Reporting Items for Systematic reviews and Meta-Analyses
Extension for Scoping Reviews (PRISMA-ScR) guidelines
(Tricco et al. 2018). The two independent researchers (SS
and PI) conducted systematic searches in Scopus, and Pub-
Med on October 1*, 2024, identifying potential eligible stud-
ies from 1990 to 2024. The time frame from 1990 to 2024
was selected to capture the most relevant advancements in
body composition assessment, particularly the develop-
ment of multi-compartment models, which gained popular-
ity and refinement during this period (Lohman 1992). The
search query was applied to the source title, abstract, and
keywords, and included combinations of at least one of the
terms identifying body composition, with at least one of the
terms identifying the methods, and a term on the field of
application. The resulting search query was:

(“body composition” OR “fat mass” OR “fat free mass”
OR “lean mass” OR “lean body mass” OR “skeletal muscle
mass”) AND (anthropometry OR skinfolds OR DXA OR
densitometry OR MRI OR “BOD POD” OR “air-displace-
ment plethysmography”) AND (predictive* OR regression™*)
AND (sport OR athletes OR “athletic performance”) AND
YEAR > 1989 AND YEAR <2024. To identify additional
studies, a manual search was also conducted within the data-
bases of the included studies.

The inclusion criteria were:

— Studies involving athletes.

— Peer-reviewed articles that developed at least one predic-
tive equation for estimating body mass components using
anthropometry.
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— Developed using multicomponent models of body com-
position.

— Accessible in English full text.

— Year of publication since 1990.

For this review, DXA was considered a multicomponent
model due to its generation of separate fat mass, lean soft
mass, and bone mineral content variables.

The exclusion criteria were:

— Research protocols, thesis/dissertations, abstracts, let-
ters to the editor, case reports, book chapters, guidelines,
position papers, and unpublished works.

— Articles that aimed to develop predictive equations with-
out use of a recognized reference technique.

— Articles presenting predictive models for estimating body
density.

— Articles aimed to validate, rather than develop, predictive
equations.

— Articles where predictive equations were developed on
non-athletic populations.

Study selection and data processing

Based on the initial titles retrieved, duplicates were removed.
After concluding the search, all records were compiled into
the Endnote for Windows version X9, 2018 (Clarivate, Phil-
adelphia, USA) software to delete all duplicates showing the
same: (a) title, authors and year of publication and (b) title,
authors and journal title. The records remaining after the
deletion of duplicates were exported to an Excel file for Win-
dows version 16.75.2 (Microsoft, Washington, USA) organ-
ized based on essential information for screening, such as
authors’ names, publication year, journal title, digital object
identification (DOI), article title and abstract. Abstracts iden-
tified from the literature searches were screened for potential
inclusion by two authors (SS and PI) and a third author (DC)
when there was a disagreement between the first two. Data
extraction included information about each article, such as:
authors, year, anthropometric protocols, reference methods,
predictive equations, participants’ information (e.g., sex,
age, sports), and statistical outputs related to development
(e.g., coefficient of determination and standard error of esti-
mation) and validation (e.g., bias, 95% limits of agreement,
and trend) procedures.

Results

The procedures of the systematic search are reported in
Fig. 2.

From the 29 eligible studies, a total of 2194 individuals
(participants involved in the development procedures) were
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included in the present systematic review. Out of 40 equa-
tions, 13 included both male and female participants (Evans
et al. 2005; Quiterio et al. 2009; Lozano-Berges et al. 2019;
Cavedon et al. 2020; Sesbreno et al. 2020; Mitchell et al.
2020; Bonilla et al. 2022; Huang et al. 2023; Mauro et al.
2023; De Almeida-Neto et al. 2024), 23 included only males
(Stewart and Hannan 2000; Bell et al. 2000; Reilly et al.
2009; Oliver et al. 2012; Novack et al. 2014; Santi-Maria
et al. 2015; Goosey-Tolfrey et al. 2016; Muniz et al. 2017,
Abdalla et al. 2017; Zemski et al. 2018; Suarez-Arrones
et al. 2018; Munguia-Izquierdo et al. 2019; Nuiiez et al.
2019; Dunne et al. 2020, 2022a, b; Giro et al. 2022; Cavedon
et al. 2023; de Moraes et al. 2024) and four included only
females (Warner et al. 2004; Cavedon et al. 2018).

The selected studies with all the extracted information are
reported in Table 1.

Discussion

Valid procedures for estimating body mass components
require the use of appropriate predictive equations. This
scoping review aimed to compile a comprehensive list of all
anthropometric equations developed using multicomponent
models specifically for athletes.

Body composition prediction

The selected study reported predictive equations that
allow the quantification of four body mass components, as
depicted in Fig. 3.

Particularly, twenty-six equations were developed to
estimate fat mass (Stewart and Hannan 2000; Evans et al.
2005; Reilly et al. 2009; Oliver et al. 2012; Novack et al.
2014; Santi-Maria et al. 2015; Goosey-Tolfrey et al. 2016;
Muniz et al. 2017; Cavedon et al. 2018, 2020, 2023; Zem-
ski et al. 2018; Suarez-Arrones et al. 2018; Lozano-Berges
et al. 2019; Dunne et al. 2020, 2022a, b; Mitchell et al.
2020; Giro et al. 2022; Bonilla et al. 2022; Huang et al.
2023; Mauro et al. 2023), 10 for fat-free mass (Stewart
and Hannan 2000; Warner et al. 2004; Munguia-Izquierdo
et al. 2019; Nuiiez et al. 2019; Sesbreno et al. 2020; Mitch-
ell et al. 2020; de Moraes et al. 2024) of which one pro-
vided a model for predicting lower limb fat-free mass (Bell
et al. 2000), three for appendicular lean soft tissue (Quite-
rio et al. 2009; Abdalla et al. 2017; Cavedon et al. 2018),
and one for skeletal muscle mass (Sesbreno et al. 2020).
Interesting, the equations that estimate fat mass also allow
the calculation of fat-free mass by difference from total
body mass, and vice versa. Importantly, equations that
examine the different components of fat-free mass, such
as skeletal muscle mass and appendicular lean soft tissue,
provide a more specific evaluation. This is because fat-free
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Fig.2 Flow-chart of the included studies

mass includes the non-fat molecules from multiple tissues
or organs that are significantly different from each other,
some of which are particularly metabolically active, like
the high-metabolic-rate organs (i.e., brain, heart, kidneys,
and liver), while others have intermediate metabolic rates
(e.g., skeletal muscle mass), and others have lower energy
expenditure (e.g., bone) (Dittmar and Reber 2004). This
suggests that, when possible, it is recommended to quan-
tify the individual components of frat-free mass for a more
accurate assessment of body composition.
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Sports

The identified equations were developed by including ath-
letes participating in various sports. Some of these mod-
els included mixed participants, considering only sex as an
independent variable and without accounting for potential
differences due to sports practice (Stewart and Hannan
2000; Warner et al. 2004; Evans et al. 2005; Quiterio et al.
2009; Abdalla et al. 2017; Cavedon et al. 2020; Sesbreno
et al. 2020; Bonilla et al. 2022; Huang et al. 2023; De
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Almeida-Neto et al. 2024). This could be an advantage when
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Fig.3 Body mass components predicted by the selected studies

Giro et al. 2022; Mauro et al. 2023), while 17 used Lunar
DXA (Oliver et al. 2012; Novack et al. 2014; Santi-Maria
et al. 2015; Goosey-Tolfrey et al. 2016; Muniz et al. 2017,
Abdalla et al. 2017; Dunne et al. 2020, 2022a, b; Sesbreno
et al. 2020; Bonilla et al. 2022). This aspect should be con-
sidered by practitioners who want to obtain data comparable
to those produced by other studies in the literature or other
teams, given the lack of agreement between DXA models
(Vendrami et al. 2024). Additionally, since the research
described here spans several decades, software modifications
and improvements over time could also influence results,
even within a specific DXA manufacturer. The difference in
body composition outputs due to the use of different indirect
methods is one of the topics of study in body composition
research. In this regard, some studies showed that DXA-
derived fat mass, regardless of the model, is systematically
higher compared to other methods, such as those based
on the use of multiple techniques and four-compartment
(4C) analysis (Santos et al. 2010; Cabre et al. 2021). This
approach, which is currently considered the state-of-the-art
method for assessing fat mass, was used in one (Evans et al.
2005) of the selected studies in this review and provided an
equation for athletes from different sports. Therefore, prac-
titioners should choose to compare anthropometric-derived
outputs only with data quantified using indirect methods
similar to those employed in the equations considered.

Limitations and future perspectives

A limitation of this review, intrinsic to the scoping review
design, is that it did not assess the quality of the included

@ Springer

studies. In this regard, it should be noted that some studies
did not include a validation group and accuracy at the indi-
vidual level remains uncertain. Additionally, the quality of
the equations was not assessed based on sample size or the
performance of the developed predictive models. Consider-
ing the limited number of predictive equations in relation
to the wide variety of sports currently practiced, as well as
the differences within each sport, future studies will need to
develop increasingly specific models based on sport, sex,
and playing position. The geographic origin of the athletes
included in the studies has not been extensively discussed
in the text. In our view, especially when considering elite
athletes, participants often come from diverse regions, mak-
ing geographic factors less relevant in selecting equations
for athletes than they would be for the general population.
Additionally, the characteristics of the anthropometric tools
have not been thoroughly discussed. However, high-quality
skinfold calipers produce comparable results (Fernandes
Filho et al. 2017), and their reproducibility is generally less
compromised than that of bioelectrical technologies (Strat-
ton et al. 2021). While the limitation of not assessing the
quality of the listed equations has been acknowledged, some
key points are suggested below for the development of future
predictive models. The first step is to identify the target body
composition variables (e.g., fat or muscle mass) that the
equation will predict. Next, it is important to use a gold-
standard body composition method for obtaining reference
data. This ensures the accuracy of the body composition
values that the predictive equation will be compared against.
In this regard, 4C-based evaluation models (e.g., Wang’s
equation (Wang et al. 2002)) should be preferred for esti-
mating fat mass, while magnetic resonance imaging is rec-
ommended for estimating whole body and regional muscle
mass. Procedures based on the 4C model typically involve
air displacement plethysmography to quantify body volume,
DXA for measuring bone mineral content, and isotope dilu-
tion to estimate fluids. Recently, studies have demonstrated
the validity of using DXA to derive body volume and bioim-
pedance to estimate total body water (Nickerson et al. 2023;
Bongiovanni et al. 2024), offering a more cost-effective and
simplified alternative to the regular 4C model procedures.
Additionally, other studies have confirmed the validity of
DXA for quantifying muscle mass through specific conver-
sion models tailored to each scanning technology (McCa-
rthy et al. 2023; Tinsley et al. 2023). The third step involves
selecting a representative and sport-specific sample. It is
essential to ensure that the sample represents the broader
population being studied. This is particularly important in
sports, as different disciplines have distinct body composi-
tion profiles. Additionally, variations in body composition
can occur depending on an athlete’s playing role within team
sports. Once the sample is selected, the next step is to choose
relevant anthropometric measurements. The measurements
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Fig.4 Key steps for developing an anthropometric-based predictive equation for assessing body composition in athletes

selected should be those most strongly correlated with the
body composition components being predicted. Commonly
used anthropometric measures include body mass, height,
girths, skinfold thickness, and bone breadths measurements.
After selecting the relevant measurements, the next step is
to develop a regression model or predictive equation. It is
worth noting that models with smaller estimation errors
and a greater explained variability should be preferred by
researchers and practitioners. Finally, it is crucial to validate
the predictive equation. This involves testing the equation on
different subsets of the data to ensure that it is both accurate
and reliable at both the group and individual levels. The
aforementioned key points are outlined in Fig. 4.

Moreover, no study considered aspects related to bio-
logical maturity as a potential factor influencing body com-
position in youth athletes. Lastly, there is a clear need for
more equations tailored specifically to female athletes, as
they remain underrepresented in current research. Based on
this evidence, it is recommended to monitor raw parameters
(e.g., sum of skinfolds or girths) in addition to estimating
body mass components for a more comprehensive assess-
ment of body composition, especially when specific predic-
tive models are not available. Based on these raw parame-
ters, a future approach could involve identifying an indicator
to determine when it is more appropriate to use an athlete-
specific equation for individuals whose body composition
characteristics resemble those of athletes more than those
of the general population.

Conclusions

This scoping review provides a list of all anthropometric
equations developed using multicomponent models in ath-
letes. This allows for the selection of the most appropriate
predictive equation, taking into account the sport, sex, and in
some cases, the playing position. Researchers and practition-
ers can now easily identify the most suitable anthropometric
equation based on the characteristics of the athlete being
assessed. This helps avoid the use of inappropriate equa-
tions, which, if applied, can lead to inaccurate body com-
position data. Additionally, specific recommendations are
provided for selecting the most appropriate equations from
those available and for conducting new development studies.
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